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ABSTRACT 

 

This PhD thesis is focused on methodology for the provenance determination of marbles 

from historic quarries and marble artefacts, respectively. Various petrographic, geochemical, 

and physical data were compiled to distinguish among different marble types, as well as to 

explore the suitability and limits of experimental techniques for such provenance studies. 

Moreover, by comparing the data obtained with the results from the artefacts the importance of 

the selected methodology was tested in detail. 

The correct determination of the source locality for marbles represents a difficult task, due 

mainly to both the variable characteristics of marbles coming from any one locality; and the 

converse, the similarity in properties between samples from different areas. Facing this complex 

situation, a multivariate approach proved to be necessary. Most of the previous analytical 

studies on marble provenance have been conducted on pure white marbles from the 

Mediterranean area where the methodology, based upon a combination of various 

mineralogical-petrographic and chemical criteria, was originally established. However, the 

Czech Republic is also rich in ‘impure’ crystalline limestones containing common non-

carbonate admixtures (e.g. silicates, magnetic minerals, and carbonaceous matter) which led to 

the introduction of some techniques that had never before been used for marble provenance 

studies (i.e. Raman microspectrometry and bulk magnetic susceptibility). 

In this research work, mineralogical, petrographic, geochemical, and physical methods have 

been tested on 84 marble types from 29 historic quarries and 3 historical artefacts in order to 

assess provenance determinations of marbles. Mineralogical-petrographic patterns obtained by a 

combination of optical and electron microscopy, petrographic image analysis, and the 

cathodoluminescence of microfacies proved to be of the greatest importance. The digitalized 

data obtained, allowed both a qualitative as well as quantitative overview and the distinction of 

essential petrographic parameters, which were correlated with other analytical techniques. X-ray 

diffraction of the insoluble residuals has had its importance questioned, due to the high material 

consumption needed, and variable mineral content of different types of marbles within any one 

locality. In spite of the frequent overlap of stable isotopic-fields, δ13C and δ18O proved to be 

helpful (especially in combination with petrographic data). A greater attentiveness needs to be 

paid to any discrepancy between the values of the carbonate groundmass and the secondary 

veins or silicate-rich portions. Raman microspectrometry of the carbonaceous matter proved 

very useful for fingerprinting impure marbles, which include organic matter transformed due to 

various degrees of metamorphism. As the graphitic substances represent a common minor 

admixture in various marbles, Raman spectra exhibit the important output for distinguishing 

among marble types. The bulk magnetic susceptibility of the whole rock confirmed its 

importance, in those cases where accessory minerals with different magnetic characteristics are 
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present. Analogous to stable isotopes, various kappa data from a single sample can complicate 

the determination of an artefact’s origin. 

The large database acquired has implications for further investigation in geoscience, as well 

as for its utilisation in practice in the architectural, archaeological, and historical fields. 
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ABSTRAKT 

 

Předkládaná disertační práce se věnuje metodice určování původu krystalických vápenců a 

dolomitů použitých na historických památkách. Jednotlivé horninové typy byly odlišeny na 

základě získaného množství petrografických, geochemických a fyzikálních dat studovaných 

mramorů. Srovnání vzorků získaných z historických lomů a z památek přispělo k ověření 

výběru, možností i limitů navržené metodiky pro určení zdrojové lokality. 

Určování původu dekoračních kamenů představuje obtížný úkol z důvodu široké 

petrografické proměnlivosti těchto hornin na jedné lokalitě nebo naopak podobnosti vzorků 

z různých oblastí. Při řešení takto složité otázky je nezbytný komplexní přístup založený na 

srovnání několika charakteristických znaků mramorů získaných různými experimentálními 

technikami. Na základě předchozích výzkumů byla ustanovena kombinovaná metodika 

založená na srovnávání petrografických a geochemických znaků, která se osvědčila především 

pro rozlišení bílých mramorů pocházejících z oblastí v okolí Středozemního moře. V České 

republice se naopak vyskytuje řada krystalických vápenců až dolomitů s proměnlivým obsahem 

nekarbonátové složky (silikáty, magnetické minerály, metamorfovaná organická hmota). 

Zmiňovaná metodika se pro tyto typy mramorů ukazuje jako nedostatečná, což vedlo k hledání 

doplňkových nedestruktivních technik, které nebyly doposud plně využívány při zkoumání 

provenience jako např. Ramanova mikrospektrometrie nebo objemová magnetická 

susceptibilita. 

Tato disertační práce je soustředěna na otázku stanovení vhodné metodiky pro určení 

zdrojové oblasti nebo přímo lokality studovaných mramorů. Celkem bylo do této studie 

zahrnuto 84 různých typů krystalických vápenců a dolomitů pocházejících z 29 lokalit Českého 

masivu a 3 vzorky získané z českých památek. Studium petrologických charakteristik kamene 

pomocí optické a elektronové mikroskopie, petrografické obrazové analýzy a 

katodoluminiscence se ukázalo jako nejvíce rozlišující kritérium pro zkoumané mramory. 

Kvalitativní i kvantitativní srovnání dat umožnilo rozlišení podle petrologických znaků např. 

minerální složení a stavba hornin, velikost a tvarové parametry zrn atd., které byly korelovány s 

daty z ostatních analytických metod. RTG difrakční analýza nerozpustného zbytku se 

neosvědčila z důvodu velké spotřeby vzorku a velmi variabilního obsahu minerálních fází 

v rámci různých horninových typů jedné lokality. Stabilní izotopová geochemie ukázala svoje 

přednosti hlavně v kombinaci s petrologickými daty, a to i přes častý problém překryvu hodnot 

δ13C a δ18O na různých lokalitách. Z rozdílných izotopových hodnot masivního karbonátu a 

sekundárních žilek či silikáty bohatých partiích v rámci stejného vzorku vyplývá komplikace při 

identifikaci malých vzorků nebo menších artefaktů. Ramanova mikrospektrometrie se osvědčila 

při rozlišení mramorů, které obsahují různě metamorfovanou organickou hmotu. Ramanovy 

spektra představují důležitý výstup i s ohledem na skutečnost, že grafitická příměs je 
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v mramorech velmi častým jevem. Objemová magnetická susceptibilita se osvědčila jako 

doplňková rozlišující metoda pro mramory obsahující minerály s různými magnetickými 

vlastnostmi. Podobně jako hodnoty stabilních izotopů, také data magnetické susceptibility 

mohou být značně proměnlivá v rámci stejného vzorku, což ovlivňuje správné přiřazení 

zdrojové lokality. 

Rozsáhlá databáze získaných výsledků může sloužit k dalšímu studiu geologických témat, 

ale i v praxi při řešení architektonických, archeologických i historických otázek. 
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1. INTRODUCTION 

 

1.1 Decorative marbles: provenance and exploration throughout the ages 

 

Beginning from the Neolithic era (about 5000 BC), crystalline limestones (i.e. true marbles) 

have been quarried and fist used as common decorative, and later also as building materials, all 

over the world (Žebera 1939; Getz-Gentle 2001). The Mediterranean area, in particular 

Portugal, Spain, France, Italy, Greece, the Aegean Islands, Asia Minor (Turkey) and Tunisia, 

represent the largest and most important of historical, artistic, and archaeological sources of 

marble artefacts (Fig. 1). The extensive exploitation of numerous marble sources started in the 

Bronze Age and continued through Roman times, when many centres and schools of sculpture 

flourished in this area (Waelkens et al. 1988). During the Archaic Period, various types of 

marbles were used with differing popularity, e.g. Pentelic marble (Greece) was first chosen for 

classical Athenian architecture in Greece and then for the most prestigious monuments during 

the Republican and Imperial periods in Italy, despite the Carrara marble (originally marmor 

Lunense) described by Dolci (1988), which was the marble mostly applied there (Tykot 2004). 

The translucent ‘lychnites’ marble of Paros (Aegean Islands) was preferred for important statues 

throughout Roman times and even into the Renaissance (Riederer and Hoefs 1980). Other 

important marble sources included Mount Hymettus (Greece), Peloponessus (Greece), Thasos 

(Northern Aegean), Prokonnesos (Marmara Sea), as well as many sites in Asia Minor (e.g. 

Afyon, Aphrodisias) exploited in both Roman and Byzantine times (Laskaridis 2004; Attanasio 

et al. 2006). Besides ancient white marbles, coloured stones were also highly appreciated for 

decorative purposes, including: the purple-veined white or yellowish marble (pavonazzetto) 

from Turkey; red, green and black marbles from Greece; and yellow marble (giallo antico) from 

Tunisia (Gregarek 2002; Waelkens et al. 2002). White and pink Portuguese marbles (quarried 

near Estremoz) were other highly esteemed ornamental stones used for sculptural and 

architectural purposes e.g. in the Augusta Emerita Colony (the capital of Roman Lusitania) 

(Nogales et al. 1999). Regarding minor dolomitic marbles (besides that of Thasos, which 

represented the most important and almost unique source), were also marbles from the French 

(Villette) and Italian (Crevola) Alps or from the Malaga province (Southern Spain) which have 

been utilized from Roman to modern times. In addition, there are a large number of marble 

sources primarily of regional or local importance in other parts of Europe (e.g. Unterwurzacher 

et al. 2005; Müller et al. 2004; appendix A). However, important or prestigious sculptures and 

architectural decorations were often made of marble imported from the Mediterranean area 

(Pentia et al. 2002). Marbles have been appreciated due to their suitable characteristics, such as 

the brilliance and translucency of the calcite and/or dolomite crystals, a very homogeneous 

composition, medium hardness, appropriate physical and mechanical properties, good 
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workability, and its availability. Highly valued stone varieties were often transported over long 

distances or reused again in later monuments, which further complicates the correct 

fingerprinting of marble artefacts (Fischer 1999; Tykot and Ramage 2002). The term ‘marble’ 

encompassed a much wider connotation in ancient times; which beside crystalline 

(metamorphosed) limestones then also included sedimentary limestones, breccias, granites, 

porphyrys, diorites, and alabasters. The appellation ‘marble’ thus denotes rocks which could be 

favourably worked and polished. The utilisation of marbles was predominantly in public and 

private architecture, statues, decorations, wall and floor coverings, domestic objects, and 

funerary art. Since the Renaissance, relics of stones have been sought for collections, which 

continued from the Baroque up to the present during which time many important cultural relics 

were deposited in European museums and galleries (Cooke and Price 2002). The original 

collecting was basically indicative of the wealth and the social standing of the owner; later 

people learned the importance of preservation of cultural heritage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1: A simplified geographical map of the Mediterranean basin, with some of the most 
important quarrying sites of ancient marbles and other dimension stones exploited in Roman 
times, with their trading names (adopted from Attanasio 2003). A European (Portugal, Spain, 
France, Italy) and N African (Tunisia) exploitation areas. B Inset of the famous area around 
Greece, Aegean Sea, and Asia Minor (left to right). 
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Determination of the proper source of a marble artefact is required for numerous reasons 

including: detection of forgeries, assessment of the authenticity, correct dating of the objects, 

determination of past trade patterns, and an understanding of changing aesthetic tastes (Herz 

1990). It requires application of the correct analytical techniques (see Methodology Chapters 2 

& 3), recognition of the historic quarries, trading paths and transportation of marbles, and a 

knowledge of both the appearance and properties of the rock varieties that have been quarried in 

a certain region. However, complete collections of stone types used from antiquity until today 

as well as a sufficient database of analytical data are still absent in many European countries. 

During the past decades, this problem has also been encountered in the Czech Republic, which 

initiated an interdisciplinary research project entitled ‘Lithotheque of Czech historical 

dimension stones’ (Přikryl et al. 2002; Přikryl et al. 2004; Přikryl 2007). This project includes: 

1) literature research (published and unpublished data, data from archives); 2) fieldwork 

(location and description of historic quarries, stone sampling); 3) laboratory studies 

(mineralogical-petrographic, geochemical, physical, mechanical, and technical properties 

testing); 4) lithotheque preparation (thin sections, sawn and polished stone slabs, large blocks); 

and 5) compilation in printed form of the ‘Atlas of Dimension Stones’ (with all available data 

for each stone type). The inventory of historic quarries follows a defined structure including 

basic quarry data, petrographic descriptions and name of the rock, analytical data, technical 

properties, deposit details, exploitation and historical use, as well as references (Přikryl et al. 

2001). The ‘Atlas of Dimension Stones’ is intended to be a tool for stone provenance 

assessment and for the education of geologists, restorers, and architects. In special cases, it 

should initiate the interest of mining companies into reopening some of the abandoned quarries 

where the natural stone could again be exploited for iconic national monuments such as the 

Charles Bridge in Prague (Přikryl 2006a). 

 

1.2 Aims and implication of the study 

 

The research summarised in this PhD thesis is focused on the search for the correct 

fingerprinting techniques that can be employed for the laboratory study of decorative marbles 

from historic quarries, and some of their selected artefacts from the Czech Republic. The 

objective included analyzing of the marbles by traditional provenancing methods, which were 

approved on white marbles from the Mediterranean area, in detail. However, the Czech 

Republic is also rich in numerous varieties of impure crystalline marbles (calcitic or dolomitic), 

which include common admixtures of non-carbonate minerals (e.g. silicates, magnetic minerals, 

and organic matter transformed due to various degrees of metamorphism). Thus, the initial 

working hypothesis presupposed that the conventional fingerprinting methods may not be fully 

effective in this case. Consequently, additional methods such as Raman microspectrometry and 
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bulk magnetic susceptibility measurement were tested to observe their applicability regarding 

the provenance determination of marbles with different compositions, compared to the 

Mediterranean marbles. 

The major goals were: 

1.) To acquire a sufficient amount of data using mineralogical, petrographic, microscopic, 

geochemical, and physical criteria to distinguish among different types of marbles; 

2.) To detect the advantages and disadvantages of selected experimental techniques and to 

determine whether these methods are sufficiently capable of discrimination for provenance 

studies of marble artefacts; 

3.) To compare the data from the studied quarries with artefact properties, and attempt to 

find the possible provenance keys to the determination of the marbles from monuments. 

Data gathered from this project will become part of the ‘Atlas of Dimension Stones’ of the 

Czech Republic, which is compiled at the Institute of Geochemistry, Mineralogy and Mineral 

Resources (Faculty of Science, Charles University), in co-operation with the School of 

Restoration of Sculptural Works of Art (Academy of Fine Arts in Prague). The selection of the 

appropriate methods, as well as the marble characteristics obtained, can contribute to the correct 

sourcing of historical artefacts, the location of proper materials for objects of new art creation or 

restoration, and can be instrumental to future investigations in the fields of geology, 

archaeology, architecture, as well as history. 
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2. DEVELOPMENT OF MARBLE PROVENANCING TECHNIQUES 

 

The first approach to the characterization of decorative marbles was based mainly upon 

stylistic criteria and on traditional identification, in the past, by a simple inspection, using the 

unaided eye or magnifying glass (Kokkorou-Alevras et al. 1995). This empirical method could 

not reliably identify the provenance in many cases, and because of this, modern scientific 

methods were introduced and applied. Macroscopic methods based on marble objects (e.g. 

slabs) are less employed in investigations. Image analysis demonstrates this kind of application 

e.g. in the computer-assisted colour assessment of variegated marbles (Foster et al. 1992). 

Recently used non-destructive spectrophotometric colour testing, by means of a portable 

apparatus, characterizes white and grey marbles from the artistic-aesthetic points of view, and 

can also facilitate the searches for the sources with the aid of colour parameters, such as the 

Whiteness Index in some cases (Zezza 1999). 

The microscopic examination of marble thin sections by conventional optical microscopy is 

probably the oldest scientific method (Lepsius 1890). Discriminating petrographic 

characteristics such as the types of accessory minerals, fabric, grain size, etc. can be obtained by 

means of the optical microscope. Electron microscopy is used today as a complementary 

method to identify minerals’ composition, but its ultimate application consists of the study of 

the weathered surface (e.g. Doehne et al. 1992; Heller and Herz 1995) and encrustation (e.g. 

Maravelaki-Kalaitzaki 2005). The quantitative microstructural analysis represents a further 

effective complementary method for source determination of marbles. In addition to the 

determination of grain size (mean and maximum grain size) applied by previous workers (e.g. 

Moens et al. 1992a; Ramseyer et al. 1992), petrographic image analysis established other 

compositional discrimination parameters such as axial difference, perimeter/surface ratio, and 

shape factor (Schmid et al. 1999). They have proven the beneficial independence of the sample 

orientation, with respect to the reference quarry, on the studied fabric parameters. Identification 

and semi-quantification of the minerals present in powdered rocks is resolved by X-ray 

diffractometry. In the case of marbles, the insoluble residues that are obtained by dilution of the 

carbonate with 1M HCl are employed for the assessment. This method demonstrates good 

results if the mineral content exhibits low variability within a quarry (Antonelli et al. 2002). 

However, the need for large amounts of material for analysis of insoluble residues (a calcitic 

sample can lose up to 99% of its volume during leaching) particularly disqualifies this method  

for artefacts from which only minute specimens can be obtained. Up until now, the 

mineralogical-petrographic characteristics of marbles obtained by optical microscopy and X-ray 

diffractometry (with a combination of other techniques) was one of the most widely used 

sourcing methods (e.g. Gorgoni et al. 1992; Lapuente 1995; Lazzarini et al. 1995, 2002; 

Lazzarini and Turi 1999; Antonelli et al. 2003; Luke et al. 2006). 
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Conventional optical microscopy of thin-sections has recently been augmented by use of a 

cathodoluminescence (CL) study. The different colours of the luminescence of marbles depends 

on impurities hosted in the crystal or on lattice defects of the carbonate minerals (manganese is 

the principal activator) (Machel 2000). Barbin et al. (1992a) subdivided white marbles into 

three major families of cathodomicrofacies: orange, and blue (both for calcitic marbles), and red 

(dolomitic marbles). Also quantitative CL characteristics such as the intensity and distribution 

of the luminescence, by means of scanning electron microscopy, were established (e.g. Blanc et 

al. 2002; Lapuente and Blanc 2002). The use of cathodoluminescence as an accessory to C-O 

stable isotopes, and eventually to petrographic characteristics, was confirmed to be very 

discriminating in the provenance determination of white marbles (e.g. Barbin et al. 1992b, 

Barbin 1999; Herrmann and Barbin 1993; Lapuente et al. 2000, 2002; Mentzos et al. 2002). 

When considering laboratory analyses of a rock’s chemistry determination, at first only 

elemental analysis of the magnesium content was examined, to distinguish between calcitic and 

dolomitic marbles. Craig and Craig (1972) first suggested using isotopic patterns, plotted on a 

δ18O-δ13C diagram, to identify quarry sources of five classical Greek and Roman marble 

artefacts. They collected and analyzed a total of 170 samples from ancient quarries on Naxos 

and Paros (the Aegean see), as well as Mount Hymettus and Mount Pentelikon (Greece); and 

found that the marbles fell into well-defined isotopic clusters. The great advantage was the 

small amount of material necessary for the analysis (about 20 mg). This research started to 

establish an isotopic database of ancient quarries in terms of the provenance determination of 

marble artefacts, and to assist in the correct association of broken marble fragments (e.g. Herz 

and Wenner 1978; Herz 1988). Additional improvements of today’s large database is provided 

by a statistical evaluation of marble data (Leese 1988). Due to the frequent overlap of the 

measured isotopic values from different quarries, plus the possible variability within a marble 

block of any one quarry, by itself this method is not sufficient to distinguish among all marble 

sources (Wenner et al. 1988). Instead, the combination of C-O stable isotopic analysis with 

mineralogical-petrographic characteristics (especially optical microscopy and X-ray 

diffractometry) suffices for most of the major Mediterranean white marbles (e.g. van der Merwe 

et al. 1995; Lazzarini et al. 1999; Pensabene et al. 1999; Gorgoni et al. 2002; Tykot et al. 

2002). Strontium isotopes have also been found to be very useful for provenance studies (e.g. 

Barbieri et al. 1999; Brilli et al. 2005); however, a sufficient database of marble values has not 

yet been created. The initial research on the ratio of Pb, Sr and Rb isotopes were tested on 

selected Greek marbles (Perdikatsis et al. 2006). The results displayed a satisfying 

discrimination of the studied marbles, especially in combination with the trace and 

mineralogical analyses. Despite these positive results, yet additional data is necessary to 

accomplish a decisive investigation. 
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Geochemical analyses of major, minor, and trace elements of carbonates by various 

analytical techniques such as X-ray fluorescence methods (Cabral et al. 1992), using the 

inductively coupled plasma source: ICP-MS (Green et al. 2002) or ICP-AES (Jongste et al. 

1992) and instrumental neutron activation analysis INAA (Oddone et al. 1999) have also been 

included in many provenance studies of marbles. Even if most of the methods of evaluation of 

trace elements require only a small specimen (up to 10 µg in the case of INAA), the comparison 

and interpretation of the analyses are more difficult than in the case of other geochemical 

methods, due to various equipment, consistent sample preparation, the process of measurement, 

measurement conditions, standardization, demands of financial factors, etc. The main 

disadvantage and limitation of this approach is in the fact that many trace elements vary more 

within the same quarry than among different localities; hence only some of them are useful for 

the marble’s discrimination (Mandi et al. 1995). However, a multivariate statistical treatment of 

the trace element data has given better results, especially when it was combined with analytical 

data from other methods such as stable isotope geochemistry (Matthews et al. 1995). 

Electron paramagnetic resonance (EPR) (also presented as electron spin resonance 

spectroscopy) has also been used with great success in marble provenance investigations 

(Mandi et al. 1992) as well as in the identification of joining fragments of ancient marbles 

(Attanasio and Platania 2000). Initially, only manganese spectra were studied, and their EPR 

peaks (Mn2+ sextet) were compared by means of intensities (Baïetto et al. 1999). By measuring 

different spectral variables of the Mn2+ impurity (e.g. intensity of signal, integrated signal 

intensity, total spectral extension, splitting, and linewidth of the high field doublet) ubiquitously 

present in marbles, together with the addition of statistical evaluation, it has been possible to 

today establish a large database of EPR features (Attanasio et al. 2002). The technique is often 

used in combination with C-O stable isotopes and an elementary petrographic study (maximum 

grain size, colour, odour upon fracture) (Goette et al. 1999; Attanasio et al. 2000, 2005a,b). 

Research of metapelites, including metamorphosed organic matter by Raman 

microspectrometry, has been relatively widely employed in metamorphism studies (e.g. Jehlička 

and Bény 1992; Wopenka and Pasteris 1993; Yui et al. 1996). This method characterizes the 

structural state of various types of dispersed carbonaceous matter by means of Raman spectra 

(Kříbek et al. 1994). As the carbonaceous matter makes-up a common minor admixture in 

various marbles, the technique exhibits significant potential as a useful analytical method for 

fingerprinting graphitic marbles which have undergone diverse degrees of metamorphism (see 

appendix B). The advantage of this analysis consists in the development of portable Raman 

spectrometers, which at present have wide application in the artistic sector (Vandenabeele et al. 

2007). 

Aside from the aforementioned petrographic and geochemical techniques, physical 

properties are also used for discovery of a marble’s heritage. Conventional index parameters 
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(measurement of open porosity, dry density, specific gravity), hydro-physical parameters (water 

absorption coefficients), and mechanical parameters (ultrasonic velocity) are often used for 

characterisation of a marble’s quality. However, according to the findings of De Gennaro et al. 

(2003), mechanical strength tests (uniaxial compressive strength, point load strength, flexural 

strength) display satisfactory results in marble’s differentiation. Magnetic susceptibility as one 

of the fingerprinting techniques widely used on various rock types such as granites (Williams-

Thorpe and Thorpe 1983), trachytes (Capedri and Venturelli 2003), or laterites (Uchida et al. 

1999); but marbles have been excluded, due to their predominantly diamagnetic character. 

Measurement of magnetic susceptibility was found to contribute unequivocally to the 

provenance studies of various impure marbles with inclusions of magnetic minerals (see 

appendix A and C). 
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3. METHODOLOGY OF THE PRESENTED RESEARCH WORK 

 

From the wide variety of methods mentioned in the previous section, only some were 

employed in this study. The mineralogical-petrographic characteristics of the studied marbles 

and artefacts were examined by optical and electron microscopy, X-ray powder diffraction, 

petrographic image analysis, and cathodoluminescence (see appendix A, C and D). The 

petrographic investigation of thin sections was focused upon: a) identification of accessory and 

carbonate minerals (optical and electron microscopy, X-ray powder diffraction, 

cathodoluminescence); b) the fabric description (optical microscopy, petrographic image 

analysis, cathodoluminescence); and c) the colour type of cathodomicrofacies characterization 

(cathodoluminescence study). During the petrographic image analysis, the following fabric 

parameters, described by Přikryl (2006b), were measured and computed: carbonate grain size 

(equivalent diameter), carbonate grain shapes (compactness, shape factor, aspect ratio), index of 

grain size homogeneity, area, perimeter, length, and the slope of the carbonate grain’s principal 

axes. The procedure of the technique consists of: a) image acquisition when the structure is 

photographed from a thin section, and each carbonate grain is identified and outlined; b) image 

digitizing; and c) image analysis utilizing the SIGMASCAN program, where selected 

microstructural parameters are measured (Přikryl 2001). The insoluble residues of selected 

marbles, obtained by treatment with 1M HCl solution, were analysed by X-ray powder 

diffraction techniques to identify and semi-quantify accessory minerals and the mass of soluble 

carbonates (see appendix A). 

Geochemical study of samples from marble quarries, as well as monuments, was carried-out 

by means of the conventional measurement of C- and O-isotope ratios (δ13C, δ18O), according to 

the methodology proposed by McCrea (1950). The isotope data were statistically evaluated by 

means of: 1) hierarchical cluster analysis (‘average linkage’ method), in the case of δ13C and 

 δ18O as the variable set; 2) hierarchical cluster analysis (‘complete linkage’ method), in the case 

of δ13C, δ18O, mean and maximum grain size, aspect ratio as the variable standardized set; and 

3) discriminant analysis to assign the studied artefacts to a quarry (for the variable standardized 

set, see point 2). The applied statistical procedures are described in detail elsewhere (Johnson 

and Wichern 1998). Raman microspectrometry was applied to polished thin sections of 

variously metamorphosed so-called graphitic marbles in order to determine and compare Raman 

spectra (the peak position, the peak width and the relative intensity) (see appendix B). Physical 

properties represented by the bulk magnetic susceptibility of the whole rock were tested to 

distinguish between diamagnetic (negative or very low mean kappa values) and ferrimagnetic 

marbles (mean kappa values greater than 290 x 10-6 SI) (see appendix A, C and D). (For 

detailed measurement conditions and procedural descriptions see appendices A, B and C). 
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4. GEOLOGICAL SETTINGS OF THE STUDIED AREAS, FOCUSED UPON 

THE STUDIED MARBLES 

 

The historic quarries examined in this study are located in the following regional units of the 

Bohemian Massif (Czech Republic): the Lugicum (Krkonoše-Jizera Terrane (Fig. 2A), Orlice-

Sněžník Crystalline Unit (Fig. 2B)), the Moravian-Silesian Domain (Silesicum (Fig. 2C)+ 

Moravicum (Fig. 2D)), the Kutná Hora-Svratka Crystalline Complex (Fig. 2F,E), and the 

Sedlčany-Krásná Hora Metamorphic ‘Islet’(Fig. 2G) (Bohemicum) (see appendix C). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 2: A simplified geological map of the Bohemian Massif (Czech Republic) with studied 
marble areas: A-Lugicum (Krkonoše-Jizera Terrane), B-Lugicum (Orlice-Sněžník Crystalline 
Unit, Staré Město Crystalline Unit), C-Silesicum (Mantle of Žulová Granite Pluton, Branná 
Group), D-Moravicum (Svratka Dome), E-Svratka Crystalline Complex, F-Kutná Hora Crystalline 
Complex and G-Sedlčany-Krásná Hora Metamorphic ‘Islet’. 
Bohemicum 1 Upper Proterozoic sediments and volcanics, 2 pre-Variscan (Cambrian-
Ordovician granitoids, 3 early Palaeozoic (Cambrian to Devonian) sediments and volcanics, 
Saxothuringicum including Lugicum 4 Upper Proterozoic metasediments, 5 Cadomian 
orthogneisses 6 Palaeozoic (Cambrian to Devonian) metasediments, 7 Lower Carboniferous 
flysh (Culm sediments) 8 Lower part of allochthonous units including sediments, basic and 
ultrabasic rocks involved with epizonal metamorphism, 9 highly metamorphosed units of the 
allochthonous complexes in the Saxothuringicum and Moldanubian Zone, 10 granulite 
complexes with massifs of ultrabasic mantle-derived rocks and HP rocks, Moldanubian Zone 
11 highly metamorphosed volcano-sedimentary complexes - Drosendorf and Ostrong terrane 
(Proterozoic to Palaeozoic), 12 highly metamorphosed allochthonous complexes of the Gföhl 
Unit with relics of HP rocks, Moravian-Silesian Domain 13 Cadomian Brunia basement 
(Cadomian granitoids with their metamorphosed mantle), 14 Cadomian orthogneisses, 15 
platform and folded volcano-sedimentary complexes (Devonian and Lower Carboniferous), 16 
Visean and Namurian clastics of Variscan flysh sediments passing to low deformed sediments 
of the Variscan foreland basin, Variscan granitoids 17 melanocrate granites and syenites 
(durbachites), 18 tonalites to granites (350 - 305 Ma), 19 Permian-Carboniferous platform 
sediments, 20 younger platform cover, 21 significant faults, 22 nappe thrusts (modified after 
Kachlík 2003). 
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The Lugicum, as a part of the European Variscides, extends into the N part of the Bohemian 

Massif. The Lugian region includes the following crystalline units: the Krkonoše-Jizera Terrane, 

Orlice-Sněžník Crystalline Unit, Zábřeh Crystalline Unit, Staré Město Crystalline Unit, and the 

Lusatian and Krkonoše-Jizera plutons. The W boundary with the Saxothuringicum forms the 

complex Labe Fracture Zone. The Staré Město Belt separates the Lugicum from the Silesicum 

in the E (Aleksandrowski 1998). The Nd model of 1.4 - 1.7 Ga as well as Meso- to 

Palaeoproterozoic zircon xenocrysts ages for the Lugian Domain are interpreted as evidence for 

a predominantly Palaeoproterozoic basement that underwent rejuvenation during Meso- and 

Neoproterozoic-Ordovician magmatic events (Hegner and Kröner 2000). 

The Krkonoše-Jizera Terrane (KJT) is further divided into the Jizera, Ještěd, Železný Brod, 

Krkonoše, and Rýchory sub-crystalline units. Its western autochthonous portion (the Lusatian 

Terrane, the Ješted Mountain range) is composed of the Cadomian granitoids with their end-

Proterozoic country rocks that are unconformably overlain with Palaeozoic rocks (Hladil et al. 

2003). The allochthonous portion is mostly exposed in the E (Krkonoše Mts.) and formed from 

Palaeozoic rocks (Chlupáč et al. 2002). The Krkonoše-Jizera pluton fills the arched structure 

between these two parts and is composed of the Upper Variscan granites. The calcitic and 

dolomitic marbles are situated both on the western edge the KJT (Jizera Mts., Ještěd Mountain 

range) and in the eastern part of the KJT (Krkonoše Mts.), where they form elongated lenses 

and intercalations in micaschists and phyllites (Krutský 1971; Procházka 1977). The complex 

geological situation of the whole Krkonoše-Jizera area was mainly solved due to detailed 

research conducted by O. Kodym, J. Svoboda and J. Chaloupský (e.g. Kodym and Svoboda 

1948; Svoboda 1955; Chaloupský et al. 1966; Chaloupský 1989). According to their studies, 

local marbles were divided into three simplified groups: 1) Proterozoic (+ Cambrian?) dolomitic 

marbles in micaschists, mainly involved with mesozonal metamorphism (Raspenava, 

Kryštofovo Údolí, Strážné, Malá and Velká Úpa quarries); 2) Silurian calcitic and dolomitic 

marbles in phyllites, involved with epizonal metamorphism (large quarry sites near Liberec, 

Železný Brod, Jesenný, Poniklá, Rokytnice, Vrchlabí, Horní Maršov and Horní Albeřice); and 

3) small occurrences of Devonian calcitic and very low metamorphosed marbles in the western 

part of the KJT near Jitrava. The former approach has now been relinquished and marbles from 

the KJT are ranged as early Palaeozoic from Cambrian to Devonian, after newer findings 

(Chlupáč 1998; Chlupáč et al. 2002; Hladil et al. 2003; Winchester et al. 2003). However the 

Devonian is paleontologically documented only in the Ještěd Mountain range (near Jitrava, 

Kryštofovo Údolí, Světlá pod Ještědem, Padouchov Hluboká, and Horní Hanychov), where a 

low grade of metamorphism (greenschist facies) allowed the preservation of fossils (Koliha 

1929; Chlupáč and Hladil 1992). Hladil et al. (2003) found the origin of marbles from the S and 

E part of the KJT (Krkonoše Mts.) in two basic sedimentary precursors: 1) Cambrian dolomites 

(Dolní Albeřice marble); and 2) Silurian-Devonian limestones (marbles between Poniklá and 
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Horní Lánov). White and coloured marbles from the KJT were used locally as dimension stones 

(e.g. the Raspenava ophicalcite); however a larger regional importance came only from the 

marble from Strážné in the Krkonoše Mts. (distributed under different names such as the 

‘Krkonoše’, ‘Vrchlabí’, or ‘Czech’ marble) (Procházka 1979; Rybařík 1994). 

Various metamorphic events of more orogenic periods can be found in the KJT, however 

the major deformation processes with the main influence on the development of the area, 

belonged to the Variscan orogenesis (Marheine et al. 1999). Metamorphic involvement of the 

KJT increases from W to E and from S to N, in general. The SW part (the Ješted Mountain 

range) pertains to low metamorphosed crystalline units; epizonal metamorphism there reached 

the low-grade greenschist facies (Kachlík et al. 2002). To the E (from Železný Brod to 

Rýchory), the regional metamorphism increases locally up to blueschist facies (Žáčková et al. 

2005). On the contrary, the N and E part of the KJT is involved with mesozonal peak 

metamorphism in amphibolite facies conditions (Mazur 2002). This zone (including phyllites, 

orthogneisses, marbles, erlans, leptinites, quartzites and amphibolites) was formerly denoted as 

the ‘older micaschist series’ (Krutský et al. 1968; Chaloupský 1989). Examples of the higher 

metamorphosed carbonates are dolomitic marbles from Dolní Albeřice (eastern part of the 

Krkonoše Mts.) involved with albite-epidote amphibolite metamorphic conditions (Hladil 1998) 

or the dolomitic ophicalcite from Raspenava (Jizera Mts.), metamorphosed in the amphibolite 

facies (Hladká 1957). 

The Orlice-Sněžník Crystalline Unit (OSCU) consists of metamorphosed complexes 

forming a core of the Orlice-Sněžník dome, morphologically a main part of the Orlice Mts., 

Kralický Sněžník, and the Rychleby Mts. The complex folded core includes partly migmatized 

gneisses, with local occurrences of HP granulites and eclogites, and is enveloped by a series of 

micaschists, paragneisses, marbles, acid volcanics, and amphibolites. This sequence of volcano-

sedimentary crystalline rocks referred to as the Stronie Formation was intruded by early 

Palaeozoic granites, transformed into Sněžník orthogneisses. Kröner et al. (2001) reported the 

Cambrian-Ordovician zircon ages as between 502 and 515 Ma for these orthogneisses, which 

can also be traced in the KJT (Krkonoše and Jizera Mts) and further to the E in the Staré Město 

Belt (Silesicum). Marbles are mainly scattered in the eastern part of the OSCU where NE-SW 

strips of calcitic marble formed between Velká Morava and Kralický Sněžník (‘Sněžník 

marble’) and further NNE near Zálesí and W from Bílá Voda, where minor lenses and a larger 

body of dolomitic marble composed. The white to greyish-white, fine-grained marbles from 

Dolní Morava form over 4 km long lenses, and until recently it was the largest and most 

exploited marble quarry for decorative purposes in the Czech Republic (Horná 2002). 

Especially troublesome is the assignment of dolomitic marbles from the northern part (Bílá 

Voda, Zálesí); some geologists range them in the detached SMCU (Chlupáč et al. 2002) or 
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include them in the Stronie Formation (Don et al. 2003), due to their similarity with the 

variegated schists of the OSCU. 

Follow-up deformation and metamorphism took place during the Variscan orogenesis, 

which also affected eccentric parts of the OSCU such as Nové Město phyllites in the SW and 

SMCU in the E (Chlupáč et al. 2002). Analogous to the KJT, a considerable increase in the 

peak-metamorphic conditions from W to the E can be observed in the Orlice-Sněžník Dome. 

Metapelites from the Bystrzyckie Mts. in the W part of the OSCU are after Szczepański (2002) 

within the HP range of the greenschist facies, close to the field of the blueschist facies (cca. 7/8 

kbars and 450°C). In contrast with these records, metapelites of the E part of the Stronie 

Formation reached the pT conditions of metamorphism at cca. 8 kbars and 600°C, which means 

the amphibolite facies (Romanová and Štípská 2001). These findings support the key judgement 

of the collision occurring along the E margin of the Orlice-Sněžník Dome (near the contact with 

the Silesian Domain) in the tectono-metamorphic evolution of the unit. As the result of the 

collision, the rocks of the Stronie Formation reached the highest pT conditions of 

metamorphism at cca. 9 kbars and 650°C (upper amphibolite facies) in the E (Murtezi 2006). 

Opinions on the assignment of the Polička (PCU) and Zábřeh Crystalline Units (ZCU) to the 

Bohemian Massif vary significantly. These crystalline complexes make part of a single 

geological unit (Kodym and Svoboda 1950) and are exposed in opposite limbs of a large 

synclinal structure of Cretaceous sediments, and is closely related to the adjacent anticlines 

(Svratka Anticline in case of the PCU and Orlice-Sněžník dome in case of the ZCU). In the 

classical concept of Mísař et al. (1983), the PCU is related to the Bohemicum and the ZCU is 

related to the Lugicum. Novák et al. (1997) studied gahnite-bearing marbles with a high content 

of Mn and Zn from the PCU near Trhonice, and realized their remarkably similar features with 

marbles of the Hraničná Group (which is included in the SMCU by these authors, or in the 

OSCU by Don et al. 2003); and therefore may lithologically also be a part of the Lugicum. Both 

PCU and ZCU are composed of similar metamorphosed volcano-sedimentary sequences, 

intruded by numerous plutonic bodies of Variscan age (Buriánek et al. 2003). Small bodies of 

marbles, accompanied by amphibolites, are situated in NNW-SSE oriented strips between 

Bystré and Borovnice in the PCU, and in the S part of the ZCU near Moravská Třebová and at 

Vitošov. 

The structurally upper OSCU continues toward the E across the boundary zone of the Staré 

Město Belt to the underlying Silesian Domain, which was amalgamated during the Variscan 

orogeny. According to an original theory and some geological mapping, the major intraplate 

boundary between the Lugicum and the Silesicum was placed at the base of the Velké Vrbno 

Unit (the Ramzová strike-slip fault) (Suess 1926; Aichler et al. 2002). However, according to 

recent zircon dating, structural and metamorphic history of the Staré Město Belt (including 

Cambrian-Ordovician granitoids) and the Velké Vrbno Unit (including Neoproterozoic 
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granitoids) the major contact is located at the top of the unit (the Nýznerov thrust), which 

exhibits a clear affinity with the Moravian-Silesian Domain (Kröner et al. 2000, 2001; Štípská 

et al. 2000).  

The Silesicum consists of NNE-SSW elongated crystalline complexes of the Hrubý Jeseník 

and are geographically located from W to E as follows: Velké Vrbno Unit, Branná Group, 

Keprník Dome, Červenohorské sedlo Belt and Desná Dome. From a tectonic point of view, the 

classical concept (Mísař et al. 1983) assumed mutual overthrusting of these domed structures 

from the WNW. Recently, the nappe theory for this region has been postulated. The sub-nappe 

or groups of nappes (Keprník nappe) were thrust over from W to E and formed a continental 

accretionary wedge; thus the Desná Dome was built predominantly by gneisses and 

amphibolites, with the low-grade metamorphosed metaarkoses and metasilstones, is situated at 

the base (Cháb et al. 1994). This early Carboniferous (350 - 330 Ma) underthrusting of the 

Keprník and Desná crustal boudins, beneath the Lugicum to the W generated the tectonically 

inverted Barrovian metamorphism, increasing from the chlorite zone in the E to the staurolite 

zone in the W, which overprints the Proterozoic crystalline basement (the Brunia 

microcontinent) as well as the Devonian cover (Schulmann and Gayer 2000; Štípská et al. 2000). 

During the Variscan orogeny the wedge was further compressed and then successive extensions 

resulted in vertical and horizontal shifts mainly along NW-SE faults (e.g. the Marginal Sudetic 

Fault limiting the Žulová granite pluton in the SW). Beside Variscan metamorphosed rock and 

sediments, also Variscan plutonic rocks are present in the Silesicum, mainly the Žulová (ZP) 

and Šumperk granite pluton. The well exposed E Mantle of the ZP is formed by the varied 

volcano-sedimentary complex affected by contact HT/LP-MP metamorphism continuously 

decreasing toward the E (Žáček 2003). The relationship of these mantle rocks to adjacent 

crystalline still is not reliably solved; however often is proposed as initially belonged to the 

Branná Group, which forms the sedimentary envelope of the Keprník gneisses (Don et al. 

2003). In the past, the Branná Group was divided into ‘the lower Branná sub-group’ 

(Proterozoic age, various epi-mesozonal metamorphic involvement of mostly higher grade) and 

‘the upper Branná sub-group’ (Devonian age, epizonal metamorphism), with ‘the quartzose 

zone’ in between (Pacák and Vocílka 1980). 

In the Silesicum, more than one hundred meter thick marble belts run continuously for 

several kilometres, namely those of Velké Vrbno Unit, Keprník Dome, Branná Group and 

Mantle of the ZP. The Velké Vrbno Unit is characterized by a specific lithotype of tremolite 

marbles in the upper level of the dolomitic marbles adherent to the so-called Graphite Series, 

which were compared to marbles of the ‘Outer Phyllites’ of the Moravian windows by previous 

authors (Květoň 1951). The dolomitic marbles from this uppermost part of the Moravian-

Silesian Domain are associated with graphite and sulphide deposits (Petříkov, Velké Vrbno) and 

were affected together with other metapelites (graphite gneisses and micaschists) by low to 
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medium grade of metamorphism (Losos and Selway 1998; Houzar et al. 2000a; Štípská et al. 

2006). The rocks of the ‘Graphite Series’ are strongly dynamically altered, as they behaved as a 

plastic slide mass during the tectonic processes (Don et al. 2003). A similar behaviour can be 

found in the case of Moravian marbles from lower units of the Svratka Dome that reached 

greenschist facies peak metamorphism (Ulrich et al. 2002). The continuous marble belt, shifted 

by numerous NW-SE faults, occurs in the Proterozoic migmatized gneisses of the Keprník 

Dome between Branná, Ostružná, and Ramzová. The marbles often merge into calc-silicate 

rocks with a locally present sulphidic mineralization, which were influenced by regional 

metamorphism in the amphibolite facies (Veselý and Losos 2001). Towards the S several NNE-

SSW stripes of graphitic marbles are stretched along Jindřichov, Hanušovice, and Bohdíkov; 

and probably belong to the low metamorphosed Devonian of the ‘upper Branná sub-group’ 

(Vocílka 1988). Marbles and calc-silicates rocks accompanied by quartzite and amphibolites 

also represent very frequent bodies in the Mantle of the ZP. They are exposed in famous 

quarrying sites between Písečná and Velké Kunětice, where marbles are scattered as now 

isolated NE-SW rafts in the easternmost part of the ZP Mantle and large xenoliths of calc-

silicate rocks and marbles in a contact aureole of the ZP Mantle more to the W near Žulová, 

Vápenná, Černá Voda and Staré Hradisko. M. Mikuš (in Gottwald et al. 1963) ranged marbles 

of the Mantle of the ZP as a variegated complex including migmatites, gneisses, calc-silicate 

rocks and marbles to the Devonian, however Mísař et al. (1983) assumed the stratigraphic 

position as the Proterozoic. The mantle rocks were newly studied by Cháb and Žáček (1994), 

who are inclined to M. Mikuš’ suggestion after the new detailed geological mapping. These 

white, grey, yellowish, rose, reddish, or green crystalline limestones have long been known as 

‘Silesian marbles’ or ‘Silesian Carrara’, used as highly prised decorative stones which were 

worked in a large number of quarries between Supíkovice and Velké Kunětice; however only 

the Supíkovice quarry has operated until the present (Rybařík 1994). Due to the metamorphic 

effect of the ZP, local marbles were contact metamorphosed (sillimanite zone near Vápenná and 

staurolite zone toward  the E) and recrystallized (Cháb and Žáček 1994). Marbles from the 

Mantle of ZP include calcite, garnet, tremolite, diopside, wollastonite, and scheelite; while 

graphitic content is much lower than that of graphitic marbles in the local subjacent part of the 

Branná Group, noticed already by Mohsin (1970). Another important marble occurrences are at 

Horní Lipová and Pomezí, where two distinct types of marbles are present: a) fine-grained 

marble showing generally a dark grey colour and laminated macro-fabric quarried at Horní 

Lipová (which are used for decorative purposes); and b) pure white, homogeneous and coarse-

grained marbles quarried more to the N at Smrčník and Pomezí (which is used for rubble and 

micronized limestones). Around Supíkovice and Horní Lipová the marble industry contributed 

to the establishment of several masonry schools during the 19th century. The first references of 
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the use of local marbles for decorative purposes could already be found in the 15th century 

(Grünnerová 1974; Rybařík 1994). 

The Moravicum, as the second part of the Moravian-Silesian Domain, is situated in the SE 

margin of the Bohemian Massif. It consists of two large-scale tectonic windows: Svratka Dome 

in the N and Thaya Dome in the S, which continues its larger segment into Austria. The 

formation of the Moravicum is characterized by two stages of Variscan nappe emplacement, 

each exhibiting a different kinematic and metamorphic evolution. According to Schulmann et al. 

(1991), the higher grade metamorphic Moldanubian zone overthrusted the lower grade 

metamorphic Moravian units (Bíteš orthogneisses, Olešnice Group, and Bílý Potok Group in 

case of the Svratka Dome) during the older phase of the Variscan orogeny (350 - 340 Ma); and 

then in the second phase (320 - 310 Ma) the entire established nappe structure was thrust over 

the Proterozoic Brunia basement (Deblín Group) with the Devonian cover of very low 

metamorphism, which occurs in the core of both Domes. Stratigraphically equivalent units have 

different names in each tectonic window: the Lukov Group of Thaya Dome is conformable to 

the Bílí Potok Unit in the Svratka Dome; and the Vranov Group of Thaya Dome is equivalent to 

the Olešnice Group in the Svratka Dome. Recent theories of the formation and the geological 

setting of the local area have often resulted in a modification of some older tectonic concepts 

(e.g. that of F. E. Suess (1912)). However, many questions concerning the Moravicum still 

persist, such as how and when the nappe displacement took place, the direction in which the 

nappes moved, etc.; these are discussed elsewhere (Batík 2004). Barrovian metamorphic 

involvement of the Moravicum is inverted with increasing intensity from the bottom (chlorite 

zone) to the top (sillimanite zone), and from the cores to the peripheral parts, respectively 

(Ulrich et al. 2002). Marbles very commonly are composed of intercalations and boudins in the 

Svratka window, specifically in the Devonian cover, the Bílý Potok Group, and the Olešnice 

Group (from bottom to top). Analogous to the Silesian Domain, strongly sheared marbles 

involved with greenschist facies conditions that range from 300ºC (Devonian cover) to 450ºC 

(Bílý Potok Group) form major tectonic boundaries; however higher grade marbles (500 - 

570ºC) from the Olešnice Group and Svratka Crystalline Complex (sillimanite zone) form 

boudins which are not exploited as lubricating layers (Ulrich et al. 2002; Houzar et al. 2006). 

After the classical concept of Suess et al. (1906, 1912), local marbles were divided into 3 

groups based on mineralogical composition: 1) white Moldanubian marbles, rich in silicates 

such as phlogopite, diopside, tremolite, actinolite, garnet, etc.; 2) white Moravian marbles of the 

‘Outer Phyllites’, with tremolite (this group is equivalent to Olešnice and Vranov Groups); and 

3) grey low metamorphosed Moravian marbles of the ‘Inner Phyllites’, without recently formed 

silicates (this group is equivalent to the Bílí Potok and Lukov Groups). The marbles of the 

‘Outer Phyllites’ were very often used as a stratigraphic analogue of the Moravicum with the 

variegated units of the Bohemian Massif (Moldanubian Zone and Silesicum) by several authors 
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(Houzar and Novák 2001). The specific lithotype of tremolite marbles, appearing along the 

contact of the Moravicum with the Moldanubian zone and Svratka Crystalline Complex, was 

described by Houzar et al. (2000a). These tremolite marbles mostly occurring in the variegated 

complexes along the E margin of the Bohemian Massif, form relative thin layers within large 

metacarbonate bodies or relatively small individual lenses in the Olešnice Group (e.g. 

Padochov, Jedov, Nedvědice, Bolešín, Jobova Lhota, Petrov, etc.), where they rim the Svratka 

tectonic window, and in the Vranov Group of the Thaya Dome (e.g. Vranov n. D.). Houzar and 

Novák (2002) described isolated cm-dm marble layers with a carbonatite-like geochemical 

signature that are enriched in REE’s, Nb, Zr, Sr, and Mo within these marble bodies. These 

authors have contributed to a detailed knowledge of Moravian marbles in terms of the 

metamorphic and tectonic evolution, as well as the regional division (e.g. Houzar and Novák 

1991, 2001). Special publications were dedicated to the metamorphic textures of marbles 

studied by cathodoluminescence (Houzar et al. 2000b; Houzar and Leichmann 2003). Marbles 

from the Olešnice Group (Kunštát, Lysice, Pucov, Nová Ves u Oslavan) from the Svratka 

Devonian cover (Tišnov-Květnice, Tišnov-Dřínová) and from the Vranov Group (Vranov n. D.) 

were locally quarried for dimension stones; however a smaller amount and only with local 

importance in comparison with Silesian marbles (Jahn 1917). Minor occurrences of calcitic 

marbles were found in the spatially separate crystalline units near the Thaya Dome, such as the 

Krhovice Crystalline and the Miroslav Horst, which are mostly considered to be relics of the 

Moldanubian nappe that overthrusted the Moravicum (Suess 1912); however Dudek (1962) 

supposed that the Krhovice Crystalline occurs in an autochthonous position of the Moravicum. 

Another local presence of dolomitic marble lenses was described at the W margin of the 

metadiorite subzone in the Proterozoic Brno Massif, where the greenschist facies were detected 

(Buriánek 2001). 

The so-called Moravian Micaschist Zone forms the boundary between the Moravicum in the 

E and the Svratka Crystalline Complex (SCC) in the W. The SCC lies stratigraphically in 

between the Moldanubian Zone (at the bottom) and the PCU (at the top), and is distinguished by 

NW-SE elongated metamorphic fabrics, that are typical of the entire N margin of the 

Moldanubian Zone. In comparison with the Moldanubicum, both the SCC and the Kutná Hora 

Crystalline Complex (KHCC) are characterized by a slightly lower degree of metamorphism, 

the presence of the Cambrian-Ordovician red orthogneisses (e.g. Kouřim orthogneisses in the 

KHCC), and reddish migmatites (especially in the SCC) (Kachlík 2003). Beside reddish 

migmatites and paragneisses, NW-SE elongated orthogneisses, intercalations of amphibolites, 

marbles, and skarns represent the dominating rocks in the SCC. Marbles exhibit the following 

collective characteristics: 1) position at different crustal levels; 2) dominance of calcitic 

marbles; and 3) presence of two different types a) Nedvědice marbles in the E, and b) marbles 

of the SCC s.s. (Houzar and Novák 2001). The specific type of Nedvědice marbles forms a 
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girdle of boudins at the base of the SCC and in the top of the Moravian Micaschist Zone, 

respectively (Ulrich et al. 2002). This NNW-SSE belt of elongated marble lenses begins in 

Černvír in the S and runs over Nedvědice, Ujčov and Vír to Jimramov in the N. Nedvědice 

marbles were studied in detail in terms of mineralogy, petrography, and geology by Houzar et 

al. (2006). They distinguish three main groups of local calcitic marbles, including silicate-

enriched skarnized marbles with the unique blue calcite-vesuvianite-wollastonite assemblage. 

This type of marble occurs only in the SCC (between Černvír and Kozlov), and lately were also 

detected at Klucanina Hill near Tišnov, which supports the assignment of this rock complex to 

the SCC (Houzar and Novák 2006). Houzar et al. (2006) also described the complex 

metamorphic evolution of the Nedvědice marbles, consisting of 5 main stages with amphibolite 

facies peak metamorphism (the early stage I); and on the other hand a lower degree of 

metamorphism (T < 450ºC for 200 MPa), related to formation of blue calcite and equilibrium 

vesuvianite-wollastonite assemblage at the high activity of H2O (stage IV). The ‘Nedvědice 

marble’ (i.e. ‘Pernštejn marble’) has a privileged position regarding 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 Pernštejn Castle and the 

Castle in Doubravník were built (Kettner 1924, Krutský 1986; Rybařík 1994). Contrary to the 

Nedvědice marbles, only sporadic studies were focused on marbles of the SCC s.s. with the 

context of genesis of W Moravian skarns (Němec 1963, 1991) and mapping of the area around 

Bystřice nad Pernštejnem (Sekanina 1965). The SCC is bounded by the upper Hlinsko Zone in 

the W, which together with the Železné hory pluton divides entire area of the Kutná Hora-

Svratka Crystalline Complex into two parts. The KHCC is thus its western elongation with 

inverted metamorphic zones (Synek and Oliveriová 1993). The KHCC has been interpreted as a 

multiply metamorphosed and intensely refoliated sequence of metamorphic rocks, comprising 

advanced migmatites, orthogneisses, granulites, migmatitized paragneisses, micaschists, 

amphibolites, relatively limited amounts of variegated members, and numerous boudins of 

mantle-derived serpentinites and eclogites (Štědrá et al. 2004). With respect to stratigraphy, the 

following segments can be distinguished in the KHCC (from bottom to top): a) Micaschist Zone 

overlying the Moldanubian Variegated Group and consists of paragneisses, micaschists, 

leucocratic orthogneisses, and frequent intercalations of amphibolites and marbles; b) Kouřim 

Nappe with pre-Variscan red orthogneisses; and c) Gföhl Nappe including rock association 

comparable to the Gföhl Unit exposed in the Moldanubicum s.s. (Kachlík 1999). Analogous 

with the Moldanubian Variegated Group, marbles are represented by thin lenticular bodies 

(except the larger occurrences near Sázava n. S.) comparable to the Moldanubian in their fabric 

and chemistry. They form intercalations in two-mica gneisses and amphibolites of the Rataje 

Zone (i.e. Micaschist Zone), and passing locally into calc-silicate rocks near Český Šternberk 

(Koutek 1933). This association represents a common feature of rocks of both the Micaschist 
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Zone of the KHCC and the underlying Šternberk-Čáslav Variegated Group of the 

Moldanubicum. This is the reason why the ranging of marbles along the southern periphery to 

certain units is still a subject of discussion (see Kachlík 1999). The surrounding of Český 

Šternberk is rich in dolomitic marble occurrences, with varied silicates content, such as 

tremolite, phlogopite, and diopside which can also be find further to the E near Bohdaneč and in 

Kutná Hora (Koutek 1933; Fišera 1977). Local dolomitic marbles were already characterized 

with an account of the elemental chemical analysis by Koblic (1940). Calcitic marbles are 

scattered e.g. near Vlašim, Vlastějovice n. S., Ledeč n. S. in the Variegated Group, and near 

Třebonín in the Micaschist Zone, where occurrences of regional metamorphosed skarns are 

known (Drahota et al. 2005). Amphibolites with marble intercalations were usually placed in 

the Variegated Group of the Moldanubicum, however dolomitic marbles from the Bohdaneč 

was newly classified with the Micaschist Zone (Kachlík 1999). The metasediments of 

Micaschist Zone reached the sillimanite zone peak metamorphism, which corresponds to the 

Moldanubicum (Kachlík 1999). However, gneisses of the Micaschist Zone suffered more from 

the youngest retrogression connected with the growth of muscovite and chlorite, in contrast to 

gneisses of the Variegated Group, where the involvement was only slight (Synek and Oliveriová 

1993). The age deposition of local metasediments is still a matter of dispute, instead of what 

was formerly often referred to as the Proterozoic age is more recently respected as the early 

Palaeozoic age (Kachlík 1999). Calcitic marbles from Sázava n. S. have been quarried as 

dimension stone since Neolithic times (Žebera 1939). Krutský (1986) described the utilization 

of these pure white to grey marbles for primitive decorative subjects such as bracelets. From the 

other Posázaví marbles, only those from Český Šternberk and Bohdaneč were quarried and used 

for decorative purposes. The ‘Šternberk marble’ (i.e. ‘Vlašim marble’) and ‘Bohdaneč marble’ 

were popular (i.e. for paving cubes in the 20th century, which continues to the present in the case 

of the ‘Bohdaneč marble’) (Rybařík 1994). 

Several metamorphic complexes represent roof pendants of the Central Bohemian Pluton at 

the boundary of the Teplá-Barrandian Zone and the Moldanubian Zone. The largest 

metamorphic complex, the Sedlčany-Krásná Hora Metamorphic ‘Islet’ (SKHI) contains an 

almost complete sedimentary record from the Proterozoic to the Devonian (Chlupáč et al. 2002). 

The stratigraphic succession of the SKHI consists of the Neoproterozoic (meta)volcano-

sedimentary unit (the Svrchnice Formation) which is unconformably overlain by the Early 

Palaeozoic sequences (Ordovician to Devonian). The Devonian is represented by the Zbirov 

Formation with predominance of white to grey marbles, that were contact metamorphosed 

during the emplacement of the Variscan Central Bohemian Pluton. Relics of crinoids found in 

grey marbles in Skoupý near Sedlčany proved the Devonian classification of this unit (Chlupáč 

1981). The uppermost part of the SKHI represents the Křemenice Formation with quartzites, 

schists, and conglomerates. The entire SKHI underwent a strong Variscan dynamothermal 



 
 

28 

overprint, associated with the emplacement of intrusions now forming the Central Bohemian 

Pluton (Kachlík 1992). The ‘Skoupý marble’ (i.e. ‘Czech silver-grey marble’) sparingly used for 

decorative purposes (Rybařík 1994); however additional importance exists with the crushed and 

milled stone which is exploited in the Skoupý quarry, until today. 
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5. EXPERIMENTAL RESULTS AND DISCUSSION 

 

A total of 84 samples from 29 marble quarries and 3 artefacts were analysed using 

geoscientific techniques in terms of the provenance study (see Table 1). All marbles and 

artefacts were examined by optical microscopy (OM), petrographic image analysis (PIA), 

cathodoluminescence (CL), and stable isotope geochemistry (SIRA). Bulk magnetic 

susceptibility (MS) was applied to all marbles from the studied quarries and one artefact 

(Pernštejn Castle) (see appendix C). Marbles containing carbonaceous matter and/or graphite 

(‘grey’ marbles) from 13 quarries were investigated by Raman microspectrometry (RM) (see 

appendix B). Marbles from 6 quarries from the KJT were examined by means of X-ray powder 

diffraction (XRD) (see appendix A). The XRD was also applied for the identification of 

magnetic minerals in the case of marbles from Raspenava, Horní Lipová, and Skoupý. Electron 

microscopy (EM) was only used casually, when the optical microscopy failed. 

 
Table 1: Overview of all the studied samples from historic quarries and monuments, with 

applied methods. OM - optical microscopy, EM - electron microscopy, XRD - X-ray powder 
diffraction, PIA - petrographic image analysis, CL - cathodoluminescence, SIRA - stable isotope 
ratio analysis, RM - Raman microspectrometry, MS - bulk magnetic susceptibility. 
 

Geological unit Quarry Sample No Analysis performed 

Křižany 132 OM, XRD, PIA, CL, SIRA, RM, MS 

174A OM, XRD, PIA, CL, SIRA, MS 

174B OM, XRD, PIA, CL, SIRA, MS 

174C OM, EM, XRD, PIA, CL, SIRA, MS 
Raspenava 

174D OM, XRD, PIA, CL, SIRA, MS 

Rašovka 204 OM, XRD, PIA, CL, SIRA, RM, MS 

241A OM, XRD, PIA, CL, SIRA, MS 
Jitrava 

241B OM, XRD, PIA, CL, SIRA, RM, MS 

Pilínkov 243 OM, XRD, PIA, CL, SIRA, RM, MS 

Horní Hanychov 244 OM, XRD, PIA, CL, SIRA, RM, MS 

Krkonoše-Jizera Terrane 
(Lugicum) 

Strážné 125B OM, PIA, CL, SIRA, MS 

286A OM, PIA, CL, SIRA, MS 

286B OM, PIA, CL, SIRA, MS 

286C OM, PIA, CL, SIRA, MS 

286D OM, PIA, CL, SIRA, MS 

Velká Morava 

286E OM, PIA, CL, SIRA, MS 

Orlice-Sněžník 
Crystalline Unit 

(Lugicum) 

Bílá Voda 231 OM, PIA, CL, SIRA, MS 

209A OM, EM, PIA, CL, SIRA, MS 

209B OM,  PIA, CL, SIRA, MS 

209C OM,  EM, PIA, CL, SIRA, MS 

209D OM,  PIA, CL, SIRA, MS 

Velké Kunětice 

209E OM,  PIA, CL, SIRA, MS 

Strachovičky 230 OM, EM, PIA, CL, SIRA, MS 

210 OM, PIA, CL, SIRA, MS 

211B OM, PIA, CL, SIRA, MS 

211C OM, PIA, CL, SIRA, MS 

Mantle of Žulová Granite 
Pluton (Silesicum) 

Supíkovice 

213 OM, PIA, CL, SIRA, MS 
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223 OM,  EM, PIA, CL, SIRA, MS 

224A OM, PIA, CL, SIRA, RM, MS Staré Hradisko 

224B OM,  EM, PIA, CL, SIRA, MS 

225A OM, PIA, CL, SIRA, MS 
Žulová 

225B OM, PIA, CL, SIRA, RM, MS 

Mantle of Žulová Granite 
Pluton (Silesicum) 

Vápenná 235 OM, PIA, CL, SIRA, RM, MS 

234A OM, PIA, CL, SIRA, MS 

234B OM,  PIA, CL, SIRA, MS Lipová-Na Pomezí 

234C OM,  PIA, CL, SIRA, MS 

212A OM,  PIA, CL, SIRA, MS 

212B OM, EM, XRD, PIA, CL, SIRA, MS Horní Lipová 

212D OM, PIA, CL, SIRA, RM, MS 

229A OM,  PIA, CL, SIRA, RM, MS 

229B OM, PIA, CL, SIRA, RM, MS 

208A OM,  PIA, CL, SIRA, MS 
Branná 

208B OM, PIA, CL, SIRA, RM, MS 

207B OM, PIA, CL, SIRA, RM, MS 

Branná Group 
(Silesicum) 

Bohdíkov 
207C OM,  PIA, CL, SIRA, MS 

287A OM,  PIA, CL, SIRA, MS 

287B OM, PIA, CL, SIRA, RM, MS 

287C OM,  PIA, CL, SIRA, MS 

287D OM,  PIA, CL, SIRA, MS 

287E OM,  PIA, CL, SIRA, MS 

287F OM,  PIA, CL, SIRA, MS 

287G OM,  PIA, CL, SIRA, MS 

287H OM,  PIA, CL, SIRA, MS 

Tišnov-Dřínová 

287I OM,  PIA, CL, SIRA, MS 

290A OM, PIA, CL, SIRA, RM, MS 

Květnice Group, 
Devonian cover of the 

Svratka Dome 
(Moravicum) 

Tišnov-Květnice 
290B OM, PIA, CL, SIRA, RM, MS 

294A OM, PIA, CL, SIRA, RM, MS 

294B OM, PIA, CL, SIRA, RM, MS 
Olešnice Group 

(Moravicum) 
Lysice 

294C OM, PIA, CL, SIRA, RM, MS 

288A OM, PIA, CL, SIRA, MS 

288B OM, PIA, CL, SIRA, MS 

288C OM, PIA, CL, SIRA, MS 

288D OM, PIA, CL, SIRA, MS 

Nedvědice 

288E OM, PIA, CL, SIRA, MS 

289A OM, PIA, CL, SIRA, MS 

289B OM, PIA, CL, SIRA, MS Ujčov 

289C OM, EM, XRD, PIA, CL, SIRA, MS 

291A OM, PIA, CL, SIRA, MS 

291B OM, PIA, CL, SIRA, MS 

Svratka Crystalline 
Complex 

Štěpánovice 

291C OM, PIA, CL, SIRA, MS 

227A OM, PIA, CL, SIRA, MS 

227B OM, PIA, CL, SIRA, MS 

227C OM, PIA, CL, SIRA, MS 

227D OM, EM, PIA, CL, SIRA, MS 

227 E OM, PIA, CL, SIRA, MS 

227F OM, PIA, CL, SIRA, MS 

227G OM, PIA, CL, SIRA, MS 

227H OM, PIA, CL, SIRA, MS 

Boundary between Kutná 
Hora Crystalline 

Complex and 
Moldanubian Zone 

Bohdaneč 

227I OM, EM, PIA, CL, SIRA, MS 
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Sázava n. S. 93B OM, PIA, CL, SIRA, MS 

251A OM, PIA, CL, SIRA, MS 

251B OM, EM, PIA, CL, SIRA, MS 

Boundary between 
Kutná Hora Crystalline 

Complex and 
Moldanubian Zone 

Český Šternberk 

251C OM, PIA, CL, SIRA, MS 

Sedlčany-Krásná Hora 
Metamorphic ‘Islet’ Skoupý 87C OM, XRD, PIA, CL, SIRA, MS 

 Artefact Sample No Analysis performed 

 Pernštejn Castle S0635 OM, PIA, CL, SIRA, MS 

 Plague Pillar in Brno B-MS 1, 2 OM, PIA, CL, SIRA 

 Prague Castle S0773/A OM, PIA, CL, SIRA 

 

5.1 Mineralogical-petrographic characteristics 

 

Petrographic characteristics permitted a distinction among different types of marbles in 

terms of the mineral assemblage and the description and quantification of rock fabric (see 

appendix C). Studied marbles can be distinguished by use of macroscopic inspection only in 

minor cases, when accessory minerals are visible to the naked eye e.g. in case of serpentine 

veins in ophicalcite from Raspenava (Jizera Mts.) (see appendix A). For macroscopic 

evaluation, the sufficient sample size (about 15 x 10 cm) is necessary to capture its fabric and 

contained minerals (see appendix D). However this requirement is rarely executed in the case of 

artefacts. The main problem consists of the fact that different marble types exhibit significant 

variations in properties at individual localities, due to e.g. compositional variation, secondary 

veining, and various intensities of deformation on a dm-m scale. On the contrary, marbles 

coming from different quarries may exhibit similar petrographic characteristics. The correct 

approach, thus required, detailed microscopic investigation combined with useful laboratory 

techniques such as CL or SIRA (see appendix C). OM proved its importance in the first stage of 

the research, when different types of marbles were separated and various information had to be 

obtained from one sample (a single thin section can be simultaneously used for OM, PIA, CL, 

and EM) (see appendix C, Table 1). The XRD results on the insoluble residues of marbles from 

the KJT confirmed the high material loss, due to the leaching of carbonates (up to 98 wt %) (see 

appendix A, Table 2), which is not applicable to historical artefacts. In addition, variable 

assemblages of minor non-carbonate minerals have been detected during study of nearby 

varieties coming from a single locality (e.g. Raspenava marble, appendix A). On this account, 

XRD was excluded from the tested fingerprinting techniques. 

PIA provided the required quantification of various fabric parameters of carbonate grains to 

allow a juxtaposition of petrographic characteristics with other properties (Table 2). Carbonate 

grain size, namely the mean grain size represented by the equivalent diameter (ED) (Petruk 

1986) and maximum grain size (MGS), and the shape preferred orientation (major and minor 

axis slope), reflecting the intensity of rock fabric revealed as the most discriminating fabric 

parameters. On the contrary, the compactness (C) and the shape factor (SF) which describes 
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Table 2: Middle values (median) of fabric characteristics obtained using PIA. ED - mean 
carbonate grain size, MGS - maximum carbonate grain size, C - compactness, SF - shape 
factor, AR - aspect ratio, t - index of grain size homogeneity. 
 

Quarry (Sample No) ED [mm] MGS [mm] C SF AR t 

Křižany (132) 0.04 0.11 18.83 0.67 1.76 0.07 

Raspenava (174) 0.20 0.69 21.00 0.60 1.46 0.08 

Rašovka (204) 0.09 0.31 25.14 0.50 1.77 0.06 

Jitrava (241) 0.01 0.04 17.92 0.70 1.39 0.09 

Pilínkov (243) 0.15 0.56 25.34 0.50 1.56 0.06 

H. Hanychov (244) 0.05 0.31 19.88 0.63 1.44 0.03 

Strážné (125) 0.33 1.18 21.25 0.59 1.49 0.07 

Velká Morava (286) 0.28 1.49 20.77 0.60 1.49 0.04 

Bílá Voda (231) 0.17 0.38 18.41 0.68 1.34 0.11 

V.Kunětice (209) 0.97 2.52 20.60 0.61 1.49 0.08 

Strachovičky (230) 0.39 1.06 22.81 0.55 1.51 0.09 

Supíkovice (210, 211, 213) 0.93 3.50 21.15 0.59 1.53 0.06 

Staré Hradisko (223, 224) 1.17 6.35 20.02 0.59 1.55 0.05 

Žulová (225) 1.43 4.77 22.46 0.54 1.46 0.07 

Vápenná (235) 0.33 1.76 20.51 0.61 1.59 0.04 

Lipová-Na Pomezí (234) 0.70 1.90 20.50 0.61 1.49 0.08 

H. Lipová (212) 0.47 1.45 21.98 0.57 1.78 0.07 

Branná (208, 229) 0.16 0.57 20.45 0.61 1.55 0.06 

Bohdíkov (207) 0.18 0.66 20.12 0.62 1.56 0.06 

Tišnov-Dřínová (287) 0.04 0.18 18.25 0.69 1.52 0.05 

Tišnov-Květnice (290) 0.03 0.13 19.30 0.65 1.56 0.05 

Lysice (294) 0.46 1.59 20.00 0.63 1.49 0.06 

Nedvědice (288) 0.71 2.74 20.63 0.61 1.54 0.06 

Ujčov (289) 0.80 2.35 22.89 0.55 1.61 0.07 

Štěpánovice (291) 0.09 0.31 20.66 0.61 1.60 0.07 

Bohdaneč (227) 0.31 0.86 19.92 0.63 1.43 0.10 

Sázava n.S. (93) 0.14 0.66 19.28 0.65 1.48 0.05 

Český Šternberk (251) 0.48 1.71 20.55 0.61 1.46 0.05 

Skoupý (87) 0.43 2.54 20.93 0.60 1.54 0.04 

Artefact (Sample No) ED [mm] MGS [mm] C SF AR t 

Pernštejn Castle (S0635) 0.70 2.91 19.97 0.63 1.49 0.06 

Plague Pillar in Brno (B-MS 1, 2) 0.78 2.87 18.70 0.67 1.48 0.04 

Prague Castle (S0773/A) 0.48 1.22 17.66 0.71 1.30 0.09 

 

circularity of a carbonate grain-cross-section gave similar results for different marble types. The 

distinguishing effect of the aspect ratio (AR) related to the grain ellipticity (i.e. major and minor 

axis length ratio) was also not completely confirmed. This is mainly due to the fact that those 

parameters (C, SF, AR) do not express the roughness of carbonate grains (a deviation of the 

grain’s shape from a smooth surface) that may represent another discriminative feature. An 

index of grain size homogeneity (t), as proposed by Dreyer (1973), was tested to describe a 

grain size distribution in the studied marbles. The highest value is reached when the marble is 

built-up by carbonate grains of unique size, which corresponds to samples from Jitrava (KJT), 

Bílá Voda (OSCU), Strachovičky (Silesicum), Bohdaneč (KHCC), and an artefact from the 

Prague Castle (t values of 0.09 - 0.11). On the other hand, the t values rapidly decreases as soon 
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as even a few porphyry grains occur in the prevalent fine-grained matrix, which was the case of 

marbles from Horní Hanychov (KJT), Velká Morava (OSCU), Vápenná (Silesicum), Skoupý 

(SKHI), and the artefact from the Plague Pillar in Brno (t values of 0.03 - 0.04). Similar fabric 

classification, based on the equal or different dimensions of carbonate grains was used by 

Gorgoni et al. (2002) to white Mediterranean marbles; and referred to as homeoblastic and 

heteroblastic marble types, respectively. However the t parameter is not sufficiently 

discriminative for source locality determination, due to conformable carbonate grain size 

distribution among the studied marbles. The additional comparison with other fabric parameters 

and/or methods is thus required. Considering ED and MGS of the studied artefacts and (the 

most probable marble source) i.e. the Prague Castle (Posázaví marble), the Pernštejn Castle 

(Nedvědice marble), and the Plague Pillar in Brno (Nedvědice marble), there is evident 

similarity to the source marbles indicated by historical records. The grain size values are 

however conformable to other white marbles of the studied areas (see Fig. 3). An example of 

this affinity is represented by e.g. the dolomitic sample of the Prague Castle, which exhibits 

very similar petrographic characteristics of grain size as both Posázaví marbles from Bohdaneč 

and Český Šternberk. The results obtained demonstrate the general fact that a single 

characteristic does not usually provide a stringent criterion for a provenance determination. This 

general principle was abundantly illustrated elsewhere (De Paepe et al. 1988, 1992; Moens et al. 

1992b; Ramseyer et al. 1992). The particular problem can be resolved by comparison with CL 

in the case of the artefact from the Prague Castle, which exhibits a characteristic 

cathodomicrofacies similar to Posázaví marbles (marble from Bohdaneč is the closest one); and 

the presence of dominant dolomitic content excludes other calcitic marbles with similar grain 

size characteristics (see appendix C, Fig. 3C and appendix D). In the case of calcitic artefacts of 

the Nedvědice marble, similar carbonate grain size values are only exhibited by marbles from 

Lipová-Na Pomezí, Velké Kunětice, and Supíkovice (Silesicum); but they differ from the 

Nedvědice marbles and artefacts, respectively (and in the stable isotopes as well as in the 

cathodomicrofacies) (see appendix C, Table 2 and Fig. 3 vs. Table 5, and appendix D). Major 

and minor axis slope, as another discriminating fabric parameter, displays the intensity of rock 

fabric, namely the presence or absence of the shape preferred orientation (SPO). Marbles that 

exhibit layering parallel to the foliation (strong SPO) (Fig. 4A) display similar angles of the 

major and minor axis slope, in different carbonate grains of one marble type (Fig. 4B). On the 

other hand, marbles with a quasi-isotropic fabric (no SPO) (Fig. 4C) show more random 

orientation of grains’ principal axes (Fig. 4D). 
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Fig. 3: Statistical evaluation of the mean and maximum grain size of feature white marbles 
with studied artefacts. The black framed box bars show 25% (bottom) and 75% (top). The ends 
of the lower and upper whistlers represent the minimum and maximum values, respectively. 
Ellipses depicture marbles with corresponding artefacts (black fill) associated by discriminant 
analysis and historical records. 1 - Raspenava (174), 2 - Velká Morava (286), 3 - Lipová-Na 
Pomezí (234), 4 - Staré Hradisko (223, 224), 5 - Velké Kunětice (209), 6 - Supíkovice (210, 211, 
213), 7 - Nedvědice (288), 8 - Pernštejn and Brno Plague Pillar artefacts (S0635, B-MS 1,2), 9 - 
Bohdaneč (227), 10 - Prague Castle artefact (S0773/A), 11 - Český Šternberk (251). 
 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 4: Microscopic images of the fabric of marble from Branná (Sample No 229B) exhibits 
layering parallel to the foliation (A) and marble with quasi-isotropic fabric from Bohdaneč 
(Sample No 227G (C). B and D rose diagrams display corresponding major axis slopes (in 
radians), each from 200 carbonate grains calculated from PIA. 
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A CL study revealed it to be a useful complementary tool to conventional OM as regards 

provenance studies of marbles, quite recently (Rapp 1985). The simple but powerful application 

shows a distinction between calcitic (orange CL) and dolomitic (dark red to reddish brown CL) 

marble (see appendix A, C and D). The fabric of cathodomicrofacies descriptions supported 

division among different types of marbles in terms of colour, intensity, and distribution of CL in 

detail (see appendix A, Table 4 and appendix C). Moreover, two generations of calcite were 

observed in the case of the unique type of Strachovičky marble (Silesicum) (see appendix C, 

Fig. 3G), in Bohdaneč marble (KHCC) (see appendix C, Fig. 3D), and in a couple of marbles 

from KJT (see appendix A). This observation is quite common as regards various marbles from 

the eastern part of the Bohemian Massif, which was employed to study metamorphic reaction 

textures (Houzar and Leichmann 2003). The zoning in carbonates represents an important 

identification mark of the low metamorphosed marbles. The oscillatory zoning was detected in 

secondary calcitic or dolomitic veins, where they form calcite mosaics and scattered rhombs 

(see appendix A, Fig. 4D and appendix C, Fig. 3F); or sporadically in the groundmass where it 

poses as individual isolated grains (see appendix A, Fig. 4E). The similar zoning of carbonates 

was observed e.g. in the ramp limestones of S. Hungary (Török 2000). Relics of fossils were 

found in the Jitrava (KJT) (see appendix A, Fig. 4G,H) and Tišnov marbles (Moravicum) (see 

appendix D), where the low grade of metamorphism (greenschist facies) allowed their 

preservation. The fragments exhibited a very dull CL in the case of Jitrava marble and intense 

orange CL of Tišnov marble. Beside the carbonate characteristics, the CL of accessory and non-

carbonate minerals was investigated and compared to complete petrographic information 

obtained by OM. Some of the studied marbles include characteristic minerals with a distinctive 

CL colour, such as the Nedvědice marbles with the intense yellow-green CL of wollastonite (see 

appendix C, Fig. 3A and appendix D), the Staré Hradisko marble with the pale blue CL of 

diopside (see appendix C, Fig. 3B) or the Supíkovice marble with deep blue CL of K-feldspar 

(see appendix C, Fig. 3H and appendix D). However small artefacts may not include these index 

minerals, apart from the fact that highly valued white marbles are composed exclusively of 

carbonates. The studied artefacts represent the aforementioned case where the CL results of 

carbonates are further fingerprinting (see appendix C, Table 5 and appendix D). 

 

5.2 Geochemical analysis 

 

Further, very important information has been gained from geochemical analyses, 

specifically SIRA and RM. Looking first at the SIRA data on a large regional scale, the 

bivariate plot of the O and C stable isotopes exhibit a general overlapping of studied areas (see 

appendix C, Fig. 5). In spite of randomly dispersed groundmass isotope values (to the eye), two 

distinct isotopic fields can be clearly distinguished: 1) Raspenava marbles (KJT) and Nedvědice 
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marble (SCC), with very low oxygen isotope values (up to -20 ‰, PDB); and 2) some of the 

Silesian marbles, such as Žulová marbles, Staré Hradisko marbles, Bohdíkov marbles, and 

Velké Kunětice marbles, which display higher oxygen isotope values (greater than -6 ‰, PDB), 

compared to the majority of samples (Fig. 5). The remaining two groups, acquired by the 

statistical evaluation (cluster analysis) of the groundmass data, are less significant for 

provenance studies; but the oxygen data seem to be more discriminative than the carbon values, 

in general. 

 

Fig. 5: Comparison of stable isotope data of marbles from different parts of the Bohemian 
Massif and their statistical evaluation by the cluster analysis evidenced by solid line. The values 
considered here are related to the carbonate groundmass. KHCC - Kutná Hora Crystalline 
Complex, SCC - Svratka Crystalline Complex, SKHI - Sedlčany-Krásná Hora Metamorphic ‘Islet’. 
 

C and O isotope data can vary considerably within one sample if carbonates in the 

groundmass with genetically different secondary veins and parts were compared (see appendix 

A, Fig. 2 and appendix C, Fig. 4). The oxygen isotopic shifts in the secondary veins of the 

studied marbles are probably caused by exchanges with metamorphic, magmatic, or even 

meteoric fluids (Valley 1986). This variability of the stable isotope data can be inconvenient, 

especially for fingerprinting of small artefacts, where the groundmass is indistinguishable from 

the veins. The overlapping problem of dispersed C and O isotope groundmass data was tried in 

order to solve by combining SIRA data (δ13C and δ18O) with some of the PIA characteristics 

(ED, MGS, AR) by means of cluster analysis. All samples, including studied marbles and 

artefacts, tend to form five main cluster fields which coincide with each other (Fig. 6). 



 
 

37 

 

 

Fig. 6: Statistical evaluation of studied marble sites and artefacts obtained by the cluster 
analysis using variable sets δ18O, δ13C (SIRA) and ED, MGS, AR (PIA) (above) with accordant 
cluster dendrogram (below). The values considered here are related to the groundmass. KHCC- 
Kutná Hora Crystalline Complex, SCC - Svratka Crystalline Complex, SKHI - Sedlčany-Krásná 
Hora Metamorphic ‘Islet’, AR - aspect ratio, ED - mean carbonate grain size, MGS - maximum 
carbonate grain size. 

 
The different types of marbles from an individual quarry can thus be included in diverse 

groups (see the cluster dendrogram of Fig. 6). However, the cluster analysis was confirmed as a 

useful group discriminating tool e.g. for Early American marbles (Dooley and Herz 1995). The 

method was approved, especially for unknown artefacts which should initially be assigned to a 

group of marbles. When a specific marble quarry is needed to be determined, the discriminant 

analysis, based on the aforementioned variable set, provided better results. All artefacts were 

classed with a certain marble type, with a positive probability greater than 86% (see Table 3). In 

this particular case, the key role is played by the δ18O (from SIRA characteristics) and ED (from 

PIA properties) variables, whose values have the main influence on a correct determination of 
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the quarry source. The discriminant analysis assigns the artefact from the Prague Castle to 

Bohdaneč marble with a high probability of 93%; this is however in contradiction with 

historical records, which point to the Český Šternberk marble (Jahn 1929; Krčálová 1994). This 

disparity is probably caused by petrographic differences within the quarry (impure dolomitic 

marble with a high content of accessory minerals) and the small size of the piece of stone 

obtained from the artefact (pure white dolomitic marble) (see appendix D). The stone of the 

artefact shows, however, features typical for marble from Český Šternberk when observed on 

the macroscale (see Fig. 7 vs. appendix D, Sample No 251). The results proved the importance 

of precise sampling of source marbles and finding the proper marble layer which had been 

exploited for decorative stones in former times. However, this condition is not possible to 

comply with in all quarry cases. Careful data interpretation and comparison with the historical 

records is thus always required. 

 
Table 3: Provenance probability of the studied artefacts within 15 quarries (at least 3 

measurements (types) in a single quarry); database obtained by discriminant analysis. 
 

Variable sets Sample No Artefact Provenance Probability [%] 

δ18O,δ13C, ED,MGS,AR S0635 Pernštejn Castle Nedvědice 88 

δ18O,δ13C, ED,MGS,AR B-MS Brno Plague Pillar Nedvědice 86 

δ18O,δ13C, ED,MGS,AR S0773/A Prague Castle Bohdaneč 93 

 

 

 

Fig. 7: Photograph of macroscopic character of the epitaph to Jiří Popel of Lobkowicz, 
Prague Castle (Sample No S0773/A). 
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It should be noted that the probability shown in Table 3 point to artefacts provenance much 

more clearly than the plot of Fig. 6. This is simply due to the fact that bi-dimensional 

representations of a multi-dimensional reality of cluster analysis are approximate, and despite its 

usefulness, can not be used directly for provenance determination. The results of marble and 

artefact data comparison is possible to match with CL properties, in doubtful cases. However, 

the CL investigation by means of ‘cold’-cathode equipment provides only qualitative data, 

which can hardly be treated statistically. The useful parameters were presented by e.g. Corazza 

et al. (2001) who quantified the luminescence induced by high-energy ions on marbles of 

historical and architectural interest. Fingerprinting of marbles from monuments by means of the 

statistical evaluation of data is dependent on the proper selection and the number of variable 

sets. Concerning the discriminant function analysis, EPR variables with isotopic attributes 

completed by petrographic variables were proved as objective for marble provenance studies 

(Attanasio 2003). Marbles studied by means of the variable major, minor, and trace element’s 

measurement which were interpreted by e.g. the cluster analysis were compositionally 

indistinguishable, based upon a dozen chosen attributes (Cabral et al. 1992). Statistical 

procedures still often represent the only way to process the large number of samples, frequently 

originating from many different sources, and to obtain impartial and reproducible results (e.g. 

Germann et al. 1988; Mello et al. 1988; Mandi et al. 1995). 

RM enabled distinction among ‘graphitic’ marbles, including the carbonaceous matter (CM) 

in various crystalline states and different degrees of metamorphism, respectively (see appendix 

B). Three simplified groups of Raman spectra separated, according to the obtained Raman 

spectroscopic parameters (see appendix B, Table 2 and appendix C, Table 3), and were 

identified in the KJT (Jitrava, Křižany, Pilínkov, Horní Hanychov, Rašovka), Silesicum 

(Žulová, Staré Hradisko, Horní Lipová, Branná, Bohdíkov), and Moravicum (Tišnov-Květnice, 

Tišnov-Dřínová, Lysice). Very low regional metamorphosed marbles (greenschist peak 

metamorphism) (Jitrava, Křižany, Rašovka, Pilínkov, Bohdíkov, Branná, Tišnov) show the 

poorly-ordered CM (see appendix B, Fig. 3a). Medium-grade regional metamorphosed marbles 

(Branná) and contact HT/LP-MP metamorphosed marbles (Staré Hradisko, Žulová) exhibit 

better graphitised organic matter with the disorder-induced shoulder (see appendix B, Fig. 3b,d). 

The grey marbles, involved with amphibolite facies peak metamorphism (Lysice, Horní 

Lipová), display well-ordered CM to graphite s.s. (see appendix B, Fig. 3c). Comparing the O-

peak width parameter with D-peak width or D/O intensity ratio parameters (which are used as 

metamorphic grade indicators) (Wopenka and Pasteris 1993; Yui et al. 1996), the 

aforementioned three groups are clearly apparent (see appendix B, Fig. 5 and appendix C, Fig. 

7). The finding of various types of CM with different crystalline states within one sample in low 

metamorphosed Pilínkov (KJT) and Tišnov (Moravicum) marbles (see appendix B, Fig. 4) 

exercises an influence on the correct interpretation for provenance studies. Kříbek et al. (1994) 
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described correspondingly different types in identical metamorphosed rocks of the Poniklá 

Group (KJT), the difference was explained as the result of the initial nature of the sedimentary 

organic matter and pre-metamorphic history. This problem of diverse CM types can be disposed 

by a semi-quantification of Raman spectra, to obtain the information on the dominant phase in 

the case of including RM into the fingerprinting techniques. Considering the CM as a common 

accessory phase in marbles, RM provides important information complementary to OM and 

SIRA for use in the provenance determination. 

 

5.3 Physical properties 

 

Looking at the physical data, the bulk magnetic susceptibility was examined to distinguish 

marbles with diverse magnetic characteristics (see appendix A, Table 5, appendix C, Table 4 

and appendix D). The majority of the marbles studied are undistinguishable, based on kappa 

values, which fall in the field of diamagnetic to paramagnetic rocks (cca. -10 to 90 x 10-6 SI). 

Slightly higher kappa values, around 100 x 10-6 SI, are related to the paramagnetic (Fe) minerals 

content such as pyrite, chlorite, phlogopite, diopside, or tremolite which are abundant in certain 

marbles from the KJT (Jitrava-rose type), Silesicum (Strachovičky), and KHCC (Bohdaneč). On 

the contrary, marbles from Raspenava (KJT), Horní Lipová (Silesicum), and Skoupý (SKHI) 

include ferrimagnetic minerals which significantly increase the bulk magnetic susceptibility, up 

to 1700  x 10-6 SI (see Fig. 8). It has been shown that, magnetite and monoclinic pyrrhotite 

(which is responsible for the high marble-magnetic data), are occasionally present in limestones 

(see Henry et al. 2003). Regarding provenance studies, the major drawback consists in the 

random scattering of the magnetic minerals within the rock-sample, which can cause a range of 

magnetic data, even in a single marble type. An example is represented by Bohdaneč marble 

(Sample No 227 F) whose kappa values ranged from -0.73 to 178 x 10-6 SI (see appendix D). 

These divergent results produce difficulties, similar to the diverse SIRA data, especially in the 

fingerprinting of small artefacts. 
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Fig. 8: The mean values of the bulk magnetic susceptibility of the marbles investigated. The 
black-framed box bars show 25% (bottom) and 75% (top). The ends of the lower and upper 
whistlers represent the minimum and maximum values, respectively. 1 - Raspenava (174), 2 -
Jitrava (241), 3 - Křižany (132), 4 - Horní Hanychov (244), 5 - Pilínkov (243), 6 - Rašovka (204), 
7 - Strážné (125), 8 - Bílá Voda (231), 9 - Velká Morava (286), 10 - Horní Lipová (212), 11 - 
Lipová-Na Pomezí (234), 12 - Staré Hradisko (223, 224), 13 - Žulová (225), 14 - Vápenná (235), 
15 - Strachovičky (230), 16 - Velké Kunětice (209), 17 - Supíkovice (210, 211, 213), 18 - 
Bohdíkov (207), 19 - Branná (208, 229), 20 - Bohdaneč (227), 21 - Sázava n. S. (93), 22 - 
Český Šternberk (251), 23 - Skoupý (87), 24 - Tišnov-Dřínová (287), 25 - Tišnov-Květnice (290), 
26 -Štěpánovice (291), 27 - Nedvědice (288), 28 - Ujčov (289), 29 - Lysice (294). The dashed 
line (at 290 x 10-6 SI) distinguishes between diamagnetic-paramagnetic marbles and 
ferrimagnetic marbles. 
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6. GENERAL CONCLUSIONS 

 

The selected mineralogical-petrographic (optical and electron microscopy, X-ray powder 

diffraction, petrographic image analysis, and cathodoluminescence), geochemical (C and O 

stable isotope geochemistry, and Raman microspectrometry), and physical methods (bulk 

magnetic susceptibility) of fingerprinting analysis were applied and improved; using marbles 

from historic quarries and marble artefacts of the Czech Republic. For the purpose of 

provenance, the actual state-of-the-art, as well as both the conditions and limits of the analytical 

techniques were systematically considered and tested. 

A total of 84 marble types from 29 historic quarries from 4 areas of investigation (Lugicum, 

Moravian-Silesian Domain, Kutná Hora-Svratka Crystalline Complex, and Sedlčany-Krásná 

Hora Metamorphic ‘Islet’) located in the Bohemian Massif (Czech Republic) were 

distinguished, and correlated with 3 artefacts from the relevant Czech monuments (the Prague 

Castle, the Pernštejn Castle, and the Plague Pillar in Brno). The results obtained indicate, that 

conventional analytical techniques such as X-ray powder diffraction or stable isotope 

geochemistry which had previously been demonstrated capable of differentiating between white 

Mediterranean marbles, do not provide the required discriminatory potential. On the other hand, 

the combination of petrographic criteria, including quantitative evaluation (especially the 

carbonate grain size, fabric and mineralogical composition) with C and O stable isotopes, and 

characteristics of cathodomicrofacies proved to be the best approach to get an accurate 

provenance determination of marbles, in those cases that an adequate amount of material was 

available (e.g. for a thin section preparation). The Raman spectra and physical properties, as 

with magnetic susceptibility, are reported for the first time in relationship to provenance studies. 

These additional techniques were shown to be very useful for impure marbles, which include 

CM transformed, due to the various degrees of metamorphism, and accessory minerals with 

different magnetic characteristics, respectively. For comparing artefacts against source marbles, 

a mineralogical-petrographic examination (microscopic observation) is probably the best first 

step, in an attempt to obtain both the maximum relevant qualitative (mineral content, fabric, CL 

patterns) and quantitative (PIA parameters) information from a single sample. An assessment of 

the cathodomicrofacies allowed discrimination of the marble fabric, even including the simple 

distinguishing between calcite and dolomite, which is also an acceptable distinctive feature for 

small artefacts containing only carbonates. The carbonate grain size (mean and maximum grain 

size) was revealed as the most discriminative fabric parameter of both the studied marbles and 

artefacts. Evaluation of the shape’s preferred orientation (major and minor axis slope) was 

approved in the case of samples with various intensities of the rock fabric. On account of these 

recognized features, an additional method, such as stable isotope geochemistry (from the 
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studied group of methods) is advisable, to compare with the petrographic data. Its main 

advantage is the very low sample consumption (20 mg) during measurement; however δ13C and 

δ18O values can often overlap with other source areas, and various data can be measured even 

within a single sample, due to secondary veining or silicate rich portion. Methods of 

multivariate statistics (i.e. cluster-, and discriminant analysis) confirmed the geoscientific 

relevance of the marbles’ determination with a high degree of reliability, as well as the 

improved significance of the stable isotope and petrographic data correlation. However, careful 

data interpretation and comparison with the historical records is always required. 

From all of the methods studied, it was evident that each analytical technique possesses 

certain advantages, but also some drawbacks; and thus no single method can provide reliable 

and accurate results in all cases, due to the frequent overlap of marble characteristics. Generally, 

for dealing with the problem of sourcing marbles from historical monuments, techniques should 

match the following requirements: 1) non-destructivity (or very low destructivity) so that 

samples are not destroyed during the measurement (and only a modicum of the material is 

sufficient for the analysis); 2) an extensive exploration of the technique, in terms of provenance 

studies (with knowledge of the limitations and strong points, and sufficient databases of 

characteristics for juxtaposition); 3) method suitability in terms of a unambiguous determination 

of different marble types (i.e. to find feature(s) which differ significantly in various types and 

quarries, respectively, but not in the same sample); and 4) effortlessness, speed, and relatively 

low cost of the measurement is a great advantage in the case of widespread measurement 

availability in diverse laboratories universally. 

The multivariate material and knowledge database acquired in the context of this PhD thesis 

can serve as the basis for further geoscientific research in the field of applied geology, 

geochemistry, and mineral resources. Apart from the geological aspects, additionally 

architectural, archaeological, and historical practitioners may be encouraged to find hints e.g. 

for the provenance determination of artefacts, the identification of forgeries, for restoration 

work, and aid in finding the proper stones for sculptors, stonemasons, restorers, and architects. 

The resulting data obtained will be implemented into the Czech database of dimension stones 

and become part of the ‘Atlas of Dimension Stones’ of the Czech Republic. 
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