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Uvodnik

Oddelek za geologijo Univerze v Ljubljani se približuje svoji stoti obletnici. V celotnem obdobju svojega 

delovanja se je razvil in kadrovsko okrepil ter dosegel pomembne rezultate na pedagoškem, znanstvenem in 

strokovnem področju. Na Oddelku so različne stopnje akademske izobrazbe dosegli številni geologi, ki danes 

uspešno delujejo tako v Sloveniji, kot tudi v tujini. Vse to je zasluga današnje in mnogih predhodnih generacij, 

ki so v preteklosti delovale na Oddelku. Zato je prav, da se današnji člani Oddelka in vsi ostali slovenski geologi 

zavedamo svojih korenin in zaslug, ki jih imajo za naš razvoj profesorji, pri katerih smo začenjali svoje prve 

korake v svet geologije in se kasneje pri njih tudi izpopolnjevali. V tednu Univerze v Ljubljani decembra leta 

2016 smo na Oddelku za geologijo počastili okrogle življenjske obletnice štirih naših učiteljev, ki so v preteklosti 

nesebično razdajali svoje znanje številnim generacijam študentov. Profesorji Jožef Pezdič, Mihael Ribičič, France 

Šušteršič in Miran Veselič, kakor tudi drugi profesorji, so s svojim pedagoškim, znanstvenim in strokovnim delom 

pomembno zaznamovali slovensko geologijo ter Oddelek za geologijo. Njihovemu delu so posvečeni članki v obeh 

številkah 60. letnika revije Geologija, ki so jih napisali njihovi učenci, predvsem diplomanti in doktorski študentje, 

zato je prav, da si v uvodniku prve številke na kratko ogledamo tudi življenje in delo slavljencev.

Redni prof. dr. Jožef Pezdič, univ. dipl. inž. geol., se je rodil 8. marca 1945 v Radovljici. Tam je obiskoval 

osnovno šolo in se nato vpisal v gimnazijo v Kranju, ki jo je zaključil leta 1964. Istega leta se je vpisal na Fakulteto 

za naravoslovje in tehnologijo v Ljubljani, smer geologija. Svojo raziskovalno smer je začrtal že v diplomi leta 1985 

z naslovom »Izotopske značilnosti mineralne vode na področju Rogaške Slatine«, šest let kasneje pa je doktoriral s 

področja izotopov, z naslovom disertacije »Izotopi v termo-mineralnih vodnih sistemih«. Njegova prva zaposlitev 

leta 1965 je bila na inštitutu Jožef Stefan, kjer je ostal vse do leta 1996, ko se je istega leta kot visokošolski učitelj 

zaposlil na takratni Fakulteti za naravoslovje in tehnologijo v Ljubljani. Leta 1992 je bil izvoljen v naziv docenta, 

1998 v izrednega profesorja in 2004 v naziv rednega profesorja.

Ukvarjal se je z različnimi geološkimi in kemičnimi tematikami, največji pečat pa je pustilo njegovo delo 

na področju izotopske geokemije in laboratorijskih tehnik, s katerim se je ukvarjal celotno svojo kariero. Poleg 

tematike izotopov se je ukvarjal tudi s termomineralnimi vodami (predvsem v Prekmurju), geokemičnim 

modeliranjem, raziskovanjem fluidov (plinov in vode), s posebnim poudarkom na CO2 ciklusu in s sorpcijo plinov 

v Velenjskem premogovniku. Rezultati njegovega raziskovalnega dela so vidni v številnih objavah in publikacijah. 

Tako je bil prvi avtor ali soavtor 88 izvirnih znanstvenih člankov, že zelo zgodaj pa je izkazoval veliko citiranost 

v mednarodnih revijah (do sedaj skupaj 416 citatov sistemu v Web of Science od tega 319 čistih citatov). Bil je tudi 

soavtor poglavij v treh tujih znanstvenih monografijah. Njegov pomemben pedagoški in znanstveni dosežek je 

visokošolski učbenik z naslovom »Izotopi in geokemijski procesi«, s katerim je povzel znanje in številne primere 

uporabe stabilnih in radioaktivnih izotopov v geologiji. Njegova strokovna dejavnost obsega 48 strokovnih poročil 

in elaboratov s tematike geokemije, izotopov, termalnih vod in rudišč ter 75 ekspertiz s področja ocene različnih 

posegov v okolje. V sistemu COBISS je v njegovi bibliografiji skupaj zabeleženih 326 del. Že od leta 1970 dalje je 

bil vključen v številne raziskovalne projekte. Sodeloval  je pri sedmih ARRS projektih, od tega je bil pri dveh 

(Mehanizmi nastajanja, prenosa in kopičenja plinov v premogovnih slojih in Geokemija supergene cone v Sloveniji) 

tudi vodja. Vodil je IAEA mednarodni projekt in bil nosilec bilateralnih in mednarodnih projektov (InterReg in 

IGCP). Profesor Pezdič je bil mednarodno dejaven tudi z gostovanjem in pedagoškim delom v tujini (Nemčija, 

Češka), izvajal je vabljena predavanja v več državah Evrope in v Kanadi, pedagoško je cel semester deloval na 

Masarykovi univerzi v Brnu ter opravil polletno raziskovalno specialistično delovanje na UFZ Leipzig (Nemčija). 

Bil je tudi organizator nekaterih mednarodnih kongresov, med drugim 4th Isotope Workshop v Portorožu. Vrsto 

let je bil glavni in odgovorni urednik revije RMZ-Materials and Geoenvironment ter član uredniškega odbora 

biltena Mineralne surovine.

Njegovo pedagoško delo je bilo zelo pestro. V času svojega delovanja na fakulteti je imel predavanja iz 

predmetov Geokemija in okolje, Ekonomska geologija, Organske surovine, Tehnična geologija 1 in Sklepne 

terenske vaje. Poleg tega je bil tudi nosilec predmetov na podiplomskem študiju geologije in varstva okolja. V času 

svojega pedagoškega delovanja je bil mentor 28 diplomantom (ter dvakrat somentor), trem magistrantom (Andreji 

Ramšak, Roku Pencu, Tjaši Kanduč ter dvema somentor - Mateju Karahodžiču in Nataši Kukar). Pod njegovim 
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mentorstvom je doktoriralo osem doktorjev znanosti: Jože Uhan, Tamara Teršič, Miloš Markič, Timotej Verbovšek, 

Tjaša Kanduč, Simon Zavšek, Branka Trček, Sonja Lojen, bil pa je tudi somentor pri doktorski disertaciji Mateja 

Dolenca. Po upokojitvi je ustanovil lastno podjetje GEORIS - raziskovanje, izobraževanje in svetovanje, Jožef 

Pezdič s.p., preko katerega aktivno sodeluje s Premogovnikom Velenje in številnimi drugimi organizacijami v 

javnem in zasebnem sektorju. 

Izredni prof. dr. France Šušteršič, univ. dipl. inž. geol., se je rodil 8.6.1945 v Ljubljani, kjer je obiskoval II. 

gimnazijo. Po končani maturi se je leta 1966 vpisal na Oddelek za geologijo in študij dokončal leta 1976 z diplomsko 

nalogo z naslovom »Kvartarni sedimenti v zasutih breznih notranjskega krasa«. Leta 1985 je doktoriral s tezo 

»Uporabnost Fourierjeve analize v fizikalni speleologiji«. Kariero profesorja Šušteršiča so v celoti zaznamovali 

kras, jamarstvo in speleologija. Že v srednješolskih letih je postal aktiven jamar in član Društva za raziskovanje 

jam Ljubljana. To svojo strast je zadržal vse do danes, prenesel jo je v svoje znanstveno raziskovalno delo ter tudi 

na svoje učence. Že pred diplomo se je leta 1974 zaposlil na Inštitutu za raziskovanje krasa v Postojni, kjer je ostal 

vse do leta 1988, ko se je zaposlil na Oddelku za geologijo Fakultete za naravoslovje in tehnologijo, na katerem je 

deloval vse do svoje upokojitve leta 2008. V naziv docenta je bil izvoljen leta 1988 in v naziv izrednega profesorja 

leta 1994. Na Oddelku je v letih 1998 do 2000 opravljal tudi funkcijo predstojnika.

Znanstveno delovanje profesor Šušteršiča sega na številna področja krasoslovja, pri tem je dosegel pomembne 

uspehe in tudi širši odmev v mednarodnem merilu. Temeljito se je posvečal teoriji razvoja krasa, v okviru 

katere je postavil »Model čistega krasa«, prav tako temeljen je njegov premislek na področju speleogeneze, ki 

sega od splošnih principov, pa vse do speleogeneze posameznih jam različnih velikosti. Zelo veliko pozornosti 

je posvečal nastanku in razvoju vrtač in udornic ter tudi geomorfologiji kraških polj. Pri svojem znanstvenem 

delu je vpeljeval številne matematične modele in metode. Do sedaj je sam ali v soavtorstvu objavil 34 izvirnih 

znanstvenih člankov, 8 preglednih znanstvenih člankov, 30 strokovnih člankov, 25 poljudnih člankov, 2 poglavji 

v znanstvenih monografijah in 3 poglavja v strokovnih monografijah. V okviru naštevanja njegovih zaslug, je 

potrebno omeniti tudi njegov jamarski prispevek, ki je tesno povezan z njegovim znanstvenim delom. Skupaj 

s prijateljem Matjažem Pucem sta že v študentskih letih na noge postavila kataster jam, ki predstavlja temelje 

sodobnega katalogiziranja jam in je vzor številnim jamarskim katastrom po svetu. Seveda je v ta kataster kot 

prvopristopnik prispeval številne zapisnike. Med njegove najpomembnejše jamarske dosežke sodijo raziskave 

Najdene jame pri Lazah na Planinskem polju, kjer si je tudi ustvaril svoj dom. Je dolgoletni član uredništva revije 

Naše jame in nekaj časa tudi njihov urednik. 

Na Oddelku za geologijo je poučeval številne predmete. Na dodiplomskem študiju so bili to Geologija krasa, 

Statistika v geologiji, Fizikalna geologija z geomorfologijo in Opisna geometrija. Bil je tudi nosilec predmetov na 

podiplomskem študiju. Svoje bogato krasoslovno znanje je na študente prenašal tudi v Speleološkem krožku. O 

krasu je predaval na univerzah Aix-en-Provance, Clausthal, Padova in Brno. Bil je mentor petim diplomantom in 

somentor šestim diplomantom. Mileni Zlokulica je bil mentor pri magisteriju ter mentor pri doktoratih Martinu 

Knezu, Tereziji Lenarčič, Nadji Zupan Hajna in Marku Vrabcu. Profesor Šušteršič ostaja strokovno in znanstveno 

aktiven tudi po svoji upokojitvi. Tako nemalokrat vodi ekskurzije študentov geologije in tudi druge skupine, ki se 

zanimajo za kras. Še vedno je aktiven jamar, publicist ter pisec zlasti polemičnih jamarskih zapisov.

Izredni prof. dr. Mihael Ribičič, univ. dipl. inž. geol., se je rodil 20. 5. 1946 v Ljubljani, kjer je tudi obiskoval 

osnovno šolo in gimnazijo. Leta 1964 se je vpisal na študij geologije na takratni Fakulteti za naravoslovje in 

tehnologijo Univerze v Ljubljani. Študij geologije – praktična smer – je leta 1973 zaključil z diplomskim delom 

“Geološke razmere med Podutikom in Jamo” in se zaposlil na Geološkem zavodu Ljubljana, kjer je deloval na 

področju inženirske geologije. 

Svoje znanje je stalno nadgrajeval, s svojimi idejami pa je zagotovo pustil velik pečat v razvoju inženirske 

geologije pri odkopavanju premoga v rudniku lignita Velenje, saj je s sodelavci razvil odkopne metode na območju 

lignita, kjer preti nevarnost vdorov vode, blata, peska in plina v jamske prostore Premogovnika Velenje. Razvijal je 

tudi metode za in-situ preiskave - meritve napetosti z različnimi hidravličnimi celicami in hidravlično frakturizacijo 

so bile v premogovniku uporabljene celo prvič na svetu. Bil je tudi pionir pri uvajanju geotomografske seizmične 

metode za proučevanje rušnih procesov pri širokočelnem odkopavanju premoga z vertikalnim pridobivanjem. 

V tem obdobju je leta 1986 zagovarjal magistrsko nalogo “Matematično modeliranje zarušnih procesov pri 

odkopavanju premoga v Rudniku lignita Velenje z metodo končnih elementov“, leta 1988 pa doktorsko nalogo 

“In-situ meritve za določitev pogojev odkopavanja v debelih premoških slojih, kjer preti nevarnost vdorov vode in 

tekočih mas“. Leta 1988 je opravil tudi projektantski izpit in postal samostojni projektant v rudarstvu.

V drugi polovici kariere se je ukvarjal predvsem z naravnimi nesrečami, predvsem s plazovi in potresi. 

Preučeval je posledice potresov v naravi in kako na tej osnovi ocenimo jakost potresa ter napovemo potencialno 

ogroženost glede na intenziteto potresa. Na področju varstva pred plazovi je uvedel metodologijo popisa 
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fosilnih plazov s pomočjo GIS-a in metodologijo določanja verjetnosti pojavljanja plazov, podorov, drobirskih 

tokov ter kart ogroženosti. Bil je tudi član Strokovnega odbora za plazove večjega obsega pri Ministrstvu za 

okolje in prostor. Stalna želja po znanju ga je vodila v uvajanje novih pristopov v geološko stroko: matematično 

modeliranje, GIS, daljinsko zaznavanje, umetna inteligenca, nevronske mreže in še bi lahko naštevali. Del 

njegovega znanstvenega dela je bil vezan tudi na gradnjo prometnic, kjer je proučeval merske in raziskovalne 

metode ter vpliv geološke zgradbe na pogoje odkopavanja in vpliv tehnologije odkopavanja na okolje. Strokovno 

delo je zahtevalo tudi projektiranje in nadzor, zato je leta 1997 opravil projektantski izpit in postal samostojni 

projektant v gradbeništvu. V bogati strokovni in znanstveni karieri je napisal 17 izvirnih znanstvenih člankov, 

2 pregledna znanstvena članka in 25 strokovnih člankov. Izdal je nekaj znanstvenih monografij, med katerimi so 

tudi karte dovzetnosti pojavljanja plazov in drobirskih plazov. 

Akademsko kariero je začel leta 1989, ko je bil prvič izvoljen v naziv docenta. Do leta 2004, ko se je redno 

zaposlil na Naravoslovnotehniški fakulteti, je poleg redne zaposlitve pogodbeno predaval Inženirsko geologijo I 

in II, Tehnično geologijo ter se udeleževal Sklepnih terenskih vaj, kjer je podajal inženirsko geološke tematike. Bil 

je tudi nosilec predmetov na podiplomskem študiju geologije in varstva okolja. Vsi ti predmeti so ozko usmerjeni, 

zato je zanje potrebno široko izkustveno znanje, ki ga je pridobil v svoji dolgoletni strokovni in znanstveni 

karieri. Ravno zaradi tega so bila njegova predavanja vedno zelo zanimiva. Že na začetku akademske kariere je 

napisal skripta, ki se uporabljajo še danes. Leta 2006 je bil izvoljen v izrednega profesorja. Vzgojil je mnoge mlade 

inženirske geologe, saj je bil mentor 67 diplomantom in somentor devetim diplomantom. Poleg tega je bil mentor 

osmim magistrandom (Tomaž Beguš, Anton Dular, Magda Čarman, Karmen Fifer Bizjak, Janez Hafner, Mitja 

Janža, Albin Križnič, Katarina Žnideršič) ter somentor pri treh magisterijih. Mentor je bil pri desetih doktoratih 

(Tomaž Beguš, Magda Čarman, Karmen Fifer Bizjak, Janez Hafner, Mitja Janža, Marko Komac, Drago Ocepek, 

Matevž Uroš Pavlič, Mojca Videnič, Renato Vidrih).

Izredni prof. dr. Miran Veselič se je rodil 6.11.1946 v Mariboru. V Ljubljani je obiskoval II. gimnazijo, na 

kateri je tudi maturiral. Po končanem srednješolskem izobraževanju se je vpisal na Oddelek za geologijo takratne 

Fakultete za naravoslovje in tehnologijo, ki ga je obiskoval v letih 1966 do 1972. Študij geologije je zaključil 

z diplomsko nalogo z naslovom »Hidrogeologija akumulacijskega bazena Završnica«. Po diplomi se je zaposlil 

na Geološkem zavodu Ljubljana na Oddelku za inženirsko geologijo in hidrogeologijo, ki je deloval v okviru 

organizacijske enote Geologija, geotehnika in geofizika. Na svojem prvem delovnem mestu je nadaljeval z delom 

na področju hidrogeologije, ki ga je pritegnila že kot študenta. To je v prihodnosti postalo tudi glavno torišče 

njegovega strokovnega in znanstveno raziskovalnega dela. Želja po znanju ga je vodila na Univerzo v Bordeauxu I 

v Franciji, kjer je leta 1975 najprej magistriral s tezo posvečeno vodni bilanci in izračunu evapotranspiracije, 

leta 1978 pa je na isti univerzi še doktoriral s tezo posvečeno problematiki črpanja podzemne vode iz polzaprtih 

vodonosnikov.

Profesor Veselič je že na začetku svoje kariere prevzel številne strokovne naloge, tako je v času svoje zaposlitve 

v letih od 1974 do 1993 na Geološkem zavodu Ljubljana vodil številne projekte, med katere so sodili tako projekti 

usmerjeni v posamezne hidrogeološke ekspertize, kot tudi projekte velikega obsega, ki so terjali vključitev 

širokega spektra geologov, kot tudi drugih strokovnjakov. Njegovo dejavnost zaznamujejo številni elaborati in 

ekspertize. Med najpomembnejše strokovne prispevke k razvoju hidrogeologije ter izkoriščanju mineralnih surovin 

nedvoumno sodi obsežno in dolgoletno delo v Premogovniku Velenje, kjer je hidrogeološka problematika zelo 

izpostavljena. Sam in v sodelovanju s sodelavci v svojem strokovnem timu je razvil številne strokovne, tehnološke 

in ekonomske rešitve, ki so omogočile učinkovito in varno izkoriščanje premoga ter imele svoj odmev tudi izven 

meja. Pomembno področje njegovega delovanja je bila tudi geotermija, kjer je raziskoval tako v Sloveniji, kot tudi 

v Bosni in Srbiji. Leta 1993 se je za kratek čas zaposlil na Fakulteti za naravoslovje in tehnologjo, nato pa je leta 

1994 prevzel vodenje takratnega Rudarskega inštituta Ljubljana, ki se je pod njegovim vodstvom preimenoval v 

Inštitut za rudarstvo, geotehnologijo in okolje – IRGO ter razširil področje svojega delovanja. Inštitut je vodil 

do leta 2002, ko je prevzel mesto direktorja Agencije za radioaktivne odpadke, ki jo je vodil do leta 2008.  V 

času njegovega vodenja so bili uspešno izpeljani postopki umeščanja odlagališča nizko in srednje radioaktivnih 

odpadkov v prostor.

Tako kot je bilo pestro njegovo strokovno delo, je tudi v znanosti posegal na številna področja hidrogeologije. 

Svoje strokovno delo na področju geotermije in rudniške hidrogelogije je nadgradil tudi z znanstvenimi objavami. 

Poleg že navedenih tematik se je znanstveno ukvarjal še s problematiko upravljanja in zaščite vodnih virov ter 

s hidrogeologijo krasa. Samostojno in v soavtorstvu je napisal 26 znanstvenih člankov,  2 pregledna znanstvena 

članka, 5 poglavij v znanstvenih monografijah, številne strokovne članke, pogosto pa je na različnih znanstvenih 

in strokovnih dogodkih sodeloval kot vabljeni predavatelj. Pri pregledu dosežkov profesorja Veseliča ne moremo 

mimo dejstva, da je sodeloval v številnih strokovnih združenjih in da je bil dolgo vrsto let prvi predsednik 
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Slovenskega komiteja mednarodnega združenja hidrogeologov, v tem združenju pa je opravljal tudi pomembno 

funkcijo na mednarodnem nivoju. Prav tako je pomembno tudi njegovo predsedovanje Mednarodnemu združenju 

za rudniške vode, kjer mu je bil za njegove zasluge podeljen tudi naziv častni predsednik. 

Profesor Veselič je predaval tako na Oddelku za geologijo, kot tudi na Oddelku za rudarstvo. Predaval 

je predmeta Hidrogeologija in Hidrodinamika v kamninah. Bil pa je tudi nosilec predmetov Metode 

hidrogeoloških raziskav in Dinamika podzemne vode na podiplomskem študiju. Pogosto je bil član komisij 

za zagovor doktoratov, tako na Univerzi v Ljubljani, kot tudi na tujih univerzah. Organiziral pa je tudi šole s 

področja hidrogeologije. V času svojega pedagoškega delovanja je bil mentor 24 diplomantom, 8 magistrantom 

(Mihael Brenčič, Barbara Čenčur Curk, Nina Mali, Andrej Lapanje, Metka Petrič, Joerg Prestor, Goran Vižintin, 

Vesna Zupanc) in mentor pri 4 doktorskih disertacijah (Mihael Brenčič, Barbara Čenčur Curk, Metka Petrič, 

Branka Trček). Poleg tega je opravil še številna delovna mentorstva mladim raziskovalcem ter mentorstva na 

strokovnem usposabljanju. 

Profesor Veselič ostaja strokovno in znanstveno aktiven tudi po svoji upokojitvi, saj pri številnih projektih, na 

podlagi svojih bogatih izkušenj, sodeluje kot konzultant in recenzent.

Jubileju naših učiteljev je v posameznih sklopih posvečeno skupaj 14 člankov. V prvi številki Geologije so 

profesorju Pezdiču posvečeni trije članki.  Avtorji Tjaša Kanduč, David Kocman in  Timotej Verbovšek so prispevali 

članek z naslovom »Biogeokemija izbranih slovenskih rek (Kamniška Bistrica, Idrijca in Sava v Sloveniji): vpogled 

v rečno vodno geokemijo, stabilne izotope ogljika in snovne tokove preperevanja«. Jože Uhan je prispeval članek 

»Ranljivost podzemne vode glede na nitratno onesnaženje v aluvialnih vodonosnikih Slovenije – primer Spodnje 

Savinjske doline«. Avtorja Branka Trček in Albrecht Leis sta prispevala članek »Pregled izotopskih raziskav 

podzemne vode v razpoklinskem vodonosnem sistemu na območju Rogaške Slatine«. V prvi številki revije so 

jubileju profesorja Ribičiča posvetili članek »Retencijske lastnosti trdnih meljev« avtorji Barbara Likar, Vikica 

Kuk, Karmen Fifer Bizjak.

V sklop člankov posvečenih pomembnim življenskim obletnicam naših učiteljev sodijo še naslednji članki: 

Luka Gale, Uroš Novak, Teja Kolar Jurkovšek, Matija Križnar in France Stare: »Značaj okremenjene fosilne 

združbe zgornjekarnijskih amfiklinskih plasti pri Crngrobu (osrednja Slovenija)«; Rok Gašparič, Matija Križnar: 

»Spodnjemiocenska rakovica Retropluma slovenica Gašparič & Hyžný, 2014 iz govških plasti Tunjiškega 

gričevja«; Matija Križnar, Davo Preisinger: »Novo najdišče pleistocenske sesalske favne v kamnolomu pri Črnem 

Kalu (Primorska, Slovenija) ter problematika zaščite in ohranjanja najdišč v kamnolomih«.

V drugi številki 60. letnika Geologije bodo izšli članki posvečeni vsem štirim slavljencem. Profesorju Veseliču 

bodo posvečeni članki: Mihael Brenčič, Teja Keršmanc: »Hidrogeološke razmere na poplavni ravnici – primer 

reke Mure pri Hrastju Mota (SE Slovenija)«; Metka Petrič: »Študij dinamike toka vode v kraškem vodonosniku 

z metodami sledenj z naravnimi in umetnimi sledili: primer kraških izvirov Malenščica in Unica«; in Branka 

Trček: »Uporaba naravnih sledil za študij drenažnega sistema nezasičene cone vodonosnika Ljubljanskega 

polja«. Profesorju Šušteršiču bosta posvečena članka Marko Vrabec, Galena Jordanova: »Analiza sistematične 

razpokanosti eocenskih flišnih kamnin Slovenske obale«; in Mihael Brenčič, Mateja Jelovčan, Teja Keršmanc: 

»Poplavljanje Planinskega polja – izboljšani katalog poplavnih dogodkov«. Profesorju Ribičiču bo posvečen članek 

Marko Komac, Matevž Pavlič: »Nadgradnja ploskovnega erozijskega modela z območji erozije v strugah – primer 

občine Bohinj«. Profesorju Pezdiču bo posvečen članek Miloš Markič: »Visoka vsebnost arzena (As) v premoški 

snovi iz neogenskih sedimentov Panonskega bazena na območju Slovenije«.

Avtorji prispevkov, gostujoči uredniki člankov posvečenih jubilantov, kakor tudi vsi ostali kolegi želimo 

slavljencem še naprej uspešno in ustvarjalno znanstveno, raziskovalno in strokovno delo. Pričujoči članki pa naj 

predstavljajo skromno zahvalo za ves trud vložen v izobraževanje na področju geologije, kakor tudi za prispevek 

k razvoju stroke v najširšem pomenu.

Mihael Brenčič, Barbara Čenčur Curk, Luka Gale, Timotej Verbovšek

(gostujoči uredniki)
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Abstract

Review of biogeochemical processes studied in three Slovenian rivers (River Kamniška Bistrica, River Sava 
in Slovenia and River Idrijca), which represent an ideal natural laboratory for studying biogeochemical processes 
and anthropogenic impacts in catchments with high weathering capacity is presented. The River Kamniška 
Bistrica, the River Sava in Slovenia and the River Idrijca water chemistry is dominated by HCO3

-, Ca2+ and Mg2+, 
and Ca2+/Mg2+ molar ratios indicate that calcite/dolomite weathering is the major source of ions to the river system. 
The Kamniška Bistrica River, the River Sava and River Idrijca and its tributaries are oversaturated with respect 
to calcite and dolomite. pCO2 concentrations were on average up to 25 times over atmospheric values for River 
Kamniška Bistrica, 20 times for River Sava and 13 times over atmospheric values for River Idrijca. δ13CDIC values 
ranged from -12.7 to -2.7 ‰ in River Kamniška Bistrica, from -12.7 to -6.3 ‰ in River Sava in Slovenia, from -10.8 
to -6.6 ‰ in River Idrijca, respectively. In all investigated rivers we found out that carbonate dissolution is the 
most important biogeochemical process affecting carbon isotopes in the upstream portions of the catchment, while 
carbonate dissolution and organic matter degradation control carbon isotope signatures downstream, except for 
River Idrijca where both processes contribute equally from source to outflow to River Soča.

Izvleček

Predstavljen je pregled biogeokemisjkih procesov, ki smo jih preučevali v treh slovenskih rekah (Kamniška 
Bistrica, Sava v Sloveniji in Idrijci) in predstavljajo idealen naravni laboratorij za študij biogeokemisjkih procesov 
in antropogenih vplivov v porečjih z visoko intenzivnostjo preperevanja. Vodna geokemija Kamniške Bistrice, Save 
v Sloveniji in Idrijce je dominirana s HCO3

-, Ca2+ in Mg2+ ter Ca2+/Mg2+ molarnim razmerjem in kaže da je kalcitno/
dolomitno preperevanje glavni vir ionov v rečnem sistemu. Kamniška Bistrica, reka Sava v Sloveniji in Idrijca ter 
njeni pritoki so prenasičeni glede na kalcit in dolomit. Koncentracije pCO2 so v povprečju 25 krat nad atmosferskimi 
vrednostmi v Kamniški Bistrici, 20 krat nad atmosferskim v reki Savi v Sloveniji ter 13 krat v reki Idrijci. δ13CDIC 
vrednosti se v Kamniški Bistrici spreminjajo od -12,7 do -2,7 ‰, od -12,7 do -6,3 ‰ v reki Savi v Sloveniji in od 10,8 
do -6,6 ‰ v reki Idrijci. V vseh raziskanih rekah je raztapljanje karbonatov najpomembnejši biogeokemijski proces, 
ki vpliva na izotopsko sestavo ogljika v zgornjem delu porečja, medtem ko raztapljanje karbonatov in razgradnja 
organske snovi kontrolirata izotopsko sestavo ogljika v spodnjem delu porečja, razen v reki Idrijci, kjer oba procesa 
vplivata enako od izvira do izliva v reko Sočo.  
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Introduction

Systematic studies of river water geochem-
istry provide important information on chemi-
cal weathering of bedrock/soil and natural and 
anthropogenic processes that may control the 
dissolved chemical loads (schulte et al., 2011; 
GiBBs, 1972; reeDer et al., 1972; huh et al., 1998; 
néGrel & lachassaGne, 2000). Since carbonate 
weathering largely dominates the water chem-
istry of river waters, characterization of rivers 
draining carbonate-dominated terrain is crucial 
to precisely identify the various contributions 
of the different sources of water solutes, and to 
estimate the weathering fluxes of the continen-
tal crust and associated CO2 consumption (liu & 
zhao, 2000).

Freshwaters cover small fraction of the Earth’s 
surface area, inland freshwater ecosystems (par-
ticularly lakes, rivers and reservoirs) have rarely 
been considered as potentially important quan-
titative components of the carbon cycle at either 
global or regional scales (cole et al., 2007). Riv-
ers are the major pathways for the transport of 
carbon (C) from the continents top the oceans. 
Global river carbon fluxes are estimated to be 0.4 
Pg C/year of organic C (evenly divided between 
particulate and dissolved phases) and 0.4 Pg C/
year for dissolved inorganic carbon (DIC). Bulk 
fluxes are small components of the global C cy-
cle but are significant compared to net oceanic 
uptake of anthropogenic CO2 (sarMiento & sun-
Dquist, 1992). 

Concentrations of DIC and its isotopic com-
position of dissolved inorganic carbon (δ13CDIC) 
are governed by processes occurring in the riv-
er system and vary seasonally. Changes of DIC 
concentrations result from carbon addition or 
removal from the DIC pool, while changes of its 
isotopic composition result from the fractiona-
tion accompanying transformation of carbon or 
mixing of carbon from different sources (ateK-
wana & KrishnaMurthy, 1998). The major sources 
of carbon to riverine DIC loads are dissolution of 
carbonate minerals, soil CO2 derived from root 
respiration and from microbial decomposition of 
organic matter and exchange with atmospheric 
CO2. The major processes removing riverine DIC 
are carbonate mineral precipitation, CO2 degas-
sing, and aquatic photosynthesis (ateKwana & 
KrishnaMurthy, 1998). Rivers in Slovenia repre-
sents an "ideal natural laboratory" for studying 
biogeochemical processes and tracing the river-
ine carbon cycle as a result of its geologically het-

erogeneous composition, relatively high specific 
discharge, and limited aquatic photosynthesis 
(GerM et al., 1999).

The relative contributions of C3 and C4 veg-
etation to an ecosystem can be reconstructed 
using the isotopic composition of particulate or-
ganic carbon (POC, e.g. δ13CPOC), because of their 
different isotopic composition, which ranges 
from -32.0 to -20.0 ‰ for C3 plants and from -15.0 
to -9.0 ‰ for C4 plants (Deines, 1980). Vegetation 
of the River Sava watershed in Slovenia is de-
scribed in detail in Kanduč et al. (2007) and refer-
ences therein. Detail evaluation of some selected 
sites of River Sava watershed was described with 
aquatic moss Fontinalis antipyretica (Mechora 
& Kanduč, 2016). Hydrogeochemical and isotopic 
characterization of River Pesnica, Slovenia was 
described in detail in Kanduč et al. (2016).

Application of stable isotopes and biogeo-
chemical processes in environmental studies is 
presented in Pezdič (1999). In this study we rep-
resent summary (review) of biogeochemical re-
search with application of stable isotope analysis 
of river systems; three rivers were subject of in-
vestigation during years 2004–2011 in different 
time related to national research projects and 
program founding P1-0143 in Slovenia: River 
Kamniška Bistrica (Kanduč et al., 2013), River 
Sava in Slovenia (Kanduč et al., 2007) and River 
Idrijca (Kanduč et al., 2008) presented in the Fig-
ures 1 and 2.

Study area

Catchment and hydrological characteristics of 
gravel bed rivers

River Kamniška Bistrica is the left tributary 
of the River Sava, which is the largest river in Slo-
venia (Figs. 1 and 2). Kamniška Bistrica emerges 
at the southern foothills of Kamnik-Savinja Alps 
at 630 m a.s.l. elevation. The river is 32.8 km long 
and drains an area of 380 km2, with an average 
discharge of 15.4 m3/s at its confluence with Riv-
er Sava. The average discharge at the mouth of 
the River Kamniška Bistrica measured during 
this study was 0.7-12.1 m3/s. According to dis-
charge regimes of all rivers and streams in Slove-
nia, River Kamniška Bistrica has an alpine high 
mountain snow-rain regime (hrvatin, 1998). The 
maximum discharge occurs in autumn (Novem-
ber) and spring (May) and minimum occurs in 
summer (August) and winter (February). Major 
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tributaries of the River Kamniška Bistrica are 
the Črna and Nevljica rivers on the left and Riv-
er Pšata on the right. In the upper reaches, from 
the headwater spring to Stahovica (at the conflu-
ence with River Črna), River Kamniška Bistri-
ca changes over a short distance (6.8 km down-
stream) from a clean alpine river to industrially 
and agriculturally affected river at the conflu-
ence with the tributary River Črna, which carries 
sediments and waste waters from the abandoned 
Črna kaolin mine (raDinja et al., 1987). 

Discharge regimes of the River Sava are con-
trolled by precipitation and the configuration 
of the landscape. In the upper part of the River 
Sava a snow-rain regime prevails and in the cen-
tral and lower part a rain-snow regime (hrvatin, 
1998). Annual discharge maxima are character-
istic in spring and late summer, while discharge 
minima occur in the summer and winter months. 
The mean annual long term discharge (from the 
years 1960–1991) for the gauging stations increas-
es from 17 m3/s of the upper section of the River 
Sava at Radovljica (location 35, Table 1, Fig. 1) to 
182 m3/s of the central section at Hrastnik (loca-

tion 60, Table 1, Fig. 1) and to 290 m3/s in the low-
er section of the river at Čatež (location 68, Table 
1, Fig. 1) (internet 2). Discharges are also con-
trolled by hydropower outflows along the Sava 
River. The discharge conditions for the River 
Sava and its tributaries during the study ranged 
from 2 to 344 m3/s during spring 2004, from 1 to 
144 m3/s during late summer 2004, and from 0.3 
to 128 m3/s during winter, respectively. The River 
Idrijca joins the River Soča in the middle stretch 
at the village of Most na Soči. Both rivers have 
torrential characteristics. Detail description of 
the Idrijca catchment is described in Kanduč et 
al. (2008). High peaks and steep mountain slopes 
prevent air circulation in the valley and induce 
severe erosion. Characteristic long-term dis-
charge data (from the years 1949 to 2015) accord-
ing to the Slovenian Environment Agency for the 
gauging station on the Idrijca at Hotešk, which is 
located above the confluence with the River Soča, 
are as follows: low long-term discharge varies 
from 3.4 to 8.5 m3/s, mean long-term discharge 
varies from 14.3 to 39 m3/s, and high long-term 
discharge varies from 113 to 644 m3/s (inter-
net 2).

Fig. 1. General topographic map of the major river network in Slovenia, with a detailed location map of the numbered sampling 
sites for the rivers Kamniška Bistrica, Sava (Slovenian part) and Idrijca. Digital elevation model (DEM) was obtained from the 
Shuttle Radar Topography Mission (SRTM) dataset (internet 1). Numbers correspond to the sampling points IDs (see Tables 
1 and 2).
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General geological setting of selected river 
watersheds

This chapter summarizes the general geolog-
ical setting of the river watershed areas, as the 
geological composition of each river basin is very 
complex (Fig. 1). Therefore, the prevailing geo-
logical units are described below. Detailed gen-
eral description of geological setting of investi-
gated Slovenian rivers is described in detail in 
Kanduč et al. (2007, 2008 and 2013).

River Kamniška Bistrica. The upper part of 
the River Kamniška Bistrica is underlain by 
massive and stratified limestone and dolomite of 
middle and upper Triassic age (Fig. 2), and car-
bonates generally prevail in the watershed. The 
middle part of the river is underlain by marlstone 
and limestone of Miocene age (Buser, 1987). The 
lower reaches of the River Kamniška Bistrica, 
along the right bank and before the confluence 
with the River Sava, is underlain by Pleistocene 
and Holocene age gravels, while the left bank is 
underlain by Permo-Carboniferous shales with 
a cover of Quaternary gravel. The River Kam-
niška Bistrica is also one of the Slovenian wa-
tersheds identified as having a high weathering 
capacity, due to the predominance of carbonate 
bedrock and high relief and precipitation (Kan-
duč et al., 2013). 

River Sava in Slovenia. The valley of the Sava 
River extends in a NW-SE direction comprising 
almost half the surface area of Slovenia and has 
a very heterogeneous geological composition. 
Both branches of the Sava River (Sava Bohinjka 
and Sava Dolinka rivers) emerge in the Julian 
Alps, composed mostly of Triassic limestones 
and dolomites. Leaving the Alps approximately 
at the confluence of the Sava Bohinjka and Sava 
Dolinka rivers, river then flows on the Holocene 
and Pleistocene fluvioglacial sediments (terrac-
es) (ŽlebniK, 1971). Eastwards from the city of 
Ljubljana, the watershed in Sava folds is mainly 
composed of Permo-Carbonian clastic sediments, 
which alternate with some Triassic carbonates, 
with Miocene sandstones, clays and gravels in 
some of the valleys. Leaving the Sava folds, the 
watershed in the Krško-Brežice area mainly con-
sists of terraced Holocene and Pleistocene sedi-
ments - sands and gravels. The catchments of the 
River Sava’s tributaries are composed of Trias-
sic and Jurassic carbonates, Permo-Carbonian 
sandstones and siltstones, Oligocene clay and 
volcanic rocks, Miocene clastic rocks and Pleis-
tocene sediments (Buser, 1987).

River Idrijca. The beds in the upper part of the 
River Idrijca are composed of various sedimen-
tary and volcanic rocks, predominantly massive 
and stratified Triassic limestones and dolomites. 
Along Idrijca, Middle Permian mica quartz 
sandstone and red sandstone with conglomerate 
are exposed as the oldest rocks. In the lower part 
of the flow, before the confluence with the River 
Soča, stratified and massive Upper Triassic dolo-
mites and Cretaceous limestones with marls ap-
pear (Buser, 1987). In general, the Idrija region 
has a very complex tectonic structure (MlaKar 
& čar 2009; čar, 2010) with several major faults 
dissecting the area and tectonic nappes overlying 
several units. 

Materials and methods

Sampling and used methods

Surface water sampling locations (Fig. 1, Ta-
bles 1 and 2) were selected based on their rela-
tionship to confluence of the major and minor 
streams, typically sampled before and after the 
confluence. Sampling of river water and tribu-
taries was performed at different sampling sea-
sons according to discharge regimes (hrvatin, 
1998; Fratar, 2005). Temperature, conductivity, 
dissolved oxygen (DO), and pH measurements 
were performed in the field. The precision of 
dissolved oxygen saturation and conductiv-
ity measurements was ±5 %. The field pH was 
determined on the NBS scale using two buffer 
calibrations with reproducibility of ±0.02 pH 
unit. Total alkalinity was measured within 24h 
of sample collection by Gran titration (GiesK-
es, 1974) with a precision of ±1%. Carbonate 
rocks from hinterland of river watershed were 
ground to powder in an agate mortar and then 
approximately 2 mg of sample was first flushed 
with He and then transformed to CO2 by H3PO4 
acid treatment. NBS 18 and NBS 19 were used 
as reference materials. The isotopic composi-
tion of carbonate (δ13CCaCO3) was measured with 
a Europa Scientific 20-20 continuous flow IRMS 
ANCA-TG preparation module. All methods are 
described in detail in Kanduč et al. (2007, 2008 
and 2013).

All stable isotope results for carbon are ex-
pressed in the conventional delta (δ) notation, 
defined as per mil (‰) deviation from the refer-
ence standards VPDB. Precision was ±0.2 ‰ for 
δ13CDIC, δ13CPOC and δ13CCaCO3.
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Major and minor cation chemistry was meas-
ured by inductively coupled plasma optical 
emission spectroscopy (ICP-OES) technique. 
The precision of the method was ±2% for ma-
jor (Ca2+, Mg2+, Na+ and K+) and ±5% for minor 
elements (Sr and Si). The stable isotope com-
position of dissolved inorganic carbon (δ13CDIC) 
was determined with a Europa Scientific 20-
20 continuous flow IRMS ANCA-TG prepara-
tion module. Phosphoric acid (H3PO4, 100 %) 
was added (100-200 ml) to a septum-sealed vial 
which was then purged with pure He. The water 

sample (6 mL) was injected into a septum tube 
and headspace CO2 was measured (modified af-
ter MiyajiMa et al., 1995; sPötl, 2005). In order 
to determine the optimal extraction procedure 
for surface water samples, a standard solution 
of Na2CO3 (Carlo Erba) with a known δ13CDIC of 
-10.8 ‰ ± 0.2 ‰ was prepared with a concen-
tration of either 4.8 mol/L (for samples with al-
kalinity above 2 mmol/L) or of 2.4 mmol/L (for 
samples with alkalinity below 2 mmol/L). The 
carbon stable isotope composition of particulate 
organic carbon (δ13CPOC) was determined with a 

Fig. 2. General geological map of Slovenia with selected three rivers: Kamniška Bistrica, Sava in Slovenia and Idrijca. 
Geological data were obtained from the 1: 5 Million International Geological Map of Europe and Adjacent Areas (IGME 5000) 
dataset (internet 3).
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Europa-Scientific 20-20 continuous flow IRMS 
ANCA-SL preparation module. For POC 1 L of 
the water sample was filtered through a What-
man GF/F glass fiber filter (0.7 mm). Filters and 
soil were treated with 1 M HCl to remove car-
bonate.

Thermodynamic geochemical modeling was 
used to evaluate CO2 partial pressures (pCO2) 
and the saturation state of calcite and dolomite 
(SIcalcite and SIdolomite) using pH, alkalinity, and 
temperature as inputs to the PHREEQC specia-
tion program (ParKhurst & aPPelo, 1999).

Results and discussion

Aquatic geochemistry of selected gravel bed rivers in 
Slovenia

The temperature of surface water in River 
Kamniška Bistrica, pH and conductivity ranged 
from 1.7 to 26.6 °C, 7.1 to 8.8, and 160.7 to 497.4 
mS/cm. DO saturation varied seasonally from 
59.6 to 76.8 % in the winter and from 68 to 140 % 
(Kanduč et al., 2013). In River Idrijca water tem-
perature was 7.3 to 13.0 °C, conductivity ranged 
from 181 to 465 mS/cm, pH ranged from 7.77 to 
8.82 (Kanduč et al., 2008). Temperature in River 
Sava water ranged from 0.4 to 15.7 °C, conductiv-
ity ranged from 62.3 to 632 mS/cm and pH ranged 
from 7.24 to 8.99, respectively (Kanduč, 2006; 
Kanduč et al., 2007). All results are described in 
detail in Kanduč et al. (2007, 2008 and 2013).

The major solute composition of selected grav-
el-bed rivers was dominated by HCO3

-, Ca2+ and 
Mg2+. Concentrations varied seasonally accord-
ing to discharge, with higher concentrations ob-
served in autumn at lower discharge and lower 
concentrations during the spring sampling sea-
son. Dissolved Ca2+ and Mg2+ are largely supplied 
by the weathering of carbonates (Fig. 3), which 
are the most dominant rocks in the watersheds, 
and prone to chemical dissolution, with small-
er contributions from silicate weathering, as 
indicated by the relatively high HCO3

- and low 
Si concentrations (Kanduč, 2006; Kanduč et al., 
2007, 2008 and 2013).

Figure 3 presents Ca2+ + Mg2+ versus alkalini-
ty for all three selected gravel bed rivers in Slo-
venia. Most of the samples have a 2:1 mole ratio 
of HCO3

- to Ca2+ + Mg2+ following the reactions 
(GaillarDet et al., 1999):
Calcite: CaCO3 + CO2 + H2O ⇔ Ca2+ + 2HCO3

-    (1)

Dolomite: 
Ca0.5Mg0.5(CO3) + CO2 + H2O ⇔ Ca2+ + Mg2+ + 2HCO3

- 
(2)

Some samples deviate from 2:1 line due to 
weathering of other minerals in river watershed, 
like albite and anorthite:
CaAl2Si2O8 + 3H2O+2CO2 → 
 Anorthite
Al2Si2O5(OH)4 + Ca2+ + 2HCO3

-      (3)
 Kaolinite

NaAlSi3O8 + CO2 + 11/2 H2O → 
 Albite

Na+ + ½ Al2Si2O5(OH)4+2H4SiO4+HCO3
-    (4)

 Kaolinite

The pH, temperature and pCO2 of a watershed 
determine the carbonate speciation, controlling the 
HCO3

- carrying capacity. In Slovenian watersheds, 
total alkalinity comprises carbonate alkalinity 
(Kanduč, 2006; Kanduč et al., 2007), and therefore 
the total alkalinity is assumed as HCO3

-, which is 
also the main DIC species at the pH of 7.0 to 9.0 
measured in all investigated watersheds. Concen-
trations of HCO3

- in main channel of River Kam-
niška Bistrica (Fig. 3A) vary seasonally from 1.93 
to 4.19 mM in autumn 2010, from 1.88 to 4.99 mM 
in winter 2011, from 1.55 to 4.39 mM in spring 
2011 and from 1.70 to 5.57 mM in summer 2011, 
respectively. Concentrations of HCO3

- (alkalinity) 
in tributaries vary seasonally and range from 3.25 
to 4.58 mM in autumn 2010 (Fig. 3A). The alkalin-
ity concentrations in the main channel sampling 
sites varied seasonally in River Sava (Fig. 3B) in 
the main channel from 2.60 to 3.75 mM in spring, 
from 2.63 to 4.79 mM in late summer 2004, and 
from 2.67 to 4.17 mM during winter. The upper al-
pine headwater catchments of the River Sava have 
thin soils developed on carbonate bedrock. In the 
central and lower part of the River Sava water-
shed, tributary streams have more variable alka-
linity concentrations, ranging from about 0.39 to 
6.02 mM (Kanduč et al., 2007). River Idrijca (Fig. 
3C) had alkalinities in range from 3.88 to 4.66 mM 
in autumn 2006 and from 4.12 to 4.43 mM in spring 
2007, while in tributaries alkalinities range from 
3.09 to 5.10 mM in autumn 2006 and in spring 2007 
from 3.15 to 5.04 mM (Kanduč et al., 2008).

Differences in alkalinities in carbonate-bear-
ing watersheds are related to the geological com-
position of the watershed (Fig. 2), the relief (Fig. 
1), the mean annual temperature, the depth of the 
weathering zone, the soil thickness and the water 
residence time in the system. Weathering rates in-
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crease in thicker soils like shales due to the high-
er residence time of shallow groundwater in con-
tact with minerals in comparison to watersheds 
composed of carbonate minerals. 

Mg2+ versus Ca2+ relations indicate the rela-
tive contribution of calcite/dolomite to carbonate 
weathering intensity in gravel bed rivers (Fig. 4). 
Most of the samples indicate that weathering of 
calcite is dominant over the entire River Kamniš-
ka Bistrica, especially in the upper and central 
reaches (Fig. 4A). A Mg2+/Ca2+ ratio around 0.33 
is typical for weathering of calcite for the entire 

length of the River Kamniška Bistrica as well as 
for rivers comprising Danube watershed (Kan-
duč et al., 2013). In contrast, rivers comprising St. 
Lawrence watershed (North America) have ratios 
Mg2+/Ca2+ greater than 0.33 (szraMeK et al., 2007). 
Most of the samples in River Sava (Fig. 4B) fall 
below 0.22 line, indicating weathering of calcite, 
only some samples in River Sava tributaries fall 
above 0.5 Mg2+/Ca2+ line indicating weathering of 
dolomite. From Figure 4C it can be observed that 
most of the samples indicate that weathering of 
dolomite is dominant over the entire River Idrijca, 
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Fig. 3. Ca2++Mg2+ ratio versus alkalinity with line 1: 2 indi-
cating weathering of carbonates in the watershed (rivers: A: 
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especially in the upper and central flow of the riv-
er. A Mg2+/Ca2+ ratio around 0.33 is characteristic 
only in the lowland tributaries of the River Idrijca 
composed mainly of limestone.

The major control on carbonate weathering in-
tensity is runoff (aMiotte suchet & ProBst, 1993). 
Carbonate weathering intensity normalized to 
drainage area, quantifies HCO3

- produced from 
mineral weathering. Figure 5 compares carbonate 
weathering intensities as a function of specific 
runoff for the River Idrijca watershed, combining 
new data from this study with published official 
data for the River Sava, River Kamniška Bistrica 
and data from berner & berner (1996) for world 
rivers and the River Danube. Global theoretical 
models of CO2 consumption in carbonate water-
sheds show an alkalinity value around 3 mmol/L 
determined from a best-fit line (aMiotte suchet & 
ProBst, 1993). The climate and topographic relief 
in Slovenian watersheds importantly influence 
the carbonate weathering intensity and specific 
runoff. roy et al. (1999) noted that linked factors 
such as lithology, residence time of water, me-
chanical erosion, etc., have more influence togeth-
er than they do separately. The watershed of the 
River Idrijca is typically an environment where 
enhanced mechanical weathering increases 
chemical weathering (FairchilD et al., 1999; an-
Derson et al., 2000; jacoBson et al., 2000) and caus-
es a high carbonate weathering intensity, since 
the river is a steep mountain river with torrential 
character, e.g. River Idrijca with 80 mmol/l·km2·s 
(Fig. 5) and Kamniška Bistrica with the highest 
weathering intensity of 150 mmol/l·km2·s (Fig. 5).

The world average value for carbonate weath-
ering intensity is 7 mmol/l km2 s (Berner & Bern-
er, 1996). For the River Sava and its tributaries, 
the mean long term weathering intensity is from 
37 to 140 mmol/l km2 s. 

Also carbonate weathering intensity (HCO3
- 

in mmol/l km2 s) of some other world rivers (Mis-
sissippi, World, Danube) is presented on Figure 5. 
From Figure 5 it can be observed that Slovenian 
gravel bed rivers have higher HCO3

- weathering 
intensity in comparison to world rivers.

Thermodynamic modeling and isotope 
geochemistry with emphasize on carbon cycle 

Thermodynamical modeling software 
PHREEQC for Windows was used to calculate 
pCO2 and saturation indices for calcite and do-
lomite (SIcalcite and SIdolomite) along the main water 
channel and tributaries. In all investigated bed 
rivers a high value of pCO2 was observed during 
all sampling seasons, meaning that rivers repre-
sent sources of CO2 into air.

Calculated pCO2 varied from 977 to 4,169 ppm 
in autumn and from 295 to 2,398 ppm in the 
spring sampling season. Normal atmospheric 
pressure is around 316 ppm according to clarK 
& Fritz (1997). Calculated pCO2 varied from 
near atmospheric up to 25-fold supersaturated 
at River Kamniška Bistrica at Videm in summer 
season in year 2010 to 2011. Partial pressure in 
River Sava and its tributaries ranges from 128.8 
to 2,951 ppm in April 2004, in September 2004 
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from 234.4 to 9,120 ppm in April and from 223.9 
to 4,074 ppm in January 2005 (Kanduč, 2006). In 
autumn all sampling locations on the River Id-
rijca watershed are above equilibrium with at-
mospheric CO2. These higher partial pressures in 
autumn are probably due to higher degradation 
of organic matter in the river and due to lower 
discharge (Dever et al., 1983). Lower pCO2 (below 
normal atmospheric pressure at locations 5 and 
6, Table 1, Fig.1) in the spring are observed due 
to the higher pH of the water, which lowers the 
evasion of CO2 from water.

The calcite saturation index (SIcalcite=log([-
Ca2+]*[CO3

2-])/Kcalcite; where Kcalcite is the solubility 
product of calcite and was generally well above 
equilibrium (SIcalcite=0)), indicates that calcite was 
supersaturated and precipitation was thermody-
namically favoured along most of the course of 
all selected gravel bed rivers in Slovenia (Fig. 6). 
Calcite and dolomite were supersaturated and 
carbonate precipitation was thermodynamically 
favoured along most of the course of River Kam-
niška Bistrica (Fig. 6A). SIcalcite and SIdolomite sea-
sonally change in River Sava and their tributar-
ies and reach oversaturation in central and lower 
flow of the river, while in upper part of the river 
rarely reach saturation (Fig. 6B). Low SIcalcite and 
SIdolomite are observed at tributary location of Riv-
er Sava (Fig. 6B). In most of the samples of River 
Idrijca and its tributaries calcite and dolomite 
are oversaturated, only one sample in River Id-
rijca is undersaturated with respect to dolomite 
(Fig. 6C).

Mass balance calculation with evaluation of 
biogeochemical processes in selected gravel 

bed rivers in Slovenia

Mass balance calculations were performed in 
previous studies (Kanduč et al., 2007, 2008 and 
2013).

The δ13CDIC value can determine the contribu-
tions of organic matter decomposition, carbonate 
mineral dissolution, and exchange with atmos-
pheric CO2 to DIC in selected gravel bed rivers 
in Slovenia. The δ13CDIC values of the main chan-
nel of the river varied seasonally (year 2010-2011) 
from -10.9 ‰ (River Kamniška Bistrica, location 
20, Table 1, Fig. 1) to -2.7 ‰ (River Kamniška 
Bistrica Spring, location 14, Table 1, Fig. 1) while 
δ13CDIC in tributaries ranged from -12.7 ‰ (Rača, 
location 27, Table 1, Fig.1) to -6.9 ‰ (Kamniška 
Bistrica Spring, location 14, Table 1, Fig.1) (Kan-

duč et al., 2013). The δ13CDIC in River Sava varied 
seasonally from -12.7 to -8.6 ‰ in spring 2004, 
from -11.8 to -7.3 ‰ in late summer 2004 and from 
-10.6 to -6.3 ‰ in winter 2005. The River Sava 
tributaries had δ13CDIC values that varied from 
-13.5 to -5.8 ‰ in spring 2004, from -12.8 to 3.3 ‰ 
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Fig. 6. SIcalcite versus SIdolomite in different sampling seasons 
in different periods for the selected rivers (A: Kamniška 
Bistrica, B: Sava in Slovenia, C: Idrijca).
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in late summer 2004, and from -11.9 to -4.2 ‰ 
in winter 2005 (Kanduč et al., 2007). δ13CDIC var-
ied seasonally in River Idrijca watershed from 
-10.8 to -9.0 ‰ in autumn 2006 and from -10.6 
to -8.3 ‰ in spring 2007. The δ13CDIC value of the 
river water is controlled by the geological com-
position of the watershed. Along the River Idrij-
ca flow the dissolution of carbonates is the major 
contributor to δ13CDIC values, but some parts of 
the watershed also drain shales, mudstones, and 
sandstones (Kanduč et al., 2008). Thus, in those 
parts δ13CDIC is much lower (central part of the 
River Idrijca, lower reaches of River Kamniška 
Bistrica and central and lower flow of River Sava 
in Slovenia) since the thickness of soil is on this 
bedrock much higher and soil CO2 contributes 
much more to DIC than on carbonate bedrocks. 
δ13CDIC was also generally lower during spring 
season at higher discharge (Fig. 7). The average 
δ13C value of Mesozoic carbonate rocks (δ13CCaCO3) 
in the hinterland of River Kamniška Bistrica is 
+2.4 ‰ (Kanduč et al., 2013). The δ13C of Meso-
zoic carbonate rocks (δ13CCaCO3) from the River 
Sava watershed ranged from -1.4 to +2.7 ‰, with 
an average of +1.4±1.3 ‰ (N=12) (Kanduč et al., 
2007). The δ13C value of Mesozoic carbonate rocks    
(δ13CCaCO3), which forms the slopes in the water-
shed of the River Idrijca is on average +2.0±0.7 ‰ 
(N = 8) (Kanduč et al., 2008). 

Figure 7 shows a plot of δ13CDIC versus alka-
linity in different sampling seasons for selected 
gravel bed rivers in Slovenia. Changes over the 
course of the rivers indicate processes affecting 
δ13CDIC, e. g. degradation of organic matter (line 3), 
carbonate mineral dissolution (line 2), and equi-
libration with atmospheric CO2 (line 1) (Barth et 
al., 2003). 

At River Kamniška Bistrica source carbonate 
dissolution prevails, while in central and lower 
part of the river degradation of organic matter 
and dissolution of carbonates prevails (Fig. 7A). 
The δ13CDIC values from the River Idrijca water-
shed (Fig. 7C) indicate that nonequilibrium car-
bonate dissolution predominates along the flow 
of river, since the watersheds are mainly com-
posed of carbonate rocks with inclusions of clas-
tic rocks, approaching a δ13CDIC value of -12.3 ‰. 
In tributaries of the River Idrijca watershed (Fig. 
7C), River Kamniška Bistrica (Fig. 7A) and Riv-
er Sava in Slovenia (Fig. 7B) dissolution of car-
bonate minerals prevails, which leads to higher 
δ13CDIC values. Mineralization of organic matter 
appears to be the dominant source of δ13CDIC along 

the Idrijca flows (Fig. 7C), where the greater soil 
thickness enables accumulation of soil CO2 due 
to the greater degree of silicate rock weathering, 
which leads to more a negative δ13CDIC. 

The evasion of CO2 from the River Kamniška 
Bistrica, River Sava in Slovenia and River Idri-
jca can be calculated (equation 5) based on the 
thin-film diffusive gas exchange model (BroecK-
er, 1974; rayMonD et al., 2012): 

[DIC]ex =D/z * ([CO2]eq - [CO2])   (5)

where D is the CO2 diffusion coefficient in wa-
ter of 1.26 *10-5 cm2/s at a temperature of 10 °C 
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and 1.67 *10-5 cm2/s at a temperature of 20 °C 
(jähne et al., 1987), and z is the empirical thick-
ness of the liquid layer [cm].

A simple isotopic mass balance calculation was 
performed in order to quantify different sources 
of DIC in all three selected gravel bed rivers: at 
River Kamniška Bistrica mouth (location 20, Ta-
ble 1, Fig.1), at the River Idrijca mouth (location 6, 
Table 1, Fig. 1), at River Sava in Slovenia mouth 
(location 70, Table 1, Fig.1) considering the sum 
of tributary inputs and biogeochemical process-
es in the watershed. The major inputs to the DIC 
flux (DICRI) and δ13CDIC originate from tributaries 
(DICtri), degradation of organic matter (DICorg), 
exchange with the atmosphere (DICex), and dis-
solution of carbonates (DICca) can be estimated by 
Eqs. (6 and 7):

DICRI = DICtri – DICex + DICorg + DICca     (6)

DICRI*δ13CRI = DICtri*δ13Ctri – DICex*δ13Cex + DICorg*δ13CPOC 

+ DICca*δ13CCaCO3       (7)

The contribution of rainwater to riverine DIC 
is considered to be minimal as it contains only a 
small amount of DIC (yanG et al., 1996).

DICRI and DICtri were calculated from the con-
centrations of alkalinity and water discharge, 
with the corresponding measured δ13C values for 
δ13CRI and δ13Ctri. The average diffusive flux of CO2 
from the river to the atmosphere, DICex, estimat-
ed from Eq. (5), was taken into account. In Eqs. 
(5 and 6) the minus sign indicates outgassing of 
CO2, which is observed in autumn, but not in the 
spring season. The δ13Cex value was calculated ac-
cording to the equation for equilibrium isotope 
fractionation between atmospheric CO2 and car-
bonic acid in water (zhanG et al., 1995), where a 
δ13C value of -7.8 ‰ for atmospheric CO2 was used 
(levin et al., 1987). The isotopic composition of 
the contribution of equilibration between atmos-
pheric CO2 and DIC (δ13Cex) would then be +1.4 ‰ 
in the autumn and +1.8 ‰ in the spring sampling 
season, considering atmospheric CO2 as the ulti-
mate source of CO2 in the River Sava in Slove-
nia, River Idrijca and River Kamniška Bistrica 
drainage system. For δ13CPOC and δ13CCaCO3 average 
values of -26.6 ‰ and +2.0 ‰ were used in the 
mass balance equations.

Contributions of DIC from various bioge-
ochemical processes were determined using 
steady state equations for different sampling 

seasons at the mouth of the River Kamniška Bis-
trica; results indicate that: (1) 1.9-2.2 % of DIC 
came from exchange with atmospheric CO2, (2) 
0-27.5 % of DIC came from degradation of or-
ganic matter, (3) 25.4–41.5 % of DIC came from 
dissolution of carbonates and (4) 33.0–85.0 % of 
DIC came from tributaries (Kanduč et al., 2013). 
In both sampling seasons the most important 
biogeochemical process is weathering of car-
bonates, while degradation of organic matter is 
more expressed in the spring sampling season. 
A less significant process in both sampling sea-
sons is exchange with atmospheric CO2 and is not 
marked in the spring sampling season due to the 
pCO2 value (at location 28, Table 1, Fig.1), which 
is near equilibrium with atmospheric CO2 pres-
sure. In River Sava mouth among biogeochemical 
processes dissolution of carbonates contributes 
the highest proportion in both sampling sea-
sons, which moves δ13CDIC to more positive values. 
Mass balances for riverine inorganic carbon sug-
gest that carbonate dissolution contributes up to 
26 %, degradation of organic matter ~17 % and 
exchange with atmospheric CO2 up to 5 %. The 
concentration and stable isotope diffusion mod-
els indicated that atmospheric exchange of CO2 
predominates in streams draining impermeable 
shales and clays while in the carbonate-dom-
inated watersheds dissolution of the Mesozoic 
carbonate predominates (Kanduč et al., 2007). 
The calculated contributions to the average DIC 
budget from DICtri:DICex:DICorg:DICca at the Riv-
er Idrijca mouth were 61:-11:19:31 % in autumn 
2006 and 35:0:26:39 % in spring 2007 (Kanduč et 
al., 2008). 

Conclusions 

The major solute composition of the River 
Kamniška Bistrica is dominated by HCO3

-, Ca2+ 
and Mg2+. Concentrations of HCO3

- ranged from 
1.6 mM to 5.6 mM in main channel and from 2.6 
to 5.5 mM in tributaries. The majority of River 
Kamniška Bistrica system was supersaturated or 
near equilibrium with respect to calcite/dolomite 
in all sampling seasons. According to the calcu-
lated pCO2 values, the river is source of CO2 to the 
atmosphere during all sampling seasons, higher 
pCO2 is observed during summer season. Lower 
alkalinities and higher δ13CDIC values of -2.7 ‰ 
were observed in the upper carbonate part of the 
watershed, while higher alkalinities and more 
negative δ13CDIC values of -12.7 ‰ were observed 
in the central and lower part of the Kamniška 
Bistrica system.
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The major chemical composition of River Sava 
water is HCO3

-, Ca2+ and Mg2+. Seasonal (spring 
2004, late summer 2004 and winter 2005) con-
centrations of HCO3

- range from 2.63 to 4.79 mM, 
while its tributaries have concentrations of 
HCO3

- ranging from 0.39 to 6.02 mM. The major-
ity of the River Sava system is supersaturated or 
at equilibrium (in the upper part of the river flow) 
with respect to calcite in all sampling seasons. 
δ13CDIC values range from -12.7 to -6.3 ‰ and were 
observed in late summer. The observed differ-
ences in pCO2, alkalinities and δ13CDIC between 
the carbonate rock drainages versus mixed li-
thology watersheds (carbonate and clastic rocks) 
at downstream locations are the consequence of 
the soil thickness since carbonate rocks are more 
resistant to mechanical weathering processes. 
The partial pressure is lower in the carbonate 
part of the watershed and higher at downstream 
locations. Lower alkalinities and higher δ13CDIC 
values are observed in the upper carbonate part 
of the watershed, while higher alkalinities and 
lower δ13CDIC values are observed in the central 
and lower part of the River Sava watershed.

The biogeochemical processes affecting DIC 
and δ13CDIC values were quantified by concentra-
tion and isotope mass calculations and it can be 
concluded that the most important biogeochem-
ical processes at the River Sava mouth in order 
of significance in different sampling seasons are: 
(1) carbonate dissolution comprising 19.4 % in 
spring to 25.9 % in late summer, (2) degradation 
of organic matter comprising 10.8 % in winter to 
16.7 % in late summer, while (3) atmospheric ex-
change comprises 0.8 % in spring to 4.9 % in late 
summer. 

The River Sava in Slovenia has high dis-
charge, low stream photosynthetic activity and 
represents a river system where among the bio-
geochemical processes geological factors prevail 
(carbonate dissolution). Construction of hydro-
electric power plants in the central and lower 
Sava flow in the next five years will affect the 
carbon cycle, e.g accelerated primary production, 
degradation of organic matter, degassing of CO2 
from the river. This investigation will also help 
to evaluate the biogeochemical state of the river 
after dam constructions.

The major solute composition of River Idrij-
ca water is dominated by HCO3

-, Ca2+ and Mg2+. 
Seasonal alkalinity concentrations ranged from 
3.88 to 4.66 mM, while its tributaries had concen-

trations of HCO3
- ranging from 3.09 to 5.10 mM. 

The majority of the River Idrijca system was su-
persaturated or near equilibrium with respect 
to calcite. The biogeochemical processes affect-
ing DIC concentrations and δ13CDIC (in the range 
from -10.8 to -6.6 ‰) calculated by mass balance 
equations showed that the most important bio-
geochemical processes at the River Idrijca mouth 
are: carbonate mineral dissolution, degradation 
of organic matter and atmospheric exchange. The 
River Idrijca is a river with torrential character, 
has a high specific discharge and therefore high 
weathering intensity. 

In all three investigated rivers carbonate dis-
solution and degradation of organic matter are 
the most important biogeochemical processes in 
river system, while exchange with atmosphere 
could be negligible according to mass balance 
equations.
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Abstract

The article introduced an upgraded approach to assessing the groundwater vulnerability to nitrate pollution. 
By using the results of field measurements and process-based models outputs, author takes into account effects of 
nitrogen biogeochemical processes, that were hitherto underestimated in the evaluation schemes. The upgraded 
methodological self-validated approach to vulnerability assessment in Lower Savinja Valley case study increases 
reliability and thus effectiveness of decision-making in the water management. This was achieved by using 
the process-based models outputs in the new pattern classification schemes with the predictions of pollution 
phenomena. Spatial prediction of groundwater nitrate pollution probability and vulnerability classification of the 
study area in Lower Savinja Valley was assessed by weights-of-evidence model (WofE). The increased degree of 
probability for the groundwater contamination with nitrates was determined for 62.5 percent of the aquifer area 
of the Lower Savinja Valley. About 27 percent of the most nitrate vulnerable areas in Lower Savinja Valley need 
groundwater nitrate mitigation through land-use measures and public sewage system construction.

Izvleček

Članek predstavlja nadgrajen pristop ocenjevanja ranljivosti na nitratno onesnaženje podzemnih voda. 
Ob uporabi rezultatov terenskih meritev in izhodov fizikalno zasnovanih modelov avtor upošteva tudi učinke 
dušikovih biogeokemičnih procesov, ki so bili v dosedanjih ocenjevalnih shemah podcenjeni. Nadgrajen metodološki 
samopotrditveni pristop ocenjevanja ranljivosti podzemne vode na primeru Spodnje Savinjske doline zvišuje 
zanesljivost in učinkovitost odločanja pri upravljanju voda. V ta namen so bili izhodi procesno zasnovanih modelov 
uporabljeni v novih prostorskih klasifikacijskih shemah, ki omogočajo napoved verjetnosti pojava onesnaženja. Z 
modelom teže evidenc WofE je bila ocenjena verjetnost pojava z nitratom onesnažene podzemne vode v študijsko 
izbranem aluvialnem vodonosniku. Povišana stopnja verjetnosti onesnažene podzemne vode z nitratom je bila 
ugotovljena na 62,5 odstotkih območja vodonosnika Spodnje Savinjske doline. Na okoli 27 odstotkih najbolj 
ranljivih območij Spodnje Savinjske doline so za zmanjšanje onesnaženosti podzemne vode z nitrati potrebni 
ukrepi na področju rabe prostora in izgradnje sistema odvodnje komunalne odpadne vode. 
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Introduction

Groundwater vulnerability maps are an im-
portant tool of the water management deci-
sion-making process. Information on groundwa-
ter vulnerability has been required by the Nitrate 
Directive (oFFicial journal oF the euroPean coM-
Munities, 1991b) and the Urban Waste Water Di-
rective (oFFicial journal oF the euroPean coM-

Munities, 1991a) for nitrate pollution management 
and by the Water Framework Directive (oFFicial 
journal oF the euroPean coMMunities, 2000) for 
programme-of-measures planning. The Nitrate 
Directive initiated nitrate vulnerable zones as a 
land zonation for action plan implementation. The 
WFD operative programme of measures requires 
identification of the potentially vulnerable prior-
ity areas within groundwater bodies for cost-ef-

https://creativecommons.org/licenses/by/4.0/
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fective measures planning. Most of the previous 
groundwater vulnerability assessments used a 
variety of parametric point count methods with 
a relative rating for the potential of groundwater 
contamination, e.g. the DRASTIC index, devel-
oped as a linear combination of some of the in-
trinsic properties of aquifers (aller et al., 1987) 
or the SINTACS index, adapted to conditions in 
the Mediterranean region (civita, 1990). These 
methods require validation with field measure-
ments, such as a tracer test, groundwater resi-
dence studies or investigation of actual pollution 
incidents. Gogu and Dassargues (2000) identified 
the integration of results from process-based 
models in vulnerability mapping techniques as a 
new research challenge in groundwater vulnera-
bility assessment.

Groundwater nitrate pollution in Slovenian al-
luvial aquifers has been a major concern in recent 
years, and about 37 percent of the groundwater in 
these aquifers has poor chemical status according 
to WFD criteria, most frequently due to a high 
concentration of nitrate (cviTanič et al., 2010). 
Process-based modelling outputs of groundwater 
recharge, groundwater flow velocity and nitrate 
leached from the soil profile in the Lower Sav-
inja Valley aquifer with poor chemical status are 
available. With the use of statistical probabilistic 
classification methods, field-verified groundwater 
nitrate vulnerability was defined and interpreted 
with the help of surface-water and groundwater 
isotopic composition. The aim of this study was to 
assess the spatial prediction of the probability for 

increased groundwater nitrate concentration in 
order to plan the groundwater nitrate reduction 
measures and optimize the programme for moni-
toring the effects of these measures.

Study area

The Lower Savinja Valley, an area of about 80 
square kilometres in Central Slovenia, was se-
lected for this study of groundwater vulnerabili-
ty to nitrate pollution. The area is situated in the 
tectonic trench between Kamnik-Savinja Alps 
on the north and “Posavje fault” tectonic system 
on the south. Lower Savinja Valley is a tectonic 
depression, filled with alluvial sediments from 
Pliocene, Pleistocene and Holocene period. The 
shallow unconfined Lower Savinja Valley aquifer 
consists of low permeable Pliocene sediments fill-
ing a Miocene depression. On top of the Pliocene 
sediments are deposited Pleistocene and Holo-
cene layers (Buser, 1979), mainly gravel and sand 
with some interbedded conglomerate and clay 
intercalations (uhan, 2011). The average thick-
ness of middle- to low-permeable Pleistocene (K 
= 2.0·10-5 m/s to 2.0·10-4 m/s) and high-permeable 
Holocene sediments (K = 1.1∙10- 3 to 1.1·10-2 m/s) is 
up to 30 metres (Käss et al., 1976). Shallow eu-
tric fluvisoils are prevalent on the sandy-gravely 
alluvium of the lowest terrace along the Savinja 
River (Fig. 1). Further away from the river, high-
er terraces on both sides are covered by variously 
deep eutric cambisoil. The northern part of the 
valley is covered with low-permeable eutric gley-
soil (PKS, 2007). The Lower Savinja Valley aqui-

Fig. 1. a) Location of the 
Lower Savinja Valley 
study area and b) map of 
quaternary alluvial ter-
races with measurements 
points.
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fer is alluvial lowland area, mainly recharged di-
rectly by precipitation from surface, and locally 
by infiltration from surface streams. The average 
annual precipitation is about 1100 mm and the 
surface runoff coefficient is very low. The ground-
water table in the Lower Savinja Valley aquifer 
is shallow. According to the national groundwa-
ter monitoring network during the period 1986 
- 2005, average depth to the groundwater is from 
0.7 to 7.3 metres. Amplitude of the groundwater 
level is in the range of 1.4 m to 7.5 m.  

The Lower Savinja Valley aquifer provides 
about five percent of the total renewable ground-
water quantities of all Slovenian alluvial aq-
uifers (anDjelov, 2009). An important part of 
Lower Savinja Valley regional water demand is 
covered by pumping groundwater from the allu-
vial aquifers of the plain, where, even a decade 
ago, conflicts of interest occurred among the lo-
cal population due to agricultural activities. The 
region of Lower Savinja Valley is primarily re-
nowned as the “valley of hops”, with intensive 
hops production. One half of the Lower Savinja 
Valley aquifer area (50.4 %) is in use for agricul-
tural purposes (20.9 % is pastures, 18.5 % fields 
and gardens, 8.5 % hops etc.), and 34 percent of 
the total area is urbanized (CEC, 1994). The sew-
age system is still in the process of construction 
in areas with highly dispersed urbanisation.

Recent analysis of national groundwater mon-
itoring data from Lower Savinja Valley in the 
period 2006 - 2008 shows poor chemical status 
of groundwater (cviTanič et al., 2010). The trend 
of nitrate concentration is statistically insig-
nificant, showing no groundwater quality im-
provement. The nitrate concentration is higher 
than the EU maximum allowable concentration 
50 mg/l for the drinking water limit value (oFFi-
cial journal oF the euroPean coMMunities, 1980) 
in many wells and boreholes, including the main 
drinking water pumping station. A growing need 
exists for a more detailed delineation of the aq-
uifer, and for spatial prediction of the probability 
for increased groundwater nitrate concentration 
in order to optimize the groundwater monitoring 
programme and the programme of measures.

Data and methods

A campaign of field measurements on a month-
ly basis was carried out in the period between 
2008 and 2009. Multiprobe ion-specific elec-
trodes with ±2 mg/l-N were controlled by a set of 

groundwater samples for laboratory nitrate deter-
mination using ion chromatography (ISO 10304-
1:2007). Accuracy for the in-situ measurements of 
groundwater temperature, electrical conductivi-
ty, dissolved oxygen, pH and redox potential was 
±0.1°C, ±0.001 mS/cm, ±0.2 mg/l, ±0.2 and ±20 mV 
respectively. Isotope information as interpreta-
tive support in the delineation of nitrate vulnera-
ble zones was collected by seasonal sampling and 
determination of δ15N, δ15N-NO3

- and δ13C-DIC in 
selected surface flows and groundwaters during 
the period 2008 - 2009 (uhan, 2011). 

Monthly measurements of groundwater tem-
perature averaged at 11.9 °C with the range of 9.7 
and standard deviation of 2 °C. Electrical con-
ductivity was in the range of 719 mS/cm with the 
704.4 and 139.8 mS/cm as the average and the 
standard deviation respectively. The average of 
groundwater pH value was 7.2 with the range of 
5.3 and standard deviation of 0.3. The ground-
water nitrate concentration varied considerably 
from 0.8 to 119.9 mg/l with average of 46.4 and 
standard deviation of 25.8 mg/l. According to our 
analysis of variance (uhan et al., 2009), most of 
the variance in nitrate concentrations in ground-
water of Lower Savinja Valley was due to spatial 
variation. Hence, the field measurements have 
been extended to 224 randomly chosen ground-
water nitrate monitoring locations (Fig. 1b).

Monitoring sites have been classified for fur-
ther analysis into two groups on the basis of dis-
tribution of groundwater nitrate concentration 
with 20 mg/l as a threshold value. The threshold 
value to separate background and anomalous ni-
trate concentrations is necessary to be selected 
on the basis of distribution characteristics and 
not after the pre-established values, such as the 
EU threshold value or trigger value for uprising 
trends. The threshold value for groundwater ni-
trate vulnerability assessment in Lower Savinja 
Valley has been identified from the cumulative 
probability plot as the inflection point value (Pan-
no et al., 2006; Masetti et al., 2009). The threshold 
value, adjusted to 20 mg/l in Lower Savinja Val-
ley case study, defined as the cumulative proba-
bility plot inflection point, is interpreted to rep-
resent “anthropogenic impact” concentration of 
nitrate in groundwater (uhan, 2011).

Among the different statistical approach-
es for pattern classification, including artificial 
neural networks and neuro-fuzzy classification 
systems, weights-of-evidence (WofE) was select-



ed as the method with the highest prediction ac-
curacy in the Lower Savinja Valley groundwater 
nitrate vulnerability case study. The WofE mod-
elling technique (BonhaM-carter et al., 1988), as 
a part of the Arc Spatial Data Modeller exten-
sion (KeMP et al., 2001) implemented in ArcView 
GIS, is a data-driven method which combines 
known occurrences of phenomenon (training 
points) with available spatial data (predictor 
evidence) in a predictive response (phenomena 
occurrences conditional probability map). The 
WofE technique is based on the Bayesian idea of 
phenomena occurrences probability before (prior 
probability) and after consideration of any pre-
dictor evidence (posterior probability). The prior 
probability of the phenomena P(D) is the relation 
between the number of unit cells containing an 
occurrence (D) and total number of unit cells in 
the study area (T):

. , expressed as odds by: 

The probability of new phenomena on the ba-
sis of predictor evidence present (B) or absent (B) 
is, after the Bayesian theorem, expressed as a 
posterior probability:
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Prior and posterior probability of the j-th pre-
dictor map can be measured by positive (W+) and 
negative weights (W-), which indicate the associa-
tion between a phenomena and a prediction pattern: 

The difference between weights defines the 
contrast (C=W+-W-), which is the overall measure 
of spatial association between the training points 
and evidential theme. The contrast was used as 
a parameter for assessment of the pattern as a 
predictor. Absolute weights values under 0.5 are 
mildly predictive; between 0.5 and 1 are moder-
ately predictive; and values above 1 are strongly 
predictive (KeMP et al., 2001).

Weights-of-Evidence modelling

After extensive sensitivity analysis of the 
available evidential themes, the outputs of three 
empirical/numerical models have been used as 
evidential themes for prediction of groundwater 
nitrate pollution probability and vulnerability 
classification of the study area: long-term 
groundwater recharge (Fig. 2a), nitrogen load in 
seepage water (Fig. 2b) and groundwater flow 
velocity (Fig. 2c).
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Fig. 2. 

a) Groundwater long-term recharge (anDjelov, 2009), 
b) nitrogen load in seepage water (uhan, 2011) and 
c) groundwater flow velocity (viŽinTin, 2009).
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The long-term groundwater recharge of the 
Lower Savinja Valley aquifer has been modelled 
with the GROWA water-balance model (KunKel 
& wenDlanD, 2002) using high-resolution digital 
data of geology, topography, soil, land use, surface 
waters and climate. Real evapotranspiration was 
calculated according to the method of renGer and 
wessoleK (1996), using the national meteorolog-
ical monitoring database. In order to determine 
groundwater recharge, a runoff separation was 
performed. The model was validated using the 
national hydrological monitoring database, and 
the Nash-Sutcliff model efficiency coefficient 0.79 
indicated good simulation (anDjelov, 2009). The 
2008 annual average of groundwater recharge in 
Lower Savinja Valley was about 320 millimetres.

The nitrogen load in seepage water in Low-
er Savinja Valley was modelled with the De-
Nitrification-DeComposition biogeochemical 
model (DNDC), developed as a field-scale, pro-
cess-based, mechanistic model of N and C dy-
namics in agroecosystems (li et al., 1992). DNDC 
consists of the six sub-models for soil climate, 
crop growth, decomposition, nitrification, deni-
trification, and fermentation. The six interacting 
sub-models include the fundamental factors and 
reactions, which integrate carbon and nitrogen 
cycles into a computing system. Using the data 
of climate, soil and use lande of Lower Savinja 
Valley, nine simulations for 2008 were performed 
based on the different scenario and combinations 
of soils and crops. Nitrogen leaching rates for the 
year 2008 modelled by DNDC in Lower Savin-
ja Valley are in range from 1.7 to 36.9 kilograms 
of nitrogen per hectare. The comparison of the 
DNDC / GLEAMS model results for Latkova vas 
field experiment from year 2000 indicate the ade-
quacy of DNDC model use in further vulnerabil-
ity studies of shallow alluvial aquifers.

Groundwater flow velocity has been calculat-
ed through hydraulic potentials with the numer-
ical solution of the diffusion equation, estimat-
ed with the finite element subsurface flow and 
transport simulation system FEFLOW (Diersch, 
2009). The groundwater model of Lower Savinja 
Valley modelled a two-layer aquifer with one wa-
ter table (viŽinTin, 2009). The values of hydraulic 
conductivity of Holocene sediments range from 
8·10-3 m/s to 5·10-2 m/s and the values of hydrau-
lic conductivity of Pleistocene sediments are to 
be found around 10-4 m/s. A structural palaeo-
depression is taken into consideration north of 
the present bed of the river Savinja, which rep-

resents its former riverbed with increased hy-
draulic conductivity. Modelled groundwater flow 
velocity was in the range of up to 25 metres per 
day in the major part of the aquifer, increasing 
to 100 metres a day in the zones of preferential 
groundwater flows (viŽinTin, 2009).

The output data layers of the above mentioned 
models have been generalized and uniformly used 
as input in weights-of-evidence modelling for de-
lineation of relative groundwater nitrate vulnera-
ble zones as a response theme map (Fig. 3).

Results and discussion

The training data set in the Lower Savinja Val-
ley aquifer consists of data from 170 groundwater 
wells and piezometers with a concentration of 
nitrate above the threshold value. The measure-
ment locations with a concentration higher than 
20 mg NO3

- per litre of groundwater have been 
considered as training points. The spatial asso-
ciation between the training data points and the 
evidential theme classes has been initially calcu-
lated as contrast (C), which combines the effects 
of the positive and negative weights (C=W+-W-). 
Due to a relatively small number of wells and pie-
zometers with nitrate pollution, evidential themes 
with many classes result in noisy and unreliable 
estimates of weights. It is these advantageous to 
generalize and simplify themes in these cases 
(BonhaM-carter et al., 1989). Evidential themes 
in Lower Savinja Valley have been generalized 
with the maximization of the contrasts, which re-
sulted in: six classes for groundwater recharge, 
four classes for nitrogen load and five classes for 
groundwater flow velocity. According to the cal-
culated confidence value, the most important con-
tribution to the final response theme was assessed 
for the groundwater recharge evidential theme, 
followed by the nitrogen load evidential theme. 
High values (> 95 %) of the ratio between the 
posterior probability and its standard deviation 
in the 97 % of the modeled area indicate that the 
uncertainty is relatively small compared to the 
probability value itself. Conditional independence 
among the evidential themes used in the model, as 
an important assumption of the WofE model was 
calculated at 0.93, being within the range 1±0.15 
that generally indicates no dependence amongst 
evidential themes (BaKer et al., 2007).

Evidential themes, representing groundwater 
recharge, nitrogen load and groundwater flow 
velocity, were applied to generate the response 
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theme with posterior probability values rang-
ing from 0.00135 to 0.0997. The response theme 
values describe the relative probability that a 
100×100 metre spatial unit will have a groundwa-
ter nitrate concentration higher than the training 
points threshold value of 20 mg/l with regard to 
the prior probability value of 0.0216. Based on the 
definition of the training point, higher posterior 
probability values correspond with more ground-
water vulnerable cells and lower posterior proba-
bility values correspond to less vulnerable areas. 
The highest probability of groundwater nitrate 
vulnerability zones has been found to be general-
ly in the southeastern part of the Lower Savinja 
Valley aquifer.

The WofE posterior probability response 
theme of the Lower Savinja Valley aquifer was 
separated into three classes of relative nitrate 
vulnerability based on the distinction in a chart 
of the cumulative study area vs. posterior proba-
bility values. The vulnerability class breaks were 
defined by selecting discontinuity in the graph 
of posterior probability vs. cumulative percent 
of the modelled area, where was a significant in-
crease in probability detected: 0.022 and 0.034. 
Higher posterior probability values correspond 
with more vulnerable areas, based on the defini-
tion of training. The most sensitive area has been 
mostly designated within the lower and middle 
alluvial terrace of Lower Savinja Valley. A sig-
nificant part of the drinking water protection 
areas is most vulnerable to groundwater nitrate 
pollution with high risk due to groundwater ni-
trate transport in the saturated zone from up-
stream sites of the aquifer.

The parametric point count methods are gen-
erally not able to describe and analyse important 
physical processes, such as nitrification/denitrifi-
cation and nitrate dilution in the aquifer (DeBer-
narDi et al., 2008). The knowledge of geochemical 
processes and pollution sources is necessary for 
interpretation of the groundwater vulnerability 
results and the isotopic signature of nitrate in 
groundwater is valuable evidence (uhan, 2011). 
Correlation between the groundwater nitrate 
concentrations and isotope δ15N in groundwater 
nitrate suggested that part of the aquifer was 
influenced by denitrification, especially at meas-
urement points in the northern heavy soils area 
of the aquifer. In these areas, decreased dissolved 
oxygen was measured and the model assessed the 
lowest groundwater nitrate posterior probability. 
According to KenDall (1998) ranges of δ15N val-
ues for the major sources of nitrogen in the hy-
drosphere, the isotope δ15N in Lower Savinja Val-
ley groundwater nitrate suggests predominant 
soil (cultivation sources) and/or manure/septic 
waste nitrate sources. The range of δ15N-NO3

- iso-
tope values in the groundwater of Lower Savinja 
Valley is between +5.11 ‰ and + 21.90 ‰, which 
falls inside the range, found in areas with com-
parable hydrogeological setting and land use in 
the northeastern part of Slovenia (Pintar, 1996; 
Pezdič, 1999). The δ15N-NO3

- isotope values in 
samples from rivers in Lower Savinja Valley were 
ranged between +3 ‰ and +13 ‰ and grouped to-
gether with some groundwater samples from lo-
cations where the hydrological impact of the sur-
face water on the groundwater flow regime was 
significant. The δ15N-NO3

- and δ13C-DIC relation 
reflects the importance of internal and external 

Fig. 3. Map of relative gro-
undwater nitrate vulne-
rability assessed by WofE 
probability approach.
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sources of dissolved carbon and nitrogen and the 
degree of processes in the aquifer. The shift in 
δ13C-DIC toward more negative values was in-
dicative of an isotopically light carbon source as 
oxidation of organic carbon. The isotope infor-
mation of predominant soil and manure/septic 
waste nitrate origin, associated with other local 
physical and chemical boundary conditions and 
land use data, offers an interpretative support in 
the delineation of nitrate vulnerable zones (uhan, 
2011; uhan et al., 2011a; 2011b).

Conclusions

The model outputs of long-term groundwa-
ter recharge, nitrogen load in seepage water and 
groundwater flow velocity were found to be the 
most relevant evidential themes for the ground-
water nitrate vulnerability study of the Lower 
Savinja Valley aquifer. Through the application 
of these process-based model results and ground-
water field measurements, the efficiency of prob-
ability classification weights-of-evidence (WofE) 
approach to provide verified groundwater nitrate 
vulnerable maps was tested. The study highlights 
the superiority of the WofE model over the par-
ametric point count relative rating approaches. 
The WofE model results show the highest predic-
tion accuracy and the response theme very well 
illustrates groundwater vulnerability potential 
as a posterior probability for increased ground-
water nitrate concentration. WofE model gener-
ation is dependent upon a training dataset and 
the results in the self-validation model output as 
a probability map, displayed in classes of rela-
tive vulnerability. About 27 percent of the most 
nitrate vulnerable areas in Lower Savinja Val-
ley need groundwater nitrate mitigation through 
land-use measures and public sewage system 
construction.

The lowest probability of groundwater ni-
trate vulnerability was determined in the are-
as with indicated denitrification processes. Field 
measurements and isotope analysis of ground-
water in these parts of Lower Savinja Valley aq-
uifer revealed anoxic conditions. The isotope in-
formation of predominant soil and manure/septic 
waste nitrate origin, associated with other local 
physical and chemical boundary conditions and 
land use data, offered interpretative support in 
the delineation of nitrate vulnerable zones. To 
achieve a more precise nitrate source or mixing 
sources determination, more complex isotopic 
composition would be needed.

The methodology outlined in this study for ni-
trate contaminant vulnerability analysis, using 
process-based models and the statistical classifi-
cation method, can be applied to other areas with 
a similar hydrogeological setting to get a better 
characterization of the nature of the contami-
nation. The present study again underlines the 
importance of redox conditions and denitirifica-
tion processes for regional groundwater nitrate 
distribution. The results, obtained in this case 
study, lead us to envisage additional monitor-
ing programs, focused on a field measurements 
technique and water sampling for isotopes. In 
the future, an extensive field groundwater pro-
file measurement program will be of great im-
portance in order to be able to identify contam-
ination sensitivity of the aquifer throughout its 
vertical extent and to optimize the groundwater 
protection management strategy.
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Abstract

Recent research into the behaviour of soils has shown that it is in fact much more complex than can be described 
by the mechanics of saturated soils. Nowadays the trend of investigations has shifted towards the unsaturated 
state. Despite the significant progress that has been made so far, there are still a lot of unanswered questions 
related to the behaviour of unsaturated soils. For this reason, in the field of geotechnics some new concepts are 
developed, which include the study of soil suction.

Most research into soil suction has involved clayey and silty material, whereas up until recently no data have 
been available about measurements in very stiff preconsolidated sandy silt. Very stiff preconsolidated sandy silt 
is typical of the Krško Basin, where it is planned that some very important geotechnical structures will be built, 
so that knowledge about the behaviour of such soils at increased or decreased water content is essential. 

Several different methods can be used for soil suction measurements. In the paper the results of measurements 
carried out on very stiff preconsolidated sandy silt in a Bishop - Wesley double-walled triaxial cell are presented 
and compared with the results of soil suction measurements performed by means of a potentiometer (WP4C). All 
the measurement results were evaluated taking into account already known results given in the literature, using 
the three most commonly used mathematical models. Until now a lot of papers dealing with suction measurements 
in normal consolidated and preconsolidated clay have been published. Measurements on very stiff preconsolidated 
sandy silt, as presented in this paper were not supported before.

Izvleček

Zadnje geomehanske raziskave zemljin kažejo na to, da je njihovo obnašanje veliko bolj kompleksno, kot se to 
lahko opiše z modeli za saturirane zemljine. Danes se trend raziskav nagiba v področje nesaturiranih materialov. 
Kljub velikim premikom na tem področju ostaja še vedno veliko vprašanj povezanih z obnašanjem materialov v 
nesaturiranem območju, zato so se v geotehniki uveljavili novi koncepti modelov, ki vključujejo študij sukcije.

Večina preiskav sukcije je osredotočenih na normalno konsolidirani glineni ali meljni material, medtem ko 
rezultatov preiskav v trdnem, prekonsolidiranem peščenem melju, po dosedaj znanih podatkih, ni objavljenih. 
Trdni, prekonsolidirani peščeni melj je tipičen za Krško kotlino, kjer se bodo gradili večji geotehnični objekti, in 
je poznavanje sukcije materiala ob povišanju vlage v njem bistvenega pomena. 

Za meritev sukcije je bilo uporabljenih več različnih metod. V članku so predstavljeni rezultati meritve sukcije 
trdnega peščenega melja v Bishop - Wesley dvostenski triosni celici in primerjava z rezultati meritev sukcije v 
potenciometru (WPC4). Rezultati so potrjeni z matematičnimi modeli, ki so v tovrstni literaturi najbolj poznani. 
Rezultati raziskav predstavljajo prispevek k poznavanju obnašanja prekonsolidiranega trdnega peščenega melja v 
nesaturiranih pogojih. 
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Introduction

Recent research into the behaviour of soils has 
shown that it is in fact much more complex than 
can be described by the mechanics of saturated 
soils. The general field of soil mechanics can be 
sub-divided into that part which deals with sat-
urated soils and that part which deals with un-
saturated soils. Nowadays the trend of investiga-
tions has shifted towards the unsaturated state. 
Despite the significant progress that has been 
made so far, there are still a lot of unanswered 
questions related to the behaviour of unsaturat-
ed soils. This refers in particular to the changes 
in volume and strength which occur in the soil. 
Under certain conditions soils may behave very 
unpredictably, either through a rapid increase 
in their volume (swelling) or by (structural) col-
lapse. For this reason, in the field of geotechnics 
some new concepts, which include the study of 
soil suction, are now being introduced.

Several methods for measuring soil suction 
are known, i.e. measurements with a stick ten-
siometer, with a potentiometer, with a pressure 
plate extractor and filter paper. These methods 
can provide reliable information at both high and 
very low suctions, whereas in the intermediate 
zone measurements can be unreliable.

This deficiency can be remedied by using of 
the Bishop - Wesley double-walled triaxial cell, 
which can provide very precise measurements of 
changes which occur in the volume of water and 
air in the pores.

In geotechnical engineering, soil suction is an 
important parameter which is used in the design 
and construction of buildings, roads, tunnels, hy-
dropower dams, and deep excavations, as well as 
for the construction of sealing layers and covers 
for surface waste deposits, and elsewhere. Suc-
tion also needs to be studied in the case of land-
slides. Numerous research projects have been 
performed, including geotechnical and environ-
mental aspects, in connection with waste dispos-
al and ground pollution. Special attention has 
been focused on the question of the swelling of 
soils after compaction into sealed layers for the 
covering of radioactive waste deposits (uMeDera 
et al., 1996; DelaGe, 2002).

Numerous authors have also studied the im-
pact of soil suction on the triggering of land-
slides in unsaturated soils (toFani et al., 2006; 
lu & GoDt, 2008; GoDt et al., 2009), some of them 

(nG et al., 2003; sPrinGMan, 2011) with the help 
of artificially caused precipitation.

In recent years quite a lot of research has 
been performed in Slovenia, too, in connection 
with various geotechnical structures (MačeK et 
al., 2006; PetKovšeK, 2006, MačeK, 2006). Based 
on the results of the laboratory investigations 
(PetKovšeK, 2006), the favourable impact of soil 
suction on the strength characteristics of ben-
tonite, very stiff clay (i.e. „Sivica“), and flysch 
material was determined. Apart from laborato-
ry tests, in situ soil suction measurements have 
been performed in Slovenia, since 2004, on the 
Lenart - Cogetinci - Vučja vas motorway sec-
tion, where an embankment of swelling clay was 
stabilized by lime (PetKovšeK, 2008) and the ef-
fect of soil suction on the stability of the large 
Slano blato landslide was examined by mačeK 
(2012). 

Until now lot of papers dealing with suction 
measurements in normal consolidated and pre-
consolidated clay have been published, but no 
such measurements on very stiff preconsolidated 
silt, as it is found in the Krško Basin, are men-
tioned. Since several important geotechnical 
structures will be built in this area, it was neces-
sary to carry out more detailed measurement of 
the soil suction occurring in this material. 

Background

The soil suction has been defined as the energy 
level of the pore water in soils (suescun Florez, 
2010). It is the result of the adsorption of water 
onto mineral grains, together with a capillary 
phenomenon and the osmotic effects of the salt in 
the pore water. It can also be labelled as a meas-
ure of the energy that attracts water into the 
structure of the soil, or keeps it there. It is per-
ceived as a tensile stress of the water in the soil, 
or as a negative pore water pressure (Marshall & 
holMes, 1988).

Three types of soil suction are known: matrix 
suction, osmotic suction, and total suction. Total 
soil suction is defined as the sum of the matrix 
suction and the osmotic suction, and is written 
as:

ψ = (ua – uw )+ π     (1)

Where: ψ is the total suction, (ua – uw) is the 
matrix suction, and π is the osmotic suction.
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From Equation (1) it can be seen that the ma-
trix suction is defined as the difference between 
the pore pressure of air (ua) and the pore pres-
sure of water (uw). It is in fact defined as the en-
ergy which is needed to remove water from the 
soil matrix or from its structure, without any 
changes to the physical state of the water. Matrix 
suction occurs as a result of the capillary phe-
nomenon, the soil structure, and the adsorption 
of water onto the mineral grains (Bulut et al., 
2001). Osmotic suction (π) is a consequence of the 
concentration of salt dissolved in the water, and 
is independent of the pressure.

If it is assumed that the osmotic suction is 
zero, then the change in total suction equals to 
the change in the matrix suction. 

ψ = (ua – uw )    (2)

Suction can be expressed per unit volume, 
mass or weight. The unit expressed per unit vol-
ume is given in pascals (Pa), bars (bar), or atmos-
pheres (atm).

The soil-water characteristic curve (SWCC)

The soil-water characteristic curve, some-
times referred to as a „water retention curve“, is 
a curve which describes the relationship between 
the suction and the water content, so that it pre-
dicts the behaviour of soil in the drying phase 
(i.e. desaturation) and the wetting phase (i.e. sat-
uration). The shape of the water retention curve 
depends on many factors, from the density of the 
soil, its adsorption capacity, the size of the pores 
in the soil, whether the soil is in a drying or wet-
ting phase, and also on the mathematical model 
used for the calculation of the retention curve. In 
most cases, the water retention curve, which cov-
ers a range between 0 and 106 kPa, has a charac-
teristic „S“ shape (FreDlunD & XinG, 1994). Since 
suction values can be very high, retention curves 
are usually presented as graphs on a logarithmic 
scale.

A typical water retention curve is shown in 
Figure 1, where three identifiable sections can be 
observed: the saturation zone, the desaturation 
zone, and the residual zone. Two changes in the 
slope can also be seen, one at the point of air en-
try and the other at the point of residual water 
content. The soil is completely saturated in the 
saturation zone, where the suction is too small 
to drain the pores. Between the air-entry value 

and the point of residual water content there is 
a desaturation zone. This is the zone where the 
water in the pores is increasingly displaced by 
air. Within this zone, the suction is higher than 
the suction at the air entry value (KayaDelen et 
al., 2007). The air entry value is the point where 
the large pores begin to be drained due to the 
increase of suction (FreDlunD et al., 2011), as air 
enters them. The residual zone is an area where 
the transport of water in the soil is only possible 
by means of water vapour. 

The water retention curves could represent 
the drying phase (desaturation) or the rewetting 
phase (saturation). In the paper the results for the 
drying phase will be presented. 

Mathematical models for water retention 
curves

Various authors have suggested different em-
pirical equations and mathematical models for 
water retention curves. They can be defined as a 
function of the suction depending on the degree 
of saturation, or on the normalized water content. 
The following models are most frequently used, 
in which the water retention curve is expressed 
as a function of the volumetric (i.e. normalized) 
water content.

BrooKs & corey (1964):

 (3)

where: a and n are the fitting parameters deter-
mined by the method of minimum square roots, 

�
𝜃𝜃(𝜓𝜓) = 𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠                     𝜓𝜓 ˂ 𝜓𝜓𝑠𝑠𝑎𝑎

  𝜃𝜃(𝜓𝜓) = 𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠 �
𝜓𝜓
𝑎𝑎
�
−𝑛𝑛

     𝜓𝜓 ≥  𝜓𝜓𝑠𝑠𝑎𝑎
          

Fig. 1. A typical retention curve (SWCC: soil-water chara-
cteristic curve) (after FreDlunD et al., 2011 and KayaDelen 
et al., 2007).
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ψ is the soil suction, θR is the residual water con-
tent, θsat is the volumetric water content at com-
plete saturation, and ψae is the air-entry value .

BrooKs and corey (1964) divided the equa-
tion into two parts. In the first part the suction is 
smaller than the air-entry value, whereas in the 
second part it is greater than the air entry value 
(FreDlunD et al, 2011).

FreDlunD & XinG (1995): 

(4)

where: θsat is the volumetric water content at com-
plete saturation, ψ is the soil suction, ψR is the soil 
suction at the residual water content, and a, n, 
and m are curve-fitting parameters. 

van Genuchten (1980):

  (5)

where: θR – is the residual volumetric water con-
tent, and a, n, and m are curve-fitting parame-
ters. 

Soil suction retention curves were in the pre-
sented paper calculated by using the described 
mathematical models. The function parameters 
were determined in Excel by using the Least 
Squares Method, and the retention curves which 
best fitted with the measured values were de-
fined. 

Experimental techniques

Several different methods can be used for soil 
suction measurements. In the paper the results of 
measurements carried out on very stiff sandy silt 
in a Bishop - Wesley double-walled triaxial cell 
are presented and compared with the results of 
soil suction measurements performed by means 
of a potentiometer (WP4C). 

Soil suction measurements using a Bishop-
Wesley double-walled triaxial cell

The double wall triaxial cell is an improved 
traditional triaxial cell. Its advantage lies in its 
double wall cell, which provides constant con-
ditions and thus enables the performance of ac-

curate measurement of the changes which occur 
in the sample‘s volume. In conventional triaxial 
systems water can enter into the saturated sam-
ple, or can be pumped out of it. At the same time 
the air pressure in the sample can be changed, 
which could influence to the volume expansion of 
the sample. 

On the other hand, in the double wall triaxi-
al cell, the same cell pressure inside and outside 
the cell ensures that the volume changes of the 
water in the inner cell is only the consequence 
of changes in the volume of the sample and not 
due to external influences (e.g. changes in the 
cell volume due to the water temperature). These 
changes lead to changes in the volume of water 
in the outer cell, which provides constant condi-
tions for the internal chamber.

The double wall triaxial cell ensures accurate 
measurement of matric suction within the range 
from 0 to 1500 kPa, depending on which porous 
plate is used.

The main parts of the double triaxial cell are 
(Fig. 2):

- a base pedestal on which the sample is placed,
- an inner cell and outer cell that are both 

cylindrical in shape and, after installation, are 
filled with water,

- a vertical force transducer together with a 
hydraulically powered system for vertical load-
ing,

- a pore pressure transducer,
- an axial displacement transducer,
- a pressure gauge in the lower chamber,
- 5 electromechanical volume pressure con-

trollers (VPC) for measuring and setting the air 
and water pressures and for measuring the vol-
ume changes,

- a coarse porous disk
- a porous plate with high air-entry value (a 

HAEPD: high air entry porous disk).

The entire system is computer-controlled, 
with corresponding acquisition and storage fa-
cilities.

The method of measurement of soil suction 
in the double-walled triaxial cell is designed in 
such a way that the sample is pressurized by air 
and water, i.e. by suction (Figure 3). The volume 
change at which equilibrium is established in the 
soil sample is measured. Depending on the vol-
ume change of the sample at certain controlled 
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suction, information about the water content of 
the soil as a function of suction can be obtained 
by back analysis. Under controlled effective net 
stress state (suction stage) the change in the vol-
ume of the pore water and in the volume of the 
pore air are measured by volume measuring de-

vices. With the use of appropriate equations the 
change in the volume of the pore water is calcu-
lated as the result of suction.

When measuring suction using the Bishop - 
Wesley double-walled triaxial cell, the volume 
change of the pore water is calculated, for each 
of the suction stages, from the obtained data. 
The last measured level of the volume change 
for a given suction stage is taken into account in 
the calculations. When the values of the volume 
change are known for each suction stage, then the 
volumetric and gravimetric moisture content are 
calculated, as well as the degree of saturation. 

Soil suction measurements using 
a potentiometer (WP4C)

Soil suction was also measured by means of 
a WP4C (Fig. 4). This particular kind of potenti-
ometer is a device for measuring water potential 
using a chilled mirror. The device is easy to han-
dle, and measurements are carried out quickly 
and fairly accurately. The measurement range for 
suction is between 0 and 300 MPa, and its accu-
racy is ± 0.05 MPa over the measurement range 
between 0 and 5 MPa, and 1 % over the range be-
tween 5 and 300 MPa. The accuracy of the device 
also depends on proper calibration of the instru-
ment and on the ambient temperature at which 
measurements are performed. 

The potentiometer works by measuring suc-
tion on the principle of the relative humidity in 
the air. The specimen is inserted into the ma-
chine into the sealed chamber, which is equipped 
with sensors, a mirror, and a ventilator. The sen-
sors measure the temperature of the mirror, and 

Fig. 2. The Bishop-Wesley double-walled triaxial cell.

Fig. 3. Pressurizing the sample with an air pore pressure air 
(ua) and a water pore pressure (uw) (net effective stress con-
trolled stage).

Fig. 4. The WP4C potentiometer.
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the ambient temperature. The temperature of the 
mirror is precisely measured by means of a la-
ser beam, which operates on the principle of the 
Peltier effect, in which a photo-detector operates 
by precisely detecting the point at which con-
densation occurs on the mirror for the first time. 
The potentiometer directs the light beam onto 
the mirror so that it is reflects into the photo-de-
tector. When condensation occurs on the mirror, 
the photo-detector senses the change, and at the 
same time the thermocouple in the mirror re-
cords the temperature at which condensation has 
occurred. At the point of equilibrium the water 
potential of the air in the chamber is equal to the 
potential of the water in the sample. Soil suc-
tion is then determined according to Equation 10 
(WP4C, 2013).

    (10)

where: Ψ is the water potential, R is the gas con-
stant, T is temperature in the sample in Kelvin, M 
is thermolecular mass of the water, p is the pore 
pressure of the air, and po is the vapour pressure 
at the temperature of the sample.

Experimental results

The goal of the suction measurements was to 
determine the value of suction of very stiff precon-
solidated sandy silt in the Krško Basin, where it is 
expected that some large geotechnical structures 
will be built in the next few years. The suction 
measurements were performed in the above-men-
tioned Bishop-Wesley double-walled triaxial cell 
(sample V1) and potentiometer (sample V2).

Soil studied

The stiff sandy silt (sample V1) which was 
studied in the Bishop-Wesley double-walled tri-
axial cell was similar but not identical to the 
sandy silt (sample V2) which was used for the 
measurements in the potentiometer. However, 
using both measurement methods it was possible 
to compare data obtained by means of two differ-
ent suction measurement techniques.

The soil physical parameters are presented in 
Table 1. The results of the granulometric analy-
sis showed that samples V1 and V2 can be classi-
fied as sandy silt (saSi) according to the standard 
SIST EN ISO 14688-1, and silt (ML) according to 
the standard JUS U.B1.00.

Water retention curves

The measured data of the sandy silt sample V1 
are shown in Figure 5, where the retention curves 
were calculated by using the van Genuchten, Br-
ooks and Corey, and Fredlund and Xing. With the 
Bishop-Wesley double-walled triaxial cell the suc-
tion is measured in the volumetric water content.

From the retention curves it can be seen that 
the air-entry value for sandy silt V1 (ψae) occurs 
at a suction of 40 kPa. The suction which cor-
responds to the natural gravimetric water con-
tent of the sample (i.e. 27.7 %) amounts to about 
3-4 kPa which means that the sandy silt is at nat-
ural water content fully saturated. The slope of 
the curve in the middle section is steep, which 
means that most of the water in the sandy silt is 
bound in the capillaries, so that the material is 
able to release it at low values of suction.

𝛹𝛹 =
𝑅𝑅𝑅𝑅
𝑀𝑀

∗ 𝑙𝑙𝑙𝑙
𝑝𝑝
𝑝𝑝0

 

Table 1. The geomechanical characteristics of the sandy silt V1.

Sample Water 
content Density Dry 

density
Specific 
density Granulometric analysis 

Designation and 
unit

w
(%)

ρ (Mg/m3) ρd (Mg/
m3)

ρs (Mg/
m3)

sand 
content 

(%)

silt 
content 

(%)
clay content (%)

Sandy silt
V1

27,2 1,93 1,58 2,80 33,3 63,8 2,5

Sandy silt
V2

25,3 1,99 1,53 2,76 42 57,8 0,2
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Fig. 5. Comparison of the 
retention curves obtained 
by using the different 
models for the sandy silt 
sample V1.

Fig. 6. Comparison of the 
retention curves obtained 
by using the different 
models for the sandy silt 
sample V2.

The retention curve corresponding to the 
sandy silt of sample V2 was determined by using 
the potentiometer (Fig. 6). With the potentiometer 
suction is measured in the gravimetric water con-
tent. The residual moisture point occurs at almost 
zero water content, at a suction of about 500 kPa, 
whereas the air-entry point occurs at a suction 
of 60 kPa. The measured value for the suction at 
70 kPa and 22 % of gravimetric water content is 
questionable, since potentiometer measurements 
at suctions of up to 100 kPa are inaccurate. The 
slope of the retention curve is fairly steep. It can 
be seen that the moisture content decreases very 
rapidly, even at low values of suction. This indi-
cates that the water between the grains is bonded 
only in the capillaries, so that the material is able 
to release it at low values of suction. 

Discussion

Soil water retention curves were prepared on 
the basis of the models proposed by Brooks and 
Corey, Fredlund and Xing, and van Genuchten.

Based on the comparisons which were made 
between the different models, we tried to deter-
mine which water retention curve best fitted the 
measured values. From Figures 5 and 6 it can be 
seen that the measured values fit best when the 
Fredlund and Xing or van Genuchten model is 
used. In the case of the Brooks and Corey model, 
good agreement was observed with the measured 
values in the middle part of the curve, whereas at 
low suctions the fit was poorer. A sharp transi-
tion curve can be observed at the air-entry point, 
which makes identification of this point easy. 
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The sharp transition curve is due to the splitting 
of the model into two parts, where, in the first 
part of the equation, the moisture content is as-
sumed to be to fully saturated. For this reason 
in its initial part the curve is flat, whereas in the 
part from the air-entry point onwards it enters a 
sharp transition. In the case of the sandy silt V2 
the retention curves are located somewhat below 
the measured values.

Although each type of soil has its own kind of 
retention curve it is generally considered that var-
ious groups of soils have retention curves which 
are characteristic for them. The measurements 
results were also checked against data which can 
be found in the literature. Figure 7 shows the 
measured values of the retention curves for stiff 
sandy silt and a typical retention curve for sand 
and silt. The results of sandy silt V1 and V2 are 
shifted more in the direction towards retention 
curves which are typical for sand. 

The results were compared with the Sion 
(Geiser, 1999) silt which is by the structure the 
most similar material to the Krško valey sandy 
silt (Table 2). It has a lower percent of sand and 
the sample was reconstituted before the testing 
and the consolidated to the primary stress val-
ue. If we compare curves of the samples V1 and 
V2 with the results of the measurements of the 
Sion silt we can see that there are quite similar 
in spite of the fact that the samples V1 and V2 are 
preconsolidated (Fig. 8). The preconsolidation 
pressure was obtained by the pressuremeter and 
oedometer tests and it was found that the OCR is 
approximately 2. From the results we can con-
clude, that the presonsolidation ratio of samples 
V1 and V2 is not enough high to have an influence 
on the level of suction. Higher influence on the 
results have the sandy component in the silt.

Based on our experiences with testing of stiff 
silt material we could conclude that each of the 

Fig. 7. Comparison of the 
measured values with data 
from the literature (the re-
tention curves are accor-
ding to FreDlunD et al., 
2011).

Fig. 8. Comparison of the 
measured values of sandy 
silt (samples V1 and V2) 
with Sion silt and data 
from the literature (the re-
tention curve is according 
to FreDlunD et al., 2011).
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described methods of measurement of soil suc-
tion has its advantages and disadvantages. From 
the point of view of accuracy, the Bishop - Wes-
ley double walled triaxial cell has a big advan-
tage, since very accurate measurements can be 
made of the changes occurring in the pore water 
volume and the air volume, and, as well as this, 
accurate measurements can be performed at low 
matric suction values. Additionally, the Bishop 
-Wesley double walled triaxial cell provides con-
stant conditions throughout the duration of the 
investigation, which reduces the possibility of 
errors due to the impact of the environment (e.g. 
temperature changes). The advantage of the cells 
lies also in the fact that measurements are made 
on only one of the samples, so that errors due to 
sample preparation can be avoided. However, in 
comparison with the potentiometer, the work is 
much more difficult and requires more knowl-
edge of how to handle with the device, and the 
measurements are also time-consuming.

Complete investigations in a Bishop - Wes-
ley double-walled triaxial cell, from the sample 
saturation and consolidation to the measure-
ments of soil suction may last as long as several 
months, whereas entire measurements in the po-
tentiometer take no longer than a week or two. 
Apart from making possible faster performance 
measurements, handling of the potentiometer is 
much simpler. The disadvantage of the device lies 
in the fact that the potentiometer does not give 
good results in the low suction range, and it is 
also very important to reduce the effect of tem-
perature changes on the soil suction results. The 
disadvantage of performing measurements with 
the potentiometer is that the measurements are 
made on a small amount of the sample having an 
unknown density, which has a considerable ef-
fect on the soil suction values obtained. A small 
amount of a sample can also increases the possi-
bility for making errors in the measurements. At 
the same time this might be an advantage, since 
there is no need for a large amount of the sample 
for the performance of the measurements.

From the geotechnical point of view, the au-
thors were particularly interested in the matric 
suction, which has an effect on the stress - strain 
properties of soils. Matric soil suction can be pre-
cisely measured only in a double-walled triaxial 
cell, whereas in measurement performed with a 
potentiometer only the total suction is measured, 
assuming that the osmotic suction is zero.

Conclusions

So far, most research of soil suction has been 
performed on clay and silt material, whereas 
measurements of the soil suction of stiff precon-
solidated sandy silt have not been performed yet. 
Very stiff silt is typical of the Krško Basin where, 
in the future, some very important geotechnical 
structures will be built. In particular, knowledge 
is needed about the behaviour of such soil at in-
creased or decreased water content is essential.

In the paper the results of measurements that 
were carried out on very stiff sandy silt in a Bish-
op - Wesley double-walled triaxial cell for the 
very stiff preconsolidated sandy silt are present-
ed, and compared with the results of soil suction 
measurements performed with a potentiometer 
(WP4C). Both methods were presented in detail. 
The results of the measurements were evaluated 
on the basis of already known results that have 
been presented in the literature, using the three 
most commonly used mathematical models which 
are used for the definition of retention curves.

On the basis of the results of the laboratory 
tests of unsaturated soils, with an emphasis on 
measurements of suction in a Bishop - Wesley 
double-walled triaxial cell and using a poten-
tiometer, it can be concluded that both of these 
methods of measurements provide useable re-
sults. The obtained results are in a good agree-
ment with the results which are already known 
from the literature, and the models used to de-
scribe the soil retention curve fit the measured 
values very well.

Table 2. The geomechanical characteristics of the Sion silt.

Sample Liquid limit Specific density Granulometric analysis 

Designation 
and unit

wl

(%)
ρs (Mg/m3)

sand 
content 

(%)

silt 
content 

(%)

clay 
content 

(%)

Sion silt 25,4 2,74 20 72 8
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The results were compared with the Sion silt 
(Geiser, 1999) which is by the structure the most 
similar material to the Krško valey stiff sandy 
silt. From the comparison it can be concluded, 
that the presonsolidation ratio of samples V1 and 
V2 is not enough high to have an influence on the 
level of suction. Higher influence has a presence 
of the sandy component in the silt material.

The disadvantages of most methods for meas-
uring soil suction in the laboratory lie in the in-
accurate and unreliable measurements which 
occur in the low suction range, i.e. up to about 
100 kPa. According to the obtained results, the 
Bishop - Wesley triaxial cell can provide accu-
rate measurement in this range. The specially de-
signed double-walled cell enables accurate meas-
urements of the volume changes which occur in 
the water and air in the pores, without being af-
fected by outside effects (e.g. changes in temper-
ature) The absolute advantage of this cell lies in 
the fact that the suction is measured only a single 
sample, so that the effect of errors in the prepa-
ration of the sample, or of its non-homogeneity, 
can be reduced. 
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Abstract

The isotopic investigations of groundwaters stored in the Rogaška Slatina fractured aquifer system were 
performed in the periods 1978–1985 and 2007–2011 aiming at answering open questions on the groundwater 
recharge and dynamics, on connections between different types of aquifers and on solute transport. Environmental 
isotopes 2H, 18O, 3H, 13C of dissolved inorganic carbon and 14C were analysed in mineral, thermo-mineral and 
spring waters. Results indicated the source and mechanism of groundwater recharge, its renewability, a transit 
time distribution, hydraulic interrelationships, the groundwater origin and its evolution due to effects of water-
rock interaction. They proved the hypothesis that the Boča massif should be a catchment area of the Rogaška 
mineral waters. The estimates of the mean residence time of mineral waters in the aquifer system are between 
7200 and 3400 years, depending on the location and depth. Thermo-mineral water is the oldest water in the study 
area with the mean residence time of 14000 years.

Izvleček

V obdobjih 1978–1985 in 2007–2011 so bile izvedene izotopske raziskave podzemne vode, uskladiščene v 
razpoklinskem vodonosnem sistemu na območju Rogaške Slatine, z namenom, da se odgovori na odprta vprašanja 
o napajanju podzemne vode in njeni dinamiki, o povezavi različnih vrst vodonosnikov in o prenosu snovi. V 
mineralnih, termomineralnih in izvirskih vodah smo analizirali 2H, 18O, 3H, 13C v raztopljenem anorganskem ogljiku 
in 14C. V rezultatih smo opisali vire in mehanizme napajanja podzemne vode, njeno obnovljivost, zadrževalni čas 
v vodonosniku, izvor in geokemijski razvoj zaradi reakcij s kamninami. Potrdili smo hipotezo, da je masiv Boč 
napajalno območje Rogaških mineralnih vod, ki se zadržujejo v vodonosniku s povprečnim zadrževalnim časom 
od 7200 do 3400 let. Le ta je odvisen od lokacije in globine. Termomineralna voda je starejša – njen povprečen 
zadrževalni čas je 14000 let. 
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Introduction

Rogaška Slatina is famous by mineral water, 
which was discovered in this place in the time 
of ancient Rome. Numerous investigations of the 
Rogaška groundwaters were subject to balne-
ology and to the larger exploitation quantities 
(nosan, 1975), whereas information essential for 
the definition of the Rogaška aquifer system and 

for its protection has been still missing. Questions 
on the groundwater recharge area and dynamics, 
on connections between aquifers and on solute 
transport have remained open, which depends on 
the field geology and structure. The latter is very 
complicated – three regional faults intersect in 
this area, which is folded to anticlinal and syn-
clinal folds. The nature of geological structures, 
their mutual relations and extent have not been 

https://creativecommons.org/licenses/by/4.0/
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explained at a satisfactory level in many parts 
of the system. With regard to results of previ-
ous hydrogeochemical investigations (Nosan, 
1973, 1975; Pezdič, 1986, 1997) it was presumed 
that the Boč massif near Rogaška Slatina is the 
catchment area of the Rogaška mineral waters, 
although geological data did not support this hy-
pothesis (Aničić & Juriša, 1984).

Aiming at answering the discussed open ques-
tions also the isotopic investigations of ground-
waters stored in the Rogaška Slatina fractured 
aquifer system were performed. The first studies 
took place in the period 1978–1985 (Pezdič, 1997), 
while the last studies were performed during 
a period 2007–2011 (TrčeK et al., 2010; TrčeK & 
Leis, 2011). The isotopic investigations based on 
the environmental isotopes of H, O and C, which 
were used as tracers of geological and hydrogeo-
logical processes.

The applications of stable isotope ratios of 
hydrogen and oxygen in groundwater hydrol-
ogy are based primarily on isotopic variations 
in precipitation as the predominant groundwa-
ter source. After the infiltration of precipitation 
into the aquifer, only physical processes, such 
as diffusion, dispersion, mixing and evapora-
tion, alter the groundwater isotopic composition 
(ClarK & Fritz, 1997). The stable isotope content 
of water may be considered conservative under 
low-temperature and low-circulation ground-
water systems, as long as the relative amount of 
water involved in chemical reactions remains 
limited (ClarK & Fritz, 1997; HoeFs, 1997). The 
exchange with oxygen (possibly also hydrogen) 
bearing minerals of the host rocks is particularly 
important in geothermal environment. With low 
reaction rates in low-temperature environments 
a long time is needed for a significant exchange 
to take place and equilibrium will generally not 
be reached (IAEA, 1983). Another process, which 
may modify the initial stable isotope content of 
groundwater, is the isotopic exchange with a gas 
phase which is not initially in equilibrium with 
the environmental water (e.g. CO2 or  H2S).

The stable carbon isotope composition of dis-
solved inorganic carbon (δ13C-DIC) is not a con-
servative tracer. Nevertheless, the δ13C can trace 
the carbon sources and reactions for numerous 
interacting organic and inorganic species. The 
isotope ratio 13C/12C is an important tool for 
quantifying the water-rock interactions, identi-
fying the proportion of different CO2 sources in 

water, and determining the initial geological set-
tings of the groundwater recharge (HoeFs, 1997; 
KenDall & McDonnell, 1998). 

Groundwater dating is the main field of ap-
plication of the 14C and 3H radioactive isotopes. 
Their input source functions, which describe the 
time-varying global fluxes of isotopes deduced 
from atmospheric, cosmogenic and anthropo-
genic production, are well known (MooK, 1980; 
HoeFs, 1997). The measured activity concentra-
tions are compared with the input functions to 
get fairly informative age determinations over 
the past several decades. 3H has a half-life of 12.3 
years and is a very applicable tracer for deter-
mining spring residence times when recharge 
processes took place within a timescale of less 
than 50 years. Groundwaters seldom have more 
than 50 TU today and are typically in the 5–10 
TU range (criss et al., 2007; rose, 2007). The re-
cent 3H study (KOvačič, 2015) indicated that Slo-
vene groundwaters could be divided into four 
categories – groundwaters that are older than 
100 years (3H concentration is below the detec-
tion limit), groundwaters with the prevailing old 
component (3H concentration is between 0 and 2.5 
TU), groundwaters with the age between 30 and 
60 years (3H concentration is on average 8 TU) 
and recent groundwaters with age up to 15 years 
(3H concentration is about 6 TU). 

On the other hand 14C with a half-life of 5,730 
years is applicable for dating groundwaters re-
charged prior to 1,000–2,000 years (Bajjali et al., 
1997) and as old as 30,000 years (clarK & Fritz, 
1997).

Study area

The study area with its broader surroundings 
is geologically one of the most complex parts of 
Slovenia (TrčeK et al., 2010). It is the juncture 
of three major regional fault systems, separat-
ing three tectonic units (Figs. 1 and 2). The Boč 
massif belongs to the Southern Karavanke unit. 
It borders to the south with the Donat line to the 
narrow tectonic unit between the Donat line and 
Šoštanj fault close to which the town of Rogaš-
ka Slatina is situated. To the north, the Dravinja 
fault as part of the Periadriatic line separates the 
Southern Karavanke unit from the Upper Aus-
tro–Alpine unit. The ongoing dextral strike-slip 
zone along the Lavantal fault and the Šoštanj 
fault (Fig. 2) associates eastward extrusion of the 
Eastern Alps as a result of the northward shift 
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which are relatively displaced and folded (Figs. 
1 and 2). Most of the area is composed of mas-
sive limestones and dolomites of the Carnian 
age. They are capping the Boč mountain crest. 
The Oligocene and Miocene beds, covering the 
northernmost part of the territory and the lower 
slopes north of Rogaška Slatina, are composed of 
alternating sandstones, sands, shaly claystones 
and marlstones and conglomerates in the lower 
parts. A wide belt of volcanic rocks (andesite, 
its tuffs and volcanic breccias) is also present 
in within these units. The upper part is almost 
entirely composed of hard and bituminous marl-
stones (aničić & Juriša, 1984).

Mineral water is stored in fractured layers of 
the Oligocene tuff covered by the Upper Oligo-
cene and Lower Miocene beds (Figs. 1 and 2). The 
discussed water belongs to the magnesium-sodi-
um-hydrogen carbonate-sulphate facies. It was 
exploited from five boreholes that are 24 to 600 m 
deep (Fig. 1). Donat Mg is the most famous among 
Rogaška mineral waters. It has the highest min-
eral content (Tab. 1) and contains more than 
1,000 mg/l of Mg. The content of gaseous CO2 in 
the water is normally in the range of 2–30 g/l. 
Gas is practically pure CO2 with minor share of 
nitrogen and negligible concentration of oxygen 
and methane (Pezdič, 1997).

Fig. 1. Study area with locations of boreholes with mineral, 
thermo–mineral and spring water (TrčeK et al., 2010).

Sl. 1. Raziskovalno območje z lokacijami vrtin z mineralno, 
termomineralno in izvirsko vodo (TrčeK et al., 2010)

and the counter clockwise rotation of the Adria 
microplate. The complexity of the study area is 
reflected in a lithological heterogeneity as a re-
sult of faulting into many small tectonic blocks, 

Fig. 2. Geological cross section A-A’ (see Fig. 1) of the Rogaška Slatina area 
(TrčeK et al., 2010).
Sl. 2. Geološki prerez A-A’ (glej sl. 1) območja Rogaške Slatine 
(TrčeK et al., 2010).
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Borehole name Borehole 
depth (m) Q (l/s) M (g/l) SEC 

(μS/cm) T (ºC) pH

Mineral 
water

RSL-2 274 0.5 12.75 10999 14.6 6.8

RSL-3 24 0.2 5.8 5165 11.9 6.4

RSL-6 606 1 11.8 10539 28.4 6.9

RSL-7 603 0.4 8.65 8627 15.1 6.5

RSL-11 170 0.1 8.08 7102 12.0 6.5

Thermo- 
mineral 
water

RSL-1 1700 6 6 6418 55.4 7.1

Spring 
water from 
limestone

RSL-4 215 2.2 459 12.6 7.1

RSL-10 130 2.1 379 11.0 7.5

Spring 
water from 
dolomite

RSL-8 170 1.4 0.5 570 11.7 7.3

RSL-14 38 40 481 12.9 7.5

Spring 
water from 
sandstone

RSL-12 100 2 382 9.9 7.7

Spring water and thermo–mineral water are 
also exploited at the study area (Fig. 1, Tab. 1). 
The former is stored in fractured Triassic car-
bonate rocks and Miocene sandstones of the Boč 
massif and the latter in the dolomitized kerato-
phyre at depths between 1,500 and 1,700 m. 

The Rogaška mineral waters discharge with 
a help of a gas lift, thermo–mineral water dis-
charges with a help of a thermo lift, while spring 
waters of boreholes RSL-4, RSL-8, RSL- 10 and 
RSL-14 are artesian.

Methods

Isotopic investigations were fundamental 
for studies of groundwater dynamics and solute 
transport in aquifers with mineral and spring 
water and among them. The recent investigations 
included the monitoring of 5 boreholes with mi-
neral water (RSL-2, RSL-3, RSL-6, RSL-7 and 
RSL-11), 1 borehole with thermo–mineral wa-
ter (RSL-1), 2 boreholes with spring water from 
a limestone (RSL-4, RSL-10), 2 boreholes with 
spring water from a dolomite (RSL-8, RSL-14) 
and 1 borehole with spring water from a san-
dstone (RSL-12; Fig. 1, Tab. 1). Besides the grou-
ndwater CO2 was sampled and also precipitation 
at altitudes of 340, 530 and 710 m asl. The previ-

ous investigations involved only the sampling of 
mineral waters and spring water from carbonate 
rocks (Pezdič, 1997).

Recent isotopic analyses of stable isotopes of 
H and O were made in Laboratory Centre for Iso-
tope Hydrology and Environmental Analytics, 
Joanneum Research, Graz, Austria. The oxygen 
isotopic composition (δ18O) of the water was mea-
sured by the classic CO2 – H2O equilibrium tech-
nique (EPstein & MayeDa, 1953) with a fully au-
tomated device adapted from Horita et al. (1989) 
coupled to a Finnigan DELTAplus Mass Spectro-
meter. Deuterium (δ2H) was measured in a conti-
nuous flow mode by chromium reduction using a 
ceramic reactor slightly modified from Morrison 
et al. (2001). Stable oxygen and hydrogen isotopic 
ratios are reported relative to the VSMOW (Vi-
enna-SMOW) standard with an overall precision 
of 0.1 and 1 ‰, respectively. 

The data of H and O stable isotopic composi-
tion in precipitation were applied to define the 
local meteoric waterline (LMWL) of the Rogaš-
ka Slatina area. Due to small number of samples 
(57) the ordinary linear regression analysis was 
conducted that based on the method of seasonally 
weighted mean values (rozansKi et al., 1993). 

Table 1. Average values of sampled water discharges (Q), electroconductivity (SEC), mineralisation (M), temperature (T) and 
pH in the period 2007-2011

Tabela 1. Povprečne vrednosti pretoka vzorčenih vod ter njene elektroprevodnosti (SEC), mineralizacije (M), temperature (T) 
in pH v obdobju 2007-2011.



53Overview of isotopic investigations of groundwaters in a fractured aquifer system near Rogaška Slatina, Slovenia

The 13C content was also measured in the Sta-
ble Isotope Laboratory of the Institute of Water 
Resources Management, Joanneum Research, 
Graz, mass spectrometrically by Thermo Fin-
nigan DELTAplusXP (CF-IRMS). The values are 
reported as ‰ vs. V-PDB standard with an over-
all precision of 0.1 ‰.

Measurements of the radioactive isotopes 3H 
and 14C were performed in the Isotope laboratory 
HYDROSYS – Water and Environmental Protec-
tion Developing Ltd, Budapest, Hungary. 3H was 
measured by counting β-decay events in a liquid 
scintillation counter (LSC). Values are report-
ed in absolute concentrations as tritium units 
(TU), where one TU corresponds to one 3H atom 
per 1018 atoms of hydrogen 1H or to an activity of 
0.118 Bq/kg in water. 

14C was measured by the super low level liq-
uid scintillation analyser (PerkinElmer Tri-Carb 
3170TR/SL) based on ASTM D6866-06 standard. 
The values are expressed in pmC (Percent Mod-
ern Carbon). Groundwater age (t) is determined 
using the radioactive decay equation (Eq. 1), em-
ploying the pre-industrial baseline 14C activity of 
the soil CO2 equal to 100 pmC as an initial con-
centration and the 14C activity of the DIC (HCO3

¯) 
measured in the groundwater sample. However, 
the dissolved C mass balance of groundwaters is 
altered during the groundwater flow path due to 
geochemical reactions that take place within the 
aquifer. In such cases, a factor q is incorporated 
into the radioactive decay equation to take into 
account the 14C dilution effect (other than radio-
active decay) during the groundwater flow path 
caused by a dissolution of 14C–free marine car-
bonates and incorporation of a geogenic 14C–free 
CO2 of the magmatic or metamorphic source. The 
groundwater age is thus determined:

� 

t = −8267ln
at

14C
qa0

14C

 

 
  

 

 
  
  (Eq. 1)

where t is groundwater age, a0 
14C is a modern 

14C activity in the soil zone (100 pmC), at 
14C is a 

14C activity of DIC in the groundwater sample 
and q is a dilution factor.

The chemical mass-balance correction (CMB 
model) has been used to quantify the 14C dilution 
due to incorporation of 14C–free geogenic CO2, 
assuming that the carbonate dissolution in the 
recharge area evolves under the closed system 
condition. In such cases the 14C dilution factor of 

carbonate groundwaters is about 0.5. The subse-
quent 14C dilution caused by the incorporation of 
14C–free geogenic CO2 and resulting geochemi-
cal reactions has been determined as a ratio of 
the HCO3

- concentration in the recharge area to 
the HCO3

- concentration in samples of mineral 
and thermos-mineral waters. The HCO3

- concen-
tration in the recharge area is given as an aver-
age value of sampled spring waters that equals 
to 304  mg/l. The total 14C dilution factor is thus 
the product of the 14C dilution ensuing in the re-
charge area (0.5) and the subsequent 14C dilution 
induced by the incorporation of 14C-free geogenic 
CO2. 

The first analyses of O, H and C environmen-
tal isotopes were made at Institute Jožef Stefan, 
Ljubljana (Pezdič, 1997). For δ18O determination 
from water the classic CO2 – H2O equilibrium 
technique was also applied (EPstein & MayeDa, 
1953). Hydrogen gas was prepared by reducing 
water vapor on hot zinc wool at 400 °C or on zinc 
granules at 490 °C (coleMan et al., 1982). Precip-
itated DIC and carbonates reacted with 100 % 
orthophosphoric acid at 55 ºC. Dissolved car-
bonate species are treated with phosphoric acid 
to measure just δ13C. The isotopic composition of 
prepared gaseous compounds (H2 and CO2) were 
measured on the Varian MAT 250 mass spec-
trometer. Measuring accuracy exceeds ± 0.05 ‰ 
for oxygen and carbon and ± 0.5 ‰ for hydrogen. 
Results were given relative to the SMOW stan-
dard for oxygen and hydrogen and PDB for car-
bon.

The tritium content was measured with a liq-
uid scintillation counter at Institute Jožef Stefan, 
Ljubljana (Pezdič, 1997). Concentrations were 
given in TU and Bq. The activity of radiogenic 
carbon (14C) was measured at Rudjer Boikovic In-
stitute in Zagreb using a gas proportional count-
er. 14C data were presented as % Modern Carbon 
(pmC) vs. the activity of standard oxalic acid (Ox) 
formed before the nuclear period with a correc-
tion factor of 0.95 (Pezdič, 1997). 

Results and discussion

Average values of sampled water discharges, 
electroconductivity, mineralisation, temperature 
and pH during a monitoring period 2008–2010 
are presented in Table 1. The level of gaseous CO2 
in water is normally in the range 2-30 g/l, but in 
some areas is as high as 40 g/1 (nosan, 1973). Gas 
analysis revealed that the gas is practically pure 
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CO2 with a minor share of nitrogen (0.3 %) and 
negligible concentrations of oxygen and methane 
(below 0.01 %; Pezdič, 1997).

The relationship between O and H stable iso-
topic compositions of sampled water is illustrat-
ed in Figure 3. The average groundwater O and 
H isotopic composition approximately equals the 
weighted average of the precipitation O and H 
composition as a rule, while surface water is may 
be enriched more with heavier (more positive) 
isotopes than precipitation, due to the evapora-
tion process (clarK & Fritz, 1997; rozansKi et al., 
1992, 1993; TrčeK & zOJer, 2010). 

Mineral waters have 18O in the range between 
-12.2 and -10.3 ‰ and δ2H in the range between 
-80.5 and -63.9 ‰. The lowest δ values refer to wa-
ters with the highest mineralization, RSL-2 and 
RSL-6, and the highest to water of RSL-3 with 
the lowest mineralisation (Tab. 1), which reflects 
mixing processes of older and younger waters 
(Fig. 3). 

The δ18O and δ2H values range in spring waters 
from carbonate rocks is -10.7 to -9.9 ‰ and -78.9 
to -65.0 ‰, respectively. It is slightly different 
and more narrow in spring water from sandstone, 

-10.9 to -10.6 ‰ and -76.9 to -67.2 ‰, respectively 
(Fig. 3). The δ18O and δ2H of thermo–mineral wa-
ter is similar to spring water from a dolomite.

Similar δ18O and δ2H results were obtained 
in previous investigations (Pezdič, 1997). Miner-
al waters had a δ18O range -11.2 to -9.55 ‰ and a 
δ2H range -84.0 to -76.9 ‰, while the parameters 
ranged in spring waters from carbonate rocks 
from -10.25 to - 8.19 ‰ and from -78.6 to -63.6 ‰, 
respectively. 

CraiG (1961) firstly described the relationship 
of discussed isotopes in the precipitation by the 
global meteoric waterline (GMWL, Fig. 3). The 
local meteoric waterline (LMWL) of the Rogaška 
Slatina area slightly differs from the GMWL in 
both the slope and the intercept (Fig. 3). It is a fun-
ction of temperature during the secondary evapo-
ration as rain falls from a cloud, which results in 
effects of the isotopic fractionation with respect 
to the latitude, altitude, and climate. The isoto-
pic composition of precipitation is affected by the 
season, latitude, altitude, precipitation amount, 
and distance from the coast (rozansKi et al., 1992, 
1993). All sampled waters from recent and pre-
vious investigation (Pezdič, 1997) are distributed 
in the LMWL vicinity. The δ18O and δ2H values 

Fig. 3. The relationship between stable oxygen and hydrogen isotopic composition of sampled water in the period 2007-2011.

Sl. 3. Razmerje med sestavo stabilnih izotopov kisika in vodika v vzorčenih vodah v obdobju 2007-2011.
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and their distribution indicate that sampled wa-
ters are of a meteoric origin, hence the Rogaška 
fractured aquifer system is recharged with local 
precipitation. The δ values of mineral waters fall 
on the same LMWL, but on its lower part with 
the depleted heavy isotopes (Fig. 3, Pezdič, 1997), 
which reflects colder climate conditions during 
the infiltration processes (clarK & Fritz, 1997; 
HoeFs, 1997; iaea, 1983). The exception is the shal-
low RSL-3 mineral water (Tab. 1) that is mixed 
with surface waters (Figs. 3 and 4). The δ values of 
mineral waters sampled from RSL-2, RSL-6 and 
RSL-3 slightly deviate from LMWL (Fig. 3). The 
level of gaseous CO2 in these waters is the highest 
(up to 40 g/1; nosan, 1973), therefore it is assu-
med that 18O is depleted due to the exchange of 
water with the geogenic CO2 (clarK & Fritz, 1997;  
HoeFs, 1997; iaea, 1983).

During the period of previous isotopic inves-
tigations (1978–1985) the 3H contents of 1.9 to 176 
TU were measured in mineral waters and of 37 
to 150 TU in spring waters from carbonate rocks 
(Pezdič, 1997). The 3H data of investigations in 
July 2008, when almost three half-lives of 3H has 
passed, are illustrated in Figure 4. The precipita-
tion had the 3H content of 10.7 TU, which coincides 
with the summer values measured in Ljubljana 
(KOvačič, 2015). 3H was not detected in mineral 
waters from boreholes RSL-6 and RSL-7, hence 
these waters are not in contact with recent pre-
cipitation infiltration. According to KOvačič (2015) 
mineral waters from boreholes RSL-6 and RSL-
7 are older than 100 years. The samples of ther-
mo–mineral and mineral waters from boreholes 
RSL-1, RSL-2 and RSL-11 contain 0.6 TU or less 
3H, which indicates the prevailing old water com-
ponent (KOvačič, 2015). Evidently the recharge of 
these groundwaters occurred prior to the 1950s, 
therefore they are relatively unblemished by hu-
man activities. Similar findings were published in 
previous investigations (Pezdič, 1997). 

Groundwater samples from RSL-3, RSL-4, 
RSL-8, RSL-10, RSL-12 and RSL-14 with tri-
tium contents 4.6 to 9.4 TU (Fig. 4) should con-
tain modern water that infiltrated predominantly 
after the 1960s, suggesting the vulnerability of 
these groundwater systems to man–made im-
pacts. According to KOvačič (2015) the mean resi-
dence time of spring water of shallower boreholes 
RSL-10, RSL-12 and RSL-14 (Tab. 1) should be 
around 15 years, around 30 years for spring water 
of the deeper borehole RSL-4 and up to 60 years 
for spring water of the deeper borehole RSL-8. 

Among listed waters only RSL-3 is mineralized. 
The water is captured from a depth of 20 m, where 
it should be mixed with young fresh water. Pezdič 
(1997) reported that spring waters from carbonate 
rocks are no more than 15 years old.

During the period 2007–2011 the δ13C values 
of the dissolved inorganic carbon varied between 
-13 and +2 ‰ in sampled groundwater (Figs. 5 and 
6). The parameter values between -2 and +2 ‰ are 
characteristic for groundwaters that are influ-
enced by the volcanic CO2: RSL-2, RSL-3, RSL-6, 
RSL-7 and RSL-11 (clarK & Fritz, 1997). These 
waters are highly mineralized, as it is evidenced 
in Table 1. The RSL-1 water has lower mineral-
ization, which is reflected in δ13C-DIC values. On 
the other hand low δ13C values (-12 to -13 ‰) are 
typical for spring waters, collected from RSL-4, 
RSL-8, RSL-10 and RSL-14. According to clarK 
& Fritz (1997) these values closely resemble the 
δ3C content of carbonate groundwater that evolves 
under a closed system condition.

During the period 1978–1985 similar δ13C val-
ues were detected in mineral waters, between 
-3.1 and +3.3 ‰, and between -16.9 and 13.1 ‰ in 
spring waters of carbonate rocks (Pezdič, 1997).

The main sources of the carbon dissolved in 
groundwater are soil CO2, CO2 of a geogenic or-
igin or a magmatic CO2 (from deep crustal or 
mantle sources), carbonate minerals, an organic 
matter in soils and rocks, fluid inclusions, and 
methane. Each of these sources has a different 
carbon isotopic composition and contribute to the 
totally dissolved carbon in various proportions. 
In the studied groundwater systems the total dis-
solved inorganic carbon (DIC) exists practically 

Fig. 4. Tritium concentrations in groundwater and in preci-
pitation of the Rogaška Slatina area in the period 2007–2011.

Sl. 4. Koncentracije tricija v podzemnih vodah in padavinah 
na območju Rogaške Slatine v obdobju 2007–2011.
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all in a HCO3
- form. The HCO3

- concentration var-
ies between 224–382 mg/l in groundwater sam-
ples from RSL-4, RSL-8, RSL-10, RSL-12 and 
RSL-14, where the carbonate rocks were disso-
lute in the reaction with biogenic CO2 in soil. The 
HCO3

- concentration of mineral and thermo–min-
eral waters from RSL-1, RSL-2, RSL-3, RSL-6, 
RSL-7 and RSL-11 is increased to about 1950–
8280 mg/l (Tab. 2). The hydrochemical composi-
tion was most probably altered to a great extent 
by the incorporation of the geogenic CO2 influx 
that originates from a volcanic source (Fig. 5). 
The average δ13C of CO2 in mineral waters is 
-4.1 ‰ and -9.9 ‰ in thermo–mineral water, re-
spectively. It induced the intensive rock-water in-
teractions and consequently the dissolved solute 
contents increased significantly. It is well known 
that the δ13C is about -25 ‰ in the soil CO2 (simi-
lar to plants), -7 ‰ in the atmospheric CO2, -8 ‰ to 
-3 ‰ in the CO2 originating from the geothermal 
and volcanic systems and about 0 ‰ in marine 
carbonate rocks (KenDall & McDonnell, 1998). δ 
values from -2.0 ‰ to +4.1 ‰, with an average of 
+2.2 ‰ were analysed in Slovene carbonate rocks 

(Koceli et al., 2013; oGorelec et al., 2000). The re-
lationship between δ13C and HCO3

- concentration 
in sampled water is illustrated in Figure 6.

The 14C investigation was done on five ground-
water samples of mineral and thermo–mineral 
waters collected from the boreholes RSL-1, RSL-
2, RSL-3, RSL-6 and RSL-7 in 2009. Very low 14C 
contents, ranging between 0.9 to 1.4 pmC, have 
been determined (Tab. 2), which reflects very 
long mean residence times of groundwaters. With 
the aim to determine the resident time of ground-
water according to Equation 1 the geogenic CO2 
was characterised first based on the δ13C value 
of the CO2 gas phase of water samples. The δ13C 
values show a very wide spread, between -10 and 
-3 ‰ (Fig. 5). They are within the range of δ13C 
reported in the literature for magmatic CO2, -12 
to -1 ‰ (truesDell & huston, 1980; eXley et al., 
1986; rOSe & daviSSOn, 1996). Further the chem-
ical mass-balance correction (CMB model) has 
been used to quantify the 14C dilution due to in-
corporation of the 14C–free volcanic CO2, assum-
ing that the carbonate dissolution in the recharge 
area evolves under a closed system condition. 
From stoichiometry in such cases the initial 14C 
concentration (~ 100 pmC) is expected to become 
diluted for about 50 %. It follows that the 14C 
dilution factor is about 0.5. The subsequent 14C 
dilution caused by the incorporation of the 14C–
free volcanic CO2 and the resulting geochemical 
reactions has been determined as a ratio of the 
HCO3

- concentration acquired in the recharge 
zone to the HCO3

- concentration in the ground-
water samples from RSL-1, RSL-2, RSL-3, RSL-
6 and RSL-7. The HCO3

- concentration acquired 
in the recharge zone is given as an average value 
from RSL-4, RSL-8, RSL-10 and RSL-14, which 
is about 304 mg/l. The ages of sampled mineral 

Fig. 5. Stable C isotopic composition of total dissolved inorganic carbon (DIC) in sampled water and its CO2 in the period 2007–2011.

Sl. 5. Izotopska sestava 13C raztopljenega anorganskega ogljika v vzorčenih vodah in v njihovem CO2 v obdobju 2007–2011.

Fig. 6. The relationship between stable C isotopic compositi-
on and HCO3

- concentration in sampled waters in the period 
2007–2011.

Sl. 6. Razmerje med izotopsko sestavo 13C in koncentracijo 
raztopljenega anorganskega ogljik v vzorčenih vodah v ob-
dobju 2007–2011.
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waters were calculated employing the total 14C 
dilution factor, which is the product of the 14C di-
lution ensuing in the recharge zone (= 0.5) and the 
subsequent 14C dilution induced by the incorpo-
ration of the 14C–free volcanic CO2.

Table 2. HCO3
– concentration, stable C isotopic compositions, 

14C content, dilution factor qtotal and age estimates of the min-
eralized waters and thermos mineral water (RSL-1) sampled 
in 2009.

Tabela 2. Koncentracije HCO3
–, izotopska sestava 13C, vseb-

nost 14C, faktor razredčenja qtotal in ocena starosti mineralne 
in termomineralne vode, vzorčene leta 2009.

Sampling 
point

HCO3
–

(mg/l)
δ13C
(‰)

14C
(pmC) qtotal

Age
(year)

RSL-1 1949.6 -4.37 1.43 0.078 14000

RSL-2 8176.7 2.05 1.23 0.019 3400

RSL-3 3771.0 0.53 0.95 0.040 ----

RSL-6 7279.7 1,99 0.88 0.021 7100

RSL-7 4875.5 1,75 1.31 0.031 7200

The estimated ages of mineral waters are list-
ed Table 2. The thermo–mineral water, captured 
from RSL-1 at depths 1500–1700 m exhibits a 
considerably high mean residence time – 14000 
years, corresponding to the Pleistocene epoch, the 
Bølling-Allerød interglacial period that lasted 
from 14700 to 12900 years ago. During this peri-
od glaciers almost disappeared in many Europe-
an mountain ranges, also in the Alps (Palacios et 
al., 2016; DielForDer & hetzel, 2014; hiPPe et al., 
2014; ivy-ochs, 2015). The wormer climate during 
the infiltration process of thermo–mineral water 
is reflected also in the stable isotopic composition 
of  O and H (Fig. 3).

The mean residence time of mineral waters 
RSL-6, RSL-7 and RSL-2 is 7200, 7100 and 3400 
years, respectively. The first two correspond to 
the Holocene epoch, the end of the colder Bore-
al period that lasted from 8600 to 7200 years ago 
(roBerts, 2014). According to the 18O and 2H iso-
topic data (Fig. 3) waters from RSL-6 and RSL-2 
should be recharged and discharged under simi-
lar conditions, but they are captured at different 
depths (606 and 274 m respectively, Tab. 1) and 
hence fallow different flow paths, which should 
result in age differences. It is also worth to note 
that despite the low 14C concentration in the 
groundwater sample from RSL-3, no groundwater 

age was calculated due to the presence of a higher 
tritium concentration (4.6 TU) in the groundwater 
sample. Most likely it represents mixing of recent 
and old groundwater, thus groundwater age dat-
ing using 14C is not appropriate. 

The 14C was investigated in the RSL-7 miner-
al water also in 1980s (Pezdič, 1997). A content of 
2 pmC was recorded. Two corrections were made 
to estimate the water mean residence time based 
on 14C data: a) according to a dilution factor deter-
mined as the ratio between the predicted active 
and measured total DIC (equals to 0.037), which 
indicated that the mixture had about 3.7 pmC of 
initial 14C activity (ICA) and measured 2 pmC and 
b) according to estimation that primary miner-
al water had become mixed with about 20 % of 
young meteoric water. The recalculation of val-
ues indicated the relative 14C activity of prima-
ry RSL-7 mineral water to be approximately 35  
pmC. This pointed to an estimated age of about 
8000 years, which is compatible with the result of 
recent investigations.

Conclusions

The results of isotopic investigations of 
groundwaters in the Rogaška Slatina area per-
formed in the period 1978–1985 (Pezdič, 1997) and 
2007–2011 coupled with available information on 
a physical hydrogeology and a water chemistry 
help in understanding the source and mechanism 
of groundwater recharge, groundwater circu-
lation and its renewability, groundwater transit 
time distribution, hydraulic interrelationships, 
the groundwater origin and its evolution due to 
effects of water-rock interaction.

The δ18O and δ2H values indicated the meteor-
ic origin of mineral and thermos-mineral waters 
and proved the hypothesis that the Boč massif 
near Rogaška Slatina should be a catchment area 
of the Rogaška mineral waters. They reflected 
the mixing processes between younger and older 
waters or mineral and spring waters and hence 
contributed to the water body vulnerability as-
sessment together with 3H data. The latter point-
ed out waters that infiltrated predominantly after 
the 1960s, suggesting the vulnerability of these 
groundwater systems to man-made impacts.

The estimations of the mean residence time 
of mineral, thermos-mineral and spring waters 
based on 3H, δ13C and 14C data provided additional 
information on groundwater recharge processes, 
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its renewability and vulnerability. Thermo-min-
eral water, captured from RSL-1 at depths 1500–
1700 m is the oldest water in the study area with 
the mean residence time of 14000 years. The mean 
residence time of mineral waters captured at depth 
around 600 m from RSL-6 and RSL-7 is estimated 
to 7100 and 7200 years respectively. However, the 
residence time of mineral water captured at depth 
around 270 m from RSL-2 is shorter – 3400 years. 
Nevertheless, the 18O and 2H data indicated that 
mineral waters from RSL-6 and RSL-2 should be 
recharged and discharged under similar condi-
tions. Based on 3H data it was estimated that shal-
low spring waters are around 15 years old, while 
the age of deeper ones is 30 to 60 years.

The presented findings were integrated with 
the structural analysis of the study area (TrčeK 
et al., 2010; ŽibreT, 2016). The results improved a 
conceptual hydraulic model of the Rogaška Sla-
tina fractured aquifer system and are essential 
to determine the optimal balance between envi-
ronmental protection and economic use of mine-
ral and spring water resources in the study area.
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Pregled izotopskih raziskav podzemne vode 
v razpoklinskem vodonosnem sistemu 

na območju Rogaške Slatine

(daljši povzetek)

V obdobjih 1978–1985 in 2007–2011 so bile 
izvedene izotopske raziskave podzemne vode, 
uskladiščene v razpoklinskem vodonosnem sis-
temu na območju Rogaške Slatine z namenom, 
da se odgovori na odprta vprašanja o napajanju 
podzemne vode in njeni dinamiki, o povezavi 
različnih vrst vodonosnikov in o prenosu snovi. 
V mineralnih, termomineralni in izvirskih vo-
dah so se analizirali 2H, 18O, 3H, 13C-DIC in 14C 
(sl. 1). Mineralna voda je uskladiščena v razpo-
kanih plasteh oligocenskega tufa, ki jih prekri-
vajo zgornje oligocenske in spodnje miocenske 
kamnine, izvirska voda pa v razpokanih zgornje 
triasnih karbonatnih Boča in miocenskih pešče-
njakih (sl. 1 in 2, tab. 1). Termomineralna voda je 
zajeta v vrtini RSL-1 na globinah 1500 do 1700 m, 
v dolomitiziranem keratofirju.

Razmerje med izotopsko sestavo 18O in 2H v 
vzorčenih vodah na območju Rogaške Slatine 
je predstavljeno na sliki 3. Lokalna meteorna 
premica (LMWL) ne odstopa dosti od globalne 
(GMWL). Vrednosti parametrov, izmerjenih v 
površinskih in podzemnih vodah, so razporejene 
v območju, ki ga pokrivajo vrednosti, izmerjene 
v padavinah. Na podlagi tega in sorodnih rezul-
tatov predhodnih raziskav (Pezdič, 1997) lahko 
zaključimo, da so vse vzorčene vode meteornega 
izvora. Na sliki 3 odstopajo nekoliko vrednosti 
mineralnih vod, vzorčenih na vrtinah RSL-2, 
RSL-6 in RSL-3. Možnih je več vzrokov: drugač-
ne klimatske razmere v času infiltracije padavin, 
drugačni pogoji napajanja vodonosnika in izo-
topska izmenjava s CO2 v mineralni vodi. Razbe-
remo, katere vode imajo podoben režim napajanja 
ali podobno napajalno območje. Med mineralni-
mi vodami je treba izpostaviti podobnost med 
vodami vzorčnih mest RSL-2 in RSL-6 oziroma 
RSL-11 in RSL-7. Iz tega sledi, da pripada par 
najverjetneje istemu vodonosniku. Termomine-
ralna voda vrtine RSL-1 ima podobno izotopsko 
sestavo 18O in 2H kot dolomitne vode vrtin RSL-8 
in RSL-14, kar kaže na podobno nadmorsko viši-
no napajalnih zaledij vodonosnikov. 

Rezultati analiz 3H v vzorčenih vodah so pri-
kazani na sliki 4. Mineralne in termomineralne 
vode vrtin RSL-1, RSL-2, RSL-6, RSL-7 in RSL-
11 vsebujejo 0,6 TU ali manj, kar pomeni, da so se 
napajale pred letom 1960. Po drugi strani lahko 
sklepamo, da so omenjene vode zavarovane pred 
antropogenimi vplivi iz površja. Vsebnost 3H 
v mineralni vodi RSL-3, več kot 4 TU, opozar-
ja da se meša mineralna voda v vrtini z mlajši-
mi vodami, ki dotekajo s površja. Izvirske vode 
vrtin RSL-3, RSL-4, RSL-8, RSL-10, RSL-12 in 
RSL-14 vsebujejo 4,6 do 9,4 TU, kar pomeni, da 
so mlajše od 60 let. Ocenjujemo, da je starost pli-
tvejših izvirskih vod okoli 15 let, medtem ko so 
globlje stare med 30 in 60 let. 

Na podlagi podatkov δ13C, HCO3
- in 14C se je 

določila starost mineralnih in termo mineral-
nih vod (sl. 5 in 6, tab. 2). Uporabila se je enačba 
radioaktivnega razpada (enačba 1), ki se ji doda 
faktor q, s pomočjo katerega se upošteva učinek 
razredčenja 14C zaradi raztapljanja karbonatnih 
kamenin in geogenega CO2 (vulkanskega izvo-
ra). Izotopska sestava 13C-DIC v vzorčenih vo-
dah je predstavljena na sliki 5. Le ta izpostavlja 
mineralne vode, ki so pod vplivom vulkanskega 
CO2: RSL-2, RSL-3, RSL-6, RSL-7 in RSL-11. 
Omenjene vode so visoko mineralizirane, kar je 
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evidentirano v tabeli 1. Termomineralna voda 
RSL-1 ima nižjo mineralizacijo, kar se kaže tudi 
v vrednosti δ13C-DIC. V izvirskih vodah RSL-4, 
RSL-8, RSL-10 in RSL-14 so bile izmerjene vred-
nosti δ13C-DIC med -13 in -14 ‰. Te vrednosti so 
značilne za zaprt sistem raztapljanja karbonat-
nih kamnin v območju napajanja vodonosnika. 

Za določitev vpliva vulkanskega CO2 na mer-
jene vrednosti 14C se je uporabil model korekcije 
kemijske masne bilance (CMB model) ob predpo-
stavki, da poteka proces raztaplanja karbonatnih 
kamenin v napajanem območju vodonosnika pod 
zaprtimi pogoji. V takih primerih se upošteva, da 
se zmanjša začetna koncentracija 14C (~ 100 pmC) 
za okoli 50 %. Iz tega sledi, da je faktor razred-
čenja 14C v karbonatnih podzemnih vodah raz-
iskovalnega območja okoli 0,5. Dodatno razred-
čenje 14C povzroči še vulkanski CO2. Le-to se je 
ocenilo s pomočjo razmerja med koncentracijo 
HCO3

- v vodah z območja napajanja vodonosnega 
sistema (karbonatne izvirske vode) in koncentra-
cijo HCO3

- v mineralnih in termo mineralnih vo-
dah RSL-1, RSL-2, RSL-3, RSL-6 in RSL-7. Za 
koncentracijo HCO3

- na območju napajanja vodo-
nosnika z mineralno vodo se je upoštevala pov-
prečna vrednost vzorčenih vod RSL-4, RSL- 8, 
RSL-10 in RSL-14, 304 mg/l.

Opisani podatki in informacije so se upošteva-
li pri določitvi starosti mineralnih vod, podanih 
v tabeli 2. Najdaljši zadrževalni čas, 14000 let, 
je značilen za termomineralno vodo RSL-1, ki je 
zajeta v globinah 1500-1700 m. Povprečni zadrže-
valni časi mineralnih vod RSL-6, RSL-7 in RSL-
2 so 7200, 7100 oziroma 3400 let. Glede na podat-
ke δ18O in δ2H (sl. 3) imata vodi RSL-6 in RSL-2 
isto napajalno območje in pripadata istemu vo-
donosnemu sistemu, kjer potekajo geokemijske 
reakcije pod podobnimi pogoji. Ker pa se zajema-
ta obravnavani vodi na različnih globinah, 606 
oziroma 274 m, je različen njun zadrževalni čas 
v vodonosniku. V predhodnih raziskavah je bilo 
ocenjeno, da je zadrževani čas mineralne vode 
RSL-7 okoli 8000 let (Pezdič, 1997).

Rezultati izotopskih raziskav so opisali vire in 
mehanizme napajanja podzemne vode, njeno ob-
novljivost, zadrževalni čas v vodonosniku, izvor 
in geokemijski razvoj zaradi reakcij s kamninami. 
Potrdili so hipotezo, da je masiv Boča napajalno 
območje Rogaških mineralnih vod, ki se zadržuje-
jo v vodonosniku s povprečnim zadrževalnim ča-
som od 7200 do 3400 let, ki je odvisen od lokacije 
in globine.
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Abstract

The village of Crngrob (central Slovenia) is known to geologists for the silicified fossils found in the thick 
soil covering the “Amphiclina beds”, a Carnian lithostratigraphic unit of the Mesozoic Slovenian Basin. Due to 
silicification, the assemblage may provide an important insight into Carnian marine life; however, the nature of 
the fossil assemblage, as well as the timing and mode of silicification are unknown. A detailed sedimentological 
section, which covers the uppermost part of the “Amphiclina beds” and their transition to the “Bača Dolomite”, was 
recorded at one of the fossil-bearing localities. The section consists of limestone (including bioturbated filament and 
radiolaria-filament wackestones, laminated filament packstone, bioclast wackestone, peloid packstone, floatstone 
with intraclasts and bioclasts, and intraclast floatstone and rudstone), marlstone and dolomite. Chert is locally 
present in nodules or as dispersed silicified patches, giving a speckled appearance to the host rock. According 
to our interpretation, the deposition of the limestone occurred via hemipelagic settling, turbidite currents and 
debris flows in a slope-to-basin or outer ramp setting. The composition of the grains (which include green algae 
fragments, thick-shelled bivalves, corals and solenoporacean algae) clearly points to the allochthonous nature of 
the material, which was largely derived from shallow-water environments. Fossils, as well as the intraclasts and 
sometimes the matrix, are locally replaced by chalcedony and granular megaquartz. This type of silicification does 
not appear to be selective to particular microfacies. As the silicification occurred after the down-slope transport 
of shells and the deposition of the sediment, the Crngrob fossil assemblage represents a thanatocoenosis or even a 
taphocoenosis, and it is not representative of autochthonous Carnian associations.

Izvleček

Okolica Crngroba (osrednja Slovenija) je geologom poznana po okremenjenih fosilih, najdenih v preperini, 
ki prekriva karnijske amfiklinske plasti. Zaradi okremenjenosti bi fosilna združba lahko nosila pomembno 
paleoekološko vrednost, vendar njen izvor in značaj nista znana, tako kot nista poznani vrsta in čas okremenitve. 
V okviru raziskave smo na eni od lokalitet, kjer so bili najdeni fosili, posneli sedimentološki profil preko zgornjega 
dela amfiklinskih plasti in prehoda v baški dolomit. Zaporedje sestavlja menjavanja plasti apnenca (bioturbiranega 
filamentnega in radiolarijsko-filamentnega wackestona, laminiranega filamentnega packstona, bioklastičnega 
wackestona, peloidnega packstona, floatstona z intraklasti in bioklasti ter intraklastičnega floatstone do rudstona), 
laporovca in dolomita. Lokalno se pojavlja roženec v obliki večjih gomoljev ali drobnih, razpršenih zaplat. Glede na 
našo interpretacijo je sedimentacija potekala na zunanjem delu pobočja ali ob vznožju pobočja, kjer se hemipelagični 
in deloma pelagični apnenci prepletajo s sedimenti turbiditnih in drobirskih tokov. Gravitacijski tokovi so večino 
biogenih zrn, kot so zelene alge, debelolupinske školjke, korale in solenoporaceje, prinesli iz plitvomorskih okolij. 
Fosili, mestoma pa tudi mikritni intraklasti in osnova, so nadomeščeni s kalcedonom in zrnatim megakremenom. 
Ta vrsta okremenitve ni vezana na posamezen mikrofacies, temveč se pojavlja v vseh apnenčastih in dolomitnih 
plasteh. Ker je do okremenitve prišlo po prenosu materiala po pobočju navzdol, nabrana fosilna združba ne more 
predstavljati naravne karnijske življenjske združbe, temveč gre za primer tanatocenoze ali celo za tafocenozo.
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Introduction

With the right timing, silicification may pro-
vide high-quality preservation of fossils, because 
it preserves fine-scale morphological details and 
small, fragile or otherwise rarely fossilized organ-
isms. Silicified fossil assemblages may thus yield 
a valuable insight into past life (cherns & wriGht, 
2009; MerGl, 2010; Butts & BriGGs, 2011). A large 
collection of silicified and/or pyritized (limoni-
tized) centimetre-sized cephalopods (ammonites), 
brachiopods, bivalves and gastropods, as well as a 
few large pieces of colonial corals has been assem-
bled through almost 25 years of field work by F. 
Stare in the vicinity of Crngrob (central Slovenia). 
This site has raised considerable interest among 
professional geologists, but the lack of quality ex-
posures has prevented a more detailed analysis. 
According to previous work (raMovš, 1981, 1986, 
1987, 1998a, b) the fossils derive from black mic-
ritic limestone of Tuvalian (Upper Carnian) age, 
which belongs to the “Amphiclina beds” (GraD 
& FerJančič, 1968; rOŽič et al., 2015), an informal 
lithostratigraphic unit of the Slovenian Basin, but 
no further account of the fossil-bearing beds has 
been given until now. 

A well exposed succession of shale, limestone, 
marlstone and dolomite at one of the fossil-bear-
ing sites near the village of Crngrob has been dis-
covered during the geological mapping of the area. 
The section provided an opportunity to document 
the composition of the uppermost “Amphiclina 
beds” and to evaluate the nature of the Crngrob 
fossil assemblage and its potential use in palae-
oecological studies of Carnian marine life. We at-
tempted to identify the depositional environment, 
the diagenetic sequence, the type and relative 
timing of silicification and/or pyritization, and to 
characterize the quality of the preservation. This 
paper also provides the basis for future taxonomic 
determinations of the Crngrob fossil assemblage.

Geological Setting

The studied area is located in the vicinity of 
the village of Crngrob in central Slovenia (Fig 1). 
The geological structure of this area is covered 
by the Basic Geological Map of Yugoslavia, Sheet 
Kranj (GraD & FerJančič, 1968, 1976). A recon-
naissance of the area has been carried out by 
rOŽič et al. (2015). Most recently, the leading au-
thor of this paper made a detailed map in order 
to compare the distribution of lithological units 
with the positions of fossil sites (Fig. 2). Two ma-
jor tectonic units have been identified. The east-

Fig. 1. Location of the studied area. Rectangle shows the 
area of the geological map in Fig. 2.

Fig. 2. Simplified geological sketch map of area E of the vil-
lage of Crngrob (the mapping was performed by one of the 
authors, L.G.).

ern part of the map belongs to the Tolmin Nappe 
of the eastern Southern Alps (Placer, 1999, 2008). 
The oldest lithostratigraphic unit here consists 
of alternating shale, siltstone, bedded limestone 
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and black dolomite, which belong to the “Am-
phiclina beds” (sensu turnšeK et al., 1982; Bus-
er, 1986). The “Amphiclina beds” grade into the 
Norian-Rhaetian “Bača Dolomite” (i.e., bedded 
dolomite with chert). Both are considered to have 
been deposited in the deeper marine Slovenian 
Basin (cousin, 1981; Buser, 1986, 1989, 1996), 
a marine intraplatform trough situated at the 
western passive continental margin of the Ne-
otethys Ocean (see the palaeogeographic recon-
struction in haas et al., 1995). To the east, the 
“Amphiclina beds” are unconformably overlain 
by uppermost Eocene-lower Oligocene conglom-
erates. To the west, the “Amphiclina beds” and 
the “Bača Dolomite” are in fault contacts with 
red quartz sandstone (the Permian Gröden For-
mation), marly limestone, carbonate siltstone 
and marlstone with mica (the Lower Triassic 
Werfen Formation), and Triassic thick-bedded to 
massive dolomite with some stromatolites, all of 
which belong to the External Dinarides tectonic 
unit (Placer, 1999, 2008). A reconnaissance of the 
area (Fig. 2) shows that the silicified fossils de-
rive only from the “Amphiclina beds”.

Methods

The fossil-bearing succession was recorded 
along a forest road (Figs. 1-2) at one of the fos-
sil-bearing sites. From this section, 26 samples 
were collected. An additional 10 samples, which 
were silicified to various degrees, were collect-
ed from debris approximately 130 m to the SW 
after the lateral continuity of the beds had been 
verified. For optical microscope analysis, 40 thin 
sections of sizes 47×28 mm and 75×49 mm were 
prepared. Selected thin sections were stained 
with Alizarin Red S. Microfacies (MF) types were 
named according to the terminology of DunhaM 
(1962) and eMBry and Klovan (1971). The quartz 
terminology used here follows that of Maliva and 
siever (1988). Grain proportions were determined 
by counting 300 random points per section us-
ing JMicroVision v.1.2.7 software (© 2002-2008 
Nicholas Roduit). Cathodoluminescence (CL) was 
performed using a cold cathode CITLCL8200/
MK4 (Technosyn, Cambridge) at a voltage of 16 
kV and a current of 300-450 mA. Neither filters 
nor standards were used for image calibration. In 
addition to sedimentological samples, nine com-
posite conodont samples with an average weight 
of approximately 2 kg were collected and treat-
ed with acetic acid. Following this treatment, the 
conodont elements were hand-picked for determi-
nation. The conodont elements were photographed 

with a JEOL JSM 6490 LV Scanning Electron Mi-
croscope. The Conodont Alteration Index (CAI) 
was determined according to ePstein et al. (1977).

Description of section

The studied section (46°12´22.59´́ N, 14°18´12.68´́ E) 
is located in the upper part of the “Amphiclina 
beds”, and extands to the contact with the “Bača 
Dolomite” (Figs. 3, 4). The recorded beds are un-
derlain by shale and siltstone, whereas the domi-
nant lithology in the section is bedded limestone 
(locally dolomitized), which is interbedded with 
marlstone. Several MF types were identified 
within the limestone beds (see Table 1 for a de-
tailed description).

Wackestone (MF 1 and 3) is bioturbated and 
mostly thin- to medium-bedded. Some thicker 
beds display amalgamation, with wavy inter-
calations of marl. Thin-shelled bivalves (fila-
ments) and radiolaria are common fossils (Fig. 
5.1-5.2). In a few beds, filaments form a pack-
stone texture, with shells oriented concordant 
to the bedding plane (MF 4; Fig. 5.3). Small am-
monites were found in larger amounts in a few 
beds. Wackestone containing mollusc fragments 
and lacking radiolarian fossils and filaments was 
identified among the samples from the debris (MF 
2; Fig. 5.4). Thin- to medium-thick bedded peloid 
packstone (MF 5) is present, though less common. 
Some beds are normally graded and/or display 
parallel laminae. Bioclasts are subordinate to 
peloids; in addition to filaments, ammonites and 
Tubiphytes-like microproblematica, fragments 
of mollusc shells, geniculi of dasyclad green al-
gae and benthic foraminifera were also found. 
Thin- to medium-bedded floatstone with intra-
clasts and bioclasts (MF 6; Fig. 5.5-5.8) is charac-
terized by a chaotic texture, with clasts floating 
in a wackestone or packstone matrix containing 
thin-shelled bivalves and radiolaria, as well as 
very rare abraded ooids. Besides intraclasts that 
are identical in composition to those seen in MF 
types 1-5, rare fragments of corals, sponges, dasy-
clad and solenoporacean algae appear among the 
larger particles. Thin-shelled bivalves are orient-
ed with their convex sides upwards. Floatstone 
sometimes sharply overlies filament wackestone 
and grades into peloid packstone. Limestone beds 
were subject to slumping, resulting in disrupted 
beds up to 120 cm thick, with angular to round-
ed wackestone intraclasts kneaded into the marly 
matrix (MF 7 in Table 1; Fig. 5.9).
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Diagenesis

Although different lithologies constitute the 
sequence, it appears that diagenetic processes did 
not act selectively on the individual MF types: 
neomorphism, silicification, and precipitation of 
ferrous dolomite were detected in wackestone, as 
well as in floatstone. However, due to the larger 
number of aragonitic shells and intraclasts, these 
diagenetic processes seem to be most common in 
floatstone. 

Micrite, commonly recrystallized into micro-
spar (which shows speckled luminescence under 
CL), is the main supporting medium in all MF 
types. Early mosaic calcite in places fills vugs 
and intragranular spaces (Fig. 6.1) in bioclastic 
wackestone. Bladed spar has also been observed 
within a brachiopod interior in peloid packstone. 
Compaction of the sediment is evident from flat-
tened peloids, sometimes wrapped around echi-

noderm plates, puzzle-like breakage of bivalve or 
other shells, and alignment of the filaments with-
in bioturbations, as well as outside them. Pyrite 
crystals are present in the matrix and in mic-
ritic intraclasts. In thin section 654b (laminated 
filament packstone), radiolaria appear to be py-
ritized within a thin strip of sediment (Fig. 6.2). 
They preserve many details of their tests, in con-
trast to more common calcified specimens. In one 
case, pyrite also crystallized on the bivalve shell, 
pre-dating the precipitation of ferrous dolomite. 
In other cases, however, well-formed and rela-
tively large pyrite crystals cross-cut blocky spar 
or calcite veins. Relatively early changes further 
incorporate replacement of aragonite with drusy 
mosaic calcite through the complete dissolution of 
aragonitic bioclasts (thick-shelled bivalves, gas-
tropods, ammonites, sponges, corals) and the for-
mation of moulds (Figs. 6.3-6.4).

Microfacies type Short description Figures

1 - Bioturbated 
filament wacke-
stone

Filaments represent 80 % of grains. Subordinate are putative calcified radiolarian, calcite sponge spicules and echino-
derm plates.

Fig. 5.1

2 - Bioturbated 
radiolaria-fila-
ment wackestone

Radiolaria prevail over sparse filaments and very rare echinoderms plates, nodosariid foraminifers and juvenile am-
monites.

Fig. 5.2

3 - Laminated 
filament pack-
stone

Filaments (50 % of thin section area) are concordant with the bedding and oriented with their convex sides up or 
down. The space between filaments is filled with dense wackestone consisting of 40 % pellets and rare (2 %) radio-
laria. Calcite cement often fills shielded sites below and between the valves.

Figs. 5.3

4 - Bioclast 
wackestone

Bioclasts (20 %) are randomly distributed within microsparitic matrix. Mollusc shell fragments represent 10 %, small 
ammonites 6 %, and echinoderms 3 % of the clasts. Gastropods and ostracods are very rare. With the exception of 
the ostracods, the bioclasts are replaced by drusy mosaic spar. Some larger bivalve shells show signs of bioerosion 
and/or endolitization. The patches of drusy mosaic spar (8 % of the area) indicate that part of the micritic matrix was 
probably winnowed away. 

Fig. 5.4

5 - Peloid pack-
stone

Grains are arranged in crude laminae and are sorted by size. Some laminae indicate normal grading. Elongated 
grains are sometimes aligned with the bedding, but this appears to be mostly due to compaction. Peloids predominate 
among grains. They range from 0.05 mm to over 1 mm in size. They are ellipsoidal to elongated and angular to well 
rounded. The smaller ones display only micritic interiors, whereas internal layering may be observed in the larger 
grains. Due to the presence of Tubiphytes-like microproblematica (1.5 % of the area), some of the peloids probably 
originated as microbialite intraclasts. Mollusc fragments represent 5-10 % of the area, and echinoderm plates up 
to 5 %. Geniculi of dasyclad green algae, gastropods, brachiopods, “spherulites”, juvenile ammonites, ostracods, 
microproblematica Thaumatoporella parvovesiculifera (Raineri) and benthic foraminifera (Decapoalina schaeferae 
(Zaninetti, Altiner, Dager & Ducret), Palaeolituonella meridionalis (Luperto), Duotaxis sp., Reophax sp., Duostom-
inidae, and nodosariid Lagenida) are very rare. Thin-shelled bivalves (“filaments”) may be locally present. They are 
oriented with their convex sides upwards, and blocky spar sometimes fills the spaces beneath the valves. 

6 - Bioclast-in-
traclast and 
intraclast-bioclast 
floatstone

Clasts larger than 2 mm represent 30 % of the area (note that some compaction likely occurred), while wackestone or 
packstone matrix fills the remaining volume. The distribution of large clasts seems chaotic, although some alignment 
parallel to the bedding may be present that is due to compaction. Most are intraclasts with subangular edges and cor-
respond to MF 1-5. Rrecrystallized sponges (up to 3 cm large fragments) are rarer, as are partly broken bivalve and 
brachiopod shells, corals, ammonites, solenoporacean algae and presumed genicules of dasyclad algae. Some large 
echinoderm plates and fragmented gastropods may also be counted among the largest grains. Within the wackestone 
matrix, some filaments, echinoderm plates, calcified or pyritised radiolaria, gastropods, and foraminifera (Aulotortus 
sinuosus Weynschenk, Diplotremina subangulata Kristan-Tollmann, ?Duostomina biconvexa Kristan-Tollmann, 
“Trochammina” almtalensis Koehn-Zaninetti, Variostoma pralongense Kristan-Tollmann, Reophax sp., Duostom-
inidae, and nodosariid Lagenida) are present. A similar association of grains is present within the packstone matrix, 
together with peloids, microbialite aggregate grains, calcimicrobes, Tubiphytes-like microproblematica, fragments of 
Thaumatoporella parvovesiculifera (Raineri), ostracods, and occasional abraded ooids. 

Figs. 
5.5-5.8

7 - Intraclast 
floatstone and 
rudstone

Angular to subrounded clasts are up to 16 mm in size and represent up to 60 % of the thin-section area. Mudstone, 
“calcisiltite” (with small sparitic fragments and nodosariid lagenid foraminifera), wackestone with thin-shelled bi-
valves, and wackestone with microbialite fragments and echinoderm plates are seen. The interstitial space is filled 
with dolomitized matrix. Rarely, echinoderm plates can be found. 

Fig. 5.9

Table 1. Microfacies types of the uppermost “Amphiclina beds” at Crngrob.
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Fig. 3. Presentation of the recorded section. Numbers in brackets refer to MF type (see Table 1). Other samples (for additional 
study of the silicification) were collected ex situ. Abbreviations: C- Carnepigondolella, E- Epigondolella, M- Metapolygnathus, 
P- Paragondolella.
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Fig. 4. Field photographs of the recorded section of the uppermost “Amphiclina beds”. 4.1- Part of the recorded section. Beds 
are in overturned position. 4.2- Intraclastic floatstone to rudstone. Note the black chert, which substitutes for most of one clast 
(a thin strip of limestone remains on the outer side of the clast). 4.3- Selective silicification, giving a “mottled” appearance to 
the rock. 4.4- An at least partly silicified ammonite, approximately 2.5 cm in size. 4.5- Small silicified ammonites. The larger 
ammonite is approximately 5 cm in diameter.
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Fig. 5. Microfacies types of the uppermost “Amphiclina beds” at Crngrob.

5.1- Bioturbated filament wackestone. Thin section 666. 5.2- Bioturbated radiolaria-filament wackestone. Thin section 659. 
5.3- Laminated filament packstone. Thin section 654b. 5.4- Bioclast wackestone. A: ammonite. Thin section 652. 5.5- Bioclast-
intraclast and intraclast-bioclast floatstone. C: corals; E: echinoderm; A: ammonite (as part of an intraclast); I: intraclasts. 
Thin section 672a. 5.6- Fragment of solenoporacean red algae. Intraclast-bioclast floatstone. Thin section 672e. 5.7- Tubiphytes 
sp. Intraclast-bioclast floatstone. Thin section 672c. 5.8- Duostominid foraminifera (white arrowhead) and pyritized radio-
laria (black arrowhead). Bioclast-intraclast or intraclast-bioclast floatstone. Thin section 672h. 5.9- Intraclast floatstone and 
rudstone. Thin section 660.
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Fig. 6. Diagenetic features of the uppermost “Amphiclina beds” at Crngrob. 6.1- Mosaic spar, partly infilling the interior 
of a gastropod. Micrite (automicrite?) clings to the inner wall of the shell. Thin section 652. 6.2- Pyritized radiolarian and 
small sponge spicules. Thin section 654b. 6.3- Neomorphism of a bivalve shell. Thin section 653. 6.4- Neomorphism of corals. 
Thin section 672a. 6.5- Replacement of a probable micritic intraclast by chalcedony. Thin section 672h. 6.6- Silicification 
of an echinoderm plate. Thin section 653. 6.7- Partial silicification of a gastropod. Note that the chert infills the interior of 
the gastropod and partly replaces its shell. Thin section 653. 6.8- Same view under crossed Nicols. 6.9- Silicification front 
(arrowhead). Note the adjacent gastropod, which is not yet silicified. Thin section 653. 6.10-6.11- Void-filling chert. Note the 
rhombic carbonate crystals lining the wall of the void. Chips of crystals are included within the chert. Thin sections 667b 
and 653. 6.12- Chert, replacing some particles, including presumably rhombic crystals. Thin section 668b. 6.13- Same view 
under crossed Nicols. 6.14-6.15- Silicification front. Note the large rhombic crystal replaced by chalcedony that is seen under 
crossed Nicols (Fig. 6.15). Thin section 672h.



69Characterization of silicified fossil assemblage from upper Carnian “Amphiclina beds” at Crngrob

Spherulitic chalcedony and granular 
megaquartz locally replace the micritic matrix, 
gastropods, thick-shelled bivalves, echinoderms 
(excluding the surrounding syntaxial calcite 
cement), brachiopods, calcimicrobes, some in-
traclasts and even lagenide foraminifera (Figs. 
6.5-6.9). Microstructure-controlled replacement 
of brachiopod shells by chalcedony has also been 
observed, while microbial crusts are often the 
sites of precipitation of quartz euhedra. Chalced-
ony may enclose rhombic carbonate crystals and/
or infill the remaining internal parts of the voids, 
which are lined with large rhombic crystals of a 
carbonate mineral (Figs. 6.10-6.11). These rhom-
bic crystals may be partly shattered, with chips 
incorporated into the chert. Rarely, chalcedony 
appears to replace the rhombic crystals (Figs. 
6.12-6.15). In sample 654b, silicification has af-
fected some or part of the laminae with higher 
porosity: it appears to stop at the contact with 
more matrix-rich lamina (Fig. 7.1). Ferrous do-
lomite in large crystals substitutes for the ma-
trix between filaments in other parts of the thin 
section (Fig. 7.2). Ferrous dolomite locally fills 
gastropod (Fig. 7.3), ammonite (Figs. 7.4-7.5), and 
thick-shelled bivalve shells (Fig. 7.6), especial-
ly in bioclast-intraclast and intraclast-bioclast 
floatstone. The infill may be partial (in which 
case the other part of the mould is being filled by 
drusy mosaic calcite) or complete. Ferrous dolo-
mite is also found within veins (Fig. 7.7). Under 
CL, bright orange, dull red and non-luminescent 
bands are seen in clearly zoned crystals. The 
non-luminescent clear mosaic or blocky calcite 
post-dates ferrous dolomite; the calcite fills the 
remaining space (Fig. 7.8). In one sample, the 
clear blocky spar forms patches within the mic-
ritic matrix (Fig. 7.9). In rare cases, the clear spar 
fills veins. The relationship with chert is unre-
solved. Another generation of megaquartz, which 
is reflected by crystals more than 1 mm in size, 
occurs rarely in veins or fills the spaces between 
the clear spar crystals (Fig. 7.10).

Some samples are completely dolomitized, and 
dolomitization may have taken place contempo-
rary with selective replacement of fossils by fer-
rous dolomite (the timing of dolomitization is 
currently not resolved). Different types of perva-
sive dolomitization can be distinguished, hinting 
at different generations of dolomite. Sedimenta-
ry structures are sometimes still preserved, due 
to the different colours, shapes and sizes of the 
dolomite crystals. Smaller euhedral to subhe-
dral crystals with brownish outer rims (which 

are enriched in Fe) seem to preferentially sub-
stitute for the micritic matrix (Fig. 7.11). Under 
CL, they exhibit dark red luminescence with thin 
bright yellow bands. The second type of dolomite 
is represented by lighter and larger subhedral 
crystals (Fig. 7.12), which emit very weak, dark 
red luminescence. Some veins are also filled with 
dolomite. Calcite veins cut through all other di-
agenetic phases. The exception may be the second 
generation of megacrystalline quartz, for which 
the relationship with the calcite veins could not 
be determined.

Age of the studied succession

Conodont biostratigraphy

The Colour Alteration Index (CAI) of the re-
covered conodont elements (some of which are 
shown in Fig. 8) is 5 and/or slightly above 5, 
demonstrating strong alteration and even a low 
grade of metamorphism (see Kovacs & arKai, 
1987; suDar & Kovacs, 2006; Kovacs et al., 2006). 

The conodont fauna from the uppermost “Am-
phiclina beds” is dominated by the elements Par-
agondolella ex gr. polygnathiformis (Budurov & 
Stefanov) and Carnepigondolella with the rep-
resentatives: Carnepigondolella aff. carpathica 
(Mock), C. nodosa (Hayashi), C. pseudodiebeli 
(Kozur), C. tuvalica Mazza et al., Carnepigon-
dolella zoae (Orchard), Carnepigondolella sp.,  in 
association with Metapolygnathus mersinensis 
(Moix et al.) and M. cf. praecommunisti Mazza 
et al. As a direct forerunner of Metapolygnathus, 
the genus Paragondolella can be distinguished 
by the terminal or subterminal position of the 
basal pit (Kozur, 2003). Some specimens of Par-
agondolella reveal transitional features towards 
the genus Metapolygnathus, with a prolonged 
keel behind the basal pit. This feature is consist-
ent with observations of Mazza et al. (2012). The 
genus Paragondolella is confined to the Carni-
an, whereas Metapolygnathus ranges from the 
Late Carnian to the basal Norian. The species 
M. praecommunisti has not yet been documented 
from Slovenia, but its successor, M. communisti 
Hayashi has been reported from the Late Carni-
an-Early Norian fauna of the Martuljek Group 
in the Julian Alps (celarc & Kolar-jurKovšeK, 
2008). Carnepigondolella is characterized by a 
weak ornamentation on the platform margins 
and by a subterminal basal pit (Kozur, 2003). 
This genus is a marker of the Upper Carnian 
that also occurs rarely in the Lower Norian and 
is regarded as the forerunner of Epigondolella. 
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Fig. 7. Diagenetic features of the uppermost “Amphiclina beds” at Crngrob. 7.1- Partial silicification of the radiolarian-fila-
ment packstone. Note the sharp lower boundary of the chert (Q), which follows a lithological boundary with a greater amount 
of micritic matrix. Thin section 654b. 7.2- Ferrous dolomite between bivalves. Thin section 654b. 7.3- Replacement of a gastro-
pod shell by ferrous dolomite. Thin section 672c. 7.4- Ferrous dolomite filling the dissolved shell of an ammonite. Thin section 
667c. 7.5- Same view under CL. 7.6- Ferrous dolomite filling dissolved bivalve shells. Shells are fragmented. Thin section 672c. 
7.7- Vein-filling ferrous dolomite. Thin section 667b. 7.8- Blocky calcite (K) filling the interior of the void lined by ferrous 
dolomite (D). Thin section 672i. 7.9- Blocky calcite (K) precipitated after partial dissolution of the matrix (arrowhead). Thin 
section 672h. 7.10- Megaquartz (Q) interior to the blocky calcite (K). Thin section 672h. 7.11- Subhedral to euhedral dolomite 
crystals. Note the brownish colour of the outer rim. Large, undolomitized grains are echinoderm plates. Thin section 660. 
7.12- Subhedral dolomite. Note the ghostly image of the clast (C), suggesting a former floatstone texture. Thin section 672g.

Fig. 8. Conodont elements from the uppermost “Amphiclina beds” (8.1-8.6) and the lowermost “Bača Dolomite” (8.7-8.8). 8.1- 
Carnepigondolella tuvalica Mazza et al., sample GeoZS 5661. 8.2- Carnepigondolella zoae (Orchard), sample GeoZS 5661. 8.3-
8.4- Paragondolella ex gr. polygnathiformis (Budurov & Stefanov), samples GeoZS 5540 and 5539. 8.5-8.6- Carnepigondolella 
aff. carpathica (Mock), sample GeoZS 5660. 8.7- Epigondolella rigoi Noyan & Kozur, sample GeoZS 5643. 8.8.- Epigondolella 
cf. vialovi (Buryi), sample GeoZS 5643.
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Among the Carnepigondolella species that were 
identified, the presence of C. tuvalica and C. zoae 
that occur in the Late Tuvalian is important. The 
measured uppermost part of the “Amphiclina 
beds” is thus Tuvalian in age.

A single sample from the “Bača Dolomite” 
yields a small but significant fauna. It is marked 
by the exclusive presence of Epigondolella that 
reveals a more reduced platform, allowing devel-
opment of a free blade. This genus is characteris-
tic of the Norian, but it had already appeared in 
the Late Tuvalian. Several morphogenetic line-
ages are recognized from the period of their rap-
id evolution (orcharD, 2007). The co-occurrence 
of the species E. aff. spatulata (Hayashi), E. rigoi 
Noyan & Kozur, and E. cf. vialovi (Buryi) defines 
the Lacian age of the sample. Norian epigondolel-
lids are known to occur extensively in Slovenia 
(Kolar-jurKovšeK, 1991; Buser et al., 2008), and 
a similar fauna was recently documented from 
the Lower Norian strata of the Martuljek Group 
in the Julian Alps (celarc & Kolar-jurKovšeK, 
2008). 

Foraminifera

Concerning foraminifera, the following taxa 
(listed alphabetically) were identified in thin 
sections of bioclast-intraclast/intraclast-bioclast 
floatstone and in peloid packstone: Aulotortus 
sinuosus Weynschenk, ?Decapoalina schaeferae 
(Zaninetti, Altiner, Dager & Ducret), Diplotremi-
na subangulata Kristan-Tollmann, ?Duostomina 
biconvexa Kristan-Tollmann, Duotaxis sp., Pal-
aeolituonella meridionalis (Luperto), Reophax 
sp., “Trochammina” almtalensis Koehn-Zaninet-
ti, Variostoma pralongense Kristan-Tollmann. 
Undetermined Duostominidae and nodosariid 
Lagenida were also recognized. Neither species 
provides a detailed stratigraphic range. It should 
be noted, however, that the range of Decapoali-
na schaeferae, which was previously known from 
Norian and Rhaetian strata (Gale et al., 2013), 
should be extended to the Late Tuvalian. 

Discussion

Depositional model

Concerning sedimentation, three types of 
sediments can be distinguished in the observed 
section. The bioturbated filament wackestone, 
radiolaria-filament wackestone and laminated 
filament packstone are interpreted as hemipe-

lagic/pelagic sediments. The concordant position 
of thin-shelled bivalves in the latter may be due 
to redeposition out of suspension, compaction, or 
the presence of weak bottom currents (KiDwell 
& Bosence, 1991). Traces of bioturbation suggest 
oxygenated bottom conditions. The presence of 
radiolaria, ammonites, and thin-shelled bivalves 
suggests an open-marine environment (FlüGel, 
2004). The bioclast wackestone and peloid pack-
stone are interpreted as distal turbidites, or as 
the result of some other gravitational current 
transport mode. This is supported by the pres-
ence of normal grading and laminae in peloid 
packstone and the presence of grains derived 
from within the photic zone (green algae, bioero-
sion on bivalve shells, foraminifera Decapoalina 
schaeferae, Palaeolituonella meridionalis). 

The chaotic distribution of clasts floating in 
slightly convoluted (fluid) matrix suggests that 
the bioclast-intraclast and intraclast-bioclast 
floatstone formed via debris flows. Grains are 
again partly derived from shallow water (corals, 
solenoporaceans, green algae, and the foraminif-
era Aulotortus sinuosus), but some micritic in-
traclasts represent mud chips torn from the sea 
bottom, and fossils found within the matrix (ra-
diolaria, filaments) represent open-marine biota. 
The intraclast floatstone to rudstone might alter-
natively represent a debris flow deposit with a 
predominance of basin-derived clasts, or a slump 
conglomerate/breccia. 

This facies association suggests the slope to 
toe-of-slope setting, or the outer ramp environ-
ment (FlüGel, 2004).

Timing of silicification of fossils

Although we could clearly distinguish between 
the megaquartz that post-dates the blocky spar 
from the chalcedony, which replaces fossils, we 
are not able to confidently assign the silicification 
of fossils to the early or late stages of diagenesis. 
The ammonites, gastropods and bivalves, which 
were originally made up of aragonite (FlüGel, 
2004), were probably already replaced by low-Mg 
calcite spar when silicification occurred. They 
are replaced alongside low-Mg calcite calcimi-
crobes, brachiopods and lagenide foraminifera, 
as well as high-Mg calcite echinoderms (FlüGel, 
2004). Chalcedony usually replaces only parts of 
fossils and is not always confined to the fossils 
itself. As seen in Figure 6.9, silicification did not 
extend to the gastropod immediately adjacent to 
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the progressing silicification front. The silicifi-
cation thus clearly post-dates deposition of the 
sediment. Furthermore, the presence of rhombic 
crystals lining some vugs filled with chalcedo-
ny, seemingly shattered and broken-off rhombic 
crystals, and rhombic crystals replaced by sili-
ca suggest that the chalcedony precipitated after 
the vug-lining spar.

The silicification in the “Amphiclina beds” 
might be somewhat similar to the late diagenet-
ic silicification that selectively affected clasts in 
conglomerates of the Upper Jurassic Toril For-
mation in the Bethic Mountains of Spain (Bustil-
lo & ruiz-ortiz, 1987). Bustillo and ruiz-or-
tiz (1987) additionally recorded nodule- and 
bed-producing early diagenetic silicification that 
was restricted to the Ta (partly), Tb and Tc parts 
of the intercalated turbidite beds. The rare nod-
ular chert in the recorded part of the “Amphi-
clina beds” may indeed be early diagenetic, as 
shown by the presence of chert clasts in rudstone 
shown in Figure 4.2 (which is similar to the nod-
ular chert in the Norian-Rhaetian “Bača dolo-
mite”; D. Skaberne, pers. com. 2009). In the case 
of the silicified fossils, however, there seems to 
be no preference for lithology, as the same type of 
clasts may be silicified in both bioclast-intraclast 
floatstone and hemipelagic sediments. The im-
pression that silicification is confined to certain 
lithologies is solely a consequence of the greater 
amount of calcareous bioclasts in bioclast-intr-
aclast and intraclast-bioclast floatstone. There-
fore, rather than arguing for lithological control 
over the silicification of fossils, we suggest that 
all the investigated types of limestone acted sim-
ilarly during the burial diagenesis, which can be 
attributed to the largely homogenous permeabil-
ity of the matrix-rich sediment.  

Conclusions

The uppermost 38 m of the “Amphiclina beds” 
were sampled at Crngrob in order to define the 
origin of the silicified fauna, the nature of the as-
semblage and the timing of silicification. The sec-
tion exposes limestone, dolomite and marlstone 
of Tuvalian age. Within the limestone, seven mi-
crofacies types were determined. Bioturbated 
filament wackestone, bioturbated radiolaria-fil-
ament wackestone and laminated filament pack-
stone represent hemipelagic sediments. Peloid 
packstone and bioclast wackestone were deposit-
ed from distal turbidite flows. Bioclast-intraclast 
and intraclast-bioclast floatstone represent the 

debris-flow microfacies, while intraclast float-
stone and rudstone are interpreted as debris-flow 
deposits or as slump breccias. The sediments 
were deposited in the slope to toe-of-slope set-
ting or in the outer ramp setting (FlüGel, 2004). 
A complex diagenetic history has been partly re-
solved. Early diagenesis involved compaction of 
the sediment and replacement of aragonite with 
drusy mosaic calcite. Local selective silicification 
affected the fossils, as well as some of the intra-
clasts and even parts of the matrix. Silicification 
(replacement by chalcedony and megaquartz) 
was detected in all of the limestone types, but it 
is most evident in bioclast-intraclast and intra-
clast-bioclast floatstone, where the majority of 
the larger fossils are found. Because the silicifi-
cation occurred after deposition of the sediment, 
and because the fossils are partly derived from 
shallow-water environments, the Crngrob silici-
fied fossil assemblage represents a biased thana-
tocenosis or even a taphocenosis, and it is not an 
autochthonous Carnian fossil association. Fer-
rous dolomite, sometimes associated with veins, 
locally replaces non-silicified or partly silicified 
fossils and matrix. Clear mosaic or blocky cal-
cite postdates ferrous dolomite. Some samples 
are completely dolomitized. Two types of dolo-
mitization are suggested by the different sizes, 
shapes, and colours of the dolomite crystals, and 
the original texture of the sediment is sometimes 
preserved. The timing of dolomitization has not 
been resolved.
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Abstract

Increasing reports of genus Retropluma Gill, 1894 from the siliciclastic sediments of South-East Europe 
demonstrate the abundance and preferred habitat of this genus in Miocene seas of Central Paratethys. In the 
present paper we report new specimens of decapod Retropluma slovenica Gašparič & Hyžný, 2014, which extend 
the known palaeogeographic and stratigraphic distribution of the species to the western borders of Slovenian 
Basin of the Central Paratethys. The described specimens originate from the Early Miocene locality of Rovček in 
the Tunjice Hills in Slovenia and exhibit associated preservation, characteristic for endobenthic infaunal mode 
of living.

Izvleček

Vse več najdb rakovice rodu Retropluma Gill, 1894 v klastičnih kamninah jugovzhodne Evrope kaže na to, 
da so bile v miocenskem morju Paratetide pogostejše kot smo doslej predvidevali. V članku predstavljamo nove 
najdbe rakovice Retropluma slovenica Gašparič & Hyžný, 2014, ki dopolnjujejo naše poznavanje paleogeografske 
in stratigrafske razširjenosti vrste do najbolj zahodnih delov Slovenskega bazena v miocenskem morju Centralne 
Paratetide. Opisani so primerki iz spodnjemiocenskih govških plasti iz nahajališča Rovček v Tunjiškem gričevju. 
Primerki so ohranjeni s povezanimi okončinami, kar je značilno za rakovice, ki so se vkopavale v podlago.

GEOLOGIJA 60/1, 77-85, Ljubljana 2017
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Introduction 

The he rich palaeontological diversity of Tun-
jice Hills is known already from the early 19th 
century. Most fossiliferous strata in the region 
are Early and Middle Miocene beds, which were 
investigated by Austro-Hungarian geologists 
and amateur naturalists of the era (Fuchs, 1875; 
HilBer, 1888). One of most important research-
ers of the region was a local priest Simon Robič 
who collected fossils in his daily walks through 
the woods and creeks of Tunjice Hills (Žalohar 
& Hitij, 2014). His collection, stored in Natural 
History Museum of Slovenia consists of about 135 
fossil specimens, among others also fossil crabs 

Tasadia carniolica (Bittner 1884) from locus typi-
cus within Laško Formation beds in Košiše, which 
are common fossils in the region. Despite fre-
quented finds of T. carniolica in Middle Miocene 
layers of Tunjice Hills, other occurrences of fossil 
decapods are unusually rare. The oldest are the 
remains of crabs from Early Miocene beds south 
of Tunjice village in Rovček creek. Rare speci-
mens of Chaceon sp. and Homarus sp. (KriŽnar 
& PreisinGer, 2008; GašParič & BraJKOvič, 2016) 
occur in concretions in Early Miocene claystones. 
The age of fauna, containing also Teredo-bored 
wood remains, is questionable and concretions 
could have been reworked from older (Oligocene) 
strata (GašParič & BraJKOvič, 2016).

https://creativecommons.org/licenses/by/4.0/
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Herein we present new findings of Retroplu-
ma slovenica Gašparič & Hyžný, 2015 from Ear-
ly Miocene clastic sequence of Rovček creek in 
Tunjice Hills. The family Retroplumidae Gill, 
1894 consists of nine genera of brachyuran crabs, 
seven of which have exclusively fossil represen-
tatives (De Grave et al., 2009; KhoDaverDi et al., 
2016). The two extant genera, Retropluma and 
Bathypluma de Saint Laurent, 1989, occur in the 
Indo-Pacific and have been reported from muddy 
or sandy bottoms in the depths ranging from 70 
to 600 m (McLay, 2006). 

Geology and stratigraphy of the localities

Tunjice Hills belong to the westernmost part 
of the Tunjice Syncline of the Sava Folds (Placer, 
1999, 2008).

Cenozoic sequence of Tunjice Hills starts with 
few meters of Oligocene conglomerates alternat-
ing with beds of sandstones. These are followed 
by grey clays and a basal conglomerate horizon of 
fluvial origin. Oligocene layers end with a thick 
horizon of grey marine clay sequence, which at 
its top alternates with individual lenses of fine 
grained clastic rocks, particularly loose sands, 
and conglomerates (Žalohar & ZevniK, 2006; 
GašParič & BraJKOvić, 2016). 

Oligocene strata are discordantly overlain with 
Early Miocene Govce Formation. Lithologies of 
Govce Formation sequence starts with deposition 
of clays with lenses of sand and sandstones but it 
mostly consist of interchanging of conglomerates, 
sandstones, and fine-grained marls and clays. 

Succession of retrogradational and progradation-
al sequences implies alternation of deepening and 
shallowing cycles (VraBec, 2000). According to 
ŽalOhar & zevniK (2006) Govce Formation lay-
ers consist of three separate members: the Lower 
Govce Member, the Middle Govce Member and the 
Upper Govce Member. The Lower Govce Member 
is represented by the succession of alternating beds 
of clay, siltstones, sandstone, and conglomerate. 
Middle Govce Member consists mainly of green-
ish (Glauconite rich) and brownish sandstones and 
marls. The Upper Govce Member begins with con-
glomerate, sandstones, sandy siltstones and ends 
with loose sands. The Rovček section, where the 
described specimens originate from is part of the 
Upper Govce Member. Total thickness of Govce 
beds is between 350 to 450 m (PreMru, 1983).

The Early Miocene sediments in Tunjice Hills 
are followed, after an unconformity, by Laško 
Formation of Middle Miocene (Badenian). The 
Middle Miocene strata consist of sandstones, 
marls, and marly limestones, which are rich in 
marine macrofossil remains. In the upper part of 
Laško beds we recognize increasing terrestrial 
influence and a transition to the Sarmatian Dol 
Formation beds (VraBec et al., 2014). The layers of 
Dol Formation are the youngest lithostratigraph-
ic unit of Tunjice Hills. Characteristic horizons 
are cerithiid sandstone and Coprolitic horizon. 
Fossil fauna indicates marine environment still 
connected with Central Paratethys (Horvat, 2003). 
Upper most parts Dol Formation show renewed 
shallowing of the environment, fresh water influx 
and periodic tectonic isolation of the Tunjice ba-
sin (Žalohar & Hitij, 2014).

Material and methods

The studied material consists of 5 specimens 
of Retropluma slovenica. Original cuticle of 
specimens is lacking, so structures are preserved 
as impressions in fine grained brownish sandy 
siltstones. Following specimens were studied: an 
almost complete articulated specimen (Inv. No. 
RGA/SMNH 1500, part and RGA/SMNH 1501, 
counterpart), a partial articulated specimen (Inv. 
No. RGA/SMNH 1502, part and RGA/SMNH 
1503, counterpart), a complete articulated spec-
imen (Inv. No. RGA/SMNH 1504, part and RGA/
SMNH 1505, counterpart), an isolated carapace 
(Inv. No. RGA/SMNH 1506), and an isolated 
cheliped (Inv. No. RGA/SMNH 1507). All spec-
imens were photographed, measured and stud-
ied using computer programmes (CoreDRAW 

Fig. 1. Simplified geological map of the Tunjice Hills (modi-
fied after: ŽalOhar & zevniK, 2006). Locality of Retropluma 
slovenica specimens, Rovček creek, is marked on the map.
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X5, Adobe Photoshop CC and Statistica). Pho-
tographs were taken with digital camera Nikon 
D810 under low angle light source conditions.

Abbreviations
RGA/SMNH - Slovenian Museum of Natural 

History, Ljubljana, Slovenia (R. Gašparič Collec-
tion)

Systematic description
The higher systematics used herein follows De 

Grave et al. (2009).
Superfamily Retroplumoidea Gill, 1894

Family Retroplumidae Gill, 1894

Genus Retropluma Gill, 1894

Type species. Archaeoplax notopus Alcock & 
Anderson, 1894, by monotypy.

Retropluma slovenica Gašparič & Hyžný, 2014 
(Plate 1. A–H)

2014 Retropluma slovenica Gašparič & Hyžný; 
p. 141–166, Figs. 18–21

2015 Retropluma slovenica Gašparič & Hyžný –  
HyŽný et al.; pp. 147, Fig. 5, A–F

Description

The studied specimens exhibit subrectangu-
lar carapace, about 1.20 times wider than long, 
maximum width at the level of median carina. 

Fig. 2. A detailed lithostratigraphic section of Rovček creek locality with Early Miocene marine layers from where the descri-
bed specimens were recovered.
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Carapace partially deformed and flattened, but 
appears transversely slightly convex and longi-
tudinally nearly flat (Pl. 1F). Rostrum long, with 
concave sides and wider distally (Pl. 1A). Orbital 
margin sinuous with well-developed anterolat-
eral tooth, pointing by some degrees outward; 
the supraorbital tooth is present, but poorly pre-
served (Pl. 1E). Long anterolateral margin, con-
cave till anterior carina. Lateral and posterior 
margins convex, with well-developed concave 
re-entrant for reduced fifth pereiopod at the pos-
terolateral part.

Dorsal carapace is adorned with three trans-
verse carinae, forming blunt projections at inter-
section with lateral carapace margin (Pl. 1A, C). 
Anterior carina almost straight, slightly down-
wards curved in last third toward lateral mar-
gin. Median carina strongly developed at flanks 
only, interrupted by urogastric region. Posterior 
carina sinuous and well formed. Dorsal carapace 
surface is pitted and finely granulose. 

The mesogastric region pointedly pentagonal 
continuing over anterior carina in a long anteri-
or process, ending behind the rostrum. All sides 
of mesogastric region are concave and posterior 

border is divided into two lobes. Protogastric re-
gions are not clearly delimited from hepatic re-
gion, forming a sub-rectangular shape, which is 
intersected by the anterior carina (Pl. 1D). The 
urogastric region is well defined and recognized 
as a crescent shape; its posterior border is de-
fined by the cervical groove. The cardiac region 
is large and well formed; its posterior margin is 
long and concave and the whole cardiac region 
is divided by the posterior carina. The intestinal 
region is wide and narrow, with concave anteri-
or margin and straight lateral margin (Pl. 1G). 
The branchial regions are less defined, elongat-
ed and sub rectangular in outline (Pl. 1C). Male 
sternal plate round in outline sternites 7–5 long, 
overlapping, with squarer termination. Sternite 
8 reduced and covered by pleon.

Male pleon narrow; somite 2 wide and narrow; 
somites 3–5 fused; male pleon narrows signifi-
cantly after somite 3, lateral margins of fused 3–5 
segment concave, narrowest between somites 4 
and 5, slightly widening distally. Somite 6 almost 
as wide as long with rounded anterior corners and 
pronounced transverse crest. Telson narrow and 
longest, with rounded termination (Pl. 1A, B). 

Fig. 3. Descriptive terminology used in the text showing dorsal (A) and ventral morphology (B) of retroplumid crab (modified 
after: GašParič & hyŽný, 2014).

Retropluma slovenica Gašparič & Hyžný, 2014. A – RGA/SMNH 1500, complete associated ventral carapace with chelipeds, 
male; B – RGA/SMNH 1501, complete associated ventral carapace with chelipeds, male; C – RGA/SMNH 1502, complete dislo-
cated carapace showing abdomen and dorsal carapace, male; D – RGA/SMNH 1503, complete dislocated carapace showing 
abdomen and dorsal carapace, male; E – RGA/SMNH 1504, partial associated dorsal carapace; F – RGA/SMNH 1505, partial 
associated dorsal carapace; G – RGA/SMNH 1506, partial imprint of dorsal carapace; H – RGA/SMNH 1507, left cheliped 
without dactylus. Scale bars A – G are 10 mm, scale bar in H is 5 mm.

PLATE 1
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Chelipeds long and appear equally big (Pl 1A); 
propodus and dactylus curved, narrowing distal-
ly and with smooth surface (Pl. 1H). Pereiopods 
2–4 long and slender; surface finely granulose 
and flattened, ending in blade-like dactyli; third 
pereiopod longest. Fifth pereiopod strongly re-
duced (Pl. 1A, E), thin and fragile.

Palaeoecology and environment

Despite the study of extant representatives, 
several ecological and behaviouristic aspects of 
crabs from genus Retropluma are still undefined, 
mostly due to the deep sea environments which 
they preferentially inhabit. De saint laurent 
(1989) and Mclay (2006) report the occurrenc-
es of extant specimens from deep-water muddy 
bottom waters of up to 470 m. Similarly it can 
be inferred that fossil representatives have been 
adapted to the soft muddy or sandy bottoms on 
inner to outer continental shelves (GašParič & 
HyŽný, 2015). As Paleogene species are known 
also from shallower water settings (Beschin et 
al., 1996; HyŽný & Müller, 2010; KhoDaverDi et 
al., 2016), it can be concluded that the deeper 
water habitation preference, with depth inter-
val of 100–450 m, was developed by the Neogene 
representatives of genus Retropluma.

Extant retroplumids spend most of the time 
buried in soft substrate (AhyonG, 2008), expos-
ing only the most posterior part of the carapace 
with reduced setose fifth pereiopods, which 
possibly have a sensory function (McLay, 2006). 
Known fossil retroplumid material has so far 
been found exclusively in fine grained clastic 
rocks, which exhibit relatively fast sedimen-
tation rates (Fraaije et al., 2005; HyŽný, 2011). 
This supports the hypothesis, that most of the 
fossil remains represent an endobenthic infau-
nal community that spent most of the time al-
ready buried in the sediment, which enhanced 
the preservation potential of otherwise fragile 
retroplumid cuticle.

Palaeobiogeography

The Eocene has been considered as a time of 
high evolution within the decapoda (Schweitzer 
& FelDMann, 2001). This can be also concluded 
for the retroplumids, which show high diversi-
ty in Eocene Tethys Ocean, with six different 
genera and two species of Retropluma Gill, 1894 
known from Eocene strata of Europe (Vía Boa-
Da, 1959; Beschin et al., 1996; Artal et al., 2006, 

2013; van BaKel, et al. 2010; HyŽný & Müller, 
2010; GašParič & HyŽný, 2015). It was also ob-
served that many taxa which evolved during 
this period were endemic to their regions of ori-
gin (FelDMann et al., 2010).

Retropluma is considered of Tethyan origin, 
as the oldest species Retropluma gallica Artal, 
van Bakel & Castillo, 2006 appeared in strata 
from Early Eocene of France (Artal et al., 2006). 
Genus survived in the Mediterranean until the 
Pliocene and Pleistocene with R. craverii known 
from Italy (CreMa, 1895; BalDanza et al., 2013). 
The Miocene occurrences comprise of Retroplu-
ma slovenica from Early Miocene of Slovenia 
(GašParič & HyŽný, 2015) and Middle Miocene of 
Slovakia (HyŽný et al., 2015), Retropluma bore-
alis from Late Miocene of Denmark (Fraaije et 
al., 2005), and Retropluma laurentae from Late 
Miocene of Sabakh, Borneo (Collins et al., 2003). 
The genus is represented today by seven species 
of Indo-Pacific and North-Western Pacific dis-
tribution (McLay, 2006).

Conclusions

New findings of Retropluma slovenica 
Gašparič & Hyžný, 2014 from Early Miocene si-
liciclastic sequence of Rovček creek in Tunjice 
Hills represents an important report, which fur-
ther enhances our knowledge of Early Miocene 
decapod communities in Paratethys of Slovenia. 
The species was previously known from a sin-
gle Early Miocene locality on northern slopes 
of Pohorje mountain range, so the new locali-
ty expands the geographical distribution of the 
species to the western part of Slovenian Basin 
of Paratethys which was in Early Miocene very 
close to the Mediterranean and most likely con-
nected to it through the Slovenian corridor. As 
genus Retropluma is missing from the Miocene 
of Mediterranean, but occurs in its Pliocene and 
Pleistocene strata, it is likely the genus was re-
introduced in the Mediterranean from Parate-
thys before the marine connection between both 
realms closed in Late Miocene. 

Further we conclude that all fossil represent-
atives of genus Retropluma shared the extant 
species preference for inhabiting a wide range 
of siliciclastic environments of outer conti-
nental shelves. As part of infaunal community 
they have a good preservation potential and are 
therefore likely to exhibit a robust fossil record.
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Izvleček

Kamnolom pri Črnem Kalu je s svojim delovanjem razkril več najdišč pleistocenskih sesalcev, med katerimi v 
tem prispevku predstavljamo najnovejše najdišče, ki je bilo leta 2016 razkrito v severnem delu kamnoloma. Najdišče 
predstavlja s sedimenti zapolnjeno brezno ali razširjeno špranjo, kjer se je na dnu ohranila plast kostne breče. V 
preliminarni analizi smo lahko potrdili prisotnost gozdnega (Merckovega) nosoroga in trenutno še nedoločenih 
jelenov in zveri. S problematiko, ki spremlja odkrivanje in dokumentiranje podobnih najdišč v še delujočih 
kamnolomih, predstavljamo tudi nekaj smernic, predlogov in pomislekov glede reševanja paleontološke dediščine, 
ki temelji na rednem terenskem delu, poimenovanju najdišč in ustreznem dokumentiranju in sodelovanju z lastniki 
kamnolomov. 

Abstract

The Črni Kal quarry has been known for decades for fossils of Pleistocene mammal preserved in sinkholes or 
karst fissures fillings. We present some of the new fossil material discovered in the northern part of the quarry 
in 2016. The new site is an expanded karst fissure or cave filled with flowstone rubble and fine grained sediments 
with only one layer of bone breccia. The preliminary results of the analysis of fossil vertebrate remains show 
the presence of Merck's rhinoceros, currently unidentified species of deer and fragmented teeth of carnivores. 
Furthermore, we discuss some problems in documenting, protecting and preserving of Pleistocene fossil vertebrate 
sites in quarries in Slovenia.
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Uvod 

Območje severno od vasi Črni Kal sestavljajo 
predvsem alveolinsko–numulitni apnenci, ki so 
močno zakraseli. Tako lahko že na površini opa-
zujemo manjše vrtače, v cestnih usekih tudi ero-
zijsko razširjene razpoke, manjša brezna in celo 
jame. Kamnolom pri Črnem Kalu je kot paleon-
tološko in arheološko najdišče znano že od leta 
1955, ko so v sedimentih zasute jame našli števil-
ne ostanke pleistocenske favne (BroDar s., 1958; 
raKovec, 1958). S širitvijo kamnoloma so dokaj 
pogosto odpirali tudi druge kraške strukture, ki 
pa so redko vsebovale ostanke pleistocenskih ži-
vali. Šele konec prejšnjega stoletja so bila odkri-
ta nekatera nova najdišča v vzhodnem in južnem 

delu kamnoloma (jaMniK et al., 2013). Novo najdi-
šče, ki ga predstavljamo tukaj je bilo odkrito ob 
napredovanju del na severni strani kamnolomu. 
Najdišče predstavlja brezno, v celoti zapolnjeno s 
sedimenti, med katerimi je tudi približno 40 cm 
debela plast kostne breče. 

V drugem delu prispevka se osredotočamo na 
problematiko zaščite in ustrezne dokumentacije 
naravne in kulturne dediščine v kamnolomih. Na 
problematiko uničevanja, tako geotopov kot pale-
ontološke dediščine, sta prav na primeru kamno-
loma Črni Kal opozorila že Pavlovec in Poharjeva 
(1997; 2000). Pavlovec in Pohar (1997) sta tudi že 
navedla nekatere zgoraj omenjene naloge, ki pa 
jih po našem mnenju morajo izvajati odgovorne 
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institucije s tega področja, seveda v primerni ob-
liki sodelovanja z lastniki (upravljavci) kamnolo-
mov in drugo zainteresirano javnostjo (zbiralci, 
naključni obiskovalci, jamarji). S problematiko 
novo odkritih jam ter drugih kraških pojavov in 
njihove zaščite v kamnolomih (predvsem delujo-
čih) se je ukvarjala tudi zuPan hajna (2011), ki se 
navezuje tudi na nekatere najdbe fosilnih ostan-
kov pleistocenskih sesalcev v kamnolomih. 

Pregled in stanje do sedaj odkritih najdišč 
v kamnolomu Črni Kal 

Črnokalski kamnolom je kot sklop najdišč ple-
istocenske favne in tudi kot arheološko najdišče 
znano že od prvih del v kamnolomu. Leta 1955 
so pri začetnih delih na čelu kamnoloma (sl. 1) 
odkrili s pleistocenskimi sedimenti zapolnjeno 
vodoravno jamo (rov), ki so jo sistematično raz-
iskali v oktobru in novembru leta 1955 (BroDar 
s., 1958; jaMniK et al., 2013). Pri izkopavanjih so 
v profilu pleistocenskih sedimentov razkrili 20 
plasti skupne debeline okoli 8 m, med katerimi 
je bila ena (plast 10) identificirana kot kulturna 
plast z najdbo paleolitskega strgala (BroDar s., 
1958, 363). V paleontološkem pogledu so skoraj vse 
plasti vsebovale ostanke pleistocenskih sesalcev. 
Od sesalcev so odkopali največ ostankov jamske-
ga medveda Ursus spelaeus Rosenmüller, prisotni 
pa so bili še ostanki drugih večjih sesalcev: jele-
na Cervus elaphus Linné, srne Capreolus capre-

olus (Linnaeus) in Capreolus cf. süssenbornensis 
Kahlke, nosoroga Dicerorhinus kirchbergensis 
(Jäger), tura Bos primigenius (Bojanus), kozo-
roga Capra ibex prisca (Linnaeus), lisice Vulpes 
vuples (Linnaeus), jamske hijene Crocuta spelaea 
(Goldfuss), jamskega leva Panthera spelea (Gold-
fuss), volka Canis lupus Linnaeus (raKovec, 1958;  
Dietrich, 1958; BroDar M. & osole, 1979). Danes 
je najdišče vidno v zelo omejenem obsegu, saj ga 
je delno uničila izdelava ceste in napredovanje 
del v kamnolomu (sl. 2, A). V tem profilu je bilo 
leta 2009 po naključju odkrito še eno paleolitsko 
orodje, ki so ga proučili jaMniK s sodelavci (2013), 
in hkrati analizirali in dokumentirali še preostali 
in ohranjeni del Brodarjevega najdišča (»Brodar-
jev profil« po jaMniK et al., 2013). 

Širitev in nadaljnja dela v kamnolomu so po-
gosto odpirala tudi manjša brezna in zasute vrta-
če, ki običajno niso bila dokumentirana, oziroma 
niso bila ustrezno nadzirana in proučevana. Šele 
v letih 1995 – 2002 so se ponovno pojavila po-
samezna najdišča, ki so vsebovala tudi ostanke 
pleistocenskih sesalcev. Pavlovec in Poharjeva 
(1997) sta prvič prikazala novo najdišče na takra-
tni zgornji etaži kamnoloma (Pavlovec & Pohar, 
1997, sl. 3) v severovzhodnem delu kamnoloma, 
od koder omenjata ostanke rastlinojedcev, med 
katerimi je bilo najdeno tudi rebro ledenodob-
nega nosoroga (? Dicerorhinus sp.) z vrezninami 
antropogenega izvora. Isto najdišče (sl. 2, C- E), 

Sl. 1. Geografski položaj kamnoloma Črni Kal (A), položaj novega najdišča (Najdišče 3) in starih najdišč pleistocenske favne 
v kamnolomu (delno povzeto po jaMniK et al., 2013). Novo najdišče smo označili kot Najdišče 3 (B). 

Fig. 1. Position of the Črni Kal quarry (A) with location of new fossil vertebrate site and previously known fossil sites in quarry 
(modified after jaMniK et al., 2013). The new fossil site iz marked as Najdišče 3 (B). 
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Sl. 2. Pregled dokumentiranih najdišč pleistocenskih sesalcev v kamnolomu Črni Kal. A – ostanek najdišča »Brodarjev 
profil« (situacija leta 2013), B – Najdišče 2 (situacija leta 2001), C – širše območje Najdišča 1 (situacija leta 2001), D – delno 
zasuto Najdišče 1-, brezni 1/I. in 1/II. (situacija leta 1997), E – odkopano Najdišče 1 II. (situacija leta 2001). Z zvezdicami so 
označeni položaji nakopičenj ostankov pleistocenske favne. Fotografije: M. Križnar.

Fig. 2. Views on documented Pleistocene localities in Črni Kal quarry. A – remains of Pleistocene cave sediments on »Brodar 
section« site, known after paleontological and archeological content (situation in 2013), B – Najdišče 2 (situation in 2001), 
C – wider area of Najdišče 1 (situation in 2001), D – partially covered site Najdišče 1, I. and 1 II. (situation in 1997), E – open 
site Najdišče 1 II. (situation in 2001). With asterisk are marked most rich accumulations of vertebrate remains. Photo: M. 
Križnar.
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sestavljeno iz vsaj dveh zasiganih brezen (1/I in 
1/II), od koder so tudi opisali pleistocensko favno 
(jelen Cervus cf. elaphus Linnaeus, srna Capre-
olus capreolus (Linnaeus), lisica Vulpes sp., no-
sorog Stephanorhinus sp., ostanki majhnih se-
salcev in ptic), so bolj natančno predstavili tudi 
jaMniK s sodelavci (2013, sl. 8, najdišče 1/II.). 

jaMniK s sodelavci (2013, str. 18, sl. 8) opisujejo 
tudi najdišče, ki leži na južnem delu kamnoloma 
in so ga označili kot najdišče 2 (glej sl. 1 in sl. 2, 
B) in iz katerega omenjajo več ostankov nosoroga 
Stephanorhinus cf. kirchbergensis (Jäger). Isto 
najdišče kot jaMniK s sodelavci (2013) pred njim 
omenjata in prikazujeta tudi Poharjeva in Kra-
ljeva (2002, sl. 3, 241), ki ga označujeta kot B1-B2. 
Danes je to najdišče močno zaraščeno (sl. 2, B), a 
še vedno dostopno in zato tudi ogroženo. 

Iz črnokalskega kamnoloma so fosilne ostan-
ke pleistocenske favne opisovali tudi aGuilar s 
sodelavci (1998) ter aGuilar in MichauX (2011), a 
ne podajajo natančnih lokacij v kamnolomu. Nji-
hovo najdišče z oznako Črni Kal 3 verjetno ustre-
za najdišču 1 po jaMniKu s sodelavci (2013), ki ga 
podajamo tudi mi (sl. 2, C-E). aGuilar in MichauX 
(2011) predstavljata tudi novi vrsti pleistocenskih 
polhov (Glis mihevci Aguilar & Michaux in Glis 
perkoi Aguilar & Michaux) iz črnokalskega ka-
mnoloma. 

Novo najdišče pleistocenske favne 
(Črni Kal, Najdišče 3) 

Novo najdišče pleistocenske favne leži na se-
vernem delu črnokalskega kamnoloma (sl. 1B in 
sl. 3) in je bilo raziskano v februarju 2016. Naj-
dišče je špranjasta jama oz. brezno, ki je bilo v 
celoti zapolnjeno z različnimi sedimenti (sl. 4). 
Jama se nahaja približno 14 -15 m od današnjega 
površja na 330 m nadmorske višine. Zgornji del 
predstavlja mlajši zarušek zgornjega dela brez-
na, z večjimi bloki sige in okolne kamnine (alveo-
linsko-numulitni apnenec).

Fosilonosno plast (sl. 4, B.B.) predstavlja plast 
kostne breče (debelina okoli 40 cm) s sigastim 
vezivom rdečkaste do rumeno rjave barve. Med 
brečo se pojavljajo tudi vložki sivozelene ilovice 
(glinast material) s hematitnimi konkrecijami 
(podobnih bobovcem) ter manganovimi dendriti . 
Ponekod kosti sestavljajo skoraj polovico volum-
na kostne breče (sl. 5). Nekaj kostnih fragmentov 
smo dokumentirali tudi na levi strani najdišča, 
kjer so le ti tako zasigani, da jih je brez poškodb 

nemogoče izbiti iz breče (sl. 4, B). Spodnji del ple-
istocenskih sedimentov tvori rumen do rjav gli-
nen sediment debeline približno enega metra, ki 
pa je brez vidnih fosilnih ostankov. 

Glede na model geneze, ki jo podajata Bol-
liGer in ruMMel (1994, abb.6) lahko novo črno-
kalsko Najdišče 3 uvrstimo med tipa B in C, kjer 
je razlika med spodnjim plastovitim in zgornjim 
kaotičnim sedimentom dokaj razločna. 

Podobna najdišča, kot so črnokalska, lahko 
zasledimo po vsej Evropi, še posebej na obmo-
čjih z močnim zakrasevanjem karbonatnih ka-
mnin (predvsem apnencev) različnih geoloških 
starosti (DehM & FahlBusch, 1970; BonFiGlio et 
al., 1993; zieGler, 1995; naGel & raBeDer, 2000; 
rathGeBer, 2002; BecKer et al., 2009; schöllMann 
& schlösser, 2010). 

Preliminarne določitve fosilnih ostankov 
in tafonomija 

Na najdišču je bilo zbrano za analizo več blo-
kov kostne breče in posameznih koščkov kosti, ki 
so izpadli iz sedimenta. Zaradi še vedno traja-
joče preparacije fosilnega gradiva tukaj podaja-
mo zgolj preliminarne določitve zbranih fosilnih 
kosti in zob velikih sesalcev. Vsi fosilni ostanki 
izhajajo iz plasti kostne breče (sl. 4, C). Med zbra-
nimi gradivom smo že na najdišču lahko določili 
zob nosoroga, ki pripada rodu Stephanorhinus 
(sl. 5, C). Zob je levi M3 ter po obliki in dimen-
zijah lahko pripada vrstama Stephanorhinus 
kirchbergensis (Jäger) (gozdni ali Merckov noso-
rog) ali Stephanorhinus hemitoechus (Falconer) 
(stepski nosorog), ki sta bili pogosti v srednjem 
in mlajšemu pleistocenu. Nosorogov zob še nima 
obrabljene žvekalne površine, zato domnevamo, 
da še ni bil izrasel iz čeljusti, oziroma je v vsa-
kem primeru pripadal mlademu osebku. Od zoba 
se je ohranila le krona. Ostalo fosilno gradivo 
lahko po prvih analizah pripišemo jelenom (dru-
žina Cervidae), kjer je zastopana tudi srna (rod 
Capreolus). Od zveri smo našli le dva zoba, ki pa 
še nista taksonomsko opredeljena. Na osnovi pre-
liminarne taksonomske določitve zbrane favne 
težko določimo starost najdene fosilne združbe, 
prisotnost gozdnega nosoroga pa kaže na toplo 
oziroma interglacialno obdobje. Na interglacial-
no starost lahko kaže tudi debela plast zdroblje-
ne sige in podornih kamnitih blokov nad plastjo 
s fosilnimi ostanki. Presenetljivo je dejstvo, da 
med favno nikjer ni moč zaslediti ostankov jam-
skih medvedov, ki prevladujejo na najdišču (Bro-
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Sl. 3. Položaj novega naj-
dišča pleistocenske favne 
(Najdišče 3) v severni ste-
ni črnokalskega kamnolo-
mu (situacija maja 2016). 
Koordinate najdišča X 
412834,235, Y 46557,704. 
Fotografija: Matija Križnar. 

Fig. 3. Location of new site 
(Najdišče 3) with vertebra-
te remains in the northern 
part of the Črni Kal quar-
ry (situation in May 2016). 
Coordinates of new site X 
412834,235, Y 46557,704. 
Photo: Matija Križnar.

darjev profil) ob vhodu v kamnolom. Podobno od-
sotnost jamskega medveda lahko potrdimo tudi 
na drugih dveh črnokalskih najdiščih (Pavlovec 
& Pohar, 1997; Pohar & Kralj, 2002; jaMniK et al., 
2013), ki podobno kot novo najdišče nista tipični 
jamski objekt, kjer bi se zadrževali jamski med-
vedi.

 Fosilne kosti so skoncentrirane v eni plasti, 
kjer sediment lahko opredelimo kot kostno brečo, 
saj kostni ostanki ponekod predstavljajo več kot 
polovico sedimenta. Nekatere kosti so bile nekaj 
časa izpostavljene atmosferskim vplivom, na kar 
kažejo površinske razpoke, ki so delno zapolnjene 
s sedimentom oziroma vezivom. Po naših predvi-
devanjih je plast breče nastajala skozi daljše ča-
sovno obdobje, kar sovpada tudi z raziskavami ta-
fonomije recentnih ostankov (cutler et al., 1999) 
in tudi fosilnih združb (BehrensMeyer & Miller, 
2012). Majhna debelina plasti breče kaže na krajše 
časovno obdobje sedimentacije. Na debelino plasti 
sicer lahko vpliva več faktorjev, kot so zaloga se-
dimentacijskega materiala (prst tipa terra rossa), 
vremenskih pogojev (izpiranje prsti), količina in 
oddaljenost kostnega gradiva od najdišča ter mor-
fologija terena v času sedimentacije. Na krajšo in 
enakomerno sedimentacijo kaže tudi odsotnost 
očitnih sprememb barve sedimenta, oblike ali na-
čina sedimentacije plasti s fosili. Če novo najdišče 
primerjamo z Brodarjevim profilom, kjer so bili 
fosilni ostanki najdeni v skoraj 20 plasteh, je se-
dimentacija gotovo potekala relativno kratek čas. 
Zasledimo tudi nekoliko drugačne pogoje sedi-

mentacije kot pri črnokalskem najdišču 1 (I. in II.), 
kjer so bile mnoge kosti , še preden jih je prekril 
sediment, prevlečene s tanko plastjo karbonatnih 
prevlek (sige) (jaMniK et al, 2013). 

Razdrobljenost in ohranjenost kostnega gradi-
va kaže na sedimentacijo večjih kostnih odlom-
kov po predhodni fragmentaciji, ki jih trenutno 
ne pripisujemo delovanju plenilcev (zveri), čeprav 
med preliminarno določeno favno najdemo tudi 
redke ostanke zob zveri. Razdrobljenost kosti lah-
ko pripišemo tudi vremenskim vplivom, ki lahko 
močno vplivajo na stanje kostnega gradiva pred 
sedimentacijo oziroma pokopom (BehrensMeyer, 
1978). Mnoge od kosti lahko pripišemo fazi 5, kot 
jih je postavila BehrensMeyerjeva (1978). V tej fazi 
kosti že fizično razpadajo in večje kosti so težje 
taksonomsko opredeljive, površina kosti je močno 
razpokana. Nekatere druge kosti ne kažejo tako 
močnih znakov razpadanja. Med njimi so ohra-
njene tudi cele kosti predvsem manjše kosti eks-
tremitet, kot so prstni členki, ki jih večji del pri-
pisujemo jelenjadi. 

Problematika paleontoloških najdišč 
(pleistocenskih sesalcev) v kamnolomih 

Kamnolomi so z naravovarstvenega vidika 
problematični, ker predstavljajo večji poseg v 
okolje ter dodatno obremenjujejo okolico s pra-
hom in hrupom. Še toliko bolj so lahko kamnolo-
mi problematični na območju, kjer pogosto delno 
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Sl. 4. Pogled na novo najdišče pleistocenske favne. A – s sedimenti zapolnjeno brezno (označena je razprostranjenost sedimen-
tov), B – območje najdišča z ostanki sige (C.S.) in redkimi kostnimi ostanki (B.B.), C – pogled na položaj plasti s kostmi (kostna 
breča) (B.B.) in velikimi podornimi bloki sige (C.G.), ki zapolnjujejo večji del najdišča. Fotografija: M. Križnar. 

Fig. 4. View on the new locality with Pleistocene fauna remains. A – karst fissure cave filled with sediments, B – area with re-
mains of flowstones (C.S.) and rare bone remains (B.B.), C – view on location of the bone breccia (B.B.) and big blocks of broken 
flowstones (C.G.) on the top of fossil bearing layer. Photo: M. Križnar.  
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odkrivajo ali celo uničujejo kraške pojave, kot 
so jame, brezna in vrtače (cona epikrasa in tudi 
globlje). Predvsem aktivni kamnolomi s svojim 
delovanjem lahko v zelo kratkem časovnem in-
tervalu odkrijejo najdišče in ga močno poškodu-
jejo ali celo uničijo (celotna odstranitev). Neko-
liko manj so problematični predeli kamnolomov, 
kjer aktivnosti ne potekajo intenzivno ali celo 

zastanejo v globljih delih kamnolomov. Na raz-
galjena ležišča fosilov poleg mehanskih poškodb 
ali odstranitve na daljše obdobje vplivajo tudi: 

• vremenski vplivi (izpiranje sedimentov v 
nižje ležeče dele, sekundarno nahajališče), 

• tresljaji ob delovanju kamnoloma (porušitev 
sedimentov),

• nenadzirano poseganje v najdišče.

Sl. 5. A – bližnji posnetek plasti kostne breče z večjimi fragmenti kosti pleistocenskih sesalcev, A – odpadli kos kostne breče 
pod najdiščem, C – zob pleistocenskega nosoroga (Stephanorhinus sp. iz plasti kostne breče. Fotografije: D. Preisinger, M. 
Križnar. 
Fig. 5. A – Close photo of bone breccia with large fragments of Pleistocene mammals bones, A – broken and detached block 
of bone breccia on the quarry road, C – tooth of Pleistocene rhinoceros (Stephanorhinus sp.) from bone breccia. Photo: D. 
Preisinger, M. Križnar.
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Hkrati je potrebno poudariti, da kamnolomi 
ponujajo tudi edinstveno priložnost za odkriva-
nje novih, običajno nedostopnih paleontoloških 
(tudi arheoloških) najdišč. Dva izmed teh prime-
rov sta tudi kamnolom pri Črnem Kalu ter neko-
liko višje ležeči in večji kamnolom Črnotiče. 

Prav črnokalski kamnolom je lep primer, kjer 
lahko na majhnem območju naštejemo več pale-
ontoloških najdišč s pleistocensko favno (jaMniK 
et al., 2013), kjer pa se pogosto srečamo s proble-
matiko zaščite teh najdišč, predvsem v aktivnih 
predelih kamnoloma. 

Naše večletne izkušnje so pokazale, da so pri 
teh najdiščih pomembni: 

• redni nadzor, predvsem v aktivnih delih 
kamnolomov, 

• predhodni pregledi, še neaktivnih/zakritih 
delov kamnoloma z iskanjem morebitnih 
znakov najdišč (razpoke, manjše vrtače in 
drugi morfološki znaki), 

• dobri odnosi z upravniki/lastniki kamno-
lomov, kjer lahko s sodelovanjem vsaj del-
no zaščitimo in dokumentiramo nova naj-
dišča, 

• pravilno in redno dokumentiranje stanja 
(fotografiranje stanja in napredovanj v ka-
mnolomu, izris najdišč) in pravilni strokov-
ni odvzemi paleontološkega, sedimentolo-
škega, arheološkega in drugega gradiva, 

• ustrezno objavljanje (z natančno lego naj-
dišč), ozaveščanje o morebitnih novih naj-
diščih v kamnolomih (predvsem epikraško 
območje). 

 
Za dosledno dokumentiranje in proučevanje 

pleistocenskih najdišč v kamnolomih je potrebno 
tudi poenotiti poimenovanje posameznih najdišč 
v delih kamnoloma. Problematiko smo že ome-
nili v pregledu dosedanjih črnokalskih najdišč, 
predvsem z vidika fotografske dokumentacije in 
topografskih podatkov. Da lahko neprimerno in 
nedosledno poimenovanje predstavlja problem 
sta nakazala že DehM in FahlBusch (1970) iz plei-
stocenskih najdišč v nekaterih kamnolomih juž-
ne Nemčije. 

V Sloveniji preventivnih paleontoloških nad-
zorov in preventivnih ogledov, kot bi lahko po-
imenovali nadziranje del in napredovanj v ka-
mnolomih in drugih podobnih posegih (gradnja 
cest, predorov, vkopov) v naravno kamninsko 
podlago, ne poznamo v večjem obsegu, kar je 
morda tudi posledica pomanjkljive (zastarele in 

nedorečene) zakonodaje. V tujini je to nekako že 
ustaljena praksa, poznana pod nazivom »mitiga-
tion paleontology«, ki jo izvajajo na osnovi neka-
terih predhodnih podatkov (teoretični del) in že 
predhodnih terenskih podatkov (praktični del) 
(society oF verteBrate PaleontoloGy, 1995; Mu-
rPhy et al., 2014). 

Podobnih območij z najdišči pleistocenske 
favne v kamnolomih je v Sloveniji še nekaj in vsi 
bi bili potrebni podobne obravnave. Sem spada 
zgoraj omenjeni kamnolom Črnotiči, ki je tudi 
edini dobro dokumentiran in proučen (BosaK 
et al., 1999; Mihevc, 2001; hOračeK et al., 2007; 
jaMniK et al., 2013). aGuilar in MichauX (2011) 
podajata seznam nekaterih podobnih najdišč iz 
kamnoloma Velika Pirešica blizu Žalca in naj-
dišča pri Sežani. O najdbi zoba azijskega črne-
ga medveda Ursus thibetanus mediterraneus 
Cuvier iz breče v razpoki krednih apnencev v 
kamnolomu pri Vrhovljah na Krasu poroča the-
nius (1958), ki pa ne podaja natančnega najdi-
šča. Mnogi novi kamnolomi v okolici Sežane 
in na Krasu (jurKovšeK, 2013; jurKovšeK et al., 
2013) ponujajo priložnosti za nova odkritja. To 
območje je danes z obujanjem starih kamnolo-
mov in tradicionalnega izkoriščanja gradbenega 
(tehničnega) in okrasnega kamna še toliko bolj 
aktualno. Iz osrednje Slovenije sodi med ka-
mnolome z izjemno pestrostjo kraških pojavov 
ter tudi najdb pleistocenskih sesalcev (jamski 
lev Panthera leo spelea (Goldfuss) in kosti jele-
na) tudi kamnolom pri Lesnem Brdu (raKovec, 
1969; Pavlovec, 1965; KriŽnar, 2012). Iz kamno-
loma oligocenskih konglomeratov na Kamnitni-
ku pri Škofji Loki pa iz podobnih zapolnjenih 
razpok oziroma brezen raKovec (1942) opisuje in 
omenja ostanke gozdnega nosoroga Rhinoceros 
mercki Jäger (=Stephanorhinus kirchbergensis 
(Jäger)). V vseh omenjenih kamnolomih izkori-
ščajo oziroma so izkoriščali apnenec (in njegove 
različke). 

Zaključek 

Novo odkrito najdišče jamske breče s kostmi 
pleistocenskih sesalcev v kamnolomu Črni Kal je 
primer dobrega sodelovanja med strokovno služ-
bo (Prirodoslovni muzej Slovenije) z zainteresi-
rano javnostjo (zbiralci) in upravo kamnoloma. 
Na severnem delu črnokalskega kamnoloma smo 
raziskali delno odkopano paleokraško brezno, 
ki je nastalo v eocenskih alveolinsko–numuli-
tnih apnencih. Iz plasti kostne breče, ki leži pod 
debelim nasutjem večjih kosov sige in odlomlje-
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nih kosov okoliške kamnine, smo uspeli izluščiti 
tudi nekaj paleontološkega gradiva, med katerim 
smo preliminarno ugotovili prisotnost nosoroga 
rodu Stephanorhinus (Stephanorhinus kirchber-
gensis (Jäger) ali Stephanorhinus hemitoechus 
(Falconer)), ostanke jelenov in še nedoločenih zob 
zveri. Kosti v breči so večinoma zdrobljene in so 
bile izprane v brezno. Pri raziskavi smo se posve-
tili tudi ostalim in že znanim najdiščem v ka-
mnolomu Črni Kal ter v luči problematike zaščite 
podobnih najdb postavili nekatere smernice za 
boljšo zaščito, pravilno dokumentiranje in ohra-
njanje podobnih najdišč fosilov v kamnolomih 
(predvsem aktivnih) širom Slovenije. 

New Pleistocene mammal site in Črni Kal 
quarry (Primorska region, Slovenia) with 
discussion on problems of protection and 

preservation of fossil sites in quarries

Summary

The Črni Kal quarry we report on a new Pleis-
tocene mammal locality, which was discovered in 
northern part of the quarry, situated in alveolin-
id-nummulitid limestone of Eocene age. The new 
site is a karst (fissure) sinkhole mostly filled with 
flowstone rubble and partially with fine grained 
sediments, mixed with clay. The fossiliferous 
layer is around 40 cm thick bone breccia close to 
the bottom of the fissure.

 
The preliminary results of the analysis of few 

well preserved vertebrate fossils shows  the pres-
ence of probable Merck's rhinoceros of the genus 
Stephanorhinus (tooth), bones of deer and few 
teeth of carnivores. Some discussion was made 
on the taphonomy of fossil remains, with empha-
sis on fragmentation of bones and teeth.

 
Additional we presented all known fossil 

mammals localities from Črni Kal quarry with 
some comments of previous research. We also 
presented and discussed on problems with pre-
serving vertebrate sites in quarries. Most prob-
lematic are: weathering of exposed fossilbear-
ing site, destruction (partly or whole site) due 
to work in a quarry, uncontrolled collecting and 
excavation on site.The overseeing the Pleisto-
cene vertebrate fossil sites in quarries must in-
clude: regularly inspections of quarries (mitiga-
tion paleontology), relevant documentation (as 
photo documentation), exact location in quarry, 
correct designation/names of fossilbearing lo-
calities. 

All of the above given suggestions should be 
apllied to some known Slovenian (active) quar-
ries with simillar paleontological sites (Pleisto-
cene vertebrate sites). 

Zahvala 

Pri nastajanju, raziskovanju in dokumentiranju no-

vega črnokalskega najdišča je sodelovalo tudi Društvo 

za raziskovanje jam Kranj, njihovim jamarjem se lepo 

zahvaljujemo, še posebno Šimnu Žumru. Za pomoč in 

sodelovanje bi se radi zahvalili tudi vodstvu kamnolo-

ma (gospodoma Marijanu Prešernu in Branku Sosiču) 

ter delavcem v kamnolomu, ki so v veseljem pomagali 

pri terenskem delu. 
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Abstract

During the Early Jurassic, the subtropical carbonate platforms of the peri-Tethys Ocean experienced significant 
changes in their architectures, as well as in their biota compositions. Shallow-water carbonates from the northern 
part of the ancient Adriatic Carbonate Platform (External Dinarides) were investigated in six sections, which 
taken together cover the development of the platform from deposition of the uppermost Triassic Main Dolomite to 
the middle Lower Jurassic, lithiotid limestone. Our aim was to establish a detailed foraminiferal biostratigraphy 
and to observe the changes in size, abundance and diversity of foraminifera in different types of facies. As a 
result, the succession was successfully divided into stage or substage levels. Foraminiferal assemblages were 
shown to experience a gradual change in taxonomic composition (including an increase in the proportion of 
complex agglutinated forms), a general increase in abundance of specimens, and greater diversity in each facies 
type, except in bindstone and mudstone. Notable is the difference between Hettangian assemblages, which display 
fairly uniform compositions in all facies types and the predominance of opportunists, and the post-Hettangian 
assemblages, which become progressively more species-rich and where the differences in facies are perhaps 
more pronounced. Changes in the size of the species Meandrovoluta asiagoensis Fugagnoli & Rettori, and of the 
largest specimen in the assemblages, however, are less clear, but are arguably present. Faunal changes roughly 
correspond to the gradual change from the flat-top platform of the upper Triassic – Hettangian, where biota would 
be repeatedly subjected to stressed peritidal conditions, to a platform differentiated into lagoon, sand bars and 
ephemeral emergent areas, offering numerous habitats and perhaps more stable living conditions for organisms.

Izvleček

Karbonatne platforme območja Tetide so v času starejše jure doživljale znatne spremembe v morfologiji in 
sestavi biote. Plitvomorske karbonate Jadranske karbonatne platforme (Zunanji Dinaridi) smo raziskali v šestih 
profilih na širšem območju Krima. Profili skupaj zajemajo interval od vrhnjega dela, glavnega dolomita do 
litiotidnega apnenca. Naš cilj je bil identifikacija foraminifernih biocon. Poleg same taksonomske sestave smo 
beležili še raznolikost foraminifernih združb, pogostnost (ali gostoto) foraminifer ter spremembo v velikosti vrste 
Meandrovoluta asiagoensis Fugagnoli & Rettori ter v velikosti največjih primerkov v združbah. Po pričakovanjih 
rezultati kažejo postopne spremembe v taksonomski sestavi foraminifernih združb, vključno z naraščanjem 
deleža kompleksnih aglutiniranih vrst ter splošen porast gostote primerkov in raznolikosti v vseh faciesih razen v 
bindstone in mudstone faciesih. Zanimivo je, da hettangijske združbe izkazujejo precejšnjo podobnost v sestavi in 
prevlado oportunističnih vrst, medtem ko so razlike med združbami glede na facies v mlajših plasteh bolj izrazite. 
Sprememba v velikosti vrste M. asiagoensis je znotraj posamičnega faciesa težko dokazljiva, celokupno gledano 
pa največji osebki te vrste dosegajo večjo velikost v mlajših plasteh. Podobno velja za velikost največjih osebkov v 
združbi. Favnistične spremembe približno sovpadajo s postopno spremembo v morfologiji platforme, ki se postopno 
diferencira v laguno, delno omejeno s peščenimi sipinami.
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Introduction

The end-Triassic biocalcification crisis is gen-
erally thought to have had a significant influ-
ence on carbonate platforms (Galli et al., 2005; 
Greene et al., 2012). The acidification of oceanic 
water greatly influenced carbonate-secreting or-
ganisms like corals and calcareous sponges, and 
many of the marine groups experienced elevated 
extinction rates (hautMann, 2004; KiesslinG et 
al., 2007, 2009). Among the strongly affected or-
ganisms were also foraminifera, microscopical-
ly small, mostly marine, unicellular eukaryotes, 
which by the end of the Triassic formed diverse 
shallow-water communities composed of Invo-
lutinoidea, Duostominidae, Lagenida, Miliolida 
and Textulariida (Galli et al., 2005; Mancinel-
li et al., 2005; Gale, 2012; Gale et al., 2012). The 
change to Early Jurassic assemblages, almost 
completely dominated by agglutinated forms, is a 
striking example of community replacement.

The Adriatic (Dinaric sensu Buser, 1989) Car-
bonate Platform, the remnants of which are pres-
ently incorporated into the structurally deformed 
margin of the Adriatic tectonic microplate (Plac-
er, 1999; tari, 2002; csontos & vörös, 2004), was 
a platform with a seemingly less dramatic lith-
ological change at the Triassic-Jurassic bound-
ary, as peritidal deposition continues from the 
Upper Triassic to the lowermost Jurassic (e.g., 
Miler & Pavšič, 2008; oGorelec, 2009). After-
wards, the succession records a gradual transi-
tion from tidal-flat to restricted lagoon setting, 

where the present “lithiotid limestone” deposit-
ed. This change of the platform topography, how-
ever, remains poorly researched, especially due 
to the lack of biostratigraphically well-defined 
sections.

This paper has two main aims. First, we show 
the stratigraphic distribution of foraminifera in 
six sections from the broader area of Mt. Krim, 
south of Ljubljana, from the base of the Hettan-
gian Krka Limestone Member to the lower part 
of the Pliensbachian Lithiotid Limestone Mem-
ber. Five of the sections were investigated in de-
tail. On the basis of foraminifera, we determine 
the age of the sections to the stage or substage 
level. Secondly, we follow changes in terms of 
taxonomic composition, abundance of foraminif-
era, diversity, the size of Meandrovoluta, and the 
change in the largest specimen among foraminif-
era for each of the stages/substages, in order to 
gain more detailed insight into the origin of the 
post-extinction community. We do this for each 
facies type in order to avoid lithologically-in-
duced bias.

Geological Setting and General Stratigraphy

The studied exposures are located in the 
northern External Dinarides (Fig. 1; Placer, 
1999, 2008). The Lower Jurassic succession con-
sists of shallow-marine carbonates deposited on 
the Adriatic Carbonate Platform (AdCP; vla-
hOvić et al., 2002, 2005), locally also known as the 

Fig. 1. Regional schematic structural map. The position of the studied area is marked by the white arrowhead. A: Structural 
map of the north-eastern corner of the present Adriatic tectonic plate. B: Present position of the Adriatic tectonic plate and 
position of Slovenia. The studied area is marked with a black dot. Modified after vraBec and FoDor (2006).
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Dinaric Carbonate Platform (Buser, 1989; oGore-
lec & rothe, 1993), which was during the Early 
Jurassic situated at a paleolatitude of approxi-
mately 25°N (staMPFli & Mosar, 1999; staMPFli 
& Kozur, 2006; Bosence et al., 2009; Berra & an-
Giolini, 2014). The thick sequence of carbonates, 
which continued to be deposited up until the up-
permost Cretaceous (Buser, 1989), was later tilt-
ed and broken into several tectonic blocks, and 
separated by faults that in the studied area run 
in approximately N-S and WNW-ESE to NW-SE 
directions, separating tectonic blocks compris-
ing Upper Triassic to Middle Jurassic carbonates 
(Fig. 2; Buser et al., 1967; Pleničar, 1970; Buser, 
1968, 1974). 

The lithostratigraphic subdivision of Lower 
Jurassic carbonates in the External Dinarides 
was recently revised by Dozet and strohMenGer 
(2000), Miler and Pavšič (2008), and Dozet (2009) 
(Fig. 3). The Norian-Rhaetian Main Dolomite is 
typified by medium- to thick-bedded crystalline 
dolomite, stromatolitic dolomite, and intraclas-
tic breccia, indicating cyclically interchang-
ing shallow subtidal, intertidal, and supratidal 
conditions (i.e., Lofer facies in Fischer, 1964) on 
a flat-topped carbonate platform (oGorelec & 
rothe, 1993). Peritidal sedimentation continued 
into the earliest Jurassic (oGorelec, 2009), though 
the position of the Triassic-Jurassic boundary is 
merely arbitrary (Miler et al., 2007). The Lower 
Jurassic Podbukovje Formation (Dozet & stro-
hMenGer, 2000; Predole Beds in Dozet, 2009) con-
sists of five members. The Hettangian-Sinemuri-

an Krka Limestone (i) is composed of crystalline 
dolomite, laminated (rarely stromatolitic) dolo-
mite, mudstone, wackestone, rarely pellet or ooid 
grainstone, and intraclastic breccia (Dozet, 1993; 
Dozet & strohMenGer, 2000; Dozet, 2009; oGore-
lec, 2009). Miler and Pavšič (2008) also note thick 
bodies of mud-supported breccia, which could be 
indicative of Early Jurassic tectonic activity. The 
following Upper Sinemurian-Pliensbachian Orb-
itopsella Limestone (ii), Lithiotid Limestone (iii) 
and Ooidal Limestone (iv) members mark the es-
tablishment of lagoons restricted by oolitic bars 
(Miler & Pavšič, 2008; Dozet, 2009; Gale, 2014). 
The Podbukovje Formation ends with the Toar-
cian Spotty Limestone Member (v) with nodu-
lar mudstone-wackestone and black ooid pack-
stone (Dozet & strohMenGer, 2000; Dozet, 2009; 
KresniK, 2016).

Material and methods

The Lower Jurassic succession was investi-
gated in five detailed sedimentological sections 
(Preserje, Tomišelj 2, Jezero, Zalopate, Podpeč 
sections), which structurally belong to the Ex-
ternal Dinarides. Together the sections span the 
interval from the Krka Limestone to the Lithiotid 
Limestone Member sensu Dozet and strohMenGer 
(2000). The Preserje section was measured previ-

Fig. 2. Simplified geologic map of the studied area and lo-
cation of studied sections. Modified after Buser et al. (1967) 
and Buser (1968). Je: Jezero (45°57´30´´ N, 14°26´00´´ E); Po: 
Podpeč (45°58´22´´ N, 14°25´16´´ E); Pr: Preserje (45°57´56´´ N, 
14°23´47´´ E); T1: Tomišelj 1 (45°57´51´´ N, 14°28´06´´ E); T2: 
Tomišelj 2 (45°58´00´´ N, 14°28´16´´ E); Za: Zalopate (45°56´09´´ 
N, 14°27´21´´ E).

Fig. 3. Schematic lithostratigraphic column of the studied 
area. Shading indicates the interval covered by the detailed 
sections (the schematic Tomišelj 2 sections ranges further 
down to the Main Dolomite). Adopted after Miler and Pavšič 
(2008), Dozet (2009). Vertical scale is reconciled to thicknes-
ses given in Dozet (2009). Ages for are taken after OGG et 
al. (2012).
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ously by oGorelec (2009) and is reproduced here-
in. Although the succession of this section was 
originally placed near or at the Triassic-Jurassic 
boundary, we suggest a slightly younger age for 

these rocks on the basis of lithostratigraphic cor-
relation and foraminiferal biozonation. The sixth, 
Tomišelj 1 section was measured schematically 
and reaches to the underlying Main Dolomite.

Fig. 4. Early Jurassic foraminifera and algae from the investigated sections. 

A: Amijiella amiji (Henson). Thin section 535. Section Podpeč. Early Pliensbachian. B: Bosniella oenensis Gušić. Thin secti-
on 510. Section Podpeč. Early Pliensbachian. C: ?Coronipora sp. Thin section 528. Section Podpeč. Early Pliensbachian. D: 
Duotaxis metula Kristan. Thin section 418. Section Zalopate. Late Sinemurian-earliest Pliensbachian. E: Everticyclammina 
praevirguliana Fugagnoli (white arrowhead). Black arrowhead points at Meandrovoluta asiagoensis, whereas the section in 
the upper left corner belongs to Duotaxis metula. Thin section 328. Section Zalopate. Late Sinemurian-earliest Pliensbachian. 
F: Involutina sp. Thin section 528. Section Podpeč. Early Pliensbachian. G: Lituolipora termieri (Hottinger). Thin secti-
on 536. Section Podpeč. Early Pliensbachian. H: Lituosepta recoarensis Cati. Thin section 329. Section Zalopate. Late 
Sinemurian-earliest Pliensbachian. I: Meandrovoluta asiagoensis Fugagnoli & Rettori. Thin section 535b. Section Podpeč. 
Early Pliensbachian. J: Mesoendothyra? sp. Thin section 515. Section Podpeč. Early Pliensbachian. K: Ophthalmidium sp. 
Thin section 522. Section Podpeč. Early Pliensbachian. L: Orbitopsella praecursor (Gümbel). Thin section 529. Section 
Podpeč. Early Pliensbachian. M: Orbitopsella primaeva Henson. Thin section 535b. Section Podpeč. Early Pliensbachian. 
N: Pseudopfenderina butterlini (Brun). Thin section 510. Section Podpeč. Early Pliensbachian. O: Siphovalvulina gibralta-
rensis BouDagher-Fadel, Rose, Bosence & Lord. Thin section 328. Section Zalopate. Late Sinemurian-earliest Pliensbachian. 
P: Siphovalvulina variabilis Septfontaine. Thin section 412. Section Zalopate. Late Sinemurian-earliest Pliensbachian. R: 
Siphovalvulina variabilis Septfontaine. Thin section 329b. Section Zalopate. Late Sinemurian-earliest Pliensbachian. S: 
“Trochammina” almtalensis Koehn-Zaninetti. Thin section Jezero. Early - Middle Sinemurian. T: Trocholina sp. Thin secti-
on 325. Section Zalopate. Late Sinemurian-earliest Pliensbachian. U: Palaeodasycladus mediterraneus (Pia). Thin section 34. 
Section Preserje. Early - Middle Sinemurian.
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The lower part of the Krka Limestone Mem-
ber is to a large extent dolomitized. Medium- to 
very thick-bedded dolomite is coarsely crystal-
line, or exhibits planar laminae measuring a few 
millimetres in thickness. Fine-scale wrinkles, 
typical of stromatolites of the underlying Main 
Dolomite, are extremely rare. Tee-pee struc-
tures, black pebbles, and birds’ eyes, however, 
are still common, as well as occasional irregu-
lar and clayey bedding planes. After approxi-
mately 70 m, medium- to thick-bedded micritic 
limestone with mudstone to wackestone texture 
dominates for 15 m, followed again by crystal-
line dolomite. Upwards, limestone (mudstone, 
and rarely wackestone) starts to gradually pre-
dominate over dolomite. Laminae, desiccation 
cracks, and birds’ eyes structures are occasion-
ally present. Approximately 100 m from the base 
of the Krka Limestone Member, the foraminife-
ral assemblage with Duotaxis metula, small No-
dosariidae, Reophax sp., ?Siphovalvulina colo-
mi, Siphovalvulina variabilis, ?”Trochammina” 
almtalensis and Textularia sp. were found. Ac-
cording to velić (2007), S. variabilis first appears 
in the latest Hettangian.

Approximately 130 m from the base of the 
Krka Limestone, packstone and grainstone with 
bioclasts, intraclasts, and peloids are encoun-
tered. Leached-out clasts may be abundant. 
Packstone and grainstone are more common as 
we move to the uppermost part of the section, al-
though mudstone still predominates. Red and/or 
irregular clayey bedding-planes and bird’s eye 
vugs are occasionally present. The foraminiferal 
assemblage is notably more diversified and in-
cludes: Amijiella amiji, D. metula, Everticyclam-
mina praevirguliana, Nodosariidae, Meandrovo-
luta asiagoensis, ?Pseudopfenderina butterlini, 
Reophax sp., Siphovalvulina gibraltarensis, 
Siphovalvulina sp., Textularia sp., Trocholina 
sp., and Valvulina sp. According to BouDaGh-
er-FaDel and Bosence (2007), E. praevirguli-
ana first appears in the Middle Sinemurian, but 
velić (2007) sets its first appearance already in 
the Late Hettangian. Furthermore, velić (2007) 
sets the first appearance of S. gibraltarensis at 
the beginning of the Sinemurian. This part of 
the section is thus dated as Early Sinemurian. 
In the uppermost part of the Tomišelj 2 section, 
M. asiagoensis and ?Lituosepta recoarensis were 
also recorded. Lituosepta recoarensis first ap-
pears in the Late Sinemurian (BouDaGher-FaDel 
& Bosence, 2007; velić, 2007). 

Approximately 200 thin sections 47×28 mm and 
75×49 mm in size from 184 beds were investigated 
for foraminifera (Fig. 4), and assemblages from 
different facies types were distinguished. Sparse 
and dense wackestones were distinguished by a 
borderline value of 30 % of grains. The number 
of foraminifera in thin sections varies from 0 to 
60 per cm2, with up to 434 specimens counted in a 
single thin section. Changes in abundance (num-
ber of specimens per cm2), species richness and 
diversity for each facies type were investigated 
on the basis of approximately 150 thin sections. 
When generic or species determination was not 
possible, open nomenclature was used instead 
(e.g. Foraminifera indet. sp. A). Aeolissacus/Ear-
landia specimens were not counted due to their 
indistinct character. Some Nodosariidae were 
likewise difficult to separate into distinct spe-
cies. As a result, biodiversity indices do not rep-
resent absolute values that could be directly com-
pared to present-day values. The total number of 
foraminifera in each thin section was divided by 
the surface area of the investigated area in order 
to normalize the resulting values. The biodiver-
sity of each sample was estimated on the basis 
of the Shannon-Wiener diversity index H´ (haM-
Mer & harPer, 2006). In addition to calculating 
diversity, the maximum specimen size from each 
biozone was measured (see Payne et al., 2011). We 
also measured the largest specimen of the most 
common and widespread species, Meandrovoluta 
asiagoensis, in different facies types.

Description of sections and biostratigraphy

Tomišelj 2

This section serves as a reference section for 
the easier lithostratigraphic positioning of oth-
er sections. Due to the patchy exposure of beds 
(up the forested slope), no detailed sampling was 
possible. The section comprises the upper 18 m of 
the Rhaetian Main Dolomite and almost 300 m 
of the Lower Jurassic Krka Limestone Member 
(Fig. 5).

The Main Dolomite consists of medium thick 
beds of dolomitized bindstone with stromatolites 
and crystalline dolomite. Birds’ eyes, tee-pee 
structures, desiccation cracks, black pebbles, and 
irregular bedding surfaces filled with lithified 
clasts in a clayey matrix are common. Only rare, 
small agglutinated forms and small Nodosarii-
dae (Lagenida) were found in the uppermost part 
of the Main Dolomite.
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Fig. 5. Schematic stratigraphic 
log of the Tomišelj 2 section. The 
section is exposed along the slo-
pe from Tomišelj towards Mt. 
Krim and is partly covered.
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Preserje

Medium to thick beds predominate. The low-
ermost part of the section is strongly dolomitized. 
Mudstone, bioclast and peloid wackestone pre-
dominate throughout the section (Fig. 6). Frag-
mented thin-shelled bivalves, foraminifera, os-
tracods, gastropods, echinoderms, green algae 
(Palaeodasycladus mediterraneus), and micro-
problematica Thaumatoporella parvovesiculif-
era are present among bioclasts. Horizons and 
beds of laminated dolomite, very rarely stroma-
tolites, and intraclastic breccias are subordinate, 
as well as oolite with micritized grain-centres. 
Desiccation cracks and pores are present (oGore-
lec, 2009).

 

The lowermost part of the section contains 
few foraminifera. Only Nodosariidae, small Tex-
tularia and ?“T.”almtalensis were determined. 
The rest of the section contains Ammobaculites 
sp., D. metula, Involutina sp., Nodosariidae, M. 
asiagoensis, P. butterlini, Reophax sp., ?S. co-
lomi, S. gibraltarensis, S. variabilis, Siphoval-
vulina sp., Textularia sp., ?“T.” almtalensis, and 
Trocholina sp. Whereas the previous assemblage 
could possibly belong to the Hettangian, this as-
semblage is placed in the Early to Middle Sine-
murian according to the stratigraphic chart for 
the Dinarides in velić (2007). Additionally, ac-
cording to BouDaGher-FaDel and Bosence (2007), 
P. butterlini first appears in the Early to Middle 
Sinemurian Siphovalvulina colomi zone. 

Jezero

Beds vary in thickness from thin, rarely even 
platy, to very thick. Grey and black mudstone 
and wackestone predominate (Fig. 7). Ooidal 
limestone is subordinate, sometimes presenting 
only horizons or lenses. Floatstone with bivalve 
and gastropod shells is likewise rare, whereas 
bioclast rudstone is slightly more abundant in 
the uppermost part of the section. Peloids pre-
dominate among clasts. Horizontal lamination 
in mudstone and gently dipping cross lamination 
are rare. Small-scale erosion relief, reworked 
mud chips, shell lags, red clayey bed surfaces, 
boring and burrowing structures are present. 

The foraminiferal assemblage is identical to 
the one in the Tomišelj 1 section. Mesoendothyra 
sp. first occurs 13 m from the base of the section, 
and L. recoarensis 47 m from its base. Thus, it is 
possible that the section spans the successive Me-
soendothyra sp. partial-range zone between the 
Early and Late Sinemurian, and the L. recoaren-
sis partial-range zone of the early Late Sinemu-
rian (velić, 2007).

Tomišelj 1

Beds are medium- and occasionally very 
thick (Fig. 8). Mudstone and wackestone with 
rare intraclasts, peloids, ooids, thin-shelled bi-

Fig. 6. The Preserje section. Redrawn and simplified after 
oGorelec (2009). For the legend see Fig. 5.

Fig. 7. Jezero section. For the legend see Fig. 5.
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valves, and small gastropods predominate. Ooid 
and bioclast-ooid packstone and grainstone are 
also common. Intraclast rudstone is rare and 
bivalve floatstone is present only in single hori-
zons. Bioturbation is common in mudstone and 
wackestone, whereas normal and inverse grad-
ings were rarely noted in ooid grainstone.

The foraminiferal assemblage consists of A. 
amiji, Ammobaculites spp., ?Bosniella oenensis, 
Coronipora sp., D. metula, E. praevirguliana, In-
volutina sp., Nodosariidae, ?Lituolipora termieri, 
?L. recoarensis, M. asiagoensis, Mesoendothyra 
sp., Ophthalmidium sp., P. butterlini, Reoph-
ax spp., ? S. colomi, S. gibraltarensis, S. varia-
bilis, Siphovalvulina sp., Textulariidae, ?“T.” 
almtalensis, Trocholina spp., and Valvulina sp..

According to the presence of ?L. recoarensis 
and the absence of Orbitopsella sp., this section 
belongs to the L. recoarensis partial-range zone of 
the early Late Sinemurian. Alternatively, because 
determination of Lituosepta is here questiona-
ble, it could belong to the older, Mesoendothyra 
sp. partial-range zone, spanning the transition 
from the Early to Late Sinemurian (velić, 2007). 
According to Bassoullet (1997), this assemblage 
would be of Late Sinemurian age. Due to the early 
occurrence of A. amiji, the stratigraphic scheme 
of BouDaGher-FaDel and Bosence (2007) seems 
less appropriate for this assemblage.

Zalopate

The predominant lithology in the Zalopate 
section is ooid grainstone in mostly medium 
thick beds (Fig. 9). Bivalve fragments, brachi-
opods, intraclasts, and oncoids are sometimes 
accumulated at the base of the oolite, and may 
be common enough to constitute a bioclast-ooid 
grainstone. Mudstone, lithiotid rudstone, peloid 
wackestone with T. parvovesiculifera, bivalve 
floatstone to rudstone with a bioclast-peloid 
wackestone-packstone matrix, and peloid grain-
stone are subordinate to grainstone. Normal and 
inverse grading, red clay partings, scour struc-
tures and flow-ripples are occasionally present. 

The foraminiferal assemblage comprises A. 
amiji, Ammobaculites spp, B. oenensis, Coroni-
pora sp., D. metula, E. praevirguliana, Involutina 
sp., Nodosariidae, L. recoarensis, M. asiagoen-
sis, Ophthalmidium sp., Orbitopsella primaeva, 
Orbitopsella sp., P. butterlini, Reophax spp., ?S. 
colomi, S. gibraltarensis, S. variabilis, Siphoval-
vulina sp., Textularia spp., Trocholina spp., and 
Valvulina sp. According to the presence of Orbi-
topsella sp. and O. primaeva, this section repre-
sents the O. primaeva partial-range zone of Late 
Sinemurian to earliest Pliensbachian age (velić, 
2007). 

Podpeč

The dominant lithology of the Podpeč section 
(Fig. 10) is medium to massive bedded grey ooid 
grainstone and bioclast-ooid grainstone. Also 
common are peloid wackestone to packstone, and 
oncoid and bioclast floatstone. Fragments of bi-
valves are the most frequent bioclasts; terebrat-
ulid brachiopods, foraminifera, gastropods and 

Fig. 8. Tomišelj 1 section. For the legend see Fig. 5.

Fig. 9. Zalopate section. For the legend see Fig. 5.
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green algae are other common bioclasts. Lithi-
otid bivalves are mostly accumulated inside red 
claystone beds, rarely at the bases of limestone 
beds. Thin to medium thick beds of wackestone 
and mudstone are subordinate. Irregular bed-
ding planes, red clayey surfaces, parallel lam-
ination and grading are common. Cross-lami-
nation in ooid grainstone was found outside the 
quarry.

The foraminiferal assemblage consists of A. 
amiji, Ammobaculites spp., B. oenensis, Coroni-
pora sp., D. metula, E. praevirguliana, Involuti-
na sp., Lagenida, L. termieri, M. asiagoensis, 
Mesoendothyra sp., Ophthalmidium sp., Orbi-
topsella praecursor, O. primaeva, Orbitopsella 
sp., P. butterlini, Reophax spp., ?S. colomi, S. 
gibraltarensis, S. variabilis, Siphovalvulina sp., 
Textularidae, Trocholina spp., and Valvulina 
sp. This assemblage belongs to the O. praecur-
sor taxon-range zone of Early Pliensbachian age 
(velić, 2007). 

Trends in foraminiferal assemblages

Stratigraphic distribution of foraminifera is 
shown in Figures 5-10. Table 1 summarizes the 
composition of assemblages of successive time 
intervals and is divided according to facies. The 
highest abundance of specimens per cm2 of thin 
section, the highest number of species and the 
highest calculated diversity are also given. These 
parameters, together with corresponding propor-
tions of complex agglutinated foraminifera, are 
graphically shown in Figure 11. Figure 12 shows 
the change in size of M. asiagoensis and of the 
absolute largest specimen for each time interval.

Discussion

Facies changes

Lithological succession in the measured sec-
tions is summarized as follows:

i) Lofer cycles are typical for the Hettangian 
part of the succession (Dozet, 1993; oGorelec, 
2009). Irregular surfaces, clay infillings, and 
black pebbles point to occasional subaerial ex-
posure (haas et al., 2007), which together with 
birds’ eyes, tee-pee structures, and desiccation 
cracks indicate intertidal sedimentation on a 
platform with a flat top. 

ii) Mudstone, bioclast and peloid wackestone 
gradually start to become more common during 
the Late Hettangian, indicating longer-lasting 
subtidal conditions and/or the gradual recovery 
of invertebrates after the end-Triassic mass ex-
tinction, while stromatolites and subaerial expo-
sures become less frequent. Transgression may 
be partly related to the global rise in sea level 
(haq et al., 1988; hallaM, 2001) and/or the tec-
tonic subsidence of the AdCP northern margin 
(bucKOvić et al., 2001).

iii) During the Early - Middle Sinemuri-
an and in the early Late Sinemurian, bioclastic 
limestone gradually becomes more common. Red 
clayey bed surfaces indicate short periods of ex-
posure (Martinuš et al., 2012). 

iv) Ooid and bioclast-ooid packstone and 
well-sorted ooid grainstone with mature ooids 
become common during the early Late Sinemu-
rian, and predominate in the Late Sinemurian 
and the Early Pliensbachian. Accumulations of 
bioclasts and scour structures indicate the in-
fluence of occasional storms (see FlüGel, 2004: 
714). Well-preserved and paired shells of lithiot-
id bivalves suggest the presence of bivalve bio-
herms in the vicinity (Fraser et al., 2004; Posena-
to & avanzini, 2006; Posenato & Masetti, 2012). 
Short-lasting emersions are still evident as occa-
sional red and clayey bedding planes. This type 
of platform was no longer dominated by peritid-
al conditions, but probably resembled internally 
differentiated lagoon with accumulations and/
or buildups of lithiotid bivalves and oolitic sand 
shoals (Gale, 2015). 

Fig. 10. Podpeč section. For the legend see Fig. 5.
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Fig. 11. Changes in foraminiferal assemblages according to 
different facies. A: Maximum abundance (number of speci-
mens per cm2 of thin section). B: Maximum number of spe-
cies (species richness) per facies type. C: Maximum diversity 
for different facies types. D: Percent of relatively complex 
agglutinated foraminifera. Specimens with an advanced en-
doskeleton (e.g., axial infill, pillars) and/or with exoskeletal 
structures (complex outer wall, possibly for hosting endosym-
bionts) were counted, and include the genera: Bosniella, 
Lituolipora, Pseudopfenderina, Amijiella, Mesoendothyra, 
Lituosepta, Orbitopsella, Everticyclammina, Cymbriaella.

Fig. 12. Trends in sizes of foraminifera. A: A within-genus 
change of size for Meandrovoluta per facies type. Vertical 
bars indicate variability within distinct facies types, and the 
symbol the mean size. The oblique solid line represents a ge-
neral increase in size. B: The among-genus change in size. 
The largest specimens encountered in different time-slices 
were measured, regardless of facies type.
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Diversification in foraminifera

Foraminiferal assemblages from Hettangian 
to Pliensbachian undergo significant changes 
in composition, diversity and abundance, which 
take place cotemporaneous with a facies change 
from restricted tidal-flat to predominantly sub-
tidal and normal marine conditions: 

i) Until the Late Hettangian, the taxonom-
ic composition is virtually the same in all facies 
types of the peritidal environment. The assem-
blage consists of species, that may be considered 
opportunists (see FuGaGnoli, 2004; BouDaGh-
er-FaDel, 2008), e.g. M. asiagoensis, Siphoval-
vulina spp., and Triassic survivors, e.g. D. metu-
la, “T.” almtalensis. 

ii) A strong increase in abundance, species 
richness, diversity of foraminifera and number 
of complex agglutinated forms is common to all 
facies types, except mudstone and bindstone in 
the Early - Middle Sinemurian. There is a strong 
possibility of a continued increase in the abun-
dance of foraminifera until the Early Pliens-
bachian, which is the youngest sampled interval. 
As such increase occurs in all facies types (except 
in bindstone and mudstone), we can rule out the 
possibility of simply sampling a more suitable fa-
cies type (i.e., more “grainy” limestone opposed 
to micritic limestone). 

iii) Bosniella oenensis, L. recoarensis, and Or-
bitopsella spp. are restricted to packstone, grain-
stone and ooid grainstone since the early Late 
Sinemurian. These may be more strongly agitat-
ed facies types.

iv) Although the size of M. asiagoensis varies, 
there may be a general trend in increase in size; 
and the size of the largest species in the assem-
blage also increases.

 
The recorded succession of faunas parallels 

the studies of benthic foraminifera elsewhere 
in the present peri-Mediterranean area (chi-
occhini et al., 1994; zaMBetaKis-leKKas et al., 
1996; BouDaGher-FaDel et al., 2001; eren et al., 
2002; KaBal & tasli, 2003; Barattolo & roMa-
no, 2005; Mancinelli et al., 2005; PoMoni-PaPaio-
annou & KostoPoulou, 2008; Bosence et al., 2009; 
tunaBoylu et al., 2014). The contrasting Hettan-
gian - Early Sinemurian and Late Sinemurian 
- Pliensbachian communities are mostly inter-
preted as survival and recovery communities of 

the post-extinction period (Barattolo & roMano, 
2005; Mancinelli et al., 2005; BouDaGher-FaDel & 
Bosence, 2007; BouDaGher-FaDel, 2008; tunaBoy-
lu et al., 2014), and could be interpreted as part of 
the global community maturation process (Hot-
tinger, 1996, 2014). However, FuGaGnoli (2004; see 
also sePtFontaine, 1986) related a low-diversity 
assemblage dominated by Glomospira/Plani-
involuta spp. (i.e., Meandrovoluta sp.), together 
with Duotaxis, simple textulariids and valvulin-
ids, to eutrophic conditions (bioturbated mud-
stone-wackestone alternating with black shale), 
while the diversity and proportion of complex 
lituolids increase as conditions changed towards 
meso- and oligotrophic. The change in nutrient 
supply and oxygen availability from Hettangian 
to Pliensbachian is not as strongly supported in 
the present study, as there is no transition from or-
ganic-rich facies (although algal mats contained 
plenty of organic matter, while well-washed 
sands in the younger part of the succession were 
well oxygenated). Rather, environmental stabili-
ty itself might be more important in establishing 
more complex associations of foraminifera. Such 
stability might have been related to stabilization 
of the physical environment (e.g., ocean chemis-
try, sea temperature) after the end-Triassic ex-
tinction, or to the increasing interactions among 
organisms, but it might also have come with the 
transition from highly fluctuating peritidal con-
ditions where there are drastic changes in light 
intensity, salinity and temperature, to predom-
inantly subtidal and thus more physically stable 
conditions (see hallocK, 1988). Furthermore, al-
though a steady increase in the size of foraminif-
era has been recorded after the Permian-Triassic 
boundary extinction and used as an argument 
for a true (i.e., not facies-change related) recov-
ery of foraminifera (Payne et al., 2011; reGo et al., 
2012), it is not known whether such an increase 
in size is possible also during the time of rising 
sea level (wilMsen & neuweiler, 2008). In other 
words, the increased complexity of foraminiferal 
assemblages in transgression-affected succession 
should not be attributed solely to post-extinction 
biotic recovery and diversification, but may in-
stead reflect a rather local re-establishment of 
suitable habitat. 

Conclusions

The precise age of Lower Jurassic carbonates 
from the Mt. Krim area (External Dinarides) was 
determined on the basis of foraminifera. Such bi-
ostratigraphic framework is obligatory for poten-
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tial future studies of the northern Adriatic Car-
bonate Platform. During the Late Hettangian, 
sedimentation took place on a relatively flat plat-
form with quickly interchanging subtidal and 
intertidal conditions, as can be concluded from 
the exchange of micritic limestone/dolomite with 
laminated (stromatolitic) limestone/dolomite and 
emersion surfaces. Foraminiferal assemblage, 
consisting of small opportunists, is identical in 
all microfacies types, even in rare packstone and 
grainstone. The low diversity of the assemblage 
may be attributed to the early stages of recovery 
after the end-Triassic extinction, or to unstable 
environmental conditions. Towards the Early – 
Middle Sinemurian, foraminiferal assemblages 
of various facies types show an increase in abun-
dance, species richness, and diversity. Larger ag-
glutinated species appear for the first time. This 
change in the assemblage corresponds to a shift 
towards predominantly subtidal and more stable 
conditions. The younger strata show a continu-
ing increase in abundance until the Early Pliens-
bachian, but the trend is not so clear as regards 
species richness and diversity. The facies associ-
ation suggests the contemporaneous development 
of an internally differentiated lagoon, which hin-
ders distinguishing between the true speciation 
and the mere colonisation of suitable habitats.
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Abstract

The second pillar of the “Raw materials initiative − meeting our critical needs for growth and jobs in Europe” 
praises the intention of safeguarding mineral deposits from sterilisation. In the near future, each Member State 
may protect access to mineral deposits of public importance (MDoPI) in accordance with its national legislation 
framework. Every Member State should identify its own mineral deposits of public importance to be incorporated 
into spatial plans. A list of suggested MDoPIs has been created for Slovenia in terms of safeguarding the access 
to deposits and sustainable mineral supply in the future. The survey of potential MDoPIs is described, and a 
map of suggested mineral areas is created. 30 areas/deposits have been selected and designated on the national 
level. On the local/regional level, up to 50 extraction sites were suggested as aggregates supply centres (quarries 
of crushed stones and gravel pits). Less than 0.5 % of the national territory might be dedicated to future mineral 
safeguarding. This paper presents the proposed list of potential safeguarded areas of MDoPIs in Slovenia and 
the MDoPIs map. The list is not closed or finally accomplished, but it is a dynamic system. It will be adopted 
referring to new geological research results as well as social needs. Nineteen countries are participating in 
the MINATURA2020 project (Horizon2020 program), and seven of them were selected as case studies (United 
Kingdom, Italy, Sweden, Portugal, Hungary, Poland, and Slovenia) regarding the differences in the territorial 
size, types of mineral endowment, and national mineral policies. The project provides an opportunity to engage 
with the issue and begin the safeguarding process on the national level. 

Izvleček

Namera Evropske unije v srednjeročnem obdobju je zavarovati svoja nahajališča mineralnih surovin v skladu 
z drugim stebrom »Pobude za surovine − zagotavljanje preskrbe z nujno potrebnimi surovinami za rast in delovna 
mesta v Evropi«. Vsaka država članica bo v prihodnje v skladu s svojo državno zakonodajo zavarovala dostop 
do nahajališč mineralnih surovin javnega pomena (ang. mineral deposits of public importance - MDoPI). Zato 
je naloga nacionalnih geoloških zavodov, da strokovno določijo nahajališča mineralnih surovin, ki naj bodo v 
prihodnje ustrezno opredeljena v prostorskih načrtih in varovana pred poselitvijo. V ta namen smo pripravili 
nabor slovenskih nahajališč, ki bi jih bilo v prihodnje smotrno varovati za zagotavljanje trajnostne oskrbe z 
mineralnimi surovinami. V raziskavi smo predlagana nahajališča opredelili, opisali in utemeljili. Na državni ravni 
smo izbrali 30 nahajališč nekovinskih mineralnih surovin javnega pomena in na regionalni ravni približno 50 
centrov preskrbe s kamenimi agregati (tehnični kamen, prod in pesek). Skupna površina ozemlja, ki naj bi se v 
prihodnosti zavarovala, je glede na predlagan nabor nahajališč, manjša od 0,5 % državnega ozemlja. V prispevku je 
predstavljen predlog nabora nahajališč s karto predlaganih nahajališč mineralnih surovin javnega pomena. Predlog 
nahajališč ni dokončen, temveč je dinamičen in se bo, glede na nove rezultate geoloških raziskav in potrebe družbe, 
skozi čas dopolnjeval. V projektu MINATURA2020 (program Obzorje 2020) sodeluje 19 držav. Sedem držav je bilo 
izbranih kot testna območja (Velika Britanija, Italija, Švedska, Portugalska, Madžarska, Poljska in Slovenija) glede 
na različne velikosti državnega ozemlja, raznovrstnost mineralnih surovin ter nacionalno zakonodajo. Projekt 
ponuja priložnost, da se soočimo s problematiko, in pričnemo s procesom varovanja nahajališč mineralnih surovin 
na državni ravni. 
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Introduction

In recent decades, the importance of minerals 
has increased: prices have risen, as has mineral 
consumption, due to the increased needs/demands 
of new growing economies in China, Brazil, etc. 
(ShielDs & šolar, 2004; šolar, 2015). Insuffi-
cient production within the EU and increases of 
imported raw materials from other parts of the 
world are reflected in supply shortages. Different 
land uses, e.g. nature preservation, infrastructure 
building, water protection, etc., are sharing pref-
erential treatment, while mineral deposits (MD) 
are often neglected in land-use planning. In gen-
eral, the consumption of minerals is increasing, 
and available areas for potential mineral extrac-
tion are running short; therefore, continuous re-
duction of available land for exploration and min-
eral extraction became a risk. 

In November 2008, the European Commission 
(EC) launched the “Raw materials initiative – meet-
ing our critical needs for growth and jobs in Eu-
rope” (RMI) which established an integrated strat-
egy to respond to the different challenges related 
to access to non-energy and non-agricultural raw 
materials. The RMI is based on three pillars: (1) 
Ensuring the fair and sustainable supply of raw 
materials from international markets, promoting 
international cooperation with developed and de-
veloping countries; (2) Fostering sustainable supply 
of raw materials from European sources; and (3) 
Reducing consumption of primary raw materials 
by increasing resource efficiency and promoting re-
cycling (euroPean coMMission, 2008). By identifying 
mineral deposits of public importance and securing 
their access, we are also supporting the first pillar.

The Raw materials initiative (euroPean coM-
Mission, 2008) and the European Innovation Part-
nership’s (EIP) Strategic Implementation Plan 
(SIP) (internet 1; internet 2) highlight access to 
mineral deposits as a common EU challenge that 
also targets Member States. Therefore, national 
Geo-Surveys endeavours to designate mineral 
deposits of public importance (MDoPI) reflect the 
above-mentioned initiatives’ aims. Geo-Surveys 
experts’ work and activities contribute to better 
communication between the mineral sector and 
the land use planning sector. Current land use 
planning fails to address mineral potential areas 
and temporary land use for mineral extraction is 
neglected as well (e.g. surface extraction of clays) 
(euroPean coMMission, 2000). Constructive dia-
logue amongst different land users and planners 
should be straightened.

Recent EU statistics show that every new-
born infant will need a lifetime supply of 300 kg 
of lead, 280 kg of zinc, 560 kg of copper, 1,350 kg 
of aluminium, 12,200 kg of iron, 9,950 kg of clays, 
1,500 kg of salt and 448,000 kg of stone, sand, 
gravel, and cement (internet 3). Therefore, the 
exploitation of minerals in Europe is an indis-
pensable activity and must ensure that the pres-
ent and future needs of the European society can 
be met. This requires sufficient access to mineral 
deposits (university oF leoBen, 2004). Prospective 
mineral deposits (taking into account abandoned 
mines and historical mining sites) should be con-
sidered with respect to and in balance with oth-
er land uses, such as agriculture, forestry, nat-
ural preservation, building, and infrastructure. 
Furthermore, the access to mineral deposits also 
needs to meet public demands. 

The importance of the minerals supply for the 
benefit of society and the necessity to develop 
planning policies that respect the highest envi-
ronmental and social criteria of sustainability 
should be recognised. Some deposits of metals, 
industrial minerals and construction materials 
(energy minerals are mostly treated properly all 
over Europe) should be considered of “public 
importance”. This is where information demon-
strates that sustainable exploitation could pro-
vide economic, social, or other benefits to the EU 
or the Member States or a specific region/munic-
ipality (Minatura2020 Project consortiuM, 
2014). 

Parallel with geological definitions, a har-
monised European regulatory framework for 
sustainable access and mineral supply should 
be developed. It will include the “sustainability 
principle” for exploration and mineral extraction 
(shielDs & šolar, 2004; šolar, 2015). The concept 
of mineral safeguarding should be incorporated.

Geo-Surveys’ task is to identify, explore and 
properly designate MDoPIs on the national and 
local level that should be safeguarded by incor-
poration into spatial plans. Therefore, the estab-
lishment and maintenance of INSPIRE compli-
ant geo-referenced Mineral Information System 
is a vital task of every national Geo-Survey.

Slovenia belongs to the group of the countries 
which apply a safeguarding regulative concept 
while mineral deposits are included into land use 
plans only through a permit process. This means 
that only areas with mining rights are safeguard-
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ed. There is no open door for “potential deposits” 
that still have not been granted mining rights. 
According to the Slovenian Mining Act (oFFicial 
Gazette rs, 2014), only energy raw materials can 
be of strategic importance. Currently, Slovenia 
is preparing a new National Mining Strategy, 
which is an excellent opportunity to improve the 
current mineral status in terms of safeguarding 
minerals and their deposits on the national level.

Materials and methods

Despite its relatively small national territory, 
Slovenia has numerous mineral deposits. More 
than 200 extraction sites (almost all of them are 
open pits and quarries) with mining rights (un-
der concessions) are currently active, with 26 dif-
ferent mineral resources (construction materials, 
industrial minerals, and energy resources). Slo-
venia also has around 200 sites of metallic miner-
al deposits, and occurrences and a few dozen are 
closed or abandoned mines operations. Today, all 
metal mines are closed after a long mining peri-
od, but there are still ore reserves which could be 
exploited in the future. Nowadays, extraction of 
mineral resources in Slovenia is focused on con-
struction, for the industry of building materials, 
and a few industrial minerals. Annual production 
of construction materials and industrial minerals 
is around 15 million tons (aggregates, dimension 
stone, clays, quartz sand, etc.) not taking into ac-
count energy minerals (lignite and hydrocarbon 
production). Estimation of reserves and resources 
within mining areas is around 840 million tons. 
Non-metal mineral resources are used in the con-
struction, ceramic, brick, metallurgy and metal-
working industries, for the environment and wa-
ter purification, glass manufacturing, farming, 
food industry, etc. (SeneGačniK et al., 2016; sen-
eGačniK & štih, 2016). Mining activities in Slove-
nia are under the jurisdiction of the Ministry of 
Infrastructure, precisely under its mining sector. 

Natura 2000 (oFFicial Gazette rs, 2004b) 
covers more than 37 % of national territory, not 
including 12.6 % of protected areas (1 nation-
al park, 3 regional parks, 45 landscape parks, 1 
strict nature reserve and 54 nature reserves, and 
1,163 natural monuments) in Slovenia (internet 
4-7). In Slovenian practice, few natural resourc-
es are properly safeguarded (e.g. water, forests 
and agricultural land), while mineral resources, 
although non-renewable, are rather neglected. 
Therefore, an adequate regulatory or guidance 
framework similar to Natura 2000 should be es-

tablished in order to equally protect mineral re-
sources as, for example, Natura 2000 sites across 
the EU. 

Slovenians’ shallow geological structures 
are relatively well-known. Based on extended 
knowledge on lithological composition and on 
mineral deposits, the Geological Survey of Slove-
nia (GeoZS) has established a Mineral Informa-
tion System on the national level. The Geo-Sur-
veys across the EU also identify their MDoPIs. In 
Slovenia, industrial minerals and construction 
minerals/aggregates have been put on the list 
at this stage. The geological knowledge of deep 
structures is not sufficient due to lack of deep ex-
ploration. There is a possibility of raw material 
potential in deeper structures. Even some aban-
doned and closed metal mines could be impor-
tant in the future. 

For the designation of MDoPIs, two different 
levels were taken into account: the national and 
local/regional levels. On the national level, a few 
industrial mineral deposits are selected and on 
the local/regional level some aggregates supply 
centres are suggested. 

Slovenia is endowed with aggregates (crushed 
stone, sand and gravel) regarding its geological 
settings; however, there are many overlapping 
land use interests and protected areas (Natura 
2000, water protection areas, etc.). Therefore, it 
is very important to define and place locations 
for aggregate extraction. Due to bulk produc-
tion, negative environmental impacts also occur. 
These locations are most delicate to manage, and 
they are barely incorporated into spatial plans. 
Therefore, locations should be selected according 
to their environmental and nature protection re-
quirements, also taking into account other land 
uses.

Detailed methodology description

Slovenia currently extracts/produces non- 
metals and energy resources. Since energy re-
sources might be of strategic importance and 
therefore properly treated, our survey was fo-
cused on non-energy minerals (industrial min-
erals and aggregates). Slovenian MDoPIs were 
selected due to their uniqueness, rareness, and 
importance for existing industry or traditional 
housing use as construction material. Detailed 
methodology is presented for three cases for 
MDoPIs selection:
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Case a) Dimension stone - limestone in Slovenian 
Karstic region (Table 1, No. 14-16): 

Cretaceous limestone (Fig. 1a) as an autoch-
thonous building material has played a crucial 
role in the Adriatic area. Massive and platy lime-
stone, are both recognizable elements of the cul-
tural landscape along the Adriatic karstic coast 
(vesel, 1980; jurKovšeK et al., 2013; novaK, 2015). 
Blocks of limestone have been used for housing 
and as an ornamental stone, platy limestone also 
as roof tiling, for the construction of dry walls, 
shepherd cottages, and similar structures. Be-
sides being an element of cultural heritage, it is 
also important for natural heritage, with often 
rich and diverse fossil fauna e.g. well-preserved 
vertebrate fossils. For centuries excavated in re-
gional quarries, few of them are also located in 
backyards or in small delves near villages. The 
white limestone blocks with specific polished sur-
faces were also used in the neighbour trans-bor-
der area (e.g. in Italy) as a globally known build-
ing (dimension) stone.

Case b) Ilirska Bistrica clay deposit in 
Southwest region (Table 1, No. 1): 

The largest clay deposit in Slovenia is devel-
oped on Eocene flysch of Reka synclinal (Fig. 
1b). The thickest layer of Plio-Pleistocene clay 
in Slovenia, situated in 3 km long synclinal, was 
explored by drilling. This, over 60 m thick, lay-
er consists rather of homogenous clay that had 
been used as brick and ball clay (jerše et al., 
1986; jerše, 1990; roKavec, 2014). The mineral 
composition is muscovite-illite-montmorillonite, 
with particle size 25-53 % of clay particles under 
2 µm. In the 20th century, the region was produc-
ing brick; nowadays, no industry uses clay, and 
the huge resources and reserves remain intact, 
although Slovenia imports this type of clay.

Case c) Chert in Mirna Valley in Central – South 
Slovenia (Table 1, No. 22): 

Chert outcrops occur in the Mirna Valley 
(locations Jersovec, Ogorelke, and Gabrovka) 
as well as in several smaller deposits (Fig. 1c). 
The Mirna chert deposit is unique in the coun-
try (šolar, 1994; sKaBerne, 2003). Primary chert 
occurs in Triassic limestones and dolomites, and 
secondary chert, which is product of weathering 
processes, occurs in breccias with a clay matrix. 
The entire production of chert is being exported. 
This mineral commodity of good quality is used 
for production of refractories materials. 

The source of data and information for this 
survey were the following references: 

 - the Mining registry book (MZI, 2015, 2017), 
 - periodical bulletin “Mineralne surovine” 

(SeneGačniK et al., 2016), 
 - “Bulletin Mineral resources in Slovenia” 

(SeneGačniK & štih, 2016), 
 - papers and monographies (DiMKovsKi & 

roKavec, 2001; Bavec et al., 2009; jurKovšeK 
et al., 2013; roKavec, 2014; mileTić & roKa-
vec, 2015; rMan & novaK, 2016; roKavec & 
mileTić, 2016; roKavec & MezGa, 2017), 

 - expert reports (jerše et al., 1986; šolar, 
1994; sKaBerne, 2003; Pleničar et al., 2009; 
novaK, 2015), and other.

Results and discussion

A list of proposed MDoPIs has been created 
for Slovenia (Table 1 and 2) along with a MDo-
PI map (Figs. 2-4) for safeguarding the access to 
deposits and mineral sustainable supply in the 
future. On the national level non-metal deposits 
were designated due to their uniqueness, rare-
ness and importance for existing industry or tra-

Fig. 1. Examples of three suggested MDoPIs: (a) dimension stone − limestone deposit in Karst, (b) clay deposit in Ilirska 
Bistrica and (c) chert in Mirna Valley, presented on the GooGle earth (2017).
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ditional housing use as construction material. On 
the local/regional level aggregates supply centres 
are suggested, optimally 1-5 locations per every 
statistical region. Those locations will serve as 
regional centres for aggregates supply. National 

spatial planning strategy (oFFicial Gazette rs, 
2004a) and National mineral resource manage-
ment programme (GeoZS, 2009) recommend a 
few bigger regional supply centres instead of nu-
merous small ones. 

# Suggested areas of 
MD (province) MDoPI Age

Estimated sur-
face of MDoPI 

(km2)

Type of minerals 
(mineral commo-

dity)
Arguments for MDo-

PI selection
Existing protected 

areas*

1 Ilirska Bistrica Koseze Pl 0.53

clays (brick and ball 
clay)

base for existing and 
future brick and roof 
tile industry

N2000, EIA

2

Vipavska dolina / 
Valley

Okroglica Ps 1.23

N2000, EIA
3 Renče Ps 0.06

4 Dolgi hrib Ps 0.11

5 Tomaški hrib Ps 0.07

6 Savinjska dolina / 
Valley

Ljubečna
Pl-Q

6.95 N2000, EIA

7 Hom 1.01  /

8 Pomurje area Boreci Ps 0.43 N2000, EIA, VNF, WPA 
(mun.)

9 Podravje area Hardeška šuma Ps 1.55 /

10 Jezersko Jezersko Pl-Q 0.005 dimension stone- tra-
vertine unique N2000, EIA, VNF (tra-

vertine)

11 Pohorje Cezlak Tc 0.24 dimension stone- to-
nalite and cizlakite unique N2000, EIA, VNF

12 Southern Pohorje Vitanje sur-
rounding Tc 6.73 ornamental stone - 

schist gneiss
unique, for traditional 
buildings 

N2000, WPA (mun.), 
EIA, VNF

13 Hotavlje Hotavlje T 0.20 dimension stone- li-
mestone unique  /

14

Kras

Lipica
K 19.50

dimension stone- li-
mestone

used in natural heritage 
buildings in karstic 
area

N2000, EIA, VNF
Debela Griža

15 Doline K 2.99 N2000, EIA

16

Tomaj

K 6.96 N2000, EIA, VNF, WPA 
(mun.)Kazlje

Kopriva

17 Primorska region Milje Ec 0.14 dimension stone - 
flysch sandstone typical for region /

18 Globoko and 
Bizeljsko Region

Globoko and 
Bizeljsko Hills Pl 19.10 quartz sand, clay rare N2000, EIA, VNF

19 North-Eastern 
Slovenia

Puconci        
surrounding Pl, Ps 1.83

quartz sand rare 

N2000, EIA, VNF, LP

20 Dolenjska Region Raka-Ravno Pl 0.98 N2000, EIA, VNF

21 Moravče synclinal Moravče Mc 10.3 N2000, EIA, VNF, WPA 
(mun.)

22 Mirna Valley Jersovec and 
other T3 0.75 chert unique VNF

23 Northern Soča 
Valley Srpenica Ps 0.15 chalk unique N2000, EIA, VNF

24 Stahovica Stahovica T3 0.84 calcite rare N2000, EIA, VNF       
(calcite), WPA (mun.)

25 Zaloška Gorica Zaloška Gorica Ol 0.94 bentonite, tuff unique /

26 Solkan Solkan K 0.36 limestone for cement 
industry

supports existing lime 
and cement industry /

27 Kresnice Kresnice T 1.65 limestone for lime 
industry

supports existing lime 
and cement industry WPA (mun.)

28 Anhovo Anhovo          
deposits Pc 2.72 raw material for 

cement industry
supports existing lime 
and cement industry VNF

29 Sečovlje Sečovlje       
saltworks rec. 6.39

sea salt traditional salt-works, 
natural heritage

N2000, EIA, VNF       
(halite), LP

30 Strunjan Strunjan         
saltworks rec. 0.19 N2000, EIA, VNF       

(halite), LP

Table 1. List of potential areas of mineral deposits.

MD – mineral deposit; *N2000 = Natura 2000, EIA = Ecologically important area, VNF = Valuable natural features, LP = 
Landscape park, WPA = Water protection area, nat. = national level, mun. = municipal level; rec. – recent.
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(a) National level (non-metals /industrial 
minerals)

On the national level 30 areas of non-metal de-
posits were designated, mainly clays, dimension 
stone, quartz sand, chert, chalk, calcite, benton-
ite, limestone for industrial purpose and others 
(Table 1, Fig. 2). Due to geological settings, these 
deposits should be treated as safeguarding prior-
ity in land use plans. 

The total surface of suggested MDoPI areas 
in Slovenia is ca. 95 km², which is approximate-
ly 0.47 % of state territory, not including aggre-
gates, which also need to be safeguarded. The 
suggested MDoPIs are mostly located outside ur-
banised areas, often close to the extraction areas 
where detailed research has been conducted in 
response to industry demands. 

The designation of MDoPIs has been a specific 
issue in our work due to various geological com-
positions, different mineral deposits characteris-
tics and their extension. Two different principles 
were used for MDoPI designation: 

a. The entire geological formation was recog-
nised as a unified MDoPI area (e.g. Karst 
region) as a carbonaceous (limestone) 
platform which has an applicable value as 
an autochthonous building material. The 
entire designated area is not meant to be 
safeguarded, but only the access to par-
ticular deposits should be secured. 

b. Small mineral sites (occurring locally) 
were recognised due to their limited re-
serves (e.g. Mirna chert deposits).

(b) Local/regional level (aggregates)

On the local/regional level, one to five loca-
tions − aggregate supply centres per statistical 
region were considered. Up to 50 extraction lo-
calities for local/regional aggregates supplies are 
suggested (Fig. 4, Table 2).

MDoPIs on the national level are displayed as 
polygons (marked in red, Fig. 4) and aggregates 
supply centres on the regional level are displayed 
as points (marked in yellow, Fig. 4) in the ArcGIS 
(esri, 2014). The shape file was transferred to 
an interactive map on Google Earth application 
(GooGle earth, 2017) for an overview of the loca-
tions and areas of potential MDoPIs. 

The proposed list of MDoPIs and the borders 
of suggested mineral deposits are not final; the 
list is a dynamic system that should be adopted 
referring to new geological research results, as 
well as knowledge and social demands in the 
future. The proposed MDoPIs are overlapping 
mostly forest, agricultural or built-up areas 
(regarding their land use). In a few cases, they 
also extend into protected areas (e.g. Natura 
2000, ecologically important areas, valuable 
natural features, landscape parks, etc.). Re-

Table 2. Suggested regional supply centres with aggregates.

No. Region Production in the 
region (tons/year)*

Number of
appropriate 

location
Mineral resource (aggregates)

1. Central-Slovenian region 2 236 722 5
crushed stone – limestone crushed 
stone – dolomite
sand and gravel

2. Coastal-Karstic region 1 612 710 3 crushed stone – limestone
3. Drava region 1 868 529 4 sand and gravel

4. Gorenjska region 794 148 3
sand and gravel 
crushed stone – dolomite and silicates 
(quartz keratophyre) 

5. Goriška region 157 974 1 crushed stone – limestone

6. Koroška region 206 072 2 crushed stone – dolomite
sand and gravel

7. Notranjsko-karstic region 254 539 2 crushed stone – dolomite
crushed stone – limestone

8. Pomurje region 1 129 366 4 sand and gravel 
crushed stone – silicates 

9. Savinja region 1 386 377 3 crushed stone – limestone 
crushed stone – dolomite

10.
Southeastern Slovenia 
(including Bela Krajina, Kočevska and 
Dolenjska region)

527 675 4 crushed stone – dolomite 

11. Spodnjeposavska region 785 482 4 crushed stone – dolomite 
sand and gravel 

12. Zasavje region 92 388 1 crushed stone – dolomite
* (SeneGačniK et al., 2016)
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gardless of existing land use, the mineral de-
posits (at least those that are rare and unique) 
should be designated in spatial plans and, 
therefore, safeguarded for future generations. 
Geological settings/mineral deposits cannot be 
moved to another location, while most human 
activities can (e.g. industrial structures, agri-
culture, and housing). Therefore, Natura 2000 
(haBitats Directive 92/43/EEC) does not ex-
clude or even prohibit mineral exploration and 
extraction but sets certain limits (euroPean 
coMMission, 2010). 

Good practices from other EU countries

Twenty-four partners from 19 countries par-
ticipate in the project MINATURA2000 − “Devel-
oping a concept for a European minerals deposit 
framework” (Minatura2020 Project consor-
tiuM, 2014; internet 8). Some of them were select-
ed as case-study countries, i.e. United Kingdom, 
Italy, Sweden, Slovenia, Portugal, Hungary, and 
Poland. These countries differ in territorial size, 
mineral endowment, and national mineral poli-
cies and have been surveyed as well in terms of 
designating their MDoPI (euroPean coMMission, 

Fig. 4. Suggested MDoPIs 
in Slovenia displayed in 
GooGle earth (2017; mar-
ked in red on the national 
level and marked in yellow 
on the local/regional level). 

Fig. 3. Future network of 
aggregate supply centres 
on the regional level. 
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2000). Due to their territorial size only select-
ed areas (e.g. provinces) have been examined in 
detailed. Metals, industrial minerals, and ag-
gregate deposits have been suggested for future 
safeguarding regimes on different levels: nation-
al, regional, and local, depending on the national 
mineral policy and ownership of minerals (Ta-
ble 3) (roKavec et al., 2016a). 

Italy 
 - Emilia Romagna Region: 11 deposits of ag-

gregates (alluvial sands and gravels, coastal 
sands, sandstones and conglomerates, lime-
stones, siliceous rocks).

Portugal
 - Tungsten province (national level): 38 depos-
its of metal ores (W, Sn, Pb, Au, Mo, Ag).

 - Rio Maior (local level): Mineral deposit of 
special Quartz kaolinite-rich sands (Special 
sands).

Hungary
 - Borsot-Aubauj-Zemplen, Hajdu-Bihar, Hev-

es, Szabolcs-Szatmar-Berek): 402 deposits of 
non-metals (sand, gravel, crushed stone, clay 
and perlite).

Sweden 
 - Norrbotten Country: 24 deposits of metal ores 
(Pb, Ag, Cu, Au, Fe) and non-metals (graph-
ite, dolomite and limestone for industrial 
purpose, kaolin, magnesite, wollastonite, 
quartz).

United Kingdom
 - South West England & South Wales: 40 depos-
its on shore (sand and gravel, crushed stone, 
dimension stones, ball cay, pottery clay, china 
clay, brick clay, slates, metals), 10 deposits off-
shore in Celtic and Irish seas (sand and grav-
el, undersea salt and potash, metals in seabed 
nodules, crust and extinct smokers).

Poland
 - Dolnośląskie Province: 142 deposits with indi-
cated and measured resources (copper-silver 
ore, nickel ore, barite and fluorite, bentonite, 
clays (brick, ceramic and fire clays), dimen-
sion stone, crushed stone, feldspar, gypsum 
and anhydrite, kaolin, magnesite, quartzite, 
aggregates (sand and gravel), sand for lime, 
sand for glass production.

Raising awareness of the importance of minerals

In order to strengthen the awareness of deci-
sion makers of the importance of minerals, EU 
countries are organising regional and national 
stakeholder consultations in 2016 and 2017. The 
aim is to promote the idea of safeguarding min-
eral deposits, to encourage transparent land use 
practices and, overall, to exchange experiences 
and views of different sectors dealing with min-
eral resources. In Slovenia, the first national 
stakeholder workshop was organised in Febru-
ary 2016 (roKavec et al., 2016b) and the second 
one in January 2017 (roKavec et al., 2017), both 
located in Ljubljana. 

Table 3. List of potential safeguarded areas (MDoPI) – summary data by countries (SI-Slovenia, I-Italy, PT-Portugal, 
H-Hungary, S-Sweden, UK-United Kingdom and PL-Poland).

Country Province ∑No. MDoPI 
(potential areas) Level

Type of mineral endowment

metals non-metals aggregates

SI entire state territory
30 national x

max 50 local/regional x

I Emilia Romagna Region 11 regional x

PT
Tungsten province 38 national x

Rio Maior 1 local x

H
Borsot-Aubauj-Zemplen, Hajdu-
Bihar, Heves, Szabolcs-Szatmar-
Berek

402 regional x x

S Norrbotten country 24 national x x

UK

South West England & South 
Wales (on shore) 40 regional x x x

South West England & South 
Wales (off-shore in Celtic and Irish 
seas)

10 regional x x

PL Dolnośląskie Province 142 x x x
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Conclusions

Mineral supply is an important condition for 
economic, social and technological development. 
Due to Europe’s huge mineral consumption, it is 
highly dependent on the import of some mineral 
resources. Since the mineral supply is becoming 
a challenge, European industry has expressed 
the needs through the “Raw materials initiative”. 
In order to ensure sustainable mineral supplies 
within the EU, it is of great importance to prop-
erly safeguard mineral deposits and foster sus-
tainable mineral supply from European sources. 

For the sustainable development of European 
society, the safeguarding of European mineral 
deposits is one of the key issues. The access to 
mineral deposits should be secured in order to en-
courage, firstly, their exploration and afterward, 
if viable, also their exploitation. It is important 
that current mineral extraction does not endan-
ger the supply of future generations. The mineral 
deposits of public importance should be properly 
evaluated, taking into account the geological set-
tings and economic viability of exploitation and 
permitted in accordance with land use and en-
vironmental requirements. Urbanisation, nature 
conservation, and other land use interests often 
impede the access to potential mineral deposits. 
Coordinated placement of mining areas with oth-
er land uses is challenging in order to avoid con-
flicts and meet social needs.

Slovenia is preparing the basis for a concept 
for defining and subsequently protecting mineral 
deposits of public importance (MDoPI). Different 
land uses, e.g. nature preservation, infrastructure 
building, water protection, etc., have preferential 
treatment, while mineral deposits are often ne-
glected in spatial planning procedures. For this 
purpose, a list and a map of proposed MDoPIs 
were established for Slovenia. MDoPIs need to 
be identified, explored, and properly designated 
on the national and local levels to facilitate their 
incorporation into spatial plans. On the national 
level 30 deposits of non-metals have been desig-
nated (e.g. dimension stone, clay, chert, raw ma-
terials for cement and lime industry, bentonite, 
tuff, calcite, and quartz sand) in Slovenia. On the 
local/regional level, up to 50 extraction sites, op-
timally one to five locations per every statistical 
region were suggested as aggregate supply centres 
(crushed stone, sand and gravel). Less than 0.5 % 
of national territory is estimated to be under safe-
guarding regime in the future. The list is not fi-
nal but dynamic and will be changed according to 

new geological research results and knowledge of 
deep geological structures, the market, land uses 
and other societal conditions. Furthermore, other 
EU countries, i.e. the United Kingdom, Italy, Swe-
den, Portugal, Hungary and Poland, are prepar-
ing their lists and methodologies for designation 
of their MDoPIs that should be safeguarded. 

Although energy raw materials are of strategic 
importance (according to Slovenian Mining Act), 
there is a need to safeguard non-energy min-
eral resources as well. Slovenia is in a phase of 
adopting a new National Mining Strategy, which 
provides an opportunity to improve the current 
mineral status in terms of safeguarding mineral 
deposits on the national level.
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Abstract

In this paper we present the results of monitoring of temperatures in the air, soil and a borehole V-8/86 at 
Malence near Kostanjevica in the southeast Slovenia. The results include the temperatures measured in the period 
from year 2011 to 2015. Highlights of the paper are mainly on the influence of heavy rainfall on temperatures in 
the upper parts of the shallow subsurface, on understanding how the heat transfers between air and soil and in 
determination of the warming rate in the shallow subsurface with the assumption that conduction is the prevalent 
mechanism of heat transfer within the rock. The analysis has shown that heavy rainfall has a greater impact at 
depth of 1 m in the borehole than at 1 m in the soil, since the sensor at 1 m in the borehole is actually still in the 
air (inside the borehole) so the rainwater and consequently the air temperature change can reach it faster than the 
rainwater can infiltrate through soil to depth of 1 m. During infiltration the rainwater’s temperature interact with 
the soil temperature and the change between the rainwater and soil temperatures is no longer evident at 1 m depth 
in the soil. Based on the measured temperatures from years 2014 and 2015 the rate of warming at the depth of 40 
m is 0.011 °C/yr. While analysing the temperature-depth profile of daily means of temperature on the 15th day of 
each month, we concluded that the influence of seasons can be tracked down to depth of 20 m. At the depth of 20 m 
temperatures vary within 0.04 °C (2015). The assumption that the conduction is the prevalent mechanism of heat 
transfer is reasonable, because the theoretical values do not differ much from the measured ones (within 5 %). 

Izvleček

V članku so prikazani rezultati merjenja temperatur v zraku, tleh in vrtini V-8/86 v Malencah pri Kostanjevici 
v jugovzhodni Sloveniji. Podatki obsegajo obdobje od leta 2011 do 2015. Osredotočili smo se predvsem na odzive 
temperatur v plitvem podpovršju na obilnejše padavine, na prehajanje toplote čez mejo zrak-tla in na določanje 
stopnje segrevanja v vrtini s predpostavljenim konduktivnim načinom prehajanja toplote znotraj kamnine. Analiza 
je pokazala, da obilnejše padavine bolj vplivajo na temperaturo v globini 1 m v vrtini kot v globini 1 m v tleh, saj 
je senzor na 1 m v vrtini dejansko še v zraku in ga deževnica in posledično sprememba zračne temperature doseže 
hitreje, kot pa se  deževnica infiltrira do globine 1 m v tleh. Med pronicanjem se temperatura deževnice približa 
temperaturi tal in razlike med temperaturama na globini 1 m v tleh ne zaznamo več. Na podlagi podatkov iz 
leta 2014 in 2015 je trend naraščanja temperature na globini 40 m 0,011 °C/leto. Pri analizi odvisnosti povprečne 
dnevne temperature za vsak 15. dan v mesecu od globine, smo prišli do sklepa, da letno spreminjanje temperature 
zraka vpliva do globine 20 m, kjer so razlike med posameznimi meseci samo še znotraj 0,04 °C (2015). Predpostavka 
konduktivnega načina prehajanja toplote kot prevladujočega za izračun teoretičnega poteka temperatur v odvisnosti 
od časa in globine je smiselna, saj teoretične vrednosti ne odstopajo bistveno od izmerjenih (znotraj 5 %). 
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Introduction

Studies of the air-ground temperature cou-
pling get more and more attention as an aux-
iliary insitu method in research of the long-
term temperature variations and therefore 
climate changes in the present and in the past 
(čermáK, 1971; lachenBruch & Marshall, 1986; 
šaFanDa et al., 1997; sMerDon et al., 2004; BoDri 
& čermáK, 2007). The climate interpretation of 
the ground surface temperature (GST) history, 
which is obtained from present-day tempera-
ture-depth profiles, measured in deep boreholes, 
is based on an assumed long-term tracking of 
the mean annual surface air temperature and 
the ground surface temperature (i.e. Majorowicz 
et al., 2004). The reconstructed GST histories 
are temporal changes of the ground temperature 
at the upper boundary of the heat conduction 
domain, which begins somewhere in the soil-
rock basement transition zone. Environmental 
conditions are suspected to be the most import-
ant factors influencing the air-soil temperature 
difference. In 1993 an international project 
under the NATO scientific programme support 
and initiative of the Czech Geophysical Insti-
tute (GFÚ) was lunched with an aim to explore 
the assumption on a long-term tracking of the 
mean annual surface air temperature and the 
ground surface temperature. Furthermore, this 
project was initiated also in order to determine 
the poorly investigated impact of environmental 
conditions such as soil moisture, type of vegeta-
tion cover and the amount and type of precipi-
tation, on heat transfer in the soil and shallow 
subsurface. Understanding these impacts is es-
sential for understanding how the heat transfers 
through different layers of shallow subsurface. 
This knowledge is needed for reconstruction of 
the past climate based on the temperatures mea-
sured along deep boreholes (BecK & juDGe, 1969; 
čermáK, 1971; shen & BecK, 1991; Kane et al., 
2001).

Therefore, a study, based on the air-ground 
temperature coupling, began in year 1993 to de-
termine how temperatures in the shallow sub-
surface follow the long-term variations of the air 
temperatures in different recent climates and 
how significant is their influence on heat trans-
fer in the shallow subsurface. The main aim of 
the monitoring is to explore the assumption on 
a long-term tracking of the mean annual sur-
face air temperature and the ground surface 
temperature, which is vital for the climatic in-
terpretation of the GST history obtained from  

present-day temperature-depth profiles mea-
sured in deep boreholes. The project comprises 
permanent temperature measurements in the 
boreholes in Czech Republic (since 1994), Slove-
nia (since 2003) and Portugal (since 2005).

One of the most important parameters of 
heat transfer in the shallow subsurface is ther-
mal diffusivity, which determines how much 
heat transfers conductively through the materi-
al (Gosar & ravniK, 2007). Thermal diffusivity 
can be measured directly on the rock sample in 
a laboratory using e.g. a flash method (dědečeK 
et al., 2013). Researchers at the aforementioned 
project Air-ground temperature coupling in 
three different climates decided to use an auxil-
iary in-situ method for studying the air-ground 
temperature coupling. With the long-term log-
ging of temperatures at different heights in the 
air and depths in the soil and borehole every 30 
minutes a large database has been generated, 
covering interval since Nov. 12th 2003 until Dec. 
31st 2015 and beyond until today. The 30-minutes 
interval has been chosen by Czech geophysicists 
(with longer experience in this matter) as the 
most appropriate, as it is not too rare (e.g. with 
regard to precipitation events) neither too dense. 
This database can be used for determining the 
effects of environmental conditions and the na-
ture of propagation of surface temperatures into 
shallow subsurface. By exploring the tempera-
ture-time series in three boreholes located in 
different climates the results can be correlat-
ed. Boreholes are located in three experimental 
sites as follows: a GFÚ-1 borehole of 150 m depth 
(šaFanDa, 1994) in Prague (Czech Republic) at the 
premises of Czech Geophysical Institute with 
monitoring down to 38 m depth, a V-8/86 bore-
hole at Malence near Kostanjevica (Slovenia) 
of 100 m depth and a TGQC-1 borehole of 180 
m depth in Caravelinha near Évora (Portugal) 
(SMerDon et al., 2004, 2006). While the borehole 
in Prague is in the southeast suburb Spořilov of 
a metropolitan city, the other two are found in 
rural areas, at Malence on the edge of meadow, 
and at Caravelinha in the sparse oak forest near 
Évora. Both observatories in Slovenia and Por-
tugal monitor temperatures down to 40 m depth 
(šaFanDa et al., 2007).

Herein we present the results of measurements 
from the Malence Borehole Temperature Obser-
vatory (MBTO) near Kostanjevica in the period 
from 2011 to 2015.
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Air-ground temperature coupling

The method of inverting the measured tem-
peratures in deep boreholes in order to recon-
struct the GST history was represented by BecK 
and juDGe (1969), who reconstructed the climate 
in the decade previous to the year of their study. 
They were soon followed by čermáK (1971), who 
used the temperature measurements from a bore-
hole in Canada and, although he reconstructed the 
climate in the past millennium, he also stated that 
the method needed improvements. The method 
does not predict the nonconductive heat transfer 
(shen & BecK, 1991; Majorowicz et al., 2004). The 
nonconductive heat transfer, such as infiltration of 
rain water and freezing or defrosting of the soil, 
were examined among others by Kane at al. (2001).

First studies of the past climate change in 
Czech Republic were conducted by šaFanDa & 
KuBíK (1992). Analysis of measurements from 
two boreholes (one in SW and one in NE part of 
the Czech Republic) has shown an increase of the 
average surface temperature from -6 °C to 7 °C 
around 12,000 years ago, a warming by 0.9 °C 
some 475 years ago, a cooling by 0.5 °C some 36 
years ago, followed by an increase of tempera-
ture by 1.3 °C nine years ago (as regard to the 
time of writing the cited paper).

Survey of temperatures obtained from sev-
en boreholes in Slovenia suggests the surface 
warming by 0.6 to 0.7 °C in the decade 1988-1998 
(rajver et al., 1998). The study has also shown a 

glacial minimum (3 °C) some 14 to 13 thousand 
years ago, which was followed by the post-gla-
cial maximum (10.5 °C) around 2 to 3 thousand 
years ago.

The signature of the last ice age (75 to 10 thou-
sand years ago) in the present subsurface tem-
peratures was studied in boreholes from Slove-
nia and the Czech Republic by šaFanDa & rajver 
(2001) who have used temperature-depth (T-z) 
profiles from 1.5  to 2.4 km deep boreholes. They 
confirmed a glacial minimum extending 19 to 10 
thousand years ago and a postglacial warming of 
6 to 15 °C.

The first measurement results from 2003 to 
2005 at MBTO were published by rajver et al. 
(2006). Data from a period of 2003 to 2009 and 
a conductive and conductive-convective heat 
transfer mechanisms were studied by dědečeK et 
al. (2013).

Heat from surface transfers into the shallow 
subsurface mainly by conduction. Surface tem-
perature is regulated largely by heat flow from 
the Sun. Therefore, differences in surface tem-
perature are mostly due to daily and annual cy-
cles. These differences can be tracked down to 
the depth of about 50 m. Any deeper variations of 
temperatures, which substantially depart from 
the conductive heat flow, are the result of a dras-
tic changes in climate (e.g. ice age) (KaPPelMeyer 
& haenel, 1974).

Fig. 1. Location of the V-8/86 
borehole at Malence, SE 
Slovenia. Geology is after 
OGK Novo mesto (Pleničar 
& PreMru, 1977).
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Methodology of temperature measurements in 
the borehole V-8/86 at Malence

The borehole V-8/86 is located at Malence 
near Kostanjevica (45°52.1’ N, 15°24.5’ E, z=152 
m a.s.l.) (Fig.1) in the Krško basin in southeast 
Slovenia. The basin is filled with Tertiary sed-
iments of the Pannonian basin and Quaternary 
deposits from the Sava river (Pleničar & Premru, 
1977) and is part of the Sava folds (Placer, 1998). 
The borehole was finished in October 1986 and is 
100 m deep (Fig. 2a). It was drilled through Qua-
ternary clay, sand and gravel in the first 16 m, 
below which lies Miocene marl, which gradually 
becomes more clayey with depth (rajver et al., 
2006; šaFanDa et al., 2007; dědečeK et al., 2013). In 
Figure 2a the last temperature log from August 
30th, 2011 is also presented. The borehole is cased 
with zinc-coated tube of 41.5 mm (1.6 inch) of in-
ner diameter. Temperature was logged four times 
along the whole borehole depth, from October 
1986 to August 2011 (Fig. 2b), using two differ-
ent temperature sensors. The first two loggings in 
1986 and 1987 were done using the Pt-100 sensor, 
connected to LAGO-T meter (ravniK & LaKOvič, 
1984) with a precision of 0.01 °C and accuracy of 
+/- 0.1 °C, while for the other two loggings the 
Antares thermistor was used with a resolution of 
1 mK and accuracy better than 0.1 K. The therm-

istor’s drift is of the order of first hundredths K 
over the time the GFÚ team uses the probe (more 
than 10 years), but the probe is calibrated practi-
cally every year, so the effect of possible drift is 
eliminated (Šafanda, pers. com.). The Pt-100 sen-
sor has been only occasionally calibrated, never-
theless the results are comparable with those of 
Antares thermistor.

There have been only two rock samples col-
lected, from depths of 0.7 m (sandy clay) and 99 m 
(clayey marl). On both a thermal conductivity has 
been measured using different but comparable 
methods, TCS and transient hot wire, respective-
ly, and results were 1.7 W/(m∙K) for the one from 
0.7 m and 1.45 W/(m∙K) from 99 m (rajver et al., 
2006; šaFanDa et al., 2007). Estimation of thermal 
diffusivity is based on typical density and spe-
cific heat values and can differ between 0.6 and 
0.8 · 10-6 m2/s. Due to high specific heat of pore 
water, it could be as low as 0.4 · 106 m2/s (for 30 % 
total porosity) (šaFanDa et al., 2007). dědečeK 
et al. (2013) extracted thermal diffusivity from 
subsurface temperature data at Malence. They 
got 0.2 - 0.3 · 10-6 m2/s in the top 5 to 10 cm of 
soil and 0.5 - 0.7 · 10-6 m2/s within 0.1 to 10 m of 
the bedrock. Simple calculation using reasonable 
parameter values shows that with 15 % of wa-
ter content in the sample and the mineral density 

Fig. 2a. Geological colu-
mn of the V-8/86 boreho-
le with the last T-z pro-
file of August 30th 2011. 
Lithological data are su-
mmarized by rajver et al. 
(2006).
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of 2,670  kg/m3, the effective specific heat (ρ∙c) is 
2.51∙106 J/(m3∙K), and thermal diffusivity κ = λ / (ρ∙c)  is 
0.68·10-6 m2/s. The borehole has been chosen as 
the most suitable among available and investigat-
ed boreholes in Slovenia because of its location 

with an easy access, a good knowledge on lithol-
ogy and relatively stable level of groundwater. 
The water level in the borehole was monitored 
only in a period from Oct. 10th 2006 to Oct. 21st 
2010 (Fig. 3), using the piezometer sensor that has 

Fig. 2b. The measured tem-
perature (T-z) profiles in the 
V-8/86 borehole in a period 
from 1986 to 2011. 

Fig. 3. Water level in the bo-
rehole V-8/86, monitored in 
a period of 4 years (2006 to 
2010).
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been connected to one of the channels instead of 
a temperature sensor at 1 m in the borehole. This 
monitoring showed only slightly water level vari-
ations between 151 and 159 cm below ground sur-
face. Since the fluctuation is quite small and does 
not show any periodic characteristics, we can as-
sume it does not respond to differences in the lev-
el of nearby Krka River. Unfortunately, this peri-
od does not match with the period of temperature 
analyses. The borehole is located on the edge of 
the meadow, which on the north side continues 
into the forest, so the vegetation around the bore-
hole is more or less constant and in micro location 
cleaned out when necessary. We have no data on 
depth of saturated zone in the shallow subsur-
face. It is believed this zone is at least 1.5 m deep 
because the soil to this depth consists mostly of 
clay and sandy clay, and deeper to 16 m also of 
gravel in mixture with clay and sand. The bore-
hole is located on a private land and data logger 
with battery is being kept in a locked metal box 
so the risk of vandalism is quite low.

In order to explore the assumptions of (i) a 
long-term tracking between the mean annual 
surface air temperature and the ground surface 
temperature and (ii) a conductive propagation of 
soil temperature changes into bedrock, the MBTO 
station has been established (Fig. 4). It consists of 
a data logger, battery and sensors for monitoring 
air temperatures at different heights above the 
ground level (2 m and 5 cm), soil temperatures at 
different depths below the surface (2, 5, 10, 20, 50, 

100 cm) and bedrock temperatures in the bore-
hole (1, 2.5, 5, 10, 20, 30, 40 m) (Fig. 5). The plat-
inum sensors (Pt 1000, class A, resolution of the 
system is 3 mK) were installed in November 2003 
for permanent measurements (rajver et al., 2006; 
dědečeK et al., 2013). The accuracy < +/- 0.15 °C is 

Fig. 4. Malence Borehole 
Temperature Observatory 
(in Sept. 2011). Sensors in 
the soil are buried within 
depicted trapeze.

Fig. 5. Layout of the temperature sensors in the air, in the 
soil and in the borehole V-8/86.
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given by producer for the users that do not cali-
brate the sensors. All MBTO sensors are calibrat-
ed. The absolute error of the measured tempera-
ture can be estimated at 0.01 K (Šafanda, pers. 
com.). Temperatures are recorded in 30-minute 
intervals with a data logger system (16 channels, 
24 bits A/D converter, 16 bits resolution, produc-
er Fiedler Magr s.r.o., Czech Republic). Data used 
in this study cover the period from September 2nd 
2011 to January 1st 2016. The MBTO station faced 
several difficulties in monitoring due to hardware 
malfunctions. For example, in the period of Oct. 
21st to Dec 14th, 2010, some abnormally high pos-
itive and negative peak oscillations appeared in 
the measured temperatures at 1 to 40 m depths, 
resulting also in high peaks of daily averages. We 
did not notice this immediately and until Aug. 30th, 
2011, we couldn’t transfer the measured data to 
computer, which was later discovered as a mem-
ory malfunction of the data logger. Consequently, 
the GFÚ team decided to install a new data log-
ger unit on Aug. 30th, 2011. They also changed two 
sensors (the borehole’s at 10 m and the air sensor 
at 2 m). The sensors’ and data logger’s functioning 
is occasionally but constantly controlled by the 
GFÚ team, and the sensors are calibrated before 
their installation. Contrary to thermistors, the 
platinum sensors are stable in time. Therefore, we 
are convinced there are no sensor drifts. Later on, 
the data were lost or are missing in the follow-
ing periods: Sept. 17th to 23rd, 2011, when voltage 

regulator was disconnected, Oct. 15th to 17th, 2012, 
when all the sensors were changed with the new 
ones, and Sept. 13th to Oct. 22nd, 2014, when five 
sensors (at 2.5, 5, 10, 20 and 30 m) in the borehole 
were changed and the time unit was properly set. 
A short disruption of the borehole data occurred 
when on Nov. 14th, 2013, all the borehole sensors 
were replaced with a new set of sensors.

Results of temperature monitoring and 
discussion

An example of 30-minute data interval is pre-
sented for February, 2012 (Fig. 6), which shows 
an influence of snow on temperatures in the up-
per part of soil. In the beginning of the month, 
the temperatures at depths of 2 and 5 cm in the 
soil stayed roughly at 0 °C since snow acted like 
an insulator. Review of data from the meteoro-
logical (precipitation) station in Kostanjevica 
– Brod (3 km away) confirmed that there was a 
snow cover present from 4th – 23rd of February 
(internet 1). Another example (Fig. 7) of the in-
fluence of the snow cover insulation is shown 
for a period January 14th – March 2nd, 2013 (in-
ternet 1), and can be tracked down to depth of 
100 cm in the soil.

An example of the influence of rain is shown 
in Figure 8 with 30-minute data for July 2012, 
where the temperatures in the air at 2 m and 5 cm 

Fig. 6. 30-minute data in 
February 2012 at 2  and 5 cm 
in the air and in the soil de-
pths of 2 and 5 cm showing 
influence of snow cover 
(February 4th to 24th).
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decreased just before the precipitation occurred 
(internet 1). Consequently, the temperatures in 
the soil at 2 cm and 5 cm also decreased. This 
reaction was due to considerably lower air tem-
peratures of the weather front with the similar 
precipitation temperatures. Figure 8 also shows 
typical greater daynight variability at 2 m and 
5 cm in the air, which is gradually smoothed in 
the soil.

How infiltration of the rain water influences 
the temperature in the soil and in the borehole 
at depth of 1 m is shown in Figure 9. Due to 
some non-conductive heat transfer the tempera-
ture in the soil at depths of 5 to 20 cm slightly 
fell after heavy rains in the night from 13th to 
14th August, 2014, recorded at Kostanjevica - 
Brod (internet 1), which is the result of infiltra-
tion of relatively cooler rain water. This influ-

Fig. 8. 30-minute data in 
July 2012 at 2 m and 5 cm 
in the air and the soil de-
pths of 2 and 5 cm. Impact 
of rainfall is evident in two 
events.

Fig. 7. The average daily 
temperatures in 2013 at 
depths from 5 cm to 1  m 
in the soil showing the 
influence of snow cover 
(January 14th to March 
2nd) on temperatures to a 
depth of 1 m.
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ence is not evident any more at depths of 50 and 
100 cm in the soil, but there is a sudden warm-
ing of 1 °C in ca. 2 hours at depth of 1 m in the 
borehole. This happened due to slightly warmer 
rain water temperature (and the air tempera-
ture surrounding the rainfall itself) than the 
air in the top part of the borehole column, but 
still slightly cooler than the soil down to depth 
of 50 cm.

Daily temperature averages at depths from 
1 to 10 m in the borehole and at 1 m in the soil 
(Fig. 10) demonstrate the amplitude decrease with 
depth. Temperatures at 1 m in the soil and 1 m in 
the borehole nicely fit together and vary within 
13 °C, and since the sensor in the borehole at 1 m 
is in the air, it records the variations just slightly 
earlier than the sensor at 1 m depth in the soil. 
Temperatures at a depth of 10 m vary only with-

Fig. 9. Measured tempera-
tures in the period between 
August 13th and 15th 2014 
at a height of 2 m in the air 
and depths ranging from 
5 cm to 1 m in the soil and 
in the borehole at a depth 
of 1 m showing the tempe-
rature response to heavier 
rainfall. 

Fig. 10. The average daily 
temperatures in 2014 at de-
pths of 1 m to 10 m in the 
borehole showing amplitu-
de decreasing with depth 
and the delay of the tempe-
rature minima and maxima 
with depth. The sensor at 1 
m depth in borehole records 
the temperature in the air, 
others record in the water. 



138 Ana STRGAR, Dušan RAJVER & Andrej GOSAR

in 0.5 °C. The gap at the end of the year is due to 
unfortunate malfunctioning of the sensors in the 
borehole.

Appropriate differences must be examined to 
understand the correlation and tracking between 
the air and soil temperatures. Figures 11 and 12 
are examples of daily and monthly differences be-
tween the air and the soil in the period from Sep-
tember 2011 to the end of year 2015. Both graphs 
are useful to show the heat transfer through the 
air-soil boundary. There is a larger difference in 
the winter time between the temperatures of soil 
at 50 cm depth and air at 2 m than between the 
temperatures of soil at 2 cm depth and air at 2 m 

height, just because the annual climate changes are 
more pronounced at shallower soil levels. During 
the summer time it is usually the opposite. Differ-
ences between 50 cm in the soil and 2 m in the air 
are smaller in the summer time, while there are 
much smaller variations between the seasons in 
differences between the soil at 2 cm and the air at 
2 m. Temperature differences between 2 cm in the 
soil and 2 m in the air are mostly positive, which 
means that the soil in shallow depths is most often 
warmer than the air at 2 m. At 50 cm depth this is 
not so much evident, but the temperature differ-
ences between the soil at 50 cm and the air at 2 m 
exhibit that the soil is warmer in the winter time, 
consequently the differences are greater.

Fig. 11. The average daily 
and monthly differences 
between the soil at 50 cm 
and the air at 2 m from 
2011 to 2015.

Fig. 12. The average daily 
and monthly differences 
between the soil at 2 cm 
and the air at 2 m from 
2011 to 2015.
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Fig. 13. The mean annual 
temperatures for the years 
2012 to 2015 from a height 
of 2 m in the air to a depth 
of 40 m in the borehole. The 
average water level in the 
borehole is indicated.

By comparing the mean annual tempera-
tures at all depths down to 40 m (Fig. 13) one 
can see that temperatures at 2 m in the air are 
lower than those at 5 cm in the air by about 0.7 to 
1.0 °C. This is contrary to the results of the study 
for years 2004 and 2005 (rajver et al., 2006). It 
could be due to general climate warming, which 
influences strongly the shallow soil levels (2 to 
10 cm depth) and consequently the air tempera-
ture at 5 cm is presumably under the influence 
of additional shallow soil heating, therefore in 
such a way beating the air temperature at 2 m. 
In this context it is not yet clear if some clean-
ing of the forest (in summer 2011) just north of 
the borehole has any influence on air tempera-
tures at 2 m. In the years 2004 and 2005 the mean 
annual temperatures at shallow soil levels (2 to 
5 cm) reached ca 11.7 °C (rajver et al., 2006), and 
in later years (2006 to 2009) they increased to 
12 to 13.1 °C, while in the 2012 to 2015 period 
they reached 13 to 13.5 °C, again obviously due 
to global warming. The temperature is the high-
est at depth of 20 cm in the soil and gradually 
decreases with depth to 10 m in 2012, to 2.5 m in 
2013 and to 20 m in 2014 and 2015. We have no 
direct comparison of this effect with other data 

in other parts of Slovenia. The observation pe-
riod is too short to make some firm conclusions, 
as in the period 2004 to 2009 these minima were 
changing between 2.5 m and 20 m. It is the con-
sequence of the surface temperature variations 
that propagate into the soil and bedrock and are 
drawn as mean annual air temperatures. Since 
the platinum sensors are stable in time, we are 
not certain about any malfunctioning except the 
data logger itself, which is also not likely. Below 
these depths temperature slowly increases due to 
geothermal gradient. An increase in mean annu-
al temperatures over the years is a result of in-
crease in surface temperature in the past decades 
as a result of global warming. For the years 2014 
and 2015 the mean annual temperature at 20 m 
was 11.4 °C and at depth of 40 m it was 11.7 °C. 
We don’t have any comparable systematic tem-
perature measurements so far, showing the glob-
al warming from Slovenian boreholes. However, 
from the repeated temperature downhole log-
gings in several boreholes in Slovenia (rajver et 
al., 2006), the global warming is evident in the 
upper 20 to 30 m. Much more data on the evi-
dence of global warming from borehole tempera-
ture loggings are found in many other countries 
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(i.e. BoDri & čermaK, 2007). The last three tem-
perature loggings in the V-8/86 borehole clearly 
revealed the influence of global warming in the 
shallow underground, more exactly by 0.12 °C in 
less than eight years and by 0.28 °C in almost 24 
years (Fig. 2b).

Temperatures on the 15th day of each month in 
2015 are shown in Figures 14 and 15. Tempera-
tures down to depth of 5 m vary significantly 
throughout the year, but the differences diminish 
with depth. This is a typical example of the influ-
ence of periodic air temperature variations on the 
subsurface temperatures down to depths of 20 m. 

Fig. 15. The average daily 
temperatures on the 15th 
day of the month for 2015 
in the depths of 5 to 40 m.

Fig. 14. The average daily 
temperatures on the 15th 
day of the month for 2015 
in the depths of 0 to 40 m.
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At depth of 20 m the difference between mini-
mum and maximum temperature is 0.04 °C (see 
Fig. 15 for detail). This is already out of the abso-
lute error of the measured temperature (0.01 K). 
The influence of variation of surface conditions 
decreases with depth and loses its effect in most 
cases somewhere between 10 and 20 m. Howev-

er, the repeated temperature downhole loggings 
(everywhere at least 13 years apart) in several 
boreholes in Slovenia (rajver et al., 2006) show 
the influence of surface warming down to depths 
between 22 and 70 m, which is visible in the com-
parison of the boreholes’ single T-z loggings.

Fig. 16. Comparison of the 
calculated (dashed curves) 
and measured (solid curves) 
average daily temperatures 
on the 15th of the month for 
the year 2014 in the depths 
of 0 to 20 m.

Fig. 17. Comparison of the 
calculated (dashed curves) 
and measured (solid 
curves) average daily tem-
peratures on the 15th of the 
month for the year 2015 in 
the depths of 0 to 20 m.
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To see the extent of the effect of non-conduc-
tive heat transfer we compared synthetic T-z pro-
file, calculated with a diffusion equation (Gosar 
& ravniK, 2007), with measured data for the years 
2014 and 2015 (strGar, 2016) (Figs. 16 and 17). 
Deviations in the upper part indicate that there 
is some heat transferred non-conductively but is 
relatively small and can be neglected. On average, 
the difference between the calculated and mea-
sured temperatures at depth of 5 m was -0.20 °C 
(-1.8 %) in 2014 and -0.39 °C (-3.3 %) in 2015. The 
difference between the calculated and measured 
temperatures deeper than 10 m is due to geother-
mal gradient used in calculations, which was de-
termined by measurements of temperature down 
to the bottom of the borehole at 100 m in August 
2011 (Fig. 2b). The difference is within 5 %, but 
it could be corrected with trying different input 
values (e.g. more accurate geothermal gradient). 
At 40 m the average difference between measured 
and calculated temperature is -8.5 % (2014) and 
-11.3 % (2015). Since the difference occurs mostly 
because of the utilized geothermal gradient, such 
difference is still small enough and we can con-
firm that effect of nonconductive heat transfer is 
low enough and that diffusion equation can be 
used for further calculations.

Conclusions

The analysis of temperature measurements at 
the MBTO near Kostanjevica has shown a slight 
presence of non-conductive heat transfer pre-
dominantly in the upper parts of the shallow sub-
surface. A good example is the influence of the 
infiltration of precipitation in the soil after heavy 
rainfalls. The temperature in the soil to depths 
of 20 cm changes, so it matches the temperature 
of rain water. While deeper than 20 cm tempera-
tures in the soil stay unaffected, temperature in 
the borehole at 1 m raises rapidly. The effect of 
the snow cover, which acts like insulator, can be 
tracked down to depth of 1 m.

Comparison of the measured T-z profiles with 
synthetic profile also indicates possibility of the 
heat transfer mechanisms other than prevailing 
conductivity regime. However, differences are 
small enough so the diffusion equation can be 
used for further calculations.

There has been a slight increase of mean an-
nual temperatures over the years due to global 
warming of the present climate change. This in-
crease is more noticeable in the upper parts of the 

shallow subsurface due to the slow propagation 
of surface temperature variations into the sub-
surface. The changes in temperature throughout 
the year affect the temperature down to depths 
of about 20 m. It is still not possible to acquire a 
very reliable long-term tendency on this locali-
ty at least at 40 m depth also due to difficulties 
with the sensors and data logger. The long-term 
warming amounts to 0.011 °C/yr at 40 m depth 
taking into account a short period of 2014 to 
2015 only. Despite it being a quite short period 
for deep analysis, it coincides with the absolute 
error of the measured temperature. The trend is 
comparable to some of the previous periods. For 
example: the period from July 2004 to January 
2008 shows very similar trend at 40 m depth of 
0.013 °C/yr. This is a clear evidence of the recent 
surface warming provided that the conductive 
heat transfer is the prevalent mechanism.
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Abstract

The Rebrnice area in the Upper Vipava Valley, SW Slovenia, is covered by Quaternary slope deposits that are 
very complex in their genesis and composition. Some of the sediments are deposited in the form of heterogeneously 
composed fossil landslides. One of these landslides in the Rebrnice area is the Lozice fossil landslide located above 
the village of Lozice. Analysis of this landslide includes geological mapping of the fossil landslide, classification of 
different sedimentary facies, 3-D modelling of the landslide, and transverse and longitudinal cross-sections. The 
geological mapping of the fossil landslide is based on field work mapping and analysis of shaded digital terrain 
models (DTMs) with a resolution of 1 × 1 m obtained by airborne laser scanning. Lithological data from boreholes 
and excavation trenches have been classified into eight specific sediment facies that had been defined in previous 
studies. The 3-D model of the landslide was made using the ArcScene application in the program ESRI ArcGIS. 
For each sediment facies, a surface was made in the form of a Triangulated Irregular Network (TIN), which gave 
us a wireframe object. TIN nets were merged in Multipatch objects and exported to 3-D Analyst, where a 3-D 
model was created. In addition, a shaded DTM image was added for a better placement of the 3-D model in space. 
Previous findings indicate that deposition of fossil landslides in the Rebrnice area was influenced by palaeo-
topography. Based on borehole data, transverse and longitudinal cross-sections of the fossil landslide were made 
and indicate concave depressions under the Lozice fossil landslide. Analysis of the Lozice fossil landslide indicates 
its complex structure of intertwined heterogeneous sedimentary facies. 

Izvleček

Območje Rebrnic v Vipavski dolini v jugozahodni Sloveniji prekrivajo kvartarni sedimenti, katerih izvor 
in sestava sta zelo kompleksna. Nekateri sedimenti so združeni v večkompozitne fosilne plazove, med katerimi 
je fosilni plaz Lozice, ki se nahaja nad vasjo Lozice v Vipavski dolini. Analiza fosilnega plaz Lozice vključuje 
geološko karto, klasifikacijo sedimentnih faciesov, izdelavo 3-D modela fosilnega plazu ter vzdolžnega in prečnega 
profila plazu na podlagi podatkov vrtin. Geološko karto smo izdelali na podlagi terenskega dela ter senčenega 
digitalnega modela višin, ločljivosti 1 × 1 m, pridobljenega iz lidarskih posnetkov. Litološke opise sedimentov iz 
vrtin in sondažnih jaškov smo kategorizirali v osem sedimentnih faciesov. 3-D model fosilnega plazu smo izdelali z 
aplikacijo ArcScene v programskem okolju ESRI ArcGIS Analyst. Za vsak sedimentni facies smo naredili ploskev 
v obliki nepravilne trikotniške mreže (TIN), s katero smo dobili žičnati model površja. 3-D model smo v prostor 
umestili tudi z uporabo senčenih digitalnih modelov višin. Dosedanje raziskave kažejo, da so fosilni plazovi na 
območju Rebrnic vezani na paleotopografsko podlago. Na podlagi podatkov vrtin smo izdelali vzdolžni in prečni 
profil plazu, ki kažeta na konkavne zajede na območju fosilnega plazu Lozice. Celotna analiza fosilnega plazu 
Lozice predstavlja kompleksno zgradbo med seboj prepletajočih se sedimentnih faciesov. 
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https://doi.org/10.5474/geologija.2017.011

© Author(s) 2017. CC Atribution 4.0 License

https://creativecommons.org/licenses/by/4.0/


146 Andrej NOVAK, Timotej VERBOVŠEK & Tomislav POPIT

Introduction

Due to the geological and morphological 
characteristics of the landscape, landslides and 
mass flows are in general very common in Slove-
nia, causing damage to infrastructure as well as 
danger to people (KoMac, 2009). In the past dec-
ades, landslides and mass movements have been 
very common natural hazards in the Vipava Val-
ley (KOčevar & ribičič, 2002; lOGar et al., 2005; 
KOčevar, 2011; PeTKOvšeK et al., 2011). In addition 
to recent mass movements, geomorphological in-
dicators of the extensive fossil landslides can be 
found (KOčevar, 2011). Studies of fossil landslides 
help us to understand why the recent landslides 
occurred. Examples of fossil landslides in Vipava 
Valley are the Selo landslide, which is also the 
biggest known landslide in Slovenia (PoPit, 2003; 
PoPit & Košir, 2010; Košir et al., 2015) and the 
Gradiška Gmajna and Podrta gora fossil land-
slides. All three processes can be attributed to 
an earthquake-related event that transformed 
the fractured carbonates into rock avalanches 
(verBovšeK et al., 2017). Research and analysis of 
fossil landslides is very important, since they can 
provide us with a more accurate understanding 
of why and how recent landslides have occurred 
and relate them to base rock geology, tectonics, 
and local/regional climate events in the research 
area.

In this paper we present sedimentary charac-
teristics of the heterogeneously composed Lozice 
fossil landslide. The landslide is located above 
the village of Lozice in the Rebrnice area in the 
Upper Vipava Valley. Previous research on this 
area and research done during the construction 
of the Razdrto–Vipava motorway (sKoK, 2001, 
2002; PoPit & Košir, 2010) showed that half of 
the Rebrnice area is covered by scree deposits 
in the morphological shape of a fan (JeŽ, 2005). 
These fans were created by sedimentary gravi-
ty mass movements (PoPit & Košir, 2010). Large 
quantities of slope deposits are concentrated in 
the forms of sedimentary bodies, formed as mul-
ti-component fossil landslides (PoPit & Košir, 
2010; PoPit et al., 2013; PoPit, 2016). On the ba-
sis of the lithological, stratigraphic and archi-
tectural characteristics of the slope deposit, in 
total sixteen facies were separated in the broad-
er Rebrnice area, indicating the final articles of 
diverse sedimentary processes within complex 
and often interlaced and interdependent trans-
port mechanisms in this area (PoPit, 2016). Pre-
vious studies (habič, 1968; JeŽ, 2005; POPiT et al., 
2011; PoPit et al., 2014; PoPit, 2016) also suggest 

that the deposition of Quaternary slope deposits 
of fossil landslides is bound by depressions and 
paleo-ravines in Eocene flysch.

Before and during the construction of the 
Razdrto–Vipava motorway, a large number of 
boreholes and excavation trenches were drilled 
and excavated in the vicinity of the motorway 
route. During the construction of this motorway, 
a portion of the Lozice fossil landslide started to 
creep due to construction (JeŽ, 2007). To prevent 
further movement, an intensive geotechnical re-
search was performed. During that time, data 
were gathered in geotechnical reports (sKoK, 
2001, 2002), which show that the Lozice fossil 
landslide is heterogeneously composed of dif-
ferent sediments. In the analysis of the slope de-
posit of Lozice fossil landslide, these sediments 
were categorized into eight sedimentary facies 
(PoPit, 2016), which follow in a stratigraphic or-
der. 

With a combination of existing information 
- lithological data from boreholes, studies re-
garding detailed sedimentological facies defini-
tons (PoPit, 2016) and available shaded digital 
terrain models (DTMs) obtained by airborne la-
ser scanning, we have integrated this data with 
several new approaches, never published before. 
First, mapping of the Lozice fossil landslide was 
performed to outline the landslide and define its 
basic engineering-geological properties. From 
all available data, an informative 3-D model 
of Lozice fossil landslide has been made, based 
also on a detailed engineering-geological map of 
the fossil landslide, produced in ESRI ArcGIS. 
Such 3-D model, based on detailed facies rec-
ognition of the very heterogeneously composed 
Lozice landslide has not yet been done before for 
any landslide in the broader region, so we con-
sider this an entirely new approach and result. 
Lidar airborne laser scanning, performed in the 
period of 2014–2015 (provided by the Surveying 
and Mapping Authority of the Republic of Slo-
venia), was also used to determine the extension 
of the fossil landslide. Lidar technology has al-
ready been successfully used in previous studies 
(PoPit et al., 2011; PoPit et al., 2014) to determine 
geomorphological characteristics on Rebrnice 
area. In addition, on the basis of borehole data, 
transverse and longitudinal cross-sections of 
the Lozice fossil landslide have been made to 
present the paleo-topography underneath the 
landslide. 
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Geological setting

The geological structure of the southwest 
part of Slovenia is composed of thrusts, nappes, 
and thrust sheets formed due to thrusting in the 
early Tertiary and neotectonic faults (Placer, 
1981, 2008). The Upper Vipava Valley belongs to 
three different nappes (from structurally low-
est to highest): the Komen, the Snežnik and the 
Hrušica nappes. The Rebrnice area is defined 
by a thrust front of Mesozoic carbonates of the 
Hrušica nappe, which is overthrusted on Tertia-
ry flysch of the Snežnik nappe (Fig. 1). The upper 
part of the slope of the Vipava Valley is marked 
by steep carbonate cliffs, while the lower parts 
of the slope are more gently sloping and are com-
posed of flysch bed rock covered by sedimenta-
ry bodies and Quaternary slope deposits (Fig. 1) 
with very complex genesis and composition (Po-
Pit & Košir, 2010; PoPit et al., 2014; PoPit, 2016). 
These sedimentary bodies are composed of sev-
eral beds of mud- and matrix- to clast-supported 
gravel of carbonate and sandstone clasts and/or 
blocks (PoPit, 2016). 

Methods

Analysis of the Lozice fossil landslide included 
engineering-geological mapping of the landslide, 
classification of sediments based on data from ge-
otechnical reports (sKoK, 2001, 2002), and classi-
fication of facies from previous studies (PoPit & 
Košir, 2010; PoPit, 2016), resulting in an informa-
tive 3-D model of a part of the fossil landslide and 
cross-sections through the fossil landslide. 

The main objectives of the paper were first 
the combination of engineering-geological map 
with already existing data from boreholes and 
lidar-derived DTM. Engineering-geological 
mapping was used to determine the extension of 
the fossil landslide, with field mapping of the fa-
cies visible on the surface of the fossil landslide. 
Second objective was to integrate the data into 
a 3-D model, based on detailed facies recogni-
tion of the fossil landslide. Shaded DTM based 
on airborne laser scanning with a resolution of 1 
× 1 m was very helpful at this stage. It provided 
the bare earth topography without the vegeta-
tion or other artificial constructions (buildings). 
We analysed information from 42 boreholes and 
eight excavation shafts made during the con-
struction of Razdrto–Vipava motorway. Bore-
holes are distributed in a small area alongside 
and topographically above the motorway. Based 
on lithological data from boreholes and excava-
tion trenches, sediments were categorized ac-
cording to the specific sedimentary facies that 
were defined in previous studies (PoPit & Košir, 

2010; PoPit et al., 2013; PoPit, 2016). Sedimentary 
facies were later organized as GIS information 
layers, including the borehole name, depth, and 
geographic coordinates, and categorized facies. 
For each sedimentary facies logged in the bore-
hole or excavation shaft, the data on its thick-
ness and its upper and lower layers are given in 
metres above sea level and from the depth of the 
upper and lower sediment layers from the bore-
hole mouth.

Fig. 1. Location of the studied area with (A) simplified geological map and (B) cross-section of the Vipavska Brda, the Upper 
Vipava Valley, and the Nanos plateau. Compiled from Placer (1981, 2008) and PoPit et al. (2014). The location of the Lozice 
fossil landslide is marked with a pointer in Fig 1A. The reader should refer to the online version of the article for the colour 
figure.
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The 3-D model of the landslide was made with 
the ArcScene application in ESRI ArcGIS soft-
ware. For each facies layer, the upper and lower 
surfaces were made in the form of Triangulat-
ed Irregular Network (TIN) surface, which pro-
duced a wireframe object. TINs were made with 
3-D Analyst Toolbox and were merged in 3-D 
Multipatch objects in ArcGIS. These were later 
exported to 3-D Analyst (internet 1).

Data from boreholes and excavation shafts 
were also used to create transverse and longi-
tudinal profiles through the landslide body. In 
these profiles, each facies is presented in a strati-
graphic column with its corresponding thick-
ness. Based on both profiles, a representation of 
the paleo-topography in the Eocene flysch under 
the fossil landslide was made, as well as correla-
tions of some facies between the boreholes, in or-
der to gain a better insight in a complex landslide 
body structure.

Results and discussion

Classification of sedimentary facies 
and field mapping

Five facies compose the body of the hetero-
geneously composed fossil landslide, while two 
form the bedrock underneath the landslide and 
one represents younger sediments deposited on 
the surface of the landslide. The facies (PoPit & 
Košir, 2010; PoPit et al., 2013; PoPit, 2016) (gen-
erally ordered by top-most units) are as follows:

 - (OGc) Facies of scree deposit of younger 
limestone gravel sediments, partially cover-
ing the surface of the fossil landslide and de-
rives from carbonate cliffs via rock falls and 
toppling. In the topographically lower parts of 
its depositional area, the gravel is strongly ag-
glutinated to the carbonate breccia. The facies 
is not part of the body of the fossil landslide.
 -  (C(M)Sc) Clast- (conditionally matrix-) sup-

ported carbonate gravel with a subordinate 
amount of carbonate cobbles and big blocks of 
a few cubic metres. Layers of this facies are 
from one to a few metres thick with sharp, 
mainly erosional and normal contacts. The fa-
cies is part of the body of the fossil landslide. 
 - (MCSfc) Matrix- to clast-supported sand-

stone, marlstone, and mudstone gravel 
(“flysch” gravel), with subordinate carbonate 
gravel. Clasts are occasionally normally grad-
ed in layers with erosional contacts deposited 
in the forms of lenses onto older sediments. The 

facies is part of the body of the fossil landslide.
 - (MSf-B) Rare matrix-supported sandstone, 

marlstone, and mudstone gravel (“flysch” 
gravel), with clays and silts. Sediment is 
part of the body of the fossil landslide.
 - (MCScf) Matrix to clast-supported car-

bonate gravel with subordinate sandstone, 
marlstone, and mudstone gravel (“flysch” 
gravel) with chaotic textures. The faci-
es is part of the body of the fossil landslide.
 - (MScf) Matrix- to clast-supported carbonate 

gravel, subordinate sandstone, marlstone, and 
mudstone gravel (“flysch” gravel) with clays 
and silts. The facies forms layers and lenses a 
few metres thick with sharp contacts. The fa-
cies is part of the body of the fossil landslide.
 - (Wf) This facies of weathered Eocene flysch 

(sandstone, marlstone and mudstone) is part 
of the bedrock underneath the fossil landslide.
 - (f) This facies of Eocene flysch is part of 

the bedrock underneath the fossil landslide.

Facies OGc, C(M)Sc, MCSfs, and f are visible 
on the surface and, on the basis of their outcrops, 
the geological map of the fossil landslide with its 
boundary was made (Figure 2). On the surface of 
the fossil landslide, the boundary between facies 
C(M)Sc and facies OGc is gradual between the 
heights of 400 and 450 m above sea level. Since 
the transition from facies C(M)Sc to facies OGc is 
gradual, the upward extension and the crown of 
the fossil landslide have been determined main-
ly by shaded DTMs obtained by airborne laser  
scanning and also by the last outcrops of the fa-
cies C(M)Sc on both flanks of the fossil landslide. 
With the exception of scree deposits, the surface 
of the Lozice landslide is covered by facies C(M)
Sc and covers an area of 48 ha. It is divided into 
two fossil landslides, Lozice 1 and Lozice 2 (Fig. 
2). Lozice 1 is smaller and covers 6 ha, while the 
Lozice 2 landslide is bigger and covers an area of 
42 ha (Fig. 2). They are divided by a small narrow 
stream, which cuts and erodes probably all facies 
down to the bedrock of Eocene flysch (f).

Classification of facies and borehole data 
of the Lozice fossil landslide

Facies occur at different depths with lateral 
variableness in all 42 boreholes and eight exca-
vation shafts (Table 1). The most common facies 
is C(M)Sc, which it is found in 32 boreholes and 
excavation shafts and overlays all the other fa-
cies. This is supported by field work data. Faci-
es Wf is logged in 35 boreholes and excavation 
shafts and Eocene flysch (f) in 37. Another two 
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Fig. 2. Engineering-geological map of the heterogeneously composed Lozice fossil landslide, divided into two fossil landslides 
(after novaK, 2013; PoPit, 2016). Boreholes and excavation shafts used as the data source in this research are located alongside 
the motorway. The reader should refer to the online version of the article for the colour figure.

common facies are MCSfc and MSf-B. Facies 
MCSfc is logged in 23 boreholes and excavation 
shafts and facies MSf-B in 17 boreholes and ex-
cavation shafts. Another two facies, MCScf and 
MScf, are logged in only a few boreholes or exca-
vation shafts and are scattered all over the body 
of the Lozice fossil landslide. Later on, in the 3-D 
model, we represented only the five most com-
mon facies [C(M)Sc, MCSfc, MSf-B, Wf, and f] 
that are found in the body of Lozice fossil land-
slide. Since the other two types of facies, MCScf 
and MScf, are less common, we assume that they 
form lenses in the body of the landslide. Some 
facies are logged twice in two boreholes (SOR-
10 and HZI-7). We assume that the reason for 
this is the intercalated lenses inside the body of 
the Lozice fossil landslide. The thickness of the 
Lozice fossil landslide varies and was estimated 
from borehole data at their locations. The deep-
est locations of bedrock based on the depth of 
facies Wf and f are at 37.7 in borehole SOR-12, 
34.9 m in SOR-11, and 34.0 m in SOR-10. Oth-
er greater depths are at 21.5 m in SOR-9, 19.9 m 
in TS-1, 19.3 in SOR-13, 16.8 m in SOR-5, and 

16.1 in SOR-4. These boreholes are located in the 
central and thickest part of the Lozice 2 fossil 
landslide. In other areas, the landslide is much 
shallower: it does not exceed 15 m in thickness 
and has an average thickness of 10.7 m; however 
the thickness of Lozice 2 fossil landslide is much 
greater than that of Lozice 1 fossil landslide. 
Based on borehole data, the average thickness of 
the Lozice 1 fossil landslide is 6.2 m, while the 
average thickness of the Lozice 2 fossil landslide 
is 13.3 m.

The water table was measured in boreholes 
SOR-1, 2, 3, 4, 6, 7, 8, 9, 10, and 13 between April 
and May 2002 (except for SOR-13, which was 
measured in July 2002). Depths to the water ta-
ble varied a lot in this period, ranging between 
8.9 and 20.2 m. There was no spatial correlation 
among the boreholes. As there was no continu-
ous monitoring of the water tables, we cannot 
comment on the influence of ground water on 
the landslide movements. However, the calcu-
lated height of the water column above the well 
bottoms ranged from 1.4 to 30 m (12 m on aver-
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Table 1. Distribution of facies in boreholes and excavation shafts of the Lozice fossil landslide. Data for total borehole or ex-
cavation shaft depth and facies thickness are given in metres.

SOR-1 SOR-2 SOR-3 SOR-4 SOR-5 
C(M)Sc (10.3 m) C(M)Sc (3.8 m) C(M)Sc (0.8 m) C(M)Sc (10.2 m) C(M)Sc (5.6 m)
MScf (0.8 m) MCSfc (7.7 m) MCSfc (9.9 m) MCScf (3.4 m) MSf-B (11.0 m)
MCSfc (2.0 m) Wf (0.4 m) MSf-B (2.6 m) MCSfc (2,3 m) Wf (1.0 m)
Wf (5.0 m) f (9.9 m) Wf (2.0 m) Wf (2.7 m) f (4.2 m)
f (3.2m) Total depth: 21.8 m f (8.5 m) f (5.2 m) Total depth: 21.8 m
Total depth: 21.3 m Total depth: 23.8 m Total depth: 23.8 m

SOR-6 SOR-7 SOR-8 SOR-9 SOR-10 
C(M)Sc (5.5 m) C(M)Sc (1.2 m) C(M)Sc (11.7 m) C(M)Sc (10.4 m) C(M)Sc (9.8 m)
MCSfc (3.3 m) MCSfc (8.2 m) MScf (1.2 m) MSf-B (6.2 m) MCScf (6.4 m)
Wf (1.8 m) f (11.4 m) MCSfc (8.2 m) MCSfc (4.7 m) MCSfc (0.8 m)
f (10.9 m) Total depth: 20.8 m MSf-B (18,9 m) Wf (2.8 m) MSf-B (5.9 m)
Total depth: 21.5 m Wf (1.0 m) Total depth: 24.1 m MCSfc (3.3 m)

f (3.0 m) MSf-B (6.1 m)
Total depth: 44.0 m MCSfc (1.5 m)

Wf, (6.0 m)
Total depth: 39.8 m

SOR-11 SOR-12 SOR-13 TS-1 TS-2 
C(M)Sc (11.8 m) C(M)Sc (11.1 m) C(M)Sc (1.6 m) C(M)Sc (13.8 m) f (12 m)
MSf-B (19.1 m) MSf-B (4.9 m) MCSfc (16.4 m) MCScf (0.4 m) Total depth: (12.0 m)
MCSfc (3.8 m) MCSfc (21.7 m) Wf (2.7 m) MCSfc (5.7 m)
f (0.2 m) f (1.3 m) Total depth: 20.7 m Wf, (1.1 m)
Total depth: 34.9 m Total depth: 39.0 m Total depth: 21.0

TS-3 HPS-6 HPS-7 HIN-10 HVI-11 
f (12 m) MCSfc (7.7 m) C(M)Sc (2.5 m) MCSfc (10.2 m) MCSfc (0.9 m)
Total depth: (12.0 m) f (9.0 m) MCSfc (2.3 m) Wf (1.5 m) Wf (3.5 m)

Total depth: 16.7 m Wf (2.0 m) f (7.0 m) f (10.4 m)
f (14,0 m) Total depth: 18.7 m Total depth: 14.8 m
Total depth: 20.8 m

RPV-11 RPV-13 RPV-14 RPV-15 RPV-16 
f (16.8 m) MCSfc (6.4 m) f (9.8 m) MCScf (1.4 m) MCSfc (6.6 m)
Total depth: 16.8 m Wf (0.5 m) Total depth: 9.8 m MCSfc (4.6 m) f (8.2 m)

f (6.8 m) f (5.8 m) Total depth: 14.8 m
Total depth: 13.7 m Total depth: 11.8

RPV-17 RPV-18 NO-57 NO-58 NO-59 
MCScf (4.7 m) C(M)Sc (1.5 m) C(M)Sc (0.7 m) MSf-B (0.8 m) MCScf (1.2 m)
Wf (2.0 m) MSf-B (2.2 m) Wf (3.2 m) Wf (5.0 m) Wf (2.1 m)
f (6.0 m) Wf (3.2 m) f (15.9 m) f (6.0 m) f (4.5 m)
Total depth: 12.7 m f (4.8 m) Total depth: 19.8 m Total depth: 11.8 m Total depth: 7.8 m

Total depth: 11.7 m

NO-60 NO-61 HZI-7 HZI-8 MVK-1
C(M)Sc (0.6 m) MSf-B (1.1 m) C(M)Sc (3.3 m) C(M)Sc (10.0 m) C(M)Sc (11.2 m) 
Wf (5.2 m) MCSfc (2.2 m) MCScf (3.0 m) MSf-B (0.8 m) MSf-B (0.7 m) 
f (6.9 m) Wf (0.5 m) MCSfc (2.8 m) Wf (6.0 m) Wf (1,2 m) 
Total depth: 12.7 m f (3.0 m) MCScf (1.0 m) f (9.0 m) f (10.3 m) 

Total depth: 6.8 m Wf (2.5 m) Total depth: 25.8 m Total depth: 23.4 m
f (8.5 m) 
Total depth: 21.1 m 

HVI-10 NN-20 NN-21 RPZ-22A RPZ-24 
MCSfc (0.6 m) C(M)Sc (6.0 m) C(M)Sc (3.6 m) MScf (3.7 m) f (5.3 m)
Wf (4.1 m) Wf (7.6 m) MScf (1.8 m) Wf (2.7 m) Total depth: 5.3 m
f (10.1 m) f (1.0 m) Wf (4.7 m) f (5.3 m) 
Total depth: 14.8 m Total depth: 14.6 m f (0.4 m) Total depth: 11.7 m

Total depth: 10.5 m

NV-25 NV-26 J-1 J-2 J-3 
C(M)Sc (10.0 m) C(M)Sc (8.1 m) C(M)Sc (1.7 m) C(M)Sc (1.6 m) C(M)Sc (0.6 m)
Total depth: 10.0 m Wf (1.9 m) MSf-B (1.0 m) MSf-B (1.6 m) MSf-B (0.8 m)

f (1.7 m) Wf (0.4 m) f (0.2 m) MCScf (3.0 m)
Total depth: 11.7 m Total depth: 3.1 m Total depth: 3.4 m Total depth: 4.4 m

J-4 J-5 J-6 J-7 J-8 
MCScf (1.7 m) C(M)Sc (0.2 m) C(M)Sc (3.0 m) C(M)Sc (1.8 m) C(M)Sc (4.2 m)
Wf (0.7 m) MSf-B (1.4 m) Total depth: 3.0 m MSf-B (1.0 m) Total depth: 4.2 m
Total depth: 2.4 m Wf (0.4 m) Wf (0.2 m)

Total depth: 2.0 m Total depth: 3.0 m
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age) in the relatively normal water table season. 
The height of water above the upper flysch sur-
face was 0.4 to 6 m in the boreholes SOR-1, 2, 3, 
4 and 6, 20.8 m in SOR-8, and 2.3 m below the 
upper flysch surface in SOR-7. Boreholes SOR-
9, 10, and 13 did not encounter the flysch facies. 
Based on these data, we consider the presence of 
the water to be quite important, as more than 10 
m, on average, of saturated sediments and flysch 
above the borehole bottom and a few metres of 
saturated deposits above the less permeable 
flysch contributes to weathering of these sedi-
ments and consequently lower their geomechan-
ical properties. Further monitoring of water lev-
els should be performed to investigate the yearly 
water table fluctuations.

The Razdrto–Vipava motorway is also being 
built across Lozice fossil landslide. Clast- (con-
ditionally matrix-) supported carbonate gravel 
deposit of facies C(M)Sc is deposited on facies 
MSf-B and flysch rocks. The sediment of faci-
es C(M)Sc is unstable and is gradually sliding 
downslope because of slope inclination, under-

ground water, and clayey zones of MSf-B facies. 
The recent movements of reactivated parts of the 
Lozice fossil landslide were measured by means 
of inclinometer wells and by data from some 
recent movement in the Rebrnice area. Sliding 
has already caused regional road deformations, 
cracks on some new motorway sections, and 
damage to objects in the village of Lozice. The 
movements in the geomechanical-inclinometer 
wells measure between a few millimetres and a 
maximum of 15 mm monthly. A scarp up to 3 m 
wide formed high up on the slope. The landslide 
was stopped by the anchor pile wall (JeŽ, 2007).

Three-dimensional model of Lozice 
fossil landslide

Although the map in Figure 2 shows mostly 
one prevailing facies, the structure of the land-
slide is much more complex, as inferred from the 
boreholes. Therefore, a simple 3-D model (Fig. 3) 
represents the position of the most common fa-
cies in the space inside the body of Lozice fossil 
landslide. Boreholes are not distributed evenly 
over the surface of the fossil landslide but are 

Fig. 3. 3-D model of the Lozice fossil landslide. Fig. 3A shows the fossil landslide on shaded digital terrain models (DTMs) 
with a resolution of 1 × 1 m obtained by airborne laser scanning with boreholes and facies C(M)Sc, which is visible on the sur-
face of the landslide. Figs. 3B to 3D show the enlarged area of the fossil landslide where the 3-D model is located. Facies C(M)
Sc (Fig. 3B, yellow) overlies all the other facies. In Fig. 3C, the Eocene flysch (dark brown) is covered by weathered flysch (light 
brown) and both facies represent bedrock. Facies MCSfc (violet) and facies MSf-B (light blue) in Fig. 3D lie above bedrock and 
are intertwined with each other. The reader should refer to the online version of the article for the colour figure.
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concentrated in a small area alongside and topo-
graphically above the motorway. This area cov-
ers only 8 ha, which is about one-fifth of the land-
slide area. That is why the 3-D model, presented 
in this paper, has an informative nature but still 

offers a more detailed insight into a smaller part 
of the landslide. Obviously the facies are distrib-
uted vertically in a stratigraphic order. Facies 
C(M)Sc is stratigraphically the highest and over-
lays all other facies (Fig. 3A and 3B). It also ex-

Fig. 4. Transverse cross-section through the Lozice fossil landslide with logged facies and correlations with facies C(M)Sc, 
MSf-B, MCSfc, and Eocene flysch. The reader should refer to the online version of the article for the colour figure.

Fig. 5. Longitudinal cross-section through the Lozice 2 fossil landslide with logged facies and correlations with facies C(M)Sc, 
MSf-B, MCSfc, and Eocene flysch. The reader should refer to the online version of the article for the colour figure.
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tends over the complete surface of the landslide, 
which has also been proven by field mapping. 
The bedrock is represented by Eocene flysch (f) 
and weathered Eocene flysch (Wf) facies (Fig. 
3C). Flysch (f) and weathered flysch (Wf) facies 
are overlaid by the MCSfc and MSf-B facies (Fig. 
3D) in the Lozice 2 fossil landslide. Facies C(M)
Sc, MCSfc, and MSf-B represent the body of the 
fossil landslide that has been deposited over the 
flysch facies (f) and weathered flysch (Wf). The 
facies of MCSfc and MSf-B are clearly interca-
lated (Fig. 3D), while the facies C(M)Sc overlies 
all other facies (Fig. 3B). Unfortunately, the data 
of the Lozice 1 fossil landslide were insufficient 
to create a 3-D representation of any facies lay-
ers other than the bedrock (facies f and Wf) and 
overlying facies C(M)Sc. 

Transverse and longitudinal cross-sections 
over the Lozice fossil landslide

A transverse cross-section (Fig. 4) based on 
borehole data shows a complex composition 
of the fossil landslide. In the area of the fossil 
landslide Lozice 1, facies C(M)Sc is laying above 
the facies Wf and f with a few lenses of facies 
MCSfc and MScf. In the area of Lozice 2, facies 
C(M)Sc is present on top of all the boreholes. Its 
thickness varies from 1 m (boreholes RPV-18 and 
NO-57) up to 10 m (boreholes MVK-1 and J8). In 
the excavation trenches (from J-1 to J-8) we have 
estimated the thickness of facies C(M)Sc based 
on elevation in the topographic map. A portion 
of facies C(M)Sc was dug and removed during 
construction of the motorway, but in most of 
the excavation trenches, it was still present. 
The thickness of the facies in the cross-section 
was extended up to the topographic elevation 
before the construction of the motorway. Oth-
er facies are not present in all of the boreholes. 
Facies MSf-B is most common, with a maximum 
thickness of 2.5 m, while facies MCScf is present 
only in the form of thin lenses (not more than 1 
m thick). Facies C(M)Sc is not present in bore-
holes between fossil landslides Lozice 1 and 
Lozice 2 due to stream erosion. Facies Wf and 
f lie under the fossil landslide. They are pres-
ent in almost all boreholes, but only in half of 
the excavation trenches. At those locations, the 
depth of the fossil landslide is unknown. Since 
the cross-section is based on the location of 
boreholes, it is not perpendicular to the fossil 
landslide. A perpendicular cross-section would 
give us a better cross-section of paleo-topogra-
phy. The paleo-topography is indicated in the 
Wf and f facies in the transverse cross-section. 

Concave depressions are best seen in the case of 
the Lozice 2 fossil landslide, which confirms the 
findings of previous studies by habič (1968), JeŽ 
(2005), PoPit et al. (2011), PoPit et al. (2014) and 
PoPit (2016) that the deposition of fossil land-
slides in the Rebrnice area was bounded by de-
pressions and paleo-ravines in the Eocene flysch 
bedrock. 

A longitudinal cross-section was made for the 
Lozice 2 fossil landslide and it passes through 
five boreholes and one excavation trench (Fig. 5). 
Facies C(M)Sc is again situated on top, and un-
derneath it are other sediments. The thickness 
of facies C(M)Sc is over 10 m. In the profile, the 
overlapping and underlapping of facies MCSfc 
and facies MSf-B are again visible, as in the 3-D 
model.

Conclusion

In the paper we have integrated previously 
available data from boreholes (basic lithological 
descriptions), sedimentological facies definitions 
and shaded lidar-derived DTM, with new 
approaches, never published before: mapping of 
the landslide, resulting in a detailed map, and 
more importantly, integration of all data in a 
3-D model of the landslide. Such a model, based 
on facies description of the heterogeneously 
composed Lozice landslide has not yet been done 
before. Although the model could not be done for 
the complete area of the landslide due to presence 
of boreholes only along the narrow band of the 
highway, our results show that it can be useful 
in 3-D visualization and further possible volume 
quantification of very detailed sedimentological 
descriptions. Such approach also enables to focus 
on the individual sedimentological unit, often 
irregularly-shaped and difficult to visualize in 
3-D cross-sections. In the future, the model could 
be improved by drilling additional boreholes 
in the complete area of the landslide, and most 
importantly, in such a case it would be possible 
to calculate the volumes of each sedimentary 
facies. Field mapping does not reveal what is 
below the surface, and separate facies cannot be 
distinguished on such precise level with ground 
penetrating radar profiling (or other geophysical 
research). The only possible method of obtaining 
the data is therefore by drilling several more 
boreholes and/or excavation trenches. With both 
of these, lenses and intertwined facies are clearly 
distinguished. 
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A detailed engineering-geological map 
supported with hillshaded DTM shows, that 
the Lozice fossil landslide covers an area of 
48 ha. It can be broadly divided into the smaller 
eastern fossil landslide (Lozice 1, 6 ha) and 
the larger western fossil landslide (Lozice 2, 
42 ha), separated by a small stream that has 
already eroded most of the sediments that 
belong to the body of the fossil landslide. Both 
parts are composed of several different facies, 
making them highly heterogeneous. Based on 
borehole data we determined, in detail, eight 
different sedimentary facies, which clearly 
indicate multiple interlaced and interdependent 
depositional events and various gravity mass-
movement processes ranging from slides to 
flows. The bedrock is composed of facies of 
Eocene flysch (f) and weathered Eocene flysch 
(Wf), which form the base on which the landslide 
sediments are deposited. The base is clearly 
visible in cross-sections as paleo-topography, 
thus confirming previous research findings that 
the fossil landslides in Rebrnice are deposited 
and bounded by paleo-topography. Among other 
facies, the three most common, deposited in 
stratigraphic order, are facies MCSfc, MSf-B, and 
C(M)Sc. Facies MCSfc is composed of matrix- 
to clast-supported sandstone, marlstone, and 
mudstone gravel with subordinate carbonate 
gravel. Facies MSf-B is formed of rare matrix-
supported sandstone, marlstone, and mudstone 
gravel with clays and silts, while facies C(M)
Sc is composed of clast- (conditionally matrix-) 
supported carbonate gravel with a subordinate 
amount of carbonate cobbles and of few cubic 
metres big blocks. Facies C(M)Sc covers the 
surface of the fossil landslide, while facies 
MCSfc and facies MSf-B lie below facies C(M)
Sc and occasionally intercalate with each other. 
Facies MCScf and MScf are less common and 
we assume that they form lenses in the body of 
the fossil landslide. Similar lenses were also 
recognized in other fossil landslides in the 
Rebrnice area (PoPit & Košir, 2010; PoPit et al, 
2013). Sediments of Lozice fossil landslide are 
now partially covered (especially in the upper 
part of the landslide) by the youngest scree 
deposit (OGc). Due to its highly heterogeneous 
composition, the genesis and movement of the 
landslide in the geological past is very complex. 
It’s complex structure, presence of the water 
table, clayey zones and recent reactivated 
part of the fossil landslide suggest that future 
movement is possible.
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V letu 2016 je Forschungszentrum Jülich 
GmbH v okviru svoje zbirke “Spisi raziskovalne-
ga centra Jülich“, v zvezku št. 339 niza “Energija 
in okolje“ izdal knjigo “Groundwater Recharge 
in Slovenia - Results of a bilateral German-Slo-
venian Research Project”, katere avtorji so Mišo 
Andjelov, Zlatko Mikulič in Jože Uhan z Agencije 
Republike Slovenije za okolje (ARSO) ter Björn 
Tetzlaff in Frank Wendland z Raziskovalnega 
centra Jülich. Knjiga je monografija, ki predsta-
vlja rezultate meddržavnega nemško-slovenske-
ga raziskovalnega projekta, ki sta ga v letih 2009 
do 2016 izvajala ARSO in Inštitut za agrosfero pri 
Raziskovalnem centru Jülich. Kot sledi iz pred-
govora, ki sta ga sopodpisala direktor Inštituta 
za agrosfero Raziskovalnega centra Jülich prof. 
dr. Harry Vereecken in generalni direktor ARSO 
Joško Knez, so na TAIEX (Technical Assistan-
ce and Information Exchange) seminarju o mo-
deliranju podzemnih voda, ki sta ga v Ljubljani 
skupno organizirala Generalni direktorat za ši-
ritev Evropske komisije in ARSO, ocenili, da bi 
bilo model GROWA možno uporabiti za določa-
nje obnavljanja podzemne vode v Sloveniji. Tej 
oceni sta sledili zasnova in izvedba bilateralne-
ga raziskovalnega projekta. Projekt z delovnim 
naslovom ‘GROWA-Slovenia’ je omogočil prenos 
hidrološkega vodnobilančnega modela GROWA v 
Slovenijo in njegovo uspešno nadgradnjo v model 
‘GROWA-SI’, adaptiran na slovenske razmere. 

Knjiga obsega naslednja poglavja: 1) Uvod, ki 
podaja ozadja in cilje projekta, območje raziskav 
– t.j., ozemlje Republike Slovenije – in osnovne 
hidrološke definicije; 2) Opis modela GROWA, ki 
podaja razvoj in stanje modeliranja na nacional-
nem nivoju – nemškem in slovenskem, izhodišča 
za izračun realne evapotranspiracije in celotnega 
odtoka, izhodišča za določanje količinskega ob-
navljanja podzemne vode in povzetek modelnih 
značilnosti in vhodnih plasti modela GROWA; 
3) Priprava in regionalizacija podatkov, ki loče-
no obravnava klimatske podatke, podatke o ze-
mljiškem pokrovu, pedološke podatke, hidroge-
ološke podatke, topografske podatke in podatke 
o pretoku površinskih vod; 4) Rezultati modela, 
kjer so prikazane določitve realne evapotranspi-

In the Volume 339 of the »Scientific papers of 
Research Centre Jülich - series Energy & Envi-
ronment« was in the year 2016 published book 
»Groundwater Recharge in Slovenia – Results 
of a bilateral German-Slovenian Research Pro-
ject«, authored by Mišo Andjelov, Zlatko Mikulič 
and Jože Uhan from the Slovenian Environ-
ment Agency (ARSO), as well as Björn Tetzlaff 
and Frank Wendland from the Research Centre 
Jülich (FZJ) in Germany. In the monograph are 
presented results of the bilateral German-Slo-
venian research project carried out from 2009 to 
2016 by ARSO and Agrosphere Institute IBG-3 
of FZJ. As it is pointed out in the foreword co-
signed by the director of IBG-3 of FZJ Prof. 
Dr. Harry Vereecken and the general director 
of ARSO Joško Knez, the potential of GROWA 
model for modelling groundwater recharge in 
Slovenia was identified at the TAIEX (Technical 
Assistance and Information Exchange) ground-
water modelling seminar, jointly organized in 
Ljubljana by the Directorate-General Enlarge-
ment of the European Commission and ARSO. As 
a follow-up to the seminar a bilateral research 
project was established. The result of the project 
was a transfer of water balance model GROWA to 
Slovenia, as well as the upgrade and adaptation 
of the original model to the GROWA-SI to suit 
complex Slovenian physio-geography.

The book comprise following nine chapters: 
1) Introduction, describing project background 
and project goals, basic information on Sloveni-
an territory, as well as basic hydorological defi-
nitions; 2) Description of the GROWA model, 
with short historical overview of hydrological 
modelling development in Germany and Slove-
nia, describing the method to derive real evapo-
transpiration, total runoff and to separate it into 
direct and groundwater runoff, and giving in the 
end review of all input layers; 3) Data prepara-
tion and regionalization, defining input data into 
model, namely climate data, landcover data, soil 
data, hydrogeological data, topography data and 
hydrological data on river discharge; 4) Model 
results where are presented results of real evap-
otranspiration calculation, total runoff calcula-
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racije, celotnega odtoka in prevladujočih kompo-
nent celotnega odtoka, t.j., direktnega odtoka in 
obnavljanja podzemne vode, pri čemer je kot ob-
navljanje podzemne vode upoštevana za vrednost 
medtoka (interflow oziroma, v kraških vodonos-
nikih, groundwater run-off) zmanjšana vrednost 
podzemnega odtoka; 5) Validacija in verifikacija 
modela, ki obravnava ločeno celotni odtok ter 
ločeno obnavljanje podzemne vode in direktni 
odtok; 6) Posledice ocene obnavljanja podzemne 
vode za upravljanje z vodami v Sloveniji; 7) Raz-
širjene uporabe modela GROWA-SI v Sloveniji, 
kjer so prikazani letno poročanje ocene količin-
skega stanja podzemne vode, načrt upravljanja 
s povodjem, vodnobilančni podatki za različ-
ne EU in svetovne institucije, obnavljanje pod-
zemne vode kot okoljski indikator, obnavljanje 
podzemne vode pri podatkovno usmerjenem mo-
deliranju ranljivosti podzemne vode za nitratno 
onesnaženje, in, na rezultatih modela GROWA 
osnovano modeliranje dušikovega toka v Slove-
niji; 8) Sklepi in obeti; in 9) Reference. Razlage v 
tekstu so ilustrirane z 68 slikami in podatkovno 
podprte s 14 tabelami, reference pa obsegajo 179 
naslovov.

Pri določanju vodne bilance hidroloških ba-
zenov oziroma povodij se realna evapotranspi-
racija določa kot odtočni deficit med padavinami 
in celotnim odtokom. Pristop je zelo natančen za 
velika povodja, pri manjših povodjih in nepopol-
nih hidroloških bazenih pa natančnost pada za-
radi neugotovljivih dotokov in odtokov podzemne 
vode vanje ali iz njih. Na osnovi meteorološko 
določene potencialne evapotranspiracije in njene 
prevedbe v realno evapotranspiracijo s pomočjo 
v okviru hidrološkega bazena regionaliziranih 
parametrov naravnih danosti (topografije, tal, 
kamninske podlage in vegetacije) ter rabe pros-
tora, izračunamo ob upoštevanju padavin odtok 
iz hidrološkega bazena. Ta mora ustrezati mer-
jenemu odtoku. Hidrogeološki model postane za 
hidrološke napovedi uporaben šele potem, ko so 
za umeritveno obdobje razlike med izračunanimi 
in izmerjenimi vrednostmi odtoka sprejemljivo 
majhne. 

Za določanje podzemnega odtoka so v upo-
rabi analize hidrogramov in odtočni koeficienti 
oziroma indeksi, ki določajo podzemni odtok kot 
delež celotnega odtoka. V sušnih obdobjih napaja 
pri nizkem vodnem stanju vodotoke le podzemna 
voda. Zato je za oceno njenega nizkovodnega sta-
nja uporaben indeks baznega odtoka BFI. Zaradi 
nepopolnosti hidroloških bazenov in s tem pove-
zanega neugotovljivega dotoka ali odtoka podze-
mnih vod z njihovim zmanjševanjem natančnost 

tion, and predominating runoff components, i.e. 
direct runoff and groundwater recharge separa-
tion; 5) Model validation and verification, where 
are separately analyzed total runoff, direct runoff 
and groundwater recharge; 6) Water management 
implications of groundwater recharge assess-
ment in Slovenia, giving new insights based on 
GROWA-SI groundwater recharge calculations; 
7) Extended applications of GROWA-SI model 
in Slovenia referring to groundwater quantita-
tive status assessment annual report, river basin 
management plan, water balance data for vari-
ous EU and global institutions, groundwater re-
charge as environmental indicator, assessment of 
climate change impact on groundwater recharge, 
groundwater recharge in data driven modelling 
of groundwater vulnerability to nitrate pollution 
and nitrogen flux modelling in Slovenia based on 
GROWA-SI results; 8) Conclusions and outlook; 
9) Reference. The descriptions in the text are ac-
companied by 68 figures, 14 tables and 179 refer-
ences.

In water balance of hydrological catchments 
and river basins is real evaporation determined 
as a deficit between precipitation and total run-
off. This approach gives good results for big river 
basins while in small catchments or river basins 
with not well defined boundary conditions ac-
curacy is lower due to the unidentified ground-
water inflows and outflows. Climatologically de-
termined potential evapotranspiration which is 
transferred into real evapotranspiration by tak-
ing into account regionalized parameters in hy-
drological basin (topography, soils, bedrock and 
vegetation cover) as well as land use and precipi-
tation, data enable calculation of runoff from the 
basin. This runoff should be equal to measured 
discharge from the river basin. Hydrogeological 
model is reliable for hydrological forecasts only 
when for calibration period difference between 
calculated and measured runoff is acceptable 
small.

To calculate groundwater runoff is in use hy-
drograph analysis and defining runoff coefficients 
or indices that determine groundwater runoff as 
a fraction of total runoff. In dry period is river 
flow completely recharged by groundwater. To 
assess low flow of the river is used baseflow index 
BFI. Due to the incomplete river basin boundary 
conditions causing uncertainties in assessment of 
groundwater inflow and outflow, in small basins 
the accuracy of water balance is diminished. The 
results are also affected by groundwater storage 
in aquifers. Therefore runoff coefficients and in-
dices are susceptible to great variation. Decades 
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določitev pada. Na izračune vpliva še začasno 
skladiščenje podzemne vode v vodonosnikih. 
Odtočni koeficienti oziroma indeksi so zato pod-
vrženi veliki variabilnosti. Habič je zato pri nas 
pred desetletji z odtočnimi koeficienti ocenjeval 
variabilnost velikosti prispevnih območij kra-
ških izvirov. Zanesljivi so le odtočni koeficienti 
oziroma indeksi, izvedeni iz dolgoletnih nizov 
padavin, celotnega odtoka in podzemnega odto-
ka.

V knjigi obravnavani model GROWA je nume-
rični hidrološki model, ki parametre naravnih da-
nosti in rabe prostora regionalizira na 100 × 100 m 
velike celice, razvrščene v pravokotno mrežo. Za-
nje za izbrano obdobje iz potencialne evapotran-
spiracije izračunava realno evapotranspiracijo in 
ob upoštevanju padavin in vodne bilance tudi ce-
lotni odtok. Celotni odtok iz hidrološkega bazena 
je vsota celičnih celotnih odtokov. Biti mora enak 
v vodomerni postaji na iztoku iz obravnavanega 
hidrološkega bazena izmerjenemu celotnemu od-
toku. Vodna bilanca se računa z letnimi povpreč-
ji njenih treh v umeritvenem obdobju izmerjenih 
oziroma določenih bilančnih postavk. Modelira-
nje je reševanje inverznega problema - vrednost 
parametrov v celicah je treba popravljati toliko 
časa, dokler izračunani odtok ni enak izmerjene-
mu odtoku. Realna evapotranspiracija za hidrolo-
ški bazen je s tem pravilno določena, ustrezne pa 
naj bi bile tudi za posamezne celice določene vred-
nosti parametrov. Obnavljanje podzemne vode iz-
računava GROWA iz celične vrednosti celotnega 
odtoka s pomočjo celične vrednosti indeksa ba-
znega odtoka BFI, regionaliziranega na podlagi 
naravnih danosti in rabe prostora. Za hidrološki 
bazen izračunana vrednost obnavljanja podzemne 
vode je vsota celičnih vrednosti. Tudi tu mora biti 
za daljše časovno obdobje izračunana vrednost 
obnavljanja podzemne vode enaka za isto obdobje 
s pomočjo povprečne vrednosti najmanjših pov-
prečnih dnevnih mesečnih pretokov izračunane-
mu povprečnemu letnemu pretoku nizkih vod. In 
podobno kot prej je tako izračunana vrednost ob-
navljanja podzemne vode točna za hidrološki ba-
zen, predvidoma pa naj bi bile ustrezne tudi njene 
celične vrednosti. Velika prednost tega modela je, 
da je zasnovan na GIS osnovi. Zato je možno vse 
podatkovne plasti zanj pripraviti v GIS okolju, 
v GIS okolju pa podaja tudi rezultate izračunov. 
Jasno je, da so tako podani rezultati nadvse pri-
merni za vse javne in institucionalne rabe.

Model GROWA je bil razvit za severnonemška 
velika povodja s prevladujočo nekonsolidirano 
kamninsko podlago, ter uspešno razširjen še na 
celotno površino več severnonemških zveznih 

ago Habič used runoff coefficients to assess area 
of karst spring catchments in Slovenia. Only re-
liable runoff coefficients are those determined 
from long time series data of precipitation, total 
runoff and underground runoff. 

Model GROWA described in the book is nu-
merical hydrological model, regionalizing input 
data into 100 × 100 m cells in orthogonal mesh. 
For each cell and chosen time period is calcu-
lated real evapotranspiration, and subtracting 
it from precipitation is calculated total runoff. 
Total runoff from the basin is a sum of all cell 
runoffs. Calculated runoff should be equal to 
the discharge at hydrological station that meas-
ures outflow from the river basin. Water balance 
is calculated from annual means for calibration 
period of three afore listed water balance com-
ponents and compared to measured values. Mod-
elling process is an inverse problem solving, i.e. 
parameter values in the cells are corrected un-
til calculated runoff matches measured runoff. 
Real evapotranspiration is in this way correctly 
determined and also other parameter values of 
the cells are so properly assessed. GROWA calcu-
lates groundwater recharge from cell total runoff 
by applying BFI of the cell which is regionalized 
taking into account physio-geographical char-
acteristics and land use. Groundwater recharge 
for entire basin is a sum of all cell values. Calcu-
lated groundwater recharge should match meas-
ured values of long time series, in this case being 
multiannual mean of monthly low waters. Thus 
determined groundwater recharge is accurate 
for whole river basin as well as giving accurate 
cell values of recharge. The big advantage of the 
model is its GIS platform. So, all input parame-
ters are prepared in GIS format, therefore results 
are also in GIS format, thus being very useful for 
application in water management.

GROWA model was developed for big river 
basins with prevailing unconsolidated rocks of 
northern Germany. Later it was successfully ap-
plied to entire territories of several federal states 
in northern Germany. Upgrading of the GROWA 
model into GROWA-SI to be used in Slovenian 
hydrogeological environment of fissured and 
karst aquifers required adaptation of BFI cal-
culation to take into account Slovenian specific 
rock types. Mean annual low flow of long term 
reference period is in GROWA-SI determined 
from the mean of monthly low flows, calculated 
by regression analysis taking into account only 
linear section of the cumulative frequency of low 
monthly flows. In this way is eliminated inter-
flow component of monthly low flows. It has to 
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držav. Njegova nadgradnja v za slovenske hidro-
geološke razmere primeren model GROWA-SI je 
zahtevala razpoklinskim in kraškim vodonosni-
kom primerno spremembo izračuna indeksa ba-
znega odtoka BFI. Povprečni letni pretok nizkih 
vod za daljše obdobje je v modelu GROWA-SI 
določen iz povprečne vrednosti najmanjših pov-
prečnih dnevnih mesečnih pretokov, izračunane 
s pomočjo z diagramom rastočih vrednosti naj-
manjših povprečnih dnevnih mesečnih pretokov 
določene regresijske premice. S tem je kompen-
zirana v teh vodonosnikih povišana vrednost 
medtoka. Ob tem je treba opozoriti na dejstvo, 
da ‘obnavljanje podzemne vode’, ki za hidrološki 
bazen podaja minimalno letno količinsko stanje 
podzemne vode ni enako ‘podzemnemu odtoku’, 
ki podaja vrednost vse ponikle vode –  tudi tiste, 
ki napaja medtok.

Izvajalci projekta so opravili izredno veliko in 
zahtevno delo že s pripravo zanj potrebnih podat-
kovnih osnov. V za model GROWA-SI potrebne 
podatkovne plasti so morali v zanj ustrezno GIS 
okolje prevesti podatke vrste institucij (GURS, 
GeoZS, UL BF CSES in ARSO). Za umerjanje 
modela so za obdobje 1971-2000  pripravili tudi 
klimatološke in hidrološke podatke. Nekatere 
predstavitve in analize se s tem v zvezi pojavljajo 
prvič: izračun povprečnih letnih, povprečnih po-
letnih (maj-okt) in povprečnih zimskih (nov-apr) 
padavin, količnik zimskih in letnih padavin in 
povprečna letna potencialna evapotranspiracija 
za obdobje 1971-2000, prikazi podatkov CORINE 
za Slovenijo v skladu s standardom ATV-DVWK 
(2002), karta povprečne globine do podzemne 
vode, karta tal z visečo talno vodo in karta vred-
nosti parametra IDPR (Development and Persis-
tence of the River Network) za Slovenijo. 

Vsebinsko ključni del projekta pa so predstav-
ljali umerjanje, validacija in verifikacija vod-
nobilančnega modela GROWA-SI. Posebna odli-
ka knjige je, da poleg rezultatov modela podaja 
tudi rezultate njegove verifikacije in validacije. 
Rezultat modela GROWA-SI so za celotno ob-
močje Slovenije in za izbrano umeritveno ob-
dobje kartografsko prikazane določitve realne 
evapotranspiracije, celotnega odtoka in njego-
vih obeh za upravljanje voda pomembnih kom-
ponent, to je, direktnega odtoka in obnavljanja 
podzemne vode. Kot obnavljanje podzemne vode 
je bila pri tem upoštevana za vrednost medtoka 
(interflow oziroma v kraških vodonosnikih fast 
groundwater run-off) zmanjšana vrednost pod-
zemnega odtoka. 

Verifikacija in validacija modela za določanje 
celotnega odtoka oziroma realne evapotranspira-

be stressed that »groundwater recharge«, which 
represents minimum annual groundwater quan-
tity in the hydrological basin is not equal to »un-
derground outflow« which represents all seepage 
including also interflow.

Already preparation of model input data was 
a very demanding and challenging task. To pre-
pare input layers of GROWA-SI it was required 
to transfer all data of several institutions (Sur-
veying and Mapping Authority of Slovenia, Geo-
logical Survey of Slovenia, University of Ljublja-
na Biotechnical Faculty, Ministry of Agriculture 
Forestry and Food, Slovenian Environment 
Agency) into form suitable for GIS platform. For 
calibration purpose, data base of climatology and 
hydrogeology data for 1971-2000 reference period 
was established. Some of the graphics and analy-
ses have been done for the first time in Slovenia: 
summer season (May to October) mean precipi-
tation, winter season (November to April) mean 
precipitation, ratio between winter and summer 
precipitation, mean annual real evapotranspira-
tion for 1971-2000 period, CORINE map of Slo-
venia according to ATV-DVWK (2002) standard, 
map of mean depth to groundwater table, map of 
perched groundwater and adapted map of IDPR 
values (Index of Development and Persistence of 
the River Network).

The crucial part of the project was calibra-
tion, validation and verification of the water bal-
ance GROWA-SI model. Special valuable feature 
of the book is that besides the results of model 
calculations are presented results of model val-
idation and verification. Result of GROWA-SI 
model are the maps of Slovenia for the chosen 
reference period that show real evapotranspira-
tion, total runoff together with both components 
of it very important in water management: direct 
runoff and groundwater recharge. Groundwater 
recharge was taken as underground runoff de-
ducted by interflow (in karst fast groundwater 
runoff component).

Validation and verification process of the mod-
el results for total runoff and real evapotranspi-
ration was carried out for 95 gauging stations 
and corresponding contributing hydrological 
catchments distributed in all climate regions of 
Slovenia. Comparison of GROWA-SI model total 
runoff results to results of classical water bal-
ance model of Slovenia by ARSO for 1971-2000 
period with regionalized parametres according 
to physio-geographical characteristics and land 
use, published in 2008, and compared for the same 
river basins and gauging stations showed corre-
lation coefficient R2=0.99. That means, region-
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cije sta bili izvedeni s pomočjo po vseh klimatskih 
območjih Slovenije porazdeljenih 95 vodomernih 
postaj in tem postajam pripadajočih kontrolnih 
hidroloških prispevnih območij. Primerjava re-
zultatov klasično zasnovanega bilančnega izra-
čuna za obdobje 1971 - 2000 in temu primerno 
regionaliziranih parametrov naravnih danosti in 
rabe prostora, ki so ga na ARSO opravili in obja-
vili že leta 2008, z modelom GROWA-SI izraču-
nanih vrednosti celotnega odtoka za ista hidro-
loška prispevna območja vodomernih postaj, ima 
koeficient determinacije R2=0,99. To pomeni, da 
je za modelne celice modela GROWA-SI izvedena 
regionalizacija parametrov obravnavanih hidro-
loških prispevnih območij enakovredna klasični 
regionalizaciji teh parametrov; verificirana je to-
rej kot izjemno uspešna. Validacija modela je bila 
opravljena s primerjavo za kontrolna prispevna 
območja vodomernih postaj z modelom GROWA-
-SI izračunanih vrednosti celotnega odtoka in 
na pripadajočih vodomernih postajah izmerjenih 
vrednosti tega odtoka. S koeficientom determi-
nacije R2=0,93 je dokazala, da tako določene slike 
skoraj vseh hidroloških prispevnih območij od 
popolne korelacije odstopajo za manj kot 25 %. 
Ob upoštevanju natančnosti določanja pada-
vin in odtoka ter dejstva, da gre za razmeroma 
majhna hidrološka prispevna območja, je to pov-
sem sprejemljivo. Z naraščanjem na vodomernih 
postajah merjenega odtoka se deviacija merje-
nih in računskih rezultatov zelo zmanjša. Nekaj 
vrednosti, ki to mejo pri razmeroma majhnih 
vrednostih celotnega odtoka presegajo, pa kaže, 
da bi bilo v model GROWA-SI med vplive člove-
ka oziroma urbanizacije treba vključiti še vodne 
zadrževalnike oziroma površinska vodna telesa. 
Evaporacija s proste vodne površine je namreč 
bistveno večja od z modelom GROWA-SI za z nji-
mi prekrita območja izračunanih vrednosti real-
ne evapotranspiracije. 

Umerjanje modela GROWA-SI za izračun ob-
navljanja podzemne vode, je bilo izvedeno na 46 
umeritvenih hidroloških prispevnih območjih, 
validacija modela pa na 27 kontrolnih hidroloških 
prispevnih območjih za ta dva namena izbranih 
vodomernih postaj. Verifikacija modelnih izraču-
nov je bila v tem primeru uspešno izvedena s pri-
merjavo za 46 umeritvenih hidroloških prispev-
nih območij z modelom GROWA-SI izračunanih 
vrednosti obnavljanja podzemne vode in grafoa-
nalitično, s pomočjo regresijske premice, določe-
nih povprečnih vrednosti najmanjših povprečnih 
dnevnih mesečnih pretokov. V bistvu je bila na 
tak način preverjena ustreznost za modelne ce-

alization of the parametres in GROWA-SI cells 
matches classical water balance regionalization 
and has been outstandingly successful. Compar-
ison of total runoff calculated by GROWA-SI for 
95 control catchments to the measured discharg-
es showed correlation coefficient R2=0.93, with 
mean deviation being lower than 25 %. Taking 
into account uncertainty of precipitation and 
discharge measurements, and taking into ac-
count relatively small catchments area the model 
results are completely acceptable. Increasing val-
ues of measured discharge at gauging stations re-
sult in smaller deviation of modelled values from 
the measured. Some results with high deviation 
at catchments of small total runoff indicate that 
GROWA-SI should include impact of water reser-
voirs i.e. surface water bodies. Namely, evapora-
tion from free water surface is much higher than 
“real evaporation” calculated by GROWA-SI.

Calibration of GROWA-SI for calculation of 
groundwater recharge was carried out at 46 cali-
bration hydrological catchments, while valida-
tion was carried out at 27 hydrological control 
catchments. Validation was carried out by com-
paring GROWA-SI results to monthly lows deter-
mined by graph-analytical method of regression 
curve. Actually, in this way are controlled values 
of base flow index BFI for model cells. In simi-
lar way was carried out verification of the model 
for control hydrological catchments. Both com-
parisons were performed also for direct runoff 
i.e. fast runoff component. Since they were de-
termined as difference between total runoff and 
groundwater recharge this validation does not 
offer big added value. For both groundwater re-
charge and direct runoff is deviation from per-
fect correlation within 25 %. In the first case is 
correlation coefficient R2=0.94 and in the second 
it is R2=0.91. In both cases deviation of calculated 
values from the measured does not decrease with 
increasing runoff. The cause could be in values of 
BFI for karst catchments or imperfect bounda-
ry conditions of control hydrological catchments. 
Unfortunately, there is not a list of 46 calibration 
and 27 validation control hydrological catch-
ments that could offer opportunity to analyze in 
more detail this problem. For sure it will be a lot 
of opportunity to do it in course of future use of 
GROWA-SI model.

From presented validation and verification 
of GROWA-SI model it could be concluded, that 
calculation of groundwater recharge in control 
hydrological catchments offers satisfactory re-
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lice privzetih vrednosti indeksa baznega odtoka 
BFI. Na podoben način je bila za 27 kontrolnih 
hidroloških prispevnih območij izvedena še vali-
dacija modela. Za oba računska pristopa je zato 
za ta območja podana primerjava  za obnavljanje 
podzemne vode in za direktni (t.j., hitri) odtok 
izračunanih vrednosti.  V obeh primerih ležijo 
skoraj vsi računski rezultati znotraj 25 % odsto-
panja od popolne korelacije. V prvem primeru je 
skladnost obeh izračunov potrjena s koeficientom 
determinacije R2=0,94, v drugem primeru pa s ko-
eficientom determinacije R2=0,91. Direktni odtok 
pa je bil določen kot razlika celotnega odtoka in 
obnavljanja podzemne vode, zato zadnji koeficient 
ne ponuja bistveno nove informacije. Ob tem je 
treba ugotoviti, da deviacija modelnih in račun-
skih rezultatov z naraščanjem pretoka iz hidrolo-
ških prispevnih območij tu ne upada. To je lahko 
posledica za kraška območja privzetih vrednosti 
indeksa baznega odtoka BFI, ali pa nepopolnosti 
kontrolnih hidroloških bazenov. Žal v knjigi ni 
podana tabela s seznamoma 46 umeritvenih in 27 
kontrolnih hidroloških prispevnih območij, kar 
onemogoča tehtnejši razmislek o vzrokih ugoto-
vljene deviacije. Gotovo bo pa za to še dovolj časa 
pri nadaljnji uporabi modela GROWA-SI.

Na osnovi prikazane verifikacije in validacije 
modela GROWA-SI lahko ugotovimo, da izraču-
nava model v kontrolnih hidroloških prispevnih 
območjih za obnavjanje podzemne vode dovolj 
verodostojne vrednosti. Na tej podlagi je bila 
lahko njegova uporaba upravičeno razširjena na 
celotno območje Republike Slovenije.

Sodim, da je pričujoča knjiga kapitalno delo 
slovenske hidrologije in hidrogeologije. Uporaba 
in rezultati za GIS okolje razvitega vodnobilan-
čenga modela GROWA-SI jo operativno prestav-
ljajo v 21. stoletje. Določanje količin in stanja 
podzemnih voda se s tem vrača tja kamor sodi – 
v okvir določanja vodnih bilanc posameznih hi-
droloških bazenov oziroma povodij. Vsi, ki smo 
že na samem začetku pozdravili idejo, da naj se 
model GROWA nadgradi in adaptira za Sloveni-
jo, smo lahko z doseženimi rezulati več kot za-
dovoljni. Posebna vrednost modela GROWA-SI je 
tudi v tem, da omogoča od obstoječe razmejitve 
podzemnih vodnih teles povsem neodvisno oceno 
količinskega obnavljanja podzemne vode. Njihova 
strokovno utemeljena nadaljnja členitev ali pre-
oblikovanje bosta lahko zato takoj podprti z zanje 
ustrezno oceno obnavljanja podzemne vode. V po-
glavju o posledicah ocene obnavljanja podzemne 
vode za upravljanje voda v Sloveniji je na primeru 

liable values. Based on these results it could be 
supposed that the model was rightly applied for 
entire territory of Slovenia.

I do hold that the book is pioneering break-
through achievement of Slovenian hydrology and 
hydrogeology. Use and results of water balance 
GROWA-SI model developed on GIS platform 
are operational tools for 21st century. Ground-
water quantity assessment is so coming back to 
its proper place – determination of water balance 
for hydrological basins and catchments. All of us, 
who have supported idea of upgrading and adapt-
ing of GROWA for Slovenia could be more than 
satisfied with the achieved results. Great value 
of GROWA-SI is its feature to calculate ground-
water recharge independently of current ground-
water bodies delineation. Future groundwater 
delineation could be immediately supported by 
qualified assessment of groundwater recharge. In 
the chapter on water management implications 
of groundwater recharge assessment was shown 
use of the model for assessing groundwater re-
charge per current groundwater bodies, specific 
groundwater recharge and coefficient of variation 
of groundwater recharge. In the chapter on ex-
tended applications of the GROWA-SI model in 
Slovenia, it was presented the use of the model re-
sults to determine available groundwater, as well 
as indicating groundwater quantity of critical dry 
years in 1981-2014 period, assessing groundwater 
abstraction rate in groundwater bodies, for river 
basin management plan preparation and in mod-
elling of aquifer vulnerability to nitrate pollution. 
Some time ago Breznik found out that for some 
of Slovenian major karst springs are critical two 
dry years in succession with precipitation below 
70 % of multiannual mean. GROWA-SI could be 
very useful tool to study such exceptional events 
on groundwater recharge and groundwater quan-
titative status.

Successful use of GROWA-SI already led to 
the upgrade to GROWA – DENUZ / WEKU for 
modelling nitrogen flux. So, in the book are al-
ready shown preliminary results of mean total 
leachate rate that will be used in nitrogen flux 
modelling. The leachate rate is defined as differ-
ence between total runoff and surface runoff i.e. 
it is sum of groundwater recharge and interflow. 
To my opinion model GROWA-SI should be for ni-
trogen flux modelling supplemented with data on 
clay cover depth at Lower Carniola low karst, as 
well as depth to groundwater table in high karst 
region and Alpine karst region of Slovenia. In the 
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obstoječih teles podzemne vode prikazana upo-
rabnost modela za določanje stopnje obnavljanja 
podzemne vode, njenega specifičnega obnavljanja 
in koeficienta variacije njenega obnavljanja. V po-
glavju o razširjenih uporabah modela GROWA-SI 
v Sloveniji pa je med drugim prikazana njegova 
uporabnost za določanje razpoložljive podzemne 
vode in na primerih za obdobje 1981-2014 uporab-
nost za določanje za stanje podzemnih vod kri-
tičnih suhih let, določanje stopnje izkoriščenosti 
podzemne vode v podzemnih telesih, njegova 
uporabnost pri izdelavi načrtov upravljanja voda 
in pri modeliranju ranljivosti vodonosnikov na ni-
tratno onesnaženje. Ob tem je treba opozoriti, da 
je pred leti Breznik pokazal, da je za minimalne 
pretoke nekaterih naših največjih kraških izvirov 
kritično zaporedje dveh sušnih let z manj kot 70% 
padavin dolgoletnega padavinskega povprečja. Z 
modelom GROWA-SI bi zato veljalo proučiti tudi 
vplive takšnih izjemnih dogodkov na obnavljanje 
in količinsko stanje podzemne vode.

Zaradi njegove uspešnosti se modelu GROWA-
-SI že obetata nadgradnji z modelom GROWA-
-DENUZ/WEKU za modeliranje nitratnega 
toka. S tem v zvezi so že prikazani prvi rezul-
tati izračuna velikostne stopnje izcedne vode. Te 
predstavljajo razliko med celotnim odtokom in 
površinskim odtokom; predstavljajo torej vsoto 
obnavljanja podzemne vode in medtoka. Sodim, 
da bo s tem v zvezi model GROWA-SI treba do-
polniti s podatki o debelini glinasto-meljnatega 
pokrova dolenjskega nizkega krasa in podatki o 
globini podzemne vode tudi za območja visoke-
ga krasa in visokogorskega krasa. S prvimi zato, 
ker lahko v nekaj metrov debelem pokrovu pote-
kajo denitrifikacijski procesi, z drugimi pa zato, 
ker v debeli nezasičeni coni vodonosnikov pote-
ka oksidacija v vodi prisotnih dušikovih spojin. 
Poseben izziv bo predstavljal tudi prenos modela 
mGROWA v Slovenijo. Ta naj bi omogočil mo-
deliranje vodnobilančnih komponent na dnevni 
osnovi. Priznam, da sprejemam zaradi omejitev 
v uporabnosti indeksa baznega odtoka BFI za 
kratka obdobja to napoved z zadržkom – razen, 
če ne gre le za napovedovanje dnevnih odstopanj 
od dolgoletnih povprečij.

first case due to important denitrification process 
in several meter soil cover, and in the second case 
due to the oxidation of nitrogen compounds in 
deep unsaturated zone. Special challenge will 
be transfer of mGROWA model to Slovenia. It is 
supposed to enable modelling of water balance 
components on daily scale. I have to express my 
skepticism concerning this forecasting due to the 
limitations of baseflow index BFI use for short 
time scale – except if it goes for forecasting of 
daily deviations from multiannual mean.

prof. dr. Miran Veselič
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Slovensko geološko društvo (SGD) si je kot 
nevladna in neprofitna organizacija prostovoljno 
združenih strokovnjakov in ljubiteljev geologije 
zadalo za temeljni cilj napredek znanosti in pra-
kse na področju vseh vej geologije, ki je zapisan 
tudi v njegovem statutu.

Skozi vsa leta društvo deluje v skladu z dolo-
čili statuta in s programom dela, ki je sprejet na 
sejah IO društva v vsakem koledarskem letu. V 
letu 2016 sta bili dve seji razširjenega Izvršnega 
odbora društva in sicer 19. januarja in 1. decem-
bra. Večji del zastavljenega programa je bil rea-
liziran. 

Strokovna predavanja

Sarah Halvorson (Oddelek za geografijo Univ. 
v Montani, ZDA), »Large-Scale Environmental 
Transformations in Western Montana:  From 
Glacial Lake Missoula to 21st Century Restorati-
on Science«, 10. marec 2016 ob 17. uri v Ljubljani 
v dvorani Zemljepisnega muzeja Geografskega 
inštituta Antona Melika ZRC SAZU, Gosposka 
16. Predavanje je bilo izvedeno v soorganizaciji z 
Geomorfološkim društvom Slovenije.

Michele Morsilli (Univ. v Ferrari), »Internal 
waves: their impact on sedimentary systems and 
benthic communities«, 22. marec 2016 ob 17. uri v 
Ljubljani na Oddelku za geologijo NTF, Privoz 11.

Mihael Brenčič (NTF, GeoZS), »Popotova-
nje po moskovskih geoloških muzejih«, 7. aprila 
2016 ob 17. uri v Ljubljani na Oddelku za geolo-
gijo NTF, Privoz 11. Predavanje je bilo izvedeno 
v soorganizaciji s Prirodoslovnim društvom Slo-
venije.

Strokovna posvetovanja, seminarji 
in okrogle mize

Slovensko geološko društvo je sodelovalo pri 
organizaciji terenske delavnice »27th European 
Dendroecological Fieldweek«, ki je potekala med 
12. in 18. septembrom 2016 v Kranjski gori in do-
lini Tamar. Delavnico je organiziral Švicarski 

gozdarski inštitut (WSL) v sodelovanju z Naravo-
slovnotehniško fakulteto UL in Gozdarskim in-
štitutom Slovenije.

V okviru tedna Univerze v Ljubljani je bila v 
četrtek, 8. 12. 2016 v soorganizaciji Oddelka za 
geologijo NTF in Slovenskega geološkega društva 
izvedena Delavnica o popularizaciji geologije. 
Namen delavnice je bil pregled dosedanjega dela 
na področju popularizacije ter delu na področju 
šolskega in neformalnega izobraževanja, cilji za 
prihodnost in vizija skupnih idej na tem podro-
čju. Delavnica je potekala v prostorih Oddelka 
za geologijo na Privozu 11 (predavalnica P-114) s 
pričetkom ob 9. uri. Udeležilo se je 24 poslušal-
cev. Poročilo o delavnici je bilo objavljeno v revi-
ji Geologija: RMAN, Nina, ŽVAB ROŽIČ, Petra. 
Delavnica o popularizaciji geologije, 8. 12. 2016, 
Oddelek za geologijo, NTF (http://www.geologija-
-revija.si/dokument.aspx?id=1291).

Sodelovanje na domačih dogodkih 
in druge aktivnosti

SGD je tudi v letu 2016, 10. junija, sodelovalo 
na dogodku BioBlitz – 24 ur z reko Muro v Veržeju 
v organizaciji Zavoda RS za varstvo narave, Ob-
močne enote Maribor. Izvedeni sta bili geološka 
delavnica o kamninah, mineralih in fosilih ter 
predstavitev na stojnici skupaj z Geološkim zavo-
dom Slovenije in Oddelkom za geologijo Naravo-
slovnotehniške fakultete. 

20. avgusta 2016 je Društvo Fran Govekar 
Ig v sodelovanju z Inštitutom za arheologijo ZRC 
SAZU na Igu organiziralo Koliščarski dan. Z ge-
ološko delavnico je SGD sodelovalo skupaj z Od-
delkom za geologijo NTF in Geološkim zavodom 
Slovenije (www.vdezelikoliscarjev.si/).

Vaščani vasi Dešen pri Kresnicah so lansko leto 
zaprosili Zavod RS za varstvo narave, Oddelek za 
geologijo NTF in SGD za pomoč pri predstavitvi 
zanimive geologije kamnoloma nad vasjo in za do-
nacijo za postavitev interpretacijske table. SGD je 
obema prošnjama ustreglo in oktobra 2016 je bila 
v Dešnu postavljena informativna točka.

http://www.geologija-revija.si/dokument.aspx?id=1291
http://www.geologija-revija.si/dokument.aspx?id=1291
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GeoTEK

Slovensko geološko društvo je 13. oktobra 2016 
organiziralo GeoTEK na Šmarno goro. Ta špor-
tno-rekreativni družabni dogodek nameravamo 
izvajati vsako leto na drugi, geološko zanimivi 
lokaciji. Pri organizaciji prvega je sodeloval Geo-
loški zavod Slovenije.

Mednarodno delovanje SGD in članstvo v tujih 
in domačih zvezah

SGD je včlanjeno v tuje zveze: European Fe-
deration of Geologists (EFG), International Union 
for Quaternary Research (INQUA), European As-
sociation for the Conservation of the Geological 
Heritage (ProGeo), European Mineralogical Uni-
on (EMU) in International Mineral Association 
(IMA). Včlanjeni smo tudi v Slovensko inženirsko 
zvezo (SIZ).

Kot član Evropskega združenja geologov (Eu-
ropean Federation of Geologists – EFG) je Sloven-
sko geološko društvo leta 2015 začelo sodelovati 
v velikih evropskih projektih Obzorje 2020 (Ho-
rizon 2020). Skupaj z več drugimi nacionalnimi 
geološkimi društvi sodelujemo kot neodvisni par-
tner preko pogodbe z EFG kot vodilnim projek-
tnim partnerjem. V letu 2016 je bila naša vloga 
v projektu INTRAW – Mednarodno sodelovanje 
na področju oskrbe z mineralnimi surovinami 
(International Cooperation on Raw materials) 
posredovanje informacij o projektu in širjenje 
rezultatov projekta v Sloveniji. Večjo vlogo ima 
SGD v projektu KINDRA – Zbirka znanja za hi-
drogeološke raziskave (Knowledge Inventory for 
Hydrogeology Research), kjer je poleg obveščanja 
o rezultatih projekta v Sloveniji zadolženo tudi za 
zbiranje nacionalnih podatkov o hidrogeoloških 
raziskavah in njihovo opredelitev po novem eno-
tnem sistemu klasifikacije raziskav. 

V začetku leta 2016 smo podpisali pogodbi o 
sodelovanju še v dveh projektih: UNEXMIN – An 
Autonomous Underwater Explorer for Flooded 
Mines in CHPM 2030 – Combined Heat, Power 
and Metal extraction from ultra-deep ore bodies. 

Član SGD, Marko Komac je bil novembra iz-
voljen v izvršni svet EFG kot External Relations 
Officer.

V letu 2016 smo prvič delovali kot polnopravni 
član Mednarodne zveze za raziskovanje kvartar-
ja (International Union for Quaternaty Research 
– INQUA). Slovenski odbor INQUA (SINQUA) je 

posodobil svojo spletno predstavitev in med slo-
vensko zainteresirano javnostjo razširjal infor-
macije INQUA, vključno z razpisi za financiranje 
raziskovalnih projektov s poudarkom na podpori 
raziskav mlajšim raziskovalcem. 

19. 4. 2016 smo se udeležili sestanka na Du-
naju v okviru European Geosciences Union Ge-
neral Assembly 2016 (http://meetingorganizer.
copernicus.org/EGU2016/session/22383), ki je bil 
organiziran s strani pobudnikov predloga INQUA 
fokusne skupine (IFG) z naslovom „The Legacy of 
Mountain Glaciation“. Namen ustanovitve ome-
njene IFG je oceniti relativno pomembnost različ-
nih geomorfnih in podnebnih procesov pri razvo-
ju alpskih ledenikov po vsem svetu.

Med 30. 5. in 3. 6. 2016 smo se udeležili „7th 
INQUA International Workshop on Active Tecto-
nics, Paleoseismology and Archaeoseismology 
(PATA)“ v Crestone, Colorado, ZDA, ki je bil glav-
ni dogodek INQUA fokusne skupine „Earthquake 
Geology and Seismic Hazards“ (IFG EGSHaz). V 
okviru delavnice smo se udeležili sestanka IFG 
EGSHAz, na katerem smo se seznanili z aktiv-
nostmi te skupine v prejšnjem obdobju (pod ime-
nom „Paleoseismology and Active Tectonics“ - 
IFG PALACTE) in načrtovanimi aktivnostmi v 
obdobju 2016–2019.

V sodelovanju z NC Hrvaške smo začeli organi-
zirati 5th Scientific meeting Quaternary geology 
in Slovenia and Croatia, ki bo novembra 2017 na 
Hrvaškem. Pričakujemo, da bo ta dogodek spod-
budil povečanje članstva. 

SGD je včlanjeno v Slovensko inženirsko zvezo 
– SIZ. S tem je izpolnjen pogoj o obveznem član-
stvu SGD v SIZ za pridobitev naziva Evro inženir 
(EUR ING). Čakamo člane za pobude.

V letu 2017 so načrtovane in delno že izvedene 
naslednje dejavnosti društva:

Strokovna predavanja

Bálazs Székely (Univerza Eötvös Loránd v 
Budimpešti), »Attempts to integrate David with 
Goliath: lessons learnt on differential uplift in a 
flatland«, 14. marec 2017 ob 17. uri v Ljubljani na 
Oddelku za geologijo NTF, Privoz 11.

Giovanni Monegato (Inštitut za geoznano-
sti in zemeljske vire italijanskega Nacionalnega 
raziskovalnega sveta), »An updated overview of 
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last glacial maximum on the southern side of the 
Alps: comparisons and climate considerations«, 
23. marec 2017 ob 18. uri v Ljubljani na Geolo-
škem zavodu Slovenije, Dimičeva ul. 14. Predava-
nje izvedeno v soorganizaciji s Slovenskim nacio-
nalnim odborom INQUA (SINQUA).

Mirijam Vrabec o rezultatih geoloških razi-
skav v zadnjih letih na območju Pohorja. Predvi-
deni datum je druga polovica junija 2017.

Marc Ostermann z Univerze v Innsbrucku na 
temo zemeljskih plazov je predvideno v začetku 
poletja.

Bojan Djurić (Oddelek za arheologijo FF v Lju-
bljani) na temo geoarheologije in uporabe narav-
nega kamna v rimski Emoni bo predvidoma v je-
seni 2017.

Strokovne ekskurzije

V juniju 2017 bo ogled naravnega kamna na 
ljubljanskih ulicah vodil Matevž Novak.

Junija 2017 je predvidena strokovna ekskurzija 
na Pohorje pod vodstvom Mirijam Vrabec. Tema 
ekskurzije bo predstavitev novih dognanj o sesta-
vi magmatskih in metamorfnih kamnin Pohorja.

Skupna ekskurzija SKIAH in SGD je načrto-
vana 13. in 14. oktobra 2017. Teme bodo mineral-
ne vode, vulkaniti in geotermalna energija v SV 
Sloveniji in Z Madžarski. Obiskali bomo mofete v 
Slovenskih goricah, Vulkanijo na Goričkem, geo-
termalne vrtine v Moravskih Toplicah, rastlinja-
ke v Renkovcih ali Dobrovniku, termalno jezero 
Heviz in pokrajinski muzej Balaton. Pri izvedbi 
bodo sodelovali tudi madžarski kolegi iz MFGI in 
zdravilišča Heviz.

Strokovna posvetovanja in okrogle mize

Slovensko geološko društvo je soorganiziralo 
23. posvetovanje slovenskih geologov 31. marca 
2017 v Ljubljani na Oddelku za geologijo NTF, 
Privoz 1. Na posvetovanju je Društvo sodelovalo s 
predstavitvami mednarodnih projektov, v katere 
je vključeno. 

SGD bo soorganizator 4. svetovnega foruma 
o plazovih z naslovom »Landslide Research and 
Risk Reduction for Advancing Culture of Living 
with Natural Hazards«, ki bo v Ljubljani med 29. 
majem in 2. junijem (http://www.wlf4.org/hosts/). 

SGD bo sodelovalo pri organizaciji 3. regional-
nega simpozija o zemeljskih plazovih v Jadransko 
Balkansko regiji (ReSyLAB), ki bo potekal od 11. 
do 13.10. 2017 v Ljubljani v soorganizaciji Geolo-
škega zavoda Slovenije, Fakultete za gradbeni-
štvo in geodezijo ter Naravoslovnotehniške fakul-
tete Univerze v Ljubljani.

Med 6. in 12. novembrom 2017 bo potekalo 5. 
regionalno znanstveno srečanje za kvartarno  
geologijo, posvečeno geološko pogojenim nevar-
nostim. Organizatorji srečanja so Hrvaški nacio-
nalni odbor INQUA (Hrvaška akademija znanosti 
in umetnosti, Oddelek za naravoslovje), Inštitut 
za kvartarno paleontologijo in geologijo, Sloven-
ski nacionalni odbor INQUA, Slovensko geološko 
društvo, Geološki zavod Slovenije in Hrvaški geo-
loški inštitut. Srečanje bo 9. In 10. 11. v kraju Sta-
rigrad Paklenica na Hrvaškem, pred im po sreča-
nju pa bosta 3- in 2-dnevni ekskurziji v Sloveniji 
in na Hrvaškem.

Delovna akcija čiščenja geološkega profila

V soboto, 25. 3. 2017 je bila izvedena prestavlje-
na delovna akcija čiščenja zarasti na geoloških 
naravnih vrednotah. V sodelovanju z Zavodom RS 
za varstvo narave (ZRSVN) in Občino Tržič smo 
očistili profil v Naravnem spomeniku Dovžanova 
soteska.

GeoTEK in GeoLOV

Slovensko geološko društvo bo oktobra 2017 
organiziralo drugi tradicionalni GeoTEK. Natan-
čen datum in lokacija še nista določena. 

Poleg GeoTEKa smo uvedli še eno ekipno dru-
žabno akcijo, povezano z geološko vsebino – Geo-
LOV (»geocaching«). Prvi GeoLOV je bil v soboto, 
8. aprila 2017 v okolici Lesnega Brda.

Sporočilo članom Slovenskega 
geološkega društva

SGD je z Geološkim zavodom Slovenije začel z 
aktivnostmi za ureditev pravno-formalnega sta-
tusa “geološkega zakona”. 25. avgusta 2016 se je 
M. Novak skupaj z direktorjem Geološkega za-
voda Slovenije in njegovim pomočnikom udele-
žil sestanka s predstavniki MiZŠ, MOP in MZI v 
prostorih MiZŠ. Dogovorjeno je bilo sodelovanje 
pri reševanju problematike na področju zbiranja, 
hranjenja in razpoložljivosti geoloških podatkov 
oz. podatkov o geosferi. V skladu z dogovorom na 
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sestanku smo ministrstvom poslali kratek opis 
stanja, problematiko ter predlog ureditve. 

Popularizacija geologije. Znotraj SGD so 
se močno intenzivirale aktivnosti, namenjene 
promociji geološke znanosti. Formirana je bila 
Skupina za popularizacijo geologije z jasno zas-
tavljenimi cilji in s podrobnim načrtom lastnih 
akcij ter s koledarjem prireditev, na katerih bomo  
sodelovali.

Sodelovanje s sorodnimi društvi. Iz poročila je 
razvidno, da smo močno okrepili ter vzpostavili 
nove stike s tujimi geološkimi društvi (predvsem 
Hrvaškim in Srbskim) ter z drugimi društvo s so-
rodnimi cilji (Geomorfološkim društvom Slove-
nije – GDS, Prirodoslovnim društvom Slovenije – 
PDS, Društvom slovenski komite mednarodnega 
združenja hidrogeologov – SKIAH).

Med 20. in 22. oktobrom je bila na sedežu Uni-
verze v Beogradu proslava in kratka konferenca 
za počastitev 125-letnice Srbskega geološkega 
društva. M. Novak se je prireditve udeležil kot 
vabljeni častni gost.

16. decembra smo na povabilo Hrvaškega 
geološkega društva sodelovali na njihovi 34. 
redni skupščini. T. Verbovšek je imel predavanje 
„Slovensko geološko društvo – povijest, aktivnosti 
i ideje za suradnju s Hrvatskim geološkim 
društvom“.

Postavitev nove spletne strani. Društvo je sredi 
postopka temeljite posodobitve društvenega sple-
tnega portala, ki bo omogočal hitrejše obveščanje 
o društvenih dogodkih, objavo koledarja dogod-
kov, izmenjavo mnenj registriranih uporabnikov 
ter naročanje na prejemanje teh obvestil. S tem 
želi društvo doseči večjo prepoznavnost društva 
in povečanje števila članov.
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Navodila avtorjem
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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 članek
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 članek
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 članek
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 članka (do 12 besed)
- Avtorji (ime in priimek, naslov, e-mail naslov)
- Ključne besede (do 7 besed)
- Izvleček (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 članka:
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
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Scope of the journal: GEOLOGIJA publishes scientific 
papers which contribute to understanding of the geology of 
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papers is also published. 
All submitted manuscripts are peer-reviewed by at least two 
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recommend at least three reviewers. Note that the editorial 
office retains the sole right to decide whether or not the 
suggested reviewers are used. Authors should correct their 
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