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Mineralna sestava, pedoloske lastnosti in frakcionacija izbranih
kemicnih elementov v tleh v Mariboru

Mineral composition, pedological characteristics and fractionation
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svinec, cink
Key words: soil of urban areas, X-ray Powder Diffraction, sequential extraction procedure, copper, lead, zinc

Izvleéek

Preucevali smo mineralno sestavo, pedoloske lastnosti in frakcionacijo izbranih kemi¢nih elementov v tleh
v Mariboru. Mineralna sestava odraza geogene dejavnike oz. prisotnost magmatskih in metamorfnih kamnin v
okolici Maribora ter v pore¢ju reke Drave. Najvec je kremena, sledijo plagioklazi, muskovit/illit, klorit in dolomit.
Ponekod so prisotni tudi K-glinenci, amfiboli in kalcit. Relativno visoke pH vrednosti (6,9-7,4), visoke vsebnosti
rastlinam dostopnega fosforja (13,5-185 mg/100 g tal) in kalija v nekaterih vzorcih kazejo na antropogen vpliv.
Mediana vsebnosti organske snovi je 8 % in mediana delezev karbonatov 6,1 %. Najvec vzorcev spada v teksturni
razred pescene ilovice, sledi razred ilovice. Predhodne kemi¢ne analize so pokazale na visoke vsebnosti nekaterih
potencialno strupenih elementov (PSE), predvsem Cu, Pb in Zn. Z metodo zaporednih ekstrakcij smo ugotavljali
frakcionacijo As, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb in Zn. Vsi PSE, z izjemo Mn, so v najvecji meri vezani na organsko
snov in preostanek topen v zlatotopki, kar kaZe na njihovo relativho moéno vezavo na talne komponente. Se
posebej moc¢no vezani so As, Co, Cr in Ni. V 1. in 2. stopnji, ki predstavljata najlazje izmenljive oblike PSE, so
ugotovljene vsebnosti prakti¢no zanemarljive. Ti rezultati kazejo, da obravnavani PSE v mariborskih tleh ne
predstavljajo tveganja za okolje.

Abstract

The mineral composition, pedological characteristics and fractionation of selected chemical elements in
the soil of Maribor were studied. The mineral composition reflects geological factors, especially the presence
of igneous and metamorphic rocks in the surroundings of Maribor and in the Drava River catchment. Quartz
prevails, followed by plagioclases, muscovite/illite, chlorite and dolomite. Potassium feldspar, amphiboles and
calcite are also present in some samples. Relatively high pH values (6.9-7.4), high contents of plant-available
phosphorous (13.5-185 mg/100 g of soil) and potassium in some samples reflect the anthropogenic influence on
the pedological characteristics. The medians of the organic matter and carbonate contents are 8 % and 6.1 %,
respectively. The majority of the samples belong to the sandy loam texture class, followed by loam class. Previous
chemical analyses showed high contents of some potentially toxic elements (PTEs), especially Cu, Pb and Zn.
We determined the fractionation of As, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb and Zn using a sequential extraction
procedure. All PTEs, except Mn, are mostly bound to organic matter and residual fraction soluble in aqua regia,
meaning that they are relatively strongly bound to soil components. Arsenic, Co, Cr and Ni are particularly
strongly bound. The contents in the first and second stage, which represent the most easily exchangeable fractions
of PTEs, are negligible. The results indicate that the contents of studied PTEs in the soil of Maribor do not pose
an environmental threat.
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Uvod

Poleg naravnih tlotvornih dejavnikov, na ra-
zvoj tal in njihove lastnosti moéno vplivajo tudi
antropogene dejavnosti. Te lahko mehansko uni-
¢ijo tla, npr. z urbanizacijo, gradnjo prometnic,
industrijskih objektov in druge infrastrukture,
ali porusijo kemi¢no ravnovesje tal z vnasanjem
razliénih organskih ter anorganskih snovi (Vi-
dic et al., 2015; Vrscaj et al., 2017). Tla ogrozajo
tudi naravni dejavniki, ki jih pogosto posredno
povzroca ¢lovek (Lal, 1993). Na primer, vetrna in
vodna erozija sta pogosto posledici nepremislje-
nih antropogenih posegov v prostor, kot je preti-
rano izsekavanje gozdov. Poslabsanje fizikalnih,
kemic¢nih in bioloskih lastnosti tal oznacujemo s
pojmom degradacija.

Negativnim vplivom antropogenih aktivnosti
so Se posebej izpostavljena tla na urbanih obmo-
¢jih. Obicajno ne izvirajo samo iz preperevanja
mati¢ne podlage, ampak gre za mesanico prepe-
rine, eksogenega materiala oz. materiala pripe-
ljanega iz neke druge lokacije (Wong et al., 2006),
odpadnega gradbenega materiala, pepela, kosov
asfalta, lesa, zlindre, stekla, plastike, kovinskih
delcev, industrijskih in gospodinjskih odpadkov
ter drugih antropogenih proizvodov (Craul, 1985;
Howard & Orlicki, 2016). Kemic¢ne, mehanske in
bioloSke lastnosti tal v urbanih okoljih so lahko
povsem drugacne od naravnih: talni horizonti
ve¢inoma niso razviti ali so uniceni oz. preme-
Sani, vertikalna in prostorska spremenljivost tal
je zelo velika, tla so zbita, na nepokritih delih se
lahko razvije neprepustna skorja, kroZenje vode
in zraka je lahko omejeno, moteno je tudi kro-
zenje hranil, omejen je prostor za razvoj kore-
ninskih sistemov rastlin (Craul, 1985; Lehmann
& Stahr, 2007; Yang & Zhang, 2015), znacilen je
tudi visji pH od tal okoliskih neurbanih obmoc¢ij
(Werkenthin et al., 2014; Yang & Zhang, 2015).

Tla v urbanih okoljih so obic¢ajno obreme-
njena z razli¢nimi organskimi in anorganskimi
snovmi, med drugim tudi s potencialno strupe-
nimi elementi (PSE) (Wong et al., 2006; Hazelton
& Murphy, 2011; Yang & Zhang, 2015). PSE niso
(bio)razgradljivi, zato se, ob ustreznih fizikal-
no-kemicénih pogojih, v tleh akumulirajo. Tla so
najpomembnejsi kopenski ponor PSE (Wong et
al., 2006), kjer se vezejo na razli¢ne talne kom-
ponente, kot so organska snov, aluminijevi, zele-
zovi in manganovi oksidi ter hidroksidi, glineni
minerali in karbonati (Tack, 2010; Kabata Pen-
dias, 2011). V talni raztopini lahko obstajajo kot
prosti ioni in organski ter anorganski kompleksi
(Impellitteri et al., 2001). PomembnejSe lastno-
sti tal, ki vplivajo na zadrzevanje oz. sproScanje

PSE so: kislost/bazi¢nost (pH), redoks potencial
(Eh), kationska izmenjalna kapaciteta, delezi in
oblike organske snovi, Fe, Mn in Al oksidov ter
hidroksidov in glinenih mineralov (Rieuwerts et
al., 1998). Pod vplivom teh in Se nekaterih drugih
dejavnikov (npr. temperatura, vlaznost, delovanje
bakterij), potekajo v tleh razli¢ne reakcije: ad-
sorpcija/desorpcija, raztapljanje/obarjanje, tvor-
ba anorganskih in organskih kompleksov, oksi-
dacija/redukcija, izhlapevanje (Impellitteri et al.,
2001; Tack, 2010; Kabata Pendias, 2011). Nastete
lastnosti in procesi se prepletajo ter vplivajo eden
na drugega, kar ustvarja kompleksen, dinamicen
in heterogen sistem. Ob teh reakcijah se lahko
spreminjajo kemic¢ne oblike PSE, kar vpliva na
njihovo mobilnost in posredno na morebitno ne-
varnost za okolje ter strupenost za ljudi in druge
organizme. Morebitno zadrzevanje PSE v tleh po
eni strani predstavlja varovalo pred trenutnim
onesnazenjem podzemne vode, po drugi strani
pa dolgoroc¢no tveganje za okolje in ljudi, saj lah-
ko ob spremembah fizikalno-kemi¢nih pogojev v
tleh PSE preidejo iz stabilnih v mobilne oblike.
Nevarnost predstavlja tudi prehod talnih delcev s
PSE v c¢loveski organizem. Visoke vsebnosti PSE
v tleh omogocajo tudi posreden vpogled v pretekle
antropogene dejavnosti in onesnazevanje okolja.

Za raziskavo smo izbrali tla v Mariboru, ki
je drugo najvecje slovensko mesto. V preteklo-
sti je bilo eno izmed najpomembnejs$ih industrij-
skih sredis¢ tako Slovenije kot celotne Jugosla-
vije. Zaznamovali sta ga predvsem tekstilna in
kovinska industrija, zgoSc¢eni ve¢inoma na treh
industrijskih obmo¢jih: Melje, Tezno in Studen-
ci. Nekatere pomembnejse tovarne, ki so delova-
le v Mariboru so: Tovarna avtomobilov Maribor
(TAM), tovarna akumulatorjev Vesna, Maribor-
ska livarna Maribor (MLM) in Metalna (zad-
nji dve Se delujeta). Industrija ima danes v tem
mestu manjs$i pomen kot v preteklosti, a je kljub
temu ohranila pomemben status, predvsem na
industrijskih obmoé¢jih Melje in Tezno. Na ob-
mocju nekdanjega TAM-a na Teznu se je razvila
poslovno-proizvodna cona, v kateri deluje prek
200 podjetij, med drugim tudi tovarna avtobusov
in druge tovarne s podrocja avtomobilske ter ko-
vinsko-predelovalne industrije.

Geokemicne lastnosti tal v Mariboru so bile
ze podrobno raziskane (Gabersek & Gosar, 2018),
zato se v tem ¢lanku posvecamo predvsem nji-
hovim pedoloskim lastnostim in frakcionaciji 10
PSE v izbranih vzorcih. Predstavljene raziskave
so del doktorske disertacije z naslovom »Celostna
obravnava geokemije trdnih anorganskih delcev
v urbanem okolju« (Gabersek, 2020).
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Metode
Vzorcenje in priprava vzorcev

Pri vzorcenju smo sledili priporoc¢ilom evrop-
ske geokemicne ekspertne skupine (Demetriades
& Birke, 2015). Vzorc¢ili smo zgornjih 10 cm tal na
zatravljenih povrsSinah, kot so zelenice v parkih
in ob cestah ter travniki na obrobju mesta. Po-
samezen vzorec je bil sestavljen iz 4 podvzorcev,
ki smo jih odvzeli v oglis¢ih kvadrata velikosti
2 x 2 m. Skupno smo pridobili 118 vzorcev (Gaber-
Sek & Gosar, 2018). V tem ¢lanku obravnavamo le
14 vzorcev, v katerih smo ugotovili visoke celot-
ne vsebnosti nekaterih PSE, predvsem Cu, Pb in
Zn: MBSO015, MBS0018, MBS0O021, MBS0O023,
MBSO0026, MBS0034, MBSO0035, MBSO0060,
MBS0062, MBS0084, MBSO0092, MBS0094,
MBSO0099 in MBS0102 (sl. 1). Vzorce smo posusi-
li pri 35 °C in jih z najlonskimi siti presejali pod
2 mm. Za rentgensko praskovno difrakcijo, ugo-
tavljanje delezev karbonatov in celotnih vsebnosti
kemi¢nih elementov, smo presejane vzorce zmleli
s krogliénim ahatnim mlinom. Postopki vzorce-
nja in priprave vzorcev so podrobneje opisani v
Gabersek & Gosar (2018).

Rentgenska praskovna difrakcija

Z rentgensko praskovno difrakcijo smo ugo-
tavljali mineralno sestavo treh vzorcev tal: ene-
ga z industrijskega obmocja Melje (MBS0026),
enega z obrobja industrijskega obmocja Tezno
(MBSO084) in enega z obrobja mesta (MBS0092).
Analizorentgenske praskovnedifrakcijesoizved-
li na Naravoslovnotehniski fakulteti, na Oddelku
za geologijo. Uporabili so rentgenski difraktome-
ter PHILIPS PW 3710, opremljen s Cu rentgensko
cevjo (CuKa sevanje), proporcionalnim Stevcem
in grafitnim monokromatorjem. Sevanje rent-
genskih zarkov je bilo generirano pri napetosti
40 kV in toku 20 mA. Snemanje je potekalo v ob-
mocju 3° < 20 < 70° s korakom 0,02° 20 in hitrostjo
0,4 sekunde na korak. Pridobljene difraktograme
smo analizirali s programom X'Pert HighScore
Plus 4.6 ter doloc¢ili minerale s pomo¢jo podat-
kovne baze ICSD. Semi-kvantitativno analizo
(ugotavljanje delezev posameznih mineralov)
smo izvedli s prilagajanjem izmerjenih intenzitet
uklonov z referen¢nimi intenzitetami posame-
znega minerala.

T T T
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Sl. 1. Vzor¢na mesta tal na shematski karti Maribora (obkrozeni vzorci so bili izbrani za pedoloske analize in metodo zapo-

rednih ekstrakeij).

Fig. 1. Soil sampling sites on schematic map of Maribor (circled samples were chosen for pedological analyses and sequential

extraction procedure).
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Pedoloske analize

V vseh vzorcih tal smo v laboratorijih Geolo-
Skega zavoda Slovenije dolo¢ili pH vrednosti in
na podlagi vsebnosti organskega ogljika ocenili
deleze organske snovi. V obravnavanih 14 vzor-
cih (sl. 1) smo v laboratorijih Centra za pedolo-
gijo in varstvo okolja na Biotehniski fakulteti
dolocili deleze karbonatov (CaCO,), izmenljivega
fosforja (P,0,) in kalija (K,O) ter njihovo teks-
turo.

Za dolocitev vrednosti pH smo pripravili
suspenzijo 10 ml presejanega (< 2 mm) vzorca
ter 50 ml 0,01 M CaCl, (volumsko razmerje 1:5).
Suspenzijo smo najprej ro¢no mesali 5 min in jo
nato pustili mirovati ¢ez no¢ (ne ve¢ kot 24 ur).
Pred meritvijo smo suspenzijo ponovno preme-
Sali, pocakali, da se je stabilizirala in nato iz-
merili vrednosti s pH metrom (Thermo Scientific
Orion Star A329). Merilnik smo predhodno ka-
librirali s standardoma z vrednostma pH 4 in 7
(Gabersek & Gosar, 2018).

Deleze organske snovi v tleh smo oceni-
li s pomnozitvijo delezev organskega ogljika s
faktorjem 1,9. Uporabljeni faktor je predlagal
Pribyl (2010), ki je ugotovil, da je za izra¢un de-
leza organske snovi na podlagi deleza organske-
ga ogljika bolj primeren faktor 1,9, kot vsesplos-
no uporabljan faktor 1,724.

Deleze karbonatov v tleh smo dolo¢ili z volu-
metri¢no metodo, ki temelji na reakciji karbona-
tov s HCI (SIST ISO 10693, 1996). En gram pre-
sejanega (< 2 mm) in zmletega vzorca smo prelili
z 9ml 10 % HCl in pri tem s Scheiblerjevim apa-
ratom merili koli¢ino nastalega CO, (v ml). Ob
upostevanju temperature (T = 27 °C) in zracne-
ga pritiska (P = 0,977 x 105 N/m?) v laboratoriju,
smo z uporabo sploSne plinske enacbe izracu-
nali masni delez CaCO, v vzorcih tal (Gréman &
Zupan, 2008).

Koli¢ino izmenljivega oz. rastlinam dostop-
nega fosforja in kalija smo dolo¢ili na preseja-
nih (< 2 mm) vzorcih. Zatehtali smo 5 g vzorca
in ga prelili s 100 ml AL-ekstrakcijske raztopine
(0,1 mol/L amonlaktat in 0,4 mol/L ocetna Kki-
slina) (Gréman & Zupan, 2008). Suspenzijo smo
stresali 2 uri in nato prefiltrirali skozi filtrski
papir. Koli¢ino fosforja v tleh smo dolocili spe-
ktrofotometri¢no, kalija pa z atomsko absorpcij-
sko spektrometrijo (AAS). Rezultate podajamo v
mg/100 g tal.

Teksturo tal smo dolo¢ili z mehansko analizo
oz. sedimentacijsko-pipetno metodo z amerisko
teksturno klasifikacijo (SIST ISO 11277, 2011).

Ugotavljanje vsebnosti kemi¢nih elementov

Kemic¢no sestavo tal so analizirali v kanad-
skem laboratoriju Bureau Veritas Mineral La-
boratories. Presejane, zmlete in homogenizirane
vzorce (po 15 g) so najprej razklopili z modificira-
no zlatotopko (HCL:HNO,:H,O = 1:1:1; pri 95 °C),
nato so izmerili vsebnosti kemic¢nih elementov
z ICP-MS oz. z ICP-ES. Z uporabo analizatorja
LECO so dolo¢ili tudi vsebnosti celotnega (C_ ) in
organskega ogljika (Corg). Izmed 65 analiziranih
elementov (Gabersek & Gosar, 2018; Gabersek,
2020), se v tem ¢lanku posvec¢amo le 10 PSE v iz-
branih 14 vzorcih. Kakovost analiz je bila zado-
voljiva za vse PSE (Gabersek & Gosar, 2018).

Metoda zaporednih ekstrakcij

Metoda zaporednih ekstrakecij se uporablja
za ugotavljanje porazdelitve izbranih elementov
med razli¢nimi talnimi frakecijami (frakcionaci-
ja; Tessier et al., 1979). Gre za postopek, pri ka-
terem vzorce tal postopoma izpostavljamo raz-
licnim reagentom oz. ekstrakcijskim teko¢inam
in s tem spreminjamo fizikalno-kemicne pogoje v
vzorcih, kot so npr. pH in oksidacijsko-redukecij-
ske razmere. Na ta na¢in naj bi v vsakem koraku
izloc¢ili elemente, ki so vezani na to¢no doloceno
talno frakcijo (npr. na karbonate, organsko snov).
Reagenti so v vsakem nadaljnjem koraku pravi-
loma moc¢nejsi in manj selektivni, kar pomeni, da
so PSE, ki se izlo¢ijo v zacetnih korakih, Sibke-
je vezani na talne frakcije in so posledi¢no bolj
mobilni ter lahko imajo ve¢ji vpliv na okolje, kot
PSE, ki se izlo¢ijo v zadnjih fazah postopka (Ba-
con & Davidson, 2008). PSE, ki v raztopino pre-
idejo sSele z raztapljanjem vzorcev z zlatotopko v
VI. stopnji, nastopajo v tleh v kristalnih resetkah
obstojnih primarnih in sekundarnih mineralov,
zato ne pricakujemo, da bi presli v talno razto-
pino v kratkem ¢asovnem obdobju (Tessier et al.,
1979). Metoda zaporednih ekstrakcij ima tudi
nekaj pomanjkljivosti, ki jih je treba upostevati
pri interpretaciji rezultatov. Med ekstrakcijami
lahko pride do obarjanja sekundarnih mineralov,
posamezna ekstrakcija je lahko nepopolna, dolo-
Ceni reagenti lahko raztopijo vec¢ razliénih talnih
frakcij (neselektivnost reagentov), itd. (Bacon &
Davidson, 2008). Posledi¢no ne moremo to¢no do-
lociti koliko nekega elementa je vezanega v dolo-
¢eni talni frakeiji oz. mineralu, lahko pa to oce-
nimo (Bacon & Davidson, 2008).

Uporabili smo nekoliko spremenjeno 6-sto-
penjsko metodo (LeStan et al., 2003). Izvedli smo
jo na vseh 14 vzorcih. Uporabili smo 1 g homoge-
niziranega, suhega in presejanega (< 2 mm) vzor-
ca. Poleg Cu, Pb in Zn smo analizirali Se nasled-
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njih 7 elementov: As, Cd, Co, Cr, Mn, Mo in Ni. V

nadaljevanju so predstavljene posamezne stopnje

uporabljene metode (deloma povzeto po LeStan et

al., 2003):

I. stopnja — frakcija topna v talni raztopini: v
prvi stopnji smo vzorce prelili z 10 ml des-
tilirane vode, stresali 1 h in centrifugirali
30 min na 2300 g. Hitrost stresanja in po-
goji centrifugiranja so bili enaki tudi v
vseh nadaljnjih korakih. Po kon¢anem cen-
trifugiranju smo bistro tekoé¢ino oz. »su-
pernatant« odlili v epruvete in shranili v
hladilnik za analize vsebnosti PSE. Na ta
nacin smo pridobili frakeijo, ki je topna v
talni raztopini.

II. stopnja - izmenljivo vezani PSE: ostan-
ku vzorcev smo dodali 10 ml 1 M raztopine
Mg(NO,),, stresali 2 h, centrifugirali in pre-
lili teko¢ino v epruvete ter shranili. Trdni
preostanek smo nato »oprali« oz. prelili z
8 ml destilirane vode, stresali 5 min in cen-
trifugirali 30 min na 2300 g. Teko¢ino smo
odlili in zavrgli. V tem koraku smo z rea-
gentom Mg(NO,), nadomestili ione, ki so bili
elektrostati¢no vezani na talne delce. Posle-
di¢no so ti ioni presli v raztopino.

III. stopnja — PSE vezani na karbonate: frak-
cijo, ki je vezana na karbonate, smo prido-
bili tako, da smo trdni preostanek prelili z
10 m1 1 M NH,OAc (pH 5), stresali 5 h, cen-
trifugirali in shranili teko¢i del. S tem smo
karbonate v tleh (kalcit, dolomit) raztopili
in posledi¢no so PSE, vezani na karbonate,
presli v ekstrakcijsko raztopino. Na koncu
smo ponovili enak postopek z destilirano
vodo kot v II. stopnji.

IV. stopnja — PSE vezani na Zelezove in man-
ganove okside: vzorcem tal smo dodali 20 ml
0,1 M raztopine NH,OHxHCI (pH 2), stresali
12 h, centrifugirali in odlili ter shranili bis-
tro tekoc¢ino. S tem postopkom smo v vzor-
cih ustvarili redukcijske pogoje, v katerih
so zelezovi in manganovi oksidi neobstojni,
kar je povzrocilo prehod obravnavanih PSE
vezanih na te okside v raztopino. Po kon¢ani
ekstrakeiji smo trdni preostanek oprali z
destilirano vodo po enakem postopku kot v
prejsnjih korakih.

V. stopnja - PSE vezani na organsko snov: or-
gansko snov smo izpostavili oksidacijskim
pogojem tako, da smo trdni preostanek pre-
lili s 3 m1 0,02 M HNO,, suspenzijo segrevali
v vodni kopeli (85 °C) in pri tem postopoma
dodajali 5 ml 30 % H,O,. Vzorce smo pustili
v kopeli pribliZzno 3 h oz. dokler ni H,O, po-

polnoma izhlapel, ob¢asno smo jih premesa-
li s stekleno palcko. Nato smo dodali 15 ml
1 M raztopine NH,OAc, stresali 30 min, cen-
trifugirali in shranili tekoc¢i del. To stopnjo
smo zakljuc¢ili z ekstrakcijo z destilirano
vodo po enakem postopku kot v prejsnjih
korakih.

VI. stopnja — PSE vezani v preostanku: v zad-
njem koraku smo z zlatotopko raztopili
minerale, ki so obstojni v predhodno upo-
rabljenih reagentih (z izjemo nekaterih ob-
stojnejsih silikatnih in oksidnih mineralov,
ki jih zlatotopka ne raztaplja). Preostanek
vzorcev smo prelili z 21 ml 37 % HCl in 7 ml
65 % HNO,, pustili stati 16 h pri sobni tem-
peraturiinnato 2 h segrevali na kuhalniku s
povratnimi hladilniki. Ohlajene vzorce smo
filtrirali v bucke, jih dopolnili do 100 ml z
destilirano vodo in shranili (20 ml) v hladil-
niku do nadaljnjih analiz.

Metodo zaporednih ekstrakecij smo izvedli

v laboratorijih Centra za pedologijo in varstvo

okolja na Biotehniski fakulteti, vsebnosti 10 ele-

mentov v posameznih raztopinah pa so z ICP-MS
dolo¢ili v podjetju Eurofins Erico iz Velenja.

Kakovost metode zaporednih ekstrakcij

Kakovost metode zaporednih ekstrakcij smo
spremljali na ve¢ nac¢inov: v analizo smo vklju-
¢ili ponovitve 5 vzorcev, 1 slepi vzorec in 1 vzo-
rec standarda BCR no. 701. Ta standard doloca
standardne vsebnosti za Cd, Cr, Cu, Ni, Pb in Zn.
Razvit je bil za 4-stopenjsko BCR metodo zapore-
dnih ekstrakcij (Sutherland, 2010), ki se nekoli-
ko razlikuje od uporabljene metode, tako da smo
lahko primerjali le seStevke vseh korakov in ne
vsebnosti po posameznih korakih. Z izracunom
relativne napake (RE) smo ugotovili, da je bila
to¢nost zadovoljiva za vse elemente (RE med 3,4
in 12,2 %), z izjemo Cd.

Ponovljivost oz. natanc¢nost je bila ustrezna
(relativna odstotna razlika oz. RPD < 30 %) v vseh
primerih, z izjemo Pb v vzorcu MBS0O094 in v ne-
katerih primerih, ko so bile ugotovljene zelo niz-
ke vsebnosti, ki niso bistveno vplivale na celotne
rezultate. Vsebnosti v slepem vzorcu so bile za-
nemarljive oz. pod mejo dolocljivosti. Primerjali
smo tudi predhodno dolo¢ene celotne vsebnosti v
vzorcih z vsebnostmi ugotovljenimi z metodo za-
porednih ekstrakcij. Rezultate smo opredelili kot
zadovoljive, ¢e je bil izkoristek med 70 in 130 %,
torej ¢e odstopanja med meritvami niso bila vis§ja
od 30 %. Ugotovljeni povprecni izkoristki so bili
med 84,4 % (Cu) in 106 % (Cr). V primerih Cd
in Mo smo z metodo zaporednih ekstrakcij dobili
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obcutno previsoke vsebnosti (razlika med 300 in
2815 % za Mo in med 123 ter 566 % za Cd), zato
smo ta dva elementa izloc¢ili iz nadaljnje obrav-
nave. Razlike vecje od 30 % smo ugotovili tudi za
Cu v vzorcih MBSO084 in MBSO102 ter za Pb in
Zn v vzorcu MBS0102, kar je podrobneje opisano
v poglavju z rezultati in interpretacijo.

Rezultati in diskusija

Mineralna sestava

V vseh treh analiziranih vzorcih je najveé
kremena (37-40 %), sledijo plagioklazi (26-33 %),
muskovit/illit (6-18 %), klorit (5—-11 %) in dolo-
mit (3-6 %). V vzorcih MBS0026 in MBSO084
so prisotni tudi K-glinenci in nekaj kalcita, v
vzorcu MBSO0092, ki je bil odvzet na JZ obrobju
vzorénega obmocja, so prisotni Se amfiboli. Mi-
neralna sestava je posledica geogenih dejavnikov
oz. prisotnosti magmatskih in metamorfnih ka-
mnin v okolici Maribora ter v porec¢ju reke Drave.
Omenjeni minerali so bistveni (kremen, plagiok-
lazi, amfiboli, K-glinenci) in akcesorni (amfiboli,
muskovit) minerali v pohorskih magmatskih ter
metamorfnih kamninah, ali pa so nastali s pre-
perevanjem omenjenih kamnin (nastanek klo-
rita, illita) (Mio¢ & Znidar¢i¢, 1989; Zupancic,
1995). ManjSe vsebnosti dolomita in kalcita, ka-
terih vsebnosti so nekoliko vi§je v obeh vzorcih
iz mestnega jedra (po 7 %) kot v vzorcu iz trav-
niske povrsine na obrobju obmocja (3 %), lahko
izvirajo iz geogenih ali antropogenih virov (npr.
zimsko posipanje cest s karbonatnim peskom).

Pedoloske lastnosti

Rezultati pedoloskih analiz tal so podani v
tabeli 1. Vrednosti pH in delezi celotnega oglji-
ka ter organske snovi v vseh 118 vzorcih mari-
borskih tal so ze bili podrobno opisani (Gaber-
Sek & Gosar, 2018), zato se tu osredotocamo le na
izbranih 14 vzorcev. Vrednosti pH v teh vzorcih
so precej podobne, saj se gibljejo med 6,9 in 7,4,
mediana znasa 7,2. Glede na to, da v Mariboru
in okolici prevladujejo nekarbonatne kamnine
in sedimenti, so ugotovljene vrednosti nekoliko
viS§je od pricakovanih. Karta pH zgornjega ho-
rizonta tal v Sloveniji, ki so jo izdelali na Cen-
tru za pedologijo in varstvo okolja na ljubljanski
Biotehniski fakulteti (Internet 1) kaze, da so tla
v okolici Maribora moc¢no kisla (pH < 4,5; pred-
vsem v Dravski dolini), kisla (4,6—5,5) in zmerno
kisla (5,6-6,5). Nevtralna tla (6,6-7,2) so v mo¢no
podrejenem polozaju, pojavljajo se le na obmocju
Slovenskih Goric. Za tla na urbanih obmo¢jih so
sicer znacilne nevtralne do rahlo ali celo moc¢-

no bazi¢ne vrednosti pH, ne glede na geolosko
zgradbo ozemlja, kar je posledica antropogenih
dejavnosti (Yang & Zhang, 2015). Vi§je vrednosti
pH na obmo¢ju Maribora glede na okolico lahko
deloma pripiSemo posipanju cest s karbonatnimi
peski in soljenju v zimskem ¢asu, saj za te namene
v Sloveniji uporabljajo suho sol (NaCl) in mokro
sol, kjer je NaCl omocen z raztopino MgCl, ali
CaCl, (Seme Lesjak, 2014). VnaSanje (neposredno
ali s prasenjem preko ozracja) elektrofiltrskega
pepela in gradbenega materiala z nevtralno ali
bazi¢no vrednostjo pH (npr. apno, beton) lahko
prav tako zvisa pH tal v urbanih okoljih (Birke
et al,, 2011; Yang & Zhang, 2015). V okoljih z vis-
jim pH je obic¢ajno ve¢ina PSE (npr. Cu, Hg, Pb)
nemobilnih oz. manj mobilnih, kot v tleh z niZjim
pH (Kabata Pendias, 2011) in posledi¢no predsta-
vljajo manjSe tveganje za okolje in ljudi. To je Se
posebej pomembno za urbana okolja, za katera so
znacilne visoke vsebnosti nekaterih PSE v tleh
in veliko Stevilo prebivalcev (Gabersek & Gosar,
2018).

Vsebnosti celotnega ogljika (C_) v izbranih
vzorcih so med 2,9 % in 8,9 %, vsebnosti organ-
skega ogljika (C ) med 2,1 % in 7,5 %. Mediana
C.lie 47 % in COrg 4,2 %. Od celotne vsebnosti
ogljika v tleh, ga povpre¢no 83 % pripada or-
ganskemu ogljiku. Mediana vsebnosti organske
snovi je 8,0 %, kar je nekoliko vi§je v primerjavi
s celotnim Mariborom (Md = 5,9 %; Gabersek &
Gosar, 2018) in le rahlo nizje od mediane sloven-
skih tal (8,2 %; Zupan et al., 2008) ter povprecja
tal v Ljubljani (9,5 %; Gliha, 2008).

Delezi karbonatov so med 1,2 % in 9,0 %,
mediana je 6,1 %. Ti delezi so nizji od vrednos-
ti v ljubljanskih tleh, ki vsebujejo med 10,9 % in
34,5 % karbonatov, povprecje znasa 25 % (Gliha,
2008). To razliko lahko pripisemo geoloski zgrad-
bi okolice obeh mest, saj so v zaledju Ljubljane
karbonatne kamnine bolj pogoste kot v okolici
Maribora.

Vsebnosti rastlinam dostopnega fosforja
(P,O,; sl. 2) so med 13,5 in 185 mg/100 g tal, me-
diana je 33,1 mg/100 g. Rezultati kazejo, da so tla
v Mariboru moc¢no obogatena s P,O,, saj, glede na
Mihelic et al. (2010), 36 % vzorcev pripada razre-
du cezmerne preskrbljenosti (26-40 mg/100 g),
36 % pa razredu ekstremne preskrbljenosti
(> 40 mg/100 g). Le 4 vzorce smo lahko opredeli-
li kot dobro preskrbljene s P,O, (13-25 mg/100 g).
Ce primerjamo vsebnosti rastlinam dostopnega
fosforjain celotne vsebnosti fosforja, dolocene po
razklopu z zlatotopko, ugotovimo, da rastlinam
dostopni fosfor predstavlja med 19,1 in 77,9 %
celotnega fosforja v tleh oz. povprecno 38,5 %.
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Nasploh so za tla urbanih okolij znacilne moc-
no povisane vsebnosti fosforja, do kopic¢enja pri-
haja predvsem zaradi uporabe organskih gnojil
in blata iz ¢istilnih naprav (Zhang et al., 2001;
Yang & Zhang, 2015). Visoke vsebnosti rastlinam
dostopnega fosforja v tleh lahko predstavlja-
jo tudi tveganje za onesnazenje podzemne vode
(Zhang et al., 2001), predvsem v tleh z majhnimi
delezi gline. V mariborskih vzorcih MBSO023 in
MBSO0060 je ugotovljena vsebnost za 4,5-krat pre-
segala mejno vrednost za ekstremno preskrblje-
nost tal z rastlinam dostopnim fosforjem. Vzo-
rec MBSO023 je bil odvzet na zelenici v parku
v starem mestnem sredis¢u, vzorec MBSO060 pa
na zelenici pred starejSo ve¢stanovanjsko stavbo
na severnem obrobju Tezna. Vzrok visokih vseb-
nosti P,O, bi lahko predstavljala pretekla raba
teh obmocij, ki sta bili morda namenjeni okrasni
parkovni cvetlicni gredici (MBS0023) ali vrtu
(MBSO060) in zato mo¢no gnojeni. Za slovenske
vrtove pogosto velja, da so prekomerno zalozeni
s fosforjem in tudi kalijem, medtem ko so kme-
tijska tla z manj intenzivno rabo (Silc, 2008) ter
gozdna tla (Urbancic et al., 2005) obic¢ajno osiro-
masena s tema elementoma. Prispevek k visokim
vsebnostim na teh dveh in tudi drugih lokacijah
bi lahko predstavljalo tudi vnaSanje organskih
gnojil za vzdrzevanje zelenic in prisotnost pas-
jih iztrebkov. Lokacije z izrazito visokimi vseb-
nostmi P,0O, se pojavljajo tudi na obrobju mesta.
Tak primer je lokacija MBSO094 (po vsej verje-
tnosti gre za zatravljeno njivsko povrsino), kjer je
vsebnost P,O, 136 mg/100 g.

Nekoliko drugac¢na slika se kaze pri vseb-
nostih rastlinam dostopnega kalija (K,O; sl. 2).
Vrednosti se gibljejo med 8,1 in 39,6 mg/100 g

tal. Miheli¢ et al. (2010) so porazdelitev v razrede
postavili glede na teksturo tal. V Mariboru tako 3
vrednosti spadajo v razred siromasne preskrblje-
nosti tal s K,O (< 10 mg/100 g), 7 v razred srednje
preskrbljenosti (10-19 mg/100 g), 1 vzorec kaze
dobro preskrbljenost (20-30 mg/100 g) in 3 Cez-
merno (31-40 mg/100 g). Nekatere najvisje vseb-
nosti bi lahko pripisali gnojenju mestnih zelenic
ali pretekli rabi.

S sedimentacijsko-pipetno metodo smo ugoto-
vili, da najve¢ vzorcev (9) spada v teksturni ra-
zred pesScene ilovice (PI), 4 vzorci v razred ilovice
(I) in 1 v razred meljaste ilovice (MI). Mediana
vsebnosti peska znaSa 52,8 % in je precej visja
od mediane za slovenska tla, ki je v zgornjih 5 cm
tal 20,9 % (Zupan et al., 2008). Vsebnosti melja
in gline (tabela 1) so nekoliko nizje od sloven-
skih median, ki sta v zgornjih 5 cm tal 56,8 %
za melj in 18,7 % za glino (Zupan et al., 2008).
Tudi v okviru raziskovanja tal devetih maribor-
skih vrtcev so bili ugotovljeni podobni teksturni
razredi (Gréman et al., 2008). Tovrstna tekstura
je lahko odraz antropogenega vnosa materiala v
velikosti peska ali geoloske sestave okolice Mari-
bora, v kateri prevladujejo siliciklasti¢ne kamni-
ne oz. sedimenti, ki so odporni na mehansko in
kemic¢no preperevanje.

Vsebnosti kemiénih elementov

V tabeli 2 so podani osnovni statisti¢ni po-
datki o vsebnostih As, Cd, Co, Cr, Cu, Mn, Mo,
Ni, Pb in Zn v izbranih 14 vzorcih. Primerjava
z medianami v vseh 118 vzorcih kaze, da imajo
izbrani vzorci izrazito viSje vsebnosti Cu, Pb in
Zn, medtem ko se vsebnosti ostalih elementov bi-
stveno ne razlikujejo. Najvisje vsebnosti omenje-
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Tabela 1. Osnovni statisti¢ni podatki o pedoloskih lastnostih.
Table 1. Descriptive statistics of pedological characteristics.

N Min X Md Max
C cel. (%)* 118 1,3 3,8 3,6 12,7
C cel (%) 14 2,9 5,0 47 8,9
C org. (%)* 118 1,2 3,3 3,1 11,6
C org. (%) 14 2,1 4,2 4,2 7,5
org. snov (%)* 118 2,3 6,2 5,9 22,0
org. snov (%) 14 4,0 8,0 8,0 14,3
pH* 118 47 6,9 7,1 7,5
pH 14 6,9 7,2 7,2 7,4
pesek (%) 14 25,3 52,8 53,8 64,2
grobi melj (%) 14 10,5 14,2 13,7 21,5
fini melj (%) 14 14,4 22,4 22,6 35,6
melj skupno (%) 14 24,9 | 36,6 36,3 57,1
glina (%) 14 7,5 10,5 8,9 18,1
K,O (mg/100 g) 14 8,1 18,5 16,5 39,6
P,0, (mg/100g) 14 13,5 | 60,2 33,1 185
CaCo, (%) 14 1,2 5,8 6,1 9,0

*Gabersek & Gosar (2018); C cel. — delez celotnega ogljika/
total carbon content; C org. — delez organskega ogljika/or-
ganic carbon content; org. snov — delez organske snovi/or-
ganic matter content (C org. (%) x 1,9); N — Stevilo analizi-
ranih vzorcev/number of analysed samples; Min - najnizja
vrednost/lowest value; X — povprec¢je/mean; Md — mediana/
median; Max — najvisja vrednost/highest value

nih treh PSE se pojavljajo razprseno po celotnem
obmocju. Njihovi najverjetnej$i antropogeni viri
so industrija, promet in kmetijstvo (Gabersek &
Gosar, 2018). NajviSje vsebnosti Cu smo ugotovili
na JV obrobju Maribora, neposredno ob manjsem
makadamskem parkiris¢u ob cesti (MBSO102:
1347 mg/kg) in na industrijskih obmoé¢jih Me-
lje, v blizini livarne (MBSO0026: 525 mg/kg), ter
Tezno (MBSO084: 857 mg/kg). Izrazito najvisji
vsebnosti Pb smo ugotovili na kmetijski povrsini
na JZ obrobju Maribora (MBS0092: 626 mg/kg)
in na industrijskem obmocju Tezno (MBSO084:
535 mg/kg). NajviSjo vsebnost Zn ima vzorec

MBSO0084 s Tezna (1202 mg/kg). Sledijo vzor-
ci z JV obrobja Maribora (MBSO0102: 828 mg/
kg), vzorcénega mesta severno od Tezna, v blizini
Titove ceste (MBSO060: 680 mg/kg) in iz Melja
(MBSO0026: 628 mg/kg) (Gabersek & Gosar, 2018).
Glede na slovensko Uredbo o mejnih, opozorilnih
in kritiénih imisijskih vrednostih nevarnih snovi
v tleh (Uradni list RS, §t. 68/96 in 41/04 — ZVO-1),
vsebnosti Cu, Pb in Zn v vecini izmed 14 vzorcev
presegajo zakonsko doloc¢ene vrednosti. Kriticne
vsebnosti Cu so presezene v treh vzorcih, Pb in
Zn pa v po dveh vzorcih. Da bi ugotovili v ka-
ksnih oblikah so ti PSE vezani v tleh in oprede-
lili njihovo mobilnost, smo izvedli metodo zapo-
rednih ekstrakecij.

Porazdelitev PSE med talne frakcije

Kakovost metode zaporednih ekstrakeij je bila
zadovoljiva za naslednjih 8 PSE: As, Co, Cr, Cu,
Mn, Ni, Pb in Zn (sl. 3-5). V vzorcih MBSO084
in MBS0O102, v katerih smo s predhodno anali-
zo po razklopu z zlatotopko ugotovili najvisje
celotne vsebnosti Cu (857 in 1347 mg/kg), smo z
metodo zaporednih ekstrakecij zaznali obc¢utno
nizje vsebnosti. V vzorcu MBS0084 je seStevek
vseh 6. stopenj predstavljal 47 % predhodno ugo-
tovljene celotne vsebnosti, v vzorcu MBS0O102 pa
le slabe 3 %. Oba vzorca sta bila analizirana v
dvojnikih in v obeh primerih smo dobili enak re-
zultat. Tudi seStevek vsebnosti Pb in Zn v vzorcu
MBSO0102 se je moc¢no razlikoval od predhodno
ugotovljenih celotnih vsebnosti. Posledi¢no re-
zultatov metode zaporednih ekstrakcij za Cu v
vzorcih MBS0O084 in MBSO102 ter za Pb in Zn
v vzorcu MBSO102 nismo upostevali v nadaljnji
analizi (so pa vseeno prikazani na slikah 4 in 5).
Vzrok za ugotovljene razlike v vsebnostih je lah-
ko morebitna nehomogenost vzorcev.

Prva (frakcija topna v talni raztopini) in
2. stopnja (izmenljivo vezani PSE) metode zapo-
rednih ekstrakcij predstavljata najlazje izmenlji-
ve oz. dostopne PSE v tleh. Ugotovljene vsebnosti

Tabela 2. Osnovni statisti¢ni podatki o vsebnostih 10 PSE v 14 vzorcih tal in primerjava z medianami v vseh 118 vzorcih.

Table 2. Descriptive statistics of 10 PTE contents in 14 soil samples and comparison with medians of all 118 samples.

N As Cd Co Cr Cu Mn Mo Ni Pb Zn

Min 14 6,9 0,27 7,8 24 42 405 0,44 23 56 96
Md 14 10,9 0,53 9,4 31 151 578 1,12 27 112 260
X 14 11,0 0,76 11,4 37 290 571 1,3 31 175 413
Max 14 19,9 2,28 32 74 1347 710 2,18 63 626 1202
Md* 118 10,1 0,32 10,2 31 40 613 0,85 28 44 131

*Gabersek & Gosar (2018); Min — najnizja vsebnost/lowest content; Md — mediana/median; X — povprecna vsebnost/mean; Max
- najvisja vsebnost/highest content; N - §tevilo analiziranih vzorcev/number of analysed samples
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Sl. 3. Frakcionacija As, Co in Cr (v % in mg/kg).
Fig. 3. Fractionation of As, Co and Cr (in % and mg/kg).
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Fig. 5. Fractionation of Pb and Zn (in % and mg/kg).

As, Co, Cr, Cu, Mn, Ni, Pb in Zn v obeh stopnjah
so zelo nizke. Vsebnosti Cr so v vseh vzorcih pod
mejo doloc¢ljivosti (< 0,005 mg/kg), povprecni
raztopljeni delezi preostalih PSE ne presegajo
0,36 % celotnih vsebnosti v 1. stopnji (As in Cu)
0z. 1,3 % v 2. stopnji (Mn). To pomeni, da je veci-
na vsebnosti < 1 mg/kg. Izjema je le Cu v vzorcih
MBSO026 (1. stopnja: 1,68 mg/kg in 2. stopnja:
3,85 mg/kg) in MBSO062 (2. stopnja: 1,42 mg/
kg) ter izmenljivo vezan Mn (vsebnosti med 3,9 in
22,3 mg/kg, povprecje je 7,3 mg/kg).

Povprecéno najmanjsi karbonatno vezan (3. stop-
nja) delez imajo Cr (0,61 % oz. 0,24 mg/kg), As
(2,1 % oz. 0,22 mg/kg), Ni (2,4 % oz. 0,76 mg/
kg) in Co (2,4 % oz. 0,34 mg/kg) ter najvecji Zn
(11,3 % oz. 48 mg/kg) in Pb (13 % oz. 25 mg/kg).

Povprec¢ni delezi PSE vezanih na Fe in Mn
okside/hidrokside oz. PSE vezane na frakcije, ki
so neobstojne v redukcijskih pogojih (4. stopnja)
so ve¢inoma nizki. Za As, Cu, Ni in Pb so nizji od
1 %, za Cr so vsi rezultati pod mejo dolocljivosti.
Nekoliko vecji povpreéni delez imata Co (3,4 %) in
Zn (4,8 %). Izrazito najvecje deleze vezane v 4. sto-
pnji ima, pricakovano, Mn. Ugotovljeni delezi se
gibljejo med 27 in 43 % oz. med 125 in 266 mg/kg.

Za vse PSE, z izjemo Mn, velja, da so v najvecji
meri vezani na organsko snov (5. stopnja) ali na
preostanek (6. stopnja). Najvecja povprecna dele-
za Cu (50 %) in Pb (66 %) sta vezana na organsko
snov, As (74 %), Co (71 %), Cr (83 %), Ni (86 %) in
Zn (60 %) pa so v najvecji meri vezani v preos-
tanku.
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V nadaljevanju podajamo podrobnejsi opis re-
zultatov za Cu, Pb in Zn, saj so njihove celotne
vsebnosti v obravnavanih vzorcih tal ve¢inoma
vi§je od zakonsko doloc¢enih in bi lahko predstav-
ljali tveganje za okolje. Najve¢ Cu je vezanega
na organsko snov oz. talne frakcije neobstojne v
oksidacijskih pogojih (5. stopnja) in v preostanku
(6. stopnja). Vsebnosti v 5. stopnji se gibljejo med
7,9 in 235 mg/kg oz. med 20 in 63 % (povprecno
50 %) celotnih vsebnosti, v 6. stopnji pa med 19,7
in 96,2 mg/kg oz. 22 in 76 % (povprecno 43 %)
celotnih vsebnosti. Sledi 3. stopnja (PSE vezani
na karbonate) z vsebnostmi med 0,4 in 106 mg/kg
0z. 0,9 in 24 % (povprecno 5,6 %). Delezi v ostalih
treh stopnjah so v vseh vzorcih pod 1 % (sl. 4).

Tudi vsebnosti Pb so najvisje v 5. stopnji, ne-
koliko nizje v 6. in 3. ter zelo nizke v preostalih
stopnjah (sl. 5). Vsebnosti v 5. stopnji so med 28,7
in 418 mg/kg oz. predstavljajo med 54 in 79 %
(povprecno 66 %) celotnih vsebnosti v tleh. Sle-
dita 6. stopnja, ki predstavlja med 12 in 33 % ce-
lotnih vsebnosti Pb v tleh oz. povpre¢no 21 %, in
3. stopnja s 5,2-23 % (povprecno 12,4 %). Delezi
topni v talni raztopini, izmenljivo vezani in ve-
zani na Fe ter Mn okside so pod 0,1 % (vrednosti
so pogosto pod mejo dolocljivosti). Izstopa le vzo-
rec MBSO092, v katerem je na Fe in Mn okside
vezanega 2,3 % oz. 14,3 mg/kg celotnega Pb.

Vsebnosti Zn so najvisje v preostanku topnem
v zlatotopki (sl. 5). Znasajo med 72 in 518 mg/
kg 0z. med 35 in 76 % (povprecno 60 %) celotnih
vsebnosti Zn v tleh. Sledita 5. stopnja s povprec-
no 23 % (15-45 %) in 3. stopnja s povprec¢no 11 %
(2,8-31 %) celotnih vsebnosti (sliki 3 in 4). Na Fe
in Mn okside je povpreéno vezanega 4,8 % celot-
nega Zn oz. med 1,4 in 10,8 %. Delezi Zn topnega
v talni raztopini in izmenljivo vezanega so v vseh
vzorcih pod 1 %.

Podobno porazdelitev Pb in Zn med talne frak-
cije kot v Mariboru, so raziskovalci ugotovili tudi
v zerjavskih (Struna, 2008) in celjskih (Lestan
et al., 2003) onesnazenih tleh. V Celju je enako
kot v Mariboru najve¢ Pb vezanega na organsko
snov (35,8-71,1 %), v preostanku (10,4-53,4 %) in
na karbonatih (2,04-43,5 %), enako velja tudi za
Zn (Lestan et al., 2003). Podobno je tudi v tleh iz
Zerjava najveé¢ Pb in Zn vezanega na organsko
snov (4,4-76,4 % in 19,8-62,4 %), karbonate (18,1-
73 % in 10,7-48,2 %) ter v preostanku (3,8-65,5 %
in 5,2 %-45,4 %) (Struna, 2008). Za tla vseh treh
slovenskih mest so znacilne nizke vsebnosti oz.
delezi Pb in Zn v 1. ter 2. stopnji, ki opredeljuje-
ta najlazje izmenljive oz. dostopne PSE in veli-
ki razponi v delezih v posameznih stopnjah med
razliénimi vzorci. V primerjavi z Mariborom, so

v celjskih in zerjavskih tleh vec¢ji delezi Pb in Zn
vezani na karbonate. To je posledica razlik v geo-
loskih zgradbah, saj v okolici Maribora, za razli-
ko od Celja in Zerjava, prevladujejo magmatske,
metamorfne in siliciklasti¢ne kamnine.

Morebitne povezave med frakcionacijo PSE in
pedoloskimi lastnostmi smo ugotavljali z izracu-
nom neparametri¢nih Spearmanovih korelacij-
skih koeficientov. Statisti¢no znacilnih korelacij,
s katerimi bi lahko pojasnili rezultate metode
zaporednih ekstrakeij, v vecini primerov nismo
odkrili. Izjema so le statisti¢no znacilne korela-
cije (0,5-0,9) med delezi melja in vsebnostmi nas-
lednjih PSE: Co v 5. in 6. stopnji; Pb v 5. stopnji;
Cr, Mn ter Ni v 6. stopnji; celotne vsebnosti Co,
Cr, Mn in Ni. Primerjali smo tudi izstopajoce
rezultate metode zaporednih ekstrakcij v posa-
meznih vzorcih s pedoloskimi lastnostmi istega
vzorca. Tudi v teh primerih nam frakcionacije ni
uspelo zadovoljivo pojasniti z analiziranimi pe-
doloskimi lastnostmi.

Kot smo omenili Ze v poglavju o uporabljenih
metodah,ima metoda zaporednih ekstrakeij dolo-
¢ene pomanjkljivosti oz. ne daje povsem zaneslji-
vih rezultatov, saj med ekstrakcijami lahko pride
do obarjanja sekundarnih mineralov, posamezna
ekstrakcija je lahko nepopolna, doloceni reagenti
lahko raztopijo ve¢ razli¢nih talnih frakeij (ne-
selektivnost reagentov), itd. (Bacon & Davidson,
2008). Gliha (2008) je na primer s primerjavo mo-
dificirane Tessierjeve metode in standardizirane
BCR metode (4-stopenjska metoda, ki temelji na
Tessierjevi) ugotovila dolocene razlike v poraz-
delitvi Pb, predvsem v delezih vezanih na karbo-
nate, organsko snov in Fe ter Mn okside. Razlike
je pripisala dejstvu, da se pri Tessierjevi metodi
karbonati v 3. stopnji niso popolnoma raztopili in
so se raztapljali Se v nadaljnjih stopnjah ter po-
sledi¢no zviSevali pH, kar je vplivalo na manjse
izlo¢anje PSE iz Fe ter Mn oksidov. To so potrdili
z meritvijo pH vrednosti raztopin pred zacetkom
in po koncu vsake stopnje (Gliha, 2008).

Kljub morebitnim pomanjkljivostim meto-
de zaporednih ekstrakcij, pridobljeni rezultati
omogocajo vsaj delno oceno o tem kako mo¢no so
obravnavani PSE vezani v oz. na razli¢ne talne
frakcije. Vsi PSE, z izjemo Mn, so v najvecji meri
vezani na organsko snov (5. stopnja) in preosta-
nek (6. stopnja), kar kaze na njihovo relativno
moéno vezavo. Se posebej moéno vezani so As,
Co, Cr in Ni. V 1. in 2. stopnji, ki predstavljata
najlazje izmenljive PSE, so ugotovljene vsebno-
sti prakti¢no zanemarljive. Ti rezultati kazejo, da
vsebnosti obravnavanih PSE v mariborskih tleh
ne predstavljajo tveganja za okolje.



Mineralna sestava, pedoloske lastnosti in frakcionacija izbranih kemi¢nih elementov v tleh v Mariboru 189

Zakljucek

Tla v urbanih okoljih se zaradi antropogenih
vplivov obic¢ajno izrazito razlikujejo od ostalih
tal. Rezultati nase raziskave kazejo, da to velja
tudi za tla v Mariboru. Izmed preucevanih pe-
doloskih lastnosti, antropogen vpliv najbolj jasno
odraza ugotovljena pH vrednost okrog 7, kar je
visje od tal okoliskih neurbanih obmo¢ij, in viso-
ke vsebnosti rastlinam dostopnega fosforja. Te-
kstura in mineralna sestava sta v najvecji meri
posledica geogenih dejavnikov. Vsebnosti in pro-
storska porazdelitev nekaterih PSE v tleh kaze
na njihov delno antropogen izvor. Najbolj izrazi-
to to velja za Cu, Pb in Zn, katerih najvisje vseb-
nosti presegajo zakonodajno doloc¢ene meje za
vsebnosti v tleh. Z metodo zaporednih ekstrakeij
smo ugotovili, da so vsi preucevani PSE (As, Co,
Cr, Cu, Mn, Ni, Pb in Zn) relativno moc¢no veza-
ni na talne komponente in zato predvidevamo, da
pri trenutnih fizikalno-kemi¢nih razmerah v tleh
ne predstavljajo tveganja za okolje.
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Izvleéek

V prispevku so podani rezultati sledilnega poskusa s sledilom uranin na odlagali§¢u nenevarnih odpadkov
Dragonja. Namen sledilnega poskusa je bil ugotoviti, kaksna je dinamika prenosa onesnazeval iz odlagalis¢a v
podzemno vodo. Odlagalisce odpadkov lezi na debelejsi preperini fliSnih kamnin, ki gradijo poboc¢je hriba. Ob
vznozju so meljno-glinasti in delno pesc¢eni aluvialni sedimenti reke Dragonja. Prenos uranina je odvisen od
intenzitete in trajanja padavin, potencialne evapotranspiracije, prepustnosti sedimentov, infiltracije padavin v
odlagalisce odpadkov in zasicenosti fliSne preperine. Uranin se je najprej pojavil v vrtini P2, ki je dolvodno od
mesta injiciranja v smeri toka vode po preperini. Vrtina P1 ni v smeri direktnega toka in se zato pojavi le rob
dispergiranega oblaka sledila. Podzemna voda iz fliSne preperine se izliva v aluvialno ravnico, koncentracije
uranina pa se razredcijo v podzemni vodi. Zaradi tega je v vrtini P5 zaznan pocasen dvig in upad koncentracije
uranina. Nivoji podzemne vode so zaradi velike evapotranspiracije kljub padavinam upadali vse do jesenskega
dezevja v oktobru. Sledilni poskus je potrdil heterogenost in kompleksnost geoloske zgradbe obmoc¢ja odlagalisca.

Abstract

The paper presents the results of a tracer experiment with the uranine tracer at the non-hazardous landfill
of Dragonja. The purpose of the tracer test was to determine the dynamics of the potential pollutants from
the landfill to the groundwater. The landfill lies on the thicker weathered layer of flysch rock that forms the
slope of the hill. At the foot of the hill are silty clay and partly sandy alluvial sediments of the Dragonja River.
The transport of uranine depends on the intensity and duration of precipitation, potential evapotranspiration,
permeability, precipitation infiltration into the landfill, and saturation of the weathering layer of flysh. Uranine
first appeared in the observation well P2, which is located downstream of the injection point, in the direction of
water flow. Observation well P1 is not in the direction of direct flow and therefore only the edge of the dispersed
tracer plume appeared in P1. The groundwater from the flysch weathered layer drains into the alluvial plain
and the uranine concentrations are diluted in the groundwater. In the observation well P5 a slow increase
and decrease of the uranium concentration was therefore observed. Due to the high evapotranspiration, the
groundwater levels were falling until October, when they began to rise after autumnal precipitation events. The
tracer experiment confirmed the heterogeneity and complexity of the geological structure of the landfill site.

Uvod

Odlagalis¢a nenevarnih oziroma nevarnih
odpadkov so z zacetkom industrijske dobe pa vse
do danes postala nuja, saj zbiranje in odlaganje
odpadnega materiala na centraliziranih obmo-
¢jih prispeva k zmanj$evanju nevarnosti za javno
zdravje in varnost (Mor et al., 2006).

V splosnem so stara odlagalis¢a odpadkov
nastajala v vrtacah (kras), grapah ali v opusce-
nih dnevnih kopih (na aluvialnih ravnicah tudi
v gramoznicah), ki so jih zapolnili z odpadKki,
nato pa odpadke enostavno prekrili s prekriv-
ko in zatravili. V vecini primerov so odpadke

odlagali neposredno na spodaj lezeca tla brez
tesnjenja ali neprepustne podlage, ki bi prepre-
¢ila izcednim vodam odtekanje iz odlagaliS¢a v
podzemno vodo. V 90-ih letih prejSnjega stoletja
pa so se zaradi sprejetja stroge zakonodaje od-
lagalis¢a odpadkov tudi v Sloveniji spremenila
v natan¢no planirana, moderna in tesnjena od-
lagalisc¢a s tehnoloskimi sistemi (zbirni centri,
mehanska bioloska obdelava, sistem izcednih
vod, sezig plina). Zakonodaja (Uradni list RS, st.
49/06, 114/09, NPB1 in 53/15; Uradni list RS, st.
10/2014, 54/2015, 36/2016 in 37/2018 ) s podrocja
odpadkov odlagaliS¢em predpisuje monitoring
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okolja v ¢asu obratovanja odlagalisca ter tudi za
obdobje po zaprtju (za zaprto odlagalisce za ne-
varne odpadke ali zaprto odlagaliSée za nenevar-
ne odpadke najmanj 30 let, za zaprto odlagalisce
za inertne odpadke pa najmanj 10 let). Prispevek
se osredoto¢a na monitoring podzemne vode. Za
izvajanje monitoringa podzemne vode so potreb-
ne vsaj tri opazovale vrtine, in sicer najmanj eno
gorvodno in dve dolvodno glede na prevladujoco
smer toka podzemne vode. V krasko-razpoklin-
skih vodonosnikih pa so lahko opazovalna mesta
tudi izviri. Lokacije opazovalnih mest so doloce-
ne v hidrogeoloski §tudiji za posamezno odlaga-
lisce odpadkov, ki je hidrogeoloski del programa
obratovalnega monitoringa podzemnih vod. Ven-
dar pa vsa odlagaliS¢a nimajo vzpostavljenega
optimalnega monitoringa podzemne vode, saj
pogosto gorvodnega opazovalnega mesta ni, kot
je to tudi v primeru odlagalis¢a Dragonja. Poleg
tega so starejSa odlagalis¢a odpadkov zelo kom-
pleksna, tako z vidika geoloSke sestave pod od-
lagalisc¢em, kot tudi z vidika tehnologije, saj so
vec¢inoma najstarejsi deli netesnjeni, sledijo no-
vejsi deli z delnim tesnjenjem ter najnovejsi deli z
vsemi tesnilnimi plastmi, kot zahteva zakonoda-
ja. Zaradi navedenega je zato lahko kompleksna
tudi sama izvedba hidrogeoloSkega monitoringa
(Ratej & Brencic¢, 2005; Prestor & Janza, 2002).
odlalisca kot vira onesnazevanja podzemne vode
je mozna v primeru, da poznamo hidrogeoloske
znacilnosti raziskovanega obmocja. Sledilni po-
skusi so se v preteklosti ze veckrat uporabljali za
doloc¢anje vpliva odlagaliS¢a na podzemno vodo
(Salama et al., 1989; Woodman et al. 2017), ven-
dar je potrebna previdnost pri izbiri sledila, saj
lahko organske snovi iz izcedne vode vplivajo na
detekcijo fluorescencnih sledil (Smart, 1985; Ma-
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rius et al. 2010). Sledilni poskusi se uporabljajo
tudi za dolocanje transporta onesnazeval znotraj
odlagaliS¢a v eksperimentalnih kolonah (Rosq-
vist & Bendz, 1999; Hudson, 2007; Woodman et
al., 2015) ali na terenu (Jolly et al., 2011; Caicedo,
2013; Woodman et al., 2014).

Vecina sledilnih poskusov v Sloveniji je bila
izvedena v krasko-razpoklinskih vodonosnikih z
namenom dolociti smeri in znacilnosti toka pod-
zemne vode za dolo¢itev vpliva odlagalisc¢a ter
za dolo¢itev uc¢inkovitega programa monitoringa
kemijskega in koli¢inskega stanja podzemne vode
(Cenéur Curk et al., 2007). Sledilni poskusi so bili
tako izvedeni za odlagalisca Mala gora pri Ribni-
ci (Kogovsek & Petri¢, 2006), Sezana (Kogovsek &
Petric, 2007) in Mozelj (Kogovsek & Petric, 2010).

V prispevku je predstavljen sledilni poskus na
odlagalis¢u nenevarnih odpadkov Dragonja, ki je
bil izveden z namenom ugotoviti vpliv odlagalisca
na podzemno vodo ter dinamiko transporta sno-
vi (onesnazeval) iz odlagaliS¢a v podzemno vodo
glede na hidrogeoloske in padavinske razmere.

Odlagalis¢e nenevarnih odpadkov Dragonja

Odlagalisce nenevarnih (komunalnih) odpad-
kov lezi na obrobju doline reke Dragonje in sicer
na njenem desnem bregu (sl. 1). Od vasi Drago-
nja je oddaljeno priblizno 600 metrov. Odlaga-
lisce lezi na pobocju hriba, ki se spusca v smeri
proti jugovzhodu. Veéji del okolice odlagalis¢a je
gozdnat, le del terena tik ob severozahodu odla-
galisca predstavljajo terasasto urejene njive. Se-
verno od odlagaliS§¢a se zacne izrazita grapa, ki
na zahodni strani odlagali§¢a zavije proti jugu in
se konca na ravnici. Na juzni strani odlagalisca
se razprostira ravnica, na kateri so sadovnjaki in
njive (sl. 1).

orelz'?;v,"-- -

Sl.1. Lokacija odlaga-
lis¢a odpadkov Dragonja
(Internet 1).

Fig. 1. Location of the Dra-
gonja landfill (Internet 1).
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Odlagalis¢e Dragonja obratuje vse od leta
1964 in obsega stari in novi del. Stari del odla-
galiS¢a nima ustreznega tesnenja in je na vzhod-
nem delu odlagalis¢a na flisni podlagi. Deloma
so bili urejeni sistemi za odvajanje izcednih in
padavinskih vod ter odplinjevalni jaski. Leta
1992 so delno sanirali stari del odlagalisca. I1z-
cedne vode so tako speljali v rastlinsko ¢istilno
napravo in priceli kompaktirati odpadke. V letu
1995 so na zahodnem delu zgradili novi del odla-
galiS¢a in uredili zbirni center. Dno novega dela
odlagalisca je tesnjeno z geobentom in PEHD fo-
lijo. Urejen je sistem za zbiranje in odvajanje iz-
cednih ter zalednih padavinskih vod. Postavljeni
so tudi odplinjevalni jaski z odvajanjem odlaga-
lisénega plina in sezigom na bakli (Ivanusa-Sket
et al., 2015). Stari in novi del odlagalnega polja
se naslanjata drug na drugega in v naravi nis-
ta lo¢ena (Ivanusa-Sket et al., 2017). Leta 2011 so
prenehali odlagati odpadke, zato je odlagalisce v
fazi zapiranja.

Hidrogeoloske znacilnosti

Odlagalisce lezi na eocenskih fliSnih kamni-
nah (sl. 2), oziroma na preperini fliSnih kamnin.
Pobocja gricev namrec prekriva debela plast he-

terogene preperine, katero sestavljajo pesScene,
glinene in meljne komponente. Na obmoc¢ju od-
lagalisca je ocenjena debelina preperine 7,8 me-
tra (Rogelj, 1992). V dolini Dragonje so aluvialni
sedimenti doline reke Dragonje (sl. 2).

Za potrebe monitoringa podzemne vode je
bilo leta v okviru hidrogeoloskih raziskav izde-
lanih sedem vrtin in vse so bile opremljene kot
piezometri. V ¢asu izvajanja sledilnega poskusa
so bile v uporabi le tri vrtine in sicer P1, P2 in P5
(sl. 2), ostale pa so bile poskodovane in unicene iz
razliénih razlogov (med njimi tudi vrtina V2, ki
je na sredini odlagalnega polja).

Vrtini P1 in P2 se nahajata med odlagaliscem
in cesto. Vrtina P1 se nahaja na vznozju starega
dela odlagalisca, to je med odlagaliS¢em in cesto.
Vrtina P2 pa se nahaja na vznozju novega dela. V
obeh vrtinah se gladina vode spreminja glede na
hidroloske razmere. Globina podzemne vode je
od enega do Stiri metre pod povrsjem. Za vrtino
P1 ni podatkov o cevitvi, a je verjetno filtrna cev
po celotni dolzini, tako kot je v vrtinah P2 in P5
(razen usedalnika na dnu vrtine). Premer vrtin
P2 in P5 je 50 mm. Vrtina P5 je od novega dela
odlagalisca oddaljen priblizno 70 metrov proti
jugu. Nahaja se sredi polja ob dovozni poti in ima

Sl. 2. Ortofoto posnetek
(2011; ARSO 2019) odlaga-
lis¢ca odpadkov Dragonja z
oznacenimi vzorcevalnimi
mesti (P1, P2 in P5), mestom
injiciranja, hidroizohipsami
(povzeto po Rogelj, 1992 in
Ivanusa-Sket et al., 2017) in
mejo med Eocenskim fliSem
ter aluvijalnimi sedimenti
(Ivanusa-Sket et al., 2015).

Fig. 2. Areal photo (2011;
ARSO 2019) of the Dragonja
landfill with locations of the
tracer injection point, ob-
serwation wells (P1, P2 and
P5), groundwater level con-
tours (after Rogelj, 1992 and
Ivanu$a-Sket et al., 2017)
and border between Eocene
flysh rocks and aluvial sedi-
ments (Ivanusa-Sket et al.,
2015).
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poskodovano ustje. Globina do podzemne vode je
od enega do dva metra (Jerebica, 2009). Tabela 1
prikazuje razpone nivojev podzemne vode v ob-
dobju 2005 — 2015 (Ivanusa-Sket et al., 2015).

Tabela 1. Razpon nivojev podzemne vode (v m n.v.) v obdobju
2005 — 2015 (Ivanusa-Sket et al., 2015) ter v obdobju vzorce-
nja za sledilni poskus (Jerebica, 2009).

Table 1. Range of groundwater levels (in m a.s.l.) in the peri-
0d 2005 — 2015 (Ivanusa-Sket et al., 2015) and in the sampling
period of the tracer test (Jerebica, 2009).

Opazovalna
vrtina / P1
Observation
well

Kota
povrsja /
surface
elevation

Obdobje /
period

P2 P5

21,06 17,40

2005-
2015

15,03

2005-
2015

15,20

2005-
2015

14,15

2009 2009 2009

Minimum / 14,19

minimum

15,21 15,60

Maksimum / | 1842 1747 | 19,02 19,00 | 16,43 16,33

maximum

Med cesto in odlagaliscem sta locirani vrtini
P1 in P2. V vrtini 2 so klasti¢ni lapornati sedi-
menti v globini 6 metrov. Deluvialni preperinski
pokrov na teh klastih se od aluvija reke Dragonje
razlikuje po svetlejsi barvi in po vsebnosti ostro-
robih delcev mati¢ne kamnine. Maksimalna de-
belina kvartarnih sedimentov je ocenjena med 20
in 30 metri. Sedimenti v dolini Dragonje so hete-
rogeni in se lokalno spreminjajo. Gre za meljasto
- glinaste sedimente rjave barve, ki vsebujejo or-
ganske ostanke. Pod naplavinami so temno sive
do modre plasti¢ne gline. V njih so na dolo¢enih
mestih prisotni ostanki organskega izvora in po-
samezni prodniki ali drobci mati¢nih klasti¢nih

2571

201
P5

— — P — P — o Pa—
P — s — P —

Bt bt 2 R F g N P

101

odlagalisce

o= | landfill

glinasto meljasti

ter karbonatnih kamnin. V temnejsi glinasti pla-
sti so peScene lece, v katerih je podzemna voda,
ki ima vonj po razpadajocem organskem materi-
alu v glini (Rogelj, 1992). Kvartarne naplavine na
obmoc¢ju vrtine P5 so debele priblizno 16 metrov
(sl. 3). Pod njimi je fliSna serija klastitov z vlozki
karbonatnih pesS¢enjakov. Podlaga je paleocenski
apnenec in se pogreza proti jugozahodu, dviga pa
se proti severozahodu (Rogelj, 1992).

Flisni laporovec ima zelo nizko prepustnost.
Med posameznimi litoloskimi ¢leni fliSa so priso-
tne velike razlike v prepustnosti. Nekoliko hitrej-
$i tok podzemne vode znotraj fliSev je mozen le v
kalkarenitnih in karbonatnih brecah ter pesce-
njakih (koeficient prepustnosti je med 10-° m/s
in 10-* m/s; Rogelj, 1992; Fuks, 2010). Hidravli¢-
ne lastnosti kvartarnih sedimentov in preperine
flisa se lokalno zelo spreminjajo. Ocenjeni koefi-
cient prepustnosti v bolj peS¢enem delu meljasto
glinaste preperine fliSa znasa manj kot 10-° m/s, v
obmocju s prevladujo¢o meljasto in glinasto kom-
ponento pa 10" m/s (Rogelj, 1992). V bolj heteroge-
nem delu slabo prepustnega odprtega medzrnske-
ga vodonosnika v dolini Dragonje se v zgornjem
delu prepustnosti gibljejo znotraj dekade 10" m/s,
medtem ko so v spodnjem delu glinaste plasti s
prepustnostjo 2,5:10-8 m/s (Rogelj, 1992).

Na obmocju pobocja hriba, kjer se nahaja samo
telo odlagalisca, je tok podzemne vode v debelej-
Si preperini fliSnih kamnin, po poboéju navzdol
v smeri proti jugozahodu. Voda se preceja vzdolz
prepustnejsih le¢ peskov in meljev ter posredno
napaja tudi vodo v flisih (sl. 3). V flisnih plasteh
(brecah ter pescenjakih) je generalna smer toka
podzemne vode vezana na vpad plasti, zato se
voda najverjetneje pretaka v smeri proti severo-

Sl. 3. Prerez odlagalisca z
vrtinami (povzeto po Rogelj,
1992 in Ivanus$a-Sket et al.,
2017).

Fig. 3. Cross-section of the

landfill area with boreho-
tla les (after Rogelj, 1992 in
soil Ivanusa-Sket et al., 2017).

meljasto pesceni glinasti
aluvijalni sedimenti
silty sandy clay - alluvial deposits

aluvijalni sedimenti
clayey silt - alluvial deposits

preperina fliSnega laporja in
laporovec (E)

weathered marl and marlstone
(flysch; E)

. apnencev pesenjak (E)

calcareous sandstone (E)



Sledilni poskus na odlagalis¢u komunalnih odpadkov Dragonja

197

zahodu. Slabo prepustni hidrodinamsko odprti
vodonosnik (re¢ne naplavine Dragonje) se napaja
z vodo s flisnih pobo¢ij iz severa, kot tudi iz vzho-
da v gorvodno smeri glede na tok reke Dragonje
(Rogelj, 1992). Generalni tok podzemne vode je v
smeri od severovzhoda proti jugozahodu (sl. 2, Ro-
gelj, 1992; Fuks, 2010; Ivanusa-Sket et al., 2017).

Odlagalis¢e nima vpliva na reko Dragonjo,
zato se monitoring povrSinske vode ne izvaja
(Ivanusa-Sket et al., 2015).

Metodologija izvedbe sledilnega preizkusa na
odlagalis¢u Dragonja

Injicirano koli¢ino uranina smo dolo¢ili s for-
mulo (Kass, 1998):

M=o-L-A, 1)

kjer je L razdalja med toc¢ko injiciranja urani-
na in mestom vzorcenja (0,225 km), o je faktor za
uranin, ki znasa 1 ter A je faktor vodonosnika, ki
ga preucujemo in obsega vrednosti za medzrnski
vodonosnik od 0,1 do 0,5; razpokliski vodonosnik
od 0,2 do 4; kraski vodonosnik od 1 do 10. Zara-
di kompleksnosti obravnavanega sistema so bile
privzete vrednosti A med 3 in 5. Za injiciranje
smo se odlo¢ili, da bomo uporabili 990 g urani-
na, saj so prepustnosti zelo majhne, poleg tega je
mozna prisotnost organskih snovi na katere se
uranin adsorbira.

Sledilni poskus se je zacel 11. junija 2008. Na
ta dan smo na vrhu odlagali$¢a oziroma za sta-
rim delom z rovokopacem izkopali jamo dimenzij
2,5 x 2,5 metra (sl. 4). Globina jame je na najglob-
jem delu znasSala priblizno 2,5 metra. Globina do
podzemne vode v fliSni preprini je bila ocenjena
na ca 2 m. V 50 litrih vode smo raztopili 990 gra-
mov uranina, preostalih 10 gramov pa smo shra-
nili za izdelavo umeritvene krivulje. Raztopino

Sl. 4. Injiciranje in spiranje uranina.

Fig. 4. Uranine tracer injection.

uranina smo zlili v izkop in dodali Se 600 litrov
vode. Ko je barvilo povsem odteklo, smo izkop
znova zasuli z izkopanimi odpadki.

Vzorcevanje podzemne vode je potekalo s ¢r-
palko v vrtinah P1, P2 in P5 v povprec¢ju enkrat
na teden oziroma dva do tri dni po veéjem na-
livu. Kljub majnim ¢rpalnim koli¢inam so se
vrtine zaradi nizkih prepustnosti in plivosti hit-
ro spraznile. Analizo vzorcev (doloc¢itev koncen-
tracije uranina) je bila narejena na Institutu za
raziskovanje krasa v Postojni z luminiscen¢nim
spektrometrom Perkin Elmer pri ekscitacijskem
maksimumu E__ 491 nm in emisijskem maksimu-
mu E__ 512 nm z mejo dolocljivosti 0,005 mg/m?
(1 mg/m®=1 ppb),

Rezultati in diskusija

Injicirani uranin se je pojavil v vseh treh opa-
zovalnih vrtinah. Na sliki 5 je z rde¢o navpicno
¢rto oznacen dan injiciranja uranina, ¢rna vodo-
ravna ¢rta, ki oznacuje koncentracijo 0,03 mg/m?,
pa predstavlja koncentracijo uranina v vzorcih
vode iz opazovalnih vrtin P1 in P2 pred izvedbo
sledilnega poskusa. Vzorcevanje je potekalo od
junija 2008 do januarja 2009.

Koncentracije uranina v posameznih vrtinah
glede na obdobje moc¢no varirajo (sl. 5). Uranin se
je najhitreje pojavil v vrtini P2, ki je dolvodno od
mesta injiciranja v smeri toka vode po preperini.
Prvi pojav uranina je bil zaznan v prvem vzor-
¢enju po injiciranju, vendar se je verjetno pojavil
ze prej. V vrtini P2 je bila po 30 dneh dosezena
tudi najvi§ja koncentracija uranina v celotnem
Casu vzorcevanja (0,554 mg/m?), ki se je pojavi-
la 23 dni po ve¢jih padavinah v sredini junija
(18.6.2008; 44,8 mm). Hitrost toka po preperini v
Casu najvecje koncentracije (dominantna hitrost
toka) je tako 7,5 m/d (tabela 2) oziroma ob upo-
Stevanju datuma padavin celo 9,8 m/dan. V vrtini
P2 so opazna najvec¢ja nihanja koncentracij ura-
nina. Po dolo¢enem obdobju padavin koncentra-
cija uranina v vrtini P2 zelo naraste in nato hitro
upade, kar nakazuje na relativno hiter tok vode.
Voda se do vrtine P2 najverjetneje pretaka po
bolj prepustnem obmoc¢ju fliSne preperine po t.i.
prednostnih poteh.

V vrtini P1 se je sledilo prvi¢ pojavilo 66 dni
po injiciranju, najvis§ja koncentracija pa je bila
dosezena po 83 dneh (0,083 mg/m?). Hidravli¢ne
lastnosti preperine fliSa se lokalno zelo spremi-
njajo, zato je lahko sledilo do vrtine P1 teklo po
manj prepustnem obmocju fliSne preperine in je
zato tok pocasnejsi. Predvidevamo, da se je sledi-
lo po prvih padavinah spralo v fliSno preperino in
potem pocasi teklo do vrtine P1. Ve¢ padavinskih
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dogodkov sredi avgusta niso bili glavni razlog za
takratni pojav sledila, kar potrjuje tudi upadanje
gladine podzemne vode v vrtini (sl. 6). V tem ¢asu
je namrec¢ evapotransporacija zelo velika. Domi-
nantna hitrost toka je tako 2,7 m/d (tabela 2).

Tabela 2. Izracun navideznih dominantnih hitrosti pretaka-
nja podzemne vode.

Table 2. Estimation of apparent dominant velocities of gro-
undwater flow.

Vrtina P5 je dolvodno od vrtin P1 in P2. Na
dinamiko transporta uranina do vrtine P5 imajo
pomemben vpliv tako preperina fliSa pod odla-
galiS¢em kot tudi sedimenti v aluvialnem nanosu
reke Dragonje. Tu se uranin razred¢i v podze-
mni vodi. Padavine sledilo najprej sperejo sko-
zi odpadke na odlagalisc¢u, potem sledilo potuje
po preperinski plasti flisa, ko pride do aluvial-
ne ravnice pa skozi plitvo nezasiceno cono sedi-
mentov do podzemne vode. Zaradi tega in zaradi

Opazovalna Razdalja / ax tom Viom
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P1 225 0,083 83 27 . .. ..
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P2 225 0,554 30 75 . . . . . .
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P5 295 0,16 157 1,9 i .
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avgusta pocasi zviSevale in se v novembru zacele
ponovno znizevati. Sledilo se je prvi¢ pojavilo 59
dni po injiciranju, najvisja koncentracija je bila
dosezena po 157 dneh (0,160 mg/m?). Dominan-
tna hitrost toka je 1,9 m/d (tabela 2). Na hitrost
potovanja in koncentracijo uranina vpliva tudi
geoloSka sestava tal. Aluvialni vodonosnik (se-
dimenti) ima na razliénih globinah razli¢no vo-
doprepustnost. Na povrsju, to je do 1 m globine je
prepustnost ocenjena na 4,06-10" m/s, od 1 m pa
do 2 m pa na 1,25-10" m/s (Rogelj, 1992). Pod dve-
mi metri pa je prepustnost Se manjsa (k=2,56-10-%;
Rogelj, 1992). Prepustnost sedimentov je zelo sla-
ba, saj se je po ¢rpanju iz vrtine nivo vode zelo
pocasi vzposatvil na zacetni nivo.

Nivoji podzemne vode so bili pred vsakim
vzorCenjem merjeni z ro¢nim merilcem. Nivoji
podzemne vode so v vseh treh piezometrih upa-
dali do konca oktobra, ko so zaceli narascati po
jesenskem dezevnem obdobju (sl. 6). Vecina sle-
dilnega poskusa je tako potekala v susnem ob-
dobju oz. obdobju minimalnega napajanja. Na
nivo podzemne vode in koli¢ino padavin, ki se
infiltrira skozi odlagalisce ali tla do podzemne
vode ter posledi¢no koncentracijo uranina v vodi,
vpliva evapotranspiracija. Delez infiltrirane vode
lahko ocenimo iz meteoroloske vodne bilance.
Najvisje vrednosti potencialne evapotranspira-
cije so v mesecu juniju, juliju in avgust. Poten-
cialna evapotranspiracija je visja kot koli¢ina
padavin vse do oktobra, torej je vodna bilanca
negativna (sl. 7). Vendar vsa padavinska voda ni
izhlapela, saj se je del infiltriral v tla/odlagalisce,
en del pa je zaradi naklona poboc¢ja povrsinsko
odtekel proti spodnjemu delu odlagalis¢a. V tem

¢asu so bile tudi koncentracije uranina v vzorcih
vode relativno nizke, narasle so le po obilnejsih
kratkotrajnih obdobjih padavin. Nato koncentra-
cije uranina narastejo, ko pozno jeseni oziroma v
zacetku zime (november, december) padejo vecje
koli¢ine padavin.

Zakljucki

S sledilnim poskusom smo ugotavljali dinami-
ko prenosa onesnazeval iz odlagalis¢a odpadkov
v podzemno vodo. Odlagalisce lezi na eocenskih
flisSnih kamninah, oziroma na preperini fliSnih
kamnin. Uranin je bil injiciran gorvodno od od-
lagalisca, vzorcevanje pa je potekalo v vrtinah
dolvodno od odlagalis¢a. Vrtini P1 in P2 sta med
odlagalis¢em in aluvialno ravnico reke Dragonje,
vrtina P5 pa na sami ravnici.

Prenos uranina je odvisen od vec¢ faktorjev, in
sicer koli¢ine padavin, potencialne evapotranspi-
racije, prepustnosti sedimentov, infiltracije pada-
vin v odlagalisce odpadkov in zasicenosti fliSne
preperine pod odlagalis§¢em. Hidravli¢ne lastnos-
ti preperine fliSa se lokalno zelo spreminjajo, kar
so potrdili tudi rezultati sledilnega poskusa. Ura-
nin se je najprej pojavil v vrtini P2, ki je dolvodno
od mesta injiciranja v smeri toka vode po prepe-
riniV tej vrtini se je koncentracija uranina po do-
lo¢enem obdobju padavin relativno hitro povisa-
la, kar nakazuje na relativno hiter tok podzemne
vode. Glede na kasnejsi pojav sledila pa je sledilo
do vrtine P1 teklo po manj prepustnem obmoc¢ju
fliSne preperine in je zato tok pocasnejsi. Pred-
videvamo, da se je sledilo po prvih padavinah
spralo v fliSno preperino in potem pocasi teklo do
vrtine P1. Stari del odlagalis¢a je na vzhodnem
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delu, novi pa na zahodnem, naslanjata se drug na
drugega in v naravi nista lo¢ena, zato je meja ni
¢isto jasna. Novi del odlagalis¢a je zahodno, po-
teka v smeri sever —jug, sledilo pa je najverjetneje
teklo po pobocju, ki je v smeri NE-SW, zato dom-
nevamo, da je vecino poti sledilo teklo pod starim
delom odlagalis¢a. Podzemna voda iz fliSne pre-
perine se izliva v aluvialno ravnico, koncentracije
uranina pa se razredéijo v podzemni vodi. Zaradi
tega je v vrtini P5 zaznan pocasen dvig in upad
koncentracije uranina.

Nivoji podzemne vode so vse od junija pa do
oktobra upadali. V tem Casu je evapotransporaci-
ja vecja od padavin. Nivoji podzemne vode so po-
novno narasli Sele po daljSem dezevnem obdobju
v jeseni. Zaradi tega bi bila zanimiva izvedba
sledilnega poskusa tudi v jesenskem odbobju.

Pomanjkljivost opisanega sledilnega poskusa
je tudi v pomanjkanju podatkov zaradi fiziénega
vzorcenja, zato bi bila potrebna izvedba sledil-
nega poskusa z zveznim merjenjem koncentracije
uranina. Ponovna izvedba sledilnega poskusa bi
omogocila boljsi vpogled v dinamiko podzemne
vode, saj je sedaj na voljo veliko ve¢ opazovalnih
vrtin.

Za ucinkovito izvajanje monitoringa podze-
mne vode bi bilo potrebno izvrtati Se eno vrtino
gorvodno od odlagalisca, s katero bi se dolocilo
naravno ozadje parametrov v podzemni vodi, ki
so dolo¢eni v programu monitoringa. V preteklo-
sti so ze poskusili vzpostaviti gorvodno opazo-
valno mesto, vendar nikjer ni bilo mozno zajeti
podzemne vode. Zaradi tega se kot referenc¢no
mesto uporablja vrtina v aluvijalnem vodonosni-
ku, ki ni pod neposrednim vplivom odlagalisca,
kar pa ni najbolj idelana reSitev, saj so na tem
obmoc¢ju nesanirana stara bremena (nelegalna
odlagalisca), katerih lokacije niso povsem znane.
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Izvlecéek

Sledenje toka podzemne vode z umetnimi sledili je raziskovalna metoda, ki daje zelo dobre rezultate pri
proucevanju smeri in znacilnosti podzemnega pretakanja vode v kraskih vodonosnikih. Prve omembe tovrstnih
poskusov na slovenskem krasu segajo dale¢ v zgodovino, zacetki njihove rabe v procesu upravljanja z vodnimi
viri pa v prva leta 20. stoletja. Od takrat naprej je bilo opravljenih $e ve¢ kot dvesto sledenj. Zal so njihovi
rezultati pogosto ostali zapisani le v internih porocilih v arhivih izvajalskih organizacij, ki so tezje dostopna.
Tudi iskanje objavljenih izsledkov je kljub moznostim rabe iskalnikov po klju¢nih besedah zamuden proces.
Zaradi potreb po sistemati¢nem in hitro dostopnem digitalnem pregledu izsledkov sledilnih poskusov je bila
izdelana in v Atlasu okolja (prostorski informacijski sistem Agencije RS za okolje) javno objavljena podatkovna
zbirka, v kateri so urejeni in georeferencirani podatki o izvedbi in rezultatih 231 sledilnih poskusov. V ¢lanku
so opisani idejna zasnova zbirke, proces zbiranja, preverjanja in ovrednotenja podatkov ter metoda njihove
povezave v GIS podatkovno zbirko. Dva toc¢kovna sloja predstavljata lokacije injiciranja in vzorcenja, linijski
sloj pa razliéne tipe ugotovljenih povezav med njimi, ki so prikazani z dolo¢enim tipom in barvo linije. Ob kliku
na posamezen element se izpiSejo izbrani podatki o sledenju, vecini pa je prilozena tudi kopija vira podatkov
(¢lanki, porocila), kar omogoca pridobitev bolj podrobnih podatkov o sledilnem poskusu in njegovih rezultatih.
Tako oblikovana zbirka podatkov omogoca razli¢ne primerjalne analize. V ¢lanku je prikazanih nekaj osnovnih
statisti¢nih analiz opravljenih sledenj po namenu, izvedbi in uporabljenih sledilih, po znacilnostih lokacij
injiciranja in vzorcenja ter po znacilnostih in hitrostih podzemnih vodnih zvez. Podan je tudi pregled rezultatov
opravljenih sledenj po posameznih vodnih telesih podzemne vode. Na osnovi ugotovljenega stanja so oblikovani
predlogi za izvedbo novih sledenj.

Abstract

Tracing with artificial tracers is a research method that gives very good results in examining the direction
and characteristics of groundwater flow in karst aquifers. The first mention of such experiments in Slovenian
karst dates back to history and the beginnings of their use in the water resources management process in the first
years of the 20 century. From that point on, more than two hundred tracer tests were carried out in Slovenian
karst. Unfortunately, their results often remain hidden in internal reports in the archives of implementing
organisations and are very difficult to access. The search for published results is also a time-consuming process,
despite the possibilities of the use of search engines and key words. Due to the need for a systematic and rapidly
accessible digital inventory of the tracer tests results, such inventory was designed and is now freely accessible in
the Environmental Atlas (Atlas okolja), the spatial information system of Slovenian Environment Agency. In the
database the results of 231 available tracer tests have been assembled, arranged and georeferenced. The article
describes the data set concept, the process of collecting, verifying and evaluating data and the method of their
transformation into a GIS database. Two points layers (injection site and sampling site) and one line layer (linear
connection between both sites) were created. Symbology of line layer varies with different type of connection
between injection and sampling site. By clicking on an individual element, selected data on the tracer test are


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

204 Metka PETRIC, Natasa RAVBAR, Petra GOSTINCAR, Petra KRSNIK & Marina GACIN

displayed, and most of them are also accompanied by a copy of the data source (articles, reports). In this way it
is possible to obtain more detailed information about the tracer test and its results. The database also provides
a possibility of various comparative analyses. The article shows results of some of the basic statistical analyses
in which the purpose and implementation of tracer tests, used tracers, characteristics of injection and sampling
sites, and characteristics and velocities of groundwater flow connections were compared. It also provides an
overview of the results of the tracer tests carried out within individual groundwater bodies. On the basis of the
status identified, the locations for new tracer tests are proposed.

Uvod

V reviji Geologija je bil leta 2009 objavljen
clanek Pregled sledenja z umetnimi sledili na
kraskih obmoc¢jih v Sloveniji (Petri¢, 2009). Na
osnovi pregleda dostopnih poro¢il o sledilnih po-
skusih so bile opisane njihove skupne znacilnosti
in na kratko predstavljeni rezultati sledenj, ki so
bila izvedena v obdobju 1989-2008. Interval ni bil
izbran naklju¢no, ampak je predstavljal nadalje-
vanje ze objavljenih tovrstnih pregledov v obdob-
ju do leta 1988 (Serko, 1946; Gams, 1965; Habi¢,
1989; Novak, 1990). V sklepih je bilo poudarje-
no, da pomenijo rezultati starejsih, na izbranem
obmoc¢ju ze predhodno opravljenih sledenj po-
membno osnovo za oceno hidrogeoloskih razmer
in nac¢rtovanje novih raziskav. Izpostavljena pa
je bila tudi potreba po predstavitvi rezultatov v
strokovnih publikacijah ali na konferencah, saj
se na ta nac¢in lahko izognemo nepotrebnemu po-
navljanju ali ¢asovnemu in prostorskemu prekri-
vanju raziskav, mozno je bolj natan¢no nacrtova-
nje novih raziskav, objavljeni izsledki pa so lahko
koristna informacija za vse, ki se lotevajo razi-
skovanja kraskih vodonosnikov ali upravljanja z
njimi. Zal so rezultati $tevilnih poskusov ostali
zapisani le v internih poroc¢ilih v arhivih izvajal-
skih organizacij, ki so tezje dostopna.

V naslednjih letih se je zato razvijala ideja, da
bi lahko na Institutu za raziskovanje krasa ZRC
SAZU (IZRK) vec let grajeno zbirko rezultatov
sledenj pripravili v javno dostopni obliki. Zaradi
ocenjevanja kemijskega stanja kraskih vodonos-
nikov, varovanja vodnih virov na krasu in zara-
di hitrega in uéinkovitega ukrepanja v primerih
njihovega onesnazenja je namrec¢ sistematicen,
hitro dostopen digitalni pregled rezultatov sle-
dilnih poskusov potreben in nujen. Pobudo je
sprejela Agencija Republike Slovenije za okolje
(ARSO), ki je skrbnik tovrstnih zbirk podatkov
(npr. meteoroloski in hidroloski podatki, podatki
o kakovosti voda; vse ve¢inoma prosto dostopno
na spletnih straneh) in vletu 2018 je IZRK izdelal
projektno nalogo Podatkovna zbirka rezultatov
sledenja toka podzemne vode v Sloveniji (Petri¢
et al., 2018). Po obdobju preverjanja in prilaga-
janja zahtevam prikaza na spletu je bila zbirka
javno objavljena v sklopu ARSO Atlasa okolja na

strani  http://gis.arso.gov.si/atlasokolja/profile.
aspx?id=Atlas_Okolja_ AXLZArso v sloju VODE/
SLEDILNI POSKUSI. Dogovorjeno je bilo, da
bodo popravki in dopolnitve pripravljeni vsaki
2 leti in ob koncu leta 2019 je bila na IZRK za
ARSO izdelana projektna naloga Dopolnitev po-
datkovne zbirke rezultatov sledenja toka podze-
mne vode v Sloveniji za podporo ukrepom NUV2:
0S3.2b2 in OS6 (Petric et al., 2019). Pri nalogi je
sodeloval Geoloski zavod Slovenije (GeoZS) in za
vkljuc¢itev v zbirko pripravil pregled rezultatov
sledilnih poskusov, ki so jih opravili sodelavci
te organizacije ali njenih pravnih predhodnikov,
porocila pa so bila shranjena v knjiznici GeoZS
(Meglic et al., 2019). Dodatno so z zeljo po vklju-
¢itvi razpolozljivih podatkov v zbirko interna po-
roc¢ila o opravljenih sledenjih posredovali tudi z
ARSO in podjetja Geologija d.o.o. Idrija. Kjer je
bilo to potrebno, so bila za objavo rezultatov pri-
dobljena soglasja naro¢nikov projektov.

Idejna zasnova podatkovne =zbirke, proces
zbiranja, preverjanja in vrednotenja podatkov
ter metoda njihove povezave v GIS bazo so bili
ze opisani v reviji Applied Geography (Petri¢ et
al, 2020). V tem ¢lanku so povzete glavne zna-
¢ilnosti vzpostavitve zbirke rezultatov sledenj
toka podzemne vode, dodatno in bolj podrobno
pa predstavljeni moznosti in nac¢ini njene rabe,
znacilnosti izvedenih sledenj in ugotovljenih
podzemnih vodnih zvez ter rezultati opravljenih
sledenj po posameznih vodnih telesih podzemne
vode. Na osnovi ugotovljenega stanja so obliko-
vani predlogi za izvedbo novih sledenj.

Kraski vodonosniki in metoda sledenja z
umetnimi sledili

Kras je poseben tip pokrajine na vodotopnih
kamninah (predvsem apnenec in dolomit) z zna-
¢ilnimi povrSinskimi in podzemnimi kraskimi
oblikami. Zaradi razpokanosti in pretrtosti ka-
mnin dezevnica hitro pronica skozi golo krasko
povrsje ali skromni prsteni pokrov v podzemlje.
Na stiku s krasom ponikajo tudi povrSinski vodo-
toki z nekraskega obrobja. V podzemlju se voda
pretaka skozi sistem razli¢no velikih ter med se-
boj povezanih kraskih kanalov in razpok. Struk-
tura in delovanje kraskih vodonosnikov se mo¢no
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razlikujeta od nekraskih (npr. medzrnskih), saj
ju dolocajo izjemno visoka prepustnost in veli-
ke hitrosti pretakanja voda v podzemlju, razno-
vrstnost na¢ina pretakanja ter obi¢ajno neznane
smeri odtekanja vode, ki segajo tudi do vec¢ deset
kilometrov oddaljenih predelov. V krasu se po-
gosto mesSa voda z razli¢nih obmocij napajanja.

Ceprav pokrivajo kraske kamnine le 7 do 12 %
zemeljskega povrsja, se s pitno vodo iz kraskih
vodonosnikov oskrbuje skoraj ¢etrtina svetovne-
ga prebivalstva (Ford & Williams, 2007). V Slo-
veniji je ta delez Se vecji, saj obsegajo karbonatne
kamnine priblizno 43 % njenega ozemlja. Pre-
vladujejo predvsem v zahodnem in juznem delu
drzave, kjer gradijo obsezne kraSke in razpok-
linske vodonosnike. Ti zagotavljajo pitno vodo za
priblizno polovico prebivalcev Slovenije (Bat &
Uhan, 2003; Gams, 2004).

Zaradi posebnih znacilnosti so kraski vodo-
nosniki izjemno ranljivi za razli¢ne vire onesna-
zevanja. Odsotnost debelejsih slojev prsti in se-
dimentov ter dobra prepustnost kraskih kamnin
omogocata hitro infiltracijo vode v podzemlje,
znotraj tega pa poteka zelo hitro pretakanje na
velikih razdaljah in po navadno neznanih poteh.
Z vodo se lahko hitro §iri tudi onesnazenje, ki
ogroza vodne vire. Zaradi neenotne zgradbe kra-
Skih vodonosnikov je zelo tezko predvideti smeri
in rezim pretakanja podzemne vode in s tem tudi
prenosa Skodljivih snovi.

Dobro poznavanje delovanja kraskih vodonos-
nikov je zato predpogoj za njihovo ustrezno varo-
vanje. Kam in kako hitro se onesnazenje s kraske-
ga povrs$ja Siri v kraski notranjosti in v katerih
izvirih ga lahko pri¢akujemo, lahko uspe$no na-
povemo le, ¢e zadosti dobro poznamo hidrogeolo-
Ske razmere na obravnavanem obmocju. Za to so
potrebne ustrezne raziskave, kot zelo primerna v
krasu se je pokazala metoda sledenja z umetnimi
sledili. Ceprav se je skozi zgodovino metodologija
spreminjala in razvijala, pa ostaja osnovna ideja
sledenja enaka. Dolo¢eno snov s primernimi la-
stnostmi (v vodi topna, okolju neskodljiva snov, ki
jo je z ustreznimi napravami mozno zaznati v Ze
zelo nizkih koncentracijah) neposredno ali posre-
dno vnesemo v vodni tok in potem opazujemo kje,
kdaj in v kaksnih koncentracijah se bo pojavila.
Glavni namen je obi¢ajno doloc¢itev smeri in hi-
trosti podzemnega pretakanja vode ter omejitev
prispevnega zaledja izvirov. Mozna je tudi doloc¢i-
tev deleza povrnjenega sledila v posameznih toc¢-
kah vzorcenja (izviri, vodni tokovi v jamah, vrti-
ne). Ob skrbnem nacrtovanju poskusa ter dovolj
dolgem in natan¢nem vzorcenju pojava sledila je
mozna tudi podrobna Studija znacilnosti preta-

kanja podzemnih vod, prenosa v njih raztoplje-
nih snovi ter znacilnosti njihovega iztekanja iz
sistema (koncentracija, trajanje). Da bi pridobili
informacije o podzemnih tokovih, so umetna sle-
dila najprej uporabljali predvsem za ugotavljanje
povezav med ponori in izviri. Z nadaljnjim razvo-
jem pa je metoda postala Sirse uporabna in nacini
njene uporabe Se bolj inovativni. Verjetno najbolj
celovit opis metode je pripravil Kéass (1998), do-
datne informacije pa je mozno pridobiti v drugih
virih (npr. Behrens et al., 2000; Benischke et al.,
2007; Goldscheider et al., 2008).

Za uspesno izvedbo sledilnega poskusa so pot-
rebne predhodne raziskave (hidroloske, geoloske,
speleoloske, hidrokemijske, ipd.), ki pomagajo pri
izbiri najbolj primernega sledila in njegove ko-
licine. Ugotovljene znacilnosti upoStevamo tudi
pri naértovanju injiciranja in vzorcenja, ki ga
med samim poskusom prilagajamo hidroloskim
razmeram in rezultatom sprotnih analiz pojava
sledila v tockah opazovanja. Ker je lahko zadr-
zevanje sledila v krasu dolgotrajno, je potrebno
poskus izvajati dovolj dolgo, tudi v obdobju enega
leta ali ve¢. Na opazovanih to¢kah si namre¢ pri-
zadevamo ujeti (»dobiti povrnjeno«) vec¢ino injici-
ranega sledila. Za oceno koli¢ine povrnjenega sle-
dila je potrebno vzpostaviti tudi merjenje pretoka
na teh toc¢kah.

Podatkovna zbirka rezultatov sledilnih
poskusov na slovenskem krasu

Prvi sledilni poskusi na slovenskem krasu

Kranjc (2000) kot prvega, ki je na krasu na
obmocju danasnje Slovenije uporabil neko vrsto
umetnega sledila, omenja oceta Pietra Imperata.
Ta je leta 1599 ugotavljal podzemno vodno pove-
zavo med ponorom Reke v Skocjanske jame in iz-
viri Timave v Trzaskem zalivu. Isti vir omenja Se
Kandlerja, ki je leta 1864 Reko obarval z modrim
barvilom - indigom, in Miillerja, ki je leta 1891
uporabil fluorescentno sledilo uranin. To je bila
prva Studija, v kateri so z namenom izboljSanja
oskrbe Trsta s pitno vodo proucevali smer toka
in zadrzevalni ¢as podzemne vode na obmocju
mati¢nega krasa (Miller, 1891). Zanimivo je, da
se je to zgodilo le 14 let po tem, ko je bilo med
ponorom reke Donave in izvirom Aach v Neméiji
opravljeno nasploh prvo sledenje s kvantitativno
obdelavo rezultatov (Knop, 1878). Prvo sledenje
na slovenskem krasu, za katerega je bilo mozno
pridobiti tudi bolj podrobne podatke, je opravil
Timeus (1928), ki je 23. decembra 1907 v ponor
Reke injiciral uranin in litijev klorid ter ugoto-
vil podzemno vodno povezavo z izviri Timave in
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drugimi manjSimi izviri v blizini Trsta. Z iska-
njem informacij po objavljenih in neobjavljenih
virih smo ugotovili, da je bilo od takrat naprej na
slovenskem krasu opravljenih se ve¢ kot dvesto
poskusov z umetnimi sledili.

Zbiranje podatkov in oblikovanje
podatkovne zbirke

Na IZRK se je za potrebe razlicnih projek-
tov z vzpostavitvijo interne zbirke podatkov o
sledilnih poskusih na slovenskem krasu zacelo
v letu 2004. Izbran je bil osnovni nabor podat-
kov, ki naj jih zbirka vsebuje, in oblikovan modul
za nacin njihovega vnosa v preglednice progra-
ma Microsoft Excel; izdelan je bil tudi seznam
uporabljenih virov. Za potrebe ARSO projektne
naloge (Petric¢ et al., 2018) so bili ti objavljeni in
neobjavljeni viri dodatno pregledani in zbrane
informacije preverjene. Zbirka je bila razSirjena
z naborom dodatnih podatkov, s sistemati¢nim
pregledovanjem pa so bili najdeni tudi novi ob-
javljeni in neobjavljeni viri. Skupaj je bilo tako v
zbirko po pregledu 103 virov vkljuéenih 200 sle-
denj, ki so bila izvedena med leti 1905 in 2015. Od
tega je bilo 159 enostavnih sledenj z eno samo toc¢-
ko injiciranja in eno vrsto uporabljenega sledila,
5 kombiniranih sledenj z eno tocko injiciranja,
a vec uporabljenimi sledili, ter 36 kombiniranih
sledenj z ve¢ istocasno vkljuéenimi tockami inji-
ciranja (najve¢ 10) in ve¢ razliénimi uporablje-
nimi sledili. Ce ta kombinirana sledenja §tejemo
loceno, je bilo v zbirko vkljucenih 267 injiciranj.

Sledilni poskusi so bili urejeni kronolosko
glede na datum vnosa sledila, podatki o toc¢kah
vnosa sledila in spremljanja njegovega pojava pa
so bili georeferencirani. Osnovni podatki, ki so
zbrani v posameznih stolpcih MS Excelove pre-
glednice, so tudi glavni atributi GIS podatkovne
zbirke (Petric¢ et al., 2020). Dodane so jim ustrezne
identifikacijske (ID) vrednosti (primarni ID zbir-
ke, ID sledilnega poskusa, ID mesta injiciranja in
ID mesta vzorcenja). Oznake vseh vkljucenih atri-
butov v MS Excelovo preglednico in GIS podat-
kovno zbirko ter njihov opis so podani v tabeli 1.

V okviru izdelave GIS podatkovne zbirke po-
datkov smo se osredotocili tudi na izboljSanje
kakovosti prostorskih podatkov, tj. izboljSanje
podatkov o legi in nadmorski vi§ini mest injicira-
nja in vzorcéenja. Podatki o lokaciji in nadmorski
visini, ki smo jih povzeli iz virov, so bili v ne-
katerih primerih doloceni bodisi opisno, bodisi
na skicah, ali pa je $lo za podatke, pridobljene iz
starejsih virov, kjer je bil vir dolocitve lege, pred-
vsem pa nadmorske viSine, manj natancéen od tre-
nutno dostopnih virov.

Lokacije mest vnosa sledil in vzor¢enj smo
uskladili z obstoje¢imi podatkovnimi zbirkami,
in sicer z lokacijami v sloju Hidrografija v Atlasu
voda (Internet 1), z lokacijami jamskih vhodov in
rovov v Katastru jam (Jamarska zveza Sloveni-
je in InStitut za raziskovanje krasa ZRC SAZU)
ali jih locirali na podlagi topografskih nacr-
tov in zemljevidov razli¢nega merila ter podat-
kov laserskega skeniranja Slovenije (Internet 2).
Nadmorska viSina je bila dolo¢ena na podlagi
podatkov laserskega skeniranja Slovenije (kjer
gre za povrSinske to¢ke v Sloveniji), na podlagi
digitalnega modela viSin 12,5 m (kjer gre za po-
vrsinske tocke izven Slovenije v blizini drzavne
meje; Geodetska uprava Republike Slovenije),
na podlagi podatkov iz Katastra jam (npr. nad-
morske viSine rovov) ali pa na podlagi podatkov,
navedenih v virih (to¢ke pod povrsjem, tocke iz-
ven Slovenije itn.). Pri tovrstnem usklajevanju je
zelo pomembno, da so razli¢ne evidence z nekega
obmocja ¢imbolj usklajene. Na dolgi rok se tako
gradi kakovostna podatkovna zbirka o vodah v
Sloveniji, ce pa gledamo Se Sirse, se bodo ti po-
datki lahko v prihodnje povezovali v vecje zbir-
ke, na primer z geoloskimi podatki (npr. podatki
o vrtinah).

Z uporabo ArcGIS programske opreme so bili
pripravljeni trije podatkovni sloji v shape forma-
tu (.shp): mesta injiciranja (tocke), mesta vzor-
¢enja (tocke) in povezave (linije). Bolj podrobno
je postopek opisan v ¢lanku Petri¢ et al. (2020).
Povezave predstavljajo razli¢ne tipe s sledilnim
poskusom ugotovljenih podzemnih vodenih zvez
med mesti injiciranja in vzorcenja (glavna, stran-
ska, nezanesljiva, ni povezave; atribut POV_TIP)
in so prikazane z dolo¢enim tipom in barvo lini-
je (puscica v smeri od mesta injiciranja do mesta
vzorcenja). Vsakemu sloju so bili dodani izbrani
parametri iz tabele 1, ki se izpiSejo ob kliku na
izbrani element (tocka ali linija) v GIS podat-
kovni zbirki. Posamezen element lahko vkljucuje
podatke za vec¢ sledilnih poskusov, ki so bili izve-
deni na isti lokaciji v razli¢nih obdobjih. Opozo-
riti velja na atribut OPOMBE, ki lahko vkljucuje
ali komentar izvajalca o izvedbi ali rezultatih
sledilnega poskusa ali komentar avtorjev zbir-
ke podatkov o izvedbi ali rezultatih sledilnega
poskusa ali o viru, iz katerega so bili podatki o
sledenju povzeti. To omogoca oceno zanesljivosti
rezultatov starejSih sledenj, pri katerih je tezko
oceniti kakovost izvedbe, saj je bila v preteklosti
metoda sledenj z umetnimi sledili Se v razvoju,
slabse so bile tudi tehni¢ne moznosti vzorcenja
in dolocanja koncentracij sledil. Zelo pomemben
dodatek zbirke so zato viri podatkov (npr. ¢lanki,
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Tabela 1. Opis pomena atributov v MS Excelovi preglednici in GIS podatkovni zbirki.
Table 1. Description of the meaning of attributes in the MS Excel table and GIS database.

Oznaka atributa v

Oznaka atributa

Opis pomena atributa

MS Excelu v GIS podatkovni

Attribute label in  2Pirki D g ; ) .

escription of the attribute’s meanin

MS Excel Attribute label in & f 9

the GIS database

1D ID primarni ID zbirke
primary database ID

ID_S ID_S ID sledilnega poskusa; v primeru kombiniranega sledenja z isto¢asnim injici-
ranjem na razli¢nih lokacijah ali uporabe ve¢ razliénih sledil na isti lokaciji je
stevilki dodana $e zaporedna Stevilka sledenja (_01, _02, itd.)
tracer test ID; in the case of a multi-tracer test with a simultaneous injection
of the tracers in different locations or the use of several different tracers in the
same location, this number is added the sequence number of the tracing (_01,
_02, etc.)

ZS zS zaporedna Stevilka izvedenega poskusa, kronolosko zaporedje; v primeru kom-
biniranega sledenja z isto¢asnim injiciranjem na razli¢nih lokacijah ali uporabe
vec razliénih sledil na isti lokaciji je $tevilki dodana Se zaporedna ¢rka
sequence number of the conducted test, a chronological sequence; in the case of
a multi-tracer test with a simultaneous injection of the tracers in different loca-
tions or the use of several different tracers in the same location, this number is
added a sequence letter

SVT-injiciranje SVT_I sifra vodnega telesa v tocki injiciranja; za to¢ke izven Slovenije zapisana kratica
drzave
code of the water body at the injection point; for points outside of Slovenia, the
country’s abbreviation is given

Ime vodnega IME V_T ime vodnega telesa za tocko injiciranja; za tocke izven Slovenije zapisano ime

telesa drzave
name of the water body at the injection point; for points outside of Slovenia, the
country’s name is given

Datum injiciranja DATUM_I datum vnosa sledila na to¢ki injiciranja
tracer injection date

ID I ID I ID mesta injiciranja
injection point ID

Mesto injiciranja MESTO_I ime lokacije vnosa sledila
name of the tracer injection location

Naéin injiciranja =~ NACIN opisuje nacin vnosa sledila v podzemlje
description of the method of tracer injection into the groundwater

Yi Yi GK Y koordinata to¢ke vnosa sledila v D48
Gauss-Kriiger Y coordinate of the tracer injection point in the coordinate system
D48

Xi Xi GK X koordinata toc¢ke vnosa sledila v D48
Gauss-Kriger X coordinate of the tracer injection point in the coordinate system
D48

Zi Zi nadmorska viSina to¢ke vnosa sledila
altitude of the tracer injection point /m a.s.l.]

Zi_vir Zi_VIR vir podatka o nadmorski vi§ini toc¢ke vnosa sledila
source of information on the altitude of the tracer injection point

Sledilo SLEDILO uporabljena vrsta sledila
type of tracer used

Koli¢ina KOLICINA koli¢ina sledila, Kki je bila uporabljena pri injiciranju
amount of tracer injected

Hidrolosko stanje  VODOSTAJ ocena hidroloskih razmer v ¢asu trajanja sledilnega poskusa (nizek, srednji, vi-

- vodostaj sok vodostaj)
assessment of the hydrological conditions throughout the tracer test (low, me-
dium, high water level)

ID V ID V ID mesta vzorcenja
sampling point ID

Mesto vzoréenja MESTO_V vse lokacije, na katerih je z vzorcenjem, meritvami ali opazovanjem potekalo

spremljanje pojava sledila

all locations in which the tracer appearance was monitored through sampling,
measurements or observation (sampling point)
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Tip vzorénega TIP opis mesta vzorcenja (izvir, povrsinski tok, jamski tok, ipd)
mesta sampling point description (spring, surface stream, cave stream, etc.)
Yv Yv GK Y koordinata to¢ke spremljanja pojava sledila v D48
Gauss-Kriiger Y coordinate of the sampling point in the coordinate system D48
Xv Xv GK X koordinata tocke spremljanja pojava sledila v D48
Gauss-Kriger X coordinate of the sampling point in the coordinate system D48
Zv Zv nadmorska vi$ina toc¢ke spremljanja pojava sledila
altitude of the sampling point [m a.s.l.]
ZV_vir Zv_VIR vir podatka o nadmorski visini tocke spremljanja pojava sledila
source of information on the altitude of the sampling point
SVT vzoréenje SVT_V sifra vodnega telesa za tocke spremljanja pojava sledila
code of the water body for sampling points
Povezava POVEZAVA za ugotovljene podzemne zveze opredelitev glavne ali stranske povezave, »neza-
nesljivo« oznaka za rezultate, ko zveze ni mozno z zanesljivostjo potrditi in »ne«
oznaka za lokacije, kjer se sledilo zanesljivo ni pojavilo
for identified groundwater connections, a main or secondary connection is spe-
cified; the label “uncertain” applies to results where a connection cannot be con-
firmed with certainty, while the label “no” denotes locations where the tracer
did not appear
Tip povezave POV_TIP oznacen tip povezave: glavna=1, stranska=2, nezanesljivo=3, ne=0
marks the type of connection: main=1, secondary=2, uncertain=3, no=0
Maksimalna kon- MAX_SLED najvisja izmerjena koncentracija sledila na to¢ki vzorcenja v ¢asu trajanja sle-
centracija sledila dilnega poskusa
(mg/m?) maximum tracer concentration measured at the sampling point during the tra-
cer test /[mg/m?]
Navidezna ma- NAV_MAX izracunana navidezna hitrost pretakanja sledila glede na zra¢no razdaljo med
ksimalna hitrost tocko injiciranja in to¢ko pojava sledila ter ¢asom od injiciranja do prvega poja-
(m/h) va koncentracije sledila nad mejo detekcije
calculated linear maximum flow velocity based on the linear distance between
the injection point and the point of tracer appearance, and on the time between
injection and the first appearance of tracer concentration above the detection
limit /m/h]
Navidezna do- NAV_DOM izra¢unana navidezna hitrost pretakanja sledila glede na zra¢no razdaljo med
minantna hitrost tocko injiciranja in toc¢ko pojava sledila ter ¢asom od injiciranja do pojava ma-
(m/h) ksimalne koncentracije sledila
calculated linear dominant flow velocity based on the linear distance between
the injection point and the point of tracer appearance, and on the time between
injection and the appearance of maximum tracer concentration [m/h]
Delez povrnjenega DELEZ izra¢unan odstotek koli¢ine povrnjenega sledila glede na celotno koli¢ino inji-
sledila ciranega sledila
calculated percent of the amount of recovered tracer with regard to the entire
amount of injected tracer [%o]
Trajanje vzorcenja TRAJANJE obdobje od injiciranja sledila do konca spremljanja pojava sledila na posame-
(meseci) znih to¢kah
period between injecting the tracer and ending the monitoring of tracer appea-
rance at individual points
Izvajalec IZVAJALEC priimek osebe ali kratica organizacije, ki je sledilni poskus izvedla
last name of the person or acronym of the organization that conducted the tracer
test
Viri VIRI citirano objavljeno ali neobjavljeno delo, po katerem so bili povzeti podatki o
izvedenem sledilnem poskusu; ve¢ina virov je skeniranih in so prilozeni v pdf
obliki
the cited published or unpublished work from which the information on the con-
ducted tracer test was taken; most sources have been scanned and are attached
in PDF format
Namen raziskave =~ NAMEN na kratko opisan namen nac¢rtovanja in izvedbe sledilnega poskusa
briefly describes the purpose of planning and implementing the tracer test
Sirge obmodje OBM geografski ali hidrogeoloski opis sirSega obmocja opravljenega sledenja
raziskave geographical or hydrogeological description of the broader area in which the
tracing was conducted
Opombe/ OPOMBE vkljucuje komentar izvajalca o izvedbi ali rezultatih sledilnega poskusa ali ko-
Ovrednotenje mentar avtorjev zbirke podatkov o izvedbi ali rezultatih sledilnega poskusa ali o

viru, iz katerega so bili podatki o sledenju povzeti

contains the implementer’s comment on the tracer test implementation or re-
sults, or a comment from the database authors on the tracer test implementation
or results, or on the source from which the tracing data have been taken
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knjige, poro¢ila; atribut VIRI), ki so prilozeni v
pdf obliki in omogocajo pridobitev bolj podrob-
nih podatkov o izvedenem sledilnem poskusu in
njegovih rezultatih.

Izdelana GIS zbirka je bila prilagojena zahte-
vam objave v sklopu ARSO Atlasa okolja in po
obdobju preverjanja v zacetku jeseni 2019 javno
objavljena na strani http://gis.arso.gov.si/atlaso-
kolja/profile.aspx?id=Atlas_Okolja_ AXL@Arso
(sl. 1). Zaradi preglednosti se ob uporabi gumba i
(Tockovni presek vseh prizganih slojev) ob kliku
na posamezen element izpiSejo le osnovni para-
metri: pri toc¢ki injiciranja mesto in datum injici-
ranja ter uporabljeno sledilo, pri toc¢ki vzorcenja
mesto vzoréenja ter mesto in datum injiciranja,
pri liniji povezave pa tip povezave, mesto in da-
tum injiciranja ter uporabljeno sledilo, mesto

ATLAS OKOLJA

M sconcnn s 2aononse

Podlage ¥

Viina: 201,4 m.n.m.

Mesto vzoréenja

Mesto vzorcenja: Javornikov izvir
Mesto injiciranja: odlagalii¢e Mala gora
pri Ribnici

Datum injiciranja: 14. 10. 2004

Viri:

Kogoviek, J. & M. Petri¢, 2006: Tracer
test on the Mala gora landfill near
Ribnica in south-eastern Slovenia.- Acta
carsologica, 35/2, 91-101, Ljubljana.

Vidina: 183,1 m.n.m.

Sampling site

Sampling site: Javornikov izvir
Injection site: odlagalisce Mala gora pri
Ribnici

Date of injcetion: 14. 10. 2004
Sources:

Kogoviek, J. & M. Petri¢, 2006: Tracer
test on the Mala gora landfill near
Ribnica in south-eastern Slovenia.- Acta
carsologica, 35/2, 91-101, Ljubljana.

vzorcenja in ugotovljena navidezna dominantna
hitrost. Pri vseh elementih je naveden Se vir po-
datka in s klikom na ta zapis se odpre ustrezno
porocilo o sledilnem poskusu v pdf obliki (Ce je
to porocilo javno dostopno). Ob kliku na pusci-
co (Odpre orodje za izbiro elementov na mapi) in
izbiri posameznega elementa pa se ob kliku na
ustrezen simbol odpre tabela atributov izbranih
elementov v novem oknu. Na ta nacin je mozno
dostopati do vseh podatkov, ki so vkljuceni v
zbirko. Trem slojem z rezultati sledilnih posku-
sov je dodan podatkovni sloj zaledja, v katerem
je prikazan obseg prispevnih zaledij za izbrane
izvire. Vanj smo vkljucili podatke le za izvire, za
katere smo obseg prispevnih zaledij dolocili zZe
predhodno v sklopu razliénih projektov.

@ECe00nd

* Iskanje

D € Kopalne vode (prispevno obmogje)

E D VODNA TELESA POVRSINSKIH VODA

[ M Vodna telesa pedzemnih voda
[J m<€ Hidrogeoloska karta
u € Hidrografska obmogja (2. nivo)
[] <€ Hidrografska ebmogia (3. nivo)
[ M€ Hidrografska obmoja (4. nivo)
E [¥?] SLEDILNI POSKUSI

® | Mesto injiciranja

M #| Mesto vzoréenja

=M€ Povezave

D _€ Zaledja

Search

L MW ipaviaica iUl vauiny was
E— .€ Bathing water (catchment area)
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E !€ Hydrogeological map

[] << Hydrographic areas (2nd level)
[] M€ Hydrographic areas (3rd level)

L € Hydrographic areas (4th level)
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[J 114 catchment areas

Sl. 1. Pogled na podatkovno zbirko rezultatov sledilnih poskusov v Atlasu okolja (zgornja slika).

Fig. 1. View on the tracer tests database in the Environmental Atlas (figure below).
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Kot je bilo v prvi fazi predvideno, je bilo v
sklopu druge projektne naloge priblizno dve leti
po prvi postavitvi zbirke izvedeno njeno obnav-
ljanje in dopolnjevanje (dopolnjeni podatki za 28
sledenj in dodanih 31 novih sledenj). Podatke so,
poleg Instituta za raziskovanje krasa ZRC SAZU,
prispevale tudi druge organizacije. Na Geolo-
Skem zavodu Slovenije (Megli¢ et al., 2019) so v
ze obstojeco zbirko dodali nekatere podatke in
vnesli potrebne popravke (za 23 sledenj) ter jo do-
polnili s podatki o sledenjih, ki prej vanjo Se niso
bila vkljucena (21 sledenj). Objavljena porocila o
5 sledilnih poskusih so zbirki prilozena v pdf ob-
liki, v neobjavljena porocila iz njihovega arhiva
pa je ob soglasju naro¢nika omogocen le osebni
pogled v knjiznici GeoZS. Geologija d.o.o. Idrija
je ob soglasju naro¢nikov prispevala podatke za
5 sledenj, ki so bila dodatno vkljuéena v zbirko.
Skupno je torej po pregledanih 147 virih v zbir-
ki 231 sledenj, ki so bila izvedena med leti 1905
in 2019. Od tega je bilo 189 enostavnih sledenj z
eno samo tocko injiciranja in eno vrsto uporab-
ljenega sledila, 5 kombiniranih sledenj z eno toc-
ko injiciranja, a ve¢ uporabljenimi sledili ter 37
kombiniranih sledenj z ve¢ isto¢asno vklju¢enimi
tockami injiciranja (najvec¢ 10) in ve¢ razlicnimi
uporabljenimi sledili. Ce ta kombinirana slede-
nja Stejemo loc¢eno, je bilo v zbirko vkljué¢enih 300
injiciranj (Petric¢ et al., 2020).

Zelo verjetno je, da se v arhivih ali celo med
objavljenimi deli skriva poroc¢ilo o Se kak$nem
sledilnem poskusu na slovenskem krasu, ki v
zbirko Se ni vklju€en, gotovo pa je, da bo v pri-

7,3
2,7

1975-1985

1905-1914 1918-1941 1945-1959 1960-1974

hodnji letih izvedenih ve¢ novih sledenj. Zato os-
taja pomembna zaveza o dopolnjevanju in obnav-
ljanju zbirke na dve leti.

Znacilnosti opravljenih sledilnih poskusov in
dobljenih rezultatov

Izdelana podatkovna zbirka sledenj omogo-
¢a razlicne primerjave in statisticne analize. V
nadaljevanju je predstavljenih nekaj osnovnih
znacilnosti, vsako izmed 300 injiciranj je bilo
upostevano kot samostojno sledenje. Ze pred 1.
svetovno vojno (do leta 1914) je bilo teh sledenj
21, oz. v povprecju 2,1 na leto (sl. 2). V ¢asu med
obema vojnama (1918-1941) so bili poskusi redki
in sicer v povprec¢ju manj kot en poskus na leto,
podobno je bilo v obdobju po 2. svetovni vojni,
ko je ta raziskovalna metoda le pocasi pridobi-
vala na veljavi. V 60-ih in zacetku 70-ih let so
potekale zelo intenzivne raziskave, povezane z
energetskimi nac¢rti na obmocju kraskih polj in
izboljSevanjem oskrbe s pitno vodo, ki so vklju-
cevale tudi sledilne poskuse (povprec¢no 3,6 na
leto). Neke vrste mejnik pri razvoju metode sle-
denj v Sloveniji pa je bil zacetek mednarodnega
sodelovanja z zdruzenjem za sledilno hidrologi-
jo ATH (Association of Tracer Hydrology), ki je
omogocilo izvedbo velikih, kombiniranih sledil-
nih poskusov in preizkuSanje novih sledil. V tem
obdobju je bilo izvedenih povpre¢no 5 sledenj
letno. V obdobju 1986-1995, ko so spet prevlado-
vale raziskave za ureditev oskrbe s pitno vodo,
je bilo opravljenih najvec¢ sledilnih poskusov in
sicer v povprecju ve¢ kot 7 na leto. V naslednjih

1986-1995 1996-2005 2006-2015 2016-2019

Sl. 2. Povprecno $tevilo opravljenih sledenj na leto po izbranih obdobjih (zaradi izbire obdobij glede na vsebinske znacilnosti

je njihovo trajanje razli¢no dolgo).

Fig. 2. Average yearly number of tracer tests by selected time periods (their duration varies due to the choice of periods accord-

ing to some historical events).



Vzpostavitev prosto dostopne GIS zbirke rezultatov sledenj toka podzemne vode in moznosti njene uporabe

211

ostalo/rest;
8,2%

posamezniki/
individuals;

16,3% \
mednarodni
projekti/
international I

r

projects; 12,9%

ARSO/Environmentll
Agency; 7,8%

vpliv virov Studentske
onesnazenja/ _—  naloge/student
impact of work; 4,9%
pollution
sources;
15,2%

£

Sl. 3. Prikaz deleza opravljenih sledenj po izvajalcih (levo) in po namenu izvedbe (desno).

Fig. 3. Presentation of the proportion of performed tracings according to the operators of the tests (left) and the purpose of

their implementation (right).

dvajsetih letih je Stevilo opravljenih sledenj upa-
dlo (okrog 3 na leto), le nekaj ve¢ kot eno slede-
nje letno pa je bilo izvedeno v obdobju 2016-2019.
Mozna razlaga za tako nizko vrednost je tudi ta,
da rezultati sledenj v teh zadnjih letih Se niso bili
ustrezno obdelani in objavljeni.

Najvec sledenj (84) so opravili sodelavci Insti-
tuta za raziskovanje krasa (IZRK), le malo manj
(77) pa sodelavci Geoloskega zavoda Slovenije ali
njegovih pravnih predhodnikov (GeoZS) (sl. 3).
Predvsem med leti 1950 in 1965 so bili zelo dejav-
ni na Hidrometeorolo§kem zavodu, ki se je leta
2001 preoblikoval v Agencijo Republike Slovenije
za okolje (ARSO), skupaj so izvedli 23 sledenj. Za
razvoj raziskovalne metode je bilo pomembno so-
delovanje v mednarodnih in ¢ezmejnih projektih
(skupaj 38 sledenj). Predvsem v za¢etnem obdob-
ju so kot izvajalci velikokrat navedeni le posa-
mezniki.

Za vecino sledenj, ki so vklju¢ena v zbirko, je
naveden tudi namen izvedbe. V nekaterih prime-

brezno/shaft; 4,3%
jamski tok/cave stream;
5,0%

vrtina/ /

borehole;
8,0%

povr3inski tok/surface
stream; 4,0%

e
\ ostalo/rest;
1,3%

rih je bilo o namenu sledenja mozno sklepati na
osnovi besedila porocila. V veliki vec¢ini so bila
sledenja izvedena v sklopu raziskovalnih projek-
tov (63,5 %), kar kaze na to, da pomen in kori-
stnost sledilnih poskusov Se nista v zadostni meri
prepoznana pri nac¢rtovanju posegov v obcutljiv
kraski prostor (sl. 3). Vseeno je bila priblizno
tretjina sledenj izvedena z namenom izbolj$anja
oskrbe s pitno vodo in njenega varovanja (16,4 %)
in ocenjevanja vplivov razli¢nih virov onesna-
zevanja na kraske vode (15,2 %). Nekaj sledenj
(4,9 %) je bilo izvedenih tudi v sklopu doktorskih,
magistrskih in diplomskih nalog.

Razvoj ideje sledenja je v tesni zvezi s poni-
kanjem povrSinskih tokov v podzemlje in vpra-
Sanji, kam te vode odtekajo in kje se vracajo na
povrsje. V veliki vecini poskusov je bilo tako sle-
dilo injicirano v ponikalnico (priblizno 61 %) in
v preteklosti je bil drugacen nac¢in vnosa sledi-
la izbran le izjemoma (sl. 4). Med posameznimi
lokacijami je na prvem mestu ponor Pivke v Po-

povrsinski tok/surface
stream; 5,2%

_—
/ \ ostalo/rest;

vrtina/borehole; 2;2&
curek v jami/drip; 2,6% ==

jamski /
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stream; 9,0%

1,0%

Sl. 4. Prikaz deleza opravljenih sledenj glede na tip mesta injiciranja (levo) in mesta vzorcenja (desno).

Fig. 4. Presentation of the proportion of performed tracings according to the types of injection points (left) and of sampling

points (right).
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Sl. 5. Prikaz deleza opravljenih sledenj glede na uporabljeni tip sledila (levo); za najbolj pogosto uporabljena fluorescentna
sledila so prikazani se delezi po posameznih vrstah teh sledil (desno).

Fig. 5. Presentation of the proportion of performed tracings according to the type of injected tracer (left); and according to the
individual types of fluorescent dyes which are the most commonly used tracers (right).

stojnsko jamo (7 sledenj). Se veékrat je bilo sle-
dilo injicirano v razliéne ponore na Cerkniskem
in Planinskem polju (skupaj 12 in 9). V zadnjih
letih pa se sledilni poskusi vedno bolj uveljavljajo
kot primerna metoda za §tudij znacilnosti toka
vode in prenosa snovi v vadozni (nezasiceni) coni
z injiciranjem sledila razprsSeno ali v razpoko na
povrsju (16,7 %).

V sledenja je bilo vklju¢enih 1528 mest vzor-
¢enja, Stevilna seveda veckrat. Moc¢no prevladu-
jejo izviri (80 %), v kraskih jamah in rudnikih je
bil pogosteje vzorcen vodni tok (9 %), manjkrat
pa curki prenikle vode (2,6 %) (sl. 4). Veckrat so
se vzorcenja izvajala tudi v povrsinskih tokovih
(5,2 %) in vrtinah (2,2 %), drugi tipi vzorcénih
mest pa so se pojavljali le pri posameznih sle-
denjih. Najveckrat je bil morebitni pojav sledila
spremljan na izvirih Ljubljanice, ¢e obravnava-
mo posamezne izvire skupaj, je tam vzorcenje
potekalo 225-krat. Od ostalih izvirov je bil kot
vzoréno mesto 36-krat vkljucen izvir Rizana.

Pri 81 % sledilnih poskusov so bila uporablje-
na fluorescentna sledila (sl. 5). To so organske
snovi, ki se zaradi absorpcije svetlobe iz ultra-
vijolicnega dela spektra vzbudijo na molekular-
nem nivoju in nato oddajajo svetlobo v obmoc¢ju
daljsih valovnih dolzin (Késs, 1998). Ker so dobro
topne v vodi, stabilne z ozirom na kemijo voda,
dobro zaznavne tudi v nizjih koncentracijah in
ve¢inoma nimajo skodljivega vpliva na kakovost
voda, so zelo primerno sledilo, obstajajo pa seve-
da dolocene razlike med posameznimi tipi. Naj-
boljse lastnosti ima uranin, ki po uporabi moc¢no
prevladuje (med fluorescentnimi 81,3 %, glede na
vsa sledila 65,8 %). V manjsi meri so v rabi dru-
ge vrste sledil, predvsem soli (10 %), bakteriofagi
(3,2 %) in obarvani trosi (3,5 %), ki so bili naj-
veckrat uporabljeni pri kombiniranih poskusih z
istocasnim injiciranjem ve¢ razli¢nih sledil. Ko-

li¢ina uporabljenega sledila se bistveno razlikuje
glede na tip sledila, za isto sledilo pa glede na hi-
droloske razmere, nac¢in injiciranja in izdatnost
izvirov, v katerih naj bi se po predhodnih ocenah
pojavilo. Z razvojem novih naprav, ki danes omo-
gocajo zaznavanje ze pri zelo nizkih in proste-
mu oCesu seveda nevidnih koncentracijah, so se
zmanjSale tudi koli¢ine uporabljenih sledil. Tako
na manjsih studijskih poligonih zadosca ze nekaj
gramov sledila, v zaledju vecjih kraskih izvirov
pa ga je Se vedno potrebno injicirati tudi ve¢ deset
kilogramov (Petri¢ et al., 2020). V zbirki je naj-
manj$a uporabljena koli¢ina fluorescentnih sle-
dil 1 g uranina pri sledenju odtoka iz umivalnice
v kampu Pivka jama zaradi pojava onesnazenja
v curkih prenikle vode v Pivka jami (Kogovsek,
1997), najvec¢ja pa 100 kg uranina pri sledenju
ponikalnice Reke v Skocjanske jame (Mosetti,
1965). Najvecja koli¢ina uporabljene soli je bilo
3200 kg kalijevega klorida pri sledenju ponikal-
nice Velika voda v Malih Loc¢ah ob vznozju Br-
kinov. Zanimivo je, da to sledilo ni bilo zaznano
v nobenem ob 12 opazovanih izvirov v Sloveniji,
Italiji in na Hrvaskem (Krivic et al., 1987).
Najpomembnejsa informacija, ki jo dajo sle-
dilni poskusi, je smer podzemnega pretakanja.
Glede na znacilnosti pojava sledila sta doloceni
glavna in stranska podzemna vodna zveza, ¢e pa
so ugotovljene koncentracije sledila zelo majhne
ali je vprasljiva izvedba poskusa, je povezava
oznacena kot nezanesljiva (sl. 6). Ce se sledilo
ni pojavilo oziroma zaradi tehni¢nih in drugih
omejitev ni bilo zaznano, povezava ni zabeleze-
na/oznacena. Zanimivo je, da v skoraj polovici
tock vzorcenja (44,7 %) sledilo ni bilo zaznano,
kar kaze po eni strani na nepredvidljivost podze-
mnega pretakanja v krasu, na drugi strani pa po-
trjuje primerno rabo metode sledenj, saj ta pred-
pisuje vzorcenje v vseh tockah, za katere obstaja
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Sl. 6. Prikaz deleza opravljenih sledenj glede na ugotovljeni tip povezave (levo) in trajanje vzorcenja (desno).
Fig. 6. Presentation of the proportion of performed tracings according to the defined type of groundwater connection (left) and

duration of sampling (right).

moznost, da se bo sledilo v njih pojavilo. Od do-
kazanih povezav je bilo 37,3 % glavnih, 8 % pa
stranskih. Opredelitev povezave za nezanesljivo
(10 %) ostaja v veliki meri stvar subjektivne oce-
ne izvajalca sledenja, ki najbolje pozna razmere
na proucevanem obmocju in lahko na tej osnovi
najbolje ovrednoti dobljene rezultate.

Pri posameznih sledenjih oz. pri posameznih
merilnih mestih traja vzorcenje razliéno dolgo.
Odvisno je predvsem od znacilnosti vodonosni-
ka, razdalje od tocke injiciranja, padavinskih
in hidrolo8kih razmer. Pomembno pa je, da pri
vzorcenju vztrajamo dovolj dolgo, da dobimo po-
vrnjen zadosten delez injiciranega sledila. V ta
namen poleg koncentracij sledila merimo tudi
koli¢ino vode, ki to sledilo nosi (obi¢ajno merimo
pretok izvira ali vodnega toka), kar nam omogo-
¢i izracun kolic¢ine sledila, ki je bila zaznana na
dolo¢enem merilnem mestu. Obi¢ajno ga izra-
zamo kot delez povrnjenega sledila v odstotkih
glede na koli¢ino injiciranega sledila. V zbirki so
za sledenja, kjer je bila ta informacija na voljo,
dodani tudi podatki o delezu povrnjenega sledila
in trajanju vzorcéenja. Vrednosti so zelo razli¢ne,
brez bolj podrobnega pregleda znacilnosti ob-
mocja sledenja in dobljenih rezultatov pa jih ni
mozno primerno komentirati. Zato samo za pri-
merjavo navajamo podatke o trajanju vzorcenja
(sl. 6). KrajSa sledenja trajajo manj kot teden dni
(11,9 %), priblizno v tretjini primerov (33,6 %) je
vzorcenje trajalo do 1 meseca, kar pri polovici
(50,3 %) pa je vzorcenje potekalo do 6 mesecev.
Redki so poskusi s trajanjem do 1 leta (2,9 %) ali
vec (1,4 %). Posebej velja omeniti sledenje prenik-
le vode skozi 100 m debel strop rovov v Postojnski
jami, ki je trajalo ve¢ kot 11 let (Kogovsek & Pe-
tri¢, 2014). Izsledki so potrdili raznolikost pre-
nosa snovi skozi vadozno cono kraskih vodono-

snikov in opozorili na dolgotrajnost zadrzevanja
morebitnega onesnazenja v njej.

Obic¢ajno pa s sledilnimi poskusi ugotavljamo
precej visje hitrosti pretakanja vode v krasu. Na-
videzne hitrosti dolocamo na osnovi primerjave
med zracéno razdaljo od toc¢ke injiciranja do toc-
ke pojava sledila in ¢asom med trenutkom inji-
ciranja in pojavom sledila. Pri tem lo¢imo med
maksimalno (¢as glede na prvi pojav sledila nad
mejo doloc¢ljivosti) in dominantno hitrostjo (Cas
glede na maksimalno zabelezeno koncentracijo
sledila). Ugotovljene navidezne hitrosti so zelo
odvisne od hidroloSkih pogojev in neposredna
primerjava med njimi ni mozna. Pri starejSih
poskusih, kjer ne razpolagamo z vsemi rezulta-
ti sledenj in so izsledki podani bolj opisno, tudi
ni vedno znano, ali so podane navidezne maksi-
malne ali dominantne hitrosti. Pri sledenjih, za
katere so na voljo potrebni podatki, je bila naj-
vecja navidezna dominantna hitrost 1325 m/h
ugotovljena za povezavo med ponorom Pivke v
Postojnsko jamo in Pivko jamo (Serko, 1946), naj-
manjsa 0,002 m/h pa pri sledenju skozi nezasice-
no cono v dolomitu nad KaravanSkim predorom
(Kogovsek et al., 2013).

Zgoraj opisana analiza predstavlja le nekatere
izmed moznih rab postavljene zbirke rezultatov
sledenj podzemne vode v krasu, moznosti za bolj
podrobne in usmerjene analize je Se veliko vec.
Podane so le nekatere osnovne informacije o zna-
¢ilnostih izvedbe in rezultatov sledenj, za bolj po-
drobno analizo in uporabo rezultatov posameznih
sledenj je potrebno poiskati dodatne informacije.
V ta namen so zbirki v pdf obliki prilozena vsa
dostopna, objavljena in neobjavljena porocila
(skupaj za 72 % vseh sledenj), ki jih lahko upo-
rabnik v Atlasu okolja odpre s klikom na nave-
deni vir podatka. Ta moznost daje zbirki dodatno
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Sl. 7. Prikaz deleza sledenj
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Fig. 8. Hydrogeological map
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Hidrogeoloska karta / Hydrogeological map, GeoZS / Geological Survey of Slovenia, ARSO / Slovenian Environment Agency).
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pomembnost, saj omogoca zelo hiter dostop do iz-
virnih virov podatkov in ustrezno ovrednotenje
rezultatov posameznih sledilnih poskusov.

Sledilni poskusi in vodna telesa podzemnih vod

Postavljena zbirka podatkov omogoca tudi
analizo prostorske razporeditve opravljenih sle-
dilnih poskusov. Slovenija je razdeljena na 21
vodnih teles podzemne vode, od tega jih je 16 s
prevladujoco krasko-razpoklinsko poroznostjo.
Ocena razporeditve sledenj znotraj teh pokaze
(sl. 7), da je bilo najvec injiciranj izvedenih na ob-
mocju vodnega teles podzemne vode Kraska Lju-
bljanica (30 %), sledita Dolenjski kras (20,7 %) ter
Obala in Kras z Brkini (19,3 %), pogosta so bila
sledenja na obmoc¢ju Goriskih Brd in Trnovsko-
-Banjske planote (12 %) ter Julijskih Alp v po-
re¢ju Save (5 %) in Kamnisko-Savinjskih Alp
(5 %). Redka so bila sledenja v vodnih telesih
Cerkljansko, Skofjelosko in Polhograjsko hri-
bovje (2 %), Spodnji del Savinje do Sotle (1,7 %),
Karavanke (1,3 %), Haloze in Dravinjske gorice
(0,7 %), Julijske Alpe v porecju Soce (0,7 %) in
Posavsko hribovje do osrednje Sotle (0,3 %). Pod-

zemni tok proti izvirom v Sloveniji je bil doka-
zan tudi z injiciranjem sledil izven nasih meja v
Avstriji (0,7 % ali 2 injiciranji) in Italiji (0,7 %).
Pri vseh 4 poskusih z injiciranjem izven Sloveni-
je je bil dokazan ¢ezmejni znac¢aj vodonosnikov
s pretakanjem podzemne vode prek administra-
tivnih meja. Podobno so bile pri injiciranju sledil
na obmocju Slovenije pri 20 poskusih ugotovljene
podzemne vodne zveze z izviri v Italiji in pri 5
sledenjih z izviri na Hrvaskem.

Na slikah 8-12 so prikazane podzemne vod-
ne zveze za posamezna vodna telesa podzemne
vode. Pomembna ugotovitev sledilnih poskusov
je, da so sosednja vodna telesa hidrolosko po-
vezana in se voda pretaka podzemno tudi preko
njihovih meja.

Najve¢ sledilnih poskusov je bilo izvedenih
v vodnem telesu Kraska Ljubljanica, predvsem
v neposrednem zaledju Ljubljanice (sl. 8), ki jo
sestavlja vec¢ izvirov z razliénimi imeni. Ve¢ sle-
denj je potrdilo obmocja bifurkacij (odtekanje z
dolocene tocke proti razlicnim izvirom) na ra-
zvodju med jadranskim in érnomorskim povod-
jem (hidroloska povezava z vodnima telesoma

/' dokazana podzemna vodna zveza - glavna

o 7 dokazana podzemna vodna zveza - stranska
Z 7 dokazana podzemna vodna zveza - nezanesljiva

0
[

A

Legenda: N
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¢ mesto vzoréenja
C:') vodna telesa podzemne vode
zelo slabo prepustne plasti
(" krasko-razpoklinski vodonosnik
razpoklinski vodonosnik
medzrnski vodonosnik

Vir: Lidar, Hidrogeolos$ka karta,
GeoZS, ARSO, 2019.

Sl. 9. Hidrogeoloska karta z dokazanimi podzemnimi vodnimi zvezami za vodno telo podzemne vode Dolenjski kras.

Fig. 9. Hydrogeological map with proved groundwater connections for the groundwater body Dolenjski kras (for the Legend
description see caption of Fig. 8).
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Sl. 10. Hidrogeoloska karta
z dokazanimi podzemnimi
vodnimi zvezami za vodno
telo podzemne vode Obala
in Kras z Brkini.

Fig. 10. Hydrogeological
map with proved ground-
water connections for the
groundwater body Obala
in Kras z Brkini (for the
Legend description see
caption of Fig. 8).
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Kvarnerski zaliv

Goriska Brda in Trnovsko-Banjska planota ter
Obala in Kras z Brkini), pa tudi pretakanje vode
med vodnima telesoma Kra$ka Ljubljanica in
Dolenjski kras.

V vodnem telesu Dolenjski kras so sledenja ve-
¢inoma potekala v zaledju izvirov ob reki Krki,
nekaj pa tudi na Kocevskem, v Beli Krajini in v
porecju Temenice (sl. 9).

Vodno telo Obala in Kras z Brkini je Se pose-
bej zanimivo zaradi svojega Cezmejnega znacaja,
saj podzemne vode s tega obmoc¢ja med Trzaskim
in Kvarnerskim zalivom pretezno odtekajo proti
izvirom v Italiji in na Hrvaskem (sl. 10). Stevilne
so bile tudi raziskave v zaledju izvira RiZane, ki
je glavni vir za oskrbo obalnih ob¢in s pitno vodo.

Znotraj vodnega telesa Goriska Brda in
Trnovsko-BanjSka planota so sledilni poskusi
pokazali, da moramo Trnovsko-Banjsko planoto
obravnavati kot enotni hidrogeoloski sistem, v
katerem se prepletajo prispevna zaledja pomemb-
nejsih vodnih virov na njenem obrobju (sl. 11). Na
vzhodnem robu vodnega telesa pa ostajajo odprta
vpraSanja o polozaju jadransko-¢érnomorske ra-
zvodnice.

V vodnem telesu Cerkljansko, Skofjelosko in
Polhograjsko hribovje prevladujejo razpoklinski
vodonosniki, v katerih so bila zaradi narave toka
v teh sistemih izvedena le sledenja na krajsih
razdaljah (sl. 11).

Na obmoc¢ju Julijskih Alp so Stevilna slede-
nja potrdila bifurkacijsko obmocje na razvodju
med Soco in Savo, s tem pa tudi med jadranskim
in érnomorskim povodjem (sl. 12). Dokaj dobro
je raziskano tudi obmoc¢je Kaninskega pogorija.
Stevilna sledenja v osrednjem delu Kamnisko-
Savinjskih Alp so dokazala prepletanje hidroge-
oloskih zaledij Kamniske Bistrice in Savinje. V
Karavankah so podatki omejeni na obmocje Pece
z znacilnostmi cezmejnega vodonosnika.

V severovzhodnem delu Slovenije je delez kra-
skih in razpoklinskih vodonosnikov majhen, po-
samic¢na sledenja pa so bila obicajno izvedena v
sklopu usmerijenih, aplikativnih projektov.

Predlog novih sleden;j

Opravljeni sledilni poskusi so pripomogli
k boljSemu poznavanju znacilnosti pretakanja
vode in prenosa snovi v razli¢nih delih Slovenije.



Vzpostavitev prosto dostopne GIS zbirke rezultatov sledenj toka podzemne vode in moznosti njene uporabe 217

Legenda:

e injicirno mesto 0 5 10 km
 mesto vzoréenja L B
¥ dokazana podzemna vodna zveza - glavna
P 7 dokazana podzemna vodna zveza - stranska
_ 7 dokazana podzemna vodna zveza - nezanesljiva
(:3 vodna telesa podzemne vode

Sl. 11. Hidrogeoloska karta
z dokazanimi podzemnimi
vodnimi zvezami za vod-
ni telesi podzemne vode
Goriska Brda in Trnovsko-
Banjska planota ter
Cerkljansko, Skofjelosko
in Polhograjsko hribovje.
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GeoZS, ARSO, 2019.

Za nekatera obmoc¢ja pa je podatkov malo in bi
jih bilo potrebno pridobiti z izvedbo novih sledil-
nih poskusov. Ceprav je bilo na obmoé¢ju vodnega
telesa Kraska Ljubljanica opravljenih najvec sle-
denj, ostajajo odprta vprasanja o polozaju razvo-
dnice predvsem na obmoc¢ju HruSice in Sneznika
ter smereh pretakanja podzemne vode v zaledju
potokov Iska in Zelimelj$¢ica. Na Dolenjskem
krasu ostajajo bele lise v zaledju zgornjega in
spodnjega toka Kolpe, na obmo¢ju med Krko in
Temenico ter na Gorjancih. Dobrodosla bi bila
sledenja voda z obmoc¢ja zahodnega, predvsem
pa z vzhodnega dela Suhe krajine ter Goteniske
gore. V zbirki tudi ni podatkov o morebitnih sle-
dilnih poskusih v zaledju zajetja Jezero v Dru-
zinski vasi, ki je pomemben vodni vir za oskrbo
obmoc¢ja Novega mesta.

V vodnem telesu Obala in Kras z Brkini bi bila
koristna dodatna sledenja na Snezniku ter na ob-
mocju Vremscice in Kosanske doline za doloc¢itev
jadransko-¢rnomorske razvodnice, brez izvede-
nih sledenj pa je zaenkrat tudi goriski del Kra-
sa. V Goriskih Brdih ni bilo opravljeno Se nobeno
sledenje, enako velja znotraj vodnega telesa Gori-

Ska Brda in Trnovsko-Banjska planota za Idrijsko
-Cerkljansko hribovije, Sentvisko goro in Hrusico.

V vodnem telesu Kamnisko-Savinjske Alpe
so bele lise hribovje na levem bregu Save, Me-
nina planina, Golte in Raduha. Na obmoc¢ju Ju-
lijskih Alp v porec¢ju Save bi bila koristna doda-
tna sledenja na Pokljuki, Jelovici in Kobli. Se veé¢
neznank je v porecju Soce, kjer so bila sledenja
izvedena le na Kaninu ter v zaledju izvirov Tol-
minke in Zadlas¢ice. V vodnem telesu Karavanke
je nekaj ve¢ podatkov o znacilnostih podzemne-
ga pretakanja samo na obmocju Pece, kjer je bilo
opravljenih ve¢ sledilnih poskusov.

V vodnem telesu Cerkljansko, Skofjelosko in
Polhograjsko hribovije prevladujejo razpoklinski
vodonosniki, v katerih so dejansko izvedljiva le
sledenja na krajsih razdaljah. Na¢rtovanje novih
sledenj je zato vezano na pojav posameznih pro-
blemov v zvezi z rabo ali varovanjem virov pod-
zemne vode. Podobno velja tudi za vodna telesa v
severovzhodnem delu Slovenije, v katerih je delez
kraskih in razpoklinskih vodonosnikov majhen.

Seveda pa tudi za marsikatero obmocéje, kjer
so ze bili izvedeni sledilni poskusi, velja, da bi
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bilo potrebno nekatere izmed njih ponoviti zara-
di manj zanesljivih rezultatov. Ali pa ga za bolj-
Se poznavanje znacilnosti pretakanja podzemne
vode in prenosa snovi izvesti Se ob drugaénih
hidroloskih razmerah. Ugotovljene znacilnosti
se namre¢ lahko ob nizkih in visokih vodostajih
precej razlikujejo.

Se bolj kot prostorska pokritost Slovenije z
ugotovljenimi podzemnimi vodnimi zvezami
pa je pomemben doprinos rezultatov sledilnih
poskusov k uspesnemu reSevanju okoljske pro-
blematike in k zanesljivejSemu ocenjevanju sta-
nja podzemne vode. V tem pogledu bi bilo potreb-
no glede na izkusnje ARSO nove sledilne poskuse
nacrtovati z naslednjimi cilji:

- doloc¢itev smeriin znacilnosti toka podzemne
vode in prenosa snovi v vplivhem obmocju
toc¢kovnih in razprsenih virov onesnazevan-
ja (npr. ¢istilne naprave, odlagalisca, vojas-
ka vadisca, kmetijstvo, urbanizacija),

- doloc¢itev smeriin znacilnosti toka podzemne
vode in prenosa snovi zaradi varovanja vi-
rov pitne vode in ekosistemov (ugotavljanje
kemijskega stanja vodnih teles podzemne
vode),

- nadgradnja obstojece podatkovne zbirke
rezultatov sledenja toka podzemne vode z
dolocitvijo hidrogeoloskih zaledij izvirov, ki
so v zbirko vklju¢ena kot mesta vzorcenja.

Sklepi

Urejeni in prosto dostopni podatki o vodah
lahko predstavljajo pomemben element sodobnega
prostorskega nacrtovanja, trajnostnega upravlja-
nja z vodnimi viri, varovanja pred naravnimi ne-
srecami in odgovornega odnosa do okolja. Primer
tovrstne predstavitve obstojecega znanja je izde-
lana podatkovna zbirka rezultatov sledenja toka
podzemne vode na slovenskem krasu, ki je javno
dostopna v Atlasu okolja (Internet 3). Omogoca
hiter in enostaven nac¢in dostopa do informacij o
toku podzemne vode in prenosu snovi tako raz-
iskovalcem kot tistim, ki so zadolzeni za razvoj,
sprejemanje in izvedbo okoljskih ukrepov, pa tudi
Sirsi javnosti, ki jo kraske vode zanimajo. Zelo ko-
ristna je lahko v procesu celovitega upravljanja s
kraskimi vodnimi viri, Se posebej v primerih ne-
posredne nevarnosti onesnazenja ob izrednih do-
godkih, ki zahteva hitro in u¢inkovito ukrepanje.

V zbirko so trenutno vkljuceni rezultati 231
sledenj, ki so bila izvedena med leti 1905 in 2019.
Prav gotovo je bilo opravljenih Se ve¢ poskusov,
za katere porocil nismo uspeli dobiti. Zato je v
procesu dopolnjevanja zbirke smiselno nada-
ljevati s pridobivanjem informacij o izvedenih

poskusih tudi s poizvedovanjem pri razliénih
potencialnih izvajalcih sledenj v preteklosti, iz-
vajalce novih sledenj pa vzpodbujati k sprotnemu
objavljanju izsledkov v strokovnih publikacijah.
V nacrtu je obnavljanje in dopolnjevanje zbirke
vsaki dve leti.

Seveda pa je potrebno rezultate privzema-
ti z doloc¢eno mero kriti¢nosti, saj je predvsem
pri starejSih sledenjih, ko je bila metoda Se v
razvoju, tezko oceniti kakovost izvedbe, slabse
so bile tudi tehni¢ne moznosti za redni odvzem
vzorcev in natan¢no dolo¢anje koncentracij sle-
dil. Pomemben del zbirke so zato prilozeni viri
podatkov (¢lanki, poglavja v knjigah, prispevki
na konferencah, poroc¢ila) v pdf obliki, v katerih
lahko uporabnik pridobi bolj podrobne informa-
cije o izvedbi in rezultatih sledenja ter s tem oce-
ni tudi kakovost in uporabnost podatka v zbirki.

V preteklosti je bilo treba za izvedbo sledenja
pridobiti dovoljenje na ARSO, sedaj pa te zahteve
ni vec¢ in nacrtovanje poskusa je bolj enostavno.
Pokazala pa se je tudi velika slabost take ure-
ditve, saj je sedaj mozno, da vec izvajalcev isto-
Casno izvede poskus z enakim sledilom v zaledju
nekega izvira. V takem primeru bodo rezultati
sledenj nezanesljivi in zato verjetno neuporabni.
Zato predlagamo, da se na ustrezen nacin (npr. s
sprejetjem pravilnika) spet vzpostavi zahteva po
pridobitvi dovoljenja ter zagotovi strokovno pra-
vilno izvedbo sledilnih poskusov. Poleg predhod-
nega obves$canja o namenu sledenja bi bila seveda
za obnavljanje in dopolnjevanje izdelane podat-
kovne zbirke zelo koristna tudi pobuda o sporo-
¢anju podatkov o izvedbi in rezultatih poskusov
njenemu skrbniku.
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Abstract

The presented work provides a comprehensive inventory of data on closed (or in closing phase) and abandoned
underground and surface mines and mining waste sites in Slovenia, collected within the framework of the
Geological Survey of Slovenia (GeoZS) over the last two decades. Furthermore, a detailed overview of information
on closed and abandoned mining waste sites in Slovenia is given.

In order to establish the inventory, a definition of the work methodology, a comprehensive research of the
archived and published literature, and the harmonisation and management of the collected data was carried
out. Based on a selected methodology, the inventory contains information on 33 metal mines, 43 coal mines, 51
non-metallic mineral resource mines, 156 waste sites from metal mines and 18 waste sites from coal mines. The
inventory is in the open access Google Earth file. It provides a basis for further research into the environmental
impact of mining waste, which has been carried out since the EU Directive on the management of waste from
extractive industries (Directive 2006/21/EC hereafter) was adopted into national law.

In general, about 11,621,333 m?® of waste sites from metal mines and 76,188,000 m? of waste sites from coal
mines are covering about 678 hectares of Slovenian territory. More than half (64 %) of the waste from metal
mines was produced in the Mezica lead and zinc mine, while the other two mines with a still significant share of
produced waste were the Idrija mercury mine (18 %) and the Zirovski vrh uranium mine (15 %). Among the closed
coal mines, the largest amount (46 %) of waste was generated by the coal mine Trbovlje-Hrastnik, while the other
two coal mines with still significant share of waste produced were Kocevje (28 %) and Kanizarica (17 %).

Izvlecek

Prispevek ¢lanka je obsezni inventar podatkov o zaprtih (ali v fazi zapiranja) in opuséenih podzemnih in
povrSinskih rudnikih in odlagalis¢ih rudarskih odpadkov v Sloveniji, ki smo jih zbrali in uredili na GeoloSkem
zavodu Slovenije (GeoZS) v zadnjih dveh desetletjih. Poleg tega podaja tudi podrobnejsi pregled informacij o
zaprtih in opuscenih odlagali§¢ih rudarskih odpadkov v Sloveniji.

Za vzpostavitev inventarja smo definirali metodologijo dela, izvedli celovit pregled arhivirane in objavljene
literature, uskladili zbrane informacije in vzpostavili upravljanje s podatki. Na podlagi izbrane metodologije
inventar vkljuc¢uje informacije o 33 rudnikih kovin, 43 premogovnikih, 51 rudnikih nekovinskih mineralnih
surovin, 156 odlagali§¢ih odpadkov iz rudnikov kovin in 18 odlagali§¢ih odpadkov iz premogovnikov. Je
prosto dostopen v obliki Google Earth datoteke. Predstavlja osnovo za nadaljnje raziskave o vplivih rudarskih
odpadkov na okolje, ki jih izvajamo odkar je bila v drzavne pravne okvirje sprejeta Uredba o ravnanju z odpadki
iz rudarskih in drugih ekstraktivnih dejavnosti (v nadaljevanju Direktiva 2006/21/ES).

Okoli 678 hektarjev slovenskega ozemlja pokriva priblizno 11.621.333 m? odlagalis¢ odpadkov iz rudnikov
kovin, 76.188.000 m? odlagalis¢ pa odpadkov iz premogovnikov. Ve¢ kot polovico (64 %) odpadkov iz rudnikov
kovin je proizvedel rudnik svinca in cinka Mezica, preostala dva rudnika z znatnim delezem proizvedenih
odpadkov pa sta bila rudnik zivega srebra Idrija (18 %) in rudnik urana Zirovski vrh (15 %). Od premogovnikov
je najvecji delez (46 %) odpadkov proizvedel premogovnik Trbovlje-Hrastnik, medtem ko sta bila preostala dva
premogovnika z ve¢jim delezem proizvedenih odpadkov Kocevije (28 %) in Kanizarica (17 %).
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Introduction

Slovenia has a long and important history of
prospecting, research, mining and exploitation
of metallic (Hg, Pb, Zn, Mo, Cu, Mn, Ba, Al, Ag,
Fe and Sb), non-metallic (mineral resources for
construction, for the industry of construction
materials and products, and for the processing
industry) and energy (coal and uranium) mineral
resources.

The review on metallic, non-metallic and en-
ergy mineral resources in Slovenia was written
by Pirc and Herlec (2009) in the book Geology of
Slovenia. In their work they also list the authors
and their publications, in which the geological
conditions of some of the mines discussed are ex-
plained.

Exploitation sites of oil, gas and geothermal
energy are not part of this article.

At present, all metal and coal mines, except
for the Velenje underground lignite mine, are
closed or in the process of closing down. The ex-
ploitation of non-metallic mineral resources is
ongoing. In the year 2017, there was a total of 206
exploitation sites for 25 different non-metallic
mineral resources with mining rights in Slovenia
(Senegacnik et al., 2018; Internet 1).

The majority of the mines currently closed or
abandoned were operated at a time when envi-
ronmental concerns were significantly lower.
Consequently, the disposal of waste associated
with mining was carried out mostly in a way that
kept costs as low as possible and not to prevent
pollution or facilitate rehabilitation. A similar
situation has been observed in many other min-
ing areas throughout Europe. For this reason, the
Directive on the management of waste from ex-
tractive industries (hereafter Directive 2006/21/
EC) was adopted by the European Commission to
establish measures, procedures and guidance to
prevent or reduce any adverse effects on the en-
vironment (in particular on water, air, soil, fauna
and flora and the landscape, and any resulting
risks to human health) arising from the man-
agement of waste from the extractive industries.
These measures cover the management of waste
resulting from prospecting, extraction, treatment
and storage of mineral resources and the work-
ing of quarries (Directive 2006/21/EC). Directive
2006/21/EC was transposed into national law in
2008 (Official Gazette, No. 43/08 and 30/11).

Geological survey of Slovenia (GeoZS) start-
ed collecting information on mining waste dur-
ing the preparation of EU Directive 2006/21/EC
under the supervision of the former Ministry of
Environment, Infrastructure and Energy and the

Uvod

Slovenija ima dolgo in pestro zgodovino is-
kanja, raziskovanja, rudarjenja in izkoriS¢anja
kovinskih mineralnih surovin (Hg, Pb, Zn, Mo,
Cu, Mn, Ba, Al, Ag, Fe in Sb), trdnih energetskih
surovin (premog in uran) in nekovinskih mine-
ralnih surovin (mineralne surovine za gradbeni-
Stvo, za industrijo gradbenih materialov in proi-
zvodov ter za predelovalno industrijo).

NovejSe pregledno delo o mineralnih ko-
vinskih in nekovinskih ter energetskih surovi-
nah na ozemlju sedanje Slovenije sta napisala
Pirc & Herlec (2009) v knjigi Geologija Slovenije.
V svojem delu sta navedla avtorje in njihove pu-
blikacije o geoloskih danostih nekaterih rudni-
kov, ki so obravnavani v tem prispevku.

Obmocij pridobivanja nafte in plina ter geo-
termalne energije v tem prispevku ne obravna-
vamo.

Danes so vsi rudniki kovin in premogovniki
z izjemo podzemnega rudnika lignita Velenje
zaprti ali so v fazi zapiranja. Izkoris¢anje neko-
vinskih mineralnih surovin pa v veliki meri po-
teka Se danes. Leta 2017 je bilo v Sloveniji 206
pridobivalnih prostorov, kjer se je izkorisc¢alo 25
razlicnih nekovinskih mineralnih surovin (Sene-
gacnik et al., 2018; Internet 1).

Vecina danes zaprtih in opu$cenih rudnikov
je obratovala v ¢asu, ko skrb za okolje Se ni bila
tako mocno izrazena kot danes. Posledi¢no je
imelo pri odlaganju rudarskih odpadkov pred-
nost zmanjSevanje stroSkov. Preprecevanje one-
snazevanja in sanacijski ukrepi niso bili tako po-
membni kot danes. Podobna stanja so bila tudi v
mnogih obmoc¢jih rudarjenja drugod po Evropi.
Zaradi tega je Evropska komisija leta 2006 spre-
jela Uredbo o ravnanju z odpadki iz rudarskih in
drugih ekstraktivnih dejavnosti (v nadaljevanju
Direktiva 2006/21/ES), s katero je doloc¢ila uk-
repe, postopke in smernice za preprecevanje ali
zmanjSevanje Skodljivih vplivov na okolje (zlasti
vode, zraka, tal, favne in flore, pokrajine ter tve-
ganj za zdravje ljudi), ki so nastali kot posledica
ravnanja z odpadki iz ekstraktivnih dejavnosti.
Ti ukrepi zajemajo ravnanje z odpadki, ki nasta-
nejo pri raziskovanju, pridobivanju, bogatenju
in skladis¢enju mineralnih surovin. Direktiva
2006/21/ES je bila leta 2008 prenesena tudi v
pravni red Slovenije (Uradni list RS, st. 43/08 in
30/11).

Geoloski zavod Slovenije (GeoZS) je pricel
z zbiranjem podatkov o rudarskih odpadkih Zze
med pripravo Direktive 2006/21/EC in sicer v
okviru nalog za nekdanje Ministrstvo za okolje,
prostor in energijo ter nekdanje Ministrstvo za
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former Ministry of Economy. At that time, the in-
formation on mining waste was not collected and
managed by a single organisation but scattered
in the archives of the mines and research organ-
isations as well as in studies of various research
institutions. In addition, some data was reported
in books, scientific articles, thematic maps, and
others. With the intention of collecting and com-
piling existing information on closed and aban-
doned mining waste sites, a systematic collection
of data on closed or abandoned mines and relat-
ed mining waste was carried out between 2003
and 2013 (Budkovic et al., 2003, 2004, 2005, 2006,
2008; Gosar et al., 2007, 2013a, 2013b). Budkovié¢
et al. (2003, 2004) examined the history of met-
al mining and metal processing in Slovenia and
its impact on the environment. Basic information
on abandoned, closed (or in closing phase) min-
ing and processing sites was gathered at national
level from the documentation of mine archives
and scientific/technical publications (e.g. Cesmi-
ga, 1959; Mohori¢, 1978; Drovenik, M. et al., 1980;
Drovenik, F. et al., 1980). The basic information,
where available, consisted of the following in-
formation: geographical coordinates, type and
physico-chemical properties of the mined and
processed ore, type and physico-chemical prop-
erties of the waste sites from mines and process-
ing sites, raw materials mined, total quantity of
ore and raw material mined or processed and
environmental impact. As a result, tabular pres-
entations, and maps of abandoned ferrous and
non-ferrous metal mines as well as of iron works
and metal smeltery or hydrometallurgical sites
have been produced (Budkovic et al., 2003, 2004).
Budkovic et al. (2005) collected existing basic in-
formation on abandoned coal mines and mines
of non-metallic mineral resources in Slovenia. A
more detailed survey of available information on
mining waste from the main metal mines and re-
lated processing sites was also carried out for the
Mezica lead and zinc mine area (Budkovic et al.,
2006), for the Idrija mercury and for the Zirovski
Vrh uranium mine areas (Gosar et al., 2007) and
for the Litija lead, zinc, mercury and baryte mine
area (Budkovic et al., 2008). After 2008, a compi-
lation and harmonisation of the collected infor-
mation (Budkovi¢ et al., 2003, 2004, 2005, 2006,
2008; Gosar et al., 2007) and an additional collec-
tion of information on mining waste from small-
er and less significant mines (Savske jame, Tre-
belno, Marija Reka, Lepa njiva, Trojane-Znojile,
Skofje, Remsnik, Knapovze and Podljubelj-Sve-
ta Ana), which mostly stopped operating before
the Second World War, was carried out to create

gospodarstvo. V tem casu podatki o rudarskih
odpadkih Se niso bili sistemati¢no zbrani v okvi-
ru ene organizacije, ampak so bili razprSeni v ar-
hivih rudnikov in v poro¢ilih ter razliénih Studi-
jah posameznih projektantskih in raziskovalnih
organizacij. Poleg tega so bili nekateri podatki
podani v knjigah in znanstvenih ¢lankih, temat-
skih kartah in podobno. Z namenom zbiranja
obstojec¢ih informacij o zaprtih in opuscenih od-
lagali§¢ih rudarskih odpadkov je med leti 2003
in 2013 potekal sistematicen pregled podatkov o
zaprtih in opuscenih rudnikih in z njimi poveza-
nih odlagali$é¢ih rudarskih odpadkov (Budkovié
et al., 2003, 2004, 2005, 2006, 2008; Gosar et al.,
2007, 2013a, 2013b). Budkovic¢ in sodelavci (2003,
2004) so proucili zgodovino rudarstva in predela-
ve kovin v Sloveniji ter s temi dejavnostmi pove-
zan vpliv na okolje in stanje v prostoru. Osnov-
ne informacije o opuscenih, zaprtih (ali v fazi
zapiranja) rudnikih ter o predelovalnih obratih
so bile zbrane na drzavni ravni iz dokumentaci-
je rudarskih arhivov, znanstvenih in strokovnih
publikacij (na primer: Ce$miga, 1959; Mohori¢,
1978; Drovenik, M. et al., 1980; Drovenik, F. et al.,
1980). Osnovne informacije so zajemale naslednje
podatke (ce so bili dostopni): geografske koordi-
nate, tip in fizikalno-kemijske lastnosti izkopane
in predelane rude, tip in fizikalno-kemijske last-
nosti jalovine iz rudnikov in predelovalnih obra-
tov, opis izkopane surovine, skupno koli¢ino iz-
kopane in predelane rude ter mineralnih surovin
in opis morebitnega ugotovljenega vpliva na oko-
lje. Izdelane so bile predstavitve v obliki tabel in
slik opu$cenih Zelezovih in drugih kovinskih ru-
dnikov ter Zelezarn in topilnic kovin (Budkovié¢
et al., 2003, 2004). Budkovic¢ in sodelavei (2005)
so zbrali obstojece informacije o opusc¢enih pre-
mogovnikih in rudnikih nekovinskih mineralnih
surovin v Sloveniji. Za pomembnejSe rudnike
kovin in z njimi povezane predelovalne obrate je
bil izdelan tudi podrobnejsi pregled dostopnih
podatkov o odlagalis¢ih rudarskih odpadkov in
sicer za obmoc¢ja rudnikov svinca in cinka Mezi-
ca (Budkovi¢ et al., 2006), zivega srebra Idrija in
urana Zirovski Vrh (Gosar et al., 2007) ter svinca,
cinka, zivega srebra in barita Litija (Budkovic et
al., 2008). Po letu 2008 so bili na podlagi zbranih
podatkov (Budkovic et al., 2003, 2004, 2005, 2006,
2008; Gosar et al., 2007) ter dodatnega pregleda
podatkov o rudarskih odpadkih manjsih in manj
pomembnih rudnikov (Savske jame, Trebelno,
Marija Reka, Lepa njiva, Trojane-Znojile, Skofje,
Remsnik, Knapovze in Podljubelj-Sveta Ana), ki
so v vec¢ini prenehali delovati pred drugo svetov-
no vojno, vzpostavljeni urejeni nizi podatkov o
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harmonised data sets of closed and abandoned
mines and associated mining waste (Gosar et al.,
2013a, b). In addition, to enable the spatial pres-
entation, Google Earth file of existing data was
established (Gosar et al., 2013a, b). The basic in-
formation on established data sets was prelim-
inarily presented at international conferences
(Gosar et al., 2015; Bavec et al., 2017; Miler et al.,
2019) and in deliverables (Huisman et al., 2019;
Wagner et al., 2018, 2019) of ORAMA (Optimiz-
ing quality of information in RAw MAterial data
collection across Europe) project, which aimed
towards optimisation of quality of information in
raw material data collection across Europe.

The objectives of this study were (1) to present
the methodology used to collect information on
important closed and abandoned mining waste
sites and related mines, (2) to summarise and de-
scribe the information collected and (3) to estab-
lish and share an open access online source of the
information collected (in Google Earth file).

Methodology

In this study, only closed (or in closing phase)
and abandoned mines, open pits or closed and
abandoned mining waste sites are discussed.
Therefore, active mining sites or active mining
waste sites are not the subject of this study.

As mentioned in the introduction, the main
reason for collecting information on closed (or in
closing phase) and abandoned mining waste sites
was to determine the environmental impact or to
define and implement demands of the EU Direc-
tive 2006/21/EC or its Slovenian version (Official
Gazzette, No. 43/08 and 30/11). In order to gather
information, it was first necessary to draw up a
list of mines and open pits, whose mining waste
sites could potentially have serious negative ef-
fects on the environment or could become a se-
rious threat to the environment or human health
in the medium or short term (list of mines with
potential environmental effects in the further
text).

Firstly, a working list of all existing active,
closed (or in closing phase) and abandoned metal
and coal mines as well as non-metallic miner-
al resource mines and open pits in Slovenia was
established. Subsequently, based on the availa-
ble data on permanent closure of mines and in
accordance with the Directive on the manage-
ment of waste from extractive industries (Di-
rective 2006/21/EC), an inventory of closed (or
in closing phase) and abandoned metal and coal
mines as well as non-metallic mineral resource
mines and open pits in Slovenia was drawn up

zaprtih in opuscenih rudnikih in z njimi pove-
zanih odlagalis$¢ih rudarskih odpadkov (Gosar
et al., 2013a, b). Poleg tega je bila za prostorski
prikaz izdelana predstavitev zbranih podatkov
v obliki Google Earth datoteke (Gosar et al.,
2013a, b). Osnovne informacije o usklajenih nizih
podatkov so bile predstavljene na mednarodnih
konferencah (Gosar et al., 2015; Bavec et al., 2017,
Miler et al., 2019) ter v poroc¢ilih (Huisman et al.,
2019; Wagner et al., 2018, 2019) projekta ORAMA
(Optimizing quality of information in RAw MA-
terial data collection across Europe), katerega
glavni namen je bil optimizacija kvalitete zbira-
nja podatkov o surovinah v Evropi.

Cilji pricujoce Studije so naslednji: (1) predsta-
viti metodologijo, ki je bila uporabljena za zbira-
nje informacij o pomembnih zaprtih in opusce-
nih odlagali§é¢ih rudarskih odpadkov in z njimi
povezanih rudnikov, (2) povzeti in opisati zbrane
podatke in (3) vzpostaviti in deliti prosto dosto-
pen spletni vir zbranih informacij (v obliki Go-
ogle Earth datoteke).

Metodologija

V tej studiji so obravnavani samo zaprti (ali v
fazi zapiranja) in opusceni rudniki, premogovni-
ki, povrsinski kopi in odlagali§¢a rudarskih od-
padkov. Torej aktivni pridobivalni prostori oziro-
ma aktivna odlagalis¢a rudarskih odpadkov niso
predmet te Studije.

Kot omenjeno v uvodu, je bil glavni razlog za
zbiranje podatkov o zaprtih in opus¢enih odlaga-
lis¢ih rudarskih odpadkov identifikacija vplivov
na okolje oziroma vzpostavitev in implementacija
zahtev EU Direktive 2006/21/ES oziroma njene
slovenske razlicice (Uradni list RS, st. 43/08 in
30/11). Za zbiranje podatkov je bilo najprej treba
pripraviti seznam rudnikov, premogovnikov in
povrsinskih kopov, katerih odlagaliS¢a rudarskih
odpadkov bi lahko v skladu z Direktivo 2006/21/
ES utegnila povzrociti resne Skodljive vplive na
okolje ali srednjero¢no ali kratkoro¢no postati
resna groznja za zdravje ljudi ali okolje (v nada-
ljevanju seznam rudnikov z moznim vplivom na
okolje).

Sprva je bil izdelan delovni seznam obstojec¢ih
aktivnih, zaprtih (ali v fazi zapiranja) in opuscenih
rudnikov kovin, premogovnikov in rudnikov ter
odprtih kopov nekovinskih mineralnih surovin v
Sloveniji. Kasneje je bil na podlagi obstojec¢ih po-
datkov o dokonénem zaprtjurudnikov in skladno z
Uredbo o ravnanju z odpadki iz rudarskih in dru-
gih ekstraktivnih dejavnosti (Direktiva 2006/21/
ES) izdelan inventar zaprtih (ali v fazi zapiranja)
in opuscenih rudnikov kovin, premogovnikov in
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(Gosar et al., 2013a). The latter formed the ba-
sis for the compilation of the list of mines with
potential environmental impacts, which was
drawn up using hierarchical decision-making
schemes. Hierarchical decision-making schemes
were designed by adapting the existing prelim-
inary risk screening tools that are based on the
EU Guidance document (Stanley et al., 2011),
which applies the source-transport route-recep-
tor paradigm. In addition, the experience of EU
Member States (United Kingdom, Ireland and
Hungary), that have already collected national
information on mining waste sites, has been tak-
en into account with the intention of drawing up
an inventory of sites that are important in terms
of environmental impact (Stanley et al., 2009;
Kiss et al., 2012; Potter & Johnston, 2012). De-
cision-making schemes (Tables 1, 2, 3) are based
on various criteria relating to three categories:
the chemical and physical state of the source,
the potential transport pathways for pollutants
and receptors of pollutants (Stanley et al., 2011).
The criteria are specifically adapted to each type
of mineral resource. The categories and crite-
ria must be followed in hierarchical order for
the decision-making and final selection of the
mines and open pits. The basic principle of de-
cision-making schemes is the selection of mines
and open pits, whose mining waste sites have the
potential to cause serious negative environmen-
tal impacts or may become a serious threat to the
environment or human health in the medium or
short term. Such mines and open pits were as-
signed to a so-called 27 phase (Tables 1, 2 and
3) of the work within the framework of the data
collection on mining waste sites.

Following the establishment of a final list of
mines with potential environmental impacts
(15 phase) using hierarchical decision-making
schemes, existing information on mining waste
sites was collected and an inventory of these sites
was drawn up (2*¢phase). As mentioned in the in-
troduction, the process of information gathering
included the review of studies and documentation
of mines and open pits and archives of research
organisations. Other sources including data on
mining waste, were also examined. For example,
books, scientific articles, thematic maps, and oth-
er study materials.

All collected information on closed and aban-
doned mines and open pits or closed and aban-
doned mining waste sites was harmonised and
stored in STATISTICA software worksheets.
Two separate datasets were created. One set
contains updated data on closed and abandoned

podzemnih rudnikov ter povrSinskih kopov ne-
kovinskih mineralnih surovin v Sloveniji (Gosar
et al., 2013a). Slednji je predstavljal podlago za
pripravo seznama rudnikov z moznim vplivom na
okolje, ki je bil pripravljen z uporabo hierarhi¢nih
odlo¢itvenih shem. Hierarhi¢ne odlo¢itvene she-
me so bile izdelane s prilagoditvijo ze obstojec¢ih
orodij za preliminarne ocene tveganja v skladu
z EU smernicami (Stanley et al., 2011), ki slonijo
na paradigmi: vir — transportna pot — prejemnik.
Poleg tega so bile upostevane tudi izkusnje ¢lanic
EU (Zdruzeno kraljestvo, Irska in Madzarska), ki
so z namenom popisa zaprtih odlagalis¢ v tistem
Casu ze pripravile seznam pomembnih rudarskih
obmoc¢ij v njihovih drzavah (Stanley et al., 2009;
Kiss et al., 2012; Potter & Johnston, 2012). Hierar-
hi¢ne odlocitvene sheme (Tabele 1, 2 in 3) slonijo
na razliénih kriterijih, ki se nanasajo na tri kate-
gorije: kemic¢no in fizi¢no stanje vira, potencialne
transportne poti za onesnazevala ter prejemnike
onesnazeval (Stanley et al., 2011). Kriteriji so bili
posebej prilagojeni vrsti mineralne surovine. Za
odloc¢anje in koné¢ni izbor rudnikov, premogovni-
kov in povrsinskih kopov je treba kategorijam in
kriterijem slediti hierarhi¢no. Osnovni princip od-
loc¢itvenih shem je izbor rudnikov, premogovnikov
in povrsinskih kopov, katerih odlagaliSéa odpad-
kov bi utegnila povzrocati resne Skodljive vplive
na okolje in srednjeroc¢no ali kratkoroc¢no postati
resna groznja za zdravje ljudi ali okolje. Tovrstni
rudniki, premogovniki in povrsinski kopi so bili
v sklopu pridobivanja podatkov o njihovih odla-
galis¢ih rudarskih odpadkov uvrsceni v t.i. drugo
fazo dela (Tabele 1, 2 in 3).

Ko je bil z uporabo hierarhi¢nih odlocitvenih
shem pripravljen kon¢ni seznam rudnikov z mo-
znim vplivom na okolje (1. faza), sta bila izvedena
zbiranje in popis obstojec¢ih informacij o odlaga-
lis¢ih rudarskih odpadkov izbranih rudnikov,
premogovnikov in povrsinskih kopov (2. faza).
Kot ze omenjeno v uvodu je proces zbiranja infor-
macij vkljuceval pregled $tudij in dokumentacije
iz arhivov rudnikov, premogovnikov, povrsinskih
kopov ter arhivov razli¢nih raziskovalnih orga-
nizacij. Poleg tega smo pregledali Se ostale vire,
ki vklju€ujejo podatke o rudarskih odpadkih, na
primer knjige, znanstvene in strokovne ¢lanke,
tematske karte in drugo studijsko gradivo.

Vsi zbrani podatki o zaprtih in opuscéenih ru-
dnikih, premogovnikih in povrSinskih kopih ozi-
roma zaprtih in opuSc¢enih odlagalis¢ih rudarskih
odpadkov so bili usklajeni in shranjeni v pregle-
dnicah programa STATISTICA. Vzpostavljena
sta bila dva seta podatkov. En set vsebuje podatke
o zaprtih in opus¢enih rudnikih, premogovnikih
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Table 1. Methodology for selection of closed (or in closing phase) and abandoned metal mines (adapted from Stanley et al., 2011).

Tabela 1. Metodologija za izbor zaprtih (ali v fazi zapiranja) in opus¢enih rudnikov kovin (prirejeno po Stanley et al., 2011).

Fulfilment of
Category Criterion criterion Result
Kategorija Kriterij Izpolnjevanje Rezultat
kriterija
. yes - da to 2. category - v 2. kategorijo
presence of sulphides in the ore or gangue
material no - ne to 2. criterion - k 2. kriteriju
prisotnost sulfidov v rudi ali jalovini no data - ni podatka to 2. phase - v 2. fazo
2. ..
presence of heavy metals (Ag, As, Ba, Be, Cd, yes - da to 2. category - v 2. kategorijo
Co, Cr, Cg, Hg, Ni, Pb, Sh, Se, Sn, Te, T1, U, V,
Zn) in the produced ore concentrate no - ne to 3. criterion - k 3. kriteriju
1 prisotnost teikih kovin (Ag, As, Ba, Be, Cd, Co,
' Cr, Cu, Hg, Ni, Pb, Sb, Se, Sn, Te, T1, U, V, Zn) 4 data - ni podatka to 2. phase - v 2. fazo
state of mine v proizvedenem rudnem koncentratu
3. yes - da to 2. category - v 2. kategorijo
stanje rudnika use of dangerous chemicals during ore o L
processing no - ne to 4. criterion - k 4. kriteriju

uporaba nevarnih kemikalij pri predelavi rude

no data - ni podatka to 2. phase - v 2. fazo

4

volume of excavated material > 50,000 m?®

(or. descriptive: larger deposit)

volumen izkopanega materiala > 50.000 m®

(oz. opisno: vecje rudisce)

yes - da to 2. category - v 2. kategorijo
further handling not needed -
no - ne nadaljnja obravnava ni

potrebna

no data - ni podatka to 2. phase - v 2. fazo

2. 5

distance to the nearest water course or water

transport source < 1 km

pathways

razdalja do najblizjega vodnega toka oz.

transportne poti vodnega vira < 1 km

yes - da to 3. category - v 3. kategorijo
further handling not needed -
no - ne nadaljnja obravnava ni

potrebna

no data - ni podatka to 2. phase - v 2. fazo

distance to the nearest‘settlement with > 100

inhabitants < 1 km

razdalja do najblizjega naselja z > 100

prebivalci < 1 km

yes - da in 2. phase - v 2. fazo
no - ne to 7. criterion - k 7. kriteriju

no data - ni podatka to 2. phase - v 2. fazo

3. ) yes - da to 2. phase - v 2. fazo
pollutant distance to the area of Natura 2000 < 1 km no - ne to 8. criterion - k 8. kriteriju
receptors . .

p razdalja do obmoc¢ja Natura 2000 < 1 km no data - ni podatka to 2. phase - v 2. fazo

prejemniki
onesnazeval 3 yes - da to 2. phase - v 2. fazo

distance to the nearest pastures and

agricultural land < 1 km

razdalja do najblizjih pasnikov in kmetijskih

povrsin <1 km

further handling not needed -
nadaljnja obravnava ni
potrebna

no - ne

no data - ni podatka to 2. phase - v 2. fazo

mines and open pits presented in the report of
Gosar et al. (2013a) (1** phase). The other set con-
tains updated data on closed and abandoned
mining waste sites presented in the report of Go-
sar et al. (2013b) (2" phase).

For the spatial presentation of the data, the
data were applied in Google Earth file, of which
a working version was presented in the report
by Gosar et al. (2014). Within the frame of this
study the final version of the file entitled “Inven-
tory on closed (or in closing phase) and aban-
doned mines, open pits and mining waste sites in

in povrsinski kopih, ki je bil predstavljen v poro-
¢ilu Gosar in sodelavci (2013a) (1. faza), drugi set
pa vsebuje podatke o njihovih odlagalis¢ih rudar-
skih odpadkov, ki je bil predstavljen v porocilu
Gosar in sodelavci (2013b) (2. faza).

Za prostorski prikaz podatkov so bili podatki
preneseni v Google Earth, katerega delovna ver-
zija je bila predstavljena v poroc¢ilu Gosar in sode-
lavci (2014). Kon¢na verzija datoteke z naslovom
Inventar podatkov o zaprtih (ali v fazi zapiranja)
in opuscenih rudnikih, premogovnikih, povrsin-
skih kopih in odlagali$¢ih rudarskih odpadkov v
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Table 2. Methodology for selection of closed (or in closing phase) coal mines (adapted from Stanley et al., 2011).

Tabela 2. Metodologija za izbor zaprtih (ali v fazi zapiranja) premogovnikov (prirejeno po Stanley et. al., 2011).

Fulfilment of

Category Criterion criterion Result
Kategorija Kriterij Izpolnjevanje Rezultat
kriterija
1. yes - da to 2. category - v 2. kategorijo
presence of sulphides in the coal or gangue
material no - ne to 2. criterion - k 2. kriteriju
1.

prisotnost sulfidov v premogu ali jalovini

no data -ni podatka to 2. phase - v 2. fazo

state of mine

stanje rudnika

volumen izkopanega materiala > 100.000 m?

2.
volume of excavated material > 100,000 m?

yes - da to 2. category - v 2. kategorijo
no - ne further handling not needed -
nadaljnja obravnava ni potrebna

no data - ni podatka to 2. phase - v 2. fazo

3.
2. .
distance to the nearest water course or.
E)ra%:}lligg;; water source < 1 km

transportne poti vodnega vira < 1 km

razdalja do najblizjega vodnega toka oz.

yes - da to 3. category - v 3. kategorijo
1o - ne further handling not needed -
nadaljnja obravnava ni potrebna

no data - ni podatka to 2. phase - v 2. fazo

4

distance to the nearest settlement with > 100

inhabitants < 1 km

razdalja do najblizjega naselja z > 100
prebivalci < 1 km

yes - da to 2. phase - v 2. fazo
no - ne to 5. criterion - k 5. kriteriju

no data - ni podatka to 2. phase - v 2. fazo

3.
llutant 5.
E:ce;t?)?s distance to the area of Natura 2000 < 1 km
prejemniki razdalja do obmoc¢ja Natura 2000 < 1 km
onesnazeval

yes - da to 2. phase - v 2. fazo

no - ne to 6. criterion - k 6. kriteriju

no data - ni podatka to 2. phase - v 2. fazo

6.
distance to the nearest pastures and
agricultural land < 1 km

yes - da to 2. phase - v 2. fazo
further handling not needed -

no - ne S )
nadaljnja obravnava ni potrebna

razdalja do najblizjih pasnikov in kmetijskih

povrsin < 1 km

no data - ni podatka to 2. phase - v 2. fazo

Slovenia” was prepared. It is part of this paper
and has open access.

Therefore, when using the information avail-
able in Inventory on closed (or in closing phase)
and abandoned mines, open pits and mining
waste sites in Slovenia, this study should be cited
as a source.

At the time of publication of this study, the in-
ventory is only available in Slovenian, but will
be translated into English later depending on
the financial and human resources available. The
information collected has been inserted into a
Google Earth format with the use of icon “Add
placemark” in Google Earth application, con-
taining names, coordinates (WGS 84) and prop-
erties of the mines, open pits, and mining waste
sites. For a better overview, the closed and aban-
doned mines and open pits have been divided
into separate folders by mineral resources type
and sub-folders by commodity type. The mining
waste sites have been divided into separate fold-
ers by mineral resources types and sub-folders
by metal and coal mine names.

Sloveniji je bila pripravljena v okviru te Studije
in je prosto dostopna ter je del predstavljenega
¢lanka. Zato je v primeru uporabe informacij, ki
so dostopne v Inventarju podatkov o zaprtih (ali v
fazi zapiranja) in opusc¢enih rudnikih, premogov-
nikih, povrSinskih kopih in odlagalis¢ih rudar-
skih odpadkov v Sloveniji, v kakr$nekoli namene,
potrebno navesti pricujoci ¢lanek kot vir.
Inventar je v ¢asu objave tega ¢lanka dostopen
v slovensc¢ini, bo pa v prihodnosti glede na raz-
polozljiva sredstva preveden tudi v angleS¢ino.
Zbrani podatki so bili iz preglednic prenesSeni v
Google Earth format z uporabo ikone »dodaj pro-
storsko oznako« v Google Earth aplikaciji, ka-
mor so bili vneseni ime, koordinata (WGS 84) in
lastnosti rudnika, premogovnika, povrsSinskega
kopa ali odlagalis¢a rudarskih odpadkov. Za laz-
jo preglednost so bili zaprti (ali v fazi zapiranja)
in opusSceni rudniki, premogovniki in povrSinski
kopi razdeljeni v posamezne mape po tipih mi-
neralnih surovin ter v podmape po vrsti surovi-
ne. Odlagalis¢a rudarskih odpadkov so bila raz-
deljena v posamezne mape po tipih mineralnih


https://www.geo-zs.si/images/GoogleEarth/Inventar.kmz
https://www.geo-zs.si/images/GoogleEarth/Inventar.kmz
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Table 3. Methodology for selection of closed (or in closing phase) and abandoned non-metallic mineral resource mines or open

pits (adapted from Stanley et al., 2011).

Tabela 3. Metodologija za izbor zaprtih (ali v fazi zapiranja) in opus$¢enih rudnikov ali povrsinskih kopov nekovinskih mine-

ralnih surovin (prirejeno po Stanley et. al., 2011).

Fulfilment of

Category Criterion criterion Result
Kategorija Kriterij Izpolnjevanje Rezultat
kriterija
1. yes - da to 2. category - v 2. kategorijo
state of mine or
open pit 1. . 3 further handling not needed -
volume of excavated material > 50,000 m no - ne nadaljnja obravnava ni

stanje rudnika
ali povrsinskega

volumen izkopanega materiala > 50.000 m?

potrebna

kopa no data - ni podatka to 2. phase - v 2. fazo
9 yes - da to 3. category - v 3. kategorijo
9. ) .
transport distance to the nearest Watker course or. turther handling not needed -
pathways water source < 1 km no - ne nadaljnja obravnava ni

transportne poti vodnega vira < 1 km

razdalja do najblizjega vodnega toka oz.

potrebna

no data -ni podatka to 2. phase - v 2. fazo

distance to the neare.st settlement with >

100 inhabitants < 1 km

razdalja do najblizjega naselja z > 100
prebivalci < 1 km

yes - da to 2. phase - v 2. fazo

no - ne to 4. criterion - k 4. kriteriju

no data - ni podatka to 2. phase - v 2. fazo

3.
4.
pollutant distance to the area of Natura 2000 < 1 km
receptors
. . razdalja do obmocja Natura 2000 < 1 km
prejemniki
onesnazeval

yes - da to 2. phase - v 2. fazo

no - ne to 5. criterion - k 5. kriteriju

no data - ni podatka to 2. phase - v 2. fazo

5.
distance to the nearest pastures and
agricultural land < 1 km

razdalja do najblizjih pasnikov in
kmetijskih povrsin < 1 km

yes - da to 2. phase - v 2. fazo
further handling not needed -
no - ne nadaljnja obravnava ni

potrebna

no data - ni podatka to 2. phase - v 2. fazo

Although the data collected has been pre-
pared with care, its accuracy, reliability, com-
pleteness, and correctness cannot be fully
guaranteed. The data has been compiled from
original reports that we have not modified or
corrected. They are subject to the usual uncer-
tainties of research and depend on the accuracy
and reliability of their sources. Most data, espe-
cially older data, were collected without the use
of uniform quality assurance standards. There-
fore, the paper has an informative character and
is not suitable for market decisions or in legal
proceedings.

Moreover, part of the information, presented
in this paper is already contained in the database
“Deposits of Minerals Resources of the Republic
of Slovenia — Database of ore deposits”, which is
maintained by GeoZS for the Ministry of infra-
structure, and will be available in the future also
in the Mining Registry Book (Internet 1).

surovin in v podmape po imenih rudnikov oziro-
ma premogovnikov.

Kljub temu, da so zbrani podatki pripravljeni
zelo skrbno, ni mogoce v celoti zagotoviti njihove
tocnosti, zanesljivosti, popolnosti in azurnosti.
Podatki so povzeti po izvirnih poroc¢ilih in jih
nismo spreminjali ali popravljali, ter so podvr-
zeni obicajni negotovosti raziskav in odvisni od
toénosti in zanesljivosti njihovih virov. Veéina,
predvsem starejsih podatkov, je bila zbrana brez
uporabe enotnih standardov za zagotavljanje ka-
kovosti. Zato je ¢lanek informativne/pregledne
narave in ni primeren za trzne odlo¢itve oz. v
sodnih postopkih.

Poleg tega je del informacij, ki so predstavlje-
ne v tem ¢lanku, ze zajetih v bazi Nahajalis¢a mi-
neralnih surovin RS - baza rudis¢, ki jo upravlja
GeoZS za Ministrstvo za infrastrukturo. Predsta-
vljene informacije bodo v prihodnosti na voljo tudi
v spletni aplikaciji Rudarska knjiga (Internet 1).
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Results

An inventory of closed (or in closing phase) and
abandoned metal and coal mines and non-me-
tallic mineral resource mines and open pits in
Slovenia (Gosar et al., 2013a) includes 33 met-
al mines, 43 coal mines, 3 non-metallic mineral
resource mines and 48 open pits of non-metallic
mineral resources.

The list of closed (or in closing phase) mines
with potential environmental impacts (Gosar et
al., 2013b), which was prepared with the use of
hierarchical decision-making schemes (Tables 1,
2 and 3) revealed 16 metal mines (Table 4) (Sk-
ofje-Cerkno, Marija Reka, Idrija, Sv. Ana-Podl-
jubelj, Rems$nik, PleSe, Knapovze, Bohor-Ledina,
Puharje, Litija, Mezica, TrziSce, Lepa njiva, Tro-
jane-Znojile, Zirovski Vrh and Zelezno), 6 larger
coal mines (Table 5) (Zagorje, Trbovlje-Hrastnik,
Lasko, Senovo, Kocevje and Kanizarica) and 15
open pit mines of non-metalic mineral resources
(limestone, dolomite, flysch, gravel and sand). For
all mentioned mines and open pits data on their
waste sites were collected and a corresponding
inventory was compiled.

The list of closed and abandoned mining
waste sites (Gosar et al., 2013b) comprises 156
metal mine waste sites and 18 coal mine waste
sites. With regard to non-metallic mineral re-
source open pits, it turned out that mine res-
idues have already been re-used in open pit
rehabilitation or local construction work due
to its non-toxic chemical composition. There-
fore, there are no closed or abandoned mining
waste sites from non-metallic mineral resource
open pits in Slovenia. Some mines of non-me-
tallic mineral resources are presented in detail
in publications by Dimkovski & Rokavec (2001),
Rokavec (2014) and Rokavec & Mezga (2017).

Overview of information on closed and
abandoned mining waste sites

The presented information on closed and
abandoned mines, open pits and mining waste
sites is based on data collected in the reports of
Budkovic et al. (2004, 2005, 2006, 2008) and Go-
sar et al. (2007, 2013a, 2013b) as well as on refer-
ences listed in these reports.

Mining waste sites of metal mines

A list of closed and abandoned metal mines
and related mining waste sites is given in table 4.
The mines are ranked from the most important
to the least important in terms of the amount
of mining waste, generated during the operation
of the mine. On about 98 ha of the Slovenian

Rezultati

Izdelali smo inventar zaprtih (ali v fazi zapi-
ranja) in opuScenih rudarskih objektov (Gosar
et al., 2013a), ki vkljucuje: 33 rudnikov kovin, 43
premogovnikov, 3 rudnike nekovinskih mineral-
nih surovin in 48 povrs§inskih kopov nekovinskih
mineralnih surovin.

Seznam zaprtih (ali v fazi zapiranja) in opus-
¢enih rudnikov s potencialnim vplivom na okolje
(Gosar et al., 2013b), ki je bil izdelan z uporabo
hierarhi¢nih odloc¢itvenih shem (Tabele 1, 2, 3),
vsebuje 16 rudnikov kovin (Tabela 4) (Skofje-
-Cerkno, Marija Reka, Idrija, Sv. Ana-Podlju-
belj, Remsnik, PleSe, Knapovze, Bohor-Ledina,
Puharje, Litija, Mezica, TrziSce, Lepa njiva, Tro-
jane-Znojile, Zirovski Vrh in Zelezno), 6 ve&jih
premogovnikov (Tabela 5) (Zagorje, Trbovlje-
-Hrastnik, Lasko, Senovo, Kocevje in Kaniza-
rica) in 15 povrsinskih kopov nekovinskih mi-
neralnih surovin (apnenec, dolomit, fli§, prod in
pesek). Za vse omenjene rudnike, premogovnike
in povrsinske kope sta bila izvedena zbiranje in-
formacij o njihovih odlagali§¢ih odpadkov ter s
tem povezana izdelava inventarja.

Seznam zaprtih in opus$cenih odlagalis¢ rudar-
skih odpadkov (Gosar et al., 2013b) vkljucuje 156
odlagali§¢ rudnikov kovin in 18 odlagaliS¢ premo-
govnikov. Za povrsinske kope nekovinskih mine-
ralnih surovin se je izkazalo, da so bili rudarski
odpadki zaradi nenevarne kemicne sestave upo-
rabljeni za sanacijo povrsinskih kopov ali lokalna
gradbena dela. Torej, v Sloveniji ne obstajajo zapr-
ta ali opusScena odlagalis¢a odpadkov iz povrSin-
skih kopov nekovinskih mineralnih surovin, zato
zanje tudi ne podajamo tabelaricnega pregleda.
Nekateri povrsinski kopi nekovinskih mineralnih
surovin so podrobneje predstavljeni v publikaci-
jah Dimkovski & Rokavec (2001), Rokavec (2014) in
Rokavec & Mezga (2017).

Pregled informacij o zaprtih in opuscenih
odlagalis¢ih rudarskih odpadkov

Predstavljene informacije o zaprtih (ali v fazi
zapiranja) in opusc€enih rudnikih, premogovni-
kih, povrSinskih kopih in odlagali§¢ih rudar-
skih odpadkov temeljijo na podatkih, zbranih v
poroc¢ilih Budkovi¢ et al. (2004, 2005, 2006, 2008)
in Gosar et al. (2007, 2013a, 2013b) ter virih, na-
vedenih v omenjenih porocilih.

Odlagalisc¢a rudarskih odpadkov rudnikov kovin

Seznam zaprtih in opuSc€enih rudnikov kovin
in z njimi povezanih odlagalis¢ rudarskih od-
padkov je naveden v tabeli 4. Rudniki so razvr-
Sc¢eni od najbolj do najmanj pomembnih z vidika
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Table 4. Summary of closed and abandoned metal mines and associated mining waste (data after Gosar et al., 2013b).

Tabela 4. Pregled zaprtih in opus$cenih rudnikov kovin in z njimi povezanih rudarskih odpadkov (podatki po Gosar et al., 2013b).

No. of waste sites

Mine Commodity ~ v Volume (m?) Area (m?)
Rudnik Surovina Stégg;?l%{z:)l‘lysc Prostornina (m?) Povrsina (m?)
Mezica Pb, Zn (Mo) 33 7,402,500 467,430
Idrija Hg 14 2,132,700 302,500
Zirovski vrh U (Th) 2 (51(; b 51;:;?1?81%?356) 1,678,133 130,325
Plese Pb, Ba (Zn, Hg) 17 139,900 6,600
Rudnik Litija Pb, Hg (Sb, Ba, Ag) 28 139,450 37,025
%Zgﬁ?u‘%gﬁ' Hg 1 68,000 10,100
Skofje-Cerkno Cu (Pb, Zn) 8 37,000 15,400
Ledina Pb, Zn 3 8,300 2,300
Knapovze Pb, Hg (Zn) 2 5,000 1,600
Trojane-Znojile Shb 30 4,800 2,400
Marija Reka Hg (Pb, Ba) 2 1,500 750
Rems$nik Pb (Zn, Cu, Ag) 2 1,500 750
Zelezno Pyrite 1 1,000 100
Trzisce Pb, Zn 3 800 380
Lepa Njiva Shb 9 750 410
Puharje Pb, Zn 1 unknown / neznano unknown / neznano
VSS‘(J)I,}‘A 11,621,333 978,070

territory 11,621,333 m? of metal mining waste
are stored in closed or abandoned waste sites.
In terms of quantities, more than half (64 %)

of the mining waste was produced in the Mezi-
ca lead and zinc mine, while the other two mines
with a significant share of waste produced were
the Idrija mercury mine (18 %) and the Zirovski
Vrh uranium mine (15 %) (Table 4, fig. 1). The

Sveta Ana — Skofje —

koli¢ine rudarskih odpadkov, ki so nastali med
obratovanjem rudnika. Na priblizno 98 hektarjih
slovenskega ozemlja je odlozenih 11.621.333 m?
rudarskih odpadkov na zaprtih (ali v fazi zapira-
nja) ter opuscenih odlagaliscih.

Glede na prostornino je bila ve¢ kot polovica
(64 %) rudarskih odpadkov proizvedena v rudni-
ku svinca in cinka Mezica, medtem ko sta preos-

) ; Other Fig. 1. The portion of mining
Podljubelj Cerkno 0.2% waste produced by closed or
Litiia 0.6% 0.3% £ 70 abandoned metal mines.

o 1 2(‘1/ Sl. 1. Delezi rudarskih odpad-
Plese !- O\ kov, ki so bili proizvedeni v
1.2% — _amui danes zaprtih ali opu$cenih

| Mesi rudnikih kovin.
= Mezica
Idrija
= Zirovski Vrh
= Plese
= Litija

Other

= Sveta Ana — Podljubelj
= Skofje — Cerkno
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mines Plese, Litija and Sveta Ana-Podljubelj
each produced up to 1 % of the mining waste in
Slovenia, while the remaining smaller mines (Sk-
ofje-Cerkno, Ledina, Knapovze, Trojane-Znojile,
Marija Reka, Rem$nik, Zelezno, Trzisce, Lepa
njiva and Puharje) produced negligible amount
of waste (less than 1 %) in relation to all metal
mines.

Mining waste sites of MeZica lead
and zinc mine

Mezica lead and zinc mine was among the
most important mines in Slovenia. Mining began
already in 1442. The “Mississippi Valley” type
ore deposit is hosted by Middle/Upper-Triassic
Wetterstein platform carbonates (Drovenik , M.
et al., 1980; Kusej, 1992; Lednik, 1994). During
entire operation about 1,000,000 tons of Pb and
500,000 tons of Zn were produced. During and
after the World War IT also Mo was extracted. The
ore was mined in different times of operation at
several mining districts (Topla, Peca, Naversnik,
Srednja cona, Triurno rudisce, Helena, Moer-
ing, Union, Igréevo, Staro Igréevo, Fridrih, Stari
Fridrih and Graben) (Zorc, 1955). MeZica mine
was in closure since 1988 (Official Gazzette, No.
5/88), in 1994 extraction stopped and the mine
was closed in 2005 (Senegacnik, 2015).

In the area of MeZica there are 33 mining
waste sites, which cover about 47 hectares of land
and are located in the areas around the mine tun-
nels. The total volume of waste from Mezica is
estimated at approximately 7,400,000 m?. About
two thirds of the total volume (5,000,000 m?) was
deposited in Kavsakova halda. Four sites (Sto-
parjev odval, Zerjavski odval, Glan¢nik in Frid-
rih) contain between 160,000 and 720,000 m? of
material. The volume of the others (28 sites in to-
tal) is estimated at 600,000 m3. Nineteen waste
sites are classified as gangue waste material, 7
as low-grade ore, 4 as separation tailings and
3 as mixed tailings consisting of gangue waste
material, separation tailings and slag. For sites
classified as low-grade ore, separation tailings or
mixed tailings, estimates of average Pb and Zn
grades exist in various reports written by mine
personal, varying between 0.66 and 3.84 % for
Pb and between 0.47 and 7.67 % for Zn (Gosar et
al., 2013b & references therein). In addition, it is
estimated that 0.012 % of Mo remains in the sep-
aration tailings (Zorc, 1955).

tala dva rudnika z znatnim delezem proizvede-
nih odpadkov rudnik zivega srebra Idrija (18 %)
in rudnik urana Zirovski Vrh (15 %) (Tabela 4,
sl. 1). Rudniki PleSe, Litija in Sveta Ana-Podlju-
belj so vsak proizvedli do 1 % rudarskih odpad-
kov v Sloveniji, preostali manjsi rudniki (Sko-
fje-Cerkno, Ledina, Knapovze, Trojane-Znojile,
Marija Reka, Rems$nik, Zelezno, Trzisce, Lepa
njiva in Puharje) pa so proizvedli zanemarljivo
koli¢ino (skupaj manj kot 1 %) odpadkov v pri-
merjavi z vsemi obravnavanimi rudniki kovin.

Odlagaliséa rudarskih odpadkov rudnika svinca
in cinka MeZica

Rudnik svinca in cinka Mezica je bil eden naj-
pomembnejsih rudnikov v Sloveniji. Izkopavanje
in izkori§canje rude se je zacelo Ze leta 1442. Ru-
disce je tipa »Mississippi valley« in se nahaja v
srednje/zgornjetriasnih »wettersteinskih« plat-
formnih karbonatih (Drovenik, M. et al., 1980;
Kusej, 1992; Lednik, 1994). Med obratovanjem
je bilo proizvedenih okoli 1.000.000 ton Pb in
500.000 ton Zn. Med in po 2. svetovni vojni so
pridobivali tudi Mo. V razli¢nih obdobjih obra-
tovanja rudnika so rudo kopali na razli¢nih ru-
dnih obmoc¢jih (Topla, Peca, Naversnik, Srednja
cona, Triurno rudisce, Helena, Moering, Union,
Igrcevo, Staro Igrcéevo, Fridrih, Stari Fridrih in
Graben) (Zorc, 1955). Rudnik Mezica je bil v zapi-
ranju od leta 1988 (Uradni list SRS, §t. 5/88), leta
1994 je bilo ustavljeno pridobivanje, rudnik pa so
zaprli leta 2005 (Senegacnik, 2015).

Na obmocju Mezice je 33 odlagalis¢ rudarskih
odpadkov, ki skupno pokrivajo priblizno 47 hek-
tarjev povrsine in lezijo v okolici obmocij rudni-
skihrovov. Skupna prostornina odpadkov v Mezici
je ocenjena na priblizno 7.400.000 m?3. Najvecje od-
lagalisce, Kavsakova halda, zajema 5.000.000 m?,
4 odlagaliséa (Stoparjev odval, Zerjavski od-
val, Glan¢nik in Fridrih) pa med 160.000 in
720.000 m?. Preostalih 28 odlagalisc¢ pa skupaj vse-
buje priblizno 600.000 m?. Devetnajst odlagalis¢
je klasificiranih kot jamska jalovina, 7 kot revna
ruda, 4 kot separacijska jalovina in 3 kot meSana
jalovina, sestavljena iz jamske jalovine, separacij-
ske jalovine in zlindre. Za odlagalisca, ki so kla-
sificirana kot revna ruda, separacijska jalovina
ali meSana jalovina, so v razli¢nih poroc¢ilih iz ar-
hiva rudnika Mezica na voljo tudi ocene preosta-
lih vsebnosti Pb in Zn, ki se gibljejo med 0,66 in
3,84 % za Pb ter med 0,47 in 7,67 % za Zn (Gosar
et al., 2013b in tam navedene reference). Poleg
tega je ocenjeno, da je v separacijski jalovini tudi
Mo s povprecno vsebnostjo 0,012 % (Zore, 1955).
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Mining waste sites of Idrija mercury mine

Another very important metal mine in Slove-
nia is the Idrija mercury mine. It is a large hydro-
thermal and monometallic ore deposit (Mlakar,
1974 & references therein; Miklavcic, 1999; Ci-
gale, 2006). The geological structure of the ore
deposit is extremely complex and is the result of
extensive sedimentary and tectonic occurrenc-
es in the Triassic and Tertiary periods (Placer,
1973, Placer & Car, 1977; Mlakar & Car, 2009;
Car, 2010). The deposit consists of Carboniferous,
Permian, Scythian, Anisian and Ladinian rocks
enriched in mercury (Mlakar, 1967). The miner-
alization occurs in two mineral forms: 70 % as
cinnabar (HgS) and 30 % as native mercury. Cin-
nabar is the main mineral of the ore (Rezun &
Dizdarevic, 1997). Ore exploitation and produc-
tion of Hg began as early as in 1492. The Idrija
mine was in closure since 1987 (Official Gazzette,
No. 26/05- official consolidated text), production
was stopped in 1991 and the mine was closed in
2014 (Senegacnik, 2015).

During its operation, the mine produced
large quantities of waste, estimated at about
2,100,000 m®. The waste sites are located in var-
ious parts of the Idrija town and surroundings,
which is a consequence of the complex history of
mercury ore processing. The characteristics and
spatial distribution of waste sites were described,
summarised, and presented by Car (1992, 1996,
personal communication).

In early times (16'" and the first half of 17*" cen-
tury) mercury was roasted in piles and in earthen
vessels. At that time, smaller primitive roasting
sites were located outside the populated area in
forests and near rivers, because the energy source
(wood and water) was nearby and cooling of ore
was possible (Verbi¢, 1965, 1970 in Car, 1996).
Twenty-one such sites were identified in the rural
surroundings of Idrija, where waste material in
the form of residues of roasted ore together with
pieces of cinnabar-coated clay vessels was found
(Gosar & Car, 2006; Tersi¢ et al., 2011a, Tersi¢ et
al., 2011b). However, the exact information about
the surface area and amount of waste from histor-
ical roasting sites in the forests remains unknown.

The first modernised ore processing plant
with permanent furnaces was built in LejnStat
and operated for a short period of time (1605-
1620). Later, in 1641, the first covered processing
plant was built on the left bank of the Idrijca riv-
er at Prejnuta, which was in operation until 1880
(Kaveie, 2008). During the operation of the pro-
cessing plant in Prejnuta, two dumps (Prejnuta
I and Prejnuta-Lipoldi) for depositing roasting

Odlagaliséa rudarskih odpadkov rudnika Zivega
srebra Idrija

Naslednji zelo pomemben kovinski rudnik v
Sloveniji je bil rudnik zivega srebra Idrija. Pred-
stavlja veliko monometalno rudisce hidrotermal-
nega nastanka (Mlakar, 1974 in tam navedene re-
ference; Miklavcic¢, 1999; Cigale, 2006). Geoloska
zgradba rudisc¢a je izredno kompleksna in je pos-
ledica obseznih sedimentacijskih in tektonskih
dogajanj v triasu in terciarju (Placer, 1973; Pla-
cer & Car, 1977; Mlakar & Car, 2009; Car, 2010).
Rudisce je sestavljeno iz karbonskih, permskih,
skitskih, anizijskih in ladinijskih kamnin, oru-
denih z zivim srebrom (Mlakar, 1967). Orudenje
se pojavlja v dveh mineralnih oblikah: 70 % kot
cinabarit (HgS) in 30 % kot samorodno zivo sreb-
ro (Rezun & Dizdarevic, 1997). Z izkorisc¢anjem
in predelavo Hg rude so priceli ze leta 1492. Ru-
dnik Idrija je bil v zapiranju od leta 1987 (Uradni
list RS, st. 26/05 — uradno preciS¢eno besedilo),
proizvodnjo so ustavili leta 1991, rudnik pa zapr-
li leta 2014 (Senegacnik, 2015).

Med obratovanjem je rudnik proizvedel veli-
ko koli¢ino odpadkov, ki je ocenjena na priblizno
2.100.000 m3. Odpadki so odlozeni na razli¢nih
lokacijah Idrije in okolice, kar je posledica pestre
zgodovine predelovanja Zivosrebrove rude. Last-
nosti odlagali§¢ odpadkov in njihovo prostorsko
razporeditev je opisal, povzel in predstavil Car
(1992, 1996, osebna komunikacija).

V zacetku (16. in prva polovica 17. stoletja) so
zivo srebro zgali v kopah in v lon¢enih posodah.
Takrat so se manjSe primitivne zgalnice nahajale
izven poseljenega naselja v gozdovih in ob rekah,
kjer sta bila vir energije (les) in voda za hlajenje
lazje dostopna (Verbi¢, 1965, 1970 v Car, 1996). V
okolici Idrije je bilo odkritih 21 tovrstnih zgalnic,
poleg njih so na teh obmo¢jih nasli tudi odpad-
ni material v obliki ostankov prezgane rude in
delcev glinenih posod, prevlecenih s cinabaritom
(Gosar & Car, 2006; Tersi¢ et al., 2011a, Tersic et
al., 2011b). Natanc¢ne informacije o povrsinskem
obsegu in koli¢ini odpadkov iz starih zgalnic v
gozdovih ostajajo neznane.

V LejnStatu je bil ustanovljen prvi sodobnej-
$i obrat za predelavo rude s stalnimi peémi, ki
je obratoval kratek c¢as (1605-1620). Kasneje, leta
1641, je bila na levem bregu reke Idrijce pri Prej-
nuti zgrajena prva pokrita predelovalnica rude,
ki je obratovala do leta 1880 (Kav¢i¢, 2008). Med
obratovanjem predelovalnice Prejnuta sta nasta-
li dve odlagalis¢i (Prejnuta I in Prejnuta-Lipol-
di) zgalniskih ostankov (Car, 1996). Ocenjeno je,
da odlagalisc¢e Prejnuta-Lipoldi (74.000 m?; 2 ha)
vsebuje v povprec¢ju 0,1 % Hg. Med leti 1972 in
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residues were created (Car, 1996). It is estimated
that the roasting residues at the Prejnuta-Lipoldi
site (74,000 m?; 2 ha) contain on average 0.1 % Hg.
In the years 1972-1974 about 16,340 m? of roast-
ing residues was reprocessed to recover the re-
maining Hg (Mlakar, 1971; Rezun, 1990). Later,
during 1986-1988, the waste dump was levelled
and the first factory of the present commutator
production company Kolektor was built on it
(Rezun, 1990). The roasting residues of Prejnuta
1(34,000 m?; 0.9 ha) consists mainly of the coarse
fraction (2-5 cm in diameter) and contain on av-
erage 0.144 % Hg. The drill cores produced at the
waste site in 1974 showed that it is 3.6 m thick on
average. In 1988, 600 m? of waste material with
an average Hg content of 0.224 % was excavated
(Rezun, 1990; Car, 1996).

When the processing plant in Prejnuta was
closed (1868), a new modern roasting plant was
built in Brusovse, which was in operation until
1995 (Kav¢ic¢, 2008). During the operation of the
processing plant in Brusovse the main waste site
called the Dump of a roasting plant RZS Idri-
ja Brusovse (370,000 m?; 4.3 ha) was established
next to the processing facility. However, until
1977, most of the roasting residues were depos-
ited along the Idrijca river, transported back to
the pit or used as filling material for construction
works and infrastructure (Car, 1996).

The waste material, deposited along the Id-
rijca river, had been continuously washed away
downstream (Car, 1996; Gosar et al., 1997; Gosar,
2008). As a result, significant amounts of waste
material are stored in downstream overbank sed-
iments and in the Trieste Bay (Adriatic Sea). Af-
ter 1983, for ecological reasons, it was no longer
permitted to dump the waste in the Idrijca river.
Therefore, the waste dump of Brusovse plant on
the right bank of the Idrijca river became larger.
However, due to poor management, the materi-
al was continuously washed away at high water
levels. On the southern part of the dump a new
factory of company Kolektor was built and resto-
ration work was carried out (the dump was par-
tially covered with asphalt) (Gosar et al., 2007).

The waste material, which was used to level
the surface during the urbanisation of the town,
was described by Car (1996). The waste sites of
these materials have been named after the places,
where they were deposited (Gosar et al., 2007). The
composition of the waste materials is diverse. The
waste site Arkova ulica (830,000 m?; 6 ha) consists
of roasting residues, site Za gradom (6,500 m?;
0.2 ha) of residues of roasted ore-bearing clastic
rocks sites Beblerjeva ulica (28,000 m?; 0.7 ha),

1974 so za pridobitev Hg, ki je ostal v odlozenih
zgalniSkih ostankih, ponovno predelali okoli
16.340 m® materiala. (Mlakar, 1971; Rezun, 1990).
Kasneje, med leti 1986 in 1988, so odlagalisce iz-
ravnali in na njegovem obmocju postavili prvo
tovarno sedanjega podjetja Kolektor (Rezun,
1990). Zgalniski ostanki iz odlagalis¢a Prejnuta
1(34.000 m?; 0,9 ha) so v vec¢ji meri sestavljeni iz
debelozrnate frakcije (premer 2-5 cm) in v pov-
precju vsebujejo 0,144 % Hg. Raziskave vrtin iz
leta 1974 so pokazale, da je odlagalisce v povpre-
¢ju debelo 3,6 m. Leta 1988 je bilo iz odlagalisca
izkopanega 600 m?® materiala s povpre¢no vseb-
nostjo Hg 0,224 % (Rezun, 1990; Car, 1996).

Ob zaprtju predelovalnega obrata Prejnuta
(1868) je bila v Brusovsah zgrajena nova sodob-
na zgalnica, ki je obratovala do leta 1995 (Kav-
¢i¢, 2008). Med obratovanjem zgalnice Brusovse
je bilo ob njej urejeno glavno odlagalisce z ime-
nom Odlagalis¢e zgalnice RZS Idrija Brusovse
(370.000 m?; 4,3 ha). Kljub temu pa so do leta 1977
vecino zgalniskih ostankov odvrgli vzdolz reke
Idrijce, jih transportirali nazaj v rudniske rove
ali pa uporabili kot polnilni material za infra-
strukturne objekte in druga gradbena dela (Car,
1996).

Odpadni materiali, ki so jih odvrgli vzdolz
reke Idrijce, so se nenehno spirali v smeri nje-
nega toka (Car, 1996; Gosar et al., 1997; Gosar,
2008). Posledi¢no je veliko odpadnega materiala
odlozenega in razprsenega dolvodno v poplavnih
ravnicah ter v Trzaskem zalivu v Jadranskem
morju. Leta 1983 zaradi ekoloSkih razlogov od-
laganje odpadkov v Idrijco ni bilo ve¢ dovoljeno.
Posledicno se je glavno odlagalisce Brusovse na
desnem bregu reke Idrijce povecalo. Zaradi ne-
zadostnega utrjevanja brezin odlagalisca se je ob
visokih vodah material Se vedno izpiral v reko.
Na juZznem delu odlagalisca je bila zgrajena nova
tovarna podjetja Kolektor ter izvedena sanaci-
ja (odlagalisce je bilo delno prekrito z asfaltom)
(Gosar et al., 2007).

Sestavo odpadnega materiala, ki so ga upo-
rabili za izravnavo povrSin pri urbanizaci-
ji mesta, je opisal Car (1996). Odlagalis¢a teh
materialov so bila poimenovana po krajih, kjer
so odlozeni (Gosar et al., 2007). Sestava odla-
galis¢ je raznolika. OdlagaliS¢e Arkova ulica
(830.000 m?; 6 ha) sestavljajo zgalniski ostan-
ki, Za gradom (6.500 m?; 0,2 ha) ostanki zganih
orudenih klasti¢nih kamnin, Beblerjeva ulica
(28.000 m?; 0,7 ha), VVO Muzej (1.500 m?; 0,2 ha),
Ulica H. Freyerya (8.000 m?; 0,3 ha) in Lejnstat
(190.000 m?3; 3,1 ha) ostanki zganih orudenih
klasti¢nih in karbonatnih kamnin, in nazadnje
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VVO Muzej (1,500 m?; 0.2 ha), Ulica H. Freyerya
(8,000 m?; 0.3 ha) and Lejnstat (190,000 m?; 3,1 ha)
of residues of roasted ore bearing clastic rocks
and carbonates, and lastly Mejca (120,000 m?;
2.3 ha) and Mercator (50,000 m?; 1.2 ha) of resi-
dues of roasted ore-bearing clastic rocks and car-
bonates mixed with Idrijca river sediments.
Inthe place Trg Svetega Ahacija, where today’s
town square is located, low-grade ore (mainly ore
bearing clastic and carbonate rocks) was depos-
ited during the first century of Hg mining. The
volume is estimated at 160,000 m?3, the surface
area at 2.8 hectares, and thickness at 3 m. It is
also estimated that the low-grade ore contains
about 80 tons of Hg (Car, 1996). In addition, at
Vodnikova ulica (40,000 m?; 1 hectare) there is a
dump of residues of roasted ore-bearing clastic
rocks and carbonates, which are assumed to have
been deposited before 1652, as traces of ore pro-
cessing in clay vessels were found (Car, 1996).

Mining waste sites of Zirovski Vrh
uranium mine

Slovenia has significant deposits of uranium
ore at Zirovski Vrh. The ore-bearing rocks are
grey Groden (Val Gardena) sandstone of the Mid-
dle Permian age. Its basement is represented by
dark Carbonian-Permian shale, while it is over-
laid by Middle Permian red Groden sandstone and
Upper Permian limestone and dolomite (Jokano-
vi¢ et al., 1972; Drovenik, M. et al., 1980; Drovenik,
F. et al, 1980). Uranium ore in Zirovski Vrh was
discovered in 1960. After that, research and trial
exploitation began, which lasted until 1980. After
1980, the mine flourished and was in operation un-
til 1990, when the mine ceased its regular opera-
tion, because uranium production was no longer
economically competitive and for environmental
reasons related to the Chernobyl accident in 1986.

Approximately 452 tons of ore concentrate
U,0, was extracted from 630,000 tons of ore dur-
ing the entire operation (Florjancic¢ et al., 2000;
Florjanci¢, 2006). The average content of U,O,
in the ore was about 715 g U,0,/t. In order to
achieve the final closure of the mine, the Repub-
lic of Slovenia accepted a Permanent Cessation
of the Uranium Ore Exploitation and Prevention
of Effects of Mining at the Zirovski Vrh Uranium
Mine Act (Official Gazzette, No. 22/06). In order
to carry out the decommissioning and restora-
tion of the mining and ore processing sites, the
Slovenian Government established the public en-
terprise Rudnik Zirovski Vrh, javno podjetje za
zapiranje rudnika urana (RZV) and provided the
necessary financial resources (Internet 2).

odlagalisci Mejca (120.000 m?; 2,3 ha) ter Merca-
tor (50.000 m? 1,2 ha) ostanki zZganih orudenih
klasti¢nih in karbonatnih kamnin pomesanih s
sedimenti reke Idrijce.

Na lokaciji Trg Svetega Ahacija, kjer se danes
nahaja Mestni trg, so v prvem stoletju pridobiva-
nja zivega srebra odlagali odvale revne rude (v
glavnem rudonosne klastite in karbonate), kate-
rih ocenjena prostornina znasa 160.000 m?, povr-
Sina 2,8 hektarjev, debelina pa 3 m. Ocenjeno je
tudi, da odlozena revna ruda vsebuje okoli 80 ton
Hg (Car, 1996). Poleg tega, obstaja $e odlagalisce
Vodnikova ulica (40.000 m?; 1 ha), ki ga sestavlja-
jo ostanki zganih orudenih klasti¢nih in karbo-
natnih kamnin. Predvideva se, da je bil material
odlozen pred letom 1652, saj so bile tam najdene
sledi predelovanja rude v glinenih posodah (Car,
1996).

Odlagalis¢a rudarskih odpadkov rudnika
urana Zirovski Vrh

Slovenija ima pomembna nahajalis¢a ura-
nove rude v Zirovskem Vrhu. Orudene kamnine
sestavljajo grodenski pesScenjaki srednjepermske
starosti. Podlago predstavljajo temni karbonsko-
-permski skrilavei, ki so prekriti s srednjeperm-
skimi rde¢imi grodenskimi pescenjaki in zgor-
njepermskimi apnenci in dolomiti (Jokanovié et
al., 1972; Drovenik, M. et al., 1980; Drovenik, F. et
al, 1980). Orudenje z uranom je bilo na Zirovskem
Vrhu ugotovljeno leta 1960. Kmalu potem se je za-
¢elo SirSe raziskovanje in odpiralno rudarjenje,
ki je trajalo do leta 1980. Po letu 1980 je rudnik
dozivel razcvet in deloval do leta 1990, ko se je
proizvodnja ustavila, ker je njena ekonomska up-
ravicenost nenadoma padla (padec svetovnih cen)
in zaradi intenzivnega nastopa »zelenega« poli-
tiénega gibanja, tesno povezanega tudi s takratno
nesrec¢o v Cernobilu leta 1986.

Kot navaja Florjanc¢ic¢ in sodelavei (2000; Flor-
janci¢ 2006) je bilo med celotnim obratovanjem
rudnika proizvedenih 450 ton rudnega koncen-
trata U,0, iz 630.000 ton rude. Povprecna vseb-
nost U,0, v rudi je torej znasala povprecno okoli
715 g U,0,/t rude. Z namenom trajnega zaprtja
rudnika je drzava leta 1992 sprejela Zakon o
trajnem prenehanju izkoriséanja uranove rude
in preprecevanju posledic rudarjenja v Rudniku
urana Zirovski Vrh (ZTPIU) (Uradni list RS, st.
22/06 — uradno precisc¢eno besedilo). Z namenom
izvedbe razreSitve in sanacije rudarskega in pre-
delovalnega obmocja je vlada ustanovila druzbo
Rudnik Zirovski Vrh, javno podjetje za zapiranje
rudnika urana (RZV) in prispevala potrebna fi-
nancna sredstva (Internet 2).
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At Zirovski Vrh mine three mining waste
dumps cover about 13 hectares of land. It should
be noted that only two of them (Jazbec and
DP-10) are closed. The third one (Borst) is still in
the closing phase due to specific stability issues
and the high degree of difficulty of closing works
(Sivac et al., 2018). The existing information on
the mining waste sites of Zirovski Vrh was col-
lected in a common database in 2013 (Gosar et al.,
2013b) and updated with the latest information
(Internet 3) during the preparation of this paper.

The waste site Borst (415,543 m?; 4.2 ha) con-
sists of hydrometallurgical tailings, gangue ma-
terials and contaminated materials. Hydrome-
tallurgical tailings were dumped between 1984
and 1990, gangue materials between 1984 and
2004 and contaminated materials in 2009 (Inter-
net 3). It is estimated that the hydrometallurgical
tailings (610,000 tons) contain **°Th (600 Bq/kg),
2387 (10,000 Bg/kg) and *2°Ra (8,700 Bq/kg). In the
gangue materials (111,000 tons) the average con-
tent 17.8 g of U,0O, per ton is estimated. The de-
posit also contains residuals of soluble inorganic
salts NH,SO, and emanations of Rn (Petkovsek et
al., 2005). The remediation of Borst was complet-
ed in 2010, however further measures are being
taken due to landslide movements of the waste
material (Internet 3).

The waste site Jazbec (1,198,900 m?; 6.7 ha) con-
sists of waste rock, low-grade ore, red mud from
the hydrometallurgical process of uranium leach-
ing, filter cake from the mine water treatment
station, contaminated soil and polluted material
from the uranium ore processing facilities, ruins
of buildings and technological equipment from
the uranium ore processing plant. Waste rock,
low-grade ore and red mud were deposited be-
tween 1982 and 1990 and material from decon-
tamination and demolition between 1991 and 2007
(Internet 3). The residual content of U,O, in the
waste rock (1,366,589 tons) and in the low-grade
ore (126,000 tons) was estimated at 69 g/t, while
in the red mud (48,000 tons) 62,000 Bq/kg of 23°Th,
500 Bq/kg of 228U and 200 Bq/kg of ?*Ra remained
(Jelen, 2004; Internet 3). The remediation of Jazbec
was completed in 2008, and since 2013 Jazbec has
been a national infrastructure facility. Once it was
proven that the remediation was successful, the
Jazbec waste site was closed in 2015 (Internet 3).

The waste site DP-10 (63,690 m?; 2.1 ha) con-
sists of gangue materials. The residual content of
U,0,in the wasteis estimated at 28 g/t. The mate-
rial was dumped between 1966 and 1980. The site
was restored during the construction of the mine
plant between 1980 and 1985. The restoration

V okolici rudnika Zirovski Vrh so 3 odlaga-
liséa rudarskih odpadkov, ki pokrivajo 13 ha
obmoc¢ja. Opozoriti je treba, da sta zaprti le 2
odlagalisci (Jazbec in DP-10). Odlagalisce Borst
je Se vedno v fazi zapiranja zaradi specificnih
problemov s stabilnostjo in visoke stopnje tezav-
nosti zapiralnih del (Sivac et al., 2018). Obstojece
informacije o rudarskih odpadkih rudnika Zi-
rovski Vrh so bile zbrane v skupno bazo leta 2013
(Gosar et al., 2013b) in dopolnjene z najnovejSimi
podatki (Internet 3) tekom priprave te Studije.

Odlagalisce Borst (415.543 m?; 4,2 ha) sestav-
ljajo hidrometalurska jalovina, jamska jalovina,
in onesnazeni materiali. Hidrometalursko jalovi-
no so odlagali med leti 1984 in 1990, jamsko ja-
lovino med 1984 in 2004 in onesnazene materiale
leta 2009 (Internet 3). Ocenjeno je, da hidrome-
talurska jalovina (610.000 ton) Se vedno vsebu-
je #°Th (600 Bq/kg), #**U (10.000 Bq/kg) in ?*Ra
(8.700 Bg/kg) ter da se v jamski jalovini (111.000
ton) nahajajo ostanki U,O, (s povpre¢no vsebno-
stjo 17,8 g U,0,/t jalovine). V materialu odlaga-
lis¢a Bors$t se nahajajo tudi ostanki topnih anor-
ganskih soli NH,SO, in emanacij Rn (Petkovsek
et al.,, 2005). Sanacija odlagalisca je bila kon¢ana
leta 2010, vendar se Se vedno izvajajo nadaljnji
ukrepi zaradi plazenja odlozenega materiala (In-
ternet 3).

Odlagalisce Jazbec (1.198.900 m?; 6,7 ha) ses-
tavljajo jamska jalovina, revna ruda, rdece blato
iz hidrometalurskih procesov izluzevanja urano-
ve rude, filtrirna pogaca iz c¢istilne naprave ru-
dniskih vod, onesnazena zemljina iz predeloval-
nih naprav urana, ruSevin in tehnoloske opreme
predelovalnega obrata. Jamsko jalovino, revno
rudo in rdece blato so odlagali med leti 1982 in
1990, material iz dekontaminacije in ruSenja pa
med leti 1991 in 2007 (Internet 3). Ocenjeno je,
da jamska jalovina (1.366.589 ton) in revna ruda
(126.000 ton) vsebujeta 69 g U,0,/t jalovine, rde-
¢e blato (48.000 ton) pa 62.000 Bq/kg *Th, 500
Bq/kg ***U in 200 Bq/kg ?*Ra (Jelen, 2004; Inter-
net 3). Sanacija odlagaliSca je bila kon¢ana leta
2008. Od leta 2013 odlagalisc¢e spada pod drzavno
infrastrukturo. Odlagalisce Jazbec je bilo zaprto
leta 2015, po tem, ko je bilo ugotovljeno, da je bila
sanacija uspesna (Internet 3).

Odlagalis¢e DP-10 (63.690 m?; 2,1 ha) sestavlja
jamska jalovina, ki po ocenah vsebuje 28 g U,0,/t
jalovine. Material je bil odlozen med leti 1966 in
1980. Odlagalisce je bilo obnovljeno med gradnjo
rudarskega objekta med leti 1980 in 1985. Obno-
va je obsegala prekrivanje odpadkov z 0,5 m iner-
tnega materiala (Rudnik Zirovski Vrh & IBE d.d.,
1997). Odlagalisce P-10 spada v obmocje objekta



236 Mateja GOSAR, Robert SAJN, Milo§ MILER, Ana BURGER & Spela BAVEC

consisted in covering of the waste with 0.5 m of
inert material (Rudnik Zirovski Vrh & IBE d.d.,
1997). The P-10 belongs to the area of the nation-
al infrastructure facility of the Jazbec waste site
(Internet 4).

Mining waste sites from other metal mines

In Podsitarjevec near Litija, a large polymetal-
lic Pb, Zn, Hg, Ba and Ag ore deposits are found
in Carbonian-Permian clastic rocks. Mining be-
gan already in Roman times. The Litija mine was
in intensive operation between 1875 and 1966
and had its own processing plant. Approximately
50,000 tons of Pb, 32,000 tons of baryte BaSO,,
158 tons of Hg and 9.8 tons of Ag were extracted
from domestic and imported ore (Fabjancic, 1972;
Drovenik, M. et al., 1980; Mlakar, 1994). Accord-
ing to the documentation “Fond Litija” from the
archives of the Mezica mine, in the years 1880 and
1960 at the site Podsitarjevec (54,700 m?; 1.2 ha)
waste rock, low-grade ore and separation tailings
were dumped while at 5 smaller dumps (10,000 to
15,000 m?) waste rock and low-grade ore. It is es-
timated that on average 1.86 % of Pb and 0.47 %
of Zn remained in the waste material at dump
site Podsitarjevec. Between 1961 and 1965 flota-
tion tailings were dumped at the site Pregrada
(20,000 m?; 0.8 ha). In the vicinity there are also
small dumps (less than 1,000 m?) of gangue ma-
terials and low-grade ore from the early phase of
operation (between the 18" century and the first
half of the 20 century) (Mlakar, 1994).

In the vicinity of Plese (Skofljica) there is a
small vein type ore deposit of Pb and Ba and sub-
ordinate Zn and Hg is hosted by Carboniferous-
Permian clastic rocks (Drovenik, M. et al. 1980;
Mlakar, 2003). It has been estimated that Pb ore
mining have started before at least 300 years
(Mlakar, 2003). Mining of baryte began after the
First World War. The mine was in operation until
1963. During the entire mining operation, waste
material was deposited in some small dumps
(less than 5,000 m?) and two large waste dumps
Plese Celo 10 (64,000 m3; 0.4 ha) and Plese Celo 9
(46,000 m?; 0.2 ha). All waste consists of gangue
material and low-grade ore. It is estimated that
about 30 % of the baryte content remains in the
waste (Tiringer & Berce 1956 in Mlakar, 2003).

At Sveta Ana-Podljubelj, a vein type Hg ore
deposit is hosted by Middle Triassic dolomi-
tised limestone (Dimkovski, 1972; Drovenik, M.
et al., 1980; Drovenik, F. et al., 1980). According
to the historical data mining began in 1557 and
lasted until 1902, with some pauses in between.
A detailed historical overview of the mining is

drzavne infrastrukture odlagalis¢a rudarske ja-
lovine Jazbec (Internet 4).

Odlagalisca rudarskih odpadkov preostalih
rudnikov kovin

V Podsitarjevecu v blizini Litije se v karbonsko-
permskih klasticnih kamninah nahaja veliko po-
limetalno Pb, Zn, Hg, Ba in Ag rudisce. Rudarstvo
se je zacelo Ze v rimskih ¢asih. Rudnik Litija je
obratoval intenzivno med leti 1875 in 1966 ter je
imel lasten predelovalni obrat. V ¢asu obratovanja
so iz domace in od drugod pripeljane rude pride-
lali okoli 50.000 ton Pb, 32.000 ton barita (BaSO,),
158 ton Hg in 9,8 ton Ag (Fabjanci¢, 1972; Drove-
nik, M. et al., 1980; Mlakar, 1994). Glede na do-
kumentacijo »Fond Litija« iz arhiva rudnika Me-
zica, so bile med leti 1880 in 1960 na odlagalisce
Podsitarjevec (54.700 m?; 1,2 ha) odloZene jamska
jalovina, revna ruda in separacijska jalovina ter
na 5 manjs$ih odlagalis¢ (10.000 do 15.000 m?) jam-
ska jalovina in revna ruda. Ocenjeno je, da je v
odpadnem materialu odlagaliS¢a Podsitarjevec
povprecno 1,86 % Pb in 0,47 % Zn. Med leti 1961
in 1965 je bila flotacijska jalovina odlozena na od-
lagalisce Pregrada (20.000 m?; 0,8 ha). V okolici so
tudi manjsa odlagalis¢a (manj kot 1.000 m?) jam-
ske jalovine in revne rude iz zacetnega obdobja
delovanja rudnika (med 18. stoletjem ter do prve
polovice 20. stoletja) (Mlakar, 1994).

Na Plesah (Skofljica) se v karbonsko-permskih
oziroma zgornjekarbonskih klasti¢énih kamninah
in skitijskem dolomitu nahaja manjse rudisce Pb
in Ba, ter podrejeno Zn in Hg (Drovenik, M. et
al., 1980; Mlakar, 2003). Izkopavanje svinceve
rude se je po nekaterih ocenah zacelo pred vsaj
300 leti (Mlakar, 2003). Izkopavanje barita se je
zacelo po prvi svetovni vojni. Rudnik je obrato-
val do leta 1963. Med obratovanjem rudnika so v
blizini rudnika odlozili material v ve¢ majhnih
odlagalis¢ih (manj kot 5.000 m?) ter v dveh veéjih
odlagalisé¢ih Plese Celo 10 (64.000 m?; 0,4 ha) in
Plese Celo 9 (46.000 m?; 0,2 ha). Ves odpadni ma-
terial sestavljata jamska jalovina in revna ruda.
Ocenjeno je, da v odpadnem materialu ostaja
priblizno 30 % barita (Tiringer & Berce 1956 v
Mlakar, 2003).

V Sveti Ani-Podljubelju je v anizijskem (sre-
dnjetriasnem) dolomitiziranem apnencu zilno
Hg rudisce (Dimkovski, 1972; Drovenik, M. et al.,
1980; Drovenik, F. et al., 1980). Po zgodovinskih
podatkih zacetki izkoriS¢anja rude segajo v leto
1557. Rudarjenje s prekinitvami je potekalo vse
do leta 1902. Podrobnej$i zgodovinski pregled
izkoriS¢anja rude je predstavljen v monografi-
ji Tersi¢ in sodelavci (2006). Med obratovanjem
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given in the monograph by Tersi¢ and co-workers
(2006). During the entire operation of the mine,
68,000 m? of gangue material, low-grade ore and
primary roasting residues were dumped on near-
by land covering 1 hectare (Mohori¢, 1957).

In Skofje-Cerkno Cu-ore was mined, which
occurs in the cement of the sandstone of the up-
per part of the Val Gardena clastic sedimentary
rocks (Drovenik, F. et al., 1967; Drovenik, M. et al.,
1980; Drovenik, F. et al., 1980). The copper mine
was in operation for a very short period between
1940 and 1943. Therefore, all waste dumps are
small (between 400 and 12,000 of m?®) and cover
a total of 1.5 hectares of land. The waste materi-
al is composed of gangue material and low-grade
ore (Drovenik, F. et al., 1967).

At Stranje above Bohor there is a small
vein type ore deposit (Pb and Zn) in the Trias-
sic dolomite and was exploited by the Ledina
mine (Ce$miga; 1959, Drovenik, M. et al., 1980;
Drovenik, F. et al., 1980). The beginning of the
mining operation is unknown. The exploitation
of the deposit lasted until the end of the 19®
century and the associated mining waste was
dumped at three small sites (containing less than
5,000 m?® of material) on a total area of 0.2 hec-
tares. Two waste sites consist of gangue material
mixed with flotation tailings, while one contains
only gangue material (Teran, 2011).

In Knapovze mine (near Trnovec), vein type
ore deposits enriched with Pb, Hg and Zn are
hosted by Carboniferous-Permian clastic rocks,
which were exploited between 14 century and
1872 (Mlakar, 1979; Drovenik, M. et al., 1980;
Drovenik, F. et al., 1980; Trajanova & Zorz,
2013). Mining operations were stopped because
the mine was flooded during a heavy rainstorm.
Between 1929 and 1934, exploration of the mine
was carried out, which revealed that ore depos-
its still contained significant ore reserves. Near
the mine, there are two small (less than 4,000 m?)
dumps of gangue material mixed with flotation
tailings, covering an area of about 0.2 hectares
(Mlakar, 1979).

At Marija Reka, vein type Pb and Hg ore de-
posit is hosted by Carboniferous-Permian clastic
rocks (éeémiga, 1959; Drovenik, M. et al., 1980;
Drovenik, F. et al., 1980; Mlakar, 1982a). The be-
ginning of ore exploitation began in the 18™ cen-
tury and lasted until 1932. The mine established
two small (less than 1,000 m?) dumps of gangue
material and low-grade ore, covering a total of
0.07 hectares (Mlakar, 1982a).

In Rems$nik is small vein type (Pb and sub-
ordinately Zn, Cu and Ag) ore deposit is hosted

rudnika je bilo na bliznjem 1 hektarju ozemlja
odlozenih 68.000 m? jamske jalovine, revne rude
in primarnih ZgalniSkih ostankov (Mohorié,
1957).

V Skofje-Cerknem so izkorigéali Cu rudo, ki se
pojavlja v cementu peScenjakov v zgornjem delu
klasticnih sedimentnih kamnin permske Gro-
denske (Val Gardena) formacije (Drovenik, F. et
al., 1967; Drovenik, M. et al 1980; Drovenik, F. et
al., 1980). Rudnik bakra je deloval v zelo kratkem
obdobju med leti 1940 in 1943. Zaradi tega so vsa
odlagalisca zelo majhna (med 400 in 12.000 m?) in
pokrivajo skupno 1,5 hektarja povrsine. Odpad-
ni material sestavljajo jamska jalovina in revna
ruda (Drovenik, F. et al., 1967).

V Stranju nad Bohorjem se v triasnem dolomi-
tu nahaja manjsSe zilno rudis¢e Pb in Zn, Kkjer je
obratoval rudnik Ledina (Ce$miga, 1959; Drove-
nik, M. et al., 1980; Drovenik, F. et al., 1980). Za-
cetek rudarske dejavnosti ni znan. Izkopavanje
rude je trajalo do konca 19. stoletja. V tem ¢asu so
nastala 3 manjSa odlagalis¢a rudarskih odpad-
kov, ki vsebujejo manj kot 5.000 m? materiala na
skupno 0,2 ha povrSine. Na dveh odlagalis¢ih sta
odlozeni jamska in flotacijska jalovina, na enem
pa samo jamska jalovina (Teran, 2011).

Pri Trnovcu v rudniku Knapovze so v obdobju
med 14. stoletjem in vse do leta 1872 izkorisca-
li zilna rudisca, obogatena s Pb, Hg in Zn, ki se
pojavljajo v karbonsko-permskih klasti¢nih ka-
mninah (Mlakar, 1979; Drovenik, M. et al., 1980;
Drovenik, F. et al., 1980; Trajanova & Zorz, 2013).
Dela v rudniku so se ustavila zaradi poplavitve
rudnika med moc¢nim deZevjem. Kasneje, med
leti 1929 in 1934, so bile izvedene dodatne raz-
iskave, ki so pokazale, da so v rudis¢u Se ved-
no znatne zaloge rude. V blizini rudnika sta dve
flotacijske jalovine, ki pokrivata priblizno 0,2
hektarja povrsine (Mlakar, 1979).

V karbonsko-permskih klasticnih kamninah
so tudi zilna orudenja s Pb in Hg v Marija Reki
(Cesmiga, 1959; Drovenik, M. et al., 1980; Drove-
nik, F. et al., 1980; Mlakar, 1982a). Izkoriscanje
rude se je zacelo v 18. stoletju in je trajalo do leta
1932. Zaradi rudarjenja sta nastali dve manjsi
in revne rude, ki skupno pokrivata 0,07 hektarja
povrsine (Mlakar, 1982a).

NaRems$nikupod Kozjakom vzhodno od Radelj
ob Dravi je v metamorfnih kamninah (gnajs in
amfibolit) manjse zilno rudisce Pb ter podrejeno
Zn, Cuin Ag (Drovenik, M. et al., 1980; Drovenik,
F.etal,, 1980). Rudnik Remsnik je deloval med leti
1850 in 1892 ter v tem c¢asu proizvedel priblizno
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by metamorphic rocks (gneiss and amphibolite)
(Drovenik, M. et al., 1980; Drovenik, F. et al.,
1980). The Remsnik mine was in operation be-
tween 1850 and 1892 and produced about 48 tons
of Pb and 75 tons of Ag. Two small (less than
1,000 m®) dumps of gangue material and low-
grade ore were created near the mine, covering a
total area of 0.07 hectares (Zorz & Moser, 2002).

In Zelezno-Piresica a small vein type pyrite
ore is hosted by andesite. The mining in Zelezno
pyrite mine began in 1871 on demand from the
chemical industry. It is not known how long the
mining lasted. Near the mine there is a small
(1,000 m?; 0.01 ha) dump of gangue material and
low-grade ore (Ciglar, 1962).

In Sevnica, a small vein type Pb and Zn ore
deposit, which is hosted by Triassic carbonates,
was exploited between 1874 and 1884 by Trzisce
mine (Iskra, 1964). During the operation of the
mine, 3 extremely small dumps (from 50 to
500 m? of gangue material and low-grade ore
were created on a total area of 0.04 hectares (Tes-
ta & Zupancic, 1942; Iskra, 1964).

In Lepa njiva, between 19" century and 1902, a
small vein type antimony-containing ore deposit
hosted by silicified carbonate rocks was exploited
(Mlakar, 1990). During the operation, 9 extremely
small dumps (from 50 to 200 m?) of gangue mate-
rial and low-grade ore were created on an area of
0.04 hectares (Mlakar, 1990).

There is another small vein type antimony con-
taining ore deposit hosted in Carbonian-Permian
clastic rocks. The ore deposit was exploited by the
Trojane-Znojile mine between 17% century and
1941 (Drovenik, M. et al., 1980; Drovenik, F. et al.,
1980; Mlakar, 1982b). During the operation of the
mine, gangue material and low-grade ore were de-
posited in 30 extremely small dumps (with 100 to
400 m® of waste material) on a total area of 0.2
hectares (Mlakar, 1982b; Tersic et al., 2018).

In Skorno (So$tanj), a small Pb and Zn deposit
is hosted by Upper Permian limestones and dolo-
mites, which was exploited by the Puharje mine
as early as the 17*" century. The mine was reno-
vated in 1856 and shut down at the end of the 19t
century (Iskra, 1969; Iskra et al., 1974; Drovenik,
F. et al., 1975). It is assumed that there are dumps
of ore waste in the vicinity, although the volume
and locations are unknown. However, in 2018, a
borehole drilling project was carried in the Pu-
harje mining area as part of the EU Innolog pro-
ject, which revealed that the first 15 meters of
drill core was composed of old ore waste from
previous exploration/exploitation activities (Ter-
an et al., 2018).

48 ton Pb in 75 ton Ag. V blizini rudnika sta dve
lovine in revne rude na skupno 0,07 hektarja po-
vréine (Zorz & Moser, 2002).

Pri PireSici je v andezitu manjSe zilno rudisce
pirita, imenovano Zelezno. Rudarjenje se je tam
zacelo leta 1871 na pobudo kemi¢ne industrije. Ni
znano kako dolgo je rudarjenje potekalo. Jamska
jalovina in revna ruda sta bili odloZeni na manj-
Se odlagalisce (1.000 m?; 0,01 ha) (Ciglar, 1962).

Pri Sevnici je v triasnih karbonatih manjSe
zilno rudisc¢e Pb in Zn, ki so ga izkorisc¢ali med
leti 1874 in 1884 v rudniku Trzisce (Iskra, 1964).
Med delovanjem so nastala 3 zelo majhna (od 50
do 500 m?®) odlagali$¢a jamske jalovine in revne
rude, ki obsegajo skupno 0,04 hektarja povrsine
(Testa & Zupancic, 1942; Iskra, 1964).

Lepa njiva je manjsSe zilno rudiS¢e antimonove
rude v silificiranih karbonatnih kamninah. Rudo
so izkoris¢éali v 19. stoletju, do leta 1902 (Mlakar,
1990). Med delovanjem rudnika sta bili jamska
jalovina in revna ruda odlozenina 9 zelo majhnih
odlagaliscih (od 50 do 200 m?), ki obsegajo skup-
no 0,04 hektarja povrsine (Mlakar, 1990).

V karbonsko-permskih klasti¢nih kamninah
Se eno manjsSe zilno rudiS¢e antimonove rude,
ki so ga izkoriscali od 17. stoletja naprej do leta
1941 v rudniku Trojane-Znojile (Drovenik, M. et
al., 1980; Drovenik, F. et al., 1980 Mlakar, 1982b).
Med delovanjem rudnika je nastalo 30 zelo
majhnih odlagalis¢ (vsebujejo od 100 do 400 m?
odpadnega materiala) jamske jalovine in revne
rude, ki obsegajo skupno 0,2 hektarja povrsine
(Mlakar, 1982b; Tersic et al., 2018).

V Skornem pri Sostanju se v zgornjepermskih
apnencih in dolomitih nahaja manj$e rudisce Pb
in Zn, kjer so se v 17. stoletju zacela dela v rudni-
ku Puharje. Rudnik je bil obnovljen leta 1856 in
je prenehal z delovanjem konec 19. stoletja (Iskra,
1969; Iskra et al., 1974; Drovenik, F. et al., 1975).
Domnevno je v okolici rudnika ve¢ odlagalis¢ ru-
darskih odpadkov, vendar njihove prostornine in
lokacije nisto znane. V okviru projekta EU Inno-
log je bil leta 2018 na obmoc¢ju rudnika Puhar-
je izveden projekt z vrtanjem, ki je pokazal, da
je prvih 15 metrov jedra sestavljenega iz starih
rudarskih odpadkov iz preteklih raziskovalnih
in/ali eksploatacijskih dejavnosti (Teran et al.,
2018).

Odlagalisc¢a odpadkov premogovnikov

Seznam zaprtih premogovnikov in z njimi
povezanih odlagalis¢ rudarskih odpadkov je
podan v tabeli 5. Premogovniki so navedeni od
premogovnikov z najvecjo prostornino rudarskih
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Table 5. Summary of closed coal mines and associated mining waste (after Gosar et al., 2013a, b)
Tabela 5. Pregled zaprtih premogovnikov in z njimi povezanih rudarskih odpadkov (po Gosar et al., 2013a, b)

Mine Commodity _No. of waste sites Volume (m?) Area (m?)
Rudnik Surovina St. odlagalisé¢ odpadkov Prostornina (m?) Povrsina (m?)
Trbovlje-Hrastnik gg%"fgrce‘ﬁ)é 10 35,215,000 2,749,200
Kodevie E’Jgov"l"grceﬁ})é 1 21,200,000 1,410,000
i brown coal /
Kanizarica riavi promog 2 12,600,000 840,000
Zagorje gg‘;"l”plr‘;‘géé 2 4,490,000 449,000
brown coal /
Senovo riavi promog 1 2,461,000 318,100
x brown coal /
Lagko riavi promog 2 222,000 44,300
VSS%I},’IA 76,188,000 5,810,600
SENnovo T ax Fig. 2. The portion of coal mi-
Zagorje o Lasko ning waste in Slovenia produ-
599 3.2% 0.3% ced by nowadays closed (or in

Coal mining waste sites

Closed coal mines and associated mining
waste sites are listed in table 5. The mines are
ranked from the most to the least important ac-
cording to the volume of mining waste generated
during mining operations. On approximately 581
hectares of Slovenian territory 76,188,000 m? of
coal mining waste is stored in closed waste sites.

Almost half (46 %) of coal mine waste was
produced by Trbovlje-Hrastnik coal mines, while
the other two coal mines with still significant
part of produced waste are Kocevije (28 %) and
Kanizarica (17 %) (Table 5, fig. 2). Zagorje coal
mine produced about 6 %, Senovo 3 % and Lasko
less than 1 % of the national coal mine waste.

The brown coal beds, which were exploited
by the mines Trbovlje, Hrastnik, Zagorje, Lasko
and Senovo, are hosted by the Oligocene clastic

closure) coal mines.

Sl. 2. Delez premogovniskih
odpadkov, proizvedenih v da-
nes zaprtih (ali v zapiranju)
. . premogovnikih.
u Trbovlje - Hrastnik

“ Kocevje

m Kanizarica
u Zagorje

m Senovo

m Lasko

odpadkov do premogovnikov z manjSo prostor-
nino rudarskih odpadkov, ki so bili proizvedeni
med obratovanjem rudnikov. Na priblizno 581
hektarjih slovenskega ozemlja je na zaprtih odla-
galisc¢ih odlozenih 76.188.000 m?® premogovniskih
odpadkov.

Skoraj polovica (46 %) premogovniskih od-
padkov je bila proizvedena v premogovnikih Tr-
bovlje in Hrastnik, preostala dva premogovnika
z vecjo koli¢ino proizvedenih odpadkov pa sta Se
Kocevje (28 %) in Kanizarica (17 %) (Tabela 5,
sl. 2). Premogovnik Zagorje je proizvedel okoli
6 %, Senovo 3 % in Lasko manj kot 1 % premo-
govniskih odpadkov v Sloveniji.

Plasti rjavega premoga, ki so ga izkopavali v
rudnikih Trbovlje, Hrastnik, Zagorje, Lasko in
Senovo, se nahajajo v oligocenskih klasti¢nih
sedimentnih kamninah (Ce$miga, 1959; Kuséer,
1967; Dozet, 1983). V Kocevju in Kanizarici se
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sedimentary rocks (Cesmiga, 1959; Kuséer, 1967;
Dozet, 1983). The brown coal deposits in Kocevje
and Kanizarica are hosted in clays, schists, sand-
stones of Upper Miocen or/and Pliocene age. Cal-
orific value of Slovenian coals varied between 12
and 16 MJ/kg, ash yield between 20 and 25 % and
humidity between 20 and 30 %. More informa-
tion on Slovenian coals are available in Markié¢
(2007) and Markic et al. (2007).

Mining of coal in Hrastnik and Trbovlje be-
gan in the early 19" century, but the production
flourished aftertherailway Vienna-Trieste, which
passed this area in 1849. The coal mines in Hrast-
nik and Trbovlje, which were during the time
of operation for more than 150 years Slovenian
largest brown coal mines, are operated by the
national compay Rudnik Trbovlje-Hrastnik
d.o.o. (RTH) since 1996, which is at present in
closing phase. A short history of the mines is
available at the RTH official website (Internet
5). Between 1880 and 1949 Hrastnik mine pro-
duced about 12,429,000 tons of coal, while be-
tween 1871 and 2004 Trbovlje mine produced
about 98,387,000 tons of coal (Bravec, 2008). The
Trbovlje-Hrastnik mine production stopped in
2012. The mine has been gradually closed based
on the Act Regulating the Gradual Closure of the
Trbovlje-Hrastnik Mine and the Economic De-
velopment Restructuring of the Region (Official
Gazzete, No. 26/05 — official consolidated text,
43/10, 49/10 — corr., 40/12 — ZUJF, 25/14, 46/14,
82/15 and 84/18). It is estimated that during op-
eration of Trbovlje-Hrastnik coal mine, several
10 million m? of waste material (gangue materi-
als and waste rock) were dumped on abandoned
mining surfaces of about 274 hectares. Waste
materials are composed mostly of limestones and
marlstones (Dernovsek, 1979; Malovrh Repovz,
2012).

Mining of coal in Lasko began in 1800. It flour-
ished after 1870 but was still less important than
coal mines in Zagorje, Trbovlje and Hrastnik. The
coal mine produced about 6,077,000 tons of coal
until 1992, when the production stopped. In 1998
the national authorities published a special order
for permanent cessation of ore exploitation (Derno-
vSek, 1984; Strgar, 2003). During operation, waste
was dumped at two sites (one is composed of 122,000
m? and the other of 100,000 m? of gangue material)
together covering an area of approximatelly 4.4
hectares (Dernovsek, 1979; Strgar, 2003).

Mining works in Zagorje began in 1736 and
the production stopped in 1996. The mine pro-
duced about 27,184,000 tons of coal. During op-
eration of Zagorje mine gangue materials were

plasti rjavega premoga nahajajo v glinah, lapor-
jih, peSc¢enjakih in muljevcih zgornjemiocenske
in/ali pliocenske starosti. Kurilna vrednost slo-
venskih premogov se je gibala med 12 in 16 MJ/
kg, pepelnost med 20 in 25 % in vlaga med 20 in
30 %. Vec informacij v zvezi s premogi je dosto-
pnih v Markic¢ (2007) in v Markic et al. (2007).

Z rudarjenjem v Hrastniku in Trbovljah so
priceli v zacetku 19. stoletja. Proizvodnja je
vzcvetela z izgradnjo Juzne Zeleznice Dunaj
-Trst, ki je Zasavje dosegla leta 1849. Premo-
govnika Hrastnik in Trbovlje, ki sta bila v ¢asu
obratovanja vec¢ kot 150 let nasSa najvecja premo-
govnika rjavega premoga, sta od leta 1996 v lasti
drzavnega podjetja Rudnik Trbovlje-Hrastnik
d.o.o. (RTH), ki je trenutno v postopku zapiranja.
Kratka zgodovina premogovnikov je dostopna na
uradni spletni strani RTH (Internet 5). Med leti
1880 in 1949 je premogovnik Hrastnik proizve-
del okoli 12.429.000 ton premoga, medtem ko so
med leti 1871 in 2004 v premogovniku Trbovlje
pridobili okoli 98.387.000 ton premoga (Bravec,
2008). Proizvodnjo so v Rudniku Trbovlje-Hra-
stnik ustavili leta 2012. Rudnik je v postopnem
zapiranju na podlagi Zakona o postopnem zapi-
ranju Rudnika Trbovlje-Hrastnik in razvojnem
prestrukturiranju regije (ZPZRTH) (Uradni list
RS, s§t. 26/05 — uradno precisceno besedilo, 43/10,
49/10 - popr., 40/12 — ZUJF, 25/14, 46/14, 82/15 in
84/18). Ocenjeno je, da je bilo med obratovanjem
premogovnika Trbovlje-Hrastnik na opusScene
odkopne povrsine odlozenih ve¢ 10 milijonov m?
odpadnega materiala (jamske jalovine in odkriv-
ke) na okvirno 274 hektarjih povrsine. Odpadni
material sestavljajo apnenci in laporovci (Der-
novsek, 1979; Malovrh Repovz, 2012).

Premogovnistvo v Laskem se je zacelo leta
1800. Zlasti se je razsSirilo po letu 1870, a vedno
ostalo mnogo manjse kot na obmoc¢jih Zagorja,
Trbovelj in Hrastnika. Do ustavitve proizvodnje
leta 1992 je premogovnik Lasko proizvedel oko-
li 6.077.000 ton premoga. Leta 1998 so drzavne
oblasti izdale posebno odlo¢bo za trajno prene-
hanje izkoriS¢anja rudnin (Strgar, 2003). Med
obratovanjem so bili odpadki odloZeni na dveh
odlagali§¢ih (eno sestavlja 122.000 m® in drugo
100.000 m® jamske jalovine), ki pokrivata prib-
lizno 4,4 hektarja povrSine (Dernovsek, 1979;
Strgar, 2003).

Zacetkirudarjenja v Zagorjusegajovleto 1736,
proizvodnja pa se je ustavila leta 1996. Premo-
govnik je proizvedel okoli 27.184.000 ton premo-
ga. Med obratovanjem rudnika so odlagali jam-
sko jalovino na skupno odlagalisc¢e (4.490.000 m?;
45 ha) (Ribici¢ et al., 1987).
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dumped at a single large waste site (4,490,000 m?;
45 ha) (Ribi¢ic et al., 1987).

Mining works in Senovo began in 1819. More
extended exploration works started in 1919, fol-
lowed by exploitation in 1921. The mine produced
about 11,597,000 tons of coal until the produc-
tion ceased in 1997 (Markic¢, 1997). Mine estab-
lished two large dumps of waste, one composed
of 1,900,000 m? of gangue material and the other
of 561,000 m® of gangue material and overbur-
den rock. They cover an area of approximately 32
hectares (Seher, 1986; Markic, 1997).

The mining works in Kanizarica began in
1854 and the mine ceased production in 1996.
About 4,102,000 tons of coal was produced dur-
ing the entire operation (Markic, 1995; Mitrevski
& Bravec, 1999). Waste dump (12,600,000 m?; 84
ha) from Kanizarica mine is large and consists of
gangue materials (Markic¢, 1995).

The mines Zagorje, Senovo and Kanizarica are
in closing phase based on Act Providing Funds for
the Closure of Coal-Mines in Zagorje, Senovo and
Kanizarica (Official Gazzette, No. 1/95). The mine
Kanizarica (Rudnik Kanizarica v zapiranju d.o.o.,
Crnomelj-in liquidation) is in liquidation, the mine
Senovo (Rudnik Senovo v zapiranju d.o.o. —in bank-
ruptcy) is in bankruptcy, Rudnik Zagorje (Rudnik
Zagorje v zapiranju d.o.o., Zagorje, Grajska 2-in lig-
uidation) is deleted from the business register 28.
12. 2017 (Internet 6).

The mining works in Kocevje began in the
beginning of the 19 century. The mine ceased
production in 1978. About 8,648,000 tons of coal
was produced during the entire operation (Bud-
kovi¢, personal communication). Waste dump
(21,200,000 m?; 141 ha) from the Kocevje coal
mine is large and comprises of gangue materials
(Jelenc, 1956; Budkovi¢, personal communica-
tion).

Lithologically, waste from Lasko, Senovo, Tr-
bovlje-Hrastnik and Zagorje coal mines is com-
posed of marlstone, claystone and subordinately
of limestone/dolomite and clastic rocks. Waste
from Kocevje consists of claystone, marlstone,
and sandstone, while from Kanizarica of marl-
stone and claystone.

The inventory of data on closed (or in closing
phase) and abandoned mines, open pits and
mining waste sites in Slovenia

The inventory of closed (or in closing phase)
and abandoned mines, open pits and mining
waste sites in Slovenia, which is available via a
hyperlink (https://www.geo-zs.si/images/Goog-
leEarth/Inventar.kmz), contains information on

Premog so na Senovem priceli kopati leta
1819. Leta 1919 so se zacela resnejsSa raziskovalna
dela, leta 1921 pa je sledilo obseznejse rudarjenje.
Rudnik je proizvedel okoli 11.597.000 ton premo-
ga do zakljucka proizvodnje leta 1997 (Markic,
1997). Rudnik je imel dve veliki odlagali$¢i od-
padkov, prvega sestavlja 1.900.000 m? jamske ja-
lovine, drugega pa 561.000 m? jamske jalovine in
odkrivke. Odlagali$¢i pokrivata okoli 32 hektar-
jev povrsine (Seher, 1986; Markic, 1997).

Premogovnistvo v Kanizarici se je pricelo leta
1854, proizvodnjo pa so ustavili leta 1996. Med
delovanjem premogovnika je bilo proizvedenih
priblizno 4.102.000 ton premoga (Marki¢, 1995;
Mitrevski & Bravec, 1999). Jamsko jalovino so
odlagali na eno vecje odlagalisc¢e (12.600.000 m?;
84 ha) (Markic, 1995).

Premogovniki Zagorje, Senovo in Kanizarica
imajo status rudnikov v zapiranju na podlagi Za-
kona o zagotavljanju sredstev za zaprtje rudni-
kov rjavega premoga Zagorje, Senovo in Kaniza-
rica (Uradni list RS, st. 1/95). Rudnik Kanizarica
(Rudnik Kanizarica v zapiranju d.o.o., Crno-
melj- v likvidaciji) je v likvidaciji, Rudnik Seno-
vo (Rudnik Senovo v zapiranju d.o.o. - v stec¢aju)
je v stecaju, Rudnik Zagorje (Rudnik Zagorje v
zapiranju d.o.o., Zagorje, Grajska 2-v likvidaciji)
pa je izbrisan iz poslovnega registra 28. 12. 2017
(Internet 6).

V Kocevju so priceli pridobivati premog v za-
cetku 19. stoletja, proizvodnja pa se je ustavila
leta 1978. Med delovanjem je rudnik proizvedel
okoli 8.648.000 ton premoga (Budkovi¢, osebna
komunikacija). Jamska jalovina iz rudnika Ko-
cevje je odlozena na enem vecCjem odlagaliscu
(21.200.000 m?; 141 ha) (Jelenc, 1956; Budkovic,
osebna komunikacija).

Litolosko so odpadki iz premogovnikov Lasko,
Senovo, Trbovlje-Hrastnik in Zagorje sestavljeni
iz laporovca, glinavca in podrejeno apnencevo/
dolomitnih in klasti¢nih kamnin. Odpadke iz
premogovnika Kocevje sestavljajo glinavci, lapo-
rovci in peS¢enjaki, iz premogovnika Kanizarica
pa laporovci in glinaveci.

Inventar podatkov o zaprtih (ali v fazi zapiranja)
in opuscenih rudnikih, premogovnikih,
povrsinskih kopih in odlagalisé¢ih rudarskih
odpadkov v Sloveniji

Inventar podatkov o zaprtih (ali v fazi zapi-
ranja) in opusScenih rudnikih, premogovnikih,
povrsinskih kopih in odlagalis¢ih rudarskih
odpadkov v Sloveniji, ki je dostopen na poveza-
vi (https://www.geo-zs.si/images/GoogleEarth/
Inventar.kmz), vkljuc¢uje informacije o zaprtih in
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closed and abandoned 33 metal mines, 43 coal
mines, 3 non-metallic mineral resource mines,
48 non-metallic mineral resource open pits, 156
metal mine waste sites and 18 coal mine waste
sites.

Metal mines, coal mines, non-metallic min-
eral resource mines or open pits (fig. 3) are de-
scribed by the following information attributes
(if available): name, location, geographical coor-
dinates, type of ore, coal or rock mineral mined,
status (closed, abandoned, or restored), quantity
of raw materials mined (metals, coal and miner-
als) and references. For all, except for open pits
of non-metallic mineral resources, additional in-
formation is included (if available): stratigraphy,
lithology, history, geology, technical descrip-
tion, hydrogeological data, engineering data,
potential, perspectivity and relevant references.
Specific information is also included, such as
the amount of metal extracted (tons), the shape,
size and genetic type of the ore deposit for met-
al mines; the largest annual production of coal
for coal mines; the size and genetic type of the
mineral deposit for mines of non-metallic miner-

Navedeni podatki so del élanka: https://doi.
The information given is part of paper: http

opuscenih 33 rudnikih kovin, 43 premogovnikih,
3 rudnikih nekovinskih mineralnih surovin, 48
povrsinskih kopih nekovinskih mineralnih suro-
vin, 156 odlagalis¢ih odpadkov iz rudnikov kovin
in 18 odlagalis¢ih odpadkov iz premogovnikov.
Rudniki kovin, premogovniki, rudniki in po-
vrsinski kopi nekovinskih mineralnih surovin
(sl. 3) so opisani z naslednjimi atributi (¢e so ti
na voljo): ime, lokacija, geografske koordinate,
vrsta surovine, ki se jo je izkorisc¢alo (ruda, pre-
mog, naravni kamen ali minerali), stanje (zaprt,
opuscen ali obnovljen), koli¢ina izkopanih suro-
vin (kovine, premog, minerali) in reference. Za
vse, razen povrSinske kope nekovinskih mine-
ralnih surovin, so vkljucene Se naslednje infor-
macije (Ce so na voljo): stratigrafija, litologija,
zgodovina, geologija, tehni¢ni opis, hidrogeolo-
ski podatki, inzenirski podatki, potencial, per-
spektivnost in ustrezne reference. Podane so tudi
posebne informacije, kot so koli¢ina pridobljene
kovine (v tonah), oblika, velikost in genetski tip
rudiS¢a za rudnike kovin; najvecja letna proi-
zvodnja premoga za premogovnike; velikost in
genetski tip nahajali$¢ mineralnih surovin za
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Fig. 3. An example of abandoned mine data in Google Earth application.

Sl. 3. Primer podatkov o opus¢enem rudniku v aplikaciji Google Earth.
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Fig. 4. An example of abandoned mining waste site data in Google Earth application.

Sl. 4. Primer podatkov o opusc¢enem odlagalis¢u rudarskih odpadkov v aplikaciji Google Earth.

al resources; and the distance to settlements and
description of rocks for open pits of non-metallic
mineral resources.

Mining waste sites (fig. 4) are described by
the following information attributes (if availa-
ble): waste dump identification (ID code), name,
ore district, location, geographical coordinates,
valuable minerals, area (m?), volume (m?), type of
waste, rock composition, pollutants, additional
comments, restoration status and references.

Conclusion

At the request of the national authorities, Ge-
ological survey of Slovenia carried out a system-
atic collection of information on the following
closed (or in closing phase) and abandoned min-
ing sites in Slovenia: mines, open pits, and min-
ing waste sites. The data collection became nec-
essary due to potential environmental impacts,
that could be the consequences of past mining
activities. On the basis of the survey an Invento-
ry of closed (or in closing phase) and abandoned
mines, open pits and mining waste sites in Slove-
nia has been compiled and is freely available in
the Google Earth file. The information is useful

rudnike nekovinskih mineralnih surovin; in od-
daljenost od naselij in opis kamnin za povrSinske
kope nekovinskih mineralnih surovin.

Odlagalis¢a rudarskih odpadkov (sl. 4) so
opisana z naslednjimi atributi (Ce so ti na voljo):
identifikacija odlagalis¢a (ID oznaka), ime, ru-
dno polje, lokacija, rudnine, geografske koordi-
nate, obdobje delovanja, povrsina (m?), volumen
(m?), sestava, opis odlagalis¢a, onesnazevala,
opombe, sanacija in reference.

Zakljucki

Na pobudo drzavnih organov je bil na Geolo-
Skem zavodu Slovenije opravljen sistematicen pre-
gled obstojec¢ih informacij o naslednjih zaprtih (ali
v fazi zapiranja) in opuscenih rudarskih objektih
v Sloveniji: rudnikih, premogovnikih, povr§inskih
kopih in odlagali$¢ih rudarskih odpadkov. Pregled
podatkov je bil potreben zaradi moznih negativnih
vplivov na okolje, ki bi lahko bili posledica nekda-
njih rudarskih dejavnosti. Na podlagi pregleda je
bil vzpostavljen Inventar podatkov o zaprtih (ali v
fazi zapiranja) in opuscenih rudnikih, premogov-
nikih, povrsinskih kopih in odlagalis¢ih rudar-
skih odpadkov v Sloveniji, ki je prosto dostopen
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for various purposes, such as an overview of pol-
lution sources in environmental impact assess-
ments, spatial planning, etc.
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Abstract

Water isotope investigations are a powerful tool in water resources research as well as in understanding the
impact that humans have on the water cycle. This paperreviews past hydrological investigations of the Ljubljansko
polje and Ljubljansko barje aquifers that supply drinking water to the City of Ljubljana, with an emphasis on
hydrogen, oxygen and carbon stable isotope ratios. Information about the methods used and results obtained
are summarised, and the knowledge gaps identified. Overall, we identified 102 records published between 1976
and 2019. Among them, 41 reported stable isotope data of groundwater, surface water and precipitation and
were further analysed. Isotope investigations of the Ljubljansko barje began in 1976, while groundwater and
surface water investigations of the Ljubljansko polje and along the Sava River began as late as 1997. Isotope
investigations of carbon started even later in 2003 in the Ljubljansko polje and in 2010 in the Ljubljansko barje.
These investigations were performed predominantly in the frame of short-term groundwater research projects
at five main wellfields and sites along the Sava River. Almost no large-scale, long-term stable isotope studies
have been conducted. The exceptions include groundwater monitoring by the Union Brewery in Ljubljana (2003-
2014) and precipitation in Ljubljana since 1981. Since 2011, more detailed surveys of the Ljubljansko barje were
performed, and in 2018, the first extensive investigation started at wellfields and objects that form part of the
domestic water supply system. Given the number of available studies, we felt that publishing all the numerical
data and appropriate metadata would allow for a better understanding of the short and long-term dynamics
of water circulation in the urban environment. In the future, systematic long-term approaches, including the
appropriate use of isotopic techniques, are needed.

Izvlecek

Izotopske raziskave se uporabljajo za proucevanje vodnih virov ter ¢cloveskega vpliva na vodni krog. V ¢lanku
podajamo pregled preteklih izotopskih hidroloskih raziskav na obmoc¢ju ljubljanskih vodonosnikov s poudarkom
na uporabi razmerij stabilnih izotopov vodika, kisika in ogljika do leta 2019. Zbrali smo podatke o metodah in
rezultatih ter identificirali glavne pomanjkljivosti preteklih raziskav. V sklopu pregleda smo zbrali razli¢ne vire
(skupno 102) z informacijami, ki se nanasajo na karakterizacijo vodonosnikov, pomembnih za oskrbo z vodo na
obmoc¢ju mestne ob¢ine Ljubljana. Med zbranimi viri je 41 taksnih, ki smo jih podrobneje pregledali, saj porocajo
o izotopskih raziskavah podzemne in povrsSinske vode ter padavin. V Sloveniji so bile izotopske raziskave kisika
in vodika v podzemni vodi prvi¢ izvedene na Ljubljanskem barju leta 1976, medtem ko so se raziskave na
Ljubljanskem polju ter na reki Savi pricele Sele 1997. Izotopske raziskave ogljika v podzemni vodi so se pricele
kasneje: na Ljubljanskem polju leta 2003 ter na Ljubljanskem barju leta 2010. Spremljanje izotopske sestave se je
na obravnavanem obmocju v preteklosti izvajalo ve¢inoma v sklopu razli¢nih raziskav podzemne vode v glavnih
petih ¢rpali$c¢ih ter na reki Savi. Raziskave so potekale pretezno v sklopu razli¢nih kratkotrajnih projektov ter
so redko vkljucevale vecje obmocje (npr. Ljubljansko polje in barje). Daljse zvezne izotopske raziskave podzemne
vode so potekale od 2003 do 2014 na obmoc¢ju Pivovarne Union, spremljanje padavin pa poteka v Ljubljani od
leta 1981. Od leta 2011 so potekale podrobnejse izotopske raziskave na Ljubljanskem barju, leta 2018 pa so bile
opravljene prve obseznejse izotopske raziskave, tako na ¢rpalis¢ih kot tudi objektih, ki so del javnega vodovodnega
sistema. Ugotovili smo, da je objavljanje numeri¢nih podatkov in ustreznih metapodatkov pomembno. Pregled
razpolozljivih virov kaze, da bi objava vseh numeri¢nih podatkov in ustreznih metapodatkov omogocila boljse
razumevanje kratke in dolgoro¢ne dinamike krozenja vode v urbanem okolju, zato so v prihodnosti potrebni
sistematicni dolgoro¢ni pristopi, ki bodo vkljucevali tudi ustrezno uporabo izotopskih tehnik.
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Introduction

As Bowen et al. (2019) states “Earth’s water cy-
cle links solid Earth, biological, and atmospheric
systems, and it is both pivotal to the fundamental
understanding of our planet and critical to our
practical well-being.” In nature, water is bound
in different compartments of the hydrosphere
(ice, groundwater, surface water, lakes, soil mois-
ture reservoirs, oceans, and biomass), biosphere,
lithosphere and the atmosphere, which form part
of a global hydrological cycle. The rapid growth
in population, coupled with an increased demand
for water by agriculture and industry, are putting
pressure on water resources (Mook, 2001). Al-
though the impact that humans are having on the
water cycle is indisputable, there is still a lot un-
known about how water usage alters regional and
global water budgets (Bowen et al., 2019). One of
the prerequisites for efficient management of wa-
ter resources is having reliable information about
the quantity and the quality of the resource that
is being exploited (Dansgaard, 1954; Craig, 1961).

Stable water isotopes (*H, 2H, %O, 'O and '*0O)
and carbon isotopes (*>C and '*C) in the dissolved
inorganic carbon (DIC) occur naturally. They can
be measured using isotope-ratio mass spectrom-
etry (dual-inlet or continuous-flow) (de Groot,
2004), laser spectroscopy (Wassenaar et al., 2018),
or by spectrometric imaging methods (Bowen et
al., 2019). An isotope abundance of an element
is generally reported in %o (per mill = parts per
thousand = 10-%) deviations relative to the known
isotope abundance of a standard, 6: (Gat, 1996):

6 (%0) = (Rsample/Rstandard _1) x 103

were Rgmple aNd Rgandara present isotope ra-
tios (PH/'H, BO/%0, 13C/2C, PN/4N, 34S/%28) of a
heavy isotope to a light isotope in a sample and
an international standard, respectively. Because
the numerical values obtained by this equation
are small they are expressed in delta notation (6).
Delta values can be negative or positive numbers
meaning that the isotope ratio of the sample is
lower or higher relative to a standard (Gat, 1996;
Meier-Augenstein & Schimmelmann, 2019).

Isotopes are an important tool for studying
the water cycle and can be divided into two main
categories: environmental isotopes (isotope vari-
ations in waters by natural processes) and artifi-
cial radioactive isotopes (radioactive isotopes that
are injected into the system under investigation)
(Kendall & Doctor, 2003). 6*O, 6°H and 6"°C . val-
ues are important in different applications (Gat,
1996; Clark & Fritz, 1997; Ehleringer et al., 2008;
Clark, 2015; Bowen et al., 2019):

- 60 and 6°H can be used as conservative
tracers if the isotope signature is unmodi-
fied within a study system, i.e., to identify
water sources contributing to water sam-
pled at a given place;

- 60, 6°H and 6"C,, and their variations
can enable the identification of important
water and carbon cycle processes over-
looked by other methods;

- 60 and &°H can link information on the
history of water as it moves through the hy-
drological cycle.

Isotope methods were introduced into catch-
ment hydrology research to help scientists to un-
derstand better the geographical origin of water,
recharge and discharge processes, biogeochemi-
cal processes and the sources and mechanisms of
pollution (Clark & Fritz, 1997, Aggarwal et al,,
2005; Bowen et al., 2005; Ehleringer et al., 2008;
2016; Jameel et al., 2016; Du et al., 2019).

Concerns over climate change and the in-
creasing demand for water in urban areas has
focused research on water supplies and dynamics
within the urban system in order to gain a better
understanding of the connections between hu-
man populations, climate, and water extraction
(Ehleringer et al., 2016; Zhao et al., 2017; Tipple
et al., 2017).

Water circulates in nature differently than
in urban environments, where the world’s pop-
ulation is expected to increase to more than
60 % by 2050. Supplying large urban areas with
high-quality drinking water and providing wa-
ter resources in the long term is a major challenge
(Jameel et al., 2016; Ehleringer et al., 2016). In Slo-
venia, drinking water supply is mainly based on
groundwater (around 97 % of the drinking water
supply is from groundwater resources) (Uhan &
Krajnc, 2003) and in the capital city, Ljubljana, it
provides an invaluable drinking water resource
(Trcek, 2017).

In Slovenia, only tritium and radon analyses
are prescribed by drinking water legislation (Of-
ficial Gazette, No. 74/15), however, if the para-
metric value for tritium is exceeded, it must be
investigated to see if the cause is the presence
of artificial radionuclides. Parametric values for
specific basic ions, e.g., NO,", SO,* and trace el-
ements, e.g., Se, Sb, Pb, Ni, Fe, Cu, Cd, Al, As,
B in drinking water have also been established
(Official Gazette, Nos. 19/04, 35/04, 26/06, 92/06,
25/09, 74/15, and 51/17), while the regular moni-
toring of stable isotopes of H, O in water and C
and N in different compounds (e.g., HCO,", NO,)
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is not required by legislation. Despite quite a
large number of isotope analyses performed in
the past, to date, there has been no comprehen-
sive research in the use of environmental isotopes
in urban water management systems in Slovenia.

Here, we review and synthesize past research
involving 6**O, 6°H and 6*C . to advance our un-
derstanding of the groundwater characteristics
of the Ljubljana aquifers, which can be used as
the basis for future investigations. We focus on
work conducted over the past 40 years. The main
aims of this review were the following:

- make a synthesis of past urban hydrology
investigations of the Ljubljansko polje and
Ljubljansko barje aquifers with emphasis
on the use of 6'*0, 6°H and 6"*C . until 2019;

- collect information about sampling (loca-
tion, time, type of sampling site) and the
analytical methods used;

- identify the main gaps in the previous in-
vestigations and propose future activities.

- Well A
e ¢ '_ ~ Sentvi 73
2y s B < 7
i % v;@ Wellfiel y
. Jarski prody
\ Wellfi
a Hir:

ims|

Water supply area [ | Jarski prod (D) [ Klege/Brest (G)
I Klete (o) [ Sentvid (E) [ Klege/Hrastje/Jarski prod (H)
[ ] Brest(C) [ Hrastje/Jarski prod (F) [T Klete/Hrastje/Brest (12)

Site description

The two most important groundwater aqui-
fers for the Slovenia capital Ljubljana and its
surroundings are the Ljubljansko polje (LP) and
Ljubljansko barje (LB) (Fig. 1). The two aquifers
are separated by the Golovec, Grajski hrib and
Roznik hills (Fig. 1) (e.g., Vizintin et al., 2009;
Janza, 2015).

Two rivers bound the LP aquifer (Fig. 1) - the
Ljubljanica River to the south and the Sava River
to the north (Jamnik et al., 2003; Ogrinc et al.,
2018). Because of the high velocities (10 m/day)
and quite plunder groundwater flow (3—-4 m3/s),
the quality of groundwater is good (Jamnik et al.,
2003; Jamnik & Zitnik, 2020). Hydrological con-
ditions in the area are characterized by strong
interactions between surface water and ground-
water and by the high velocities of groundwater
flow and pollutant transport: that is, up to 20 m/
day (Andjelov et al., 2005; Janza et al., 2005). The
LP is located in the eastern part of the Ljubljana
basin (Ljubljanska kotlina). It was formed by tec-
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Fig. 1. Locations of the studied area with the main wellfields (Klece, Hrastje, Brest, Jarski prod and Sentvid) and correspon-
ding water supply areas in the Municipality of Ljubljana (wellfield Hrastje does not represent a unique water supply area).

Source of topography: Geodetska uprava RS.
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tonic subsidence in the early Pleistocene together
with the main neotectonic fault system that runs
in an east-west direction. The basin is composed
of Permian and Carboniferous slate claystone
and sandstone (Zlebnik, 1971). The Pleistocene
and Holocene sediments, accumulated by the
Sava River, form highly permeable of partially
conglomerated sand and gravel.

The thickness of these fluvial sediments in-
creases towards the centre of the LP, where it
even exceeds 100 m (Andjelov et al., 2005). The
aquifer system has an intergranular porosity,
and an unconfined groundwater table, located
on 20-25 m below the surface (Vrzel et al., 2018)
and can fluctuate up to 10 m (source archive JP
VOKA SNAGA d.o.0.). The main recharge of the
aquifer comes from infiltration of precipitation
and the Sava River, which recharge the aquifer
mainly in its north-western part and drains the
eastern part of the LP. The LP is also recharged
via lateral inflow from the LB multi-aquifer sys-
tem in the south (Jamnik et al., 2000; Vizintin et
al., 2009; Vrzel et al., 2018) as well as from the
Kamnisko-Bistrisko polje (Jamnik & Urbanc,
2000).

Groundwater is exploited at LP from four
wellfields: Klete, Hrastje, Jarski prod and Sentvid
where drinking water is pumped from 16, 10, 3
and 3 wells, respectively (Fig. 1). Anthropogen-
ic conditions of the aquifer are characterized by
significant pressures of urbanization, industry,
traffic, agriculture and old environmental bur-
dens (Jamnik et al., 2012), which occur within the
aquifer recharge area (Trcek, 2017). To date, sev-
eral different sources of pollutants have been de-
tected and investigated. These include dispersed
pollution sources where pollutants are consis-
tently present (nitrates from agriculture and
sewerage losses, new emerging contaminants in
traces — pesticides from agriculture, plasticizers,
corrosion and fire inhibitors, pharmaceuticals
from sewage system losses (Jamnik et al., 2009)
while others originate from past agricultural and
industrial activities (atrazine, desethyl-atrazine,
chromium (VI), trichloroethene, tetrachloro-
ethene). Also, the characteristics of plumes and
multipoint pollution contamination sources were
recognized (Brilly et al., 2003; Karahodzi¢, 2005;
Prestor et al., 2017).

The LB aquifer (Fig. 1) extends from the
southern part of Ljubljana to the Krims-
ko-Mokrs§ko hills. The Barje is a depression with
a stone bedrock that consists in the southern,

western and central parts of Upper Triassic do-
lomite and Jurassic limestone, and in northern
and eastern parts of Triassic and Permo-Car-
boniferous shaly mudstone, quartz sandstone
and conglomerate, characterized by low hydrau-
lic conductivity. The gravel fans are present on
the borders of the basins (Mencej, 1988/389; Cer-
ar & Urbanc, 2013). The basin was formed by a
tectonic depression and filled by alluvial, marshy
and lacustrine sediments during the Pleistocene
and Holocene (Mencej, 1988/89). The Ljubljanica
River contributes to groundwater storage as well
as the Krimsko-Mokrsko hills (ARSO, 2012; Cer-
ar & Urbanc, 2013). The wellfield at Brest (Fig.
1) is an important source of drinking water for
the southern part of the city of Ljubljana (Braci¢
Zeleznik & Globevnik, 2014). It consists of 13
wells of different depths (Braéi¢ Zeleznik, 2016).
Water resources in the area are under significant
pressure, and environmental problems include
water pollution, increasing water demand, flood
and drought risk, reduction in retention capac-
ity, decreasing groundwater levels and terrain
subsidence (Brati¢ Zeleznik & Globevnik, 2014).
However, desethyl-atrazine represents the most
severe problem for the further development of the
Brest water source (Prestor et al., 2017).

The Ljubljana drinking water supply system

The central Ljubljana water supply system
consists of five water supply facilities with alto-
gether active 44 wells and more than 1,100 km
long water supply network supplying 330,000 us-
ers through 43,000 connections. Water supply net-
work includes different objects (i.e., reservoirs,
water treatment locations, pumping stations)
(Jamnik & Zitnik, 2020). In the central system,
some settlements are continuously supplied with
drinking water from a single wellfield (water sup-
ply areas A, C, D and E in Fig. 1), and others from
two or more wellfields (water supply areas F, G,
H and I2 in Fig. 1), depending on water consump-
tion and pressure conditions in the system. Well-
field Hrastje (B) does not represent a unique water
supply area (Jamnik & Zitnik, 2020).

The water from the wells is pumped directly
to consumers or a reservoir for the short-term,
from where it is distributed to the users. Water
disinfection devices are built-in into the system;
however, water does not undergo technical treat-
ments. It is only chlorinated occasionally. For the
Brest wellfield UV disinfection is used (Jamnik &
Zitnik, 2020).
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Methods

Studies related to the characterization of
aquifers important for the domestic water supply
in the municipality of Ljubljana were reviewed,
with a focus on those studies that used 60, 6°H,
and &§BC_ . values for the characterization of wa-

DIC
ter sources.

Study selection criteria

First, we considered articles and reports relat-
ed to the water cycle and domestic water supply
investigations for the LP and LB published from
1976 to the present (Fig. 2). In the scope of the
review, a comprehensive search of journals was
completed based on several keywords related to
the Ljubljana aquifers (Ljubljana/Ljubljansko
polje, Ljubljansko barje, Ljubljana groundwater,
Ljubljana water, Ljubljana water supply). The
search included all studies containing informa-
tion about i) sampling, ii) analytical methods, iii)
the parameters determined, and iv) isotope data.

In the second step, we focused on studies re-
porting the use of §*0 and 6*H to measure, de-
scribe or establish the characteristics of the LLP
and LB aquifers. Additionally, we also collected
studies involving 6*°C_ .. Articles on the model-
ling of LP and LLB and other groundwater param-
eters, e.g., toxic metals in the groundwater and
spring waters, electrical conductivity, and phar-
maceuticals, and the quantity and quality con-
ditions of groundwater in the Ljubljana aquifers
were beyond the scope of this review (Fig. 2).

Search methods

The databases were searched for relevant lit-
erature published before November 2019 and in-
cluded Google, Google Scholar, Science Direct,
Co-operative Online Bibliographic System, and
Service — COBISS. Included were national and
international journals, conference papers, PhD
and Master Theses, reporting data on 60, 6°H

13 i i
and 6”C, . in an urban water system, precip-

Records identified through . X Addition.al records
database searching (N=90) identified (e.g. internal reports)
(N=12)
Records excluded
(N=41)
A

Studies reporting O, H and C isotope data
(N=41)

Records included
(N=61)

Studies only related to description of the
site (N=24)
see Site description

Fig. 2. Flowchart of study selection for detail review
synthesis.

Records screened (N=102)

see Results and discussion

itation, and the Sava River. Also, the reference
section of the articles was searched to identify
additional sources. We also inspected the work-
ing reports for JP VOKA SNAGA d.o.o. available
at Jozef Stefan Institute (JSI) including isotope
data. Studies published in both Slovene and En-
glish were considered.

Information about i) sampling including lo-
cation coordinates, type of sampling location
(groundwater, spring water, precipitation, river)
and sampling period; ii) the analytical meth-
ods used for 60O, 6°H and 6“C, . analysis, and
iii) 60O, 6°H and 6"C, . data were collected and
summarised.

Results and discussion

The initial combined search retrieved 102 re-
cords (Fig. 2). After removing 41 non-relevant
records, the 61 articles remaining were assessed
for eligibility. Of these, 24 records were used to
summarize site characteristics, while 41 records
containing 60, 6°H and 6“C_ . data (Table 1)
were reviewed in detail. Some articles were used
in both categories. Information about sampling
is summarised in subchapter Sampling, followed
by Analytical methods used for determining 6'¢0,
0°H and 6"*C .. Finally, a summary of the isotope
research and the important findings relating to
the Ljubljana aquifers is presented.

Sampling

Information collected about the sampling area,
sampling locations and type of samples collected
in different investigations for isotope analysis
is presented in Table 1. Isotope investigations of
groundwater were first performed in 1976 at LB
(Breznik, 1984) while groundwater and surface
water investigations at LP and on the Sava River
in Tacen began in 1997 (Urbanc & Jamnik, 1998).
The isotope composition of precipitation in Lju-
bljana has been regularly monitored since 1981
(Pezdic, 1999; Vreca et al., 2008).

At the LP, many investigations were performed
at the wellfield Klece, followed by the wellfields
Hrastje, Jarski prod, and Sentvid (Fig. 1, Table 1).
Short-term studies were performed at the bore-
hole LMV-1 (located close to the wellfield Klece).
In contrast, long-term investigations were per-
formed in the area of Union Brewery (Table 1). In
LB, sampling was mainly conducted in the well-
field Brest (Table 1). Surface waters (e.g., Curn-
ovec, Gradascica) were also sampled (Urbanc &
Jamnik, 2002). On the Sava River, sampling was
performed at Tacen, Brod, Crnuce, gentjakob and
Dolsko (see references in Table 1). The Jozef Stefan
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Institute (JSI) has recorded the isotope com-
position of precipitation since 1981. Samples of
precipitation were first collected at the synoptic
station Ljubljana-Bezigrad located at the Hy-
drometeorological Survey of Slovenia (today
Slovenian Environment Agency — ARSO), later
at the JSI (station Ljubljana-JSI) and finally at
the Reactor Centre of the JSI (station Ljubljana-
Reaktor) (Pezdic, 2003; Vreca et al., 2006; Vreca
& Malensek, 2016). Precipitation was collected
for a short period in the areas of wellfield Klece,
Union Brewery and at Geological Survey of Slo-
venia (GeoZS) (see references Table 1).

The first stable water isotope survey of tap
water in Slovenia, according to our best knowl-
edge, was performed in 2014 (Vreca et al., 2019c).
In this survey, tap water samples were collect-
ed for O and H isotope analysis at 105 locations
around Slovenia, nine of them at locations in Lju-
bljana and its vicinity (Vreca et al., 2019c).

To assess the usefulness of environmental iso-
topes, scientists have been performing systematic
monitoring of the Ljubljana drinking water sup-
ply system since 2018. The first detailed sampling
campaign was carried out between 06/09/18 and
29/11/18 at 103 locations; 41 wells in five water
supply facilities, seven joint exits from the water
pumping station, 22 reservoirs, two water treat-
ment locations, 13 fountains, and 19 taps (see Ta-
ble 1). In addition, samples were collected on the
Sava River at Brod, Crnuce and éentjakob (Vreca
et al., 2019a; Vreca et al., 2019b). The first 24-hour
experiment was performed in the basement of
the main building at the Jozef Stefan Institute
in Ljubljana with emphasis on the hourly isotope
variability of tap water in April 2019 (Vreca et
al., 2019d).

From Table 1, the following sampling loca-
tions were identified:

- Wellfields — Klece (11 wells), Hrastje (5
wells), Brest (12 wells), Jarski prod (2
wells), and Sentvid (1 well)

- The Sava River — five locations: Brod,
Crnucée, Dolsko, éentjakob and Tacen

- Precipitation - six locations: synoptic sta-
tion Ljubljana-Bezigrad, JSI-Ljubljana,
Ljubljana-Reaktor, Union Brewery, well-
field Klece, and GeoZS

- Other locations — piezometers and spring
water from the LB, lysimeter and piezom-
eters at Union Brewery, groundwater in
LMV-1, tap water and different objects of
the drinking water supply system.

Analytical methods used for determining stable
oxygen, hydrogen and dissolved inorganic carbon
isotope composition

Results of 60, §°H were reported relative to
VSMOW (e.g., Urbanc & Jamnik, 1998; Brencic
& Vreca, 2006; Vrzel et al.,, 2018), while 6“C_ .
was reported relative to the VPDB (e.g., Brenci¢
& Vreca, 2006; Kandu¢, 2006; Vreca et al., 2019e).
Isotope ratio mass spectrometers (IRMS) were
used for the determination of 6"*0O, 6°H, and 6"*C .
in water except for some precipitation samples
collected at the Ljubljana-Reaktor which were
measured by off-axis integrated cavity output
laser spectroscopy, OA-ICOS (Vreca et al. 2017).

Oxygen isotope composition (6'%0) is reported
in 40 records (Table 1). In all past investigations,
the authors reported that the §®0 was deter-
mined by the water-CO, equilibration technique
(Epstein & Mayeda, 1953; Avak & Brand, 1995)
using different IRMS, namely the dual inlet
Varian Mat 250 at the JSI (Pezdic, 1998; Urbanc &
Jamnik, 1998; Jamnik & Urbanc 2000; Andjelov
et al., 2005; Vreca et al. 2005; 2006; 2008; Ogri-
nc et al., 2008), Finnigan DELTAP™ at the Joan-
neum Research (JR) in Graz, Austria (Brendi¢ &
Vreca 2006; Trcek, 2017), Finnigan MAT 250 at
the Hydroisotop GmbH laboratory in Schweiten-
kirchen, Germany (Cerar & Urbanc, 2013; Mezga
et al., 2014; Mezga, 2014; Vreca et al., 2015), and
a continuous flow IsoPrime (GV Instruments) at
the JSI (Brati¢ Zeleznik et al., 2017; Ogrinc et al,,
2018; Vrzel et al., 2018; Vreca et al., 2014). Tréek
(2005;2006) reported that analysis was performed
at the Institute of Groundwater Ecology (GSF)
in Neuherberg, Germany, but does not state the
type of IRMS used for the analysis. The %0
analysis of precipitation collected by the JSI at
the Ljubljana-Reaktor was performed from Feb-
ruary 2007 to the end of 2014, using a continuous
flow IRMS IsoPrime (GV Instruments) connected
to equilibration system MultiFlow Bio (Vreca et
al., 2014). Samples collected since 2015 were mea-
sured on a dual inlet Finnigan MAT DELTAPMs
with CO,-H,O equilibrator HDOEQ48 (Vreca et
al., 2019a; 2019b; 2019d; 2019e; 2019%).

Hydrogen isotope composition (62H) is re-
ported in 32 records using different analytical
methods, which included H, generated by the
reduction of water over hot zinc (Pezdi¢, 1999),
H, equilibrated with the water samples using
a Pt-catalyst (Horita et al., 1989), reduction on
Cr at 800 °C (Gehre et al., 1996; Morrison et al.,
2001) or with an OA-ICOS (Wassenaar et al.,
2014). Measurements were performed on dif-
ferent IRMS including a dual inlet Varian Mat
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250 at the JSI (Pezdi¢, 1998; Vreca et al., 2005;
2006; 2008; Ogrinc et al., 2008; 2018; Vrzel et al.,,
2018), Finnigan DELTAP" XP at the Joanneum
Research (JR) in Graz, Austria (Brenci¢ & Vreca,
2006; Vreca et al., 2014; Trcek, 2017), Finnigan
MAT 251 at the Hydroisotop GmbH laboratory in
Schweitenkirchen, Germany (Vreca et al., 2011;
2013; 2015; Mezga et al., 2014; Bracic Zeleznik et
al., 2017). Samples collected from 2015 onwards
were measured on the dual inlet Finnigan MAT
DELTAP" with CO,-H,O equilibrator HDOEQ48
at the JSI (Vreca et al., 2019a; 2019b; 2019d; 2019e;
2019f). Some precipitation samples collected at
the Ljubljana-Reaktor were measured at the Iso-
tope Hydrology Laboratory at the International
Atomic Energy Agency (IAEA) on a Los Gatos
Research OA-ICOS (Vreca et al. 2017).

The carbon isotope composition in the dis-
solved inorganic carbon (§"*C ) is reported in 13
records and was determined using CO, collected
after the reaction of the water sample with 100 %
H,PO, on a continuous flow Europa 20-20 IRMS
with ANCA-TG separation module for trace gas
analysis (Brenci¢ & Vreca, 2005; 2007; 2010; Mez-
ga, 2014; Vreca et al., 2019a) or a continuous flow
IsoPrime or IsoPrime 100 IRMS with equilibra-
tion system MultiFlow Bio at the JSI (Brencic,
2011, Brati¢ Zeleznik et al., 2017; Vreta et al.,
2011; 2013; 2015; 2019¢; 20191).

Only a few articles reported the analytical
errors (Tréek, 2005; 2006; Brenci¢ & Vreca, 2006;
2007; Ogrinc et al., 2008; 2018; Vreca et al., 2008;
2018; Cerar & Urbanc, 2013; Mezga et al., 2014).
Most publications report basic descriptive sta-
tistics or isotope ranges and only in a few cas-
es, whole datasets are publicly available (e.g.,
Brenci¢ & Vreca, 2006; 2007; Vreca et al., 2008;
2014; Vrzel et al., 2018).

History of the stable isotope research in the
catchment area of Ljubljana aquifers

Here we present a summary of the 41 records
(Table 1) related to the past stable isotope inves-
tigations in the area of LP and LB aquifers. Ar-
ticles usually report the use of §**0O and &*H in
water resources investigations; however, it is in-
teresting, that the 6°C_  was determined in only
13 records.

Ljubljansko barje

The first isotope investigations in the area
of Ljubljana aquifers were performed in 1976
(Breznik, 1984), as part of the hydrological re-
search into the Brest wellfield between 1974 and
1976. Water samples were collected at the LB

aquifer, from the Iska River and other springs in
the vicinity. No precise sampling locations with
coordinates were reported, and no information
was given about the collection of the samples or
where the analyses were performed. They report-
ed values for 60 between -9.94 and -8.90 %, and
-65.8 and -58.9 %o for §*H. From the tritium iso-
tope data, Breznik (1984) concluded that the re-
charge rate of the lower aquifer is very low.
Samples from the southern part of LB were
collected in early spring and autumn in 1993.
Nineteen sampling points for groundwater and
river base flow measurements were established
for the determination of groundwater recharge
and storage capacity (Pezdi¢, 1998). Unfortu-
nately, the sampling locations are presented only
graphically, and the author gives no exact coor-
dinates or location names. Precipitation was col-
lected in Ljubljana for the determination of §"*O
and 6°H values. Pezdi¢ (1998) reported 60 values
of springs and surface river water of -9.65 and
-8.82 %o, while §*H values ranged from -67.4 to
-61.2 %o. The weighted means of §'*0 and 6°H in
precipitation for the year 1993 were -8.07 %0 and
-55.6 %o, respectively. The author concluded that
the contribution of local precipitation was small
and infrequent; however, local precipitation
could recharge nearby aquifers (Pezdi¢, 1998).
After 1997, Urbanc & Jamnik (2002) performed
more detailed investigations of the LB in which
the chemical and isotope composition of ground-
water was studied. Isotope investigations com-
bined with hydrogeochemical methods were used
to obtain hydrogeological data on the properties
of water in individual aquifers: the Holocene
aquifer and the upper and the lower Pleistocene
aquifers. The authors, however, do not provide
any sampling information or at which insti-
tute the analyses were conducted. Also, location
names are shown only on maps. Surface water
and groundwater in wells, piezometers and bore-
holes (Table 1) were sampled between Novem-
ber 1999 and February 2002. The authors report
mean values for 60O in surface waters and based
on the isotope data, the mean altitude of individ-
ual water recharge areas (exact numbers were
not provided). The 60 values of groundwater in
the Holocene aquifer were -8.9 to -8.6 %o, -9.6 to
-8.6 %o in the upper Pleistocene aquifer, and -9.5
to -9.2 %0 in the lower Pleistocene aquifer. Again,
values were mainly presented graphically, and
numerical values were given only for the lower
Pleistocene aquifer (Urbanc & Jamnik, 2002).
Since 2010, many isotope investigations at
wellfield Brest were performed. In 2011, §'%0, §°H
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and 6"°C . values were determined in water sam-
ples collected during a pumping test from a 200 m
deep well (VD Brest-3a) to determine the recharge
dynamics, origin and age of groundwater in the
dolomite. The investigation began on the 23/05/11
when a step-test was performed, followed by a
one-month-long pumping test. In the third step,
the rising of water was investigated. Testing fin-
ished on 24/06/11 (Brenci¢, 2011). The 60, §H
and 6*C_ . were also determined in seven wells at
Brest and in one observation well (P-23/10). The
values of 60 ranged between -9.98 and -9.61 %o
and 6°H between -64.9 and -61.1 %.. §"°C ., values
were between -12.8 and -11.8 %o.. The isotope com-
position of springs near wellfield Brest was also
determined. Isotope values were between -9.56
and -6.21 %o for 6'°0, between -64.4 and -58.8 %o
for 6°H and between -9.42 and -18.65 %o for 6"’C .
(Brenci¢, 2011). By performing the pumping test,
mixing of water from different aquifers, namely,
shallow water from the upper Holocene aquifer and
a lower Pleistocene aquifer in well VD Brest-3a,
was confirmed. A certain amount of deep-water
was also present; however, the exact amount was
unknown, and its characteristics were not deter-
mined. The isotope composition of the water also
varied during the pumping test, indicating that the
fraction of water of different origin had changed
(Brenti¢, 2011; Vreta et al., 2011; Brati¢ Zeleznik
etal., 2017). In 2013 (from 21/05/13 to 31/05/13), the
pumping test was repeated in well VD Brest-3a.
The 6°0, 6°H and 6*°C_ . values ranged from -9.46
and -9.05 %o, -65.9 and -63.4 %, and -14.5 and
-12.3 %o, respectively (Vreca et al., 2013; Bracic¢
Zeleznik et al., 2017).

In 2015, another pumping test in well VD
Brest-3a was performed and the §%0, §°H and
0"C . values varied between -9.78 and -9.06 %o,
-65.4 and -61.4 %o and -12.05 and -11.14 %o, respec-
tively. The sampling test lasted from 05/06/15 to
01/07/15 (Vreca et al., 2015). In 2019, few addi-
tional 24-hour pumping tests were performed
(Table 2).

To conclude, the data shows a broad range of
60, 6°H, and 6"C, . values in groundwater in
the LB. Historically, isotope investigations were
rare. In the last years, the 6'°O, 6°H, and 6"*C .
are used more often but still sporadic. Also, dif-
ferent wells in the wellfield Brest yield different
isotope compositions. This variation is because
the depths of the wells are not consistent, and
the groundwater is captured from different aqui-
fers. Therefore, careful consideration about how
to implement isotope techniques in the future is
needed for better water resource management of
the wellfield Brest.

Ljubljansko polje

According to available data, isotope investiga-
tions of groundwater from the LP were not per-
formed until 1997. The first samples were collect-
ed between October 1997 and September 1998 at
13 pumping wells in the wellfields Klece, Hrastje,
Jarskiprod and Sentvid (Urbanc & Jamnik, 1998).
Samples were collected only for 6O analysis. A
more extensive set of observations (October 1997
to September 1999) is presented by Andjelov et
al. (2005). From this data, the authors estimated
the proportion of locally infiltrated precipitation
and water from the Sava River, but only report-
ed the mean values of all measurements obtained
during the sampling period for selected wells.
Reported 60 values in the groundwater were
between -9.0 and -8.6 %o in Klece (7 wells), -9.1
and -9.0 %o in Jarski prod (2 wells), and -8.9 and
-8.8 %o in Hrastje (3 wells). In Sentvid, the mean
value of several measurements from a single well
was -8.8 %o (Urbanc & Jamnik, 1998). However,
from the figures, it is possible to read the values
for specific wells for the entire sampling period
(Urbanc & Jamnik, 1998; Jamnik & Urbanc, 2003;
Andjelov et al., 2005). At the same time, samples
from the Sava River at Tacen were collected
(Jamnik & Urbanc, 2003). The results, although
only shown graphically, confirmed the influence
of human activities on groundwater quality in

Table 2. 680, 6°H, and 613CDIC results (minimum to maximum values) of the sampling performed in 2019 during 24-hour
pumping tests. (TA = total alkalinity, EC = electrical conductivity)

Date of Name Parameters identified 680 6H S¥C Reference
sampling
09/04/19- | PB-24b/19 610, 6°H, 513CDIC -9.59 to -63.9 to -11.1 %o Vreca et al., 2019e
10/4/19 TA, EC, *H, "Sr/%Sr, ¥Sr/*Sr -9.50 %o -63.1 %o (N=2)

(N=10) (N=10)
02/9/19- | PB-24a/19 610, 6°H, 613CDIC, TA, EC, *H, -9.49 to -62.8 to -11.4 to Vreca et al., 2019f
03/09/19 ¥1Sr /88T, BSr/HSr -9.42 %o (N=3) | -62.5 %o -11.1 %o

(N=3) (N=3)

03/10/19- | PB-24c/19 610, 8°H, 513CDIC, TA, *H -9.50 to -62.9 to -11.2 to Vreca et al., 20191
04/10/19 1Sr/%Sr, ¥Sr/%Sr and EC -9.48 %o -62.3 %o -10.9 %o

(N=3) (N=3) (N=3)
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those wells where the recharge zone extends un-
der the city (Urbanc & Jamnik, 1998).

In July and October 2003, the Institute for
Public Health in Maribor collected samples at
following locations: Yulon, Hrastje 1la, Klece 17,
GeoZS, Klete 11, Sentvid 24, Klete 8a, Hrastje 3,
Navje, Petrol- Smartinska cesta, L.P. Vodovodna,
HMZ Hrastje, for the §”C . and alkalinity mea-
surements. The 6"°C . values were ranged from
-14.7 to -12.2 %o. The §"*C_ . results from LP were
graphically presented in Kanduc¢ (2006), together
with 6"C . values of samples from the Sava Riv-
er to indicate possible biogeochemical processes
in the groundwater-river water system.

From March 2010 to December 2011, monthly
samples were collected for 60O and §°H analy-
ses from seven wells at three wellfields: Klece,
Hrastje, and Jarski prod, and from the Sava Riv-
er at Sentjakob (Vrzel et al., 2018). Based on §#0
and 62H results, the authors determined the pro-
portion of the Sava River in groundwater result-
ing from periods of low and high precipitation in
2010 and 2011. Numerical values are reported in
the Supplementary Data and are presented here
as a box plot (Fig. 3). The authors found that both
sources directly influence the groundwater: infil-
tration of local precipitation and recharge from
the Sava River. Based on average 6O and &*H
values, it was apparent that groundwater from
Klece 11, Hrastje 3, and Hrastje 8 contained only
a low amount of the Sava River water (up to 14 %)
and was mostly composed of recently infiltrated
local precipitation. For comparison, a higher per-
centage of the Sava River water (up to 86 %) is
present in the groundwater in wells Jarski prod

1, Jarski prod 3, Klece 8 and Klece 12. Findings
were similar to that reported by Urbanc & Jam-
nik (1998).

More detailed investigations (from 2000 to
2014) in LLP were performed in the area of Union
Brewery where groundwater in Pleistocene fluvi-
al sediments and the lower gravel aquifer is ex-
ploited by the Brewery (Trcek 2005; 2006; 2017).
The Union Brewery’s lysimeter was ideal for
studying urban water infiltration and to make
accurate measurements of water flow and wa-
ter balance parameters. It consisted of 42 bore-
holes drilled into the right and left walls of the
construction (Juren et al., 2003; Trcek, 2005). As
part of its sustainable groundwater management
plan, extensive studies of groundwater flow and
solute transport were performed from 2003 to
2014 to predict groundwater flow and contami-
nant transport through the unsaturated and sat-
urated zone of the urban intergranular aquifer
(Trcek, 2017).

Actual stable isotope monitoring began in July
2003 (Trcek, 2005) with the aim to obtain infor-
mation about mixing processes and groundwater
residence times in the unsaturated zone and to
determine the risk of contamination of drinking
water. From July 2003 to August 2004, monthly
groundwater samples were collected, and 6O
and &*°H values determined. Trcéek (2005) report-
ed 60 groundwater values between -14.7 %, and
-4.5 %o. All other 6®0O values were presented as
boxplots, and no values for 6°H are reported. A
synthesis of one-years’ worth of data revealed
two types of flow: lateral flow, which has an es-
sential role in the protection of groundwater of

-8.2 Fig. 3. Box plots of §%0
T values taken from Vrzel et
8.4 - al., 2018 (period 2010/2011)
] and from research per-
8.6 formed in autumn 2018
’ for wells in Klece, Hrastje,
1 Jarski prod and the Sava
8.8 % :‘ River (Vreca et al., 2019a;
.
— g . :‘ 2019Db).
§| -9 % " - v *
. n:9 ALY *
o 99 n:20 T * 5
o -92 -
R = |(*°
9.4 - n=3 . =i
] n=31 -~ _
9.6 i =
98 4 [_]25%~75% T Min-Max n=14
1| — Median Line © Mean
-10 T T | T T T T T
Kle¢e Klece 2018 Hrastje Hrastje  Jarski prod JarSki prod the Sava  the Sava
2010/11 2010/11 2018 2010/11 2018 River  River 2018

2010/11



262 Klara NAGODE, Tjasa KANDUC, Sonja LOJEN, Branka BRACIC ZELEZNIK, Brigita JAMNIK & Polona VRECA

the Pleistocene alluvial gravel aquifer, and verti-
cal flow, which is the main factor controlling con-
taminant transport towards the saturated zone
(Trcek, 2005).

From July 2003 to June 2004 and from July
2004 to June 2005, 6*0 and 6*H values in 16 ob-
servation wells (piezometers) were measured
next to the Union Brewery. The mean values from
a single sampling site for 6'*O varied between
-9.21 and -8.70 %o (Trcek, 2006). During the same
period (from July 2003 to June 2005) monthly ox-
ygen isotope measurements of groundwater (ly-
simeter) ranged from -14.7 to -4.4 %o, while the
means of single sampling points were between
-10.7 and -8 %o (Trcek, 2005). In 2017, Tréek pub-
lished the results of the 2004 to 2014 investiga-
tion (Trcek, 2017). Water samples were collected
daily, weekly or at monthly intervals, although
only seasonal monitoring was performed after
2010. Samples were collected from 18 observa-
tion points on the right side of the Union Brewery
lysimeter, while precipitation was collected near
the entrance to the lysimeter. The 60O values in
groundwater from 2004 to 2010 ranged from -16
to -6 %o. In precipitation, 680 values ranged from
-18 to -3 %o. Tréek studied the weighted averages
of the lysimeter water 6O values for the peri-
od 2005-2009 to get a better insight into the ly-
simeter drainage system. Reported values varied
between -9.82 and -7.62 %.. Again, Tréek empha-
sised the importance of lateral flow and that the
goal for future investigations should be directed
towards vertical transport studies of contami-
nant loads (Trcek, 2017).

The Union Brewery also produces bottled wa-
ter, both still and flavoured water, which is sold
under the Zala brand. In September 2004, exten-
sive research of the general chemistry, 6'¥0, §*°H
and 6"C_ . of bottled waters available on the Slo-
vene Market was undertaken (Brenci¢ & Vreca,
2005; 2006; 2007; 2010). The authors reported that
6°H, 60 and 6"C . values of still water were be-
tween -61 and -60 %o, -8.90 and -8.95 %0 and -12.7
and -12.3 %o, respectively For flavoured waters,
values for 6°H, 6"°O and 6"C . ranged between
-61 and -59 %o, -8.95 and -8.80 %o, and -13.5 and
-12.5 %o (Brenci¢ & Vreda, 2006; 2007).

Isotope investigations of groundwater were
also performed at the pumping station LMV-
1 (located near the Klete wellfield) from 2009
to 2011 (Mezga, 2014). The three-year sampling
campaign covered three annual season cycles:
groundwater at each sampling location was sam-
pled twice, in spring (March-July) and autumn
(August-November). The samples were collected

as part of an extensive survey looking at the or-
igin of groundwater in Slovenia. For the LMV-1,
the authors reported mean values of 6'%O of -8.59
+ 0.33 %o, 6°H of -60.4 = 0.6 %0 and 6"°C_ . of -12.7
+ 1.3 %o (Mezga et al., 2014).

Ljubljansko polje and Ljubljansko barje
simultaneous investigations

Simultaneous isotope investigations of both
aquifers are rare. Cerar & Urbanc (2013) stud-
ied their interactions during two sampling cam-
paigns in autumn 2010 and spring 2011. They
aimed to obtain a better understanding of how
the aquifers interact in order to improve a hydro-
geological conceptual model of the aquifers. In
total, they collected 138 samples at 69 locations
from 28 wells from the five main wellfields, five
industry wells, two private wells, 29 boreholes,
and five samples of surface water. Based on the
hydrogeological and the geographical position of
the aquifers they divided LB into three areas: the
northern part, middle part and southern part,
including the area of Brest and I§ki vrsaj (Cerar
& Urbanc, 2013). The 6'®0 in the groundwater of
the northern part of LB varied between -9.0 and
-8.6 %o. Groundwater from this part of the aqui-
fer is enriched in 20 isotope compared to the oth-
er parts of the aquifers. This enrichment is due to
the higher influence of local precipitation on the
open aquifer. 60 values in the middle part of the
aquifer were from -10.0 to -9.1 %o, while 60 val-
ues in the southern part (including Brest and I$ki
vrsaj) were -9.6 to -9.2 %.. In their final report,
Urbanc et al. (2012) report the range of §**0 val-
ues for groundwater from Brest to vary between
-9.6 and -9.4 %o (tabulated values not given). For
LP, 60 values in Klece wells varied from -9.1 to
-8.7 %o, -8.9 to -8.8 %o in Sentvid, -8.9 to -8.8 %o in
Hrastje, and from -9.3 to -9.0 %o in Jarski prod.

Jamnik & Urbanc (2000) were the first to study
the connections between LB and LP. They found
that LP is partially recharged with groundwater
from LB. However, Cerar & Urbanc, (2013) also
showed that based on the hydrochemical compo-
sition (Ca/Mg molar ratio and HCO,™ concentra-
tion) of water, the contribution of groundwater
from LB is of minor importance. The minimal
contribution was detected near the boundary
between the two aquifers. By measuring triti-
um activity, they classified groundwater in LP
as “modern waters” with a residence time of up
to 10 years, at the interface between the aquifers
as “submodern waters” with a residence time of
more than 50 years and in LB as “older waters”
with residence time between 10 and 50 years.
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However, increased tritium activities also indi-
cated “bomb tritium” from nuclear experiments
in the 1960s (Cerar & Urbanc 2013). Vrzel et al.
(2018) confirmed “modern” water was mainly
present in LLP and also estimated, using the *H/
He method, that 10 % of groundwater in Klece is
very old, but additional analyses are needed for
precise determinations.

In the period from March 2010 to October 2010
0"C,,. was measured monthly along with alkalin-
ity and pH at LP in the following wells: Hrastje 3,
8 (average -12.6 %o, n = 12), Klece 8, 11, 12 (average
-12.1 %o, n = 22), Jarski prod 1, 3 (average -11.3 %o,
n = 13), and the Sava River at Dolsko (average
-10.6 %0, n = 7) (Kandu¢, unpublished data). At
LB sampling was performed only in June 2010 at
wells Brest 1a, Brest 2a and Brest 4a with 6"°C_ .
values ranging from -11.3 %0 to -10.8 %. (Kanduc,
unpublished data). To our best knowledge, this
was for the first time 6"°C . was measured at LB.

Vreca et al., (2019c) were the first to perform a
stable isotope survey (June and July 2014) of tap
water covering Slovenia according to our best
knowledge. The authors determined 60 and 6*H
values in nine tap water samples collected in Lju-
bljana and its vicinity. The §*O and §*H values
varied between -9.74 and -9.06 %., and between
-65.2 and -60.1 %o, respectively. The most nega-
tive values were in tap water from wellfield Brest
and the most positive from Klece.

A more detailed investigation within the Lju-
bljana water supply system started in 2018. The
6"0, 6°H and 6"C_ . values of all objects in the
system (wells, joint exits from water pumping
station, water reservoirs, water treatment loca-
tions, fountains and taps) ranged from -9.53 and
-8.68 %o, -63.6 and -57.8 %o and -15.3 and -9.38 %o,
respectively. Also, 6°H and 6*0O values in samples
from Sentvid were less negative, while samples
from Brest had on average lower §"°C_ . values

(Vreca et al., 2019a; 2019b). The results for wells
Klece, Hrastje, Jarski prod and the Sava River
are presented in Fig. 3 together with data from
Vrzel et al., (2018). The values for 2018 are low-
er and less spread, which is a result of a shorter
sampling period (September to November).

The first 24-hour analysis of tap water was
performed from 9:00 on 24/04/19 until 9:00 on
25/04/19, with an emphasis on the hourly vari-
ability (Vreca et al., 2019d). The tap water was
sampled in the basement of the main building of
the JSI where water from two wellfields (Klece
and Brest) is mixed. The diurnal variations of
6"0, 6°H and 6"C,, were small. However, 24-
hour differences in isotope and major and trace
elemental composition suggest that the propor-
tion of groundwater from Klece and Brest water
fields changed over 24 hours.

Based on the past investigations of LP and LB,
especially 2018 - 2019, the authors selected a sys-
tematic multi-analytical approach that started
in 2020. Monthly monitoring of §*0O and 6*H and
multi-element composition in groundwater in five
wellfields (Klece (4 wells), Brest (4 wells), Hrast-
je (2 wells), Jarski prod (2 wells), and Sentvid (1
well)) was established. Also, samples from the
Sava River (Brod and éentjakob) are collected on
the same day and additional tap water investiga-
tions are planned.

The Sava River

Numerous isotope investigations have been
performed along the Sava River basin (e.g., Kan-
du¢, 2006; Ogrinc et al., 2008; Brenci¢ & Vreca,
2016; Torkar et al., 2016; Vrzel et al., 2018; Og-
rinc et al., 2018). However, only sampling loca-
tions close to Ljubljana (Tacen, Brod, Dolsko,
Sentjakob and Crnuée) are relevant for this re-
view (Table 1 and 2). Among these studies, ten
reported 60, 6°H, 6°C_ . values (Table 2).

Table 3. Values for 670 (%o), 6°H (%o) and 67°Cprc (%o) for the Sava River at Tacen, Brod, Crnute, gentjakob and Dolsko perfor-

med in different investigations (locations are downstream).

Location 610 H "C L Reference
S Tacen Min -10.1 -67.0 / Urbanc & Jamnik, 1998; Andjelov et al., 2005; Ogrinc et
ava ace Max -8.51 -57.9 / al., 2008; Urbanc et al., 2012; Cerar & Urbanc, 2013
Min -10.1 -67.0 -10.7
Sava Brod Kandug¢, 2006; Vreca et al., 2019a; 2019b
Max -9.2 -60.4 -8.5
Sava Crnuce -9.39 -62.4 -9.2 Vreca et al., 2019a; 2019b
. Min -9.7 -66.4
Sava Sentjakob Vrzel et al., 2018; Vreca et al., 2019a; 2019b
Max -8.5 -57.6
Min -9.9 -68.0 -12.7
Sava Dolsko Kandu¢, 2006; Ogrinc et al., 2008; 2018
Max -8.2 -55.0 -9.9
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Isotope investigations of the Sava River near
Ljubljana began in October 1997, when the first
sampling in Tacen was performed (Urbanc &
Jamnik, 1998). In 2004, Kandu¢, (2006) under-
took a more systematic monitoring programme
of O, H and C isotopes from April 2004, Septem-
ber 2004 and January 2005 at Brod and Dolsko.
Ogrinc et al. (2008) also determined 6*O and 6°H
in the Sava River watershed at Tacen and Dols-
ko in April, September, and December of 2004
and monthly from January 2005 to August 2006.
The authors used data to provide information
on hydrological flow paths and to estimate the
water residence times. The data (Ogrinc et al,,
2008) also forms part of the long-term the Global
Network of Isotopes in Rivers database (GNIR;
IAEA, 2020), managed by IAEA. The mean resi-
dence times at Tacen and Dolsko of 1.54 and 1.09
years, respectively, were estimated by using an
exponential model in which precipitation inputs
are assumed to mix rapidly with resident water.
It was also observed that the Sava River responds
quickly to precipitation, which is reflected in the
isotope composition of the Sava River water (Og-
rinc et al., 2008). Vrzel et al. (2018) report simi-
lar 680 values in river water at Sentjakob from
March 2010 to December 2011. Monthly isotope
sampling data at Dolsko during 2007 to 2010 re-
vealed a mean residence time of 1.20 years, which
is higher than previously estimated (1.09 years)
in 2004-2006 period (Ogrinc et al., 2018).

Precipitation

Isotope composition of precipitation was mon-
itored at six different locations in Ljubljana, as
reported in 13 records (Table 1). Continuous and
systematic monitoring of the isotope composition
of monthly composite samples has been carried
out in Ljubljana by the JSI since 1981 (Pezdic,
1999; 2003; Vreca et al.,, 2008; 2014; Vreta &
Malensek, 2016). Published data are also included
in the Global Network of Isotopes in Precipitation
(GNIP) and in the Slovenian Network of Isotopes
in Precipitation (SLONIP) from 1981 to 2010. In
1981-2018, the 6'*0 and 6°H values varied between
-19.40 and -1.65 %o (mean -8.65 %o, n=428) and be-
tween -147.8 and -7.3 %o (mean -59.4 %o, n=425).
The data is an important input into GNIP, which
has been evaluated many times (e.g., Rozanski et
al., 1993; Ichiyanagi, 2007; Hughes & Crawford,
2012), and in many hydrological and hydrogeo-
logical investigations (e.g., Krajcar Broni¢ et al.,
1998; 2020; Pezdi¢, 1999; 2003; Brenci¢ & Vreca,
2006; Vreca et al., 2006; Ogrinc et al., 2008; 2018;
Vodila et al., 2011; Kandu¢ et al., 2012; Horvat-

inc¢i¢ et al., 2011; Zavadlav et al., 2012; Cerar &
Urbanc, 2013; Markovi¢ et al., 2013; Mezga et al.,
2014; Vrzel et al., 2018). The isotope composition
of precipitation was also monitored at other lo-
cations around Ljubljana in the frame of sever-
al short-term investigations. For example, the
precipitation was collected in the wellfield Klece
from October 1997 to September 1998 (Urbanc
& Jamnik, 1998). The reported 6**O ranged from
-12.0 to -5.5 %o. Trcek (2005; 2017) monitored
60 values in precipitation from January 2003
to August 2004 and again from 2004 to 2014 at
the Union Brewery. 60 values were from -15.2
to -4.1 %o (mean -8.9 %o) during 2003-2004 and -18
to -3 %o during the extended observation period
(2004 to 2014). Cerar & Urbanc (2013) have also
reported the monthly composition of precipita-
tion at the GeoZS in Ljubljana monitored since
2010; however, the exact sampling period is not
reported. The average monthly 60 value was
-8.51 %o (Cerar & Urbanc, 2013).

Conclusions

The use of isotopes to characterize water re-
sources and to track the movement of water in the
LP and LB over the past 40 years has significant-
ly improved our understanding of groundwater
quality and hydrological processes affecting its
recharge and the distribution. Despite this, most
isotope data are a result of intermittent short-
term studies, and only a few represent long-term
monitoring programmes. From all of the anal-
ysed articles and reports, it is evident that limit-
ed sampling and coverage of monitoring of well
networks presents a high risk of, e.g., not detect-
ing contamination events (Jamnik et al., 2012).

The first 6°0 and §°H investigations of ground-
water in the LLB began in 1976, and only later in
1997 in LP. Also, in 1997 investigations at the
Sava River in Tacen started. The first time 6*C .
was systematically measured at LP was in 2003,
while at LB it was only in 2010. Historically, iso-
tope studies were performed in the LP; however,
since 2011, isotope data are used more frequently,
but still sporadically in the LLB. These investiga-
tions mainly involve sampling from wells — sam-
pling was most often performed in Klece, while
other objects in the water supply system were not
well sampled. Five locations on the Sava River
near Ljubljana were identified. Also, precipita-
tion was monitored for 6*0 and §*H at six differ-
ent locations.

To our knowledge, 102 relevant records were
found and analysed; however, only 41 records
published O, H and C isotope data and underwent
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a detailed review. The highest number of publi-
cations contained §'¥O data (40 records), followed
by 6°H (32 records), while 6”C_ . investigations
were rarely implemented (13 records). Also, long-
term systemic approach with more frequent (e.g.,
seasonal) monitoring of relevant environmental
isotope tracers is missing. In the scope of this re-
view, we would also like to point out that many
investigations contain an insufficient description
of sampling times and exact locations (missing
coordinates), analytical methods, and reporting
of raw data. In this regards, better use of supple-
mentary material, which should include all ap-
propriate metadata would be beneficial and nec-
essary for proper comparison in time and space
and would enable tracing isotope changes in wa-
ter resources.

The first stable water isotope survey of tap
water in the City of Ljubljana was performed in
2014. In order to assess the usefulness of environ-
mental isotopes more systematically, monitoring
has been performed on the drinking water supply
system of Ljubljana since 2018.

Based on all of the results from previous in-
vestigations of LP and LB, monthly monitor-
ing of 60O and 6°H in groundwater in five wa-
ter supply facilities was established in January
2020. Besides, also the Sava River is sampled at
two locations monthly and additional more de-
tail sampling of tap water is planned. The results
will be used to prepare guidelines for future iso-
tope monitoring that will provide a better overall
understanding of water interactions of domestic
supply important for water managers.
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Izvlecek

Z uporabo recikliranih odpadkov v gradbenistvu nadomeS¢amo naravne materiale in s tem vzpostavljamo
krozno gospodarstvo na lokalnem nivoju. Pomemben vidik je tudi ohranjanje naravnih virov. To je Se posebno
perece pri zemeljskih delih (npr. zasipih in nasipih), kjer prihaja do velike porabe materialov. Geotehniéni
kompoziti iz recikliranih materialov, v primerjavi z naravnimi agregati ali zemljinami, lahko vsebujejo visje
celotne koncentracije potencialno nevarnih snovi (tezke kovine, klorid, sulfat, fluorid, organska onesnazevala
itd.). Pogoj za uporabo taksnih kompozitov je, da so v njih potencialno nevarne snovi imobilizirane in da so
zato iz kemijskega vidika trajno inertni. Mozni vplivi na okolje, predvsem prenos razli¢nih potencialno nevarnih
snovi iz kompozitov v tla oziroma vodonosnik, so obi¢ajno ovrednoteni na laboratorijski ravni, medtem ko
je njihovo obnasanje v dejanskem okolju slabo prouceno. Zato se pojavljajo zahteve po razvoju obcutljivih,
zanesljivih in cenovno ter ¢asovno uc¢inkovitih orodij za doloc¢itev masnih tokov potencialno nevarnih snovi iz
gradbenih proizvodov, na primer geotehni¢nih kompozitov, pod vplivi razliénih okoljskih dejavnikov. V ¢lanku
predstavljamo postopek vzpostavitve terenskega laboratorija na osnovi sistema "pan" lizimetrov, za zbiranje
izcednih voda iz zasipov, ki so bili izdelani iz geotehni¢nih kompozitov iz recikliranih materialov. Lizimetre smo
konstruirali in izvedli tako, da je njihova izgradnja cenovno ugodna, hkrati pa so po svojih dimenzijah dovolj
veliki, da reprezentativno odrazajo procese v zgrajenih geotehni¢nih zasipih. Pridobljeni podatki o koli¢ini in
parametrih izcedne vode bodo sluzili kot osnova za dolo¢anje vodne bilance in za $tudij imobilizacije potencialno
nevarnih snovi v kompozitih. Hkrati bodo uporabljeni kot vhodni podatki za geokemijski numeri¢ni model, s
katerim bomo simulirali transport potencialno nevarnih snovi, spros¢enih iz preuc¢evanih kompozitov, v razli¢nih
tipih vodonosnikov (npr. medzrnski in razpoklinski).

Abstract

By using recycled waste in construction, natural materials are being replaced, thus establishing a circular
economy at the local level. An important aspect is also the conservation of natural resources. This is especially
important in case of earthworks (embankments, backfills), which are large consumers of materials. Compared
to natural aggregates and earth, geotechnical composites based on recycled materials can contain a higher total
content of potentially toxic elements (heavy metals, chloride, sulphate, fluoride, organic pollutants etc.). The
prerequisite for beneficial use of such composites is that the potentially toxic elements are immobilized in the
composites, meaning that they are chemically inert. Potential environmental impacts, especially those associated
with transfer of potentially toxic elements from new geotechnical composites into soil (aquifer respectively), are
usually evaluated on laboratory scale, while their behaviour in real environment is usually poorly investigated.
For this reason, there is a demand for the development of sensitive, reliable, and cost and time efficient monitoring
tools for determining mass flows of potentially toxic elements from building materials, for example geotechnical
composites, which are under the influence of various environmental factors. This paper presents the construction of
field laboratory, based on a system of pan lysimeters. The lysimeters are used to collect leachate from geotechnical
composites based on recycled materials. They are constructed in a way to be relatively low cost and at the same
time large enough to representatively reflect the processes in geotechnical fills. Obtained data on the amount
and quality of leachate can be used as a basis for the study of immobilization processes and for water balance.
Moreover, this data will be used as input in the geochemical numerical model for the simulation of transport of
potentially toxic elements released from geotechnical fills in different types of aquifers (alluvial aquifer with
intergranular porosity, aquifer in consolidated rocks with fissure porosity).
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Uvod

Pri razli¢nih industrijskih procesih nastajajo
velike koli¢ine stranskih proizvodov ali odpad-
kov, ki jih je mozno z recikliranjem uporabiti kot
sekundarne surovine v gradbenistvu. Zlasti tisti,
ki nastajajo v velikih koli¢inah, se v geotehniki
oz. tudi SirSe v gradbenistvu uporabljajo kot re-
ciklirani materiali, ki lahko nadomescajo narav-
ne surovine, predvsem naravne agregate in ze-
mljine. Prednosti uporabe stranskih proizvodov
in odpadkov so predvsem ohranjanje naravnih
surovin in obi¢ajno manjsi okoljski odtis. Pogo-
ja za uporabo stranskih proizvodov in odpadkov
sta njihova tehni¢na ustreznost in okoljska spre-
jemljivost, kar je moZzno doseci z ustrezno prede-
lavo, imobilizacijo potencialnih onesnazeval in
pravilno vgradnjo (Turk et al., 2015; Mladenovi¢
& Mauko Pranjié, 2016; Mladenovi¢ 2018; Fifer
Bizjak et al., 2019). V primerjavi z materiali na-
ravnega izvora, reciklirani materiali obi¢ajno
vsebujejo viSje celotne koncentracije potencialno
nevarnih snovi (npr. tezke kovine, klorid, sulfat,
fluorid, organska onesnazevala itd.). To dejstvo
vpliva na okoljske omejitve glede njihove upora-
be. Ob stiku recikliranega materiala z vodo (pa-
davine, podzemna voda, porna voda) lahko pride
do sproScanja onesnaZeval v okolje, predvsem v
tla oziroma vodonosnik (Birgisdéttir et al., 2006;
Turk et al., 2014). Po nacelih analize tveganja,
tak material predstavlja mozen vir za sprosca-
nje onesnazeval v okolje. Transportni medij za
onesnazenje je voda. Ce pride v vodonosnik,
predstavlja pot prenosa do sprejemnikov (ljudi
in zivali), ki jo zauzijejo. Masni tok potencialno
nevarnih snovi iz materiala je v tesni povezavi z
vodno bilanco oziroma s koli¢ino vode, ki v do-
locenem c¢asovnem obdobju prehaja skozi mate-
rial. Slednje lahko preu¢imo z uporabo lizime-
trov (Mali, 2002; Luthy et al., 2003; von Unold &
Fank, 2008).

Z ustreznim postopkom proizvodnje in vgra-
dnje geotehni¢nih kompozitov iz recikliranih
materialov je mogoce doseci imobilizacijo poten-
cialno nevarnih snovi in pridobiti kemi¢no iner-
tne gradbene proizvode (Oprckal et al., 2020), ki
se lahko uporabljajo kot material za zasipe in
nasipe (Smolar et al., 2016). Pri razvoju in upo-
rabi teh novih materialov se glavna skrb nana-
Sa na nezadostno poznavanje moznih okoljskih
vplivov v teku njihove zivljenjske dobe (Schwab
et al,, 2014). Podzemna voda je najbolj ranljivo
vodno okolje in eden od najpomembnejsih virov
pitne vode. Da bi preprecili onesnazenje podze-
mne vode, se v novejSem casu pojavlja zahteva
po razvoju obcutljivih, zanesljivih in cenovno ter

¢asovno uc¢inkovitih orodij za spremljanje poten-
cialnih onesnazeval v izcedni in podzemni vodi.
Z eksperimentalnim delom, ki temelji na upora-
bi lizimetrov, lahko dolo¢imo vodno bilanco in
masni tok potencialno nevarnih snovi v izluzku
geotehni¢nih kompozitov (von Unold & Fank,
2008). Na podlagi rezultatov lizimeterskih po-
skusov lahko vzpostavimo uc¢inkovit monitoring
za doloc¢itev moznih dolgoroénih vplivov geoteh-
niénih kompozitov na podzemno vodo in z njim
obenem spremljamo ucinkovitost imobilizacije
onesnazeval.

V tem prispevku predstavljamo postopek
vzpostavitve terenskega laboratorija — sistema
lizimetrov za zbiranje izcednih voda iz geoteh-
ni¢nih zasipov. Osnovo terenskega laboratori-
ja predstavljajo lizimetri s pripadajoco merilno
opremo in zbiralniki izcedne vode. Lizimetre
smo konstruirali tako, da je njihova izgradnja
cenovno ugodna, hkrati pa so dovolj veliki, da
reprezentativno odslikavajo hidrodinamiéne,
hidravli¢ne in izluzevalne procese v prouceva-
nih geotehni¢nih zasipih. Kon¢ni cilj raziskave
je prouciti dolgoro¢no uc¢inkovitost imobilizacije
potencialno nevarnih snovi v izbranih kompozi-
tih, koncentracijo sprosc¢enih snovi ter njihovo
usodo oziroma transport v razli¢nih tipih narav-
ne zemljine (razli¢ni vodonosniki). Usodo poten-
cialno nevarnih snovi spro$cenih iz kompozitov
v naravnem okolju je tezko dolo¢iti, posledi¢no
procesi sorbcije in desorbcije teh snovi v geoloski
podlagi niso v celoti pojasnjeni. Zato raziskava
predstavlja izziv iz znanstvenega in tehni¢nega
vidika.

Pomen lizimetrov

V stroki obstajajo razlicne metode in pripo-
mocki za preucevanje masnega toka potencialno
nevarnih snovi iz zemljin ali geotehniénih zasi-
pov v naravnem okolju. Stevilne raziskave dina-
mike prenikajoce vode in z njo povezanega tran-
sporta organskih in/ali anorganskih onesnazeval
temeljijo na uporabi lizimetrov (Mali et al., 2007;
Korosa et al., 2020). Ti omogocajo zbiranje izce-
dne vode za potrebe ugotavljanja vodne bilance
v preucevani zemljini/zasipu in dolo¢anja ke-
mijskih parametrov vode (prisotnost in vsebnost
onesnazeval) (Hansen et al., 2000; Howell, 2005;
von Unold & Fank, 2008; Albright et al., 2012).
Raziskave z uporabo lizimetrov predstavljajo
vez med laboratorijskimi in terenskimi raziska-
vami (Singh et al., 2017). Lizimetri lahko zaja-
mejo neprimerno vecji volumen materiala, kot
preiskava v laboratoriju. Zaradi izpostavljenosti
vremenskim pogojem odsevajo dejanske pogoje,
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ki vladajo v okolju. Predvsem slednje je njihova
glavna prednost v primerjavi z laboratorijskimi
izluzevalnimi testi (Hansen et al., 2000; Abdou
in Flury, 2004).

Lizimetri se uporabljajo na razli¢nih podroc-
jih, njihova uporaba je najbolj razsirjena v kme-
tijstvu in raziskavah okolja nasploh (Corwin &
Le Mert, 1994; Saporito et al., 2016). Podatki o
parametrih izcedne vode, vzoréene v terenskih
lizimetrih, lahko predstavljajo osnovo za nac¢rto-
vanje odlagalis¢ odpadkov (Albright et al., 2013),
za uporabo pesticidov in gnojil v kmetijstvu
(Corwin & Le Mert, 1994), za uporabo reciklira-
nih materialov v zemeljskih delih itd.

Izgradnja lizimetrov za preucevanje izcednih
voda iz geotehni¢nih kompozitov

Na testnem polju podjetja TERMIT smo pos-
tavili Sest lizimetrov, v katere smo vgradili iz-
brane geotehni¢ne kompozite. Ti kompoziti se
uporabljajo za izgradnjo nekonstrukeijskih sa-
nacijskih nasipov ali zasipov. Podjetje TERMIT
zeli sanirati 1.500.000 m? veliko degradirano
opusc¢eno rudarsko obmocje. Sanacija poteka z
vgrajevanjem geotehni¢nih kompozitov iz reci-
kliranih odpadkov (Cerar & Bavec, 2019). Li-
zimetri so v obliki posod z dimenzijami: dolZina
3 m, §irina 3 m in viSina 1,5 m. Njihovo ogrodje
predstavlja kovinska konstrukcija iz debelo-
stenskih cevi (60 x 60 x 4 mm), na katero smo
z vijaki pritrdili opazne plosce debeline 27 mm
(sl. 1 in 2). Notranje stranice lesenega opaza
smo pred zapolnitvijo lizimetra z geotehni¢nim
kompozitom oblozili s ¢epasto folijo, ki sluzi kot
hidroizolacija.

Kompozit 1
Composite 1

Kompozit 1
Composite 1

Kompozit 2
Composite 2

Nezgoscen zasip/
Unconsolidated fill

Zgoscen zasip/
Consolidated fill

Zgoscen zasip/
Consolidated fill

A
o 135 cm

Composite 2

Nezgoséen zasip/
Unconsolidated fill

Na dnu vsakega lizimetra smo vgradili izola-
cijski sloj iz gline ter oblikovali odto¢ni kanal za
zbiranje izcedne vode. Glineni sloj smo v celoti
prekrili s plasti¢no folijo debeline 0,5 cm. Folijo
smo na vseh §tirih stranicah lizimetra zavihali
navzgor za 0,5 m in jo pritrdili na stene lizimetra,
s ¢imer smo preprecili, da bi izcedna voda nena-
dzorovano iztekala ob stranicah lizimetra (sl. 3).

V odtoc¢ni kanal smo eno ob drugi polozili dve
perforirani cevi iz alkatena (PE 100, fi 3 cm) (sl.
3). Cevi smo speljali skozi lizimeter do nekaj me-
trov oddaljenega zbiralnika izcedne vode (sl. 2).
V ta namen smo tik nad dnom lizimetra prevr-
tali opazno plosco, prav tako tudi plasti¢no foli-
jo. Premer vrtalne krone, s katero smo prevrtali
folijo, je bil manjsi od premera cevi iz alkatena,
vendar dovolj velik, da smo cev lahko napeljali
skoznjo. To je pomembno z vidika zagotavljanja
vodo-neprepustnosti stika, ki smo ga dodatno za-
tesnili s silikonskim lepilom. Ena cev je rezervna,
¢e bi med vgradnjo kompozita ali kasneje prislo
do zamasitve cevi, bo na voljo Se vedno druga cev
za dreniranje izcedne vode.

Na pripravljeno dno lizimetrov smo nasuli
priblizno 15 cm debel sloj kremencevega peska
(frakcije 4/8 mm), ki predstavlja drenazni sloj in
Cezenj polozili geosinteti¢ni filter (netkani geo-
tekstil, ki se uporablja kot lo¢ilni oziroma za§¢i-
tni sloj).

Drenazni sloj je dovolj debel, da v celoti prek-
riva odto¢ni kanal, obe drenazni cevi in celotno
povrsino dna posameznega lizimetra. S tem je
prepreceno zasicenje z vodo ob spodnji povrsini
kompozita zaradi morebitnega dviga nivoja iz-
cedne vode v drenazni plasti ob intenzivnejSem

Kompozit 3
Composite 3

Kompozit 3

Kompozit 2 -
Composite 3

Nezgoscen zasip/
Unconsolidated fill

Zgoscen zasip/
Consolidated fill

Vigina/height 1,5 m

Dolzina/Lenght 18 m

Drenazni sloj na dnu in zas¢itni sloj na vrhu/

protection layer at the top

Kompozit (debelina vgradnje 115 cm do 135 cm)/
| Drainage layer at the bottom and - Composite (height of fill 115 cm to 135 cm)

Sonde za meritve vlage in temperature/
Devices for measurements of moisture
and temperature

Sl. 1. Vzdolzni profil Sestih lizimetrov z nakazanimi debelinami drenaznega sloja, vgrajenih geotehni¢nih kompozitov in za-
Scitnega sloja. Sloji so loceni z geosintetikom. Nakazane so tudi lokacije sond.

Fig. 1. Longitudinal profile of six lysimeters with indicated thicknesses of the drainage layer, embedded geotechnical compo-
sites and protective layer. The layers are separated by geosynthetics. Probe locations are also indicated.
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Sl. 2. Kovinsko ogrodje Sestih lizimetrov, postavljeno na utrjen nasip (zgoraj), montiranje opaznih plos¢ na ogrodje (spodaj
levo) in dokonc¢ani lizimetri z drenaznimi cevmi speljanimi do zbiralnikov ob vznozju nasipa (spodaj desno).

Fig. 2. Metal framework of six lysimeters, placed on an embankment (upper photos), fitting of formwork panels on the metal
framework (bottom left) and completed lysimeters with drainage pipes leading to the reservoirs at the foot of the embankment

(bottom right).

toku vode skozi zasip. S tega vidika je pomemb-
na tudi prevodnost drenazne cevi, ki mora sproti
odvajati izcedno vodo iz filtrne plasti na dnu li-
zimetra v zbiralnik izcedne vode. Lizimetre smo
postavili na utrjen nasip z namenom, da se lahko
izcedna voda preko drenaznih cevi v zbiralnike
ob vznozju nasipa pretaka gravitacijsko (sl. 2).
Sledila je vgradnja izbranih geotehni¢nih
kompozitov. Sestava, tehnoloski postopek iz-
delave in pogoji vgradnje kompozitov so bili za
izbrani namen uporabe predhodno optimizirani
na laboratorijskem nivoju. Kompoziti so v raz-
lienih masnih delezih vsebovali reciklirane ma-
teriale iz inertnih in nenevarnih odpadkov: pa-
pirniski pepel, papirniski mulj, livarsko zlindro
in pesek, ogorke in zlindro iz seziga nenevarnih
odpadkov ter digestat iz anaerobne bioloSke ob-
delave nenevarnih komunalnih odpadkov. Reci-
kliranim materialom je bil v postopku predelave
primeSan mulj. Le ta predstavlja glineno-meljni
ostanek (Likar et al., 2020), ki nastaja pri pranju

kremencevega peska v podjetju TERMIT. Recep-
ture so bile optimizirane z namenom doseganja
okoljske sprejemljivosti kompozitov oziroma
njihove inertnosti. Pucolanske in hidravli¢ne
faze, ki jih vsebujejo pepeli, po reakciji z vodo
tvorijo nove mineralne faze. Le te in minerali
glin, ki sestavljajo separacijski mulj, omogocajo
kemijsko in fizikalno imobilizacijo potencialno
nevarnih snovi v vezanem kompozitu. Za do-
seganje imobilizacije in vezave v geotehni¢nih
kompozitih je pri pripravi potrebno upoStevati
tudi optimalno vsebnost vlage, ki je predhodno
dolo¢ena s standardnim Proctorjevim postop-
kom (SIST EN 13286-2:2010/AC:2013). Kompozit
z optimalno vsebnostjo vlage je mozno vgraditi
na nacin, da dosega maksimalno zgosc¢enost, ki
zagotavlja njegovo mehansko stabilnost in slabo
vodoprepustnost. To pa sta pogoja za ucinkovi-
to fizikalno imobilizacijo potencialno nevarnih
snovi (Oblak et al., 2011; Mladenovic¢ et al., 2017,
Oprckal et al., 2020).
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Sl. 3. Priprava vodo neprepustne podlage, oblikovanje odto¢nega kanala in montaza drenaznih cevi.

Fig. 3. Preparation of a waterproof base layer, design of a drainage channel and installation of drainage pipes.

Posamezni odpadki so bili pred predelavo
skladi$ceni na zacasnih, lo¢enih deponijah, kjer
so bili v prvi fazi predelave homogenizirani z me-
Salno zlico. Pred vgradnjo smo iz deponij odvze-
li vzorce odpadkov in jim v laboratoriju dolo¢ili
vsebnost vlage in suhe snovi. Koli¢ina posame-
znih komponent v kompozitu je namre¢ doloc¢ena
na podlagi suhih masnih delezev (Smolar et al.,
2016). Pripravili smo meSalni plato, kamor smo
z bagrsko tehtalno zlico v ustreznih delezih za-
poredno dodajali posamezne komponente. Vse
skupaj smo veckrat premesali z meSalno zlico (sl.
4). V fazi homogenizacije kompozita se je po pot-
rebi dodajala voda, z namenom dosec¢i optimalno
vsebnost vlage v kompozitu, ki je bila predhodno
dolocena v laboratoriju s standardnim Proctorje-
vim postopkom (SIST EN 13286-2:2010/AC:2013).
Vsebnost vlage v kompozitu se je na terenu pre-
verjala z uporabo izotopske sonde. Homogen in
optimalno navlazen kompozit smo nato kot zasip
po plasteh vgradili v testno polje (sl. 4) (Likar et
al.,, 2020).

Pripravili smo tri, po sestavi razli¢ne geoteh-
ni¢ne kompozite, vsakega smo vzporedno vgra-
dili v dva lizimetra na dva nac¢ina. Prvi nacin
vgradnje je potekal po slojih oziroma plasteh in
predstavlja optimalno oziroma pravilno vgra-
jevanje kompozita v zasip. Vsak posamezen sloj
debeline 30 cm smo zgostili in utrdili z vibracij-
sko plosco in nabijalcem (sl. 4), sledilo je nasutje
novega sloja in ponovno zgo$cevanje ter utrjeva-
nje. Tak nac¢in vgradnje kompozita ustreza zah-
tevi po vsaj 95 % zgoscenosti kompozita, glede
na najvecjo suho gostoto, predhodno doloc¢eno
v laboratoriju s standardnim Proctorjevim po-
stopkom (SIST EN 13286-2:2010/AC:2013). Drug
nacin vgradnje je predstavljal skrajni primer
neupostevanja osnovnih geotehni¢nih pristopov
za gradnjo zasipa. V tem primeru smo kompozit
nasuli v slojih, debelih priblizno 30 cm in vsak
sloj posebej steptali. Taksen neprimeren nacin
vgradnje se odraza v vecji poroznosti vgrajenega
kompozita, zaradi ¢esar pricakujemo vecjo infil-
tracijo padavinske vode in posledi¢no vecji tok
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skozi kompozit v zasipu. To ima neposreden vpliv
na stopnjo zasic¢enosti kompozita z vodo (razmer-
je voda / suha snov) in na izluZevanje potencial-
no nevarnih snovi. Po zgos¢anju vsake vgrajene
plasti (prvi na¢in vgradnje) smo izvedli kontrolo
vgradnje z izotopsko sondo za doloc¢itev suhe go-
stote in vsebnosti vlage (po TSC 06.711:2001) ter
nosilnosti s krozno obremenilno plosco s padajo-
¢o lahko utezjo za dolocitev dinami¢nega defor-
macijskega modula (po TSC 06.720:2003) (Likar
et al., 2020).

Lizimetrov nismo zapolnili z materialom do
vrha, da ne bi prihajalo do prelivanja povrsin-
skega odtoka padavinske vode z zgornje povrsine
kompozita izven zajemnega dela lizimetrov, kar
bi lahko predstavljajo tezavo pri izracunih vodne
bilance. Pri kompozitih, ki smo jih zgostili z vi-
bracijsko plo$co in/ali nabijalcem, smo vgradnjo
krovne plasti zakljuéili 10 do 20 cm pod zgornjim
robom lizimetra. Debelina kompozitov, ki smo jih
vgradili brez zgo§¢anja je nekoliko vecja, ker je
bil odmik krovne plasti od roba lizimetra manjsi.
Ti kompoziti imajo vecji koeficient vodoprepust-

nosti, zato je problem zastajanja vode na njihovi
povrsini manjsi in zato prelivanja vode zaradi
povrsinskega odtoka preko roba lizimetra ni pri-
cakovati.

Po vrhu vgrajenih kompozitov smo polozili
drenazni geosintetik in nanj nasuli sloj kremen-
cevega peska frakcije 4/8 mm v debelini 20-30 cm
(sl. 1). Zaklju¢ni zascitni sloj je sicer predviden
tudi pri realni vgradnji kompozitov v sanacijski
zasip v podjetju TERMIT. S tovrstno zasnovo li-
zimetra smo preprecili izrazit vpliv osoncéenosti
in vetra na evaporacijo, kar bo potrebno kriti¢no
upostevati pri modelih vodne bilance.

Vzpostavitev opazovanj kemicne sestave
izcednih vod

Nacrt vzpostavitve opazovanj kemicne sestave
izcednih vod je bil sestavljen iz treh delov (sl. 5).
V prvem sklopu smo opravili laboratorijske pre-
iskave preucevanih kompozitov. Sledilo je na-
¢rtovanje in konstrukcija lizimetrov z montazo
opreme. V tretji fazi pa je sledilo izvajanje opa-
zovanj kemicne sestave izcednih vod. Na sliki 5

Sl. 4. MeSanje kompozita in njegova vgradnja v lizimetre, zgoS¢evanje z nabijalcem in vibracijsko plosco.
Fig. 4. Mixing of the geotechnical composite and its installation into lysimeters, compaction with a rammer and a vibrating

plate.
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so podrobneje predstavljene aktivnosti vseh treh
stopenj z opisom pricakovanih rezultatov. Eden
od ciljev izgradnje eksperimentalnega polja je
bil pridobivanje vhodnih podatkov za nadaljnjo
simulacijo transporta potencialnih onesnazZeval
(sproscenih iz geotehni¢nih kompozitov) v vodo-
nosnih plasteh. Zanima nas usoda teh snovi v ti-
pi¢nem medzrnskem vodonosniku ter primerjava
z usodo istih snovi v razpoklinskem vodonosniku.

Da bi zagotovili u¢inkovito spremljanje dina-
mike izcedne vode smo lizimetre opremili s son-
dami za meritev vlage in temperature v geoteh-
ni¢nih kompozitih. Zgornjo sondo smo vtisnili
25 cm pod povrsjem kompozita. Drugo sondo smo
v kompozit vtisnili 20 cm nad dnom kompozita
(sl. 1). Na podlagi podatkov o narascanju vlage v
dveh tockah v profilu kompozita po vsakem pada-
vinskem dogodku, lahko sklepamo na dinamiko
vodnega toka skozi zasip. Namen meritve vlage v
kompozitu je spremljati njen vpliv na izluzevanje
in u¢inek imobilizacije.

Izcedno vodo zbiramo v plasti¢nih zbiralni-
kih, ki so bili skonstruirani ob iztokih iz dre-
naznih cevi. Sam zbiralnik predstavlja plasti¢en
rezervoar volumna 1000 litrov, ki je namenjen
meritvam koli¢in izcedne vode in vzoréenju vode
za namen ugotavljanja kemijskih parametrov in

Nacrt izvedbe

!

Karakterizacija kompozitov Izgradnja lizimetrov

- Priprava receptur kompozitov

- Detajlna mineraloska
karakterizacija

- Kemijske analize in izluZevalni testi
- Geotehnicne preiskave

- Tri vrste geotehni¢nih kompozitov
- Dva nacina vgradnje: zgo$cen zasip
in nezgoscen zasip

- Vgradnja merilne opreme:
vlagomeri, vzoréevalniki, dezemer

- Pridobljeni podatki o mineraloski
in kemijski sestavi preucevanih
kompozitov in recikliranih
materialov

- Preiskane geotehni¢ne
karakteristike preucevanih
materialov

- Pridobljene informacije o masnem
toku potencialno nevarnih snovi pod
razli¢nimi okoljskimi pogoji

- Uspesno vzpostavljenih Sest
testnih polj z vgrajeno opremo za
monitoring

Geokemijsko in hidrogeolosko
modeliranje prenosa
potencialnih onesnazeval v

razlicne tipe vodonosnikov

Okoljska presoja - LCA

izotopskih analiz. Vzorcenje vode bo potekalo
vsaj eno leto in sicer na doloc¢ene ¢asovne inter-
vale (dva tedna ali en mesec, odvisno od koli¢ine
padavin).

Ob lizimetrih smo postavili vremensko posta-
jo s termometrom in zbiralnikom vzorcev dezja
ter registratorjem intenzivnosti padavin. Naj-
blizja opazovalna postaja Agencije Republike
Slovenije za okolje se nahaja v Morav¢ah, ki je od
lokacije postavitve lizimetrov oddaljena 2-3 km.
Padavinski podatki, zbrani na vremenski postaji,
so pomembni za izraéun vodne bilance, torej za
ugotavljanje rezima infiltracije padavin v prou-
¢evane zasipe iz kompozitov. Vzorce padavinske
vode iz vremenske postaje in vzorce izcedne vode
bomo analizirali glede na izotopsko sestavo kisi-
ka in vodika. Doloé¢ili bomo izotopsko sestavo ki-
sika - ¥0O in devterija -*H v padavinski in izcedni
vodi. Glede na vsebnost izotopov kisika - O in
devterija - 2H je mozno sklepati na hitrost preta-
kanja prenikajoce vode, oziroma na zadrzevalni
cas vode v kompozitni matrici (Mali & Urbanc,
2006).

Kon¢ni cilj raziskave je, da na podlagi zbra-
nih podatkov izvedemo geokemic¢ni in hidrogeo-
loski model (simulacijo) usode in transporta sno-
vi, ki se sprosc¢ajo iz preiskovanih geotehni¢nih

Sl. 5. Nacrt izvedbe okolj-
skega  monitoringa in
Studije.

Okoljski monitoring

Meritve vlage v kompozitih
Meritve koli¢in izcejene vode
Meritve padavin

Vzorcenje izcedne vode
Izotopske analize (120, 2H) za
dolocitev dinamike vode

- Pridobljeni podatki okoljskega
monitoringa

- Pridobljeni vzorci izcednih vod za
kemijsko in izotopsko analizo

- Doloditev hidravli¢nih parametrov
preucevanih kompozitov

- Ugotavljanje prisotnosti in
koncentracij onesnazeval v izluzkih
iz kompozitov
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Study plan

Construction of lysimeters

Characterization of composites

- Preparation of composites recipes
- Detailed mineralogical
characterization

- Chemical analyses and leaching
tests

- Geotechnical surveys

- Three types of geotechnical
composites

- Two approaches of installation of
the composites: compacted fill and
un-compacted fill

- Installation of measuring devices:
probes, samplers, rain collector

Fig. 5. Environmental moni-
toring and study plan.

Environmental monitoring

Moisture content in the
composite

Quantity of water leachate
Precipitation

Sampling of water leachates
from composites

Isotopic analyses (180, 2H) for
study of hydrodynamic of the
water

- Obtained data on mineralogical
and chemical composition of
investigated composites and
recycled materials

- Investigated geotechnical
characteristics of the studied
materials

- Obtained information on the mass
flow of potentially toxic elements
under different environmental
conditions

- Successfully established six test
fields with installed monitoring
equipment

Geochemical and
hydrogeological modelling of
fate of potentially toxic elements
in different types of aquifers
Environmental assessment- LCA

kompozitov (sl. 5). Na podlagi rezultatov bomo
lahko izpeljali metodoloSke novosti za izboljSa-
nje metod ocenjevanja vplivov na okolje. Novosti
so zazelene predvsem pri modeliranju mobilnosti
potencialno nevarnih snovi v zemljini (povezano
z oceno vnosa potencialno nevarnih snovi v pod-
zemno vodo). IzboljSave metod analize Zivljenj-
skega cikla (LCA) so zelo pomembne, saj je LCA
ena najbolj uveljavljenih metod za ocenjevanje
okoljskih obremenitev.

Zakljucki

V prispevku smo prikazali na¢in izvedbe te-
renskega laboratorija za spremljanje izcednih
voda iz geotehni¢nih nasipov iz recikliranih od-
padkov. V Sestih lizimetrih smo vzpostavili sis-
tem monitoringa izcedne vode iz teh kompozitov.
Vzpostavljen sistem je zanesljiv, poleg tega je za
investitorja oziroma uporabnika cenovno ugo-
den in ¢asovno sprejemljiv. Namen predstavljene
raziskave je izvajanje meritev pretakanja vode v
geotehni¢nih kompozitih ali drugih gradbenih
materialih ter zbiranje vzorcev izcedne vode za
analizo kemijskih parametrov. Ti parametri so
neposredno povezani z izluzevanjem potencialno
nevarnih snovi iz gradbenih materialov. Zanima
nas tudi vpliv hidroloskih pogojev na izluzevanje.

- Obtained data on environmental
monitoring

- Obtained samples of water
leachates for chemical and isotopic
EQEIAES

- Determination of hydraulic
parameters of investigated
composites

- Determination of presence and
concentration of pollutants in water
leachates from composites

Podatki o izluZenih potencialno nevarnih sno-
veh in njihovi koncentraciji v izcedni vodi bodo v
prihodnje uporabljeni kot vhodni podatki za geo-
kemijski model. S pomoc¢jo numeri¢nega modela
bomo simulirali masni tok potencialno nevarnih
snovi v razliénih tipih vodonosnikov. Zanima nas
usoda oziroma mobilnost potencialno nevarnih
snovi v nezasiceni coni razliénih tipov vodonos-
nikov in vnos teh snovi v zasi¢eno cono.
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Abstract

A comparative analysis of step-drawdown tests was performed in order to estimate the well performance in
Slovenian thermal and mineral water wells. Tests were performed in 30 wells, each having its own maximum
production rate determined in the concession decrees. The main focus of well performance analysis, using
graphical analysis of the Jacob approximate equation, was to estimate the adequacy of the wells production rate
as well as to identify possible changes in the technical status of the wells over years. 5 of total 30 wells were not
included in the analysis due to technical issues during test performance. Well performance analysis includes the
calculation of nonlinear well losses related to turbulent flow and linear head loss (aquifer and well) assumed to
be related to laminar flow. Results indicate that the ratios between nonlinear well losses and linear head (well
and aquifer) losses, in this paper referred as laminar losses, are from 6.9 % to 97.4 %. Laminar losses parameter
suggests, all investigated wells were classified with either good (11 wells), medium (7 wells) or poor (7 wells)
performance. The addressed analysis represents a very important basis for further thermal and mineral water
extraction, e.g. optimizing the maximum allowed production rate as granted in concession decrees and diagnose
potential changes in the technical status of each well.

Izvlecéek

Za oceno ucinkovitosti eksploatacijskih vodnjakov za rabo termalne in mineralne vode je bila izvedena
primerjalna analiza érpalnih preizkusov v korakih. Crpalni preizkusi v korakih so bili izvedeni v 30 vodnjakih,
koncesijskih uredb. Glavni namen analize u¢inkovitosti vodnjakov, ki je temeljila na Jacobovi grafi¢ni metodi
obdelave ¢rpalnega preizkusa v korakih, je oceniti in preveriti ustreznost sedaj dovoljenih koli¢in ¢rpanja,
hkrati pa tudi dolo¢iti morebitne spremembe v tehni¢nem stanju vodnjakov. Pet od skupno 30 vodnjakov, zaradi
tehni¢nih tezav med samo izvedbo ¢rpalnega preizkusa v korakih ni bilo vkljucenih v analizo. Sama analiza
ucinkovitosti vodnjakov temelji na izra¢unu nelinearnih izgub vodnjaka kot posledica turbulentne komponente
toka in linearnih tla¢nih izgub (vodonosnika in vodnjaka), privzetih kot posledica laminarne komponente toka.
Rezultati analize kazejo, da so razmerja med nelinearnimi in linearnimiizgubami, ki so vtem ¢lanku opredeljena
kot laminarne izgube, med 6,9 % in 97,4 %. S pomocjo parametra laminarnih izgub smo preiskane vodnjake
ocenili z dobro (11), srednjo (7) ali slabo (7) ucinkovitostjo. Obravnavana analiza predstavlja zelo pomembno
podlago za nadaljnje érpanje termalne in mineralne vode, npr. za morebitno optimiziranje najvisje dovoljene
koli¢ine izkoriS¢anja, ki izhajajo iz koncesij, in za diagnosticiranje potencialnih sprememb v tehni¢nem statusu
posameznega vodnjaka.
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Introduction

In Slovenia, many mineral and thermal wa-
ter resources are found (Lapanje & Rman, 2009),
however their management was not very efficient
in the past (Rman et al., 2011, 2015). Thermal wa-
ter is defined in the Water Act (Official Gazette,
Nos. 67/02, 2/04 — ZZdrI-A, 41/04 - ZVO-1, 57/08,
57/12,100/13, 40/14, 56/15 and 62/20) as a ground-
water which exceeds the temperature of 20 °C at
its outflow to the surface. Three types of low-tem-
perature thermal systems occur here: warm
spring systems in fissured and karstified car-
bonate aquifers, aquifers in fissured carbonate
and metamorphic rocks in basement rocks below
sedimentary basins, and intergranular aquifers
in sedimentary basins (Lapanje & Rman, 2009).
Two thermal water regional flow systems are
exploited by several users: mineral and thermal
water bearing sandy aquifers in the Mura-Zala
sedimentary basin in NE Slovenia and thermal
water in dolomite aquifers in the basement of
the Krisko-Brezice sedimentary basin (Rman et
al., 2019). Mineral water is defined in the Water
Act (Official Gazette, Nos. 67/02, 2/04 — ZZdrI-A,
41/04 - ZVO-1, 57/08, 57/12, 100/13, 40/14, 56/15
and 62/20) as groundwater which fulfils the writ-
ten criteria and originates from a well, spring or
capture but the criteria are not listed anywhere.
In hydrogeological practice, we usually classify
mineral waters as the ones having more than 1 g/1
of total dissolved solids or more than 250 mg/1 of
CO,. Confusion is often caused because the term
natural mineral water is also used in legislation.
It is used for bottled groundwaters according to
the Rules on natural mineral water, spring wa-
ter and table water (Official Gazzette, Nos. 50/04,
75/05 and 45/08 — ZKme-1), which do not have a
unique hydrogeological classification similar to
aforementioned. In this paper, we use expression
mineral water for a group of wells which produce
waters for beverages. most of them are enriched
in CO, and therefore also have higher mineral-
ization.

It would be expected that a reliable resource
assessment is performed prior to the start of ex-
ploitation but, in practice, the approach was rath-
er different in the past. At sites with decades-long
exploitation of mineral and thermal waters most
water-producing objects (mostly wells) were not
properly and/or systematically tested on capac-
ity, if tested at all. No systematic research has
yet been conducted on possible differences in
hydraulic properties of production wells tapping
intergranular or fissured aquifers. Average age of
more than half of producing thermal and mineral

water wells is above 30 years (Rman & Lapan-
je, 2018). In some cases, operational issues such
as mineral precipitation, corrosion, gas erup-
tions and silt clogging are also reported. As it is
necessary to determine whether the reasons for
some noticed changes in well capacity are in de-
terioration of the aquifer state or the object itself
(Kralj et al., 2009; Rman, 2014; Szdcs et al., 2013),
it is necessary to systematically monitor well’s
efficiency and to timely implement measures for
preventing possible deterioration.

Considering the above, a methodology for
comparison of well’s performance over a lifetime
is reasonable to be applied systematically in or-
der to, in the event of a change, identify the need
for well revitalization or improvement of the aqg-
uifer’s status. This approach was identified also
by the Slovenian Ministry of the Environment
and Spatial Planning which implements decrees
on the concession for the use of thermal water
according to the Water Act (Official Gazette,
Nos. 67/02, 2/04 — ZZdrI-A, 41/04 - ZVO-1, 57/08,
57/12, 100/13, 40/14, 56/15 and 62/20). There is a
difference between the ones issued prior to the
year 2015 (e.g. Official Gazette, No. 125/04) and
afterwards (e.g. Official Gazette, Nos. 103/15 and
14/18). The newest Decrees contain more exten-
sive monitoring requirements. Continuous mon-
itoring of groundwater level, temperature and
production rate, waste water temperature and
quantity, plus regular water chemical and iso-
topic composition have to be determined annu-
ally. When annual abstraction at a site exceeds
200,000 m?®/year monitoring data have to be on-
line, daily transmitted to the database of the
Slovenian Environmental Agency. Requirements
include also systematic measurements of hydrau-
lic characteristics of production wells (efficiency
and specific capacity) in the period of every 3 and
6 years.

A single-well step-drawdown test, also called
step test, is used to quantify well performance
criteria, such as well efficiency and its specif-
ic capacity, and can provide an estimate of the
maximum yield of the well (Abdalla & Mou-
bark, 2018). Therefore, the step-drawdown test
is one of the most frequently performed types
of pumping test, particularly in the case of sin-
gle well (Kawecki, 1995). Jacob (1947) was the
first to present the conceptual formulation of
step-drawdown test. Since that time, a number
of articles were published in order to refine in-
terpretation (Rorabaugh, 1953; Bierschenk, 1963;
Lennox, 1966; Mogg, 1969; Sheahan, 1971; Birsoy
and Summers, 1980; Gupta, 1989; Helweg, 1994
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and Kawecki, 1995). Those interpretations are
based on graphical procedures, however some
published papers on numerical analysis are also
published (e.g. Louwyck et al., 2009).

In this paper, the summary results of testing
of 30 mineral and thermal water wells in Slo-
venia are presented, which were performed in
years from 2016 to 2018. The Jacob (1947) graph-
ical method for step-drawdown test interpreta-
tion in controlled and variable abstraction con-
ditions was used as described by Kruseman and
De Ridder (1990) as it provides an approximation
of specific capacity e.g. well capacity versus mea-
sured drawdown at different abstraction stages.
The difference among mineral and thermal wa-
ter wells, and fissured and intergranular aqui-
fers was investigated. Appropriateness of the
maximum allowed production rate as granted in
concession decrees was compared to currently
calculated value considering the actual technical
status of the well.

Methodology
Theoretical background

Performance

Analytical approach

In is very likely that in the immediate vicini-
ty of the well, due to nature of groundwater flow
there may be a deviation from the Darcy law de-
scribing linear movement of fluid flow through a
porous media. The deviation can be reflected as
larger drawdown in producing well as the the-
oretical model could predict. It is assumed that
the measured drawdown in a pumped well con-
sists of two components: aquifer losses (linear)
and well losses (linear and non-linear). For an
ideally confined system with radial flow to well
with constant discharge with no well losses the
drawdown s, using Theis (1935) nonequilibrium
formula is given by:

s(r,,t)= MLTW(U) 1)

where Q is the discharge, t is the time and r,
is the true radius of the pumped well, T is aqui-
fer transmissivity, W(u) is the Theis well function
(Theis, 1935) and:

2 3 4

W(w)=-0.5772-Inu+u— £ v v
2:2! 331 441 (2

where

u_I‘ZS (3)

w

ATt

where S is the storage coefficient. It was recog-
nized that the terms beyond In(u) in the expanded
series of the well function W(u) can be neglected if
u is sufficiently small (i.e. large values of elapsed
time). Jacob (1950) suggested an approximation
of u<0.01. When u is small the well function may
be approximated by:

2.25Tt
4
r:s @
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Substituting (4.) in (1.) gives:
2.25Tt
s(r,,t) = Lln >
4T r.S
Considering equation (5), the total well loss is
than given by:

s, =s(t)—s(r,,t) (6)

()

where s is the total well loss and s(t) is the
observed drawdown in the pumped well at time ¢.

Assuming that total drawdown in the well is
a sum of 5, s,and s, as suggested in Figure 1 the
proposed model would then be (7):

s(t)=B,(r,,t)Q + B,Q + CQ* (7)

where B, is the linear aquifer loss coefficient
occurring in the area where the flow is laminar
(T/L?), B, is the linear well loss coefficient (T/L?),
Cis the non-linear well loss coefficient in T?/L37-!
and P is an exponent of the well discharge (note:
T is unit of time and L unit of length). All three
coefficients are derived from the observation of
the flow towards well. These are laminar and
turbulent flow, or a combination of both. Lami-
nar losses usually occur away from the boreholes,
where the velocities are low, which is the case for
linear aquifer losses. On the other hand the lin-
ear well losses occurs relatively close to well bore
in the damage zone of the aquifer (e.g. caused by
drilling), where the hydraulic conductivity is
usually considerably lower than that of the aqui-
fer. The larger the hydraulic conductivity differ-
ence, the more important is the value of the lin-
ear well losses within the parameter B. Although
some authors (e.g. Williams, 1985) suggested that
head losses through the damage zone are gener-
ally laminar, the arguments for such estimation
are rather uncertain.

In practice if the »independent« aquifer prop-
erties are unknown, it is seldom possible to take
B, and B, into account separately (Kruseman and
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de Ridder, 1990). Therefore, we can determine
B (B+B,) as aquifer circulation loss coefficient
representing linear losses related as suggested,
mainly to laminar flow nature and the drawdown
is than (8) (Rorabaugh, 1953):

s=BQ+cQ" 8)

where BQ and CQ” are drawdowns due to lin-
ear and nonlinear losses respectively. According
to Lennox (1966), the value of P is assumed to be
in between 1.5 to 3.5, depending on the value of
Q. Originaly Jacob (1947) suggested that the to-
tal drawdown in the production well could be
expressed as the sum of drawdown due to lam-
inar flow (BQ) and drawdown due to production
well turbulence (CQ?). This model was applied for
the step-drawdown tests interpretation in this
research. According to Jacob the drawdown in
pumping well can be defined as (9):

s=BQ+CQ* 9)

In literature, the ratio of the aquifer head loss
to the total head losses is expressed as a well ef-
ficiency (10):

E, = {i} x100%

w BQ + CQZ (10)

Values of E, =2 70 % or more is usually consid-
ered acceptable and indicate a properly designed
and developed well (Kresic, 1997). The well ef-
ficiency can be expressed both with the results
of a step—drawdown and aquifer test. The latter
is needed in order to determine the value of B,.
In practice, only the drawdown measurements in
a pumping well are usually available, therefore
the value of B, cannot be determined. The substi-
tution of B and C into equation (10.) would over-
estimate the well efficiency since B > B,. Driscoll
(1986) therefore introduced parameter L, repre-
senting laminar losses, which are interpreted
as a ratio of the laminar head losses to the total
head losses (11) (Kruseman and de Ridder, 1990):

L =[A}x100%
’ | BQ+CQ®

(11)

In case of examined step-drawdown tests the
values of B, and B, cannot be calculated, there-
fore the sum of linear well and aquifer losses is
assumed as a parameter of linear head loss (BQ).
Introducing the laminar loss (Lp) in order to eval-
uate the ratio between non-linear well loss and
linear head loss, leads to assumption that lin-
ear well losses are also due to laminar flow. One
could argue such simplification, but for the pur-
pose of this research the conservative approach
should satisfied the previous stated arguments.
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Some researchers propose the comparison be-
tween wells based on range of C value (Walton,
1962) or C/B ratio (Bierschenk, 1963) in order to
approximate well development indicating well
deterioration and possible screen clogging. How-
ever, such comparison might work in case of
large diameter wells, but it is not appropriate in
our case remarking the uncertainties explained
hereinafter. Mogg (1969) asserted that the mag-
nitude of € should not be used as an indicator of
whether or not the well is properly designed or
effectively developed because the correlation of
field data shows that C is inversely proportional
to the product of the discharge rate and the spe-
cific capacity. In this paper we classify the well
performance into three groups, according to L
value: good well performance (Lp > 70 %), medium
well performance (30 % < L,<70 %) and poor well
performance (Lp <30 %).

The relationship between the drawdown and
discharge can be expressed as the specific capacity
of a well, Q/s, which describes the productivity
of both the aquifer and the well. The specific ca-
pacity is not a constant but decreases as produc-
tion continues. Several factors affect the specific
capacity e.g. aquifer characteristics (hydraulic
conductivity and storage coefficient), hydraulic
barriers, technical performance of the well (e.g.
penetration of well) and effective well screen per-
foration. The Q/s ratio is useful also to compare
pumping tests at different periods and allows
predicting possible changes in well performance
due to technical issues or variable hydraulic con-
ditions in aquifers.

Step-drawdown test performance

In step-drawdown tests groundwater is ex-
tracted in a number of consecutive time-intervals
during which the pumping rate is constant but
increases steadily with the number of time-in-
tervals (Driscoll, 1986). By plotting s/Q versus Q
and fitting the straight line thought the meas-
urements points, the well coefficient C is given by
the slope of the line and the aquifer loss coeffi-
cient B is equal to the intercept, considering P = 2
(Kruseman & de Ridder, 1990). The reliability of
the derived value for C increases with the num-
ber of steps, since more data points are available
to derive the slope of the straight line in the s/Q
versus Q plot. The number of pumping steps is de-
termined on the basis of known production rate,
aquifer characteristics and available time inter-
val for test performance, including pre-pump-
ing interval and groundwater recovery when the
well is not producing. All pumping steps have
to be of same duration, usually 30 — 120 min or
till drawdown stabilization in order to provide
the minimal storativity effect (Kruseman and de
Ridder, 1994). The maximum pumping rate has to
be determined according to maximum exploita-
tion rate of the well, or better should fit maxi-
mum pump capacity. The Jacob (1947) graphical
method idea is that the drawdowns measured
at the end of individual steps should be steady.
However, in reality, drawdown in a pumping well
seldom stabilises. As a result, the quasi-steady
drawdown measured at the end of each step is
generally used in the analysis (Louwyck et al.,,
2009).

Table 1. Basic information about the performed step-drawdown tests.
Tabela 1. Osnovne informacije o izvedbi ¢rpalnih preizkusov v korakih.

:Y;:ll. Aquifer! WT? Date N  Stab.t IYY;::I] Aquifer! WT? Date N?  Stab.!
1 I T 22.02.2018 3 yes 16 F T 28.08.2017 4 yes
2 I T 14.12.2017 4 no 17 F T 05.04.2017 3 yes
3 F T 22.11.2017 4 yes 18 F T 04.04.2017 3 yes
4 F T 15.11.2017 4 yes 19 F T 29.11.2017 3 no
5 F T 30.01.2018 3 yes 20 F T 28.11.2017 3 no
6 F T 30.06.2017 3 yes 21 F M 27.12.2017 3 yes
7 F T 29.06.2017 3 yes 22 I M 14.05.2016 3 yes
8 F T 07.06.2017 3 no 23 I M 13.05.2016 3 yes
9 F T 29.06.2017 3 yes 24 I M 07.05.2016 3 yes
10 F T 15.11.2017 4 yes 25 I M 20.04.2016 3 yes
11 I T 05.12.2017 3 no 26 I M 21.04.2016 3 yes
12 I T 20.12.2017 3 no 27 I M 25.04.2016 3 yes
13 I T 19.12.2017 4 no 28 I M 22.04.2016 3 yes
14 I T 16.11.2017 3 no 29 I M 03.05.2016 3 yes
15 F T 06.07.2017 1 yes 30 I M 26.04.2016 3 yes

'Aquifer type: I = intergranular, F = fractured
*WT (Water type): T = thermal, M = mineral
sNumber of pumping steps

*Water level stabilization before pumping


https://www.sciencedirect.com/science/article/pii/S0022169409006933
http://www.aqtesolv.com/aquifer-tests/aquifer-testing-references.htm
http://www.aqtesolv.com/aquifer-tests/aquifer-testing-references.htm
http://www.aqtesolv.com/aquifer-tests/aquifer-testing-references.htm
http://www.aqtesolv.com/aquifer-tests/aquifer-testing-references.htm
http://www.aqtesolv.com/aquifer-tests/aquifer-testing-references.htm
http://www.aqtesolv.com/aquifer-tests/aquifer-testing-references.htm
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The Slovenian examples

Step-drawdown tests were performed in 30
wells in years 2016 (8 wells), 2017 (19 wells) and
2018 (3 wells). At some sites (users), several wells
were tested (Fig. 2). In Slovenia, one third of test-
ed wells exploit mineral water while the other
two thirds exploit thermal water (Table 1). Half
of tested wells produce water from intergranular
aquifers (mostly sandy layers) and others from
fractured aquifers (mostly dolomite). In gener-
al, three pumping steps were applied, while in
six cases we were able to perform four pumping
steps. In one case, the pumping rate was decreas-
ing while the drawdown in the well progressed,
therefore it was impossible to maintain the stable
discharge during pumping. This case was not in-
cluded in further analysis. All tested wells have
been granted water concession and are active.

Age of tested wells at reference year 2017 is
between 6-60 years (Table 2). Water temperature
is up to 63 °C in exploitation wells for thermal
water and up to 30 °C in exploitation wells for
mineral water. Low to high mineralized water
can be found in tested wells according to EC
range of 391-14300 pS/cm. CO, level is highest
in exploitation wells for mineral water in inter-
granular aquifers. Prevailing Ca-Mg-HCO, wa-
ter type in exploitation wells for mineral and
thermal water in fracture aquifers is related to
prevailing dolomite recharge area. Na-Cl water
type can be found only in one well in the coastal
area. Various water types can be found in inter-
granular aquifers from Ca-Mg-HCO, to Na-Ca-
HCO,-CI in wells exploiting mineral water and
from Na-HCO, to Na-HCO,-Cl in wells exploit-
ing thermal water.

Table 2. Summary information on well ages and basic physico-chemical composition of water for four aquifer type categories.

Tabela 2. Povzetek informacij o starosti vrtin in osnovnih fizikalno-kemijskih znacilnostih vode za $tiri tipe vodonosnikov.

Well age T EC CO,(g)
Categor 2 Water type
soTy (years) O (1S/cm) (mg/1) P
FM 6 12,5 400 nd Ca-Mg-HCO,
IM 10-46 10-30 650-6450 176-2420 Ca-Mg-HCO, to Na-Ca-HCO,-Cl
FT 7-49 21-40 391-14300 37-200 Ca-Mg-HCO, to Na-Cl
IT 12-60 55-63 600-6813 20-50 Na-HCO, to Na-HCO_-CI
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Fig. 2. Locations of tested wells.
Sl. 2. Lokacije testiranih vrtin.
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All tests were performed taking into account
the recommendation from the literature (e.g.
Kruseman & De Ridder, 1990) as well as interna-
tional standards (ISO 22282-4:2012). Neverthe-
less, there were several issues identified during
step test performance, mainly due to technical
issues or limits depending on each site. Most
common issue was inappropriate installment of
measurement probes and water meters. Eventu-
ally the situation improved or we used our own
probes during tests performance. Second issue
was the available time for test performance. Al-
most all wells are active and the water exploita-
tion is constant. Therefore, the time available
for test performance (discharge reduction) was
short and in some cases the recovery time prior to
pumping for the test was insufficient to achieve
an equilibrium static head before pumping start-
ed. It was evaluated that the water level stabili-
zation before pumping was achieved in 70 % of
wells, while in other remaining wells the stat-
ic head was at least very close to stabilization.
During the step test performance, the stabiliza-
tion level at each step was achieved only in 44 %
of wells, even if the pumping step duration was
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in between 1.5 — 2 hours in 85 % of tests. That is
a consequence of relative limited and slow water
flow towards wells which is typical for investi-
gated aquifers with a very low recharge rate. The
pumping rate at each well was roughly deter-
mined preliminary, before step test performance.
Still, in 37 % cases, the actual applied pumping
rate was different to preliminary proposed, most
commonly due to unknown technical character-
istics of water pump prior to the tests.

Results and discussion

An example of a case study

Toillustrate the applied analysis of step-draw-
down test, an example of successfully performed
pumping test in a well drilled in the intergranu-
lar aquifer is presented. The test was performed
with four pumping rates: 6 1/s, 17.1 1/s, 22.3 1/s
and 27.9 1/s. Each rate was maintained for 1.5 h
(Fig. 3a). Measured drawdown versus elapsed
time after pumping began was then plotted on
semi-logarithmic graph (Fig. 3b). Each step was
extrapolated with a straight line beyond the
period of pumping in order to obtain the incre-
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Fig. 3. Example of a step test performance: a.) field measurements of GWL and pumping rates, b.) drawdown versus time since
pumping started, c.) specific drawdown versus pumping rate and d.) graphical interpretation of the step test analysis.

Sl. 3. Primer izvedbe ¢rpalnega preizkusa v korakih: a.) terenske meritve gladine podzemne vode in ¢rpane koli¢ine, b.) zni-
zanje v ¢asu od pricetka ¢rpanja, c.) specificno znizanje v odvisnosti od érpane koli¢ine in d.) graficna interpretacija analize

¢rpalnega preizkusa v korakih.
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mental drawdown caused by different pumping
rates. Then s/Q (specific drawdown) versus cor-
responding value of Q was plotted on arithmetic
graph (Fig. 3c). This approach is used to deter-
mine coefficient B (linear losses) and C (nonlinear
losses) and was proposed by Hantush (1964) and
Bierschenk (1963). Plotting the s/Q values against
the corresponding values of Q gave a straight line
with a specific slope representing the C coeffi-
cient, while the coefficient B represents the value
at Q= 0 1/s. The data falls on a straight line (Fig.
3c). The values of identified coefficients were de-
termined as B = 0.9397 s/m? in C = 0.0048 m-s?/12
in this case respectively. Using those coefficient
values, we can write the drawdown approximate
equation (12):

s/Q=0.0048Q +0.9397 (12)
where
s=0.0048Q° +0.9397Q (13)

hence this is a shape of Jacob equation and
represents estimation of drawdown in the well
within the time interval of 1.5 h.

Fig. 3d represents drawdown measurements,
calculated linear losses (BQ), well losses (CQ?) and
portion of laminar losses for each pumping rate.
In the example a drawdown of 30 m was observed
at maximum discharge rate of Q =27.9 1/s. Apply-
ing the Jacob equation, the observed drawdown
is a consequence of linear loss (aquifer and well
loss), which theoretically is approx. BQ = 26.22 m,
and non-linear well loss, which is approx.
CQ%= 3.74 m. At maximum pumping rate the well
performance was determined as good, while the
87.5 % of measured aquifer at maximal pumping
rate can be attributed to the aquifer loss. Also,
the laminar losses decrease slowly.

The average exploitation rate of presented
well at normal production is about 3 1/s during
summer and 28 1/s during winter. High laminar
losses mean that this pumping rate does not sig-
nificantly affect well performance neither reach-
es the aquifer production capacity. Therefore, the
winter exploitation rate of 28 1/s for the tested
well does not exceed the well maximum capacity.

Still, each well reflects its own characteris-
tics, therefore it is almost impossible in practice
to consider all wells with the same conceptual-
ization. It must be emphasized that step test can
only help to determine production capacity and
performance of the well and is not intended to
determine sustainable production rates of the
aquifer.

Comprehensive summary analysis

Well performance

The results of well performance analysis are
available for 26 of total 30 tested wells (Table 2).
Step-drawdown tests in wells 15, 18 and 21 have
been subjected to technical issues, either due to
inappropriate equipment installation or reduc-
tion of pump efficiency due to large drawdowns
which resulted in unstable pumping rate. Figure
4 shows the distribution of well loss coefficient C
separately for thermal water wells in fractured
and integranular aquifers and for mineral water
wells. The values are ranging between 0.37 and
447 min?/m?® (conversion 1 min?/m®=0.0036 m-s?/12).
In the first decade C < 1 min?/m?® there are 2 wells,
9 wells in € =1 - 10 min?/m®, 9 wells in C = 10 -
100 min?/m® and 7 wells in € > 100 min?/m°®. Some
researchers propose the comparison between
wells based on range of C value in order to ap-
proximate well development indicating well de-
terioration and possible screen clogging (Walton,
1962). But well loss coefficient Cis empirically de-
rived and therefore depending on several factors
as for example effective open area of perforation.
Each well was designed, constructed, and com-
pleted for specific reasons in different areas un-
der varying hydrogeological conditions, so direct
comparison among wells is not possible. For ex-
ample, the wells exploiting mineral water would
according to high C value (€ = 10 - 100 min?/m?)
indicate very poor well development, but still in
same cases the laminar losses are high. Hence
those mineral water wells are usually drilled
with small diameter since the production rate
is often lower than 5 1/s. As suggested by Mogg
(1969) the low discharge rates in poor formations
would show high values of €, which is often the
case in mineral water wells.

Another parameter which might also affect
the comparison between wells is the penetration
factor (Bierschenk, 1963). The partial penetra-
tion increases the drawdown in a well because
some of the water that enters the well must per-
colate upward or downward from the screen or
perforations. Water percolating vertically to a
well moves through a greater distance than if it
had percolated horizontally and across planes of
greater resistance (i.e. horizontal permeability is
greater than vertical permeability). Therefore,
using C values for evaluation of wells status over
time would only work in wells of similar tech-
nical properties. Consequently, in the presented
case it would not be appropriate.
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Fig. 4. Distribution of C coefficient for different water
and aquifer types.

Sl. 4. Porazdelitev koeficienta C za razli¢ne tipe vod in
vodonosnikov.

Graphical analysis led to production of curves
representing the interpolation of laminar losses
in individual wells (Fig. 5). Each figure includes
curves for the wells exploiting thermal water,
separately for fractured or intergranular aqui-
fers and mineral water and each curve represents
an individual pumping test. In some cases, ex-
tended extrapolation was used in order to com-
pare results at the same scale. In general, they all
show a decrease of laminar losses with increas-
ing pumping rate. At the onset of turbulent flow,
the specific capacity (Q/s) decreases proportion-
ally to the increase of pumping rate and, at the
same time, the laminar losses are reduced. Anal-
ysis of step drawdown tests has shown that sim-
plified interpretations and comparison between
the wells is not straightforward, but requires a
detail knowledge about the system. Each well re-
flects specific characteristics and conditions in
which the test was performed. Therefore, even
a small change of hydraulic boundary condition
(e.g. activation of additional fractures, hydraulic
barriers, ...) significantly affects the test perfor-
mance. Hydraulic characterisation of carbonate
aquifers with fissured porosity is due to specific
conditions, which are determined by pronounced
heterogeneity and anisotropy, much more com-
plex than the characterisation of aquifers with
intergranular porosity. The dual porosity con-
ceptualization based on the hydraulic exchange
between different fractures dimensions is signif-
icantly affecting the well performance, resulting
in significantly variable Q/s ratio at each step.

The theoretical laminar losses were compared
with maximum allowed production rates as de-
termined in concession decrees (Table 1). Wells
9 and 20 suggest negative linear head loss coef-
ficient (B) and therefore cannot be evaluated by
calculating laminar losses. Detailed interpreta-
tion of calculated B values were not taken into
account, since it was impossible to separate the
linear well losses and aquifer losses. The negative
Bvalue which was calculated in two wells is most
likely related to »breakthrough« pressure, which
means that a certain pressure difference must be
reached to develop a depression cone. Moreover
it can also be assumed that negative B value in-
dicate significant permeability reduction at the
wellbore (e.g. compaction of the material during
drilling, clogging from drilling mud,...). It is also
assumed that the negative B values is related to
significant time dependant aquifer characteris-
tics. Those are especially important in fractured
aquifers where the heterogeneous fractured me-
dia determines the hydraulic boundary condi-
tions.

Laminar losses (Lp) in table 2 were calculated
for maximum production rate as determined in
concession decree (Q . CD). In case of 14 wells,
the laminar losses are higher than 50 %, which
means that linear head losses (aquifer and well)
are still more important than nonlinear well loss-
es. The detailed results are presented in Table 1.
Based on step-drawdown test results it was pos-
sible to evaluate either a maximum production
rate (Q_, ) should change (increase, decrease) or
stay equal prior to Q_ . CD. From the total of 25
wells for which it was possible to calculate lam-
inar losses, 11 can be addressed with good well
performance. In all this wells, except one, the Q_
CD can be increased and decree corrected. This
is because the well losses represent a relatively
small portion in the measured drawdown even
after years of thermal water production. Medi-
um well performance was identified in case of 7
wells. Also, in these wells, except one, the Q_
CD can be increased and decree corrected. Five
of those wells are producing mineral water with
relatively low production rate. Therefore, the in-
creased maximum production rate will not affect
the aquifer capacity as allowed annual produc-
tion quantity will not be changed in decrees. The
other two wells are drilled in fractured aquifer
where calculation of laminar losses can be un-
certain. In 7 wells where their performance was
evaluated as poor, the Q_. CD not improved but
on the contrary, in 3 wells the @ __ CD should be
decrease.
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Fig. 5. Laminar losses (L ) in investigated wells according to water and aquifer type (a. thermal water — intergranular aquifer,
b. thermal water — fractured aquifer and c. mineral water — intergranular aquifer).

Sl. 5. Laminarne izgube v preiskovanih vodnjakih glede na tip vode in vodonosnika (a. termalna voda — medzrnski vodonos-
nik, b. termalna voda - razpoklinski vodonosnik in c¢. mineralna voda - medzrnski vodonosnik).



291

8'6% G'¢ 9€°¢ 88E'T 609°T / 68 GG 9'¢ / L¥3C 6LT €81 / G'¢ 81 0T 0¢€
G'GL e e GIT'¢ 60L°0 / L8T 9°€l 9'8 / 18T 18T T6T / L'e 0°¢ 1 6¢
L'09 0°¢ G 199°T G1c0 / 8yl 67 €'C / 186 881 991 / €¢ G'¢ ¢l 8¢
0°€8 0¢ (4t LCT'€ GS¥°0 / 69 L'y LT / 1ce 881 G8 / 8’1 G'1 G0 LG
8'Gy 87 € ¢0€0 61T°0 / 1'c 0T 70 / 18T 8LT 6LT / '€ 6'T 6°0 9¢
G'8¢€ 1 T 168°0 Yer'l / €€ 0¢ I'T / 68l 18T €81 / €1 60 90 14
S'19 9'¢ GE'C 9¢6°¢ 6LL°0 / 61T 9 81 / 881 1€¢ 06 / 6'¢ ST G0 144
¥'L6 G'€ 6€'T G09'€ 690°0 / 09 e T'T / G381 68T 6€T / 91 0T €0 €¢
L'06 91 T'T 9L6°9 8%9°0 / 6'TT 6'G 0¥y / 00¢g L6T 16 / 61 L0 90 (44
/ 80 14 / / / 0°€TT 0'89 0'0% / ¢0T 8€T 0¢T / 80 G0 €0 1¢
/ 06 e€TI €6¢°0-  08T0 / 0°G €T 70 / 144 €¢ LT / 09 9'€ ¢'¢ 0¢
€'6¢ g8 68 9%0°0 0T0°0 / 6T €T 0T / 0¢€ 0€ 0€ / 00T €6 08 61
/ / 1T / / / 0°€ 0L 0°¢ / 0¢rt 0¢t 0¢T / €L €9 Sy 8T
0'62 08¢ 8¢ GGE0 T€0°0 / 0L 0y 0'¢ / 0¢crT 0cT 0¢T / 70T 69 (4874 LT
6°GT T'TT T'TT 180°0 8€0°0 L'y 0°€ 71 0] 0°02T 0¢T 0¢t 148 G0t G'L 06 8¢ 9T
/ 70 6L°0 / / / / / 0°€ET / / / 106¢ / / / (] G
G'€6 0°8¢ 9 8880 0T0°0 / G'¢g T°¢T 0L / 12T 0¢T 49! / T°€¢ 6°€T Gl 14!
766 0°8¢ G'6 0%6°0 G00°0 00¢€ G'€c 9°LT 8'G 0°06 06 06 06 6°LC €3¢ T'LT 09 €l
6°68 08¢ 67T $¢6°0 000 / 6l 8'GT ¢01 / 16 06 06 / G'8¢ 6'9¢ T'LT ¢l
69 08 8 8¢0°0 8%0°0 / 0°€ 0T G0 / 0€ 0€ 8¢ / L'L 8'€ 0'¢ 1T
T'L 00T 0T 6€0°0 160°0 (4 €¢ ¢l €0 0°0¢ 0¢ 6T 1¢ 6'8 09 €Y €'¢ 0T
/ 0°TT L9 Gc0'0-  G¥0°0 / ¥y €¢ L0 / ¢0¢ 149! 0€T / €01 0L ¥y 6
0°08 08¢ ST 66¢°0 G000 / €'¢cl 79 7'y / ¢0¢ ¥0¢ ¢0¢ / 6°LC L9T ¢'cl 8
068 G'6 L €60°0 T00°0 / 90 90 €0 / 8€T 8€T 143! / G'6 G'8 54 L
€0¢€ LT 8'GT G100 ¢00°0 / 60 70 (] / Gal 0ct 0¢T / €L 01T €4 9
0°0¢2 GG ST 8¢T°0 ¥€0°0 / 6°0 80 70 / 00T G6 G6 / L'E e ¢'¢ g
€69 €6 14 69%°0 19T°0 8'LT et 99 8'¢ 0°6eT GOt 0€T 148 6 YL ¥'G G'e 4
L'T8 06T 4 GEY0 ¢€0°0 T'1¢ 4t 66 8'¢ 0°0%T 01T 0€T 81T 6°LT T'€T €01 8'Y €
8'98 0'Tg (4t SO¥'T 810°0 6°0€ €¢e G0c 0°¢c 016 G6 G6 96 8'LT €¢1 G'el 90T 4
01T 0% L 88¢'T 609°T / 0°€€ 1°6¢ e / 91T GTT 60T / 'y 8¢ 9°€ T
% S/1 S/1 [/SW ol/e5 W w urw S/1 Tquinu
d1 ::..0 @ ::..0 g 9 rg £g Zg Ig n & 4 I v@ m@ NQ HQ TI°PM

Step-drawdown tests in exploitation wells for thermal and mineral water— Case study from Slovenia

‘I[TUSAO[S A OPOA OUTRISUIW Z UT}IA UT UT}IA YIU[RWLID) YIURIISO) )€ BZ YIeIOY A Aosnyziaad yruredad 13e3[nzoy ‘¢ B[oqe],
"BIUSAO[S UT S[[OM I9}eM [BRISUIW PUR [BWLISY} (¢ I0F SISA[BUR 1S9} umopmerp-dols Jo s3Nsoy "¢ o[qelL,



292

Luka SERIANZ, Nina RMAN & Mihael BRENCIC

Conclusion

In the present study, an attempt has been
made to evaluate and compare the well perfor-
mance using Jacob empirical method for calcu-
lation of well losses and aquifer losses. This pa-
rameter was recognized as very useful in order to
quantify technical characteristics of production
mineral and thermal water wells also referred to
well efficiency. On the contrary, well loss coeffi-
cient magnitude was recognized as a very inap-
propriate indicator whether the well is properly
designed or effectively developed. The presented
approximate method of step-drawdown test in-
terpretation calculates only the nonlinear com-
ponent of well loss, while the linear component,
which is generated due to partial penetration,
skin effect or hydrogeological boundary effect, is
included within the linear head loss.

Most of the tests (23 of 30) were carried out
in three steps, averaging up to 1.5 hour for each.
The drawdown stabilization during pumping
was reached in approximately 70 % of wells. The
main problems for the successful implementa-
tion were: insufficient observation equipment,
a non-optimal system for regulating the pump-
ing discharge rate, rare observation wells and a
constant need for water production. The latter
prevented either the establishment of constant
pumping rate or complete suspension of produc-
tion for several hours. There are many potential
improvements in test implementation, but they
are to a certain extent related to investments in
the technology system for the use and control of
the use of groundwater by the concessionaires.

Although a lot of investigated wells are a few
decades old, surprisingly the calculated laminar
losses were higher than 70 % in 44 % of these.
Moreover, the analysis showed that for a large
number of wells (at least 7), their performance
is relatively poor, which means that the nonlin-
ear losses in the well are significantly higher
than the linear losses in the aquifer. It is expect-
ed that such situation may be attributed to the
inappropriate technical condition of the well in
some places (e.g. well deterioration). A special
consideration was given to 28 % of wells where
the calculated laminar losses were between 30
and 70 %. In such cases it is very difficult to ob-
tain an appropriate conclusion, since in most
cases a technically appropriate step drawdown
test was performed for the first time. Therefore,
it was impossible to compare the acquired data
with previous tests and consequently, impossible
to evaluate time-dependant changes in well per-
formance.

The results indicate possible changes in the
technical condition of some wells. However this
will be verified only when at least two comparable
step-drawdown tests will be performed in each
well. In order to timely implement measures for
preventing further deterioration, it is necessary
to constantly monitor the well performance. Fur-
ther investigation will include also constant-rate
pumping test in order to determine hydraulic
properties of the aquifer along with the consider-
ation of the total well losses and consequently the
significance of the linear well loss component.
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Nomenclature

Symbol Parameter Unit
s Drawdown m
81234 Drawdown for each step respectively m
s, Well loss drawdown m
s(t) Measured drawdown m
s(r,,t) Drawdown with no well loss m
t Time min
P9y Duration of each step respectively min
T, Well radious m
T Transmisivity m?/s
Q Discharge (pumping rate) /s
Q5. Pumping rate for each step respectively  1/s
W(u) Theis well function /
S Storage coefficient /
B, Linear aquifer loss coefficient m-s/1
B, Linear well loss coefficient m-s/1
P Exponent of the well discharge /
B Aquifer circulation loss coefficient m-s/1
C Non-linear well loss coefficient m-s?/12
E, well efficiency Y%
L, Laminar losses %
Q... CD Maximum production rate determined 1/s

in concession decree
@, Maximum production rate suggested by  1/s

step-drawdown test
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Abstract

Geomorphological and geological mapping have long been used to study the glacial history of the Slovenian
Alps, but many uncertainties remain regarding the time and extent of Pleistocene glaciations there. Glacial
landforms and undisturbed glacial deposits are rare in the areas of the former glacier terminus, especially in the
Soca Valley, where large discrepancies in the interpretation of the extent of the former Soca Glacier have been
reported. Early studies proved inconclusive as to whether one or two glaciations extended into the Soca Valley as
far as Most na Soc¢i. In order to answer this question, the Quaternary sedimentary succession and landforms in
the Modrejce Valley near Most na Soc¢i were investigated. New geological and geomorphological field data allow
the interpretation of the sedimentary environment and the stratigraphic relationships between different units.
In response to glacial dynamics, the sedimentation developed from glaciofluvial and glaciolacustrine to fully
glacial environments, followed by slope deposition. At higher altitudes lateral moraines are preserved, while
the staircase-like slope below has been carved into older glacial, glaciofluvial and glaciolacustrine deposits by
glacial and post-glacial processes, including fluvial erosion and slope dynamics. We conclude that the succession
studied here was deposited over the course of two different glacial advances — LGM and pre-LGM. Our study
thus suggests that the So¢a Glacier extended as far as the area of Most na So¢i twice over the course of the late
Quaternary.

Izvleéek

Geomorfoloske in geoloske raziskave zgodovine poledenitev v Slovenskem Alpskem prostoru imajo dolgo
tradicijo, kljub temu pa Se vedno ostaja ve¢ nejasnosti o obsegu in Casu pleistocenskih poledenitev v tem
prostoru. Ledeniske geomorfne oblike in nepredelani ledeniski sedimenti so redko ohranjeni na obmocjih
nekdanjih ledeniskih ¢el, kar Se posebej velja za Posocje, za katero so bile poro¢ane razli¢cne interpretacije obsega
nekdanjega Soskega ledenika. Pretekle studije niso uspele ugotoviti, ali je ena ali morda vec¢ poledenitev segalo
tako dale¢ po Posocju, da je doseglo Most na Soci. Da bi raziskali to vprasanje, smo svojo studijo usmerili na
kvartarno sedimentacijsko zaporedje in geomorfne oblike v Modrejcah pri Mostu na Soc¢i. Novi terenski geoloski
in geomorfoloski podatki omogocajo interpretacijo sedimentacijskega okolja in stratigrafskih odnosov med
razliénimi enotami. V povezavi z ledenisko dinamiko se je sedimentacijsko okolje razvilo iz glaciofluvialnega
in glaciolakustriénega v ledeniskega, kateremu je sledilo odlaganje pobo¢nega materiala. Bo¢ne morene so
ohranjene na visjih legah, medtem ko je stopnicasto pobocje vrezano v starejSe ledeniske, glaciofluvialne in
glaciolakustri¢ne sprijete sedimente. Vrezovanje je rezultat delovanja mlajsih ledeniskih procesov in procesov
po umiku ledenika, kot so rec¢na erozija in pobo¢na dinamika. Sklepamo, da je bilo preuceno sedimentacijsko
zaporedje odlozeno med dvema razli¢cnima napredovalnima fazama; v zadnjem poledenitvenem visku in v enem
izmed prejsnjih. Nasa Studija tako nakazuje, da je Soski ledenik v poznejSem delu kvartarja dvakrat segal do
obmoc¢ja Mosta na Soci.
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Introduction

The glacial history of the southeastern Alps
covers multiple glaciations, which were first es-
tablished by Penk & Briickner (1901-1909). Im-
provements in dating methods allowed for bet-
ter characterization of the chronology of the last
glacial cycle (Monegato & Ravazzi, 2018), es-
pecially for the Last Glacial Maximum (LGM),
which is best preserved due to its young age
(about 26-19 ka, e.g., Monegato et al., 2007; Ivy-
Ochs et al., 2008; Ivy-Ochs, 2015; Monegato et al.,,
2017). In the Alps, deposits related to older gla-
ciations are difficult to date (e.g., Dehnert et al.,
2012; Lowick et al., 2015; Rades et al., 2016) and
their relative chronologies are inferred through
their stratigraphic relationship with the alluvi-
al-coastal stratigraphy (Fontana et al., 2010) or
through analysis of their boundaries, which are
sometimes characterized by paleosoils or peat
layers (Gianotti et al., 2015).

The Alps in Slovenia hosted three large val-
ley glaciers — the Soc¢a, Sava Dolinka and Sava
Bohinjka glaciers — as well as small cirque and
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valley glaciers in the Kamnik-Savinja Alps and
the Karavanke Mountains (Bavec & Verbic, 2011)
(Fig. 1). Small ice caps independent from the
major Alpine valley glaciers were present in the
Northern Dinaric sector (Zebre et al., 2013, 2016).
Although the glacial history of the Slovenian ter-
ritory has been studied since the late 19th cen-
tury, many uncertainties remain about the tim-
ing and extent of Pleistocene glaciations in the
Slovenian Alps (Bavec & Verbic, 2011; Ferk et al.,
2017). This is especially true for the So¢a moun-
tain basin, where spatially incomplete records
on landforms and lack of geochronological data
still do not allow us to make any thorough re-
constructions of former ice limits. In fact, earlier
studies suggested that during the Wirm (sensu
Chaline & Jerz, 1984) the Soca Glacier extended
southwards out of the Julian Alps down to Tol-
min and even further, to Most na Soci (Briickner,
1891; Tellini, 1898; Penck & Briickner, 1901-1909;
Feruglio, 1925; Winkler, 1931; Melik, 1954; Sifrer,
1965). On the other hand, more recent findings
suggest that the Soca Glacier did not even reach

Fig. 1. LGM glacier extent
in southeastern European
Alps. The extent of the mo-
delled LGM glacier driven
by the EPICA paleo-tem-
perature record and paleo-
-precipitation correction is
after Seguinot et al. (2018),
while the geomorphologi-
cal reconstruction of the
extent of the LGM glacier is
modified from Ehlers et al.
(2011). The digital terrain
model is from SRTM data
(Shuttle Radar Topography
Mission), accessible from
EarthExplorer (https://
earthexplorer.usgs.gov/).
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beyond the Bovec Basin, which is located more
than 30 km upstream from Most na So¢i (Bav-
ec et al., 2004). Such large discrepancies are the
result of sparse landform records as well as the
overprinting of glacial evidence by subsequent
glacier re-advances and late- to post-glacial
slope processes. Moreover, the most up-to-date
model-based simulations of the LGM ice extent
in the Eastern Alps, including the Slovenian Alps
(Seguinot et al., 2018) (Fig. 1), are not in accord-
ance with the roughly defined geomorphological
ice limits, which makes interpretation of the ex-
tent of paleo-glaciers here even more questiona-
ble and in need of new data.

In the past, glacial and proglacial sediments
in the Soca Valley were studied using geological
and geomorphological methods to constrain the
extent of the glacier and interpret its dynamics
(Sifrer, 1964/1965; Kuscéer et al., 1974; Kunaver,
1975, 1980; Bavec et al., 2004). Glacial deposits
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from the last and penultimate glaciations were
dated in the Bovec Basin (Bavec et al., 2004).
Quaternary deposits in the Most na Soci area
have been studied previously by Sifrer (1965) and
more recently mapped by Buser (1987) as part of
the basic 1:100.000 geological map. According to
Sifrer (1965) the distribution of till and proglacial
deposits suggests that the Soc¢a Glacier was divid-
ed into two ice lobes south of Tolmin. Although
glacial landforms and deposits in this area have
been identified and described very precisely, it
is unclear whether they were deposited over the
course of one or several glaciations. Any reliable
absolute dating that could reveal the age of gla-
cial deposits around Most na So¢i is still missing.

This study focuses on late Quaternary deposits
in the Modrejce Valley located between Tolmin
and Most na Soci (Fig. 2), where steep cliffs pro-
vide good exposures for the study of stratigraph-
ic relationships among the sedimentary units.

Fig. 2. Distribution of
Quaternary deposits in
the Tolmin and Most na
Soc¢i areas (updated af-
ter Sifrer, 1965 and Buser
1987). Shaded relief is
derived from LiDAR ba-
sed DEM (Ministry of the
Environment and Spatial

Planning, Slovenian
Environment Agency,
2011).
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Using geological and geomorphological mapping
and sedimentological analysis we investigated
the landforms and deposits, interpreted their
sedimentary environments, and established their
relative chronological relationships. This enabled
us to reconstruct the late Quaternary sedimenta-
ry evolution of this area in relationship to glacial
advances and slope dynamics.

Methods

Quaternary landforms and deposits in the
Modrejce Valley were studied using geomorpho-
logical and geological mapping, as well as sed-
imentological facies analysis. A map of Quater-
nary deposits in the wider Tolmin area (Fig. 2)
was summarized from Sifrer (1965), Buser (1987)
and our GIS- and field-based geomorphological
and geological mapping. A detailed map of Qua-
ternary landforms in the selected area of Modre-
jce (Fig. 3A) was prepared by means of field-
based geomorphological and geological mapping
along with a stacked cross-section (Fig. 3B) and
description of landforms (Figs. 4 and 5) and de-
posits (Fig. 6).

Geomorphological mapping was based on Li-
DAR data with a relative horizontal and vertical
accuracy of 0.30 and 0.15 m, respectively (Min-
istry of the Environment and Spatial Planning,
Slovenian Environment Agency, 2011). The Li-
DAR-based DEM with 1 m resolution was used
to generate a shaded relief map, a slope degree
map, a slope aspect map and contour lines with
an equidistance of 1 m. These various topograph-
ic representations helped to distinguish different
geomorphic characteristics associated with Qua-
ternary sedimentation and erosion (e.g. terraces,
cliffs, moraines, colluvial fans).

Quaternary deposits were documented using
field sedimentological logging. Each unit was
described according to its lithology using clas-
sifications by Wenthworth (1922) and Folk et al.
(1970) and according to its various sedimentary
characteristics described by Tucker (2011). The
lithology of the units is described based on mac-
roscopic observations. The lithological composi-
tion of the clasts is given qualitatively. Facies are
summarized according to Eyles et al. (1983) and
Miall (2006) codes respectively for glacigenic and
alluvial/deltaic deposits (Table 1) and into faci-
es associations as in Miall (2006) and Benn and
Evans (2010). This approach enabled us to gather
the data necessary to interpret the depositional
environment, its evolution and clast provenance.

Quaternary deposits in the Soca Valley
around Tolmin and Most na Soci

The Soca Valley floor around Tolmin and
Most na Soc¢i is mainly covered with glaciofluvi-
al, fluvial and alluvial fan deposits (Fig. 2). Two
units of fluvial deposits were distinguished: the
younger fluvial deposits represent the Holocene
thalweg of the Soca River, and the older fluvial
and glaciofluvial deposits are terraced. The ter-
races have risers that vary in size from several
meters to more than 50 meters. In several places
the terraces are covered by alluvial fans related
to small tributaries of the Soc¢a River. Based on
relative elevation, landform preservation, sed-
iment characteristics, pedogenesis and cemen-
tation, the terraces are assumed to be Middle to
Late Pleistocene in age, while the alluvial fans
are assumed to be Late Pleistocene (Sifrer, 1965).

Lacustrine and glacial sediments are also
present in the valley, whereas scree deposits are

Table 1. Facies codes used in this study are summarized from Eyles et al. (1983) and Miall (2006).

Facies code Facies Sedimentary structures

Gem Clast-supported, massive gravel /

Gmm Matrix-supported, massive gravel Weak grading

Gh Clast-supported, crudely bedded gravel Horizontal bedding, imbrication

Gp Gravel, stratified Planar cross-beds

Gt Gravel, stratified Trough cross-beds

Sm Sand, fine to coarse Massive, or faint lamination

Sh Sand, very fine to coarse, may be pebbly Horizontal lamination

Sr Sand, very fine to coarse Ripple cross-lamination

Fl Sand, silt, mud Fine lamination, very small ripples

Fsm Silt, mud Massive

Dmm Matrix-supported, massive diamict /

Dms Matrix-supported, stratified diamict Stratification more than 10 % of unit thickness
Dem Clast-supported, massive diamict /

Dcs Clast-supported, stratified diamict Stratification more than 10 % of unit thickness
Dcg Clast-supported, graded diamict Vertical grading in clast content
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Fig. 3. Quaternary landforms and deposits of the Modrejce Valley. A - Geomorphic map. B — Stacked cross-section of landforms
and facies associations. Note that in order to capture all units, the topographic profiles of individual landforms were projected
into stacked cross-sections from different parts of the map. The points at the surface are the actual projected vertices taken
from the LIDAR DEM every 5 m across the terrace-like landforms. Topographic contours 1 m equidistant from each other are
derived from LiDAR based DEM (Ministry of the Environment and Spatial Planning, Slovenian Environment Agency, 2011).

abundant on the toe of valley slopes. Lacustrine
sediments are laminated and well-consolidated
muds, silts to sands. Their stratigraphic relation
to the glaciofluvial succession places their dep-
osition into glaciation (Sifrer, 1965). Glacial de-
posits are spread on the saddle that closes the
Modrejce Valley to the west (Fig. 2) up to about

280 m a.s.l. and form morainic ridges, whose out-
crops show loose glacial deposits. Here, a thin
soil (about 10 cm) developed on them and the de-
posit lacks any considerable sign of weathering.
The shape of these moraines indicates they are
well preserved, and their minimal weathering
is similar to that of the LGM glacial deposits in
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the nearby area (Monegato et al., 2007; Zebre et  cession and at different elevations up to about
al., 2013; Colucci et al., 2014), suggesting a com- 500 m a.s.l,; they were likely deposited in differ-
parable young age. Cemented and weathered ent phases of glacial advance during the LGM or
glacial deposits are also present within the suc-  earlier (Sifrer, 1965).

Fig. 4. Three-dimensional view of the Modrejce Valley with main landforms from the Fig. 3 (M — moraine, T4, T5S and T10S
— terraces) and locations of the photos from Fig. 5. Digital orthophoto (Public Information of Slovenia, the Surveying and
Mapping Authority of the Republic of Slovenia, DOF, 2011) is draped over LiDAR-based DEM (Ministry of the Environment
and Spatial Planning, Slovenian Environment Agency, 2011).

- 2o ) / ! Y

Fig. 5. Field photos of the Modrejce Valley landforms. A — Moraine, terraces and colluvial fan on the NE slopes of the valley. B —
Moraines on both sides of the valley (photo taken from the NE side). C — Talus slope with corresponding scree deposits outcrop-
ping in a quarry on the NE slopes. D — Talus slopes above the moraine on the NE side. See Fig. 4 for locations of the photos.
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Quaternary deposits and landforms
of the Modrejce Valley

The Modrejce Valley is a tributary valley of the
Soca Valley, running between the Bucenica and
Mrzli vrh hills northwest of Most na Soci (Fig. 2).
The Modrejce Creek runs through the valley. The
bedrock on the NE slopes consists of platy Volce
limestone with chert (Upper Cretaceous; Coni-
acian — Campanian), which is separated by the
dextral strike-slip Idrija Fault from the coarse-
grained limestone breccia with intercalations of
flysch (Upper Cretaceous; Maastrichtian) build-
ing the bedrock on the SW slopes (Buser, 1987).
The valley hosts glacial sediments, as well as gla-
ciofluvial and scree deposits (Sifrer, 1965).

Ten terrace-like surfaces separated by steps
and cliffs were mapped on the hillslopes of the
Modrejce and Soca valleys between 170 and 250 m
a.s.l. (Figs. 3 and 5A). These surfaces are tens of
meters wide and are not flat like common terrac-
es; they instead slope gradually (5-15°) towards
the valley bottom, in contrast to the steep slope of
the valley flanks. The related deposits are partial-
ly covered by colluvial fans and aprons. Moraines
are present at higher elevations (250-280 m a.s.l.)
and characterize the saddle closing the Modrejce
Valley to the west (Figs. 3 and 4). Talus is present
at even higher elevations (Figs. 3A and 5C, D).

The cliffs expose a complex series of Quater-
nary clastic deposits of mostly sandy conglom-
erates to gravels (Gh, Gp, Gt, Gem) intercalated
with layers of sandstones, sands (Sm, Sh, Sr) and
silts (F1, Fsm) (Fig. 6A-I). Local clast-supported
to matrix-supported coarse breccias (Dcs, Dem,
Dcg) are interbedded. Matrix-supported diamic-
ton (Dmm, Dms) characterizes some thick layers.
The prevailing lithology of the clasts is limestone,
whereas other lithologies occur including chert,
cherty limestone, red marly limestone (Scaglia
Rossa Formation), sandstone with mica, green
marl and dolostone. Layers are mostly sub-hori-
zontal; in some outcrops the bedding gently dips
SE, WNW or SWS. Cross-bedding dips W to SW,
indicating the transport from E and NE.

The mapped deposits in the Modrejce Valley
can be divided into five facies associations (FA)
(Fig. 3B) according to their lithologic properties
and their stratigraphic relations.

The FA-A consists of horizontal- to cross-bed-
ded sandy gravels (Gh, Gp) with beds of crude-
ly bedded gravels (Gem) (Fig. 6A-B). Clast-size
ranges from fine grained pebble to cobble and
even small boulders occur. Gravels are poorly
sorted and clast-supported; they are mostly ce-
mented but with some loose gravel layers. Clasts

are sub-angular to rounded, mostly sub-rounded
clasts prevail, some layers of prevailing rounded
or sub-angular clasts occur. Lenses of massive
silt and sand (Fsm, Sm) are interbedded.

The FA-A can be associated with fluvial dep-
osition. The sedimentary structure with horizon-
tal- and cross-bedding is typical for braided riv-
er deposits (Miall, 2006); however, the variation
in roundness between subangular and rounded
clasts stands in contrast to the fluvial environ-
ment typical of the So¢a River during a warm
period. The Soc¢a River flows along its valley for
about 60 km before reaching the investigated lo-
cation, and its Holocene gravels are well round-
ed. Cross bedding in outcrops below T10 and T4
indicates the sediments were mostly deposited
from E, NE and SE, which points to the Soca
Valley. Also, the lithological composition of clasts
indicates paleo-Soca provenance. Local sedi-
mentation by the Modrejce Creek is therefore ex-
cluded. Based on the roundness of the clasts and
the largely poorly sorting we interpret the FA-A
as glaciofluvial, related to the outwash stream of
the Soca Glacier close to the valley slope.

FA-B is represented by a coarsening upward
succession from laminated or massive silt (FI,
Fsm) to cross-bedded conglomerates (Gp), out-
cropping on both sides of the Modrejce Valley (Fig.
3B). Thick lenses of horizontal- and cross-lami-
nated sands (Sh, Sr) and silts (F1) with angular to
sub-rounded dropstones up to 10 cm in size (Fig.
6D) occur below T4. Sand ripples (Sr) are visible
in some parts of these layers. A succession con-
sisting of horizontal-laminated silt to sand (F1,
Sh) up to 2 m thick crops out in the cliff below
T10 on both sides of the Modrejce Valley (Fig. 6E-
G). There, silts and sands occasionally include
sub-angular to rounded dropstones up to 2 cm in
size. Laminas of sandstone with sand ripples (Sr)
are locally present within loose sand. The suc-
cession shows reverse gradation from silts at the
bottom to fine and coarse sands towards the top.
Although not continuously exposed, the lateral
extent of this succession can be followed in the
southern cliff for some 150 m. The fine-grained
succession is overlain with fine grained conglom-
erates (Gp, Gh), followed by coarser grained con-
glomerates (Gp, Gh), with angular to sub-round-
ed clasts. The cross-bedding dips about 30° to the
SW (Fig. 6H).

The finer layers of laminated silt and sand with
dropstones and sand ripples (FA-B) intercalated
within the FA-A are interpreted as lacustrine to-
esets and bottomsets. Since they occur within the
glaciofluvial succession and include dropstones
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they are likely related to a glaciolacustrine en-
vironment. Moreover, the thicker succession of
reverse grading silts and sands in the cliff be-
low T10S followed first by cross-bedded sandy
conglomerates dipping towards the SW and then
horizontal- to cross-bedded sandy conglomerates
likely indicate toeset to foreset transition in a
Gilbert-type delta succession (e.g. Nemec, 1990)
at the margin of the glacier in a southwestward
progradation during glacial advance.

Fig. 6.

FA-C consists of layers of sandy breccia (Dcs,
Dcm) occasionally present as interbedded layers
within sandy conglomerates of FA-A. The sandy
breccia is poorly sorted and clast supported, with
angular to sub-rounded clasts, where sub-angu-
lar clasts prevail (Fig. 6C). In one case, we found
facies of boulder size breccia without matrix
(Dcg), filling the depression in FA-A in a cliff
below T4. This breccia is massive, clast-support-
ed, cemented and normally graded (Fig. 6J). The
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clasts are angular to rounded, while sub-angular
clasts prevail. Clasts range in size from 10 cm to
more than 1 m.

Layers of sandy breccia may be interpret-
ed either as facies of glaciofluvial deposits or as
slope deposit. In some cases, the dipping of lay-
ers towards S (towards the bottom of the val-
ley) suggests deposition from the slopes. Facies
of boulder-size breccia without matrix (Dcg) is
peculiar in the system in view of the large size

of the clasts and the absence of matrix. Due to
the normal grading and roundness of the clasts
we assume these deposits were formed by slope
redeposition. The slope material likely originated
from older glacial or periglacial sediment higher
on the slopes, since some clasts within this FA
are sub-rounded. Therefore, short gravity slope
material was likely mixing with glaciofluvial
material.

Fig. 6.
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Fig. 6. Outcrops visible on the cliffs of the Modrejce Valley (A-D and J: cliff below terrace T4; E-I: cliff below terrace T10S;
K-O: cliff below moraine; P: top of moraine). A — Silt and sand (Fsm, Sm) interbedded with cemented sandy gravel (Gem,
Gh). B - Sandy conglomerate with cross-bedded structure (Gp). C — Sandy breccia (Dcm). D — Horizontally laminated silt to
sand with dropstones (F1, Sh). E — Horizontally laminated silt (F1) to sand (Sh, Sr) overlaid with sandy conglomerate (Gcm).
F - Sand with scattered pebbles (Sm). G — Laminated sandstone (Sh) overlaid with sandy conglomerate (Gh). H - Horizontally
laminated sand (Sh) overlaid with cross-bedded sandy conglomerate (Gp). I - Vertical coarse grading of horizontal- and cross-
-bedded sandy conglomerate (Gh, Gp). J — Boulders without matrix filling the depression over sandy conglomerate (Dcg). K
— Horizontally-bedded coarse sandy gravels (Gh). L. — Massive sandy breccia with chaotically oriented angular clasts (Dcm).
M - Massive sandy conglomerate (Gem). N — Contact between sandy breccia below (Dms) and sandy conglomerate (Gh) on top.

O and P - Matrix supported, massive diamicton (Dmm).

FA-D is a complex association consisting of
prevailing sandy breccia (Dem, Des, Dmm, Dms)
interbedded with sandy conglomerates (Gh,
Gcm). Alternating stratified (prevailing; Decs,
Dms, Gh) and massive facies (Dmm, Dem, Gmm,
Gcm) occur and clast-supported (prevailing;
Dcm, Des, Gem, Gh) and matrix-supported fa-
cies (Dmm, Dms, Gmm) are present (Fig. 6K-N).
Sandy breccia is poorly sorted, clast supported,
with angular to rounded clasts, where angular
to sub-angular clasts prevail. In parts, it con-
sists of horizontally-bedded sandy breccia with
fine-grained horizons (average clast size 2-8 mm,
maximum 1 cm) and coarse-grained ones (aver-
age clast size 2 cm, maximum 15 cm) (Fig. 6K). In
other parts, the sandy breccia is massive (Dcm),
clast supported, with fine grained gravel and
sand as a matrix and chaotically oriented angu-

lar clasts of up to 50 cm in size (Fig. 6L). Boulders
more than 1 m occur locally within the breccia.
Occasionally, the breccia is replaced by massive
to stratified, poorly sorted and clast supported
sandy conglomerates (Gh, Gcm), with angular
to rounded clasts, with sub-rounded clasts pre-
vailing (Fig. 6M). Interbedding between prevail-
ing stratified and less often massive structure,
clast- and matrix-supported structure, breccia
and conglomerates, continues through this part
of the Modrejce succession. The prevailing li-
thology of the clasts is limestone, whereas marls
and limestone with chert are also common, and
other lesser lithologies include red marly lime-
stone (Scaglia Rossa Formation), sandstone with
mica, green marl and dolostone. Layers are most-
ly sub-horizontal, with occasional SE dipping
layers also outcropping. The deposits of this FA
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are cemented, and clasts, which are composed of
clastic rocks partially weathered in otherwise
not pedogenized deposits.

The mixing association FA-D crops out in the
cliff below the moraines and indicates a contin-
uous change in the depositional mechanism from
glacial (massive, matrix-supported sandy breccia
to conglomerate with chaotically oriented clasts)
to glaciofluvial (stratified, clast supported, poor-
ly sorted conglomerates), where the glaciofluvi-
al may be related to the proglacial or subglacial
streams.

FA-E consists of facies of massive and ma-
trix-supported silty to sandy diamicton (Dmm)
with boulders (Fig. 60), with local lenses of mas-
sive sand (Sm) and gravels (Gmm). This diamic-
ton has angular to rounded clasts, some of which
are striated and polished. The deposit is nor-
mally- to over-consolidated towards the bottom.
Clasts have not developed weathering rings, and
deep weathering structures are absent, with only
a thin layer of soil (roughly 10 ¢cm) developed on
these deposits.

The FA-E characterizes the uppermost depos-
its, which are interpreted as a glacial till and are
morphologically represented by lateral moraines
present at 250-280 m a.s.l. in the Modrejce Val-
ley; these belonged to the sedimentation by the
two lobes of the Soc¢a Glacier surrounding Mount
Bucenica (Fig. 2).

Our interpretations of the depositional en-
vironments of FA-A, FA-B, FA-D and FA-E are
consistent with earlier interpretations by Si-
frer (1965). At several points in the Soca Valley,
between Tolmin and Most na Soé¢i, Sifrer also
noted that certain terraces include sediments
with different genesis and that these sediments
do not correspond to the individual terrace as
a landform, since the terrace landforms are cut
into older sediments. Likewise, geomorphologi-
cal evidence indicates that terrace-like surfaces
T4-T10 in the Modrejce Valley are not related to
glaciofluvial deposits exposed in the cliffs. The
studied glaciofluvial succession was deposited
from the bottom of the valley upwards, regard-
less of the terrace levels, as suggested by a gla-
ciolacustrine layer 2 m thick outcropping in the
cliff below T10S on the southern side, and below
T7 on the northern side of the valley. In contrast,
fill terraces would each be composed of mate-
rial of the same sedimentary facies origin and
the uppermost terraces would include the old-
er deposits. This suggests that the terrace-like
surfaces T4-T10 in Modrejce are likely erosional
landforms.

Since glaciofluvial deposits were overrun by
the glacier, terrace-like landforms were proba-
bly cut into glaciofluvial and glaciolacustrine de-
posits by subglacial erosion and mostly by sub-
sequent post-glacial fluvial erosion, additionally
reshaped by ongoing slope processes. Any sedi-
ments related to glacial and post-glacial fluvial
erosion processes were not preserved in the ex-
posed cliffs below terrace-like surfaces, except
for the glacial deposits in the uppermost flat area
(FA-E). However, they could be present on top
of the terrace-like surfaces, but due to the lack
of outcrops there, this cannot be verified with-
out invasive research techniques. Furthermore,
any sediments from this period would be bur-
ied near the slopes by the younger colluvial fans
and aprons visible in the geomorphology (Fig. 3).
Based on the geomorphological evidence alone,
it could be speculated that post-glacial erosion
may have created two paired and eight unpaired
terrace-like surfaces. Their relationships are not
clear due to the complex depositional and ero-
sional history of the valley. The erosional pro-
cesses were likely partly impacted by the lith-
ological changes between glaciolacustrine and
glaciofluvial deposits, promoting steep slopes in
coarse-grained cemented units.

The lowermost terraces T0-T3 were not sub-
jected to detailed sediment mapping. Based on
spatial distribution, T1-T3 landforms are more
likely fluvial terraces. T0 is one of a few broader
Soca terraces (Sifrer, 1965).

Evolution of Quaternary sedimentary
environment in the Modrejce Valley

The stratigraphic architecture of the Modre-
jce Valley deposits suggests that several phases of
deposition and erosion occurred during the late
Quaternary. The glaciofluvial environment (FA-
A) related to the Soca Glacier was occasionally
mixing with short-period (glacio)lacustrine (FA-
B) and the slope deposition environment (FA-C).
Towards the top of this succession, the glaciola-
custrine delta deposits (FA-B) indicate the close
proximity of the glacier. The succession continues
with the glacial deposition in exchange with the
glaciofluvial one (FA-D). The overall succession
was buried by glacial deposits (FA-E). The sub-
sequent incision of the Modrejce Valley was char-
acterized by slope deposition, which continues to
this day. The entire studied succession, except for
the covering slope deposits, was therefore depos-
ited during cold phases and recorded fluctuations
in the glacier terminus position around Tolmin
and Most na Soc¢i. Phases of glacial advance and
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Fig. 7. Reconstruction of sedimentary phases showing the unique situation in the Modrejce Valley.

retreat were already proposed in this area by Si-
frer (1965), based on geomorphic and sedimento-
logical records in the Soca Valley (Fig. 2).

The sedimentological and geomorphic records
presented in this study show that the succession
was likely deposited over the course of at least
two different glacial phases (Fig. 7). In the later
glacial phase, FA-E was deposited. Its degree of
weathering (shallow soil, absence of deep weath-
ering structures such as deep soil or cryoturba-
tion and no weathering rings on clasts), the ab-

sence of cementation and the preservation of
landforms (moraines present, with no erosion fea-
tures developed on their surfaces) in the Modre-
jce saddle point to the LGM age. Similar type of
landforms that have been clearly attributed to the
LGM remain preserved in the south-eastern Al-
pine valleys (e.g., Pellegrini et al., 2005; Ravazzi
et al.,, 2012; Colucci et al., 2014). One of the mod-
eled extents of the LGM glaciation by Seguinot et
al. (2018) also nearly reached Tolmin and is thus
roughly in agreement with our estimation. In an
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earlier glacial phase, FA-A to FA-C were deposit-
ed during the glacier retreat phase and FA-D de-
posited during the following glacier advance into
the Modrejce Valley. In view of the overall cemen-
tation of FA-A to FA-D, the presence of partly
weathered clasts of clastic rocks in otherwise not
pedogenized glacial diamicton (Dmm) in FA-D
and the absence of related landforms it is likely
that deposition of these successions occurred be-
fore the LGM and that successions were subse-
quently covered by lodgment till deposits (e.g., Re-
itner and Draxler, 2002). The succession of FA-A
to FA-D was then eroded during the subsequent
interglacial/interstadial phase and carved by
the Soc¢a Glacier during the last glacial advance,
when moraines (FA-E) were settled all along the
flat areas of the Modrejce Valley. During the Late
Glacial, the succession was eroded again as a re-
sult of post-glacial processes; small flat surfaces
were shaped into a staircase-like slope. During
the Holocene, a final slope/scree deposition was
established and continues to this day.

Similar slope developments as in Modrejce
Valley can be observed in post-glacial incisions
in Alpine valleys (e.g. Ravazzi et al., 2012; Reitner
et al., 2016). However, it is a rare case that older
deposits have been preserved in such abundance
after the interglacial / interstadial erosion phase
and the subsequent glacial accumulation and
erosion phase. The conservation capacity of older
loose and poorly cemented sediments during gla-
cial erosion is negligible, everywhere in similar
environments in the Alpine region. The excep-
tional case in our study could be due to the shel-
tered position of Modrejce Valley in the passage
between the hills Bucenica and Mrzli vrh, which
was located outside the two main erosion corri-
dors of the Soca Glacier, which split and encased
around Bucenica (Fig. 2). Our interpretation of
the depositional records thus represents a new
and original contribution to the understanding of
glacial and post-glacial landscape development.

Our reconstruction implies that the last, as
well as one of the earlier glaciations reached
the Most na So¢i area, as suggested by Sifrer
(1964/1965) and even earlier studies (Briickner,
1891; Tellini, 1898; Penck & Briickner, 1901-1909;
Feruglio, 1925; Winkler, 1931; Melik, 1954). Since
our provisional age estimates are based on com-
parisons of qualitative data, further quantitative
chronological indications are needed to better
narrow and constrain the age of these glacial ad-
vances, which information would cast new light
on the geomorphological evolution of the Most na
Soci valley knot.

Conclusions

Our study of the Quaternary deposits in the
Modrejce Valley offers new insights into the ex-
tent of glaciation in the Slovenian Alps, espe-
cially in the Soc¢a Valley. The Quaternary sedi-
mentary environment in this area developed in
response to glacial dynamics from glaciofluvial,
glaciolacustrine and slope intercalation to gla-
cial deposition. Depositional records of glacio-
fluvial, glaciolacustrine and glacial sedimen-
tation in the Modrejce Valley are related to the
Soca Glacier and show that the glacier reached
the Most na Soc¢i area twice in the late Quater-
nary. The investigated succession was deposited
over the course of two different glacial periods,
which we interpreted as LGM and pre-LLGM gla-
ciation. The glacial and glaciofluvial deposits
from the earlier phase are abundant, despite the
subsequent glacial overflow in the LGM. This
is probably due to the unique sheltered position
of Modrejce Valley, which was outside the main
erosional path of the Soc¢a Glacier. Such sites are
of crucial importance for the study of alpine gla-
cial history. Further work with absolute dating
methods is necessary to narrow the age of these
glacial advances.
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Izvlecéek

Predstavljamo in opisujemo valanginijsko-hauterivijsko zdruzbo heteromorfnih amonitov (Ancyloceratina)
iz najdisca juzno od LeS nad dolino reke Meze (Severne Karavanke). Amoniti so bili najdeni v apnencu tipa
pelagi¢ni mudstone. Preiskave heteromorfnih amonitov so pokazale prisotnost zna¢ilnih spodnjekrednih vrst
Himantoceras trinodosum (zgornji valanginij) in Crioceratites cf. nolani (hauterivij). S prisotnostjo Se drugih
amonitov z LesSkega najdis¢a smo biostratigrafsko potrdili spodnjekredno starost zbrane favne v Severnih
Karavankah. Enako pa tudi prvi¢ potrdili prisotnost heteromorfnih amonitov v Sloveniji.

Abstract

The paper deals with newly discovered Valanginian-Hauterivian fauna of heteromorphic ammonites
(Ancyloceratina) from locality south of the village of LeSe above the Meza River valley (North Karavanke
Mountains). Fossils were recovered from the pelagic limestone. Among the studied heteromorphic ammonites
are Lower Cretacaoeus species Himantoceras trinodosum (Upper Valanginian) and Crioceratites cf. nolani
(Hauterivian). Based on the accompanied ammonites (Ammonitina) from the outcrop, we biostratigraficaly
confirm the presence of Lower Cretaceous ammonites fauna in the Northern Karavanke Mountains. This is also
the first report on heteromorphic ammonites in Slovenia.

Uvod

Obmocje Severnih Karavank je bilo v prete-
klosti veckrat geolosko kartirano in prouceno,
predvsem zavoljo blizine rudnika v Mezici (Stru-
cl, 1961; Strucl, 1970). V zadnjem desetletju so ob-
mocje juzno od reke Meze raziskovali tudi zbiral-
ci fosilov, kjer so juzno od vasi LeSe nasli ostanke
spodnjekrednih fosilov (sl. 1). Predhodne objave
(Ocepek & Krivograd 2018) so kazale na priso-
tnost heteromorfnih amonitov na omenjenem
najdiscu. Poleg heteromorfnih amonitov (Himan-
toceras trinodosum in Crioceratites cf. nolani), ki
jih obravnavamo tukaj, so bili iz najdisc¢a doloce-
ni tudi Se monomorfni amoniti Lytoceras cf. sub-
fimbriatum, ? Lytoceras sp. indet., cf. Neocomites

sp., Olcostephanus (Jeannoticeras) jeannoti, cf.
Olcostephanus (Jeannoticeras) sp., Protetrago-
nites cf. quadrisulcatus, cf. Protetragonites sp.
in Spitidiscus rotula (Ocepek & Krivograd, 2018;
Bricman, 2019). Poleg amonitne favne so bili na
leSkem najdiséu odkriti tudi belemniti, polzi in
aptihi. Tudi preliminarne paleontoloske anali-
ze (Kriznar & Ocepek 2018) so pokazale, da sodi
fosilna favna (heteromorfni amoniti) z Les v ob-
dobje od valanginija do hauterivija. S pri¢ujo¢im
prispevkom zZelimo predstaviti prve najdbe hete-
romorfnih amonitov v Sloveniji, ki so ob pomanj-
kanju mikrofosilov omogo¢ili dolociti starost
plasti iz najdisc¢a.
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Geoloska zgradba LesS z okolico

Zgornjejurske plasti v Severnih Karavankah
na obmoc¢ju Slovenije, natané¢neje med MezZico
in Slovenj Gradcem je prvi opisal Lipold (1856).
Na Crnem vrhu je med drugim nasel nedoloéljive
amonite ter ramenonozce. Leto kasneje je na tem
obmocju raziskoval Rolle (1857), ki je na sever-
nem pobocju Urslje gore odkril siv, rumenkasto
rjav ter rahlo rde¢ apnenec z vmesnimi plastmi
zrnatega apnenca. V teh plasteh je naSel ostanke
amonitov, §koljk in morskih lilij. Pozneje je Teller
(1888) ugotovil, da te plasti pripadajo med dru-
gim tudi zgornjejurskim plastem in pridobljeni
podatki so bili kasneje uporabljeni za izdelavo
geoloske karte v merilu 1:75.000 (Teller, 1898).
O razvoju jurskih plasti med Mezico in Slovenj
Gradcem sta porocala tudi Ramovs in Rebek
(1970). Strucl (1966) pise, da se rdec¢kasto rjavi
gomoljasti apnenci, ki prevladujejo v zgornjem
delu jurske skladovnice ter lapornati apnenci in
laporji pojavljajo na SirSem prostoru meziskih
rudnikov.

Zgornjejurske in spodnjekredne plasti v Se-
vernih Karavankah sta v svojem delu podrobneje
opisala Mio¢ in Sribarjeva (1975). Litolosko sta
te plasti opisala kot ploscaste laporaste mikritne
apnence s pelagi¢no mikrofavno, ki je bila zaradi
odsotnosti jasnih litoloSkih znacilnosti klju¢na
za stratigrafsko umestitev teh plasti. Kamnine
iz ¢asa pozne jure/zgodnje krede sta umestila v
tretji horizont jurskih kamnin, ki ga po njunem

sestavljajo sivkasto zeleni ter rdeckasto rjavi
ploscasti laporasti mikritni apnenci s polami ter
gomolji roZzenca. Na osnovi kalpionel sta v tem
horizontu loc¢ila §tiri kalpionelidne cone in sicer:
Crassicollaria, Calpionella, Calpionellopsis in
Calpionellites cone. Te zavzemajo casovni raz-
pon od poznega tithonija do vklju¢no valanginija
(Mio¢ & Sribar, 1975) na osnovi prisotnosti vrst
Calpionella alpina Lorenz, Calpionella elliptica
Cadisch in Tintinnopsella carpathica (Murgea-
nu & Filipescu). Ker Mio¢ in Sribarjeva (1975) v
plasteh domnevno zgornjejurskega apnenca nista
na$la makrofavne in je sediment le drobnozrnat,
sta predvidevala, da so se apnenci odlagali v glo-
bokomorskem okolju z nizko energijo. Na globo-
komorsko okolje nakazuje tudi prisotnost rozen-
ca.

Kasneje je bila v okviru Geoparka Karavan-
ke izdelana geoloska karta (Polting & Herlec,
2012), ki zajema tudi geolosko zgradbo okolice
LeS. Polting in Herlec na obmoc¢ju Severnih Ka-
ravank prikazujeta spodnjekredne plasti, ki jih
imenujeta sive plasti z aptihi (Polting & Herlec,
2012). Apnenec je verjetno ekvivalent kamninam
Schrambach formacije v Avstriji (Lukeneder,
2004).

Leta 2018 sta lokalna zbiralca Ivan Ocepek
in Franc Krivograd objavila ¢lanek o spodnje-
krednih fosilih z Le$ pri Prevaljah (Ocepek &
Krivograd, 2018). Ocepek in Krivograd (2018) sta
v delno opuscenem lokalnem kamnolomu nasla

2km

PREVALJEV
> )

Legenda / Legend:

D Norijski dolomit

Norian dolomite

Retij, jura, sp. kreda (zelena)
Rhaetian, Jurassic,

L. Cretaceous (green)
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Thrust

Miocen
Miocene
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==~__| Covered Fault

Sl. 1. Geografska lega in poenostavljena geoloska karta okolice najdisc¢a spodnjekredne favne pri Lesah. Prirejeno po Ramovs

& Rebek (1970).

Fig. 1. Geographic position of fossil site and simplified geological map of the Lower Cretaceous outcrop near Lese. Modified

after Ramovs & Rebek (1970).
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Sl. 2. Izdanek (manj$i kamnolom) juzno od Le$ pri Prevaljah z oznacenim polozajem posnetih profilov (A, L1 in L2). Po

Bricman (2019).

Fig. 2. Outcrop (small quarry) south of LeSe near Prevalje with position of the measured sections (A, L1 and L2). After Bricman

(2019).

ostanke amonitov, polzev, belemnita ter redke
aptihe. Prvi¢ iz obmoc¢ja Slovenije omenjata in
prikazujeta tudi ostanke heteromorfnih amo-
nitov (Ocepek & Krivograd, 2018). Prve preli-
minarne dolo¢itve njunih najdb heteromorfnih
amonitov sta predstavila tudi Kriznar in Ocepek
(2018).

Bricman (2019) je posnel zaporedje v kamnolo-
mu (sl. 2). Poudariti je potrebno, da so bili vsi naj-
deni ostanki amonitov odkriti na sekundarnem
mestu, pod raziskanimi profili, ki jih je obdelal
Bricman (2019). Nasel je slabo ohranjene ostrako-

de, radiolarije, foraminifere in redke kalpionele,
med katerimi je dolocil vrsto Calpionella alpina
Lorenz (Bricman, 2019). Kamnino je opredelil
kot pelagi¢ni mudstone.

Material in metode

Skupno 46 preiskanih primerkov amonitov je
del paleontoloske zbirke Ivana Ocepka s Prevalj.
Posamezni primerki heteromorfnih amonitov je
mehansko prepariral I. Ocepek. Biostratigrafsko
razclenitev (sl. 3) smo povzeli po Grin & Blau
(1997), Pop (1997) in Lukender (2004). Fotografije
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obravnavanih primerkov so bile posnete s fotoa-
paratom Nikon D7200 in objektivom AF-S Micro
NIKKOR 60mm £/2.8G ED v fotografskem stu-
diu Prirodoslovnega muzeja Slovenije. Digitalna
obdelava fotografij je bila opravljena s pomocjo
programa Adobe Photoshop Lightroom 6.

Paleontoloski del

Razred: Cephalopoda Couvier, 1798
Podrazred: Ammonoidea Zittel, 1884
Red: Ammonitida Hyatt, 1889
Podred: Ancyloceratina Wiedmann, 1966

Superdruzina: Ancyloceratoidea Gill, 1871
Druzina: Crioceratitidae Wright, 1952
Poddruzina: Crioceratitinae Wright, 1952
Rod: Crioceratites Léveillé, 1837

Crioceratites cf. nolani (Kilian, 1910)
(Tab. 1, sl. 1-3)

1983 Crioceratites (Crioceratites) nolani —
Adamikova et al., str. 602, Tab. 2, sl. 1.

1983  Crioceratites (Crioceratites) nolani —
Vasicek et al., Tab. 1, sl. 6.

1986  Crioceratites (Cr.) nolani — Vasicek. &
Michalik, str. 452, Tab. 1, sl. 1.

1992  Crioceratites nolani — Ropolo & Salomon,
str. 210, Tab.1, sl. 1.

2006 Crioceratites nolani — Lukeneder &
Aspmair, str. 76, Tab. 5, sl. 10-11.

2009 Davouxiceras nolani — Vasicek et al.,

str. 137, Tab. 4, sl. 2.

Material: Dva primerka iz profila A in L1; prvi
primerek (Tab. 1, sl. 1, 2) je sestavljen iz izboce-
nega (pozitivnega) dela ter (negativnega) odtisa.
Fragmokon je skoraj v celoti ohranjen, manjka le
srednji del zadnjega zavoja. Zacetni del prekri-
va kamnina; fragmokon je limonitiziran. Drugi
primerek (Tab. 1, sl. 3) ima obliko fragmokona v
celoti ohranjeno. Del fragmokona, predvsem nje-
gov zacetek prekriva kamnina; fragmokon je li-
monitiziran.

Opis: Fragmokon je planispiralno zavit, de-
voluten, v stranskem pogledu elipti¢ne oblike, v
frontalnem pogledu platikoni¢en. Pre¢ni presek
zavojev je kroglast. Visina zavojnice konstantno
in enakomerno naras$c¢a. V zacetnem (prvo vi-
dnem) delu je visoka 3 mm, na koncu zadnjega
zavoja 23 mm. Na zunanji povrs$ini fragmokona
so vidna glavna (tuberkulatna) rebra, med kate-
rimi je vidnih <10 plitvej$ih reber. Razdalja med
glavnimi rebri je 15 mm, medtem ko so vmesna
rebra po 1 mm narazen. Rebra potekajo pravo-

kotno na smer zavojnice. Rebra so tudi rahlo iz-
bocena (konveksna) proti ustju. Poleg reber so
ventralno namesc¢ene bodice. Anteriorno so bo-
dice rahlo konkavne, skoraj ravne, zadnja stran
pa je nekoliko bolj izrazito ukrivljena. Bodice
so razporejene v ve¢jih razmikih kot rebra — dve
bodici, ki sta vidni v zadnjem zavoju, sta 21 mm
narazen in merita 9 mm v visino (Tab. 1, sl. 1, 2).

Razprava: Ker ni mogoce natan¢no dolociti Ste-
vila majhnih radialnih reber med tuberkulatnimi
rebri, primerkov ne moremo popolnoma natanc¢no
vrstno opredeliti. Primerka kazeta podobnosti z
vrstama C. nolani in C. duvali, ki se loc¢ita po Ste-
vilu medtuberkulatnih reber. Ta so pri C. duvali
bolj izrazita ter bolj zavita kot pri C. nolani. Cri-
oceratites nolani ima hiSico bolj elipti¢ne oblike.
Drugi primerek (Tab. 1, sl. 3) je glede na morfolo-
gijo zavojev podoben primerku vrste C. loryi, ki
je prikazan v delu Vasicek & Michalik (1986, 451,
tab 1., sl. 4). Primerka sta bila opredeljena kot C.
cf. nolani zaradi nekoliko slabse ohranjenosti hi-
Sic in neznacilnih bodic, ¢eprav je tudi vrsta C.
nolani morfolosko zelo heterogena.

Geografska razs§irjenost in stratigrafski raz-
pon: Vrsta Crioceratites nolani je pogosta v
Franciji (Charollais et al., 1993; Reboulet & At-
rops, 1999), Slovaski - zahodni Karpati (Vasicek
& Michalik, 1986; Vasicek, 2002, 2005), Italiji -
Dolomiti (Lukeneder & Aspmair, 2006), Avstri-
ji - Severne ApneniSke Alpe (Lukeneder, 2004,
2014), Srbiji — Stara Planina (Vasicek et al., 2009).
Vrsta se pojavlja od srednjega dela spodnjega ha-
uterivija (Reboulet & Atrops, 1999; Lukeneder,
2004; Vasicek et al., 2009) do spodnjega barremi-
ja (Vasicek et al., 1983). Vecina avtorjev opisuje
vrsto C. nolani kot tipi¢no hauterivijsko vrsto.

Crioceratites sp. ex gr. nolani (Kilian, 1910)
(Tab. 1, sl. 4)

Material: En primerek iz profila L1; del zavo-
ja, prekinjen s kalcitno zilo; povrS$ina je limoniti-
zirana, ponekod prekrita s kamnino.

Opis: Viden je moc¢no ukrivljen devoluten fra-
gmokon, ki se proti ustju Siri. Prvi vidni del je
Sirok 17 mm, zadnji vidni del pa 27 mm. Na po-
vrsini fragmokona se pojavljajo rahlo izbocena
rebra z medsebojno razdaljo 1,5 mm. Rebra so
pravokotna na ukrivljenost zavoja. Proti koncu
vidnega dela je mocnejSe rebro, ki je vidno tudi
na ventralnem delu fragmokona. Na ventralnem
delu sta prav tako vidni dve bodici, ki nista v ce-
loti ohranjeni. Razdalja med bodicama je 29 mm.
Proksimalna (notranja) bodica je na zacetku rasti
Siroka 2,5 mm.
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Tabla 1 — Plate 1

Heteromorfni amoniti iz spodnjekrednih plasti pri LeSah / Heteromorph ammonites from Lower Cretaceous beds at LeSe.
1-2 Crioceratites cf. nolani (Kilian, 1910). Profil A / Section A.

3 Crioceratites cf. nolani (Kilian, 1910). Profil L1 / Section L1.

4 Crioceratites sp. ex gr. nolani (Kilian, 1910). Profil L1 / Section L1.

5 ? Crioceratites sp. A. Profil A / Section A.

Merilo / Scale bar 10 mm.
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? Crioceratites sp. A
(Tab. 1, sl. 5)

Material: En primerek iz profila A; ohranjen je
le obod zavoja v pre¢nem preseku. Fragmokon je
limonitiziran.

Opis: Fragmokon je v pretnem preseku na
ventralni strani Siroko zaobljen, dorzalno pa se
z0zi. Sama lupina je debela 5 mm na proksimal-
ni strani in le 2 mm na distalni strani. Na obeh
zgornjih robovih zavojnice sta vidni bodici, ki
nista ohranjeni v celotni visini.

Razprava: Zaradi slabe razgaljenosti ostanka
ni mogoc¢a natan¢na taksonomska opredelitev.
Na podobnost z rodom Crioceratites kazejo bodi-
ce, podobno kot ostali primerki uvrsceni v ta rod
z Leskega nahajalisca.

Druzina: Himantoceratidae Dimitrova, 1970
Rod: Himantoceras Thieuloy, 1964

Himantoceras trinodosum Thieuloy, 1964
(Tab. 2, sl. 1-3)

1964 Himantoceras trinodosum nov. sp. -
Thieu loy, str. 206, Tab. 8, sl. 1a, 1b.

1996 Himantoceras trinodosum - Reboulet,
str. 344, Tab. 25, sl. 6-11.

2003 Himantocerasct.trinodosum -Lukeneder,
str. 186, Tab. 2, sl. 5-7.

2005 Himantoceras trinodosum - Vasicek,

str. 250. Tab. 4, sl. 3-4.

Material: Trije primerki vsi iz profila A; pri
prvem (Tab. 2, sl. 1) je ohranjen le del zavoja,
povrSina je limonitizirana, ponekod prekrita s
kamnino. Drugi primerek (Tab. 2, sl. 2) ima zelo
dobro ohranjen del zavoja, ob robu je vidna limo-
nitizacija. Tretji (Tab. 2, sl. 3) ima delno ohranjen
del zavoja. Na robovih primerka je vidna limoni-
tizacija.

Opis: Fagmokon je rahlo ukrivljen in devolu-
ten. Pri prvem primerku je Sirok 9 mm. Vidna so
rahlo zavita rebra. Razmak med njimi je 1,5 mm.
Pri drugem primerku (Tab. 2, sl. 2) so vidna izra-
zito izbocena rebra, ki so proti ventralnemu delu
rahlo zavita. Razdalja med njimi je enakomer-
na in znasa 2 mm. Na notranjem delu zavoja ni
vidnih reber, medtem ko se na ventralnem delu
jasno vidijo. Sirina zavoja je enakomerna in zna-
Sa 12 mm. Pri tretjem primerku (Tab. 2, sl. 3) je
viden rahlo zavit, enakomerno visok zavoj, kate-
rega viSina znasa 25 mm. Frontalno gledano ima
na desni strani vidna tri do §tiri srednje izrazita
rebra. Razdalja med njimi je 3 mm. Rebra so pra-

vokotna na obliko zavoja ter niso ukrivljena.

Razprava: Zaradi gostih, enakomerno razpo-
rejenih in zavitih reber, zavoja, ki je devoluten
in rahlo podaljSan ter le rahlo ukrivljen, ostanke
pripisujemo vrsti H. trinodosum.

Geografska razs§irjenost in stratigrafski raz-
pon: Heteromorfna vrsta H. trinodosum se po-
javlja v Franciji (Reboulet & Atrops, 1999; Re-
boulet, 2007), épaniji (Vasicek, 2005; Aguado et
al., 2018), Slovaski - zahodni Karpati (Vasicek &
Michalik, 1986), Avstriji (Lukeneder, 2004; Luke-
neder, 2003) in Bolgariji (Vasicek, 2005).

Vrsta H. trinodosum se na evropskih najdi-
S¢ih pojavlja v zgornjem valanginiju (Vasicek &
Michalik 1986; Reboulet & Atrops, 1999; Vasicek,
2005; Lukeneder, 2003).

Himantoceras cf. trinodosum Thieuloy, 1964
(Tab. 2, sl. 4)

Material: En primerek iz profila A; zavoj je
vmes prekinjen. Povr§ina zavoja je limonitizira-
na.

Opis: Viden je en zavoj; visina fragmokona se
z dolzino veca. Proksimalno je fragmokon Sirok
8 mm, distalno pa 17 mm. Na zunanjem delu za-
voja so vidna proti ustju konveksno ukrivljena
rebra; razdalja med njimi je 1 mm.

Razprava: Zaradi podobne oblike ter rahlo
podaljSanega zadnjega zavoja bi primerek lah-
ko pripadal vrsti H. trinodosum, a zaradi slabo
vidnih reber ter neizrazito podaljSanega zavoja
tega ni mogoce z gotovostjo trditi. Od tukaj naj-
denih primerkov te vrste se razlikuje po razdalji
med rebri, ki je tukaj manjSa. Pri tem primerku
je zavoj tudi bolj ukrivljen kot pri H. trinodosum.

? Himantoceras sp. A
(Tab. 2, sl. 5-6)

Material: Dva primerka iz profila A; prvi (Tab.
2, sl. 5) ima dobro ohranjen del zavoja; povrsina
je limonitizirana, ponekod prekrita s kamnino.
Drugi (Tab. 2, sl. 6) ima slabo ohranjen fragmo-
kon, povrSina je limonitizirana. Zavoj je zlom-
ljen, deloma prekrit s kamnino.

Opis: Ohranjeni del fragmokona je Sirok
14 mm in raven. Vidna so rebra, ki so na eni stra-
ni zavoja konveksno, na drugi konkavno zavita.
Rebra so med seboj oddaljena 1 mm, razdalja
med njimi je enakomerna. Drugi primerek (Tab.
2, sl. 6) ima rahlo zavit fragmokon. Bocno gle-
dano je presek na distalni strani Sirok 18,5 mm,
debelina pa znaSa 7 mm. Na proksimalni strani
je Sirok 20 mm, debelina pa znasa 11,5 mm. Reb-
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Tabla 2 — Plate 2

¥ W

Heteromorfni amoniti iz spodnjekrednih plasti pri Lesah./ Heteromorph ammonites from Lower Cretaceous beds at LeSe.
1-3 Himantoceras trinodosum Thieuloy, 1964.

4 Himantoceras ct. trinodosum Thieuloy, 1964.

5-6 ? Himantoceras sp. A.

7 ? Himantoceras sp. B.

Vsi primerki izhajajo iz profila A / All specimens from section A. Merilo / Scale bar 10 mm.
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ra so vidna, a jih ni mogoce slediti, niti izmeriti
razdalje med njimi.

Razprava: Zaradi fragmentiranosti fosila ni
mogoce lociti zunanjega dela zavoja od notranje-
ga. Glede na postavitev reber, njihove izrazitosti
ter blage ukrivljenosti zavoja menimo, da verje-
tno pripada rodu Himantoceras.

? Himantoceras sp. B
(Tab. 2, s1. 7)

Material: Srednje dobro ohranjen del fragmo-
kona (Tab. 2, sl. 7) iz profila A; viden je predvsem
ventralni del zavoja. Povrs§ina fragmokona je li-
monitizirana.

Opis: Na rahlo ukrivljenem fragmokonu so vi-
dna rahlo izbocena gosta, med seboj enakomerno
oddaljena rebra. Razdalja med njimi znasa 0,5-
0,7 mm.

Razprava: Od primerka ? Himantoceras sp. A
se ta primerek razlikuje po velikosti, ukrivlje-
nosti zavoja ter izrazitosti (vidnih) reber.

Mio¢ & Sribar {Amoniti/ Ammonitinai Heteromorfni amoniti

(Bricman 2019) (to delo/this work)
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Sl. 3. Prikaz stratigrafskega razpona mikrofosilov, amonitov (za Mediteransko conacijo) in heteromorfnih amonitov
(Ancyloceratina) iz najdisca pri Lesah (predvideni stratigrafski razponi). Fosilni ostanki po Mio¢ & Sribar (1975), Kriznar &

Ocepek (2018), Bricman (2019). Ma — milijon let.

Fig. 3. Stratigraphical distribution of the microfossils, ammonites (Mediterranean zonation) and heteromorphic ammonites
(Ancyloceratina) from the Lese locality (possible stratigraphic ranges). Fossil remains after Mio¢ & Sribar (1975) ), Kriznar &

Ocepek (2018), Bricman (2019). Ma — milion yers.
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Razprava in zakljucki

Zbrana in raziskana favna, ki je bila odkrita
juzno od LeS nad dolino Meze, vsebuje prve zna-
ne primere heteromorfnih amonitov v Sloveniji.

Ob redkosti mikrofosilov, so odkriti amoniti
(odkriti na sekundarnem mestu) pomembniza do-
locitev starosti raziskane formacije. Za stratigra-
fijo leskega najdisca sta pomembna oba najdena
rodova heteromorfnih amonitov: Crioceratites in
Himantoceras. Tukaj dolocena vrsta Criocerati-
tes cf. nolani kaze na hauterivijsko starost plasti,
medtem ko je vrsta Himantoceras trinodosum
znacilna za zgornji valanginij. Obe vrsti sta po-
ne Evrope (Vasicek et al., 1983; Vasicek & Mi-
chalik 1986; Reboulet & Atrops, 1999; Lukeneder,
2003; Lukeneder, 2004; Vasicek, 2005; Vasicek et
al., 2009). Preostala amonitna favna iz priblizno
2,4 m debelega profila najdisc¢a (sl. 3) kaze podo-
ben razpon, z izjemo vrste Protetragonites cf. qu-
adrisulcatus, ki je stratigrafsko nekoliko starej-
Sa (zgodnji valanginij) (Reboulet & Atrops, 1999).
Na podlagi doloc¢ene zdruzbe amonitov in kalpi-
onele vrste C. alpina s. 1. (Griin & Blau 1997, Pop
1997) je starost plasti v izdanku uvrs$cena v $irsi
stratigrafski razpon med zgornji del tithonija in
zaCetek poznega hauterivija. Za Se temeljitejSo
stratigrafsko razclenitev nekaj metrskega profila
pa bodo potrebne dodatne raziskave.

Amonitna favna z LeS§ vsebuje vrste znacilne
za Mediteransko bioprovinco in kaze veliko po-
dobnost z najdis¢em Kaltenleutgeben pri Duna-
ju (Lukeneder, 2003). Drugo primerljivo najdi-
Sce lezi v Dolomitih (najdisc¢e Puez) (Lukeneder
& Aspmair, 2006), kjer se med heteromorfnimi
amoniti pojavlja predvsem Crioceratites nolani.
Z leskim najdiSc¢em ga lahko primerjamo tudi v
litoloskem smislu, saj osrednji del italijanskega
najdis¢a kamnine vsebujejo rozence in karbonat-
ne konkrecije, ki pogosto vsebujejo amonitne os-
tanke (Lukeneder, 2004; Lukeneder & Aspmair,
2006).

Lesko najdisce torej dobro dopolnjuje paleon-
tolosko in biostratigrafsko sliko spodnjekredne-
ga okolja Mediteranske bioprovince.

Conclusions

Mesozoic beds south of the Meza River valley
between Mezica and Slovenj Gradec were investi-
gated by numerous geologists (Lipold, 1856; Rolle,
1857; Teller, 1888). Most of the surrounding beds
are mainly Upper Triassic and Jurassic in age,
which are partly covered by Miocene sediments.
Previous biostratigraphical and micropaleonto-
logical investigations indicated the presence of

Lower Cretaceous beds in some outcrops (Mio¢ &
Sribar, 1975) (Fig. 3). In one of the outcrop, within
abandoned local quarry south of Lese (Figs. 1, 2)
good to poorly preserved fossil fauna was col-
lected (by I.0.), represented by ammonites (with
heteromorphic forms), belemites, gastropods and
rare aptychi (Ocepek & Krivograd, 2018; Kriznar
& Ocepek, 2018; Bricman, 2019). In the platy li-
mestone (type pelagic mudstone) remains of hete-
romorphic ammonites (Ancyloceratina) were fou-
nd and taxonomicaly investigated. Himantoceras
trinodosus (Plate 2; Fig. 3) indicates middle part
of the Upper Valanginian (Vasicek & Michalik
1986; Reboulet & Atrops, 1999; Vasicek, 2005; Lu-
keneder, 2003), whereas the second heteromorphic
ammonite Crioceratites cf. nolani (Plate 1; Fig. 3)
is Hauterivian species by most researchers (Re-
boulet & Atrops, 1999; Lukeneder, 2004; Vasicek
et al., 2009). Based on the determined ammoni-
tes and calpionellid species C. alpina s. 1. (Griin
& Blau 1997, Pop 1997) the age of the strata in the
LeSe section is ranged in the late Tithonian — Ha-
uterivian interval. With additional ammonites fa-
una (Bricman, 2019) the Lower Cretaceous beds
from outcrop near LeSe (North Karavanke Mou-
ntains) clearly indicate Valanginian and Hauteri-
vian age (Fig. 3). Further biostratigraphic study
with collecing in this site will probably provide
new data. For now, the LeSe site is the first loca-
tion with heteromorphic ammonites in Slovenia.
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Avtorji se zahvaljujemo in prispevek posvec¢amo
Koroskemu zbiralcu Francu Krivogradu (1941-2020),
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Abstract

In September 1947, South Africa’s most famous geologist, Dr Alexander Logie du Toit, FRS, well known for
his support of the concept of Continental Drift, received a visit from a Slovenian-educated Russian émigré couple,
Vsevolod and Eugenie Gorsky, who were newly arrived in South Africa. Vsevolod, born in what is now Ukraine,
was a mining engineer, geologist and geophysicist with vast experience in the minerals industry, while his wife
Eugenie, born in the Russian Caucasus, was an analytical geochemist. Vsevolod had a brief exchange of letters
with du Toit, seeking his help in obtaining employment in South Africa’s minerals industry. Included in the first
letter to du Toit were detailed curricula vitae of both Vsevolod and Eugenie Gorsky. These detailed CVs allow
us to reconstruct the training (at the University of Ljubljana, under the influence of Russian mineralogist V.V.
Nikitin) and careers of these two earth science professionals in Slovenia and Macedonia, in the early Twentieth
Century, and to follow their peripatetic careers as they left the Kingdom of Yugoslavia before the start of the
Second World War, in Cyprus, Egypt, Tanganyika and South Africa. They ultimately ended up in Brazil in the
1960s and 1970s, and probably retired there. Eugenie was constrained to follow her husband wherever his career
led him, but she always ended up working in most of the countries and places they found themselves in. As a
professional couple who travelled the world, the Gorskys were pioneers in a way of life that is commonplace now
in a globalized world.

Izvlecek

Septembra 1947 jenajslavnejSega geologa Juzne Afrike, dr. Alexandra Logie du Toita obiskal ruski emigrantski
par Vsevolod in Eugenija Gorski, ki je univerzitetne §tudije dokonc¢al v Sloveniji. Du Toit je bil ¢lan AngleSke
kraljeve druzbe in znan po podpori konceptu premika kontinentov. Vsevolod, rojen v danasnji Ukrajini, je bil
rudarski inZenir, geolog in geofizik z bogatimi izku$njami na podro¢ju industrije mineralnih surovin, medtem
ko je bila njegova zena Eugenija, rojena na ruskem Kavkazu, analiti¢cna geokemicarka. Vsevolod si je z du Toitom
na kratko izmenjal nekaj pisem in v njih iskal podporo pri zaposlitvi v juzno afriski rudarski industriji. V
prvem pismu so bili navedeni le podrobni zivljenjepisi Vsevoloda in Eugenije Gorski. Ti nam omogocajo, da
rekonstruiramo Solanje na univerzi v Ljubljani pod vplivom ruskega mineraloga V.V. Nikitina, in razvoj dveh
strokovnjakov s podrocja ved o Zemlji v Sloveniji in Makedoniji. Sledimo lahko njuni popotni karieri, ko sta
zapustila Kraljevino Jugoslavijo pred zacetkom druge svetovne vojne. Odsla sta na Ciper, v Egipt, Tanganjiko
in Juzno Afriko. Svojo profesionalno pot sta v Sestdesetih in sedemdesetih letih konc¢ala v Braziliji in se tam
verjetno upokojila. Eugenija je bila vezana na svojega moza, kamorkoli ga je vodila njegova karierna pot in vedno
je delala tam, kamor je zaneslo njenega moza. Gorska sta bila profesionalni par, ki je potoval po svetu. Bila sta
pionirja v nacinu zivljenja, ki je v danasnjem globaliziranem svetu obicajno.
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Introduction

In the aftermath of the Second World War,
in the late 1940s, there were large migrations of
people who had fled their countries, and were
now seeking either to return, or to find a new
place to live. In Southern Africa there was a huge
demand for technical professionals in the Mining
Industry, which was one of the most important
in the world, having some of the world’s largest
gold, diamond, chrome and platinum mines (du
Toit, 1939).

At that time in South Africa, the most famous
geologist was Dr Alexander Logie du Toit, FRS
(1878-1948), who had written three definitive
books on South African geology and geography
(especially du Toit, 1939), and two internationally
renowned books concerning comparative geolo-
gy of wandering continents (du Toit, 1927, 1937),
which provided strong support for Alfred Wege-
ner’s theories of Continental Drift. Because he
had been President of the Geological, Geograph-
ical and Archaeological societies of South Afri-
ca, as well as having been an Editor of Economic
Geology, and Consulting Geologist for the largest
diamond mining company, De Beers, he was often
contacted or visited by people in connection with
Economic Geology, and Southern African geol-
ogy in general, as well as palaeobotany (Gevers,
1950). Du Toit had retired to his home in Cape
Town in 1941, but spent the last seven years of
his life actively pursuing his research interests,
and doing consulting work in economic geology
and geohydrology.

In 1947 du Toit was contacted by a Sloveni-
an-trained mining engineer, Vsevolod Gorsky,
who had come to South Africa from Tanganyi-
ka, together with his wife Eugenie Gorsky, who
was an analytical geochemist. The Gorskys were
looking for technical employment in the min-
ing industry of South Africa, in their respective
fields, and visited Alex du Toit and his wife Eve-
lyn at their home in Cape Town. Because du Toit
had worked in Tanganyika, and had maintained
a correspondence with several heads of the Geo-
logical Survey Department in Dodoma, it is pos-
sible that the Gorskys were introduced to du Toit
through that connection. The Gorskys and du
Toits were supposed to meet again, but Vsevolod
had to go urgently to Pretoria, the capital city, in
connection with residence permits. He wrote to
du Toit on 14" September 1947, enclosing detailed
curricula vitae for both himself and for his wife
Eugenie. Du Toit sent a brief letter back, outlin-
ing prospects in the chrome industry in South
Africa, as well as possibilities of utilizing gyp-

sum in the cement industry, and opportunities in
the nascent asbestos industry. Asbestos had been
regarded as a strategic mineral during the War,
and du Toit (1945) had published a major study on
the genesis of amphibole asbestos in South Africa
(which also explains why he had “excellent spec-
imens of asbestos” in his collection which he was
able to show to Gorsky). Gorsky himself had also
worked on asbestos in Cyprus, where chrysotile
asbestos deposits were mined in the serpentinites
of the Troodos Massif (Sagui, 1925; Henckmann,
1941). Gorsky replied to du Toit from Johannes-
burg on 28™ September 1947, telling him that he
had managed to obtain permanent residence sta-
tus in the country, and that he would be looking
for a job in the chrome industry, since that was
his “speciality”. No further correspondence be-
tween the Gorskys and du Toit is preserved in the
du Toit archives. Du Toit passed away rather sud-
denly and unexpectedly just a few months later,
on 25" February 1948.

Letters and Curricula vitae

The originals of the letters and curricula vitae
reproduced here are in the Alex du Toit Papers
(Jagger Library, University of Cape Town).

1. Letter from V. Gorsky to A.L. du Toit,
14 September, 1947
V. Gorsky
146 Yeo Str.
Bellevue East,
Johannesburg,
14" September 1947.
Dear Dr. du Toit,

We left Capetown unexpectedly owing to my
business in connection with permit for perma-
nent residence which I hope to get this month. So
we lost an opportunity to have once more an en-
joyable meeting with you and your wife.

I expect to get an interesting consulting work
on problems of beneficiation of rather difficult
Platinum, Nickel and Lead Ores.

I touched also a group of S. African people
who are very interested in Asbestos and would
like to start prospecting of new areas or to ac-
quire a small or medium size mine or favourable
deposits.

Tunderstand that besides asbestos bearing ar-
eas in the Transvaal, Griqualand, etc. described
in the “Mineral Resources of S.A.” there are new
discoveries and small deposits in Cape Province
too. I remember also a few excellent specimens
of asbestos I saw in your collection. Please would



Peripatetic careers of Vsevolod and Eugenie Gorsky, mid-20th century Slovenian-educated geoscientists 325

be kind to communicate me any information in

that connection you may kindly give me. Thank-

ing you in anticipation and wishing all the best to
you and your wife both of us, I remain,

Sincerely yours,

V. Gorsky

2. Curriculum vitae, Vsevolod A. Gorsky

Professional Record
Vsevolod A. Gorsky, Qualified Mining Engineer

Born at Proskurov, Russia of 7" August 1898;
Yugoslav subject. Married. No children.
Educated at the University of Kharkov, Russia,
and Zagreb, Yugoslavia, 1917-1921, Geological
Department, and at Technical and Mining De-
partment, University of Ljubljana, Yugoslavia
1922-1926.

Graduated in Ljubljana, Yugoslavia, on 12t
November 1926 and received the degree of Min-
ing Engineer.

Received state authorization for private min-
ing practice 1938.

Employments

1926-1929 Assistant Professor of Mine Surveying
and Geophysical Prospecting in the Mi-
ning Department, University of Ljubljana.

1929-1932 Mine Superintendent and Assistant
Technical Director with Allatini Mines
Ltd. (registered in London, Skoplje, Yugo-
slavia).

1932—-Consulting Engineer to Coal Mine Nerezi,
Skoplje. Simultaneously with the previous
service.

1932-1938. General Superintendent (Technical
Director) of Chromasseo Mines, Skoplje.

1938-1942 Mine and Mill Superintendent and
Chief Engineer with the Cyprus Chrome
Company, Limassol, Cyprus.

1942-1943 with Selection Trust Ltd., first as
Representative in Cyprus, then in char-
ge of the Wolfram Concentrating Plant in
Alexandria, Egypt.

1943-1944 consultant in ore dressing of tin, lead,
zinc and other ores for the Egyptian Metal
Refining Co., Anglo-Egyptian Chemical
Industries, Um Ghaig and El Egly Mines,
Cairo. At the same time on special war
time service for the Yugoslav Red Cross
Society, as a Liaison Officer with the M.E.
Relief and Refugee Administration, Briti-
sh Minister of State Office in Cairo, Egypt.

1945-1946 Underground Manager of Uruwira
Minerals Ltd., Uvinga, Tanganyika (Lead-
-Copper-Gold-Silver Mine).

1946 Temporary Metallurgist at the Geological
Division, Department of Lands and Mines,
Dodoma, Tanganyika Territory.

Other professional activities

1923-1925 student practice in Coal Mines: Tr-
bovlje, Kocevje, Tresibaba, etc., Yugosla-
via.

From 1930 Contributing Editor to “Geophysical
Abstracts” of U.S. Bureau of Mines, Wash-
ington.

From 1936 Member of the American Institute of
Mining and Metallurgical Engineers, New
York.

From 1938 Member of Engineers’ Chamber in
Belgrade, Yugoslavia.

1923-1932 studying Yugoslav Coal, Iron, Lead,
Zinc, Copper, Magnesite and Bauxite Mines
and Concentrating Plants.

Travelling to England and France in 1937, to
Austria, Belgium and Germany in 1938 for
studying ore dressing problems and pur-
chasing Concentrating Plant equipment for
the Chromasseo Co.

1940-1942 studying Copper, Gold, Pyrite and As-
bestos Mines and Concentrating Plants in
Cyprus.

Published 28 papers including original re-
search in geophysics, geochemistry, mining engi-
neering and surveying in Serbo-Croatian, Slove-
nian & Russian technical and scientific journals
and magazines.

Expert knowledge in general mining engi-
neering, economical geology and ore dressing,
especially development, underground extraction
(stoping), open-cast mining, estimation of ore
reserves, testing and concentrating of Chrome,
Wolfram, Tin, Lead, Zinc, Nickel and other ores.
Wide experience in the mining geology and pros-
pecting of base metal ore.

Wide experience in laboratory investigation
and scientific research.

Knowledge of languages: Russian, Serbo-Cro-
atian and Slovenian perfect, English and Ger-
man good and French fair.

Testimonials and references are available.
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3. Curriculum vitae, Eugenie Gorsky
Curriculum vitae
Mrs. Eugenie Gorsky

Nee Gvozdev; born at Vladicaucasus, Russia on
13" December 1902. Yugoslav subject.

Education

8 years of secondary school College in Armavir.
Maturity certificate 1920, Armavir, Russia.

1926-1931 Faculty of Science, University of Lju-
bljana, Yugoslavia.

Graduated in the Faculty of Science (Philosoph-
ical Faculty) of the University of Ljubljana
on 19 October 1933. Scientific group: Min-
eralogy, Petrography, Geology, Paleontology,
Chemistry, Physics.

Employment and activities

1931-1933 worked in the assay laboratories of
Allatini Mines Ltd and Chromasseo Ltd,
Skopje, Yugoslavia.

1938-1941 worked in the drawing office of the
Cyprus Chrome Co, Troodos, Cyprus.
1941-1942 worked in the assay laboratory of the

Cyprus Chrome Co, Ay. Nicolaos, Cyprus.

From 1.3.1943 to 1.8.1943 Analytical Chemist
with the Selection Trust Ltd at the Wolf-
ram Concentrating Plant in Alexandria,
Egypt.

From 11.9.1943 to 20.10.1944 on military service
with the Yugoslav Red Cross Society in
Cairo, Egypt. Part time service.

From 1.12.1943 to 30.11.1944 Assayer with the
Um Ghaig Mine, Cairo.

From 19.2.1945 to 15.3.1946 Assayer in charge of
the assay laboratory of the Uruwira Miner-
als Ltd., Mpanda near Uvinga, Tanganyika.

Published an original research “Petrography
of the Mine Casak near Skoplje”, Bulletin des ser-
vice geologique de Yougoslavie, vol. 5, Belgrade
1937 (Summary in German), a thesis intended
for submission for the degree of Ph. Dr. The final
examination was not taken owing to departure
from Yugoslavia in 1938 and the war.

Expert knowledge in mineralogy, petrology
and especially in the use of Fedorov universal
method; also in inorganic chemical analysis and
especially mineral, rock and soil analysis and in
the assay of the ores of chromium, wolfram, lead,
zinc, tin, copper, iron, nickel, gold, silver etc. Ex-
perience in technical drawing.

Testimonials and references available.

4. Letter from A.L. du Toit to V. Gorsky,
22 September, 1947
2 Bye Way,
Pinelands
Cape Town
22 Sept., 1947
Mr V. Gorsky
146 Yeo St.
Bellevue East

Dear Mr Gorsky

I reply to your letter of the 14'™® Sept. I should
like to tell you that I had to go to the Northern
Transvaal not long after I had seen you, & that,
when I enquired at Sea Point, I found that your
wife & yourself had already gone to Johannes-
burg. I was myself in Johannesburg on the 10th
but of course did not know your address.

I hope that you may obtain a permit for per-
manent residence & am pleased to observe that
in the meantime, you have been able to make cer-
tain contacts in mineral problems, which I trust
may lead to important consulting business.

There are several cases in which beneficia-
tion of ore would seem of some importance. One
of these is that of the Chromite ore of the Bush-
veld, seeing that a good deal of it just falls below
the standard. Another curiously is that of Gyp-
sum, where used & mined by Cement Companies,
though I understand it is being applied at one
spot at Windsorton Road.

As for asbestos, there is room for improve-
ment of the amphibole kinds, but unfortunately
the larger producers — Egnep Ltd & Cape As-
bestos Co. Ltd, have some large plants & prob-
ably not willing to make further changes in ma-
chinery. The smaller concerns are satisfied with
hand-cobbing, which is probably cheaper in the
end, milling being only profitable on a large
scale. You might however try to get in touch with
firms such as Dominion Asbestos, Kuruman or
Warrendale Asbestos, Daniels Kuil, to the west
of Kimberley. If I learn anything I shall try & let
you know.

Another mineral for which there is a shortage,
that will get more important in the future is soft
limestone suitable for making cement, as the ex-
isting deposits are used up.

With the best of wishes to Madame Gorsky
from my wife & myself.
Your sincerely
A.L. du Toit
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5. Letter from V. Gorsky to A.L. du Toit, 28 Sep-
tember, 1947
V. Gorsky,
146 Yeo Street,
Bellevue East,
Johannesburg
28.9.1947
Dear Dr du Toit,

Many thanks for your kind and very interest-
ing letter of the 22nd inst.

In the meantime, I got a permit for permanent
residence and I am very happy indeed that all my
worries in this connection are over. At last I can
start to arrange our life in the country on a sure
base and to take some interesting job.

T hope I will get a chance to see you sometimes
on your travelling in Transvaal and in Johannes-
burg.

I would like to touch chrome people here as
chromite is my chief “speciality” and object of
work during many years.

With the best wishes and many thanks from
both of us to your wife and yourself,

Sincerely yours,
V. Gorsky.

At the top of this letter, du Toit had penciled
in “No reply needed”. This was the end of their
correspondence.

Discussion

The curricula vitae of both Vsevolod and Eu-
genie Gorsky are interesting documents, giving
insights into the training of professionals in the
field of geology, mining engineering, mineralogy
and geochemistry; and revealing the peripatetic
nature of life in the mining industry in pre-War
Kingdom of Yugoslavia, as well as forced reloca-
tions to exotic destinations like Cyprus, Egypt,
Tanganyika and South Africa during and after
the War. In an overwhelmingly male-dominated
field, Eugenie Gorsky provides a rare example of
a female geochemist who was active in Africa,
especially in the first half of the twentieth cen-
tury, in countries such as Egypt, Tanganyika and
South Africa. Her story is one that needs to be
told, alongside that of other pioneering women in
geoscience in Africa such as geologist Katharine
Fowler-Billings (1902-1997; née Fowler) (Fowl-
er-Lunn, 1938; Fowler-Billings, 1996), and pal-
aeobotanist Dr. Edna Plumstead (1903-1989; née
Janisch) (Maguire, 1990). Eugenie Gorsky was
not as free in her choices as these other women,

since her career and movements were intimately
connected and dependent on her husband’s own
career, and she followed him around the world.
Nevertheless, in their peripatetic lifestyle, the
Gorskys as a working professional couple were
pioneers of a way of life that is now commonplace
in a globalized world.

From their curricula vitae, it is possible to
reconstruct the early careers of both Vsevolod
and Eugenie Gorsky. Vsevolod was born in 1898
in “Proskurov, Russia”. This town is located in
Proskurov County, Kamenets-Podolsk District,
Ukraine (just north of the Dniestr River, close
to the border with Moldova), and today is called
Khmelnitskiy. Proskurov was the site of a ma-
jor anti-Jewish pogrom by the Nazis in 1941,
and an earlier one in 1919 (Voskoboynik, 2002).
In 1897 the Jewish population was 11,411, about
50 % of the population of the town (Voskoboynik,
2002). Thus it is possible (though unproven) that
Vsevolod was of Jewish origin. Consistent with
this possibility, it should be noted that the Gor-
skys’ address in Johannesburg in 1947 was in Yeo
Street, in Bellevue East which formed part of Ye-
oville, which was one of the suburbs most dense-
ly populated with immigrant Jews at that time
(Mendelsohn & Shain, 2008, p. 99). This may be
important, since Vsevolod and his wife Eugenie
left Yugoslavia in 1938, after which it was occu-
pied by Nazi Germany during the Second World
War, and they apparently never returned there.
Vsevolod left his hometown in 1917 to study at
the University of “Kharkov, Russia”, and then
in Zagreb until 1921. The University of Kharkov
(now Kharkiv) was, and remains, one of the main
universities in what is now the Ukraine, with a
renowned Geological Faculty (Lobenko, 2018). In
1921, at the time when Vesvolod was in Zagreb
(the capital of Croatia), there was just a rudi-
mentary department of geology at the Technical
College, where a Chair of Geology and Mineral-
ogy had been established in 1919. This was the
nucleus for what eventually developed into the
Faculty of Mining Geology and Petroleum Engi-
neering at the University of Zagreb, where min-
ing engineering studies only commenced in 1939
(Vlahovié et al., 2009). Prior to that time, the only
well established university department of geolo-
gy and mining in the Balkans was at the Techni-
cal Faculty of the University of Ljubljana, where
in 1919 a Mineralogical-Petrographical Institute
(headed by Professor Karel Hinterlechner from
Vienna), and an Institute for Mineral Deposits,
were founded, and which were later merged in
1927 (Internet 1). In 1920 an Institute of Geology



328

Sharad MASTER

and Palaeontology was formed in the Faculty of
Arts, headed by Prof. Marijan Salopek, from Za-
greb. It was to the University of Ljubljana that
Vsevolod Gorsky went to further his studies in
1922.

Eugenie Gorsky (née Gvozdev) was born in
1902 at Vladicaucasus (today known as Vladika-
vkaz, in the Republic of North-Ossetia-Alana,
Russia). This town was visited by Alex du Toit on
4th July 1937, on a field excursion to the Caucasus
with the 17th International Geological Congress,
which was held in Moscow (Master, 2017). At that
time, Vladikavkaz was known as Ordzhonikidze.
Her first name was also spelled “Eugenija” (e.g.,
Gorsky, 1937). Her maiden surname “Gvozdev”
derives from “gvozd”- nail or peg (nickname of
thin person), or someone with strong, firm char-
acter, metaphorically made of iron. Although her
name is not a specifically Jewish name, it is pos-
sible (though unproven) that she may also, like
Vsevolod, have had Jewish origins. A Jew with
the name of Moysey Gvozdev appeared on a list
of Records of Bay Area Council for Soviet Jews
1952, 1954-1999 (Gardiner & Filimonov, 1999).
According to census records, in 1897 there were
1214 Jews in Vladikavkaz (2.8 % of the popula-
tion), while the 2010 census revealed that about
3.1 % of the population of Vladikavkaz is Jew-
ish (Russian Federal State Statistics Service,
2011). Eugenie was educated at a school in Ar-
mavir, which is located in the eastern part of the
Russian administrative region of Krasnodarskiy
Kray, along the railway line linking Vladikavkaz
and Rostov on Don.

It is interesting to note that both the Gor-
skys, although Yugoslav nationals who studied
in Slovenia, were born in far-flung regions of the
Russian empire, before the formation of the So-
viet Union. How and why they both ended up in
Ljubljana (in what is now the Republic of Slove-
nia) is not known, though after the 1917 October
Revolution in Russia, many Russians fled to the
“Kingdom of Serbs, Croats and Slovenes”, later
called the Kingdom of Yugoslavia. The fact that
they were both “Yugoslav subjects” suggests that
they may have been either voluntary émigrés, or
refugees, fleeing from the communist USSR, who
had been granted domicile in the Kingdom of Yu-
goslavia. Both Vsevolod and Eugenie were most
likely attracted to the University of Ljubljana be-
cause of its reputation in the fields of science and
engineering, and this is where they probably met.
In 1926-31, Eugenie was enrolled as an under-
graduate student in the Faculty of Science. Dur-
ing this same period, Vsevolod was finishing his

degree in Mining Engineering. It is probable that
Vsevolod and Eugenie may have gotten married
during that time. Their married names (given as
“Vsevolod Gorskij and Eugenija Gorskij”) appear
on a membership list of the Ljubljana Cave Re-
search Society in 1927 (DZRJL, 2015).

Vsevolod was very productive in the late
1920’s- in his CV he mentions that he had pub-
lished 28 papers and articles including original
research in geophysics, geochemistry, mining
engineering and surveying, in Serbo-Croatian,
Slovenian and Russian technical and scientific
journals and magazines. A few of these articles
are accessible through internet searches- they in-
clude several papers on geophysical methods and
applications (Gorsky (1926a,b; 1929a,b,c), a paper
on geochemistry applied to landscapes, review-
ing the ideas of the Russians Vladimir Vernadsky
and Alexander Fersman (Gorsky, 1927), and a pa-
per about the Institute of Surveying of Mines and
Geodesy at the University of Ljubljana (Gorsky,
1929d).

Gorsky’s (1927) interest in the ideas of geo-
chemist and philosopher Vladimir Vernadsky
(1863-1945) may have been sparked by one of the
most famous professors in the Geology Depart-
ment of the University of Ljubljana, Vladimir
Vasilievich Nikitin (1867-1942), who had corre-
sponded with his fellow countryman Vernadsky
from 1915 to 1930 (Brencic, 2018). Professor Niki-
tin had also had a notable formative influence on
Eugenie Gorsky, who asserted in her CV that she
had “expert knowledge in mineralogy, petrolo-
gy and especially in the use of Fedorov univer-
sal method”. Nikitin (1936) was world-renowned
for his use of the method pioneered by Russian
mineralogist Evgraf Fedorov (1853-1919), which
utilized a Universal Stage mounted on a petro-
graphic microscope to study the optical indic-
atrix to determine the composition of feldspar
(Duhovnik, 1953). As a Russian émigré, Nikitin
clearly influenced the Russian émigré couple of
Vsevolod and Eugenie Gorsky. After graduating
as a Mining Engineer, Vsevolod was hired by the
Mining Department as Assistant Professor of
Mine Surveying and Geophysical Prospecting
from 1926 to 1929, after which he was replaced
by another immigrant from the Russian Em-
pire (Nagorno Karabakh), Dimitry Arshakovich
Chahnazaroff (Mihael Brenci¢, written comm.,
2020), who soon emigrated to South America
(Tchoumatchenco et al., 2018). Russian immi-
grants among the Faculty and students of the
University of Ljubljana played an important role
in broadening the internationalization of teach-
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ing and research, and in maintaining strong
links with renowned researchers in Russia.

While Eugenie was still completing her de-
gree, both she and Vsevolod started working at
the chrome mines near Skoplje. Skoplje is the
former (Serbo-Croat) spelling of the name of
the capital of North Macedonia, which is today
called Skopje. Vsevolod worked at Allatini mines
near Skopje as Mine Superintendent and Assis-
tant Technical Director from 1929-32, and then
was at the Chromasseo Mines as General Super-
intendant and Technical Director, from 1932 to
1938. During this time, Eugenie worked in the
assay laboratories at both Allatini and Chromas-
seo mines from 1931-1933. In 1938, in response
to a worsening political and economic situation,
and perhaps sensing the gathering clouds of war,
the Gorskys left Yugoslavia for Cyprus, to work
for the British firm Selection Trust, which owned
chromite mines there. Selection Trust also
owned the largest lead-zinc mines in Yugoslavia,
at Trepc¢a (Wright & McCroskey, 1944), where
Vsevolod had worked before.

The Gorskys’ move to Cyprus was vindicated
by subsequent events which unfolded in Yugosla-
via during the Second World War. The Chromas-
seo (or “Asseo”) mines, which had been owned
by the Jewish family of its late founder Moses
Asseo, were confiscated in 1941 by the invading
Germans and taken over by a company called
Yugochrom, which was 50 % owned by a subsid-
iary of the German Krupp conglomerate called
Deutsch-Bulgarische Chromerzbergbau A.G.
(War Department, 1944), and 50 % owned by the
Hermann Goering Works (US Military Tribunal
Nuremberg, 1948). Later in 1941 the Krupp con-
glomerate obtained full control over these mines
(War Department, 1944). The Allatini Mines,
which are situated at Orasje, 24 km NW of Skop-
je, had been opened with British capital in 1928
(Wright, 1939), but also came under German con-
trol during the war (Hehn, 2005).

The Gorskys in Cyprus worked at the chrome
mines in the ultrabasic Troodos Massif in the cen-
tre of the country (Henckmann, 1941). After four
years in Cyprus, working on the chrome mines,
Vsevolod became the country representative for
Selection Trust. Eugenie had worked from 1938
to 1941 in the Drawing Office of Cyprus Chrome
Company at Troodos, then from 1941-1942 she
worked in the Assay Laboratories of the company
at Ayios Nikolaus.

In 1943 Vsevolod was transferred to Selection
Trust’s operations in Alexandria, Egypt, where
he relocated with Eugenie. He worked there at

the Wolfram (Tungsten) Concentrating Plant-
where rare metal concentrates were produced,
from ores derived from pegmatites in the Neo-
proterozoic basement complex. Eugenie worked
in the Assay Laboratory of the Concentrating
Plant from March to July 1943.

Later in 1943, the Gorskys moved to Cai-
ro, where Vsevolod worked as a metallurgical
consultant for lead, zinc and other ores for the
Egyptian Metal Refining Company, and for An-
glo-Egyptian Chemical Industries, on their tin
and rare metal (Ta-Nb) deposits associated with
greisenised and albitised pockets and pegma-
tites in granites at Um Ghaig and El Egly Mines,
situated in the Red Sea Hills south of Quseir
(Abouzeid & Khalid, 2011). Eugenie worked as
an Assayer for Um Gheig Mines at their Cairo
laboratory, from December 1943 to November
1944. While they were in Cairo, both the Gor-
skys enrolled for special wartime service for the
Yugoslav Red Cross Society, and Vsevolod also
served as a Liaison Officer with the Middle East
Relief and Refugee Administration, British Min-
ister of State Office in Cairo. They contributed to
the long history of medical cooperation between
the British and Yugoslavs in both peace and war
(Lowenthal, 1961).

In 1945, the Gorskys moved again, this time to
Selection Trust’s Uruwira Minerals operations
in Tanganyika (now Tanzania), East Africa. In
the Uruwira mineral field (Stockley, 1939), a rich
gold-copper deposit was discovered at Mpanda
in 1939 (de la Vallée Poussin, 1939). This Pro-
terozoic polymetallic (Cu-Au-Pb-Ag) vein-type
deposit in the Ubendian Belt was mined well
into the 1980s (Nanyaro, 1989). From February
1945 to March 1946, Vsevolod worked as an Un-
derground Manager at the Mpanda mine, while
Eugenie worked as Assayer in Charge of the As-
say Laboratory of Uruwira Minerals Limited
at Mpanda. Later in 1946, the Gorskys moved
again, this time to Dodoma, where Vsevolod was
Temporary Metallurgist at the Geological Divi-
sion, Department of Lands and Mines, of Tanga-
nyika Territory.

At the time of his correspondence with Alex
du Toit in September 1947, Vsevolod Gorsky had
arrived in South Africa with Eugenie not long
before, since they were still in the process of ap-
plying for residence permits. They had probably
arrived by steamer from Dar-es-Salaam, and
disembarked either in Lourenco Marques, Por-
tuguese East Africa (now Maputo, Mozambique),
or Durban, South Africa, and then travelled by
train to Johannesburg and Cape Town.
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Aside from the biographical information re-
vealed in their curricula vitae, not much is known
about the subsequent careers of the Gorskys. In
his last letter to du Toit dated 28 September 1947,
from Johannesburg, Vsevolod revealed that he
had managed to obtain permanent residence per-
mits, and was looking forward to working in the
minerals industry in South Africa. However, it
has not yet been determined how long the Gor-
skys spent in South Africa, and where they spent
the decade of the Fifties. In the 1960s and 1970s,
they were living and working in Brazil, and they
produced a number of mainly unpublished joint
reports for the Brazilian National Commission
for Nuclear Energy (Gorsky & Gorsky, 1962, 1966,
1972, 1974). No information has yet been found
about the fate of the Gorskys, but at the time of
their last known report (Gorsky & Gorsky, 1974),
Vsevolod was 76 years old and Eugenie was 72,
both long past retirement age. After having spent
at least a dozen years there, it is likely that they
ended their nomadic careers and retired in Bra-
zil, and may have died there.

In today’s globalized era, many professional
couples roam the world as expatriates, having
given up their homes in their countries of ori-
gin, to become roaming “free agents”. The case of
Vsevolod and Eugenie Gorsky shows that this was
happening in the first half of the Twentieth Cen-
tury, when the driving force for their peripatetic
existence was not just professional and financial
advancement, but also imperatives forced on them
by circumstances of revolution, war, and social
upheaval, following the Russian Revolution and
the Second World War. As a professional couple
active in geosciences in Africa, they led the way in
their field. Eugenie, as a female analytical chem-
ist working in the mining industry in several Eu-
ropean and African countries, was also a pioneer
in what was then, and still is, a male-dominated
profession. Like many other émigré geoscientists
of Russian origin who ended up in Latin America
(Tchoumatchenco et al., 2018), the Gorskys spent
the final years of their careers in Brazil.
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Nove knjige

Mihael BRENCIC, 2019: Ljubljanska geoloska $ola: zgodovina poucevanja geologije na Univerzi v Ljubljani.
UL, NTF, Ljubljana: 318 str.

Stoletnica Univerze v Ljubljani, ki jo slavimo
v letu 2019/20, je odli¢na priloznost, da se v zgo-
dovino delovanja ozrejo tudi posamezne stroke.
To vsekakor velja tudi za geologijo, saj so se geo-
loske vsebine na ljubljanski univerzi predavale
od samega zacetka dalje. Oddelek za geologijo se
zato upraviceno priSteva med ustanovitelje 1ju-
bljanske univerze.

Avtor knjige Ljubljanska geoloska Sola, s
podnaslovom Zgodovina poucevanja geologije na
ljubljanski univerzi, izr. prof. dr. Mihael Brenc¢ic,
dipl. inz. geol., se je lotil zahtevne naloge. Zah-
tevne predvsem zato, ker do danes taksnega pre-
gleda nismo imeli niti za krajSe ¢asovno obdobje.
Veliko arhivskega materiala, ki bi omogocil bolj-
Si vpogled, je neobstojecega ali neznanega. Av-
tor je moral v razliénih arhivih in virih poiskati
ustrezne informacije, jih preveriti in povezati v
smiselno celoto. Dela ni usmeril le strogo v zgo-
dovino Oddelka za geologijo, temvec¢ je poiskal
Sirsi zgodovinski kontekst prisotnosti geoloske
stroke v pedagoskem procesu na razli¢cnih sto-
pnjah, razliénih institucijah in za potrebe razli¢-
nih strok.

Delo, ki obsega kar 318 strani, je razdeljeno v
devet vsebinskih poglavij, z ve¢ podpoglavii.
V Uvodu avtor pojasni izhodis¢a in namen dela.
V prvem poglavju, Razvoj poucevanja geologije v
Sloveniji, se dotakne tako u¢benikov kot pouka
geologije v splo$nih in specializiranih Solah. Iz-
redno pomembni sta poglavji Razvoj Univerze
v Ljubljani in Razvoj mati¢nih fakultet Studija
geologije. Geologija se je prvotno namre¢ pou-
¢evala na dveh razliénih fakultetah - Filozofski
in Tehniski. Sele leta 1960 se je §tudij zdruzil na
Fakulteti za naravoslovje in tehnologijo in po
njenem razpadu ostal na Naravoslovnotehniski
fakulteti. Sedanja NTF je predstavljena z vsemi
svojimi sestavnimi deli, kar je zagotovo pomem-
ben zapis tudi za ostale oddelke, ki delujejo na
fakulteti. V nadaljevanju se avtor osredoto¢i na
Organizacijski razvoj Oddelek za geologijo. Poleg
organizacijske sheme je Se posebej zanimiv vpo-
gled v strokovno-raziskovalno delo, ki je poteka-
lo v okviru Istituta ze geologijo. Lepo je osvetljen
razvoj in pomen zbirk, ki so nastale in se dopol-
njevale od zacetkov do danes, ko so zdruzene v

skupnih prostorih v stavbi Montanistike in pred-
stavljajo neprecenljivo dedis¢ino in nepogresljiv
ucni pripomocek.

Sledi poglavje, namenjeno pregledu in Razvo-
ju Studijskega programa geologije. Avtor ne poda
le dejstev, ampak skusa osvetliti razmere in raz-
loge, ki so do sprememb S$tudijskih programov
privedle. Dotakne se tudi sploSnih predmetov, ki
so osnova za nadgradnjo geoloskega znanja, ter
mati¢nosti, ki je danes kar preve¢ zanemarjena.
Izredno zanimiva je predstavitev $tudija v luci
statisti¢cnih podatkov, ki so hkrati odsev razvoja
in delovanja celotne druzbe. Pomemben del vsa-
kega Studija so tudi ObStudijske dejavnosti, ki
zdruzujejo Studente in profesorje tudi v bolj ne-
formalnih okolis¢inah. Tako so predstavljena stu-
dentska gibanja, Skok ¢ez kozo, Slovensko geolo-
Sko drustvo in ogranizacije Studentov geologije.

Mihael Brenci¢

Zgodovina poucevanja geologije
na Univerzi v Ljubljani
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V poglavju Zivljenjepisi je avtor predstavil vse
ucitelje, ki so na ljubljanski univerzi poucevali
geologijo. Pri tem je zaradi objektivnosti zapisa
opisal le tiste, ki sodijo v zgodovinski ¢as. Kljub
temu je seznam dolg kar 23 imen, od prvega re-
dnega predavatelja, prof. dr. Karla Hinterlech-
nerja, do zadnjega, akad. prof. dr. Maria Pleni-
¢arja. Med njimi je kar nekaj tujcev, predvsem iz
ruskega govornega obmocja in iz sosednjih slo-
vanskih republik, ter dve profesorici.

Delo zakljucujejo poglavja Sklep, Zahvale in
Opombe, kjer avtor na kratko povzame razvoj in
pomen poucevanja geologije v Sloveniji, se zah-
vali vsem, ki so tako ali drugace pomagali pri
delu ter navede opombe, na katere se je v besedilu
skliceval.

Uvod v spisek uporabljene literature so po-
jasnila glede metodologije iskanja, navajanja in
preverjanja virov. Iz obseznega seznama in ra-

znolikosti virov je razvidno, kako temeljito in
obsirno delo je Mihael Brenci¢ opravil. Brez nje-
govega nagnjenja do zgodovine in raziskovalne
zilice, delo zagotovo ne bi bilo tako dobro uteme-
ljeno. Delo zakljucujeta Imensko kazalo in kra-
tek povzetek v angleskem jeziku, ki tudi tujemu
bralcu omogoc¢i vsaj delen vpogled v zgodovino
razvoja slovenske geoloske Sole. Posebna pope-
stritev knjige je slikovno gradivo, ki bi brez te
publikacije Se vedno ostalo raztreseno, in morda
tudi izgubljeno, po najrazli¢nejsih kotih in pre-
dalih.

Pric¢ujoca knjiga ni le zbirni dokument zgodo-
vine poucevanja geologije, temvec je po zaslugi
lepega jezika in spretnega izrazanja avtorja, tudi
prijetno branje za vse, tudi tiste, ki niso nepos-
redno povezani z geologijo ali univerzo v Ljublja-
ni. Odkriva nam zanimivo in pomembno dedis$¢i-
no, ki tako ne bo utonila v pozabo.

Nina Zupandcic
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Porocila

Diorama karbonskega gozda v rudniku Sitarjevec

Blaz ZARNIK
Obcina Litija, Jerebova ulica 14, SI-1270 Litija; e-mail: blaz.zarnik@litija.si

Od letoSnje jeseni je v izvoznem rovu opus-
cenega rudnika Sitarjevec v Litiji na ogled dio-
rama, ki na zanimiv in umetnisko izviren nacin
prikazuje zivljenjsko okolje tropskega moévirne-
ga gozda izpred vec kot 300 milijonov let. Za nje-
no izdelavo je bil izbran akademski kipar Anze
Jurkovsek, ki mu je geoloska problematika dobro
znana, saj se je s podobnimi kiparskimi objekti
ze veCkrat predstavil, med drugim v okviru raz-
stave ZgoScevanje v Mestni galeriji Ljubljana in s
kiparsko instalacijo Karbonski gozd v Veselovem
vrtu Galerije slovenskih likovnih umetnikov.

Kipar je v prostor napol zasutega rudnisSkega
rova postavil skulpture debel karbonskih luskav-
cev (Lepidodendron), pecatnikovcev (Sigillaria)
in velikih preslicevk (Calamites) ter jih mojstrsko
vklopil med polomljeno rudnisko oporje. Kljub
vernemu posnetku strukturiranosti stebel ra-
stlinskih vrst, kakrSne so paleontologi nasli tudi
v kamninah bliznje okolice rudnika, kipar pri iz-
delavi diorame ni upodobil zelenih listnih delov
rastlin, saj jim je prav zaradi rudniSkega okolja
zelel pustiti pridih fosilnosti. Za tovrstni pri-
stop se je odloc¢il na podlagi dobro znanih najdb
v karbonskih premogovnih plasteh, v katerih so
odkopali fosilna rastlinska debla v zivljenjskem

polozaju. Ta so segala od tal do stropa rudniskih
rovov, podobno kot rudnisko oporije.

Poleg diskretne osvetlitve, ki Se poudarja
strukturiranost drevesnih debel, prispevata k
pravljiénosti diorame upodobitvi velike stono-
ge, ki se plazi preko padlih trohnec¢ih tramov in
predstavnika orjaskih kaéjih pastirjev (Megane-
ura), ki so lahko v karbonski periodi merili preko
kril do 80 cm.

Vsekakor gre za zanimivo in nenavadno dio-
ramo, ki zeli obiskovalcu rudnika razloziti, da
vstopa v svet starega zemeljskega veka, v cas,
ko so v obsezZni re¢ni delti blizu ekvatorja, tedaj
ene same velike nadceline Pangea, nastajale tudi
orudene kamnine Sitarjevca.

Omenjene aktivnosti vodi Ob¢ina Litija v so-
delovanju z ZAG - Zavod za gradbenistvo, ki sta
partnerja v evropskem projektu MINE TOUR v
okviru Programa sodelovanja Interreg V-A Slo-
venija — Hrvaska 2014 — 2020, ki je zagotovil fi-
nancna sredstva za izvedbo del.

Projekt je v zakljuéni fazi. Dodatno se bo za
obiskovalce odprlo 300 m rudniskih rovov, kjer
bo mozen ogled edinstvenih limonitnih kapni-
kov. Prav tako bodo prenovljene zbirke in vstopni
portal v rudnik.

Sl. Diorama karbonskega
gozda v izvoznem rovu ru-
dnika Sitarjevec v Litiji.
Foto: Blaz Zarnik
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Porocilo o aktivnostih Slovenskega geoloskega drustva v letu 2019

Branka BRACIC ZELEZNIK
JPVOKA SNAGA d.o.o.,Vodovodna cesta 90, SI-1000 Ljubljana; e-mail: branka.bracic.zeleznik@vokasnaga.si

Strokovnjaki geoloske stroke in ljubitelji geo-
logije se ze 69 let druzimo v Slovenskem geolo-
Skem drustvu (SGD). Temeljni cilj drustva je na-
predek znanosti in prakse na podrocju vseh vej
geologije ter promocija geolo§ke znanosti v druz-
bi.

Skozi vsa leta drustvo deluje v skladu z dolo-
¢ili statuta in s programom dela, ki je sprejet na
sejah IO drustva v vsakem koledarskem letu. V
letu 2019 je bil program sprejet na seji razsirje-
nega IzvrSnega odbora drustva 20. marca. Ve¢ina
postavk zastavljenega programa je bila realizira-
na.

Najave in porocila o drustvenih aktivnostih
redno objavljamo na spletni strani https://www.
slovenskogeoloskodrustvo.si/.

Strokovna predavanja

Prof. dr. Balazs Székely (Univerza Eotvos
Lorand v Budimpes$ti), »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.

Mag. Matija Kriznar (Prirodoslovni muzej
Slovenije), »Geolosko-naravoslovni sprehod po
Maskarenskih otokih« 20. marec 2019 ob 18.30
uri v Ljubljani na GeoloSkem zavodu Slovenije,
Dimiceva ul. 14, v veliki dvorani v VI. nadstropju.

Prof. dr. Alfreda Uchmana (Jagiellonian Uni-
versity) »Globokomorski sledni fosili — vpogled v
skrito paleookolje / Deep sea trace fossils — in-
sight into hidden paleoenvironment«, 28. marec
2019 ob 17. uri v Ljubljani na Oddelku za geologi-
jo NTF, Askerceva 12, v predavalnici 209.

Dr. Blaz Miklavi¢ (Oddelek za geologijo, NTF),
»Bo dovolj vode za vse? Studija o zalogah pitne
vode v spreminjajoc¢ih se klimatskih razmerah na
mikronezijskem otoku, 18. april 2019 ob 17. uri v
Ljubljani na Oddelku za geologijo NTF, Askerce-
va 12, v predavalnici 209.

Dr. Polona Kralj (Geoloski zavod Slovenija) in
Tanja Lukezi¢ (Zavod RS za varstvo narave, OE
Nova gorica), »Vulkanske kamnine Stropnikac,
25. april 2019 ob 17. uri v Ljubljani na Oddelku za
geologijo NTF, Askerceva 12, v predavalnici 209.

Dr. Mateje Gosar (Geoloski zavod Slovenija)»-
Geokemicno ozadje in zgornja meja naravne va-
riabilnosti kemi¢nih elementov v tleh Slovenije«
29. maj 2019 ob 17. uri v Ljubljani na Oddelku za
geologijo NTF, Askerceva 12, v predavalnici 209.

Dr. Carlos Martinez Perez (University of Va-
lencia) »Conodont element function; New data
from the exceptional Middle Triassic Slovenian
fossil record«, 27. junij 2019 ob 17. uri v Ljublja-
ni na Oddelku za geologijo NTF, Askerceva 12, v
predavalnici 210.

Sl. 1. Prof. Ivan Rakovec (foto: M. Kriznar)

Sl. 2. Dr. Katica Drobne obuja spomine na svojega profesorja (foto: M. Kriznar)
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Izmed predavanj, organiziranih v letu 2019, bi
izpostavili predavanje v pocastitev 120 let rojstva
prof. dr. Ivana Rakovca, geologa in paleontologa,
ki je bilo 19. septembra 2019 v Prirodoslovnem
muzeju Slovenije. Pripravil ga je mag. Matija
Kriznar v sodelovanju z dr. Katico Drobne in dr.
Dragico Turnsek, ki sta bili njegovi uc¢enki in
sodelavki. V okviru obletnice in priprav na pre-
davanje je bilo cez celo leto opravljeno iskanje,
zbiranje in dokumentiranje arhivskega gradiva
posvecenega ter povezanega z Ivanom Rakov-
cem. Zbrano arhivsko gradivo je bilo pridoblje-
no s strani zasebnih donatorjev, Paleontoloskega
instituta Ivan Rakovec (ZRC SAZU), Slovenske
akademije znanosti in umetnosti (SAZU) ter Pri-
rodoslovnega muzeja Slovenije. Izbrano arhivsko
gradivo je bilo tudi delno digitalizirano, medtem
ko je v fizi¢ni obliki sedaj shranjeno v arhivu
kustodiata za geologijo Prirodoslovnega muzeja
Slovenije.

Dr. Saska McGrath (South West Bournemouth
Water) »Oskrba z vodo in okoljska problematike v
SW Angliji« 2. oktober 2019 ob 17. uri v Ljublja-
ni na Oddelku za geologijo NTF, Askerceva 12, v
predavalnici 209.

Strokovna posvetovanja, seminarji
in okrogle mize

SGD je v sodelovanju z Geoloskim zavodom
Slovenija in Prirodoslovnim muzejem Slovenije
sodelovalo pri izvedbi mednarodnega 7* Sympo-
sium on Mezozoic and Cenozoic Decapod Crusta-
ceans, ki je bil od 17. do 21. junija 2019 v Ljublja-
ni. Simpozija se je udelezilo 44 raziskovalcev iz 17
drzav. Udelezenci so v prvih dveh dneh simpozija
v predavanjih ali posterjih predstavili svoje raz-
iskovalno delo. Sledila sta dva terenska dneva,
kjer so bila predstavljena nekatera najdisca fo-
silnih rakov v Sloveniji. Povzetki sre¢anja in pri-
spevki so objavljeni v reviji Geologija (63/1).

V sodelovanju z Geoloskim zavodom Slovenija
in Evropskim zdruzenjem za geokemijo (Europe-
an Association of Geochemistry - EAG) je bilo 27.
novembra 2019 na Geoloskem zavodu Slovenije
organizirano predavanje prof. dr. Karen Hudson
Edwards (Univerza Exeter). Predavanje je obrav-
navalo tematiko rudarskih odpadkov, geokemic-
ne procese, ki se v njih dogajajo ter njihove vplive
na okolje in zdravje prebivalcev.

V sodelovanju z Oddelkom za geologijo NTF je
bilo 29. novembra 2019 na ASkercevi 12 organizi-
rano 24. posvetovanje slovenskih geologov, kjer
so bile predstavljene nekatere aktivnosti ¢lanov
SGD (Prenova slovenske geoloske poti, Geoloske
zgodbe stavbe Montanistika, Strokovne geoloske
podlage za muzej narave Bele krajine)

Aktivnosti za promocijo geologije

V letu 2019 so bile izvedene $tevilne delavnice
za promocijo geoloSke znanosti, s katerimi zelimo
prikazati razli¢ne moznosti oz. pristope k poda-
janju geoloskih vsebin s pomembnim poudarkom
na uporabnosti v vsakdanjem zivljenju.

Na 47. mednarodnih dnevih mineralov, fosilov
in okolja MINFOS 11. in 12. maja 2019 v Trzicu
smo sodelovali z razstavo 100 let poucevanja geo-
logije na Univerzi v Ljubljani in delavnico U¢imo
se geologije. Sodelovanje je potekalo z Oddelkom
za geologijo NTF in GeoZS. Na dogodku je Slo-
vensko geolosko drustvo prejelo pohvalo o sode-
lovanju.

Z delavnico KamenCheck — lov za geoloskimi
zakladi smo sodelovali na prireditvi Vrt ekspe-
rimentov v okviru 11. Znanstivala 1. in 2. junija
2019. Obiskovalci so preko igre (geolov) reSevali
geoloske izzive. Pri tem so si pomagali z aplika-
cijo KamenCheck in preiskovalnim geoloskim
kompletom. Spoznavali so razlicne kamnine,
minerale in njihovo uporabo v vsakdanjem Ziv-
ljenju.

Sl. 3. Udelezenci 7. simpozija o mezozojskih rakih desetero-
nozcih na Trnovskem gozdu (foto: M. Kriznar)

Sl. 4. Morska lilija (foto: M. Kriznar)
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Na EGU kongresu, ki je bil v aprilu 2019 na
Dunaju, je bil uspesno predstavljen koncept Dne-
va geologije. Ideja je bila predstavljena v predava-
nju z naslovom »Geology every day! — an example
of educational workshop to teach the geology«

V sklopu konference Hidden geography in
Ilisicevih dnevov (avgust 2019) smo predstavi-
li rezultate analiz uénih naértov in ucbenikov.
Pripravljen je bil prispevek z naslovom »Geology
revealed - geological contents in Slovenian cur-
riculum and textbooks«. Izvedena je bila tudi
delavnica, kjer smo predstavili razli¢ne pristope
uporabe aplikacije KamenCheck.

V okviru Sekcije za promocijo geoloskih zna-
nosti je bil pripravljen osnutek sprememb in do-
polnitev geoloskih vsebin v u¢nih naé¢rtih osnov-
nih in srednjih $ol. Pripravljeni in posredovani so
bili: Poziv k ureditvi poucevanja geoloskih vse-
bin v osnovni in srednji $oli ter Poziv k sodelo-
vanju z geolo$ko stroko pri strokovnem pregledu
geoloSkih u¢nih vsebin v u¢benikih.

GeoTEK

Slovensko geolosko drustvo je 12. oktobra
2019 organiziralo cetrti tradicionalni GeoTEK,
tokrat na obmoc¢ju nekdanjega rudnika Sitarje-
vec v Litiji. Udelezilo se ga je 30 ¢lanov SGD in
simpatizerjev geologije. Tekaci so se spopadli s
5 km tekasko traso, pohodniki pa so se od plosca-
di pocasi odpravili do bliznjega oddajnika nad
mestom Litija. Po poti so §li mimo dveh odpr-
tih rudniskih rovov. Za strokovno razlago po poti
so poskrbeli Miha Dobravec (vodi¢ po muzejskem
delu rudnika in Student geologije), Mateja Gosar
in Valentina Pezdir (Geolo$ki zavod Slovenije),
svoje pa so dodali tudi sami udelezenci, ki so se
tekom svoje poklicne poti srecali z geolo§ko pro-
blematiko rudnika Sitarjevec in bliZnje okolice.
Pohodniki so izvedeli nekaj o pomenu in zgodo-
vini rudnika, o nastanku orudenja in mineralni
paragenezi ter okoljskih izzivih, ki jih predsta-
vlja rudnik danes.

Mednarodno delovanje SGD in ¢lanstvo v tujih
in domacih zvezah

SGD je vclanjeno v tuje zveze: European Fe-
deration of Geologists (EFG), International Uni-
on for Quaternary Research (INQUA), European
Association for the Conservation of the Geologi-
cal Heritage (ProGeo), European Mineralogical
Union (EMU) in International Mineral Associa-
tion (IMA) in tudi v Slovensko inzenirsko zvezo
(S12).

Clan SGD Marko Komac je bil novembra 2018
izvoljen za predsednika EFG, 24 nasih ¢lanov pa
sodeluje v strokovnih svetovalnih telesih EFG.

Kot ¢lan Evropskega zdruzenja geologov (Eu-
ropean Federation of Geologists — EFG) SGD od
leta 2015 sodeluje v evropskih projektih Obzorje
2020 (Horizon 2020). Skupaj z ve¢ drugimi nacio-
nalnimi geoloskimi drustvi sodelujemo kot neod-
visni partner preko pogodbe z EFG kot vodilnim
projektnim partnerjem. V letu 2019 smo uspesno
zakljucili aktivnosti v projektih UNEXMIN -
Podvodni raziskovalec potopljenih rudnikov (An
Autonomous Underwater Explorer for Flooded
Mines) in CHPM 2030 — Soproizvodnja toplotne in
elektricne energije ter pridobivanje kovin (Com-
bined Heat, Power and Metal extraction from ul-
tra-deep ore bodies). Nadaljujejo se aktivnosti v
projektu INFACT - Inovativna, neinvanzivna in
popolnoma sprejemljiva tehnologija raziskovanja
(Innovative, Non-Invasive and Fully Acceptable
Exploration Technologies). V letu 2019 smo zace-
li z delom v projektih ROBOMINERS (Resilient
Bio-inspired Modular Robotic Miner), v projektu
REFLECT (Redefining geothermal fluid proper-
ties as extreme conditions to optimize future ge-
othermal energy extraction), v projektu ENGIE
(Encouraging Girls to Study Geosciences) in v
projektu CROWDTHERMAL (Community based
development schemes for geothermal energy).

SGD je tudi ¢lan Slovenske inzenirske zveze
- SIZ. S tem je izpolnjen pogoj o obveznem ¢lan-
stvu SGD v SIZ za pridobitev naziva Evro inze-
nir (EUR ING).

Geoloski izleti in ekskurzije

Dvodnevna strokovna ekskurzija v Geopark
Karavanke

SGD je organiziralo dvodnevno strokovno
ekskurzijo (4. in 5. oktobra 2019) v Geopark Ka-
ravanke. Po geolo§kih to¢kah in zanimivostih so
nas vodili dr. Walter Poltnig, dr. Darja Komar
in mag. Mojca Bedjani¢. Ogledali smo si ordo-
-vicijske blazinaste lave in izvire v Obirski sote-
ski, Sotesko Korske peé¢i in Potok graben, Sajda
prelaz, Podkanjski slap, goro Sv. Heme, obiskali
smo Podzemlje Pece — turisti¢ni rudnik in muzej,
Obirsko jamo ter mineralni izvir »Carinthia Lit-
hium«.

Geoloski izlet v Belo krajino

20. novembra 2019 je SGD organiziralo ogled
Muzejske hiSe Semi¢ in Centra narave Bele
krajine, kjer smo si ogledali razstavo. Precej-
Sen del razstave je namenjen geoloskim vsebi-
nam, in sicer nastanku belokranjskih kamnin,
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njihovi uporabi in kraski krajini ter ranljivosti
podzemlja. Po razstavi so nas vodili avtorji raz-
stave: Bostjan Rozi¢, Petra Zvab Rozi¢, Rok Braj-
kovié in Marijan Poljak. Na poti do Semic¢a smo si
ogledali kamniti gozd in izvir Krupe.

Program in nacrti za leto 2020

Zaradi izrednih razmer in ukrepov, ki so bili
uvedeni zaradi epidemije koronavirusa, so vse
aktivnosti, ki so bile na¢rtovane v prvi polovi-
ci leta odpadle in jih bomo skusali izvesti, ko se
bodo razmere vrnile v normalno stanje.

Strokovna predavanja

Izvedli smo le eno strokovno predavanje Jer-
neja Kerc¢marja (Petrol Geo d.o.0.) z naslovom
»Visokotemperaturni geotermalni viri v Sloveniji
z moznostjo proizvodnje elektri¢ne energije«, 5.
februar 2020 ob 17. uri v Ljubljani na Oddelku za
geologijo NTF, Askerceva 12, v predavalnici 209.
Vsa ostala nacrtovana predavanja so odpadla in
upamo, da jih bomo lahko izvedli v jesenskem
obdobju.

Sl. 6. Kamniti gozd (foto: Branka B. Zeleznik)

Sl. 5. Udelezenci strokovne
ekskurzije v Geopark Ka-
ravanke na prelazu Sajna
(obmocje periadriatske pre-
lomne cone).

Strokovne ekskurzije

Zaradi razmer je odpadla geoloska ekskurzija
v Armenijo, ki bi nas popeljala po geoloskih toc-
kah in znamenitostih. Skusali jo bomo organizi-
rati v letu 2021.

Ravno tako je odpadla nac¢rtovana terenska
delavnica in predavanje o ihnologiji — “Ichno-
logy: Organism-substrate interactions in space
and time”, ki naj bi jo vodila Gabriela Manga-
no in Luis Buatios (University of Saskatchewan,
Kanada).

V maju 2020 naértovan geoloski izlet v Geo-
park Idrija bomo skusali izvesti v jesenskem ob-
dobju. Vletu 2020 je nac¢rtovan tudi geoloski izlet
na Potocko zijalko in ogled paleontoloske zbirke
v Sol¢avi.

V jesenskem casu je nacrtovan ogled Geoter-
malne ucne poti Cerkno.

Aktivnosti za promocijo geologije

V sodelovanju z Oddelkom za geologijo Nara-
voslovnotehniske fakultete bo organizirana

okrogla miza na temo geolo§kih vsebin v formal-

Sl. 7. Izvir Krupe (foto: Branka B. Zeleznik)
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nem izobrazevanju (pregled za nazaj in izzivi za
prihodnost), kjer bodo povabljeni predstavniki
stroke, odlocevalskih institucij (npr. ministrstvo,
Zavod za Solstvo), zaloZbe in predstavniki iz pra-
kse (ucitelji).

Dogodek Dan geologije, s katerim zelimo §irsi
javnosti predstaviti pomen geologije v vsakdan-
jem zivljenju in s tem ozavestiti zavedanje o po-
membnosti te stroke, je bilnaé¢rtovan za 22. april -
Dan Zemlje in se bo verjetno izvedel v jesenskem
obdobju. Dogodek se izvaja v okviru formalnega
in neformalnega izobrazevanja. Kot izvajalci na
dogodku sodelujejo strokovnjaki geologi iz raz-
liénih institucij.

S sodelovanjem na razli¢nih dogodkih si Ze-
limo geolo$ko znanost predstaviti Sirsi javnosti,
tako z vidika njene znanstvene pomembnosti,
kakor uporabnosti v sodobni druzbi. Tematsko
se delavnice in predstavitve prilagajajo tema-
tiki posameznega dogodka. Sodelovanje na 48.
mednarodnih dnevih mineralov, fosilov in oko-
lja MINFOS v Trzi¢u, na Vrtu eksperimentov v
okviru 12. Znanstivala in na Dnevu za Savinjo
je zaradi razmer odpadlo. Upamo, da se bosta iz-
vedla 12. kolis¢arski dan in Noc¢ raziskovalcev.

V okviru Sekcije za promocijo geoloSke zna-
nosti bomo pripravili predlog sprememb in nad-
gradnje geoloskih vsebin v obstoje¢ih u¢nih na-
¢rtih za osnovne in srednje Sole.

Delovna akcija ¢is¢enja geoloskega profila

Tradicionalna delovna akcija ¢iS¢enja zarasti
na geoloskih naravnih vrednotah v sodelovanju z
Zavodom RS za varstvo narave bo izvedena v je-
senskem obdobju, ¢e bodo razmere to dopuscale.
Lokacija trenutno Se ni dolocena.

GeoTEK

Peti tradicionalni GeoTEK bo Slovensko ge-
olosko drustvo organiziralo tudi v oktobru 2020.
Letos bomo tekli in spoznavali geologijo Roznika
ali Toskega cela.

Druge aktivnosti v letu 2020

Nadaljevali bomo delo na pripravi Zakona o
geosferi. Priceli bomo s pripravami na 6. Sloven-
ski geoloski kongres.

Mednarodna zveza za raziskovanje kvartar-
ja (SINQUA) je pod okriljem SGD nacrtovala
organizacijo 6th Regional Scientific Meeting on
Quaternary Geology: Seas, Lakes and Rivers,
v oktobru 2020 v Ljubljani, vendar je dogodek
prestavljen na leto 2021.

V letu 2021 bo SGD praznovalo 70 let delova-
nja. Ob temu dogodku se nacrtujejo aktivnosti, ki
bi poudarile pomen geologije v druzbi. Vabljeni
vsi s predlogi, idejami, predvsem pa z energijo in
voljo sodelovati pri aktivnostih!

Clanarina

Tudi v letu 2020 znaSa ¢lanarina za c¢lane
15 EUR, za $studente pa 7,5 EUR. Vabljeni, da po-
daljsate ¢lanstvo oziroma postanete ¢lan.

In Se preostale aktivnosti

SGD dobro sodeluje s tujimi geoloskimi
drustvi (predvsem Hrvaskim in Srbskim) ter z
drugimi drustvi s sorodnimi cilji (Geomorfolo-
skim drustvom Slovenije — GDS, Drustvom slo-
venski komite mednarodnega zdruzenja hidro-
geologov — SKIAH, Prirodoslovnim drustvom
Slovenije — PDS).

S strani Centralne tehni¢ne knjiznice smo
prejeli pobudo za sodelovanje v njihovih Ustvar-
jalnicah. Oblika in vsebine $e niso dogovorjene.
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V spomin Dragici Strmole

Dragica Strmole se je rodila 17. aprila 1932 v Ljubljani, Kkjer je
obiskovala osnovno in srednjo $olo. Po maturi na VII. Gimnaziji se
je 1950 vpisala na takratno Prirodoslovno-matemati¢no fakulteto
UL, na Oddelek za geologijo in paleontologijo. Po diplomi leta 1956
se je zaposlila na GeoloSkem zavodu Ljubljana in pokrivala podrocje
mineralogije in petrologije. Po strokovnem izpitu 1960 se je naslednje
leto zaposlila na Fakulteti za naravoslovje in tehnologijo kot asistentka
na Katedri za mineralogijo in petrografijo. Leta 1974 je bila izvoljena v
naziv vi§ja strokovna sodelavka. Veckrat je bila predstojnica Oddelka
za geologijo in dolga leta glavna organizatorka Informativnih dni za
studij geologije.

Raziskovalno in strokovno je bila usmerjena v mikroskopijo mineralov
in kamnin ter v dolocanje trdote mineralov in uporabo metode
faznega kontrasta. V soavtorstvu je objavila 21 del in ve¢ strokovnih
porocil. Sodelovala je predvsem pri raziskavah slovenskih triasnih
vulkanskih kamnin iz obrobja Ljubljane, Pokljuke, Jelovice, Julijskih
Alp, zahodnih Karavnak in vzhodne Slovenije. Sodelovala je pri prvih
izotopskih raziskavah pohorskih magmatskih kamnin, kot tudi razli¢nih rudis¢ v Crni gori. Njeno odli¢no
poznavanje petrologije je vodilo do povezovanja z arheologi in sodelovanja pri raziskavah najdis¢a Divje
Babe. Skupaj s prof. Grafenauerjem je z ugotavljanjem povezave med opti¢nimi lastnostmi in kemizmom
rogovace, postavila prve temelje za modern pristop, Kki se je razvil v elektronsko mikroskopijo in geokemijo.
Tudi dela s podrocje mineralogije glin in njihove uporabe v keramic¢ni industriji, so odpirala pot popolnoma
novi uporabi geoloskih znanj v industriji materialov.

Enako ali morda $e bolj pomembno je bilo njeno delovanje na podro¢ju popularizacije geologije ter uvajanja
geoloskih vsebin na nizje stopnje izobrazevanja. Za potrebe usmerjenega izobrazevanje je za smeri Geologija
in Rudarstvo napisala u¢benik Mineralogije in sodelovala pri monografiji Minerali na Slovenskem. Skrbela
je za razvoj in razlago ustrezne strokovne terminologije in je soavtorica tako Kamnarsko geoloskega
leksikona kot tudi Geoloskega terminoloskega slovarja.

Njeno raziskovalno delo je bilo leta 1972 priznano z nagrado Sklada Borisa Kidri¢a, ki jo je skupaj s prof.
Duhovnikom in prof. Grafenauerjem dobila za delo »Wengenska metalogena dobax.

Ko se spominjamo Dragice Strmole, se spominjamo njenega pedagoskega dela, ki mu je bila s srcem predana.
Za Studente geologije, rudarstva in metalurgije je vodila vaje iz kristalografije, mineralogije, petrologije
in laboratorijske preiskave mineralov. Tezko snov in Stevilne podatke, je znala $tudentom priblizati z
jasnimi razlagami ter jih popestriti s prakti¢nimi primeri. Tudi z najbolj nenadarjenimi, je bila neskon¢no
potrpezljiva in prijazno ponovno razlozila snov. Na nas je prenesla svoje navduSenje nad minerali in
kamninami, zato smo pogosto k njej prihajali s svojimi primerki in jo sprasevali za kateri mineral gre.
Ponujeni kos je prijela v roke, dvignila oc¢ala in ga zacela pozorno opazovati ter razlagati, kaj opaza in kaj
to pomeni. Nikoli ji ni bilo nerodno priznati, da iz majhnega koscka ne uspe prepoznati materiala. Znala je
svetovati, kaj bi bilo potrebno narediti, da bi se priblizali pravemu odgovoru. Studenti in kasneje sodelavei
pa nismo cenili le njenega strokovnega znanja, temve¢ predvsem ¢lovesko toplino in posluh za soc¢loveka.
Prepoznala je nase stiske, se nam znala pribliZzati, svetovati in pomagati. Ceprav so nas ostali pedagogki
delavci stalno opozarjali, da naj je ne naslavljamo Dragica, ampak asistentka Strmoletova, je vedno ostala
naSa Dragica.

Upokojila se je leta 1991, a se obcasno Se vracala na oddelek. Vedno ¢ila, nasmejana, vesela vseh nasih
uspehov in razumevajoca, ¢e ni §lo vse po nacrtih. Zadnjikrat smo se srecali ob obelezevanju prvih predavanj
ob 100-letnici Univerze v Ljubljani. Na slovesnost je prisla sama, z avtobusom — kot vedno. Vsi, ki nas je
kdaj ucila, smo pristopali k njej, jo pozdravili in pogosto nadaljevali z... saj se me verjetno ne spomnite... in
Dragica je odgovorila — kako ne, vi ste... in nastevala nasa imena. Ko smo se poslavljali, se nismo zavedali,
da je to bilo konéno slovo. A ostalo je njeno sporo¢ilo — pomembno je znanje, a $e ve¢ je vredno biti Clovek.
To je nasa Dragica bila in tako bo zapisana v nasem spominu. Hvala za vse, kar si nam dala!

Nina Zupancic in Meta Dobnikar
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V spomin Vladimirju Ferjanc¢icu

Sredi julija 2020 je ugasnilo zZivljenje Vladimirja — Lada — Ferjancica,
geologa, ki je pustil svojo sled na podrocju regionalne geologije in
hidrogeologije. Lado Ferjanci¢, ki so ga zaradi njegove dobrodusne
in Segave narave njegovi prijatelji in bliznji sodelavci klicali Ati, je
pri svojem vsakdanjem delu izhajal iz svojih dolgoletnih izkuSenj
terenskega, predvsem kartirajocega geologa. Bil je dober prakti¢ni
poznavalec stratigrafije in litologije ter strukturnih razmer SirSega
obmocja Gorenjske in zahodne Slovenije.

Vladimir Ferjanci¢ se je rodil 13. julija 1934 v Ljubljani v delavski
druzini materi Ivani in o¢etu Ivanu. Mladost je prezivljal v Ljubljani,
kjer je hodil v osnovno $olo, med drugo svetovno vojno tudi v nemsko
osnovno Solo, kjer se je naucil tekoce nemsko, kar je kasneje igralo
pomembno vlogo pri njegovem sodelovanju z avstrijskimi geologi. Z
materjo sta po vojni stanovala v Fondovih blokih za Bezigradom. Po
koncani osnovni $oli se je vpisal na Geolosko srednjo tehnisko $olo
v Beogradu, ki jo je z diplomo koncal 24. junija 1954. Po zakljucku
srednjeSolskega Solanja se je jeseni leta 1954 vpisal na $tudij geologije
na Univerzi v Ljubljani, ki pa ga ni dokoncal. Kot geoloski tehnik se
je zaposlil februarja leta 1959 na Geoloskem zavodu Ljubljana, kjer je pricel delati na projektu Osnovna
geoloska karta Jugoslavije. Istega leta se je porocil z zeno Olgo in v zakonu sta se jima rodila dva sinova. V
obdobju zgodnjih Sestdesetih let 20. stoletja, ko je velik del geologov Geoloskega zavoda Ljubljana delal v
Alziriji, je pri teh raziskavah v letih 1963 in 1964 sodeloval tudi sam. Leta 1983 je iz sektorja Geoloskega
zavoda Ljubljana, ki se je ukvarjal z regionalno geologijo, preselil na Oddelek za hidrogeologijo in inzenirsko
geologijo, na katerem je ostal do svoje upokojitve januarja leta 1996. V devetdesetih letih, po osamosvojitvi
Slovenije, je v drzavi Siroko zacvetela podjetniska pobuda. Nove in spremenjene razmere je izkoristil tudi
Lado Ferjanci¢. Ze nekoliko pred upokojitvijo je ustanovil Getes d.o.o. podjetje, ki je bilo registrirano za
geologijo, tehniko, svetovanje in trgovino, v okviru katerega je bil aktiven tudi po upokojitvi. Na podroc¢ju
hidrogeologije je v svojem podjetju delal tako rekoc¢ vse do svoje smrti 17. julija 2020. V geologiji je aktivno
deloval vec¢ kot Sestdeset let.

Vsebinsko gledano lahko Ferjanc¢i¢evo geolosko delo razdelimo v dve obdobji. Prvo obdobje predstavlja delo
na podrocju regionalne geologije, kjer je kot terenski geoloski tehnik delal na vrsti osnovnih geoloskih kart
Jugoslavije. Pri izdelavi geoloskih kart je v terenski ekipi najprej sodeloval s prof. dr. Marijem Plenicarjem,
po njegovem odhodu na fakulteto pa s Karlom Gradom. S slednjim sta v soavtorstvu pripravila karto lista
Kranj (izsla 1974) in njen tolmac (izSel leta 1976). Sodeloval je Se pri izdelavi skoraj vseh listov geoloskih
kart na obmoc¢ju Slovenije. To so bili listi kart: Postojna, Ribnica, Gorica, Trst, Slovenj Gradec, Beljak in
Ponteba, Ljubljana, Ravne na Koroskem ter Tolmin in Videm. Oddelek za regionalno geologijo Geoloskega
zavoda Ljubljana je obcasno sodeloval tudi pri raziskavah mineralnih surovin, zlasti pri ugotavljanju
regionalnih geoloSkih razmer na podroc¢ju nekaterih slovenskih kovinskih rudnikov. Ferjanci¢ je kot
kartirajo¢i geolog delal tudi na teh raziskavah. V Alziriji je sodeloval pri regionalno geoloskih terenskih
raziskavah na obmocjih Kherzet Youssef in Djebel Gustar.

Drugo toris¢e njegovega dela predstavlja hidrogeologija. Z njo se je zacel intenzivno ukvarjati v drugi polovici
svoje kariere, po svojem prihodu na sektor Geoloskega zavoda Ljubljana, ki se je ukvarjal s hidrogeoloskimi
raziskavami. V skladu s tedanjim nac¢inom dela posameznih hidrogeologov, se je osredotocil regionalno,
predvsem na probleme oskrbe s pitno vodo na obmoc¢ju Gorenjske. Tu je imel moc¢ne in dobre osebne stike z
vodstvenimi delavci v lokalnih komunalnih podjetjih in v ob¢inskih upravah. Glede na svojo odprto naravo
je te stike stkal ze med svojim delom regionalnega geologa, kasneje pa jih je utrjeval $e kot hidrogeolog.
Tako je deloval predvsem na podroc¢ju nekdanjih velikih gorenjskih ob¢in Kranj, Trzi¢, Radovljica in
Jesenice. Te povezave je obdrzal tudi kasneje, ko so ob reformi lokalne samouprave nastale manjse ob¢ine
in jih ohranjal vse do svoje smrti. Sodeloval je pri vrtanju stevilnih vodnjakov in izgradnji zajetij za katere
je prispeval hidrogeoloska izhodis¢a, prav tako je pripravljal strokovne osnove za vodovarstvena obmocja.
V okviru njegovega hidrogeoloskega dela je potrebno omeniti dva sklopa del. Prvi sklop predstavljajo
hidrogeoloske raziskave Karavank, kjerje prvizacel s prekomejnim sodelovanjem z avstrijskimi hidrogeologi
na severni strani gorovja. Te raziskave so se pricele v sklopu gradnje cestnega predora skozi Karavanke med
leti 1986 in 1989, pod njegovim vodstvom pa so se nadaljevale na obmocju celotnih zahodnih Karavank. Pri
teh raziskavah je sodeloval vse do upokojitve. Drug pomemben segment njegovega hidrogeoloskega dela
predstavlja pobuda za izvedbo dveh globokih geotermalnih vrtin na obmod¢jih, ki predhodno niso veljale
za geotermalno zanimiva. Prva vrtina je bila izvedena na obmocju Cerknega, segla je v globok dolomitni
vodonosnik. Druga vrtina je bila izvedena v Kranjski gori na obmocju Savskega preloma. Ce je prva vrtina
podala zadovoljive rezultate in je omogocila tudi nov vpogled v regionalne geoloske razmere na obmocju




Cerknega, pa pri drugi vrtini temu ni bilo tako. Zal je pri vrtini na obmo¢ju Kranjske gore prislo do $irsih
nesporazumov in sporov v stroki, zaradi ¢esar tudi podatki, ki so bili pridobljeni v okviru teh del, nikoli niso
bili vpeti v $irsi regionalno geoloSki kontekst.

Vladimir Ferjancic je bil strasten zbiralec mineralov. Dolga casa je bil aktiven v drustvih in neformalnih
skupinah, ki so se ukvarjale s tem lepim in zanimivim hobijem. Ceprav je z minerali tudi obc¢asno trgoval,
je bila to predvsem zbirateljska strast. Za seboj je pustil lepo zbirko.

Ati je v druzbi vedno skrbel za dobro voljo. Bil je vztrajen pripovedovalec, predvsem pa je imel na zalogi
veliko $al, ki jih je stresal kot iz rokava. Prav zaradi tega je bil vedno dobrodog$el sodelavec in gost, ki je znal
vcasih suhoparno geologijo in hidrogeologijo priblizati tudi navadnim ljudem, laikom, prav zaradi tega so
mu ti zaupali in mu prepustili marsikatero delo, ki ga drugi hidrogeologi sicer ne bi dobili. Sodeloval je pri
obseznem pionirskem geoloSkem kartiranju slovenskega ozemlja, prispeval pa je tudi k nekaterim zacetkom
pomembnih hidrogeoloskih del in raziskav, to sta regionalna hidrogeologija in geotermija. Ceprav nam
pokojni Lado ni zapustil nobenih znanstvenih objav, kar je danes morda ne najbolj ustrezna mera dela
aktivnih geologov, pa sta, ne glede na to, njegova energija in pozitivna naravnanost prispevali k napredku
slovenske geologije. In nenazadnje, njegovi pomembni dosezki ostajajo Stevilni Se delujo¢i vodnjaki in
zajetja za oskrbo prebivalstva s pitno vodo. Vsi ki smo ga poznali, ga bomo ohranili v prijetnem spominu.

Mihael Brenci¢
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Navodila avtorjem

GEOLOGIJA objavlja znanstvene in strokovne ¢lanke s
podrocja geologije in sorodnih ved. Revija izhaja dvakrat
letno. Clanke recenzirajo domaci in tuji strokovnjaki
z obravnavanega podroé¢ja. Ob oddaji ¢lankov avtorji
predlagajo tri recenzente, urednistvo si pridrzuje 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 obvezejo, da ne bodo drugje objavili
prispevka z isto vsebino.

Avtorji z objavo prispevka v GEOLOGIJI potrjujejo, da se
strinjajo, da je njihov prispevek odprto dostopen z izbrano
licenco CC—]%Y.

Jezik: Clanki naj bodo napisani v angleskem, izjemoma v
slovenskem jeziku, vsi pa morajo imeti slovenski in angleski
izvlecek. Za prevod poskrbijo avtorji prispevkov sami.

Vrste prispevkov:

Izvirni znanstveni ¢lanek

Izvirni znanstveni ¢lanek je prva objava originalnih razisko-
valnih rezultatov v taksni obliki, da se raziskava lahko ponovi,
ugotovitve pa preverijo. Praviloma je organiziran po shemi
IMRAD (Introduction, Methods, Results, And Discussion).

Pregledni znanstveni ¢lanek

Pregledni znanstveni ¢lanek je pregled najnovejsih del o
dolo¢enem predmetnem podroc¢ju, del posameznega razisko-
valca ali skupine raziskovalcev z namenom povzemati,
analizirati, evalvirati ali sintetizirati informacije, ki so Ze bile
publicirane. Prinasa nove sinteze, ki vkljucujejo tudi rezultate
lastnega raziskovanja avtorja.

Strokovni ¢lanek

Strokovni ¢lanek je predstavitev Ze znanega, s poudarkom na
uporabnosti rezultatov izvirnih raziskav in Sirjenju znanja.
Diskusija in polemika

Prispevek, v katerem avtor ocenjuje ali komentira neko delo,
objavljeno 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 daljsi od 20
strani formata A4, v kar so vstete tudi slike, tabele in table.
Le v izjemnih primerih je mozno, ob predhodnem dogovoru z
urednistvom, tiskati tudi daljse prispevke.

Clanek oddajte urednistvu vkljucno z vsemi slikami, tabelami
in tablami v elektronski obliki po naslednjem sistemu:

- Naslov ¢lanka (do 12 besed)

- Avtorji (ime in priimek, postni in elektronski naslov)

- Kljucne besede (do 7 besed)

- Izvlecek (do 300 besed)

- Besedilo

- Literatura

- Podnaslovi slik in tabel

- Tabele, Slike, Table

Citiranje: V literaturi naj avtorji prispevkov praviloma
upostevajo le objavljene 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 (angl. Digital
Object Identifier), morajo imeti ta identifikator izpisan na
koncu citata. Za citiranje revije uporabljamo standardno
okrajSavo naslova revije. Med besedilom prispevka citirajte
samo avtorjev priimek, v oklepaju pa navajajte letnico izida
navedenega dela in po potrebi tudi stran. Ce navajate delo
dveh avtorjev, izpiSite med tekstom prispevka oba priimka
(npr. Plenicar & 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 medmrezja v primeru, kjer
avtor ni poznan, zapiSsemo (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 (druzina, razred, itn.) pa normalno.
Imena avtorjev taksonov naj bodo prav tako napisana
normalno, npr. Clypeaster pyramidalis Michelin, Galeanella
tollmanni (Kristan), Echinoidea.

Primeri citiranja ¢lanka:

Mali, N., Urbanc, J. & Leis, A. 2007: Tracing of water movement
through the unsaturated zone of a coarse gravel aquifer by
means of dye and deuterated water. Environ. geol., 51/8:
1401-1412. https://doi.org/10.1007/s00254-006-0437-4

Plenicar, M. 1993: Apricardia pachiniana Sirna from lower
part of Liburnian beds at Divac¢a (Triest-Komen Plateau).
Geologija, 35: 65-68

Primer citirane knjige:

Flugel, E. 2004: Mikrofacies of Carbonate Rocks. Springer
Verlag, Berlin: 976 p.

Jurkovsek, B., Toman, M., Ogorelec, B., Sribar, L., Drobne,
K., Poljak, M. & Sribar, Lj. 1996: Formacijska geoloska
karta juznega dela Trzasko-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. Geoloski zavod Slovenije,
Ljubljana: 143 p., incl. Pls. 23, 1 geol. map.

Primer citiranja poglavja iz knjige:

Turnsek, 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 medmrezja:

Ce sta znana avtor in naslov citirane enote zapisemo:

Carman, M. 2009: Priporoéila 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)

Ce avtor ni poznan zapisemo tako:
Internet: http://www.geo-zs.si/ (22. 10. 2009)

Ce se navaja ve¢ enot z medmreZja, jim dodamo Se 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$tevilcene in oznacene kot
sl. 1, sl. 2 itn., oddane v formatu TIFF, JPG, EPS ali PDF z
lo¢ljivostjo 300 dpi. Le izjemoma je mozno objaviti tudi barvne
slike, vendar samo po predhodnem dogovoru z urednistvom. Ce
avtorji oddajo barvne slike bodo te v barvah objavljene samo
v spletni razli¢ici ¢lanka. Pazite, da bo tudi slika tiskana v sivi
tehniki berljiva. Grafi¢ni materiali naj bodo usklajeni z zrcalom
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