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1, UVOD

Kraski izvirl odvodnjavaje vedji del 2akraselege hribovia v zaledju,
Zaradi prvdora morske vode v notranjost krasa ee pogosto zaslanijo in
njih¢va voda potem ni uporabna. Ker pa sladke vode v primorju moéno pri-
manjkuje, je sanacija teh izvirov {zrednega pomena za prebivalstvo in
gospodarstvo.

Ameridki hidrogeoleg Kohout ({1966) je preudeval vpliv prodora
moiske vode v vodonmne zrnate sedimente na Florid. Po njcgovih po-
datkih do zadnjih let niso posvelali dovolj skrbi izvirom na morskem dnu,
saj je bilo na vsem svetu izvedenih samo 15 znanstvenih raziskav tega
pogosinega pojava. Poskusi zajelja pa niso munugo napredovalli od dobe
Fenidanov, ki so pokrivali take izvire s svinfenimi lilaki, jih zasull in po
ceveh speljali vodo iz tijakov.

Vetji del jugoslovanske obale in 3irok pas 2aledja sestoji iz zakraselih
karbonatnih sedimcntov. Sistematiéne raziskave slanib izvirov pri nas so
se prifele pred drugo svetovno vojno (L Kuiéer, 1948), njihovo delo-
vanje pa je bilo pojasnjeno v petdesetih letih (GjuraZin , 1942, 1943:
L Kuj&er, 1850). Obsetne raziskave in poskusi sanacij so delo zadnjih
15 let (s1.1). Istofasno so v manjiem obsegu raziskovalt v Libanonu.
Spaniji, Franeiji in Italiji ter v vesjem v Gréiji, kjer yemn sodeloval.

Za raziskave v zadnjem dosetletju je mwéilno, da so bile vodene iz
dologenih centrov in da med seboj niso bile kocordiniranc. Izmenjave iz-
ku¥enj skoraj ni bilo, vetina rezultatov ge ni objavliena,
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v razpravi

Fig. 1. Brackish and desalted karstic springs along the Adrialic coast and istands

mentioned in the paper
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S1.1. Zaslanjeni in sanirani kradki izviri na jadranski oball in otokib, omenjeni




Nada razprava vsebuje detajlni opis raziskav in sanacij veé kot 20 slandh
izvirov. Poleg tega podaia Kriteri) za njihovo klasifikacije, ocena moznosti
za sanacijo v razlitnih hidrogeeclotkih razmerah, pragled sanacijskih stro-
Skov in primerjavo cene pilne vode, pridobljene iz morja in somomice
s ceno vode saniranih zaslanjenih izvirev,

2. RAZLAGA POMEMBNIH IZRAZOV, UPORABLJENIH V RAZPRAVI

Tzotrupno prepusten kraidki vodunosnik vsebuje mmnoZico razpok, manj-
Sih kanalov in votlini¢, ki so dobro povezant v vseh smereh. Pretakanje
vode je moZno v vsch smereh, ni privilegiranih smeri cirkulacije. Tak3na
je povrdinska zalrasela cona, kadar je potopliena. Primer isk3nega vodo-
nosnika je zakrasel peitenjak na izraclski gbali. Pretok vode je podoben
pretoku podtalnice v zmmatih sedimentih.

Anizoiropne prepusten kradki vodonnsnik e karakieriziran s posamez-
nimi zakraselimi conami in vmesenimi malo zakrasclimi bloki. Voda se
pretaka po posameznih 2ilah, Ki imajo veliko prepustnest v vadolini smeri
in majhno v predni. Pretok je podoben pretoku po sistemu cevi, ki niso
na gostoe rozpuoreiene,

Voidonosnik. Plast, zaporndjc plasti ali de] plasti s porami, zapolnjenimi
z vodo, ki ni kemifno ali fizikalno vezana., Usireza tajemu izrazu aguifer,

Kratka podialnicn, Voda. ki zapolnjuje kradke pore in 2ile v potopljeni
¢oni, in ki ni kemiéno aii fizikalno vezana.

Prezrafena cona. V te] conl so kratke pore zapolnjene 2 2rakom in
vodo. Skozi njo pronica ali se pretaka voda v globina prati petopljeni coni.

Potopljena u)i zasidena cona, V nhje] so pore zapolnjene 2 vodo.

Sladkvvpdna tona je vodonosnik s sladkovedno podtalnico.

Somornitka rana je vodorosnik s somornico.

Morska cona je vodonosnik z morske vedo. Ta cona se od obale proti
celini spusta v globino.

Mejoa pluskev jo ploskev, ki razmejnje sladko in motrsko podtalnico
v izotropno prepusinem kradkem ali zrnatem vodonosniku. Ta meja je
véasih ostra, navadne pa je bolj alt manj Sitvka in s imenuje prehodna
cona ali cona mefanja.

TPela mejne pluoskve je v globini, kjer se prikljudi mejna ploskev na
neprepustne plasti pod voedonosnikom.

RavnoteZna ploskev je namisljena ploskev, ki povezuje v anizotropno
prepusinem kradkem vodonosniku Lisle tikke Zile in razeepa, Xjor sta
vidna pritiska s sladkovodne in morske strani v ravooleju,

Peta ravasieine ploskve je v globini, kjer s¢ prikljudi ravnotefna plo-
skev na neprepustne plasti pod vodonosnikom.

Ravnoteini pretek sladkega izvira imenujemo pretok tik pred njegovo
zaslanityvijo.

Zaslanjen izvir je splofen pejem, ki absega tudi izvirajodo vodo, Zlo in
kraj, kjer voda izvira.

Brojnica je 1zvir na merskem dnu s sladko uli zaslanjeno vado, Ustreza
hrvaskosrbskemu izrazu vrulja.

Morski poliralnik je odprting na morskem dnu, ali ob obreZju, ki
obéasno ali stalno poZita morje.
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Morska estavela je brojnica, ki s¢ v su#i spremeni v morski poziralnik.

Zila je sploéen pojem za cono, ki je mofno prepustna v smeri toka in
malo prepustna v predni smeri. Po flah se pretaka podtalnica v anizo-
tropno prepustnem kraskem vodonosniku. Oblika 3ile ni delinirana, to je
lahko kraski rov, prepustna razpokana cona, splet razpok in voilinie itd.

Razcep Zile ali kratko razcep je mesto, kjer se cepi dovodna Zila v spod-
njo %#ilo, ki ima zvezo z morjem, in zgomjo zile. ki vodi do izvira,

Morje pomeni tudi morsko vode.

Vodu pomeni tudi sladko, sve?o vodo KraSke podtalnice.

Brakitna voda ali somornica pomeni zmes sludke in morske vode

Varen pretok £rpanja j= kolifina vode, ki jo Jahko Trpamo 1z vodonoes-
nika in & tem ne povzrodimo nczafelenih posledic, npr. zaslanjenja ali
stalnega znizanja piezometriine gladine.

Slanost je koliZina soli v vodi, Morska voda vsebuje predvsem NaCl,
MgSO0, in CaCO,. Slanost podajamo s kelidino klorovih ionov v miligramih
na liter tekodine. Voda Sredozemskega morja ima okrog 21000 my/l Cl-.

Dopustna slanost je kolidina soli v vadi, ki $= ne vpliva 3kodljivo nu
ljudi in #ivali ali na rastlinstve. Za pitno vodo je jugoslovanska norma
250 mg‘/1Cl . Nourma za pitho vodo se v svetu stalno povedava, nekuateri
menijo, da 500 mg/1 ne Ekoduje, posebnoe v suhem podnebju. Mnogo vasi
v Sredozemlju pije vodo, ki vsebuje prek 500 mg/l, beduini v Sahari do
2000 mg/] Cl-. Slancst do 300mg/l nima vpliva na okus, voda s 300 do
1000 mgA je splehkas in prek 1000 mgdl je slana. Od rastlin so obfutljive
pomarande, ki zahlevajo vodo z manj kot 100 mg/ Cl-. V kmetijstvu je
moino uporabiti za nekatere rastline Se vode s 1000 mg/1 CI— (Tunis. lzrael).
Vaino pa je, da je zemlja prepustna, da se v &asu degevia izpere in da se
sol v njej ne nabira.

1. LITERATURA O ZASLANJEVANJU IZVIROV

3.1. Pregled del o zastanjenih izvirih

Presenetljivo dobro predslave o zaslanjevanju izvita je imel L.au-
tentis de Monacis Je leta 1364 {Patakis, 1968). Opisal je izvir
Almyros s slano vodo poleti in sladko pozimi »iz jame. .. izvira z veliko
modio slana refica Izliva se v morje, s katerim je povezuna s podzemelj-
skimi kanali... pozimi voda ni slana, ker se deZ s hribov zliva v do¥ino
in jamo tec osladi izvir .. .« (Annn Domins 1364, sexti Moi... Et speluttca
nero, quee est penes radicem dicti Strumbuli (gora nad izvirom op. av)
a dicta parte Orientall exit cum impetu magnus globus salsarem aguarum,
guae vemenies u moTi per subterraneos anfrectus emittuntur per are diclae
speluncde; a salsedine vero locus ile dicitur Almnirn. [nhieme vero non
sunt ita selsae; nem n pluviis de contiguis montibus in valles deftuentibuy
er penes illam speluncam cadentibus aliquantulum dulciorantur).

V prejsnjem in sedanjem stoletju so vzbudil najvedje zanimanje
morski poziralniki pri Argostolionu. Brown (1235) je domneval, da )¢
gradina morja ob poziralnikih viSja kakoc v ostalem delu zaliva. Po
Stricklandu (1833 naj) bi voda, Ki ponira, izparevala na kon-
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takiu z velikansko maso, ter se v globini penowno kondenzirala in jz-
virala v toplih izvirih. Davy (1836) je mislil, da glina in lapor vpi-
jata to vodo, nabrekata in povzrodata potrese. Piickler {1841) je
e veroval v odtok v morje z niZjo gladino. Po Moussonu (1858)
se voda v veliki globini ogreje, postanc zato lafja in se dviga ter ponovno
izvira, Unger in Ansted sia menila, de se ponikla voda dviga s ka-
pilarnimi silami in na povriju izpareva (Glanz, 1965). Prvi teeriji, ki
sta fizikalno sprejemljivi, sta Fougquéjeva in Wieblova
Fouqué (1867) je trdil, da izvira ponikla voda v zaslanjenih izvirih
v zalivu Livadi. Gladina v morskih ponorih je nizja zaradi vedje specifitne
teze slane vade. Wiebel (1874) je opazoval izvire na otoku. Po njegovem
misljenju je sesalni udinek v rovih, ki odvajajo sladke vode, vzrok po-
niranjg morja. Pravilno je sklepal na zvezo z izvin v zalivu Sami, ker
mu je bit pretok izvirov v Argositolskem zalivu promnajhen. Lehman
{1933) je dopolnil Wieblovo tearijo s potrebnimi zozitvami rovov,

Badon-Ghyben (1888) in Herzberg (1801) sta postavila za
zrnate sedimente teorijo o medanju morja z vodo zaradi razlidnih prostor-
ninskih tef, Za ‘ekodo podtalnico je to teorijo dopotmil Hubbert (1940},
za razmere, kjer je med vodo in morjom vedju prehodna cona, pa sta jo
prikrojila Cooper (1959) in Luscynski (1961).

Za uuslanjence kradke izvire je Gjuragin (1942 in 1943) uporubil
teorijo razlidnih prostominskih tez, ki jo je Ku$er {1950) podal v holj
sploni obliki in dodal moen vpliv sesanju. Mijatovié {1986) je
izdelal modcl vdors merja na podiagi razli¢nih prostorinskih te?. Glanz
(1985) je z modelom skudal dokazati, da je kineti¥na energija vode v rovih,
usmerjenih k izvirom, v zaliva Sami vzrok za podtlak v kratkem kanalu
in viok morja v poziralnike pri morskih mlinih pri Argostolionu.

3.2. Ruzlage zaslanjevanjn v zivatih sedimentih

Ghyben-Herzbergovo pravilo o odnosih med morsko in sladko
vodo temelji na njunih razliénih prostorninskih tc2ah (de Wiest, 1985).

Pogoja 7za njegovo veljavnost slu, da se tekodini ne medata med geboj
in da mirujeta, Pravilo je mozno uporabiti v primeru, ko s¢ podtalnica
morske vode ne giblje, gibanjc podtalnice sladke vode pa je pofasno; tak
primer imamo ledaj, ko je gladina podtalnice le malo napeta. Ghyben-
Herzbergova razlaga zaslanjevanja ne upodteva cone medanja.

Hubbert je ugolavljal mejno ploskev med morjem in vodo za hidr-
dinamidne pogoje in pokazal na omejeno uporabnost Ghyben-Herz-
bergovegsa pravila ter na poenostavitve, ki jih vsebuje, Ob obali, kjer
ee podtalnica izliva v morje. se mora razviti taka strujna mreZa, kjer se
tokovnice dvigajo proti izviru, istocasno pa se gladina poudtalnice spusia
proti morski gludini.

Globina mejne ploskve je vedja kakor jzracunana re Ghyben-
Herzbergovi enacbi Razlika je maihna za pelofne gradiente, napake
pa so velike 2a strme gradients.

Luseynski je ratunal 2 gibanjem podtalice in upodteval tudi
ohstoj cone mefanja. Vpeljal J¢ nove pojme pri merjenju piszometridnih
vifin. Pu njegovi motodi latky ratunamo globinp ¢one medanja.

88



Bossy (1970) je pokazal na primeru vodnjaka Bosse Crau, da je pri
tmajhnerm strmecu gladine podtalnice sladke vode in imobilni podtalnici
morske vode mono uporabitii Ghyben-Herzbergovo pravilo za
dolRitev globine mejne ploskve, Prehod iz sladke v morsko cone je bil
nenaden, prehodna cona je bila tanj¥a od 2m.

Dreyfus in Vailleux (1970) sta prendevala veljavnost navedenih
treh razlag na obmodju Wateringues ob Rokavskem prelivu, Edino metoda
Luscynskega je dala dobre rezultate, vendar zahteva zelo precizna
terenska metrjenja in Hevilne korekture rezultatov, kar omejuje njeno
prakti?no uporabo. Rerultatov po Ghyben-Herzbergovi metodi
sploh nista mogla uporsabiti. Glavynt vzrok je bil, da je piezomeiriéni nivo
v morski coni 2,80 m nad srednjo gladino morja, s katero ratuna ta me-
toda. Tudi rezuliati ra¢una po Hubbertovi metedi niso bili sprejem-
ljivi Hubbertova melods podaja fiktivno mejno ploskev znotraj
cone medanja. Ce pa zayzema cona meZanja 50 % cclotne vidine, kakor
v tem primeru, potem je seveda tak3en rezultat preved nedoloten. Ghy-
ben-Herzbergova in Hubbertava metoda naj bi bili upurabni
le v primeru, kjer je cona meSanja tanka, kjer je pedtalnica mirmz in
reagita malo na padavine in na sezonske spremembe.

3.3. Razlage zaslanjevanja v zakraselih sedimentih

Lehmann (1932) je utemeljeval Wlebelovo razlago zaslanje-
vanja kradkih izvirov po principu Venturijeve cevi. Dovednl rov je modno
zo¥en na mestu, kjer se prikljud spodnja Zila, ki ima ustje pod morsko
gladino.

Po Lehmannovi razagi bi morat biti izvir ob visokih vodah slan,
ob nizkih pa sladek. V naravi pa je obratno, zato s¢ Gjura3in ne
atrinja z Lechmannovo razlago Po Gjura%inu je razlidna spe-
cifidna tea morske in sladke vode vzrok, da motje vdira v izvire ob
obali. Dovedni rov se cepi v vedjo zgornjo Zle in manjo spodnjo Zilo,
katere ustje mota bitl pod morjem.

Nadmotski izviri so slani le v primeru, ®e je izpolnjema naslednja
neenaba:

> b

kjer je
y - - specifli¢nz teXa sladke vode,
ym — specifina tefa morske vode,
h, — glubina ruzcepa %) pod morsko gladino,
h, — viina izvira nad merske gladino.

¥V odvisnosti od pretoka izvira lahko nasiopije naslednji trije primeri:

1. sladka voda izvira na zgetnji in spodnji Zili,

2. na zgornji Zli izvira sladka voda, v spodnji pa miruvje,

3. morje vteka na spodnji l, na zgotnji pa izvira somornica.

Gjuradin je podal tudi grafikone za ruzlidna razmerja pretokov
morske in sladke vode. Po njegovem mislienju delujejo tudi morski milini
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pri Argostolionu na principn razlidnih specifi¢nih fez in ne na hidro-
dinamiéncem principu, kakor je domneval Lehmann,

Kuster je s sodelavei (i, Kuder, 1950; I Kugder in D.
Kuiéer, 1962) detajlno raziskal 4 km obale juine ob Senja, kjer so
izviri vod Like in Gacke. Opazovali so na deseline zaslanjenih {zvirov in
brojnic. Odkrili so morske poiiralnike in morske estavele, Z barvanjem so
ugotovili zvezo med morskim poiralnikom in zaslunjenimi izvir: na obali.

Najenostavnejsi zaslan eni izvir ima dovodno Zilo, ki se cepi na spodnjo
Zilo, po kateri priteka morje, in na zgomje (glavno) zilo, ki vodi k izviru
(sl. 2). Vzroka za dotok morja sia lahko dva:

1. hidrostati¢ni zaradi veéje specifidne toie — ¢e je razcep dovolj
globoko —in

2. hidrodinamifni zaradi o¥fine v razcepu.

¥ prvem primeru poiralnik morje podra, v drugem pa sesa.

Predstavljajmo ai na sl. 2, da je spodnja zila zapria s pregradama A
in B in da je vmesni prostor zvezan 2 izvirkom po umeini cevi €. Delo-
vanje sistema je odvisno od tlaénih razlik P in § ob obeh pregradah.

P—p—p" =[P+ ong(ha—h)]—[p. t 0g(hi h)
P=(pu—od@{(hi Rh)— om0 hi—hm {a)
Pofiranje je moino le, fe je P pozitiven, za kar mora biti

Ont
ho—h, > - S(hy—ng) - 364 (h;— ) {b)
O — D¢
Eisigh 2 or fe | O
=p P - ["" (1 I kJ T —‘u-s] ' Qc" c Ql' (C}
2q? 24
kjer je:

hidroslatiéni tlak v spednji zili (m) P
hidrostati¢ni tlak v umetni cevi (C) "
hidrostatiéni tlak v zgornji #ili (s) P
tlaéna razlika med m in i P
tlaéna razlika med i in s S
\la¢na razlika zaradi trenja Wy
zradni tlak P
gostota (gfem?) o
pospeiek prostega pada o
vidinu nad doloéenim zadeinim nivojem h
vidina gladine morske vode [/
plo$fina prescka Zfile Q
pretok, jokost vodnega toka Q@
hitrosi b3

PR

zasto®ni tlak
2
pri zrakih p, &, . @ pomenijo indeksi: i izvirek, ¢ sladko vodoe v dovodni
zili ali dovodno zile, s sumornico v zgornji 7ili ali zgern’o %ilo, m tmorsko
vedo v spodnji Zil ali spodnjo Zilo,
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v Dovodna Zla p”  Wldrostati®ni nak v umemni cevi {O)
Primary vein Hydrostatlc pressure of IMagineary

r Razeep Llle auxillaty tube ()
Yeln brenchlng p~r  Hidrostatiénl tak v zgornji Il (s

m  Spodnia flle Hydrostatic pressure of upper veln (s)
Lower vein n vl.iim nad dololenlm zafetnim ni-

vojem

£ Zaomnu B Helght above some refevence level
Zratn [} Presek £ile

® ;t.mols;':::-lc precsure Cross scchion of the veln

L]

P’ Hidrestatiénd Hak v spodnjl :ili () Vodnt tok

Water flow
Mydrostatic preysure of Inwer vein (m) Poprednx Mitrost

aieanl veloCity

Enadba () ‘e le aproksimativna refutey za visoko Reynoldsove Stevilo
in kaZe, da je S sorazmeren kvadratu pretoka. Konstanta & (—= 1<k % 1)
je odvisna od obllkovanja ruzcepa #l Sorazmernostni faktor ¢ (sesalni
kooficieni) jeo tem vedii, &m ofji je razeep. Pozitiven je le v poimeru, &c
je dovodna Zila zofena ravno v razecpu; e pa vazcep ni dovolj ozek, je
negativen.

o si sedaj zamislimo, da je cev € (sl 2) zaprta in da edstranime pro-
grado B, deluje na pregrado A z morske strani tlatha razlika P — S. Ce jc
vsola pozitivna, by po odstranitvi pregrade A vdrlo v razeep morje. Glede
na dele? morja, ki vteka sli zaradi tlaka P, povzrofenegi zaradi razlike
v specifiénin tezah, ali zaradi sesalnega (Jaka S Jofi L Kusjéer st
tipe izvirov in razcepov, Ki jih oznaduje kot lipe PS5, P, § in N.
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Tip PS: Razeep #l je dovolj globoko pod morsko gladino, tako da sta
P in § vedno pozitivna. Pri vsakem pretoku je izvir zaslanjen.

Tip P: Razcep je dovolj globoko, P> 0, toda ni dovolj ozek, S << 0.
Tzvir je zaslanjen sumno pri &ibkem pretoku, Slanost pojemsa z rastodim

tokom in preneha pri pretoku .
P
@- -1 o

kadar je P + § — 0. Ce se pretok %e poveda, vdere sladka voda v spodnjo
iilo.

Tip §: Nasproine deluje izvir 2z ozkim razcepom 8 2> 0, ki ne legi dovolj
globoko, P < 0. Izvir je zaslanjen samo pri velikem preioku, ko pretok
prescic vrednost @,

Tip N: Cr sta P <0 in § < 0 se izvir seveda ne mare zaslaniti,

Splafne veljavne formule za odvisnost slanosti od predoka ni.

Pri zelo fibkem toku se slanost priblia naslednji hidrostatidne do-
lodent mejni vrednosti
¢m (i — Ra) _ 24

{On—p) (h—P)  (gm —o)@(hi—Th)

Opazovanja so pokazala, da so izviri ob veliki vodi sladki, ob sud pa
slani in da slanost raste s pojemanjem pretoks. To se ujema s hidro-
statitno ruzlago; zato trdi Kuséer, da sili morje v zaslanjene izvire
zaradi vedje specifitne tee pri dovolj globokem tuzcepu. Hidrodinamiéna
razlaga ne drzi, ker bi morali biti izviri bolj slani ob veliki vodi, opazo-
vanja pa kaZejo, da niso,

Potem ko sta Maurin in Zatl dokazala, da morje, ki ponhira pri
Argostolionu, izvira v zaslanjenih izvirih v 15 km oddaljenem zalivu Sami,
je Glanz preudeval hidravliéni mehanizem morskih mlinov pri Ango-
stolionu. Zagovarjal je hidrodinami&no teorijo in trdil, da sesanja morja
he moremo razlegiti z obliko podzemeljskih kanalov po sistermu Ven-
turijeve cevi. Vtok marja v Argostolionn je tako velik (1,7 m¥/s), da bi
si tezko predstavljali tako veliko Venturijevo cev. Ce pa naj bi bilo ve&
veporednih Venturijevih cevi, si Je zopet teiko predstavljatl njihovo sin-
hrenizirane delovanje, ker bi prikljufek enega rova z morske vodo na
mestu, kier je v glavnem rovu majhna hitrost, lahko unikil sesalni udinek
ved Venturijevih coevi,

V pleistocenu je bil sedanji zaliv Argostolion krasko polje s podzemelj-
skim odtokom v zaliv Sami. Plasti krednega apnenca glavnega gorstva na
otoku vpadsaie proti vzhodu, torej proli zalivu Sami, in glavni kratki
kanali, ki advajajo padavine s tega obmodja, vpadajo tudi prot vzhodu.
Ce sedaj rov s tekoéo vodo zadene na pleistocenski talni rov, napolnjen
z morjem, bo pognat morsko vodo v smori svejega gibanja. Svojo Kine-
tiéno encrgijo, oziroma kompeonento impulza, wsmerjeno v smeri talnega
rova (spodnje Zile), be oddal morski vodi. To je princip &rpalke & curkom
ali ejektorske érpalke. Impulzi se lahke vzdoli talnega rova poljubneo
wdtevajo; vsak nov curck sladke vede, ki se izliva v talni rov, pospesi
v njem gibanje somommice. Curek deluje necdvisne od zrafnega pritiska,

{e)

0‘|=I’—
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SL 3. Strujne mmte2e po Edelmanu (1966)
Fig. 3. Flow net on &n islond after the Dutch hypothesis (after Edelman, 1966)

3) Struine mrefa neravnegs toke poditainiee v Siadke voda

Flow net of the naturel ground water Fresh water

filow m  Moreka voda
b) Strujna mrein ¢érpanin Sea water

Flov nel of pummng mits Mirujola moraks voda
©) Komblnirans stngon mreza Stagnant sea waler

Comblned llow net Napejanje podtalulce a padavinami
mo Marje 1 l Hecharge of ground water by precipl-

Sen tations

Edelman (1966) je obravnaval problem hitre zaslaniive pri ¢érpaniu
iz leZe sladke vode, ki plava na morski vodi.

V naravnih pogojih, ko padavine napajaio lefo sladke vode na otoku
in se ta voda preeeja proti izvirom na obali, pride med vodo in morjrm
do dinaminega ravnotefja, ki je karakterizirano 2z zakrivljeno mejno
ploskvijo (sl. 3a). Mejna ploskev med dvema tckodinema Tazli¢ne specifiéne
tefe, ki mirujeta, je horizontalng, pri dinamiénem ravnoteZju pa je po-
gojena z enakomernim tokom vode proti izvirom na obali in z mirovanjem
morja.

Ce priénemo &rpati iz podtalnice, ki ima povsod enako specifigno tezo,
potekaio strujnice iz vseh smeri proti vodnjaku (sl. 3b) ali drenaZnemu
rovu.

Po metodi superpozicije dobimo kombinirano strujne mrefo tako, da
v vsaki todki sc¥tejemno fizikalne lastnostl osnovnih slrujnih mrez Pn
drpanju iz plavajode lete sladke vode potekajo zate nekatere strujnice tudi
iz globljih plasti — iz morske cone — in zaslanijo vodnjak (sl. 3c).
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Sl. 4. Zaslanjevanje po Baturiéu (1961 in 1988)
Fig 4. Fresh water contaminatlan after Baturié (1961 and 1869)

mo Morye s Sormurnica
Rea

Bracklnh water
v S.adka vada 29 Gladina podtalnice
Freen water Ground water surface
A Morkka vewda Dr Nepreputtna pregrnda
Sea water lmpervieus barcier

Pa Baturiéu (1958, 1961 in 196Y4) je razpokanost in drobna kaver-
noenost apnenca tolik$na, da se kraSka podtalnica normalne preceja po
vsej kamenini in le izjemoma pe kanalih,

Pogoji precejanja v bliZini obale s¢ podobni precejaniu v pedéenih
sedimentih, 2 izjemo, da so v apnencu moine neprepustne cone, ki tvorijo
skoraj neprepustne vertikalne bariere, Te badere so nckakdne visede
zavese (sl. 4), prek katerih se voda preliva ali se pod riimi spodlivas,

Morje ali somornica se »pedliva« pod pregradami proti notranjosii
zaradi razlike v prostorninski tezi po Herzbergovem zakonu.

Po Mandeclu (1971) prodira merska voda ¥ vedonosno plast zaradi
spremenjene porazdelitve polencialov, ki je posiedica modne anizotropnesti
4pnenca.

Stefanon (1971) trdi, da se vse brojnice zaslanjujejo v ustiu.

4. OPTS NEKATERIH ZASLANJEKIH IZVIROV

4.1. Brojnica pri Traln

Erojnica i2vira nekaj km zahodno od Trsta pod vasjo Sv. Krig, ¥ itali-
janski literaturi je znana pod imenom sLe sorgenti d'Aurisina« (Boe-
gan, 1906). Izvic ‘¢ na kraju, kjer se neprepustna flidna pregraja spusti
malo pod gladino morja, Tu je na dol¥ini okrog 100 m 7 brojnic; ob oseki
so nekatere nad gladine motja. Pri izviru je numulithi apnenec pod gladino
morja, na obeh straneh pa ga lodi od moria neprepustni flis.

Prve izvire so zajeli okrog lela 1880. Leta 1865 zajetje zaradi suse en
mesec ni imelo dovelj vode, leta 1888 pa celo tri mesece. V lety 1887 je bilo
vode male in je bila slana. Po Doeganu (1906) je bile temu vzrok
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S1. 5. Gradnja pregrade v Brojnici pri Trstu leta 1901 (po Boeganu, 1906)
Fig. 5. Dam construction at Brojnica near Triest in 1901 (after Boegan, 1906)

nepopolno zajetje. Ostali izviri niso bili zajeti in so se izlivali v morje,
ki je ob &rpanju skozi nje tudi lahko prodrlo v zajetje. V tem ¢&asu so
ocenili zajetje kot neuspesno.

Ko so potrebe Trsta po vodi narasle, so izvir leta 1901 dokonéno
zajeli (sl. 5).

4.2, Tzviri v Secovljanski dolini

Bujska antiklinala sestoji iz terciarnega in krednega apnenca. ki je
vazen kolektor podzemeljskih voda v severozahodni Istri. Ve&ji del voda
odteka proti jugu, kjer sta v Mirenski dolini zajeta izvira Mirna in Gra-
dole. Njeno severovzhodno krilo vpada pod kotom 10° proti NE in se
odvodnjava proti Se¢ovljanski dolini, kjer so izviri Buzini in Gabrieli od-
daljeni 4, oziroma 3 km od morja (sl. 6).

Zaradi pomanjkanja pitne vode v Slovenskem primorju so se zanimali
za vodne vire v Sefovljanski dolini ze kmalu po vojni, posebno pa Se po
vdoru vode v premogovnik Secovlje leta 1954.

Jugovzhodni revir premogovnika Setovlje (Breznik, 1956) so od-
kopavali v letih 1953 in 1954 v globini okrog 230 m. Dotok iz krovnine
je bil 171/s in je leta 1954 v enem tednu narastel na 65 1/s, ko je krovnina
poéila. Takrat se je pretok iz vrtine S7/2 v jamo zmanjsal in se je zopet
normaliziral, ko so ta del jame potopili.
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Gb zatetku raziskovalnih del decembra 1955 so kopali v 1. jugovzhod-
nem revirju. Mali potopljeni revir in 2, jugovzhodni revir sla bila zaprta
in polopljena. Celoten dotok v jamo je bil 160 do 190 1/vek in slanost 420
do 520 mg/l Cl~, Dotok v 1. jugovzhodni revir je bil 120 do 150 U/s. od tega
iz vrtine 5§ 7260 do 651/s in iz podene krovmine blizu vrtine 8/2 okrog
65 l/s. Voda tega revirja je vsebovala okrog 80 mg/l Ci—, tudi njena bakte-
rivlofka analiza je bila ugodna. Kompakini paleogenski apnenec v krov-
nini produktivnih plasti z jamskimi rovi je delpo razpokan zaradl ru-
darskih del, nl ps zakrasel in tudi le malo naravno razpokan. Njcgova
neprepustnost je za apnenec nenavadna, kar dokazujejo tudi razmere pri
fepu Malega polopljenega revirja v globini 227 m, kier je bil na vodni
strani pritisk 20 atm. Na zradni strani v razdalji 5 m vode ni bilo; apnenec
je bil samo vlaZen,

Analiza podatkov je pokazala, da je globlna zakraselosti omejena, ker
je bil kredni apnenee, ki je sicer kolektor podzemeljskih voda v Bujski
antiklinali, v jami vedno suh, Iz krednegs apnenca, ki je talnina preduk-
tivnih plasti, ni bilo v jami nobenega dotoka vode. Slanost vode v 1. jugo-
vzhodnem revirju 80mg/l Cl- jo mnogo ugodnejda od norme rza pitne
vodo 250 mg/l, Tudi slanost vode iz celotne jame 420 do 520 mg/] kaZe, da
je vdor morske vode v rudnik kljub ngromni depresiji — 230 m majhen.
Ker so v teh letih nadaljevali ndkepavanje v premogovniku, je bile
sklenjeno, da naj se prei$éejo hidrogeologke razmere v dolini in da naj se
poskuda ¢ povrdja zajeti vodo, ki je dulekala v 1. jugovchodni revir. Vrta-
nj¢ Firih vrtin je pokuzalo {(Breznik, 1958), da so mlaife naplavine
debele okrog 80m in so povedini zaglinjene, Tudi del prodnatih plasti
je bil slabo prepusten, kar na eni strani dokazuje, da v mlaj$ih napla-
vinah ni podtalnice, ki bi jo bilp vredno zajeti, na drugi pa, da so mlajie
naplavine kot celota slabo prepustne in da skoel nje morje ne doteka
v apnenec. Morska voda delno prodira v Bujsko antiklinalo vzdplz nje-
nega severovzhodnega roba, ki sestoji iz apnenca.

Profil vrtine V-5, locirane v bli%ini stare vrtine §7/2 na obmpdju ved-
jih dotokov v jamo je naslednji (ustie vrtine 0,0 m je na koti okrog 6 m):

0.0— 89,0m Meljnata pedtena glina

890 - 90,8m Preperel razpokan apnence
90,8 —182,5m Kompakten foraminiferni apnenec
182,5 — 185,0m Razpokan apnenee
185,06 — 1900 m Kompakten apnenec

Voda je pritekala v vrtino le v globini 182,5 do 185.0 m. Pri drpalnem
peskusu 1958. leta je bil pretok 6,2 Vs, depresije 3.2 m in slanost
38,2 mg/l CI~. Vitina je imels premer 10 cm, pretek je bil omejen z zmoglji-
vostjo ¢rpalke. Crpalni poskus leta 19508 je pokazal pretok 16 lfs, depresijo
13,16 m in temperaturoe 16 1C,

Kaptaina vriina vedjega premera, oddaljena od vrtine V-5 samo T m in
enakto globoka, ni nadla nobene vodonosne plasti. Tudi z vedkratnim
torpediranjem vrtine z brizantnim Vitezitom 3 v koli%ni od 5 do 200 kg
nismo uspeli dobitl zveze z vodonosno plastjo, ki je bila navriana v vrtini
V-§ v globini 182,5 m. Kaptafne vrtine ni bilo mofne poglobiti do jame
v globini 225m, kjer bi dobila zvezo 2z vodonosne plastjo, ki se je

9%



Sl 8. Situaclja kzvirov, vrtin in premogovnika v Sedovljab
Fig. 6. Situation of springs, bore holes and coal mine at Sefovlje

mo Marje i Jzvir
Sen Spring
K  Kredni apnenec ] Tudek
Cretaceous limestone Shafi
P.& Kozinski tkladl 1. JVR Prv] jugavzhodni revir
Kozina beds Flryt zoutheaststy 1ield
¥ _: Eocenskl apnenec *. JYR Drugl jugovzhodnl revir
Eocene limestone Second southeasterm fleld
Ky Eocenskl fli3 $12, V-5 ¥Yrine
Fooene flysch Bore hoiea

Q Mlade naplavine
Recent deposits

drenirala v jamo, Ker so takrat 3= kopali premog. Danres bi bilo moZno
navrtati to plast, ker je premogowmik opuiten,

Vrtanja v lelu 1959 so pokazala, da bi bilo rmofno zajeli wzvir BuZini,
ki se mu jo pretok poleti moéno zmanjdal, v vedji globini. V lelih 1962
do 1965 je bil zajet izvir Buzini z vodnjakom, globokim 15m, in 5 4 vrii-
nami, globokimi 50 m. Izvoriite Gabrieli je bilo zajete s 650 m dolga
drenasno cevjo., napeljuno v érpalni vodnjak, globok 5m. Zmogljivost
vodnjaka Bufini je bila 54 /s pri depresijl 13m, vodnjaka Gabrieli pa
37 /s pri depresiii 2,75 m. Za oba vodnjaka so uredili ¥islilne naptavo
in ju obenem z vrtino V-5 prikljudili na vedovod Sedovlje—Purioro?.

7 — Geuloglja 14 97
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4.3. Izvir Blai v Isixi

Tzvir Blaz leZi na zahodni obali Radkega kanala pod vasjo Rakalj
(Krznar, Franié&, 1970).

V uvali BlaZ je vzdolZ obale na dolZini 500 m okrog 20 izvirov., Vedina
Jih je na obali v nivoju morja, nekaj je brojnie, glavni izvir z majhnim
jezerum pa Je oddaljen od obale okrog 30 m (sl. 7). Nasip med murjemn in
tem izvirom je vsaj delns umeten, ker so vide Bla3a nekdaj izkoridtali
mling, ki so mleli tudi za olcka Cres in Lo#tnj.

Po cenitvah je minimalni pretok glavnega izvoridéa okrog 170 Lisek,
odtalih izvirov 30 do 501/sek, kar znese skupno 200 do 220 l'sek., Sredniji
letni pretok je 18 do 1,8 m¥sck, maksimalni je bil 197(. leta 2.8 m¥/zek,
Glavni izvir Blaz je imel v Zasu opazovanja 1969—1970 vse lelo 196P in
do konca septermbra 1970 slanost pod 100 mgACl-. V zadetku oktobra,
ko je nivo pri odprterm boénem prelivu padel na 0.54 m nad morjem, se je
izvir nenadoma zaslanil; voda je veebuvala 12000 mgd Cl- (sl 8). Slanost
ostalih izvirov je vedja, kar je razumljivo, ker vefina izvita v nivoju
moria.

Naloga raziskav v letih 1968 do 1970 je bilz, najti cone dotoka sladke
vode na firfem in oZjem obmo&ju ter locirati kaptaini objckt take, da bi
zajel &im vedji del voda tam, kjer 3e niso zaslanjene.

V prvem delu raziskav so skulali najti podzemeljski vodni tok v fir-
fem 2aledju. Po starejih podatkih naj bi se obarvana voda ponora Faojbe
pri Pazinu pojavila na izvirih Blaz Tudi geofizika je nakazovala so-
razmerno vzko prepustno cone od Barbana prek Beloviéa proti BlaZu.
Ce bi raziskave to polrdile, bi kopali kaptani rov od morja proti podze-
meljskemu toku. Vrtina B-1, ki je oddaljena od zaliva Bla Tkm, je po-
kazala, da o razpoke in manjse kaverhie v rudistnem apnencu zapolnjene
s kalcitom in meljem. Ker je tudi barvanje vrtin B-1 in B-2 ter jame
Rebi¢i pokazalo, da jc dotok vode pahljaast, kar potrjuje tudi mnotica
izvirov ob vsej obali juimega dela Tstre, so nadalinjc ruziskave v tej smeti
apustili,

V drugem delu raziskav so izvitali nad 20 vrtin v ozjemn zaledju Blaa
z namenom, da b nasli cone glavnega dotoka in vdora morja, V vseh
vrtinah so merili prepustnost, slanost in temperaturo ter iskali smer toka
z barvanjem.

Rezultal raziskav je bil, da tefe voda h glavmemu izvirn skozi 40 da
S0 m Zirok pas med vrtinami B-Ba—B-24 ter B-17-—B-15, V neposredni
blizini glavnega izvira je prepustnos: v navpiéni in prednl smeri razlidna,

51 8. Tzvir Bia2. Padavine, glading, pretok in slanost 1970 {po Krznar In
Franlé, 1)
Fig.8 Rlai spring. Precipitations, level, dircharge, and salinity 1970 (after
Krzoar and Franié, 1070)

P  Dnevne padavine hj=PMyn Glading f2virs v meltih nad mor-
Daily precipitationa ent

Q Pretok 1zvica Pring ievel in melres above sea
pischarge of spring level

Cl= Slanosl v mgn CI—
Salinity In mgn ot CI—
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Vedina vriin v tem delu je pokazala prepustne dele apnenca plitvo, v vrti-
nah B-18 B-16 in B-23 pa so ugotovili prepustne deie 3e v plobini 40 m
pod morjem in globije. Barvanja v vseh teh vrtinah so pokazala zvezo
z glavnim izvirom. Navidezne hitrosti gibanja barve ko bile naslednje:

B-15 19 mfurn
B-16 134 m/ure
B-23 60 miuro
B-25 40 m/uro

Raziskovalei mislijo, da niso nadli glavne dovodne %ile glavnega izvira,
ker so navidezne hitresti gibania barve sorazmerno majbne in ker je
pretok ixvira mnogo vettji kaker pretok iz smeri vrtin, Ki so bile obarvane.

Umetno reguliranje gladine v glavoem izviru hitro vpliva na vrtine
v zaledju izvira in 'e delomaua ter podasi na vrtine v severnem in juimem
obmotju. To nam dokazuje, da tede sladka voda h glavnemu izviru z vb-
modja vrtine B-6a—B-24, ¢eprav glavne dovodne #ile tam e nise nasli.

Med glavnim izvircm in morjem je v vrtini B-19 moéno prepusten
interval v globini 12 do 18 m pod morjem, v vriini B-21 pa med 49 in
68 m. Rer je ostala ta vrtina ob mofni zaslanilvi glavnega izvira malo
slana tudi v globini, naj bi bila njena direktna zveza z morjem dvomljiva.
Zato mislijo, da Zile, po kateri morje doteka v glavni izvir, tudi ¢ nise
odkrili.

Zvezo glavnega 17vira z morjem dokazuje plimovanje gladine in spre-
memba pretoka glavnegu izvira. Amplituda nihanja gladine izvira je 22 %
amplitude plimovanja morja,

V severnem delu zaliva med vriioama B-22 in B-28 so prepusine cone
plitve, najvet 10 m pod gladino morja, Vendar tudi tukaj prodira morje
v noiranjost vsaj lokalno. Podobno prodira morje tudi jusno od glavmega
izvira v2dol2 prepustae cone med vrtinami B-8 do B-14.

V vsch vrtinah so merill tudi gladine in slanost v razlitnih globinah.
Po spremembah slanosti lodime dva tipa vrtin, V vriinah v severnem in
julmem obmodju ter v vrtinah med glavnim izvirom in morjem je slanost
stalno naradtala v &asu meritev, to je od avgusta do oktobra 1870, ko je
bila zaslanitev najvedia. V teh vrtinah je slanost tudi v globind ve&ja
kakor na povréju. Vrtine imajo najniZje piezomotri¢ne niveje in so blizu
morja. Te vrtine se stalno zaslanjujejo v direktnem kontakiu z morjem.
V ostalib vrtinah slanost do oktobra ni naradéula ali pa le malo. V oktobru
pa je nenadoma narasla, Takrat se je zaslanil glawni izvir prej in moéneje
kot vrtina. Aviorja mislita, da je glavni izvir zaslanil tudi vrtine v zaledju
in predlageta, da naj bi izkoristili sedanji glavni izvir kot glavno zajetje,
zgradili drenaime rove proti severnemu in juznemu izvoridtu ter celotnp
obmedje izolirali proti morju 2 injekeijsko zaveso dolgo 500 m (=1 7). V prvi
etapl bi 2gradili le 300 m injekeijske zavese. Dalje mislita, da bi z dre-
nainim rovom v zaledju glavnega izvira zaradi razbitosti dotodnih 2il
zajeli lahko le del voda, njegova vamaost proti zaslanitvi pa bi bila edvisna
od oddaljenosti od moxja.

Investitor se je leta 1971 na priporodilo prof. Baturica odloil za
izkop drenainega rova proti vrtini B-24 v zaledju glavmega izvira. Rov
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je v razdalji 70 m od vhoda zadel na kaverno z vetjim dotokom vode v zim-
skem 2asu, ki pa se je poleti 1972 motno 2manjdal. Izkop ler meritve
pretoka in slanosti se boda nadaljevale v sudni dobi.

4.4. Izviri juino od Senja

Izvire in brojnice jufno od Senja v dolzini 4 km so podrobno raziskali
L in D. Kuéder ter D. Leskovick (Kudger, 1850; I in D.
Kusiéer, 1962). Najznatilnejsi s morda »izviri pri zagi« 05 km juzno
od Jurjevega. Na obali dolgi 300 m je 7¢ studencev in 30 brojnic (sl. 9).
izviri so razdeljeni na 6 pcdskupin, katerih vsaka ima priblizno enako
slangst. Brojnica XEa v Kolih je v globini 8m in bruha do 1 mifsck vode,
oh sufi pa poZira ved 1001 morske vade ta sekunde. Izviri pri Zagi so
v medsebojni zvezi in odvisnosti. Na sliki 9 je T. Kudter oznatil raz-
vrstitev razoepov 11 do rq in pedal kvalitativen prikaz spodnjih Zil A do Y,
ki dovajajo morje ali somornice k posameznim skupinam izvirov.

V deZevni dobi imajo vsi izviri neslane vode. Ob koncu pomladi, ko se
pretok zmanjduje, usahne brojnica KF in vdere morje najprej po 3l X
v razcep r+ Brojnica KE v Kolih se zaslani do 700 mg/l C1= in studerci
KC in KD podobno. Pomeje (navadno v pritetku julija) priteée porje
tc po 2ili Y in zaslani izvive KA in KB ter za enako vregnost povisa
slancst Kol in izvirov KC in KD. V suhib poletiih usahnejo ¥e Kola in
prifno pofirati morje, slanost izvirov KB narastc na 000 mg/1 Cl-. Broj-
nica pri Kolih se zelo hitro spremeni v poziralnike — v 1 do 2 dnech —
in tudi slanost izviroy KB naraste hitro. Jeseni ob naslopu deZevja se
vsi izviri osladijo in ostanejo sladki vso zimo.

Konini dokaz o pretoku morja po spodnjih Iilah je dalo barvanje
s 300 g fluoresccina, ki so ga izlili 30. 7. 1947 v najmodne}di poZiralhik
KEa. Po 5 urah se je prikazala barva v izvirih KB, dosegla najve&jo kon-
contracijo po 1 uri, nakar je konceniracija polagoma padala. Po 6 in pol
urah so se obarvali tudl izviri K4, vendar z 2- do 3-kral slab%o kon-
centracijo.

Zanimiva so bila opazovanja v zalive Zrnovnica dne 24. 8. 1340, ki jih
je opisal I Kus&er (1950): »Po morskem povriiu odteka ccla reka
somotnice, Obralne smer ima morski tok na dnu zaliva. Studentnica se
meda z dotekajodim morjem, mefanica se dviga na povidje in odteka, Ta
pojav dobrv ponazoruje delovanje morskih pofivalnikov in zaslanjenih
izvirov, Kar se dogaja tam v podzemeljskih Zlah, se godi tu v merju
samem in je opazovanju neposredne dostopno. V obeh primerih poganja
studendnica krozni tok morske vode.«

4.5. Izviri v zaliva Poljice blizu Trogira

Kakor poro¥a Jevremovié (1966}, nara¥¥a slanoet izvirov v zalivu
Poljice z narad®anjem pretoka. Take je bila v ¢asu sufe septembra 1937
slannat 1500 do 1900 mgA Cl-, v ¢asu visokih gladin podtalnice aprila 1962
pa 8620 do 6700 mg/l CL~.

Pri gornjih podatkih moti petleini 2asovni interval med merjenjem.
Mijatovié (1988) navaja za izvire v zalivu Poljice samo minimalne in
maksimalno slanost in ne omenja ¢asa meritev.
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4 8. Izvir Pantan pri Trogiru

Zakrasel apnenec Kozjaka je proti Kadtelanskemu zalivu zaprt 2 la-
porjem in peflenjakom fiidne sinklinale. V zahodnem delu zaliva, tam
kjer se apnenec majbolj pribliza obali, je izvir Pantan. Izvir je tik pod
Jadransko magistrale, oddaljen od morja 500 m, v katerega se izliva po
1km dolgi redici. V neposredner 2aledju izvira je encenski apnerec, v od-
daljenosti 300 m pa pas krednega apnenca Sirck 2 km in povezan z glavnim
apnenim masivom. Aphenec je narinjen na flisne sedimente Es s, ki so
med jzvirom in morjem pod kvartamo preperino. Na izvicnem obmodju
tik pod narivoim robom je ved izvirov, ki so zdiu¥eni v umetno jezerce
za zidano pregrado, zgrajcno pred 200 leli zaradi izkorif®anja voda 2a
mlin {(Mijatovié, 1972).

Gladina v jezercu niba med 2,5 in 4m nad morjem, pretok dcosele
i0m¥/s in se zmanjsa poleti na 1,3 do 2m¥/s, Pozimi je slanost 500 mg/l Cl-,
polcti pa se poveda do 10000 mg? Cl~, Pofasne naradéanje slanosti ob
upadanju pretoka (sl. 10} je analogno istemu pojavu pri izviru Almyros,
tako da lahko tudi tukaj sklepamo na globok spodnji kenasl in precej
velik podzemeljski rezervoar nad razcepom.

Druga dva 2nailna pujuva na tem obmodju sta izvir Slanac, ki je
oddaljen od Pantana 1,5 km, In dve brojnici (Alfirevié. 1968, 1960)
v Kadlelanskem zalivu, prva 800 m od Divulj in druga 800 m ad Slatine.
Brojnici sta od Pantana oddaljeni 900 oziroma 2500 m.

Slanuc tede oxkrog 2 meseca oh &asu vedjih padavin pozimi s pretokom
okrog 0,5ms in slanostjo 800 mg/ Cl-, Preseneda vifina izvira 27m nad
morjem.

Brojnici brubata v zimskih mesecih somornico, poleti pa mirujela.
Raziskave dna Ka¥telanskega zgliva s sonarji in neposredne okolice brojnice
s potapljaZi so pnkazale, da sta brojuici lijaka v apnencu z dnom na
globini 39 oziroma 32m, medtem ko je dno zaliva v globini 15m. Po
Alfireviéuw (1969) naj bi bili brejnici vrta&i, ki sta nastali v kon-
tinentalni fazi, ko je bile dno Kajielanskega zaliva kopno in sta bili pe-
toplieni pri postpleistocensk; Iransgresifi morja. Alfirevi¢ misli, da

EL.9. I[zvirl pri iagi pri Jurjevem in njihove domnevne podzemeljske zveze
(LKus&er, 1950, 1962)
Fig. 9. Springs of the saw-mill at Jurjevo and their supposed underground
connections (after 1. Kuldéer, 1950, 1962)

Zaslanjen obalnl! kvic
Brackish coastal apring

O o Podmorski izvir
Submerine springs

A—Y Domnevhna podzemeljzka zvera
Stpposed undergraund connection

Rezcepi podzemelfakih zver
Branchlngs of underground connections

Skupine izvirov 8 podobnimi lastnoatmi
KA—RD gubgroups o springs with stmiin characteristics

Podmorske eslavele
Submarine estavelles

[= "N

Ti—Te

KE

104



Ok

Z —-

KA1

' {Rukavac)
“u
L
L]
.
1
I
I
]
]
.
I
[
I
1
J
|
I
I
. I‘
1
> 4]
A "l
. z’ ]
T MG SR T ¢ |
€ g ‘h“"‘\:\ ! '
e ! 1
Ll 1
S ® » g 2
-------- v
.o 5 i
ra‘\ l! I
I
\\\ l\f
Pyl
2 ‘\ 1
~
Q
0 50 _om s



[+ cr-
¥ sec, ey

3
\ |

2 2000
' POt \\' v o /

== Q
0 5 / 0

»] J F ] A 7] J 3 F ) S 0 N 0

1862

Sl.10. Slanost in pretok izvira Pantan pri Trogimu (po Mijatoviéu, 1987
Fig. 10. Sallnlty and dischatge of the Pantan spring near Trogly
(after Mljatovi ¢, 1961

Q Trewh
Discherge

Cl- Slancst
Salinity

sta brojnici estaveli v »vezi z izvirom Pantan, vendar tega niso mogli
dokazati, ker ob ponovnih poizkusih z barvanjem brajniei nista po¥irali
fluoresceina. Tudi po Mijatoviéu sta izvira in brojnici v medschojni
zvezi.

Raziskovalna vrtanja v zaledju izvira Pantan (Mijatovie, 1972)
leta 197) =0 imela nalogo poiskali dovodne cone k izviru, da bi nato
zajeli vodo z rovom. Sladko vodo so na¥li v vriini B-1, oddaljeni 1.5 km
od Panlany, dve vrtini sta zadeli na somoimnico, ena pa v apnencu hi dobila
zveze z glavne kratko podtalnico,

4.7. Izvir Pidtica pri KomiZi na oivku Visu

Po Baturiéu (1961) je bil izvir Pistica pozimi 1956. leta bolj slan
kakor poleti tega icta, kar naj bi bilo odvisno od koliine padavin. Maksi-
malini prelok izvira je bil 12 Vs,

Leta 1953 so priteli z izkopom kaptagnega rova, ki je zadel na ska-
vernos z vodo. Pozimi 1956 je bil pretok iz kaverne 60Ls in slanost je
narasla na 3600 mg/l. Decembra 1056 so zgradili v kaptafnem rovu &ep
7 odvodne cevje & 150 mm in 2asunom, tako da so prelok lahko regulivali,
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V letu 1058 ni slanost nikoli presegla 635 mg/l Ci—. Pri posebnem poskusy,
ko 56 odprhi ventile, je narastel skupni pretok na 375 in slanost PiSlice
od 580 na 635 mg Cl-.

Podatke o slanosti in gladini kafe tabela 1 za suho (avgust 1957) in
mokro (april 1958) obdobje.

Tebela 1. Table 1.

Podatki o gladinl in slanoesil lzvira Piftica (po Baturifu, 1859)
Date on the waler level and salinity of ibe Pl5lica spring (after Baturic, 1959

Avgust 1957 April 1058
(ladina nad Gladina nad

Kraj morjem v m morjem v m
opazovar}ja Water level ssgﬁgff; Water level g;?:;?s;
Observation in meters mgd CH- in meters mel1Cl

locality above sea sbouve sea 8
level level

¥rtina K-1A 8,19 520 152 320
»kavernas 40 J40 524
Pidtica 13

480 () 7.0 684

4.8, Pestirska daolina na Bradu

Otok Bra& irna povr¥ino 100 km? in sestoji vetidel iz gornjekrednega
apnenca in dolomita v obliki antiklinale s smerjo vzhod—zahod. Teme
antiklinale je blife jufnemu robu otoka. V sredini otoka je 80 km? velika
planota na vikini 300 m z letnimi padavinami 1450 mm. Povrije oloka je
zakraselo. Povriinskih odtokov ni, razen nekaterih hudournikov, ki pa
tetejo le ob neurjih. Na osrednji planoti je veé ponoroV, katerih brezna so
bila raziskana do globine 300 m. Obalni in podmorski izvin kaZejo. da s¢
otok v glavnem drenira proti severu. V zalivu Prvlja in Postire je vet
izvirov;, zato so dolino Postire—Dol, ki je v zaledju, izbrali za Kkra)
roziskay (Bakié, 1968 in Komatina, 1868).

S kartiranjem in vrtanicm so odkrill 3tiri vzporedne zdrobljene cone,
ki so jih imeli za glavne kolektorje. To so potrjevali tudi stalni izviri
ob abali. Od &tirih vrtin sta dve zadeli kompakten, v glaynem neprepusten
apnenec, pv ¢na pa slano oziroma sladke vodo. Po geolizikalnih maoritvah
naj bi segal vpliv morja 600 do 700 m dale v notranjost.

Zaietje K1, oddalieno 800 m od morja, je presekalo samo kolektorsko
cono I, V lelih 1961 in 1962 je bil minimalni nive 048 m in maksimalni
574 m nad gladine morja. Pri poskushem drpanju se je voda hitro za-
slanila. Zato je eksploatacijska kapaciteta zajetja, omejenn 2z dopustno
slanostjo, pozimi okrog 26 Lisek in poleti najveé 3.3 Mek, Gladina vode
v zajetju redno plimuje. Amplituda zneda okrog 0,1 m. kar je 30 do 40%e
amplitude morja. Plimovanie v zajelju raostaja za okrog 11/4 ure za
plimovanjem morja,

Da bi se izognili neugodnemu vplivu morja, so zgradili zajetje K2,
oddalieno 1800 m od morja. Zajetje K2 ima 5% m globok jafek, katerega
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dno je 2m pod morjem, vendar je ta del ja$ka zabetoniran. IHorizontalni
rov z dnom na koti 5m je 470 m dolg in jo presekal @ zdrobljenih con
s kolektorji. V letil: 1961 in 1962 je bila najnizja gladina 2,81 m, najviija
pa 12.14m. Vpliva plimovanja ni opaziti. V coni IV/] je bilo odkrito
kratko brezne, globokn 75m, z dnom 36 m pod gladine morja. Slanost
vode pred érpanjem je bila 17,8 do 28,2 mg/] C1- na povrsini vode, 17,6 mg
v coni IV/1 in 24,8 mg‘l na dou brezna. Crpalna poskusa sta bila izvedena
v letih 1981 in 1962. Leta 1961 se &rpali 21 17810 in leta 1962 4 512 m*,
popredna slanost je bila 437 oz. 415 mgA Cl—. Med posatneznimi koleklor-
skimi conami so bile ruzlike v slanosti; zato aviocji sklepajo. da so med
seboj slabo povezane.

Slanost je narasla takoj v zatetku &rpanja, deprav se je znizala gladina
same za nckaj ¢m. Medseboina odvisnost med kolidino érpanja In slahostjo
obstaja, vendar je niso mogli izraziti z enadbo. Bakié misli, da plava
v zajetju K2 sveia voda na morski ali zaslanjeni vodi in da Ghyben-
Herzbergov zakon pri pogojih tedenja ne velja.

Pri slanosti, ki naj bi bila v dcpustnih mejah do 250 mgfl Cl—, je bil
doloten dopusten pretok #rpanja iz zajetja K2, in sicer pozimi 28,7, spo-
mladi 16,8 in poleti 19,7 do 3,5 I/sek v odvisnosti od padavin,

Zmogljivost zajetja je pod pritakovano, zato so predlagali kot naslednjo
fazo sanacije kopanje zajetja K3, oddaljenega od morja 2.7 km, ali za-
tesnitev kolektorskih con pod nivejem morja v zajetju K2 z namenom.
da bi zmanj¥ali izgube sladke vode, z dvigom gladine zmanj3ali vpliv
morja ali ga v najugodncjdem primeru povsem izolirali. Injiciranje od kete
+5 do —70m je bilo predlagane v kolektorski coni [V/2,

Poschno zanimiva so bila v Postirah opazovanja o pretakanju krufkih
voda. Povriinska zakrasela cona sega do globine 20m pod povrEjem
Eribine, V njej je mnogo razpok, manjsih kanalov in dimnikov, manjgih
votlin itd. Vse te odprtine so med sebpj povezane: zato je cirkulacija vade
v vzdolfni, preéni in navpitni smeri dobru. Ta tip zakrasovanja sledi
reliefu pokrajine, Tam, kjer je ta cona v vidjem polozaju, je to prezrutena
¢ona s pronieanjem navzdol; ob marju, kjer je ta cona potopljena, se pe
njej podzemeljske vode izlivaio v morje, Poroznost in prevodnost te cone
sta veliki.

V globino napreduje zakrasovanje vzdol? prelomov in tektansko po-
rulenih con. V zajetju K2 je bilo 6 takih eon pri dolfini rova 470m.
V njih se podiemeljske wide pretakaje v vzdoiini smeri proti morju.
Zveze v preéni smeri pa so slabe, kar dokazujeta razlidno reagiranje in
razlidna slanost posameznih kelektorskih con ob &panju.

49 Zruovica pri Gradacu

Irvir Zrnovica (Komatina, )988; Krznar in dr, 1970) lezi na
meji apnenca in dolomita le 1km juzne od fli¥nega pasu Makarskega
primarja, Fli$ni pas ob morju je skupaj z dolomitom usmeril podzemeljske
tokove, ki drenirajo Biokove in Rili¢ planine proti severozahodu v izvire
D. Brela in delno proti jugu na izvir Zrnovieo ter izvire v Dadinskih
jezerih,
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Tabela 2.

Meritve alanasii in gladin jzvira Zroovica roajs 1970
{pn Krznar in dr. 1990)

Salinity and piesnmetric surface of Zrnovica spring in May 870

Mesto meritve

Obgervation locality

Glavni izvir
Main spring
Vrtina 2-2
Borehole
Vrtina  2-3
Barehole
Vrtina 2-9
Borehole
Vrtina 2-1%
Borehule
Vrtina 2-14
Borchole
Vriina 2-17
Rnrehole
Vrtina 2-18
Borehole
vrtlna 2-19
Borehole
Vrtina 2-20
Borchole
Vrtina 2-21
Barehole
Vrtina  Z-32
Borehole
Vrtina 2-34
Borehale
Vrtina 7-35
Ratehole
Vrtina 292
Barehole
Vrtina 2-43
Borehole
Vrtina 2-44
Borehole
Vrtina 2-45
Borehole
Vrilne  Z-46
Borehole
Vrtina Z-47
DVorehole
Vrting  2-48
Borehole

{afice Erznar a ot. 1970

Slanost

Salinity
mglCl-

4800
T2
32

116
14
12

124

2720

4¢

#

a2
16
20
28
8¢
28

224

Table 2,

Gladina v metrih nad moriem

Pieczometric surface in

084
1,62
2,89
0,34
1,81
150
1,54
2,18
1.58
1,81
1,11
148
1,97
1.26
3,39
241
245
2,88
22
2,15

2,26

meters above sea level
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Izviri 2movica bi bili pomembni za vodno preskrbo julnega dela
Makarske riviere, V raziskavo izvira so bila viloZena Ze matna sredstva.

Glavni izvir (sl. 11) na bregu, imenovan Mlinica, jc ograjen z zidom.
Njegova gladina je dvignjena za 1m nad morje; vodni padec izkoriita
mlin, ki je tik ob morju. Ostali izviri so na obeh straneh zaliva, 'V morju
g0 3¢ 3 brojnive, najmofnejia, ki tele samo ob deZeviu, je oddaljena od
mlina 120 m.

Protok vseh izvirov je ocenjen na 0,5 do 1 m¥/sek v sudi in 2 do 3 m¥fsek
ob defevju. Izvir £t.1 na zahodni obali je stalno sladek, vsi ostali pa so
ob sndi slani s 3000 do 11 000 mg Cl-. Ob deZevju se nekaters izvir oslade
na okrog 50 mg/l, ostali pa na 3000 do 3500 mg/1 Cl—.

Cilj raziskav v letih 1968 do 1970 (Krznar in dr., 1970) je bil,
poiskati v nepasrednem zaledju izvirov glavme dovedne kanale, po modno-
sti na keajih, kjer voda $e ni zaslanrena. Gevelekiri¢no sondiranjec je po-
kazalo glavni vpliv morja v zaledje v ozkem pasu vzdol? preloma med
dolomitom in apnencem, geoelektritno profiliranje pa anomalije v do-
lomitu, Prva vrtina jo zadele na slabo prepusten dolomit. Nato so usmerili
vrianje v apnence na vzhodni strani zaliva, Tudi v apnencu mise nadli
glavnih vodnih %l Zato so v letu 1970 sistem raziskav spremenili in
2ateli iskati glavme vodne 2ile v neposrednem 2aledju glavnega izvira
z vrtanjemn in barvanjem. Z nadaljnjimi vrtinami so se od izvira odmikali.
Glavne zile so nadli v kompaktnem dolomitu. Za prelom mislijo, da je
zaglinjen, Podatke o barvanju kaze slika 11, ¢ ob&asnih meritvah slanosti
pa tabela 2.

Velike razlike v slanosti med skupinama vrtin 2-47 in 2-48 ter 2-19,
2-20 in 2-21 s podobnimi plezometriZnimi nivoji in majhno medseboino
oddaljenostjo nam kafejo, da se voda zaslanjuje vzdol: omejenih med
seboj lo¥enih con. Rezultati govore tudi za to, da se voda zaslanjuje v malo
oddaljenem zaledju.

4.10. Tzviri v Morinjskem zalive v Boki Kotlorsk]
Gore Orjen, Lederica in Lovéen v zaledju Boke Kotorske sestoje vedidel
iz zakraselega apnenca, Pripadajo coni Visokega krasa (Radulovié,
1971}, narinjeni proti morju na cono Cukali, ki je kot celota preéno na

 — - —— —_— — ———

St. 11. Barvanje raziskovalnih vetin v zaledju ievira 2movica {po Krznariu
In dr., 1970)
¥ig.11. Tracer experlments carried out in the hinterland of the Zrnovica spring
{after Kranar and others, 1970

St Sludek .avir F2! Plgcometci®&na Riadina podtalplee v
Fresh water gpring vrtinah maja Iv0 (v metrih nad mor-
G+ Glavni raslanjen Lzvir Jem}
Maln brackish spring Flezometric head of ground water In
2 Vrlina bote holea In May 10 (In ineters
Bore hae ubove sea level)
. Slarnst v mayu 1870
2—11 Zaslanjeni szviyt § .
Brackizh springs Saltnty io May 1970
X% ain t {as od barvanja vrt'ne do pojava

' burve v lzvim
W o
N B miur ol ‘I'ltne between  introduction of the
i “:-'" tracer into Bore hole and I3 wppear-
ance 1n the spring
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smcr plasti neprepustna. V Kotorskem in Risanskem zalivu so na meji leh
tektonskih enot medni obmorski izviri. Nastali so zuto, ker velike padavine
(do 4000 mm) v gorovju napajajo apnencc, odprt proti morju. Morinjske
in Kostanji$ke izvire, ki imajo srednji letni pretok 5,5 m¥sek in srednji
nizki pretok okrog 0.5 m¥/sek, so raziskovaii v letih 1968 do 1970 {Pav-
lin, Biondié&, 1871).

Hidrogeolosko kartiranje je pekazalo, da ledejo vode k izvirom od
zahoda skozi turonsko-senonski apnenec z globolrunkanami Kg*3, Na juini
strani apnenca sta slabo prepusten cenomansko-turonski plosZasti apnenec
z rzenci Kp'* in spodnjekredni silificirani apnenec in radiolariti K,
na severni sfrani pa je slabo prepusten senonski ploStasti apnenee s ten-
kimi vlotki laporja in rofencev KA. Slabo prepusine plasti so usmerile
pretok skozi turpnsko-senonski apnenec z globotrunkanami Kp%3, ki je
zakrasel (sl 12).

N ISE 5w

Moringkl

SL. 12. Hidrogeolo3kl profll Morinj (po Pavilnu in Riondiéu, 1871u)
Fig. 12 Hydrogeological seetion Morinj (altec Pavlin and Biond ié, 1971x)

1 Pobotni gruse Limestone with globotruncanas Y7,
Scree highly permeable

Z  Naplavina 7 Plosdasil apnesne¢ z rolencl K\, mialo
Alluvinm prepusten

1 Eocenski 7119, kot orlots neprepustan Platy lmestone with chert K, pnerly

Eatene flyseh, Impecyivus permcable

41 ApDpnenee ui‘c-rpc. dobro prepusien ¥ Sllticlcan apnenec » radwlant K,
Limestone K¢+ P¢, highly permeable malo nrepusicn

§ Ploitasti gpnenec z rodenci, malo pre- Sliicitied limeetlone and radlolarile K.
pusten poorly prrmeable
Platy limestone with ehert, poorly pet= 3  Apnened in dolomit T + J, dobro pre-
meable PUstna

8 Apnenec z globutr 13, Liroestone and dolomite T+J, highly
p:::mstcn 4 runkanaml K% dabro permeable v

Morinjski in Kostanjiski izviri (sI. 13) tefeiu vse leto, poleti so za-
sianjeni s 1000 do 12 800 mg/l1 Cl~. Pozimi in peleti po modnem dezeviu
so sladki. Poztmi te¢ejo »Zimski izvirie, ki so oddaljeni od obale 700 m,
polet{ je imela voda v njih 1300 mg/ Cl—.

Izvrtali so 10 raziskovalnih vrtin in dva vednjaka. Sitnacija je podana
na sliki 13, slanost in gladina vode pa na tabeli 2.

Prva Stiri barvanja v zaledju izvirov (tabela 4) so pokazala, da gravitirajo
v tem delu podzemeljski tokovi prati Morinjskim izvirom. Glavni dovodi
h Kostanjigkim izvircm, ki so motnejéi, so nekoliko bolj juine.

12
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Flg. 13. Situation of Morinj springs and sxploration works (after Pavlin and Hiandié, 1871b}

KB Vvrtina Pr Prelom
Rate hole Fault
8N vodniak =1V Kra] bacvanja
Water well Site of tracer introduction
MI-M2 Blorinjski i2vin) - Mofno obarvano
Morinj springs High concentration of the tracer
KI-K% Kostanjlikl 1zvin e g Sledovi DaTvVilR
Wostanjlea springs very poear concentration of  the tracer

Ziaadkh 1zvird
Springs flowing during winter
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Tabela 3,

Tauble 3.

Blanpst In drugl podacki o favirlh, vrtinsh in vodnjaklh v Morinjskem 2allvu (po Pavilion in Biondiéu, 1971h)

Mesto
meritve
Cbhservation
loeality

Tzvir
Spung
M1
M1
K1
Kl
K3
K3
K5
K3
K§
K$§

Razdalja
ad obale
metroy
Distance
from sea
shore In
melcrs

Dno vrti-
ne ali
vodnjaka
m pod
morjern
Bottomof
burehole;
fwell In
meters
below sea
level

Dalum
Date

26. .69
20.8. 69
28.8.60
29.8. 89
28.4.69
29.9.69
2¢. 9.68
25.8. 99
26.4. 989
29.8. 69

Gladina vode
Piezometric surface

ub meri-
tyl sla; nainiZja
nosti
during 196?;10'?0
salinity 2
measure- lowest
ments

m nad morjem
in meters
above sea lavel

1,07

1L

na po-
vriju
vode

abl wu-

ter

surface

- ——

2970

120

29¢€0

3120

3070

126800
880

Salinity and ether data of springs, boreholes and wells I Morlnj bay {alter Paviln and Biaadl§, 1071b)

Slanost
Salinity

v glo-
biri
12m
at 12
meters
depth

mgA Cl--



Sl

Vitina
Borehole

KB 1
KB 1
KB1
KB2
KB2
KB3
KB3
KE8
KBt
KB ID

Vodniak
Water well
BN 1

BN1L

BN2

40
740
740
160
460
BBU
680
840
a00
680

900
poo
#80

—i

58
58

14
18
48
48
14
23
2%

12
12
18

26.8. 89
26.8.68
14. 8. 70
28 A. 62
16.8.70
8. 49
16.8.70
16.6.70
14.8.70
14.8.70

31.4.70
30.9. 70
19.8.70

30

3,33
1,83
1,94
1,30
314
2,38
3N
3.ng

7.0
15
—B8.0

Rezultati barvenja s¢ podani v tabeli 4 In sliki 13,

3.33

3,14
2,38
2,55
5.08

45

800
1520
6RO
2250
260

a0
80
1350

2490

1000 ah &rpanju

1080

1170
1009
B10

1850

280

during pumping




Tabela 4. Table 4.
Morinjski ixvirl. Iskanje vodnih zvex z harvanjem

Marin] springy. Determinatlon of ground water
connectlons by dracers

Kraj vzorfevanja

Sampling site
Stev. g
barvanja Kraj :
Number _barvanja Sledovi Qpamba
ot tracer Si:frgc{u%’;:r (ntenzivno obarvano V::; V;::M Remark
test High concentration SOT CERS
Lration
I Vrtina KB-2 Izviri M-1, M-2, M-3
Bore hole KBB-2  Springs
1] Vrtina KB-3 M-l, M-2, M-J
Bare hale KB-? KB-2
II1 Prepustne M-1, M-2, M-3 K-1—K-6
karitn Suhega KB-2
potoka, nad
vrtino KB-8
Pervious bed
of Suhi potok
creek above
bore hole KB-#
v Poboéle nad M-1, M-2, M.3 pri
Zimskirni izviri Zlmski {zvivi visoki
Slope above vodi
Zimski iztriri at high
water
v Uvala Makeine M-1, M-2 M-3 konec
nad Tgalom K-1--K-8 zime 1071
Ruzdalja 1l km at theend
Uvala Mokrine of winter
above Igulu 1071

Distance 11 km

Pavlin in Biondié (1971b) mislita, da se voda zaslanjuje vzdol
kraskih kanalov, ki vodijo k Merinjskim in Kostanjiskim izvirom, To naj
bi dokazovale zmanjfevanje slanasti z oddaljevanjem od morju ter velja
slangst v globljih delih vetin,

Obmodje zimskib izvirov naj bi sanicali s kaptagnimi vodnjaki in 2
injekcijsko 2aveso pod izviri, Zavesa, dolga 38Gm in globoka 100 m. do
kote — 85 m, naj bi presekala pas zakraseloga apnenca z globotrunkanami
in prepredila vtok morja. Zgradili naj bi jo iz raziskovalne kaptaZnega
rova,

4.11. Brojnice pri Lu Mortoli na italijansko francoski meji

Brojnice pri La Morloli so raziskovali v letih 1980 do 1962. Calvino
in Stefanon (1983) porofata, da so 500 m od obale 3 brojnice; najveéja,
imenovana Rovereto, je v globini 39 m, Brojnice s0 ob podaljgkn preloma,
ki na bregu razmejuje zgornjekredni glinasti apnerec s plastmi laporja
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in ¢isti kempaktni jurski apnenec. Raziskave s sonarjem in potapljadi sep-
tembra 1961 so odkriie v peftenem dnu ved lijakov. Na dnu treh lijakov
s0 modni izvirli sveze vode, Dva sta med scboj oddaljena 5m ter imata
odprtino 1,0 X 0,25 in 0,5 X 0,1 m, Pretok je bil ocenjen na 0,1 m¥%sek.
slanost pa med 45 in 75 mg/ Cl—.

Calvinoe in Stefanon (1989) sta predlagala italijanskemu Narod-
nemu odboru za raziskave {Consiglio Nazionale delle Ricerche). da bi izvire
pokrili z valjem, ki bi hil z gibljivo cevjo zvezan 2 ladjo, kjer bi merili
pretok vede in njeno slanost,

Raziskovalca menita, da bt 5 tem zadasnim zajetjem v 3 letih zbrala do-
volj pudatkov za projektiranje stalnega zajetja.

412, Brejnice pri Tarantu v Ktadiji

O tch brojnicah porodata Cerruti (1948) in Stefanon (1871).
Stefanon meni na podlagi raziskav, da se morje in sladka voda me-
Eata v ustju podvodnega izvira. Da bi mefanje prepredili, so se odlotili,
da pokrijejo ustje izvira z zvonom, podalj$anim v sifon.

4.13. Brojnica Cadimare pri Speziji v Italiji

Znano hrojnico Cadimare so zajeli v globini okrog 6m in dvignili
njeno gladino na - 3,3 m. Vendar so valovi kenstrukeijo kmalu porusili.
Tudi brojnica bi vet aktivia (Calvine, Stefanon, 1963), ker je po-
Kopana pod rufevinami.

4.14. Izvir in brojnice Ayios Georgios pri Kiveriju v Gréiji

Sredins Peloponeskega polotoka s¢stoji iz apnencey in je povedini brez
povr¥inskega odtoka. Planots pri mestu Tripolis, dolga okrog S50km in
firoka okrog 15 km, je lipitno kradko polje s ponort ob pobodjih. Tritij.
ki so ga zlili v ponor Nestani na vzhodnem vobu polja Tripelis, se je
pokazal po 8 dneh v najvedji koncentraciji v 27km oddaljenem izviru
Ayias Georgios.

Na morski obali pri izviru Ayios Georgios je bilo ved izvirkov, ki so
vscbovali 177 in 184 mg/1 Cl—, Glavni izvir pa e bil v globini 10m in
v razdalji 10 m od obale. Slanust brojnic je bila 3000 do 4000 mg/1Cl
(Stander, 1971). Nalrt za izkeri$éanje voda v letu 1964 je predvideval
izgradnjo akumulacije v notranjosti poloioka in zajezitev teh vod pred
ponomimi podrodji. Pripomniti je Lreba, da bi lako zajeli le del voda, ki
povecini te¢ejo dircktno proti izvirom ob morski obali in ne prek kraskih
poli.

Prof. W. Stander je meril sianost. glading in pretok na tem izviru
in predlagal njegovo sanacijo 2z izgradnjo polkrozne pregrade,

4.15. Morski podiralniki na oioku Kefalonija

Marski poZiralniki na otoku Kefalonija so znani v literaturi ze 150 let
pad itnenom smorski miini pri Argostolionue, Gladina v morskih poziral-
nikih je 0,75 do 1,25 m pod gladine morja, meaksimalni pretok je v izko-
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pancm kKanalu okrog 1,7 m*sck. Zitni mlin, ki je bil zgrajen leta 1834, je
potres leta 1953 porugil.

Maurin in Zaétl sta 1963 leta z barvanjem dokazala, da morje, ki
ponira pri mlinih, zaslanjuje 15 km oddaljene izvite v zalivu Sami. Skupen
pretok teh szvirov je okrog 10 m3/sek., temperatura 15 %C, vsebujejo pa 10
do 12 % morske vode.

4.16. Izvir Almyros Irakliou v Griiji

Almyros pomeni v novi gri¢ini slan izvir. To ime so dali ved izvirom
in rcticam. Almyros Irakliou je na severni obali otoka Kreta, 8 km za-
hodno od glavnega mesta otoka Irakliona (Heraklion). Voda izvira pa
vanofju zakrasele planote Keri na skrajnem severovzhodnem delu gorstva
Psiloritis. Od morja je izvir oddaljen 1km in se vanj izliva kol redica
Almyros potamos, dolga 1.5 km. Ob izviru je jezero, ircko 80 m, lipi¢no
kra¥ko soko«, ki je umetno povedano z nasipom. Nu njem je bilo pet
mlinov, vendar danes stoji le 3¢ eden, Glavni dotok v jezero je v globini
20m po kra¥kem rovu ¢ presckomt okrog 5m? Pri pretokih nad 8 m¥/sek.
deluje Se zgormji izvir iz sifonskega jezera, dvignjenega za 1 m nad gladinn
lezera. Zgomji izvir je v manji votlini na robu glavmega jezera. Srednji
pretok je okrog 8 m¥/sek.. minimalni 4 in maksimalni do 30 m¥sek. Vetino
lete je voda zaslanjena do 5500 mg Cl—. pozimi pa je sladka zaradi veéjih
pretokov (Burdon, Papakis, 1964).

Padavinsko obmogje meri okreg 300 km% Letna kolidinu pudavin je
odvisna vd nadmorske vidine pekrajine in se puvetuje od BUO mm pri iz-
viru nad 1400 mm v vifini nad 1500 m.

Padavinsko obmotje izvira je pogerje Psileritis, Zgrajeno v zahodnem
delu iz pledtastega apnenca z roZenci, verjetno permske starosti, in v
vehodnem iz apnenca serije Tripolitza. ki je jurske do eucenske starost
(Papadopoulos, Skanvie, 1968). Oba apnenca sta modno za-
krasela. Psiloritis je omejen na vzhodu in jugu vidol? preloma ob tek-
tonskem jarku Iraklion-Feslos z neprepustnim [lidem in ncogenskim la-
porjem, Odtok proti zahodu preprefuje neogenski lapornati apnenec, ki je
transgresivino odloZen prek vznezja Psiloritisa. Severni rob meji na slabo
metamorfoziran skrilavee in delno na flis. Najviji vrh pogorja Psiloritis
Timioe Stavras, visok 24568 m je na zahodu, Pogorje se proti severevzhodu
polagema znifuje proti izviru Almyros. Skrajni severovzhodni izrastek
Fsiloritfsa je planota Keri, visoka 300 m (sl. 14 in 15).

Zanimanje 2a {a izvir se je v zadnjem desetletju motno pevedalo, ker
s0 narasle potrebe po pitni in namakalni vodi. Vzrok zaslanitve so razlidno
razlagali, Nekateri so napak domnevali, da je slanost posledica izlutevan)e
sedimentov in da je v globini ped izvirom sladka voda. Kot deokaz st na-
vajali vrtino Khavrohori, oddaljeno od izvira samn 160 m, Z njo so zadeli
na manj slano vodo (A0 mg/1Cl-), ki jo upurabljajo za vodovod v vasi
Guzi.

V letih 1988 do 1971 sem sodeloval pri raziskavah Almyrosa po pro-
jektu gri3ke viade in ZdruZenih narodov 0 »Oceni in moZnosti izkoridéanja
podzemeljskih voda v vzhodnem delu Kretee (Gov, of Greece, UNDP, FAO.
1868—1971).
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Leta 1088 so bili predlagani (Ré, Breznik, 1988} naslednji nadini
sznacije izyvira:

8} dvigniti gladino izvira in s tem odrinii maorsko vodo,

b) z injekeijsko zaveso presekati spadnjo Zilo, po kateri doteka morska
voda,

¢) zajeti vodo iz dovodne Zile §¢ preden se umesa z morsko vodo.

Raziskave za varianti b in ¢ so v glavnem konéane. Poskus 2z dvigom
gladine, ki je zelo drag, je prenesen v drugo fazo raziskav.

Mezozojski apnenec planote Keri je narinjen na metamorfni skrilaver
na severu, Narivni rob je 500 m oddaljen od izvira Na vzhodu in jugo-
vzhodu je planota Keri omejena s subvertikalnim prelomom, ob katerem
se je vzhodni in jugovzhodni del pogreznil za ved kot 500 m. Tektonski
jarek Heraklion-Festos, ki je pri tem nastal, so zapolnili slabo prepustni
neogenski pesek, melj, lapor in apnenec organskega izvora.

Obmoéje med izvirom in morjem, prekrito s hudournidkim vriajem, je
bilo posebne zanimivo 2a raziskave, ki maj bi ugotovile smer prodora
morja proti pogorju Psiloritis. Razdalja med morjem in 2akraselim apnen-
cem jo samo 1 km. Poleg tega je blizu i2vira izdanek apnenca. Raziskave
so pokazale, da se ta pas apnenca, ki je okrog 300m &rok in 50 do 180 m
globok, razteza 500 m daleé proti mocju. Tam je odrezan z glaynim pre-
lemom. Apnenet je moéno zakrasel do globine §0m pod morsko gladino.
vendar ni znakov, da bi morje skozenj prediralo proti glavnemu apnenemu
pogorju. Morska voda verjetno prodira po nekaj kilumetrov doigi poii
jugovzhodno od glavnega preloma.

Obmodje med izvirom in morjem le2i nizko in drenira ved podtalnic.
Podzerneljski tok iz zakraselega mezozojskega apnenca, ki je vedji del leta
saslanjen, ima glavni izliv v izviru Almyros. Majhen del voda se morda
drenira v vréaj hudournika. Na novo je bil odkrit podzemeljski tok v neo-
genskik sedimentih, predvsem v organskem apnencu, ki je malo za-
slanjen zaradi izluZevanja soli iz neogenskih scdimentov in bol; zaradi
prodora morja. Slanost tega toka se ne spreminja, je pa manj$a od poletne
slanosti glavnega zvira,

Za razumevanje hidravlitnega mehanizma izvira so posebno vazne
covisnice med pretokom, glading gornjega izvira in slanostjo, ki se po-
dane za leto 197041971 na slikl 16 (Gov. of Greeee, UNDPF, FAO, 1968
do 1971).

Za izvir je znatilno, da slanost poasi in stalno naraiéa v fasn upa-
danja pretoka v sudni dobi, a se hitro zmanj3a, kadar pretok moéno na-
ruste. Na sliki 16 je za Jazo oslajevanja izvira oznadena prva meritev s ko-
li¢ino klorida pod 50 oziroma 108 mgl s w»kon 50« oziroma »kon 100«.
Analogno pomeni v fazi zaslanjevanja azad 5Q¢ oziroma aeud 10D« prvo
meritev, ko je bila kolitina klerida nad 50 ozirema 100 mgsl, Koli¢ina klo-
rida v vodi kragke podialnice, ki ni pomeSuna z morjem, je nkrog 35 mgl.
Koli¢ine 50 mg/l Cl— smo privzeli za mejo, kadar ugotavljamo, ali se
morje meZa s podtalnice ali ne.

Ob zmanj¥cvanju preloka se zatne 2aslanjevanje (Cl— ved od 50 mg’l}
ko se pretok zmanjia pod 13 do 14 mifsek. Pri pretoku okrog 12 m¥sek.
naraste s.anost nad 100 mg/l in pri pretoku pod 11 m¥/sek. prek 300 mgfl
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Tabela 5.

Table 5.

Pretok in simnost v &au mslanjevania levira Almyros Irakliou (Gov, of Greere, UNDP, FAO, 1958-—1971)

Distharge and salinlly of the Almyros Irakllou spring during increase of the salt conient (Gov. of Greece,

1968—1971)

— — — — T —— e —

FPrejdnje stanze Slanost prek 50 myg CI-
Previous conditions Saliulty above

Datum Q Bi—hm €1- pDalum Q h bn ¢ Datom

Diate mks m Rl Date m'3 m mg'l Datr

9. 3. 63 16,48 448" 14.. 3. 1442 439* 89 15 3.
14. 12, 68 1289  4.21* 16. 12. 1442 438* 55 17 12,
11, 2. 692 1384 432 3B 12, 2. 1543 44§ 83 14. 2
12, 3. 70 1880 473 35 13 8. 1321 427 w14 3.
22. 1. 1211 37t 280 1, 1215 384 78 25 1.
B 27 17,38 4,08 3 1. 2. 1243 372 B8 12 1
2.3 N 15,00 405 a8 3 3 1356 s.82 59 1 3

* Ocenjeno po merjenl gladini v Jezercu,
Estimated according ta level measurements in the pouvl.

ml’s

13,56
10,60
13.27
11,34
14,42
11,79
10,80

Slanosi prek 10¢ mg. Cl1-
Salinlty abuve

h — b

m

4,26*
293
428
4,03
843"
3,49
3,53

-

mgil

248
140
142
142

185
106

UNDP, FAQ,

Slannst perek 0 mgl Cl-

——

Sallnity above

Datum Q b — hm

Date ml's m
1d. 3. 1289 421*
19. 12, 10,87 391%
19. 2. 1188 410
16. 3 851 3,66
29, 1. 1148 358*
13. 2. 1107 354

B. 3. 10,28

3,42

cI-
mg-t

255
370
302
300
497
255
839



Sl 14. Pogled od izvira Almyros proti morju, Levo od jezu je viden izdanek

yzojskega apnenca, ki se viede proti morju

me:
Fig. 14. View from the Almyros spring towards the sea. Mesozoic limestone

crops out on the left side of the wen and extends seawards
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Cl—. Podatki so zbrani v tabeli 5 in na sliki 17. Na sliki vidimo, da se
prid¢ne viok morija pri pretoku okrog 12,5 m¥sek. Slunost s¢ nato neenako-
merno poveduje do pretuka okrog 9.5 m¥isek. in se pri nadaljnjem zmanj-
gevanju protoka enakomerno poveduje. Krivulja CI— = f(Q. ~ Q) nake-
zuje domneve, da mehanizem, ki regulira dotok pri pretokih med 135
in 9,5 m¥%sek., postopoma odpira ved spodniih zil v razliénih globinah. Vsi
ti kanali verjetno skupno dovajajo morje pri pretokih pod 9.5 m¥/sek.

Pri narad®anju pretoka se zmanjia slanost pod 50myQl Cl— Sele pri
prelokih nad 20 m¥sek. Velika razlika v pretokih za enako slanost
{50 mg‘1 CI-) ni nastala zaradi razlitnega delovanja mehanizma, ki regu-
lira dotok morja, ampak zaradi somornice, akumulivane v zgomnji Zili 2¢
takrat, ko se je dotok morja ustavil. Te somormico mora sladka voda naj-
prej izplakniti iz podzemeljske akumulacije, ele nate se lahko izvir osladi.

5. ZASLANJEVANJE KRASKIH IZVIROV IN NJIH KLASIFIKACIJA

5.1, Zaslanjevanje zaradi vefje gostute morske vode

Ako sta v dolodeni globini v stiku sladka in morska voda in imata
enak piezometriéni nivo, tedaj morska izpodriva siadko zaradi vetjega
tlaka, ki je posledica vedje gostote morske vode.

5.11, Brojrice z zaslgnitvija v ustiu izvire

To so brojnice, pri katerih je voda v zgornji #ili 3e sladka, se pa za-
slani v ustju izvira, ki je bolj ali manj globoko v morju. Morska voda za-
radi vedjega tlaka vdira v tok sladke vode. Pri mcfanju nastane somor-
nica, ki je lazja od morske vode in se dviga proti povrsju. Pojav je po-
doben konvckcijskemu toku zraka nad segretim lelesom. Tok someocnice
ima obliko stofca, ki se proti povriju #ri in je ped morsko gladino dobro
viden. ker je zaradi migotic bolj ali manj moten. Migotice so posledica
neenakomernega lomljenia svetlobe v vriincih, nastalih pri medanju morja
s sladke vodo.

Primeri takib jzvirov so Rrojnica (Sorgenti d"Aurisina) pri Trstu. Ca-
dimare pri Speziji, La Mortola in Mar Piccalo pri Tarantu v Italiji ter
Ayios Georgios v Griiji.

Brojnica, Cadimare in Ayios Georgios sa v plitvem morju, | do 2, 6
in 10 metrov globoko. Pri La Mortoli je globina moria 39m, v Mar Piccolo
pa 19 m. Brojnice pri La Mortoli, Cadimare in v Mar Piccolo imajo por on
glaven izvir, v Rrojnici in Ayios Georgioe pa je na precejdnji povrsini ved
izvirov podobne jakosti.

Tzvire, ki se zaslanjujejo v ustju, identificiramo na te nadin, da &im
globlje v ustju izmerimo slanost, ki mora biti manjia od priblifno
100 gt Cl—. Najlaze dolodimo slanost z merjenjem elektridne prevodnosti.
Utripanje kazalca amperometra, ki je posledica vrtincey siadke in morske
vode, pove, da je clcktroda sparata $e v coni medanja in da je treba iz-
merili slanost globlje. Indikacija za izvoridde tak3nega tipa je to, da je
eden izmed vel izvirkoy sladek,
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2.12. Zaxlanjeni izviti v izotropno prepustnem Kkredkem vodonosniky

Za izotropno prepusien kradki vodonosnik je znadilno, da so razpoke
in votlinice enakomerno porazdeljene v vseh smereh, tako da je poroznost
podobna porozaosii zrratih sedimentov, Sladka voda se torej zaslanjuje
v celotni pornzni masi in ne samo v posameznih kraskih kanalih ali Zilah.
V porozni masi obstojita sladkovedns in mnerska cona. Med njima je cona
medan)a, v katerd s¢ voda zaslanjuje. Sladka voda se zaslanjuje delnoe zaradi
difuzije morske in sladke vode¢, v glavnem pa zaradi mehaniéncega medanja
pod vplivom plimovanja, sezonskega nihanja gladine in razlike v hitrosti
sladke vode, ki te€e proti morju, ter morske vode, ki miruje ali tede prott
celini. Debelina cone medanja je odvisna prodvsem od gradienta podtalnice.
Pri me&ihnih gradientih znaSa le nekaj metrov, pri vedjih gradientibh in
predvsem vk obali pa naraste na prek 50 %% vitine vodonosne plasti. Delce
morja, ki se medajo z vodo v coni medanja, odnaga tok vode in somornice
proti izvirom. Zato nastance majhna razlika v gostoti in nadomestitev od-
nesenih deleev povzrofi pofasen tok morja proti celini, Tak tok j& bil do-
kazan na Flordi (Chow, 1964}, opazoval pa ga je tudi Ku§éer (1950).

Ravnote2je med vodo in morjem se vzdriuje zaradi razliénih gostot.
V primerih, kjer je cona meSunja tanka, bi bilo mo¥ne rafunatl globing
mejne ploskve o Ghyben-Herzbergovi ¢nadhi ali po Hubbertevi enatbi,
pri debelejdi coni me¥anju pa po cnatbi Lusczynskega (gloj
pogl. 3.2

Takséen tip izvirov identificirtamo 2 vrsto izvirov vzdol: obale, ki niso
mnogo dvignjeni nad maorsko pladine. V' ved vrtinah merjene slunosti,
piezometriénce gladine in globine morske vode ali somornice je moZno po-
vezati v ploskve bolj ali manj pravilne vblike,

Na ta nadin se zaslanjuje podvodni tok v Postirski dolini na Bratu in
v delint Marina-Stupin ter obalni vodonosnik Izraela.

5.13, Zaslanjeni izviri v enizotropno prepusinem kraskem vodonosniku

V anizotropno prepustnem kradkem vodonesniku se vodni tokovi zdru-
zujejo. Dokaz 23 to je centralno dinarski kras. kjer je na povriini
17 500 km? samo 55 veljih izvirov. To pomeni, da s¢ na vsakem izviru
srednje izdatnosti 7 do 0 m¥/sck, praznijo podzemeljske vode kraskega te-
rena povrdine 320 km? (Kvmalina, 1888). Podobno je na otoku Kreti,
kjer tri lofena pogorja Dikti, Psiloritis in Lefka Ori sestoje iz apnenca.
Zakrascle povrsine teh pogorij znafajo 150, 300 in 400 km?®. Njihove pod-
zemeljske vode se v pglavnem praznijo v possmezne zaslaniene kragke iz-
vire s sradnjim pretokom 2, & in § m*sek.

Tudi kaptazni rovi Postire, Dubrava, Zaton, Gustima in BlaZ kaZejo,
da sc vodu pretaka po posameznih privilegiranih potch. To so lahko raz-
pokane cone, splet majhnih vetlinie, lahko pa tudi pravi kradki kanali.
Zaradi enostavnosti )ith bomo imemovali s skupnim imenom 35la. Tak3en
pretok pa seveda v glavaem ni ved podoben laminamemu pretoku skozi
ved ali manj homogene sedimenle enakomerno poroznega krasa ampak sc
pribliZuje pretoku po ceveh. Tudi nadin zaslanjevanja ne more biti enak
zaslanjevanju v zrmatih sedimentih in v izo‘ropno prepustnem kraskem
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vodonosniku z laminarnim tokom vode s kolikor toliko regularnimi struj-
nicami in kontinuirano cono mesunja velike vzdol#ne in pregne razsefnosti.

V anizotropro prepustnem kratkem vodonhosniku se voda zaslanjuje v
razeepu dovodne 2ile, kjer s¢ medata sladka in merska voda (Gjura-
$in, 1843; . Kugéer, 1050). Najenostavnejdi sistem krudkih kanalov
v bliZini obale jo shematidno podan na sliki 18. Na desni strani razeepa
ob prikljuéku spodnje Zile e pritisk

(R

p' =p. + (hm_hi_'— —Tm) om (1)
2 2¢
Tm o= f{Qm}
in na levi sirani razcepa na dnu zgomje Zile je pritisk
. : —
P e (m_k,—-finhr,) ga. @)
] 2¢
Ty = f(Q)

Tw in T, sta popredji tladnih izgub v spodnji in zgornji %ili, gm je go-
stola morske vode v spodniji Zili in g, gostota somomice v zgornji %ili.
Razlika pritiskov v razeepu

P'—P" = [(.‘.’m—@!} (hl—hr)—.?- [hi —hn} — {iim ;.I"m + e '-ra) t
4 —_n,
o VA0 _"”‘__”’“] (3)
2¢g

Morje lete v razeep, ¢e je pritisk v spodnji 7ili vedji kakor v zgotnii,
tore) ¢e je zgornii jzraz pozitiven. Pogoj za tak primer izraZa neenatba 4:

- T Ry
himhe> S ympy e Lo 0T Pleemnden
Om ™= Ll O — 29 (om— 01)

V gornji neenadbi pomenijo imenovalei desnih &lenov razliko gostot vode
v spodnji in 2gornji %ili, $tevec prvega Elena vidino izvira nad morsko gla-
dino, dtevec drugega vsolo tlaémh izgub v spodnji in zgornji 2111 ter tevec
tretjega razliko hitrostnih vadin v obeh zilah.

Mnogi zaslanjeni izvir postanejo sladki ob visokih vodah, ko se poveda
vidina izvira nad morske gladino, Ko pPa pretok pojema in se vifina izvira
ZniZa, se zopel zaslanijo.

Imenujmo pretok sladkega izvira tik pred njcgovo zaslanitvijo ravio-
tekni pretok Q... Tedaj je spednja zila 3e hapolnjena 2 morsko veodo, ki pa
Se ne tede v razeep. Sladka voda se ne izgublja v spodnjo Zilo, Pritiska
spodrje in zgomje zile sta v razcepu v ravnotezju. Skoui pornjo %ilo tede
samo stadka voda. Toduj je:

124



Qo =10 Ta =0 —— 0 u=pe=10 L’ﬂl':l.ozs
29
: 2
mpes s o 8% yesiafion @ T,—"—) 5)
O — 2 D=0y | 29
v.?

Te=f(@) — - .”Qro)
29

Na terenu je moZne meriti pretok, gostoto vode in vidino izvira, Me-
tltev povpreénih tlaénih izgub in hitrestne vidine v zgornji 2ili pa bi bila
meo2na le izjemoma, % bl predrli do razcepa polapljaéi ali &e bi zadeli
razcep z vrtine, Predstavo o globini razcepa bo dal radun z ocenjenim T,
in s

2¢

V naravi lahko pridakujemo, da ima puswunezni izvir po ved dovodnih
3il in vet razcepov, Postopno zasian)evanje izvira Almyres (glej sl 17), ko
se pretok zmanjiuje od 13 na 9,5 m¥%sck., kaze na vel razcepov v razlitnih
globinah. Obratno pa kaZe nenadns zaslanitev izvira BlaZ na en razcep
(glcj s!. 8). Glede na globino ruzeepa zl delimo te izvire na dve skupini.

5.131, Zaslenjeni izviri v anizotropno prepustnem kradkem vodonosniku
s plitvim razcepom

Razcope do 100 m globine pod gladine morja anafujemn kot plitve.
Pri tej globini jc 3e mona sunacija izvira s tesnenjem spodnje Zile. pri
globljih pa veinoma ne.

Izvice v anizotrozno prepusinem kratkem vodonosniku s plitvim raz-
cepom spoznamo po tem, da so to posumezni koncentrirani izviri, katerih
gladina je lahko do 2,5 m dvignjena nad morsko gladine takrat. ko so za-
stanjeni. Podatki o slanosti in o globini morske vode ali somermice iz vet
vrtin v zaledju izvira se medsebojne razlikujejo, kar je razumliivo, &¢ po-
mislimo na sterilne cone in priviligirane cone pretoks,

S pojemanjem pretoka se slanost poveduje. MeZno je tudi, da se slanost
nenadoma poveda, kadar viede spodnja 2ila morsko vodo kot natega, ko se
primemo zni%a pritisk v zgomji Zli zaradi zmanjfania doloka sladke vode,
Tak pojav so opazovali na izviru BlaZ v Istei v vktobru 1970. Podoben
pojav je hitra sprememba brojnice v morski poziralnik, kar so vpazovali
v brojnicah Kola pri Jurjevem in Gurdi¢ pri Kotoru.

Ce bi gladino izvira dvignili naravne ali 2 zajezitvijo na ustrezne koto,
bi s¢ morala slanost modno zmanjiati.

5.132. Zaslanjeni izvin v Grizotropno prepustnem Kvafkem vodonosniku
z plobokim Tozcepom

Voda sc zaslanjuje v razcepih, ki s¢ nad 100 m globoko pod gladino
morja. lzvire z globokim razcepom 2il spoznamo po tem, da so koncen-
tricanl in zaslanjeni 8¢ pri gladini izvira nad 25 m. Zajezitev ali dvig gla-

125



4

SI. 19, Zaslanjevanje curka sladke vode, potaplienaga v marju
Fig.18, Contaminatlon of a fresh water jet submerged in sea waler

u Dovodnae 2lla x sladko vodo ™  Spodnja 2lla 2 Morsko vodo
Frimary vein with frerh water Lower vein with sea waler
v Zaslanjen jzvir mo  Morje
Brackish wpring Sea

cti  Hipoleydna mela curka
Supposed bnundary of the fresh water
ict

dine do kote 2,5 m nad meor em samo malo vpliva na zmanjanjc slanosti
pri enakem preloku. Ob visokih vodah se izviri povedini osiadijo.

Ob zmanj$cvanju pretoka se poveduje slanost. vendar bolj enakemerno
kakor pri izvirih s plitvim razcepem 2il zaradi vetje podzemeljske akumu-
lacije, ki je posledica ve&je vddaljenosti in glubine razeepa. Taki izviri so
Pantan pri Trogiru, Piftica na Visu, Almyros Irakliou in Almyros Yeo-
ryvoupelis na Kreti, Nohal Hatanninim in Na'aman v Izraelu.

$.2. Zaslanjcvanje s srkanjem morja zaradi hidrodinamiinega utinka

lzviri zaslanjeni zaradi hidrodinamidnega uéinka naslancjo lahko samo
v anizotropno prepustnem krad¥kem vodonosniku, ket je poguj za nastanck
izvira take vrste pretok po kragkih kanalih.

Srkanje motja zaradi moéne zofitve dovodne Zile na kraju, kjer je pri-
kljugenu spodnja Zila z morske vedo, torej po principu Venturijeve cevi.
Je sicer moino, vendar so {izikalni pogoji zelo komplicirani in je malo
verjetno, da bi bili izpolnjeni v naravi. Na ta natin so razlagali hidro-
dinami¢ni nadin zaslanjevanja starejdi avtorji. Zaradi velike hitrosti pre-
toka skozj 2oZilev je velika verjetnost, da bi voda o%ji del kanala razfirila
tako, da bi se ulinek srkanja unifil. Zalo trdi Gjuras$in. da tak nadin
zaslanjevanja ni mozen.
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S1. 20. Zaslanjen izvir 2 2o2enim ustjcm zgornje ¥ile
Fig. 20. Brackish spring with a narrewed mouth of the upper vein
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t). 7y Razcen 2l ? Zgorhia
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Upper vein with elther brocklsh water or fresh
water durlng high discharge

Mnoge cnostavnejia je razlaga hidrodinamilnega wlinkg s curkom
vode, ki potegne s seboj del somurnice ali morja, v katerega je potopljen
{s1. 19). Razeep %il naj bo v taki globini, da zaradi 1uzlitne prostorninske
te¥e ne bi moglo priti do zaslanitve. Ako je curek hitro tekode tekotine po-
topljen v mirujode ali poéasi tekude tekofino, se zmanjéa njegova hitrost.
Zmanjdunje hitrosti pa pomeni redukeijo kinetifne energije. Zato se mora
v skladu z zakcnom o ohranitvi cnergije povedati presek curka, fe se
zmanjSa njegova hitrost. Po Newlonovem principu o akeiji in reakeyi se
tekodina curka zavira samo z istodasnim pospecvanjem okolidne tekofine.
Na ta naéin sa celotni prelok curka v resnici povetuje z oddaljenostjo od
ustja ha ratun ckelisne tekodine, ki jo vsrkava tAlbertlson in dr,
1950; Rousec, 1950).
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Pri laminarnem gibanju imame somo difuzijo, pri turbulentner pre-
toku pa nastanejo vriinci v mejni eoni, takn da previaduje mefanjc vodnih
mas. 8 poskusi so ugotovill, da je naklon obodne cone medanja 12 do 14°
napram sredifénici.

Medanje pa n¢ nastaja samo pri izrazitem curku, ampak pri vsaki ne-
nadni razéiritvi profila.

Gori razlofen hidrodinamiéni nafin zaslanjevanja je torej mofen tudi
pri majhni hitrosti pretokov v kradkih kanalih in ne samo pri veliki. ka-
kor so domnevali preidnji raziskevalei,

Na sliki 20 je prikazan sistem krasSkih kanalov s tako visokno lefedim
razcepom, du bi bilo moino samo hidrodinamitne zaslanjevanje s curkom
vode, Ustje izvira naj bo nekoliko ofje od zgornjc Zile. Pri moénem po-
vetanju pretoka naj bi pritisk ob ustju teliko naraste!, da bi se zafala
sladka voda izlivati Ludi skozi spodnje zile. Zato morska voda sploh ne bi
prifla v stik s curkom sladke vode. Ki raj bi jo vsrkal. Izvir bi se torej
oiladil, &e je bil prej slan. Prejnii raziskovalei so menili, da s¢ lahko
osladijo ob visokih vedah semo izviri, zaslanjeni po principu razliénih
gostot, pri ka‘erih se mejna ploskev lakrat zniZu.

Identifikaciia teh izvirov je tezka. Njihova slanost se poveta s pove-
tanjem pretoka. Dalje velja, da s¢ po hidrodinamiénem principu zasia-
njujejo tisti izviri, ki so na take visoki koti, da bi bila globina razcepa za
zaslanjevan)e na principu razliénih gostot take velika. da dvemimo v lako
globoko kradko cirkulacijo.

Tak primer jc izvir Slanac pri splitskem letaliséu. Izvir 16de samo po-
zimi, po hajvedjih dezevjih, njegova slanost je okrog 800 mg/l Ci—, kota
izvira pa 27m. Pri neenjeni gostoli somornice gn — 1.001 in privzetih iz-
gubah 3 m bi moral biti razcep v globini okrog 1000 m, da bi se izvir lahko
zaslanjeval po principu razliénih gostot. Globina morja v Kastelanskem
zalivu je 15m (Alfirevié¢, 1966); zato je malo verjelno, da bi se spu-
stila spadnja Zila do glebince 1000 m pod morjem.

Zaslanjena izvira z visoko gladinu sta ldi Jezero Koumas s 17m
in izvir Anavaloussa pri Perama z okrog 12m, oba ra otoku Krata.

Pri nas je opazoval vedjo zimsko slanost izviroy v zalivy Poljice Je-
vremovic (1866). Zaslanjeni ievicd s srkanjem morja se sicer lahko
v izjemnih primerih cslade pri poveéanju pretoka v splodnem ps posta-
nejo takrat bolj slani, Ne morcjo pa se postopoma zaslanjevati pri upa-
danju pretoka. Ti kriteriji veljajo za identifikacijo takih izvirov.

5.3. Kombiniran nadin zasfanjevanja

Obstatajo tudi izviri, kjer je zaslanjevanje posledica sestevanja vpliva
vedje gostote morske vode in hidrodinamitnega vpliva, Kombinucija raz-
nih vplivov je moina v anizolropno prepustnem kraskem vodonosniku,
manj vetjetna pa je v izolropno prepusinem kragkem vodonosniku. Tak-
en je izvir Bilan (Oplovi) pri Orebi¢u na pololoku Peljescu, Po moknem
deZeviy novembra 1971 je slanost izvira mofno narasla (Mijatovié,
1972).
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Si. 21, Polkrozna pregrada pri Kiveriju v Greii

Fig. 21. Semicircular dam at Kiveri in Greece



6. SANACIJA ZASLANJENIH IZVIROV

G.1. Sapacija izvirov, ki s¢ znslanjujejo zaradi veéje gostete morske vode
8.11. Sanacija brojnic, ki se zevlanjufejo v ustju ira

Prineip sanacije je preprost, Morje je treba izolirati od jzvira in obi-
¢ajno érpati nekoliko manj kaker je dotok sladke vode. Pr zelo dobri
izolaciii tu vmejitev ni potrebna,

Ce je izvir blizu ohale, jc mozno izvirno cbmogic izolirati s pregrado,
prikljuécno na breg. Na ta nadin sta bila sanirana Brojnica pri Trstu leta
1901 (sl.5) in Ayios Georgios pri Kiveriju na Peloponezu v Griji leta
1870 (sl. 21).

V Brojnici so zgradili vzporedno z obalo 7 melrov visoko in okrug
100 m dolgo pregrado, temeljeno na flifu. Pregrada je bila 10m nddaljena
od vbale in na obeh krajih vzidana v breg.

Podatki o &rpalnem poskusu:

Cas: 24 ur 21 in 22, 5. 1902.

Gladina pred érpunjem: 1.4 m nad morjem.

NajniZja gladina med ¢rpanjem: 045 m pod morjem (¢rpano priblizno
0,4 m3/sek.)

Gladina ob koncu &rpanja: 0,05 m pod morjem {érpano priblizno
0,25 m¥/sek )

Povpreéni pretok &rpanja: 0,36 m¥/sek.

Podatkov o slanosti ni; ker jih Boegan ne podaja, sklepamo, da se
izvir ni zaslanil. Beoegan ceni naravni dotok izvira na 0,3 mbsek.

Zajetje je bilo pozneje prikljuéeno na trzadki vodovod,

Okoli brojnic Ayios Georgios pri Kiveriju so 2gradili polkroZno pre-
grado, dolgo 180 m, temeljeno okrog 10 m pod morsko gladino in s krono
4m nad njo. Stroéki gradnje so znadali okrog 2 milijona dolarjev. No-
vembra 1970 je bila gladina v jczercu pa netranji strani pregrade 0,3 m
nad gladine morja ter voda po okusu sladka, Slanost ni bila izmerjena,
vendar je morala biti manjsa nd 300 mg/l Cl—, ker se vegjo slanost zazna
2e po okusu. Voda v jezercu se je po svoji zelenkasti barvi jasne razliko-
vala od morja (glej sl. 21). Skezi odprtine v pregradi se je izlivala cela
reka sladke vode v morje.

Izvir bi bil uporaben Z¢ pri slanosti, ki jo je imel po izgradnji pregrude;
nasa stroga norma dovoljuje za pitno vodo najvedjo slanost 25¢ mgil Cl-.
Uspeh so torej dosegli 22 s tem, da 30 ustja izvirov, kjer se je voda v glav-
nem zaslanjevala, izolirall od morja. To je bile pridakovati pe malo slanib
izvirih na obali z# pred sanacijskimi deli.

Razen v ustju izvirov pa se je to izvoridéc zaslanevalo tudi v plitvem
razcepu v notranjosti krasa. Viekalo je okrog 100 l/sek. morske vode¢ in
prinadalo v izvir 200 my/l Cl—. Pretok izvira je bil 12 m?¥sek,

Nato so dvignili gladino izvira v bazenu od 0,3 na 3m in vodni pritisk
je prepretil viok morja. ki naj bl bil po misljenju prof. Stdndera
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v globini 90m. Po pismencm sporodilu prof, Stiandera (1971} sc je
veda v bazenu povsem osladila (verjetno je vsebovala okrog 30 mg/l Cl—,
Op. aviorja),

Vade rabijo za namakanje rodovitne argotke ravnice, ki jo zadela pro-
padati, ker se je podtalnica zaradi preKomernega frparja zaslanila,

Staino zajetje brojnic pri La Mortoli naj bi uredili samo na dveh glav-
nih izvirih. V ta namen bi ju pokrili z jeklenim poklopcem 8 X 5 m, vgra-
jenim v beton. Do obale bi speljali plasii®no cev, ki bi lahko prevajala
tudi srednje visoke vode. Slanost in pretok bt merili na obali.

Ustje brojnice v Mar Piccols pri Tarantu so pokrili v globini 19 m
% zvonom 1z vlaknatega stekla. Crpalke bedo prikljutene na zvon, kolifina
érpane vode pa naj bi bila enaka dotoku sladke vode. Vedje &rpanje bi
virkavalo morje, manjde pa bi pomcnilo izgubo, Podatke o pretoku in
slanosti bodo belefili na magnetni trak in jih obdelali z rufunalnikom.
Pri eksploatacijskem érpanju bodo pozneje merilniki slanosti, vgrajeni
v zvon, elektronsko uravnavali kolitino érpanjz. U'pajo, da bedo za ved
obmarskih krajev refili preblem preskrbe z vode.

Okoli brojnice Cadimare, ki je v 6 m globokem morju, so zgradili zidan
valj do vifine 3.5m nad gladino morja, vendar so ga valovi kmalu po-
rufili in pokopali {udi brojnico.

Raziskave. Glavni cilj raziskav je, da ugotovime, ali se izvir res za-
slanjuje v ustju. Potrebne so dolgotrajnejde meritve slanosti 8im globdlje
v ustju izvira, Priporoéljive so tudi elcktriéne meritve pretokov s kon-
tinuirano da.jinsko registracijo podatkov, Druga faza raziskav mora raz-
Jasnmiti, kolik3en je dovoljeni pretok &rpanja, da s prekomemnim Zrpanjem
ne bi zaslanili izvira. Odgovor na to vpradanje lahko da daljdi &rpalni
poskus z meritvami slanosti,

S1 22, Zajet vedni tok obalnegn vodonosnlka v Izraelu (po Kahani , 1984)

Fig. 22. Intercepted seawards flew of the Isracli coastul aquiter (after
Kahana, 1964)
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Sea Meen sea level
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6.12. Sanacija zaslanjenih wzviron v izotropno prepustnem
kradkem vodonosniky

Poroznost izotropno prepustnega krafkepga vodonosnika je dokaj ve-
lika in cnakomerne razdeljena. Zato so njegove hidrolodke lastnosli po-
dobne kot v znatih sedlmentih 1n je mozne tudi na enak nadin sanirati
nicgove izvire. 'V neposredni notranjosti izeiropne prepustnega krasa
plava leda sladke vode na morski vodi, Ta leda se proti obali tanj¥a, ker
s proti jzvirom zniZuje gladina podtalnies in dviga mejna ploskev med
sladko in morsko vodo. Tzgube vode v morje je moZno preprediti s tem,
da prestreZzemo tek sladke vode 3« preden se pribliza morju. V ta namen
zgradimo ved érpalnih vodnjakov ali drenasni vov, ki naj bodo vzporedni
z obalo in pomanknjeni nckoliko v notranjost. Pri tem moern biti skupen
pretok érpanja manjdi od naravnega dotoka svele vede, ker bi sc drugade
pridula leta sladke vode tanjZati, vodnjaki pa bi se zaslanili.

Na {a nadin so sanirali obalni vodornosnik Izraela. dolg prek 100 km,
$irvk okrog 15 km in debel 90 do 130 m. Podtalnica se napaja samo s pa-
davinami z letno infiltracijo vkrog 250 mm.

Vodonosna plast sestoji iz plivcenskega in pleistocenskega zakraselega
apnencga pedfenjake in peska (Bear in Dagan, 1084). Letno se je
izgubljalo v morje okrog 300 milijonov m® sladke vode, S &rpabjem iz
tevilnih vodnjakov v notranjem delu vedonosnika so zmanjiali izgube
sladke vode na polovico. Peta mejne ploskve, ki je bila ha morski strani
obale, se je postopoma premaknila za 2km proti celini. Da bj izgube e
nadalje zmanjsali, so zgradili obalni kolektor, ki sestoji iz vrste plitvih
vodnjakov, eddaljenih od obale 200 do 600 m (sl. 22). Ta kolektor pre-
stre2e §¢ poluvico preostalih izgub sveic vode, S &rpanjem iz vseh vod-
njakov v notraniosti in iz vedniakov obalnega kolektorja zajameln 75
do 80 %o prejSnjega toka sveze vode, ki se je izgubljala v maorje {(Ka-
hana, 1964). Slanost, glading podialnive in polozaj mejne ploskve
stalno opazujejo in ustrezno prilagajajo kolifine drpanja (Sehmorak,
1967).

O vplivu frpanja iz drenaze v sladki vodi na mejno ploskev med
sladke in slano vodo je radun pokazal, da obstajata krititni pretok in kri-
li¢na oblika mejne ploskve, ko se mejna ploskey stozbasto dvigne proti
drenazi, Majhno zmanjSanje Srpanja pod Kkritidni pretok povzroéi rela-
tivno veliko zmzanje stozfastega dvigs mejne ploskve.

Po drugem na&inu sanacije {Edelman, 1966) v eksploatacijski
vudujaki tako globoki, du lahko vgradimo dve &palki in &rpamo loéena
stadke in morsko vodo. § lem dosezemo, da potekajo strujnice proti &rpal-
kam v vsaki coni in siabiliziramo mejno ploskev (sl 23). Tako prepreéimo,
da bi strujnica, potekajoda iz morske cone. zaslanila Erpanje iz sladke
cone. Takser €rpalni vodnjak, zgrajen v zmatih sedimentih. dobro delyje
v Holandiji. To metodo so nameravali uporabili tudi v zakruselem ap-
nencu na otoku Malti, vendar vodnjak ni bil zgrajen. ker so dodatne
raziskave pokazale, da imu apnenee na izbrani lokaciji v notranjosti otoka
zelo dobro zvezo ¢ morjem vzdolt glavne prelomnice in da riso izpelnjeni
hidrogeolodki pegoji. v katerih bi gornji na&in érpunja lahko uspel.
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Sl 23. Lofeno &rpanje v sladkovodni in morski coni tpo Edelmanu, 1966
Fig. 23. Separite pumping out of fresh water and sca water zones {(after Edel-

man, 1886)
v Sladkovodna cona in sladka voda 2t Crpalka v morski conl
Freah water zonc and fresh water Pump in the sea water zone
m  Morska cyuna lu morska voda fy  Crpaika v sladkovodni cont
Sea waler zane and sea water Pump in the fresh water zonc
¥ Somornica dr Drengind rov v sladkovodm wonl
Brackish water Water colleccting gullery Ln (resh water
zone

Podoben nadin sanacije s &rpanjem iz cone mefanja med izvirom
in morjem predlaga tudi Mijatovié¢ (1967) (sl 24).

V dolini Marina-Stupin sega leda sladke vode v mofno zakraselem
apnencu do globine 37m pod motsko gladino. Pri &rpanju se je ze pr
majhnem pretoku poveéala slanost; zato je dovoljena izdatnost zjetja
samo 3 do 4 )/sek. Na tej lokaciji bi bilo mono poskusiti &rpanjc 2 dvema
érpalkama, da bi povetali dopustno zmogljivost zujetja,

Zaslanjenih izvirov v izotropno prepustnem kraskem vodomosniku ne
moremo saniratli z izgradnio injekrijske zavese, ker je aphenee na obalh
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Sl 24. Lotero (rpanje iz cone medanja in sladkovedne cone (po Mijalo-
vitu, 1967)
Fig. 24 Separale pumping out of zone-of-mixing and fresh water zone
(after Mijatovié, 1967)

o Mor j¢ i Stozdast dvlg sumeomlce
Sea Upc¢aning of brackish water
m  Morska cona | Zaslanjeni dzvir
Sea waler zone Brackish mpring
v Bledkovodna cong Z2p  Crpsln) vodn)ak
Fresh water zanc Pumping well
£m  Copa med#anja
Zone-of-mixXing

zakrasel in odprt preli morju na veliki dolini. Poleg lega imajo izviri,
ki sv razporcjeni vzdol? velotne obaice, majhno zmogljivost.

Tud: sonacija z vodno zapore ni primerna za kraske terenc. Obrato-
vanje vedne zapore s ponikovalnimi vednjaki povzroda izgube sladke vode
proti morju. Taksen sistem borbe proti zaslanjevanju pride v podlev samo
izjetnoma, ker sladke vode za ponikovanje ob obali obi2ajno ni.

Na obmotju Tel Aviva so zgradili 8km dolgo vodno zaporo, ki jo na-
pajsjo iz plavnega izraclskega voednega sistema, vezanegs na Tiberijska
jezero. To 2aporo so zgradili potem, ko so pred izgradnjo glavnega sistema
podtalnico prekomerme izkoriSéali in z deprasijo povzrodili vdor morija.
Z napajanjem in zmanjSanim &rpanjem so dvignili gladine podtalnice na
zaZeleni nivo in s tom ustavili zaslanjevanje.

5.13. Sanacije zastenjenik izvirov v anizotropno prepustnem
krafkem vodonosniky

6.131, Sanracija z dvigom (ladine izvira

Bistvo refitve (Kugder, 1950; Segvic, 1955 jev temn. da umetno
dvignemo gladine izvira in 5 tom zvisamo v razcepu pritisk v zgornji 2ili
nad pritisk v spodnji zili, Na ta naéin prepreéimo viok morja. Segvic
je v letih 19511953 v Postiri na Bra&u =z dviganjem gladine dosegel delne
uspehe.
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Pogojl vtoka morja so bili obravnavani v poglavju 5.13. Dedatno k sliki
18 je dh; umetni dvig gladine izvira. Morje ne more viekati v razcep,
vondar se sladka voda e ne izgublja, te velja cnatba 6, ki je analogna
enadhn 5 (str, 125).
’m
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Da bi lahko voda tekla po spodnji #li v morje. mora premagati pritisk
morja v najgloblji totki spudnje Zle, ki je oznalena z Ry, mne

Vuda se izgublia po spodnji Zili proti morju & je
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V primery, da je izraz na levi strani vedji. iztok sladke vode ni mozen.

§1. 25. Zaslanjen kraskl izvir 2 dvigajodo se spodnje Zilo
Fig. 25. Brackiyh karstic spring with the rising lower vein

v Dovodoa L0 Qu Pretolh sladke vode
Primary vein Discharge of iresh water
3 Zgornja ila Qy Fretok AORWOINICw
Upper veun Discharge of brackish waler
m Spodnja 2lla g d, 2 Revnotefn) ploskvl
Lower vein Equillbrium planes
r Hazeep Lile t Irvir
Veln byanching Spring
Qm Pretok murske vode mo Murje
vischaTRe of svws water Sea
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Kakor vidimo, je oblika spodnje Zile, (o fe vidina razeepa in vidina naj-
globlje tocke, zelo vsZna za uspeh sanacije 2 umetnim dvigom gladine
\ZViry,

Pri umetnem dviganju gladine zaslanjenega izvira, ki ima najniZjo
to€ko spocnic Zile globlje kakor je razeep, nastopijo naslednje faze:

a) Ko prtisk zgome Zile v razcepu preseie pritisk spednje Zile, vtok
morja premeha. Izvir se osladi, pre‘ck se zmanja za dele? morske vode.
sladka voda sc ne izgubla; velja enaéba 6.

b) Ko v najgloblji toéki spodnje Zile pritisk na notranji strani prescze
pritisk z morske strani {necnafba 7), pritne sladka voda lztekati tudi po
spodniji ili. Izvir je s1adek, pretok sladke vode se zmanjia.

¢} Z nadaijnjim zvidevanjem gladine izvira bi se pretok sladkega izvira
fe nadalye zmanjseval v odvisnosti od gladine, razmerja uperov zgorhje in
spodnje zile ter globine ustja spednje Zile. Pri visckem dvigu gladine bi
izvir lahke presahnil, ker bi s¢ ves pretok usmeril skozi spodnje 2ilo,

V najugodnej$em primeru bi lahko torej gladine toiiko zvidali, da
morje ne bi ve¢ vivkalo v razcep in se sladka voda &e ne bi izgubljala po
spadnji %ili proti morju. To bi bilo takrat, kadar pritisk v zgornji zili pri
izpolnjenem kriteriju pod a) & ne bi dusegel kriterija b).

Pri zayianjencm izviru. kjer #ila nima globlje totke kukor je razcep, bi
ndpadla faza b, Istoasno z zmanjdevanjem slanosti bi se priela sladka
voda izgubljati skozt spodnje £ilo, fzgube bi naraséale z dviganjem gladine
(sl 25).

Po gori opisanem na&inu bi mogli z dvigovanjem gladine osladiti vsak
izvir, ki bi pri tem izgubljal ved &li manj vode. Vendar v praksi zal m)
tako, Prvié moramo ratunati & tem, da so posamezni izviri redki, da so
bolj pugosta izvirna obmodja, kar pomeni, da bo dvig gladine encga iz-
vira preusmeril del voda na druge izvire. Vnda se bo izgubljala v nepo-
srednem zaledju izvira in bo le del zvifanega priticka dosegel razeep. Dru-
Ei¢ so posamezni razeepi redki. Navadno ima vsak izvir ali skuping izvirov
po veé dovodnih in spodnjih Zil ter ved razeepov. ki so v razlignih glo-
binah. DrenaZni rov v Pestirah j¢ presekal ves vzporednih zgornjih zil,
Pri érpanju in enakomernem znizanju gladine v vseh 3ilah Je slanost ne-
cnaskomemo narasla, kar dokazuje obstoj ved razeepov v razlignih glo-
binah, Hidravliéne razmere ob dvigevanjc gladite bodo bnlj kemplicirane
in manj pregledne. ZviSanje pritiska bo na eni stram vplivale na vsak
posamezen razeep, na drugi strani pa se boda ti vplivi prekrivali. Vpliv ba
odvisen od globine posameznih razeepov, globine najniZjih totk spodnjih
71, prevodnosti spodnjih in zgornjih 3l ter glubine ustja spednjih zil,
Hazmere postancju take kompiiciranc, da jih analititne ne moremo ved
obravnavati. Da bi [im sledili vsaj kvaiitativro, smo vpeljali POJMA ravno-
tezne globine in ravnoteine ploskve,

Ravnoteina globina je tista globina razceps, pri kateri sta v poljubni
4ili, pri izbranem pretoku in izbrani naravni ali umetno dvignjeni gladini
1zvira pritiska z notranie in morske strani razeepa v ravnolezju. Pri tem
upoStevamo tladne 1zgube in hitrostno vifine v 7gomyji in spodnji Ui ter
gostoto lekodine v posameznih zilah. Posamezne ravnolezne globine si mi-
slimo pevezane v ravnulezne ploskve, ki so nepravilne oblike, Ravnoleing
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globina nam pomaga ugotovili smer toka v posamezni todki Zile. Ce je do-
lotena ika posamezne Zle pod ravmoteino globino. so tlaine razmere
v le} todki lakine, da bi morje teklo proti notranjosti, in obratne. ¢e je
tofka nad ruvnotesno globino, naj bi slacka veda tekla proti morju. Se-
veda pa se v naruvi ne more spreminjati smer pretoka od ene do druge
todke v isti 2ili. V posamezni 8li je smer enotna. V katero smer bo obrnjen
pretok, jo odvisno od visinskega polozaja najvafnej$ih to¢k te Zile, raz-
cepa, najvidje in najnifje tolke ter ustja ylede na ravnotefno ploskev, Ki
se dviga in spudta v odvisnosti od pretoka in gladine izvira ter norjs.
Ravnotezna ploskev ima podoknie lastnesti Kakor mejna ploskev med sveZo
in slano vodo v zrnatih sedimentih. Razlikuje pa s¢ v tem, da je mejna
ploskev resniéna kolj ali manj ostra meja sladke in slane vode, ki jo labko
ugotovimo v globini pod vsako tatko. ravnotezna ploskev pa je namiiljena
ploskev, kl naj povezuje v redkih podzemeljskih kanalih 3¢ bolj recke
razcepe. Ce bi vrtali v globino v poljubni todki anizotropno prepustnega
krasa v zaledju zaslanjenega izvira, hi redko zadeli ha podzemel)ske:
kanale in 3e redkeje na razcepe.

RavnoteZne globino pedaja splofna enatba &, izpeljana iz neenatbe 4
{str. 124).

hew = (hi + A — = £ — Chi i o) — et __::---‘ i
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Pri ravnotezju pritiskov v razcepu ni pretoka v spodnji Zili. Zato je
Qu~0 va=0 T, =
in dobi gornja enatbu enostavnejso obliko
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Na sliki 26 je podan sistem kradkib kanalov z dvema spodnjima Zilama
in na tabeli 6 deluvanje tega sistema, &e bi postopomna umeline dvigali gla-
dino izvira, Vsak dvig gladine A& ima ustrezno ravnotefno ploskeV Rey.
[zvir s zasloni, kadar sta razecp in najnizja totka spodnje Zile pod ravno-
tezno globino.

Kakor vidimo iz tabele, se pri posiopnem umetnem dvigovaniju gladine
zmanjiujcta slanost in pretck. Sanacija bo uspela takrat, kadar se bo
slanost zni%alg na predpisano mejo. &e se pretok pri tem ne bo prevet
zmanj%al. Razpon uspcha sanacije je zelo Zirpk. Ekstretmne moznnsti pa so
naslednjc. Popoln uspeh z oslajenim izvirom in brez izgub sveze vode bi
bil mo3en tekrat, kadar viSinska razlika razcepov ni velika in kadar je
najnizja totka spodnje Zile hu, mia NI2jR od razcepa. Praktien neuspceh,
z ne dovolj oslajeno vodo ali z izgubo oziroma modnim zmanjianiem
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5L 26, Umetao dviganje gladine zaslanjenega izvira z dvema spednjima zilama
Fig. 26. Artificia} raising of the brackish spring level showing two lower veins

» Dovixina 2lla heqg ¢,1,7, 3.4 Aaynoteine ploskve

Primary vein Equilibrium planes
¥ gzme-;‘,;:et‘ﬁn Ahj  Umcien dvig gladlihe :zvira

PP i Artiticlal Tise In Lhe spring level
e T im#vz;};s Om Pretok wnrake vode
s A Discharge cf f¢A water
IR | Trepa Qv Fretok sladke vade
: v

l\:‘:l;r branchings Discharge of fresh water

5 Spring Qs Pretok tomornlee
Discharge of brackish water

mc Mot jer

Sea

pretoka, bi nastopil takrat, kadar je vidinska razlika med razeepl tuko
velika, du bi pri pritiku, ki bi bil potreben, da bi prepredil vtok morja
v razeep vy, 2e lzgubili ves ali vedji del pretoka sladke vode skozi razeep
7 in spodnje Eilo m;. Vse vmesne mo3nosti pomenijo delni uspch sanacije.

Izkuinje o sanacijah z dvigum gladine so dokaj skrovne, V letih 1951
do 1953 je prof. Segvid v Postiri na Bradu preizku¥ul svoie napravo
na podvodnem izviru s preiokom 5 do 7 /s, Izvir je bil v #lobint 2m in
oddaljen 20m od vbale, Ustje izvira jo biln pokrito s {eleskopsko poveza-
nimi plastitaimi covmi. Najvidia cev je s pormntjo plavala vzdrzevala
gladino izvira okrog 03m nad gladino morja. V sufi se je slanost
zniala od 1200 na 440mp/ICl- (Scgvié, 1955). Uspeh jeo bil zaradi
premajhnih sredstev in hidrogeclofkih razmer 1o skromen. ker ni bilo
moznn dovolj dvigniti gladine v izviru.

Izvir Pidtica na otoku Visu se je leta 1956 zaslanil na 3600 mgfl Cl-,
potett: ko so s kaptaZnim rovom zadeli na kaverno in znisali glading, Po
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Tabela 8. Table 8.
Delovanje zaslspnjensga [xvirs = dvems spodojima flama pri postopoem
dviganju giadine izvira

Braokish spring with twe lower veins during n gradual ariiticial rise
in spring level

— —, — - ——— - — -

Razcen 1 Razcep 2 Izvir

Umetnl . : ] : _
dvig Ra Vein braoching 1 Vein branching 2 Spring
siaime Y T T e o e
4 u
Artifidial  plaskey  VIOk  JLgke VIO sladke Pretok
rise in po gy TOTE Tyge TIPNA poge  Slanost pg,
8121::‘3 tium plane lt;ﬂﬂw Losses Ir}tlow Losses Salinity harge
Ak of sea rrresh 3 of fresh s Q
i water IR water water
da ne da ne
¢ Brg 0 yes no yes no Se Q,
ne ne da ne .
AR 1 feg 1 no no ves no Si<SH Q<Q
ne da da ne
Ah 2 T e b o N RIS Q<@
ne da ne ne e
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kondani sanaciji, ko so kaptairi rov zaprli z vodnimi vrati, ga 2atesnili
in dvignili piezometriéni pritisk zopel na koto okrog Tm, se je zniZala
slanost na BAOmgACl- (Baturié¢, 1950).

Izvir Ayios Georgios pri Kiveriju je bil uspeno saniran s kombinira-
nim naZinom izolacije izvornega podred:a od morja in dvigom gladine
izvira. Voda izvira se je povsem osladila, koliko sladke vode pa se izgublja
skozi spodnjo %ilo, mi mofno ugoloviti, ker se ne di dovoj natanéno
mertti pretok izvira, Izgube so verjetno majhne, ker tudi spednia Zila
ne more hiti velika, kar nam dukazuje kolidina vtoka morske vode.

Pri izviru Bla? v Istri je bila ugotovljena jasna zveza med vidino
pladine jzvira, slanostjo in pretokom. Ko se je gladina zniZevala od
1.0 na 0,54 m, sc je slanost zvisala od 100 no 190 mgA ClI~ in pretok od
30 na 160 l‘sek. Pri nadaljnjem 2ni2anju gladine na ¢48m je slanost
nenadoma harasla na okrog 10 000 mg/1 Cl—.

Pci nekaterih zaslanjenih izvirih se slunost spreminja v odvisnosh od
plimovanja morja. Sprememba relativnc vidine izvira nad giadine morja.
povzrofena s plimovanjem, vpliva na slanost. Ker je ta sprememnba
majhna, sklepamo, da je razeep #il pri takih izvirih plitev.

Ko je bila v suani dobi pri pretoku okrog 4 m*sek pri enomesetnem
poizkusu dvignjena gladina izvire Almyroa od 268 na 3,5m (merjeno
v jezeru gornjega izvira), hi to vplivalo niti na slanost niti na pretok.
Dvig gladine ni bil dovolj velik, da bi vplival na viok morja v globokem
razcepu. To potrjuje podatek, da se pri¢ne izvir spomladi zaslanjevati, ko
pade gladina pod 3.8m (Breznik, 1971).
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Hidrogenloske ruzmere. Sanacija z dvigom gladine je privlaéna, ker je na
videz encstavhna in poceni. V resnici pa lahka uspe le v posebno ugodnih
hidrogeolagkih razmerah,

Prvi pogoj za uspefno sanacijo @ dvigom glacdine je koncentraeija
izvira, Ce bi na velikem izvernem obmodju dvigmili gladine le nekaterim
izvirom, bi preusmerili tok vode proti izvirem, katenh gladine ne bi bile
dvignjene. Celotnemu izvornemu obmodju pa ne moremo dvigniti gladine
iz ckonomskih razlogov, Drugi¢ morajo biti geoloske in morfoloke raz-
mere tako ugwdne, da be mofen dvig gladine z gradbenimi deli, katerih
cena bn v sorazmerju s koristmi sanaci‘e. Tretji pogoj je dovolj velik
pretok izvira, da se be draga sanacija spladala, poleg legs pa moramo
ratunati z izgubami vode skori spodnje Zilo in pod pregrado. Izgube so
odvisne od dolfine in visine pregrade in od geolodkih razmer. Pri sla-
bolnih izvirih je nevarne, da bi izgubili vso vodo, Cetrti pogoj je, da
slanost izvira ob velikib pretokih izgine all se vsaj motno zmanj¥a; to
dokazuje, da povifan prilisk vpliva na vtok morja.

Raziskave. Poleg raziskav za razjasnjenje gomijih &tirih pogojev mo-
ramo odgovorili na vprafanje, za koliko je treba dvigniti gladino. Prve
podatke dobime iz opazovan] pretoka in gladine v fasu, ko se zmanjuje
pretok in se izvir zadenja zaslanjevali, Enaka opazovanja so manj uspeina
takrat, ko se izvir osladi, ker se navadno pretok hilre poveds in ker tefko
ugotovimo, pri kateri gladini je izvir nehal poiirati morje. lz podze-
meljske akumulaciie mora namred prej iztedi somornica, ki je bila v njej
ujela v ¢asu prekinitve dotoka merja.

H gladini, pri kateri se jzvir zafenja zaslanjevati. moramo prifteti Ze
razliki tlaénih jzgub in hitrostnih vidin v spodnji in 2gormji 2ili za velike
in majbne pretoke. To razliko lahko samo ocenimo, ker ne vemo nili
kako dale® je razeep nili kolikdni so upnri in hitrost pretoka v Zilah. Tlaéne
izgube in hitrostne vidine nam tudi onemogoZajo, da bi potrebno vidina
dviga gladine izradunali analiti¢no iz enatbe 6 (str. 135}, Zelo vazne orien-
tacijske preiskave so opazovanja slanosti in pretoka pri umetnem dvigu
gladine izvira, Kar nam velkrat vmogodije jezovi, zgrajeni za mline ali
Zage,

Poudariti pa morame, da nam gornje preiskave ne morejo dati kond-
nega odgovora in da bo samo poskusni dvig gladine na potrebne vidino
pokazal, ali j¢ sanacija uspela ali ne. Odleéitev o gradniji pregrade, ki naj
omogodi dvig gladine, je te?ka, ker je gradnja draga, uspeh pa negotov.
Gradnjo pregrade in poskusno zajezitev moramo steti 8 k raziskavam.

6.132, Sanacija 5 tesnitvijo spodnje Zile

Ce zalesnimo spodnjo %lo v notranjosti krasa, s tem prepredimo viok
morja in izvir osladimo, Sama tesnilev po izkudnjuh pri gradnji akumula-
ciyskih pregrad na krasu ne bi delala vefjih tezav, Najtezj problem pa je,
kake wgotovit: polo2aj spodnije 3ile, oziroma Zil. Redkokdaj bo mozno
najti morske poZiralnike in 2 barvanjem ugotoviti zvezo 2 izvari.

Barvanje morske estavele KEa na zahodri strani 2sliva Kola pri Jur-
jevem (KuZder. 1930) je pokazalo, da so sc obarvali vsi izviri. tudi tisti
na vzhodni obali (giej s). 8). Cetudi je razdalja med wstavelo in izvig na
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vzhodni obali 70 do 100 m, je doliina poti barvila in tudi morja. ki za-
slanjuje te izvire, dolga nekaj sto metrov,

Ustje spodnje Zile izviroy ¥ ralivu Sami je na drugi strani oloka
Kefalonija v 15 km oddaljenih morskih pofiralnikih pri argnstolionskih
mlinih. Obscine preiskave apnenca med izvirom Almyros in 1km odda-
ljenim morjem niso dale nikakih znakov, da bi potekala apodnja Zila
po najkraj$ poti od morja proti izvirom. Zelo verjelno prihaja zaslanje-
vanje po nekaj km daljdi poti juno od glavnega preloma.

Obse2na vrianja v okolici izvitov Zrmovica, BlaZ in Morinj (Krznar
in Frani¢, 1970; Krznar, Skabecna, Franit, 1970 Pavlin-
Biondié, 1971a) tudi niso odkrila polo2aja spodnje Zile. Na prvih dveh
Jokacijah predvidevajo gradnje injekcijske zavese med glavnim izvirom in
morjem, na tretji pa v zaledju glavnih izvirev.

Visinoki poloZaj sprdnje Zile je tudi te2ko ugoloviti, razen v primerih,
kjer bi nadli ustja spodnjib Zl — morske podiralnike, Visina razcepa.
ki jo lahko véasih ocenimo po gladini, pr kateri se lzvir zaslani, je slab
indikator za viSinski polofaj spodnje 2ile, ker se lahko ta spu$ta ali
dviga proti razeepu. Globino tesnitve je treba dolodili na podlagi pre-
iskav prepustnosti kamenine.

Tesnitev naj se izvede prvenstvene 7z injckcijsko zaveso. Tehnika
izvedbe injiciranja naj bo enaka kot pri gradniji pregrad na Dinarskem
krasu, npr, pregrade Kruifica, Zavesa naj bo encredna i dvoredna, po-
stopek injicirania »od 2goraj navzdols, uporabi naj se cement z dodatkom
bentonita, Kaverne je treba napolniti s produm in ga naknadno inficirati
(sistem prepacl betona), mozna je tudi uperaba bitumenskih injekcij.

V izjemnih primerih, {e so neprepusine kamenine plitve pod povrdjem,
bi lahko izgradili betonsko tesnilnoe steno.

Iskanje morskih poZiralnikov in njihovo madenje bi bil podoben ukrep
kakor mafenje ponorov na kraikih poljih, ki je dozivelo neuspeh zaradi
odpiranja novih poZirulnikov na NikJidkem in Cerknidkem polju. Vsak
poskus sanacije morskih poZiralnikov odpade, ker ima kras razveian
sistem kanalov in torej tudi ve¢ spednjib 7l in ved potiralnikov: zato ni
verieino, da bi nadli in zatesnili vse.

Prakti¥nih primerov sanacije s tesnitvijo spodnje 2ile, kot kale, e m.
7a izvire Bla% Zrnovica in Morinj je bila predlagana sanacija z injekcijsko
zaveso, Na Blaiu so pozneje naért spremenili in zgradili kaptaini rov.
¥V Morinju bodo verjetno zgradili injekeijsko zaveso, V Almyrosu je pred-
log za gradnie zavese odpadel, ker raziskave niso polrdile domneve, da bi
motje prodiralo v notranjost skozi blok aprenca med jzvirom in morjem.
ki bi ga bilo moéno zutesniti z injekcijsko zaveso sprejemljive velikosti.

Gradnjv zavese je treba vedno kornbinirsti z manjdim dvigom gladine
izvira, take da prepredimo prodivanje morja skozi netesne dele zavese.

Hidrogeoloske razmerc, V kak3nih naravnih razmerah bi se odlolili 2a
sanscijo z injekcijsko zaveso in kakdne raziskave so potrebne, da bi
zagotovili &im lepsi uspeh sanacije?

Kakor smo videli, ie glavni pogoj za uspeh pravilna jokacija injekcijske
zavese. V vedini primerov je spodnja Zilu kradki kanal omejene velikosti.
Do seda) geofizikalne melxle 3¢ niso dosegle uspeha v odkrivanju kraskih
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kanalov, napolnjenih s sladko ali slano vodo. Mofnosti, da bi lak kanal
odkrili, so slej ko prej majhne.

Izviri z globokim ruzeepom s0 navadno nekoliko oddaljeni od obale;
2ato je spodnja Zila bolj globoko in v takih primerib 3e teze ugotovimo
njeno smer in globino {(primeri Almyros, Nahal Hatanninim, Pantan in dr).
{zviri z globokim razeepom so manj primerni za sanacijo z injekeijsko
zaveso, prvi¢ zaradi texav pn ugetovitvi smeri vtoka morja in drugid
zaradi globlje zavese. Tudi pri izvirih § plitvim razcepom bomo spodnio
%ilo direktno nadli le v izjemnih primerih, Pri nckalerih izvirih bo pa
moZno paeredno ugoloviti, da se voda zaslanjuje v neposrednem zaledju
izvira in da prihaja slanost po najkraji poti z morske strani. V teh prj-
merih bi sanacija z injekeijsko zaveso, morda kombinirana z manjiim
dvigem gladine, imela moZnost za uspeh. Prednost injekcijske zavese je.
da s0 pri tem nadinu sanacije izgube sladke vode najmanijse.

Znak, da se voda zaslanjuie blizu izvirnega cbmodja, je razlidna
slanost izvirov, ozirema to, da je eden izmed izvirov sladek (Zrnovica pri
Gradacu). Tudi zmanjfevanje slarosti od izvira proti hotranjosti, ugolov-
lieno v vrtinak, kaZe na zaslanjevanje v neposrednem ziledju izvornega
cbmod;a.

Tesnitev spodnje Zile 2 injckeijsko zaveso ni umestna tam, kjer ne bi
vsaj posredno ugolovili smeri dotoka morja proti razcepu.

Raziskave, Kjer je mo#no ugotovili morske poXiralnike, moramo z bar-
vanjem poiskati njihovo zvezo z zaslanjemim ievirom. Nadalje bi bils
treba meriti koli¢ino morske wode, Ki ju poZirajo pediralniki, in vode, ki
izteka 1z Jzvira. Na ta nafin ugotovimo, ali prihaja slanost ¢ iz druge
smeri, iz drugik pofiralnikov. Ce bi ugolovili smer (oka obarvanega mocja
%e v vrtini med poziralnikom in izvirom, bi bil 1o 3¢ eden od dokazov
2a lociranje injckeijske zavese.

V¥ vedini primerov murskih pofiralnikov ne bomo nadli; zalo bi morali
vsaj z barvanjem vitin v trasi zavese dokazati, da tefe tamkaj morska
voda v noiranjost proti razcepu in potem v izvir. Kjer bi posredno ugoto-
vili, da se voda zaslanjuje v neposredni bliZini izvira, bi movali v 3tevilaih
vrtinah v zaledju izvira ugotoviti, da se slanost proti notranjosti modno
zmanj3uje in konéno izgine.

Tehnitne parametre za gradrjo injekcijske zavese zbiramo na engk
natin kot pred gradnjo injekcijskih zaves v kratkih terenih. Predvsem
moramo meriti vodne prepustnosti, da najdemo bolj prepustne cone ter
dolodimo gostoto vrtin in globino zavese. Gradnja poskusnega injekeij-
skega polja ni nujna. ker je dovelj izkuSenj z deli na Dinarskem krasu.

6.133. Sanacija z zejetjem sladke vode v notranjosti krase

Sanacijo izvedemo tako, da tok krafke podtalnice proti 2aslanjenemu
izZviru Zajamemo v notranjosti krasa, kjer je #e sladek.

Ta nadir sanacije se je uveliavil v zadnjih 10 Jetih na nadi obali,
Tabela 7 kaZe podatke o velikosti gradhenih del in strodkih, tabela 8
hidrologke pudatke o blifnjem zaslanjenem izviru in kaplafnem rovu ter
tabela @ uspeh sanacije,
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V Setovljanski dolini so v sufni dobi 1968 2rpali iz vodnjakov BuZin!
in Gabrieli 85 L'sek. in nekaj l'sck, iz vrtine V-5, Dotok v I. jugovzhodm
revir rudnika je bil v letih 1954—1856 vedji, okrog 120 Vsek. (sl. 6). Ker je
sedaj rudnik opusten, bi bilo mozne ves ta dotok izkoris€ati. Negativno
eksploataci;sko vrting iz leta 1958, ki je bila globoka 190 m, bi bilo treba
poglobiti do opufenega 1. jugovehoednega revira v globini 225 m in take
dobiti zvezo z vodonosnikom. Analize vode iz ‘eta 1955 so pokazale, da jv
bil vtok morske vode le malenkosten, saj je bila slanost z 30 mg/l Cl— daled
pod dopustno normo.

Podzemeljska akumulacija v zakrasclem apnency, ki je bila v letu 1856
ocenjeny na 140 000m3, nudi zanimive mo?nosti eksploatacije, Celotni
dnevni dotok, okrog 10 500 m?, bi bile moZno €rpati same v nekaj kritiénih
urah. Motne bi bile izkoriétati tedensko jzravnavo preloka. Podzemceljska
akumulacija naj bi rubila tudi ket rezerva za primetr okvare na drugih
¢rpaliéih. Za tako povedane zmog.jivosti bi bilo treba izvrtati Se dodatno
vriino.

Ker morajo biti kaptaZni rovi pod pierometriéno gladino, je muznost
izkoriftanja podzemeljske akumulacije cna izmed prednosti sanacije z za-
jetjemn v notranjosti krasa, Pogoj za takSen nafin Irpanja ic seveda to, da
je v obmogju kaptainega rova zveza vedonosnika zmorjem 2e prekinjena
in da je tudi povedana depresija ob izkoristanju akumulacije ne bho akti-
virala.

Pri oceni uspeha sanacije morame najprej ugetoviti ali so vsi rovi nasli
ustrezne kolidgine vode, V objektih Piftica, Marina, 2ujjana, Orebi¢, Po-
stire I, 1I in Trpanj (glej tabelo 8) je hidravliéna zmegljivost rovov ne-
kajkrat vedja kakor tista, ki je podana v tabeli 9. Eksploatacijski pretok
iz tabele 9 je tisti namerno zmanj$an pretok, pri katerem slanost ni pre-
segla doveljene vrednosti,

Uspeh zajetja pri zgornjih objektin ne sine ustvariti napadnega mnenja,
da je kradko podtalnice z rovi Jahke zajeti. Vsi gomnji objckti so bili loci-
rani na pndlagi podrobnih #tudij, poleg tega pa je bil produktiven le
krulek del rovov v globokem krasu. V celotnem 540 m dolgem kaptaZnem
rovu Kovda—2aton so samo 3 kolektorske cone na 40 m dolgem odseku
s skupno dolzino nekaj ved kot 1% dol2ine rova. Rov Pastire [I, dolg
470 v, ima 8 kolektorskih ¢on v skupni dol2ini okrog 10*'» dolZine rova.
V' rovth Pistica, Postire 11, Gustima in Koromalno so zadeli na vodnc ka-
verne, ki dajcjo glavni dotok v rov,

Pri objektih Pistica, Marina 1n Zuljana z delno uspedno sanacijo ter
v objektih Postire I in II, Trpanj in Koromadno z neuspe¥no sanacijo se
je podtalnica, ki je bila vetidel sladka, zaslanila v asu &rpanja. Zaslanitev
kratke podtalnice ob &rpanju je bil torej glavni vzrok za le deino uspedno
ali neuspesno sanacijo. V vedini primerov plava sladka veda na teji
morski vodi ali somomnicl. Velika obtutljivost gurnjih objektov na zasla-
njenje nam pove, da je tak polozsj sladke, mesane in morske vode poten-
cialna nevarnosl za neuspeh sanacije. Te2iti moramo torej za takino lo-
kacijo raziskovalno kuptainibh rovov, kjer je razvila samo sladkovodna
eoma ra neprepuslni podlagi in kjer v globini pod rovom ni morske
vode oziroma somornice.
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Tabela 1.

Podatki o velikostl in sirofkib raziskovalno-kaptainih def

Table 7.

Daia of dlmenslon and castn of invexiigation and construction worka

Objckt
Structure

Korita
(Vis)

Piftiea
(Viz)

Jelsa
(Hvar)

Postire 1
{Brag)

Pnstire IT
(Brag)

Duybrava 1
(Vodiee)

Dubrava 1I
(Vodice)
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Year

1952—
1954

L1996

1956

1960

1861

1960—
18682

1970—
1971

Dol¥lna dVif»im
kaptaziaega rova O aIova
Length of water :
leob.ina collecting gallery Rg_a:;]?lan
afka ol
Depth o preq. 2Nery
al shaft Izkapane Sidnga elevation
" Exca~  Planned ahave/
vated  udeitia-  jbelow
. rally  scalevel
m m
RO 1] 3
104 0 —0,34
30 h) 0
55 170 0 .
9 LG 02
40 230 0 -3

rad'pod Strodxl

in meters  cosls

Stanje
Jdecembra
1971
Condition
in De-
cembre
1971

2 vodnja-
ka v eks-
ploataciii
2 explo-
itation
wella

eksploa-
tacija
exploita-
tion

eXsnloa-
taclja
exploita-
tion

apusden
abando-
ned

opuséen

abando-
ned

eksploa-
tacija od
1964
explaita-
tion sinee
1864

priprave
ljen 2a
elsploa-
tacija
ready for
exploita-
tion



nadaljevanje tabele 7
Dolilna

kaptaznega rova

Length of water

Globlna  eojlecting gallery

= adka
Objckt Leto J
SR Depth Se pred-
Structure  ¥ear ¢ ghatt fzkopano videno
oy Fxca-  Planned
vated additio-
m nally
m
Kovda Zaton  1964— ) 840 0
(Vodice) 1588
Marina 1956 26 20 Q
{Trogir)
Gustirna 1 1870 80 30 280
(Trogit)
Gustirna II 1972 280
(Trogiy)
Trpanj 1970 B0 13U 160
(Pelicsac
Orebi¢ 1971 40 + 13 300
{Peljeiac) vetopmi
rov 92
acees
pallery .
Blaz {lstra) 1971 e 1in
Kouromatneg 1371 300 204 0
(Istra) vpadaik
iheline
Zaljana 197
(Peljesac)
Mojde? 1972 BOD
|Hercegnoya)

¥ Po pradlogu pogodbe
Alter cantract bid

10 — Geclogild 16

Vidina
dna rova
pad-‘pod
gladino
morja
Gallery
elevation
in meters
above’
Mhelow
sca level
m

Table 7 continued

Strogki
gradnje
Con-
struc-
tion
Ccosts
L1000
din

0.9
—3

0.5

0.6

0,5

220

600

1050

1500"

2400

300

1500

oU0*

Stanje
decembra
an

“ondltion
in De-
cembre

1971

v ckaplo-
atasl)s od
196889
axploita-
tlon since
195469

v explo-
atacljl
explnita~
tlan
priprav-
ljer 2a
ekaplo-
atacijo
reacly lor
exploita-
tion
predlog
pagadbe
cortract
bid

dela pre-
Kinjena
works in-
lerruptesd
dela pro-
kinjena

works |-
terrupted

y gradnju

under
congtruc-

tion
opuiten
abandoned

de¢la pre-
Xinyena
warks in-
terrupicd
predlog
pogedbe
contracl
bid
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Tahela B. Teble 8.

Midrolodki podatki o raziskovalno-kaplagnlh ravib in o bliznfih zaslanjenth Ixvirih
Hydrological data of invesiigation, water callecting galleriea and of the nesrest brackish springs

; .
Blitnji zaslanjen izvir na oball Raziskevalno kaptaind rav
Nearest brackish spring on the sea shore Water collecting gallery

I : : |
! Pretok | Slanost I P.Gladlntelt_ic | Slanost
i 2253 irzome Z
: Discharge I Salinity o SGTane | Salinity
j ; B T T &rpanje . m—-
Objekt | " Odda- f X ' i _j ob érpa- | 'ab rpa-
Steueture ime: i od do od do |"f““}‘|9"1¢ prej nju prej niu
Distance| fom to fram ' to |d'ﬁq 38| pefore  during | betore | during
Name s ! ¢ lsec _ .pumping puUMping
m nad/pod morjsm
: : . melers above; ;
L'sec mglCl Mralaw ges mg1ClL
level
Keorita 2,5 16 L3
Pidtica 2.2 T 200
Jelsa Slatina 25 08 0.2 S (H]
Postlre T 0.8 283 0,5 20 250¢
Postire II 18 20 2,55 2.50 20 430
Dubrava I  Vrilo 33 35 1540 10000 37 1.8 0,2 26 29
(Pirovar)
Dub-zva II Vrilo 40 35 1300 1008 15 4,57 —2 28 50
Kovia — Litnoga 4.2 300 as500 200 5000 30 1,65 —_20 a4 27
2atuvn (Zaton)
Maring 3 5 2,5 20 100%*



Lel

Gustirna Paljice 2
Trpan] OB
2u.jana 0.97
Qrebic** Bilan 2
Rlaz BlaX 0.2
Koromatno 1
Mujdez Morinj 10
Vrtina Paptan 1,6
B-1tt*

120

30
200
30
500
1800

2000

B0
2000

2000
15000

1600

5000
10
2040
20
Af

13800

14000
10000
17000
12600
10000

40

~ L1000

3.7h
085

2,05

0,10
280
448—
10,490

* Pretok érpanja je bil namenoma zmanjian, da bi ostala slanost v dopustih mejah.

Discharge had to be intentlonally decreased in order to keep the salinity within standards of waler quality.

** ppdatki za KaptaZzn: tov veljeje 2a poletno oddobje nizkib vod.

Data of the water collecting gallery are valid for summer period of low water.

1%% Podatiy za julij—septembier 1971 (po Mijasoviéu, I871).

Data for July—September 1871 {after Mljatovié, 1871).
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Tabela 9 Tahle 9.
Uspeh sanaci] z raziskovalnoe-kaptainimi rovl

Surcess of development with inveatigslion and water-colleeting gallerles

Podalki med érpanjem
Eksploa- Pata during puaniping

Teto  HRazdall)a tacijski — :

gradnje od morja pretak gllfstﬂ T

Year of Distance Explui~ & 4@10¢ &Ml
construc- fram sea tation  Eleva- gladive Sla.nrfst
tion xm  cdischarge tion of Draw- Salinity
liss¢e  Bivzom.  down mp1Cl

surface m

m

Uspednu smunacija -— Suceessiul develapment

QObjekt Lokacija
Strueture  Locality

Rarita ¢ Vis) 1352—54 2.5 18

Jelsa {Hvar) 1956 25 + 0.2 06 15
Dubrava I (Vodice) 1960—62 33 37 + 02 14 26
Dubrava I (Vodice) 197071 4.0 15 -—2 8,57 an
Kaovéa- Yodice) 1964—68 4.2 30 —2 3,65 27
Zalen

Ciustirna (Trogir) 1970 2 ] ~ 233 1.46 180

Delno uspedin saoacija — Sema-successful development

Pistica {V1s) 1956 0.2 7* { 4.0 524

Marina (T'rogir) 1965 3 I—4* 425 100"

Zuljana (Peljesac) 1970 0,47 5* 005  300—350*

Crehid** (Peljesact 1971 2 7 =+ 2,0 0,05 2m
Neuspeina sanaclja  Unsucerssful develupment

Postice T {RBra®) 1960 0,8 1™ -1 0,02 250"

Postire IT  (Bra® 1961 1.8 3,0* + 27 0,05 260*

Trpanj (Peljesac) 1870 0.8 T + 0.85 0.0 1300

Koromadlno (Istra) 197192 1 ~ 1(WH) 3000
* Pretok érpania jv bil numenoma zmanjgan, da slanosi ne bi preved natasla.
Pumping discharge had to be intentionpally decreased in order te keep the
salinity within acceptabie limits,
44 Podatki so za puletne nizke vode.
Data for summer low water.

V redkik primerib bo v dliZnjem zaledju izvirov neprepustna podlaga
plitve pod gladine pudtalnice, vetina izvirov prihaja iz globine zakraselcga
apnenca. Vendar je aktivna poroznost v globine omejenz in ne scga do
dna apnencs, kakor o mislilt nekateri raziskovaler (Roglié, 1961).

Z oddaljevanjem od izvira se piczomeiriéna gladina podralrice dviga.
v odvisrosti ofd nje se spusda ravrotezna ploskev (zlej +natbha B). Peto rayv-
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nateine ploskve imenujemo mesto, kjer se ta ploskev spusti do dna cone
aktivne poroznosli. Do semkaj sega vpliv morske vode. V naravi meja
med sladke in morsko vodo ni ostra, med njima je cona medanja s somor-
nico. Ravnoteina ploskev poteka po stedi cone medanja; 2ato sta pomuk-
njeni mejna ploskev in peta cone mefanja ¥e nekoliko bolj v notranjost.

Pri naravnem pretoku lezi sladka voda na neprepustni podlagi neza-
kraselcga apnenca ali apnenca zaglinjenimi porami navznoter od pcte
ravnotezne ploskve cone medznja, Ker se be ub érpanju v kaptaZnem rovu
premuknila psa ravnoicine ploskve v notranjost, mora biti lokacija za
kaptazni rov pumaknjena 3e bulj v rotranjost gorskega masiva {s1. 27).

Analiza sapacije objektov iz tabele 8 namn pove, da je na Jelsi plilve
ped apnencem kredni dolomit, ki je le male zakrase), Korita, Dubrava I
in 11 ter Kové&a so tolike oddaljeni od obale, da so Ze zunaj obmoé&ja vdora
morja. Sefovlje in Gustirna sta sicer oddaljena od obale, vendar sta 3¢ pod
malenkostnim vplivom morja.

Hidrogeoloske razmere. Pri kaksnih hidrogeolodkih razmerah je naj-
prmernejda sanacija z zajetjem toka v notranjosti krasa?

e 2
—

TR e——

—

~—~

e i e  ———— —— —

21, 27. Pravilna lokacija raziskovaine kaptaZnega reva
Fig. 27. Proper pasition of the exploration-development gallery

mo  Mnele k7  Zaxrtasela kamegnlna
Sen Karstified tock
i Zaslanlen fzvir ] Ruv
Arack'sh spring GCallery
p¢ Plezometrléna ¥ladina ra Vacrnostne razdal)a
Plezumetric suriace Safely distnnce
] Sladkoyedina cona po  Pomik cone medan)a v natranjost za-
Frcxh walsr zonc {a;.h' ngrmnia NoaE gl
5 Ccona medania nla movement of zone-of-mixlcg
zune-of-mixjmg due to pumping
pe Peta econe medanja
» ﬁg"&ﬁtgf%ne Tee of the zone-of-mixing

nkr Nezakrassla kamenina
Nol karsiitied ToCk
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Za tako sanacijo se bomo odlodili takrat, ko bodo raziskave pokazale,
da je tok vode v bliznjem zaledju zaslanjenega izvira Ze sladek in da bi
bila dela na samem izviru (dvig gladine, ali tesnitev spodnje Zile) bolj kom-
plicirana. Iavir 2rmovica pr Gradacu nakazuje moznost tak$ne sanacije
po metitvah v maju 1970; meriti pa bi bilo treba %e v sugni dobi v zadetku
jeseni. Drugid pride tak3na sanacija v podev ‘akral, kadar je male mo-
nosti za uspeh drugih nadinov sanacije: izolacije izvira, dviga gladine ali
tesnenja spodnje 2ile, Lahko refemo, da je mozno ta na&in sanacije upora-
biti skoro povsod. Vedeti pa moramn, da zahteva tudi ta nadin MNogo raz-
iskav, da uspch ni naprej zagotovljen in da je moino prestredi le manjdi
del voda, ki tefejo v zaslanjen izvir, Kaptazni rov na) bo toliko oddaijen
ad morja, da sladka voda, ki jo nameravamo zajeti, ne plava na somornici
ali morski vodi.

Raziskave. Najprej je treba ugotoviti, kod tede sladka voda proti izviru
in kako dalef v notranjost sega vpliv zaslapitve, V ta ramen moramoe
vaziskati zaledje vedjega izvira, katerega dotok hi bulo ckonomiénoe zajeti.
Korist od zajetja mora bili dovolj velika, da opravidi ta draga dela. Po
pregledni hidrogeolodki 3tudiji celotnega padavinskega obmoéja in de-
tajlnem preudevanju zaledja izvira doloimo gencralne smer dotoka. O2ja
lokacija podzemeljskega toka je dokaj nezanesi)iva. Merjenje navideznega
elekingnega upora lahke nakade posamezne zdrobljene cone, vendar je
praksa pokazala (Dubrava, Zalon), da se to sicer bile vone pretoka, ki so pa
danes povsem zuglinjene in sterilne, ker se je lok premaknil. Izkuinje ka-
2c)o (Gustirna), da so bile najuspedne)de lokacije raziskovalnib rovov pra-
vokotne na daijde prelome, ki so vzporedni s predvideno smerjo pretoka.
Prelome te bilo moZno shditi na fotogrametri¢énih posnetkih. V bliZnjem
7aledju izvira je biie uspefno tudi barvanje ved vitin s primerjavn hi-
trosti pretokov (Zrnovica).

Kako dale¢ v notranjost obale gre vpliv zaslanitve, je moino v ugadnih
razmerah ugotovili < elektridnimi geofizikalnimi roelodami {Poljice). Re-
2ultate geofizikalnih raziskay je Lraba dopolniti 2 meritvami gladine jn sla-
nosti v vrtinah in po moMmosti $e s érpalnimi poskusi v vrtinah, obvezng
pa naj bo vsai zlickanje vrtin.

Nihanje gladire podtalnice, ki je vstljeno zaradi plimovsnja morja,
nam pove, da je stadka voda na tem keaju e v dohrem stiku z morjer ali
somornicy in du je treba rov odmakniti ¢ dlje od morja. Opazovanje ni-
hanja v vrtinah je vazen dei raziskayv,

Sanacija be resni¢no uspela samo v primery, e bo raziskovalno kap-
tafni rov zunay obmodja morske vode oziroma somorhice. kar nam nare-
kwe &m vetji odmik od meria. To nam Pa na drugi strani zmanjduje
moZnost, da bi zajeli vedji del kratke podtalnice, ki tede proti bliZnjemu
zaslanjenemu izviry,

6.2. Sanarija izvirov, zaslanjenih s srkanjcm morja
zaradi hidrodinamifnega vpliva

V splodnem so takani tzviri redki. Sanacija z dvigom gladine izvira ne
pride v podtev, ker izvir ne¢ deluje na principu razliénih gostot in bi se
verjelno zvifan pritisk v zgomji il kompenziral z zvifanjem pritiska
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v dovodni %ili. Dvig gladine bi povzro&il najpre) dolodeno zajezitev v pod-
zemliu. § polnjenjem tako nastale akumulacije bi se pritisk v dovodni
zili zvisal in pretok zopet uravnovesil,

Pri sanaciji s lesnenjem spodnje Zile z injiciranjem so tedave iste kakor
sa hile opisane v poglaviu 8.132; problem jc namred kako ugotoviti
polozaj spednje Zile. Raziskave bi bile $e lezje, ker deluje ta tip izvirov
predvsem pri visokih vodah.

Precstane Se senacija s prestrezanjem toka sveZe podtalnice, ki je vse-
kaker mozna. Raziskave so enake kakor je opisanc v prejinjem peglaviu
6.133. Opozorili pa je treba, da ne zadostujelo raziskave o globini vdora
morja samo v &asu nizkih voda, ampak moramo opazovati v asu visokih
vod, ker je takrat ta tip izvirov najbelj slan.

6.3. Sanacija izvirov, zaslanjenih s kombinacijo vplivov vidje gostote
morske vode in hidrodinamiénega udinka

Tudi ti izvir so redki, Moznosti sanacije so maihne in so podobne ka-
kot so opisane v prejdnjem poglaviu,

Teoretiéno je mofna sanacija s prestrezanjom sladke podtainice. Raz-
iskave so opisanc v poglavju 6.13, [zvesti jih je treba ob nizkih vodah, ko
je vpliv razlidnib gostot vede najvedii, in ob visokih vodah, ko je najvet]i
hydrodinami&ni ufinek. To nam poutno prikazuje primer objekta Orebié.
Po skrbaih raziskavah, vitanju, érpaniu ter metjenju slancsti in gladine
padtalnice je bilu izbrana lokacija za raziskovalno kapiaini rov, oddaljer
2Kkm od izvira Bilan. Po izkopu $2m vstopnega rova skozi neprepustni
flifn1 lapcr so takoj, ko so pridli v apnence, naleleli na vodo. Ko so prodrli
15 m v apnenec, so naredili &rpalni poskus in dobili ugodne rezultate; pre-
1ok 7 I/sek., majhna depresija, ugodna gladina podialnice na 2,0 m in spre-
jemljiva slanost 2 290 mg/l Cl—. Treba je bilo fe povedati pretok. V (a
namen 3o sklenili nadaljevati izkop v aprencu S¢ za 200m, v fasu mof-
nega defevia v novembru 1971 pa je slanost izvira Bilan narasla od 5000
na 14 000 mg/l C1—, gladina v rova od 2,0 na 40m in slannsl v rovu na
1800 mgl Cl= (Mijatovi¢, 1972). Otitne je torej, da ima ta izvir
kombiniran na®n zaslanjevanja. Podtalhica sc sialno zaslanjuje po prin-
cipw razliznih gostot in v fasu velikih pretokov $e po principn srkanja
zaradi hidrodinamiénega vpliva, Tega nihde od Slevilaih raziskovalcev
v zadnjih 15 lelih ni opazil, ker je ta tip zaslanjenih izvirov zele redek
in ker so vsi raziskovali le ob majhnih pretokih.

7. GOSPODARNOST SANACIJ ZASLANJENIH KRASKIH IZVIROV

7.1. Cena vode saniranib izvirov

V tabeli 10 je podan priblizen ratun cene vode zaslanjenih izvirov, ki
sn #e bili samrani, ali je zanje %e pripravljern projekt sanacije. Strofki
raziskav in sanacij so tafunani po cenah iz leta 1971

Strogki gradnje kaptaze Almyros II so radunani 2a 3 km dolg dostopni
rov in 1,5 km dolg kaptazni rov po ponudbi OGP »Ugkas Labin. Almyros I
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Tahbela 10. Table 10,
Cena vore saniranih zaslanjenih izvirov

Cost of fresh-waler from developed brarkish springs

Strotki
raziskav .
. ; Letni
N sa- Letni .
nacije  strodki vs;;?;kv’_ L"t;:{ o
Natin  mllj. din kapitala Y7U20Y  praggy  Pretok o Cena
22 ETAT omdjdm milj. m*  vade
Objekt  fanacije  Investi- Mil). din 00 5 mtsek T 1 dinym?
; Develop- gation  Yearly 8 Divchar. APNUA 2
Structure Shd capital mainte- . IHaw Water
mcnt el o nanee 5 inmillion  costs
methad develup-  ovost eosty SR SEC T ey faL.
m:‘: m‘ljlil::)n millian meters
million din
din
Gotovi objekti — Completed siractures
Alacina rov 0.300 00214 0,0013 1,0035 (O8] 0,285
callery
Dubtava [ rov 1,800 00438 0,003 1,037 I N ki 0030
sallery
Kovla- rov 2,600 0,1837 0013 0,030 095 0,288
Zaton fallery
Dubrava IT rov 1,000 N,0726 DN TS) 0,015 .47 0.206
gallery
Custirng T rov 0,600 0,0435 {.003 1,060 1,59 0,0302
zallery
A. Grergicg izolacija 34.000 2,178 0A50 12,0 8784 00076
Kiveri isalation

Izdetan projekt sansvije — Design ot develupment campleted

Moidez izolacija B000* 0,435 0,030 2%k 6,30 1.0825
isolation

Almyros !l izolacija 33.600¢ 2,440 U, 260 0,34 9,45 0,345
isolatlon

Almyrns [ dvig 8.50¢% 0616 0,043 1.0%% 31.54 0.N26:2
gladine
ritlse in
spring level

4 Strodk. acenjeni po ponudbgh izvajalcev.
Costs estimated according (u preliminary corstructer bids.
** Protok je ocenjen kot 9% pretoka izviva
The discharge estimated as percent of birackish spring dischacge.

Je gradnju 150 m dolge in 10m visoke zemeliske pregrade s prelivom in
Zapornice, s kalere bo mozno dvigniti gladino izvira na koto 10 m,

Letni sirogki kapitzla in vdpladila so rafunani pri 8-odstotnih obrestih
tn odplagilni dobi 30 lel. Letni strodki vzdrzevanja so ocenjeni kot 0,5 %%
investicije. Za nedoginjene objckte je bil pretok ocenjen kot odstotex
pretoka nesanivanega izvira.
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V ceni vode so strofki kapitala in vzdrZevanja raéunani na 80 %% izko-
ridéanje lelnega prefoka. Stroski eventualnega &rpanja in napeljave vodo-
voda de potrodnika nise upedicvani. Cena vode velja za odvzem ¢ kaptaz-
nega rova ali zajesilvensga jezerca.

7.2. Cena sladke vode, pridobljene iz morja ali somoemicy
Osnovni podatki objektov in ccna vode sv zbrani v tabeli 11.

Tabela 1[. Table 11.
Cena vode, pridobljene iz morja ali snmornlee
Cost of desalted water

Leloa
moeglji-
vost
Natin r{;fit:e milj. Cenn vode
Stev, Objekt desulinizaciie R : } m*lete  Waler eost
Number Structute Methad of g_);‘;fmocf_ Annual din:m*
desalinization tion capacity din . m,
million
fu. me~
ters
1 Shuwaik C+ O destilucija 1957 0,87 1.76
Kuwait distillation
2 Shuwaik E destilacija 1980 1,66 2.97
Kuwait distillation
3 Buckeye elektrodializa 1962 0,90 kA L]
Arizona electrodialysis
4 Curacae destilacija 1963 2.21 4.8
Cuba distillalion
5 Atomska deatilacija pro:ekt 1200 1,7—2.23
slektrarna d!stillation design
[ztuel
Nuclear pover
station Tsrael
[ Benghazl elckirodializa* 1568— 6,9—16,4 1.7

Liblia electrodialysis® 1471

v . — e — s — - —_— -

Elektrarna na pogon z jedrskim reaktorjem v Izraelu naj bi imela
mod 200.000 kW, del toplete bi porabiii za destilacijo vode.

Podatki za objekte 31, 1—4 po United Nations 1969, in 3t.6 po Waler
and Water Engineering 1989.

* 1z somarniec z 6500 mg/1CI—.
From the brackish water with 8500 mg 1 C1-

“* Canga velja za vedjo zmoagljivost napruve.
The ¢ost valid for a big plant capacity.
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7.3. Primerjava nedinov preskebe s sladko vade

Voda sladkih izvirov, predifdcna reéna ali jezerska voda in sladka
padtalnica so gotovo najeenej&i viri preskrbe s sladko vodo, Popreéne vene
e vode ni moZno pudali, ker se spreminjz v odvisnosti nd morfologkih,
hidrolo$kih in gcolo$kib razmer. Kjer obstajaio naravne moznosti, se je
treba usmeriti na preskrbo s sladke vodo s kopneya,

Na drugem mestu je sanacija zaslanjenih kragkih izvirov. Voda iz sa-
ruranih ievirov je mnoge cencjfs kukor voda, pridobljena iz morja ali
omarmnice.

Za umelno desalinizacijo bi se wilodili samo tam., k jer ni drugih mo¥no-
sli. Cena take vode je %e zelo visoka. Z intenzivnimi raziskovanjfi posku-
2ajo odkriti cencde posiopke.

8. SKLEP

Zaslanjeni izeiri so pogost in v splo¥nem dovelj pojasnjen pojav na
kragkih obalah. ¥edeti pa nmoramo, da ima vsak izvir svoje posebnosti, ki
oteZujejo raziskave in sanacijo. Vsakega zaslanjenega izvira ni mozne
sanirati, zato )e treba izbirati tiste, kjer so orientucijske raziskave nakazale
najved moZznusii 23 uspeh,

V detajlne raziskave morame vkijuéiti tudi vedji del sanacijskih ukre-
puv: i2olaci)o, dvig gladine, tesnitev spodnje file in kopanje raziskovalne-
kaptaincgsa rova, Samo poizkus s sanacijskimi uvkrepi lahko popolnoma
rzzjasni nadin zaslanitve in nakaZe uspeh sanacije. Najveéju tezava sana-
cije zaslanjenih jzvirov je v lom, da je treba vieZiti v raziskave z vkljude-
nimi sanacijskimi poskusi mnogo truda in denarija.

Druga tefava je dolga doba raziskav in sunacijskih del ter nego:nvost,
da bodo dels uspesna. Razmere s podobne kakor pri iskanju novih rud-
nikov ali mineralnih surovin. Zate lahko prevzamejo financiranje razisko-
valnih in sanacijskih del vedje teritorialne enote, ki so sposobne prevzeti
strogke in riziko, sicer veje sanacije ne bodo iuvedljive. V nekaterib
delih Dalmacije 5o predli na gradnjo dragih regionalnih vodovodov ravne
»avadi tega, ker je bil pri (eh delih kan&ni uspeh zagotovljen Ze v naproj,

Zaradi dragih raziskav in sanacij in izgub sladke vode. s katevimi mo-
rami radunati, s¢ je treba usmeriti na velike izvire. od ma hnih pa te
na tiste, kaletih uspedna sanacija bi bila z¢lo pomembna,

S pravilnim planiranjem potreb po vodi bo moZno prifeti z raziskavami
in sanacijami pravofasno. Radunati moramo, da trafajo razisksve in sana-
ciju tri do pet let.

Cena vode saniranih zaslanjenih izvirov je sicer viija ed cene sladke
vode, zajete na kopnem v blizini potrodnje, je pa mnogie piZja od cene
sladke vode, pridebljene iz morja ali somornice.

Dosedanji uspehi sunaci) zaslanjenth kratkih izvirov opravidujejo in
spodbujajo k nadaljevaniu teh del,

154



9. ZAHVALA

Prof. dr. J. Baturi¢, ing. V. Cule, ing. D. Frani¢, ing. J. Krznar, dr. B.
Mijatovié, ing. B. Pavlin, Prof. Dr. W. Stinder in Dr. A. Slefanon so mi
dali na razpolago neobjavljene padatke o najnovejdih sanacijskih delih.

vladi Gréije in Malte, Organizacija ZdruZenih narodov za kmetijstve
in prehrano — Rim, Geologki zaved — Ljubljana, Geotehnika — Zagreb,
in Zavod za geolodka i geofizicka islraZivanja — Beograd so mi dovolili
uporabe njinovih neobjavljenih porogil.

Sklad Borisa Kidri&a — Ljubljana je financiral raziskave in Laboratorij
za mehuniko (al FACG Univerze v Ljubljani mi je nudil vso pomod pri
izdelavi Studije.

Vsem s¢ najlepée zahvaljujem

155



The Origin of Brackish Karstic Springs and Their Development

Marka Brezaik

LConlenis

Abstract

1. INTRODUCTION

2. GLOSSARY OF THE TERMS USED IN THE PAPER .

3. EXPLANATIONS QF THE COASTAL SPRINGS CONTAMINATION
3.1, Review of references . .k AN0L XKW
3.2, Sea water intrusion into karstlc aqu:ters

4. DESCRIPTION OF SOME BRACKISH SPRINGS
4.1. Brojnica springs near Triest
4.2. Springs in the Sedovlje valley in S'lovene llw;l aI
4.3, Bla% spring in Istria .
4.4. Springs ta the south of Serj in Croatlan httoral
4.5. Springs in the Poliice bay near Trogir
4.6. Pantan spring near Treogit . -
47, Pistica spring on the Vs island . . .
48. Springs near Postire on the Brad Jsland
49 Z2rnavica spring near Gradac . . . .
4.10. Springs in Marinj bay of Boka Kotm'ska
4.11. Submarine springs near L.a Mortola on the Italian Frr.-nch bordcr
4.12. Submarire spring at Mar Piccole near Taranto in Italy .
4.13. Submarine spring Cadimare at Spezia ia Italy .
414 Ayios Geurpios spring near Kiverl in Greece . .
415, Sea swallov holes on the Kephallinia istand io Grc-_-:-r
1.16. Almyros Ieakliow spring in Greece

3

156

. THE ORIGIN AND CLASSIFICATION OF BRACKISH KARSTIC

SPRINGS
5.1. Springs Lontammated due 1.0 the greacer densnl.y of sea water
5.11. Submarine springs contaminated in their mouths . .
5.12. Springd in the kurst aquifer showlng isotrople permesbility .
#.13. Sprinus in the karst aquifer showling anisetropic peremability
2.2, Sfl.;u s contaminated b} sucklng of sea water due to hvdrodinamic
#ifect e
3.3. Springs conlami nalm Yy 1he combmatlor o‘ greater dennty .md
hydrodynamic effect & fen 4R NG G R GG B s

157
158
158
160

160

163
183
183
183
184
185
165
166
166
187
167
168
184
168
188
184
189

170
170
17
171
171

173

174



g THE POSSIBILITIES FOR THE DEVELOFMENT OF BRACKISH
KARSTIC SPRINGS . U - SN < <ol ' |
6.1. The development of springs contaminated on the density prirciple 174

6.11. Submarine $prings contaminated in their mouths . ., . . . 174
6.12. The development of brackish springs of the karst showing

isotropic permeability . . . . - . . . . oo 175
$.13. The development of brackwisl springs in Lhe karst showing
anisolrapic permesability . T T R N A s v i 178
8.131. Development by raising in the spring level . . . . . 176
6.132. Develapment by sealing the lower vein . . . . . - - 179
6.133. Develnpment by the interception of fresh waler before
the comtamination . . . . . . . - - . . . . - . 180
6.2. The development of brackish springs contaminated due to the hy-
drodlnamic efect . . . .« . . . . o e 0 o oo .. . 1
6.3. The development of bruckish springs conianunated by the combi-
nation of density and hydrodinamic principles . . . - . . . . - 181

7. ECONOMICAL ASPECTS OF BRACKISH SPRINGS DEVELOPMENT 141

B. CONCLUSION . . . . . . .« « v « v e e v 0 e e e . 182

9 ACKNOWLEDGMENTS . - - . « « « « « v« v v o v - 183

10. RefETENCASE . . . v v = =« v e e e e e e e e e e 183
Abslract

Brackish karstic springs are & regular phenomenon of every sea shore
made of limestone, They are known in alnost all Mediterraneun countries
hut arc cspecially [requent on the coasts of Yugeslavia and Greece. De-
velopment of karstic springs contaminated by sea water would be of
greal human and economic impottance (or these areas short of fresh
water.

Field investigations of meny brackish springs in Yugoslavia, and of the
Almyros and other springs in Greece and the elaboration of data concerning
ubout thirty springs in the Mediterranean Sea were the basis for the dis-
sertation.

The explanation of sea water imtrusion is dlseussed briefly. Ope im-
portant conclusion of the study is that there are some different ways of
contamination, Consequently the brackish karstic springs are classificd as
(ollows:

a) Springs contaminaled due te the greater density of sca water.

1. Submuarine springs contaminaied at the mouth of the spring.

2, Springs 1n the karst aquifer of isolropic permeability.

4. Springs in the karst aquifer of anisolropic permeability with
either shallow or deep vein branching.

b) Springs contaminated due Lo the hydrodinamic effect.

¢} Springs contaminatec by a combination of greater density and hydro-

dinamic effect,
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The way in which springs could be devcloped, the chance to remove
the salt from brackish water and Lo prevent the karstic fresh water from
mixing wilh sea water are discussed for each group.

The econornical aspect of development is alsa discussed. The price
of the water of developed springs is higher than the price of fresh ground
water but much Jower than the price of the water produced from brackish
or sea walter in desalinisation plants,

The successes already achieved justify and stimulate the development
uf brackish springs,

1. INTRODUCTION

Brackish karslic springs are a regular phenomenon of every sea shote
censisting of limestone or dolomile, Fresh water from the calcarcous
karstic aquifer is contaminated by the intrusion of sea water which renders
the spring water useless. Development of brackish springs would be of
great humean and economic importance for these areas short of fresh water.

Kohont {1968) pointed out that only a few scientifie investigations
of these phenomena had been made and that the development technique
had not improved much since the time of the Phaenicizns who covered
the submarine spnngs with lead funnels and fed fresh water into the
leather bags,

The greater part of the Yugoslay coast and a lurge belt of the hinter-
land are made of carbonute sediments. The firsl systematic investigation
ol brackish karstic springs started in the late thirties {(Kufier.
1946/1947), the mechanism of the springs was explained in the forties
{Giura¥in, 1942 1843, Kuféer, 1950). Intensive investigations and
development cn the Adriatic coest are a result of the last 15 years (Fig. 1).
At the same lime some investigations were carried out in Lebanon,
Libya, Malta, Frunce, and Italy, and large nnes in Israel and Greece. The
author participated in part of the investigations in Greece and Yugoslavia.

A review of the possibilities for development, of the favorable natural
conditiotis and of ‘he investigations necessary was the main aim of the
study. The investigation and development costs and the price of water
of developed springs were discussed either.

2. GLOSSARY OF THE TERMS USED IN THE PAPER

Karst aquifer of isotropic permeability. Karst region with many
solution fissuves. small channels which are well connected in all directions.
Movement of water is possible in all directions and is analogous to the
ground water movement in granular sediments.

Karst aquifer of anisotrupic permeability. Karst region with isolated
karstified zones and not karstified blocks between them, Ground wuter
moves along veins that meuns along well karstified zoncs. The aquifer
iy highly permecable in the direction of veins whereas poorly permeable
or impermeable in the transverse dircetion. Ground water movement is
similar to the movement ol water in a system ol pipes which are not
denscly disposed.
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Aquifer. A formation, group of formations or part of a formatien
that bears water which is not bound chemically or physically to the rock.

Karslic ground water. Water which fills karstic pores and veins in the
drowned zone and is not bound physically or chemically to the rock.

Aerated zone., Zone above ground waler surface in which karstic pores
are filled partially with air and partially with water

Drowned zone. Zone below ground water surface in which karstic
poercs are saturated with water.

Fresh water tone. Part of aquifer saturated with fresh water.

Brackish water zone {(also called zone-of-mixing or transition zone}, Part
ol aquifer saturated with brackish water,

Sea water zone, Part of aguifer saturated with sca water.

Interfacy. The surface bordering the {resh water and sea water in an
aguifer of isotropic permeability, This border could be sharply defined
but is usually a transitioh zone.

Toe of the interface is the place where the interface reaches the im-
permeakle layers below the aguifer.

Equilibrium pleme. Nominal plane connecting in the karst of ani-
sotropic permenbliity those points of veins and branchings where the
water pressurcs from the fresh water and sea water sides are equal.

Toe¢ of the cquilibrium plane is the place where the cquilibrium plane
reaches the impermeable layers below the aguifer.

Storage ceoefficient nf the Karst is the volume of water which a karstic
aquifer release from storage or takes into storage.

Brackish spring. (Genersl term which meens a spring with brackish
water but also the vein and place of such a spring.

Submarine spring. A spring with either fresh or brackish waer rising
from the sea botlom.

Sea swallow hole. Hole in the sea botiom or seashore which swallows
584 water,

Sea estavelle. A submarine spring which stups to flow in eyvecy dry
season and starts to swallow sea water.

Vein. General term for a zone which is highly pervious in the flow
direction and poorly permeable or impervicus in the iransverse direction.
Ground water moves through veins in the karst of anisotropic permea-
bility. The form of the vein is undefined, it evuld be a solution channel,
a pervious fissured zone, a system of small connected cavities ete.

Vein brunching or shortly branching. The place where the primary
vein branches off into a lower vein vonnecied with the sea and an upper
vein leading to the spring,

Sea means the sea water too.

EFresh water. Sweaet fresh ground water unmixed with sea water,

Brackish water. A mixture of fresh and sea waters.

Salinity, Quantity of salts in water. In this paper expressed as content
of chlorine ions (C!I7) in mg/l. The salinity of the Mcediterrancan Sea 13
abnut 21 600 mg!l of CI-.

Admissible salinity, The quantity of salts in drinking or irmgation
water which is hammless to people, animals or vegetation. Yupgoslav
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standard for deinking water is 250 mg‘l of Cl-, In dry areas a drinking
water with 500 mg/l of Cl- is considered as hormless. Many villages in
the Medileimanean use water with more than 500 mga”. of Cl—, the Bedonins
of Sahara up to 2000 mg?l of Cl-.

4. EXPLANATIONS OF THFE COASTAI. SPRINGS CONTAMINATION

3.1. Review of rcferences

The Almyros spring with fresh water in winter and brackish water
in summer was explained in a surprisingly elegr wuy by Laurentis
de Monacis from Venice in the year 1364 (According to Patakis,
19G8): Annn Domiri 1364, serti Mai Et spelunce vere, guae eyf penes
radicem dicti S{rumbuli (mountain above the spring, author’s remark) a
dirte parie Orientali exit cum tmpetu magnus ¢lobus salserem asquarum.,
quae vementes @ mari per subterrancos anfractus emittuntur per ore dictae
speluncae; a salsedine vere lecus ille dicitur Almiro. Inhieme vero non
sunt ila salsae; nam e pluviis de contiguis montibus in valles defluentibus
rt penes itlam apeluncom cadentibus aliquantulum dulcioraniur,

Many speculations have been cstablished during the last 150 years
in order to explain the phenomenon of the sea mills nesr Argostolion on
Kephallinia island in Greece. The speculations of Brown (I835).
Strickland (1835}, Dawy (1836), Pilckler {(1B41), Mnussen
(1858). Unger and Ansted (Glanz. 1965) are not physicatly
acceptable. According to the first well explained Theory originated Trom
Fouqué (1867 the swallowing of sea water [lowing towards the Livadi
springs is due to the greater density cf sea water which mixes with fresh
water in the deep vein branching, The Wicbel's explanation sugpesting
the flow of swallowed sea water towards the Sami springs and aspiration
of sea waler due to hydrodynamic sffects is acceplable too,

Tke brackish springs from grained sediments were interpreted by
Badon-Ghyben (1888), Herzberg {1801), Hubbart {1940,
Cooper (1959) and Luscynski (1961).

The brackish springs in karst were explained by Fouqué (1867),
Wiebel (1874), Lehmann (1932), Gjura8in (1942 1943, I. Ku-
$Cer (1947, 1950), . and D. Kus§éer (1962), Mandel (1971), Edel-
san (1868) and Stefanon (1971).

3.2. Sca water intrusion inloe karstir aquifers

Lehmarn (1932} explained the Wiebel's thcory (1874) by a
Venturi tube effect due 10 the natural coatraction of a karstie channel.

Fouqueé (1867) first expressed the opinion that the greater density
ol sea water generates the inland flow of sca water {pwards the brackish
springs,

Giurafin’s (1943) theory is based on & good knowledge of ihe
urdergtound morphology of the karst, The intrusich of sca waler vecurs
in veins branchings due 1o its greater density. The seasonal changes of
the spring salinity cculd be explained by the change in the pressure of
fresh and sca walers in the branching.
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A mure general form of this theory was given by 1. Ku$éer (1950).
Figure 2 will help to show some quantitative relations. Let us suppuose
that the lower vein is closed near the branching by two plugs and the
space batween them connected with the spring outlet by an imaginary
auxiliary tube. The behaviour of the system is determined by the pressure
differences P and S upon both plugs:

P=p—p" =[Pt onyhn—h)—IPa + gu ¢ (i — Rl @)
P {om—gd)@{hi—hi) —omg {h; — Ry
Hydrostatlic overpressure from the sea side P is posilive only if the
branching is situated sullicienily deep, i. e if

O

h—he > - (hi— fn) = 364 . (ki — htm) {b)
o = 2o
S = p.- 'p-.. - l_.L’J' (] _k}— (Al _w’] .Qrz - cQ},ﬁ {c]
2 QY. ?. (j|,

where it means:

p — hydrostatic pressure, p. — atmospheric pressure, ¢ — density
{gfem"}, g — gravity acceleration, A — height above some refercnce level,
g — cross-section of a vein, @ — MNux of water. ¢ = @: q mean velocity.
The nolatiens P, g, k, g, Q, ¥ are more closely determined by the adjoined
indicey i, 7, ¥, 5, m. These reler as follows: i o the upper opening, r to the
branching, v (o [vesh water or to the primary vein, m to s¢a water or (o
the lower vein, § (o brackish water or to the upper vein.

The equation ¢ is only an approximation for high Reynolds' numbers.

The eonstant k {(—1 <<k =X 1) depends on the configuration of the
brunching. The coeflicient ¢, which may be called the sucking coefficient
is pusitive orly if the vein is norrowed just at the branching.

Let us again close the auxiliary tube and remove the plugs A and B
The overpressure p —p = P + S delermines whether or not sca water
will flow in. According io the signs of P and 8 four cases are possible
which I. Kuséer denotes as types PS, P, S and N.

Type #8: The branching ie situated sufficiently deep and ix narrow
cnough, so that both P and § are positive. At any discharge the spring
remains brackish,

Type £: The branching is situated deep ecnough (P 2> 0), but is not
narrow enocugh so that § is negative. The spring is brackish only at low
fiux, and 1its salinity dissppears when the flux of fresh water reaches the

vilue Q, — V I:_, at which P =S =0 When thiz !imit is surpassed,

[resh water will penetrate into the lower vein,

Type S: Al P << 0, but 52> 0, the behavior of the spting is just inverse.
It becomes brackish only at high flux, after the limit @, has been
surpassed.
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Type N: A spring with P<{0 and § <{ 0, can never becume brackish.

Gjuradin gives for the type P formulae and diagrams representing
the dependence of the sulinity upon the flux,

The limit value of the salinity at a very weak current is:

tim (Ri — he) - . P (d)
(roe — @2} [h‘ —h,) (0w —w) 9 (R, — h,)

The springs actually observed have more veins and more branchings
and are more complicated than those represented by Fig. 2. The general
conclusions expressed by Gjurafin and I. Kudéer are as follows:
The fact that springs are brackish only in dry season proves that they
are all of type P. They breome brackish only because of the greater
density of the sea water. It is highly improbable that narrow branchings
(with S>> 0} should exist, as the twe rushing currents would soon erode
and widen the narrow passage.

Mandel (1971) states Lhat the solution process has cnlarged the
kydraulic econduetivity in the flow direction and vendered the aquifer
strongly anisotropie. The pattern of potentlal distribution is changed in
a way which induces an upwards and inland displucement of the interface.
Under the prevailing conditions of anisotropy sea water penelrales into
the aquifer and mixes wilk fresh water.

Glanz (1965) studied the hydraulic mrchanism of the sea-mills of
Argostolion after the connection with Sami springs at a distance of 15 km
had been proved. The inflew of sca water (1.7 m¥sec) is tvo big for only
one Veneturi tube, bul it is nearly impossible o synchronize a simul-
lanenus action of many parallel Venturi tubes.

A jet of fresh water reaching a vein of sca water wil. produce a
movement of sea waler in the direction of the fresh water impulse. The
additinn of the cffeets of many impulses is possible

Fdelman (1966) treated the influence of pumping out of a lense of
Iresh water {loating on sea water. The flowlines of the ground water
movement are directed towards the springs on *he sen shore during the
state of natural conditions when the precipilations recharge the ground
water (Fiy. 3a). Pumping out of a well changes the flow pattern. The
tlowlines of sea waler rising towards the pumpiny well cul of the lower
part of the aguifer contaminate the well (Fig, 3¢).

Baturié (1961, 1969) considers that the Rarst is uniformly porous
except some rare veins, Ground water movemeni near lne sea shore is
similar te the movement in grained sediments but is influenced by the
uxistence of impermeable or nearly impermeable bartiers (Fig. 4). Ground
water flows seawards over (hese barriers and sea water moves inland
under these barriers due to ils greater densilty Belwsen the burriers
there ure zones with different salinity which increases as they approach
1the sei.

Siefanon (1971) considers that the contamination of submurine
springs occurs in the mouth of the spring.

AN, — ]."‘-
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4. DESCRIPTION OF SOME BRACKISH SPRINGS

4.1. Brojnica springs near Triest

These springs arc also known by the name Sorgenti d'Aurisina (Boe-
gan, 1908). The water issues from the karst limeslene, where there the
overlying {lysch has been removed by sea. There are 7 submarine springs
pear the coast in a line ol 100 mectres. The two largest springs were
tapped in 1860 but were dry in the years 1885 and 1868 and bracKish in
the year 1867. The development was considered unsuccessful at that time.
Thirty years latet when the needs of the Triest town for waler had
increased all the 7 springs were suceessfully developed (Fig. ).

4,2. Springs in the Sedovije valley in Slovene littaral

The calcarecus snticline of Buje is an important cellector of ground
water in the lstris peninsula which js short of water. The aquifer is
partly drained towsrds the Sclovlje valley, The interest in developing
{hcse waters for water supply increased after a large intrusion of ground
water into the Scéovlje coal mine 4 kilometres distant from the sea
al a depth of 230 metres below the sea level (Fig.8). In Decernber 1955
ihe tota! inflow inte the mine was 160—190 litres per second wilth a
salinity of 420—520mgsl of Cl- (Breznik, 1956) and the inflow into
ihe second southeastern ficld 120—159 lisec with 80 mg/l of Cl-. Later
this water was partially developed with a borehole above the second ficld
(Breznik, 1958) and many boreholes near BuZini and Gabrieli springs.
Now when the mine is abandoned and drowned it would be possible to
cupture a'l the water with deep borcholes penetrating into the second mine
fisld, An important experience is that the sea water zone does not reach
{ne area of the mine which was proved by the small salinity of the
intruding water inspite of an enormous depression in the mine.

4.3. Blaz spring in Istria

The Blaz bay is 10 to 20 metres desp. Along the calcareous coast there
are about 20 springs in a line of 500 melres. Most of them are coastal
and some submarine springs. The main spring however forms a pool at a
distance of 30 metres from the shore (Fig. 7). The minimum discharge of
the main spring is about 150 litres per second and of other springs aboul
40 litres. Mean discharge is about 1,6 cubic metres per sccond and the
maximum was 2,6 m¥scc in the year 1970. The salinity of the main
spring was below 100 g of Cl- during the obscrvation period from 196%
Lo September 1970.

In October 1870 the salimty had increased quickly o 12 000 mgf of CI-
when the level in the pool had dropped (o 0,54 m above sea level when
the side sluice was open (Fig. 8). The salinity of the other springs is higher
because their altitudes equal sea level.

The aim of the investigations in the years 1868—1970 was to (ind
the zones of fresh water inflow both near and far from the spring. The
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desire was lo find a location where a collecting structure could intercept
the higgest quantity of fresh water.

The tracer tests performed in boreholes B-1, B-2 and the cave Rebiéi
al a distance of 3 kilometres from the springs have shewn a fan-shaped
direction of ground water flow towards the sen.

During the second phase of the investigations 20 borekoles were drilled
in the ncar vicinity of the spring. ‘The aim was to find the main zones of
fresh water Mow towards the springs and the zones of sea water in-
trusion. Permeabilily pressure tests, salinily and ifemperature measure-
ment were performed in all bureholes and the flow direclion determined
with tracer Lests.

The main quantity of fresh water flows through a 40 metres wide
belt between boreholes B-6s — B-24 and B-17 — B-15 towards the spring
{Fig. 7). Most of the boreholes in this belt showed 4 high permeability
of the rocks at shallow depths and bareholes B-18, B-16 and B-23 at a
depth of 40 metres below sca level and deeper. The velacity of the Lracer
movement between boreholes B-15, B-16, B-23. B-25 and the main spring
were 1%, 134, 80 and 40 melres per hour, The researchers consider these
velocities as mnderate and conclude that the main inflow vein was not
revealed by boreholes, Water remained fresh in borcholes until the end
of September 1870 and the salinity increased simultanecusly with that of
the maiwn spring.

Salinity in the borehoies to the north and south of (he main spring
and betweer. the main spring and the sea increased continvously during
the year 1970 and did no! change during the high contamination of the
spring 1 October 1870, It is considered that the ses water vein which
contaminaies the spring was not detected by boreholes.

The developmenl desigr anticipated capturing the water in the main
spring and 1o construct a grouling sereen 500 metres long and about 40 m
deep situated along the coast which should prevent the inflow of sea
water (Fig. 7). In the first stage only 300 metres of the screen should be
constructed. The Jurgest quantities of fresh water could be captured in
this way.

Later an investigation gallety was excavated in the direction of the
borchole B-24 whete the highesi ground water surface was observed, At
¢ distance of T0 metres a cave with [resh water was found. The explora-
tions are nol completed yot,

4.4, Springs ta the south of Senj in Crualian littoral

There are some hundreds of coastal and submarine springs ard same
sea cstavelles along a four kilometres long coast seuth of Seny. These
springs were examined in detuil by 1|, Kugé&er and his collragiles in the
vears from 1937 1o 1940 and from 1946 to 1947 (L Kufder, 1946/47,
1950; I and D. Kuider, 1062).

The best investiguled is the group of springs st he sawmill near
Jurjevo, where 70 coastal and 30 submarine springs and some estavelles
arc on g 300 metres long coast (I, Kudéer, 1950). The largest of these
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springs are the estavelles (KE) on the wesiern side (Fig. 9) called “Kola™
{"the wheels”). The whole group may be divided inte subgroups (KA.
KH,... KF). There wete no differences in salinily beiween the springs of
the same subgroup.

The relations between the subgroups have been investigated o some
extent. Figure 9 shows qualitatively the connections and the succession of
the branchings r,, r,, ¥,, 7,, but cannot tell anything about the length and
directiona of the underground veins and other details.

In the rainy season fresh water flows from all springs, After the rain
ceases the springs begin to weaken, and sea waler first penctrates through
X {o », and *he springs KF disappear. The springs KE ihen become
brackish to about 700 mgfl of Cl- which means that sea water slarts to
penelrate throug the vein X. Laler sea water penetrates also into vein Y,
s0 that the ¢prings KA and KB become brackish o, all to the same degree
of 1700 mgd of Cl-. At the same time and by the same amount, the
salinity of KE increases. This was observed at the end of July 1940. Finally
but only in dry summers, the Kola KE stops and starls to swallow sea
water. This causes (be salinity of KB to increase up to about 8001 mg/l
of Cl* while that of KA decreases a little, presumably because of the
slight increase in pressure at =,.

The swallowing of Kola was dircctly observed. KEa swallowed some
hundred litres per second, The researchers performed a tracer test on
30 July 1947 in order to obtain a proof of the connection with the springs
on the olher side of the bay. A solutivn cf 300 grams of fluoresceine
was poured inle the estavelle KEa, Five nours later, the first trace, some
10~* g/cm?®, appeared in the springs KB. For | hour the concentration
progressed, up to some 3.10% gfemd, and then fell off very slowly. Un-
expectedly, with a delay of six and a half hour the colour appcared in
KA, though in a concentration 2 or 3 times less.

The rainfalls in auiumn reverse the above changes in succesion until
the inilial state of fresh water flow is restored.

4.5. Springs in the Poljice bay near Trogit

Jevremovié (1966) reports that the salinity of sperings in the
Poljice bay incrcases with the inccease in the discharge. During the dry
period in September 1957 the salinity was 1500 to 1900 mgf of Cl= and
during ike hnigh discharges in April 1962 6820 o 6700 mg/l of CI~.

4.6. Pantan spring near Trogir

Karstified limestone beds of the Kozjak mountain are thrust over the
flysch syncline of the Kaftcli bay and closed against the sea. The limestone
is drained by the Pantan spring issuing 500 metres from the sea. An
artificial weir forms a poel around Lhe spring. An old mill is driven by
the spring water. The level in the poal fluctuates between 2.5 and 4 metres
above sca level, The winter discharge reaches 10mdfsec and in the dry
period drops lo 1,3—2 m%zec. The salinity in winter is 500 mg1 of CI-
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and in summer rises up to 10000 mg’/l of Ci~, The increase in the salinity
is slow and proportional with the decresse in the discharge (Fig. 10).

One and a hall kilotnetre away is the Slanuc ("sally") spring which
flows for only two months during the winter. The discharge of the spring
is 0,5 m*sec and the sulinity 800 mg/l of CI-, The elevation of 27 metres
above Lhe sea level is surprising,

Two submarine springs at a distance of 800 and 2500 metres from
the Pantan spring rise from the sea floor of the Kadtela bay during the
winter time,

Investigation drilling in the hinterland of the Pantan spring found
fresh water in borchole B-1 at a distanee of 1.5 kilometres from the spring
(Mijatovié, 1972).

4.7. Piflica spring on the Vis island

In winter 1956 the salinity of the Pi3tica spring increased to 3800 mg1
of Cl- after the incrcase of the discharge to 80 1/sec during the excavation
of the water capturing gallery. Tater the gallery was closed with a plug
and a regulating valve installed. In 1958 the maximum of the regulated
discharge was 37 I'sec and the salinity did not incrcase beynnd 635 mg/
of Cl1 (Baturié, 1981).

4.8. Springs near Postire on the Brat island

Extensive hydrogeologicul. geophysical and development warks were
performed on that island between the years 1958 and 1962 [sland Brad
with a surface of 400 square kilometres is mainly buill of Upper Cre
laveous limestone and delowite which forms an anticline in lhe west-east
direction. In the middle of the island there is a plateau 300 metres high
with swallow heles, The island is mainly drained lowards the north. The
wain investigations were made in the hinterland of the springs near
Postire,

Four parallel fissured zones directed towards the main springs were
revealed and were supposed o be the main wllectors of ground water.
The investigation gallery K1 is 800 metres (rom {he sea, In 1961 and 1962
the ground waler level fluctuated between 0.48 and 574 melres above sea
level. During the pumpirg test, water quickly became brackish, The
exploilation discharge had to be intentionally decrsased to 28 sec in
winter and 3.5Ll5ec in summer in order Lo keep Lhe salinity within
acceptable limits.

The investigation galiery K2 is at a distance of 1800 me:ires from the
sea. The shaft is 55 metres derp and the gallery 470 m long with the
botlom § metres above sea level. Six fissured zones with ground water
and a karstic chimney with a bottom 36 meires below sen level were
found, Ground water level fluctuated between 261 and 12.14 metres in
1961 —1962. Before the pumping the salinity was between 178 and
262mgl of Cl and increascd quickly to about 430 mgl of Cl- when
the pumping started inspite of a very small drawdown of some centi-
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metres. The exploitation discharge adjusted to the salinity of 250 mg/l
of Cl- would be belween 19.7 and 3.5 l/sec in summer depending on the
rate of precipitations.

The researchers vonsider that fresh water is floating above sea water
in the area of both galleries. They have proposed closing the [issured
zones in the gallery K2 wilh a grouting screen against the influence of seu
water or excavating a new gallery at a distance of 2.7 kilometres from
{he sea,

4.9. Zrnovica spring neat Gradac

The Biokovo calcarevus mountain is closed towards the sea with a
long flysch syncline and a belt nf dolomite, The development of the
Zmovica spring which drains the souwth-castern part of the mountaip
would be important for the water supply of Makarska littoral.

The main spring which rises in a small actificial pool is 1 metre above
sea level. There are smaller coastsl springs along the bay and two sub-
marine springs at a dislance of 120m. A small spring on the weslern
shore is fresh.

The aim of the investigations in the vears 1968—1970 (Krznar
¢.al, 1970) was to [ind the main channels in the hinterlund of the main
spring. Geophysical sounding has shown the greatest sea water intrusion
10 be along the fault betweeen the dolomite and limesione. Anomalies
in the dolomite were also revealed. The first borehole in the dolomite
found a pootly pervious rock and the boreholes in the limestones ¢n the
eastern side of the bay were not much betler.

The system of invesligations was later changed. A row of boreholes
was drilled just behind the main spring. The direction and velocity
of the Now were determined by tracer lests. Two additional rows of
bocekoles were drilled at distances of 100 and 150 metres. Salinity and
piczometric surface were alse measured. The rcsults are preseated in
Fig 11 and table 2. The salinity decrcasses quickly when mowing away
from the sea. The roscarchers vonsider that the main active channels ace
in the dolomite and the fossilized ones following the main fault are closid
by clay depoults.

The development design proposes the exploilation of the present main
spring. Sea-water intrusion should be blocked by a groeuling screch
constructed along the coast.

A water collecting galery in the atea of the borehole 2-42, which has
revealed the highest piezometric surface and Iresh water, would have good
chances of a successful development,

4.10. Springs in Morinj bay <[ Boka Kotarika

The calcareous mountain of Orjen wath the very high rate of yearly
precipitation of 4000 mm is thrust over the Cukali zone. This zone of a
very complicated lithostratigraphic composition (Fig. 12) is mostly im-
pervious in the transverse direction, and ctoses the massif along its

167



southern border against the sea, In the east where the Orjen is open 1o
the sea, there are springs with a large discharge in the Morinj and Risan
bays,

The minimum discharge of the Morinj springs iz 0.5 m¥sec and the
mean discharge about 5.5 m3'sec. The salinity is 1000 to 12 000 mg!l of Cl
in summer. Water is fresh during the winter and after the heavy rairg
in the summer.

Ten borcholes and lwo wells were made and many tracer Les's per-
formed, The results are given in Fig. 13 and tables 3 and 4.

The main channels are supposed to be in karstified limestone witlh
Clobotruncanae. The design of the development is based on the diseovery
of a location where the limestone is only 350 m wide due to a transverse
f2ult, A grouting screen 360 metres long and 100 metres decp should be
construeted out of a gallery. The sctreen should prevent the intrusion of
sea waler und permit a small tise of frosh water, Water collecting snafis
should be excavated on the fresk. water side of the gallery (Pavlin,
Btondic. 1971b). The excavation of the access gallery started recently.

4.11. Bubmarine springs near Lu Mortola on the Italian-French byrder

Six hundred metres from the shore there are three submarine springs
at a depth of 39 metres. The discharge of the springs is about 100 1isee
and aalinity below 75 mgil uf Cl-. The design of a preliminary development
proposcs {u cover the springs with a bell connected by a tube with a boat
where salinity and discharge mcasurement would be made (Calvine
wnd Stefanon, 1969).

4.12. Submurine spring al Mar Piccolo near Taranio in laly

The spring rises al a depth of 18 meires from the sea bottom, Ste-
fanon {1971} considers that it js contaminated with sca water inside the
spring mouth. The spring was coversad with a fibreplast bell. Pumping at
different rates combined with salinity measurements should determine
the exploitation disckarge.

4.13. Submarine spring Cadimare at Spezia in Taly

The spring rises from a depth of 6 metres, It was closed aygainst the
sy by a cylinder shaped struciure. The level of the spring wes raised
(o 35 metres above sea level. But the construction soon collapsed in
rough sea (Crema, 1815 Calvino and Stefunon, 1863),

4.13. Ayios Georgios spring near Kiverj in Greece

This spring drains the karstified plateau of the central puwt of the
Peloponnesus peninsula. There were some small coastal springs with sa-
linity of 177—184 mag/ of Cl- and a row of lurge submarine springs with
3000—4000 mg of - (Stdnder, 1971) and a discharge of about
10 m*scc. Springs were developed by a construction of a semicircular
dam around the spring area.
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4.15. Sea swallow holes on the Kephallinia island in Greece

The level in swallow holes is 0.75 to 1.25 meotres beloav sea level and
the maximum inflow about 1.7 m*sce. A tracer test has shown the con-
nection with the Sami springs 15 kilometres away. The discharge of these
springs is about 10 m*sec and the satinity 2100 to 2500mgfl of CI-
(Maurin, Z6tl, 1987).

4.16. Almyros Irakliou spring in Greece

The spring is situated on the northern shore of the island of Crete
B kilomectres from Iraklion (Herazklion). It is at (he foot of the Keri
plateau the extreme northeastern part of the Psiloritis (Ida) mountain at
4 distance of 1 km from the sea. The spring has a lypicel forma “oko” of
a rising karslic spoing and forms a pool 60 metres in diameter.

The main inflow into the pool is through a karstic channel at a
depth of 20 metres. The cross section of the channel is about 5m* The
upper spring in a cave besides the pool starts 1o flow at a discharge of
over 8 m¥sre. The minimum discharge is 4 m¥/sec, the mean 8 and the
maximum abou® 30 m¥sce. Water is fresh in the winter and brackish up
to 5500 mg/l of Cl- during the other seasons (Burden, Papakis.
1964).

The Psiloritis mountain is the catchment arca of a surface of 309
square kilometres, The western part of the Psiloritis consists of platy
limestone of ithe Permian period and the eastern of the Tripolitza ii-
mestone of Jurassic to Eocene period (Papsdoepoulos, Scunvie,
1968) (Figs. 14, and 15),

The interest in the develepment of this spring has increased during
the last ten years due to the increased reeds for drinking and irrigation
waler,

During the vears from 1968 to 1971 cxtensive investigations of the
spring were made by the Project of (Greek Government and United Nations
Study of Water Ressources and Their Fxplnitation for Irrigation in
Fastern Crete''.

In the year 1968 a schcme of investigations was established Re,
Breznik, 1968 taking into acvount three possible ways of the spring
development:

a) Raising the level of the spring.

b} Construclion of a grouting s¢reen to cluse the lower channels where

sra waler intrudes,

) Interception of the fresh water belore the contamination,

Investigations under b and ¢ are partly carried vut. Preparations for
the test by raising the spring level are progressing.

Mesozoic limestone of (he Keri plateau is thrust over the impervious
mectamorphic schists. The front of the nappe is 500 metres towards the
north from the spring. The Ken plateau is bordered on the eastern and
southeastern sides by a subvertical fault with a dip separation of over
500 metres. The subsided part i. e, the Iraklion-Festos graben, is fille¢ with
Neogene sand, sandstone, silt, marl and organic limestone.
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The area between the spring and (he sea is covered with an alluvial
torrent fan, The distance between the spring and the sea is about 1 km
and the exposure of limestone directed towards the sea is on the left side
of the spring (Fig. 14). This area, where sea water could penctrate the
limestone, was thoroughly examined. A 300 metres wide and 50 (o 180
metres deep block of limeslone extends towards the sea to a distance of
200 metres where it is cul off by the main fault. The limestone |s sirongly
karstified 1o a depth of 80 metres below sca level, No signs of sea water
intrusion were found here. Now we suppose that sea water penelrates the
karst through the channels in thr Mesozode limestone below the Neogene
depusils of the Iraklion-Festos graben. These channels should be some
kilometres long.

The discharge, the elevation of the upper spring and the salinity
{Fig. 16) (Greek Gov., UNDP, FAO 1968—1971} help us to understand the
mechanism of the spring,

A slow and constant increase in the salinity during the decrease of
the discharge is characteristic (Table 5). The salinity decreases quickly
however when the discharge increases rapidly.

The salinity : discharge curve (Fig. 17) shows that the mechanism
which regulaies the inflow of the sea water graduslly opens many lower
channels which are at different depths when the discharge decreases from
13.5 to 9.5m%s¢cc, Sea water penetrates through all Ihese channels at
discharges smaller than 9.5 m¥/sec,

The following special investigations were performed in the area of
the spring: measurement of the discharge, salinity, piezometric surtace and
the temperature of the spring and boreholes; drilling with ruck sampling
and permeability tests; geoclectrical geophysical investigations; sampling
and chemical analyses of water from boreholes; analyses of environmental
isptopes: ‘ritiume and 0. influence of sea tidal movement on the piezo-
metric surface in the spring and boreholes; influence of the rise of the
spring level for 1 metrc on the salinily and piezometric surface of the
spring and borcholes; dnlling of two deep boreholes with measurement
of salinity, lemperature and piczometric surface. These boreholes are in
the hinterland of (ke spring at distances of 3.4 and 8.3 kilometres from
thesea, (Breznik, 1971}

5. THE ORIGIN AND CLASSIFICATION OF BRACKISH
EKARSTIC SPRINGS

51. Springs contaminaivd duc to the greater density of sea wailer
5.11, Submurine springs contaminated in their mouths

These ave submarine springs where water is stlll fresh in the upper
vein but is contaminated at the mouth of the spring. Sea water penelrates
into the cwren! of [resh water due to its greater density and mixes with
it, Brackish waler rises upwards due to a smaller densily than sea water.
‘The phenomenon is similar to the convectional movement of & gas above
A warm obyject, The current of brackish water has the form of a cone
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which extende upwards. The cone is untransparent and could be observed
by divers.

Examples of this type of springs are submarine springs Brojnica
{Sorgenti d'Aurisina), Cadimare, La Mortola, Mar Piecolo in Italy and
Ayios Georgios in Greece,

These springs ¢an be identified by the electrical measurement of
{he salinity dcep in the meuth of the spring. The salinity should not
exceed 100 mg/l of CI=. One inditation is also a fresh water spring among
a group of brackish springs.

5.12. Springs in the karst equifer showing isvtropic permeability

The porosity and ground water movement in the isotropically
permeable karst aguifer and in granular sediment aquifer are similar. Like
thzt is the contamination occurring in Ihe isotropic rock tnass. The con-
tamination takes place in the zone-of-mixing where denser sea water
mixes with fresh water. The mixing process is parily the result of dif-
fusion but mostly of hydraudical mixing due lo the different velocities of
{fresh und sca water. The thickness of the zone-of-mixing depends upon
the velocily of ground water movement and upon the flucivation cf the
s¢a. Ghyben-Herzberg and Hubbert rules can be used for the
culculations.

A row of small brackish springs which are submarine ot only a little
elevated above sea level indicates 1his type of the contamination.

Examples are the lower part of the Postire valiey and Marina-Stupin
valley in Yugoslavia and the coastal aquifer in Israel.

5.13. Springs in the karst aquifer showing unisotropic permeebility

In che depth of the karst, the ground water circulation trends to con-
centrate aleng some rare well karstified zones. This is proved by the
concentration of druinage in the direction of a [ew large springs.

The karst of the Central Dinaric Alps with the surface of 17 500 squarse
kilometres has only 55 large springs. Every spring with a discharge of
7—9 m¥ace drains a surface of 320 square kilomeires (Komatina,
1968). A similar situation is found on the island of Crete, Each of the three
separated karstic regions Dikl, Psiloritis and Lefka Ori with the surfaves
of 150, 200 and 400 km* is drained by a single large sprnng with 1he
discharges of 2, § and 8 m¥sce. Water collecting gallerics Postire 1L Du-
brava, Zaton, Gustima, and BlaZ all in Yugeslavia have also shown =z
concentration of ground water circulation.

In the anisotropic karst aguifer the ground water moves through veins
The form of the veins is undefined; it cowd be u solution channel, a
pervious fissured zone, a system of small tied-up cavities etc.

The way of contamination cannot be the same as in the karst ol
isotropic pevmeability ot in gruined sediments wilh the uniform poresity
and semi-laminar ground watet movement,

In the karst of anisotropic permeability the contamination ¢ceurs in
the vein branching.
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This was proved by Gjura¥in (1943} and 1. Kudder (1950).
The simplest scheme of karstic veins near the ¢oast is given in Fig, 18,
The [ollewing neotations will be used in figures znd equalions:

Hydrostatic pressure o]
Atmospheric pressure Po
Density (g'cm) 12
Gravity acceleration g
Height above some
reference level h
“Point-water head” R
Discharge Q
Cross-section of a vein q
Head loss in @ vein T
Length of vein 1
Velocity of Mow th

v?
Velocity kead

29

The meaning of the notations p, o, b, g, @, T, I. v, w:1! be more closely
determined by adjnining :ndices:

t — brackish spring, r — vein branching, 4 — mouth of lower wein,
t: — fresh water wnd primary vein, § — brackish watec and upper vein,
m — soa water and lower vein, m, min lowest point of lower vein,

The pressure on the right side of the vein branching is expressed
with equation 1 (puge 124} and (he pressure on the left side with equation
2 {page 124) uf slovene text.

The dillerence in the pressure in a vein branching is

i [tom 0t ki — hy) — D (i — ) — (o Tom 1 5 Th) +

142 0y — Ul P
et "—] g (3)
29

Sea water can penctrales into a vein branching if the pressure in the
lower vein excecds thal in the upper one. This means that the rsull of
the equation (3) must be pusitive, Ihequation (4) corresponds (o this re-

quirement.
I'm T+ s T, ia? Uy — Tm® O

o > =2 — ) T L T
O — @ Om = {a 2 g (0m— 0

All the denominaters in the right part of the in-equalion are the
differences in the densitics. The [irst numerator is the height of the spring
above sea level, the second the head losses in the upper and lower veins
and the third the difference of the velocity hrads in both veins,

Many karstic springs are fresh during high discharges. When the
dircharge is decreasing the contamination begins. Let us suppose the
cischarge just before the beginning of the contamination is an equilibrium
dischatrge ... The lower vein is already filled with sea water which has
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not yet penetrated the vein branching. Tnere are no losses of fresh water
through the lower vein as we.l. The pressures in the lower and upper
veins are equal at the vein branching, Hence

tuleog

Qn =20 T-.0 = 0 s — Qo
29
. st
T R .. RS YO R "1_(1‘,_‘ ) )
flu == s [ 26

I is possible to measure the discharge, densily and elevalion of the
spring. But the measurement of head losses and of velocity heads ecan
succeed only exceptionally if the branching is reached by s borehole or
by divers. We¢ can get an idea of the deplh of the branching by taking
ectimated values of head losses and of velocity heads inte account.

It is expeeted that most of the springs wil. have more veins and more
branchings and ate thus more complicated as explained by the above
¢quations,

A gradual contamination of the Almyros spring during the decrease
in the discharge from 13,5 to 8 m¥/see indicates the presence of many lowar
veins and many branchings (Figs. 16, 17). On the other hand shows a
sudden contaminution of the Blaz spring a single branching (Fig. 8).

Thesc springs are divided into two groups according to the depth of
ihe vein branching.

To the first group belong the springs contaminated in shallow branek-
ings occurring in the depth up to 100 mctres. This depth was seleeted
for praclical reasons as it represents an economic limit te the construction
of a growiing screen. These springs could be recognized as single springs
collecting the water from a larger arca ond issving at the elevation of the
spring level up to 2.5 metres during the flow of brackish water. The
springs of Blaz, Jurjeve, Zrmnvica and Gurdié all in Yugoslavia are some
examples.

In the second greup are the springs contaminated in the branchings
deeper thun 100 metres. The springs could be idenlified as single con-
centrated springs with an elevation of the spring level above 2.5 metres
when brackish. The examples are Pantan and Piflica springs in Yuge
slavia, Almyros Irakliou, Almyros Ycoryoupclis in Greece, Nahal Hatin-
nirim end Na'aman in Istasl and others.

5.2, Springs contaminated by sucking of sea water due ta
hydrodinamic cffect

Hydrodinamic effects are possibie only in the karst region showing
anisotropic permeability as the flow through veins is essential.

The sucking of the sea water in the narrow of the primary vein
requires a connection of the lower vein exactly at the narvow. 1t is only
a small probability that such complicaled Venturi tubes exist in (he nature.

Contamination of & fresh water jet submerged in brackish or sea
water is a more likely explanation (Fig. 19). A jet of fast flowing fresh
water loses its velocity if submerged in stagnant or slowly flowing sea
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water, This means a loss of ils kinemati¢ energy. In accordance with the
law of energy preservation, the sea water starts moving. The flux of the
Jet increascs when its velocity decrcases. The flux could increase only if
some sea water is admixed. Small whirls along the plane of different
velocities cause lhe process of the lateral mixing which increases when
moving away from Lhe mouth of the jet.

The extent of the mixing depends on the capacity of {he laleral flow
and on the difference between the jet and the neighbouring fluid. The
same degree of mixing could be obtained by & strong lateral current which
is active on a short longitudinal distance as well as by a weak lateral
current active on a long longitudinal dislance,

The process of mixing takes place at cvery change of the vein section,
Large velocilies in the cwrtent are not necessary. Only the difference
between the velocity of the current and that of the neighbouring fluid
15 essential.

Figure 20 shows & spring which is hydrodynamically contaminated,
Ii could become {resh again when all the underground, including the lower
vein, is [looded with fresh water during a big increase in the discharge.

It is obvicus that the majority of the springs are contaminated by
the principle of greater density. Also a hydrodinamical principle with
4 jet or current action is not so complicated that it could not exist in
nature. Venturi tube systems are complicated and could hardly be formed
by nature.

An increase in the salirity during the increase in the discharge is
the best identification sign for a hydrodynamic system of contamination.

Another less reliable indication is the very high position of a brackish
spring. It is hard to explain Lhe very high clevation of some brackish
springs by the density principle of contamination. An example eonld be
Lthe Slanac spring in Yugoslavia with an clevation of 27 metres above sea
level and 15 metres deep sea in the Kadteli bay.

5.3. Springs contaminated by the combination of greater
densily and hydrodynamic effect

The spring is contaminated by the density principle during the low
discharge and in addition by the hydrodinamic cffect during the highest
discharge.

An example is the Bilan spring in Yugoslavia whose salinily increased
considerably after heavy rains in November 1971 (Mijatovid, 1972).

¢. THE POSSIBILITIES FOR THE DEVELOPMENT OF BRACKISH
KANSTIC SPRINGS

6.1, The development of springs contaminated on the density principle

6.11. Submarine springs contaminated m their mouths

The method of development is very simple. The spring arca should be
isolated against the sca water, The discharge of pumping should not exceed
the fresh water inflow.

Two large similar developments were suecessfully completed,
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The Brojnica {Aurisina) springs have been isolated by a 100 metres
long and 7 metres high dam constructed in 1901 (Fig. 5). The dam was
built on flysch sediments. The artificial pool level was 1.4 metres above
sea level belore the pumping. The discharge was 0.368 m¥/sec and the Jevel
0.45 to 0.0 metres below sea level during the pumping lest. There is no
available data on the salinily bui the water should have been fresh. The
spring was connected to the Triest weter supply system (Boegan, 1908).

A 180 metres long semicircular dam was constructed around the coastal
and submarine springs Ayioe Georgios at Kiveri in Greece in 1970. The
dam was built on a caleareous breccig at a depth of 10 metres belew sea
level, The Lop of the dam is 4 metres above sea level (Fig. 21). The artificial
pool level was (.3 metres above sea level during our visit in November
1970, The salinity was not mcasured but could not have exceeded 300 mg/|
of Cl- as water tasted fresh. A small river was flowing through the
openings of the dam into the sea.

According to Prof. Stinder {1971) the water was entirely fresh
{probably with about 30mg/l of Cl-, author's remark) when the level
inside the pool had been raised tw 3 metres above sea level. The discharge
had been 12 mdfsec,

The main develepment was achieved by the isolation of 1the spring arca
and the salinity decreased to 200—300 mg/l of Cl-. The second phase of
the development was completed by the rise of the pool level to 3 metres
above sca level. An inflow of sea water with a discharge of about 0.1 m¥/sue
was slopped by this rise. This discharge is calculated on the basis thal
such an inflow could contaminate a 12m¥sce spring te the salinily of
200 mg1 of Cl~ recurded in the coastal spring before the development.

The mouth of the submarine spring in Mar Piccolo in Italy is already
closed with a bell and vonnecled (¢ the purnps. Pumping will be restricted
10 the guantity of fresh water inflow in order to prevent a sea water
mtrusion (Stefanon, 1971).

A similar solution has been proposed for La Mortola submarine springs.

A rise in level of 3.5 metres was achieved inside the eylinder which
is¢lated the Cadimare submarine spring in Italy.

Required explorations. The main exoploralion aim is te asecrtain that
the contamination oeccurs in the mouth of the spring only. Salinity
measurements should be made deep in the mouth of the spring. Measure-
ment has to be made electrically and recorded on a tape, if possibie, for
a long period.

The srcond aim is to determine the safe yield which should not exceed
the fresh water inflow. A long pumping (est with salinity registration
should be performed.

5.12. The development of brackish springs of the karst
showing isatropic permeability
The ground water flow in karst of isotropie permeability is similar o
the flow in the granular sediments and so is the development technique.
& lense of fresh water is floating on sea waler near the coast. Fresh water
partially contaminated in the zone-of-mixing flows towards the sea and
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15 lost. Fresh water could be intercepted in the fresh water lense either
by a row pumping wells or by a water—collecting gallery. Pumping will
move the interface inland and reduce the fresh water logses. The pumping
rate has to be carefully regulated in accordance with the salinity in order
{o avoid a contamination.

One exumple is the development of the coastal aquifers in Israel. The
length of the aquifcra is over 100 kmm and the width about 15 km. The
yearly losses of {resh water were about 300 millions cubiec metres. The
main layers of a 130 metres thick aquifer are karstified calcarecus sand-
stone and sand (Bear, Dagan, 1964). The pumping ont of numerous
welis in the inland pasrt of the aquifer has greatly reduced the iresh water
losses, The interface was gradualy moved inland for abou’ 2 km. A coastal
collector consisting of shallow wells sitwaled in & row which is 200 te
600 metres from the sca, was constructed (Fig. 22). The ecollector is able
to intercept 50% of the residual flow towards ihe sea. It is possible to
intercepl 75 (0 80 % of previons Mresh water flow by pumping cut of all
wells situated inland and along the coast (Kahana, 1964). The salinity,
piezometric surface and the posilion of the interface sre constantly
observed and the pumping rate adapted correspordingly (Schmoruak,
i967}.

Separate pumping out of the fresh water and sea water zones per-
formed by {wo pumps (Fig. 23) should stabilize the imterface nf a fresh
waler lense floating un sea water. Such a sysiems of development of a
karstic aguifer on the island of Malta was proposed by Edeiman
{1966) and huas been in succesfull operation in a well in grained sediments
in Holland.

A similar development by pumping out of zenenf-mixing and out of
iresh water zone (Fig. 24) was propossd by Mijatovié (1967,

An experimental projeet in grained sedimenis in Ventura country USA
has been operuting using this extraction {ype of barrier. The first results
were encouraging (Task Commitiee, 1969}

Development by & grouting screen which should prevent sea waler
intrusion is not economically aeceplable due to a very long front which
¢hould be sealed.

The comstruction of a fresh water barrier with a row of recharge
wells situated aleng the coast poses similar economical problems.

An 2km long fresh water barrier was consteucted near Tel Aviv with
‘he aim of protecting an existing well field. A similar frosh water baimier
% miles long in grained sediments is in operatien in California (Task
Committee, 1969),

6.13. The developrent of hrackish springs in the karsi
shiwing enisotropic permeability

6.131, Development by reising in the spring level

An artificial rise of the spring level prevents sea water intrusion due
te the inereasc of the pressury in the upper vein. Kul2er (1950) and
Kegvié (1955) first intended to raise the spring lovel.
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The sea waler inflow was treated in article 5.13. The equation §
explains the condilions when sca water does not penetrate the vein
branching but also fresh water is not tost through the lower vein.

. -2
hit tho—hy = —2" (Rt dh— R ¢ B ('r,—""-) (8)

O — (2 e 29

In addition to notations yiven in article 5.13. and Fig. 18 is Ak; artificial
rise of the spring level,

If the pressure on the fresh water side in the Jowest poiot of the lower
vein exceeds that on the sea watsr side, the fresh water is lost through ihe
lower vein into the sea. The inequation 7 expresses such conditions:

: o s — s T
By = A — Mg . O (e ARy By &GS TR
I — Oy P — s
I )
28 (s — r_]s}

Fresh water is not lost, however, if the value of the left part of the
incquation is higher.

The form of the lower vein has apparent!y an impertant influence on
she direction of its flow.

During a gradual artificial rise in the level of & brackish spring where
the lowest point of the lower vein is deeper than the vein pranching. the
following phases can be distinguished:

a) The inflow of sea water is siopped when the pressure of il:¢ upper
vein in the branching execeds that of the lower onc, The springs hecome
iresh but fresh water is not lost {eq. 6}.

b) The spring is fresh but loses fresh water when pressure on the fresh
water side exceeds that of the sea water side al the lowest point ol the
lower vein {ineg. 7).

¢} The springs is fresh bul lesses of fresh water ate increasing when
the raising of he level continues. All fresh water can be Jost through the
lower vein if the rise is high enough.

A fresh spring without losses of fresh water could be the most
favorable solution {eq. 6§ and ineq, 7).

A brackish spring with a rising lower veln (Fig. 23) 1s less favorable
25 it starts to lose fresh water when the sulinity decrcases. The above
werntioned phase b does not exist.

The tochnique explalned above could give the wrong impressiun that
every brackish spring could be developed by raising the spring level and
larger or smaller losses of fresh water have to be taken into account.

The real possibilities are not so bright. First single isolated springs arc
an exception only, springy aress are more [requent. The rise in the level
el & single spring could urn over the flow to other sprinks and it 15
possiple that the required increase in the pressuce will not reach the
branching. Secondly single branching are a rare exception, Every spring
or a group of springs have usually many lower and upper veins and
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branchings lying at different depths. During the pumping test in the
water—collecting gallery Postire II the increase in the salinily was different
in several upper veins which were found. This proved the existence of
many branchings situated at different depths. The salinity increase curve
of the Almyros spring (Fig. 17), also indicates the exdistance of many
branchings at different depths.

Hydraulic conditions will be thercafter more vomplicated during the
rise of level and cannot be expressed analytically.

The conecplion of the equilibrium depth of a branching or a single
vein and of the equilibrium plane were inttoduced to follow the influence
of the rise in level at least qualitatively,

The equilibrium depth A, is that depth at which the pressures on the
fresh water and sea water sides are equal. The cquilibrium depth changes
in accordance with discharge and the spring level. Head losses and velocity
heads in veins are taken into account in the caleulation,

Reo = (b + dh) — 2% (b5 A — Ry — Velm b eTs

Lw— 0y Pm — Or
'R o 2
T 8=V Om (8)
‘—J g {9!!! _— e’}

Equilibrium plane is a nominal plane connecting the equilitnum depths
of many branchings and veins. Drilling in the hinterland of a brackish
springs in the karst showing an anisotropic permeability would probably
veveal the rocks outside the main circulation of ground water. A vein
would rarely be delected and even more rarely a branching. Interface on
the contrary is a real boundary of fresh waler and sca water, Every
borchele in the hinterland of a brackish spring in the karst of isptropic
permeability or granular sedimentary aquifer would find a moving ground
water and a more or less sharp interiace.

In veins which are below the equilibrium plane the pressure on the
sea waler side exceeds that of the Iresh water side and the opposite in
veins above the plane. The flow dircetion in a vein is determined by the
pressure Telations in the characteristic points of the vein. They arc the
mouth, the lowest and highest points, and the branching.

A full success of develepment would be a fresh spring without losses
of fresh water, and a practical failure a spring with unaceeptable salinity
and big losses of fresh water. All the combinations of these extrome cases
are possible,

Developing experience resulting from spring level rising is stil! modest.
Segvié (1958) achieved partial success in his Postire expeciments in
1951—1B53. A clear influence of the changes of spring level on the sa-
Iinily was obsetved in Piltica, Blaz and Jurjevo springs. An inflow of
about 0.1 m%/sec of sea water was blocked by the rise in the level of
Ayivs Georgios spring (art. 6.11),

Hydrogeologic conditions. Development by the reising in spring leval
is attractive as it seems simple and inexpensive. In reality it can only
succeed in very favorable hydrogeologic conditions,
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Only concenirated springs permit the conslruction of a dam at a
reasonable expense. The discharge has to be high as fresh water losses
through the lower vein and below the dam could be expected. The benefit
of possible successfull development should correspond to the expenses
involved.

The spring should become fresh during high discharges what indicates
the great influence of a higher level on the salinity.

A spring with a falling lower vein which has the lowesl point deeper
than the branching, offers better possibilities {or deveclopment by raising.
Almyros spring could have such « falling lower vein il it passes below
the Neogene sedimenls as supposed (art. 4.16).

Investigations. Piezometric level, discharge and salinity measurements
are the basic observations. The influence of sea tidal movement is in-
stiructive. The determuination of the level al which the contamination starts
could give an idea on the depth of the branching.

Bul all these investigations cannot answer the question whether the
raising ir ihe spring level would be suceessful. Only a real risc in the
jevel can provide the necessary data. Thus rise has 10 be considered as a
part of the investigations. The decision to perform such test is diificult.
The test is expensive and the result not known in advance.

8.132. Denelapment by secling the lower vein

The idea of development is clear, Sea water intrusion should be blocked
by sealing the lower vein. The technique of seaiing a karstified rock is
known as a resull of the construction of storage basins in the Dinarle
karst. But it is hard to find the lower vein.

The distance between sea-swallow koles at Jurjevo and related brackish
springs is T0-—100 melres but the length ov the lower vein has to be
some hundreds of metres (I. Ku§ter, 1950). The sea-swallow holes at
Argostolion are 15 kilecmetres away from the related springs near Sam
(Glanz, 1965). Extensive investigations in the area of Zmovica, Blaz,
Morinj and Almyros did not reveal the position of the lewer vein.

The lower vein should be scaled with a grouting scrcen. The technigue
of successeful grouting works in Dinaric karst should be used. In excep-
tional cases a voncrete diaphragm could be used to seal a very shallow
lower vein, The sealing of submarine or coastal swaliow-holes cannot be
sueccessful as all holes and small fissures could not be revealed and
sealed. A similar technigque proved unsuccessful at Nik3ié and Cerknica
Palje in Yugoslavia.

[t scoms that there are no cxamples of development achieved by
sealing the lower vein. Such developments were proposed for Blaz, Zrno-
vica and Morinj springs. The preparatory works started at Morinj, Explo-
ratory works at Aimyros did not confirm the supposition of the sea water
intrusion through a limestone block lying between the spring and the sea.
This limestone could bave been sealed by a grouting srceen of a rcason-
able size. Development by seallng should be combined with a small rise
In the spring level in prder to prevent leaking of sea water through the
unzealed parts of the sereen.
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Fieid conditions. This technique is noi suitable for springs with a deep
branching. First 1t is hard {v find a deep lower vein and secondly the
grouting screen should be deep.

Brackish springs where the contamination occurs in the near vicinity
al the spring could be suitable for this type of dovelopment.

The advantage is that the fresh water losses are the smallest il this
lype of development is applied,

[nvestigation. A tracer test should be performed out of sea-swallow
hinles il found or out of borehvles in order to determine the direction of
the inirusion and the position of the grouting screen.

6.133. Development by the interceptiva of fresh water before
the contemiraiton

This method of development has mostly been used on the Adriatic
eoasl ducing the last ton years. The dsta on developmenti structures and
expenses are given in table 7. Hydrogeologic dala of the nearest brackish
spring and water-colloeting gallery are in table 8 and the success of the
development in table 9.

The fact that all galleries feund ground water should net give a wrong
unpression that this was an easy task. The situations of all galleries were
determined on the base of extensive studies. Besides this, only a small
section of the galleries was productive. In a 540 metrea long KovEa-Zaton
gallery there were only 3 water collecting zones {3 metres long). The
length of 8 waler-collecting 2ones in Postire I gallery is aboul ten percent
of the length of the whole gailery., In the galleries Pistica, Postire II,
CGuslirna, Bla% and Koromaéno found cavities delivering the main parl of
the discharge were found.

The contamination of fresh water during pumping was the rcason for
a semi-successful development of Pitics, Marina and Zuljana galleries
and an unsuccessful develepment of Postire I, 17, Trparj and Koromagno
galleries. Fresh water is likely floaling on brackish water or sen water
in all of these gaileries.

The brackish or sea waler zones situated below or near the gallery
are a potential danger of contlamination when pumping starts,

A short analysis of suceessful developments shows that in Slalina an
unkarstified dolomite lies below the limestone, and that wells at Korita
and galleries Dubrava I, IT and Kovea are distant from the sea and out
of its influence. The ser influence is minimal in tke structures Scdovlje
and Gustirna, Today us the Setovlje mine 15 abandoned, the exploitation
of tae underground water storage of 140 000 cubic meters (Breznik.,
195f) is possible.

Field condilions, In places where fresh water is in the near hinterland
of the spring the development by interception is suitable. The Zrmovica
spring offers such possibilities,

[nterception is suiluble in places where other methods of development
cannol be applied. We couid say that the interception technigque could
be applied everywhere. But we have to realize tha: it requires a lot
of previvus invesligaticns. that success carnot be ascertained in advance
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and that only a small part of the discharge of the involving spring cin
be intoreepted.

The development can succecd only if (he pallery is outside the present
and future brackish or sea water zones. This distance from the spring on
the other hand decreases the possibility of intercepling a large guantity
o[ water.

Investigations. The first aim is to find out the fresh water inflow and
the second is to determine the extenl of (he sea water inflluence.

Investigations should be made in the hinterland of « large spring.
Rewionzl hydrogeological investigations could determine the general flow
direction. Bul lhe determinatior of a detailed locatien of ground water
flow ts5 difficult. Geophysically determined fissured zones atl Dukrava and
7aton galleries are sealed with clay deposits now. & langer fault revealed
by aerial photos is a good colleclor zone in Gustirna gallery.,

The extent of sea wa'er intrusion can be sometimes revealed ay
geophysical measurements (Poljice). Piezometric surface, salinity measure-
ments and tracer tests should be performex! in boreholes. Tae movement
of 1he piezometric surface induced by the sea tidal movement indicated
the presence of the sen water zone.

6.2. The development of brackish springs contaminated due
to the hydrodinamic effect

The development by interception of fresh water inside the karstic
1egion seems to be the cnly possible method of development. The necessary
investigations are the same as explained in art, 8.133. It would be difficulr,
however, to carry out the invesligaiions, as they should be made during
the period of high discharge. which is very short.

The development of these springs is difficult but they are rare

6.2, The development of brackish springs contaminated by
the combination of density and hydrodinamic principles

All the difficulties of development and investigation as explained above
are also valid for these springs.

The investigations should be made during low and high discharges.
Spring Bilan in Yugoslavia was investigaled during lew discharges only.
The development by a water-collecting gallery had seemed successful as
wuter with 200 mgA of Cl— was found but the salinily increased up ‘o
18C0 mg of CI— during a kigh discharge (Mijatwevié¢, 1972}

The development angd investigation of these springs are difficult.

7. ECONOMICAL ASPECTS OF BRACKISH SPRINGS DEVELOFMENT

Price of fresh water from developed springs is given in table 10. The
investigarions and development costs were calculated according o 1871
prices. Almyros [ is the proposal for development by the construction of
darn 150 metres long and 10 melires high which will enable the spring level
tu rise to an clevation of 10 metres above sen level, Almyres IT would be
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the construction of a 3km long access gallery and 1.5 long water-
col'ecting gallery; the cost was estimated by a vrompetent contractor.®

The yearly payment of instalments of the credit is caleulated for &
6 percent interest rate and a 30 year period. Yearly maintenance costs
are 0.5 perceni, The fresh water discharge of incomplete developments
is an estimale on the bzse of an assumed pereentage of the brackish
spring discharge. The utilisation of 80 percent of the developed springs
distharge was taken into account in the calculation. The price of water
does not include the cost of eventual purnping.

The basic data on desalinization plants and the price of waier are
given in table 11.

A comparison of the prices of fresh water shows that the water frem
fresh springs, of treoated water from rivers or lakes and fresh ground
water is the cheapest way of water supply. But fresh water from developed
brackish springs is much cheaper than fresh waler acquired [rom brackish
or sca water in desalintsation plants.

8. CONCLUSION

Brackish karstic springs are a general and adequatcly explained
ihenemenon of the calcarcous coasts. The springs are contaminated by sea
water, Thete ure some different mechanisms of contaminatlon and the
investigations should reveal them and prepare a develepment plan, The
development technique includes these works: isolation of the spring from
sea water, rise in the spring level, sealing of the lower vein and inter-
ception of [resh water before the contamination,

It will not be possible to develop all the springs. The delailed investi-
galions should be performed at most favorable places revealed by pre-
Himinary investigations.

A lest by the selected development technique should be included in
the investment. Only such a test could show us {he mechanism of con-
tam'nation and indicatc a prospective development. The main difficulty
of the development is that great efforts and considerable cxpenses are
required, but the final resu't cannot be known in advance, The condilions
are similar to the prospecting for mineral resuurres; the difference is
that the investots for fresh water are ussually puor vommmunities.

The other difficulty is the Jong pertod required for investigations and
development. The construction of expensive regional wa‘er supply using
river waler started on the Adriatic coast due to the facl that the final
success of these works was aseertained in advance,

Larger territorial uniils skould carry out the werks and take over the
expensed and the risk, Only large and very imporlant smaller springs
should be explored and developed. The planning of wa'er needs, wel® in
advance, will enable the investigalions and development to start in time.
About three to five years are required for invesligatien and development
al & spring.

* OGP “Ufka" Labin, Yugoslavia,
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The price of ithe water from developed brackish springs is higher than
the [resh water captured at a corresponding distance but much lower
than the fresh water produced from brackish or sea water in desalinization
planis.

The success in developments alrcady achieved justily and stimulate
the continuation of these works.
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