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Uvodnik

Spoštovane bralke, spoštovani bralci!

V naslednjem letu se založniku Geologije Geološkemu zavodu Slovenije obeta velik jubilej. Minilo 
bo sedemdeset let odkar je tedanja slovenska vlada ustanovila našega predhodnika Geološki zavod 
Ljubljana. V dolgem, zanimivem, raznolikem in konec koncev na srečo niti ne pretirano burnem življenju 
se je Geološki zavod utrdil na položaju osrednje državne inštitucije na področju geologije, ki povezuje 
temeljne in aplikativne raziskave, strokovno in razvojno delo. 

Jubilej bomo uporabili kot možnost za pogled naprej in za utrditev položaja našega javnega 
raziskovalnega zavoda na mestu, ki ga zavzema v skladu z njegovim ustanovnim aktom, pa tudi v skladu 
s primerljivimi geološkimi zavodi v Evropi in po svetu. Kaj je ključna razlika med geološkimi zavodi in 
znanstvenoraziskovalnimi inštituti s področja geologije? Celovitost obravnavanja državnega ozemlja in 
skrb za stroko na vseh ravneh; od temeljnega znanstvenoraziskovalnega dela, skrbnega zbiranja znanja 
in podatkov o geosferi, do njihovega prenosa v družbo na področju javne službe, sodelovanja v procesih 
izobraževanja v najširšem smislu ter v obliki podpore raznim uporabnim projektom, ki se dotikajo 
polj geoznanosti. Ni torej naključje, da bomo v naslednjem, jubilejnem letu izdali tudi Atlas geoloških 
kart Slovenije in knjigo 70 geoloških znamenitosti Slovenije. Napovedujemo tudi vzpostavitev portala 
e-geologija, ki bo od leta 2016 dalje na spletu prinašal raznolike geološke podatke iz našega bogatega 
digitalnega arhiva. Rezultati seveda niso samo naši. Ključna sestavina delovanja je dobro sodelovanje 
z bolj ali manj sorodnimi institucijami doma in v tujini. Na domačih tleh skoraj ni ustanove s področja 
naše ali sorodnih strok, s katero v dolgoletni zgodovini nismo uspešno sodelovali. Sodelovanje izven 
državnih meja je bilo že od ustanovitve rdeča nit GeoZS in na mednarodnem področju smo iz leta v leto 
bolj aktivni. Tudi zato, in ne samo zato, nas je doletela čast, da bomo lahko v naslednjem letu v Ljubljani 
gostili sestanek najvišjih predstavnikov vseh evropskih geoloških zavodov. 

Glede na to, da širše okolje vedno bolj prepoznava pomen in uporabnost geološkega znanja, in glede 
na to, da so geoznanosti bolj kot kadarkoli sposobne vračati uporabno znanje družbi, se lahko sedanja 
generacija geologov resnično iskreno zahvali vsem predhodnikom za trdne temelje, na katerih lahko 
gradimo. V dobršni meri je bilo v Sloveniji v preteklih sedemdesetih letih to znanje zbrano v okviru 
Geološkega zavoda Slovenije in njegovih predhodnikov. 

Geologiji gre torej dobro. Ne samo pri nas. Stoletja analitičnega raziskovalnega dela in desetletja 
eksplozivnega tehnološkega razvoja že nekaj časa obilno vračajo raziskovalcem in uporabnikom našega 
znanja. Današnji geološki modeli so iz dneva v dan bolj dovršeni, vseobsegajoči in utemeljeni na širokem 
naboru temeljnih in tematskih podatkov, razumevanju procesov in vse bolj koherentnih interpretacijah. 
Pojem geološka karta je dobil nov, razširjen pomen. 

Prihodnost je torej svetla in temelji na znanju; ne glede na to, koliko bo besedna zveza »na znanju temelječa 
družba« modna v prihodnosti, ali včasih le uporaben okrasek kakšnemu nagovoru. Nedvomno bo tudi v 
prihodnje znanstvenoraziskovalno delo temelj geološke stroke in s tem tudi Geološkega zavoda Slovenije. 

Še naprej bomo raziskovalci svoja spoznanja objavljali. Ni pomembno, ali bodo znanstvena dela 
ovrednotena s črticami, zvezdicami ali čebelicami. Objavljali bomo v dobrih revijah, tudi v takih, kot 
je v vaših rokah. Geologija je mednarodna revija z mednarodnim uredniškim odborom, obenem pa tudi 
osrednja slovenska znanstvena revija za širše področje geoloških ved. Od leta 1953 je izšla že v 77 zvezkih, 
v njej so bila objavljena prenekatera temeljna dela slovenskih geoznanosti. Vsebine člankov se močno 
prepletajo s sorodnimi vedami, kot so kemija, seizmologija, fizika, biologija ter z nekaterimi tehničnimi 
vedami. V reviji objavljamo vedno več interdisciplinarnih člankov, v katerih se geološko znanje uporablja 
za reševanje raznovrstnih drugih naravoslovnih problemov. To je neposreden odsev trenutnega položaja 
geologije kot ene od ključnih sinteznih znanstvenih področij v naravoslovju. 
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Tako kot celotna slovenska geološka stroka je tudi revija Geologija z leti vse bolj vpeta v širši prostor 
in mednarodno priznana. Vključena je v mednarodno bazo DOAJ (Directory of Open Access Journals, 
http://www.doaj.org/), ki omogoča takojšen prost dostop do celotnih člankov ter iskanje po avtorjih 
in ključnih besedah. Leta 2011 je Geološki zavod Slovenije postal član mednarodnega založniškega 
združenja PILA (Publishers International Linking Association). S tem se je založnik vključil v sistem 
CrossRef, ki je posrednik mednarodnih znanstvenih založnikov in omogoča založnikom, da pridobijo 
DOI - identifikator digitalnega objekta za vsako izdano publikacijo. Ob tem je revija indeksirana še v 
GeoRef, Zoological Record, Geoscience e-Journal, COBISS in EBSCO.

Pred koncem naj z vami, spoštovane bralke in spoštovani bralci, podelim še veselo novico o velikem 
darilu Geologije svojemu založniku ob prihajajočem jubileju. Leta 2015 je bila Geologija sprejeta v 
SCOPUS, eno najuglednejših svetovnih baz bibliografskih podatkov. To je nedvomno velik uspeh tako 
aktualnega kot prejšnjih uredništev, za kar se vsem zahvaljujem in jim čestitam, prav tako pa se seveda 
zahvaljujem tudi avtorjem in recenzentom, ki so s skrbno pripravljenimi prispevki omogočili trajen 
razvoj naše kvalitetne znanstvene revije. 

Naj ob koncu dodam še veliko dobrih želja v prihajajočem, za založnika Geologije jubilejnem letu 
2016. Začenja se dobro!

dr. Miloš Bavec, direktor GeoZS



Geochemical investigations of potentially toxic trace elements 
in urban sediments of Idrija

Geokemi~ne raziskave potencialno strupenih slednih elementov  
v urbanih sedimentih Idrije
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Geological survey of Slovenia, Dimi~eva ulica 14, SI–1000 Ljubljana, Slovenia, spela.bavec�geo-zs.si
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Klju~ne besede: urbano obmo~je Idrije, potencialno strupeni sledni elementi, SEM/EDS, urbani sediment, Slovenija

Abstract

Urban areas and associated human activities (industry, traffic, processes of mining and ore extracting, etc.) 
have induced anthropogenic emissions of potentially toxic trace elements (PTTE), which can present risk to living 
organisms and ecosystems in case of enriched levels. An example of such area in Slovenia is the Idrija town, the 
central part of the second largest Hg mining district in the world, which is heavily contaminated with Hg in all 
environmental compartments. The knowledge about levels and distribution of other PTTE in Idrija is very limited 
due to the outstanding Hg related problems. In this study the geochemical investigation of PTTE (As, Cd, Co, Cr, Cu, 
Mo, Ni, Pb and Zn) was performed in urban stream and road sediments of Idrija town for the first time. In addition, 
solid phases of PTTE were observed using SEM/EDS and their potential sources were assessed. The results show 
that the levels of PTTE in urban stream and road sediments are mostly below international guidelines, except for 
Cu some high values were measured in road sediments. The highest Cu level was determined in the vicinity of a 
commutator production industry. The associations of Cu with other elements in solid phases are very diverse, which 
is why the analyses could not reveal the specific source of high Cu levels.

Izvle~ek

Urbana obmo~ja in z njim povezane antropogene aktivnosti (industrija, promet, procesi rudarjenja in predelave 
rude, itn.) so pospe{ile antropogene emisije potencialno strupenih slednih elementov, ki lahko v primeru povi{anih 
vrednosti predstavljajo tveganje za žive organizme in ekosisteme. Primer takega obmo~ja v Sloveniji je Idrija, osrednji 
del drugega najve~jega živosrebrovega rudarskega obmo~ja na svetu, ki je mo~no onesnažen s Hg v vseh segmentih 
okolja. Zaradi izjemnih problemov v povezavi s Hg je znanje o vsebnostih in porazdelitvi ostalih potencialno 
strupenih slednih elementov zelo omejeno. V tej {tudiji smo izvedli geokemi~no raziskavo potencialno strupenih 
slednih elementov (As, Cd, Co, Cr, Cu, Mo, Ni, Pb in Zn) v urbanih poto~nih in cestnih sedimentih. Poleg tega smo z 
SEM/EDS metodo opazovali trdne faze potencialno strupenih slednih elementov in ugotavljali njihove potencialne 
izvore. Rezultati so pokazali, da so vrednosti potencialno strupenih slednih elementov v urbanih poto~nih in cestnih 
sedimentih ve~inoma pod mednarodnimi smernicami, z izjemo visokih vrednosti Cu v cestnih sedimentih. Najvi{ja 
vrednost Cu je bila dolo~ena v bližini industrijskega obrata, v katerem proizvajajo komutatorje. Združbe Cu z drugimi 
elementi v trdnih fazah so zelo pestre, zato z analizo ni bilo možno oceniti specifi~nega izvora visokih vrednosti Cu.

GEOLOGIJA 58/2, 111-120, Ljubljana 2015
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Introduction

Trace elements are chemical elements that occur 
in natural and perturbed systems in small amounts 
and among others include arsenic (As), cadmium 
(Cd), cobalt (Co), chromium (Cr), copper (Cu), 
molybdenum (Mo), nickel (Ni), lead (Pb), and zinc 
(Zn) (aDriano, 1986) that were investigated in this 
study. All investigated trace elements are metals, 
except As, which is a metalloid (aDriano, 1986). 
Co, Cu, Mo and Zn are essential for the nutrition 
of higher plants, while Co, Cr, Cu, Mo, Ni and Zn 
are essential for animal nutrition (aDriano, 1986; 
aDDiscott, 2006). The essential trace elements 
are those which cannot be substituted by others 

in their specific biochemical roles and they have 
a direct negative influence on the organism, if 
their supply is inadequate (aDriano, 1986; KaBata 
PenDias & PenDias, 2001). An inadequate supply 
of trace elements can affect the living organism in 
two ways: either there is a lack of a trace element 
in the living organism (deficiency) or an excess of 
a trace element in the living organism (toxicity). 
In both cases, the growth of a plant or an animal 
is abnormal, so it can neither grow nor complete 
some metabolic cycle (aDriano, 1986; KaBata 
PenDias & PenDias, 2001). As, Cd and Pb are non-
essential, which means that no beneficial function 
to the living organisms has been recognized yet for 
them and furthermore, when these elements are 

© Author(s) 2015. CC Atribution 4.0 License



112 Špela BAVEC

present in sufficient concentrations they become 
toxic (aDriano, 1986; KaBata PenDias & PenDias, 
2001; aDDiscott, 2006). As explained above, all 
investigated elements can potentially cause harm 
to living beings in explicit conditions, this is why 
they are also called potentially toxic trace elements 
(PTTE). The sources of trace elements are primarily 
natural, such as soil parent materials (rocks) 
(aDriano, 1986). However, with urban development 
and associated human activities the anthropogenic 
sources of trace elements emerged, such as 
mining, industries and energy production, traffic, 
agriculture, construction- building materials, 
landfills and illegal waste dumps, etc. (WonG et al., 
2006; zuPan et al., 2008). Anthropogenic influences 
induced PTTE emissions that often accumulate in 
earth materials of urban areas (urban materials) 
(thornton et al., 2008; johnson et al., 2011). 

An example of contaminated urban materials 
are urban sediments of Idrija town (Slovenia), in 
which mercury (Hg) levels are several hundred 
times increased regarding to the European median 
for stream sediments due to the past Hg mining 
and ore processing activities (Bavec et al., 2014). 
Several natural and anthropogenic identified Hg 
sources (Čar, 1998; Čar & terPin, 2005; Gosar & 
Čar, 2006; MlaKar & Čar, 2009, 2010; Kavčič, 2008) 
were recognised as sources of Hg in investigated 
sediments, such as outcrop of rocks containing Hg 
ore, former ore roasting sites, ore residue dumps and 
mine ventilation shafts (Bavec et al., 2014). After the 
Hg production was stopped in 1995, a commutator 

production industry evolved. In addition, Idrija 
is nowadays amongst higher urbanized areas in 
Slovenia that raised new scientific questions about 
accumulation of other PTTE in urban area of Idrija.

Therefore, in this study the levels of PTTE (As, 
Cd, Co, Cr, Cu, Mo, Ni, Pb and Zn) in the urban 
sediments of Idrija were determined and evaluated 
regarding to the European background for stream 
sediments and international guidelines. In 
addition, the solid phases of PTTE were observed 
and their potential sources were assessed.

Materials and methods

Site description and potential PTTE sources

Idrija town (Fig. 1), where past Hg mining 
district is situated, consists of a small densely 
populated centre with highly developed urban 
infrastructure along the rivers. The main river 
Idrijca flows through the district in the direction 
from south to north and has several tributaries 
(local streams). Another major stream, named 
Nikova, flows from the west and joins the river 
Idrijca in the centre of the town. The detailed 
surface water flow is presented in Fig. 1. For 
the majority of streams, regulation of natural 
waterways took place during the development of 
the town and consequently artificial channels were 
constructed. In addition, an urban drainage system 
has been established and runoff is discharged 
directly into the river Idrijca without any pre-

Fig. 1. Sediment sampling 
locations in the Idrija urban 
area and near surroundings 
(modified after Bavec et al., 
2014).
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treatment (Bavec et al., 2014). In Idrija town, the 
following trace element sources are recognised, 
besides local bedrock. There are two main roads 
following the rivers Idrijca and Nikova, where 
traffic is denser mostly during rush hours, while 
in the surroundings traffic is scarce. Ore deposit 
is monometallic, therefore Hg is the only mineral 
found in economically important quantities, while 
other elements occur only in traces or insignificant 
quantities (Čar, 1998). A commutator production 
industry is situated in the northern part of the 
town, where former Hg roasting facilities used to 
be. The industry started in the year 1963 as a small 
factory, but developed into a worldwide successful 
company as it is today (KoleKtor, 2014). The 
biggest wastes in their manufacturing process are 
plastic and non-ferrous metals, primarily copper 
(Benčina, 2007).

Urban sediments

In the urban areas the major sites of sediment 
deposition are: street surfaces, gully pots and 
storm sewers, rivers, canals, docks and lakes (Fig. 
2) (taylor, 2007). Deposition and storage on street 
surfaces, gully pots and storm sewers is short term 
(in the order of days and month), while in canals, 
docks and on floodplains is longer term (in the 
order of years to decades, although they are not 
necessarily permanent due to erosion of floodplain 
banks and dredging of channels, canals and docks) 
(taylor, 2007; taylor & oWens, 2009).

Road-deposited sediment is the accumulation 
of particulate matter on street surfaces and it has 
received considerable attention in recent years, 
because it can be used to define current diffuse or 
local deposition of contaminants (taylor, 2007; 
johnson & DeMetriaDes, 2011). Contaminated 
road sediment affects urban air quality and urban 
runoff. Gully pots are the first entry point of road 

runoff into the urban drainage network and are 
designed to trap some of the sediment carried by 
the runoff (taylor & oWens, 2009). The processes 
acting within gully pots are complex. During runoff 
events (wet weather processes), denser particles 
in the water will settle under gravity. However, 
there is usually a high degree of turbulence within 
the gully pot, which not only limits the amount 
of sediment that will settle down, but may also 
lead to the erosion and resuspension of existing 
sediment in the pot. Biochemical changes also 
take place within the gully pot. Most biochemical 
changes take place during periods between runoff 
events (dry weather processes) (taylor & oWens, 
2009). Sediments within gully pots are neither 
wholly subaerial nor subaqueous, but experience 
both conditions episodically dependent on 
weather conditions (taylor, 2007). The sources of 
road deposited sediments include vehicle exhaust 
emissions, vehicle tyre and body wear, break lining 
material, building and construction material, 
road salt, road paint and pedestrian debris, soil 
material, plant and leaf litter and atmospheric 
deposition (taylor, 2007). 

River bottom sediment is a mixture of mineral 
as well as organic material that is deposited on 
the bottoms of river channels (taylor et al., 2008). 
In case of constant water flow, bottom sediment 
is often eroded or re-suspended within a channel 
by flowing water, so the composition of sediment 
is constantly changing. The sources of river 
sediments have much larger background than road 
sediments and include mainly weathering of rock 
by physical, chemical and biological processes 
and the actions of wind and rain as mobilizing 
and transporting agents. The main natural 
sources of sediment to river are atmospheric dust 
deposition and wind erosion, mass movement 
events (landslides, debris flows, etc.) and erosion 
of soils by water. Within the river corridor, also 

Fig. 2. Sites of sediment 
deposition in urban areas 
(after taylor, 2007). In our 
study, sediments from gully 
pots and river channel beds 
(underlined with red) from 
Idrija urban area were 
investigated.
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erosion of channel banks, floodplain deposits 
and resuspension of channel bed sediments 
contribute to sediment loads. Anthropogenic 
sources are mines, construction sites, urban road 
network and mineral and organic material from 
point sources and industrial sites (taylor et al., 
2008).

Sample collection 

On 2.06.2011 two different types of urban 
sediments were collected - road sediments from 
gully pots of the urban drainage system (n=16) 
and active bottom stream sediments from the 
local streams flowing through the urban area 
(n=14). Altogether 30 samples were collected and 
sampling locations (Fig. 1) were spatially defined 
by a GPS device. The weather was sunny and 
windy and the last rain event (24-hour rainfall 
at 7 a.m. = 32.1 mm) was on 28.05.2011 (nMs, 
2012). Approximately 1 kg of urban sediment was 
collected at each sampling site with a scoop and 
stored in polyethylene bags. 

Sample preparation

In the laboratory, dry sieving was performed 
to collect two grain size fractions (<0.125 and 
<0.04 mm) for chemical analyses after aqua 
regia digestion. The preparation of samples for 
SEM/EDS analysis was performed according to 
Miler (2012). The sieved samples (n=5), (SS11 
(<0.04 mm), SS13 (<0.04 mm & <0.125 mm), 
SS15 (<0.04 mm) and SS21 (<0.04 mm)) were 
mounted on a double-sided carbon tape with the 
surface of 25 mm2 (the excess was blown off with 
compressed air) and sputter-coated with a thin 
layer of gold to achieve conductivity. Samples 
were analysed in a high vacuum using BSE 
mode on JEOL JSM 6490LV SEM coupled with 
Oxford INCA EDS system, comprising Oxford 
INCA PentaFET3 Si(Li) detector and INCA 
Energy 350 processing software at accelerating 
voltage 20 kV and working distance 10 mm. This 
instrument was used for qualitative chemical 
point analysis and for microphotographs in 
backscattered and secondary electron modes. 
Each analysed metal particle was characterized 
by its size, morphology and qualitative chemical 
composition measured by the EDS X-ray point 
analysis with an acquisition time 60 s. The particle 
size was determined by measuring their longest 
dimension using a measuring tool included in the 
JEOL SEM software. 

Chemical analysis after aqua regia digestion

Pseudo-total levels of PTTE were determined 
with inductively coupled plasma (ICP) mass 
spectrometry (MS) after aqua regia digestion at 
AcmeLabs, Canada-Vancouver (accredited under 
ISO 9001:2008). Certified reference materials 
(CRM) and replicate samples were used to control 
the quality analysis and detailed description is 
provided in Bavec and co-workers (2015). 

Scanning Electron Microscopy with Energy 
Dispersive Spectrometer

Solid phases of PTTE were investigated using the 
combination of scanning electron microscope (SEM) 
and energy dispersive spectrometer (EDS). SEM/
EDS analysis is useful to observe the morphology, 
chemical and mineral composition of individual 
solid particles on the micron level and thus serves 
as a complementary method to the conventional 
mineralogical and geochemical methods (Miler & 
Gosar, 2009a, 2009b, 2012, 2013; teršič, 2011; Miler, 
2012). Backscattered electron (BSE) images in the 
SEM display compositional contrast that results 
from different atomic number of elements and 
their distribution in solid particles, while the EDS 
enables qualitative and semi-quantitative chemical 
analyses and it allows to identify the elements that 
are present in the investigated samples as well as 
their relative proportions (atomic % for example) 
(Beane, 2004). The method is particularly effective 
for investigation of metals due to their chemical 
properties: metals are electron dense elements with 
high atomic numbers (Z) and effective electron 
backscatterers. Consequently they appear visibly 
bright in a low-Z matrix (araGon et al., 2000; 
Bernaus et al., 2005; Miler, 2012). In this study the 
SEM/EDS analysis was used as a complementary 
method for investigation of PTTE asscociations in 
urban sediment particles. 

Results and discussion

PTTE levels

The basic statistics of PTTE levels in the road 
sediment samples and stream sediment samples 
are presented in Table 1 and Fig. 3. To evaluate the 
PTTE levels in the studied sediments, the results 
were compared to the European background 
median levels (determined after aqua regia) of 
stream sediments (<0.15 mm) (salMinen et al., 
2005) and to The New Dutchlist action values for 
sediments (MhsPe, 2014) (Table 1, Fig. 3). Median 
values were selected for comparison, because 
strong positive skewness, kurtosis (Table 1) and 
histogram inspection showed that the bulk of 
values for all elements were clustered around the 
median on the left side of the histogram.

Box and whisker plots of PTTE levels in 
urban sediments (Fig. 3) show that for elements 
As, Cd, Cr, Mo and Zn the ranges of levels are 
wider and the medians are lower in the stream 
sediments in comparison to the road sediments 
for both grain size fractions. For Cu, the ranges 
of levels are narrower and the medians are lower 
in the stream sediments in comparison to the 
road sediments for both grain size fractions. For 
Ni and Co the ranges of levels and their medians 
are similar in both types of sediments (road 
and stream). The differences in basic statistical 
distribution (As, Cd, Cr, Mo, Zn and Cu) in 
road and stream sediments suggest that their 
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Table 1. Basic statistics of PTTE levels in road (n=16) and stream sediments (n=16) for grain size fractions <0.125 and <0.04 mm

Špela BAVEC

Element Unit LoD Fraction Type x Md Ave Min Max s Skew Kurt  

As mg/kg 0.1

<0.125 mm
ROAD 0 5.2 5.7 2 16.5 3.6 1.9 4

6* 
55**

STREAM 0 3.3 5.9 0.7 17.1 5.7 0.9 -0.3

<0.04 mm
ROAD 0 6.4 8.3 3.4 16.3 3.4 0.6 -1.2

STREAM 0 3.4 5.4 0.8 13.2 4.8 0.4 -1.6

Cd mg/kg 0.01

<0.125 mm
ROAD 0 0.6 0.7 0.4 1.3 0.2 1.4 1.5

0.29* 
12**

STREAM 0 0.4 0.6 0.1 2.9 0.7 3.1 10.5

<0.04 mm
ROAD 0 0.6 0.7 0.5 1.2 0.5 0.7 -1.1

STREAM 0 0.5 0.6 0.2 1.9 0.4 2.5 7.7

Co mg/kg 0.1

<0.125 mm
ROAD 0 4.6 5.1 2.9 10.3 2.2 1.3 0.7

8* 
240**

STREAM 0 5.9 6.4 4.3 11.4 1.9 1.3 1.8

<0.04 mm
ROAD 0 5.8 6.2 3.1 13.3 3.1 1.1 1.1

STREAM 0 6.7 6.5 3.9 10.5 1.9 0.6 -0.2

Cr mg/kg 0.5

<0.125 mm
ROAD 0 30.4 37.1 17.9 82.9 17.6 1.4 1.7

22* 
380**

STREAM 0 20.4 24.8 10.3 81.7 18 2.5 7.1

<0.04 mm
ROAD 0 32.7 34.7 18.5 55.5 18.5 0.7 0.1

STREAM 0 18 21.4 11.4 50.5 10.6 1.9 3.4

Cu mg/kg 0.01

<0.125 mm
ROAD 0 96.5 206.8 43.9 1369.5 315.9 3.4 12.4

15* 
210**

STREAM 0 45.8 59.1 13 166.6 40.8 1.4 1.9

<0.04 mm
ROAD 0 102.4 254.7 63.8 1988.4 63.8 3.7 14.2

STREAM 0 38.2 62.5 22.3 166 43.8 1.3 0.7

Mo mg/kg 0.01

<0.125 mm
ROAD 0 2.1 2.5 1.4 4.5 0.9 0.7 -0.7

0.6* 
200**

STREAM 0 1.3 1.4 0.6 2.7 0.6 1 0.7

<0.04 mm
ROAD 0 2.4 2.9 1.4 5.3 1.4 0.8 -0.3

STREAM 0 1.4 1.5 0.7 3.2 0.6 1.4 2.6

Ni mg/kg 0.1

<0.125 mm
ROAD 0 19.9 22 9.4 37.4 9.3 0.6 -1

17* 
210**

STREAM 0 17.2 17.5 10.5 38 6.2 2.7 9

<0.04 mm
ROAD 0 20.1 22.2 12.4 39.1 12.4 0.7 -0.2

STREAM 0 17.1 17.3 11.8 25.9 3.6 0.7 0.6

Pb mg/kg 0.01

<0.125 mm
ROAD 0 50 75 15.4 246.7 65.6 1.6 1.8

14* 
530**

STREAM 0 39.9 85.2 22.1 402.8 104.5 2.4 5.8

<0.04 mm
ROAD 0 57.1 87 19 326.4 19 1.9 3.2

STREAM 0 39.3 82.1 23.8 401.8 100 2.7 7.5

Zn mg/kg 0.1

<0.125 mm
ROAD 0 266.7 258.7 114.4 471.8 86.2 0.5 1

59.5* 
720**

STREAM 0 172.4 222.7 48.1 984.5 228.5 2.9 9.3

<0.04 mm
ROAD 0 326.4 313 162.8 471.9 162.8 0.1 -0.8

STREAM 0 172.5 224 68.7 848.4 195.9 2.5 7.2

Md= median; Ave= average; Min= minimum; Max= maximum; s= standard deviation; Skew= skewness; 
Kurt= Kurtosis; LoD = Limit of detection; x = Number of samples below lower LoD;* the European 
background median concentration (determined after aqua regia) for stream sediments ( <0.15 mm) 
(Salminen et al., 2005); **The New Dutchlist action value for sediments (MHSPE, 2014)
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geochemical distribution is potentially impacted 
by anthropogenic activities, while not for Ni 
and Co. The ranges and the medians of levels 
in different grain size fractions of road and of 
stream sediments are similar for all investigated 
PTTE (Fig. 3), which indicates that different grain 
size fraction (<0.125 mm and <0.04 mm) does not 
affect the geochemical distribution of PTTE in 
urban sediments of Idrija. 

In comparison to the European background 
medians for stream sediments (Table 1, Figure 
3), As, Co, Cr and Ni levels are not enriched, Mo 
levels are enriched up to 9 times, Cd levels up to 
10 times, Zn levels up to 17 times, Pb levels up to 
29 times and Cu levels up to 133 times in urban 
sediments of Idrija. For these enrichments again 
anthropogenic influences are possible due to the 
urban settlement of the investigated area.

Fig. 4. Particles containing Cu in associations with the following elements: (a) Hg-S-Cu, (b) Fe-O-Cu, (c) Cu-Fe-S, (d) pure Cu (e) Sn-Cu

Geochemical investigations of potentially toxic trace elements in urban sediments of Idrija
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In comparison to The New Dutchlist action 
values (MhsPe, 2014) (Table 1, Fig. 3), almost all 
investigated PTTE are below it, except Cu and Zn. 
In case of Cu the levels exceed The New Dutchlist 
action value (210 mg/kg; MhsPe, 2014) in 3 road 
sediments (SS8, SS13 and SS29). The sample SS8 
contains 305 mg/kg of Cu in the grain size fraction 
<0.125 and 350 mg/kg in the grain size fraction 
<0.04 mm. The sample SS13 contains 1370 mg/kg 
of Cu in the grain size fraction <0.125 and 1989 
mg/kg of Cu in the grain size fraction <0.04 mm. 
The sample SS29 contains 434 mg/kg of Cu in the 
grain size fraction <0.125 and 415 mg/kg of Cu in 
the grain size fraction <0.04 mm. For the extra high 
Cu levels that were determined in the sample SS13 
(<0.125 & <0.04 mm), two potential sources were 
observed. First is the vicinity of the manufacturing 
facilities of the company Kolektor. As already 
mentioned, the company Kolektor is a commutator 
production industry, which started in 1963 as a small 
factory, but developed into a worldwide successful 
company as it is today. Its manufacturing facilities 
are located on the right and on the left bank of the 
river Idrijca in the northern part of Idrija, where 
Hg ore roasting facilities used to be. Benčina (2007) 
also mentions that the company uses three types of 
water: sanitary, cooling and technology. The cooling 
water that is used for the cooling of the machinery 
from the production process is collected from the 
river Idrijca and after use it is returned back into 
the river Idrijca. The exhaust of cooling water that 
is released back into the river Idrijca is constantly 
monitored (Benčina, 2007). Second possible source 
of Cu is the Hotel Jožef that is situated near the road 
shaft. The cladding of the hotel consists mainly of 
an alloy of iron with the addition of copper (hotel 
jožeF, 2015). The reason for high Cu enrichments 
in the samples SS8 and SS29 are unknown. It is 
possible that there was some current local source of 
Cu spilled in the road shaft prior to the sampling. In 
the rest of the road samples Cu levels were low and 
in the stream sediment samples even lower. Copper 
enrichments are very local, but this indicates an 
obvious anthropogenic disturbance. In need of a 
special attention are sediments from the location 
SS13, because the concentrations are extremely 
high. In case the Cu loadings are constant, this could 
potentially cause negative local disturbance, since 
the sediments are discharged directly into the river 
Idrijca without any pre-treatment. In case of Zn 
the levels exceed The New Dutchlist action value 
(720 mg/kg; MhsPe, 2014) in one stream sediment 
(SS22) that contains 984.5 mg/kg of Zn in the grain 
size fraction <0.125 and 848.4 mg/kg of Zn in the 
grain size fraction <0.04 mm. The source for high 
Zn value in the sample SS22 could not have been 
recognized. 

Solid phases of PTTE regarding to SEM-EDS

Using SEM/EDS Cu was the only element 
abundantly recognized among the investigated 
elements in PTTE bearing phases, and even Cu 
particles were abundant in only one sample - SS13, 
which contained the highest Cu level. Some very 

interesting Cu associations with elements were 
observed (Fig. 4). Because of the diversity of Cu 
mineral phases, both grain size fractions (<0.125 
and <0.04 mm) were inspected. Following element 
associations were recognised:

•	 Cu with Hg and S in atomic ratio Hg : Cu : 
S = 4.07 : 4.72 : 8.30 (Fig. 4 example (a)). The 
size of the particle is 6 µm. This particle is not 
recognised as any known mineral Hg phase. 
However, we propose two possible origins of 
the element associations Hg-Cu-S. Firstly, 
based on the assumptions that Cu ore is not 
present in Idrija Hg ore deposit, that current 
industry (Kolektor) uses Cu-based alloy for the 
production of commutators for electrical motors 
(ule et al., 1994) and that the biggest waste 
in the manufacturing process of commutator 
production is primarily copper (Benčina, 2007), 
it is possible that Hg-Cu-S associations are 
of secondary origin (anthropogenic). It should 
be noted that the Hg-Cu-S associations were 
found in the sediment collected in a gully pot 
that is situated in the immediate vicinity of the 
Kolektor manufacturing facilities. Secondly, 
DroveniK and co-workers (1980) performed 
spectrochemical analyses of cinnabar and 
metacinnabar from Idrija ore deposit and 
found out that they contain from 1 to 200 
mg/kg of Cu. Therefore, it is possible that Cu 
was concentrated in secondary metacinnabar 
during roasting of cinnabar ore.

•	 Cu with Fe and O in atomic ratio Cu : Fe : O 
= 0.50 : 10.35 : 55.52 (Fig. 4 example (b)). This 
particle is a secondary authigenic (crystalized 
in situ) iron oxyhydroxide that has a rosette 
like morphology, which most probably 
entrapped traces of Cu into the crystals during 
growth (Cu partially substitutes for Fe in iron 
oxyhydroxide). Cu has a high tendency to 
bound to iron oxyhydroxides during low pH 
conditions. The size of the particle is 32 µm.

•	 Cu with Fe and S in atomic ratio Cu : Fe : O:  
S = 2.81 : 12.97 : 14.09 : 29.78 (Fig. 4 example 
(c)). This mineral phase is probably a product 
of iron sulfide oxidation and the mineral 
phase is recognised as an oxyhydroxy sulphate 
containing Cu (Cu partially substitutes for Fe 
in partially oxidised pyrite (iron oxyhydroxy 
sulphate)). The particle size is 32 µm.

•	 Metallic Cu in atomic ratio Cu = 28.53 (Fig. 
4 example (d)). This is a pure copper particle 
and it is undoubtedly anthropogenic, which is 
shown by its morphology. The shape of a particle 
is partialy rounded, composed of micron-sized 
crystals and it appears hollow. The size of the 
particle is 14 µm.

•	 Cu with Sn in atomic ratio Sn : Cu = 13.3 : 13.51 
(Fig. 4 example (e)). This is an anthropogenic 
particle (Sn-Cu alloy), known as bronze. The size 
of the particle is 82 µm.

A diversity of Cu mineral phases was observed 
in the sample SS13 and some particles are 
obviously of anthropogenic origin. 
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Conclusions

The investigation of levels of potentially toxic 
trace elements (As, Cd, Co, Cr, Cu, Mo, Ni, Pb and Zn) 
in urban stream and road sediments revealed that 
they are mainly within European background and 
below The New Dutchlist action values, only for Cu 
local enrichments were discovered in road sediments. 
Particularly in one road sediment an extremely 
high Cu level (1989 mg/kg) was determined in the 
vicinity of a commutator production industry. The 
Cu particles were inspected by SEM/EDS analysis 
that revealed a diversity of Cu associations with 
other elements in solid phases. 
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Abstract

The lithiotid limestone is characteristic for many Late Sinemurian – Pliensbachian tropical and subtropical 
carbonate platforms of the Neotethys and the Piemont-Liguria Oceans. On the northern edge of the ancient Adriatic 
Carbonate Platform (present NW External Dinarides) the lithiotid limestone forms a few hundred kilometres long 
belt. Sedimentological characteristics of the lithiotid limestone have been recorded in samples taken from three 
sections located in central Slovenia. Peloids, ooids, aggregate (lump) grains, benthic foraminifera, and micritised 
bivalve shells (cortoids) are the dominant grains. The microfacies association suggests restricted to open marine 
interior of a carbonate platform bordered by marginal sand shoals, or an inner ramp setting. Subtidal conditions 
were occasionally interrupted by emersions.

Izvle~ek

Litiotidni apnenec je značilna spodnjejurska litološka enota karbonatnega zaporedja številnih tropskih 
do subtropskih karbonatnih platform z obrobja Neotetide in Piemont-Ligurijskega oceana. Na severnem 
robu nekdanje Jadranske karbonatne platforme (današnji SZ Zunanji Dinaridi) se litiotidni apnenec razteza v 
smeri ZSZ-VJV v nekaj sto kilometrov dolgem pasu. Dosedanje poznavanje litiotidnega apnenca dopolnjujem s 
podrobnim sedimentološkim opisom vzorcev, nabranih v treh profilih na območju Krima v osrednji Sloveniji. Od 
klastov v apnencu prevladujejo peloidi, ooidi, agregatna zrna, bentoške foraminifere in delno mikritizirane lupine 
mehkužcev (kortoidi). Faciesna združba kaže na odlaganje v plitvem, nekaj metrov globokem morju razčlenjenem 
na zaprto laguno, odprto laguno, nakopičenja litiotidnih školjk in ooidne sipine. Podplimske pogoje so prekinjala 
kratkotrajna obdobja okopnitve vrha platforme, do katerih je pogosteje prišlo v spodnjem pliensbachiju. 

Introduction

The Early Jurassic sea-level rise (hallaM, 
2001), a gradual recovery of biota after the 
alleged biocalcification crisis in the latest Triassic 
(hautMann et al., 2008; Greene et al., 2012), and, 
in many cases, extensional tectonics (ruiz-ortiz et 
al., 2004; šMuc, 2005; verWer et al., 2009) brought 
a gradual change from flat, uniformly shallow and 
skeletal-poor carbonate platforms of the earliest 
Jurassic (Dozet, 1993; BucKović et al., 2001; azerêDo 
et al., 2003; eren et al., 2002; Barattolo & roMano, 
2005; PoMoni-PaPaioannou & KostoPoulou, 2008; 
WilMsen & neuWeiler, 2008; Bosence et al., 2009; 
oGorelec, 2009) into the middle Early Jurassic 
platforms characterised by the abundance of 
biota and a variety of facies types (Galli, 1993; 

FuGaGnoli & loriGa BroGlio, 1998; Masetti et 
al., 1998; BloMeier & reijMer, 1999; scheiBner & 
reijMer, 1999; coBianchi & Picotti, 2001; Fraser et 
al., 2004; WilMsen & neuWeiler, 2008). Among the 
more extensively researched carbonate platforms 
of the Early Jurassic is also the Adriatic Carbonate 
Platform (AdCP), a large carbonate platform with 
an approximate length of 600 km (DraGičević & 
velić, 2002; tišljar et al., 2002; vlahović et al., 
2002, 2005; čaDjenović et al., 2008), positioned in 
the western part of the Neotethys Ocean (thierry, 
2000; Bosence et al., 2009) (Fig. 1).

One of the most distinct facies types on the 
AdCP is the Late Sinemurian – Pliensbachian 
(according to saBatino et al., 2013 also earliest 
Toarcian) lithiotid limestone (Buser, 1965; 

© Author(s) 2015. CC Atribution 4.0 License
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Radoičić, 1966; šriBar, 1966; strohMenGer 
& Dozet, 1991; Dozet, 1992, 1996; Buser & 
DeBeljaK, 1996; DeBeljaK & Buser, 1997; turnšeK 
& Košir, 2000; tišljar et al., 2002; turnšeK et al., 
2003; čaDjenović et al., 2008; črne & Goričan, 
2008; Martinuš et al., 2012; Gale, 2014). At the 
northern part of the AdCP, structurally belonging 
to the north-western External Dinarides (Placer, 
1999), the lithiotid limestone extends in over 
100 km long belt from Trnovski gozd in the west 
towards Kočevje and further to the east-southeast 
(Buser & DeBeljaK, 1996). The lithiotid limestone 
was quarried south of Ljubljana and became 
known as the “Podpeč limestone” (raMovš, 2000; 
štuKovniK et al., 2011; KraMar et al., 2015). Dozet 
named it the Lithiotid Limestone Member of the 
Podbukovje Formation (Dozet & strohMenGer, 
2000) or the Lithiotid Limestone Member of 

the Predole beds (Dozet, 2009). On the basis of 
a detailed description of the lithiotid limestone 
from Trnovski gozd črne and Goričan (2008) 
advocated a ramp model for the northern part of 
the AdCP, gradually passing into the deep-water 
Slovenian Basin to the north, while previous 
studies suggested a rimmed carbonate platform 
model (Buser & DeBeljaK, 1996). 

The aim of this paper is to extend the current 
knowledge on the lithiotid limestone at the 
northern edge of the AdCP by giving a detailed 
description of the lithiotid limestone from the Mt. 
Krim area (central Slovenia) (Fig. 2). The described 
sections are subsequently compared with the 
lithiotid limestone from Trnovski gozd, described 
in črne and Goričan (2008). Finally, the question 
of the platform geometry is discussed.

Figure 1. Palaeogeographic map of the western Neotethys for Late Sinemurian. AdCP – Adriatic carbonate platform; AP – Apennine 
Carbonate Platform; P: Pelagonia; UMB – Umbria Marche Basin; TP – Trento Platform. Modified after thierry (2000) and Bosence 
et al. (2009).

Figure 2. Position of the 
studied area. Other localities, 
mentioned in the text (Kovk 
on Trnovski Gozd, Kočevje, 
R.p. – Radensko polje), are 
shown in other rectangles.
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Geological setting

The northern part of the AdCP structurally 
belongs to the External Dinarides, which 
represent a deformed margin of the Adriatic 
tectonic microplate. The deformations in the 
External Dinarides are due to post-Cretaceous 
collision with the European plate, accompanied 
by folding and thrusting in SW direction during 
Late Cretaceous to Paleogene (Placer, 1999; 
vraBec & FoDor, 2006; Placer, 2008; Kastelic et 
al., 2008). The thrust units, from the uppermost to 
the lowermost, comprise: the Trnovo Nappe, the 
Hrušica Nappe, the Snežnik thrust block, and the 
Komen thrust block (Fig. 3). Thrust blocks consist 
of Late Paleozoic to Middle Triassic clastics and 
carbonates, followed by carbonates deposited on 
the AdCP. Towards north, the External Dinarides 
border the Tolmin thrust unit of the Southern 
Alps along the South-alpine reverse fault and the 
Marija Reka fault. The Tolmin thrust unit mostly 
comprises deep water sediments of the Slovenian 
Basin, originally extending along the northern 
margin of the AdCP (Placer, 1999). Thrusts are 
further cut and displaced by dextral strike-slip 
faults active since the Pliocene (vraBec & FoDor, 
2006; Kastelic et al., 2008; Kastelic & caraFa, 
2012).

The Mt. Krim area structurally belongs to the 
Hrušica Nappe of the External Dinarides (Placer, 
1999). The geological structure of this territory was 
established by liPolD (1858), KraMer (1905), vetters 
(1933), Buser et al. (1967), Buser (1968), and Miler 
and Pavšič (2008). The Mt. Krim area mostly consists 
of Upper Triassic to Middle Jurassic shallow water 
carbonates (Buser et al., 1967; Buser, 1968, 1989; 
oGorelec & rothe, 1993), which today form the 
southern hilly rim and the southern basement 
of the younger, post-Pliocene tectonic Ljubljana 
Moor Basin (jaMšeK ruPniK et al., 2015). Mesozoic 

carbonates are dissected by N-S and WNW-ESE to 
NW-SE running faults (Buser et al., 1967; Buser, 
1968) (Fig. 4).

The Lower Jurassic succession in the Mt. Krim 
area conformably overlies the Norian-Rhaetian 
Main Dolomite (Fig. 5), which is characterised 
by medium to thick-bedded crystalline dolomite, 
laminated fenestral dolomite and intraclastic 
breccia, marking cyclically interchanging shallow 
subtidal, intertidal and supratidal conditions 
(oGorelec & rothe, 1993; Miler et al., 2007; 
Miler & Pavšič, 2008). The lowermost Jurassic 

Figure 4. Geologic map of 
the Mt. Krim area. Modified 
after Buser et al. (1967) and 
Buser (1968).

Figure 3. Structural map of the south-western Slovenia. 
Simplified after Placer (1999).
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(Hettangian-Sinemurian) succession consists 
of medium to thick-bedded coarsely crystalline 
dolomite, finely laminated dolomite, bedded 
micritic, rarely peloidal and oolitic limestone. 
Emersion surfaces are indicated by red-stained 
irregular upper bedding planes. This succession 
also deposited in peritidal and shallow subtidal 
setting (Miler & Pavšič, 2008; oGorelec, 2009). 
Discontinuous, up to several tens of meters thick 
bodies of mud-supported breccia are locally 
present (Buser, 1965), as well as up to a meter 
wide dikes, filled with large angular blocks of 
dolomite in dolomitised matrix (visible along 
road cut south of Pijava Gorica). Upwards, oolitic 
and bioclastic limestone predominates, gradually 
passing into dark grey to black limestone with 
lithiotid bivalves, bioclastic packstone, floatstone, 
ooid packstone and grainstone (Buser & DeBeljaK, 
1996; Miler & Pavšič, 2008). On the basis of lithiotid 
bivalves and foraminifera, a Late Sinemurian-
Pliensbachian age has been determined for the 
lithiotid limestone (Buser & DeBeljaK, 1996; Gale, 
2014). Discontinuous, but much rarer bodies of 
black limestone breccia can be laterally found 
(Buser, 1965), for example west of Jezero. The 
Lower Jurassic succession ends with the Toarcian 
thin-bedded, often nodular micritic limestone (A. 
Košir, pers. com.). The Middle Jurassic succession 
consists of mostly strongly dolomitised thick 
succession of oolitic limestone (Buser, 1965, 1968; 
Miler & Pavšič, 2008). 

Material and methods

The facies analysis of the “Podpeč limestone” 
is based on three detailed sections, namely the 
Zalopate (45°56'09'' N, 14°27'21'' E), the Podpeč 
quarry (45°58'22'' N, 14°25'16'' E) and the Grad 
(45°55'46'' N, 14°30'14'' E) sections (Fig. 4). Bed 
thickness classification follows tucKer (2001). 

Altogether, 63 thin sections were investigated and 
described according to terminology of DunhaM 
(1962), and eMBry and Klovan (1971). The proportion 
of grain types was estimated with the use of 
comparison charts of Bacelle and Bosellini (1965). 
Sand-size, roughly spherical homogenous lime-
mud particles are termed peloids sensu FrieDMan 
(2003). Microfacies (MF) types were compared to 
Standard Microfacies Types in FlüGel (2004).

Description of sections

The Zalopate section (Fig. 6) is 42.5 m thick 
and consists mostly of grey to black limestone of 
variable textures. Bed thickness ranges from 6 cm 
to 320 cm, but thicker beds predominate in the 
lower part of the section, whereas thin to medium 
thick beds are more common in the upper half of 
the section. The texture of the limestone varies 
from mudstone to floatstone with grainstone 

Luka GALE

Figure 6. The Zalopate section. This is the lower part of the 
“Podpeč limestone” s.l. (note the scarcity of lithiotid bivalves). 
Late Sinemurian – early Early Pliensbachian. Number in 
brackets denotes the microfacies type.

Figure 5. Lower Jurassic lithological succession in the Mt. 
Krim area, and comparisson to the lithostratigraphic division 
proposed by Dozet and strohMenGer (2000) for the Suha krajina 
and by Dozet (2009) for the Radensko polje. The positions of 
the measured sections are shown with gray rectangles.
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Figure 7. The lithiotid-rich “Podpeč limestone” from the type locality in the Podpeč quarry. Two overlapping sections were 
measured. Early Pliensbachian. Number in brackets refer to mikrofacies type.

Microfacies characteristics of the Lower Jurassic lithiotid limestone from northern Adriatic Carbonate Platform
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support, often within the same bed, either through 
grading, or through irregular mixing (at least in 
part due to bioturbation) and lateral pinching out. 
Normal grading is the most common sedimentary 
structure. Some accumulations of fossils (mostly 
fragmented bivalve shells) can be found at the 
bottom of beds. Bivalve shells are more commonly 
dispersed in oolite. Several bedding planes show 
irregular morphology, reddish colouration, and 
thin intercalations of red or yellow claystone. 
Lithiotid bivalves are rare, and only up to 5 cm 
long, undetermined specimens were found, in one 
case accumulated above a score structure, cutting 
through mudstone with birdseyes-type porosity 
and red clayey surface. Cross-lamination is rarely 
found in oolitic limestone. The section is placed in 
the Orbitopsella primaeva partial-range zone of 
Late Sinemurian to early Early Pliensbachian age 
(velić, 2007; not into the early Late Sinemurian 
Lituosepta recoraensis zone as stated in Gale, 
2014).

In the Podpeč quarry two sections were logged 
and correlated: Podpeč 1 (33 m thick) and Podpeč 2 
(12 m thick) (Fig. 7). Limestone predominates, but 
up to several centimetres thick intercalations of 
red claystone are common. The measured section 
starts with 3 m thick packstone/grainstone with 
superficial ooids and recrystallised bivalve shells 
concentrated near the upper bedding plane in a 20 
cm thick layer. Grainstone is followed by almost 
7 m thick packstone/grainstone with lithiotid 
bivalves oriented perpendicular to the bedding 
plane, with commissures oriented upwards (i.e., 
preserved in toto). A 20 cm thick limestone bed 
with claystone intercalations follows. Throughout 
the rest of the section thick to very thick limestone 
beds predominate. Grey oolitic limestone is the 
most common lithological type. Dispersed bivalve 
shells may be present. Gradual transition from 
oolite into micritic limestone or vice versa is 
common. Oncoids are frequent in the upper part 
of the section. Mudstone and wackestone are 
also present. The latter may contain dispersed, 
randomly oriented terebratulid brachiopods or 
megalodontid bivalves. Limestone beds are often 
separated by red claystone layers, which may be 
several centimetres thick. Red claystone partings 
are common near the top of individual beds, and 
may be present also inside limestone beds. Irregular 
subvertical pockets filled with yellowish claystone 
were also found near the top of the measured 
section (8.5 m above the base of Podpeč 2 section 
in Fig. 7). Some limestone beds and claystone 
interlayers contain accumulated shells of lithiotid 
bivalves oriented parallel to the bedding plane, but 
often with both valves preserved together. Up to 15 
cm large fragments of shells are commonly found 
eroded from the latter. According to Buser and 
DeBeljaK (1996), Lithioperna scutata is present 
in the lower part of the Podpeč quarry succession, 
whereas Cochlearites loppianus appears higher. 
The section belongs to the Early Pliensbachian 
Orbitopsella praecursor taxon range zone (Gale, 
2014).

The Grad section measures 8 m in thickness 
(Fig. 8). Medium to thick beds predominate, which 
are internally often heterogenous. Mudstone, 
wackestone, bioclastic and ooid packstone, 
floatstone and rudstone with brachiopods and 
bivalves were determined in the field. Few beds 
have wavy lower boundaries and chaotic shell 
accumulations at the bottom, gradually passing 
into ooid packstone and wackestone. Lithiotid 
bivalves are present, but shells are randomly 
distributed and fragmented. The section 
belongs to the Early Pliensbachian Orbitopsella 
praecursor taxon range zone (Gale, 2014).

Luka GALE

Figure 8. The Grad section of the lithiotid limestone (“Podpeč 
limestone” s.str.). Early Pliensbachian. Numbers in brackets 
denote the microfacies type.
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Microfacies description

Eleven microfacies (MF) types were recognised, 
although subtle variations in some of them could 
lead to several subtypes. Comparison of described 
MF types with standard microfacies types (SMF) 
is given in Table 1. 

MF 1 – Mudstone

A very common facies type is grey or black 
micritic limestone in thin to very thick beds. 
Micritic matrix is devoid of grains. Fenestrae (5 % 
of the thin section surface) show geopetal fabric 
formed by crystal silt in the lower and blocky spar 
in the upper part (Fig. 9.1).

MF 2 – Lithiotid floatstone to rudstone

Lithiotid bivalves are commonly accumulated 
in several horizons in Grad and Podpeč sections, 
whereas only up to several centimetres large 
specimens were recorded in the Zalopate section. 
Shells comprise up to 50 % of the thin section 
surface. They are partly neomorphically altered 
into blocky spar, and retain fibrous outer layer. 
They are embedded into peloidal wackestone or 
packstone with some fenestrae (Fig. 9.2-9.3). Small 

fragments of shells are common and rare benthic 
foraminifera are present.

MF 3 – Peloidal wackestone-packstone with 
Thaumatoporella

This MF type was found in thin to medium-
thick beds of the Zalopate section. The distinct 
feature of this microfacies is the abundance of 
the problematic algae Thaumatoporella and 
a low abundance of benthic foraminifera. The 
matrix is peloidal-bioclastic wackestone with 
some fenestrae, and with up to 45 % of grains. 
Peloids represent 80–90 % of grains. Subordinate 
are benthic foraminifera (Meandrovoluta 
asiagoensis, Textularia sp. and Siphovalvulina 
spp. predominate), mollusc fragments and 
Thaumatoporella thalli. Micritic matrix in places 
appears clotted (Fig. 9.5). 

MF 4 – Peloidal wackestone to packstone

This MF type is similar to MF 3 by the high 
abundance of peloids, but contains more diverse 
biota. It was found in medium to very thick beds and 
is rather common in all sections. Accumulations of 
lithiotid shells are sometimes present in the lower 
part of the same beds.

Table 1. Comparison of the determined microfacies (MF) types with Standard Microfacies Types from FlüGel (2004).

Described microfacies 
Type

Standard Microfacies Type 
(Flügel, 2004)

Occurrence on flat-top 
platform

Occurrence on ramp

1: Mudstone SMF 23 FZ 8 (tidal flat) Inner ramp

2: Lithiotid floatstone to 
rudstone

SMF 12-Lithiotid
FZ 8 (restricted platform 
and tidal flat), FZ 7 (open 
platform)

Inner ramp

3: peloidal wackestone-
packstone with 
Thaumatoporella

?SMF 18

FZ 8 (restricted platform; 
as bar sand channels, sand 
shoals heaped up by tidal 
currents in shallow lagoon 
and bays),

FZ 7 (shelf lagoon with open 
circulation)

Inner ramp

4: Peloidal wackestone to 
packstone

SMF 16- Non-laminated to 
SMF 10

FZ 7 (open shelf lagoon)

FZ 8 (restricted platform)
Inner ramp

5: Bivalve floatstone to 
rudstone

SMF 12-Bs
FZ 8 (restricted platform)

FZ 7 (open platform)
Open inner ramp

6: Oncoidal-peloidal  
floatstone

SMF 22
FZ 8 (low-energy part of 
shallow lagoon and tidal 
zone)

Middle and outer ramp

7: Coated bioclastic 
floatstone with peloidal-
bioclastic wackestone-
packstone matrix

SMF 10 FZ 7 (open shelf lagoon) Inner ramp

8: Peloidal grainstone SMF 16-Non-laminated
FZ 8 (shallow platform 
interior)

Inner ramp

9: Cortoid floatstone to 
rudstone with peloidal-
bioclastic grainstone matrix

(no single analogue; mostly 
SMF 14)

Shallow platform interior 
with moderate to high water 
energy

Inner ramp (shoal)

10: Bimodal poorly to 
medium sorted ooidal-
peloidal grainstone

SMF 17
FZ 7 (shallow open shallow 
platform)

(very rare)

11: Well sorted ooidal 
grainstone

SMF 15
FZ 8 (restricted lagoon)

FZ 7 (oolitic shoals, tidal 
bars, beaches) 

Inner ramp

Microfacies characteristics of the Lower Jurassic lithiotid limestone from northern Adriatic Carbonate Platform
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Figure 9. Microfacies types of the Podpeč limestone. 

1 – Mudstone with fenestrae, partly filled with crystal silt (arrowhead). Thin section 416. 

2 –3 Lithiotid rudstone. Thin section 412.

4 –5 Thaumatoporella wackestone-packstone. Thaumatoporella thallus is marked with the arrowhead. Thin section 426. 

6 –7 Peloidal wackestone to packstone. Thin section 336.

8 – Bivalve rudstone. Thin section 323. 

Grains represent 40–50 % of the thin section 
surface, and are well to very well sorted (Fig. 9.6). 
Peloid size is 0.1–0.15 or 0.2–0.35 mm.

Subangular to well-rounded peloids 
predominate (60–80 % of clasts; Fig. 9.7). Mollusc 
fragments (in some thin sections with micritic 
outlines) and micritic intraclasts represent 5 % of 
grains each. The rest of the clasts are represented 
by small benthic foraminifera (Meandrovoluta 
sp., Lagenina), pellets (Parafavreina sp.), 
microproblematica Thaumatoporella sp., green 
algae, echinoderms, and ostracods. Aggregate 
grains (mature lumps) are very rare. Subangular, 
sub-elongated mudstone intraclasts (mudchips) 
are rarely present.

Into microspar recrystallised matrix is 
bioturbated and contains some fenestrae. Vugs, 
filled with blocky spar, represent 2.5–5 % of the 
thin section surface. 

MF 5 – Bivalve floatstone to rudstone

Present in medium thick beds, without 
apparent orientation of shells or with convex side 
turned downwards.

This MF is characterised by accumulation of 
up to several milimetres large bivalves and rare 
gastropods embedded in micritic matrix (Fig. 
9.8). Both valves are present, mostly unbroken, 
without micritic outlines, and positioned oblique 
or parallel to bedding. The original shell material 
is replaced by blocky spar. Microcrystalline spar 
is present at the bottom of some valves, succeeded 
by blocky spar, suggesting dissolution of shells. 
Ostracods are very rare. 

MF 6 – Oncoidal-peloidal floatstone

This type of microfacies was recorded in thick 
beds, overlying oolite with intraclasts and passing 
into ooid-intraclastic packstone to rudstone. 
It may also form a homogenous texture within 
individual beds.

This MF is characterised by 20–40 % of 
4–12 mm large oncoids with micritic inner 
structure. Some peloids, small spar crystals, 
encrusting foraminifera, and microproblematica 
Thaumatoporella are found within the oncoids. 
A possible partly bored sponge was found in 
the center of one of the oncoids. Two subtypes 
may be distinguished on the basis of the matrix 
surrounding the oncoids.

In the first subtype, oncoids are embedded in 
packstone matrix (Fig. 10.1). Patches of peloidal 
grainstone with intergranular drusy mosaic spar 
are present along the packstone. Grains comprise 
50 % of the area. They are poorly sorted, with an 
average size 0.15 mm. Peloids predominate (80 % of 
grains) over intraclasts (10 %), foraminifera (4 %), 
bivalve fragments (3 %), and microproblematica 
Thaumatoporella and Tubiphytes (2 %). 
Gastropods, echinoderms and green algae are 
very rare. Large lituolid foraminifera are rarely 
present. Echinoderm plates are overgrown by 
sintaxial calcite.

In the second subtype, oncoids are embedded 
in wackestone with patches of packstone (Fig. 
10.2). Washed-out patches are rarer (2.5 % of 
surface), filled with drusy mosaic cement. Peloids 
are the dominant grain type. Superficial ooids, 
foraminifera, intraclasts, echinoderms, and serpulid 
fragments are subordinate.

MF 7 – Coated bioclastic floatstone with peloidal-
bioclastic wackestone-packstone matrix

Present in medium to very thick beds, in places 
with erosional lower bedding planes. 

Grains measuring 2–5 mm represent up to 
25 % of the thin section area (Fig. 10.3–10.4). They 
consist of bivalve fragments, rarely gastropods, 
brachiopod shells, and aggregate grains. Fossils 
are neomorphically altered into mosaic or 
granular spar. Some are rounded due to abrasion/
bioerosion, strongly bored at the surface or 
have micritic coatings. The supporting matrix is 
represented by peloidal-bioclastic wackestone-
packstone with 30-50 % of grains (Fig. 10.5). These 
are dominated by peloids (80 % of grains). Common 
are mollusc shell fragments (10–15 % of grains), 
which are angular, without micritic outlines. 
Foraminifera (up to 5 % of grains diverse small 
and large benthic forms) and echinoderms (2.5 % 
of grains) are always present, whereas amount 
of superficial ooids varies (0–5 %). Gastropods 
(Fig. 10.6), ostracods, dasyclad green algae, and 
brachiopods are rare to very rare. Almost 2 mm 
wide stromatactis-like cavities are rarely present, 
filled with blocky spar.

Remark: This MF could alternatively be 
assigned to SMF 11 (Coated bioclastic grainstone), 
occuring in winnowed platform edge sands, rarely 
in inner- and middle-ramp settings. In Table 1, it 
is attributed to SMF 10 (Bioclastic packstone and 
grainstone with worn skeletal grains).
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MF 8 – Peloidal grainstone

Present in medium thick beds with cross-
lamination, and massive beds.

This MF is distinguished from MF 7 in the 
smaller amount of clasts larger than 2 mm, and a 
lack of micritic matrix. 

Up to 4 mm large clasts (up to 5 % of the surface) 
comprise mudstone and wackestone intraclasts, 
fragmented bivalve shells with microborings on 
the outer surface, gastropods, and large benthic 
foraminifera. Clasts are parallel to the bedding 
and are floating in peloidal grainstone.

Around 50 % of the peloidal grainstone 
consists of grains. These are well to very well 
sorted (Fig. 10.7–10.8). Rounded, 0.1–0.2 mm or 
0.2–0.35 mm large peloids (in this case “pseudo-
ooids”) predominate (70 % of clasts). Subordinate 
are cortoids of small mollusc fragments (10 % of 
grains), replaced by spar, sub-rounded to angular 
in shape, and sub-elongated or isometric in form. 
Superficial ooids (10 % of grains) have nuclei 
of mollusc fragments, echinoderms or peloids. 
Echinoderms, foraminifera and lumps comprise 
each 5 % of grains. Gastropods and calcimicrobes 
are very rare. 

Grains are surrounded by circumgranular 
bladed spar. The remaining intergranular space is 
filled with mosaic spar. Sintaxial cement is present 
around echinoderm plates.

MF 9 – Cortoid floatstone to rudstone with 
peloidal-bioclastic grainstone matrix

This is a very common microfacies, building 
medium to very thick beds. The latter are often 
normally graded, with large bioclasts concentrated 
in the lower part. Indistinct grading may be present, 
with rudstone passing into floatstone. Larger 
bivalve shells are usually parallel to bedding, but 
variably concave- to convex-upwards. Geopetal 
structures may be present in gastropod shells. 
Lamination due to differences in grain size is in 
places present in the grainstone matrix.

Clasts larger than 2 mm (up to 11 mm in 
diameter) comprise 10–50 % of the rock volume. 
They are mostly bivalve shells with micritised outer 
surfaces and replaced by mosaic spar (Fig. 11.1-

11.2). Micritic coatings are also present. Packstone 
or mudstone matrix clings to some shells. Some 
large intraclasts with keystone vugs are locally 
present (Fig. 11.5). A minor part of larger clasts 
belongs to abraded and on the outside micritised 
gastropods. Their lumen is filled with packstone 
or with mudstone. Large benthic foraminifera, 
calcimicrobe Cayeuxia, dasyclad green algae 
geniculi, echinoderms, and packstone intraclasts 
represent a smaller amount of large grains.

The described large clasts float in peloidal-
bioclastic grainstone (Fig.11.3–11.4). The mean 
size of peloids is around 0.2 mm, whereas bioclasts 
measure 0.5–1 mm. Grains are well rounded, 
sub-elongated to spherical in shape. Peloids or 
superficial ooids predominate (around 80 % of 
smaller grains). The rest of the smaller grains 
are echinoderms (some with micritised outlines), 
mollusc fragments, benthic foraminifera, dasyclad 
green algae, brachiopod fragments, and aggregate 
grains.

Grains are surrounded by fibrous to bladed 
circumgranular cement. The remaining intergranular 
space is filled with mosaic spar. Larger vugs and 
umbrella-type vugs beneath some bivalve shells 
are filled with drusy mosaic spar. Echinoderms are 
enclosed in sintaxial cement.

Remark: There is no single SMF type to describe 
rudstone to floatstone with grainstone matrix. 
Instead, comparable lithology is interpreted as 
storm deposit (Pl. 127, fig. 2 in FlüGel, 2004; see 
also caracuel et al., 2005).

MF 10 – Bimodal poorly to medium sorted 
ooid-peloidal grainstone

This type of microfacies was recognised in 
thin beds, in very thick beds with inverse-to-
normal grading, or in very thick beds with bivalve 
accumulations at the base. It was also encountered 
as lense-shaped accumulations.

Grains represent 60% of the volume and are 
bimodally distributed (Fig.11.6–11.7). Sorting 
is poor to moderately good. Grains are in point 
contacts. Larger grains (diameter 0.3 or 0.5–0.8 
mm) are represented by ooids and aggregate 
grains. Interstices between larger grains are more 
or less densely filled with smaller ooids (diameter 
0.05–0.07 mm) and peloids.
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Figure 10. Microfacies types of the Podpeč limestone.

1 – Oncoidal floatstone with packstone matrix. Thin section 524.

2 – Oncoidal floatstone with wackestone matrix. Thin section 518. 

3 – Floatstone with packstone matrix. Thin section 328.

4 – Floatstone with dense wackestone matrix. Thin section 424a.

5 – Wackestone matrix of floatstone. Fragmented fossils, ostracods and peloids. Thin section 423.

6 – Gastropod shell replaced by drusy mosaic spar. Crossed nicols. Floatstone with wackestone matrix. Thin section 423.

7 – Peloidal grainstone. Thin section 534. 

8 – Peloidal grainstone. Note a small radial ooid (white arrowhead) and spar-replaced bioclasts (black arrowhead), the majority of  
which have micritic outline. Thin section 331. 
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Peloids account for 40 % of grains. They 
are very well rounded and have hazy outlines. 
They are often grouped into small patches. 
Aggregate grains (lumps and mature lumps) 
represent around 30 % of grains. They consist 
of ooids, bounded by micritic meniscus cement. 
Spheroidal ooids represent approximately 20 % 
of grains. They are largely micritised and partly 
recrystallised; it is thus difficult to distinguish 
whether they were concentric or radial. Their 
nuclei include neomorphically altered shell 
fragments, echinoderm plates, rarely small 
gastropods, but most are micritic/micritised. 
The cortex (often micritised) consists of 9–15 or 
more laminae, each 8–10 µm thick. The cortex/
nucleus ratio is 41–56 %. Superficial ooids, 
formed around large benthic foraminifera, and 
a few spiny ooids are also present (Fig. 12.1). A 
minor amount of grains belongs to intraclasts of 
peloidal packstone. Cortoids (up to 5 % of clasts) 
are mostly small fragments. Some larger bivalve 
shell fragments have strongly micritised outer 
surfaces. Some have uneven micritic coatings. 
The shells themselves are replaced by spar. 
Isolated (i.e., not included into ooids) benthic 
foraminifera are rarely found. Gastropods are 
rare.

Intergranular space is filled with drusy mosaic 
spar. 

MF 11 – Well-sorted ooid grainstone

This type is present in medium thick beds 
with slight cross lamination, in thick and 
very thick beds (also following bivalve shell 
accumulation at the base), and as lens-like 
accumulations.

Grains represent 50 % of the volume. Sorting 
is good to very good (Fig. 12.2–12.3, 12.5). Grains 
are in point contacts. Two MF 11 subtypes are 
distinguished on the basis of the prevalent ooids 
sizes: MF11a with 0.15-0.35 mm (mean size 0.30 
mm) large ooids (Figs. 12.2-12.3, 12.5), and MF11b 
with 0.35-0.55 mm (mean size 0.40 mm) large ooids 
(Figs. 12.4, 12.6). In places, lamination is visible 
due to a slight change in grain size and packing 
(Fig. 12.3). The lamina boundaries may be slightly 
undulating and sharp (Fig. 12.5).

Ooids are spheroidal and present 95 % of grains 
(Fig. 12.4). Nuclei are usually micritic, although 
small benthic foraminifera, mollusc fragments 
and echinoderm remains are present. As in MF 
10, ooids are mostly strongly micritised, but 
there appears to be fewer (up to nine) laminae in 
cortices. The ratio cortex:nucleus amounts to up to 
45 % for the thickest ooids. Few superficial ooids, 
formed around shell fragments, foraminifera and 
echinoderms, are also present. Spiny ooids are 
very rare, as well as broken and half-moon ooids.

The remaining grains are neomorphically 
altered shell fragments (mostly free of micritic 
coating), echinoderms, gastropods, aggregate 
grains, and very rare green algae, ostracods, and 
brachiopod fragments. Foraminifera were found 
only as ooid nuclei.

Grains are rimmed by fibrous to bladed 
spar (Fig. 12.6), succeeded by drusy mosaic 
intergranular cement (Fig. 12.4). Sintaxial cement 
is present around echinoderm plates, and ooids 
are partly recrystallised. Keystone vugs, filled with 
drusy mosaic spar are common. Slightly irregular 
laminae of crystal silt are sometimes present 
within grainstone (Fig. 12.6).

Discussion

Interpretation of the studied sections

Reddish colouration of upper bedding planes, 
thin irregular intercalations of claystone and in 
one case subvertical pipes filled with yellowish 
claystone correspond to palaeosol and palaeokarst 
surfaces (Martinuš et al., 2012; see also Buser 
& DeBeljaK, 1996), and suggest deposition in 
a very shallow sea, frequently interrupted by 
emersions. Spiny ooids are also indicative of 
vadose conditions (FlüGel, 2004). On the basis 
of the thickest bed (7 m in Podpeč section), and 
the abundance of paleosol horizons in the Podpeč 
section, the water depth might have been only a 
few meters.

Lithiotid bivalves preserved in living position 
in the lower part of the Podpeč section suggest a 
short transport of lithiotid shells found in slightly 
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Figure 11. Microfacies types of the Podpeč limestone.

1 – Bioclastic floatstone-rudstone with peloidal grainstone matrix. Note the neomorphic replacement of mollusc shells by drusy  
mosaic spar (arrowhead) and the sindepositional pore space beneath the shell, filled by spar (S). Thin section 523. 

2 – Bioclastic rudstone with peloidal grainstone matrix. Thin section 429d. 

3 – Details of the grainstone matrix. Note the highly micritised bioclasts (B), a large rounded micritic clast (completely recrystallised  
bioclast?) and a fragment of benthic foraminifera (arrowhead). Thin section 417. 

4 – Details of the grainstone matrix. Note the crude lamination due to the difference in grain size and sorting (arrowhead points at  
the sub-horizontal boundary). Thin section 528. 

5 – Large lithified intraclast (peloidal grainstone with large keystone vugs (K) – cemented beachrock) in bioclastic rudstone.  
Arrowhead points at the intensely cemented intraclast boundary. Thin section 420. 

6 – Bimodal poorly to medium sorted ooid grainstone. Note large bivalves (B), keystone vugs (K) partly filled with internal sediment  
and some aggregate grains (arrowhead). Thin section 413.

7 – Bimodal poorly to medium sorted ooid grainstone. Note crude lamination (laminae running from top left to lower right)  
suggested by grain density. Thin section 429c, not oriented. 
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younger claystone beds. It is also possible that 
accumulations of lithiotid shells in claystone result 
from subaerial exposure of the entire buildup, 
resulting in its demise, so these individuals may 
also be preserved in situ (hence the preservation 
of both valves).

Birdseyes vugs and cortoids further agree 
with deposition in a very shallow marine setting 
(FlüGel, 2004). A mixture of high- and low-
energy environment and/or events is suggested by 
the co-presence of ooids and oncoids (turbulent 
water) and micritic limestone (stagnant water), 
and is reflected in the mixture of high and low 
energy microfacies types. Chaotic accumulations 
of mollusc shells suggest occasional influence of 
high water-energy events, such as storms (Masetti, 
2002; FlüGel, 2004).

The microfacies (MF) association agrees 
with the interpretation of the shallow-marine 
sedimentary environment (Table 1). Although MF 
types 1, 2, 3 and 5 were described only from the 
Podpeč section, and MF 6 only from the Zalopate 
section, this is attributed to the sampling bias, 
because only a small proportion of beds were 
sampled for microscopy. 

The northern part of the Adriatic  
Carbonate Platform

On the basis of several schematic sections, 
Buser and DeBeljaK (1996) suggested a rimmed 
carbonate platform model. They positioned the 
Podpeč area close to the oolitic margin of the 
platform. A similar position was envisaged for 
the Špik section in Trnovski gozd. The ooid-rich 
margin of the platform is followed landward by 
a restricted lagoon in which mud-rich limestone 
with low energy index deposited (Buser and 
DeBeljaK, 1996). Dozet (1999) later described 
lithiotid limestone near Kočevje, where lithiotid-
bearing dolomite is intercalated with thin layers 
of fine-grained intraformational breccia and coal-
bearing horizons.

In contrast, Črne and Goričan (2008) suggested 
the ramp type model on the basis of similarities of 

the Kovk section with the Rumija in Montenegro. 
The lithiotid limestone in the Kovk section was 
divided into three units (črne and Goričan, 
2008). The lowermost of these comprises thick 
bedded peritidal limestone (subtidal wackestone, 
rarely packstone, inter- to supratidal fenestral 
mudstone or fenestral peloidal packstone, rarely 
peloidal grainstone with few ooids) with lithiotid 
bivalves. The second subunit consists of peloidal 
grainstone with ooids, and the third of peritidal 
wackestone and packstone with bivalves of the 
lithiotid facies. According to črne and Goričan 
(2008), Kovk section belongs to the inner ramp 
setting.

The herein described association of microfacies 
types agrees with both interpretations (Table 1), 
and may correspond to the inner-ramp setting, or 
to the open and restricted lagoon interior of the 
rimmed platform model (FlüGel, 2004). However, 
the rimmed platform model is herein preferred 
due to the following reasons:

(1) cortoids and aggregate grains are more 
common on a rimmed platform (FlüGel, 2004), 
although they are not excluded from ramps;

(2) a rimmed platform would be more prone 
to small sea-level falls, and emersions are 
common in recorded sections, especially in the 
Podpeč sections;

(3) the ramp model suggests that all known 
localities of the lithiotid limestone belong to 
the inner ramp setting (Fig. 13.1); this also 
suggests that an entire middle and outer ramp 
are currently missing due to latter thrusting or 
breaking of the AdCP margin;

(4) the rimmed carbonate platform model on 
the contrary suggests a more widespread 
palaeogeographic distribution of localities 
(Fig. 13.2), and a less drastic post-Cretaceous 
crust shortening.

Conclusions

The microfacies association recorded in 
the Late Sinemurian – Pliensbachian lithiotid 
bivalves-bearing limestone at the northern 
margin of the Adriatic Carbonate Platform 
comprises: (1) mudstone, (2) lithiotid floatstone 

Figure 12. Microfacies types of the Podpeč limestone.

1 – Bimodal poor to medium sorted ooid grainstone. Note the common aggregate grains (A) and a spiny ooid (S), typical of sands  
cemented in a vadose environment (see FlüGel, 2004, p. 148). Thin section 334. 

2 – Well sorted ooid grainstone. Unimodal size distribution of ooids suggests pre-depositional sorting of grains. Note moldic porosity  
formed through total dissolution of some bivalve shells (black arrowhead). A few cortoids (white arrowhead) and intraclasts (I)  
are also present. Thin section 322. 

3 – Unimodally sorted ooid grainstone with at least four laminae (L1-L4) with blurred boundaries, suggesting changes in water  
energy conditions. Note normal grading in laminae L3 and L4. Obliquely cut sample. Thin section 335. 

4 – Detail of ooid grainstone with a small bivalve. Note circumgranular and intragranular fibrous cement (arrowhead) and the  
blocky spar (B) filling the remaining inter- and intragranular space. Thin section 421. 

5 – Well sorted ooid grainstone. Arrowheads point at wavy boundaries reflecting short-term changes in water energy conditions.  
Thin section 536.

6 – Lamina within ooid grainstone, where the pore space between grains (oolites, aggregate grains, bivalve fragment with micritic  
outline) is filled with marine phreatic fibrous circumgranular cement (arrowhead) and crystal silt, suggesting occasional vadose  
conditions (see Fig. 14.20 in FlüGel, 2004). Thin section 427. 
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to rudstone, (3) peloidal wackestone-packstone 
with Thaumatoporella, (4) peloidal wackestone to 
packstone, (5) bivalve floatstone to rudstone, (6) 
oncoidal-peloidal floatstone, (7) coated bioclastic 
floatstone with peloidal-bioclastic wackestone-
packstone matrix, (8) peloidal grainstone, (9) 
cortoid floatstone to rudstone with peloidal-
bioclastic grainstone matrix, (10) bimodal poorly 
to medium sorted ooid-peloidal grainstone, and 
(11) well sorted ooid grainstone.

The most common type of grains are ooids, 
aggregate grains and various skeletal particles 
(bivalve shells, large benthic foraminifera). 
Cortoids are common. Rare spiny ooids indicate 
occasional vadose conditions, and subaerial 
exposure surfaces point to occasional emersion. 
The most common type of cement, present in 
washed-out patches of micritic matrix or among 
grains in higher-energy facies types, is blocky 
or drusy mosaic spar. In several MF types, it is 
preceded by circumgranular fibrous to bladed 
spar.

The facies association corresponds to restricted 
and open marine interior (facies zones 8 and 7) 
of a platform bordered by marginal sand shoals, 
or to the inner ramp setting (FlüGel, 2004). This 
study does not give the final answer concerning 
the type of the platform due to the lack of seismic-
scale profiles. However, the platform bordered 
by oolitic shoals and with a steep transition to 
the Slovenian Basin to the north may be a better 
model than the ramp model.
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Abstract

The Mura-Zala sedimentary Basin is a Neogene basin with many competing geopotentials, spanning parts 
of Slovenia, Austria, Croatia and Hungary. Here we present the 3D regional geological model of the Slovenian 
part of the Mura-Zala Basin, which was developed to integrate the latest information on the geological 
structure of NE Slovenia and to publish the model in an open-access mode for easier and faster assessment of 
geopotentials. This was achieved through the harmonisation of the legacy geological models, the reinterpretation 
of 145 borehole logs, the construction of the 3D numerical geological model in JewelSuiteTM, and delivering 
it into a 3D-Explorer environment. The model comprises nine lithostratigraphical units. The Pre-Neogene 
basement rocks are covered by the Haloze Formation; the Špilje Formation – Badenian and Sarmatian; the 
Lendava Formation – turbidites and slope; the Mura Formation – delta front and delta plain; and the alluvial 
Ptuj-Grad Formation. The model has two principal shortcomings, related to currently unavailable seismic 
reflection data faults were not implemented, and the Quaternary formations were not delimited. The model 
is useful for regional-scale studies and may reduce geological risks related to exploration in NE Slovenia. It 
will also support a better assessment of geopotentials and a more feasible approach to their development, and, 
eventually, will enable the harmonized management of our subsurface in 3D space. This can be achieved using 
the 3D-Explorer platform which enables the creation of arbitrary vertical cross-sections, horizontal slices and 
virtual boreholes.

Izvle~ek

Mursko-zalski sedimentacijski bazen je neogenski bazen s številnimi konkurenčnimi geopotenciali, ki se 
razširja v Sloveniji, Avstriji, Hrvaški in na Madžarskem. V članku predstavljamo 3D regionalni geološki model 
slovenskega dela Mursko-zalskega bazena. Razvit je za prikaz najnovejših informacij o geološki zgradbi SV 
Slovenije in objavo v prosto dostopni obliki, ki omogoča lažjo in hitrejšo oceno geopotencialov. To smo dosegli z 
uskladitvijo predhodnih geoloških modelov, reinterpretacijo 145 geofizikalnih popisov globokih vrtin, izdelavo 
3D matematičnega modela s programom JewelSuiteTM in njegovo implementacijo v orodju 3D-Explorer. Model 
prikazuje devet litostratigrafskih enot. Pred-neogenske kamnine v podlagi bazena so prekrite s Haloško 
formacijo, Špiljsko formacijo - sarmatij in badenij, Lendavsko formacijo - pobočje in turbiditi, Mursko formacijo 
- deltno čelo in ravnica ter aluvialno Ptujsko-grajsko formacijo. Model ima dve poglavitni slabosti, kot posledica 
nedostopnosti seizmičnih podatkov vanj niso vključeni prelomi in sedimenti kvartarne starosti niso razmejeni. 
Model je primeren za regionalne študije in zato lahko zniža geološko tveganje pri raziskavah v SV Sloveniji. S 
tem, ko podpira boljšo oceno geopotencialov in primernejši pristop k njihovem razvoju, bo sčasoma omogočil 
usklajeno upravljanje našega podpovršja v tridimenzionalnem prostoru. Raba 3D-Explorerja omogoča izdelavo 
poljubnih navpičnih in vodoravnih prerezov ter navideznih vrtin. 

Introduction

The Pannonian Basin is a Tertiary sedimentary 
basin, which is considered to be a continental 
back-arc basin of the Carpathian orogeny (jelen & 
riFelj, 2005; horváth et al., 2015). It is characterised 

by a major system of Neogene basins resting on a 
highly deformed and complexly faulted substrate of 
Mesozoic, Paleozoic, and Precambrian rocks of the 
Inner Carpathian foldbelt. Shared by several Central 
and Eastern European countries, the Pannonian Basin 
features a variety of vast and diverse geopotentials. 

© Author(s) 2015. CC Atribution 4.0 License
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The Slovenian part of the Mura-Zala Basin 
(Fig. 1) is located on the western margin of the 
Pannonian Basin and continues on to Austria, 
Croatia and Hungary (náDor et al., 2012).

In the past, the basin was called the Mura 
Depression (vončina, 1966; royDen & horváth, 
1988; Mioč & žniDarčič, 1989; Gosar, 1995) or 
the Mura Basin (Kralj & Kralj, 2000), and the 
Međimurje-Zala Basin (in vrzel (2012) after žižeK 
(2006)).

The Mura-Zala basin is important for oil and 
gas production (e.g. Pleničar, 1954; BaDer, 1976; 
DjuraseK, 1988; Mioč & žniDarčič, 1996; lučić et al., 
2001; Dolton, 2006; Kurevija & vulin, 2011; MarKič, 
2013), for gas storage (e.g. Gosar, 2005), thermal water 
(e.g. rMan et al., 2012, 2015; horváth et al., 2015), coal 
(e.g. MarKič et al., 2011), CCS (e.g. PresečniK, 2008; 
vanGKilDe-PeDersen et al., 2009), and its extensive 
groundwater reservoirs (e.g. nosan, 1973; žleBniK 
& DroBne, 1999; Kralj & Kralj, 2000; rajver et al., 
2012; szőcs et al., 2013). New types of geopotentials, 
such as CO2 and natural gas storage are competing 
with traditional uses, for example as a source of 
drinking and thermal water, and for oil and gas. 
Therefore, sustainable management of subsurface 
geopotentials requires an understanding of geology 
and geological structures, which can be facilitated 
by visualizing these reservoirs in 3D. Understanding 
3D spatial relationships is a major challenge for 
spatial planning and licensing authorities, who 
need a clear picture of the subsurface on order to 
mitigate possible conflicts among the many users 
and countries involved. 

Several geological studies provide a large 
public data repository as a web tool that is freely 
accessible online (see http://akvamarin.geo-zs.si/t-
jam_boreholes/ or http://transenergy-eu.geologie.
ac.at/). However, their value and attractiveness for 
stakeholders is rather poor due to the lack of an 
effective tool for visualising subsurface data in 3D. 

The 3D regional geological model of the 
Slovenian part of the Mura-Zala Basin presented 
in this paper was developed by the Slovenian 
members of the project GeoMol (the GeoMol 
teaM, 2015). The model aims to:
•	 publish available 3D spatial information on the 

geological structure of NE Slovenia,
•	 present the data using the latest 

lithostratigraphical characterisation of the Basin,
•	 enable open, faster and easier assessment of 

geopotentials. 

This was achieved by reinterpretation and 
harmonisation of existing geological models, 
reinterpretation and digitalisation of log data, 
development of the 3D numerical geological 
model, and its implementation in the 3D-Explorer. 
This way, the opportunity to identify new areas 
for development of various geopotentials is 
freely available to everybody, without any special 
software.

Geological setting

The Mura-Zala Basin extends across most of 
north-eastern Slovenia (Fig. 1). Basin fill consists 
of Neogene sediments belonging to the Central 
Paratethys paleogeographic domain (royDen 
& horváth, 1988). Regional stages in use for the 
Central Paratethys are therefore used to describe 
the formations in the model (Piller et al., 2007). 

The lithostratigraphy of the Mura-Zala 
Basin was first interpreted for purposes of oil 
and gas research in the 1950s-1960s (Pleničar, 
1954; ciGit, 1958; vončina, 1966), which was 
followed by a geological mapping for the Basic 
Geological Map of Yugoslavia (Pleničar, 1968; 
Mioč & žniDarčič, 1978, 1998; aničić & juriša, 
1984; žniDarčič & Mioč, 1987; MarKović & Mioč, 
1988). The determination of Miocene formations 
was based on lithological, biostratigraphical and 
geophysical markers (naFtaPlin, 1966; GranDić 
et al., 1986; turK, 1993; Mioč & žniDarčič, 1996). 
Previously, earlier Miocene formations were also 
jointly named the Murska Sobota Formation 
(Fm.) while all Pontian to Quaternary sediments 
were named the Mura Fm. (turK, 1993; Kralj 
& Kralj, 2000). The stratigraphy was upgraded 
during the latest regional reinterpretations based 
on a dynamic process approach and focusing 
on the evolution of sedimentary environments 
performed in several transnational projects, 
such as the AT-SLO project TRANSTHERMAL 
(laPanje et al., 2007), the HU-SLO project 
T-JAM (náDor et al., 2012), and the AT-HU-SK-
SLO project TRANSENERGY (rMan & laPanje, 
2013), as well as separately (lučić et al., 2001; 
FoDor et al., 2002, 2005; jelen et al., 2006; Pavšič 
& horvat, 2009). Currently, the most important 
publication on the regional lithostratigraphical 
settings is the Surface lithostratigraphic and 
tectonic structural map of the T-JAM project 
area, northeaster Slovenia, at 1:100,000 (jelen 
& riFelj, 2011), where the Neogene units are 
reinterpreted. 

The Mura-Zala Basin was formed at the 
western margin of the continental rift that was 
active from the Late Ottnangian to the mid-
Badenian (Márton et al., 2002; jelen et al., 
2006; Maros et al., 2012). An ENE – WSW to E 
– W oriented Ottnangian extension produced 
cascading subsidence along the dextral-
transtensional Donat Fault zone in the south, 
and along the Raba extensional corridor (also 
left lateral transfer zone) in the north (Fig. 1). 
Along these fault zones, sub-basins were formed 
in half-grabens (jelen & riFelj, 2005; jelen et 
al., 2006). The Mura-Zala Basin is characterized 
by two ENE – WSW trending sub-basins: the 
Haloze – Ljutomer – Budafa Sub-basin in the 
south along the Ljutomer and Donat Faults, 
and the Radgona – Vas Sub-basin in the north 
along the Rába Fault. A basement high named 
the Murska Sobota extensional block separates 
the two sub-basins. The northern and southern 
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margins of the Mura-Zala Basin are formed by 
the South Burgenland Horst and the Kozjansko – 
Zagorje tectonic block, respectively. The Pohorje 
and Murska Sobota extensional blocks formed 
along roughly N – S trending listric extensional 
faults between the Rába and Donat Fault zones. 
The Maribor Sub-basin formed above the faulted 
boundary between the two blocks. The Eastern 
Mura – Örseg Sub-basin subsided along the 
Bajan Fault running along the eastern side of the 
Murska Sobota block, roughly along the border 
between Slovenia and Hungary. 

The lithostratigraphical description, sedimentary 
environmental and dynamic infill of the basin is 
summarised from FoDor et al. (2011), jelen & riFelj 
(2011) and Maros et al. (2012). The oldest Neogene 
sediments belong to the Early to mid-Miocene 
(Ottnangian to Early Badenian) Haloze Fm. The 
continental muddy breccias and conglomerates at the 
bottom of the sub-basins represent the initial phase 
of their filling, but higher up, the sediments soon 
turn into fine-grained deposits of marine character. 
The upper part of the Haloze Fm. includes also tuff 
and shallow marine deposits, e.g. Lithotamnian 
limestone, corresponding to a deposition in a short 
tectonic inversion and simultaneous sea level drop 
in the Early Badenian. These sediments have mostly 
low permeability.

The Špilje Fm. begins with the mid-Miocene 
(Badenian) transgression due to eustatic sea 
level rise and continuing the subsidence of the 
sub-basins. Shorelines shifted far inland and a 
connection between the Central and Mediterranean 
Paratethys was established. Poorly-permeable fine 
grained mud-rich turbidites deposited along the 
basin margins, and hemipelagic mud in the deepest 
parts of the sub-basins. Shallow marine deposition 

prevailed throughout the mid-Miocene (Badenian 
and Sarmatian) on the Murska Sobota extensional 
block, as well as to the south and north of the basin 
margins. Transgression was interrupted by the 
Late Badenian regression phase, which produced 
erosional surfaces in previously submerged areas. 
Coarse-grained clastic sediments of heterolithic 
facies were derived from the uplifted basement. 
Even limestones formed along the new shorelines 
that were established after regression. These 
shallow-water and coarse-grained deposits are 
generally highly permeable. After this short-lived 
regression, the deposition of low-permeability 
sediments continued and the western parts of 
the sub-basins were filled up by the end of the 
Sarmatian, by which time the connection with the 
rest of the Tethys was also severed. 

In the Late Miocene (Pannonian), the area 
turned into a vast lake system. Rivers from the 
rising Eastern Alps continuously filled the still 
subsiding sub-basins with prograding deltas. 
Continuous subsidence and the Pannonian 
transgression led to the submergence of the 
Murska Sobota extensional block. Deposition of 
hemipelagic marl took place in the deepest parts 
of the sub-basins, and deltas prograded from the W 
and NW. The Lendava Fm. comprises turbidites fed 
from the prograding delta, which are overlain by 
fine-grained slope deposits. The sandy turbidites 
occur as isolated permeable bodies, whereas the 
fine-grained slope deposits represent a very low-
permeability horizon covering the turbidites. 

Well-permeable coarse-grained turbiditic 
sandstone and limestone of the Špilje and Lendava 
Fms. store significant quantities of oil and gas 
(hasenhüttl et al., 2001) and oil-prone thermal 
water (Kralj & Kralj, 2000).

Fig. 1. Contour map of the pre-Neogene basement with major tectonic features (adapted from reports of jelen et al., 2006, Maros et 
al., 2012). The extent of the Slovenj Gradec Sub-basin is only schematic and no information was available for Croatia. 



142

The deltaic sediments of the Mura Fm. are 
divided into delta front and delta plain facies. The 
delta front is represented by permeable tabular 
sand bodies deposited at the delta mouth, which 
are the most extensive and widely exploited 
geothermal aquifers in the region (Kralj, 2001; 
Kralj & Kralj, 2012; rMan et al., 2012; rMan, 
2014). The delta plain sediments are mostly fine-
grained silts with occurrences of coal (MarKič 
et al., 2011). Permeable gravel lenses originating 
in distribution channels connect this part of the 
sequence with the delta front facies. The age of 
strata in the Mura Fm. generally decreases from 
W to E in the direction away from the former land 
surface.

 
In Pliocene, sediment deposition overwhelmed 

the subsidence, and delta plain sedimentation 
changed to an alluvial type of deposition, 
producing the Ptuj-Grad Fm. A phase of tectonic 
compression in Pliocene (toMljenović & csontos, 
2001) induced inversion and folding that was 
restricted mainly to the Donat Fault zone. Alluvial 
sediments slowly covered the deltas and indicated 
a new organization of the drainage system in 
the Paratethyan domain. The Ptuj-Grad Fm. is 
quite permeable but does not contain extensive 
geothermal or freshwater aquifers (žleBniK, 1978; 
szőcs et al., 2013; rMan, 2014). The youngest 
sediments are mostly gravelly alluvial deposits of 
the Drava and Mura rivers. They are of Quaternary 
age and an important drinking water resource 
(anDjelov et al., 2006). 

Methodology

Modelling procedure

Building a 3D geological model is a continuous 
process that includes several steps, depending on 
the type. Data pre-processing includes collecting, 
structuring and reinterpreting data. Maps and 
cross-sections are digitized and managed as vector 
data in GIS software where necessary. The final 
step is to integrate all this data into software for 
the 3D modelling process (KauFMann & Martin, 
2008). These steps are repeated each time new data 
is available. For a geological model, the process can 
be performed each time a new borehole is drilled, 
a new reflection seismic profile is made or a new 
geological map is published. In order to be able to 
update the existing model as quickly as possible, we 
have followed several methodological steps (Fig. 2). 

We created a 3D model using several different 
software applications: MS Office Excel for the 
borehole database, AutoCAD (internet) for 
constructing cross-sections, ArcMap (ESRI, 
2014) for processing two dimensional data, and 
JewelSuiteTM (BaKer huGhes, 2014) for handling 
3D models from previous studies and constructing 
the final three dimensional model. Building a 
model uses the data both ways, as a continuous 
exchange between software formats is necessary 
due to their reprocessing.

 Initially, we used mostly vector data (points, 
polylines and polygons) to create cross-sections. 
Some were derived from the raster data (by 
digitizing maps) but the raster data (digital surface 
map – CIAT, 2004) was also used. We collected four 
types of available source data:
•	 Published geological surface map (Mioč & 

MarKović, 1998; jelen & riFelj, 2011),
•	 Models from previous studies of the area 

(laPanje et al., 2007, FoDor et al., 2011, Maros et 
al., 2012, rMan, 2013),

•	 Digital surface map (CIAT, 2004) and
•	 Borehole lithological logs.

The information on boreholes was first collected 
and organized in an MS Excel database, and later 
harmonized and reinterpreted. Additionally, we 
created six interpretative cross-sections using 
AutoCAD: three in SW–NE and three in the 
NW–SE direction (Fig. 3). They are deliberately 
spatially equally distributed over the study area 
and intersect the most representative boreholes. 
These sections constituted the main input for 
the building of the 3D model, together with the 
453 formation penetration points (FPP) from 145 
reinterpreted borehole logs (see Table 3). Boreholes 
are very unevenly distributed over the model area, 
clustered in and around urban areas as well as in 
areas richer in oil and gas, and according to other 
geopotential probability, i.e. near Lendava, Gornja 
Radgona and Murska Sobota (Fig. 3).

Together with these cross-sections, the 3D 
models from previous studies were imported into 
the JewelSuiteTM software. Based on all of the 
data, polylines in the three dimensional space 
were created. Additionally, boreholes (X, Y, Z, 
inclination and azimuth) and their formation 
penetration points were also imported. Using 
a combination of newly created polylines, the 
digitized surface geological map, and information 
on the horizontal extent of formations (from FPP), 

Fig. 2. Organigram of the methodology used to produce a 3D 
geological model (modified after KauFMann & Martin, 2008).
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we created pinchout lines for all formations and 
defined their terminations (Fig. 4a). The pinchout 
lines were created using the JewelSuiteTM 
and ArcMap simultaneously, being iteratively 
connected with the polylines, and determining 
the shape of the layers. These newly connected 
polylines were triangulated to a triangular mesh 
using a linear interpolation method (Fig. 4b). 

Meshes of individual layers were additionally 
vertically fitted using the reinterpreted borehole 
data (FPP). The resulting model is a three 
dimensional trimesh layer model. Subsequently, 
the stratigraphic boundary surfaces were 
converted to regular gridded surfaces with a cell 
size of 500 × 500 m in order to have the possibility 
of using it with other software later (e.g. with 
FeFlow, ArcMap). 

Extent and boundaries of the model

The 3D model covers NE Slovenia, with 
smaller parts entering Austria, Hungary and 
Croatia (Fig. 3). Geographically, the model is 
referenced in UTM 33 N projection using WGS84 
datum. It extends 121 km in the E – W direction 
and 91 km in the N – S direction, over a total area 
of 5404 km2. To the NW, the model is bounded by 
the state border between Slovenia and Austria, 
while it extends to the NE along the border of 
the TRANSENERGY pilot area (FuKs & janža, 
2013). Its eastern and southern boundaries 

Fig. 3. Outline of the model area (black line) with locations of the input data: boreholes (red dots) and cross-sections (brown lines), 
as well as the cross-sections derived from the modelling (blue lines), which appear in Figure 5. 

Fig. 4. Digitized polylines from cross-sections with FPP (a) and 
created trimesh from polylines (b) for one layer.

The three-dimensional regional geological model of the Mura-Zala Basin, northeastern Slovenia
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are controlled by the extent of the model from 
rMan (2013), which was constrained by the data 
available and the trace of the Ljutomer Fault. The 
western model boundary follows the groundwater 
bodies that close the Mura-Zala Basin.

Vertically, the model stretches from the Earth's 
surface down to the base of Neogene rocks. 
Enhanced digital surface data from the Shuttle 
Radar Topography Mission (CIAT, 2004) was used 
for the Earth surface. The base of Neogene rocks 
forms a basement surface of the Basin, whose 
geometry was adopted from earlier works (FoDor 
et al., 2011; Maros et al., 2012). Maximum elevation 
in the model is approximately 1500 m a.s.l. and 
the minimum approximately 6600 m b.s.l., being 
modelled north of Lendava.

Datasets and delineated units

Key stratigraphic units of the Mura-Zala 
Basin were reinterpreted using earlier geological 
models, existing mainly in 2D format: i) the pre-
Neogene basement depth map (laPanje et al., 
2007), ii) the 1:100,000 Basic Geological Map of 
Yugoslavia and Slovenia, iii) the 1:100,000 Surface 
litostratigraphic and tectonic structural map of 
the T-JAM project area in northeastern Slovenia 
(jelen & riFelj, 2011), iv) the geological model 
of the T-JAM project (FoDor et al., 2011), v)  the 
geological model of the TRANSENERGY project 
(Maros et al., 2012), and vi) the geological model 
of the PhD thesis of rMan (2013). A comparison of 
the defined formations is given in Table 1.

This new geological model of the Mura-Zala 
Basin comprises eight lithostratigraphical units, 

from pre-Quaternary deposits to the Haloze Fm. 
(Table 2).

Well logs from 145 boreholes (see locations in Fig. 
3) were reinterpreted using lithological descriptions 
of cores and drilling chips, and available 
paleontological data to distinguish between 
sedimentary paleo-environments within the same 
formations that were not effectively separated in 
previous models. Since each formation was deposited 
in a distinct sedimentary paleo-environment, 
various sedimentological and hydrogeological 
characteristics can be used for classification instead 
of the very similar lithology of alternating mud (silt 
– clay), silt, and sand (Table 2). As clastic sediments 
prevail, spontaneous potential, resistivity and 
natural gamma-ray logs were used owing to their 
strong dependence on grain-size variation. Finally, 
as the architecture of the Quaternary sediments 
is currently under interpretation, they were not 
included in this geological model.

Due to time constrains the subdivision of the 
Špilje Fm. into Badenian and Sarmatian was 
performed on only 20 borehole logs used to create 
the six interpretative cross-sections. The division 
is based on the occurrence of Lithotamnian 
limestone. 

The number of boreholes that reached different 
formation does not decrease with depth, from 
Ptuj-Grad Fm. to pre-Neogene basement rocks. 
This is because that not all formations occur over 
the entire study area, and therefore some boreholes 
in the western part of the model penetrate, for 
example, only the outcropping Špilje Fm., while 
others that should stratigraphically lie above it 
are not developed.

Table 1. Comparison of formation definitions with previous projects.

Formation Subdivision

TRANS-
THERMAL

(Lapanje et al., 
2007)

T-JAM (Fodor et 
al., 2011)

TRANSENERGY

rMan

(2013)
supraregional

(Maros et al.,

2012)

pilot area

(Maros et al., 
2012, 

Fuks et al. 
2013)

Ptuj-Grad Fm. / yes yes

not 

subdivided

yes yes

Mura Fm.

delta plain 
facies not 

subdivided

yes yes yes

delta front 
facies

yes yes yes

Lendava Fm.
slope facies

not 

subdivided

yes yes yes

not 

subdivided

turbidites yes yes yes

Špilje Fm.
Sarmatian age

not 

subdivided

not 

subdivided

yes yes

Badenian age yes yes

Haloze Fm. / yes yes yes

pre-Neogene 
rocks

/ yes yes yes yes yes
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Table 2. Characteristics of separated formations in the 3D regional geological model as summarised from Maros et al. (2012). Note 
that Quaternary deposits were not distinguished.

Formation

Lithological 
description

(after Jelen & RifelJ, 
2011)

Distinguishing criteria 
of borehole logs 

Average 
sand 

content 

Sedimentary 
environment

Time 
period

Porosity

Ptuj-Grad 
Fm.

alternation of gravel, 
sandy, silty and 
clayey gravel, sand, 
gravely and silty 
sand, silt, sandy and 
silty clay, basaltic 
tuff, tuffite and 
basalt, isolated coal 
occurrences

specific lithology 
and paleontological 
determination, 
superposition

15% alluvial plain
Latest 
Pannonian to 
Pliocene

10%

Mura Fm.

alternation of silty 
clay, clay, silt, 
gravely, sandy and 
clayey silt, sand, silty 
and gravely sand, 
sandy gravel and coal

specific lithology 
and paleontological 
determination, 
alternation of fining- 
and coarsening- upward 
sand bodies from 
geophysical borehole 
logs, coal occurrences

50% delta  plain

earliest 
Pannonian to 
Late Pontian

10%

alternation of sand/
sandstone, silt, marl, 
clayey marl, clay, 
marly, sandy and 
silty clay, coal

specific lithology 
and paleontological 
determination, thick, 
coarsening-upward sand 
bodies from geophysical 
borehole logs, coal 
occurrences

70% delta  front 12-14%

Lendava 
Fm.

sandy silt, marly 
clay, occasional sand 
bodies

superposition and the 
presence of approx. 200 
m thick uniform silt 
horizon without distinct 
stratification 

5% slope Early Pontian 5%

alternation of sand/
sandstone, silt, sandy, 
silty and clayey marl, 
clay

specific lithology 
and paleontological 
determination, sand 
bodies with occasional 
gravel, predominately 
non-graded from 
geophysical borehole logs

30% 
(turbidites 

50%, silt 5%)

deep lacustrine 
turbiditic

Late 
Pannonian

7% (turbidites 
10%, silt 5%)

Špilje Fm.

alternation of sand, 
sandstone, sandy 
and silty marlstone, 
silt, siltstone, 
marly and silty 
clay, conglomerate, 
locally sandy 
algal and oolitic 
limestone, dolomite, 
coal

specific lithology 
and paleontological 
determination

50%
Sarmatian shallow 
(and deep) marine, 
fluvial, terrestrial

Mid Badenian 
to Early 
Pannonian

7%

alternation of silty 
and clayey marl, 
sandstone, locally 
algal limestone, 
conglomerate, 
dolomite, coal

specific lithology 
and paleontological 
determination

30%, shallow 
areas more 
permeable

Badenian shallow 
(and deep) marine

Early 
Badenian to 
Sarmatian

5%

Haloze 
Fm.

alternation of 
sandy and silty 
marl, sandstone, 
conglomerate, muddy 
breccia, oyster banks, 
tuff

specific lithology 
and paleontological 
determination

30%
shallow (and deep) 
marine, terrestrial

Karpatian 
to Early 
Badenian

5%

pre-
Neogene 
rocks

Metamorphic and 
carbonate rocks, 
marl, sand/sandstone, 
conglomerate 

/ /

metamorphic, 
marine, 
brackish, 
lacustrine 

Paleozoic to 
Oligocene

/
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As many as 453 formation penetration points 
were available from the 145 reinterpreted 
borehole logs (Table 3). Despite the fact that 
only 59 boreholes penetrated to the pre-Neogene 
basement rock, the total length of penetrated 
layers amounts to 156,436 m. 

Lack of seismic sections and other data on 
the structural inventory of the area meant that 
the fault network could not be considered in this 
model. Publications imply that displacements 
along the faults affect mostly older Miocene 
sedimentary rocks and are estimated to measure 
a few tens of metres vertically, which is generally 
much less than laterally (žleBniK, 1978; Gosar, 
1995). The Ljutomer Fault (Fig. 1) is one of the 
most important faults in the investigated area. It 
is a large active strike-slip fault in a transpressive 
regime with a complex multiphase history (Mioč 
& MarKović, 1998; Placer, 1999; Márton et al., 
2002; FoDor et al., 2005; Placer, 2008). The Ptuj 
– Ljutomer – Budafa half-graben along it formed 
the Haloze – Ljutomer – Budafa Sub-basin by 
the Late Pontian. The Ptuj and Ljutomer parts 
remained a sub-basin and were renamed the 
Ptuj – Ljutomer Sub-basin, while the Haloze and 
Budafa parts were positively inverted to the Boč 
– Ormož – Selnica – Lovászi – Budafa antiform 
approximately in the Pliocene. The antiform 
consists of several anti- and synclines and 
was pushed on the Ptuj – Ljutomer Sub-basin 
(sachsenhoFer et al., 2001; FoDor et al., 2002; 
jelen & riFelj, 2006). The low-permeability 
layers of the Haloze, Špilje and Lendava Fms. 
were tilted into a subvertical position along the 
western part of the fault near Ptuj, therefore they 
form a lithological boundary which significantly 
restricts groundwater flow from south to north 
(žleBniK, 1975, 1978; jelen & riFelj, 2006; 
Klasinc, 2013). This supports our decision to set 
the south boundary of the 3D model along the 
Ljutomer Fault trace. To the south-east of the 

model, we also included some area south of this 
fault, as the Neogene layers plunging eastward 
show some folding, but are not expected to form 
a hydraulic barrier for groundwater flow in the 
Mura and younger Fms.  

Results and Discussion

Lithostratigraphical horizons

The pre-Neogene basement map and the Earth 
surface topography were used as input boundary 
constraints in the model. Between those two 
boundaries, eight Neogene lithostratigraphical 
boundaries were modelled. Thicknesses of 
formations is highly variable in space and can 
locally be far greater than the average thickness, 
depending largerly on the sedimentary and 
paleogeographical environment, as explained in 
Geological Settings. 

The average thickness of modelled formations 
is 381 m, varying from 201 m for the Lendava Fm. 
- slope to 638 m for the Mura Fm. – delta plain 
(Table 3). The Lendava Fm. slope sediments do not 
exceed 650 m; while maximum thickness of the 
Ptuj-Grad Fm., the Mura Fm. – delta front, and the 
Lendava Fm. – turbidites vary from 952 to 1161 m 
(Table 3). Areas of maximum formation thickness 
do not coincide in space. For example, the Ptuj – 
Grad Fm. reaches its maximum thickness at the 
southern boundary of the model (in the Ptuj – 
Ljutomer Sub-basin) along the Ljutomer Fault 
(Fig. 5), whereas the Mura Fm. – delta front 
sediments are thickest in the SE part of the model 
near the SLO-HU border (Fig. 6). 

The Mura Fm. – delta plain, the Špilje and the 
Haloze Fms. reach maximum thickness at 1533 
to 2005 m (Table 3), but since they largely consist 
of low-permeability sediments this does not, 
unfortunately result in favourable geopotentials. 

Fig. 5. Thickness of the 
modelled Ptuj-Grad Fm. 
alluvial sediments, whi-
ch represent a moderately 
productive intergranular 
aquifer with fresh and lu-
kewarm water.
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Fig. 6. Thickness of the 
modelled Mura Fm. – delta 
front sediments, which 
represent a highly productive 
intergranular geothermal 
aquifer.

Fig. 7. Four sample cross-sections through the 3D regional geological model of the Mura-Zala Basin. For their position see Fig. 3, 
for a legend of geological units see Fig. 8. Note that the vertical scale in sections 1-1’, 2-2’ and 3-3’ is 2 x vertically exaggerated. 
Arrows indicate the azimuth angle of the respective section.
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2D visualization of the model

Four arbitrary cross-sections in various 
directions were made across the resulting regional 
geological model (Fig. 7). In order to gain a 
better spatial perspective of the entire modelled 
area, the model is also displayed in the form of 
a fence diagram (Fig. 8). While this visualization 
is useful in recognition and differentiation of 
spatial relationships in the model, it is still 
unsuitable for further application. Therefore, the 
3D regional geological model was transferred to 
newly developed open-access GST 3D Explorer 
platform, as described in the following section.

3D visualization of the model

Transnational data exchange is very difficult in 
practice because it is complicated and constrained by 
diverse data policies, database systems and software 
solutions. In order to overcome this issue, the 
regional-scale 3D geological model of the Mura-Zala 
Basin has been converted for use in the 3D browser-
analysis tool for visualisation and query, called 
the 3D-Explorer. This free online tool is based on a 
software development technology called GST (Geo 
Sciences in Space and Time) and is available through 
the web portal http://www.geomol.eu/3dexplorer. The 
aim of the project is to distribute open-source multi-
dimensional geo-information from different sources 
as a joint and harmonised picture merged from 
different national repositories (the GeoMol teaM, 
2015). This tool interconnects the geological models 
that are maintained and continuously updated by 
the Geological Surveys with interested stakeholders, 
who are free to explore and query the subsurface 
at arbitrary depths and locations. Further technical 
details and instructions for use are described in the 
GeoMol project final report (the GeoMol teaM, 2015, 
pages 158-165 and references therein).

Fig. 8. Perpendicular fence diagram of the Mura-Zala Basin fill superimposed on the pre-Neogene basement. View from SW. 

The 3D-Explorer requires web a browser such 
as Firefox, Chrome, Opera or Safari. A public 
login without any username or password provides 
open access to the available 3D models. The input 
data can be dynamically visualised either as a set 
of stratigraphical surfaces (formation base and 
top horizons), point data, or volumes. A preferred 
spatial reference system with arbitrary coordinate 
transformation can be chosen. Topographic maps can 
be added to the visualization to facilitate orientation 
in space in addition to current coordinates, which 
are displayed at the cursor position. Exaggeration 
of the z-scale can be set to improve one's insight 
into the geometry of the 3D model (Fig. 9a). The 
slice-through feature enables fast creation of model 
cut-outs as a series of arbitrary vertical cross-
sections and horizontal slices (Fig. 9b). Finally, a 
virtual borehole feature can generate information 
on depths of modelled units below any arbitrary 
point on the surface. All these visualizations can be 
exported for further use.

Quality of the model and open issues  
for further work

The 3D geological model is in a continuous 
stage of development. It was built according 
to a methodology that allows updating and 
improvements each time new data is available. 
The model was built with available data, hence 
its quality could not be verified by information 
from new/unused boreholes or cross-sections at 
this stage. Therefore, we challenge all interested 
parties to test and evaluate it with their own 
data, and provide us with feedback on possible 
improvements. 

It became apparent that comparing the average 
and maximum thicknesses between borehole 
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logs and the model is not a straight forward 
process. The boreholes were available only for the 
Slovenian part of the model, but the model also 
includes parts of Austria, Hungary and Croatia 
(Fig. 3), which caused noticeable discrepancies 
between compared values. Across the state border 
the model was constructed based on data from 
previous models (see Methodology), and therefore 
exhibits a higher level of uncertainty compared 
to the central part of the model. Another issue 
arise in the Croatian territory, where the model 
was built based only on data from the surface 
geological maps (Mioč & MarKović, 1998; jelen & 
riFelj, 2011).

We verified the Slovenian part of the model by 
comparing the modelled average and maximum 
formation thickness to data from borehole logs 
(Table 3). Discrepancies of maximum formation 
thickness range from 107 % to 232 %, for Lendava 
Fm. – turbidites and Haloze Fm., respectively. 
Surpluses of the rest, except for the Špilje Fm., 
are attributed to the fact that the boreholes do 
not penetrate the synclinal axis of the Ptuj-Grad 
Fm. in the Ptuj – Ljutomer Sub-basin (Figs. 1, 3, 
5). The largest discrepancy occurs for the Haloze 
Fm., penetrated only by 25 boreholes. The surplus 
occurs in areas where no boreholes reach the 
Haloze Fm. 

a.

b.

Fig. 9. Example of visuali-
sation of the 3D geological 
model in the 3D-Explorer 
(a.) and arbitrary cross-
section (b.).
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Comparison of average formation thicknesses 
ranges from 85 % to 130 % (Table 3). The largest 
discrepancy is observed for the Ptuj-Grad Fm. and 
Lendava Fm. – slope. We assume that the thicker 
Lendava Fm. - slope layer probably reduced the 
thickness of Ptuj-Grad Fm.

The major drawback with our model is that 
it currently does not include faults. Since many 
structural traps are fault-controlled, the absence 
of faults is a major shortcoming, for the assessment 
of oil and gas reservoirs or storage sites among 
others. Unfortunately, the Ljutomer Fault could not 
be introduced into the model: due to significantly 
different degrees of deformation along the fault 
(FoDor et al., 2002, Fig. 12), lack of quality seismic 
reflection data and other information along the 
fault, especially for the area south of the fault, 
made it impossible to interpret the geometry 
and offset of its stratigraphic horizons with a 
reasonable degree of accuracy. Therefore, the 
southern boundary of the model was assigned to 
follow its trace. However, in areas where density of 
borehole data is high enough, like in Lendava and 
the surroundings, our model reveals flexures and 
stair-like structures in the modelled stratigraphic 
surfaces that we interpret as resulting from offsets 
along the fault planes. 

The quality of the modelled 3D lithostratigraphical 
boundaries can be assessed as very good along the 
six input cross-sections, in areas with high borehole 
density and in the vicinity of boreholes with 
information on formation penetration points. The 
model properly describes the regional geometry in 
the selected scale due to a reliable conceptual model, 
which is constructed based on previous studies of this 
area (see Methodology). 

Several issues still remain: well-permeable 
shallow marine coarse-grained clastic rocks and 
limestone of the Špilje Fm., which may form 
important hydrocarbon or hydrogeothermal 

Table 3. Comparison of average and maximum formation thicknesses evaluated from borehole log information and the model, and 
the number of boreholes penetrating each formation.

Formation Subdivision

 
Borehole log Model

Difference (%) 
(model/borehole 

log) 
No. of boreholes penetrating the 

formation

  average max average max average max

Ptuj – Grad 
Fm. / 45 367 939 312 1161 85 124

Mura Fm. delta plain 59 552 1240 638 2005 116 162

delta front 68 262 541 273 952 104 176

Lendava Fm. slope 65 155 482 201 650 130 135

turbidites 55 412 1077 408 1150 99 107

Špilje Fm. Sarmatian
77 485 1978

299 1820
/ /

Badenian 517 1533

Haloze Fm. / 25 368 733 404 1700 110 232

pre-Neogene 
basement 
rocks

/ 59 / / / / / /

reservoirs, could not be better distinguished 
in the model due to a lack of seismic reflection 
data. The boundary between the Badenian 
and Sarmatian part of the Špilje Fm. is poorly 
constrained, with delineation based only on 
paleontological data and six interpretative 
cross-sections. The slope facies of the Lendava 
Fm. is very heterogeneous, which sometimes 
made it difficult to interpret its regional extent 
and separate it into two units – the turbidites 
and the slope. Moreover, where turbidites of the 
Lendava and Špilje Fms. are in direct contact 
– which is the case in deeper parts of the basin – 
they are difficult to differentiate. Consequently, 
the boundary between these formations is 
sometimes unreliable. 

The Quaternary sediments were not modelled 
as a separate formation owing to two issues: 
their irrelevance for the evaluation of deep 
geopotentials, and because lithostratigraphical 
reinterpretation is still in process. Therefore, the 
current model needs to be combined with the 
latest open-access surface geological map of jelen 
& riFelj (2011) in order to identify areas where 
Quaternary sediments overlie the Neogene units. 
The cross-sections and virtual boreholes derived 
from the model must be treated with discretion in 
such areas.

Usability of the model

The presented 3D regional geological model 
is intended for use as a general overview of 
the geological setting of NE Slovenia. The key 
formations that hold out at least some perspective 
for various geopotentials are delineated in the 
entire area of the Slovenian part of the Mura-
Zala Basin based on the overall average rock 
composition at a regional scale. Consequently, the 
model should not be used for detailed local studies. 
Potential users of the model are notified about 
this in a disclaimer that appears when accessing 
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the 3D-Explorer. Generally, the level of detail of 
the provided information is not suitable for any 
visualisation or query at a scale more detailed 
than 1 : 80,000.

The model is very useful for creating virtual 
boreholes and cross-sections at an arbitrary 
position in space, which enables quick preliminary 
testing whether a specific site of interest may have 
any geopotentials. Realistic assessments of investor 
expectations can be made quickly, e.g. whether 
they might find thermal water or not, and at what 
depth the aquifer is expected to occur. This should 
indirectly result in reduced geological risk, more 
feasible approaches to exploration, and lower 
financial investments. Similarly, this 3D model 
may serve as a source of input data for regional 
hydrogeological, geothermal, hydrogeochemical, 
etc. numerical models that enable the appraisal of 
volumes and capacities of reservoirs, simulation 
of regional groundwater flow, heat and mass flow, 
and similar.

The presented model currently exhibits a 3D 
layer shape. In the future, should be upgraded to a 
3D solid model with assigned properties, such as 
porosity and hydraulic conductivity. That way the 
model will be far more usable and efficient, and 
speed up the evaluation of various geopotentials. 

Conclusions

The presented 3D framework regional 
geological model of the Slovenian part of the 
Mura-Zala Basin represents a starting point for 
future developers, users and managers of our 
subsurface. This is the first 3D geological model 
in Slovenia that is published according to the 
principles of open-access, and incorporates the 
latest lithostratigraphical information about 
the area. In the long-term, the model will enable 
better assessment of geopotentials since better 
forecasting of subsurface geological structure 
facilitates faster and easier delineation of 
favourable areas for the exploitation of various 
commodities, like groundwater and raw materials, 
or for locating waste disposal sites. Therefore, 
focused and harmonized management can be 
achieved when various authorities begin to use the 
model to visualise 3D spatial distribution of the 
main lithostratigraphic units that hold various 
geopotentials.

Obtaining and interpreting the archived seismic 
reflection data is a key to any significant future 
improvement of the model. The incorporation 
of such will enable the inclusion of faults and 
individual high-permeability horizons, which will 
greatly improve the model's reliability. Another 
issue arises from the transboundary character 
of the Mura-Zala Basin (náDor et al., 2012). The 
delineated units have been harmonised as much 
as possible with the Austrian and Hungarian 
geologists, but a sizeable gap in information appears 
along the border with Croatia. Continuation of 

geological structures and geopotentials to Croatia 
is undisputable (for example see Borović et al., in 
print), which is why new transboundary projects 
are desperately needed to harmonize the data at 
the triple-state junction of Slovenia, Croatia and 
Hungary. 

We would like to invite all interested parties to 
test the model, available at http://www.geomol.
eu/3dexplorer/, to evaluate it with their own 
data, and provide us with feedback on possible 
improvements.
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Abstract

The paper presents the results of a conodont study carried out in the Triassic strata in the area of the Slovenian 
part of the Southern Alps, External Dinarides and the Transition region between the External and Internal Dinarides. 
The following conodont zones have been distinguished: Hindeodus praeparvus Z., H. parvus Z., Isarcicella lobata Z., 
I. staeschei – I. isarcica Z., H. postparvus Z., Hadrodontina aequabilis Z., Ha. anceps Z., Eurygnathodus costatus Z., 
Neospathodus planus Z., N. robustus Z., Platyvillosus corniger Z., Pl. regularis Z., Pachycladina obliqua Z., Foliella 
gardenae Z., Triassospathodus hungaricus Z., T. symmetricus Z., N. robustispinus - T. homeri Z. and T. triangularis 
Z. The introduced conodont zonation spans from the Induan, including the Permian-Triassic boundary interval to 
the late Olenekian and is valid for the shallow shelf environments of western Tethys.

Izvleček

Predstavljeni so rezultati večletnih raziskav spodnjetriasnih plasti s konodonti na prostoru slovenskega dela 
Južnih Alp, Zunanjih Dinaridov in prehodnega območja med Zunanjimi in Notranjimi Dinaridi. V raziskanih 
profilih so bile ugotovljenje naslednje konodontne cone: Hindeodus praeparvus, H. parvus, Isarcicella lobata, I. 
staeschei – I. isarcica, H. postparvus, Hadrodontina aequabilis, Ha. anceps, Eurygnathodus costatus, Neospathodus 
planus, N. robustus, Platyvillosus corniger, Pl. regularis, Pachycladina obliqua, Foliella gardenae, Triassospathodus 
hungaricus, T. symmetricus, N.  robustispinus - T. homeri in T. triangularis. Izdvojene konodontne cone obsegajo 
čas od spodnjega induana, vključno s permsko triasnim mejnim intervalom, do zgornjega olenekija. Vpeljana je 
konodontna conacija za okolja plitvega šelfa zahodne Tetide.

Introduction

Conodont research in Slovenia started back in 
the sixties of the last century, during the time of 
elaboration of the Basic Geologic Map of Yugoslavia 
1 : 100,000. The first analysis of conodont samples 
were carried out by the Serbian paleontologist 
Smiljka Pantić who determined the fauna from  
Lower Triassic strata of the Polhograjsko hribovje 
Hills (GraD & Ferjančič, 1976). Despite a rapid 
development of Slovenian conodontology in the 
following period, Lower Triassic strata were 
considered for more than two decades being poorly 
perspective for conodonts. It was only in the eighties 
of the last century when the fauna of the Smithian 
Parachirognathus / Furnishius conodont zone was 
collected in a section near Idrija (Kolar-jurKovšeK, 
1990). In the following decades an intensive 
conodont research of the lowermost Lower Triassic 
succession contributed to definition of the Permian-
Triassic boundary (PTB) interval, first in Slovenia, 
and then in the broader area of the Dinarides of 
Croatia and Serbia (Kolar-jurKovšeK et al. 2011c, 
2012; aljinović et al., 2014; suDar, 2007).

After the Permian-Triassic catastrophe, as 
often named the greatest mass extinction, the 
global biosphere was greatly impoverished and 
needed some time to be able to recover to the 
previous diversity, as at the end of the Permian 
70 % of genera of terrestrial vertebrates and 
85 to 96 % of marine invertebrate species that 
lived at the end of the Paleozoic became extinct 
(Benton, 2005). The first pulse of extinction was 
already between the Middle and Upper Permian, 
at about 260 million years ago and the second 
between the Permian and Triassic, at about 252 
million years ago. For the second - the main pulse 
between the Permian and Triassic a pronounced 
increase in volcanic activity was especially 
fatal. In the PTB interval sedimentary rocks is 
documented a sudden drop in δC13 that is today 
by researchers mostly linked with the release of 
frozen gas hydrates on the seafloor (Berner, 2002). 
The climate changes caused a change in ocean 
currents and change of the pH of sea water that 
greatly increased aridity in the supercontinent 
inland. Some studies indicate long-term global 
deep anoxic event in the PTB interval. The 
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Panthalassa Ocean became fully stratified for 
almost 20 million years. Beginning, peak and the 
end of the oceanic stratification corresponds to 
the global biotic events from the decline in the 
number of species at the end of the Guadalupian, 
and extinction at the end of the Permian to the full 
recovery of life during the Anisian (isozaKi, 1997, 
2009). Due to coincidence of timing of different 
triggers of the Permian-Triassic extinction, the 
biodiversity in the Mesozoic was significantly 
reduced for entire 25 million years.

In general, the Triassic Earth's crust was 
relatively stable until the Late Triassic, when 
disintegration was intensified caused by 
continental rifting. The Tethys Ocean, which has 
already begun to develop in the Permian south of 
the Paleotethys or south of the lands of Cimmeria, 
started to incise increasingly to the west during 
the Triassic and later already in the Jurassic it 
divided the Pangea into two halves, on Gondwana 
and Laurasia.

Review of conodont research in Lower Triassic 
strata in Slovenia

General geological setting

Slovenia is situated in the area of four major 
geotectonic units: the Dinarides, the Southern Alps, 
the Eastern Alps and the Pannonian Basin. Today's 
geological image of Slovenia is largely result of the 
collision of the Adriatic and European plates and 
accompanying tectonic processes, which persist 
even today. Paleozoic and Mesozoic structures are 
thus largely deformed, blurred or covered with 
sediments of the Pannonian Basin. All tectonic units 
of the Slovenian territory belong to the Adriatic 
lithosphere plate, which was originally connected 
to the African plate, and from the Mesozoic era 
onwards existed as a separate plate.

Paleozoic rocks of today's Slovenia were 
formed in the northern part of the former 
southern supercontinent Gondwana, mainly on its 
epicontinental shelf. More clearly their origin is 

Fig. 1. Paleogeographic ske-
tch of Earth in the Early 
Triassic. Star indicates the 
location of  Early Triassic 
beds in Slovenia (modified 
from scotese, 2001). 

Fig. 2. Sketch of macrotectonic subdivision of the border region between the Southern Alps and External Dinarides in Slovenia 
showing Early Triassic sections with conodonts (modified and supplemented after Placer, 2008).

A – Eastern Alps: 1 – in general, 2 – Pluton of tonalite/granodiorite (Pohorje) and Periadriatic intrusive; B – Southern Alps: 3 – in 
general, 4 – Paleozoic, 5 – Slovenian Basin sediments; C – External Dinarides: 6 – in general, 7 – Paleozoic, 8 – Trnovo nappe, 9 – 
Paleozoic; D – Transition area between External and Internal Dinarides: 10 – in general; 11 – Faults: PAL – Periadriatic lineament, 
IDF – Idrija fault, RVF – Ravne and Sovodenj fault, SAF – Sava fault, MRF – Marija Reka fault; 12 – thrust and overthrust faults in 
Southern Alps; 13 – thrust and overthrust faults in Dinarides; 14 – tectonic slice; 15 – Induan conodonts; 16 – Olenekian conodonts.

Note: Tertiary and Quaternary, mainly molasse sediments of the Pannonian Basin, are not shown on the map.

Sections: 

1 – Lukač near Žiri, Javorjev Dol

2 – Masore, Idrijca

3 –Vojsko

4 – Želin – Vrlejca

5 – Žiri surroundings 

6 – Golob, Krkoč near Spodnja Idrija

7 – Tehovec near Medvode

8 – Horjul surroundings

9 – Šentjošt, Samotorca, Prevalc

10 – Iška

11 – Draga near Ig, Skopačnik near Želimlje

12 – Borštnik near Turjak

13 – Četež near Turjak

14 – Trojane

15 – Grmače near Šmartno 

16 – Leskovica, Bogenšperk - Temnica 

17 – Mišnica near Jurklošter 

18 – Mokrice

19 – Studorski preval – Julian Alps

20 – Špica v sedlcih – Julian Alps

21 – Tržiška Bistrica

22 – Solčava surroundings
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recognized in the late Paleozoic, when most of the 
Earth's land masses were united in a supercontinent 
Pangea. From the east the Paleotethys Ocean incised 
in it, and at its southern end, however, the Tethys 
Ocean began to open (Fig. 1). Then an intensive 
intraoceanic carbonate platform gradually began 
to form in an autonomous Adriatic lithosphere 
plate. During the Permian and Lower Triassic 
there was still a unified sedimentation area, and 
its smaller part in Slovenia is called the Slovenian 
Carbonate Platform (Buser, 1989). During the 
Anisian and Ladinian the Slovenian Carbonate 
Platform began to disintegrate as a result of 
extensional tectonics on the edge of Eurasia, where 
the Meliata Ocean began to originate (Vrabec 
et al., 2009). All the activities were accompanied 
by strong volcanism. Until that time a uniform 
Slovenian Carbonate Platform disintegrated in the 
Adriatic-Dinaric Carbonate Platform in the south, 
and the Julian Carbonate Platform in the north, 
with an intermediate Slovenian Basin (Buser, 
1989; Buser et al., 2007, 2008).

In today's geotectonic structure of Slovenia 
(Placer, 1999; PoljaK, 2000) to the Southern Alps 
belong the sedimentary rocks that built large part 
of the Southern Karavanke, Julian Alps and the 
Kamnik-Savinja Alps. To the Transitional area 
between the External and Internal Dinarides belongs 
the area which extends from central Slovenia across 
the Sava Folds to the east and south-east to the 
Dolenjska and Gorjanci regions and continue further 
to Croatia. To the External Dinarides corresponds a 
greater part of southern and south-western Slovenia. 
To the Eastern Alps in Slovenia is ranked a territory 
of the Northern Karavanke situated north of the 
Periadriatic Lineament (Fig. 2).

Overview of the Early Triassic sections with 
conodonts

Lower Triassic marine sedimentary rocks in the 
area of the Southern and Eastern Alps, the External 
Dinarides and the Transitional area between the 
External and Internal Dinarides were sampled for 
conodont research. In all units the lithostratigraphic 
development of the Lower Triassic strata is more or 
less similar. Their lowest part containing conodonts 
of the PTB interval gave positive results only in 
the Idrija-Žiri area belonging to the External 
Dinarides. In the other units Olenekian conodonts 
were identified, whereas the conodont research of 
Lower Triassic strata in the Slovenian part of the 
Eastern Alps were negative. 

Base of the Lower Triassic strata in all these 
geotectonic units is formed of limestone and 
dolomite of the Bellerophon Formation as a result 
of general marine transgression in a shallow 
shelf of west Paleotethys in the Late Pemian. For 
convenience, it is necessary to clarify the names 
of the Late Permian lithostratigraphic units, that 
were used in Slovenia. The first is the Karavanke 
Formation of the Southern Alps (Buser et al., 
1989), which is represented mainly by dolomite 

development, and in its upper part there occur 
limestone and dolomite with characteristic Late 
Permian fossil association of the Bellerophon 
Formation (sKaBerne et al., 2009). The second is 
the Žažar Formation of the External Dinarides, 
which was named by raMovš (1958 a, b) and he 
distinguished twelve limestone levels with a  
brachiopod fauna of the Caucasus-Indoarmenian 
type. The name of the Žažar Formation was later 
taken up by some researchers (GraD & Ferjančič, 
1976; Buser et al., 1989; Dolenec et al., 2004; 
MlaKar & čar, 2009), although it is the lithological 
and biostratigraphic equivalent of the Bellerophon 
Formation of the Carnic Alps and the Dolomites in 
Austria and Italy (FaraBeGolli et al., 1986; holser 
& schönlauB, 1991).

Following a decision of the International 
Commission of the IUGS (yin et al., 2001) to define 
the PTB based on the first appearance datum 
(FAD) of a globally spread conodont species 
Hindeodus parvus (Kozur & PjataKova), there was 
also in Slovenia greatly increased interest to study 
the PTB interval. Researchers were particularly 
interested in the Idrija Žiri area in the western 
Alpine foothills. The geological structure of the 
area is relatively well known due to elaboration of 
the Basic Geological Map SFRY 1: 100,000, sheet 
Tolmin and Udine (Buser, 1986, 1987) and also 
due to extensive geological research of the Idrija 
mercury mine area (MlaKar, 1969; Placer, 1973, 
1981; MlaKar & čar, 2009; čar, 2010). In sections in 
which the PTB is located entirely in the dolomite-
evaporite strata, paleontological research did not 
reveal any results. However, in the sections in a 
limestone development, the boundary was often 
placed on the upper lithological boundary of the 
Bellerophon Formation (GraD & oGorelec, 1980; 
Buser et al., 1989; MlaKar & Placer, 2000; MlaKar 
& čar, 2009; čar, 2010). There are two particularly 
interesting well-exposed sections in the limestone 
development near Idrija town (Masore and Idrijca 
sections), in which the PTB was defined on the 
basis of geochemical - isotopic studies (Dolenec & 
raMovš, 1998; Dolenec & oGorelec, 2001; Dolenec 
et al., 1999 a, 1999 b, 2001, 2004). The goal of an 
ongoing study of the two sections is to define the 
PTB based on biostratigraphic evidence.

In the Lukač section near Žiri in the External 
Dinarides, the PTB was for the first time defined 
in Slovenia according to an international criterion 
based on the finding of the conodont species H. 
parvus (Kolar-jurKovšeK & jurKovšeK, 2007). The 
section is similar to most other studied Permian-
Lower Triassic sections in the Idrija-Žiri area of 
the Trnovo nappe, which is the highest thrust unit 
of the External Dinarides in this area. The obtained 
conodont faunas of the Lukač section enabled 
very fine biozonation due to rapid evolution of 
the genera Hindeodus and Isarcicella and for this 
reason the Lukač section represents a key section 
to define PTB interval strata in Slovenia that is 
taken also as a standard for conodont zonation for 
the whole Dinaric area (Kolar-jurKovšeK et al., 
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2011a, 2011b, 2012). The Late Permian Bellerophon 
Formation is divided into two members, the 
lower Bellerophon Limestone and the Evaporite-
dolomite Member of the rauchwacke type at the 
top of the formation (Kolar-jurKovšeK et al., 
2011 b). On the dolomite there concordantly rest 
The transitional Beds of the Lukač Formation. A 
3.3 m thick, shallow-water transitional interval 
consists of laminated mudstone, laminated 
micrite/biomicritne limestone and grainstone 
with parallel and cross-lamination. From the 
Transitional Beds a new species of foraminiferal 
species Lingulonodosaria slovenica Nestell et al. 
has been described (nestell et al., 2011).

Above the Transitional Beds concordantly rest 
a 30 m of the Lower Triassic Streaky Limestone, 
which is composed of very thin strata of bioclastic 
limestone with minor siliciclastic component. 
Darker intermediate laminae give a »streaky« 
appearance to the limestone (MlaKar, 2002; Kolar-
jurKovšeK & jurKovšeK, 2007), consisting mainly 
siliciclastic-clayey material that was reworked by 
organisms. Wavy and hummocky structure of the 
Streaky Limestone indicates a shallow subtidal 
environment with oscillations and storms.

In the upper part of the Lukač Formation than 
follows a 80 m strata of the Carbonate-clastic 
Member consisting of ooid grainstone, laminated 
silty micrite/biomicrite and calcareous siltstone. 
Deposition of the calcareous siltstone implies 
intensive terrigenous input in a very shallow 
depositional environment.

In the Lukač section six conodont zones have 
been identified, which can be well compared with 
biozonation of different sections in the Southern 
Alps, Meishan in China and some other sections 
in the world (Kolar-jurKovšeK et al., 2011 a). The 
upper Changhsingian (Late Permian) Hindeodus 
praeparvus Zone and the Induan (Early Triassic) H. 
parvus, lsarcicella lobata, I. staeschei – I. isarcica, 
H. postparvus and Hadrodontina anceps Zones 
have been distinguished. The first appearance 
datum of the species Hindeodus parvus in the 
Transitional Beds indicates systemic boundary 
between the Permian and Triassic (Kolar-
jurKovšeK et al., 2006, 2011a, b).

Late Permian–Early Triassic succession of the 
Lukač section continues to the northwest and in 
a similar form it is exposed in a road cut of the 
Javorjev Dol area. GraD and oGorelec (1980) set 
the the PTB in a dolomite, which corresponds to the 
Evaporite-dolomite Member of the Bellerophon 
Formation. Conodont fauna collected in the 
limestone of the Bellerophon Formation below 
the dolomite yields H. praeparvus Kozur and H. 
latidentatus (Kozur, Mostler & Rahimi-Yazd). 
However, the actual boundary with the Lower 
Triassic strata that outcrop along the road about 
30 m in a direction to Sovodenj is covered and 
tectonized. In the Lower Triassic oolitic limestone 
strata I. isarcica (Huckriede) was collected.

In the Idrija-Žiri area three sections with the 
PTB are currently studied: the Masore, Idrijca and 
Vojsko sections. Conodont faunas were recovered 
from all three sections. 

In the Masore section the limestone of the 
Bellerophon Formation attains a thickness of about 
250 m. Its upper part is characterized by the fauna 
of the H. praeparvus Zone that has relatively wide 
range. The Bellerophon Limestone passes then 
through thin bedded, predominately microbialite 
limestone with stylolites into the Lower Triassic 
bedded limestone containing typical Induan 
conodont association with I. isarcica. 

The same strata of the Permian-Triassic 
boundary as in the Masore section, occur 2 km 
laterally in the valley of the river Idrijca. There is 
visible only the highest part of the limestone of the 
Bellerophon Formation and the lowest microbialite 
part of the Lower Triassic strata (Kolar-jurKovšeK 
et al. 2015a; aljinović et al. 2015). Also here were 
identified conodonts of the H. praeparvus Zone 
in the highest part of the Permian portion of the 
section, and the I. isarcica - I. staeschei Zone in 
the Lower Triassic microbialite part of the section.

The Vojsko section is situated on the eastern 
slope of the Vojsko plateau at an altitude of 770 
m. According to Placer (1981) it belongs to the 
Kanomlja thrust slice, which lies directly below 
the Trnovo nappe, and the rocks are in the inverse 
position. Unlike the Masore section, where over 250 
m thick succession of the Bellerophon Formation 
is exposed, in the section Vojsko only around 30 m 
of thickness is visible (MlaKar & čar, 2009; čar, 
2010). In the highest part of the formation, about 2 
m below the lithological boundary with light gray 
stromatolitic dolomite, there occur very rare and 
small sponge buildups (sreMac et al., submitted). 
The conodont fauna of this part is assigned to the 
H. praeparvus Zone. 

Above the Bellerophon Formation lies medium 
gray thin bedded stromatolitic dolomite with 
clear lamination and stylolites that passes up to 
the medium bedded and slightly recrystallized 
dolomite and dolomitized limestone in which 
a conodont fauna of the I. staeschei - I. isarcica 
Zone was found. In the stratigraphically younger 
parts an increased content of limestone and clastic 
components is observed, initially in the form of 
olive green marl, then reddish brown calcarenite, 
siltstone and shale with lenses of oolitic limestone, 
followed by more than 100 m grained dolomite. 
The Lower Triassic sequence is ended by bedded 
dark gray limestone containing marl sheets, above 
which concordantly lies Anisian dolomite (čar, 
2010).

In addition to the study in a context of the 
previously described sections Lukač, Masore, 
Idrijca and Vojsko that include the PTB interval, 
interesting results of conodont study were 
obtained also in some other Lower Triassic 
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sections in the Idrija- Žiri area. It should be 
noted that the names of most Lower Triassic 
lithostratigraphic units in the External Dinarides 
have been traditionally based on the subdivision 
in the Dolomites and the Northern Calcareous 
Alps. Therefore also Slovenian geologists often 
divided the so-called Werfen Formation into 
lower »Seis Beds« (Seiser Schichten) and the 
upper »Campil Beds« (Campiler Schichten). 
Biostratigraphy of Lower Triassic strata was 
based mainly on macrofossills: ammonites, 
bivalves and gastropods, rarely on foraminifers, 
but conodont study was implemented only in 
a recent two decades. Precise litho-, bio- and 
chemostratigraphic study have demonstrated the 
lateral and vertical differences and similarities in 
litho- and biofacies of adjacent areas. Therefore, 
the »Seis« and »Campil« beds in the Slovenian 
part of the External Dinarides can no longer be 
regarded as chronostratigraphic equivalent of the 
facies of the Southern Alps (aljinović et al., 2013 
a, b). Distribution of Lower Triassic sediments 
in the External Dinarides clearly demonstrates 
temporal and lateral change of carbonate and 
siliciclastic sediments depending on various 
transgression-regression cycles on the extensive 
epeiric carbonate platform of west Tethys. 
Despite lithological variations between different 
Lower Triassic sedimentary areas in the External 
Dinarides in almost all sections their threefold 
division can be recognized into: the oldest part 
consisting of carbonates, the middle siliciclastic 
or mixed siliciclastic-carbonate part, and the 
third or the highest carbonate part (Buser 1969, 
1974a; aljinović et al., 2013a, b).

Already the first conodont study of the Lower 
Triassic strata of the Idrija-Žiri area in the nineties of 
the last century demonstrated that the greater part of 
the reddish »Seis« shales, siltstones and sandstones 
that contain also layers of oolitic limestone are not 
of the Induan but Olenekian in age. In the Želin-
Vrlejca section a characteristic Smithian fauna with 
the following taxa: Furnishius triserratus Clark, 
Hadrodontina sp., Pachycladina obliqua Staesche 
and Parachirognathus ethingtoni Clark was 
documented and ranged to the Parachirognathus/
Furnishius Zone (Kolar-jurKovšeK, 1990).

The greater part of the Lower Triassic 
represented an extended recovery event following 
the Permian-Triassic mass extinction, as well as 
being marked by three minor crises (stanley, 2009), 
which were reflected particularly in ammonites 
and conodonts during the late Griesbachian, 
late Smithian and late Spathian. The Smithian-
Spathian boundary is indicated by a global 
warming (GalFetti et al., 2007; Sun et al., 2012), 
which is also indicated by a positive shift of δ13Ccarb 
(richoz, 2006) as well as conodont size reduction 
(chen et al., 2013). 

A systematic sampling of five Lower Triassic 
sections in the Idrija-Žiri area of the Trnovo nappe 
has yielded the best Early Triassic conodont sequence 

in central and southern Europe. The recovered 
conodont faunas enabled us to distinguish nine 
conodont biozones spaning from the late Induan 
(Dienerian) to the Olenekian (Spathian) (chen et 
al., 2015 a). In the five studied sections following 
conodont zones were determined: Eurygnathodus 
costatus Z., Eurygnathodus hamadai Z., 
Foliella gardenae-Pachycladina obliqua A.Z., 
Neospathodus robustus Z., Platyvillosus corniger 
Z., Platyvillosus regularis Z., Triassospathodus 
hungaricus Z., Triassospathodus symmetricus 
Z., and Neospathodus robustispinus Zones. 
The succession of the Lower Triassic zones is of 
particular value for stratigraphic correlation in 
central and southern Europe and it enables better 
correlation studies between the western and 
middle-eastern Tethys.

The sections in vicinity of Spodnja Idrija 
and Žiri could be regarding their position above 
the »Seis« beds traditionally compared with 
the »Campil« beds of the Dolomites, that in the 
highest part often contain Olenekian fauna 
with the ammonites of the genera Tirolites and 
Dinarites, gastropods Natiria and Turbo and 
foraminifera Meandrospira pusilla (Ho). Since the 
development of Olenekian strata of the Žiri area 
significantly differs from the typical Campil Beds, 
the local beds are ranged to the new informal 
lithostratigraphical unit, the “Žiri Beds”.

In the western part of the Alpine foothills the 
conodont study was directed to the Polhograjsko 
hribovje hills, which are situated west of 
Ljubljana between the Ljubljana moor in the 
south, Podlipščica to the west and to the north 
it is separated from the Škofja Loka hills by the 
Poljanska Sora River. All studies from different 
sections and outcrops have confirmed only the 
Olenekian age, whereas Induan strata have not 
been identified in this area.

In the Tehovec section, southwest of Medvode, 
a slightly marly biomicrite limestone lies on a 
thick bedded dark gray dolomite and with thin 
marlstone intercalations. In several beds also 
oolites are encountered. Among fossil molluscs 
there are represented Natiria costata (Münster) and 
Costatoria costata (Zenker) as well as rare badly 
preserved ammonites. Among the microfossils in 
the greater part of a 47 m section foraminifera M. 
pusilla occurs and the conodonts are represented 
by typical Lower Triassic shallow water elements 
P. obliqua and genera Hadrodontina and Ellisonia 
(jurKovšeK et al., 1999). Similar Lower Triassic 
successions are known from many other localities 
in the Polhograjsko hribovje Hills (GraD & 
oGorelec, 1980; raMovš, 1958b). These strata 
produced conodonts in the Horjul surroundings 
(Koreno, Samotorca, Prevalc and Šentjošt).

In the External Dinarides, Lower Triassic 
strata with conodonts were also found in several 
places of Notranjska and Dolenjska regions. 
Detail investigations have been done in the 
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sections on the southern and eastern outskirts of 
the Krimsko-mokrško hribovje hills. Buser (1969, 
1974) roughly divided Early Triassic strata into 
three superposition packages. Below is bedded 
gray dolomite with claystone and siltstone 
intercallations, in the middle part is reddish 
shale and sandstone with intercalations of oolitic 
limestone, and in the upper part there is light gray 
dolomite with marl beds. In all sections conodonts 
were recovered only from the samples of the 
middle superposition package. The carbonate 
beds (sparitic limestone, calcarenite and oolite 
limestone), which are deposited between the 
reddish claystones, siltstones and fine grained 
sandstone in the Iška River gorge yield conodonts 
Ellisonia sp., Foliella gardenae (Staesche) 
Hadrodontina sp., P. obliqua and P. ethingtoni. 
The fauna is dominated by the elements of 
the conodont apparatus P. obliqua at different 
ontogenetic stages (Kolar-Jurkovšek & Jurkovšek, 
1996). Similar conodont fauna was also found in 
Lower Triassic strata at Draga near Ig (Kolar-
jurKovšeK & jurKovšeK, 1996), Četež near Turjak 
and Borštnik. The recovered conodont elements of 
these localities are comparable with the obtained 
Smithian faunas from the Želin-Vrlejca sections 
of the Idrija-Žiri area and near Tržič (Kolar-
jurKovšeK, 1990, Kolar-jurKovšeK & jurKovšeK, 
1995). From the middle superposition package of 
a variegated clastites containing oolitic limestone 
beds at Skopačnik near Želimlje (Dozet & Kolar-
jurKovšeK, 2007) a Smithian species F. gardenae 
and P. obliqua are determined, whereas in the 
overlying dolomite strata which correspond to 
the upper carbonate superposition package the 
Spathian elements T. homeri (Bender) and T. ex gr. 
triangularis (Bender) were determined.

Similar lithological developments of 
Lower Triassic strata with conodonts as in the 
External Dinarides are also represented in the 
Transitional area between the External and 
Internal Dinarides, which extend from central 
Slovenia to the east on the territory of Croatia. 
The greater part of the Transitional area belongs 
to the Sava Folds, where in all of the investigated 
Lower Triassic strata conodonts were collected 
only in the middle mixed siliciclastic-carbonate 
part, which includes also oolitic limestone beds. 
Northwest of Trojane in the limestone between the 
reddish and olive grey clastites conodont species 
Hadrodontina anceps Staesche and P. obliqua 
have been found, in the Grmače section south of 
Litija P. obliqua, at Leskovica south of Bogenšperk 
and along the road between Bogenšperk and 
Temnica P. obliqua and F. gardenae. In the eastern 
Kozjansko region in the valley Mišnica north of 
Jurklošter the species P. obliqua was collected. 
All reported conodont elements indicate to a 
Smithian age of the sampled strata. A poorly 
preserved Early Triassic conodonts of the genera 
Hadrodontina and Pachycladina and some other 
non-identifiable fragments yield also some other 
test samples from the Sava Folds (Dobovica south 
of Podkum, Čebine north of Zagorje, etc.).

To the Transition region between the External 
and Internal Dinarides belongs also the Dolinski 
potok near Mokrice, which is located in the 
easternmost part of the Gorjanci - Žumberak Mt. 
near the Slovenian-Croatian border and it includes 
sedimentary rocks of the Smithian-Spathian 
interval (Kolar-Jurkovšek et al., submitted). The 
investigated part of the section is dominated by 
a thin bedded limestone with marl intercalations. 
Two limestone lithothypes are mainly represented: 
biomicrite/packstone and micritic limestone 
(mudstone). The following conodont zones 
have been distinguished: Ha. aequabilis Zone, 
Platyvillosus corniger Zone, Pl. regularis Zone 
and Triassospathodus hungaricus Zone. The same 
conodont zones were also discriminated in Lower 
Triassic sections of the Idrija-Žiri area (Kolar-
jurKovšeK et al., 2015b; chen et al., 2015 a) and 
they are particularly relevant for correlation of the 
equvalent strata of the adjacent as well as broader 
areas with significant sections of Asia and North 
America. The conodont material from this section 
has enabled the reconstruction of two conodont 
multielements: T. hungaricus (Kozur & Mostler) 
and Pl. regularis (Budurov & Pantić).

The conodont research in the Lower Triassic 
of the Slovenian part of the Southern Alps was 
carried out in the eastern part of the Julian Alps, 
the Southern Karavanke and Kamnik-Savinja 
Alps. For the Julian Alps, which comprise a large 
part of north-western Slovenia, is characterized 
by an overthrust structure. The largest is the 
Julian nappe (Placer, 2008) or the Julian Alps 
overthrust (jurKovšeK, 1987 a, b) which is formed 
of strata ranging from the Lower Triassic through 
the Cretaceous; its greater part is presented by the 
Upper Triassic shallow marine carbonates. Lower 
Triassic strata most frequently occur in discrete 
narrow bands or within smaller tectonic slices. 
Their footwall in this part of the Julian Alps is not 
visible, and in some places they are concordantly 
overlain by Anisian carbonate rocks.

At Studorski preval (Studor Pass), situated 4.5 
km southeast of the peak of Mount Triglav (2864 
m), the Lower Triassic strata are predominantly 
tectonized. In a tectonically undisturbed parts of the 
section microfacially two basic types occur: coarse 
tempestite sediment (microfacies A) and laminated 
or bioturbated calcareous mudstone and / or marl 
(microfacies B), pointing to a more distal parts of 
the ramp with storm influence. A similar formation 
also applies to the depositional environment of the 
Werfen Formation of the Southern Alps (BranDner 
et al., 2012). The Lower Triassic strata of Studorski 
preval are characterized by common gastropods 
Natiria costata, bivalves of the genera Bakevellia, 
Avichlamys and Eumorphotis, foraminifer fauna 
with the genera Ammodiscus, Hoyenella and 
Glomospirella corresponding the global »Glomospira-
Glomospirella« foraminifer association. Ammonites 
in the microfacies B show that a connection to 
the open sea was unimpeded. The conodont fauna 
with T. hungaricus is typical of the lower Spathian 
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(Kolar-jurKovšeK et al., 2013). From Lower Triassic 
strata of the Studorski preval the first discovery of 
a fossil amphibian in Slovenia (Temnospondyl) was 
found, which most probably belongs to the group 
Capitosauridae (lucas et al., 2008).

Similar Lower Triassic strata with gastropods 
Natiria costata, bivalves and very rare ammonites 
are tectonically squeezed in the area of Špica v 
Sedlcih located about 2 km northeast of the Vršič 
pass (jurKovšeK, 1987 a, b). In the limestone that 
corresponds to the microfacies B of Studorski 
preval some unidentifiable fragments of conodonts 
were found.

In a wider area of the Southern Karavanke on 
the dolomite of the Late Permian Bellerophon 
Formation there rest Lower Triassic strata that 
pass upward to the Anisian dolomite (Buser, 1980; 
Buser & cajhen, 1978). Lower Triassic strata in 
the valley Tržiška Bistrica near Tržič belong to the 
South Karavanke overthrust that is in the south 
limited with the Sava fault, and in the north by the 
Košuta overthrust of the Southern Karavanke. The 
lower and upper boundaries of the investigated 
sequences are not exposed, but the strata can 
be roughly divided into two parts (Dolenec et 
al, 1981). For the lower part of the sequence are 
characterized numerous strata and lenses of 
reddish oolitic limestone that are interbedded with 
the shale sheets and limestone beds with detritic 
admixture. In the upper part there is interbedded 
darker limestone, sandstone, marlstone and 
dolomite. A total thickness of the Lower Triassic 
strata in the section is about 200 m, of which the 
two parts of the section of approximately the same 
thickness. Conodonts were collected in the oolitic 
and sparitic limestone of the lower part of the 
section (Kolar-jurKovšeK & jurKovšeK, 1995). The 
recovered conodonts F. gardenae, Ha. anceps, P. 
obliqua and Pa. ethingtoni suggest a Smithian age. 

Lower Triassic strata of the South Karavanke 
overthrust built a great part of the Kamnik-Savinja 
Alps in the upper part of Savinja valley. In the area 
between the Logarska dolina, Solčava, Robanov 
kot and the northern slopes of Raduha these strata 
attain thickness up to 1000 m (Mioč, 1983; Mioč & 
žniDarčič, 1983; celarc, 2002, 2004; žalohar & 
celarc, 2010), but due to folding their thickness 
is only apparant. In the lowest part of the Lower 
Triassic strata there rests dolomite, which passes 
upwards into a carbonate-clastic succession of 
marlstone, siltstones, sandstone and marly limestone. 
Preliminary sampling of the limestones in the 
upper part of the stratigraphic sequences at several 
localities confirmed the presence of the Smithian 
conodont taxa P. obliqua and Parachirognathus sp., 
and the Spathian species T. hungaricus.

Conodont zonation

Altogether seventeen conodont zones can be 
distinguished in Lower Triassic strata of Slovenia 
(Fig. 3, 4). In this section these zones are described 

in ascending order, and in the beginning also a 
description of the latest Permian conodont Zone is 
added.

Hindeodus praeparvus Zone  
(latest Changhsingian)

Lower limit: defined by the first occurrence 
(FO) of Hindeodus praeparvus Kozur. Upper limit: 
first appearance datum (FAD) of H. parvus (Kozur 
& Pjatakova). Associated taxa: H. typicalis Sweet, 
H. latidentatus (Kozur, Mostler & Rahimi-Yazd), 
Hindeodus sp., and H. cf. pisai Perri & Farabegoli.

Occurrence: Lukač (the upper part of the latest 
Permian Bellerophon Limestone Member of the 
Bellerophon Formation through the lowermost 
Transitional Beds - latest Permian); Javorjev 
Dol, Masore, Idrijca, Vojsko (latest Permian; 
Bellerophon Formation).

Remarks. In the Masore section the elements 
of H. praeparvus and H. latidentatus co-occur in 
the uppermost part of the Bellerophon Formation. 
Both taxa range also in the lowermost Triassic and 
based on their occurrence in absence of H. parvus 
these strata are attributed to the H. praeparvus 
Zone (Late Permian, latest Changhsingian). H. 
praeparvus was reported to range in the lowermost 
Triassic in the Dolomites (Perri & FaraBeGoli, 
2003). Very rare elements of Isarcicella with a 
widely opened and thickened basal cavity are also 
present, of which some specimens are designated 
to Isarcicella cf. prisca Kozur, in the uppermost 
strata of the Bellerophon Formation. According to 
Perri (Perri & FarBeGoli, 2003) the genus Isarcicella 
made its first appearance in the latest Permian and 
is marker to distinguish the Upper from the Lower 
H. praeparvus Zone in the Southern Alps. Thus the 
presence of isarcicellids in the upper part of the H. 
praeparvus Zone in the Masore section enables to 
divide this zone in the lower and upper part. 

Hindeodus parvus Zone
Lower limit: first appearance datum of H. 

parvus. Upper limit: first appearance datum of 
Isarcicella lobata Perri & Farabegoli. Associated 
taxa: H. cf. pisai and Hindeodus sp. 

Occurrence: Lukač (earliest Griesbachian; 
Transitional Beds of the Lukač Formation). Remarks: 
H. parvus first appearance datum is documented in 
the L1 sample of the Transitional Beds of the Lukač 
Formation, and its last appearance datum is in the 
I. staeschei – I. isarcica Zone (Streaky Limestone 
Member of the Lukač Formation). This conodont 
zone is characterized by scarce fauna of exclusive 
representation of hindeodids. 

Isarcicella lobata Zone
Lower limit: first appearance datum of I. lobata 

Perri & Farabegoli. Upper limit: first appearance 
datum of I. staeschei Dai & Zhang and I. isarcica 
(Huckriede). Associated taxa: transitional form 
H. praeparvus / H. parvus, H. cf. pisai, H. cf. 
eurypyge Nicoll et al., H. parvus, H. erectus 
Kozur, H. postparvus (Kozur), Hindeodus sp., I. 
turgida (Kozur et al.), I. lobata, I. inflata Perri & 
Farabegoli, and Isarcicella sp. 
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Fig. 3. Correlation of the Lower Triassic zones. Abbreviations: C. – Clarkina, H. – Hindeodus. 
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Occurence: Lukač (early Griesbachian; 
Transitional Beds of the Lukač Formation).

Remarks: I. lobata first appears in the 
Transitional Beds of the Lukač Formation. This 
zone is marked by the entry of several other taxa 
and it represents a recovery event. The entire 
stratigraphic range of the species H. erectus lies 
within this zone. Three other taxa (H. postparvus, 
I. turgida, I. inflata) have their entry (FAD) in this 
zone, whereas H. cf. eurypyge appears only in this 
zone. 

Isarcicella staeschei –Isarcicella isarcica Zone
Lower limit: first appearance datum of two 

isarcicellid taxa, I. staeschei and I. isarcica. 
Upper limit: last appearance datum of two 
isarcicellid taxa, I. staeschei and I. isarcica and 
the first appearance of Hadrodontina sp. (Ha. 
ex gr. aequabilis). Associated taxa: H. parvus, H. 
postparvus, Hindeodus sp., I. turgida, I. lobata, I. 
inflata, and Isarcicella sp. 

Occurrence: Lukač (Streaky Limestone 
Member of the Lukač Formation); Javorjev Dol, 
Masore, Idrijca, Vojsko (“Werfen Formation”); 
Griesbachian.

Remarks: This zone is marked by the entire 
stratigraphic range and co-occurrence of I. 
staeschei and I. isarcica. Five taxa (H. postparvus, I. 
turgida, I. lobata, I. inflata, and Isarcicella sp.) that 
appeared already in the previous zone continue 
with their presence in this zone. All associated 
taxa have the LAD within this zone, except H. 
postparvus. For the presence of numerous taxa 
the fauna of this zone is still part of the recovery 
event. 

In the Lukač section the LAD of I. staeschei 
and I. isarcica coincides with the first occurrence 
of the genus Hadrodontina of which some 
elements can be identified as Ha. ex gr. aequabilis. 
In the Dolomites a successive appearance of some 
isarcicellid taxa is documented, i.e. I. lobata - I. 
staeschei – I. isarcica and moreover, the species 
Ha. aequabilis has a synchronous entry together 
with I. staeschei. 

Hindeodus postparvus Zone 
Lower limit: first appearance datum of H. 

postparvus (Kozur) without the presence of 
I. isarcica and I. staeschei. Upper limit: last 
appearance datum of H. postparvus. Associated 
taxa: Hadrodontina sp., Ellisoniidae. 

Occurrence: Lukač (latest Griesbachian; 
uppermost Streaky Limestone Member through 
the lowermost Carbonate-clastic Member of the 
Lukač section).

Remarks: This conodont zone in the Lukač 
section is marked by the highest portion of the 
stratigraphic range of H. postparvus without 
the presence of I. isarcica and I. staeschei. The 
discriminated H. postparvus Zone in the Lukač 
section is partly correlated with the H. postparvus 
– H. sosioensis Zone (Kozur, 2003). 

Hadrodontina aequabilis Zone
Lower limit: the first occurrence of 

Hadrodontina aequabilis Staesche. Upper limit: 
the first appearance datum of Ha. anceps Staesche. 
Associated taxa: Hadrodontina sp., Ellisoniidae. 

Occurrence: Mokrice (late Griesbachian; 
“Werfen Formation”). 

Remarks: Ha. aequabilis was first described 
from the Dolomites (staesche, 1964) and its 
multielement reconstruction was provided by 
Perri (1991). In the Mokrice section the Ha. 
aequabilis Zone has been distinguished where 
the marker taxon is present as a single species 
(Kolar-jurKovšeK et al., submitted). In the 
Dolomites, the I. isarcica Zone is succeeded by 
the succession of the zones based on euryhaline 
shallow water species: Ha. aequabilis Zone (latest 
Griesbachian - Dienerian), Ha. anceps Zone and 
P. obliqua Zone (Perri, 1991; FarBeGoli & Perri, 
2012).

Based on comparison with the Dolomites 
and regarding long range of Ha. aequabilis it is 
reasonable to conclude that the stratigraphic range 
of H. postparvus overlaps with the lower portion 
of the stratigraphic range of Ha. aequabilis. The 
later species has been reported also from Japan 
(iGo, 1996) and South Primorye in Russian Far 
East (BonDarenKo et al., 2015). 

Hadrodontina anceps Zone 
Lower limit: first occurrence of Ha. anceps 

Staesche. Upper limit: first occurrence of P. obliqua. 
Associated taxa: Hadrodontina sp., Ellisoniidae.

Occurrence: Lukač (Dienerian; middle and 
upper part of the Carbonate-clastic Member of 
the Lukač Formation).

Remarks: Ha. anceps was first described from 
the Dolomites (staesche, 1964). The Ha. anceps 
multielement was first reconstructed by Perri & 
anDraGhetti (1987). This zone is well correlated 
with the Ha. anceps Zone of the Dolomites 
where it is based on the position between the Ha. 
aequabilis Zone and followed by P. obliqua Zone 
(Perri,1991). 

Eurygnathodus costatus Zone
Lower limit: the first occurrence of Eurygnathodus 

costatus Staesche. Upper limit: the last occurrence 
of E. costatus. Associated taxon: Eurygnathodus 
hamadai (Koike). 

Occurence: Golob (latest Dienerian and early 
Smithian; “Werfen Formation”).

Remarks: E. costatus has been first described 
from the Dolomites, Italy (staesche, 1964). In the 
Dinaric area and it has been later reported to 
occur in western Serbia (BuDurov & Pantić, 1973), 
Croatia (aljinović et al., 2006) and in Bosnia and 
Herzegovina. The species has been well documented 
from many sections in Asia (chen et al., 2015a).

The GSSP of the Olenekian Stage has not 
been defined yet, but two proposals based on 
the FO of Novispathodus waageni have been 
put forward (Krystyn et al., 2007; zhao et al., 
2008). Both candidate sections, the Spiti of India 
and Chaohu in Anhui Province in China, are 
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characterized by presence of E. costatus that has 
short stratigraphic range. E. costatus has been 
reported to occur already in the latest Induan 
in some sections in Asia (zhanG, 1990; iGo, 2009, 
chen et al. 2015b). 

It is worthy to mention here that Nv. waageni 
has not been collected in the European sections 
and therefore E. costatus it is currently taken 
as an important marker around this boundary. 
The hitherto obtained data from Slovenia and 
other locations in the Dinarides unabled us to 
document its entire stratigraphic range and to 
define its precise stratigraphic position. The 
preliminary C-isotope data suggests, that the 
Induan-Olenekian boundary probably lies within 
the Golob section (chen et al., 2015a) that means 
within the range of this taxon. Therefore in the 
Figure 3 the boundaries of this zone are presented 
with dashed lines.

Pachycladina obliqua Zone
Lower limit: the first occurrence of P. obliqua. 

Upper limit: the last occurrence of P. obliqua. 
Associated taxa: Ha. anceps, Hadrodontina sp., 
Ellisonia sp.

Occurence: Tehovec, Horjul and Žiri 
surroundings, Trojane, Grmače, Mišnica, Dobovica, 
Čebine (Smithian; “Werfen Formation”). 

Remarks: P. obliqua was first reported from 
the Dolomites, Italy by staesche (1964) and also 
its multielement was first reconstructed from 
there (Perri & anDraGhetti, 1987). The value for 
stratigraphy of P. obliqua in the Dolomites was 
first emphasized and was later confirmed also 
for the Dinarides (Perri, 1991; Kolar-jurKovšeK 
& jurKovšeK, 1995, 1996; jelasKa et al., 2003; 
aljinović et al., 2011). 

P. obliqua is the most frequent Early Triassic 
element reported from the entire Dinaric area, 
including Slovenia (jurKovšeK et al., 1999, Kolar-
jurKovšeK & jurKovšeK, 2001; Dozet & Kolar-
jurKovšeK, 2007), Croatia (jelasKa et al., 2003; 
aljinović et al., 2006), Bosnia and Herzegovina 
(aljinović et al., 2011), Serbia (suDar, 1987). The 
exact stratigraphic range of P. obliqua in Slovenia 
has not yet been defined, but in the Dolomites it 
ranges from the Smithian to the lower Spathian 
(Perri & anDraGhetti, 1987). 

The fauna with dominating species P. obliqua 
and joined by Hadrodontina was assigned to the 
Smithian P. obliqua Zone and correlated to the 
P. obliqua Zone in the Dolomites as well as to 
the Lower Smithian Zone 7 (Parachirognathus-
Furnishius Zone) of Sweet et al. (1971). 

This species has been reported also from South 
China (WanG & cao, 1981; yanG et al., 1986; yan et 
al., 2013) and North America (Beyers & orcharD, 
1991). 

Foliella gardenae Zone
Lower limit: the first occurrence of F. gardenae 

(Staesche). Upper limit: the last occurence 
of F. gardenae. Associated taxa: Ellisonia sp., 
Hadrodontina sp., P. obliqua, Furnishius triserratus 
Clark, Parachirognathus ethingtoni Clark. 

Occurrence: Iška, Draga, Skopačnik, Četež, 
Borštnik, Leskovica, Bogenšperk – Temnica, Želin-
Vrlejca, Žiri and Solčava surroundings, Tržič, (late 
Smithian and earliest Spathian; ”Werfen Formation”).

Remarks: F. gardenae was originally reported 
from north Italy where it co-occurs with P. 
obliqua, however, in the upper portion of its 
stratigraphic range only (staesche, 1964). This 
species has been later reported from the Dinaric 
area: Serbia (BuDurov & Pantić, 1973; suDar et al. 
2014), Slovenia (Kolar-jurKovšeK, 1990 a; Kolar-
jurKovšeK & jurKovšeK, 1995), Croatia (aljinović 
et al., 2006). A limited geographic distribution of 
this species suggests it was ecologically restricted. 
It is possible that its occurrence is confined to 
the environment of the epeiric ramp conditions 
(aljinović et al., 2013 a).

In western Serbia, the F. gardenae Zone is 
distinguished above the E. costatus Zone (Budurov 
& Pantić, 1974). It is worthwhile to mention that 
the two taxa have short stratigraphic ranges 
and according to the presented data, there is an 
intermediate interval without any evidence of 
conodont occurrences. Similar distribution revealing 
occurrence of E. costatus in the older strata and F. 
gardenae in the younger strata are supported by the 
situation in the Dolomites (staesche, 1964). 

Neospathodus planus Zone
Lower limit: the first occurrence of 

Neospathodus planus. Upper limit: the first 
occurrence of N. robustus Koike. Associated taxon: 
Neospathodus sp.

Occurrence: Žiri surroundings (Smithian; “Žiri 
Beds”).

Remarks: This zone is distinguished based 
on a new species defined from Slovenia (chen et 
al., 2015 a). The specimens of the namebearer of 
this zone are associated with other neospathodid 
elements determined as Neospathodus sp. 

This zone can be roughly correlated to the 
lower protion of the P. obliqua Zone. It can be 
also correlated with the Novispathodus waageni 
waageni and Discretella discreta Zones which are 
reported from South China (chen et al., 2013, 2015 
b; Yan et al., 2013).

Neospathodus robustus Zone 
Lower limit: the first occurrence of N. robustus. 

upper limit: the last occurrence of N. robustus. 
Associated taxon: Neospathodus sp.

Occurrence: Žiri surroundings (Smithian; “Žiri 
Beds”).

Remarks: N. robustus was first reported from 
western Malaysia, and the first entry of this 
species is documented approximately 10 m higher 
(ca. 10m) than the LOs of E. costatus and Nv. cf. 
waageni (KoiKe, 1982). The reports on occurence of 
N. robustus are very rare. 

In the Žiri area the lower N. planus and the 
succeeding N. robustus Zones are followed by the 
level with the Platvyllosus elements. Based on 
obtained data from Slovenia we may conclude 
that the N. planus and the N. robustus Zones can 
be correlated to the P. obliqua Zone. 
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Platyvillosus corniger Zone 
Lower limit: the first occurence of Platyvillosus 

corniger. Upper limit: the first occurrence Pl. 
regularis (Budurov & Pantić). 

Occurrence: Žiri surroundings (“Žiri Beds”), 
Mokrice (“Werfen Formation”); Smithian.

Remarks: This zone is marked by the occurrence 
of a single species, the zonal namebearer. The P. 
corniger Zone can be together with the following 
Pl. regularis Zone roughly correlated with the F. 
gardenae Zone (see the remarks of the following 
zone). 

Platyvillosus regularis Zone
Lower limit: the first occurrence of Pl. regularis. 

Upper limit: the first occurrence Triassospathodus 
hungaricus (Kozur & Mostler).

Occurrence: Žiri surroundings (“Žiri Beds”), 
Mokrice (“Werfen Formation”); Smithian.

Remarks: This zone is marked by the occurrence 
of a single species, the zonal namebearer. The 
Pl. regularis has been reported from Serbia for 
the first time (BuDurov & Pantić, 1973) and was 
assigned to the Ladinian genus Pseudofurnishius 
(e.g., BuDurov & Pantić 1973). However taxonomic 
revision and new discoveries indicate that it 
should be assigned to genus Platyvillosus (chen 
et al., 2015a, c). 

Both Platyvillosus taxa have been collected in 
two sections in Slovenia, Žiri and Mokrice sections. 
The older strata in both sections are marked 
with the fauna of Pl. corniger that are followed 
by the strata with the fauna of Pl. regularis. Also 
in the first description of Pl. regularis there is no 
information about the composition of the fauna 
that enables us to speculate that the species in 
the type locality was collected as a monofauna. 
The absence of any accompaning fauna suggests 
to stressful conditions controlled by ecollogical 
factors that renders their comparison difficult. 

In both Slovenian sections the Pl. corniger and 
the Pl. regularis Zones lie below the T. hungaricus 
Zone, similar as the F. gardenae Zone. Therefore 
it is reasonable to conclude that the faunas with 
Platyvillosus and Foliella are contemporaneous in 
Slovenia.

Triassospathodus hungaricus Zone
Lower limit: the first occurrence of T. 

hungaricus. Upper limit: the first occurrence of T. 
symmetricus Orchard. 

Occurrence: Studorski preval (Werfen Formation), 
Žiri surroundings (“Žiri Beds”), Mokrice, Solčava 
surroundings (“Werfen Formation”); Spathian.

Remarks: T. hungaricus was originally reported 
from Hungary from the strata with the ammonoid 
Tirolites (Kozur & Mostler, 1970). 

In the Dinarides T. hungaricus has been just 
recently collected from Slovenia, as well as from 
Bosnia and Herzegovina (Kolar-jurKovšeK et al., 
2013, 2014). The species has been also reported 
from the Sichuan Province, China (tian et al., 
1983). Some specimens determined as “N.” cf. 
hungaricus have been collected in Nevada (North 
America) (lucas & orcharD, 2007). 

Tirolites is widely accepted by stratigraphers 
as a marker for the Smithian-Spathian boundary 
(e.g., Kozur, 2003). According to Kozur (2003) 
the T. hungaricus Zone is presented as the first 
conodont zone of the Spathian. In the shallow 
western Tethys, T. hungaricus Zone lies in the 
lower Spathian, where Icriospathodus collinsoni 
(Solien) is missing (Kolar-jurKovšeK et al., 2013). 
The present zone can be roughly correlated with 
the lowermost Spathian Pl. asperatus Zone of the 
Great Basin, USA (clarK et al., 1979).

In the Mokrice section T. hungaricus 
occurs as the only species of this zone and 
it ranges up to the lowermost portion of the 
following zone characterized by the presence of 
Neostrachanognathus tahoensis Koike (Kolar-
jurKovšeK et al., submitted).

Triassospathodus symmetricus Zone
Lower limit: the first occurrence of T. 

symmetricus. Upper limit: the first occurrence 
of Neospathodus robustispinus Zhao & Orchard. 
Occurrence: Žiri surroundings (Spathian, “Žiri 
Beds”). 

Remarks: T. symmetricus was first reported 
from Oman and North America and it is 
accompanied by Ic. collinsoni and T. homeri 
(Mosher, 1968; orcharD, 1995). In the Slovenian 
section no accomapanied species were collected. 
T. symmetricus has also been reported from Italy 
(Perri, 1986), Greece (DürKooP et al., 1986), North 
America (Mosher, 1973) and many sections in Asia 
(see chen et al., 2015a, b). 

This zone can be correlated with the T. 
symmetricus Zone of North Vietnam and the 
Ic. collinsoni zone of Jiarong, South China, 
as both zones lie immediately above the Nv. 
pingdingshanensis Zone (chen et al., 2013, 2015b; 
MaeKaWa & KoMatsu, 2014). 

Neospathodus robustispinus – Triassospathodus 
homeri Zone

Lower limit: the FO of N. robustispinus and/
or the FAD of T. homeri (Bender). Upper limit: 
the LO of N. robustispinus and/or LAD T. homeri. 
Accompanied taxa: T. symmetricus, N. ex gr. 
robustispinus.

Occurrence: Žiri surroundings (“Žiri Beds”), 
Skopačnik (Werfen Formation); Spathian.

Remarks: N. robustispinus was first reported 
from Chaohu, Anhui province (South China), 
and it occurs in the lower Spathian ammonoid 
Columbites-Tirolites Zone (zhao et al., 2008). T. 
homeri (Bender) was first described from Greece 
(BenDer, 1970) and a worldwide distribution of 
the species is well documented (orcharD, 1995). 

In the Slovenian section N. robustispinus is 
documented higher than the FO of T. symmetricus. 
The stratigraphic position of this zone can be 
roughly correlated to T. homeri Zone that is 
just below the T. triangularis Zone according to 
(Kozur, 2003). The N. robustispinus - T. homeri 
Zone in Slovenia probably correlates with the T. 
homeri Zone in South China (chen et al., 2013, 
2015b). 
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Fig. 4. Conodonts from the Lower Triassic of Slovenia.
1 a–c Triassospathodus hungaricus (Kozur & Mostler). Spathian, Triassospathodus hungaricus Zone. Mokrice, sample R1/3.
2 a–c Eurygnathodus costatus Staesche. Latest Dienerian – early Smithian, Eurygnathodus costatus Zone. Golob, sample 44/8.
3 a– c Platyvillosus regularis (Budurov & Pantić). Smithian, Platyvillosus regularis Zone. Žiri surroundings, sample 28/17. 
4 a –c Pachycladina obliqua Staesche. Late Smithian – earliest Spathian, Foliella gardenae Zone. Iška, samples IŠ1, IŠ2. 
5 – Foliella gardenae (Staesche). Late Smithian – earliest Spathian, Foliella gardenae Zone. Tržič, sample 66. 
6 – Hadrodontina anceps Staesche. Late Smithian – earliest Spathian, Foliella gardenae Zone. Tržič, sample 59. 
7 a –c Hindeodus parvus (Kozur & Pjatakova). Griesbachian, Hindeodus parvus Zone. Lukač, sample L1. 
8 a– b Isarcicella lobata Perri & Farabegoli. Griesbachian, Isarcicella lobata Zone. Lukač, sample T. 
9 a–c Hindeodus postparvus Kozur. Griesbachian, Hindeodus postparvus Zone. Lukač, sample 41. 
10 a – b Isarcicella staeschei Dai & Zhang. Griesbachian, Isarcicella isarcia – Isarcicella staeschei Zone. Lukač, sample V.

All species are presented by the Pa element, except fig. 4 – P. obliqua is presented by the Pa, Sc, M elements in ascending order. 
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Triassospathodus triangularis Zone
Lower limit: the FAD of T. triangularis (Bender). 

Upper limit: the LAD of T. triangularis. 
Accompanied taxa: T. ex gr. triangularis. 

Occurrence: Skopačnik (Werfen Formation); 
Spathian.

Remarks: T. triangularis was first reported 
from Greece by BenDer (1970) and it has been 
documented also from the Dolomites (staesche, 
1964; Perri & anDraGhetti, 1987). The species has 
widespread distribution and has been extensively 
reported from many sections of the world (see 
orcharD, 1995; chen et al., 2013, 2015b). 

The marker taxon of the zone was collected also 
in a few sections south of Ljubljana, however, its 
entire range has not been well defined. Nevertheles, 
this zone can be compared to the T. triangularis 
Zone (Kozur, 2003). 

Discussion and conclusions

The PTB interval in Slovenia is characterized 
by the genera Hindeodus and Isarcicella and the 
absence of gondolellids is obvious. Therefore, 
a conodont zonation for shallow facies of the 
Meishan section in China introduced by WanG 
(1996) and later refined for the Dolomites in 
Italy (Perri & FaraBeGoli, 2003) was applied. The 
Lukač section represents a key section to define 
the PTB interval strata in Slovenia as well as in 
the wider Dinarid area (Kolar-jurKovšeK et al., 
2011a, 2012).

Certain levels of the Lower Triassic succession 
in Slovenia are marked by shallow water 
and euryhaline genera. Due to the absence of 
worldwide biozonal markers, a stratigraphic use 
of some taxa (i.e. Hadrodontina aequabilis, Ha. 
anceps, Pachycladina obliqua) was first recognized 
in the Dolomites, Italy (Perri, 1991) and was later 
applied also in the Dinarides (jelasKa et al., 2003). 
Therefore the use of euryhaline genera is important 
regional biostratigraphic tool in western Tethys.

Certain Olenekian faunas in Slovenia show 
very low diversity and many collected faunas 
are characterized by the presence of a single 
species, for example Eurygnathodus costatus, 
E. hamadai, Platyvillosus corniger, Pl. regularis 
and Triassospathodus hungaricus. The two 
Platyvillosus taxa have been hitherto reported 
only from the Dinarides. Stratigraphically 
important taxa for example: Neospathodus 
dieneri, Novispathodus waageni, Icriospathodus 
collinsoni, Nv. pingdingshanensis have not been 
documented to occur in Slovenia or the Dinarides. 

For some time it was believed that the genus 
Eurygnathodus Staesche is a junior synonym 
of Platyvillosus Clark, Sincavage & Stone (e.g., 
Kozur & Mostler, 1973). Therefore there was 
certain misunderstanding in recognition of some 
Olenekian genera. In the Treatise of Invertebrate 
Paleontology (clarK et al., 1981), in the volume of 
the genus Platyvillosus as a synonym is regarded 
Eurygnathodus as well as ? Foliella Budurov & 

Pantić. The three genera have markedly different 
morphology and they are regarded as separate 
genera (e.g., orcharD, 2007; chen et al., 2015a). The 
genus Platyvillosus was first described from North 
America and the type species is Pl. asperatus 
Clark, Sincavage & Stone. The relationship 
among all known occurrences of Platyvillosus 
representatives from Europe and North America 
is not clear. 

In Slovenia, Eurygnathodus and Platyvillosus 
do not co-occur and this is in accordance with 
the data from Serbia (BuDurov & Pantić, 1974). 
However, their relation is not yet solved. The 
P1 element of Platyvillosus is demonstrated by 
the transitional forms from a neospathodid type 
ancestor as already suggested by orcharD (2007)
and chen et al. (2015a). 

In Slovenia, the genera Foliella and Platyvillosus 
also do not co-occur and the recovered material 
does not reveal their relationship. Foliella gardenae 
has been documented only in Europe, however, 
the accompanied Pachycladina with an extensive 
geographical distribution enables worldwide 
comparison of the fauna.

Platyvillosus taxa have also limited geographic 
occurrence outside Slovenia. Of the two recognized 
species, only Pl. regularis has been known to occur 
in Serbia (BuDurov & Pantić, 1973). Their occurrence 
outside the Dinarides has not yet been reported. 

The two neospathodid taxa, Neospathodus 
planus and N. robustus occur in a level with obvious 
absence of Novispathodus waageni.

Certain recovered conodont faunas from 
Slovenia markedly differ from the contemporaneous 
conodont faunas of North America and Asia. A 
limited geographic distribution of some genera 
confined to the European sections suggests they 
were ecologically restricted and probably adapted 
to shallow water environments.

Triassospathodus hungaricus has been lately 
reported from few sections in the Dinarides 
where it occurs as single conodont species. 
Outside the area this species has been reported 
to occur in the Sichuan Province of South China 
(tian et al., 1983) and moreover, lucas & orcharD 
(2007) reported elements morphologically close 
or identical to “Neospathodus” cf. hungaricus 
from Nevada. 

Representatives of the T. symmetricus-homeri-
triangularis lineage are well documented and 
quite common worldwide. 
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Izvleček

Na prehodnem območju med gričevnatim Goričkim in uravnanim Prekmurskim poljem je bilo aprila 2014 
izvedeno podrobno hidrogeološko kartiranje, v okviru katerega so bili registrirani pojavi podzemne in površinske 
vode. Opravljene so bile meritve gladine, temperature, elektroprevodnosti in pH vrednosti podzemne vode izbranih 
vodnjakov. Na podlagi teh podatkov je bila izrisana karta gladin podzemne vode in določene smeri njenega toka. 
Na območju Goričkega podzemna voda teče od severa proti jugu, na stiku med Goričkim in Prekmurskim poljem 
se smer toka zaradi spremembe reliefa in hidrogeoloških karakteristik sedimentov, spremeni proti jugovzhodu, kar 
se odraža v povijanju hidroizohips. Tok podzemne vode v osrednjem delu Prekmurskega polja je vzporeden toku 
reke Mure, to je v smeri od severozahoda proti jugovzhodu. Meritve terenskih fizikalno–kemijskih parametrov so 
pokazale, da se pH vrednost in temperatura podzemne vode na Goričkem in Prekmurskem polju ne razlikujeta. 
Vrednosti elektroprevodnosti so na Prekmurskem polju nekoliko višje kot na Goričkem. 

Abstract

In April 2014 a detailed hydrogeological mapping was performed in the transition area between the hilly Goričko 
in the north and the flatland of Prekmursko polje in the south (NE Slovenia). The occurrence of groundwater and 
surface water phenomena were registered and groundwater levels determined in a number of dug wells. Some 
basic physico-chemical parameters of water, i.e. temperature, electrical conductivity and pH were measured. 
Groundwater level map of the area was drawn and groundwater flow directions determined. In the Goričko area, 
groundwater flows from north to south, while in Prekmursko polje groundwater flow is parallel to the flow of 
the Mura River, i.e. NW-SE. In the transition area between Goričko and Prekmursko polje groundwater countor 
lines bend substantialy indicating a change in the relief as well as change of the hydrogeological characteristic of 
sediments. The groundwater pH and temperatures in Goričko and Prekmursko polje, are simillar. However, the 
electrical conductivity of groundwater in Prekmursko polje is higher than in Goričko. 

Uvod

Goričko je hribovito območje v severovzhodni 
Sloveniji, s povprečno nadmorsko višino približno 
300 m, ki se na severu in zahodu nadaljuje v 
Avstrijo ter na vzhodu na Madžarsko, na jugu pa 
postopoma prehaja v ravnino Prekmurskega polja. 
Geomorfološko stik med njima predstavlja pas, 
sestavljen iz sistema nizkih pleistocenskih teras, 
ki jih je ustvarila reka Mura z akumulacijo in 
erozijo (GaMs, 1959). Na območju teras so odloženi 
prodi, peščeni prodi, glinasti prodi in prodnati 
peski (jelen & riFelj, 2011), katerih prepustnost 

se v smeri proti Prekmurskemu polju povečuje. 
Pas se razteza od Cankove na zahodu do Žitkovcev 
na vzhodu, njegova površina pa je ocenjena na 
približno 180 km² (sl. 1). Prekmursko polje in 
Goričko se razlikujeta tako po hidrogeoloških, 
litoloških kot tudi po tektonskih razmerah.

Iz arhivskih kart gladin podzemne vode Kralj 
(1979) izhaja, da je na stiku med Goričkim in 
Prekmurskim poljem drugačna smer toka kot 
na osrednjem delu Prekmurskega polja in da se 
podzemna voda na severnem obrobju Prekmurskega 
polja napaja z Goričkega. 

© Author(s) 2015. CC Atribution 4.0 License
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Vodotoki na zahodu Goričkega tečejo proti jugu 
in se na osrednjem delu Prekmurskega polja izlijejo 
v reko Ledavo. Na severovzhodnem delu Goričkega, 
tečejo proti jugovzhodu in vzhodu, v isti smeri kot 
Mala in Velika Krka. Ti reki tečeta proti vzhodu na 
Madžarsko kjer se združita v Krko (madž. Kerka), ki 
se na državni meji med Slovenijo in Madžarsko izlije 
v reko Muro. Na zahodnem Goričkem, ob Ledavi, 
so potoki daljši kot v vzhodnem delu. V Ledavo so 
v smeri od zahoda proti vzhodu izlivajo: Bodonski, 
Pečarovski, Beznovski, Mačkovski, Sebeborski, 
Martjanski, Krnski, Bogojinski, Sukičev, Andrejski 
in Dolinski potok, Lipnica, Lukaj, Črnec, Dobel 
in Bezjak (sl. 1). Stalni pretok je prisoten le v 
Bodonskem, Mačkovskem in Martjanskem potoku, 
drugi pa predvsem v poletnih mesecih, presahnejo 
(ciGlar, 1975). 

Ledava je z 71 km dolžine najdaljša reka na 
Goričkem. Izvira v bližini Gleichenberga, v Avstriji, 
nato teče po Goričkem od severa proti jugu. Pri 
Topolovcih seka pleistocensko teraso ter teče v 
smeri proti jugovzhodu, po ravnini vse do državne 
meje z Madžarsko, kjer se izliva v Muro (sl. 1). Je 
njen glavni pritok v Sloveniji, ki ima zaradi prevlade 
slabše prepustnih tal, zelo gostoto drenažno mrežo. 
Tudi drugi potoki na Goričkem imajo razvejane 
drenažne mreže, na prehodu v ravninski del, kjer so 
tla bolj prepustna kot na Goričkem, začnejo zaradi 
majhnega naklona površine vijugato. V povirnem 
delu so struge ožje in globlje. 

Goričko je pomembno tudi z vidika pojavljanja 
mineralne vode, predvsem na območju Nuskove 
(žleBniK, 1974), ki pa se trenutno še ne uporablja 
v komercialne namene. Prekmursko polje je glede 
teh virov bogatejše, na območju Petanjcev se nahaja 
mineralna voda, na območju Renkovcev, Moravskih 
Toplic in Lendave pa termalna voda. Na območju 
Prekmurskega polja, zlasti na širšem območju 
Petišovcev, so v preteklosti potekale intenzivne 
raziskave nafte in plina, kjer so bila odkrita 
ekonomsko pomembna naftna polja (Pleničar, 1954). 

Namen članka je podati hidrogeološke razmere 
na stičnem območju med hribovitim Goričkim in 
ravninskim Prekmurskim poljem. Razpoložljivi 
podatki (novaK, 1966; Kralj, 1979) nakazujejo, 
da se del podzemne vode na severnem območju 
Prekmurskega polja napaja z Goričkega, in da stik 
med tema dvema pokrajinskima enotama predstavlja 
območje hidrogeološkega prehoda, kjer se v smeri 
od severa proti jugu spremenijo hidrogeološke 
razmere in s tem tudi smer toka podzemne vode. 
S hidrogeološkim kartiranjem smo želeli potrditi 
domnevi o obstoju prehodnega območja in o smeri 
napajanja na severni meji Prekmurskega polja. 

Predhodne raziskave na obravnavanem območju

V preteklosti so se geološke raziskave izvajale 
lokalno, predvsem z namenom opredelitve 
geomehanskih pogojev za gradnjo manjših objektov 

Sl. 1. Položaj potokov na Goričkem 

Fig. 1. Streams in the area of Goričko
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(novaK, 1966; ciGlar & FiliPič, 1987). To je razlog 
za šibko poznavanje geologije Goričkega v celoti, 
v primerjavi z južno ležečim Prekmurskim poljem. 
Rezultati večine opravljenih raziskav na območju 
Goričkega niso bili objavljeni in so na razpolago 
le v obliki delovnih poročil, predvsem v arhivu 
Geološkega zavoda Slovenije. 

Območje severnega dela Prekmurskega 
polja je hidrogeološko raziskal Kralj (1979) in 
rezultate strnil v diplomskem delu. novaK (1966) 
je raziskoval lokalne hidrogeološke razmere 
na območju Puconcev in izdelal hidrogeološko 
karto, ki prikazuje gladino podzemne vode na 
Prekmurskem polju in na stiku z Goričkim na 
sami lokaciji. V zadnjem obdobju večina raziskav 
zajema hidrogeološko interpretacijo monitoringa 
gladin podzemne vode na odlagališču Puconci. 
Hidrogeološko opredelitev območja odlagališča je 
podal DroBne (1989), podrobnejšo karakterizacijo 
pa Brenčič (2003). Raziskave morebitnih 
nahajališč kremenovega proda in peska (ciGlar 
& FiliPič, 1987) so potekale predvsem na območju 
vasi Bodonci, Kuštanovci, Korovci in Puconci. Za 
ekonomsko primerno nahajališče se je izkazalo le 
nahajališče v Puconcih. V občini Puconci, pa so 
bile na območju Doline opravljene tudi inženirsko 
geološke raziskave (čarMan, 2014). Na območju 
Nuskove je bilo izvrtanih nekaj vrtin za določitev 
količin mineralne vode ter opredelitev vodonosnih 
plasti (žleBniK, 1974), na območju celotnega 
Pomurja pa je bilo v zadnjih letih izvedenih tudi 
veliko raziskav geotermalnih virov (rMan et al., 
2012). Izvedene so bile tudi petrografske raziskave 
(Kralj, 1999) v okolici Grada na Goričkem, v 
katerih je bil podrobneje raziskan apofilit iz 
zgornjepliocenskih vulkanoklastov. Geokemične 
raziskave zgornjepliocenskih meljastih in 
peščenih sedimentov iz vrtine Mt-7 (Kralj, 
2003) so potekale na območju Moravskih toplic. 
Rezultate geofizikalnih raziskav izvedenih za 
potrebe skladiščenja plina v strukturah Pečarovci 
in Dankovci je opisal Gosar (1996). 

Hidrogeološki opis območja

Goričko gradijo slabše prepustni, heterogeni 
sedimenti, predvsem gline in melji, ki se izmenjujejo 
z dobro prepustnimi peski in prodi (ciGlar, 1975). 
Glede na to sklepamo, da je infiltracija padavin 
na Goričkem zaradi slabše prepustnih krovnih 
plasti, nižja kot na Prekmurskem polju. Slednje 
je zgrajeno pretežno iz dobro prepustnih prodov 
in peskov, slabše prepustne plasti sedimentov pa 
se v glavnem pojavljajo v lečah oziroma v podlagi 
kvartarnega vodonosnika. 

Površje Goričkega prekrivajo predvsem 
sedimenti Špiljske, Murske in Ptujsko-grajske 
formacije (jelen & riFelj, 2011) neogenske 
starosti. Med Kučnico in Ledavo prevladujejo 
sedimenti Špiljske formacije, ki so se odlagali v 
plitvomorskem okolju, območje ob Ledavi (na 

Goričkem) prekrivajo sedimenti Murske formacije, 
odloženi na deltni ravnici in deltnem čelu, na njih 
pa so v osrednjem in vzhodnem delu Goričkega 
odloženi sedimenti aluvialne ravnice Ptujsko-
Grajske formacije. Vrhove grebenov na vzhodnem 
Goričkem prekrivajo slabo sortirani rečni prodi, z 
lečami glin in peskov (ciGlar & FiliPič, 1987; BeGuš 
et al., 2002) domnevno pliocenske ali pleistocenske 
starosti (jelen & riFelj, 2011).

V holocenu so manjši potoki in hudourniki z 
območja Goričkega nanašali sedimente v smeri 
proti jugu (Pleničar, 1970). Tako so v strugah 
potokov na Goričkem in na severnem robu 
Prekmurskega polja odloženi prodi, peski, melji 
in peščene gline (jelen & riFelj, 2011). Površje na 
območju Goričkega se znižuje v smeri od severa 
proti jugu (sl. 1).

Podzemna voda na Goričkem se nahaja v srednje 
izdatnih kvartarnih in pliocenskih medzrnskih 
vodonosnikih, ki jih gradijo prodne, peščene in 
meljne plasti ter vmesne, tanjše slabo do zelo slabo 
prepustne plasti. Zaradi tega so pogosti lokalni 
polzaprti vodonosniki, nekatere med njimi lahko 
opredelimo tudi kot viseče vodonosnike (Prestor 
et al., 2006). 

Predkvartarna podlaga na obravnavanem delu 
Prekmurskega polja tone v smeri od severozahoda 
proti jugovzhodu. Predstavljajo jo predvsem 
zelo slabo prepustni pliocenski sedimenti (glina, 
melj in lapor), med njimi pa prevladuje glinena 
komponenta (meljna glina, peščena glina, 
laporasta glina). 

Visoko izdaten kvartarni medzrnski vodonosnik 
na območju Prekmurskega polja vsebuje 
pomembne količine podzemne vode za oskrbo 
prebivalstva s pitno vodo (Mali & hötzl, 1990). V 
nekaterih primerih kemijsko stanje te podzemne 
vode ni primerno za pitno vodo, predvsem zaradi 
prisotnosti nitrata in pesticidov (MihorKo & Gacin, 
2014). 

Na stiku med Goričkim in Prekmurskim 
poljem se sedimenti razlikujejo po poroznosti 
in prepustnosti. Za kvartarni medzrnski 
vodonosnik sta značilni visoka prepustnost 
in izdatnost, s koeficientom prepustnosti med 
1,0·10-3  in 5,0·10-3 m/s, poroznostjo od 0,15 do 
0,35 in gradientom podzemne vode od 0,001 do 
0,002 (Brenčič, 2009). 

Na območju Puconcev, na meji med Goričkim 
in Prekmurskim poljem, se nahajajo izmenjujoče 
plasti heterogenih pliocenskih in pleistocenskih 
sedimentov, ki imajo različno prepustnost ter 
se lečasto prepletajo. Zato pride do razlike v 
smeri hidravličnega gradienta (Brenčič, 2006). 
Koeficient prepustnosti je v razponu med 1,4·10- 6 

in 1,3·10-4 m/s (Brenčič 2008; Bokan, ustna 
informacija). 
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Metode

Hidrogeološko kartiranje

Hidrogeološke razmere smo opredelili s 
podrobnim kartiranjem območja južnega roba 
Goričkega in severnega roba Prekmurskega polja. 
Kartiranje smo izvedli v aprilu 2014.

Pregledali smo vse dostopne hišne vodnjake na 
obrobju Goričkega v naseljih Strukovci, Puževci, 
Brezovci, Puconci, Martjanci, Tešanovci, Bogojina, 
Sebeborci, Vaneča, Bodonci in Šalamenci (sl.  1). 
Tovrstne objekte za monitoring uporabljamo 
večinoma v primerih, ko na razpolago ni 
primernejših objektov za odvzem vzorcev 
podzemne vode. Pri takšnih objektih je potrebno 
računati z možnostjo točkovnega onesnaženja 
z bližnjih površin, še posebej v vodnjakih na 
kmečkih dvoriščih (Prestor et al., 2006). Pri tem 
je potrebno poudariti, da v več primerih lastniki 
niso dovolili dostopa do vodnjakov, zaradi česar je 
gostota opravljenih meritev na nekaterih območjih 
majhna. Pri interpretaciji smo upoštevali tudi 
podatke o meritvah gladin podzemne vode na 
merilnih mestih s katerimi upravlja Agencija RS 
za okolje (sl. 2).

Vsi preiskani vodnjaki so bili izkopani ročno 
in okrepljeni s cevmi premera 1 m ali več. Prav 
tako so vsi zaščiteni pred neposrednim vdorom 

padavinske vode s pokrovom ali s streho. Najgloblji 
vodnjak se nahaja v Šalamencih in je globok 
36 m. Večina vodnjakov se za lastno oskrbo s pitno 
vodo ne uporablja več, ker so hiše priklopljene na 
javni vodovodni sistem. Večinoma lastniki vodo 
iz vodnjakov uporabljajo le občasno za zalivanje 
vrtov. 

Enkratne meritve gladin podzemne vode 
in fizikalno–kemijskih parametrov podzemne 
vode so potekale 25. aprila 2014. V dneh pred 
opravljenimi meritvami je rahlo deževalo, prav 
tako na dan meritev. Poleg gladin podzemne vode 
so bili v vodnjakih izmerjena še elektroprevodnost, 
temperatura in pH vrednost (tabela 1). Fizikalno–
kemijski parametri so bili merjeni z merilnikom 
pH/Cond 340i proizvajalca WTW. Natančnost pri 
meritvah elektroprevodnosti znaša ±0,5%, pri pH 
vrednosti ±0,03 in pri temperaturi ±0,1°C.

Izris hidroizohips

Pri izrisu karte gladin podzemne vode sta 
bili uporabljeni dve interpolacijski metodi. 
Hidroizohipse so bile izrisane s triangulacijo z 
linearno interpolacijo in s pomočjo navadnega 
krigiranja, ki je bilo uporabljeno kot kontrolna 
metoda (yanG et al., 2004). Izris je bil na podlagi 
strokovne ocene tudi ročno korigiran. Podatki 
gladin podzemne vode so grafično predstavljeni in 
izdelani s pomočjo programa ArcGIS (ESRI, 2014). 

Sl. 2. Karta gladin podzemne vode z dne 25. 4. 2014 z lokacijami kartiranih vodnjakov in vrisanimi hidrogeološkimi profili. 

Fig. 2. Groundwater table countour map on the day of 25. 4. 2015 with dug wells and hydrogeological profiles.

Katja KOREN, Mihael BRENČIČ & Andrej LAPANJE
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Ker pa podatki izmerjenih gladin niso bili zadostni, 
saj je mreža merilnih mest bila preredka, smo pri 
izrisu karte gladin podzemne vode na obravnavanem 
območju, upoštevali tudi opazovalna mesta Agencije 
RS za okolje ter morfologijo površja na območjih, 
kjer tečejo potoki. Zaradi pomanjkanja podatkov 
o gladinah podzemne vode smo predpostavili, da 
so potoki v stiku s podzemno vodo, in da njihove 
pretočne višine predstavljajo gladino podzemne 
vode na stiku potoka in vodonosnika.

Koordinate lokacij individualnih vodnjakov 
so določene s pomočjo Atlasa okolja (internet 
1), na podlagi najbližjih hišnih številk in lokacij 
vodnjakov na pripadajočih parcelah. Kote ustij 
vodnjakov, so določene na podlagi seštevka kote 
terena, ki izhaja iz digitalnega modela reliefa 
(DMV 5) podanega v Atlasu okolja (MOP-GURS, 
2011) in na terenu izmerjene višine ustij vodnjakov. 

Rezultati in interpretacija 

Na podlagi podrobnega hidrogeološkega kartiranja 
in meritev gladin podzemne vode v vodnjakih smo 
določili obliko gladine podzemne vode na prehodnem 
območju med Goričkim in Prekmurskim poljem 
(sl. 2) ter izrisali dva reprezentativna profila poteka 
podzemne vode (sl. 3, 4). 

V vodnjakih na severnem robu Prekmurskega 
polja se podzemna voda nahaja plitvo pod 
površjem, plitveje od 5 m. Najvišja gladina 
podzemne vode na stičnem območju, ki reliefno 
pripada Prekmurskemu polju, je bila izmerjena 
v Puževcih (203,04 m.n.v.) in najnižja v Bogojini 
(182,70 m.n.v.). Gradienti gladine podzemne 
vode se gibljejo v razponu od 0,0010 do 0,0015. 
Podzemna voda ima enotno smer toka, od 
severozahoda proti jugovzhodu.

Sl. 3. Interpretiran hidrogeološki profil A – B na Prekmurskem polju (glej sl. 2).

Fig. 3. Hydrogeological profile A – B in Prekmursko polje (see Fig. 2). 

Sl. 4. Interpretiran hidrogeološki profil C – D na prehodu z Goričkega na Prekmursko polje (glej sl. 2).

Fig. 4. Hydrogeological profile C – D in transition area from Goričko to Prekmursko polje (see Fig. 2).

Hidrogeologija na prehodnem območju med Prekmurskim poljem in Goričkim (SV Slovenija)
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Podzemna voda na južnem obrobju Goričkega 
je kot pričakovano, globlja. Izjema je vodnjak 
v Vaneči, kjer je bila gladina podzemne vode 
izmerjena na globini 0,5 m (241,90 m.n.v.). V tem 
primeru gre najverjetneje za viseči vodonosnik, 
vezan na plast gline, katere pojavljanje je v tem 
predelu pogosto (ciGlar, 1975; Brenčič, 2006). V 
ostalih vodnjakih se podzemna voda nahaja na 
globini med 8 in 24 m. 

Prevladujoča smer toka podzemne vode na 
južnih obronkih Goričkega je vezana na smeri 
vodotokov, ki tečejo v smeri od SSV proti JJZ, ter 
na oblikovanost reliefa, ki pada v enaki smeri. 
Dodaten vpliv na obliko gladine podzemne vode na 
južnih obronkih Goričkega imajo tudi sedimenti, 
v katerih se izmenjujejo drobnozrnati (gline 
in melji) in debelejši (pesek in prod) sedimenti. 
Zaradi tega smo območje opredelili kot slabše 
prepustno od Prekmurskega polja. Posledica 
tega so višji gradienti gladin podzemne vode na 
južnem robu Goričkega. Vrednosti gradientov se 
gibljejo na intervalu od 0,011 do 0,013. Vzpetine 
med površinskimi vodotoki predstavljajo 

razvodnice, kjer se podzemna voda razteka na 
vzhod in zahod, lokalno tok podzemne vode 
praviloma sledi pobočjem. Izrazita razvodnica 
je tako prisotna med Bodonskim potokom in 
Šalamenskim potokom ter med Puconskim 
potokom in Sebeborskim potokom. V vzhodnem 
delu obravnavanega območja lahko glede na 
podatke iz zahodnega dela obravnavanega 
območja, interpretiramo smer toka podzemne 
vode v smeri severa proti jugu. 

Na prehodu z Goričkega v Prekmursko polje 
se smer toka podzemne vode spremeni, tok se iz 
smeri SSE-JJZ obrne v smeri SZ-JV. Tako korenita 
sprememba smeri in gradientov gladine na stičnem 
območju, ki se gibljejo okoli 0,01 nakazujejo, da 
je prepustnost sedimentov relativno nizka. Od tod 
izhaja, da je bilančno gledano prispevek napajanja 
podzemne vode iz območja Goričkega na območje 
Prekmurskega polja relativno majhen.

Na dan meritev fizikalno–kemijskih parametrov 
podzemne vode, je znašala povprečna temperatura 
zraka na meteorološki postaji Murska Sobota 
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Vaneča 176773 589237 242,40 1,40 241,00 4 7,0 201 13,7

Sebeborci 175197 591929 230,20 8,30 221,90 17 7,1 441 13,7
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Strukovci 174023 581487 205,32 1,65 203,67 6 7,3 785 13,3

Puževci 174050 582791 206,37 3,60 202,77 7 7,4 1516 13,7

Brezovci 173899 585838 201,70 2,20 199,50 7 7,1 534 13,2

Puconci 173714 588952 204,00 2,65 201,35 5 7,2 454 13,6

Martjanci 172001 591441 194,60 2,80 191,80 6 7,3 331 13,1

Tešanovci 171091 596401 184,50 4,60 179,90 6 7,1 496 12,5

Bogojina 170940 598307 184,50 2,20 182,30 4 6,7 852 13,2
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Skakovci 173930 580300 206,10 1,75 204,35 / / / /

Nemčavci 171380 590400 193,43 3,75 189,68 / / / /

Murski  
Petrovci

169700 580520 201,79 2,85 198,94 / / / /

Rankovci 170600 583050 198,29 1,59 196,70 / / / /

Krog 167090 587680 189,99 2,61 187,38 / / / /

Lipovci 165060 594540 180,89 2,26 178,63 / / / /

Tabela 1. Fizikalno–kemijski parametri podzemne vode in njena gladina izmerjena 25. 4. 2014. 

Table 1. Groundwater’s physicochemical parameters and groundwater level, measured 25. 4. 2014.
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– Rakičan 14,2 °C (internet 3). Terenske meritve 
fizikalno–kemijskih parametrov so pokazale, 
da se vode zelo razlikujejo (Tabela 1). Najvišje 
vrednosti elektroprevodnosti so bile izmerjene v 
vodnjaku Puževci (1516 μS/cm), sledi mu vodnjak 
Šalamenci 2 (1492 μS/cm). Dokaj visoke vrednosti 
elektroprevodnosti so prisotne tudi v nekaterih 
drugih vodnjakih (Bogojina in Strukovci) in kažejo 
na onesnaženje, katerega izvor sta najverjetneje 
kmetovanje in pridelava ohišnice. Povprečna 
temperatura in pH vrednost podzemne vode, 
znašata 13,4 °C in 7,1. 

Sklep

Na podlagi hidrogeološkega kartiranja smo na 
območju prehoda med Goričkim in Prekmurskim 
poljem izdelali podrobno karto gladin podzemne 
vode. S pomočjo te kartesmo potrdili hipotezo, da 
se podzemna voda severnega dela Prekmurskega 
polja napaja z Goričkega. Glede na prostorsko 
porazdelitev gladine podzemne vode ocenjujemo, 
da je bilančni prispevek tega dotoka relativno 
majhen. Zaradi vertikalnega in horizontalnega 
izmenjavanja sedimentov različne zrnavosti 
in s tem prepustnosti, se pojavljajo različne 
hidrodinamsko pogojene vodonosne strukture, 
od odprtih do polzaprtih vodonosnikov. Kakšno 
je medsebojno hidravlično razmerje podzemne 
vode v njih še ni znano. V zvezi s hidrogeološkimi 
razmerami na obravnavanem območju ostaja vrsta 
vprašanj še odprtih. 

Do nadaljnjega ostaja odprto tudi vprašanje, ali 
površinski vodotoki vodonosnikom predstavljajo 
hidravlično mejo in v kakšni meri napajajo 
podzemno vodo. V prispevku smo takšno vlogo 
vodotokov le predpostavili, ker je bila gostota 
opravljenih meritev gladin podzemne vode v 
prostoru premajhna, da bi omogočila zanesljiv 
izris gladin podzemne vode. 

Navkljub analizi vseh razpoložljivih 
podatkov, brez dopolnilnih raziskav, ki bodo 
vključevale vrtanje dodatnih opazovalnih 
vrtin ter geofizikalne raziskave, podrobnejše 
interpretacije hidrogeoloških razmer na 
obravnavanem območju, ni mogoče podati. K 
razjasnitvi vprašanj in izračunu vodne bilance 
bi veliko prispeval tudi matematični model toka 
podzemne vode, katerega zanesljivost je pogojena 
z dobrim 3D geološkim modelom in nizom 
podatkov za njegovo umerjanje.

Zahvala

Zahvaljujemo se Aleksandru Bokanu iz podjetja 
Geovrtina, d.o.o. za posredovane podatke in sodelavcu 
Dejanu Šramu, za pomoč pri obdelavi podatkov v 
programu ArcGIS. Prispevek je bil deloma pripravljen v 
okviru aktivnosti programske skupine »Podzemne vode 
in geokemija« P-0020, ki jo financira Javna agencija za 
raziskovalno dejavnost RS. Hvala tudi dr. Nini Rman za 
natančen pregled članka ter konstruktivne predloge za 
izboljšanje članka.

Literatura

BeGuš, t., sotlar, K., hoBlaj, r. & Brenčič, M.: 
Geološka spremljava izgradnje predora 
Stanjevci. Geologija, 45/2: 305–310, 
doi:10.5474/geologija.2002.024.

Brenčič, M. 2003: Hidrogeološko poročilo za 
potrebe izdelave obratovalnega monitoringa 
na odlagališču Puconci (neobjavljeno poročilo). 
Ljubljana, Arhiv GeoZS: 5 str.

Brenčič, M. 2006: Hidrogeološka interpretacija 
monitoringa gladin podzemne vode na 
odlagališču Puconci za leto 2005 (neobjavljeno 
poročilo). Ljubljana, GeoZS: 14 str.

Brenčič, M. 2008: Hidrogeološko poročilo za 
potrebe izvajanja monitoringa podzemne 
vode na območju sortirnice odpadkov CERO 
Puconci (neobjavljeno poročilo). Ljubljana, 
Arhiv GeoZS: 27 str.

Brenčič, M. 2009: Podzemna voda. V: Pleničar, M., 
oGorelec, B. & novaK, M. (ured.): Geologija 
Slovenije, 543–552. 

ciGlar, K. 1975: Poročilo o geoloških raziskavah 
kremenovega proda in peska Puconci 1974 
(neobjavljeno poročilo). Ljubljana, Arhiv 
GeoZS: 272 str.

ciGlar, K. & FiliPič, š. 1987: Kremenov pesek in 
prod Puconci. Geologija, 30: 333–342. 

čarMan, M. 2014: Bočno razširjanje kot posebna 
oblika gibanja tal na območju Doline v občini 
Puconci. Geologija, 57/1, 63–70, doi:10.5474/
geologija.2014.007.

DroBne, F. 1989: Tehnološko-ekološki projekt za 
ureditev sanitarnega deponiranja komunalnih 
odpadov pri Puconcih (neobjavljeno poročilo). 
Geološka in hidrogeološka presoja. Ljubljana, 
Arhiv GeoZS: 2 str.

ESRI 2014: ArcGIS Desktop: Release 10. Redlands, 
CA: Environmental Systems Research Institute.

GaMs, i. 1959: Geomorfologija in izraba tal v 
Pomurju. Geološki zbornik, 5: 205–251.

Gosar, a. 1996: Modeliranje refleksijskih 
seizmičnih podatkov za podzemno skladiščenje 
plina v strukturah Pečarovci in Dankovci - 
Murska depresija. Geologija, 37/38 (1994/95): 
483–549, doi:10.5474/geologija.1995.019.

jelen, B. & riFelj, h. 2011: Površinska 
litostratigrafska in tektonska strukturna karta 
območja T-JAM projekta, Severovzhodna 
Slovenija., GeoZS, http://www.geo-zs.si/
UserFiles/677/Image/Karte_nasl/15062012_
dmv.pdf

Kralj, P. 1979: Hidrogeolgija severnega dela 
Murskega polja. Diplomska naloga, Univerza 
v Ljubljani, VTO Montanistika, Odsek za 
geologijo, Ljubljana: 61 str.

Kralj, Po. 1999: Apofilit iz zgornjepliocenskih 
vulkanoklastitov Grada v severovzhodni 
Sloveniji. Geologija, 42: 151–158, doi:10.5474/
geologija.1999.009.

Kralj, Po. 2003: Geochemistry of Upper Pliocene 
silty and sandy sediments from the well Mt-7, 
Moravci Spa, North-Eastern. Geologija, 46/1: 
117–122, doi:10.5474/geologija.2003.011.

Hidrogeologija na prehodnem območju med Prekmurskim poljem in Goričkim (SV Slovenija)



182

Mali, n. & hötzl, M. 1990: Hidrogeološke in 
hidrogeokemične raziskave podtalnice na 
območju SOB Lendava med reko Muro in 
Ledavo (neobjavljeno poročilo). Ljubljana, 
Arhiv GeoZS, 10 str.

MihorKo, P. & Gacin, M. 2014: Ocena kemijskega 
stanja podzemnih voda v Sloveniji v letu 2013. 
Ljubljana, ARSO.

MOP – GURS, 2011: Digitalni model višine 5 × 5 m. 
Ljubljana.

novaK, D. 1966: Hidrogeološke razmere v območju 
nahajališča kremenovega peska v Puconcih 
(neobjavljeno poročilo). Ljubljana, Arhiv 
GeoZS, 9 str.

Pleničar, M. 1954: Obmurska naftna nahajališča. 
Geologija, 2: 36–93.

Pleničar, M. 1970: Osnovna geološka karta SFRJ 
1:100.000. Tolmač za list Goričko in Leibnitz 
(L 33-45) Beograd: Zvezni geološki zavod, 
Beograd: 52 str.

Prestor, j., urBanc, j., janža, M., MeGlič, P., šiniGoj, j., 
hriBerniK, K., KoMac, M., strojan, M., BizjaK, M., 
FeGuš, B., Brenčič, M., Krivic, M., KuMelj, š., Požar, 
M., hötzl, M., sušniK, a., Benčina, D., Kranjc, M. & 

Gacin, M. 2006: Nacionalna baza hidrogeoloških 
podatkov za opredelitev teles podzemne vode 
Republike Slovenije (neobjavljeno poročilo). 
Geološki zavod Slovenije, 27 zvezkov. http://
prenit.geo-zs.si/IstraHidro/images/Povezave/3-
Metodologija.pdf

rMan, n., laPanje, a. & rajver, D. 2012: Analiza 
uporabe termalne vode v severovzhodni 
Sloveniji. Geologija, 55/2: 225-242, doi: 
doi:10.5474/geologija.2012.014

yanG, c., Kao, s., lee, F. & hunG, P. 2004: Twelve 
Different Interpolation Methods: A Case 
Study of Surfer 8.0.  International archives of 
photogrammetry remote sensing and spatial 
information sciences, 35/2: 778–785.

žleBniK, l. 1974: Hidrogeološke razmere v Nuskovi 
na Goričkem. Geologija, 17: 477–491.

Internetni viri:
internet 1: Atlas okolja. http://gis.arso.gov.si/ (4. 

11. 2015)
internet 2: http://vode.arso.gov.si/hidarhiv/pod_

arhiv_tab.php (26. 4. 2014)
internet 3: http://meteo.arso.gov.si/ (26. 4. 2014)

Katja KOREN, Mihael BRENČIČ & Andrej LAPANJE



GEOLOGIJA 58/2, 183-194, Ljubljana 2015

http://dx.doi.org/10.5474/geologija.2015.014

Assessment of nitrate transport in the unsaturated  
(coarse gravel) zone by means of tracing experiment  

(Selniška dobrava, Slovenia)

Ocena transporta nitrata v nezasičeni coni prodnega vodonosnika s sledilnim 
poskusom (Selniška dobrava, Slovenija)

Nina MALI & Anja KOROŠA

Geological Survey of Slovenia, Dimičeva ul. 14, SI–1000 Ljubljana, Slovenia;
e-mail: anja.korosa�geo-zs.si

Prejeto / Received 9. 11. 2015; Sprejeto / Accepted 17. 12. 2015; Objavljeno na spletu / Published online 30. 12. 2015

Key words: nitrate transport, unsaturated zone, lysimeter, coarse gravel aquifer, tracing experiment
Ključne besede: transport nitrata, nezasičena cona, lizimeter, prodnati vodonosnik, sledilni poskus

Abstract

Nitrate pollution in groundwater, originating mainly from agricultural activities, remains a worldwide issue. This 
is also pertinent to Slovenia, where nitrate leaching from agricultural areas is one of the major groundwater resource 
management problems. The contamination spread in the aquifer is directly related to the hydraulic properties of 
the upper, unsaturated and the lower, saturated zone. The article presents study of water and nitrate pollution 
transport in the unsaturated zone in a field laboratory – lysimeter in Selniška dobrava. Water and nitrate transport 
parameters were estimated by a combined tracing experiment with deuterated water and Ca(NO3)2. Deuterium was 
used as a conservative tracer of water movement, and Ca(NO3)2 was used as a nitrate tracer in the unsaturated zone. 
The δ2H and nitrate concentrations in the unsaturated zone water were measured monthly during the period from 
April 2006 to July 2007. All together 36 samplings were performed. The fastest and dominant flow velocities were 
calculated based on injection time, the first tracer appearance time, and the time of highest concentration. Mean 
flow velocity and vertical dispersion were estimated by an analytical best-fit method using the one-dimensional 
convection–dispersion model. The results were used to estimate the nitrate transport parameters in the coarse 
gravel aquifer Selniška dobrava. They can be used also for nitrate transport estimations in other aquifers with 
similar hydrogeological characteristics and can serve as a base for determining the measures for nitrate reduction 
in groundwater.

Izvleček

Onesnaženje  podzemne vode z nitratom, ki izvira predvsem iz kmetijske dejavnosti, še vedno ostaja v svetu 
velik problem. To velja tudi za Slovenijo, kjer je spiranje nitrata iz kmetijskih površin eden glavnih problemov pri 
upravljanju z viri podzemne vode. Širjenje onesnaženja v vodonosniku je neposredno povezano s hidravličnimi 
lastnostmi zgornje nezasičene in spodnje nasičene cone. Članek predstavlja študijo prenosa vode in onesnaženja z 
nitratom v nezasičeni coni v terenskem laboratoriju - lizimetru v Selniški dobravi. Prenos vode in nitrata smo ocenili 
s kombiniranim sledilnim poskusom z uporabo devterijeve vode in Ca(NO3)2. Devterijevo vodo smo uporabili kot 
konzervativno sledilo, Ca(NO3)2  pa smo uporabili kot sledilo nitrata. V vodi nezasičene cone smo mesečno merili δ2H 
in koncentracije nitrata v obdobju od aprila 2006 do julija 2007. Opravili smo 36 vzorčenj. Najhitrejše in dominantne 
hitrosti toka smo izračunali na podlagi časa injiciranja, prvega pojava sledila in časa pojava najvišjih koncentracij. 
Povprečno hitrost toka in vertikalno disperzijo smo ocenili z analitično metodo, z uporabo enodimenzionalnega 
konvekcijsko-disperznega modela. Rezultate smo uporabili za oceno parametrov transporta nitrata v vodonosniku 
s podobnimi lastnostmi, visoko prepustnem vodonosniku Selniška dobrava. Rezultati raziskave se lahko uporabijo 
za oceno transporta nitrata tudi na drugih vodonosnikih s podobnimi hidrogeološkimi pogoji in lahko služijo kot 
osnova za določitev ukrepov za zmanjšanje pojavov nitratov v podzemni vodi.

Introduction

It is well known that groundwater contamination 
from agricultural nonpoint sources is one of the 
major pollution problems (locKhart et al., 2013; 
WanG et al., 2013; loPez et al., 2015), often occurring 
as the result of anthropogenic activities, lack of 
management, and over-exploitation of groundwater 

resources (Pisciotta et al., 2015). Excess nitrogen 
from agricultural fertilizers and manure poses a 
significant environmental issue (KronvanG et al., 
2009; reFsGaarD et al, 2015), pertaining also to 
Slovenia, where nitrate leaching from agricultural 
areas is one of the major groundwater resource 
management problems. In the last few decades 
in Slovenia, nitrate concentrations in granular 
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aquifers on same places have increased, mainly as 
a consequence of the agricultural application of 
manure and fertilizers (EARS, 2014). The excessive 
use of chemicals and fertilizers increases the risk 
of groundwater pollution. Thus, the prevention of 
contamination is the primary strategy of water 
quality management (cePlecha et al., 2004). 

The prevention, control and combat of 
groundwater pollution are addressed in various 
European Union (EU) and national legislative acts 
(Pisciotta et al., 2015). The EU Water Framework 
Directive (EC, 2000), WFD, and its daughter 
Directive on the Protection of groundwater against 
Pollution (EC, 2006), GWD, establish criteria for the 
characterization of groundwater status (quality and 
quantity). Regarding nitrates, GWD sets the quality 
standard for assessing groundwater chemical status 
at 50 mg/l. Moreover, the Nitrates Directive (EEC, 
1991) is an integral part of the WFD and it was 
drawn up with the specific purpose to reduce water 
pollution caused by nitrates from agricultural 
sources, and to prevent further pollution from 
nitrates. EU members are required to identify 
waters affected by nitrate pollution and designate 
nitrate vulnerable zones. Slovenia acknowledged 
this directive with a national regulation The Water 
Act (oFFicial Gazette, 67/2002, 110/2002, 2/2004, 
41/2004, 57/2008, 57/2012), and the Regulation on 
the protection of waters against pollution caused 
by nitrates from agricultural sources (oFFicial 
Gazette, 113/09, 5/13, 22/15). 

 
Nitrogen is a widely used plant nutrient, which 

is essential for the growth and development of a 
healthy crop. Excessive application of nitrogen 
fertilizers can lead to significant nitrate leaching 
out of the root zone, because plant uptake and 
microbial immobilization cannot remove the 
entire nitrate from the solution (Pratt & aDriano, 
1973). Nitrate is not actively absorbed by roots and 
has a high potential to move downwards. So the 
amount of nitrate lost is dependent on the quantity 
of nitrate available to be leached. Other factors 
affecting nitrate leaching are the precipitation-
intense rainfall events or surplus of water provided 
by irrigation, evapotranspiration, drainage, soil 
texture, soil porosity, occurrence of preferential 
flow paths, etc. (Wu et al., 1997; caMeria et al., 2003). 

Since nitrate is soluble, it has high mobility 
and is thus easily leached from the unsaturated 
zone (vinoD et al., 2015). So, the spread of 
contamination in the aquifer is directly related to 
the hydraulic properties of the upper unsaturated 
and lower saturated zone (seiler & zojer, 2001). 
In order to solve this problem it is very important 
to determine the hydraulic properties of materials 
in the unsaturated zone and pollutant transport 
through the unsaturated zone. The unsaturated 
zone largely controls groundwater recharge by 
retaining precipitation, while at the same time 
providing preferential flow paths for infiltration 
(KerziMinsKa et al., 2014). The determination of 
unsaturated zone properties is an important point 

to be tackled for an advanced understanding of 
hydrological systems. The residence time of water 
and its distribution within the aquifer may help 
to define the vulnerability of the groundwater 
system (schWienteK et al., 2009). Furthermore, it 
presents the time span provided for attenuation 
processes (dispersion, diffusion, and sorption). 
Therefore, it is crucial for scientific studies and 
for water resources management to know the 
transport characteristics and velocities within the 
investigated system (schWienteK et al., 2009).

Nitrate transport was studied with tracer 
experiments using a lysimeter facility in the 
Selniška dobrava aquifer, which lies in the 
north-east of Slovenia. The aim of this study 
was to describe the nitrate transport processes 
in a high-permeable coarse gravel unsaturated 
zone by means of a tracing experiment. The 
lysimeter was designed on the basis of previous 
hydrogeological investigations in the area (Mali 
et al., 2007). A combined tracing experiment 
was performed using both deuterated water 
and calcium nitrate as fertilizer. Conservative 
tracers are necessary to obtain groundwater 
transport properties. Deuterated water is known 
as a very useful tracer for this purpose (BecKer 
& coPlen, 2001; Mali et al., 2007) due to its 
conservative behavior. Moreover, deuterated 
water is easy to handle, simple to analyse, non-
toxic, and has a reasonable price. Compared to 
other groundwater tracers, deuterium shows 
the highest degree of conservativeness (leis 
& BenischKe, 2004), therefore it was chosen to 
study water movement.

The EU WFD (EC, 2000) requires an additional 
reduction of nitrate load, which will be very 
costly for the agricultural sector. To improve 
the groundwater quality status of groundwater 
bodies at risk, measures must be taken. For this 
purpose, it is necessary to determine the mass 
balance of nitrogen from the application to their 
occurrence in groundwater. The objective of this 
study was to determine the nitrate transport 
properties and velocity through the unsaturated 
zone of a gravel aquifer Selniška dobrava with a 
tracing experiment. One of the aims is to specify 
parameters of nitrate transport in coarse gravel 
unsaturated zone which will be used to model 
nitrate transport in other aquifers with similar 
hydrogeological characteristics such as for 
example Dravsko polje, which was declared as a 
water body at risk due to the presence of nitrate.

Material and methods

Lysimeter area description

The lysimeter is located in the area of the 
principal aquifer of Selniška dobrava, in the 
north-east of Slovenia (Fig. 1) (X = 5154641, Y = 
5536401 according to Gauss–Krüger). The main 
aquifer Selniška dobrava can be classified as an 
intergranular aquifer of high permeability (Mali 
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et al., 2005; Mali, 2006). The thickest coarse gravel 
deposit is estimated at about 50 m. Thickness of 
unsaturated zone is specified from 25 to 37 m on 
the average. Thickness of the saturated layer along 
the aquifer is estimated at 7-14 m, and even more 
in the deepest sections (Mali et al., 2005; Mali, 
2006). The hydraulic conductivity of the coarse 
gravel aquifer is estimated to be 5 × 10-3 m/s 
(Mali & janža, 2005). The area has a moderate 
continental climate of central Slovenia with a 
typical continental precipitation regime and an 
average annual rainfall between 1200 and 1300 
mm. The average annual air temperature lies 
between 8 and 12 °C (Mali & janža, 2005).

The larger area of the lysimeter location is covered 
by mixed forest. The soil at this location was defined 
as distric cambisol (Gosar, 2000). The hydraulic 
conductivity of the soil was estimated at 1.5-4.5 × 
10-5 m/s by double ring infiltrometer method (Mali, 
2006). The gravel at lysimeter location consists 
of metamorphic rock and carbonates (limestone, 
marble-sandstone, marble and agglutinated 
carbonate gravel). In places, the gravel is incrusted 
by calcite. Based on granulometric analyses the 
hydraulic conductivity of the coarse gravel was 
estimated at 2.9x10-3-6.9 × 10-2 m/s (Mali, 2006). 

Experimental set-up

The lysimeter site is designed as a field laboratory 
(Fig. 2). Dimensions are 2 m × 2 m, 5 m deep, with 
walls 0.2 m thick. There are 10 sampling and 
measuring points at different depths (from JV-1 to 
JV-10) with approximately equal distances by depth. 
For groundwater sampling in the unsaturated zone 
drainage samplers connected to a water sampling 
system were installed (Mali, 2006). A detailed 
description of the lysimeter is in previously published 
papers (Mali et al. 2007; Mali & urBanc, 2009). 

Deuterium and nitrate tracing experiment

The tracing experiment was performed in 20th 
of April 2006 after a period of intensive snow 
melting. Water and nitrate transport processes 
were assessed by a combined tracing experiment 
with deuterated water and calcium nitrate 
(Ca(NO3)2). Deuterium was used as a conservative 
tracer of water movement, and Ca(NO3)2 was used 
as a tracer of nitrate in an unsaturated zone. Before 
tracer injection, irrigation with groundwater 
was performed to reach good field capacity. 
1.2 kg of Ca(NO3)2 and 1000 ml of D2O (70%) 
were dissolved in 50 l of pumped groundwater 
in barrel and injected by sprinkler irrigation. 
After injection the tracer was again splashed by 
irrigated groundwater. The area of irrigation was 
9.5 m2. The distribution of the artificial rainfall 
was controlled by 10 precipitation measuring 
points. The average amount of irrigated water was 
50 mm.

Sampling and analytical methods 

The δ2H values and nitrate concentrations in the 
unsaturated zone water were measured monthly 
during the period from April 2006 to July 2007. 
During the first period, samples were collected at 
14-day intervals, and then the sampling period was 
extended to one month. All together 36 samplings 
were performed.

Measurements for δ2H were carried out 
in the laboratory of Joanneum Research 
Forschungsgesellschaft mbH, Institute of Water 
Resources Management, Hydrogeology and 
Geophysics, and chemical analyses of samples for 
nitrate were carried out in laboratory of Water 
Supply Company Vodovod-Kanalizacija from 
Ljubljana.

Fig. 1. Study area location 

Sl. 1. Območje raziskav 
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Deuterium was measured in continuous flow 
mode by chromium reduction using a ceramic 
reactor slightly modified from Morrison et al. 
(2001). A high temperature oven (HEKAtech, 
Germany) was fitted with a EuroAS 300 liquid 
auto sampler (EuroVector, Italy). The elemental 
analyzer (EA) was configured with a Cr packed 
reactor held isothermally at 1050 °C. Water 
samples contained in 2 ml capacity septa-sealed 
vials were placed on the carousel of the liquid auto 
sampler which was fitted with a 10µl injection 
syringe (SGE Europe). A sequence of one wash 
cycle of 3.5 µl volume was carried out for each 
sample prior to injection into the Cr reactor. 
Water samples were injected into a septa-sealed 
injector port. The resulting water vapour was 
flushed into the reactor by the carrier helium gas 
via a 1-mm-i.d. stainless steel probe extending 
into the ceramic reactor tube (Al2O3). A sample 
size of 1.4 µl of water was used for the analysis. 
Water injected into the reactor was reduced by 
Cr, resulting in the quantitative conversion to 
hydrogen gas according to Eq 1. 

2Cr(s) + 3H2O(l) = Cr2O3(s) + 3H2(g)  (1)

The H2 generated in the Cr reactor was carried 
in the He stream through the GC column to an 
open split sampling capillary and into the source 
of a Finnigan DELTAplus  continuous flow stable 
isotope ratio mass spectrometer. 

Nitrate analyses were performed in an 
ISO 17025 accredited laboratory by ion 
chromatography according to ISO 14911:1998 

standard. The apparatus was ion chromatograph 
Metrohm MIC-3, Switzerland, controlled by IC 
Net 2.3 SR4 software. Calibrations were made by 
Merck CertiPUR reference materials, Germany. 
QC control samples were purchased from Fluka, 
Switzerland. All necessary dilutions were made 
with ultra-pure water from the system Easypure 
LF, Barnstead/Thermolyne International, USA. The 
working range was from 2.2 mg/L to 110 mg/L (as 
NO3

-). Nitrate in the analysis is expressed as NO3-N 
concentrations. For evaluation of breakthrough 
curves NO3-N concentrations were used. 

Evaluation and interpretation of tracing tests

Based on the injection time, the first tracer 
appearance time, the time of highest concentration 
and the distance between the top of the lysimeter 
and the observation point, the fastest flow velocity 
and dominant flow velocity were calculated. 

For the evaluation of breakthrough curves 
from a tracing test we used a best-fit method of 
the computer program TRACI’95 (1998). TRACI’95 
was used to estimate the mean flow velocity and 
vertical dispersion. For analytical solution, the 
one-dimensional convection–dispersion model 
with standardizing values for single porosity was 
chosen. 
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Fig. 2. Lysimeter cross-section
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with boundary conditions:
 

0),( =∞ tC f

0),( =txC f

Where Cf is the tracer concentration in water, 
CN normalized concentration, t0 mean transit 
time, t time variable, tN time after injection 
when normalized concentration was observed, 
x is the distance between the injection and the 
observation point, PD is a dispersion parameter, 
M is the mass of injected tracer and Q is the 
volumetric flow rate. 

In the case of the multiple peak phenomena 
in breakthrough curves the Multi-Peak-Modus 
model was used.

Dispersion parameter PD is related to the 
dispersion coefficient by:

xv
DPD .

=
   

(3)

where D is in this case the vertical dispersion 
coefficient and v the mean flow velocity.

Because the basis of the analytical best-fit 
model is the concentration of tracer (mg/m3), 
the ‰ δ2H values of results had to be converted. 
The mg/l concentrations of 2H were calculated 
from the slightly modified equation published by 
BecKer anD coPlen (2001), taking into account 
the influence of water density (Mali et al., 2007).





 +

=
1000

1000721.34 VSMOW
conc

DDeuterium dδD34  (4)

Results and discussion

Fig. 3 present breakthrough curves of both 
tracers with the precipitation amount for the 
entire sampling period. Both tracers were 
detected at all ten sampling points. The tracers 
occurred shortly after injection, within one day 
at almost all points. At some points the highest 
values were detected immediately after tracer 
injection (JV-1, JV-3, JV-4), and they are most 
likely a consequence of intensive irrigation at the 
time of injection or contamination. These values 
are not taken into account in further processing. 
At the first sampling point JV-1 that was the 
only peak of breakthrough curve, since which 
the values only decreased (Fig. 3). Therefore, this 
point is not included in further processing for 
determining transport parameters.

The precipitation data shows that several 
periods with heavy precipitation occurred 
during the tracing experiment (end of May 2006, 

in the middle of August and September 2006, 
and in February 2007). All these events were 
well identified in breakthrough curves of both 
tracers. Diagrams show that the high amount 
and intensity of precipitation (heavy rain events) 
are reflected in some measuring points (JV-5, JV-
6, JV-7, JV-9) and have effect on δ2H values and 
nitrate concentrations (Fig. 3), but not equally in 
all sampling points. 

On the basis of tracing experiment results 
for both tracers the fastest and dominant flow 
velocities were calculated (Table 1, Table 3). 
Based on tracing experiment results, estimations 
of the mean flow velocity and vertical dispersion 
(Table 1, Table 3) were made by analytical best-
fit method, using a one-dimensional convection-
dispersion model with standardising values for 
single porosity. At some sampling points more 
breakthrough curve peaks were detected. In these 
cases, for the evaluation of tracing experiment 
results the Multi-Peak-Modus model was used 
(JV-3, JV-5, JV-6, JV-9, and JV-10) (Fig. 4, Fig. 5). 

Deuterium

The highest values of deuterium among 
all sampling points occurred in JV-1 (4670 ‰) 
immediately after injection. If we do not take into 
account the value of the first day, the maximum 
value detected in JV-1 was 1305 ‰ and in JV-3 
1139 ‰. As in JV-3, the highest values in JV-2 
(212 ‰), JV-4 (659 ‰) and JV-5 (509 ‰) were 
observed at the end of May, but in a different 
order of magnitude. In this period the highest 
concentrations were also observed in sampling 
points JV-9 (284 ‰) and JV-10 (175 ‰) at the 
bottom of the lysimeter. In both sampling points 
more peaks in the deuterium breakthrough curves 
were recorded in August 2006 and February 2007. 
The maximum value in JV-6 (159 ‰) was detected 
in September 2007, while in JV-8 at the end of 
November 2007. Finally, there was a maximum 
value at sample site JV-7 in February 2007, when 
the peaks in JV-9 and JV-10 were last registered. 
Different hydrogeological conditions at specific 
points result in a various occurrence and height 
of peaks at a certain time.

The fastest flow velocity (Table 1) increases 
with depth from 0.19 to 0.493 m/day. Due to the 
breakthrough of tracer at the time of irrigation, 
the fastest flow velocity was not calculated for 
JV-1, JV-2 and JV-3. Because of the different 
depth position of the sampling points and 
because of the detection of tracer at the same 
sampling time it seems that velocity increases 
with depth. Irrespective of this, it is important 
for the estimation of the fastest flow velocity to 
assess the probability of fastest pollution effect 
on the aquifer through the unsaturated zone.

The dominant flow velocity is related to the 
time of the highest concentration (Käss, 1998). 
The graph of precipitation and δ2H values shows 

Assessment of nitrate transport in the unsaturated (coarse gravel) zone by means of tracing experiment
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Fig. 3. Deuterium (‰) and nitrate (mg/l) breakthrough curves and precipitations (mm) during the tracing experiment.

Sl. 3. Devterijeve (‰) in nitratne (mg/l) krivulje pojavljanja sledila ter količina padavin (mm) v času sledilnega poskusa.
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Fig. 4. Best fit curves for deuterium concentrations (10-3 mg/m3).

Sl. 4. Modelirane krivulje koncentracij devterija (10-3 mg/m3).

that also the occurrence of the highest δ2H values 
coincides with the stronger precipitation event. 
The lowest values of dominant velocity occurred 
in JV-3 and JV-7 (0.010 m/d). JV-8 has a dominant 
flow velocity of 0.015 m/day, and JV-6 of 0.017 m/
day, whereas at other sampling points dominant 
flow velocities range from 0.023 to 0.036 m/day 
(Table 1).

The best evaluation of the matrix water flow 
is the mean flow velocity (Table 1). In Fig. 4 the 
modeled best fit curves for estimation of deuterium 
mean flow velocity are presented. Through the 
entire lysimeter, mean flow velocities based on 
δ2H values were estimated between 0.002 and 
0.029 m/day. In the upper part of the lysimeter 
the estimated mean flow velocities were lower 
compared to the lower part. To a depth of 1.08 m 
they were in the range from 0.002 m/d (JV-2) to 
0.006 m/d (JV-3). From the depth of 1.5 m (JV-4) to 
the bottom of the lysimeter, the calculated mean 
flow velocities were higher, between 0.007-0.029 
m/d. The average value of the mean flow velocity 
is estimated at 0.012 m/d and corresponds to the 
previously published results (Mali, 2006).

The volume of discharge water in the drain 
systems was measured as the water volume in the 
water collector. During the winter, because of snow 
cover and frozen soil, there were no conditions 

for water flow in the unsaturated zone. So there 
was no outflow water from JV-1 up to including 
sampling point JV-7. However, from cumulative 
values of outflow water volume (Table 2) we can 
evaluate the discharge dynamics. From the initial 
injection to 12.7.2007 the outflow volume of the 
water at the deepest sampling point was 395 l. 
The next most productive drain was JV-8 (167 l). 
The deepest sampling drains discharge more 
groundwater from the unsaturated zone (JV-10, 
JV-9, and JV-8) than the upper sampling points 
(JV-1, JV-2, and JV-3) because of wider recharge 
area. In the gravel deposits deeper than 3m (JV-
8, JV-9 and JV-10) vertical water flow exists all 
the time so we assume the field capacity was 
constantly high. Other points are affected more by 
dry conditions during periods of low precipitation 
and ground frost.

Tracer recovery was estimated based on outflow 
water volume and 2H concentrations. Table 2 
shows the quantities, percentages of recovered 
and injected deuterium tracer by the sampling 
points. Until the end of July 2007, 5101 mg of 2H 
in the outflow water represents 3.64 % of the total 
injected tracer. The highest amounts of deuterium 
occurred at JV-10, JV-9, and JV-8 (1612 mg, 
986 mg, and 874 mg), which accounts for 32 %, 
19 %, and 17 % of the entire recovered tracer 
and 0.6-1.1 % of the total injected tracer. In the 
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remaining sampling points tracer recovery values 
were between 64 mg and 509 mg accounting for 
1.2-10 % of the total recovered tracer and 0.04-
0.4 % of the initial amount of tracer injected. 

Nitrate

Like deuterium, also nitrate was detected 
at all sampling points. From the breakthrough 
curves it appears that the nitrate behaves slightly 
differently from deuterium. Fig. 3 indicates that the 
nitrate breakthrough curves have several peaks. 
This is explained by the dependence on rainfall 
and vegetation activity which affects the nitrate 
content in the unsaturated zone. Even in zero 
sampling, different background concentrations of 
nitrate were detected. At lower sampling points, 
background concentrations reach also 12-19 
mg/l (NO3-N). Thus, in the diagrams the natural 
fluctuation of nitrate can be followed as a tracer. 
Like for deuterium, the highest concentration of 
nitrate was detected at JV-1 (134.4 mg/l NO3-N) on 
the first day, and after that the concentrations fall. 
The next high concentration was recorded at JV-3 
(51.4 mg/l NO3-N) at the end of May. At that time 
the highest nitrate concentrations were reached 
also at sampling points JV-2 (13.3 mg/l NO3-N), 
JV-4 (31.7 mg/l NO3-N), and JV-5 (27.9 mg/l 
NO3-N). At sample sites JV-9 (19.7 mg/l NO3-N) 
and JV-10 (16.6 mg/l NO3-N) the first peak appears 
at that time. The next two peaks followed at these 
sites in August 2006 and in February 2007. Nitrate 
concentrations at that time were 14.4-14.7 mg/l 
NO3-N at JV-9, and 12.4-15.5 mg/l NO3-N at JV-
10. At sampling point JV-6 nitrate concentrations 
reach the first peak (20.8 mg/l NO3-N) at the 
same time as deuterium reaches its maximum in 
September 2006. The next peak was documented 
in the end of January 2007 (25.2 mg/l NO3-N). At 
sampling site JV-7 a completely different behavior 
of breakthrough curve was detected. In the first 

period we perceive a lower curve due to the higher 
background concentrations of nitrate. Elevated 
levels as a result of the tracer injection occurred 
until the end of 2006 and increase to the maximal 
recorded concentration of nitrate at JV-7 (28.1 
mg/l NO3-N) in April 2007.

Table 3 gives the estimates of water flow 
velocity obtained from the nitrate tracing data. 
Because the nitrate tracer appears immediately 
after injection because of contamination, we do 
not give the maximum velocity for JV-2 and JV-
3. The evaluation for the fastest flow velocity of 
nitrate is the same as in deuterium at sampling 
points JV-4 (0.190 m/d) and JV-5 (0.255 m/d) 
(Table 3). At points JV-6 to JV-10 the estimation of 
nitrate flow velocity is slightly higher than in case 
of deuterium (0.301– 0.549 m/d).

The lowest dominant velocity of nitrate is 
determined at sampling points JV-6 and JV-7 
(0.009 m/day) (Table 3). The highest dominant flow 
velocity, 0.036 m/day, is found at JV-4. Dominant 
velocities for other sampling points vary from 
0.015 to 0.032 m/day (Table 2). 

In Table 3 mean flow velocities for all recognized 
peaks of nitrate breakthrough curves are given. The 
mean flow velocities based on nitrate concentration 
breakthrough curves were estimated by analytical 
best-fit method (Fig. 5). For JV-2, JV-3, JV-5, JV-6, 
JV-9, and JV-10 the Multi-Peak-Modus model was 
used. Up to the depth of 1.08 m (JV-2, JV-3) the 
mean flow velocities are estimated at 0.003-0.019 
m/d, on average 0.011 m/d. In JV-4 the mean flow 
velocity is 0.016 m/s. From sampling point JV-5 
to JV-8 the mean flow velocities range between 
0.008-0.12 m/d, on average 0.010 m/d. The highest 
mean flow velocities were calculated in the lower 
part of the lysimeter at JV-9 and JV-10. Tracer is 
moving between 0.014-0.197 m/d. Not considering 
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Table 1. Fastest, dominant (dom.) and mean flow velocities (m/s) of deuterium tracer.

Tabela 1. Najhitrejša, dominantna (dom.) in srednja hitrost toka (m/s) devterijevega sledila.

Table 2. Cumulative outflow water volume (l) and recovery amount (%) of deuterium tracer.

Tabela 2. Skupni iztok vode (l) in delež (%) povrnjenega devterijevega sledila.

JV-2 JV-3 JV-4 JV-5 JV-6 JV-7 JV-8 JV-9 JV-10
Distance m 0.820 1.080 1.580 2.040 2.41 2.95 3.4 3.93 4.390
Fastest f. m/d - - 0.190 0.255 0.241 0.295 0.34 0.393 0.439
Dom. f. m/d 0.023 0.010 0.036 0.034 0.017 0.01 0.015 0.032 0.029
Mean f.-1 m/d 0.002 0.006 0.010 0.025 0.009 0.01 0.012 0.021 0.015
Mean f.-2 m/d - - - 0.007 - - - 0.026 0.029
Mean f.-3 m/d - - - - - - - 0.012 0.014

Dispersion-1 m2/s 0.003 0.002 0.011 0.013 0.005 0.002 0.005 0.066 0.108
Dispersion-2 m2/s - - - 0.002 - - - 0.002 0.097

Dispersion-3 m2/s - - - - - - - 0.002 0.001

JV-1 JV-2 JV-3 JV-4 JV-5 JV-6 JV-7 JV-8 JV-9 JV-10 Cumulative
outflow water volume l 7.61 26.39 28.91 95.22 53.36 82.79 80.76 167.10 153.93 395.09
amount of recovery tracer mg 64.83 91.58 105.56 371.62 509.09 306.65 178.34 874.28 986.78 1612.64 5101.37
% of recovery tracer amount % 1.27 1.80 2.07 7.29 9.98 6.01 3.50 17.14 19.34 31.60 100.00
% of whole amount of tracer % 0.05 0.07 0.08 0.27 0.36 0.22 0.13 0.62 0.70 1.15 3.64
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the highest estimated mean flow velocities at 
JV-9 and JV-10, the average mean flow velocity is 
estimated at 0.013 m/d. We anticipate that these 
unrealistically high concentrations of first peak 
occurred due to high background concentrations.

Tracer recovery was estimated based on the 
outflow water volume and nitrate concentrations. 
Table 4 shows the quantities, percentages of 
recovered and injected tracer by the sampling 
points. Until the end of the tracing experiment 
(July 2007) 4804 mg of NO3-N drained through the 
sampling system in the lysimeter, which is 2.35 % 
of the total injected tracer. The highest amounts of 
recovered nitrate were recorded at JV-8 and JV-
10, 1144 mg and 965 mg NO3-N, which accounts 
for 24 % and 20 % of the entire recovered tracer 
and 0.47-0.56 % of the total injewcted tracer. In 
the remaining sampling points tracer recovery 
concentrations were between 47 mg and 725 mg 
NO3-N accounting for 0.98-15.09 % of the total 
recovered tracer and 0.02-0.35 % of the initial 
amount of tracer injected. 

Discussion

A comparison of the deuterium and nitrate 
breakthrough curves shows that the results of 
deuterium and nitrate tracers give a similar 
distribution (Fig. 3). At sampling points JV-1, JV-
5, JV-8, JV-9 and JV-10 breakthrough curves of 
deuterium and nitrate tracer have the same shape 
at the same time. A maximum concentration of 
nitrate at sampling points JV-4 and JV-5 coincides 
with the first higher increase in deuterium values 
during a period of high precipitation. 

From the calculations of the fastest and 
dominant velocities for both tracers (Table 1 
and Table 3), we can see that the results are 
comparable. The fastest average flow of nitrate in 

the unsaturated zone is estimated at 0.369 (0.019-
0.549) m/day, and of deuterium 0.308 (0.019-0.439) 
m/day. An estimate of the strongest impact of 
pollution can be made on the basis of the dominant 
flow, which is calculated on the basis of the 
occurrence of the highest tracer concentrations. 
The dominant flow in the unsaturated zone for 
nitrate is estimated at 0.022 (0.009-0.036) m/day, 
and for deuterium at 0.023 (0.01-0.036) m/day. The 
highest values of the dominant flow were assessed 
in the middle of the lysimeter at sampling sites 
JV-4 and JV-5, where the highest concentrations 
were achieved between 40 and 50 days from the 
beginning of the experiment. At the bottom of 
the lysimeter the highest concentrations occurred 
between 230 and 313 days.

The long-term impact of pollution is estimated 
on the basis of the mean flow velocity (Käss, 1998). 
This is the velocity which determines the transfer 
of most of the tracer. The mean flow velocity 
calculations of both tracers show some differences 
(Table 1, Table 3). In breakthrough curves of 
nitrate several peaks could be recognized (Fig. 
5), while the deuterium breakthrough curves are 
more homogeneous, with one peak (Fig. 4). The 
phenomenon is the consequence of the presence 
of nitrate in the natural environment of the 
lysimeter. The content of nitrate in the soil and in 
the unsaturated zone is linked to the vegetation 
activity in relation to the use of nitrogen in 
various stages of plant growth. Background levels 
of nitrate have an impact on an indicated nitrate 
concentration during the tracer experiment. As a 
result, the calculated mean flow velocities of nitrate 
are slightly higher than of deuterium. Given the 
fact that deuterium is the ideal tracer, according to 
the results of individual peaks analysis and taking 
into account background nitrate concentrations, 
it can be concluded that the retention times of 
both tracers are comparable. The estimation of 
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Table 3. Fastest, dominant (dom.) and mean flow velocities (m/s) of nitrate.

Tabela 3.Najhitrejša, dominantna (dom.) in srednja hitrost (m/s) toka nitrata.

Table 4. Cumulative outflow water volume (l) and recovery amount (%) of nitrate tracer.

Tabela 4. Skupni iztok vode (l) in delež (%) povrnjenega nitratnega sledila.

JV-2 JV-3 JV-4 JV-5 JV-6 JV-7 JV-8 JV-9 JV-10
Distance m 0.82 1.08 1.58 2.04 2.41 2.95 3.4 3.93 4.39
Fastest f. m/d - - 0.19 0.255 0.301 0.369 0.425 0.491 0.549
Dom. f. m/d 0.02 0.026 0.036 0.032 0.009 0.009 0.015 0.028 0.023
Mean f.-1 m/d 0.019 0.019 0.016 0.01 0.011 0.008 0.012 0.117 0.197
Mean f.-2 m/d 0.003 0.004 - 0.01 0.009 - - 0.03 0.015
Mean f.-3 m/d - - - - - - - 0.014

Dispersion-1 m2/s 0.003 0.003 0.024 0.016 0.003 0.000 0.006 0.019 0.051
Dispersion-2 m2/s 0 0 - 0.016 0 - - 0.005 0.001

Dispersion-3 m2/s - - - - - - - 0.001 -

JV-1 JV-2 JV-3 JV-4 JV-5 JV-6 JV-7 JV-8 JV-9 JV-10 Cumulative
outflow water volume l 7.61 26.39 28.91 95.22 53.36 82.79 80.76 167.10 153.93 395.09
amount of recovery tracer mg 46.87 59.61 102.19 503.40 607.87 360.45 289.05 965.45 725.18 1144.20 4804.27
% of recovery tracer amount % 0.98 1.25 2.13 10.48 12.65 7.50 6.02 20.10 15.09 23.82 100.00
% of whole amount of tracer % 0.02 0.03 0.05 0.25 0.30 0.18 0.14 0.47 0.35 0.56 2.35
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the mean flow velocity for nitrate in coarse gravel 
unsaturated zone (the hydraulic conductivity 
2.9×10-3-6.9×10-2 m/s) is 0.0013 m/d.

The nitrate flow velocity in the unsaturated 
zone is important for assessing the impact of 
nitrogen excess from agriculture on groundwater. 
The problem is exceeded threshold nitrate 
concentrations at some places. The results of 
tracing experiment will be used in further 
modeling of nitrate transport in order to identify 
measures to improve groundwater quality status. 
Based on our results, some conclusions about 
transport of nitrate in Selniška dobrava can be 
made. The thickness of the unsaturated zone on 
lysimeter location reaches 27.5 m. If it is assumed 
that the ground water level is 27.5, average first speed 
of nitrate is 0.369 m/d the first contamination can 
reach the water in 74 days. Based on the average 
dominant flow velocity (0.022 m/d) the percolation 
time is 3.42 years. When the estimated mean flow 
velocity is 0.013 m/d, the time of pollution arrival 
is estimated at 5.80 years.

Conclusions

The aim of the tracing experiment in a 
lysimeter was to determine the characteristics 
of nitrate transport in the unsaturated zone. The 
results revealed that nitrate travels with almost 

the same dynamics as deuterium, which is used 
as a conservative tracer. The differences in results 
between individual points show local differences 
in the structure of the unsaturated zone, which 
affects different flow properties. Some differences 
between the two tracers’ breakthrough curves 
were recognized. At the same sampling sites the 
nitrate breakthrough curves have more peaks. The 
phenomenon is the consequence of the presence 
of nitrate in the natural environment of the 
lysimeter. The content of nitrate in the soil and in 
the unsaturated zone is linked to the vegetation 
activity in relation to the use of nitrogen in 
various stages of plant growth. Background levels 
of nitrate have an impact on an indicated nitrate 
concentration during the tracer experiment. 

Based on the results of the tracer experiment, 
the characteristics of nitrate flow dynamics 
through the coarse gravel unsaturated zone with 
a hydraulic conductivity in the range of 2.9×10-3 

- 6.9×10-2 m/s were estimated. The evaluation for 
the fastest flow velocity of nitrate is 0.190-0.549 
m/d, on average 0.369 m/d. The dominant flow 
of nitrate in the unsaturated zone is estimated 
at 0.022 (0.009-0.036) m/day. Calculations of 
the fastest and dominant velocities for both 
tracers are comparable, while the calculated 
mean flow velocities of nitrate are slightly higher 
than those of deuterium. Given the fact that 
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Fig. 5. Best fit curves for nitrate concentrations (10-3 mg/m3)

Sl. 5. Modelirane krivulje koncentracij nitrata (10-3 mg/m3)
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deuterium is the ideal tracer, according to the 
results of individual peaks analysis and taking 
into account background nitrate concentrations, 
it can be concluded that the retention times of 
both tracers are comparable. The estimation of 
the mean flow velocity for nitrate in our case is 
0.013 m/d.

The purpose of determining the movement 
of nitrate through the unsaturated zone is 
also to assess the impact of nitrate pollution 
from agriculture on groundwater. If we assume 
an average thickness of the coarse gravel 
unsaturated zone at 27.5 m with a conductivity 
of about 5 × 10-3 m/s, as is the case in Selniški 
dobrava, we come to the following assessment of 
nitrate pollution movement:
- At an average fastest flow of 0.369 m/d, 

pollution reaches the groundwater level in 74 
days.

- With the thickness of the unsaturated zone 
and the dominant velocity of 0.022 m/d, the 
percolation time is estimated at 3.42 years.

- The mean flow velocity in the matrix flow was 
estimated at 0.013 m/d. The mean residence 
time is estimated at 5.80 years.

The tracing experiment has again proved to be a 
very useful tool to assess the behavior of nitrate as 
the selected pollutant in the unsaturated zone. On 
the basis of the determined range of nitrate flow 
properties, the estimation of pollution influence 
on aquifer and groundwater measures can be 
provided. The results of tracing experiment will 
be used in further modelling of nitrate transport 
in order to identify measures for groundwater 
quality status improvement. 
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Izvle~ek

Okolica Komna na Tržaško-komenski planoti je že dve stoletji znano najdišče krednih vretenčarjev. Med 
njimi prevladujejo ribe kostnice, ki so posebej pogoste v Komenskem apnencu Povirske formacije. Iz ploščastih 
apnencev prihaja nova najdba primerka majhne ribe Protriacanthus gortanii, ki je bila prvič opisana ravno iz 
teh plasti. Riba ima značilno morfologijo z močnimi bodicami plavutnic na hrbtni in trebušni strani. Najdba 
predstavlja verjetno že deveti raziskani primerek iz stratigrafsko dobro opredeljenega najdišča na Tržaško-
komenski planoti. 

Abstract

Surroundings of Komen on Trieste-Komen Plateau are known more than two centuries as Cretaceous vertebrates 
site. Most frequent finds are of teleostei fishes in Komen Limestone within the Povir Formation. From platy and 
laminated limestone a new specimen of Protriacanthus gortanii is described. The new specimen has a characteristic 
morphology with strong dorsal and pelvic fin spines. The new find of Protriacanthus gortanii is probably the ninth 
specimen discovered so far, but it is only one with a well established stratigraphic position. 

Uvod 

Kredne ribe iz okolice Komna so znane že od 
prve polovice 19. stoletja, o čemer pričajo nekateri 
zapisi v takratnih časopisih (calliGaris et al., 1994; 
Križnar, 2013). Kredne vretenčarje (predvsem ribe 
in morske plazilce) iz okolice Komna so raziskovali 
zlasti hecKel (1850), steinDachner (1860), Kner 
(1867), Bassani (1882), Gorjanović-KraMBerGer 
(1895) in D'erasMo (1946). V zadnjih desetletjih 
so kredno ribjo favno proučevali in omenjali 
tudi calliGaris (1992), cavin s sodelavci (2000) in 
Križnar (2014). 

Združbe fosilnih rib in drugih fosilov Tržaško-
komenske planote se pojavljajo v različno starih 
plasteh, čeprav so si nekateri faciesi litološko zelo 
podobni (cavin et al., 2000; jurKovšeK et al., 2013). 
V Komenskem apnencu Povirske formacije so 
ostanki rib ponekod pogosti. Iz teh ploščastih in 
bituminoznih apnencev z roženci izhaja tudi novi 
ostanek Protriacanthus gortanii.

Komenski apnenec (Povirska Formacija) in 
paleontološka vsebina 

Med kamninami Povirske formacije se 
pojavljajo tudi različno debeli vložki Komenskega 
apnenca (jurKovšeK et al., 2013; Palci et al., 
2008), ki ga predstavljajo predvsem ploščasti 
apnenci z roženci (sl. 1). Starost Komenskega 
apnenca je cenomanijska (jurKovšeK et al., 2013). 
Med mikrofosili se v Povirski formaciji pojavlja 
biostratigrafsko pomembna Broeckina (Pastrikella) 
balcanica Cherchi, Radoičić & Schroeder. Predvsem 
so iz Komenskega apnenca znane fosilne ribe 
Belonostomus lesinaensis Bassani, Chirocentrites 
coroninii Heckel, Chirocentrites microdon Heckel, 
Sauroramphus freyeri Heckel, Coelodus saturnus 
Heckel, nekatere druge pikdontne ribe ter mnoge 
druge (calliGaris, 1992; cavin et al., 2000). Pregled 
ribje favne iz Komenskega apnenca so prikazali 
tudi Palci s sodelavci (2008), kjer prikazujejo okoli 
trideset rodov, ki se pojavljajo v najdiščih okoli 
Komna. Poleg ostankov vretenčarjev se v ploščastih 
apnencih Povirske formacije pojavljajo tudi 
rastlinski ostanki (jurKovšeK et al., 2013) in redkejši 
fosili nevretenčarjev, tudi morske zvezde (Križnar et 
al., 2008). Cenomanijsko starost Povirske formacije 
opredeljuje tudi pojavljanje školjk Chondrodonta 
joannae (Choffat) (jurKovšeK et al, 2013). 

© Author(s) 2015. CC Atribution 4.0 License
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Paleontološki del

Sistematika po: tyler & sorBini, 1996 

Classis Actinopterygii Klein, 1885 
Ordo Tetraodontiformes Berg, 1940 

Superfamilia Plectocretacicoidea Tyler & 
Sorbini, 1996 

Familia Protriacanthidae tyler & sorBini, 1996 

Genus Protriacanthus D'Erasmo, 1946 

Za ribe rodu Protriacanthus je značilna ena 
močna in druga šibkejša hrbtna (dorzalna) bodica. 
Še daljše so bodice na trebušni plavutnici. Rod 
Protriacanthus je poznan le iz najdišč v okolici 
Komna. D'erasMo (1946) je nov rod opisal na osnovi 
enega primerka (sl. 2). Dodatnih sedem primerkov 
rodu sta opisala sorBini & GuiDotti (1984) (sl. 2). 
Rod Protriacanthus sta tyler & sorBini (1996) 

Sl. 1. Geološki stolpec z 
litostratigrafskimi enota-
mi Repenske, Povirske in 
Brske formacije iz okolice 
Komna. (prirejeno po jur-
KovšeK et al., 2013). Stra-
tigrafski položaj primerka 
Protriacanthus gortanii je 
označen z zvezdico. 

Fig. 1. Geological colu-
mn with lithostratigrap-
hic units of Repen, Povir 
and Brje Formations (af-
ter jurKovšeK et al., 2013). 
Stratigrafic position of the 
specimen Protriacanthus 
gortanii is marked with 
asterisk. 

Sl. 2. Protriacanthus gortanii D'Erasmo, 1946. Levo: Risba holotipa (po D'erasMo, 1946). Desno: Delna rekonstrukcija vrste (po 
tyler & sorBini, 1996) 

Fig. 2. Protriacanthus gortanii D'Erasmo, 1946. Left: drawing of holotype specimen (from D'erasMo, 1946). Right: Reconstruction 
of the species (from tyler & sorBini, 1996) 

pripisala novi družini Protriacanthidae in opravila 
tudi revizijo vrst iz te družine. 

Protriacanthus gortanii D'Erasmo, 1946 
(Tabla 1, a-e / Plate 1, a-e) 

1946 Protriacanthus gortanii n. gen. et n. sp. – 
D'erasMo, 116-117, fig. 31-33. 

1984 Protriacanthus gortanii d'Erasmo, 1946 – 
sorBini & GuiDotti, 247-263, fig. 1-4. 

1996 Protriacanthus gortanii d'Erasmo, 1946 – 
tyler & sorBini, 27-36, fig. 18-24. 

Material: Primerek na kamniti plošč (tabela 1), 
ki je nekoliko poškodovan zaradi izpostavljenosti 
vremenskim vplivom. Ohranjen je velik del telesa 
z glavo. Primerek (brez evidenčne številke) je 
shranjen v zasebni paleontološki zbirki Damjana 
Jensterleta (Bled, Slovenija). 
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Najdišče: Najdišče leži ob cesti med Komnom 
in Škrbino, zahodno od naselja Jablanec, 
približno 1,2 km severno od Komna. Ob cesti 
je večji vsek, kjer so razkriti ploščasti apnenci 
z redkimi vložki rožencev (sl. 3). Najdišče je 
zaščiteno kot naravna vrednota državnega 
pomena. Na najdišču, na površini kamnitih 
ploščic, so bili odkriti tudi drugi ostanki fosilnih 
rib iz družin Pycnodontidae (zobje) in Dercetidae 
(ostanki glave) ter najpogostejših ostankov 
redu Clupeiformes (verjetno iz rodu Clupavus 
Arambourg), ki še niso bili raziskani. 

Opis primerka: Dolžina (SL) ohranjenega 
primerka je 13,2 mm, višina telesa je približno 5,3 
mm. Na zgornjem delu je ohranjena prva bodica 
hrbtne plavuti. Dolžina bodice je 2,34 mm (tab. 
1, sl. d). Telo primerka je v osrednjem delu telesa 
pokrito s ploščicami (okostenele luske). Glava 

je močno poškodovana oziroma je razločen le 
frontalni del (tab. 1, sl. a) in parafenoid pri očesni 
odprtini. Ostali znaki so nerazločni. V spodnjem 
delu primerka je ohranjena močna bodica (PS) 
trebušne plavuti (tab. 1, sl. e). Dolžina bodice 
trebušne plavutnice je 5,2 mm. Od vretenca (Ver) 
sta razločni le dve, verjetno PU4 in PU3 (po tyler 
& sorBini, 1996) in nerazločne kosti repne plavuti 
(tab. 1, sl. c). 

Primerjava: Nekoliko slabša ohranjenost 
primerka še vedno dovoljuje primerjavo z 
ostalimi. Glede na ostale opisane primerke 
Protriacanthus gortanii, ki jih podajata tyler 
& sorBini v tabeli 2 (1996, str. 35) se primerek 
najbolje ujema s primerkom MCSNV T914. Sicer 
pa tudi razmerja (dolžina telesa, višina telesa, 
dolžina hrbtne bodice) pri ostalih primerkih 
sovpadajo (tabela 1). 

Sl. 3. Položaj najdišča (označen z zvezdico) in razširjenost Komenskega apnenca (a) (prirejeno po jurKovšeK et al., 2013). Najdišče 
ob cestnem useku med Komnom in Škrbino (b). 

Fig. 3. Locality map showing the outcrop of Komen Limestone (a) (adapted from jurKovšeK et al., 2013), fossil site is marked with 
asterisk. Outcrop at locality on road Komen – Škrbina (b). 

Tabela 1. Primerjava nekaterih dimenzij (kostnih elementov) pri primerkih Protriacanthus gortanii. 1Dimenzije povzete po tyler 
& sorBini (1996, str. 35, Tab. 2).

Table 1. Comparison of dimensions (of some bones) of specimens Protriacanthus gortanii. 1Measurements after tyler & sorBini 
(1996, p. 35, Tab. 2). 

Oznake primerkov / 
specimens 

Dolžina telesa / 
Standard length (SL)

mm

Višina telesa / 
Body depth

mm

Dolžina trebušne 
plavuti / 

Pelvic-spine length
mm

Dolžina 1. hrbtne 
bodice / 

1st dorsal-spine length
mm

1
holotip (IGPUB 

IFDC29)1 20,5 7,6 7,9 4,9

2 MCSNV T9191 18 6,9 7,3 4,4

3 MCSNV T9161 16 6 7,7 5,3

4 MCSNV T9131 14,5 6 6,8 3,9

5 MCSNV T9151 14 5,7

6 MCSNV T9141 13 4,9 5,5

7 MCSNV T9181 12 4,4 4,7

8

Nov primerek  
(v tem delu)

New specimen  
(this work)

13,2 5,3 5,2 2,35
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Geografska in stratigrafska razširjenost: 
Vrsta Protriacanthus gortanii je do sedaj 
poznana le iz najdišč na Krasu (Slovenija). 
D'erasMo (1946) in sorBini & GuiDotti omenjajo 
kot najdišča primerkov le okolico Komna, brez 
natančnih lokacij. tyler & sorBini (1996), ki 
sta taksonomsko ponovno raziskala primerke 
stratigrafsko uvrščata primerke v zgornji 
cenomanij do spodnji turonij. Naš primerek izhaja 
iz Komenskega apnenca (Povirska formacija) 
zgornje cenomanijske starosti (Palci et al., 2008; 
jurKovšeK et al., 2013). 

Zaključki 

Iz Komenskega apnenca Povirske formacije 
je opisan še en primerek ribe Protriacanthus 
gortanii. Primerek je tudi edini z znano natančno 
stratigrafsko pozicijo, v primerjavi z ostalimi 
primerki (osem primerkov iz muzejskih zbirk), 
ki so jih predstavili D'erasMo (1946), sorBini & 
GuiDotti (1984) in pri reviziji vrste tudi tyler & 
sorBini (1996). Naš primerek se morfološko dobro 
ujema s preostalimi primerki, kljub nekoliko 
slabši ohranjenosti. Vrsta Protriacanthus gortanii  
se verjetno pojavlja le v cenomanijskih plasteh v 
okolici Komna. 

Zahvala 

Zahvaljujem se dr. Jamesu C. Tyleru (National 
Museum of Natural History, Smithsonian Institution) 
za posredovanje nekaterih literarnih virov in opombe 
ob pregledu slikovnega gradiva. Zahvaljujem se tudi dr. 
Miloši Milerju (Geološki zavod Slovenije) za izdelavo in 
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New specimen of Protriacanthus gortanii D'Erasmo, 
1946 (Protriacanthidae, Tetraodontiformes) from the 

Upper Cretaceous beds near Komen (Slovenia)

Extended summary

From Upper Cretaceous beds near Komen 
on Trieste-Komen Plateau (Slovenia) a new 
specimen of Protriacanthus gortanii is described. 
The specimen (stored in a private collection of 
D. Jensterle, Bled) is the first with a documented 
stratigraphic position and it derives from the 
Komen Limestone within the Povir Formation 
(Upper Cenomanian age) (Fig. 1). Fossil site 
(outcrop) of the new specimen is the road cut 
between Komen and Škrbina village in platy and 
laminated limestone (Fig. 3). Some other fossil 
fishes from Pycnodontidae and Dercetidae family 
and additional numerous disarticulated specimens 
of Clupeiformes fishes (probable genus Clupavus) 
were collected from the same beds.  

Preservation of the new specimen is 
moderately good (Pl. 1), with missing caudal-fin 
region. Specimen length (SL) is 13.2 mm, with 
body depth 5.3 mm. On head the frontal region 
bones and parasphenoid bone are disctinctive 
(jaws and rostral bones are absent). The carapace 
scale plates are preserved in the middle part of 
specimen. The first dorsal spine and pelvic spines 
are disctinctive. Only tree vertebrae are visible. 

The new find of Protriacanthus gortanii is 
probable the ninth specimen discovered. This 
species is present only on the Trieste-Komen 
Plateau (Slovenia) and is stratigraphically limited 
to platy and laminated limestone of the Komen 
Limestone (Povir Formation). 

TABLA 1 – PLATE 1

Protriacanthus gortanii, Komen – Škrbina, Komenski apnenec (Povirska formacija). 
a – Primerek na kamnini. Merilo 5 mm. 
b – risba primerka iz slike a. Merilo 5 mm. 
c – vretenca na zadnjem delu primerka. Merilo 500 µm.*
d – prva bodica hrbtne plavuti. Merilo 500 µm.*
e – vrhnji del bodice trebušne plavuti. Merilo 500 µm.*

Okrajšave: DS – bodica hrbtne plavuti, F – frontalni del glave, PS – bodica trebušne plavuti, Ver – vretenca. 
*Fotografije narejene na SEM JEOL JSM 6490LV, Geološki zavod Slovenije. 

Protriacanthus gortanii, Komen – Škrbina, Komen Limestone (Povir Formation). 
a – Specimen on matrix. Scale bar 5 mm. 
b – Drawing of specimen from a. Scale bar 5 mm. 
c – Vertebrae (Ver) on posterior part of specimen. Scale bar 500 µm.* 
d – First dorsal spine. Scale bar 500 µm.* 
e – Pelvic spine. Scale bar 500 µm.* 

Abbreviations: DS – Dorsal spine, F – Frontal, PS – Pelvic spine, Ver – Vertebrae.
*Photo by JEOL JSM 6490LV scanning electron microscope (SEM), Geological Survey of Slovenia) 
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TABLA 1 – PLATE 1

Nov primerek ribe Protriacanthus gortanii D'Erasmo, 1946 (Protriacanthidae, Tetraodontiformes) ...
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Izvleček

V članku predstavljamo nove najdbe rakovice Styrioplax exiguus Glaessner, 1928, ki dopolnjujejo naše poznavanje 
paleogeografske in stratigrafske razširjenosti te zanimive paratetidne vrste. Opisani so primerki s treh najdišč v 
miocenskih plasteh Slovenskih goric v neposredni bližini Maribora. S preiskavami fosilne kalcitne nanoflore smo 
določili srednjemiocensko starost plasti, ki so se odložile v globjemorskem okolju Centralne Paratetide.

Abstract

In this paper we report new specimens of an interesting Paratethyan decapod Styrioplax exiguus Glaessner, 
1928, which extend the known palaeogeographic and stratigraphic distribution of the species. The described 
specimens originate from three different localities from Miocene beds in the Slovenske gorice, in the vicinity of 
Maribor. By analysing the fossil nannoplankton assemblages we were able to determine a Middle Miocene age of 
these deep water beds of the Central Paratethys.

Uvod

Najdb celih in določljivih ostankov fosilnih 
rakovic je na področju današnje Slovenije 
razmeroma malo. Največ tovrstnih fosilnih 
ostankov v Sloveniji najdemo v eocenskih plasteh 
Istre (Pavlovec & Pavšič, 1985; MiKuž, 2010a) in 
miocenskih plasteh okolice Kamnika in Zasavja 
(Križnar, 2006; Križnar & PreisinGer, 2008; MiKuž, 
2010b; MiKuž & Pavšič, 2003). Iz miocenskih plasti 
slovenskega dela Štajerskega bazena Paratetide 
imamo do sedaj podatke o redkih posameznih 
najdbah fosilnih rakovic (Glaessner, 1928; 
MiKuž, 2003), o bogati združbi fosilnih rakov 
deseteronožcev iz spodnjemiocenskih plasti 
nahajališča Činžat na severnem pobočju Pohorja 
pa sta poročala GašParič in hyžný. (2015).

Glaessner (1928) je iz nahajališč St. Egidij 
(Šentilj) in St. Leonard (Lenart) prvič opisal 
vrsto majhne rakovice Microplax exiguus. 
Posamezne primerke te vrste poznamo tudi iz 
globjemorskih spodnjemiocenskih (karpatijskih) 
plasti nahajališča Cerova - Lieskove na Slovaškem 
(hyžný & schlöGl, 2011), preko 70 primerkov pa 
je bilo pred kratkim opisanih tudi iz miocenskih 

plasti karpatijske starosti na nahajališču Činžat 
na severnem pobočju Pohorja (GašParič & hyžný, 
2015), ki so se prav tako usedale v globjemorskem 
okolju.

V pričujočem članku predstavljamo nove 
najdbe rakovic vrste Styrioplax exiguus Glaessner, 
1928, z dveh še neopisanih najdišč (Meljski hrib in 
Malečnik) v okolici Maribora, in še nepredstavljen 
primerek (inv. št. LMJ 5749) iz Glaessnerjeve 
zbirke, ki je bil najden pri Jarenini v Slovenskih 
goricah, in ga hranijo v avstrijskem Univerzalnem 
muzeju Joanneum v Gradcu. Plasti z ostanki 
rakovic na najdiščih Meljski hrib in Malečnik smo 
vzorčili tudi za pregled kalcitne nanoflore.

Geološka zgradba okolice najdišč

Na površju Slovenskih goric izdanjajo predvsem 
miocenske, pliocenske in kvartarne kamnine 
(žniDarčič & Mioč, 1989; MiKuž & GašParič, 2014). 
Miocenske plasti v okolici omenjenih novih najdišč 
rakovic so sestavljene iz laporjev, sljudnatih 
meljevcev in redkih vmesnih plasti peščenjakov in 
konglomeratov (žniDarčič & Mioč, 1989). 

© Author(s) 2015. CC Atribution 4.0 License
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Strukturno pripadajo Slovenske gorice 
Panonskemu bazenu (Placer, 1999), v ožjem 
smislu pa k tektonski enoti Slovenskih goric 
(Pavšič & horvat, 2009). Miocenske plasti na obeh 
novih najdiščih so se odlagale v jugozahodnem 
delu Štajerskega bazena, ki je predstavljal del 
Centralne Paratetide. V spodnjem delu srednjega 
miocena (badenija) je Centralna Paratetida 
dosegla svoj največji obseg in se je povezovala 
preko t. i. slovenskega koridorja na jugozahodu 
z Mediteranom in preko Vzhodne Paratetide z 
Indijskim in Tihim oceanom (röGl, 1999; Bartol, 
2009).

 
Ekstenzijska tektonika, ki je povzročila lokalno 

pogrezanje manjših sedimentacijskih bazenov 
in transgresija morja v spodnjebadenijskem 
globalnem evstatičnem ciklu TB2.3 (Kovać et al., 
2007) (sl. 2), pa sta omogočila nastanek globokih 
bazenov in močan dotok klastičnega materiala z 
bližjih kopnih predelov (jelen in riFelj, 2002). 

Novi primerki rakovic so bili najdeni v sivih 
meljevcih Slovenskih goric, severovzhodno od 
Maribora, na najdiščih Meljski hrib (46°33'38''N, 
15°40'33''E) in Malečnik (46°33'26''N, 15°42'05''E) 
(sl. 1).

Na širšem obravnavanem območju je 
rijavec (1976, 1978) določila spodnjebadenijsko 
foraminiferno biocono Praeorbulina-Orbulina 
saturalis. Spodnjebadenijska foraminiferna favna 

je značilna za globokomorsko sedimentacijsko 
okolje, največja paleobatimetrija (globina okoli 
1000 m) je korelirana s prej omenjeno transgresijo 
morja v ciklu TB2.3 (riFelj & jelen, 2001).

Paleontološki del

Sistematika povzeta po: nG et al. (2008) in De 
Grave et al. (2009).

Infraorder BRACHYURA Linnaeus, 1758
Superfamily GONEPLACOIDEA MacLeay, 1838

Family CHASMOCARCINIDAE Serène, 1964
Subfamily CHASMOCARCININAE Serène, 1964

Genus Styrioplax Glaessner, 1969

Styrioplax exiguus (Glaessner, 1928)
Sl. 4, 1–7

v*1928 Microplax exiguus Glaessner, 1928, Glaessner, 
195, tabla 3, slike 14, 14a; tekst - slika 8.

1929 Microplax exiguus Glaessner; Glaessner,  
258.

1969 Styrioplax exiguus (Glaessner); Glaessner, 
R527, slika 335/2. 

2003 Styrioplax exiguus (Glaessner); KarasaWa 
in Kato, 145.

2011 Styrioplax exiguus (Glaessner); hyžný in 
schlöGl, 338, slike 12–15.

2015 Styrioplax exiguus (Glaessner); GašParič in 
hyžný, 149, slike 10–12.

Sl. 1. Poenostavljena geološka skica (po Mioč & žniDarčič, 1977; žniDarčič & Mioč, 1989) in geografski položaj nahajališč rakovice 
Styrioplax exiguus. 1 – Šentilj, 2 – Lenart v Slovenskih goricah, 3 – Jarenina, 4 – Činžat na Pohorju, 5 – Meljski hrib, 6– Malečnik.

Fig. 1. Simplified geological sketch (after Mioč & žniDarčič, 1977; žniDarčič Mioč, 1989) and sites of fossil specimens of decapod 
Styrioplax exiguus. 1 – Šentilj, 2 – Lenart v Slovenskih goricah, 3 – Jarenina, 4 – Činžat na Pohorju, 5 – Meljski hrib, 6 – Malečnik.
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Material: Primerek RGA/SMNH 1676 iz 
najdišča Meljski hrib pri Mariboru predstavlja 
odtis trebušne strani rakovice, povezan s 
pripadajočimi okončinami. Dva primerka sta bila 
najdena tudi na nekaj kilometrov oddaljenem 
najdišču Malečnik: primerek RGA/SMNH 1135 
predstavlja ostanek notranjega odtisa hrbtnega 
oklepa in del trebušne strani istega osebka, 
primerek RGA/SMNH 1136 / 1140 (odtis / jedro) 
pa sta polovici istega primerka, na katerem je 
ohranjen oklep z ostanki okončin. Vse tri primerke 
je našel avtor članka. Prikamnina je temnorjav 
sljudnat meljevec.

Fosilni ostanki so v drobnozrnatih meljastih 
in lapornatih plasteh obeh najdiščih dobro 
ohranjeni. Oklepi opisanih rakovic so povezani z 
okončinami in kažejo na minimalen transport po 
smrti ter na hitro stopnjo sedimentacije. Nekateri 
ostanki so delno razpadli, vendar ohranjeni 
skupaj. Pri primerku RGA/SMNH 1135 lahko 
opazimo obe polovici oklepa (hrbtno in trebušno) 
razprti in ločeni, vendar pa v tem primeru to ni 
posledica transporta, ampak značilen primer 
levitve rakovice. 

Najdišče: Najdišče Meljski hrib je poznano po 
številnih fosilnih ostankih miocenske makrofavne in 
kosih fosilnega lesa, ki jih je moč najti v teh plasteh. 
Srednjemiocenske plasti se na severovzhodnem 
delu mesta Maribor ob malečniškem mostu strmo 
dvigajo nad reko Dravo in v profilu izdanjajo v 

višini okoli 100 m. Primerek rakovice je bil najden 
v spodnjem delu profila, kjer izdanjajo plasti 
meljevca, sive do temnorjave barve, v katerih so 
tudi leče peščenjakov. V teh plasteh so makrofosilni 
ostanki redki, zasledili smo le še redke ostanke škarij 
kalianasidnih rakov rovcev in pogoste bioturbacije. 
Višje na najdišču prehajajo v trše, svetlosive 
apnenčeve laporovce, v katerih so pogosti ostanki 
školjk (MiKuž & GašParič, 2014), nekaj centimetrov 
veliki ostanki iregularnih morskih ježkov iz 
družine Shizasteridae in večji kosi okamenelega 
lesa. V najvišjem delu profila izdanjajo svetlo rjavi 
do rumeni apnenčevi laporovci, v katerih so pogosti 
ostanki kačjerepov (MiKuž & GašParič, 2014).

Le 1500 m vzhodno od Meljskega hriba leži 
najdišče Malečnik, kjer so pri kmetijskih delih 
spomladi leta 2013 ob urejanju vinograda v bližini 
malečniške cerkve razkrili temno sive sljudnate 
meljevce, ki so litološko enaki kot bazalne plasti 
najdišča Meljski hrib. Na najdišču Malečnik, ki 
smo ga spomladi leta 2013 večkrat obiskali, so 
poleg dveh primerkov rakovice Styrioplax exiguus 
najdeni redki ostanki iregularnih morskih ježkov 
iz družine Shizasteridae.

Vsi fosilni ostanki so zaradi velikega 
kompakcijskega indeksa meljastih sedimentov zelo 
stisnjeni, vendar nedeformirani. Kalcitne lupine 
mehkužcev in kalcitno - hitinska povrhnjica skeleta 
deseteronožcev niso ohranjeni, vsi fosilni ostanki so 
ohranjeni le kot kamena jedra oz. odtisi v kamnini.

Sl. 2. Kronostratigrafska 
razdelitev miocena s prika-
zanimi stopnjami v Medite-
ranu in Centralni Parate-
tidi. Starost obravnavanih 
najdišč, določena na pod-
lagi kalcitne nanoflore, je 
osenčena.

Fig. 2. Chronostratigraphic 
chart of Miocene, showing 
the Mediterranean and 
Central Paratethyan (regio-
nal) stages. The age of loca-
lities based on nanoplank-
ton analysis is highlighted.
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Opis: Majhen oklep je ovalno-kvadratne oblike 
(sl. 3A) in skoraj enake dolžine kot širine (količnik 
širina/dolžina je okoli. 1,10) (tab. 1). Oklep je najširši 
v zadnjem delu, naprej se zoži. V preseku je oklep 
konveksne oblike in predvsem v zadnjem delu visoko 
dvignjen s strmim stranskim in zadnjim robom, 
proti sprednjemu robu pa je položnejši. Kljunec 
(ang. rostrum) je dvodelen, zaokrožen in obrobljen 
(sl. 4, 2–3). Pri odraslih osebkih je kljunec zraščen 

in dvojen, raven do konkaven, ter predeljen s plitvo 
brazdo, medtem ko je pri mlajših osebkih kljunec 
sestavljen iz dveh ločenih grebenov. Očesne jamice 
so plitve in ozke in se nadaljujejo s sinosoidnim 
sprednjim robom ter majhnim zaočesnim trnom, ki je 
razvit le pri odraslih osebkih. Sprednji stranski rob 
je zaobljen in konkaven (sl. 4, 5–6). Stranski rob je 
sinusoiden in se proti zadnjemu delu širi, v zadnjem 
delu na stranskem robu ima tudi opazen izrastek, 

Sl. 3. Styrioplax exiguus 
(Glaessner, 1928), rekon-
strukcija. A – hrbtna stran 
oklepa; B –trebušna stran 
oklepa samca (po GašParič 
& hyžný, 2015). 

Fig. 3. Styrioplax exiguus 
(Glaessner, 1928), recon-
struction. A – dorsal cara-
pace; B – male venter (after 
GašParič & hyžný, 2015). 

Tabela 1. Seznam znanih nahajališč rakovice Styrioplax exiguus in primerjava dimenzij največje širine in dolžine oklepa.

Table 1. List of known localities for Styrioplax exiguus specimens and comparison of maximum width and length of their dorsal 
carapace.

Vrsta / Taxon Primerek / Specimen Nahajališče / Locality Avtorji /Authors max. dolžina / length (mm) max. širina / width (mm)

Styrioplax exiguus LMJ 5453 (holotype) Šentilj, Slovenija Glaessner, 1928 5,6 6,1

Styrioplax exiguus LMJ 5753 Lenart, Slovenija Glaessner, 1928 5,5 6,9

Styrioplax exiguus SNMZ 24868 Cerova Lieskove, Slovaška Hyžný in Schlögl 2011 8,3 8,5

Styrioplax exiguus SNMZ 35507 Cerova Lieskove, Slovaška Hyžný in Schlögl 2011 6,5 8,0

Styrioplax exiguus RGA/SMNH 0889 Činžat, Slovenija Gašparič in Hyžný, 2015 9,1 9,4

Styrioplax exiguus RGA/SMNH 1208 Činžat, Slovenija Gašparič in Hyžný, 2015 5,5 6,2

Styrioplax exiguus RGA/SMNH 1135 Malečnik, Slovenija v tem članku 5,5 6,5

Styrioplax exiguus RGA/SMNH 1140 Malečnik, Slovenija v tem članku 7,3 8,4

Styrioplax exiguus RGA/SMNH 1676 Meljski hrib, Slovenija v tem članku 5,3 6,5

Styrioplax exiguus LMJ 5749 Jarenina, Slovenija v tem članku 8,4 8,5

Sl. 4. Styrioplax exiguus (Glaessner, 1928)

1 – RGA/SMNH 1676, cel primerek s povezanimi hodilnimi okončinami (P) in kleščami (C); 

2 – RGA/SMNH 1135, ločena hrbtni (d) in trebušni del oklepa (v) lev; 

3 – RGA/SMNH 1135, notranji odtis hrbtnega dela oklepa; 

4 – RGA/SMNH 1135, trebušni del oklepa samca, prsnica s sterniti (S) in zadek (A); 

5 – RGA/SMNH 1140, hrbtni del oklepa z vidnimi sterniti (S); 

6 – RGA/SMNH 1136, odtis hrbtnega dela oklepa primerka RGA/SMNH 1140; 

7 – LMJ 5749, cel primerek iz Jarenine s povezanimi hodilnimi okončinami (P) in kleščami 

 (C), hranjen v Univerzalnem muzeju Joanneum. Velikost vseh meril je 5 mm.

Fig. 4. Styrioplax exiguus (Glaessner, 1928)

1 – RGA/SMNH 1676, complete specimen with articulated pereiopods (P) and chelipeds (C); 

2 – RGA/SMNH 1135, disassociated dorsal (d) and ventral carapace (v), exuvie;

3 – GA/SMNH 1135, internal cast of dorsal carapace;

4 – RGA/SMNH 1135, ventral carapace with sternum (S) exhibiting male abdomen (A);

5 – RGA/SMNH 1140, dorsal carapace showing exposed ventral sternites;

6 – RGA/SMNH 1136, cast of dorsal carapace of specimen RGA/SMNH 1140;

7 – LMJ 5749, complete specimen from Jarenina with articulated pereiopods (P) and 

 chelipeds (C), deposited in Universalmuseum Joanneum. All scale bars are 5 mm.

Rok GAŠPARIČ & Eva HALÁSOVÁ
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kjer se srednjepljučni greben seka s stranskim 
robom. Zadnji rob oklepa je raven, v sredini 
konkaven, obrobljen in na zadnjem stranskem robu 
tvori manjše konkavne zajede, v katerih ležijo zadnji 
par hodilnih okončin.

Hrbtna stran oklepa, ki je dobro ohranjena na 
primerku RGA/SMNH 1135 (sl. 4, 2–3) ter primerku 
RGA/SMNH 1140 (sl. 4, 5–6), je večinoma gladka in v 
sprednjem stranskem, pljučnem in želodčnem predelu 
posejana s posameznimi manjšimi bradavicami. 
Želodčni predel je jasno izražen in v zadnjem delu 
nabrekel, zadnji rob omejuje globoko zarezana in 
konkavna maternična (cervikalna) brazda, manj 
izrazita stranska robova pa se konvergentno 
ožita proti sprednjemu robu, kjer za kljunom 
tvorita poglobljen del. Srčni predel je ovalne do 
trapezoidne oblike in poleg želodčnega edini jasno 
opazen (primerek RGA/SMNH 1135). Srčni predel 
je v sredini dvignjen in s sinosoidno brazdo ločen 
od pljučnih predelov. Zgornjepljučni predel je 
širok in na zgornji strani omejen z nadaljevanjem 

maternične brazde, na spodnji pa s srednjepljučnim 
grebenom, ki poteka diagonalno od stranskega roba 
oklepa, kjer tvori zaobljen izrastek, proti srčnemu 
predelu. Srednje in spodnjepljučni predel sta slabše 
izražena in v opazovanih primerkih nista opazna.

Prsnica je lepo ohranjena na primerku RGA/
SMNH 1135 (sl. 4, 4) in se proti zadnjemu delu razširi. 
Kontakti med posameznimi sterniti so konkavno 
oblikovani, sternita 1–2 sta zraščena, prav tako sta 
zraščena sternita 3–4, ostali sterniti pa so ločeni. 
Zadek lahko opazujemo na  primerkih RGA/SMNH 
1135 (sl. 4, 4) in RGA/SMNH 1676 (sl. 4, 1); v obeh 
primerih glede na ozko in koničasto obliko zadka 
ugotavljamo, da gre za moški osebek rakovice. Pri 
primerku RGA/SMNH 1140 (sl. 4, 5) lahko skozi delno 
odstranjen hrbtni del oklepa opazujemo posamezne 
sternite na prsnici, vendar spola ne moremo določiti. 
Moški zadek je ozek in trikotno koničast z ravnimi 
do rahlo konkavnimi stranicami, najširši v predelu 
tretjega somitnega segmenta (sl. 3B). Rep (ang. telson) 
je trikotne oblike, njegova dolžina je večja od širine. 

Sl. 5. Kalcitna nanoflora. 

1 – 5 Helicosphaera waltrans Theodoridis, 1984

6 Helicosphaera walbersdorfensis Müller, 1974

7 – 9 Helicosphaera carteri (Wallich, 1877) Kamptner, 1954

10 – 14 Sphenolithus heteromorphus Deflandre, 1953

15 Calcidiscus premacintyrei Theodoridis, 1984

16 Umbilicosphaera rotula (Kamptner, 1956) Varol, 1982

17 Umbilicosphaera jafari Müller, 1974 

18 – 20 Coccolithus miopelagicus Bukry, 1971 

21 – 22 Coccolithus pelagicus (Wallich, 1877) Schiller, 1930

23 Pontosphaera multipora (Kamptner, 1948) Roth, 1970

24 Reticulofenestra pseudoumbilicus (Gartner, 1967) Gartner, 1969

25 R. haqii Backman, 1978

26 R. minuta Roth, 1970

27 Cyclicargolithus floridanus (Roth & Hay, 1967) Bukry,1971

28 Braarudosphaera bigelowii (Gran et Braarud, 1935) Deflandre, 1947

29 Discoaster variabilis Martini & Bramlette, 1963 

30 Discoaster spp. 

 Velikost vseh meril je 10 µm.

Fig. 5. Calcareous nannofossils. 
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Somit 6 je skoraj kvadratne oblike in nekoliko širši 
kot dolg. Somiti 3–5 so zraščeni, pri primerku RGA/
SMNH 1135 (sl. 4, 4) lahko opazimo tudi ostanek 
šiva med sicer negibljivima somitoma 3 in 4. Somita 
1 in 2 v preiskovanem materialu nista ohranjena. 
Zanimiva je oblika sternita 8, ki je širok in v sredini 
prepognjen. Na njem leži pomožna kolčno-prsna 
plošča, ki varuje spolni kanal, v katerem pri moških 
osebkih leži penis.

Z oklepom povezane okončine so ohranjene 
le pri primerku iz Meljskega hriba (RGA/SMNH 
1676) (sl. 4, 1). Hodilne okončine P2-P5 so tanke, 
dolge in neokleščene. Najdaljše so P4, medtem 
ko so P5 krajše in ležijo pod oklepom v posebej 
oblikovanih zajedah na spodnjem stranskem 
delu. Okončine so sploščene in ornamentirane s 
posameznimi manjšimi bradavicami. Zaključujejo 
se s koničastimi končnimi segmenti. Klešče so 
neenake, desne klešče nekoliko močnejše od levih, 
enostavne s tankimi prsti z zašiljenimi konicami 
in preprostimi zobmi na rezalni površini.

Primerjava: Posamezne lastnosti, ki rakovico 
Styrioplax exiguus uvrščajo med pripadnike 
družine Pilumnidae, sta opisala že hyžný in schlöGl 
(2011), vendar sta menila, da najverjetneje pripada 
poddružini Rhizopinae; pred tem so to rakovico 
uvrščali v družino Goneplacidae (Glaessner, 
1969). Pred kratkim opisan nov material (GašParič 
& hyžný, 2015) je razkril podrobnosti na prsnici 
moških primerkov, ki rakovico Styrioplax exiguus 
zanesljivo uvrščajo v družino Pilumnidae in 
podružino Chasmocarcininae, na kar sta sicer 
opozorila že KarasaWa in Kato (2003).

Pripadniki poddružine Chasmocarcininae 
imajo trapezoidno obliko oklepa, dvojno oblikovan 
kljun, majhne očesne jamice s sinosoidnim 
sprednjim robom. Oklep je v predelu sprednjega 
roba približno enako širok kot zadaj, kljun in 
očesne jamice pa predstavljajo večji del sprednjega 
dela oklepa. V zadnjem stranskem delu imajo 
pripadniki te poddružine dobro razvite zajede za 
zadnji par hodilnih nog (schWeitzer & FelDMann, 
2001). Za pripadnike Chasmocarcininae je značilno 
tudi, da so somiti 3–5 na zadku samcev zraščeni, 
hodilne noge pa so dolge in tanke (FelDMann et 
al., 2010). Vse naštete lastnosti lahko opazimo pri 
rodu Styrioplax, dodatno pa imajo primerki te 
rakovice razvito še pomožno kolčno-prsno ploščo 
na somitu 8 (Guinot et al., 2013).

Po opisanih morfoloških lastnostih bi rod 
Styrioplax lahko primerjali le s še danes živečim 
rodom Chasmocarcinus Rathbun, 1898, ki 
pa ima hrbtni oklep preprostejše morfologije 
z neizrazitimi osnovnimi hrbtnimi področji 
(želodčni in srčni predel, srednjepljučni greben), 
ki pa so pri rodu Styrioplax jasno opazni. Nekaj 
podobnosti v obliki in morfologiji oklepa lahko 
opazujemo s pripadniki rodu Falconoplax Van 
Straelen, 1933, ki pa imajo na sternitu 8 odprt 
spolni kanal in nimajo pomožne kolčno-prsne 
plošče. To pomembno morfološko lastnost si delijo 
pripadniki rodu  Styrioplax in Chasmocarcinus. 

Stratigrafska in paleogeografska razširjenost: 
Najdbe primerkov rodu Styrioplax so 
evidentirane iz spodnjemiocenskih (karpatskih) in 
srednjemiocenskih (badenijskih) plasti centralne 
Paratetide (Glaessner, 1928; hyžný & schlöGl, 
2011; GašParič & hyžný, 2015). Ostanki rakovic 
Styrioplax exiguus so pogosti v miocenskih 
plasteh severovzhodne Slovenije (Glaessner, 
1928; GašParič & hyžný, 2015), kjer jih sedaj 
poznamo s šestih nahajališč (sl. 1), opisani pa so 
tudi iz miocenskih plasti karpatijske starosti na 
slovaškem nahajališču Cerova iz okolice Bratislave 
(hyžný & schlöGl, 2011). 

Do sedaj zbrani podatki kažejo na to, da 
je Styrioplax exiguus endemit na področju 
centralne Paratetide, fosilne ostanke te vrste pa 
najdemo izključno v finoklastičnih kamninah, 
ki so se odlagale v globjemorskih okoljih (hyžný 
& schlöGl, 2011). Dejstvo, da fosilnih ostankov 
rakovice Styrioplax exiguus ne najdemo v 
miocenskih plasteh Mediterana potrjujejo teorijo, 
da je v srednjem miocenu anti-estuarijski morski 
režim preprečeval selitev organizmov iz področja 
Paratetide v takratni Mediteran (harzhauser 
et al., 2007), po drugi strani pa organizmom iz 
Mediterana omogočal poselitev morskih območji 
Paratetide.

Kalcitni nanoplankton:
Sl. 5, 1–30

V vzorcih iz obeh nahajališč je bilo pregledanih 
okoli 300 primerkov kalcitne nanoflore. 
Nanoplankton v pregledanih vzorcih je številčen, 
vendar je vrstna pestrost omejena le na nekaj 
značilnih taksonov. Nanofosili v vzorcih so različno 
dobro ohranjeni, od dobro ohranjenih primerkov 
do primerkov, pri katerih so opazne mehanske 
poškodbe in poškodbe nastale pri raztapljanju 
skeletov.

Opisano združbo definirajo pogosto pojavljanje 
ključne biostratigrafske vrste Sphenolithus 
heteromorphus Deflandre, 1953, skupaj s pogosto 
prisotnimi primerki vrste Helicosphaera waltrans 
Theodoridis, 1984 in redkimi primerki vrste 
Helicosphaera walbersdorfensis Müller, 1974. 
Opisano sopojavljanje omenjenih vrst je značilno 
za spodnjebadenijsko biocono NN5 (Martini, 1971). 
V pripravljenih vzorcih so pogosti tudi primerki 
vrst Coccolithus pelagicus (Wallich, 1877) Schiller, 
1930, skupaj z velikimi primerki Coccolithus 
miopelagicus Bukry, 1971 in Helicosphaera carteri 
(Wallich, 1877) Kamptner, 1954. V analiziranih 
vzorcih se redko pojavljao še vrste Calcidiscus 
premacintyrei Theodoridis, 1984, Pontosphaera 
multipora (Kamptner, 1948) Roth, 1970, 
Umbilicosphaera rotula (Kamptner, 1956) Varol, 
1982 in U. jafari Müller, 1974, Reticulofenestra  
pseudoumbilicus (Gartner, 1967) Gartner, 1969, 
R. haqii Backman, 1978 in R. minuta Roth, 1970, 
Discoaster variabilis Martini & Bramlette, 1963 
ter Thoracosphaera sp. 
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Prisotni so tudi redki presedimentirani 
zgornjekredni nanofosili, npr. Arkhangelskiella 
cymbiformis Vekshina, 1959, in pogostejši 
presedimentirani peleocenski nanofosili, npr.   
Discoaster lodoensis Bramlette & Riedel, 1954 in 
Reticulofenestra bisecta (Hay, Mohler in Wade, 
1966) Roth, 1970.

Stratigrafsko najpomembnejše je hkratno 
pojavljanje vrst Sphenolithus heteromorphus 
z Helicosphaera waltrans in odsotnost  H. 
ampliaperta Bramlette and Wilcoxon, 1967, kar 
datira kamnine v spodnji del biocone NN5 (Martini, 
1971) (sl. 2). Raziskana tafocenoza omogoča tudi 
korelacijo plasti z biocono NN5a (GriGorovič et 
al., 2001) oziroma z biohorizontom Helicosphaera 
waltrans (ŠváBenicKá, 2002; Ćorić & ŠváBenicKá, 
2004). Pogostnost pojavljanja omenjene vrste v 
Paratetidi znotraj te biocone omenjajo tudi drugi 
avtorji (GriGorovič et al., 2001; Ćorić, 2003; Ćorić 
et al., 2007; Bartol, 2009). Tomanová Petrová in 
Švábenická (2007) povezujeta plasti iz horizonta H. 
waltrans, ki imajo bogato nanofloro, s transgresijo 
v spodnjebadenijskem globalnem evstatičnem 
ciklu TB2.3. Starost odloženih plasti na najdiščih 
Meljski hrib in Malečnik ocenjujemo na 14,91 do 
14,36 milijonov let na podlagi zadnjega pogostega 
pojavljanja (LCO) vrste Helicosphaera  waltrans 
(ABDul-Aziz et al., 2008) in zadnjega pojavljanja 
(LO) vrste H. ampliaperta (Lourens et al., 2004).

Sedimentacijsko okolje: Dosedanje najdbe 
rakovice Styrioplax exiguus so bile opisane 
iz globjemorskih sedimentacijskih okolij, kjer 
je na podlagi spremljajoče makrofavne in 
foraminifernih ter nanoplanktonskih združb 
določena paleobatimetrija med 125 in 250 m 
(hyžný & schlöGl, 2011; GašParič & hyžný, 2015).

Poleg fosilnih ostankov deseteronožcev, 
globjemorsko sedimentacijsko potrjuje tudi 
foraminiferna favna (rijavec, 1976; 1978) s pogosto 
makroskopsko opazno bentoško foraminifero 
Bathysiphon taurinensis Sacco, 1893, ki je 
značilna za globjemorska okolja (saja et al., 2009).

Nizka vrstna raznolikost združbe fosilne kalcitne 
nanoflore s številčnimi helikosferami in redkimi 
diskoastri kaže na morsko okolje z normalno 
slanostjo in bližino kopnega (Ćorić & šváBenicKá, 
2004). Prisotnost diskoastrov, pogosti primerki 
vrste Coccolithus pelagicus in številni majhni 
primerki retikulosferidnih vrst kažejo na dotok s 
hranili bogatih in hladnejših oceanskih vod (Ćorić& 
röGl, 2004). Podobno velja za prisotnost vrste 
Sphenolithus heteromorphus, ki potrebuje s hranili 
še nekoliko bogatejše okolje kot diskoastri (Bartol & 
Pavšič, 2005). Zaradi prisotnosti presedimentiranih 
paleocenskih reliktov lahko sklepamo na bližino 
obale in z orogenetsko aktivnostjo povezano 
pogrezanje sedimentacijskega bazena.

Glede na navedeno ugotavljamo, da so se 
tudi plasti z najdbami rakovic Styrioplax 
exiguus na najdiščih Meljski hrib in Malečnik 

odlagale v globjemorskem okolju zgornjega 
batiala, v globini do 250 m. Nanoplanktonska 
združba kaže na globjemorsko priobalno okolje. 
Plasti so zapolnjevale enega izmed številnih 
sedimentacijskih bazenov, ki so se zaradi 
ekstenzijske tektonike hitro pogrezali, v to 
globjemorsko okolje pa je iz bližnjega kopnega 
dotekal drobnozrnat klastičen material.

Zaključki

Novo opisani primerki rakovice Styrioplax 
exiguus širijo poznavanje te zanimive vrste na 
našem ozemlju. Vrsta predstavlja endemitsko 
vrsto v miocenskih plasteh centralne Paratetide 
in velika večina do danes odkritih primerkov 
je najdena na področju severovhodne Slovenije. 
Vsi do sedaj najdeni primerki so opisani iz 
finoklastičnih globjemorskih sedimentov in 
potrjujejo teorijo, da je v srednjem miocenu 
anti-estuarijski morski režim preprečeval selitev 
organizmov iz področja Paratetide v takratni 
Mediteran.

Novi primerki in najdišča rakovice Styrioplax 
exiguus kažejo, da je bila to ena izmed najbolj 
razširjenih vrst deseteronožcev v miocenskih 
plasteh severovzhodne Slovenije. Posamezni 
primerki so najdeni tudi v podobnih miocenskih 
plasteh na Slovaškem in Madžarskem. S preko 
80 pri nas najdenimi primerki je vrsta vsekakor 
pomemben del miocenske združbe deseteronožcev 
v Paratetidi.
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Abstract

Samarskite-Y, with an average assay of about 43.23% Nb2O5 and 17.43% Y2O5 has been identified in the mineralized 
pegmatite bodies injected in Gabal Umm Lassifa monzogranite. The mineral is associated with columbite, zircon, 
monazite, cassiterite, ilmenite and rutile. The mineralogy and geochemistry of the studied samarskite variety were 
determined using microscopic examination and X-ray Diffraction (XRD) as well as quantitative analysis by both 
Field emission scanning electron microscope and electron microprobe analysis. Microscopic investigation revealed 
that the defined samarskite crystals are characteristically velvet-yellow brown to bloody red in color and having a 
characteristic pendent vitreous or resinous luster.

Analytical data confirmed the presence of samarskite-Y whose composition corresponding to empirical formula: 
[(Y0.42, REE0.44, Th0.076, Si0.05, Ca0.007, U0.07, Fe0.077) ∑1.15 (Nb0.81, Ta0.04, Ti0.14) ∑0.86 O4]. Accordingly, the mineralized Umm 
Lassifa pegmatite can be considered as a promising target ore for its rare-metal mineralization that includes mainly 
Nb, Ta, Y, REE and Zr together with U and Th.

Introduction

Several studies worldwide have revealed the 
presence of granite-pegmatite-hosted rare-metal 
mineralization including Nb-Ta oxides and zircon 
(e.g., MatsuBara et al., 1995; hanson et al., 1999; 
erict, 2005; WilliaM et al., 2006; Pal et al., 2007; 
raslan et al., 2010). The Umm Lassifa area is 
located some 70 km to the southwest of El Qusier 
city at the Red Sea Coast, Central Eastern Desert 
of Egypt. It lies between longitudes 34º 12' and 34º 
20' E and latitudes 25º 36' and 25º 38' N (Fig.1). 
Several workers studied the regional geology 
of the studied area (e.g., aMin & MohaMeD, 1954; 
KaMal el-Din.; 1995, KhuDier et al., 1995; ali, 
2001, aBDel WaheD et al., 2005).

The studied pegmatites present in the 
monzogranite of Umm Lassifa pluton are restricted 
to along the contact with granodiorite (Fig. 1). 
The monzogranite forms the main granitic mass 
of Umm Lassifa pluton. The studied pegmatites 
occur either as small pockets or as vein like bodies 
and usually of composite type. These pegmatite 
bodies are of variable size ranging between 1–3 
m in width and 2–6 m in length (Fig.1). The mica 
pockets are common and restricted in association 
with feldspar.

Most occurrences of radioactive minerals of 
Egypt are in granites and associated pegmatites.  
Several Nb-Ta occurrences have been recorded in 

different localities of the Eastern Desert, namely, 
El Naga, Abu Khurg, Abu Dabbab, Noweibi, and 
Abu Rushied (hussein, 1990; raslan & ali, 2011). 
It is interesting in this regard to mention that 
author identified Samarskite-Y, columbite and 
zircon from Ras Baroud granite –pegmatite in 
the Central Eastern Desert (raslan et al., 2010) 
and in the stream sediments surrounding the Ras 
Baroud granitic pluton (raslan, 2009). Moreover, 
ishikawaite (uranium-rich samarskite) with an 
average assay of approximately 50% Nb2O5 and 
26% UO2 has been identified for the first time in 
Egypt in the mineralized Abu Rushied gneissose 
granite (Raslan, 2008).

Abu Rushied gneissose granite (raslan, 2008). 
In addition, raslan and ali (2011) identified 
ferrocolumbite, ishikawaite, uranopyrochlore, and 
fergusonite in the rare-metal pegmatites of Abu 
Rushied granitic gneisses. Accordingly, the aim of 
the present paper is to identify the mineralogical 
and geochemical characteristics of samarskite-Y 
variety in the studied area.

Methodology

To verify the objectives of this study, a 
representative sample of the mineralized Umm 
Lassifa pegmatite was collected. The sample 
was properly crushed, ground and sieved to size 
fractions between 0.800 mm – 0.063 mm before 
subjecting to heavy liquid separation using 

© Author(s) 2015. CC Atribution 4.0 License
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bromoform (specific gravity=2.85 gm/cm3). From 
the obtained heavy fractions, pure mineral grains 
of samarskite variety were handpicked and 
investigated under the binocular microscope. 
Some of the picked mineral grains were subjected 
to X-ray Diffraction analysis using a Phillips 
X-ray diffractometer (Model PW-105018) with a 
scintillation counter (Model PW-25623/00) and 
Ni filter and an environmental scanning electron 

microscope (ESEM). This instrument includes 
Philips XL 30 energy-dispersive spectrometer 
(EDS) unit. The applied analytical conditions 
were an accelerating voltage of 30 kV with a beam 
diameter of 1–2 µm for a counting time of 60-120 s 
and a minimum detectable weight concentration 
ranging from 0.1 to 1 wt%. All these analyses were 
carried out at the laboratories of the Egyptian 
Nuclear Materials Authority (NMA).

Fig.1. Geologic map of G. Umm Lassifa, Central Eastern Desert, Egypt and sketch showing the studied composite pegmatite pocket 
in the monzogranite of G. Umm Lassifa.
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In addition, the studied samples were 
analyzed using the field emission scanning 
electron microscope (JEOL 6335F) at the Particle 
Engineering Research Center (PERC), University 
of Florida, USA.  This instrument is fitted with 
an Oxford Energy Dispersive X-ray spectrometer 
(EDS) for elemental analysis of micro areas, 
a backscattered electron detector that allows 
compositional imaging. The applied analytical 
conditions were an accelerating voltage of 0.5 – 30 
kV, 1.5 nm (at 15 kV/5.0 nm (at 1.0 kV). The imagining 
modes were secondary electron imaging (SEI) and 
backscatter electron imaging (BEI). Lines scan of 
relative concentrations of multiple elements, and 
X-ray maps of relative concentrations of multiple 
elements were also performed.

Finally, thin, polished sections of some 
mineral grains were also analyzed using a JEOL 
Superprobe 733, at the Particle Engineering 
Research Center (PERC), University of Florida, 
USA, with an accelerating voltage of 15 kV and 
a beam size of approximately 1 µm. The used 
standards for analysis included niobium metal 
(for Nb), tantalum metal (for Ta), biotite (for Ti-
Fe-Si), uranium metal (for U), monazite (for Th), 
fluorite (for Ca), and cubic zirconia (for Zr-Y).

Results and discussion

Microscopic investigation

Under the binocular microscope, the examined 
samarskite crystals were found to be distributed 
in almost all size fractions between 0.800 mm - 
0.063 mm. The defined samarskite crystals are 
generally massive with a granular form and having 
a characteristic vitreous or resinous luster (Fig. 2). 
Also, the investigated mineral crystals are generally 
translucent, compact, metamict and hard. Under a 
polarizing microscope, the samarskite grains are 
mainly velvet-yellow brown to bloody red in colour 
(Figs.3 A,B,C and D). They occur as translucent 
grains that are 0.1– 0.5 mm in size (Fig.3). Separated 
samarskite grains are present as short prismatic 
to tabular crystals, exhibiting vitreous luster and 

Fig. 2. Samarskite-Y crystals exhibiting massive granular 
shape with reddish brown colour, Binocular microscope

conchoidal fractures. Samarskite grains commonly 
exhibit partial to complete alteration effects along 
micro cracks and grain boundaries as well as the 
metamictization effect (Fig.3). Altered varieties are 
darker brownish to opaque in thin sections and 
whitish grey in reflected light (Figs.3E and F).
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X-ray Diffraction

Pure monomineralic sample from samarskite 
grains was prepared by hand picking and subjected 
to XRD analyses. The obtained XRD data for 
samarskite after annealing (heat treatment) are 
presented in (Fig. 4). The data conforms to the 
ASTM card index No. 2-0690 for samarskite.

Scanning electron microscope study

ESEM data of the studied samarskite grains 
(Figs. 5A and B) show that the mineral is enriched 
in Nb and Y whereas the contents of the other 
REEs are much lower such as Ce, Nd, Sm, Gd and 
Yb. Uranium and thorium are commonly present 
as minor elements. On the other hand, several 
samarskite grains have also been subjected to semi-
quntitative analyses using a field emission scanning 
electron microscope coupled with EDS. The 
obtained EDS data (Figs. 5E and F) show Nb, Y and 
REE as the essential components and U and Th as 
minor elements, which confirmed the ESEM/EDS 
results. The distribution of uranium and thorium 
within the crystal is actually heterogeneous and 
their contents increase in the bright parts within 
the crystal and also with increasing Y. Scan- line 
elemental analyses along the crystals (Figs. 5C and 
D) and the elemental scan maps for some samarskite 
crystals reflect the predominant elements in the 
mineral such as Nb and Y (Fig. 6). The presence 

of Br and Rb indicated in Figs. 5e, f and Fig. 6 is 
probably a result of spectral overlap between Al Kα 
and Br Lα peaks, and between Rb Lα and Si Kα.    

Electron microprobe analyses

The obtained microprobe analyses (Table 1) of 
the investigated samarskite have resulted in the 
following average composition in wt%: Nb2O5, 
43.23; Ta2O5, 3.66; TiO2, 0.44; UO2, 4.38; ThO2, 
4.65; Y2O3, 17.43; MnO, 0.32; CaO, 0.26; FeO, 2.30; 
SiO21.74 and total REE of 22.09 with an average 
sum of 100.50 wt%. Table 1 shows the chemical 
empirical formulae that is recalculated on the 
basis of 4 oxygen; viz, [(Y0.35, REE0.44, Th0.07, Si0.05, 
Ca0.007, U0.07, Fe0.07) ∑1.05 (Nb0.67, Ta0.55, Ti0.01) ∑0.74 
O4]. The microprobe analyses were plotted on a 
ternary diagram of hanson et al., (1999) which 
shows the A-site occupancy of the samarskite 
group of minerals (Fig. 7). It was found that all 
the data points plot in the samarskite-Y field.

Samarskite belongs to a group of Nb-Ta mineral 
varieties that occur in granite pegmatite and have 
the general formula Am Bn O2 (m+n), where A represents 
Fe, Ca, REE, Y, U and Th whereas B represents Nb, Ta 
and Ti. According to hanson et al., (1999), samarskite 
–group minerals should include only those that 
have Nb>Ta and Ti in the B-site. Additionally, this 
group of minerals contains at least three species 
based on A-site chemistry. If REE+Y are dominant, 
the name samarskite-(REE+Y) should be used 
with the dominant of these cations as a suffix. If 
U+Th is dominant, the mineral is properly named 
ishikawaite whereas if Ca is dominant, the mineral 
should be named calciosamarskite. However, the 
exact nature of these minerals cannot be determined 
due to inability to quantify the valence state of 
iron present and dominant at the A-site in these 
minerals. Ishikawaite and calciosamarskite are light 
rare-earth element (LREE) depleted and heavy rare-
earth element (HREE) enriched with Y dominant. 
Recently, samarskite-Yb has been identified as a new 
species of the samarskite group (WilliaM et al, 2006). 
nicKel and ManDrino (1987) described samarskite-Y 
as a mineral with Y+REE dominant at A-site.

Fig. 3. Umm Lassifa samarskite-Y crystals in thin sections:

A–B: velvet-yellow brown to bloody red crystals exhibit partial to complete alteration effects along micro cracks and grain 
boundaries, Polarized light, PL. C–D: The same crystals as in previous photos between crossed Nichols, C.N. E–F: Altered crystals 
showing variation in colour between reflected light and crossed Nichols respectively. 

Fig. 4. XRD diffractogram for samarskite (ASTM card No. 2-0690).
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Fig. 5. SEM data of Umm Lassifa samarskite-Y. A–B: Backscattered electron image and corresponding EDX spectrum. C–D: BEI 
of a samarskite crystal with scan-line and its elemental scan-line analyses. E–F: EDX spectrum of samarskite-Y.

Occurrence of Samarskite-Y in the Mineralized Umm Lassifa Pegmatite, Central Eastern Desert, Egypt
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Fig. 6. Scan-maps showing the distribution of major and minor elements within samarskite-Y crystals.
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From the obtained data, it is quite clear that 
the studied Nb-Ta mineral variety of Umm Lassifa 
pegmatite reflects the chemical composition of 
Y- and REE-rich samarskite species. The lines 
of evidence of the latter (samarskite-Y) can be 
summarized as follows:

1. The obtained EMPA data revealed that Nb2O5 
is dominant in the investigated mineral where 
it attains content of 43.23 wt% in average. The 
sum of average content of Ta2O5 and TiO2 attains 
4.10 wt%, which is much lower than content of 
Nb2O5. The samarskite group comprises only those 
species in which the Nb content in B-site is higher 
than that of Ta and Ti. (hanson et al., 1999).

2. The studied mineral actually falls within the 
compositional limits of both samarskite-Y and 
ishikawaite. Both samarskite-Y and ishikawaite 
have a dominant Nb in the B-site and the 

distinction between the two varieties must be 
based on the content of A-site occupancy.

3. In the studied Umm Lassifa samarskite species, 
the Y2O5 content ranges from 16.25 wt% to 18.87 
wt% with an average of 17.43 wt% and the sum 
of REE ranges from 18.20 wt% to 24.19 wt% with 
an average of 22.09 wt%. Accordingly, the average 
Y+REE would attain up to 39.52% and samarskite-Y 
has been described as the mineral species in which 
Y+REE are the dominant components at the A-site 
(nicKel & ManDarino, 1987).

4. The studied samarskite species separated from 
Umm Lassifa pegmatite is characterized by 
the dominance of Y+REE in the A-site whereas 
Nb in the B-site is higher than both Ta+Ti. 
Therefore, the studied mineral species belongs 
to the compositional limits of samarskite-Y 
mineral species as specified in the literature. 

Table 1. Selected EMPA analyses of samarskite-Y from Umm Lassifa pegmatite. Oxide contents are in wt%. 

Average
Samarskite-Y

Oxides
4321

0.440.460.570.200.54TiO2 

43.2340.7042.2443.5446.42Nb2O5 

1.742.612.990.650.72SiO2 

3.663.465.133.532.53Ta2O5

0.320.550.120.360.25MnO 

4.384.326.604.012.60UO2 

0.260.230.480.180.15CaO 

4.653.716.363.804.72ThO2 

2.303.742.721.191.56FeO• 

17.4318.8716.2517.5517.05Y2O5

22.0923.4818.2024.1922.50∑REE 

100.50102.13101.6699.2099.04Total 

Chemical formula of Samarskite-Y based on 4 oxygen

0.0140.0140.0180.0060.017Ti

0.810.750.800.830.87Nb

0.050.080.090.020.02Si

0.040.040.060.040.03Ta

0.010.0190.0040.0130.009Mn

0.070.070.110.060.04U

0.0070.0060.0130.0050.004Ca

0.0760.060.110.0670.07Th

0.0770.130.090.040.05Fe

0.420.440.390.430.41Y

0.440.460.360.480.45∑REE

1.151.261.171.111.05Sum A

0.860.8040.8780.8760.917Sum B

FeO•=	total	iron	as	oxide

Occurrence of Samarskite-Y in the Mineralized Umm Lassifa Pegmatite, Central Eastern Desert, Egypt
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Conclusions

Microscopic investigation, SEM, XRD and 
microprobe analyses confirm the presence of 
a samarskite-Y mineral species. The obtained 
microprobe analyses of the investigated samarskite 
have resulted in the following average in wt.%: 
Nb2O5, 43.23; Ta2O5, 3.66; TiO2, 0.44; UO2, 4.38; 
ThO2, 4.65; Y2O3, 17.43; MnO, 0.32; CaO, 0.26; FeO, 
2.30; SiO21.74 and total REE of 22.09 with an 
average sum of 100.50 %. Also, the microprobe 
analyses revealed the empirical formula: [(Y0.42, 
REE0.44, Th0.076, Si0.05, Ca0.007, U0.07, Fe0.077) ∑1.15 (Nb0.81, 
Ta0.04, Ti0.14) ∑0.86 O4]. The mineral is associated with 
columbite, zircon, monazite, cassiterite, ilmenite 
and rutile. The mineralized Umm Lassifa pegmatite 
can be considered as a promising target ore for its 
rare-metal mineralization that includes mainly Nb, 
Ta, Y, REE and Zr together with U and Th.
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Izvleček

Obravnavani so srednjemiocenski - sarmatijski mehkužci iz najdišča Osek-1 v Slovenskih goricah blizu 
Spodnjega Oseka. Ugotovljeni so: polžja vrsta Acteocina lajonkaireana in štiri školjčne vrste Musculus sarmaticus, 
Sarmatimactra eichwaldi, Ervilia dissita in Venerupis dissita, ki določajo plastem v Oseku-1 spodnjesarmatijsko 
starost.

Abstract

This article is a contribution to the taxonomical investigation of Middle Miocene (Sarmatian) molluscs from 
section (fossil site) Osek-1 at Spodnji Osek (Slovenske gorice) in the Mura-Zala basin on western margin of Central 
Paratethys. One gastropod species Acteocina lajonkaireana and four bivalves Musculus sarmaticus, Sarmatimactra 
eichwaldi, Ervilia dissita and Venerupis dissita have been systematically described. The identified fauna is assigned 
to the Lower Sarmatian age.

Uvod

V marcu leta 1997 smo obiskali in pregledovali 
dve najdišči miocenskih mehkužcev pri Oseku. 
Pri Spodnjem Oseku smo vzorčili v sarmatijskih 
plasteh ter zbrali nekaj različnih oblik polžev in 
školjk. Najdišče z izdanki sarmatijskih plasti smo 
označili z Osek-1 (sl. 1a, b).

Iz najdišča Osek-1 smo v raziskave vključili 
tudi primerke, ki jih je našel Franci Golob s Ptuja. 
V letu 2003 jih je podaril Prirodoslovnemu muzeju 
Slovenije. V škatli s fosilnimi školjkami je bil 
listek z napisom: PMS – Inv. št. E. G. 12 (17 kosov 
različnih školjk v peščenem glinavcu, ponekod 
z rastlinskimi ostanki (miocen-sarmatij), Osek v 
Slovenskih goricah.

Geološke razmere okolice najdišča

Po podatkih žniDarčič-a in Mioč-a (1988) ozemlje 
Slovenskih goric pripada k Panonskemu bazenu 
oziroma k tektonski enoti Slovenske gorice. Mioč 
in žniDarčič (1989) iz okolice Oseka-1 omenjata 
brakične sarmatijske (M3

1) peščene laporovce, 
pesek in prod. Starost je potrjena s foraminiferami, 
kakršnihkoli sarmatijskih mehkužcev ne omenjata. 
Iz neposredne bližine najdišča je znan tudi večji 

Sl. 1a, b. Geografski položaj najdišča Osek-1 v Spodnjem 
Oseku. Vir zemljevida: geopedia.si

Fig. 1a, b. Geographical position of fossil site Osek-1 at Spodnji 
Osek. Source of map: geopedia.si

© Author(s) 2015. CC Atribution 4.0 License
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podzemni kamnolom, kjer so izkoriščali debelejšo 
plast sarmatijskega ooidnega apnenca in peščenjaka 
(PlanjšeK in sod. 2002: 487). Po podatkih Pavšič-a 
in horvat-a (2009: 410) sodi območje okrog Oseka v 
neogenski bazen Mura-Zala. V Štajerskem bazenu 
in bazenu Mura-Zala ležijo sarmatijske pretežno 
klastične kamnine zvezno na badenijskih skladih.

Paleontološki del

Sistematska razvrstitev polžev po: Wenz 1938; 
1960, GoliKov & staroBoGatov 1975 in Bouchet & 

rocroi 2005

Classis Gastropoda Cuvier, 1797
Cladus Cephalaspidea Fischer, 1883
Superfamilia Philinoidea Gray, 1850

Familia Cylichnidae H. Adams & A. Adams, 1854
Genus Acteocina Gray, 1847

Acteocina lajonkaireana (Basterot, 1825)
Tab. 1, sl. 1-5

1825 Bullina Lajonkaireana. Nob. – Basterot, 22, 
Pl. 1, Fig. 25

1840 Bullina Lajonkaireana Bast. – GratelouP, 
Bulléens, No. 2, Pl. 1, Figs. 45-46

1856 Bulla Lajonkaireana Bast. – hörnes, 624, 
Taf. 50, Fig. 9c

1928 Tornatina Lajonkaireana Bast. – FrieDBerG, 
542, Tabl. 35, Figs. 16a-16b

1954 Acteocina lajonkaireana lajonkaireana 
(Basterot) – PaPP, 59, Taf. 10, Figs. 4a-4b, 5a-5b

1959 Acteocina lajonkaireana lajonkaireana 
(Basterot) – BoDa, 628, táb. 32, figs. 6-7

1966 Acteocina lajonkaireana Basterot – strausz, 
472, Taf. 74, Fig. 25-26

1969 Acteocina (Acteocina) lajonkaireana 
lajonkaireana (Basterot, 1825) – KojuMDžieva, 
117, Tabl. 39, Figs. 9a-9b, 10a-10b, 11a-11b, 
14-15

1971 Acteocina (Acteocina) lajonkaireana 
lajonkaireana (Basterot) – nicorici, 231, Pl. 
7, Figs. 19-22

1995 Acteocina lajonkaireana (Basterot) – 
zlinsKá & ForDinál, 75, Pl. 25, Fig. 4

2002 Acteocina lajonkaireana Basterot, 1825 – 
harzhauser, 127, Taf. 11, Fig. 18

2002 Acteocina lajonkaireana (Basterot, 1825) – 
harzhauser & KoWalKe, 74, Pl. 13, Figs. 18-
19

2003 Acteocina lajonkaireana (Basterot, 1825) – 
harzhauser, 198, Tab. 1

2011 Acteocina lajonkaireana Bastretot, 1825 – 
luKeneDer et al., 772-773, Fig. 4. W

2013 Acteocina lajonkaireana (Basterot, 1825) – 
hlaDilová & ForDinál, 39-40, Fig. 5. e

2013 Acteocina lajonkaireana (Basterot, 1825) – 
tăMaş et al., 78, Fig. 4h

Material in najdišče: Nekaj primerkov iz 
najdišča Osek-1, najdeni so v letu 1997. Izbrali 
smo pet primerkov (tabela 1). V najdišču so v 
sivorjavem, slabo vezanem in karbonatnem 
sljudnatem peščenjaku razmeroma pogostni.

Opis: Hišice so zelo majhne, visoke, ozke 
in sestoje iz 4 do 5 zavojev. Hišice so podobne 
olivam. Starejši zavoji so nizki, zadnji zavoj 
predstavlja 90% celotne hišice, ustje je dolgo in 
ozko. V spodnjem delu se ustje razširi in polkrožno 
zaključi. Pogostokrat so hišice brez starejših 
zavojev.

Tabela 1. Velikost primerkov vrste Acteocina lajonkaireana 
(Basterot).

Table 1. Size of Acteocina lajonkaireana (Basterot) specimens.

Primerki 
(Specimens)

Višina 
(Height) 

mm

Širina 
(Width) 

mm

I/1, T. 1, sl. 1 7,5 3

I/2, T. 1, sl. 2 7 2,5

H/1, T. 1, sl. 5 5 3

H/2, T. 1, sl. 3 6,5 3

H/3, T. 1, sl. 4 6 2,5

Pripombe: raDo (1963: 85, Fig. 5) je opisal 
ekološke značilnosti nekaterih miocenskih 
mehkužcev Romunije. Za vrsto Acteocina 
lajonkaireana piše, da pripada epifavni in da 
sodi med karnivore polže brakičnega okolja. 
Predstavniki te vrste naj bi živeli na globinah od 0 
do 50m (raDo 1963: 86, Fig. 6).

Stratigrafska in geografska razširjenost: 
Basterot (1825: 22) opisano vrsto polža omenja iz 
miocenskih plasti južnozahodnega dela Francije. 
GratelouP (1840) jih omenja iz zgornjemiocenskih 
plasti Francije (Dax, Saint-Paul). hörnes (1856: 
626) jo opisuje iz brakičnih peščenih ceritijskih 
plasti Dunajske kotline. Fuchs (1875: 108) omenja 
iz okolice Sirakuze na Siciliji ooidni apnenec s 
sarmatijskimi mehkužci, med njimi tudi vrsto Bulla 
lajonkaireana. FrieDBerG (1928: 543) jih opisuje 
iz več najdišč sarmatijskih plasti na Poljskem. 
PaPP (1954: 60) piše, da ta oblika polža nastopa 
v spodnjesarmatijskih plasteh avstrijskih najdišč 
in v ervilijskih in maktrinih plasteh zgornjega 
sarmatija. Nadalje še piše, da so njihove hišice 
majhne v starejših in večje v mlajših sarmatijskih 
plasteh. BoDa (1959: 628-629) akteocine opisuje iz 
sarmatijskih plasti na Madžarskem. raDo (1963: 84) 
piše, da je vrsta Acteocina lajonkaireana najdena 
v Dunajski kotlini, na Madžarskem, v Romuniji 
in Ukrajini. strausz (1966: 682) predstavlja 
primerek iz miocenskih plasti najdišča Várpalota 
na Madžarskem. stancu in anDreescu (1968: 465) 
akteocine omenjajo iz tortonijskih skladov najdišč 
Delineşti in Rugi v Romuniji. KojuMDžieva (1969: 
118) jih omenja iz spodnjega in srednjega sarmatija 
Bolgarije. luBunescu in Pavnotescu (1970: 149) 
vrsto Acteocina lajonkaireana omenjajo iz 
sarmatijskih plasti Romunije, Moldavije, Pojske in 
Avstrije. stancu in PoPescu (1970: 177) jo omenjata 
iz tortonijskih plasti Romunije. anDreescu in 
PaPaianoPol (1970: Tabel. 1) akteocino navajajo iz 
spodnje in zgornjesarmatijskih plasti Romunije. 
nicorici (1971: Pl. 7) jih predstavlja iz sarmatijskih 
najdišč Cioncu, Pîrîul in Vişinilor v Romuniji. huică 
in sod. (1972: 356-357) jo omenjajo iz ervilijskih 
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in maktrinih plasti Romunije. chinta (1973: 285) 
akteocine omenja iz spodnjesarmatijskih plasti 
Transilvanije v Romuniji. zlinsKá in ForDinál (1995: 
75) polžjo hišico vrste Acteocina lajonkaireana 
predstavljata iz spodnjesarmatijskih skladov 
Slovaške. harzhauser (2002: 63-66, 127) vrsto 
Acteocina lajonkaireana opisuje iz karpatijskih 
skladov avstrijskih najdišč Teiritzberg pri kraju 
Stetten, Weinsteig in Kleinebersdorf. harzhauser 
in KoWalKe (2002: 74) jo opisujeta iz sarmatijskih 
plasti najdišča St. Margarethen na vzhodu Avstrije. 
harzhauser (2003: 198) jo omenja iz karpatijskih 
skladov kotline Korneuburg v Avstriji. luKeneDer 
in sod. (2011: 772-773) jo predstavljajo iz plasti 
zgornje ervilijske cone najdišča Kettlasbrunn 
v Avstriji. hlaDilová & ForDinál (2013: 40) 
jo predstavljata iz zgornjebadenijskih plasti 
najdišča Modra - Králová blizu Bratislave na 
Slovaškem. tăMaş s sod. (2013: 78) vrsto Acteocina 
lajonkaireana predstavljajo iz spodnjesarmatijskih 
plasti Romunije, nadalje še pišejo, da so jo našli 
tudi v Avstriji, Bolgariji, na Madžarskem in 
Slovaškem ter v Ukrajini.

Sistematska razvrstitev školjk po: schultz 2001; 
2003 in 2005

Ordo Mytiloida Férussac, 1822
Superfamilia Mytilacea Rafinesque, 1815

Familia Mytilidae Rafinesque, 1815
Subfamilia Crenellinae H. Adams & A. Adams, 

1857
Genus Musculus Röding, 1798

Musculus sarmaticus (Gatujev, 1916)
Tab. 1, sl. 6-8

1954 Musculus sarmaticus (Gatuev). – PaPP, 62, 
Taf. 1, Figs. 4, 5

1959 Musculus sarmaticus (Gatuev) – BoDa, 589, 
Táb. 1, figs. 8-9; Táb. 2, figs. 1-3

1960 Modiola sarmatica Gat. – vaDász, 605, Táb. 
59, Fig. 2

1969 Musculus sarmaticus (Gatuev, 1916) – 
KojuMDžieva, 56, Tabl. 20, Figs. 4a-4b, 5-6; 
Tabl. 21, Fig. 1

1970 Musculus sarmaticus (Gat.) – anDreescu & 
PaPaianoPol, Pl. 1, Fig. 3

1974 Musculus (Musculus) sarmaticus (Gatujev) – 
PaPP, 357, Taf. 12, Figs. 4, 5

2001 Musculus (Musculus) sarmaticus (Gatujev, 
1916) – schultz, 109, Taf. 8, Figs. 16a-16b

2011 Musculus sarmaticus (Gatuev, 1916) – 
luKeneDer et al., 771, Fig. 3 A1 - A2

Material: Trije primerki iz PMS na sivem 
nekarbonatnem muljevcu (tabela 2). Največja 
(12/1) in najbolje ohranjena desna lupina, 
desna lupina (12/2) z razpoko in poškodovanim 
ventralnim robom in desna lupina s poškodovanim 
ventralnim robom (12/3).

Opis: Oblika lupin je ovalna oziroma tipično 
mitilidna, razpotegnjena po višini. Lupine imajo 
ozek dorzalen in polkrožen ventralen rob. Vrh je 

povit in zašiljen, sprednji rob je strm in raven, 
zadnji rob je zaobljen in položen. Od vrha blizu 
sprednjega roba poteka ozek greben, ki se proti 
ventralnemu delu razširi. Površina lupine je 
prekrita s tankimi radialnimi rebrci.

Tabela 2. Velikost primerkov vrste Musculus sarmaticus 
(Gatujev) iz paleontološke zbirke Prirodoslovnega muzeja 
Slovenije.

Table 2. Size of specimens of Musculus sarmaticus (Gatujev) 
from the collection of Slovenian Museum of Natural History.

Primerki 
(Specimens)

Dolžina 
(Length) 

mm

Višina 
(Height) 

mm

Debelina 
(Thickness) 

mm

12/1, T. 1, sl. 6 12 18 ½ -5

12/2, T. 1, sl. 7 9 16 ½ -4

12/3, T. 1, sl. 8 9 ~14 ½ -3,5

Primerjava: hilBer (1897: 203, Fig. 21) 
je iz sarmatijskih plasti najdišča Waldhof 
južnozahodno od Gradca v Avstriji opisal novo 
vrsto Modiola norica, ki je velikostno in oblikovno 
zelo blizu vrste Musculus sarmaticus. Morda gre 
celo za isto vrsto?

Pripombe: raDo (1963: 85, Fig. 5) prikazuje 
ekološke značilnosti posameznih sarmatijskih 
mehkužcev. Školjka vrste Musculus sarmaticus 
pripada infavni in sodi med limnivore do brakične 
organizme.

Stratigrafska in geografska razširjenost: PaPP 
(1954: 62) piše, da je vrsta Musculus sarmaticus 
najdena v Dunajski kotlini v sarmatijskih 
ervilijskih in maktrinih plasteh kar pomeni, da je 
ta vrsta prisotna skozi celoten sarmatij. BoDa (1959: 
589) jih opisuje iz sarmatijskih plasti Madžarske. 
raDo (1963: 84) piše, da je ta školjčna vrsta 
ugotovljena v Dunajski kotlini, na Madžarskem, 
v Romuniji in Ukrajini. KojuMDžieva (1969: 57) 
navaja, da ta školjčna oblika nastopa v Bolgariji 
v spodnjem in srednjem sarmatiju. anDreescu in 
PaPaianoPol (1970: Pl. 1, Tabel. 1) jo prestavljata 
iz sarmatijskih plasti najdišča valea Şipotelu 
v Romuniji. Najdena je v vseh sarmatijskih 
horizontih, najbolj pogostna je v srednjem delu 
sarmatija. nicorici (1971: 216) vrsto Musculus 
sarmaticus omenja iz sarmatijskih plasti z 
območja Vîrciorog v Romuniji. huică in sod. (1972: 
356-357) jo omenjajo iz sarmatijskih ervilijskih in 
maktrinih plasti Romunije. PaPP (1974: 358) piše, 
da je v sarmatiju razširjena po celotni Centralni 
Paratetidi. schultz (2001: 111-114) piše, da je ta 
vrsta najdena v številnih avstrijskih nahajališčih 
v različnih sarmatijskih horizontih. Drugod v 
Centralni Paratetidi je najdena v sarmatijskih 
skladih Slovenije, Hrvaške, Madžarske, Slovaške, 
Poljske, Romunije, Bolgarije, Bosne in Srbije. 
Ugotovljena je tudi v več najdiščih sarmatijskih 
plasti v Vzhodni Paratetidi. harzhauser in Piller 
(2004: 98) omenjajta najdbe vrste Musculus 
sarmaticus iz spodnjesarmatijskih plasti najdišč 
St. Margarethen in Hummel Quarry v kotlini 
Eisenstadt – Sopron. luKeneDer in sod. (2011: 771) 
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prikazujejo primerek vrste Musculus sarmaticus 
iz bessarabijskih plasti najdišča Zavjetnoje na 
polotoku Krim. MiKuž in GašParič (2014: 46) 
omenjata školjko vrste Musculus sarmaticus 
(Gatujev, 1916) iz sarmatijskih plasti najdišča 
Osek. MiKuž in GašParič (2015: 48) predstavljata 
spodnjesarmatijsko školjko Musculus sarmaticus 
iz Oseka v Slovenskih goricah.

Superfamilia Mactroidea Lamarck, 1809
Familia Mactridae Lamarck, 1809

Subfamilia Mactrinae Lamarck, 1809
Genus Sarmatimactra Korobkov, 1954

Sarmatimactra eichwaldi (Laskarev, 1914)
Tab. 1, sl. 9-12; tab. 2, sl. 1-8

1954 Mactra vitaliana eichwaldi Laskarev. – PaPP, 
90, Taf. 17, Figs. 1-5

1959 Mactra vitaliana eichwaldi Laskarev – BoDa, 
599, táb. 14, figs. 10-18

1969 Mactra (Sarmatimactra) eichwaldi 
Laskarev, 1914 – KojuMDžieva, 19, Tabl. 3, 
Figs. 5a-5b, 6a-6b, 9a-9b, 10a-10b

1974 Mactra eichwaldi Laskarev – PaPP, 364, Taf. 
16, Figs. 1-5

2003 Mactra (Sarmatimactra) vitaliana eichwaldi 
Laskarev, 1914 – schultz, 650, Taf. 90, Figs. 
17a-17b, 18a-18b, 19a-19b

2008 Sarmatimactra eichwaldi (Laskarev, 1914) – 
ManDic et al., 351, Fig. 7 b

2011 Sarmatimactra eichwaldi (Laskarev, 1914) – 
harzhauser et al., 172, Fig. 3. 5

Tabela 3. Velikost primerkov vrste Sarmatimactra eichwaldi 
(Laskarev). Primerki z oznako OG so iz paleontološke zbirke 
Oddelka za geologijo, Univerze v Ljubljani, ostali primerki so 
iz paleontološke zbirke Prirodoslovnega muzeja Slovenije.

Table 3. Size of specimens of Sarmatimactra eichwaldi 
(Laskarev). Specimens marked with OG are from the 
paleontological collection of Department of geology, University 
of Ljubljana, all others are from the paleontological collection 
of Slovenian Museum of Natural History.

Primerki 
(Specimens)

Dolžina 
(Length) 

mm

Višina 
(Height) 

mm

Debelina 
(Thickness) 

mm

12/4, T. 1, sl. 9 20 15 ½ -5

12/5, T. 1, sl. 10 18 13 ½ -4

12/6, T. 1, sl. 11 14 12 ½ -4

12/7, T. 1, sl. 12 17 13 ½ -4

12/8, T. 2, sl. 1 16 12 ½ -4,5

12/9, T. 2, sl. 2 17 13 ~ 7

12/10, T. 2, sl. 3 16 12 ½ -4

12/11, T. 2, sl. 4 15 12 ½ ~4

12/12, T. 2, sl. 5 10 8 ½ -3,5

OG-1, T. 2, sl. 6 12 11 ½ -4

OG-2, T. 2, sl. 7 16,5 14 ½ -4

OG-3, T. 2, sl. 8 24 18 ½ ~4

Material: Devet primerkov v sivem 
nekarbonatnem muljevcu z rastlinskimi ostanki iz 
PMS. Tri leve lupine (12/4, 12/5 in 12/6), pet desnih 
lupin (12/7, 12/8, 12/10, 12/11 in 12/12) ter desna 
lupina s kamenim jedrom leve lupine (12/9). Dodali 
smo še tri primerke iz paleontološke zbirke Oddelka 
za geologijo OG-1, OG-2 in OG-3 (tabela 3).

Opis: Lupine so majhne in simetrične, trikotne 
oblike z dolžinami med 10 in 20 mm ter višinami 
od 8 do 15 mm. Velik obvršni del z vrhom je blizu 
sredine lupine. Sprednji rob je kratek, polkrožen 
in strm, zadnji je bolj raven, položnejši, daljši z 
vzporedno potekajočim grebenom, spodnji ali 
ventralen rob je polkrožen. Na površini so vidne 
številne drobne koncentrične prirastnice.

Stratigrafska in geografska razširjenost: PaPP 
(1954: 90) piše, da ta školjčna vrsta nastopa 
v sarmatijskih rizojskih in ervilijskih skladih 
Dunajske kotline. BoDa (1959: 599) jo predstavlja 
iz spodnjesarmatijskih skladov Madžarske. 
KojuMDžieva (1969: 20) piše, da vrsta nastopa v 
spodnjem sarmatiju Bolgarije. PaPP (1974: 365) 
omenja, da je pogostna v Centralni Paratetidi v 
spodnjem sarmatiju, v ervilijskih skladih. schultz 
(2003: 651-653) piše, da je vrsta najdena v številnih 
sarmatijskih lokacijah Avstrije. V drugih delih 
Paratetide je ugotovljena v sarmatiju na Poljskem, 
v Romuniji, Moldaviji, Ukrajini, na Madžarskem, 
Slovaškem, Bolgariji, Bosni, Srbiji in drugod. 
ManDic in sod. (2008: 351) prikazujejo lupino 
tovrstne sarmatimaktre iz sarmatijskih skladov 
severnovzhodnega predela Avstrije. harzhauser 
in sod. (2011: 172-173) vrsto Sarmatimactra 
eichwaldi omenjajo iz zgornje ervilijske cone 
srednjega sarmatija in iz zgornjega sarmatija.

Familia Mesodesmatidae Gray, 1840
Subfamilia Erviliinae Dall, 1895

Genus Ervilia Tourton, 1822

Ervilia dissita (Eichwald, 1830)
Tab. 2, sl. 9-10

1954 Ervilia dissita dissita (Eichwald) – PaPP, 88, 
Taf. 11, Figs. 18-21

1959 Ervilia dissita dissita Eichwald – BoDa, 597, 
táb. 13, figs. 5-10

1969 Ervilia dissita dissita (Eichwald, 1830) – 
KojuMDžieva, 27, Tabl. 8, Figs. 1a-1b, 2a-2b, 3

1974 Ervilia dissita dissita (Eichwald) – PaPP, 
366, Abb. 62, Figs. 1-5, 11-14

2003 Ervilia dissita dissita (Eichwald, 1830) – 
schultz, 681, Taf. 95, Figs. 6a-6c, 7a-7c

2011 Ervilia dissita (Eichwald, 1830) – luKeneDer 
et al., 771, Fig. 3 G1 – G2

2011 Ervilia dissita (Echwald, 1830) – harzhauser 
et al., 172, Fig. 3. 4

2013 Ervilia dissita (Eichwald, 1830) – tăMaş et 
al. , 67, Fig. 2a

Material: Ena poškodovana lupina (12/13) 
iz PMS v sivem laminiranem muljevcu. Iz 
paleontološke zbirke Oddelka za geologijo smo 
dodali še primerek OG-4 (tabela 4).
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Opis: Ohranjena je majhna desna lupina z 
vrhom nekoliko pomaknjenim proti sprednjemu 
delu. Sprednji rob je kratek in polkrožen, zadnji 
raven, daljši in položnejši. Zaključni spodnji 
del zadnjega roba je odlomljen. Spodnji rob je 
najdaljši in polkrožen. Lupina je rahlo izbočena, 
na njeni površini so številne zelo tanke prirastne 
linije. Lupine opisane vrste so običajno zelo 
majhne, velike vsega nekaj mm.

Tabela 4. Velikost primerkov vrste Ervilia dissita (Eichwald). 
Primerek z oznako OG je iz paleontološke zbirke Oddelka 
za geologijo, Univerze v Ljubljani, drug primerek je iz 
paleontološke zbirke Prirodoslovnega muzeja Slovenije.

Table 4. Size of specimens of Ervilia dissita (Eichwald). 
Specimen marked with OG is from the paleontological 
collection of Department of geology, University of Ljubljana, 
the other is from the paleontological collection of Slovenian 
Museum of Natural History.

Primerki 
(Specimens)

Dolžina 
(Length) 

mm

Višina 
(Height) 

mm

Debelina 
(Thickness) 

mm

12/13, T. 2, sl. 9 8 6 ½ -2,5

OG-4, T. 2, sl. 10 10 7 ½ -3

Opomba: raDo (1963: 85, Fig. 5) uvršča 
vrsto Ervilia dissita k infavni in med limnivore 
organizme brakičnega okolja.

Stratigrafska in geografska razširjenost: 
PaPP (1954: 88) piše, da so primerki vrste Ervilia 
dissita najdeni v Dunajski kotlini v sarmatijskih 
rizojskih in ervilijskih plasteh. BoDa (1959: 597) 
jo opisuje iz sarmatijskih plasti Madžarske. raDo 
(1963: 84) piše, da so tovrstne ervilije najdene v 
Dunajski kotlini, na Madžarskem, v Romuniji in 
Ukrajini. KojuMDžieva (1969: 27) piše, da tovrstne 
ervilije nastopajo v spodnjem in srednjem 
sarmatiju Bolgarije. anDreescu in PaPaianoPol 
(1970: Tabel. 1) jo omenjata iz sarmatijskih 
skladov Romunije. nicorici (1971: 220) predstavlja 
ervilije iz sarmatijskih plasti Romunije. MulDini-
MaMužić in sod. (1974: 95-101) omenjajo ervilije 
iz sarmatijskih skladov Slovenije, Hrvaške, 
Bosne in Srbije. PaPP (1974: 366) piše, da vrsta 
Ervilia dissita nastopa v sarmatijskih skladih 
Centralne in Vzhodne Paratetide. Ugotovljene 
so v skladih z mohrensternijami, v zgornjem 
delu skladov z ervilijami in v skladih maktra, 
kjer so že razmeroma redke. shultz (2003: 683-
684) piše, da so ervilije najdene v številnih 
avstrijskih najdiščih sarmatijskih plasti. Drugod v 
Centralni Paratetidi je ugotovljena v sarmatijskih 
skladih Poljske, Slovaške, Romunije, Madžarske, 
Hrvaške, Bolgarije, Bosne in Slovenije (Slovenske 
gorice). Našli so jih tudi v sarmatiju Vzhodne 
Paratetide. harzhauser in Piller (2004: 98) 
omenjajta najdbe podvsrte Ervilia dissita dissita 
(Eichwald) iz spodnjesarmatijskih plasti najdišč 
St. Margarethen in Hummel Quarry v kotlini 
Eisenstadt – Sopron. ManDic in sod. (2008: 351) jo 
omenjajo iz sarmatijskih plasti severnovzhodnega 
predela Avstrije. luKeneDer in sod. (2011: 771) 
prikazujejo lupino vrste Ervilia dissita iz zgornjih 
ervilijskih plasti najdišča Hauskirchen v Avstriji. 
harzhauser in sod. (2011: 172-173) omenjajo 

vrsto Ervilia dissita iz srednjesarmatijskih plasti 
Dunajske kotline. tăMaş in sod. (2013: 67-69) 
jo opisujejo iz sarmatijskih plasti vzhodnega 
predela Romunije. MiKuž in GašParič (2015: 49) 
iz spodnjesarmatijskih plasti Oseka v Slovenskih 
goricah predstavljata školjko vrste Ervilia dissita. 

Superfamilia Veneroidea Rafinesque, 1815
Familia Veneridae Rafinesque, 1815

Subfamilia Tapetinae H. Adams & A. Adams, 
1857

Genus Venerupis Lamarck, 1818

Venerupis dissita (Eichwald, 1830)
Tab. 2, sl. 11-15

1954 Irus (Paphirus) gregarius dissitus 
(Eichwald). – PaPP, 83, Taf. 16, Figs. 6-9

1959 Irus (Paphirus) gregarius dissitus (Eichwald) 
– BoDa, 596, táb. 11, figs. 4-8

1974 Irus (Paphirus) gregarius dissitus (Eichwald) 
– PaPP, 373, Taf. 15, Figs. 6-9

1998 Venerupis (Paphirus) gregarius dissitus 
(Eichwald) – schultz, 132-133, Taf. 60, Fig. 2

2005 Venerupis (Paphirus) gregaria dissita 
(Eichwald, 1830) – schultz, 951, Taf. 142, 
Figs. 4a-4b, 5a-5b

Material: Tri leve lupine (12/14, 12/15, 12/16) 
iz PMS v sivem nekarbonatnem sljudnatem 
peščenem muljevcu z rastlinskimi ostanki in ena 
cela školjka v kamnini (12/17). Ena cela školjka 
OG-5 je iz paleontološke zbirke Oddelka za 
geologijo (tabela 5).

Opis: Lupine so majhne, asimetrične s povsem 
pomaknjenim vrhom k sprednjemu robu. Vrh je 
ozek in majhen. Sprednji rob je zelo strm, kratek 
in polkrožen, zadnji rob je daljši in položnejši, 
spodnji je najdaljši in blago polkrožen. Lupine 
so bolj izbočene in tanke. Njihova površina je 
prekrita s številnimi koncentričnimi prirastnimi 
linijami.

Tabela 5. Velikost primerkov vrste Venerupis dissita 
(Eichwald). Primerek z oznako OG je iz paleontološke zbirke 
Oddelka za geologijo, Univerze v Ljubljani, ostali primerki so 
iz paleontološke zbirke Prirodoslovnega muzeja Slovenije.

Table 5. Size of specimens of Venerupis dissita (Eichwald). 
Specimen marked with OG is from the paleontological 
collection of Department of geology, University of Ljubljana, 
all others are from the paleontological collection of Slovenian 
Museum of Natural History.

Primerki 
(Specimens)

Dolžina 
(Length) 

mm

Višina 
(Height) 

mm

Debelina 
(Thickness) 

mm

12/14, T. 2, sl. 11 16 13 ½ -4

12/15, T. 2, sl. 12 14 12 ½ -4

12/16, T. 2, sl. 13 15 13 ½ -4,5

12/17, T. 2, sl. 14 12 10 ~ 6

OG-5, T. 2, sl. 15 10 8 4,5

Stratigrafska in geografska razširjenost: PaPP 
(1954: 83) piše, da vrsta nastopa v sarmatijskih 
ervilijskih plasteh Dunajske kotline. BoDa (1959: 
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596) prikazuje več lupin školjke Venerupis dissita iz 
sarmatijskih plasti v okolici Soprona na Madžarskem. 
PaPP (1974: 373) jih omenja iz ervilijskih plasti 
najdišč vzhodno od Alp in na Madžarskem. schultz 
(1998: 132) jo predstavlja iz sarmatijskih ervilijskih 
plasti Burgenlanda v Avstriji. harzhauser in Piller 
(2004: 98) omenjajta najdbe podvsrte Venerupis 
gregarius dissitus (Eichwald) iz spodnjesarmatijskih 
plasti najdišča Hummel Quarry v kotlini Eisenstadt 
– Sopron. schultz (2005: 955) omenja primerke 
vrste Venerupis dissita iz ervilijskih plasti Avstrije, 
Madžarske, Slovaške, Poljske, Romunije, Moldavije, 
Hrvaške, Bosne in Srbije. Iz spodnjesarmatijskih 
plasti najdišča Osek-1 v Slovenskih goricah 
predstavljata MiKuž in GašParič (2015: 49) primerek 
vrste Venerupis dissita.

Zaključki

Fosilni mehkužci so najdeni v sivorjavem, 
sljudnatem in slabo vezanem apnenčevem peščenjaku, 
v sivem laminiranem muljevcu, v peščenem sljudnatem 
in nekarbonatnem muljevcu najdišča Osek-1 pri 
Spodnjem Oseku v Slovenskih goricah (sl. 1a-b).

Ugotovljene vrste mekužcev Acteocina 
lajonkaireana (Basterot, 1825), Musculus sarmaticus 
(Gatujev, 1916), Sarmatimactra eichwaldi (Laskarev, 
1914), Ervilia dissita (Eichwald, 1830) in Venerupis 
dissita (Eichwald, 1830) določajo plastem najdišča 
Osek-1 sarmatijsko starost. Po zelo majhnih 
hišicah polža Acteocina lajonkaireana (PaPP 1954: 
60), po številnih primerkih vrste Sarmatimactra 
eichwaldi in po školjčni vrsti Venerupis dissita 
pa sklepamo, da pri Spodnjem Oseku izdanjajo 
spodnjesarmatijske plasti.

V najdišču Osek-1 je prisoten tudi ooidni 
horizont, z ooidnimi peski, peščenjaki in apnenci. 
Ooidni apnenec je prepreden s številnimi votlinicami 
z odtisi raztopljenih sarmatijskih polžjih hišic. Ooidi 

kažejo na toplo, plitvo in razgibano morsko do 
brakično okolje. Nekaj podobnega so registrirali v 
spodnjem sarmatiju avstrijskih najdišč Hauskirchen, 
Siebenhirten, Kettlasbrunn in Nexing v severnem 
delu Dunajske kotline (luKeneDer et al., 2011). To 
pomeni, da so bile takratne sarmatijske okoljske 
razmere tudi v bazenu Mura-Zala v Centralni 
Paratetidi zelo podobne.

Sarmatian molluscs from site Osek-1 in 
Slovenske gorice, Slovenia

Conclusions

From Osek-1 fossil site we described from fine 
sandy silt, silty sand and marl a Sarmatian molluscs 
assemblage with gastropod Acteocina lajonkaireana 
(Basterot, 1825) and four bivalves Musculus 
sarmaticus (Gatujev, 1916), Sarmatimactra 
eichwaldi (Laskarev, 1914), Ervilia dissita (Eichwald, 
1830) and Venerupis dissita (Eichwald, 1830). Small 
gastropods Acteocina lajonkaireana (PaPP 1954: 
60) and large number of specimens Sarmatimactra 
eichwaldi and Venerupis dissita are characteristic 
for Lower Sarmatian age. From Osek-1 site the 
oolitic horizons with oolitic limestone, oolitic sand 
and oolitic grainstone is detected, with abundant 
dissolved molluscs shells (gastropods and bivalves). 
Oolitic deposits are typical for Sarmatian beds in 
Central Paratethys, with best documented sections 
in Vienna Basin (luKeneDer et al. ,2011). Similar 
oolitic horizons as at site Osek-1, can be traced also 
in Neogene of the Styrian Basin and Mura - Zala 
Basin in the Mura Depression.

Zahvale

Gospodu Franciju Golobu s Ptuja se zahvaljujemo za 
fosilni inventar iz najdišča Osek-1 pri Spodnjem Oseku, 
za fotografske usluge se zahvaljujemo sodelavcu Mateju 
Fistru z Oddelka za geologijo, Naravoslovnotehniške 
fakultete, Univerze v Ljubljani.

TABLA 1 – PLATE 1

1 Acteocina lajonkaireana (Basterot, 1825); I/1, Osek-1, velikost primerka/ size of specimen 7,5 × 3 mm
2 Acteocina lajonkaireana (Basterot, 1825); I/2, Osek-1, velikost primerka/ size of specimen 7 × 2,5 mm
3 Acteocina lajonkaireana (Basterot, 1825); H/2, Osek-1, velikost primerka/ size of specimen 6,5 × 3 mm
4 Acteocina lajonkaireana (Basterot, 1825); H/3, Osek-1, velikost primerka/ size of specimen 6 × 2,5 mm
5 Acteocina lajonkaireana (Basterot, 1825); H/1, Osek-1, velikost primerka/ size of specimen 5 × 3 mm
6 Musculus sarmaticus (Gatujev, 1916); 12/1, Osek-1, velikost primerka/ size of specimen 12 × 18 × 5 mm
7 Musculus sarmaticus (Gatujev, 1916); 12/2, Osek-1, velikost primerka/ size of specimen 9 × 16 × 4 mm
8 Musculus sarmaticus (Gatujev, 1916); 12/3, Osek-1, velikost primerka/ size of specimen 9 × 14 × 3,5
9 Sarmatimactra eichwaldi (Laskarev, 1914); 12/4, Osek-1, velikost primerka/ size of specimen  

20 × 15 × 5 mm
10 Sarmatimactra eichwaldi (Laskarev, 1914); 12/5, Osek-1, velikost primerka/ size of specimen  

18 × 13 × 4 mm
11 Sarmatimactra eichwaldi (Laskarev, 1914); 12/6, Osek-1, velikost primerka/ size of specimen  

14 × 12 × 4 mm
12 Sarmatimactra eichwaldi (Laskarev, 1914); 12/7, Osek-1, velikost primerka/ size of specimen  

17 × 13 × 4 mm
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TABLA 1 – PLATE 1
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TABLA 2 – PLATE 2

1 Sarmatimactra eichwaldi (Laskarev, 1914); 12/8, Osek-1, velikost primerka/ size of specimen  
16 × 12 × 4,5 mm

2 Sarmatimactra eichwaldi (Laskarev, 1914); 12/9, Osek-1, velikost primerka/ size of specimen  
17 × 13 × 7 mm

3 Sarmatimactra eichwaldi (Laskarev, 1914); 12/10, Osek-1, velikost primerka/ size of specimen  
16 × 12 × 4 mm

4 Sarmatimactra eichwaldi (Laskarev, 1914); 12/11, Osek-1, velikost primerka/ size of specimen  
15 × 12 × 4 mm

5 Ervilia dissita (Eichwald, 1830); 12/12, Osek-1, velikost primerka/ size of specimen 10 × 8 × 3,5 mm

6 Ervilia dissita (Eichwald, 1830); OG-1, Osek-1, velikost primerka/ size of specimen 12 × 11 × 4 mm

7 Venerupis dissita (Eichwald, 1830); OG-2, Osek-1, velikost primerka/ size of specimen 16,5 × 14 × 4 mm

8 Venerupis dissita (Eichwald, 1830); OG-3, Osek-1, velikost primerka/ size of specimen 24 × 18 × 4 mm

9 Ervilia dissita (Eichwald, 1830); 12/13, Osek-1, velikost primerka/ size of specimen 8 × 6 × 2,5 mm

10 Ervilia dissita (Eichwald, 1830); OG-4, Osek-1, velikost primerka/ size of specimen 10 × 7 × 3 mm

11 Venerupis dissita (Eichwald, 1830); 12/14, Osek-1, velikost primerka/ size of specimen 16 × 13 × 4 mm

12 Venerupis dissita (Eichwald, 1830); 12/15, Osek-1, velikost primerka/ size of specimen 14 × 12 × 4 mm

13 Venerupis dissita (Eichwald, 1830); 12/16, Osek-1, velikost primerka/ size of specimen 15 × 13 × 4,5 mm

14 Venerupis dissita (Eichwald, 1830); 12/17, Osek-1, velikost primerka/ size of specimen 12 × 10 × 6 mm

15 Venerupis dissita (Eichwald, 1830); OG-5, Osek-1, velikost primerka/ size of specimen 10 × 8 × 4,5 mm

Fotografije (Photos): Matej Fister
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Abstract

The stable isotopic composition of oxygen and hydrogen (δ18O and δ2H) and the tritium activity (A) were 
monitored in precipitation at synoptic station Portorož (Slovenia) during the period 2007–2010. Monthly and 
yearly isotope variations are discussed and compared with those observed over the period 2001–2006 and with 
the basic meteorological parameters. The mean values for δ18O and δ2H, weighted by precipitation, are –6.28 ‰ 
and –41.6 ‰, and these values are 0.35 ‰ and 1.6 ‰ higher but not significantly different than for the period 
2001–2006. The reduced major axis (RMA) local meteoric water line (LMWLRMA) for the period 2007–2010 is δ2H 
= (8.14 ± 0.25)×δ18O + (8.28 ± 1.64), while the precipitation weighted least square regression (PWLSR) results in 
LMWLPWLSR δ2H = (7.87 ± 0.28)×δ18O + (7.97 ± 1.87). The deuterium excess (δ) weighted mean value is 8.6 ‰ and is 
1.2 ‰ lower than in 2001–2006, while the temperature coefficient of δ18O is 0.21 ‰/°C and is for 0.02 ‰/°C higher 
than for the previous period. The mean Mediterranean precipitation index (MI) for the period 2007–2010 is 2.3. 
Lower values of MI and deuterium excess than in the preceding period indicate stronger continental climatic 
character during observation period, however the differences are not statistically significant. The weighted mean 
tritium activity is 6.4 TU, which is 0.5 TU lower but not significantly different than in 2001–2006. 

Izvleček

V prispevku obravnavamo izotopsko sestavo kisika in vodika (δ18O in δ2H) ter aktivnosti tricija (A) v mesečnih 
vzorcih padavin, ki smo jo spremljali na sinoptični postaji Portorož (Slovenija) v obdobju 2007–2010. Analizirali 
smo mesečne in letne spremembe izotopske sestave padavin in jih primerjali z nizom podatkov za obdobje 2001–
2006 ter z osnovnimi meteorološkimi parametri. Srednje tehtane vrednosti δ18O in δ2H določene ob upoštevanju 
izmerjene količine padavin znašajo –6,28 ‰ in –41,6 ‰ in so za 0,35 ‰ oziroma 1,6 ‰ višje kot v obdobju 2001–
2006, vendar so razlike statistično neznačilne. Lokalno padavinsko premico (LMWLRMA) za obdobje 2007–2010 
zapišemo kot δ2H = (8,14 ± 0,25)×δ18O + (8,28 ± 1,64), ob upoštevanju količine padavin pa kot LMWLPWLSR δ2H = 
(7,87 ± 0,28)×δ18O + (7,97 ± 1,87). Srednja tehtana vrednost devterijevega presežka (δ) znaša 8,6 ‰ in je za 1,2 ‰ 
nižja kot v obdobju 2001–2006, medtem ko je temperaturni koeficient za δ18O za 0,02 ‰/°C višji kot v primerjalnem 
obdobju in znaša 0,21 ‰/°C. Srednja vrednost indeksa mediteranskosti padavin (MI) znaša 2,3. Nižje vrednosti 
MI in devterijevega presežka nakazujejo v opazovanem obdobju bolj kontinentalni značaj podnebja, vendar so 
razlike statistično neznačilne. Srednja tehtana vrednost tricijeve aktivnosti znaša 6,4 TU in je za 0,5 TU nižja kot 
v obdobju 2001–2006, a je tudi ta razlika statistično neznačilna.

Introduction

Since initiation of the Global Network 
of Isotopes in Precipitation (GNIP) by the 
International Atomic Energy Agency (IAEA) and 
the World Meteorological Organisation (WMO) 
in 1958 the importance and need of a systematic 
collection of data on the isotopic composition, 
i.e. stable isotopes of oxygen (expressed as δ18O) 

and hydrogen (expressed as δ2H) and radioactive 
hydrogen isotope (tritium, 3H), of precipitation 
across the globe to determine temporal and spatial 
variations in isotope ratios in precipitation, is 
steadily increasing. Initially GNIP was focused 
on monitoring atmospheric thermonuclear test 
fallout through levels of radioactive tritium and, 
after 1970, became an important observation 
network of stable oxygen and hydrogen isotope 

© Author(s) 2015. CC Atribution 4.0 License
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composition data for hydrologic investigations 
of water resources (Internet 1). The past decade 
has experienced increasing demand for accurate 
spatial and temporal predictions of point, 
regional, and continental-scale δ18O and δ2H 
values in precipitation, especially for some 
regions where little or no GNIP data existed 
(Terzer et al., 2013). The main reason for steadily 
increasing application of water isotopes remains 
their importance in hydrologic and hydrogeologic 
investigations of water resources, in verification 
and improvement of atmospheric circulation 
models and in investigation of regional, global 
and temporal climates. In addition, it was revealed 
that the δ18O and δ2H values of some plant, animal, 
and human tissues closely mirrored isotopic 
patterns of precipitation (HoBson & Wassenaar, 
1997; BoWen et al., 2005) and therefore use of 
stable water isotopes expanded also in ecological, 
wildlife, food source traceability, and forensic 
sciences (Terzer et al., 2013).

The only radioactive constituent of water 
molecule is tritium, 3H, with the half-life of 12.32 
yr (Lucas and unterWeGer, 2000; internet 2). It is 
produced naturally in the upper atmosphere by 
reaction of cosmic-rays neutron with atmospheric 
nitrogen (internet 2). The tritium with 
atmospheric oxygen subsequently forms tritiated 
water (1H3HO) molecule that in turn reaches the 
Earth’s surface through precipitation. However, 
most of the tritium present in the atmosphere and 
hydrosphere is of anthropogenic origin, i.e., tritium 
was released in atmospheric thermonuclear tests 
during 1960’s, reaching in 1963 several orders of 
magnitudes higher tritium activity concentration 
in the atmosphere than the natural levels. After 
the test ban treaty in 1963, atmospheric tritium 
activity has been decreasing almost exponentially 
in the following decades, while during last 10–
15 years the mean tritium activity has not been 
significantly changed (Krajcar Bronić et al., 
2006; Vreča et al., 2014; internet 2). Nowadays, 
tritium has reached in precipitation levels similar 
to those occurring before the thermonuclear 
tests, about 5 TU in central Europe (internet 2). 
These low and constant concentrations limit 
the use of tritium in hydrogeological studies. 
However, tritium can be used to investigate 
atmospheric vapour migration under different 
meteorological conditions, especially if the 
sources of water vapour differ (KiGoshi & yoneDa, 
1970; unniKrishnan Warier et al., 2013). Due to the 
water vapour exchange between the atmosphere 
and the sea (ocean) surface, coastal and oceanic 
stations show considerably lower tritium activity 
than the continental stations because the moisture 
evaporating from the sea/ocean is low in tritium 
content (ehhalt, 1971; Vreča et al., 2006). With 
the more-or-less natural tritium levels in modern 
precipitation, the technogenic emissions of tritium 
(from nuclear facilities, or from manufacturing or 
disposal of luminous consumer products, planned 
fusion demo facilities) are becoming more and 
more visible (heBert, 1990; rozansKi et al., 1991; 

MatsuMoto et al., 2013), and the knowledge of 
natural tritium distribution remains important 
from the environmental pollution point of view 
(thoMPson et al., 2015; ueDa et al., 2015). 

Regular monitoring of the oxygen and 
hydrogen isotopic composition of precipitation 
in the coastal area of SW Slovenia is important 
not only for studying the isotopic patterns of 
local meteorological conditions, but also for 
improvement of the knowledge of the isotopic 
input signal needed for hydrogeological studies of 
the large karstic springs used for water supply in 
the area (vreča et al., 2007) and other applications. 
Therefore, monitoring of the isotopic composition 
of precipitation in Portorož (SW Slovenia) has 
been performed by the Jožef Stefan Institute 
(JSI) since 2000 (vreča et al., 2005, 2006, 2007, 
2011). To begin with, monitoring was performed 
in cooperation with the Slovenian Environment 
Agency (ARSO), the Ruđer Bošković Institute (RBI; 
Zagreb, Croatia) and the IAEA (vreča et al. 2005, 
2006). Since 2004 the JSI has also cooperated with 
Joanneum Research (JR; Graz, Austria). Details 
on the isotope monitoring until 2006, together 
with data evaluation, have been reported in vreča 
et al. (2005, 2006, 2007, 2011). The isotope data 
obtained until 2006 for Portorož (vreča et al., 
2005, 2006, 2007, 2011) are also available in the 
GNIP database. The data were used in different 
hydrogeochemical investigations of aquifers in 
Slovenia (Brenčič, 2009; MezGa, 2014; MezGa et al., 
2014; VerBovšeK & KanDuč, 2015), Croatia (ManDić 
et al., 2008) and in Italy (cucchi et al., 2008), as 
well as in investigations of precipitation (liotta et 
al., 2008; voDila et al., 2011; Michelini, 2013; Vreča 
et al., 2014; Brenčič et al., 2015, Kovačič, 2015), 
moisture recycling in Alpine regions (Froehlich et 
al., 2008) and identification and characterisation 
of nitrate pollution sources in Marano lagoon in 
Italy (Saccon et al., 2013). 

The main purpose of this paper is to present 
new results concerning the isotopic composition of 
precipitation at Portorož for the period 2007–2010 
and to compare them with those for the period 
2001–2006 (vreča et al., 2011). 

Materials and methods

Sampling

Monthly composite precipitation has been 
sampled since October 2000 at the synoptic 
meteorological station Portorož (45°28’N, 13°37’E; 
2 m a.s.l.) which is located at the airport and is part 
of the Slovene national meteorological network 
maintained by the ARSO (Internet 3). The station 
is included in the GNIP under the station name 
Portorož and has the GNIP code 1410500.

Water samples were collected by the staff of the 
meteorological station from standard precipitation 
gauge three times daily. After measuring the 
amount of precipitation the sample was poured 
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into a 5-litre plastic bottle with a well tight cap 
to avoid evaporation and kept in a dark place. 
After bringing the samples to the laboratory the 
impurities (e.g. dust, particles) were removed from 
the sample by filtration (Whatman Grade 589, 
Black Ribbon) before taking aliquots for different 
isotope analyses. Then a 50 mL glass bottle was 
filled for the stable isotope analysis of oxygen and 
hydrogen and the rest of the water was transferred 
to 0.5 or 1 L high density polyethylene (HDPE) 
bottles for tritium analysis. During the sampling 
period April 2007 was very dry with only 2.2 mm 
precipitation which was not sufficient for isotope 
analysis.

Meteorological data (amount of precipitation 
and air temperature) are available from the ARSO 
(Internet 3). 

Stable isotope analysis

The oxygen isotopic composition (δ18O) was 
measured by means of the water–CO2 equilibration 
technique (ePstein & MayeDa, 1953) on a dual 
inlet isotope-ratio mass spectrometer Finnigan 
DELTAplus by means of the fully automated 
equilibration technique at JR until February 2007 
(see also vreča et al., 2011). Since then, a continuous 
flow isotope-ratio mass spectrometer IsoPrime 
(GV Instruments, UK) coupled to an automatic 
water-CO2 equilibration system MultiFlow was 
used at the JSI. The isotopic composition of 
hydrogen was determined on a continuous flow 
Finnigan DELTAplus XP mass spectrometer with a 
HEKAtech high-temperature oven, by reduction of 
water over hot chromium (Morrison et al., 2001) at 
JR. Results are reported as δ values in per mill (‰) 
relative to the Vienna-SMOW standard (CoPlen 
et al., 2002). All measurements were carried out 
together with laboratory standards that were 
calibrated periodically against international 
standards, as recommended by the IAEA. 
Measurement precision was better than ±0.1 ‰ for 
δ18O and ±1 ‰ for δ2H.

Tritium activity

Tritium activity (A) in monthly samples was 
determined at the Tritium Laboratory at the 
Department of Experimental Physics of the RBI. 
Results are expressed in Tritium Units (1 TU 
= 0.118 BqL-1). The gas proportional counting 
technique (GPC) was used until 2009; since 
2010, samples have been measured by the liquid 
scintillation counting technique (LSC) following 
electrolytic enrichment (EE), while during 2008 
and 2009 both GPC and LSC-EE techniques were 
used, depending on the available sample quantity. 
The limit of detection (LOD) was 2.5 TU and 0.5 
TU for GPC and LSC-EE techniques, respectively 
(for details see Barešić et al., 2010, 2011; Krajcar 
Bronić et al., 2013; vreča et al., 2014).

Tritium activity in three samples (February, 
March and April 2010) was determined by the 

Group for radiochemistry at the Department 
of Environmental Sciences of the JSI following 
electrolytic enrichment by liquid scintillation 
counting (LSC-EE) on a Tri Carb 3170 TR/SL 
Liquid Scintillation Counter (LSC, Canberra 
Packard) in accordance with method accredited by 
Slovenian Accreditation since 2009 (accreditation 
certificate LP-090). The LOD was 2.9 TU. 

Data reduction

The approach of data reduction described 
by vreča et al. (2008, 2011, 2014) for Portorož 
and Ljubljana isotope records 2001–2006 and 
2007–2010, was used. Basic descriptive statistics, 
i.e. mean, minimum and maximum values were 
determined and the deuterium excess (d = δ2H 
– 8×δ18O; DansGaarD, 1964) was calculated. 
For the quantitative characterization of the 
Mediterranean character of yearly precipitation 
the Mediterranean precipitation index (MI) 
introduced by KoPPany & UnGer (1992) was 
calculated as: 

MI = (PX-XI – PV-VI)×100/Pyear  (1)

where PX-XI is the sum of precipitation in October 
and November (in mm), PV-VI is the sum of 
precipitation in May and June (in mm) and Pyear is 
the annual precipitation (in mm).

Furthermore, mean values weighted by the 
amount of precipitation were calculated from 
all monthly data, and then summed over all 
collected samples, per month, over each season: 
winter (December, January, February), spring 
(March, April, May), summer (June, July, August) 
and autumn (September, October, November), 
and per year. The minimum required number of 
data fulfilled the requirement of eight monthly 
measured samples per year and more than 70 % 
of total precipitation amount collected per year 
(IAEA, 1992). 

Linear correlations between δ2H and δ18O 
were calculated by methods usually applied 
in stable isotope studies – the ordinary least 
squares regression (OLSF) and the reduced 
major axis (RMA) regression (IAEA, 1992; 
huGhes & craWForD, 2012). In addition, we 
applied a precipitation weighted least square 
regression (PWLSR) method, introduced by 
huGhes & craWForD in 2012, which takes into 
account the precipitation amount in particular 
month. The same approach was used by Vreča 
et al. (2014) for the 2007–2010 isotope record 
at Ljubljana. The lines are defined as local 
meteoric water lines (LMWLOLSF, LMWLRMA and 
LMWLPWLSR). 

Finally, oxygen-temperature correlation was 
calculated using air temperature data provided by 
ARSO from station Portorož for all monthly data 
and for the mean monthly data from the studied 
period.
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Results and discussion

Meteorological data: Precipitation and 
temperature

Temporal variations in precipitation and air 
temperature for the period 2007–2010 are presented 
in Figure 1. The lowest precipitation was recorded 
in April 2007 (2 mm) and the highest in September 
2010 (249 mm) (Figure 1), which was much greater 
than the mean September precipitation (118 mm) 
for the reference period 1981–2010 (Internet 3). 
In the same months during the period 2007–2010 
were minimum and maximum records observed 
also for Ljubljana (Vreča et al., 2014). Besides in 
2010, very high precipitation was recorded also in 
September 2007 (234 mm, Figure 1), although the 
total amount of precipitation in 2007 was below 
the long-term mean (Table 1). 

Annual amounts of precipitation and mean 
annual air temperatures in the period 2007–
2010 are summarized in Table 1. The annual 
precipitation amount varied between 753 mm 
in 2007 and 1,394 mm in 2010, with a mean 
value of 1,018 mm (Table 1) which is higher than 
during the period 2001–2006 (944 mm, Vreča 
et al., 2011) and also higher than in 1981–2010 
(968 mm, Internet 3). In 2010 a record amount of 
precipitation was registered (1,394 mm), which 
is 40  % more than on the long-term average 
(ceGnar, 2011). In the period 2007–2010 mean 
monthly precipitation was higher for February, 
March, June, July, September, November 
and December and lower for other months 
than in 2001–2006 (Figure 2). Autumn and 
winter precipitation represent 59  % of annual 
precipitation which is 5 % higher than in 2001–
2006 and 3 % higher than in 1981–2010.

Figure 1. Monthly precipi-
tation and mean monthly 
air temperature at sta-
tion Portorož for period 
2007−2010.

Table 1. Annual amount of precipitation (P), mean annual air temperature (T) and Mediterranean 
precipitation index (MI) at station Portorož. * − data for period 2001−2006 (Vreča et al., 2011); ** − 
data for period 1981−2010 (Internet 2).

Period / Year P
(mm)

T
(°C) MI

2007 753 14.3 –3.6
2008 994 14.0 1.4
2009 932 14.1 9.0
2010 1394 13.1 2.4
mean value 2007−2010 1018 ± 271 13.9 ± 0.5 2.3 ± 5.2
2001–2006 * 944 ± 142 13.6 ± 0.6 5.5 ± 10.2
long-term mean value 1981–2010 ** 968 13.2 5.9

Figure 2. Mean monthly 
precipitation and mean 
monthly air temperatures 
at station Portorož for 
periods 2001−2006 (Vreča 
et al., 2011) and 2007−2010. 
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The variations in precipitation indicate some 
changes in climatic character as indicated by 
change of Mediterranean precipitation index (MI). 
The MI for the period 2007–2010 varied between 
–3.6 in 2007 and 9.0 in 2009, with annual mean value 
of 2.3 (Table 1). This value is much lower than the 
annual mean during the periods 2001–2006 (5.5), 
1981–2010 (5.9) and 1971–2000 (6.1) and indicates 
at Portorož a stronger Mediterranean climate 
character than the continental one in the past. 
However, annual variations are high and therefore 
the differences between periods 2007–2010 and 
2001–2006 are not statistically significant.

Variations of monthly air temperatures are 
shown in Figure 1. The lowest monthly temperature 
(3.5  °C) was observed in January 2010 and the 
highest in July 2007 (24.1 °C) (Figure 1). Similarly 
as observed in the period 2007–2010 in Ljubljana 
(Vreča et al., 2014) the warmest year in Portorož 
was 2007 and the coldest 2010 (Table 1). The mean 
air temperature for the whole period was 13.9 °C, 
on average 0.3 °C and 0.7 °C higher than that for 
2001–2006 and 1981–2010 (Table 1). Variations 
of mean monthly air temperature are shown in 
Figure 2. Deviations up to 1.5 °C from 2001–2006 
temperature record were observed in the first half 
of year. 

Long-term mean monthly temperatures for 
periods 1971–2000 and 1981–2010 show winter 
minimum in January and summer maximum in 
July (Internet 3). The difference between maximum 
and minimum air temperature, which may be taken 
as a measure of the continentality of the climate 
(i.e. the larger the difference, the more continental 
the type of climate) was 18.4  °C and 18.6  °C for 
1971–2000 and 1981–2010. During the 2007–2010 
the maximum monthly temperature was observed 

always in July while the minimum was recorded 
in December (2007), February (2008) or January 
(2009 and 2010). The difference between maximum 
and minimum varied from 17.9 °C to 20.4 °C, with 
a mean of 19.2 °C, and indicates more continental 
climate at Portorož in investigated period than in 
the preceding long-term climatological periods. 
Therefore, both indices of continentality, the MI 
that takes into account seasonal distribution of 
precipitation, and the range of temperatures, 
indicate higher continental influences on the 
climate in Portorož in the investigated period. These 
facts, together with the increase in mean annual 
air temperatures and general decrease in amount 
of precipitation may indicate modern climatic 
changes in the area but have to be investigated into 
more detail in future.

Stable isotope data (δ18O, δ2H and d)

Results of monthly isotopic composition of 
precipitation parameters, δ18O, δ2H and d, are 
summarized in Table 2. Results are reported to one 
decimal point for δ2H and d values and to two for 
δ18O. 

Variations of monthly isotopic composition of 
precipitation (δ18O, δ2H) from 2007 to 2010 are 
presented in Figures 3a and 3b. The lowest δ18O 
value was observed in January 2010 (–12.20  ‰) 
and the highest in July 2008 and May 2009 
(–2.60 ‰). Variations in δ2H follow those for δ18O 
(Figure 3a), with a minimum δ2H value of –92.7 ‰ 
and maximum of –7.1 ‰ observed in January 2010 
and July 2008, respectively. The mean δ18O and δ2H 
values for the observed period are –6.08  ‰ and 
–41.3 ‰ (n = 47), and are more positive than values 
from 2001 to 2006; i.e., –6.51 ‰ and –43.1 ‰ (n = 
74) (vreča et al., 2011). 

Figure 3. Monthly varia-
tions a) of isotopic com-
position of oxygen (δ18O), 
b) isotopic composition 
of hydrogen (δ2H), c) de-
uterium excess (d) and d) 
tritium activity (A), in pre-
cipitation at station Porto-
rož, 2007−2010. 

Isotopic composition of precipitation at the station Portorož, Slovenia – period 2007–2010

a)

b)
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Monthly variations of deuterium excess (d) 
are presented in Figure 3c. The lowest value 
was obtained for the sample collected in April 
2010 (–0.7 ‰, Table 2). The highest d values were 
observed in July 2010 (14.9  ‰) and November 
2010 (14.8 ‰). The mean value is 7.4 ‰ (n = 47) 
(Table 2) and is 1.6 ‰ lower than the mean value 
of 9.0  ‰ from the period 2001–2006 (vreča et 
al., 2011). Most d values (72 %, i.e. 34 out of total 
47) range between 5 and 15 ‰. No value higher 
than 15  ‰, typical for Mediterranean-derived 
precipitation (Cruz-San et al., 1992; rozansKi et 
al., 1993), was determined indicating different 
climate conditions as in the period 2001–2006 
when more than 10 % of d values exceeded 15 ‰ 
(vreča et al., 2011). It is known, that d values 
can alter as the air mass moves inland, due to 
secondary processes such as evaporation from 
an open surface water body which returns 
moisture to the air (craiG & GorDon, 1965; 
Merlivat & jouzel, 1979; Gat et al., 1994; Gat, 
1996). In addition, d values can change as 
precipitation falls through the atmosphere (Gat, 
1996; araGuas-araGuas et al., 2000; PenG et al., 
2004) or as the precipitation sample sits in the 
precipitation collector (harvey, 2005). It was 
estimated that the initial d values should not 
be less than 3  ‰ and that lower values should 
be used with caution unless the source of their 
evaporative enrichment is known (harvey, 
2005). A high proportion (15 %) of d values was 
<3 ‰ (Table 2). These values probably indicate 
secondary evaporation processes and correspond 
mainly to months with low precipitation, related 
to local stormy and windy events in the area 
or to months with light rainy events, therefore 
we did not exclude them from evaluation. It 

is interesting that high d values (>13  ‰) were 
obtained for July 2010 and also July 2008. 
For both months very intense thunderstorms 
were characteristic with prevailing south and 
southwest winds (Internet 3).

Monthly mean δ18O, δ2H and d values, weighted 
by precipitation amount are summarized in Table 
3 and presented in Figures 4 and 5a, where they 
are compared with the 2001–2006 values (vreča 
et al., 2011). The higher δ18O and δ2H values in 
spring and summer months, due to higher air 
temperatures, constitute a typical seasonal 
variation which is less pronounced than in 
Ljubljana (vreča et al., 2014). Seasonal variations 
of δ18O and δ2H of 5.47 ‰ and 43.1 ‰ (Table 3), 
respectively, were observed and are smaller than 
for continental stations like Ljubljana (8.81  ‰ 
and 53.7  ‰, respectively, vreča et al., 2014). 
The lowest δ18O and δ2H values are observed in 
January (Table 3) and are 1.38 ‰ and 9.4 ‰ lower 
than those for the period 2001–2006. The positive 
deviations from 2001–2006 calculations are 
observed for May, June, August and September 
and can be attributed to higher temperatures and 
lower amounts of precipitation during sampling 
period 2007–2010. d values range around 8.2 ‰ 
(Table 3) with the lowest values in April (2.9 ‰) 
and the highest in July (12.9 ‰) and November 
(12.4  ‰). Slightly higher d values are observed 
in autumn and winter precipitation, with values 
above 10  ‰ only in November and December 
(Figure 5a). Most mean monthly values are lower 
than for the period 2001–2006, indicating the 
minor influence of Mediterranean air masses over 
the region during the observation period.

c)

d)
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Table 2. Monthly isotopic composition (δ18O, δ2H, deuterium excess (d) and tritium activity (A)) of precipitation at Portorož for 
period 2007–2010. n. d. – not determined; GPC – gas proportional counter; LSC – liquid scintillation counter and electrolytic 
enrichment; JSI – Jožef Stefan Institute; n –number of samples. 

Month/ Year
δ18O
(‰)

δ2H
(‰)

d
(‰)

A
(TU)

Method of tritium activity measurement

01/2007 –9.00 –59.7 12.3 4.3 GPC

02/2007 –8.25 –55.8 10.2 3.1 GPC

03/2007 –9.18 –72.8 0.6 4.6 GPC

04/2007 n. d. n. d. n. d. n. d.

05/2007 –6.94 –47.9 7.7 7.5 GPC

06/2007 –5.58 –34.0 10.7 10.7 GPC

07/2007 –4.37 –34.0 1.0 3.7 GPC

08/2007 –3.37 –21.6 5.4 4.8 GPC

09/2007 –5.97 –37.2 10.6 1.8 GPC

10/2007 –7.15 –47.7 9.5 2.9 GPC

11/2007 –3.56 –21.0 7.5 2.1 GPC

12/2007 –10.84 –85.0 1.7 5.0 GPC

01/2008 –4.98 –32.8 7.1 4.8 GPC

02/2008 –4.97 –35.0 4.7 3.4 GPC

03/2008 –9.39 –69.4 5.7 7.3 GPC

04/2008 –4.82 –32.8 5.8 5.8 GPC

05/2008 –3.28 –20.5 5.8 9.1 GPC

06/2008 –4.60 –35.0 1.8 9.7 LSC

07/2008 –2.60 –7.1 13.7 7.5 GPC

08/2008 –4.82 –29.4 9.2 8.6 LSC

09/2008 –5.79 –41.9 4.4 6.7 GPC

10/2008 –2.81 –18.8 3.7 14.0 GPC

11/2008 –5.02 –30.5 9.7 4.9 LSC

12/2008 –6.89 –44.2 10.9 5.5 GPC

01/2009 –10.00 –70.8 9.2 10.1 GPC

02/2009 –7.24 –50.1 7.8 7.1 GPC

03/2009 –4.06 –23.4 9.1 4.8 GPC

04/2009 –5.73 –45.6 0.2 14.8 GPC

05/2009 –2.60 –16.1 4.7 19.7 GPC

06/2009 –5.20 –37.0 4.6 9.4 LSC

07/2009 –2.63 –13.6 7.5 7.5 GPC

08/2009 –3.71 –23.8 5.9 4.4 GPC

09/2009 –5.22 –33.6 8.2 11.5 GPC

10/2009 –5.80 –39.8 6.6 13.0 GPC

11/2009 –6.60 –40.3 12.5 11.7 GPC

12/2009 –6.66 –43.0 10.3 3.6 LSC

01/2010 –12.20 –92.7 4.9 5.5 LSC

02/2010 –9.81 –73.3 5.2 7.1 LSC (JSI)

03/2010 –5.70 –43.5 2.1 8.4 LSC (JSI)

04/2010 –8.04 –65.1 –0.7 11.4 LSC (JSI)

05/2010 –4.70 –29.1 8.5 8.1 LSC

06/2010 –8.15 –54.8 10.4 9.6 LSC

07/2010 –6.18 –34.5 14.9 7.6 LSC

08/2010 –4.27 –27.9 6.3 9.1 LSC

09/2010 –5.03 –29.9 10.4 4.3 LSC

10/2010 –6.65 –42.0 11.2 5.7 LSC

11/2010 –8.49 –53.1 14.8 3.7 LSC

12/2010 –7.06 –42.2 14.3 4.0 LSC

min –12.20 –92.7 –0.7 1.8

max –2.60 –7.1 14.9 19.7

mean –6.08 –41.3 7.4 7.2

n 47 47 47 47

Isotopic composition of precipitation at the station Portorož, Slovenia – period 2007–2010
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Figure 4. Monthly weighted 
mean δ18O (in legend O) 
and δ2H (in legend H) for 
periods 2001−2006 (vreča 
et al., 2011) and 2007−2010 
at station Portorož.

Figure 5. Monthly weighted 
mean a) deuterium excess 
(d) and b) tritium activity 
(A) for periods 2001−2006 
(Vreča et al., 2011) and 
2007−2010 at station Por-
torož.

a)

b)

Seasonal mean δ18O, δ2H and d values weighted 
by amount of precipitation are summarized in 
Table 4. The lowest δ18O and δ2H values are typical 
of those in winter and the highest of those in 
summer and autumn. The d values for all seasons 
are <10  ‰ and confirm lower Mediterranean-
derived precipitation influence than for the period 
2001–2006 (vreča et al., 2011). 

Annual mean δ18O, δ2H and d values, weighted 
by amount of precipitation for the period 2007–
2010 are summarized in Table 5. The δ18O and δ2H 
values show an overall increase by 0.35  ‰ and 
1.6 ‰ compared to the period 2001–2006 (Table 5), 
while the weighted mean d values show an overall 
decrease by 1.2  ‰. However, changes are not 
statistically significant different. The maximum 
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annual weighted mean δ18O and δ2H values were 
observed in 2008, when the smallest difference 
between maximum and minimum air temperature 
(i.e. 17.9  °C) was recorded and precipitation 
was higher during the spring-summer season. 
Consequently spring-summer precipitation with 
higher isotopic composition contributed more to 
the annual weighted mean. Similar pattern was 
observed in Ljubljana (vreča et al., 2014). The 
lowest annual weighted mean δ18O and δ2H values 

were observed in 2010 and can be attributed to 
the lowest mean annual air temperature (13.1 °C) 
during 2007–2010, lower temperature than the 
long-term records (Table 1), a cold January and 
December and the highest precipitation (1,394 
mm). The highest annual weighted mean d value 
was observed in 2010 (Table 5) and is related mainly 
to the Mediterranean-derived precipitation in the 
autumn (Table 2). The lowest annual weighted 
mean d value was observed for 2008. 

Table 3. Monthly weighted mean δ18O, δ2H, deuterium excess (d) values and tritium activity (A) for period 2007–2010. n – number 
of samples.

Month n δ18O (‰) δ2H (‰) d (‰) A (TU)

January 4 –9.61 –69.2 7.7 6.3

February 4 –8.33 –59.1 7.5 5.3

March 4 –7.05 –50.9 5.5 6.1

April 3 –5.73 –43.0 2.9 9.5

May 4 –4.63 –29.7 7.4 9.3

June 4 –5.73 –40.0 5.8 9.7

July 4 –5.08 –27.8 12.9 7.3

August 4 –4.14 –26.1 7.0 7.1

September 4 –5.47 –33.7 10.0 4.0

October 4 –5.97 –39.5 8.2 8.3

November 4 –6.75 –41.6 12.4 6.2

December 4 –7.04 –45.2 11.2 4.3

min –9.61 –69.2 2.9 4.0

max –4.14 –26.1 12.9 9.7

2007–2010
monthly weighted mean

–6.29 –42.1 8.2 7.0

Table 4. Seasonal weighted mean δ18O, δ2H, deuterium excess (d) values and tritium activity (A) for period 2007–2010. n – number 
of samples.

Season n δ18O (‰) δ2H (‰) d (‰) A (TU)

Winter 12 –8.01 –54.8 9.3 5.1

Spring 11 –5.84 –41.3 5.5 8.1

Summer 12 –5.03 –32.0 8.2 8.2

Autumn 12 –5.04 –31.5 8.9 5.3

Table 5. Annual weighted mean δ18O, δ2H, deuterium excess (d) values and tritium activity (A). n – number of samples. * − data for 
period 2001−2006 (Vreča et al., 2011).

Year n δ18O (‰) δ2H (‰) d (‰) A (TU)

2007 11 –6.67 –44.9 8.5 3.9

2008 12 –5.40 –35.8 7.4 7.0

2009 12 –5.96 –39.5 8.3 8.6

2010 12 –7.06 –46.2 10.2 6.2

min –7.06 –46.2 7.4 3.9

max –5.40 –35.8 10.2 8.6

2007–2010  
annual weighted mean

–6.28 ± 0.74 –41.6 ± 4.8 8.6 ± 1.2 6.4 ± 2.0 

2001–2006  
annual weighted mean*

–6.63 ± 0.45 –43.2 ± 3.9 9.8 ± 1.5 6.9 ± 2.1

Isotopic composition of precipitation at the station Portorož, Slovenia – period 2007–2010
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Local meteoric water lines

The local meteoric water lines (LMWLs) for the 
period 2007–2010 were calculated using different 
types of linear regression analysis. The ordinary 
least squares regression (OLSF) regression line 
(LMWLOLSF) for Portorož is:

δ2H = (7.96 ± 0.28)×δ18O + (7.15 ± 1.81); r = 0.98, n = 47 (2)

The reduced major axis (RMA) regression line 
(LMWLRMA) is:

δ2H = (8.14 ± 0.25)×δ18O + (8.28 ± 1.64); r = 0.98, n = 47 (3)

For the precipitation amount recorded at 
Portorož, the precipitation weighted least square 
regression (PWLSR) line (LMWLPWLSR) is:

δ2H = (7.87 ± 0.28)×δ18O + (7.97 ± 1.87); r = 0.99, n = 47 (4)

For comparison with LMWLPWLSR for the 2007–
2010 we calculated also the LMWLPWLSR for the 
2001–2006 isotope record at Portorož (Vreča et al., 
2011) and the PWLSR line (LMWLPWLSR(2001–2006)) is:

δ2H = (7.80 ± 0.27)×δ18O + (8.52 ± 1.85); r = 0.96, n = 71 (5)

All regression lines have similar values (within 
uncertainties) for both the slope and the intercept 
values.

The slopes of LMWLs obtained are close to 
the LMWLs for the period 2001–2006 (vreča et 
al., 2011) and to those at Ljubljana for the period 
2007–2010 (Vreča et al., 2014). All slopes are also 
close to the slope 8 of Global Meteoric Water Line 
(GMWL) of craiG (1961) and to that calculated 
from the GNIP database for the period 1961–2000 
by Gourcy et al. (2005). 

Oxygen – temperature correlation

The linear correlation between δ18O in monthly 
samples and mean monthly air temperature at 
Portorož, T, for the period 2007–2010 (Figure 6) is: 

δ18O = 0.21×T –8.94; r = 0.61, n = 47 (6)

The linear correlation between monthly 
weighted δ18O values and mean monthly air 
temperature at Portorož, Tmonthly, for the period 
2007–2010 (Figure 6) is:

δ18O = 0.20×Tmonthly – 9.03; r = 0.86; n = 12 (7)

The correlations obtained differ slightly in 
their intercept values and have the higher slope 
as that for the records 2001–2003 and 2001–2006 
(Vreča et al., 2006, 2011). The slope of about 
0.20 ‰/°C is between those typical of continental 
and maritime stations (RozansKi et al., 1993) but 
indicates a more continental climate influence 
than during the period 2001–2003 (Vreča et al., 
2006), lower than the one estimated for the same 
period for Ljubljana (Vreča et al., 2014) and close 
to an average isotope temperature gradient of 
0.25 ‰/°C for groundwater in Slovenia estimated 
by MezGa et al. (2014).

Tritium activity

Results of monthly tritium activity (A) of 
precipitation are summarized in Table 2. We 
present also two numerical results below the 
LOD (September and November 2007) for 
the purpose of statistical analysis. Amount of 
precipitation weighted mean monthly, seasonal 
and annual values are summarized in Tables 3, 
4 and 5. Variations of tritium activity in monthly 
precipitation during the sampling period 2007–
2010 are presented in Figure 3d. Maximum 
value was observed in May 2009 (19.7 TU, 
Table 2), similarly as in Ljubljana (Vreča et al., 

Figure 6. Correlation betwe-
en δ18O of monthly samples 
and monthly air temperatu-
re in the period 2007−2010 
(open symbol), and monthly 
weighted mean δ18O values 
and mean monthly air tem-
perature for the same peri-
od (full symbols). 
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2014). In May 2009 high air temperatures were 
recorded, precipitation was lower than the long-
term mean and most precipitation fell during 
two thunderstorms (Internet 3). Therefore, the 
relatively high tritium activity may indicate the 
influence of continental effect and re-evaporation 
of tritium from the continental land surfaces. 
The minimum (1.8 TU, <LOD) was recorded in 
September 2007. Seasonal fluctuations typical of 
stations of the Northern hemisphere (RozansKi et 
al., 1991) are observed for 2007 and 2010, with 
lower tritium activities in autumn and winter 
and higher ones in spring and summer (Figure 
3d), while in 2008 we observed maximum in 
October and in 2009 three peaks were recorded 
in January, May and October. Similar patterns of 
3H were observed also for Ljubljana (Vreča et al., 
2014) and Zagreb (Krajcar Bronić, unpublished 
data). The seasonality is evident also by about 
3 TU difference between autumn-winter and 
spring-summer precipitation (Table 4). Monthly 
weighted mean A values are presented in Table 3 
and in Figure 5b. Maximum value was observed 
in June (9.7 TU) and the minimum in September 
(4.0 TU) and December (4.3 TU) (Table 3), which 
is slightly different than in the period 2001–
2006 (Figure 5b). The differences are related to 
different climate conditions (see Meteorological 
data: Precipitation and temperature) during 
periods 2001–2006 and 2007–2010. The mean 
tritium activity in the studied period is 7.2 
TU (Table 2) and is the same as in the period 
2001–2006 (Vreča et al., 2011). The weighted 
mean annual A is 6.4 TU and is 0.5 TU lower 
than for the 2001–2006 record (Table 5) but not 
significantly different. 

The weighted mean tritium activity at the 
Portorož station (6.4 TU) is 2.1–2.6 TU lower than 
the mean tritium activity for the same period at 
the continental stations Ljubljana and Zagreb 
(8.5 TU and 9.0 TU, vreča et al., 2014) and is 
related to the coastal position of the station. 
Similar difference (1.7–2.5 TU) between Portorož 
and continental stations was also observed for a 
short-term period 2001–2003 (vreča et al., 2006).

A good correlation between mean monthly 
deuterium excess (d) and tritium activity (A) has 
been obtained with a slope of –0.35 ‰/TU (r = 0.52, 
n = 12) indicating that during the period 2007–
2010 higher d values were associated with lower A 
values (Table 3) that correspond to precipitation 
that has been formed by moisture evaporated from 
the Adriatic Sea (Froehlich et al., 2008).

Conclusions

The results of the water isotopic composition 
(δ18O, δ2H, d and A) of precipitation collected at 
Portorož in the period 2007–2010 are presented 
and compared with the data from the period 
2001–2006. Isotope data corroborate conclusions 
derived from the analysis of the meteorological 
data about the change in climate setting in the 

Portorož area: more positive δ18O and δ2H mean 
values reflect an increase in temperature, while 
lower deuterium excess (d) values together with 
the lower MI values indicate a change in air mass 
trajectory towards more continental influence. 
However, the time period of isotope data records 
is relatively short and is influenced by year-to-
year differences in weather conditions.

The results presented are important for further 
scientific and practical applications in hydrology 
and hydrogeology, and in climatology. Taking into 
account the characteristic geographic diversity 
of Slovenia, which influences considerably 
the climate and the isotopic composition of 
precipitation, a more detailed investigation of the 
complete 10-year isotope data set (2001–2010) 
for Portorož needs to be performed. The LMWLs 
obtained for 10-year isotope record will be useful 
above all in investigating the karst hydrological 
systems in Slovenia that are fed directly by 
precipitation. Finally, a mathematical model that 
enables estimation of δ18O and δ2H values for the 
precipitation generated at distinctive atmospheric 
circulation patterns proposed by Brenčič et al. 
(2015) will be applied to separate data with 
different air mass origins. 
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Abstract

The methods used in geology to determine colour and colour coverage are expensive, time consuming, and/
or subjective. Estimates of colour coverage can only be approximate since they are based on rough comparison-
based measuring etalons and subjective estimation, which is dependent upon the skill and experience of the person 
performing the estimation. We present a method which accelerates, simplifies, and objectifies these tasks using a 
computer application. It automatically calibrates the colours of a digital photo, and enables the user to read colour 
values and coverage, even after returning from field work. Colour identification is based on the Munsell colour 
system. For the purposes of colour calibration we use the X-Rite ColorChecker Passport colour chart placed onto 
the photographed scene. Our computer application detects the ColorChecker colour chart, and finds a colour space 
transformation to calibrate the colour in the photo. The user can then use the application to read colours within 
selected points or regions of the photo.

The results of the computerised colour calibration were compared to the reference values of the ColorChecker 
chart. The values slightly deviate from the exact values, but the deviation is around the limit of human capability 
for visual comparison. We have devised an experiment, which compares the precision of the computerised colour 
analysis and manual colour analysis performed on a variety of rock samples with the help of geology students using 
Munsell Rock-color Chart. The analysis showed that the precision of manual comparative identification on multi-
coloured samples is somewhat problematic, since the choice of representative colours and observation points for a 
certain part of a sample are subjective. The computer based method has the edge in verifiability and repeatability 
of the analysis since the application the original photo to be saved with colour calibration, and tagging of colour-
analysed points and regions.

Izvleček

Metode, ki se v geologiji uporabljajo za določanje barv in barvne pokritosti, so drage, zamudne in/ali subjektivne. 
Ocena barvne zastopanosti ali pokritosti je lahko le zelo približna, saj temelji na grobih primerjalnih etalonih 
in subjektivni oceni, ki je odvisna od izurjenosti in izkušenj ocenjevalca. Predstavljamo metodo, ki te naloge 
pospeši, poenostavi in objektivizira s pomočjo računalniške aplikacije, ki na zajeti digitalni fotografiji z uporabo 
računalniškega vida samodejno umeri barve in uporabniku tudi kasneje, po terenskem delu, omogoča odčitavanje 
barvnih odtenkov. Barvna identifikacija temelji na barvnem sistemu Munsell. Za barvno umerjanje uporabljamo 
umerjevalno barvno lestvico X-Rite ColorChecker Passport, ki jo uporabnik postavi v območje zajema fotografije 
kamnine. Računalniška aplikacija, ki smo jo razvili, na zajeti fotografiji zazna barvno lestvico ColorChecker in 
poišče transformacijo barvnega prostora, s katero fotografijo barvno umerimo. Uporabnik lahko nato s pomočjo 
aplikacije po barvnem sistemu Munsell odčita barvo v izbranih točkah in izbranih področjih na fotografiji.

Rezultate računalniško podprtega barvnega umerjanja smo primerjali z referenčnimi vrednostmi barvne lestvice 
ColorChecker. Rezultati umerjanja kažejo, da računalniška metoda umeri dovolj natančno točne barvne vrednosti, 
tako da je barvno odstopanje blizu meje, ki jo človek še lahko razloči. Za primerjavo smo opravili poskus, pri 
katerem smo na raznovrstnih primerkih kamnin primerjali natančnost računalniške barvne analize z ročnimi 
barvnimi primerjalnimi analizami študentov geologije s pomočjo lestvice Munsell Rock-color Chart. Ugotovili smo, 
da nastopajo velike razlike v odčitkih predvsem pri raznobarvnih kamninah zaradi subjektivnosti izbora najbolj 
reprezentativnih barv za posamezni analizirani kos kamnine oziroma lege reprezentativnih primerjalnih točk. 
Prednost računalniške metode je tako v preverljivosti in ponovljivosti analize, saj aplikacija omogoča shranjevanje 
originalne in barvno umerjene fotografije ter označitve lege posamične analizirane točke in območja opravljanja 
barvne analize.

© Author(s) 2015. CC Atribution 4.0 License
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Introduction

The methods used in geology to determine 
colours are: (a) verbal description, which is 
dependent upon the skill and visual perception of 
the person performing it, and is thus subjective, (b) 
measurement using a spectrophotometer, which is 
time consuming, expensive and impractical for 
field work, and (c) comparison based comparative 
determination using a colour chart (e.g. Munsell 
Rock Colour chart), which can be time consuming, 
especially for rocks with many colour shades, and 
is not always appropriate for field work since 
the colour patches are sensitive to weather and 
environmental conditions.

Estimates of colour coverage can only be 
approximate, since they are based on rough 
comparison-based measuring etalons and is also 
dependent upon the skill and experience of the 
person performing the assessment. Statistical 
assessment of colour “classes” is possible if points 
on a regular grid are used to count occurrences of 
each “class”, but this method is also time consuming 
and thus expensive, and not commonly used.

With more objective colour values and 
statistically significant rock colour coverage 
analyses we could extract much more significant 
and consequently valuable rock data parameters.

We introduce a method, which greatly accelerates 
and simplifies these tasks, and makes them more 
objective. We have developed a computer application 
for automatic colour calibration of digital 
photographs made either during field work, or in 
the laboratory, which allows the user to accurately 
identify colours in the Munsell colour system; a 
standard used in geology for colour determination. 
We use the X-Rite ColorChecker Passport reference 
colour chart in combination with computer vision 
and colour calibration algorithms. This enables 
completely automated colour calibration of digital 
photographs. Colour calibration is a necessary step, 
since it greatly improves the quality of the colour 
information by diminishing the various effects, 
such as weather, illumination, the photographic 
equipment used, etc.

Before capturing a digital photograph, the 
ColorChecker chart needs to be placed into the 
photograph capture area of the rock we wish to 
analyze. To ensure a good baseline and thus improve 
the accuracy of results, the illumination should 
be as uniform as possible. Additional lighting or 
camera flash can be used to achieve this, if natural 
illumination conditions are not favourable or if the 
angle of sunlight produces shadows.

Existing methods for colour calibration used 
in professional photography are either manual 
or semi-automatic and are more focused on 
providing the photographer with tools to achieve 
the best aesthetic effect, not necessarily the most 
correct colour information (van hurKMan, 2013). 
The photographers also use the calibration tools 
differently, since they capture one image with the 
colour chart, and then (keeping other parameters 

as similar as possible) capture the images they have 
actually set out to photograph. The existing tools 
are shaped by this mode of work, and are not well 
suited for the use case covered by the application 
we have developed, i.e. completely automatic 
colour calibration and a user interface focused on 
objective analysis rather than aesthetics.

The computer application we developed uses the 
ASIFT algorithm (yu & Morel, 2011) to detect the 
ColorChecker chart on the captured photograph, 
and then determines a transformation of the CIE 
Lab colour space, which then colour-calibrates 
the photograph. The user is then able to read out 
the colour values in selected points and regions. 
Approximate measuring of distances on the 
photograph is also possible, if we assume the objects 
are in the same plane as the ColorChecker chart.

Differences in colour of rocks and soils is the 
result of differences in qualitative and quantitative 
mineral composition and, in particular, in the 
presence and quantity of the pigment minerals 
(most common are lepidocrocite, goethite and 
hematite). Mineral and chemical composition 
determination requires complex and time 
consuming sampling and more costly analyses. 
Unfortunately the number of such analyses is 
limited by available funds. Due to the fact that 
colour is one of the basic properties/attributes of 
rock, which is noticed macroscopically in the field, 
an objective capture is very important and useful.

Rocks within some lithologic units are 
unicoloured, which means, that the variability 
of colour values is within a very narrow range of 
colour hue. In such cases field researchers do not 
compare their colour with the colour chart on every 
outcrop, but rather assign the same colour value 
on the basis of previous observation experiences. 
This shortens observation and time needed for 
comparison, but they can unwittingly neglect 
differences in the lateral colour variability within 
the same lithostratigraphic unit and lose part of the 
information. Huge variability of colour within the 
same lithostratigraphic unit of clastic sedimentary 
rocks reflects differences in their microenvironment 
of their origin (sedimentation energy) resulting into 
grain-size differences and also differences in the 
mineral composition, porosity and permeability 
of the sedimentary clastic rocks and consequently 
onto differences in the oxygen availability during 
diagenetic processes. This influences the oxidation 
state of the pigment minerals.

Multicoloured lithostratigraphic units contain 
several indirect colour information on grain size, 
mineral composition and genetic environment and 
rock diagenetic processes. A number of determined 
colours is fully left to the subjective decision of 
the observer, who will usually, due to the time 
needed for a full procedure, only determine a few 
characteristic colours based on their needs or a 
regional similarity approach. A more objective 
capture of the colour range and colour coverage 
would undoubtedly offer a lot of additional 
information.
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The processes of magmatic and metamorphic 
rocks genesis also result in their different mineral 
and grain size composition and consequently a 
different colour range and coverage. 

As much as possible objective and detailed 
colour analysis can offer very useful additional 
information which enable simple and significant 
statistical comparison between rock samples and 
rock outcrops within the same lithostratigraphic 
units and between the different ones. 

The proposed computer aided method of 
colour calibration and analysis is based on the 
Munsell, CIE XYZ and CIE Lab colour models 
and calculates colour distances within them and a 
short overview of these models follows. 

CIE 1931 XYZ Colour Model

CIE XYZ, which was standardized in 1931, was 
the first mathematically defined colour model that 
still serves as the basis for newer models and as 
the linking model used to convert colour values 
from one model to another.

The model is comprised of three components: 
X, Y, and Z which were modelled after the human 
visual system with its three types of cone cells. 
Experimental data determined how strongly each 
type of cone cell responds to some wavelength of 
light, and from the response the colour matching 
functions x̄(λ), ȳ(λ) and z̄(λ) (Schanda, 2007) were 
derived. A spectrophotometer is a device for measuring 

material reflectance values  at different wavelengths. 
If we integrate the reflectance measurements with the 
colour matching functions we get the colour values 
for the components X, Y, and Z respectively.

The values also vary depending on the 
illuminant used to perform the measurements 
which is also defined as a function of λ. The 
International Commission on Illumination (CIE) 
has also provided several standard illumination 
sources. Unless otherwise specified the values in 
this article use the D65 standard illuminant which 
is modelled after natural daylight on Earth.

Spectrophotometers are used in laboratories, 
but are impractical for field work and are very 
expensive devices. Further drawbacks of their use is 
a small operating range, usually a few millimeters, 
the inability to directly measure colour coverage, 
sampling is required, and the inability to measure 
rough uneven surfaces (ruiz & Pereira, 2014).

Munsell colour system

The Munsell colour system (Munsell, 1905) 
was developed by prof. Albert H. Munsell with 
the goal of creating a perceptually uniform 
system. Perceptual uniformity means that an 
equal change of a colour component anywhere 
inside the system means approximately the same 
perceptual difference to a human observer. Colour 
in the Munsell system is determined by three 
components: hue, value, and chroma.

Fig. 1. Three-dimensional 
illustration of the Munsell 
colour system.
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The first component, “Hue”, is given as number 
from 0 to 10, and a one or two letter abbreviation 
of the hue name. Apart from the colour hues 
in Fig. 1, there is also a special abbreviation 
N, which stands for neutral and is reserved for 
grey shades. “Value” determines the lightness of 
a colour on a scale from 0 (black) to 10 (white). 
The third component, “chroma” determines the 
saturation and has no upper bound in theory, but 
in practice it is limited by the pigments that can 
be manufactured. A neutral colour has a chroma 
value of 0, the highest value we find in the Rock 
and Soil charts is 8 and 20 would mean a very 
saturated colour. 

The advantages of the Munsell system are 
intuitive components, and a long tradition of 
use in industry, art, and science. The drawback 
is that it is not a mathematically defined colour 
model, and is connected to the mathematically 
defined models only by tables of measurements 
(rit Munsell color science laBoratory), 
which makes exact calculation and conversion 
difficult.

Use of Munsell colour system in Geology

The Munsell system has a long tradition of 
use in geology. In 1948 the Geological Society 
of America (GSA) released the first Rock-color 
Chart based on the Munsell system. In 1949 the 
Munsell Color Company collaborated with the 
United States Department of Agriculture (USDA) 
to release the first “Munsell Soil-color Chart”. 
These are books of colour charts intended for 
comparative determination of colour values of 
rocks and soil. Both books are still available in 
updated editions and still in widespread use. They 
have effectively become the standard for colour 
communication in geology.

Munsell colour charts are used both for 
geological field work and work in a laboratory. 
The comparative method is a lot more precise and 
objective than verbal descriptions of colours, but is 
still somewhat subjective and inaccurate, because 
the books contain a limited number of colour 
patches, and because of the limitations of the human 
visual system to accurately distinguish colour 
differences. Munsell Soil-color Chart (X-rite, inc., 
2009c) contains nine pages, which cover colours 
with hues from 5R to 5Y at various values of value 
and chroma components, and four additional 
pages; one with a few colours with hue values 10Y 
and 5GY, two pages with low-chroma colours for 
gleysols, and one page with colours with a high 
value component. The colours on pages are sorted 
in two dimensions by value and chroma, so the user 
can gain a feel for the colours with a particular hue, 
and can in some cases decide to visually interpolate 
and assign a colour not depicted in the chart. Rock-
color Chart (X-rite, inc., 2009B) contains only three 
pages with the most common rock colours. The 
colours are not sorted by any of the Munsell system 
components, which prevents visual interpolation.

Each page of colour chart contains up to 42 
colour patches, usually fewer, since some pigments 
are more expensive or difficult to produce. Each 
colour patch has a hole to allow direct comparison 
of the patch with the rock or soil for which the 
colour is being determined. Next to each colour 
page is a page with the Munsell values and colour 
names in the ISCC-NBS system, according to the 
mapping defined in (Kelly & juDD, 1976). The 
design purpose of ISCC-NBS was to improve the 
accuracy of colour descriptions by constraining 
the language to a set of colour names and a few 
standard adjectives (e.g. dark, vivid, very pale), 
and to define which parts of the Munsell system 
correspond to which colour descriptions.

Fig. 2. Munsell Soil-color 
and Munsell Rock-color 
charts.
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CIE Lab colour model

The International Commission on Illumination 
(CIE) accepted the CIE Lab colour model in 
1976. A colour in CIE Lab is defined by three 
components: L* – lightness, a* – red/green, and 
b* – blue/yellow. CIE Lab was designed to be 
perceptually uniform on all three components at 
once, and is mathematically defined, which makes 
it very appropriate for colour computation. 

Measuring colour distance

When working with colour, e.g. in print, or 
industrial design, a common task is tolerancing - 
checking if colours are acceptably close to some 
predefined standard. A colour distance measure, 
where, to the human eye, the same distance means 
the same amount of change, is very useful, since it 
can be used for all the colours used. In this section 
we will mention three formulas for colour distance 
(schanDa, 2007), which have been implemented in 
our computer application.

Since CIE Lab was designed with good 
perceptual uniformity on all components at once, 
the first colour distance measure CIE  is simply the 
Euclidean distance of the per component deltas of 
two colours:
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Another difficulty we had when working with 
CIE is that the formula takes a lot more computing 
time. Because of these issues we use CIE for most 
tasks, and CIE  where the expected difference is 
small.

For an easier interpretation of later results, let 
us provide some context to the values from these 
formulas. The limit at which the average human 
observer barely distinguishes two colours if laid 
next to each other is 2.3. This value is called the 
just noticeable difference (JND) (Mahy et al., 1994). 
The approximate distance between neighbouring 
grey shades on the ColorChecker chart is 15. The 
average of distances between pairs of nearest 
colour values on the Munsell Rock-color chart is 
5.4 (highly saturated colours a bit farther apart, 
and colours with low saturation a bit nearer).

Development of the application

ColorChecker colour calibration chart

ColorChecker colour chart was developed in 
1976 by the Macbeth company (today part of X-Rite 
company) (MccaMy et al., 1976). The chart is used 
for the colour calibration of different devices (e.g. 
cameras, printers, displays). ColorChecker colour 
chart contains four lines with six colour patches, 24 
patches in all. Patches have precisely defined colour 
values which can be used to check the quality of 
colour reproduction or colour acquisition. The first 
two lines contain approximations of some common 
natural hues (e.g. human skin, greenery, blue sky) 
and intermediate hues (e.g. orange, yellow-green). 
The third line represents the extreme points of the 
RGB (red, green, blue) colour system and CMY 
(cyan, magenta, yellow) colour system. The fourth 
line contains 6 patches of grey that can be used for 
calibration of lightness and white balance.

For the usage in our application we chose 
the X-Rite ColorChecker Passport (X-rite, 
inc., 2009a), shown in Figure 3, instead of the 
classical variant of ColorChecker since it better 
suits our requirements. This version of the colour 
chart is suitable for field work in geology since 
it is smaller than the classical version and has a 
hard plastic casing. Concerning the accuracy of 
colours one of the larger colour charts with more 
colour patches (e.g. ColorChecker Digital SG, 
IT8) would be more appropriate for laboratory 
work. The advantage of a smaller format of the 
colour chart is that its size better suits the size of 
rock samples and thus enables us to capture the 
samples in a higher resolution. For many samples 
an even smaller colour chart of 3 cm × 2 cm would 
be convenient.

The X-Rite ColorChecker Passport colour 
chart contains two additional calibration charts 
compared to the classic ColorChecker chart 
– a special section with a large grey patch for 
white balance and a section named Creative 
Enhancement Target (CET). CET contains 28 
patches: 8 highly saturated colour patches, 2 
lines of 6 patches for visual white balance and 4 
very light grey and 4 very dark grey patches for 
detection of overexposure and underexposure. 
This colour chart is not meant for automatic 
colour calibration, which may be the reason 
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why there is no data on official colour values of 
the patches available in the literature or on the 
internet. However, we have found unofficial 
spectrophotometric measures (Myers, 2010) which 
we used to help evaluate the calibration quality of 
our method.

Detection of the ColorChecker colour chart - 
ASIFT algorithm

Precise detection of patches on the ColorChecker 
is very important since the calibration process 
depends on the measured colour values. For 
detection of the ColorChecker colour chart we 
used Affine Scale Invariant Feature Transform or 
ASIFT (yu & Morel, 2011).

SIFT (loWe, 2004) is a computer vision 
algorithm which extracts features that can 
be used for various tasks in computer vision, 
e.g. object detection (loWe, 1999), panorama 
stitching (aGarWala et al., 2006), automatic 3D 
modelling (verGauWen & van Gool, 2006) and 
gesture recognition (scovanner et al., 2007). 
Features detected by SIFT are resistant to scaling, 
translation, and to some degree rotation. ASIFT is 
a simple extension of SIFT where combinations of 
rotation and shearing transformations are applied 
multiple times on the image. SIFT features 
are extracted from the transformed image and 
transformed back to the original image coordinate 
space. Using this process we get a larger number 
of features that are also more robust under affine 
transforms. According to a recommendation by yu 
& Morel, 2011, it is sufficient to use 6 shears and 
rotations from 0° to 180° depending on degree of 
shearing – in all 42 transformations.

Colour chart detection

To detect a particular object with the ASIFT 
algorithm we need an image of the object, we then 
extract SIFT features from both images, the image 
where we want to detect the object and the image 
of the object. Detection is performed by finding the 
best correspondence between the SIFT features 
of both images. Figure 4 shows lines connecting 
the corresponding pairs of ASIFT points. Squares 
on the photo show the centre of the patches. On 
the bottom left we see the aligned image of the 
detected object (colour chart) and squares with 
averaged colours inside the detected patches.

Fig. 4. Visualization of ASIFT on a photograph of X-Rite ColorChecker Passport (right hand side) and reference X-Rite ColorChecker 
Passport colour patch image (upper left hand side).

Fig. 3. X-Rite ColorChecker Passport colour calibration chart 
that is used by our application.
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The method is sufficiently general to be used 
for other colour charts as well. The only part we 
would need to change is the colour chart image 
and the arrangement of the patches as they appear 
on a particular colour chart. For the purpose of 
evaluating the quality of calibration we have 
added the option to detect the CET colour chart 
on the ColorChecker Passport.

Colour calibration of photographs

The aim of photograph colour calibration is 
to bring the colour values of the photograph as 
close as possible to values we would measure on 
the surfaces we are photographing. Calibration 
could be attempted completely programmatically 
without the colour chart by extracting the 
necessary information from the metadata and 
the image itself (e.g. conditions under which the 
photograph was taken and the equipment used) 
and infer the actual colours in the photograph. 
Because this procedure cannot guarantee accuracy 
we have decided on calibration using a colour 
chart.

Colour calibration can be done using 
ColorChecker colour calibration chart that is put 
in the photographed scene. To assure best results 
the lighting of both the colour chart and the rock 
should be as uniform as possible (X-rite, inc., 
2009a) and with a sufficiently wide spectrum. We 
can achieve that by using additional lighting or the 
camera flash. If we use natural light the direction 
and the intensity of the light should be as much 
as possible similar on both the rock and the chart.

During the calibration process the application 
first detects the ColorChecker colour chart on 
the photograph. Then average colour values 
are extracted from the chart and the distances 
from the reference colour values for the chart 
are calculated. Thus we get a calibration vector 
in CIE Lab colour space for each colour patch. 
The calibration could be done in another colour 
space as well but CIE Lab is very suitable for 
this purpose because of its good perceptual 
uniformity.

The issue of overfitting
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As mentioned, the CIE Lab space is not 

perfectly perceptually uniform, furthermore, the 
photograph capturing process is not perfect and 
introduces various changes to the colour space (e.g. 
contrast, fringing, over- or underexposure), which 
require more advanced methods of correction. 
However the method is simple so we implemented 
it to compare it with other methods.

This method can also be used in conjunction 
with other methods, since it cannot skew the 
colour space, however, it should not be used after 
a calibration method which is more robust against 
overfitting.

Calibration with a weighted average

The method of calibrating with the weighted 
average of calibration vectors 

As mentioned, the CIE Lab space is not perfectly perceptually uniform, furthermore, the photograph 
capturing process is not perfect and introduces various changes to the colour space (e.g. contrast, 
fringing, over- or underexposure), which require more advanced methods of correction. However 
the method is simple so we implemented it to compare it with other methods. 

	  
This method can also be used in conjunction with other methods, since it cannot skew the colour 
space, however, it should not be used after a calibration method which is more robust against 
overfitting. 
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The method of calibrating with the weighted average of calibration vectors 𝐶𝐶𝑐𝑐!, computes the 
weighted average using two weighting coefficients. The value of the first coefficient 𝑢𝑢!! is	  
determined	  using	  an	  evolutionary	  algorithm	  before	  calibration,	  while	  the	  value	  of	  the	  second	  
coefficient	  𝑑𝑑!(𝐶𝐶)  is	  a	   function	  of	   the	  distance	  between	   the	  colour	  being	  calibrated	  𝐶𝐶	   and	   the	  
colour	  patch	  𝐶𝐶𝐶𝐶!.	  

C = (𝐿𝐿,𝑎𝑎, 𝑏𝑏), 𝐶𝐶′ = (𝐿𝐿′,𝑎𝑎′, 𝑏𝑏′)	  
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For the first weights 𝑢𝑢!!we	  have	  3 ∙ 𝑛𝑛    normalized	  weights,	  which	  determine	  the	  importance	  of	  
each	  component	  (𝐿𝐿, 𝑎𝑎, and  𝑏𝑏) of	  each	  colour	  patch.	  If	  the	  colour	  value	  of	  some	  patch	  deviates	  
greatly	   from	   the	   reference	   value	   (e.g.	   because	   of	   a	   damaged	  patch,	   over-‐	   or	   underexposure,	  
shadows,	   partly	   occluded	   patch),	   or	   put	   another	   way:	   if	   the	   other	   patches	   offer	   a	   better	  
calibration	  in	  the	  part	  of	  the	  colour	  space	  the	  current	  patch	  occupies,	  then	  its	  weight	  will	  be	  
smaller.	   These	   weights	   are	   determined	   before	   the	   calibration	   with	   an	   evolutionary	   search	  
algorithm.	  
	  
The algorithm starts with all weights set to    !

!
,	  and	  then	  iteratively	  makes	  random	  changes,	  and	  

computes	  the	  fitness	  function	  to	  see	  if	  the	  new	  set	  of	  weights	  is	  better	  than	  the	  previous	  one.	  
The	   fitness	   function	   works	   according	   to	   the	   leave-‐one-‐out	   cross	   validation	   strategy.	   This	  
means	  the	  algorithm	  is	  used	  n	  times,	  and	  one	  patch	  is	  left	  out	  of	  the	  calibration	  each	  time.	  The	  
value	  of	  the	  remaining	  patch	  is	  calibrated	  each	  time,	  and	  the	  output	  of	  the	  fitness	  function	  is	  
the	  average	  of	  colour	  distances	  𝛥𝛥𝐸𝐸!!∗   from	  the	  calibrated	  patch	  colour	  value	   to	   the	  reference	  
colour	  value.	  
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calibration	  in	  the	  part	  of	  the	  colour	  space	  the	  current	  patch	  occupies,	  then	  its	  weight	  will	  be	  
smaller.	   These	   weights	   are	   determined	   before	   the	   calibration	   with	   an	   evolutionary	   search	  
algorithm.	  
	  
The algorithm starts with all weights set to    !

!
,	  and	  then	  iteratively	  makes	  random	  changes,	  and	  

computes	  the	  fitness	  function	  to	  see	  if	  the	  new	  set	  of	  weights	  is	  better	  than	  the	  previous	  one.	  
The	   fitness	   function	   works	   according	   to	   the	   leave-‐one-‐out	   cross	   validation	   strategy.	   This	  
means	  the	  algorithm	  is	  used	  n	  times,	  and	  one	  patch	  is	  left	  out	  of	  the	  calibration	  each	  time.	  The	  
value	  of	  the	  remaining	  patch	  is	  calibrated	  each	  time,	  and	  the	  output	  of	  the	  fitness	  function	  is	  
the	  average	  of	  colour	  distances	  𝛥𝛥𝐸𝐸!!∗   from	  the	  calibrated	  patch	  colour	  value	   to	   the	  reference	  
colour	  value.	  

 weights we have 3 · n normalized 
weights, which determine the importance of each 
component (L, a, and b) of each colour patch. If the 
colour value of some patch deviates greatly from 
the reference value (e.g. because of a damaged 
patch, over- or underexposure, shadows, partly 
occluded patch), or put another way: if the other 
patches offer a better calibration in the part 
of the colour space the current patch occupies, 
then its weight will be smaller. These weights 
are determined before the calibration with an 
evolutionary search algorithm.
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The algorithm starts with all weights set to 

As mentioned, the CIE Lab space is not perfectly perceptually uniform, furthermore, the photograph 
capturing process is not perfect and introduces various changes to the colour space (e.g. contrast, 
fringing, over- or underexposure), which require more advanced methods of correction. However 
the method is simple so we implemented it to compare it with other methods. 

	  
This method can also be used in conjunction with other methods, since it cannot skew the colour 
space, however, it should not be used after a calibration method which is more robust against 
overfitting. 
	  
Calibration with a weighted average 
	  
The method of calibrating with the weighted average of calibration vectors 𝐶𝐶𝑐𝑐!, computes the 
weighted average using two weighting coefficients. The value of the first coefficient 𝑢𝑢!! is	  
determined	  using	  an	  evolutionary	  algorithm	  before	  calibration,	  while	  the	  value	  of	  the	  second	  
coefficient	  𝑑𝑑!(𝐶𝐶)  is	  a	   function	  of	   the	  distance	  between	   the	  colour	  being	  calibrated	  𝐶𝐶	   and	   the	  
colour	  patch	  𝐶𝐶𝐶𝐶!.	  

C = (𝐿𝐿,𝑎𝑎, 𝑏𝑏), 𝐶𝐶′ = (𝐿𝐿′,𝑎𝑎′, 𝑏𝑏′)	  
𝐶𝐶𝑐𝑐! = (𝐿𝐿𝑐𝑐! ,𝑎𝑎𝑐𝑐! , 𝑏𝑏𝑐𝑐!) = 𝐶𝐶𝐶𝐶! − 𝐶𝐶𝐶𝐶!	  

𝑑𝑑!(𝐶𝐶) = 1−
𝛥𝛥𝐸𝐸!"∗ (𝐶𝐶,  𝐶𝐶𝐶𝐶!)

𝑚𝑚𝑚𝑚𝑚𝑚!!!! 𝛥𝛥𝐸𝐸!"∗ (𝐶𝐶,  𝐶𝐶𝐶𝐶!)
	  

𝐿𝐿′ = 𝐿𝐿 + 𝐿𝐿𝑐𝑐! ⋅ 𝑢𝑢!! ⋅ 𝑑𝑑!(𝐶𝐶)
!

!!!

	  

𝑎𝑎′ = 𝑎𝑎 + 𝑎𝑎𝑐𝑐! ⋅ 𝑢𝑢!! ⋅ 𝑑𝑑!(𝐶𝐶)
!

!!!

	  

𝑏𝑏′ = 𝑏𝑏 + 𝑏𝑏𝑐𝑐! ⋅ 𝑢𝑢!! ⋅ 𝑑𝑑!(𝐶𝐶)
!

!!!

	  

 
For the first weights 𝑢𝑢!!we	  have	  3 ∙ 𝑛𝑛    normalized	  weights,	  which	  determine	  the	  importance	  of	  
each	  component	  (𝐿𝐿, 𝑎𝑎, and  𝑏𝑏) of	  each	  colour	  patch.	  If	  the	  colour	  value	  of	  some	  patch	  deviates	  
greatly	   from	   the	   reference	   value	   (e.g.	   because	   of	   a	   damaged	  patch,	   over-‐	   or	   underexposure,	  
shadows,	   partly	   occluded	   patch),	   or	   put	   another	   way:	   if	   the	   other	   patches	   offer	   a	   better	  
calibration	  in	  the	  part	  of	  the	  colour	  space	  the	  current	  patch	  occupies,	  then	  its	  weight	  will	  be	  
smaller.	   These	   weights	   are	   determined	   before	   the	   calibration	   with	   an	   evolutionary	   search	  
algorithm.	  
	  
The algorithm starts with all weights set to    !

!
,	  and	  then	  iteratively	  makes	  random	  changes,	  and	  

computes	  the	  fitness	  function	  to	  see	  if	  the	  new	  set	  of	  weights	  is	  better	  than	  the	  previous	  one.	  
The	   fitness	   function	   works	   according	   to	   the	   leave-‐one-‐out	   cross	   validation	   strategy.	   This	  
means	  the	  algorithm	  is	  used	  n	  times,	  and	  one	  patch	  is	  left	  out	  of	  the	  calibration	  each	  time.	  The	  
value	  of	  the	  remaining	  patch	  is	  calibrated	  each	  time,	  and	  the	  output	  of	  the	  fitness	  function	  is	  
the	  average	  of	  colour	  distances	  𝛥𝛥𝐸𝐸!!∗   from	  the	  calibrated	  patch	  colour	  value	   to	   the	  reference	  
colour	  value.	  
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smaller.	   These	   weights	   are	   determined	   before	   the	   calibration	   with	   an	   evolutionary	   search	  
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computes	  the	  fitness	  function	  to	  see	  if	  the	  new	  set	  of	  weights	  is	  better	  than	  the	  previous	  one.	  
The	   fitness	   function	   works	   according	   to	   the	   leave-‐one-‐out	   cross	   validation	   strategy.	   This	  
means	  the	  algorithm	  is	  used	  n	  times,	  and	  one	  patch	  is	  left	  out	  of	  the	  calibration	  each	  time.	  The	  
value	  of	  the	  remaining	  patch	  is	  calibrated	  each	  time,	  and	  the	  output	  of	  the	  fitness	  function	  is	  
the	  average	  of	  colour	  distances	  𝛥𝛥𝐸𝐸!!∗   from	  the	  calibrated	  patch	  colour	  value	   to	   the	  reference	  
colour	  value.	  

 from the calibrated patch colour value to the 
reference colour value.

The second weight coefficient The second weight coefficient 𝑑𝑑!(𝐶𝐶)	   is	   a	   function	   of	   the	   colour	   being	   calibrated.	   The	   colour	  
patches	  which	  are	  further	  away	  in	  the	  colour	  space	  are	  weighted	  less	  than	  those	  nearby.	  The	  
CIE 𝛥𝛥𝐸𝐸!"∗   formula	  was	  used,	  since	  the	  colour	  differences	  are	  expected	  to	  be	  large,	  which	  makes	  
the	  use	  of	  CIE 𝛥𝛥𝐸𝐸!!∗   inappropriate.	  
	  
Calibration with a linear combination 
	  
This calibration method computes each calibrated component as a linear combination of the old 
component values in CIE Lab. Again, the task is to find the coefficients where the distance between 
the calibrated patches and their respective reference values is minimal. 
	  

𝐶𝐶 = (𝐿𝐿,𝑎𝑎, 𝑏𝑏), 𝐶𝐶′ = (𝐿𝐿′,𝑎𝑎′, 𝑏𝑏′)	  
𝐿𝐿′ = 𝐿𝐿 ⋅ 𝑢𝑢!! + 𝑎𝑎 ⋅ 𝑢𝑢!! + 𝑏𝑏 ⋅ 𝑢𝑢!! + 𝑢𝑢!	  
𝑎𝑎′ = 𝐿𝐿 ⋅ 𝑢𝑢!! + 𝑎𝑎 ⋅ 𝑢𝑢!! + 𝑏𝑏 ⋅ 𝑢𝑢!! + 𝑢𝑢!	  
𝑏𝑏′ = 𝐿𝐿 ⋅ 𝑢𝑢!! + 𝑎𝑎 ⋅ 𝑢𝑢!! + 𝑏𝑏 ⋅ 𝑢𝑢!! + 𝑢𝑢!	  

 
The meaning of components a and b in CIE Lab is the balance between red and green, and yellow 
and blue. We can add some more strength to the method by choosing different coefficients for the 
positive and negative side of the a and b axes: 

	  

𝑢𝑢!!(𝑎𝑎) =
𝑢𝑢!!
! 𝑎𝑎 > 0,
0 𝑎𝑎 = 0,
𝑢𝑢!!
! 𝑎𝑎 < 0;

	  

𝑢𝑢!!(𝑏𝑏) =
𝑢𝑢!!
! 𝑏𝑏 > 0,
0 𝑏𝑏 = 0,
𝑢𝑢!!
! 𝑏𝑏 < 0;

	  

 
As shown later, this improves the results somewhat, but since it is still a linear transformation there 
should be no problems with skewing the colour space. The exception would be if the colour value of 
some patch deviated greatly from the reference values. This could be avoided by leaving out the 
patches which deviate the most. However this could lead to overfitting, or bad calibration results in 
cases, where some part of the colour space on the captured photograph really was quite far from the 
reference values. The method for calibration with a weighted average is more robust against this 
kind of problem. 
	  
Apart from this, we have only noticed one more interesting glitch, later found not to be limited to 
this method. The cyan patch found in the third row of the ColorChecker calibration chart has Lab 
values which fall outside the range of colours presentable in the RGB colour system which is used in 
digital photography. This means there is some colour clamping upon conversion from CIE Lab back 
to RGB. We have noticed this effect on an image which had strong JPEG compression artifacts, 
which the clamping had amplified. If the RGB colour system supported a wider range, the red 
component of RGB would need to be negative, but this issue is not too problematic, since the CIE 
𝛥𝛥𝐸𝐸!!∗   distance between the actual and clamped value is only 2.2, and the application performs the 
calculations and user readouts in the CIE Lab colour space, so the glitch was noticeable only on 
screen, and upon saving back to JPEG.	  
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As shown later, this improves the results somewhat, but since it is still a linear transformation there 
should be no problems with skewing the colour space. The exception would be if the colour value of 
some patch deviated greatly from the reference values. This could be avoided by leaving out the 
patches which deviate the most. However this could lead to overfitting, or bad calibration results in 
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kind of problem. 
	  
Apart from this, we have only noticed one more interesting glitch, later found not to be limited to 
this method. The cyan patch found in the third row of the ColorChecker calibration chart has Lab 
values which fall outside the range of colours presentable in the RGB colour system which is used in 
digital photography. This means there is some colour clamping upon conversion from CIE Lab back 
to RGB. We have noticed this effect on an image which had strong JPEG compression artifacts, 
which the clamping had amplified. If the RGB colour system supported a wider range, the red 
component of RGB would need to be negative, but this issue is not too problematic, since the CIE 
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 inappropriate.

Calibration with a linear combination

This calibration method computes each 
calibrated component as a linear combination 
of the old component values in CIE Lab. Again, 
the task is to find the coefficients where the 
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patches	  which	  are	  further	  away	  in	  the	  colour	  space	  are	  weighted	  less	  than	  those	  nearby.	  The	  
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𝑢𝑢!!(𝑎𝑎) =
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patches which deviate the most. However this could lead to overfitting, or bad calibration results in 
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this method. The cyan patch found in the third row of the ColorChecker calibration chart has Lab 
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As shown later, this improves the results 
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most. However this could lead to overfitting, or 
bad calibration results in cases, where some part 
of the colour space on the captured photograph 
really was quite far from the reference values. The 
method for calibration with a weighted average is 
more robust against this kind of problem.

Apart from this, we have only noticed one more 
interesting glitch, later found not to be limited to 
this method. The cyan patch found in the third 
row of the ColorChecker calibration chart has 
Lab values which fall outside the range of colours 
presentable in the RGB colour system which is 
used in digital photography. This means there is 
some colour clamping upon conversion from CIE 
Lab back to RGB. We have noticed this effect on 
an image which had strong JPEG compression 
artifacts, which the clamping had amplified. If the 
RGB colour system supported a wider range, the 
red component of RGB would need to be negative, 
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cases, where some part of the colour space on the captured photograph really was quite far from the 
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to RGB. We have noticed this effect on an image which had strong JPEG compression artifacts, 
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 distance between the actual and clamped 
value is only 2.2, and the application performs 
the calculations and user readouts in the CIE Lab 
colour space, so the glitch was noticeable only on 
screen, and upon saving back to JPEG.

User interface

The application user interface is simple and 
contains only the necessary components for swift, 
accurate and repeatable colour analysis. The 
interface was built using the Scala Swing library. 
In figure 5 the original photograph can be seen on 
the left including annotation points for the colour 
charts ColorChecker, and Creative Enhancement 
Target. On the right side the colour calibrated 
photo with some manually added annotations 
is shown. The results of colour analysis at these 
points and areas are presented in the text field on 
the right. Additionally the photograph metadata 
and annotation data can be saved to a file. To ease 
working with the calibrated photograph, we can 
choose to hide the original photograph.

If the user only wants to check particular 
photograph colour values, they can click on 
the desired points. If the shift key is held when 
moving the mouse pointer around the photograph, 
the colour values under the mouse cursor are 
continually printed out on the right. An area on 
the photograph can be selected holding the control 
key and dragging the mouse. The application then 
prints the average colour value and percentage of 
coverage of individual Munsell colour values. In 
the annotation mode colour values of currently 
selected points and areas are printed out on the 
right side.

As mentioned, the CIE Lab space is not perfectly perceptually uniform, furthermore, the photograph 
capturing process is not perfect and introduces various changes to the colour space (e.g. contrast, 
fringing, over- or underexposure), which require more advanced methods of correction. However 
the method is simple so we implemented it to compare it with other methods. 

	  
This method can also be used in conjunction with other methods, since it cannot skew the colour 
space, however, it should not be used after a calibration method which is more robust against 
overfitting. 
	  
Calibration with a weighted average 
	  
The method of calibrating with the weighted average of calibration vectors 𝐶𝐶𝑐𝑐!, computes the 
weighted average using two weighting coefficients. The value of the first coefficient 𝑢𝑢!! is	  
determined	  using	  an	  evolutionary	  algorithm	  before	  calibration,	  while	  the	  value	  of	  the	  second	  
coefficient	  𝑑𝑑!(𝐶𝐶)  is	  a	   function	  of	   the	  distance	  between	   the	  colour	  being	  calibrated	  𝐶𝐶	   and	   the	  
colour	  patch	  𝐶𝐶𝐶𝐶!.	  

C = (𝐿𝐿,𝑎𝑎, 𝑏𝑏), 𝐶𝐶′ = (𝐿𝐿′,𝑎𝑎′, 𝑏𝑏′)	  
𝐶𝐶𝑐𝑐! = (𝐿𝐿𝑐𝑐! ,𝑎𝑎𝑐𝑐! , 𝑏𝑏𝑐𝑐!) = 𝐶𝐶𝐶𝐶! − 𝐶𝐶𝐶𝐶!	  

𝑑𝑑!(𝐶𝐶) = 1−
𝛥𝛥𝐸𝐸!"∗ (𝐶𝐶,  𝐶𝐶𝐶𝐶!)

𝑚𝑚𝑚𝑚𝑚𝑚!!!! 𝛥𝛥𝐸𝐸!"∗ (𝐶𝐶,  𝐶𝐶𝐶𝐶!)
	  

𝐿𝐿′ = 𝐿𝐿 + 𝐿𝐿𝑐𝑐! ⋅ 𝑢𝑢!! ⋅ 𝑑𝑑!(𝐶𝐶)
!

!!!

	  

𝑎𝑎′ = 𝑎𝑎 + 𝑎𝑎𝑐𝑐! ⋅ 𝑢𝑢!! ⋅ 𝑑𝑑!(𝐶𝐶)
!

!!!

	  

𝑏𝑏′ = 𝑏𝑏 + 𝑏𝑏𝑐𝑐! ⋅ 𝑢𝑢!! ⋅ 𝑑𝑑!(𝐶𝐶)
!

!!!

	  

 
For the first weights 𝑢𝑢!!we	  have	  3 ∙ 𝑛𝑛    normalized	  weights,	  which	  determine	  the	  importance	  of	  
each	  component	  (𝐿𝐿, 𝑎𝑎, and  𝑏𝑏) of	  each	  colour	  patch.	  If	  the	  colour	  value	  of	  some	  patch	  deviates	  
greatly	   from	   the	   reference	   value	   (e.g.	   because	   of	   a	   damaged	  patch,	   over-‐	   or	   underexposure,	  
shadows,	   partly	   occluded	   patch),	   or	   put	   another	   way:	   if	   the	   other	   patches	   offer	   a	   better	  
calibration	  in	  the	  part	  of	  the	  colour	  space	  the	  current	  patch	  occupies,	  then	  its	  weight	  will	  be	  
smaller.	   These	   weights	   are	   determined	   before	   the	   calibration	   with	   an	   evolutionary	   search	  
algorithm.	  
	  
The algorithm starts with all weights set to    !

!
,	  and	  then	  iteratively	  makes	  random	  changes,	  and	  

computes	  the	  fitness	  function	  to	  see	  if	  the	  new	  set	  of	  weights	  is	  better	  than	  the	  previous	  one.	  
The	   fitness	   function	   works	   according	   to	   the	   leave-‐one-‐out	   cross	   validation	   strategy.	   This	  
means	  the	  algorithm	  is	  used	  n	  times,	  and	  one	  patch	  is	  left	  out	  of	  the	  calibration	  each	  time.	  The	  
value	  of	  the	  remaining	  patch	  is	  calibrated	  each	  time,	  and	  the	  output	  of	  the	  fitness	  function	  is	  
the	  average	  of	  colour	  distances	  𝛥𝛥𝐸𝐸!!∗   from	  the	  calibrated	  patch	  colour	  value	   to	   the	  reference	  
colour	  value.	  
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Results

Measuring the accuracy of colour calibration

A good colour calibration is necessary to 
precisely determine the colour values. Therefore 
we evaluated the accuracy of the calibration 
procedure. We estimated the accuracy with 
statistical analysis of deviations between 
measured and reference colour values of two 
colour charts. We first compiled a statistic for 
the ColorChecker colour chart. This could be 
problematic as this data also served as the basis 
of fitting the parameters for the calibration 
procedure. In the case of a too strong fit 
(overfitting), we would not be able to detect it. 
Therefore we chose to additionally evaluate the 
colour deviations on the upper eight patches 
of the Creative Enhancement Suite (CET) 
colour chart. We have to reiterate that the 
reference colour values used for CET colour 
chart are not provided by the colour chart 
manufacturer, which could cause deviations. 

However, the deviations should be small since 
the values we use were acquired with accurate 
spectrophotometric measuring (Myers, 2010). 

We used two sets of digital photographs for 
evaluation. The first set contains 40 different 
photographs taken under non-controlled conditions 
– outdoors (field work) and indoors – and therefore 
contains a mixture of different light conditions 
(direct sunlight, cloudy weather, indirect lighting in 
shadows, camera flash, indoor lighting etc.) taken 
with a variety of digital photographic cameras. 

The second set of photographs contains 10 
digital photographs, which were taken using 
the geological sample collection of Faculty of 
Natural Sciences and Engineering, University 
of Ljubljana. This set of photographs was taken 
under good lighting conditions on a white surface 
using camera flash illumination. Both sides of 
the colour chart (ColorChecker and CET) were 
positioned and lit as consistently as possible in 
every photograph. 

Fig. 5 User interface of the developed application.

Fig. 6. Boxplot of deviation from reference colour values (0) on ColorChecker (left) in CET (right) colour charts for photographs 
captured under outdoor field work conditions.

Computer aided method for colour calibration and analysis of digital rock photographs
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As we can see in figures 6 and 7 the colour 
calibration lowers deviations and distances in 
almost every case and thus enhances the quality 
of colour information. First column in the figures 
represents the distances of measured uncalibrated 
colour values from the reference values. Other 
columns show colour distances after different 
colour calibration procedures, which were 
presented in the colour calibration section.

In the photos captured in non-controlled 
conditions we can see a large difference between the 
values shown on the left and right in Figure 6. This is 
likely the consequence of different illumination on 
the two colour charts in the photographs, therefore 
we once again stress the importance of uniform 
lighting, i.e. usage of additional lighting or camera 
flash when photographing. For photographs taken 
under laboratory conditions in figure 7 the colour 
deviations between detected and reference values 
are much lower and the interval is narrower. It is 
interesting that all values, even in the uncalibrated 
first column on the left graph in figure 7 are lower 
compared to the right graph in figure 7. This may 
be the consequence of deviation between the 
official values for ColorChecker colour chart and 
the unofficial values for the CET colour chart.

On the basis of the above measurements of 
deviation from the reference values, we can 
assess that by using the proposed computer-aided 
method under good lighting conditions we can 
calibrate colours almost as precise as an average 
human being can differentiate between different 
shades of colours (Mahy et al., 1994). Moreover 
for photographs captured in non-controlled 
conditions, we can greatly improve the quality of 
colour information.

Comparative analysis

In the second part of the evaluation we compared 
the results of manual colour analysis of rock 
samples by students of geology using a Munsell 
Rock-color Chart. From the geological rock sample 
collection of Department of geology of Faculty of 
Natural Sciences and Engineering, University of 
Ljubljana, we selected 10 rock samples (Table 1) 

and photographed them on a level white surface 
using camera flash (Fig. 8). Captured images 
were colour calibrated with the second linear 
combination procedure, which performed best in 
the assessment. Then we selected and determined 
the colour values of representative parts of each 
sample using the application.  

Fig. 7. Boxplot of deviation from reference colour values (0) on ColorChecker (left) in CET (right) colour charts for photographs 
captured under laboratory conditions.

Fig. 8. Rock samples that were colour analysed in the 
comparison experiment.

With the help of eight volunteer geology 
students we conducted an experiment. We 
enumerated and put 10 rock samples on the 
laboratory table and we specified how many 
different colours have to be determined for each 
sample (Fig. 8). The students were instructed 
to determine the set number of colours based 
on the importance and colour coverage using 
their domain knowledge. The students had the 
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appropriate experiences for the task, since they 
have already been trained to determine colour 
using comparison methods in laboratory and 
outdoor field working conditions. It turned out 
that not every student determined the colours on 
the same part of the multi-coloured rock samples 
and consequently the order and colour labels 
did not match. The result is somewhat worse 
compared to the expected precision of colour 

value discrimination precision of the average 
human. The experiment has shown that the 
selection of measuring points on rock surface is 
subjective. In some cases it was difficult to infer 
which part of rock is described by a given colour 
value. Table 1 summarizes the determined colour 
labels for all samples. The last column shows the 
average of average CIE ΔE00* distance between 
the determined colour values in each group.

Table 1. Results of manual comparative rock colours determination on selected rock samples. From high average distances between 
individual readings it is obvious the subjective selection of the points of observation/comparison by the observers.

no. sample colour - 
mineral composition

estimated compared 
colours, number of 

students with the same 
estimation in brackets

average of average 
intermeasure 

distances in CIE 

1 mineralised  
skarn – contact- 

metamorphic rock

white – calcite 5Y 8/1 (3), N8 (3), 5GY 8/1, N7 8.71

green – epidote 10Y 5/4 (5), 10Y 7/4 (2), 10Y 6/6 8.79

red – granate 10R 2/2 (2), 10R 3/4, 5YR 3/4, 5R 2/2, 10R 6/2 16.97

black – ore mineral  
magnetite N2 (5), N3 (2), 5Y 2/1 5.23

2
hidrothermaly altered 
fine-grained magmatic 

rock

white – quartz 5Y 8/1 (2), N9 (2), 5B 9/1, 5G 8/1, N7, N8 11.88

dark green – chlorite 10GY 5/2 (3), 10G 4/2 (2), 10Y 4/2 8.65

light green – epidote 5GY 7/4 (3), 10Y 6/6 (2), 10Y 5/4, 5GY 7/2 10.39

3
mercury ore in  

carbonate host rock 
from the Idrija mine

red – cinnabarite 5R 3/4 (4), 5R 2/6 (2), 5R 4/6 (2) 7.60

grey – dolomite 5Y 6/1 (4), 5Y 6/2, 5Y 4/1, N7, N5 10.96

black – pirobitumen N1 (4), 5R 3/4, 10YR 2/2, 5GY 4/1 14.80

4 aluminium ore –  
bauxite

brown – goethite N2, N3 (2), N4, 10YR 2/2 (2), 5YR 3/2 (2), 10.35

yellow – lepidokrokite 10R 6/2, 5YR 5/6 (2), 10YR 6/6 (2), 10YR 8/6, 
10YR 5/4, 5YR 2/2 20.22

red – hematite 5R 4/6, 10R 3/4 (5), 10R 8/2, 10R 4/6 15.13

5 red hematitized  
limestone

red: hematite in limestone 
build of calcite;  

white: vein of pure calcite
10R 3/4 (3), 5R 4/6 (2), 5R 3/4 (2), 10R 5/4 8.76

6 chrome ore
green – serpentinite 10Y 5/4 (3), 10Y 7/4 (2), 5Y 7/6, 5Y 4/4, 5Y 6/4 13.36

black – ore mineral  
chromite N2 (4), N1, 5Y 2/1, 5G 2/1 6,53

7 aluminium ore

brown pigment– goethite 10R 6/6 (2), 10R 7/4 (5), 5R 6/6 5.81

yellow pigment – lepi-
dokrokite 5Y 8/4, 10YR 8/6 (7) 2.17

red pigment – hematite 10R 4/6, 5R 6/6, 10R 3/4 (5), 10R 5/4 12.05

8
carbonate host rock 

mineralised with 
lead and zinc 

black – ore mineral  
galenite N5 (3), N4 (2), N3 (2), 5G 4/1 10.96

brown – ore mineral 
sphalerite 5Y 8/1 (5), 5GY 8/1 (2), N9 5.71

white – dolomite 5Y 7/2 (3), 5Y 6/1 (2), 5GY 8/1 (2) 8.18

9
silicified carbonate 
rock mineralised by 

zinc

brown – ore mineral 
sphalerite

5Y 5/2, 10YR 6/6 (4), 5YR 3/4, 10YR 2/2, 5YR 
5/6 18.75

white – dolomite partly 
replaced by quartz 5Y 8/1 (2), N5, N7, 5G 8/1, 10YR 4/2, 5Y 6/1 (2) 18.80

10 coarse - grained  
igneous rock

white – plagioclase N9 (7), 5Y 8/1 3.37

pink – K feldspath 5R 7/4, 10R 8/2, 5R 8/2, 5YR 8/4, 10R 7/4 (2), 
5YR 6/4, 5YR 8/4 10.24

grey – quartz N5 (2), N6 (2), N7 (3), 5Y 8/1 11.48

black – biotite N1 (4), N2 (3), 5G 2/1 5.45
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Sample no. 3 is the only cut and polished sample. 
The values for red agree well, however for grey and 
black the students chose less saturated hues, i.e. 
purer grey and black. A possible explanation for 
this is that the surrounding red colour influenced 
the students’ perception of grey and black. Such 
phenomena of human visual perception are 
acknowledged by sharMa & Bala, 2002. We chose 
sample no. 5 for its relatively uniform coloration 
and therefore we instructed the students to 
determine only one colour value – in this case the 
subjectivity of choosing the measuring location 
is smaller. Samples no. 4 and 9 proved to be 
problematic as the students chose many different 
colour values. Sample no. 9 was problematic for 
the application as well since it contains small 
fragments of brown mineral sphalerite which 
somewhat reflects light – in this case it would be 
better to photograph the sample without using 
the flash and in a very high resolution to be able 
to analyse individual fragments. It would be 
necessary to examine and determine the optimal 
conditions for photographing samples that are 
reflecting light to different degrees.

Let us name a few other problems we noticed 
during the experiment. One of the students turned 
the colour chart the other way around and read 
the wrong colour values, however he noticed 
the mistake after finishing the first sample and 
corrected the results. One of the noted colour 
values was not a valid value in the Munsell 
system. Two of the students marked two different 
rock samples with the same number, however we 
managed to determine which sample they belong 
to in both cases by examining the remaining data. 
Some samples were missing a few of the colour 
values and there was one sample with one value 
more than the requested number of values. When 
transcribing the written data into the computer 
we made a few mistakes that were identified and 
corrected after proofreading. Colour analysis with 
the help of the application would solve most of the 
subjective causes for problems.

If we count the number of measures for each 
sample we can see that every colour is on average 
represented by four different Munsell colour 
values. If all the students took the measures on the 
same points of the rock sample and if we eliminate 
some of the other errors that occurred in the data, 
the average would likely be reduced. However, it is 
necessary to stress that the students were motivated 
volunteers who did the colour determinations in a 
well-lit room. We believe that the values acquired 
during field work would be much more varied, 
since we have to take into account the weather, 
and changing light conditions.

Discussion

Estimation of colour value and colour coverage 
for multicoloured objects in geology is very 
subjective especially in field work due to lack 
of time and unpredictable weather and lighting 

conditions. Objectivity is higher when these 
parameters are estimated on the samples brought 
from field work to the laboratory, where there are 
fewer time constraints and the lighting conditions 
are better. Moreover there is no precipitation, 
humidity is low and there is less chance to make 
the colour chart dirty or otherwise degrade its 
quality. The presented computer application is 
useful in both environments. During field work 
it enables very quick acquisition of the observed 
object’s colours information, while the analyses 
can be done later in the laboratory or office with 
the use of the proposed application when there is 
more time available.

The computer application also substantially 
enhances and improves the work in the laboratory. 

We propose to include colour calibrated 
photographs into the archives along with the 
samples or other objects of observation.

Further development of the application can 
take several directions. We can implement it as 
a web and/or mobile application suited for field 
work use. Digital photography is inexpensive 
and enables photographic documentation of all 
important rock outcrops on the route of field 
observation, which could result in several hundred 
observed outcrops and samples daily. With the 
synchronous capture of digital photographs of 
rocks outcrops and samples combined with the 
GPS coordinates the user can map rock colour 
variability in the area.

In areas where rock colour is distinctive of a 
specific part of the lithostratigraphic succession 
(lithostratigraphic unit) we can use the quality 
rock colour information as basic lithology 
recognition parameters, which in turn enable us 
to construct geological maps together with the use 
of structural and tectonic elements.

For further processing of the acquired data 
we can use additional statistical approaches (e.g. 
clustering) and with the help of crowdsourcing we 
can build a database containing colours of rock 
and mineral types, which could aid computer rock 
identification.

The proposed method is most useful for 
recognition of lithostratigraphic units, which 
contain varieties of clastic sedimentary and mixed 
carbonate-clastic sedimentary rock varieties. We 
believe that most of such lithostratigraphic units 
could be distinguished and recognised on the basis 
of the proposed method of colour analysis. 

Conclusions

Munsell Rock-color Chart and Munsell Soil-
color Chart for soils have already been used for 
precise comparative determination of rock and 
mineral colours for some decades. Determining 
colour values of multicoloured rocks in the field 
with the manual method is very time consuming 
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and consequently expensive. This is especially 
so in detrimental weather conditions when 
colour charts could get wet and/or dirty, making 
comparison inconvenient and can severely 
degrade the quality of the standard chart used 
for comparison. Conventional colour charts are 
relatively expensive, so every additional purchase 
in order to replace a dirty chart is an additional 
unplanned cost.

In search for the best compromise between 
time used for colour determination and quality 
of colour determination for multicoloured 
objects, each observer chooses their own set of 
representative points. This was found to be more 
or less subjective and did not necessarily result 
in colour values, which were representative for 
the observed outcrop or for a rock fragment, 
taking into account the surface area of a specific 
colour. 

Surface colour representation and coverage is 
often very subjectively estimated. Determination 
of colour surface coverage on the basis of a 
statistically representative number of evenly 
distributed points on the analysed surface is too 
time consuming and consequently too expensive 
and usually omitted. This results in subjectivity 
and an incorrect estimation of various visible rock 
characteristics.

Digital cameras have become a standard 
tool for documenting geological and other field 
observations. Besides various other information 
found in digital photographs, they can be also 
used as an objective source of colour values and 
their areal coverage on the captured objects, if the 
digital photographs are properly calibrated.

To provide fast, objective and repeatable 
colour values determination we have developed a 
computer application, which provides automatic 
colour calibration of digital photographs on the 
basis of a standard colour chart ColorChecker, 
systematically added onto the photographed 
surface. It automatically identifies colours within 
the Munsell colour system, and calculates colour 
surface/areal representativity coverage and 
logs the details of executed analyses (positions 
of measured points and areas saved along with 
calibrated images).

For digital photograph colour calibration we 
implemented the detection of the ColorChecker 
and Creative Enhancement Suite colour charts, 
which are a part of the ColorChecker Passport 
produced by the X-Rite Company. It is easy to 
add support for any other models or types of 
colour charts, if needed, as the used approach for 
detection and calibration is general and can be 
used for any of them. 

We have implemented four methods for 
computer colour calibration, which use 
evolutionary algorithms to determine the best 
coefficients for each method.

Methods for colour calibrations have improved 
the quality of colour information on practically 
all the digital photographs used in the assessment. 
In some test photographs, taken in non-controlled 
conditions, there was quite a big deviation of 
colour values from the reference values for the 
Creative Enhancement Target, which was not 
used in calibration (fig. 6). The deviation is likely 
a consequence of uneven natural lighting, so it is 
necessary that during the capture of the digital 
photographs, the colour chart and the outcrop, 
rock or any other object of photography, is as 
evenly illuminated as possible (e.g. by using camera 
flash). The test photographs were taken in very 
varied conditions on purpose, so the effectivity of 
the method could be tested.

The assessment results of the colour calibration 
methods we implemented also show that under 
laboratory conditions the colour distances from 
reference colour values are low and around the 
limit which still can be recognised by human vision. 
For the photographs taken under non-controlled 
conditions the average colour distances are larger, 
but still quite low and within acceptable limits.

Results of the comparison between the proposed 
automatic and the existing manual/comparative 
methods have shown, that manual/comparative 
colour determination is subjective and error-prone, 
even in stable laboratory conditions with no time 
pressure and with optimal lighting conditions.

The user interface of the developed computer 
application enables colour value determination 
at selected points and calculation of colour value 
coverage and average colour of a broader selected 
area. Selected annotation points and areas, and the 
detail of calibration are saved inside the metadata 
of photographs, which enables full repeatability, 
and verifiability of the analyses at a later date.

The described method is not limited to the 
field of geology and can be used in other areas, 
where colour determinations and colour areal 
representativity determination is a common task 
and objects of observation are of appropriate size 
to add a calibration colour chart into the scene, 
for example in soil science, archeology, biology, 
architecture, painting, art history etc.

References

aGarWala, a., aGraWala, M., cohen, M., salesin, 
D. & szelisKi, r. 2006: Photographing long 
scenes with multi-viewpoint panoramas. 
ACM Trans. Graph., 25/3: 853–861, 
doi:10.1145/1141911.1141966.

hastie, t., tiBshirani, r. & FrieDMan, j. 2009: The 
Elements of Statistical Learning: Data Mining, 
Inference, and Prediction, Second Edition, 
Springer.

Kelly, K. & juDD, D. 1976: Color: Universal Language 
and Dictionary of Names, U.S. Department of 
Commerce, National Bureau of Standards.

Computer aided method for colour calibration and analysis of digital rock photographs



260

loWe, D. 2004: Distinctive Image Features from 
Scale-Invariant Keypoints. International 
Journal of Computer Vision, 60/2: 91–110, 
doi:10.1023/B:VISI.0000029664.99615.94.

loWe, D. 1999: Object recognition from local scale-
invariant features. In 1150–1157, doi:10.1023/
B:VISI.0000029664.99615.94.

Mahy, M., van eycKen, l. & oosterlincK, a. 1994: 
Evaluation of Uniform Color Spaces Developed 
after the Adoption of CIELAB and CIELUV. 
Color Research & Application, 19/2: 105–121, 
doi:10.1111/j.1520-6378.1994.tb00070.x.

MccaMy, c.s., Marcus, h. & DaviDson, j.G. 1976: 
A color-rendition chart. J. Appl. Photogr. Eng., 
2/3: 95–99.

Munsell, a. 1905: A color notation, G. H. Ellis Company.
Myers, r.D. 2010: ColorChecker Passport Technical 

Review, revision 3.
rit Munsell color science laBoratory Munsell 

Renotation Data. Internet: http://www.cis.rit.
edu/research/mcsl2/online/munsell.php (3. 10. 
2014)

ruiz, j.F. & Pereira, j. 2014: The colours of 
rock art. analysis of colour recording and 
communication systems in rock art research. 
Journal of Archaeological Science, 50: 338–
349, doi:10.1016/j.jas.2014.06.023.

schanDa, j. 2007: Colorimetry: understanding the 
CIE system, Wiley.

scovanner, P., ali, s. & shah, M. 2007: A 
3-dimensional sift descriptor and its application 
to action recognition. In: Proceedings of the 
15th international conference on multimedia 
357–360. MULTIMEDIA ’07, New York, NY, 
USA: ACM, doi:10.1145/1291233.1291311.

sharMa, G. & Bala, r. 2002: Digital Color Imaging 
Handbook, Taylor & Francis.

sharMa, G., Wu, W. & Dalal, e.n. 2005: The 
CIEDE2000 color-difference formula: imple-
mentation notes, supplementary test data, and 
mathematical observations. Color research and 
application, 30/1: 21–30, doi:10.1002/col.20070.

Van hurKMan, a. 2013: Color correction handbook: 
professional techniques for video and cinema 
2nd ed., Berkeley, CA, USA: Peachpit Press.

verGauWen, M. & van Gool, l. 2006: Web-based 3D 
reconstruction service. Mach. Vision Appl., 17/6: 
411–426, doi:10.1007/s00138-006-0027-1.

X-rite, inc. 2009a: ColorChecker Passport User 
Manual. Internet: http://www.xrite.com/doc-
uments/manuals/en/ColorCheckerPassport_
User_Manual_en.pdf (3. 10. 2014)

X-rite, inc. 2009b: Munsell Rock-color Charts 
with genuine Munsell color chips.

X-rite, inc. 2009c: Munsell Soil-color Charts with 
genuine Munsell color chips.

yu, G. & Morel, j.M. 2011. ASIFT: An Algorithm 
for Fully Affine Invariant Comparison. 
Image Processing On Line 2011, doi:10.5201/
ipol.2011.my-asift.

Matic POTOČNIK, Bojan KLEMENC, Franc SOLINA & Uroš HERLEC



Nova knjiga

Goran Schmidt, 2015: Slovenska rudarska poročila iz rudišča Belščica v Karavankah s preloma 18. in 19. stoletja 
za Sigismonda (Žiga) Zoisa. Diplomatični in kritični prepis, interpretacija v sodobni slovenščini in komentar 

poročil o delovanju rudnika Žirovnica, ki sta jih med letoma 1797 in 1805 pisala rudarska nadzornika Lukas in 
Vincenc Polc; v Dodatku Geslovnik s komentarjem. Thesaurus memoriae Fontes 11, Zgodovinski inštitut Milka 

kosa ZRC SAZU, Ljubljana: 494 str. 

O zgodovini rudarjenja na slovenskem ozemlju 
obstaja mnogo zapisov, a nova monografija 
postavlja visoka merila tudi tej tematiki. Dr. Goran 
Schmidt je s svojim sistematičnim pristopom 
tako arhivskih virov, kot tudi terenskih pregledov 
podal obsežen pregled o zgodovini, delovanju in 
tudi geologiji nekdanjega rudišča Belščica izpod 
Stola v Karavankah. Monografija je zastavljena 
pregledno, kjer avtor predstavi nekaj značilnosti 
takratnih Zoisovih rudnikov. Sledi predstavitev 
poročil o rudišču Belščica, kjer poizkuša avtor 
locirati tudi omenjane rudne jame in predstavi 
avtorje arhivskih poročil in njihovo obliko. V enem 
od poglavij avtor predstavi rudarska poročila tudi 
z vidika jezikoslovja. 

Iz poročil je bilo mogoče razbrati izjemno veliko 
informacij, ki jih v publikaciji lahko prebiramo 
pod poglavji o organizaciji dela in delokrogih na 
rudišču. Sledijo zapisi o tehnologiji pridobivanja 
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rude, od rudniških načrtov, rudniških jam in rovov, 
odkopnih tehnik ter vse do količine izkopane rude. 
V geološkem delu publikacije najdemo zanimiva 
stara poimenovanja posameznih rud, kamnin, 
lege rudnih teles kot tudi problematike vdorov 
vode in plinov v rudniških rovih. Posebno, kratko 
poglavje je namenjeno tudi rudniku Žirovnica, ki 
je eden redkih rudnikov z ohranjenimi arhivskimi 
podatki skozi celotni čas delovanja. Največji 
del publikacije obsegajo diplomatični prepisi in 
kritični prepisi poročil. 

Pričujoča publikacija je opremljena tudi s 
slikovnimi dodatki, ki dejansko stanje rudarske 
dediščine najbolje izpričujejo fotografije 
zarušenih rovov in nekaterih drugih rudarskih del. 
Obsežnejšo slikovno gradivo bi pripomoglo k še 
boljši predstavitvi rudišča. Avtor je z nekaterimi 
sodelavci na koncu pripravil tudi geslovnik, kjer 
pojasnjuje mnoge posebne besede in besedne 
sklope in jih kritično opredeli. Prav geslovnik 
predstavlja izjemen prispevek k razumevanju in 
raziskovanju rudarske zgodovine, tudi nesnovne. 
Pregled literature in virov je obsežen, a še vedno 
pomanjkljiv, saj manjka nekaj pomembnejših 
avtorjev oziroma publikacij. Med njimi lahko 
izpostavimo dela Alfonsa Müllnerja, ki ni 
opisoval samo železarstva in rudnikov železa na 
Kranjskem, ampak tudi druge kovinske rudnike 
Kranjske v reviji Argo. Gotovo tudi geološka 
poročila Friedricha Tellerja in drugih geologov 
podajajo še več informacij o geološki zgradbi in 
zato lažji interpretaciji obdelanih poročil. Izmed 
kartografskih virov pa pogrešamo omembe 
Jožefinskih vojaških kart, nastalih med leti 1806-
1869, kjer so na ozemlju pod Stolom natančno 
označene rudniške jame in rudišče. 

Monografija Slovenska rudarska poročila iz 
rudišča Belščica v Karavankah na prelomu 18. in 
19. stoletja za Sigismonda (Žiga) Zoisa gotovo ne 
bo edina izpod peresa dr. Gorana Schmidta, saj 
kot poznavalec deluje na tem področju vrsto let. 
Ta publikacija je dober pokazatelj pomanjkanja 
podobnih del v zelo pestri rudarski zgodovini, ki 
je že desetletja zapostavljena. Seveda je teoretični 
del potrebno nadgraditi in dokumentirati tudi z 
terenskimi podatki, kar je gotovo tudi želja avtorja 
monografije in drugih raziskovalcev, saj snovna 
dediščina rudarstva izjemno hitro izginja nazaj v 
nedrja narave. 

Matija Križnar 
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Tudi tokrat je hidrogeološki kolokvij potekal 
v soorganizaciji Katedre za aplikativno geologijo 
- Oddelka za geologijo Naravoslovnotehniške 
fakultete in Slovenskega komiteja mednarodnega 
združenja hidrogeologov – SKIAH, prav tako 
kot lani, tudi letos v tednu Univerze v Ljubljani. 
Dogodek je bil sestavljen iz dveh delov. V prvem delu 
so bile podeljene nagrade SKIAH, v drugem delu, 
imenovanem Rim po Rimu pa so bila predstavljena 
predavanja in tudi večina posterjev, ki so jih v 
mesecu septembru imeli slovenski hidrogeologi v 
Rimu, na 42. hidrogeološkem kongresu.

Z letošnjim letom je SKIAH uvedel podeljevanje 
nagrad za pomembne dosežke na področju 
hidrogeologije. Nagrado Franceta Drobneta za 
mladega hidrogeologa je prejela dr. Nina Rman z 
Geološkega zavoda Slovenije za svojo doktorsko 
disertacijo z naslovom »Analysis of the extraction 
of thermal water from low enthalpy geothermal 
resources in sedimentary basins: a case study of 
the Mura-Zala sedimentary basin« (Izkoriščanje 
termalne vode iz nizko entalpijskega geotermalnega 
vira v sedimentnem bazenu na primeru Mursko-
zalskega sedimentnega bazena). Dr. Rman že ima 
zavidljivo raziskovalno bibliografijo, ki jo je na 
kratko povzela v predstavitvenem predavanju z 
nekoliko humornim naslovom »Odkrivanje tople 
vode ... «. Nagrado Dušana Kuščerja za življenjsko 
delo na področju hidrogeologije je prejel dr. Ljubo 
Žlebnik, ki je skoraj celotno svojo profesionalno 
kariero posvetil hidrogeologiji. Dr. Žlebnik sodi med 
pionirje kvantitativne hidrogeologije v Sloveniji, 
pomembno pa je zaznamoval tudi hidrogeologijo na 
območju nekdanje Jugoslavije. Ukvarjal se je z zelo 
širokim spektrom hidrogeoloških raziskav, med 
katerimi bi lahko izpostavili aplikativne raziskave 
za številne elektroenergetske objekte in regionalne 
hidrogeološke raziskave. Je tudi zelo plodovit pisec 
znanstvenih in strokovnih del, nekatera med njimi 
so danes za slovensko hidrogeologijo pomembna 
referenčna dela. Dr. Žlebnik je v zahvalnem 
govoru na kratko orisal svojo kareiro ter se ozrl 
na začetke izvajanja kvantitativnih terenskih 
poizkusov v kvartarnih vodonosnikih. Nagrade je 
podelil predsednik SKIAH mag. Zlatko Mikulič ob 
sodelovanju dr. Katice Drobne in Nuše Kuščer. 

V drugem delu kolokvija so sledila štiri 
predavanja. Prvo predavanje z naslovom 
»Ocenjevanje obnovljive in razpoložljive količine 
podzemne vode za načrtovanje upravljanja voda« 
avtorjev Mikulič, Uhan, Janža in Andjelov, je 
predstavil mag. Zlatko Mikulič. V predavanju 
so bila predstavljena zakonodajna izhodišča za 

upravljanje s podzemno vodo na območju Slovenije 
in metodološki pristopi, ki se jih v Sloveniji uporablja 
za ocenjevanje količinskega stanja podzemne vode. 

Drugo predavanje z naslovom »Geokemični 
procesi v podzemni vodi Velenjskega premogovnega 
bazena« avtorjev Kanduč, Samardžija, Grassa, 
Verbovšek, Vižintin, Supovec, Papež in Lenart, 
je predstavil dr. Timotej Verbovšek. Avtorji so se 
lotili podrobne analize geokemičnih značilnosti 
različnih podzemnih voda na širšem območju 
Velenja. Pri delu so bile uporabljene analize zelo 
širokega spektra, od klasičnih kemijskih analiz, do 
izotopskih analiz vode. Predstavljeni preliminarni 
rezultati kažejo na zelo raznoliko genezo in 
napajalno zaledje posameznih vodonosnikov.

Tretje predavanje z naslovom »Ranljivost vodnih 
virov z vidika podnebnih sprememb v jugovzhodni 
Evropi« avtorjev Čenčur Curk, Vrhovnik, Verbovšek, 
Corsini, Simonfy, Tahy, Dimkic, Nachtnebel, 
Hernegger, je predstavila dr. Barbara Čenčur 
Curk. Rezultati, ki jih je podala predavateljica so 
bili pridobljeni v okviru evropskega projekta CC-
Ware, ki je potekal v okviru regionalne iniciative 
Jugovzhodna Evropa. Projekt se je ukvarjal z 
aktualno problematiko vpliva podnebnih sprememb 
na oskrbo s pitno vodo. Avtorji projekta so na 
podlagi različnih podnebnih scenarijev izdelali 
dolgoročne napovedi razpoložljivih količin pitne 
vode v vodnih virih na širšem prostoru jugovzhodne 
Evrope. Analize so pokazale, da so najbolj ranljive 
mediteranske države na jugu Evrope, države 
centralne Evrope, kot sta Slovenija in Avstrija, pa 
večjih problemov ne pričakujeta. 

Četrto predavanje z naslovom »Regionalni 
tok podzemne vode v krasu« je predstavil dr. 
Mihael Brenčič. Pri toku podzemne vode v krasu 
še vedno obstajajo številni odpri problemi, ki 
so povezani z raztekanjem in koncentracijo 
odtoka. V predavanju so bila predstavljena 
teoretična izhodišča na podlagi katerih lahko 
nekatere značilnosti toka podzemne vode v krasu 
razložimo s pomočjo koncepta regionalnega toka 
in enotskega bazena po Tothu.

Dogodek je potekal v izredno sproščenem 
vzdušju h kateremu sta pomembno prispevala oba 
nagrajenca. Prav tako so predavanja in posterji, 
ki so jih slovenski hidrogeologi prestavili na 
hidrogeološkem kongresu v Rimu, pokazali, da je 
v Sloveniji hidrogeološka stroka zelo aktivna in 
da se lahko s svojimi rezultati enakovredno kosa s 
hidrogeološko stroko in znanostjo v tujini.
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5. Svetovni geotermalni kongres v Melbournu (Avstralija)
19. – 24. 4. 2015

Dušan RAJVER

Geološki zavod Slovenije, Dimičeva ul.14, SI–1000 Ljubljana; e-mail: dusan.rajver�geo-zs.si

V Melbournu se je aprila 2015 v centru 
MCEC odvijal 5. svetovni geotermalni kongres. 
Melbourne je glavno mesto zvezne države Viktorija 
in drugo največje avstralsko mesto s 3,5 milijoni 
prebivalcev. Svetovni geotermalni kongresi se 
v organizaciji Mednarodnega geotermalnega 
združenja (IGA) odvijajo vsakih pet let. Prejšnji 
kongresi so bili leta 2010 v Indoneziji (Nusa Dua, 
Bali), leta 2005 v Turčiji (Antalya), leta 2000 na 
Japonskem (v krajih Beppu in Morioka), prvi 
pa leta 1995 v Italiji (Firence). Pred letom 1995 
so se odvijali Mednarodni simpoziji o razvoju in 
izkoriščanju geotermalnih virov pod okriljem 
Združenih narodov. Prvi tovrsten simpozij je 
bil leta 1970 v Italiji (Pisa). Naslednji simpoziji 
so postali za svetovno javnost zanimivejši, saj 
so sledili prvemu svetovnemu naftnemu šoku 
leta 1973 in so šli vštric s pospešenim iskanjem 
alternativnih virov energije. Tako je leta 1975 
sledil drugi simpozij v San Francisku. Leta 1980 
svetovnega simpozija ni bilo. Leta 1985 in 1990 pa 
so pod okriljem ameriškega sveta za geotermalne 
vire (Geothermal Resources Council) organizirali 
Mednarodni simpozij o geotermalni energiji, 
obakrat na Havajih. 

Tokratni kongres sta organizirali dve državi, 
Avstralija in Nova Zelandija, udeležilo se ga je 
okoli 1600 udeležencev, od tega 1300 na samem 
kongresu. Sosklicatelja kongresa sta bili državni 
geotermalni združenji Avstralije in Nove Zelandije, 
pod glavnim sponzorstvom filipinske družbe 
Energy Development Corporation, tema kongresa 
pa je bila: »Views from down under – geothermal 
in perspective« (»Pogledi od tam spodaj - 
geotermalna v perspektivi«). Nova Zelandija je 
danes s 1005 MWe peta na svetu po instalirani moči 
geotermalnih elektrarn in s 7000 GWh v letu 2014 
celo četrta na svetu po proizvedeni elektriki iz teh 
elektrarn, v neposredni rabi geotermalne energije 
pa je na prav tako odličnem 14. mestu (8621 TJ 
ali 2395 GWh v letu 2014). Avstralija ima sicer 
le eno elektrarno na geotermalno energijo, ki je 
razvita na principu »izboljšanega (spodbujenega) 
geotermalnega sistema« (EGS), z instalirano močjo 
1,1 MWe. V neposredni rabi geotermalne energije 
(194,4 TJ v letu 2014) pa je sicer šele na 52. mestu 
med 82 državami, ki so poročale o neposredni 
rabi, vendar z dobrimi pogoji za nadaljnjo rast. 
Lahko rečemo, da sta obe državi svetovni kongres 
upravičeno organizirali s primerno predstavitvijo 
sodobnega stanja v razvoju in izkoriščanju 
geotermalne energije. 

Kongres je bil predvsem v primerjavi s tistim 
leta 2010 v Indoneziji nekoliko slabše obiskan 
zaradi velike oddaljenosti in s tem povezanih 

stroškov. Po drugi strani pa je bil letošnji kongres 
največji doslej po številu sprejetih referatov, s 
30% porastom v številu le-teh glede na kongres 
leta 2010. To je rezultat širitve svetovne dejavnosti 
v raziskavah in rabi geotermalne energije, kakor 
tudi porasta v popularnosti kongresa samega. 
Za ta kongres je bilo sprejeto 1346 referatov 
iz 89 držav, od teh je bilo 1076 predavanj v 12 
vzporednih sekcijah, 270 pa kot posterji.

Pod okriljem kongresa se je odvijalo več 
kratkih pred- in po-kongresnih tečajev 
(Gutiérrez-neGrín, 2015). Štirje od petih pred-
kongresnih tečajev so se odvijali na Univerzi 
Victoria v Melbournu. To so bili: (1) – Drilling, 
completion and testing of geothermal wells, (2) 
– Electricity generation from low-temperature 
geothermal resources, (3) – Reservoir engineering 
and reservoir management, in (4) – Scaling and 
corrosion in geothermal development. Tečaj (5) – 
Reducing drilling costs – from exploration to field 
management je financirala Svetovna banka ter se 
je odvijal v Melbournu. Edini tečaj po kongresu 
Geothermal policy and implementation – The 
New Zealand example se je odvijal v Taupo-ju 
(Nova Zelandija). Aktualne geotermalne téme, 
izjemni predavatelji in aktivna izmenjava mnenj 
udeležencev tečajev je pripomogla k uspešnosti 
tečajev, kar je zelo dvignilo uspešnost kongresa v 
celoti. Pred kongresom sta bili izvedeni tudi dve 
strokovni ekskurziji, 4-dnevna v državi Victoria in 
1-dnevna v okolici Melbourna, po kongresu pa še 
tri 3-dnevne ekskurzije po severnem otoku Nove 
Zelandije. 

Kongres v Melbournu je bil priča ponovnega 
zagona v geotermalnem razvoju, če primerjamo 
stanje le tega v obdobju treh mejnikov (tabela 
1). Od kongresa WGC 2005 dalje je skupno 88 
držav prikazalo oz. poročalo o izkoriščanju 
geotermalne energije: za proizvodnjo elektrike ali 
za neposredno rabo ali za oboje. Več podrobnosti o 
stanju neposredne rabe in proizvodnje elektrike iz 
geotermalne energije pa sledi v bodočem članku. 

Kam so osredotočeni glavni napori v raziskavah 
in razvoju, se vidi iz števila prevladujočih tém z 
vsaj 50 ali več referati na CD zborniku: geofizika 
(109), inženiring geotermalnih rezervoarjev (108), 
geokemija (99), raziskave (92), geologija (85), 
ocenitev virov (80), sedanje stanje izkoriščanja 
po državah (77), proizvodnja elektrike (74), EGS 
(59) in geotermalne toplotne črpalke (56). Znova se 
je izkazalo, da so posredne in površinske metode 
(geofizika, geokemija in geologija) zelo pomembne 
v raziskavah in upravljanju geotermalnih virov. 
Številni referati o raziskavah kažejo kako dejavno 
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je iskanje novih virov. Še nikoli ni bilo na kongresu 
toliko referatov osredotočenih na EGS sisteme, 
čeprav so poglavitne težave, vezane na vrtanje in 
stimulacijo rezervoarja, nekako zavlekle razvoj te 
tehnologije. 

Glede izkoriščanja geotermalne energije v 
Sloveniji znaša instalirana kapaciteta za neposredno 
rabo skoraj 188 MWt, letna izkoriščena geotermalna 
energija pa skoraj 1265 TJ ali 351,4 GWh (stanje 
na 31. dec. 2014), vključno z geotermalnimi 
toplotnimi črpalkami (posodobljeno po rajver et 
al., 2015). Prispevek geotermalnih toplotnih črpalk 
znaša 120,6 MWt oziroma 618 TJ/leto. Različne 
vrste uporabe zajemajo: individualno ogrevanje 
prostorov, daljinsko ogrevanje, klimatizacijo/
hlajenje, ogrevanje rastlinjakov, kopanje in plavanje 
z balneologijo, taljenje snega ter geotermalne 
toplotne črpalke.

Iz Slovenije se je kongresa udeležil le pisec 
tega prispevka, ki je predstavil dva referata 
(rajver et al., 2015a; rajver et al., 2015b), ostala 
dva referata, v katerih so avtorji sodelavci 
Geološkega zavoda Slovenije, pa sta predstavila 
M. O‘Sullivan iz univerze v Aucklandu oziroma 
G. Goetzl iz avstrijskega geološkega zavoda 
(rMan et al., 2015; Prestor et al., 2015). V centru 
MCEC je med kongresom potekala še razstava 
nekaterih najbolj znanih razvojnih inštitucij 
ter proizvajalcev in serviserjev raziskovalne in 
proizvodne opreme (za vrtine, cevovode, toplotne 
postaje, itd.) v geotermalnih raziskavah in 
razvoju ter izkoriščanju geotermalne energije. 
Naslednji svetovni geotermalni kongres bo leta 
2020 na Islandiji, še prej pa bo septembra 2016 
že naslednji evropski geotermalni kongres v 
Strasbourgu.
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Tabela 1. Stanje izkoriščanja geotermalne energije v svetu; navedena so leta, v katerih je bilo poročano na kongresih (Bertani, 2015; 
lunD & BoyD, 2015).

Leto 2005 2010 2015
Proizvodnja elektrike

Instalirana kapaciteta (MWe) 8933 10716 12635
Proizvedena elektrika (GWh/leto) 55709 67246 73549

Koeficient izkoristka 0,71 0,72 0,72?
Število držav 23 24 26

Neposredna raba
Instalirana kapaciteta (MWt) 28269 50583 70329
Izkoriščena energija (TJ/leto) 273372 438071 587786

Koeficient izkoristka 0,31 0,27 0,27
Število držav 72 78 82



Akademik, zasl. prof. dr. Matija Drovenik – zadnje slovo

Z žalostjo in velikim spoštovanjem se poslavljamo od dragega 
profesorja, sodelavca, akademika in zaslužnega profesorja, doktorja 
znanosti. univ. inženirja rudarstva Matije Drovenika.

Življenje prof. dr. Matije Drovenika se je začelo v Ljubljani 
14. februarja 1927. Tu je obiskoval osnovno šolo in gimnazijo. Kot 
sedemnajstletnega dijaka so ga julija 1944 zaradi sodelovanja v 
NOB aretirali in poslali v Nemčijo v taborišče Dachau in potem 
Rabstein. Po osvoboditvi se je vrnil domov in jeseni 1945 maturiral 
ter se vpisal na takratni Rudarski oddelek Tehniške visoke šole. 
Zaradi zanimanja za geološko stroko, znanja in vestnosti je že kot 
študent delal kot pomožni asistent na katedri za mineralogijo, 
petrografijo in nauk o rudiščih. Leta 1951 je prejel Prešernovo 
nagrado in naslednje leto z odliko diplomiral. 

Leta 1953 je začel pot rudnega geologa v vzhodni Srbiji v Boru. 
Stik s slovensko geološko stroko je ohranjal s pisanjem člankov, 
predvsem o borskem rudišču, v reviji Geologija. Za delo Prispevek 
k poznavanju kamnin Timočkega eruptivnega masiva mu je 1960 
ljubljanska univerza priznala habilitacijo in mesto univerzitetnega 
učitelja. Ker pa v Ljubljani ni imel stanovanja, je z družino ostal v 

Boru. Leta 1961 je na Univerzi v Ljubljani doktoriral z delom Geološko-petrološka študija širše okolice 
rudnika Bor (Vzhodna Srbija). Ko so istega leta v Boru ustanovili rudarsko-metalurško fakulteto, se je 
zaposlil kot izredni profesor in bil hkrati glavni geolog borskega bazena. Svoje znanje je preverjal in 
dopolnjeval na obiskih v tujini – v Franciji, Bolgariji, Sovjetski zvezi, Romuniji in Nemčiji. Med letoma 
1963 in 1965 je bil v Alžiriji svetnik v direkciji za rudarstvo in geologijo. 

Po vrnitvi v Slovenijo se je zaposlil na ljubljanski univerzi na takratni Fakulteti za naravoslovje in 
tehnologijo (FNT). Postal je predstojnik Inštituta za geologijo FNT ter strokovni sodelavec Geološkega 
zavoda in RUDIS-a. Leta 1970 je bil izvoljen za izrednega profesorja za predmete Mikroskopiranje 
rud in premogov, Raziskovanje in ocena nahajališč mineralnih surovin ter Teksture in strukture 
rud. Raziskovalno se je posvečal metalogenezi Slovenije, zlasti rudišču Idrija. Za razpravo o pogojih 
nastanka tega rudišča je skupaj z Ivanom Mlakarjem leta 1973 prejel nagrado Sklada Borisa Kidriča. 
Zvest pa je ostal tudi raziskovanju petrogeneze in orudenja v Boru. Bil je med prvimi geologi, ki so 
nastanek orudenj ugotavljali s takrat popolnoma novo metodo stabilnih žveplovih izotopov. 

Kot mednarodno priznani strokovnjak je leta 1967 proučeval bakrova rudišča v Čilu in Kolumbiji. 
S sodelavci je sestavil program za raziskovanje polimetalnih rudišč v Pontidih v Turčiji in kasneje tudi 
sam sodeloval pri raziskavah na tem območju. Leta 1973 je bil gost Nacionalne akademije znanosti 
ZDA, kjer se je seznanjal s pogoji nastanka ter geološko zgradbo bakrovih, svinčevo-cinkovih ter 
molibdenovih rudišč. Med leti 1972 in 1976 je večkrat obiskal severnoitalijanska in avstrijska Pb-Zn 
rudišča in jih primerjal z orudenjem v Mežici. 

Od ustanovitve Raziskovalne skupnosti Slovenije se je ukvarjal z organizacijo znanstveno-
raziskovalnega dela na področju geologije. Bil je pobudnik raziskovalnega projekta Mezozoik v 
Sloveniji, ki je bil takrat največji združevalni geološki projekt pri nas. Leta 1971 je bil predsednik 
organizacijskega komiteja 2. mednarodnega simpozija o rudnih nahajališčih v Alpah in bil naslednje 
leto izvoljen za svetnika Društva za geologijo mineralnih nahajališč (Society for Geology Applied to 
Mineral Deposits). Istega leta je postal tudi član uredniškega odbora revije Geologija.

Leta 1977 je bil prvič in leta 1982 ponovno izvoljen v naziv rednega profesorja. Leta 1978 je postal 
dopisni in 1987 redni član SAZU v razredu za naravoslovne vede. Med letoma 1992 in 1999 je bil glavni 
tajnik SAZU. 

V mnogočem je oral strokovno ledino. Med drugim je v Sloveniji vzpostavil delovanje Unescovega 
Mednarodnega programa za vede o Zemlji IGCP (International Geologic Correlation Programme). 
Bil je prvi predsednik nacionalnega odbora IGCP in ga je uspešno vodil celih 20 let, od leta 1978 pa 
vse do 1997. Ves čas si je prizadeval za vključitev čim večjega števila mladih raziskovalcev v projekte 
IGCP, predvsem pa za pravično razdeljevanje skromnih finančnih sredstev za mednarodno sodelovanje 
med vse raziskovalce. Zavedal se je, da geologija nima nacionalnih meja, in da je drobce spoznanj 
o našem planetu potrebno neprekinjeno združevati v enoten svetovni mozaik. Svoje bogato znanje 
in izkušnje je kot namestnik vodje mednarodnega projekta ter kot koordinator za Slovenijo skupaj 
s sodelavci vtkal v projekt IGCP št. 6: Korelacija diagnostičnih značilnosti rudišč baznih kovin v 
dolomitih in apnencih. Poleg tega je sodeloval še v treh projektih IGCP. Delo je v soavtorstvu z M. 

GEOLOGIJA 58/2, 265-267, Ljubljana 2015



266

Pleničarjem in F. Drovenikom okronal z monografijo Nastanek rudišč v SR Sloveniji, ki predstavlja 
katekizem za mikroskopijo rudnih mineralov pri nas. Kot rezultat tega dela je Oddelku za geologijo 
in vsem prihajajočim generacijam študentov zapustil neprecenljivo zbirko poliranih preparatov. 
Sistematizirani so po nahajališčih in poleg slovenskih predstavljajo tudi številna tuja rudišča. Prof. dr. 
Matija Drovenik je ostal častni član nacionalnega odbora IGCP do konca.

Akademik zaslužni prof. dr. Matija Drovenik je napisal 52 znanstvenih člankov, pet učbenikov, bil 
mentor dvema doktorandoma, trem magistrantom in 16 diplomantom. Poleg tega ni nikdar odrekal 
pomoči diplomantom pri drugih mentorjih.

Za svoje delo je prejel številna priznanja – red dela z zlatim vencem, plaketo Rudarsko-topilniškega 
bazena Bor, zahvalnico Tehniške fakultete v Boru, Univerze v Beogradu, Zoisovo plaketo ter Lipoldovo 
plaketo Geološkega zavoda Slovenije. 

Profesor Drovenik je rad pripovedoval o doživetjih iz svojega vsebinsko polnega življenja; iz časov 
svojega dela v borskem rudniku, iz strokovnih potovanj po štirih celinah, obiskov mnogih mineralnih 
nahajališč in znanstvenih inštitucij po svetu. V izjemnem spominu mu je ostalo izpopolnjevanje v 
Parizu pri mineralogu Jeanu Orcelu. Poudarjal je, koliko mu dolguje. O nečem pa ni rad govoril, o 
svoji izkušnji iz nacističnih taborišč. »V lagerju je bilo tako hudo«, je dejal nekoč, »da tega ni mogoče 
povedati - in ne pozabiti. Čeprav bi si to želel«.

Življenje mu tudi v nadaljnjem ni prizanašalo z bolečimi udarci usode. Po vrnitvi v Ljubljano iz 
Alžirije je umrl v cvetu let sin Matiček. Od te tragične izgube si vsa družina ni nikoli več povsem opomogla. 
Bolečina je bila prehuda. Vendar se Matija ni vdal, ni popustil. V življenju je hudo vračal z dobrim. V 
vsem svojem delovanju, od pedagoškega dela, znanstvenega raziskovanja, administrativnih dolžnosti 
v šoli, stanovskih organizacijah, vodenja raziskovalne dejavnosti, Unescovih geoloških programov, do 
reševanja povsem osebnih težav kolegov in študentov, se je izrazito odlikoval po delavnosti, občutku 
za pravičnost, natančnost, inovativnost in nepristranskost. Za njegove dosežke ga je UL imenovala za 
zaslužnega profesorja. O njegovem zavzemanju za etiko v raziskovalni dejavnosti priča tale zgled, ki 
zadeva njegov zadnji znanstveni članek o Boru iz leta 2006. V njem je, prizadet zaradi tamkajšnjega 
nekritičnega privzetja modela borskega nahajališča od drugod, tega argumentirano zavrnil na osnovi 
svojih rezultatov, pridobljenih s skrbnim proučevanjem geoloških razmer v rudišču. Poštenje v znanosti 
pomeni izvajati zaključke samo iz nepristransko pridobljenih, preverjenih opazovanj. V tem duhu je 
vzgajal tudi svoje študente. O uspešnosti priča bogata bera njihovih odličnih raziskovalnih in drugih 
delovnih dosežkov. Marsikakšna pedagoška in raziskovalna ureditev, ki jo je vzpostavil, živi dalje, 
marsikaj pa se je obrnilo drugače, kot si je zamislil, zlasti pozneje, ko se je upokojil.

Med svojimi študenti je bil eden najbolj priljubljenih profesorjev; pa ne toliko zaradi snovi same, 
kolikor zaradi žara in jasnosti s katerima je predaval, prizadevajoč si, da bi ga lahko vsi razumeli in 
mu sledili. Redki so bili, ki jih njegovo navdušenje ni prevzelo. Izredno nevsiljivo je znal ohranjati 
ravnotežje med sproščenim, rahlo humornim vzdušjem ter potrebno akademsko resnostjo. Kolikokrat 
se je med predavanji, ko je prišel do imena kakšnega kraja, ustavil in nas povprašal – pa veste kje 
je Chuquicamata? Seveda nismo vedeli, in že je hitel risati po tabli obris Južne Amerike in dodal še 
lastne izkušnje iz obiska tega dela sveta. Suhoparni podatki so se spremenili v zanimivo zgodbo in 
znanje se je kar samo usedlo v naše glave. V nas je znal vzbuditi zanimanje za opazovanje, povezovanje 
in razmišljanje. Pri mikroskopiji rud smo komaj čakali, da nam dodeli težji preparat in nam s tem da 
priznanje, da je opazil, koliko smo že sposobni videti in razumeti. Verjetno nihče od nas nikoli ne bo 
pozabil skritega mackinawita. Čeprav smo ga izredno spoštovali, se ga nismo nikoli bali. Prej nas je 
bilo sram, če ob vsem žaru in predanosti, ki ju je vložil v predavanja in vaje, nismo pokazali zadostnega 
znanja. Do nas se nikoli ni obnašal le kot profesor, prej kot blag, a strog in pravičen oče. Ko je neke 
mrzle zime odpovedalo centralno ogrevanje in se je mikroskopirnica spreminjala v ledenico, vaj seveda 
ni odpovedal, poskrbel pa je, da so nam postregli s čajem. 

Kljub čedalje hujšim zdravstvenim težavam zaradi zahrbtne bolezni se je še do pred nekaj leti 
ukvarjal z znanstvenim delom na področju svoje priljubljene vede - geologije mineralnih nahajališč. 

Bolezen je napredovala, izgubil je tudi življenjsko družico, gospo Majdo. Obolél za pljučnico, je 30. 
oktobra 2015 za vedno zaprl svoje trudne oči. Končalo se je bogato življenje vélikega človeka.

Profesor Drovenik bo vedno ostal prisoten v spominu vseh, ki nas je učil, njegovo bogato znanje pa 
je našlo pot tudi do novih generacij. Za seboj je zapustil sled, ki je čas ne more izbrisati. Njegovo delo 
bo ostalo priča vélikega raziskovalca.

Nina Zupančič
Simon Pirc

Mirka Trajanova
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Navodila avtorjem
GEOLOGIJA objavlja znanstvene in strokovne ~lanke s 
podro~ja geologije in sorodnih ved. Revija od leta 2000 
izhaja dvakrat letno. ^lanke recenzirajo doma~i in 
tuji strokovnjaki z obravnavanega podro~ja. Ob oddaji 
~lankov avtorji predlagajo tri recenzente, vendar pa si 
uredni{tvo pridržuje pravico do izbire recenzentov po 
lastni presoji. Avtorji morajo ~lanek popraviti v skladu 
z recenzentskimi pripombami ali utemeljiti zakaj se z 
njimi ne strinjajo.

Avtorstvo: Za izvirnost podatkov, predvsem pa mnenj, idej, 
sklepov in citirano literaturo so odgovorni avtorji. Z objavo 
v GEOLOGIJI se tudi obvežejo, da ne bodo drugje objavili 
prispevka z isto vsebino.

Jezik: ^lanki naj bodo napisani v angle{kem, izjemoma v 
slovenskem jeziku, vsi pa morajo imeti slovenski in angle{ki 
izvle~ek. Za prevod poskrbijo avtorji prispevkov sami.

Vrste prispevkov:
Izvirni znanstveni ~lanek
Izvirni znanstveni ~lanek je prva objava originalnih 
raziskovalnih rezultatov v tak{ni obliki, da se raziskava lahko 
ponovi, ugotovitve pa preverijo. Praviloma je organiziran 
po shemi IMRAD (Introduction, Methods, Results, And 
Discussion).

Pregledni znanstveni ~lanek
Pregledni znanstveni ~lanek je pregled najnovej{ih del 
o dolo~enem predmetnem podro~ju, del posameznega 
raziskovalca ali skupine raziskovalcev z namenom 
povzemati, analizirati, evalvirati ali sintetizirati informacije, 
ki so že bile publicirane. Prina{a nove sinteze, ki vklju~ujejo 
tudi rezultate lastnega raziskovanja avtorja.

Strokovni ~lanek
Strokovni ~lanek je predstavitev že znanega, s poudarkom na 
uporabnosti rezultatov izvirnih raziskav in {irjenju znanja.

Diskusija in polemika
Prispevek, v katerem avtor ocenjuje ali dokazuje pravilnost 
nekega dela, objavljenega v Geologiji, ali z avtorjem 
strokovno polemizira.

Recenzija, prikaz knjige
Prispevek, v katerem avtor predstavlja vsebino nove knjige.

Oblika prispevka: Besedilo pripravite v urejevalniku Micro-
soft Word. Prispevki naj praviloma ne bodo dalj{i od 20 
strani formata A4, v kar so v{tete tudi slike, tabele in table. 
Le v izjemnih primerih je možno, ob predhodnem dogovoru 
z uredni{tvom, tiskati tudi dalj{e prispevke.

^lanek oddajte uredni{tvu vklju~no z vsemi slikami, tabelami 
in tablami v elektronski obliki po naslednjem sistemu:
- Naslov ~lanka (do 12 besed)
- Avtorji (ime in priimek, naslov, e-mail naslov)
- Klju~ne besede (do 7 besed)
- Izvle~ek (do 300 besed)
- Besedilo
- Literatura
- Podnaslovi k slikam in tabelam
- Tabele, Slike, Table

Citiranje: V literaturi naj avtorji prispevkov praviloma 
upo{tevajo le tiskane vire. Poro~ila in rokopise naj navajajo 
le v izjemnih primerih, z navedbo kje so shranjeni. V seznamu 
literature naj bodo navedena samo v ~lanku omenjena dela. 
Citirana dela, ki imajo DOI identifikator, morajo imeti ta 
identifikator izpisan na koncu citata. Za citiranje revije 
uporabljamo standardno okraj{avo naslova revije. Med 
besedilom prispevka citirajte samo avtorjev priimek, v 
oklepaju pa navajajte letnico izida navedenega dela in po 
potrebi tudi stran. ^e navajate delo dveh avtorjev, izpi{ite 
med tekstom prispevka oba priimka (npr. Pleni^ar & BuSer, 
1967), pri treh ali ve~ avtorjih pa napi{ite samo prvo ime in 
dodajte et al. z letnico (npr. Mlakar et al., 1992). Citiranje 
virov z medmrežja v primeru, kjer avtor ni poznan, zapi{emo 
(internet 1). V seznamu literaturo navajajte po abecednem 
redu avtorjev.

Imena fosilov (rod in vrsta) naj bodo napisana po{evno, 
imena vi{jih taksonomskih enot (družina, razred, itn.) pa 
normalno. Imena avtorjev taksonov naj bodo prav tako 
napisana normalno, npr. Clypeaster pyramidalis Michelin, 
Galeanella tollmanni (Kristan), Echinoidea.

Primeri citiranja ~lanka:
Mali, n., urBanc, J. & leiS, a. 2007: Tracing of water 

movement through the unsaturated zone of a coarse gravel 
aquifer by means of dye and deuterated water. Environ. 
geol., 51/8: 1401–1412, doi:10.1007/s00254-006-0437-4.

Pleni^ar, M. 1993: Apricardia pachiniana Sirna from lower 
part of Liburnian beds at Diva~a (Triest-Komen Plateau). 
Geologija, 35: 65–68.

Primer citirane knjige:
Flügel, e. 2004: Mikrofacies of Carbonate Rocks. Springer 

Verlag, Berlin: 976 p.
Jurkov{ek, B., toMan, M., ogorelec, B., ŠriBar, l., droBne, 

k., PolJak, M. & ŠriBar, lJ. 1996: Formacijska geolo{ka 
karta južnega dela Trža{ko-komenske planote – Kredne 
in paleogenske kamnine 1: 50.000 = Geological map of the 
southern part of the Trieste-Komen plateau – Cretaceous 
and Paleogene carbonate rocks. Geolo{ki zavod Slovenije, 
Ljubljana: 143 p., incl. Pls. 23, 1 geol. map.

Primer citiranja poglavja iz knjige:
turn{ek, d. & droBne, k. 1998: Paleocene corals from the 

northern Adriatic platform. In: hottinger, l. & droBne, 
k. (eds.): Paleogene Shallow Benthos of the Tethys. Dela 
SAZU, IV. Razreda, 34/2: 129-154, incl. 10 Pls.

Primer citiranja virov z medmrežja:
^e sta znana avtor in naslov citirane enote zapi{emo:
^arMan, M. 2009: Priporo~ila lastnikom objektov, zgrajenih 

na nestabilnih obmo~jih. Internet: http://www.geo-zs.
si/UserFiles/1/File/Nasveti_lastnikom_objektov_na_
nestabilnih_tleh.pdf (17. 1. 2010)

^e avtor ni poznan zapi{emo tako:
internet: http://www.geo-zs.si/ (22. 10. 2009)

^e se navaja ve~ enot z medmrežja, jim dodamo {e {tevilko
internet 1: http://www.geo-zs.si/ (15. 11. 2000)
internet 2: http://www.geo-zs.si/ (10. 12. 2009)

Slike, tabele in table: Slike (ilustracije in fotografije), tabele in 
table morajo biti zaporedno o{tevil~ene in ozna~ene kot sl. 1, 
sl. 2 itn., oddane v formatu TIFF, JPG ali EPS z lo~ljivostjo 300 
dpi. Le izjemoma je možno objaviti tudi barvne slike, vendar 
samo po predhodnem dogovoru z uredni{tvom. Obvezno je 
treba upo{tevati zrcalo revije 172 x 235 mm. Ve~jih formatov 
od omenjenega zrcala GEOLOGIJE ne tiskamo na zgib, je 
pa možno, da ve~je oziroma dalj{e slike natisnemo na dveh 
straneh (skupaj na levi in desni strani) z vmesnim »rezom«. V 
besedilu prispevka morate omeniti vsako sliko po {tevil~nem 
vrstnem redu. Dovoljenja za objavo slikovnega gradiva iz 
drugih revij publikacij in knjig, si pridobijo avtorji sami. 
Table pripravite v formatu zrcala na{e revije.

^e je ~lanek napisan v slovenskem jeziku mora imeti celotno 
besedilo, ki je na slikah in tabelah tudi v angle{kem jeziku. 
Podnaslovi naj bodo ~im kraj{i.

Korekture: Te opravijo avtorji ~lankov, ki pa lahko popravijo 
samo tiskarske napake. Kraj{i dodatki ali spremembe pri 
korekturah so možne samo na avtorjeve stro{ke.

Prispevki so prosto dostopni na spletnem mestu: http://www.
geologija-revija.si/

Oddajanje prispevkov:
Avtorje prosimo, da prispevke po{ljejo na naslov uredni{tva:
GEOLOGIJA
Geolo{ki zavod Slovenije
Dimi~eva ulica 14, 1000 Ljubljana 
bernarda.bole�geo-zs.si ali urednik�geologija-revija.si

Uredni{tvo Geologije

GEOLOGIJA 58/2, 268, Ljubljana 2015
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