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Abstract

The paper presents a multi-method characterisation of the Roman quarry of the middle Lower Jurassic 
(Pliensbachian) limestone situated in the village of Podpeč, south of Ljubljana, and examples of the placement 
of stone products made from micritic, fine-grained, and oolithic facies into the known extent of the quarry. 
23 m of the rock succession from the ancient quarry was exposed at the northern tip of the St. Ana Hill by 
archaeological trenching. Petrological, micropaleontological, mineralogical, geochemical, and isotopic analyses 
of carbon, oxygen, and strontium were performed in order to characterise the rocks exploited in the quarry. 
Additionally, a new detailed geological map of the wider Podpeč area was prepared, which defines in detail the 
lithostratigraphic units in the area. 

The recorded succession contains facies that also occur in the modern part of the quarry. Interpretation 
of the sedimentation environment is consistent with previous interpretations and occurred in an internally 
differentiated lagoon. The studied succession is characterised by δ13C isotope values ranging from -2.44 to 
+2.5 ‰; δ18O values ranging from -4.0 to -1.2 ‰; and 87Sr/86Sr values ranging from 0.707414 ‰ (SD 0.000003) to 
0.707329 ‰ (SD 0.000012). The Sr isotope values can prove a decisive factor when studying the provenance of 
stone products, while δ13C and δ18O values can help narrow the place of extraction within the known extent of the 
Roman quarry at Podpeč. The high positive correlation of SiO2 with Al2O3, K2O and TiO2 recognised both in the 
logged succession and in the studied stone products indicates a low terrigenous input into the depositional area 
and further confirms the provenance determination.

By applying a multi-method approach to the characterisation of the known extent of the ancient part of the 
Podpeč quarry, we have reliably determined the provenance of stone products that have their origin in the quarry 
and have successfully applied this approach to several stone products made of micritic, fine-grained and oolithic 
limestones. 

Izvleček

Članek predstavlja večmetodno karakterizacijo rimskega kamnoloma v vasi Podpeč južno od Ljubljane in 
primere umeščanja apnenca kamnitih izdelkov iz spodnjejurskih (pliensbachijskih) mikritnih, drobnozrnatih in 
oolitnih faciesov v znan obseg kamnoloma. Na severnem robu hriba sv. Ane je bilo z arheološkimi izkopi razkrito 
23 m debelo kamninsko zaporedje antičnega kamnoloma. Za karakterizacijo kamnin, ki so jih izkoriščali v 
kamnolomu, so bile opravljene petrološke, mineraloške, mikropaleontološke in geokemične analize ter izotopske 
analize ogljika, kisika in stroncija. Poleg tega je bila izdelana nova podrobna geološka karta širšega območja 
Podpeči, na kateri so natančno opredeljene litostratigrafske enote na tem območju.

Preučeno zaporedje vsebuje faciese, ki se pojavljajo tudi v sodobnem delu kamnoloma. Potrjena je bila 
interpretacija sedimentacije v notranje diferencirani laguni. Za preučeno zaporedje so značilne vrednosti 
izotopov δ13C od -2,44 do +2,5 ‰, vrednosti δ18O od -4,0 do -1,2 ‰ in vrednosti 87Sr/86Sr od 0,707414 ‰  
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Introduction

The present article follows the publication by 
Djurić et al. (2022), in which the authors defined 
the location of the ancient quarry at Podpeč and 
investigated the stone products with presumed 
origin from the quarry. Since the provenance of 
micritic, fine-grained, as well as partially oo-
lithic limestones used to produce stone products 
could not be reliably determined using the mac-
ro- and microscopic studies presented in previ-
ous studies, further analyses were carried out 
and are presented in this article. This study was 
prepared using a multi-method approach widely 
used in geoarchaeology (Galan et al., 1999; Mar-
itan et al., 2003; Brilli et al., 2010; Brilli et al., 
2011; Šmuc et al., 2016; Miletić et al., 2021). 

The middle Lower Jurassic (Pliensbachian) 
limestone from quarries at Podpeč, south of Lju-
bljana, is amongst the well-known dimension 
stones in Slovenia (Mirtič et al., 1999; Ramovš, 
2000). Among the beds of different colours and 
textures we also find dark grey to almost black 
limestone with white shells of lithiotid bivalves, 
which was particularly valued for its decorative 
properties throughout the 20th century (Ram-
ovš, 2000). The history of quarrying in Podpeč, 

however, goes as far back as Antiquity (Müllner, 
1879; Brodar et al., 1955; Šašel Kos, 1997; Ram-
ovš, 2000; Kramar et al., 2015; Djurić & Rižnar, 
2017; Djurić et al., 2017; Djurić et al., 2022). Ac-
cording to Djurić et al. (2022), a well-organised 
and continuous production of dimension stone 
can be confirmed – at least for the period be-
tween the 1st and 3rd centuries AD when the area 
belonged to Regio X (Italia) of the Roman state. 
The production of stone from this area, however, 
may go even further back in time to the earliest 
beginnings of the Roman colony (Djurić & Riž-
nar, 2017). Most of these stone products ended up 
in Emona, a colony located 15 km to the north 
of present-day Ljubljana, which was connected 
to the quarry via the Ljubljanica River (Djurić 
& Rižnar, 2017; Djurić et al. 2018b; Djurić et al., 
2022). Based on the lithological characteristics of 
the limestone beds, the historical topography of 
the village of Podpeč, and the archaeological re-
mains, the exact location of the Roman quarry 
was very likely the northern tip of the St. Ana hill 
(Fig. 1) (Djurić et al., 2022). The entire succession 
exposed in both the ancient and modern Pod-
peč quarry, from the base of the archaeological 
trenches (probes) in the north, to the base of the 

(SD 0,000003) do 0,707329 ‰ (SD 0,000012). Izotopske vrednosti Sr lahko uporabimo kot najzanesljivejši podatek 
pri določitvi izvora kamnitih izdelkov, vrednosti δ13C, δ18O pa lahko pomagajo pri zožitvi opredelitve mesta 
pridobivanja znotraj znanega zaporedja plasti rimskega kamnoloma v Podpeči. Visoka pozitivna korelacija SiO2 
z Al2O3, K2O in TiO2, ugotovljena v preučenem zaporedju in kamnitih izdelkih, kaže na majhen vnos terigene 
komponente v primarno sedimentacijsko okolje ter dodatno potrjuje določitev provenience.

Z uporabo večmetodnega pristopa h karakterizaciji znanega obsega antičnega dela Podpeškega kamnoloma 
smo omogočili zanesljivo določitev izvora kamnitih izdelkov iz kamnoloma in ta pristop uspešno uporabili na več 
kamnitih izdelkih izdelanih iz mikritnih, drobnozrnatih in oolitnih apnencev.

Fig. 1. Position of the main quarries at Podpeč. a: Marked position of Slovenia. b: Position of the modern village of Podpeč. 
c: Narrow study area at the village of Podpeč with marked position of Figure 3. The source of the topography is a 1 m × 1 m 
resolution digital relief model (The Surveying and Mapping Authority of the Republic of Slovenia, 2011).
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Laze Formation in the south, measures 114 strati-
graphic meters in thickness, and approximately 
30 m of this succession is known to be quarried 
during the Antiquity (Djurić et al., 2022). 

Covered by rubble and built upon, the surface 
of the antique quarry is no longer visible today. 
Parts of it were, however, accessible during ar-
chaeological excavations in 2016 and 2017 (Djurić 
et al., 2017, Djurić et al., 2022). Methodological ap-
proaches used to determine provenance can vary 
depending on the lithology in question, while a 
common denominator in the study of limestone 
provenance in recent decades is the multi-meth-
od approach proposed by Galan et al. (1999). This 
approach was recognized as the most effective 
and has since successfully been replicated and 
further developed by numerous authors (e.g. 
Maritan et al., 2003; Brilli et al., 2010, 2011). 

Whereas the facies of the limestone beds un-
covered in archaeological probes is briefly de-
scribed in Djurić et al. (2022), the purpose of this 
paper is to provide a detailed multi-method char-
acterisation of the beds excavated in the antique 
quarry and to use this data to help determine the 
provenance of the stone products. The hypothe-
sis set-out held that by applying the same mul-
ti-method characterization approach to the an-
cient quarry and stone products samples, reliable 
provenance determinations of Roman stone prod-
ucts could also be made for micritic, fine-grained, 
and oolithic facies in stone products. These facies 

can also be found in other possible source-areas 
located near Emona, e.g. Podutik (Ramovš, 1990; 
Vodnik, 2017) or Staje (Rožič et al., 2018). There-
fore, it is important for any further studies on 
the provenance of stone products to define their 
characteristics in the ancient Podpeč quarry. In 
addition to the detailed multi-method character-
isation of the antique Podpeč quarry and stone 
products, a geological map of the wider research 
area was prepared in order to define the strati-
graphic units available for quarrying and their 
spatial relationships in the wider Podpeč area. 

Geological setting

The Podpeč quarry is situated in central Slo-
venia at the base of the St. Ana hill, which rep-
resents the northern tip of the mountain range 
overlooking the Barje basin. The range itself and 
the rocky base of the Quaternary Barje basin 
(Vrabec & Fodor, 2006) are structurally part of 
the External Dinarides thrust system (more pre-
cisely, of the Hrušica Nappe), mainly formed dur-
ing the Oligocene-early Miocene (Placer, 1999; 
Vrabec & Fodor, 2006). The SW-verging Dinaric 
thrust units are largely composed of carbonate 
rocks, which deposited during the Mesozoic on 
the Adriatic Carbonate Platform (Vlahović et al., 
2005). The rocky southern surroundings of the 
Podpeč quarry (Fig. 2a) are thus mostly formed 
of the Upper Triassic peritidal dolomite of the 
Main Dolomite Formation, the Lower Jurassic 

Fig. 2. Geological map of the quarry at Podpeč (modified after Buser, 1967) with stratigraphic column modified after Dozet & 
Strohmenger (2000) with marked area (dashed rectangle) of the broader research area.
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dolomites and predominant limestones of the 
Podbukovje Formation, and the Middle Jurassic 
oolithic limestones of the Laze Formation (Fig. 
2b) (Buser et al., 1967; Buser, 1968; Ogorelec & 
Rothe, 1993; Miler & Pavšič, 2008; Ogorelec, 2009; 
Gale & Kelemen, 2017). The Podbukovje Forma-
tion is further divided into five members. The 
lowest is the Hettangian to Sinemurian Krka 
Limestone Member, characterised by micritic 
limestone successions with signs of subaerial ex-
posure (Dozet, 2009). The Orbitopsela Limestone 
Member (Orbitopsella beds) is the second mem-
ber, for which Pliensbachian age was determined 
owing to the occurrence of large Orbitopsel-
la foraminifera. The stratigraphic range of this 
genus, however, continues to the third member, 
known as the Lithiotid Limestone Member (Gale, 
2015), characterised by Lithiotid bivalves (Buser 
& Debeljak, 1995; Debeljak & Buser, 1997). The 
fourth member is the Oolithic limestone (Dozet, 
2009), still Pliensbachian in age. The Podbukovje 
Formation ends with the dark micritic Toarcian 
Spotty Limestone Member. This in turn gradual-
ly passes into the Middle Jurassic oolithic lime-
stone of the Laze Formation (sensu Dozet & Stro-
hmenger 2000). 

Material and methods

The broader research area was geologically 
mapped at a scale of 1: 5000. 

The lithological succession in the antique 
quarry in Podpeč was logged in three probes (ar-
chaeological trenches) dug in the years 2016–2017 
immediately north and northwest of the mod-
ern quarry, at the northernmost base of the St. 
Ana hill. An additional section was logged in the 
basement of House Podpeč 44 (Fig. 3). Based on 
these partial sections, a composite section 23 m 
thick was reconstructed, which is stratigraphi-
cally older than the Lithiotid Limestone Mem-
ber from the exposed part of the modern quar-
ry. During logging, samples of rock were taken 
from each bed. Thin sections (47 × 28 mm in size) 
were made from representative samples of each 
lithofacies. Finely ground surfaces of hand-spec-
imens, as well as thin sections, were scanned 
with a high-resolution optical scanner. Thin sec-
tions were further investigated using a polariz-
ing optical microscope. Limestone varieties were 
named according to classification by Dunham 
(1962), with modifications by Embry and Klovan 
(1971). In adding the components to the names of 
the samples we have followed the recommenda-
tions by Wright (1992) and express the predomi-
nant component first.

The colour of the dry, broken surface of the 
stone was determined using the standardised 
Rock Color Chart (Munsell Color, 2010). 

Mineralogical composition, concentrations of 
major, minor, and trace elements, and the isotop-
ic composition of strontium, oxygen, and carbon 
isotopes of the samples from the ancient part of 
the quarry were measured. The analysis was per-
formed on bulk rock samples. All secondary fea-
tures (calcite veins, void fillings) were removed 
from the samples to obtain the geochemical val-
ues of the rock matrix. 

Mineralogical composition was determined 
for seven samples. From each sample, 5 g of the 
rock was powdered and analysed with an X-ray 
diffractometer (XRD) Philips PW3710 under 
the following conditions: power 1.2 kW, volt-
age 40 kV, current 30 mA, wavelength of X-ray 
light with copper tube and Kα-rays 1.5460 Å. A 
secondary graphite monochromator and a pro-
portional counter were used. The continuous 
recording range was 2° – 70° 2θ, at a rate of 3°/
min. The mineralogical composition of the sam-
ples was determined using the X’Pert Highscore 
Plus computer programme. The measurements 
and analysis were carried out at the University of 
Ljubljana, Faculty of Natural Sciences and Engi-
neering, Department of Geology. 

Concentrations of major, minor, and trace el-
ements were measured in Actlabs (Canada) from 
16 samples (each weighing 5 g) using Fusion- 
ICP-MS. The accuracy of the measurements was 
ensured by certified lab standards, while preci-
sion was ensured by duplicating measurements. 
All values reported deviate from replicate sam-
ples by less than 2.15 %. 

Fig. 3. Position of the excavated probes (archaeological 
trenches) that re-exposed the Roman quarry. The numbers 
1–3 of the probes refer to sedimentary section logs presented 
in Fig. 5. Letter B denotes the outcrop in the basement of the 
house Podpeč 44.
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Samples for stable isotope values of δ18O and 
δ13C were taken in 90 cm intervals or less. Iso-
tope values were measured for 37 samples (1 g in 
size) at the GeoZentrum Nordbayern laborato-
ry at the University of Erlangen, Germany, us-
ing a Gasbench II connected to a ThermoFisher 
Delta V Plus mass spectrometer (Rosenbaum & 
Sheppard, 1986; Kim & Taylor, 2007). Results are 
given in the notation δ‰ (per mil) with respect 
to the international PDB scale. Reported repro-
ducibility of the calibration standards was 0.05 
SD for δ13C and 0.04 SD for δ18O isotope measure-
ments. The effects of diagenesis were checked by 
cross-plotting the oxygen (δ18O) and carbon (δ13C) 
values.

Strontium (87Sr/86Sr) isotope values from sev-
en samples were prepared and measured accord-
ing to the laboratory procedure (Romaniello et 
al., 2015) at the Department of Earth Sciences, 
University of Oxford, and measured by a mul-
ti-collector inductively-coupled plasma mass 
spectrometer (MC-ICP-MS) using a standard 
bracketing method and the NIST SRM 987 stand-
ard (Weis, et al., 2006). Each sample was meas-
ured three times. The instrument mass fractiona-
tion was internally corrected to 86Sr/88Sr = 0.1194. 
All reported 87Sr/86Sr ratios were normalised to 
SRM 987 87Sr/86Sr = 0.710248 (McArthur et al., 
2012a). The external reproducibility of 87Sr/86Sr 
using the NIST SRM 987 standard (Weis, et al., 
2006) yielded a value of 0.710251 ± 0.000025 (2SD, 
n=30). The measured ratios were correlated with 
the Locally Weighted Regression Scatterplot 
Smoother (LOWESS) fit curve constructed by 
McArthur et al. (2012b).

In addition, stone products kept by the Nation-
al Museum of Slovenia (samples marked as NMS), 
and the Museum in Ljubljana (samples marked as 
MGML) were analysed following the multi-meth-
od approach (n=4) by using the same methods as 
described above. In addition, the minimum bed 
thickness required to produce the stone products 
studied was determined based on the unworked 
back-side of the product, which corresponds to 
the bedding plane. 

Results

Geological map of Podpeč – St. Ana area

The mapped area is characterised by the pres-
ence of Mesozoic carbonates and various faults 
and folds (Fig. 4a). Upper Triassic Main Dolomite 
Formation outcrops only in the westernmost part 
of the mapped area, while the lowermost Jurassic 

Krka Limestone Member occurs in the northeast-
ernmost part. Both are in fault contact with the 
rest of the Lower and Middle Jurassic succession. 
The Lithiotid Limestone Member was mapped 
as a single unit consisting of an abundance of 
medium grey biogenic limestones. Where pos-
sible, this unit was further subdivided into the 
Orbitopsella Limestone Member (recognised by 
dark grey micritic, peloidal, and biogenic lime-
stones without lithiotid bivalves), the Lithiotid 
Limestone Member, and the Oolithic Limestone 
Member. To the south, the Lithiotid Limestone 
Member or Oolithic Limestone Member passes 
into the Spotty Limestone Member. The Spotty 
Limestone Member is characterised by dark grey, 
thin-bedded, nodular oolithic and/or crinoidal 
limestones with rare micritic parts. It gradually 
passes into the Middle Jurassic Laze Formation. 
This unit consists of medium- to thick-bedded, 
sometimes even massive oolithic carbonates. 
Limestone varieties predominate at Podpeč, 
while mainly dolomitized oolithic limestone out-
crops on the slopes of the St. Ana Hill and in the 
westernmost parts. The succession is dissected 
by strike slip and normal faults, and a SW plung-
ing syncline was inferred from changes in the 
strike and dip direction of the beds. The shape of 
the surface is strongly modified by human activ-
ities (Fig. 4b). Numerous abandoned quarries can 
be found along the entire northeastern, northern, 
and northwestern slopes of the St. Ana hill, ex-
tending up to 100 m above the Barje basin. 

Description of sedimentological sections

The archaeological trenches exposed almost 
32 m of the limestone succession. Since some 
trenches were positioned lateral to each other, the 
stratigraphic thickness of the exposed outcrops 
totals 23 m. Bedding planes dip at 70°–80° to-
wards the south. Some minor fissures are present, 
but we could not detect any off-sets of the beds. 

Two facies assemblages can be defined – the 
first for the lower part of the succession (probes 
1 and 2, and short section Basement Podpeč 44), 
and a second for the upper part of the logged suc-
cession (probe 3). 

Facies assemblage 1 can be defined on the pre-
vailing occurrence of dark varieties of micritic 
limestone (Fig. 5). A lower energy environment 
can be defined for this part, interrupted occa-
sionally by high energy events. Although probes 
1 and 2 are nearly parallel to each other and per-
pendicular to the bedding, the logged sections 
differ in the thickness of the beds and to some 
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extent also in their microfacies, so the correla-
tion between the beds is not entirely straight-
forward. The reason for the differences among 
the sections is most likely due to lateral changes 
in microfacies (e.g. the microfacies with megal-
odontid bivalves likely represents storm depos-
its, which may laterally pinch out), the limited 
availability of the outcrop (trenches were only a 
few decimetres wide, so some fissures could be 

mistaken for bedding planes, and vice-versa), or 
(less likely) due to some minor fault. Despite this, 
the microfacies association in probes 1 and 2, as 
well as from the section logged in the basement 
of House Podpeč 44, is the same: dark micritic 
and fine-grained facies (microfacies 4 and 5) and 
limestone with bivalves predominates (microfa-
cies 13 and 14) over microfacies with oncoids or 
ooids (microfacies 9–11).

Fig. 5. Sedimentological section in the scale 1: 50 of the antique quarry. Abbreviations for the textures: M- mudstone, W- wac-
kestone, P- packstone, G- grainstone, F- floatstone, R- rudstone. Note that the facies are numbered somewhat differently than 
in Djurić et al. (2022) and that more varieties are distinguished here.

Fig. 4. a – Geological map on the scale 1: 5000 of Podpeč – St. Ana area; b – digital elevation model of Podpeč – St. Ana with 
marked anthropogenically altered areas. The source of the topography is a 1 m × 1 m resolution digital relief model (The 
Surveying and Mapping Authority of the Republic of Slovenia, 2011).
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Fig. 6. Microfacies (MF) of limestone from the antique quarry at Podpeč. Numbers indicate polished surface of the stone in 
reflected light (1), thin section scan (2), and microphotograph of the same sample (3). a: Medium grey bioclastic wackestone 
(MF 3). Thin section 1689. b: Dark grey pelletal- bioclastic wackestone (MF 4). Thin section 1677. c: Medium dark grey peloid 
grainstone with rare larger bivalves (MF 5). Thin section 1683. d: Medium grey to olive grey intraclastic-bioclastic wackestone 
and packstone (MF 6). Thin section 1684. e: Medium dark grey ooid grainstone; with rare cortoids (MF 7). Thin section 1686. f: 
Medium dark grey ooid grainstone; large ooids (MF 8). Thin section 1691.
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Fig. 7. Microfacies of limestone from the antique quarry at Podpeč (continued). a: Medium dark grey cortoid floatstone with 
intraclastic-bioclastic wackestone and packstone matrix (MF 10). Thin section 1690. b: Dark grey oncoid floatstone with 
peloid wackestone to packstone matrix (MF 11). Arrow in b3 is pointing at the dasycladacean algae. Thin section 1681. c: 
Dark grey oncoid floatstone with Thaumatoporella wackestone matrix (MF 12). On indicates an oncoid. Arrows point at 
Thaumatoporella. Thin section 1688. d: Medium dark grey bivalve floatstone with small shells and peloid grainstone matrix 
(MF 13). Arrow points at an irregular contact with bivalve floatstone. Thin section 1680. e: (Medium) dark grey megalodontid 
floatstone to rudstone with micritic matrix (MF 14). Photos e2 and e4 are from a variety with mudstone matrix (thin section 
1687), while e3 and e5 contain small particles of shells within the matrix (thin section 1682).
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The upper part of the logged succession is 
attributed to facies assemblage 2. Lighter vari-
eties of oolithic limestone (microfacies 7–9) be-
come common along with micritic limestone. No 
shell deposits were found in the stratigraphically 
highest probe 3. A higher energy environment of 
sedimentation was interpreted for facies assem-

blage 2, based on the larger presence of oolithic 
limestones. Due to the higher energy setting, fo-
raminifera assemblages within the oolithic mi-
crofacies cannot be considered autochthonous 
but are rather parautochthonous.

The microfacies are documented in Figures 
6–7 and described in detail in Table 1. 

Table 1. Description of microfacies from the antique quarry at Podpeč. The most abundant and diagnostic fossil taxa are 
underlined.

Microfacies Description

Bed 
thick-
ness

(min–
max; in 

cm

Figure

1 light 
brownish 
grey mud-

stone

Micritic limestone with almost complete predominance of micritic matrix and less than 
10 % of clasts. 4 - 18 /

2 medium 
grey fenes-
tral mud-

stone

Mudstone with irregular fenestrae. 40 - 100 /

3 medi-
um grey 

bioclastic 
wackestone

The amount of small bivalve shells within this heterogenous bioclastic wackestone var-
ies from 10 to 50 %. Most are 0.3 mm in length. The original mineral was dissolved and 
replaced by calcite spar. Gastropods, echinoderms, ostracods, and foraminifera are subor-
dinately present. The intergranular space is filled with dense micritic matrix. Small cor-
rosion vugs and putative small neptunian dykes/desiccation cracks, filled with crystal silt, 
intraclasts and fragments of spar are also present. The foraminiferal assemblage comprises 
Siphovalvulina sp. and Textulariidae.

40 - 85 5a

4 dark grey 
pelletal- 
bioclastic 

wackestone

Sample is heterogeneous. Two microfacies types can be distinguished, but with interme-
diate transitions. Most of the rock is represented by bioclastic-pelletal wackestone with 
a few (0.5 %) clasts of larger size (gastropod and bivalve shells). Wackestone consists of 
15 % of grains: small angular sparitic fragments, ostracods, and small (0.08 mm) rounded 
pellets. Ostracod valves are separated or still closed. The other end member is also a pellet-
al-bioclastic wackestone, but with pellets representing 30-40 % of the rock, and bioclasts 
(echinoderms, bivalve fragments, small Siphovalvulina foraminifera) amounting to 5-10 %. 
Wackestones contain some irregular vugs and cracks filled with pellets, microspar and 
cement. Some of these might be desiccation cracks and vugs, while some might be caused 
by bioturbation. Larger gastropod and bivalve shells are filled with crystal silt and drusy 
mosaic cement.

10 - 120 5b

5 medium 
dark grey 

peloid 
grainstone 
with rare 
larger bi-

valves

Large (1 cm or longer) bivalve shells and very rare intraclasts within the peloid cortoid 
grainstone matrix represent less than 10 % of the rock. Shells are altered to drusy mosaic 
spar and exhibit micritic outer rim (cortoids). The grainstone consists of peloids, which 
measure 0.08 – 0.12 mm in size and are very well sorted. They represent 90–95 % of the 
grains, disregarding the mentioned larger bivalve shells. Ostracods, foraminifera (?Val-
vulinidae), Thaumatoporella, echinoderm fragments, and undeterminable sparitic particles 
are subordinate.

10 - 25 5c

6 medium 
grey to olive 
grey intra-
clastic-bio-

clastic 
wackestone 
and pack-

stone

Heterogeneous texture is wackestone to packstone in nature. Grains are very poorly sorted 
and matrix-supported or in point contacts. Intraclasts (20–40 % of grains) are micritic, 
rounded, circular to semi-elongated. Some micritised ooids are also present, but difficult 
to distinguish from intraclasts. Approximately 10 % of the volume is occupied by bivalve 
shells. These are fragmented, abraded and have micritised margins (cortoids). Thau-
matoporella is present in up to 5 % of the volume. Foraminifera represent 1–2.5 % of the 
rock. Gastropods, echinoderms, brachiopods, ostracods, and fragments of dasycladacean 
algae are sporadically present. Micritic matrix is locally partly washed away, and the inter-
granular space is locally filled with drusy mosaic cement.

Foraminifera are represented by Valvulinidae, Meandrovoluta asiagoensis Fugagnoli & 
Rettori, Siphovalvulina spp., Duotaxis metula Kristan, and Gaudryina sp.

25 - 100 5d

7 medium 
dark grey 

ooid grain-
stone with 

rare cortoids

Moderately well sorted mature ooids and superficial ooids form almost 50 % of the rock 
volume and are the predominating grain type. They are in point contacts with each other 
and grains of other types. The mature ooids are concentric, with tangential structure. Their 
cores are mostly micritised. Foraminifera and sparitic particles rarely served as basis for 
the ooids’ formation. Their average size is 0.5 mm. Less numerous are superficial ooids with 
6–7 laminae, mostly formed around elongated mollusc shell fragments up to 0.7 mm in 
length. Both types of ooids form lumps and mature lumps up to 1 mm in size. Fragments of 
echinoderms, benthic foraminifera and micritised bivalves (cortoids) are subordinate. The 
intergranular space is filled with drusy mosaic calcite cement.

The foraminiferal assemblage consists of Siphovalvulina spp., Valvulinidae, Taxtularii-
dae, Reophax sp., ?Haurania deserta Henson, unidentified large benthic foraminifera with 
coarsely agglutinated wall, Involutina farinacciae Brönnimann & Koehn-Zaninetti.

13 - 85 5e
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8 medium 
dark grey 

ooid grain-
stone; large 

ooids

Well sorted, 1 mm large ooids occupy approximately 50 % of the rock volume. Ooids were 
originally concentric but got slightly compacted during diagenesis and are now more el-
lipsoid in shape. Although their tangential structure is clearly recognisable, their inner 
regions show some recrystallization. Some were formed around sparitic fragments or for-
aminifera but have micritic cores. The laminar part is thick, representing approximately 
45 % of the ooids’ radius. Nine to twelve laminae are visible on the outer part of the cor-
tices. Spiny ooids are very few. Some of the ooids are glued together into aggregate grains 
(lump and mature lump stage) up to 2.5 mm in diameter.

Peloids are irregularly distributed among ooids and represent a little less than 10 % of the 
rock. They measure approximately 0.15 mm in size. Neomorphically altered bivalve frag-
ments, foraminifera, gastropods, and echinoderm plates are very rare. The intergranular 
space is filled with drusy mosaic calcite cement.

The foraminiferal assemblage consists of Lituosepta sp., ?Haurania deserta Henson, Mean-
drovoluta asiagoensis Fugagnoli & Rettori, Lituolipora sp., Textulariidae and Valvulinidae, 
Pseudopfenderina butterlini (Brun), small Ophthalmidium sp., and Involutina farinacciae 
Brönnimann & Koehn-Zaninetti.

32 - 40 5f

9 medium 
dark grey 

ooid grain-
stone; small 

ooids

The composition and texture are as in microfacies 8. The difference is in the size of the 
ooids: average diameter of ooids in this microfacies is 0.55 mm, and peloids measure 
0.07 mm. Foraminiferal assemblage is identical.

28 - 50 /

10 medium 
dark grey 
cortoid 
floatstone 
with intra-
clastic-bio-
clastic 
wackestone 
and pack-
stone matrix

The matrix is virtually indistinguishable from microfacies 6. The difference between the 
microfacies is in the greater abundance of larger clasts seen at the macroscopic level.

Foraminifera are represented by Valvulinidae, Meandrovoluta asiagoensis Fugagnoli & 
Rettori, Siphovalvulina spp., Haurania deserta Henson, Duotaxis metula Kristan, Pseu-
dopfenderina butterlini (Brun), Textulariidae, Valvulinidae, ?Mesoendothyra or ?Everticy-
clammina sp., and ?Planiinvoluta sp.

16 - 55 6a

11 dark 
grey oncoid 
floatstone 

with peloid 
wackestone 
to packstone 

matrix

Grains represent approximately 40 % of the rock volume. The rock is microscopically 
heterogenous, probably bioturbated (one cm-size burrow is clearly distinguishable, at the 
bottom filled with pelletal packstone and in the upper part by blocky spar). Peloids are 
of variable sizes, ranging from 0. 08–0.12 mm to 1 mm. The largest may be recognised as 
intraclasts. Most peloids are spherical to half-spherical, rounded to well rounded. They 
represent 20–30 % of the volume. Some of the sphaerical peloids are likely micritised 
ooids. Their size ranges from 0.2 to 0.4 mm. Other grains are subordinate: foraminifera and 
thalli of Thaumatoporella each form 1–2.5 % of the rock. Up to 2 mm long fragments of 
dasycladacean algae are irregularly distributed, on the edges micritised and partly over-
grown by microbialites. Only one, at the edges heavily micritised and partly overgrown by 
Thaumatoporella, bivalve shell was recognised. Ostracods, echinoderm plates and gastro-
pods are also very rare (1 %). Part of the micritic matrix has been washed away, but some 
of the vugs could also represent desiccation pores. Vugs are filled with drusy mosaic calcite 
cement.

The foraminiferal assemblage consists of Meandrovoluta asiagoensis Fugagnoli & Rettori, 
Siphovalvulina spp., Valvulinidae, and Earlandia sp.

Remarks: Compared to the matrix in microfacies 12, and microfacies 13, these microfacies 
contains less Thaumatoporella grains and the greater presence of Meandrovoluta.

13 - 33 6b

12 dark 
grey oncoid 
floatstone 

with Thau-
matoporella 
wackestone 

matrix

Oncoids are 2 cm in size, constructed of homogenous micrite, Thaumatoporella and calci-
microbes. Locally present are bivalve shells, which are heavily bioeroded and overgrown by 
microbialite. Large grains float in partly washed peloid-bioclastic wackestone (grains rep-
resent 10-30 % of surface) matrix with common thalli of Thaumatoporella. The latter may 
represent up to 10 % of the volume. Other bioclasts are large benthic foraminifera (5 %) 
and rare gastropods. Peloids and intraclasts are also abundant. Peloids range from 0.05 to 
0.1 mm in size and are rounded, while intraclasts are sub-rounded and have an average 
size of 0.2 mm. Micritic matrix is in some places clotted.

The foraminiferal assemblage consists of Valvulinidae, Siphovalvulina spp., Meandrovoluta 
asiagoensis Fugagnoli & Rettori, and Duotaxis metula Kristan.

13 - 70 6c

13 medium 
dark grey 

bivalve 
floatstone 
with small 
shells and 

peloid 
grainstone 

matrix

The matrix is identical to facies 5. The distinction is at the macroscopic level, as the micro-
facies 13 contains bivalve shells representing more than 10 % of the rock volume. Within 
the thin section made and shown in Figure 6d, the grainstone is in irregular contact with 
bivalve floatstone (shells 2.5 mm in size) with bioclastic wackestone matrix. Besides bi-
valve shells and fragments of dasycladacean algae, gastropods, echinoderms, foraminifera 
(Siphovalvulina and a dubious Ammobaculites), and calcimicrobes are less commonly 
present.

16 - 80 6d

14 (medi-
um) dark 
grey meg-
alodontid 
floatstone 

to rudstone 
with micrit-

ic matrix

Large (0.5–3 cm large) shells of bivalves and gastropods form 15–50 % of the rock volume. 
They are replaced by clear drusy mosaic spar. Micritic matrix contains rare ostracods, 
fragments of dasycladacean algae, some Thaumatoporella thalli, and calcimicrobes. For-
aminifera are small and very rare. Very small fragments of bivalve shells may be locally 
more common, filling between 20 and 30 % of space.

24 - 72 6e
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Foraminiferal assemblages

The most abundant foraminiferal taxa in 
each microfacies are underlined in Table 1 and 
presented in Figure 8. Only Siphovalvulina and 
small Textulariidae are present in bioclastic 
wackestone and in pelletal-bioclastic wackestone. 
Peloid grainstone with rare bivalve shells, where 
only Valvulinidae are present, alongside with 
problematic algae Thaumatoporella. Intraclas-
tic-bioclastic wackestone and packstone is char-
acterised by the abundance of Valvulinidae and 
Meandrovoluta asiagoensis. Cortoid floatstone 
with intraclastic-bioclastic wackestone and 
packstone matrix contains an abundance of Val-
vulinidae, Meandrovoluta asiagoensis, Sipho-
valvulina spp., and Haurania deserta. Oncoid 
floatstone with peloid wackestone to packstone 
matrix commonly contains Meandrovoluta asia-
goensis and Siphovalvulina spp., but, unlike the 
dark grey oncoid floatstone with Thaumatoporel-
la wackestone matrix, it has much less of the 
Thaumatoporella. Foraminifera in bivalve and 
megalodontid floatstone are too few to be con-
sidered diagnostic for these facies. Based on the 
presence of Lituosepta and the absence of Orbi-
topsella, we tentatively place the logged succes-
sion in the late Sinemurian Lituosepta recoaren-
sis lineage zone (Kabal & Tasli, 2003; Velić, 2007). 
However, Orbitopsella might also be absent due 
to environmental factors.

Mineralogical, geochemical, and isotopic 
characterisation of the ancient Podpeč quarry

XRD analysis of the limestone revealed only 
the presence of calcite (Fig. 9a) due to mineral-
ogical purity of the studied samples and meth-
od detection limits. Table 2 lists concentrations 
of major oxides, minor elements, trace elements 
above detection limits, and isotope values of δ13C, 
δ18O, 87Sr/86Sr. The limestone is characterised by 
a high CaO content and a low MgO content, as 
is expected for pure limestones. SiO2 is posi-
tively correlated with Al2O3, K2O and TiO (lin-
ear correlation coefficients r = 0.87, r = 0.76, and 
r = 0.54 respectively; number of samples n = 15). 
By cross-plotting the δ18O and δ13C isotope ratios 
it was found that only two samples indicate the 
influence of early meteoric diagenesis (Fig. 9b). 
These samples were eliminated from any further 
analysis. Strontium isotope data from the Lithi-
otid Limestone Member measured at the ancient 
Podpeč quarry were plotted on a box and whisk-
ers diagram and correlated with a global stron-
tium curve (Fig. 9c). 

The local isotope curves of δ18O and δ13C are 
shown on a composite log in Figure 10. The car-
bon isotope compositions range from -2.44 ‰ to 
2.5 ‰ (n=37) for micritic limestone, 0.28 ‰ to 
1.84 ‰ (n=6) for fine-grained limestone, -0.21 ‰ 
to 0.93 ‰ (n=6) for oolithic limestone, -0.07 ‰ to 
1.12 ‰ (n=2) for oncoid/cortoid limestone, and 
0.02 ‰ to 1.95 ‰ (n=8) for limestone with bi-

Fig. 8. Foraminifera from the Pliensbachian limestone in the antique quarry at Podpeč. a: Meandrovoluta asiagoensis 
Fugagnoli & Rettori. Thin section 1679. b: Siphovalvulina cf. variabilis Septfontaine. Thin section 1684. c: Siphovalvulina 
gibraltarensis BouDagher-Fadel, Rose, Bosence & Lord. Thin section 1679. d: Duotaxis metula Kristan. Thin section 1684. 
e: Pseudopfenderina butterlini (Brun). Transverse section. Thin section 1679. f: Pseudopfenderina butterlini (Brun). Oblique 
longitudinal section. Thin section 1679. g: Amijiella amiji (Henson). Oblique longitudinal section. Thin section 1679. h: 
Amijiella amiji (Henson). Oblique transverse section. Thin section 1679. i: Lituolipora sp. Longitudinal section. Thin section 
1678. j: Lituosepta sp. Longitudinal section. Thin section 1679. k: ?Lituosepta sp. Longitudial section. Thin section 1678. l: 
Thaumatoporella sp. Thin section 1684.
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valves. Unique values can be reported only for 
micritic limestones in the range from -2.44 ‰ to 
-0.21 ‰ and 1,95 ‰ to 2,5 ‰. The oxygen isotope 
compositions range from -3.8 ‰ to -1.2 ‰ (n=37) 
for micritic limestone, from -2.82 ‰ to -1.81 ‰ 
(n=6) for fine-grained limestone, from -4 ‰ to 
-1.78 ‰ (n=6) for oolithic limestone, from -2.95 ‰ 
to -1.63 ‰ (n=2) for oncoid/cortoid limestone, and 
from -2.72 ‰ to -1.87 ‰ (n=8) for limestone with 
bivalves. Values recorded in only one facies in oo-
lithic limestone range from -4 ‰ to -3,8 ‰ and for 
micritic limestone facies from -1.63 ‰ to -1.2 ‰.  

The 87Sr/86Sr isotope values within the succes-
sion in the antique quarry decrease from 0.707414 
to 0.707329 (Table 2). 

Geological characterisation of stone products 
and its provenance determinations

The stone products MGML 48572, MGML 
51180, NMS L209 and NMS 210 belong to mi-
crofacies 2 (micritic limestone), 6 (fine-grained 
limestone), 7 and 9 (oolithic limestone) respec-
tively (for facies descriptions see Table 1). Mul-
ti-method data acquired from the analysis of the 
stone products are listed in Table 3. As in pri-
mary samples also the studied stone products are 
characterised by the high CaO and low MgO con-
tent. Linear correlation (n = 4) was analysed only 
between SiO2 with Al2O3, K2O and TiO2 to check 
the previously determined correlation from pri-
mary samples also in stone products. Linear 
correlation coefficients between SiO2 with Al2O3  

Fig. 9. Mineralogical, geochemical and isotope characterisation of antique part of Podpeč quarry. a: XDR mineralogical 
composition of the studied samples. Only calcite shows on all of the roentgenograms (n=7). b: δ13C and δ18O cross scatter plot 
of diagenesis in the studied samples. Blue circles represent the individual measurements plots. c: Box and whiskers graph 
of 87Sr/86Sr values of samples from antique part of Podpeč quarry correlated with the global Sr curve from McArthur et al. 
(2012b).
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Table 3. Geochemical values of major (oxides), minor, and 
trace elements with measured concentration above detection 
limit and δ13C, δ18O, 87Sr/86Sr isotope values for the studied 
stone products (see Djurić et al, 2022 for complete set of the 
studied stone products).

Fig. 10. 87Sr/86Sr, δ13C and δ18O curves on a composite log 
with marked grains (see legend on Figure 4). Diameters of 
blue elipse represent the standard deviation of measurement 
(y axis) and the calculated local uncertainty (x axis) for the 
87Sr/86Sr isotope values.
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(r = 0.99), SiO2 with K2O (r = 0,98), and SiO2 with 
TiO2 (r = 0.99) are high. This is consistent with 
the data from the primary sedimentological sec-
tion, with slightly higher correlations for the 
stone products due to the relatively small num-
ber of samples. The multi-method data obtained 
shows a direct match with the values obtained 
in the characterisation of the sedimentological 
sections in the antient Podpeč quarry; thus, the 
stone products can be assigned to their specific 
place of extraction. Based on Strontium isotopic 
values, the appropriate bed thickness and micro-
facies type, and the alignment with geochemi-
cal measurements the provenance of lorica NMS 
L210 can be placed in the lower part of the an-
tient quarry (see Fig. 5 – probe 2), the studied in-
scriptions stones MGML 48572 and MGML 51180 
in the upper part of the succession (see Fig. 5 – 
probe 3) and lorica NMS L209 to the upper most 
part of probe 3. 

Discussion

Comparing the detailed geological map with 
the previous Basic Geological Map (Buser et al., 
1967), new lithostratigraphic and structural re-
lations could be interpretated from the detailed 
field data. On the western part of the St. Ana hill 
in the village of Podpeč, where lithostratigraphic 
division was in part recently presented (Djurić 
et al., 2018a), the new geological map shows good 
agreement with the geological boundaries and 
lithostratigraphic units presented therein. The 
new geological map defines the lithostratigraphic 
units available for quarrying on the wider Pod-
peč area (see Fig. 4a), and as seen from the digital 
elevation model (see Fig. 4b) all Members of the 
Lower Jurassic Podbukovje Formation have been 
quarried, either for the extraction of dimension 
stone (Djurić et al., 2018a; Djurić et al., 2022) 
and/or the production of lime (Bras, 1977). 

None of the described facies is exclusive to 
the antique quarry, as all occur also within the 
younger part of the succession exposed in the 
modern quarry. The logged sedimentological sec-
tions record the lateral and vertical variability 
of microfacies typical for internally differentiat-
ed lagoonal sedimentation environments (Gale, 
2015). The succession was previously placed in 
the Lithiotid Limestone Member (Djurič et al., 
2022). However, based on the present sedimento-
logical and paleontological data and the lack of 
lithiotid bivalves in the logged sections, this part 
could, alternatively, stratigraphically belong to 
the Orbitopsella Limestone Member. Knowing 
the detailed sedimentological composition of 

the beds within the antique quarry, however, it 
is much easier to locate the products back to the 
original place of extraction. Telling examples are 
the bivalve (mainly megalodontid bivalve) micro-
facies found only in the lower part of the antique 
quarry. 

As no age-characteristic foraminifera for 
Pliensbachian could be found for the succession 
logged at the antient Podpeč quarry, foraminife-
ral assemblages can be used to suggest the strati-
graphic position of this quarry. To some extent, 
the Lituosepta recoarensis lineage zone (Kabal 
& Tasli, 2003; Velić, 2007) can be considered as 
characteristic for the studied part of the succes-
sion. Additionally, individual microfacies show 
enough consistency to be considered one of the 
features that help to distinguish between differ-
ent microfacies. The facies dependence of Early 
Jurassic benthic foraminifera has been hypothe-
sised previously by Fugagnoli (2004) and attrib-
uted to gradients in trophic resources, oxygen 
levels, and stability in nutrient supply. As shown 
by Gale and Kelemen (2017), such differences 
among the assemblages can be recognized from 
the Sinemurian onwards. Most of the taxa from 
the investigated assemblages are considered to be 
benthic opportunists (see Fugagnoli, 2004). Most 
notably, these include Meandrovoluta asiagoen-
sis and Siphovalvulina. On the other hand, Hau-
rania represents a lituolid with a complex wall 
structure. The trophic levels would thus shift be-
tween eutrophic and mesotrophic conditions (Fu-
gagnoli, 2004). Foraminifera assemblages of the 
beds within the antique quarry can help in prov-
enance determinations of ancient stone products 
with the typical assemblages for microfacies 
described. Acquired geochemical data, both in 
primary samples and stone products, can be as-
signed to the carbonate and non-carbonate com-
ponents. CaO, MgO, Sr, LOI, and partially also 
NaO were grouped to the carbonate component. 
The low MgO values indicate that the carbonate 
component belongs to low-Mg calcite, which was 
likely formed by early diagenetic processes from 
the high-Mg calcite and aragonite. Sr and Na2O 
values are consistent with those measured in 
Lower Jurassic marine carbonates (Veizer et al., 
1999; Hamon & Merzeraud, 2007; Ogorelec, 2009). 
The non-carbonate component includes AlO3, 
K2O, TiO2, Zr, and most of the Na2O, while SiO2 
can belong to the biogenic or terrigenous source. 
The high positive correlation of SiO2 with Al2O3, 
K2O and TiO2 indicates that SiO2 is also associat-
ed with a terrigenous influx. The low concentra-
tions of non-carbonate components, specifically 
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the low values of K2O, TiO2, Al2O3, and Zr, show 
little terrigenous input, which is in accordance 
with sedimentation in a restricted lagoon of a 
carbonate platform (Buser & Debeljak, 1995; De-
beljak & Buser, 1997; Gale, 2015). Some higher 
values of SiO2 implies that the studied succession 
(and stone products originating from it) was oc-
casionally under the influence of subaerial ex-
posure (Martinuš, et al., 2012), which is again in 
accordance with previous studies (Gale, 2015). 
Non-carbonate components Fe2O3, MnO, and U 
are all interpretated as partially terrigenous and 
partially diagenetic. The very low values of MnO 
and Fe2O3 also indicate very low terrigenous and 
diagenetic influence, and the fact that the lime-
stones were not enriched with minor and trace 
elements during the diagenetic processes and did 
not interact with circulating water of continental 
origin (Veizer, 1983). U values are higher in mic-
ritic and fine-grained limestones than they are 
in oolithic limestone, both in primary samples 
and in the studied stone products. We attribute 
this to a higher proportion of organic material in 
micritic samples (Goswami et al., 2017). Reported 
geochemical values herein can be considered, to 
some extent, typical for determinations of prove-
nance in the ancient Podpeč quarry. 

It must be kept in mind that in shallow ma-
rine environments terrigenous inputs can have 
a large influence on the isotopic record (Eystein, 
1989), which means that local variations in iso-
tope curves are possible. Previously defined low 
terrigenous input serves to strengthen the trust 
limit in the acquired data for the antient Podpeč 
quarry. 

All studied samples show little to no effect 
of diagenetic changes, both in terms of the ratio 
of δ18O and δ13C isotopes (Table 2), as data points 
fall within values documented for Jurassic ma-
rine limestones (Veizer et al., 1999; Jenkyns et 
al. 2002; Hamon & Merzeraud, 2007). The widest 
range of carbon and oxygen values in micrite fa-
cies might be also due to the fact that they rep-
resent the largest data set in these microfacies. 
The measured ranges of isotopic ratios of carbon 
and oxygen overlap in most cases; thus, in the 
case of the ancient Podpeč quarry this method 
can be used for the determination of provenance 
only as one of the factors that strengthen the de-
termination but cannot be considered decisive. 
Carbon and oxygen isotope measurements show 
alignment with ranges of values for each facies 
defined above, except for stone products made 
from oolithic facies, which in both stone prod-
ucts shows higher values. This is likely due to the 

small number of primary samples in these facies; 
thus, the full range of values was probably not 
detected. 

The 87Sr/86Sr values of marine carbonates can 
be used for geochronological and correlative pur-
poses by comparing them with global curves for 
a time-period of interest (McArthur et al., 2012a). 
If, based on microfacies and biostratigraph-
ic analysis, the provenance of a specific stone 
product cannot be reliably determined, stron-
tium isotope values can be used to derive a more 
exact provenance (Galan et al., 1999; Maritan 
et al., 2003; Brilli et al., 2010; Brilli et al., 2011). 
The measured range of strontium values can be 
considered characteristic for this part of the suc-
cession (Brajkovič et al., 2021) and thus used to 
define the provenance of ancient stone products 
(see Fig. 9c) and place the studied succession in 
the early Pliensbachian Orbitopsela Limestone 
Member (Orbitopsela Beds sensu Dozet & Stroh-
menger 2000). 

The same stone products were studied in the 
publication by Djurić et al. (2022), where their or-
igin could not be reliably determined based solely 
on petrological data. This is due to the frequent 
occurrence of micritic and fine-grained lime-
stones in other putative quarry areas (Ramovš, 
1990; Šašel Kos, 1997; Rožič et al., 2018). The pre-
sumed quarry areas of Podutik (Ramovš, 1990) 
and Staje (Šašel Kos, 1997) belong to the Krka 
Limestone Member (Novak, 2003; Rožič et al., 
2018), where micritic and fine-grained facies are 
most abundant and oolithic facies are also pres-
ent. The multi-method approach used enabled us 
to determine the exact provenance of these facies 
in studied stone products to the exact place of ex-
traction in the antique Podpeč quarry.

Conclusions

Following the previous archaeological re-
search, which located the Roman quarry at Pod-
peč (Djurić et al, 2022), the known extent of the 
antique quarry was studied in detail according to 
the multi-method approach. 

A detailed lithological analysis of the beds 
quarried in the antique quarry revealed two faci-
es assemblages that vary in the predominant fa-
cies component. From this, one of the transitions 
from a restricted to a more open marine lagoon 
was interpreted. The microfacies and expected 
foraminifera assemblages (see Tab. 1) provide a 
record of the antique quarry microfacies, which 
in turn lends more definitive credence to prove-
nance determinations of the stone products to the 
Podpeč quarry. The low terrigenous influx and 
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the occasional sub-aerial exposure of the studied 
succession confirmed previous interpretations of 
the environment of sedimentation, and addition-
ally provide values and correlations useful for 
provenance studies of the stone extracted from 
the ancient Podpeč quarry. The linear correlation 
of SiO2 with Al2O3, K2O, and TiO2 is thus expect-
ed. This can serve as one of the factors when de-
termining the origin of the stone; however, it can-
not serve as the sole determining factor. Isotope 
values δ13C, δ18O, and 87Sr/86Sr can be considered 
typical for the antique quarry at Podpeč. Based 
on the lack of Lithiotid bivalves and the correla-
tion of Sr isotopic values with the global record, 
the succession was lithostratigraphically corre-
lated to the Orbitopsela Limestone Member (Orb-
itopsela beds sensu Dozet & Strohmenger, 2000). 
The δ13C and δ18O values cannot be considered 
decisive in determining origin from the Podpeč 
quarry; however, it can help in limiting the part 
of the succession from which the limestone was 
extracted. The Sr isotope measurements allow us 
to place the individual measurements of the stone 
products into the range typical for the ancient 
Podpeč quarry. Where the standard deviation of 
single measurements of stone product values is 
low, the Sr values compared with the logged fa-
cies (see Fig. 5) can enable us to place the stone 
product in the appropriate part of the succession. 

For determination of the provenance of the 
stone used in Antiquity, it is recommended that 
a thin section be made for a detailed examina-
tion of the facies. For those microfacies that are 
distributed over the larger part of the Podbukov-
je Formation (micritic, fine-grained, and oolith-
ic limestone), the reliable means of determining 
the provenience is the multi-method approach. 
Determining the provenance of stone products 
made from micritic, fine-grained, and oolithic 
microfacies, and the foraminifera assemblages 
described herein, combined with the geochem-
ical and isotopic values provided in this paper, 
serve to provide a suitable reference for the stone 
material derived from the Podpeč quarry. This 
study additionally enables further detailed ar-
chaeological studies of the antique production 
and trade related to the Podpeč quarry.
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