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Abstract Karst terrains and their specific landforms, suchscientists and experts who take part in findingaanms to a
as sinkholes and caves, have been thoroughly stfidi;m  myriad of practical problems, from drinking water

the second half of the nineteenth century. Howekarst  supplies, construction of dams and reservoirs, &t
genesis remains a puzzling issue to this day. belts of  protection in general.

the recent studies of ocean floor and the resbltsimed by Karst covers approximately 12 % of the earth’s land

drilling deep oil boreholes have raised doubts &libe  gyrface and about 25 % of the world population depEn
existing explanations of the karst landforms depaient karst aquifers for water supply. The specific natof karst

ang_ encouragedAthe g_mergencr? of nevxr/] vievr\]/s on tr?{érrains and complex geological composition, havegs
subject matter. According to the new hypothesis t posed difficulties to exploring and solving sciéinti

majority of karst landforms were formed at greapttis problems in this field. The problems are complex

beneath sea level where dissolution of carbonamsases especially when studying highly karstified terraiasd to

dramatically. Underwater dissolution first causele t this date no aporopriate methods have been edtablis
formation of karst depressions and the primary oetvof 1S bpropn ve !
which would deal with some of the key issues relate

karst conduits elongated along the existing fragui his . o .
water circulation in these terrains. The reseaschpply a

process was followed by further expansion of thedcits S . P
and the formation of spacious caves due to the rwatd@umber of scientific techniques that enable tereaialysis
regression and the action of turbulent flows. It isfrom the surface, from the inside (speleology) &wdn a

considered that the introduction of the new coneepild ~ distance (remote sensing). However, the complevreaif
accelerate the development of karstology and imptte  these problems usually generates insufficientlyabé
principles and methods for solving numerous prattic results and problematic solutions in practice.
problems such as the abstraction of quality drigkirater The paper presents new views on the karst developme
and the research of oil, gas and bauxite deposits. which have been encouraged by the discovery ohsiels
and Karstified formations far below the present el
(Land et al. 1995; Michauda et al. 2005; Milovanovi
1965). The areas at such great depth could not haga
. exposed to the effects of atmospheric water whiateh
Introduction been so far considered a major agent in the denelapof
e most surface and subsurface karst features.
Karst specific features have always attracted the According to the new hypothesis, Karst depressions

attention of researchers and lead them to thinlkuilie (sinkholes, uvalas and poljes) and some karst Gtmédee
genesis. From the late nineteenth century, staftorg the formed beneath sea level, more precisely beneagh th

pioneering work of Cviji (1893), widely regarded as the lysocline where carbonate solubility dramatically
father of modern karstology, to this date a Iargqncreases

contribution has been made to understand karst fiman The hypothesis presented in this paper is mainly

ﬁegmorprrol(_)gi?al, . h¥dr9|09i?r5;1l’ geological h ar_ld exemplified by classic karst of the Dinaric area—<45°N,
ydrogeological point of view. The most compreheesi 13-19°E). This is due to the marked diversity ofska

\sA)//_rllthesis igggre\/iz%lé; kazt studies istgivertl Ey(tiand landforms found in these terrains, but also tolifaté the
vitiams ( C o )- SO'_ a great contributionasy comparison with the existing fundamental postulate
given by the following authors._ Sweeting (1972)iags karst development which is based precisely on timafx
(1985); Dreybrodt (_1988)’ White (1988), LaMore_auxda karst (Cviji 1893, 1918). Thickness of the carbonate rocks
LaMoreaux (1998); Palmer G.}t al. (1999); KIImChOUI<in the External Dinarides can reach more than 5 &nd
(gggg)j (iur(;n (20(14),|Ba;<gl1%wmlz 52%05){. Walthgrrma:r: the continuous development of karstification to agre
g I)’ n treof E at. I( h). ntro uc(;or; 31” ol depths has been registered as wedir analysis of genesis
evelopment of karstology have expande € CIOEIE Gt other karst types (cockpit karst, hypogenic kdearst in
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Dinarides
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A NEW VIEW ON KARST GENESIS

hot arid and cold regions, karst in evaporitesje¢hgas no limestones, i.e. they occur primarily due to therasive
enough space, but it will be probably done in ohehe effects of atmospheric water. These karren moshconty
following papers. occur on inclined surfaces when they occur in @&dm

The subject matter covered by this paper is salemtea  arrangement (Fig. 1). Their depth in the Dinarieaamay
universal problem. This concept is not in favour ofrange from a few mm to about 0.5 m.

numerous scientific hypotheses so it should ndittesl at Fracture—controlled karren are formed by the

all costs in other unproven postulates. expansion of systems of fractures and bedding plane
through the chemical and partly mechanical actidn o

Karst landforms—theoretical water. In some cases, such karren continue intat sho
elongated abysses, although these karren commonly

background descend down to 5 m. Carbonate rock surfaces déedina

Karst is a geological term which refers to a set mb
specific morphological forms of landscape that #re
result of interaction between a number of factpranarily
water and water—soluble rocks. Therefore, karshfoare
developed only in terrains made of soluble rocksf
commonly limestones and dolomites, but also inatarr
made of gypsum, anhydrite and halite rocks. Du¢h&®
solubility of carbonate rocks (limestones and dates),

rocks is increased. It causes high permeabilityooks and
disappearing of surface water from karst terraifke
absence of a drainage network from surface sesakatst
terrains from other terrains composed of imperneabl S
rocks. Instead of normal river valleys, specificface 3 \ 9
(karren, sinkholes, uvalas, poljes, dry valleys)dan, AN \ . &
subsurface (caves) geomorphologic features areefbrm, 5y - OSSO AN .
condltlon_lng Wate_r runoff mostly belo_w the_ te_rramrface. Fig. 1 Hydraulically controlled karren on compact carbenatck
Karst is a subject of numerous scientific fieldfieneas (key at the top of the photo may be used to aghesscale)
Jovan Cuviji and his followers founded a separate

discipline calledkarstologydealing particularly with karst  |ittoral karren (micro pits) should be mentioned aas

terrains. special group. They are represented by circularllsma
forms. Unlike most other karren they are not preduby
Surface karst forms solution actions of atmospheric water. Their foriowat

. , occur due solution actions of standing water. kitto
The surface of karst terrains is usually charanteriby karren could be clearly observed in zones of sexdake—

a diversity of karst landforms that provide for pesial o\ oscillations where they may develop to higisities
look of these terrains. Most typical and often diescl (Fig. 7b).

karst forms are: karren, sinkholes, uvalas, padjed dry

Karren can also appear beneath the soil coverén th
valleys.

epikarst zone. Epikarst represents the shallowwstdre
zone that has a higher porosity than the deepés pathe
vadose zone. Soil thickness and quality, the cdontén
biogenic acids and humidity concentration in the

Karren

Karren are small-scale and most typical landforms o g )
karst surfaces formed mainly due to the chemicibaof Pedological layer have also influence on the deweient
atmospheric water. Recent solution rate of caroratks ©f €Pikarst, i.e. underground solution forms simita
in the Dinaric area ranges from 30 to 100 @aCQ/km?  Karren on the terrain surface.

(or the equivalent lowering of the surface in onidliom i

years for 30—100 m) as estimated by Gams (19660)200 Sinkholes

Karren appear in various shapes and sizes, oftestopmg Sinkhole (doline)
surfaces. According to the morphogenetic princigyen

can be roughly divided into the following two graup
hydraulically controlled karren and fracture—colted

is very frequent surface karst
landform (Fig. 2). There are several types of tkésst
landform (solution, collapse, subsidence sinkholg®t
they all relate to differently shaped depressioms i
karren. carbonate rocks, most often being funnel, sau@aw| bnd

Hydraulically controlled karrenoccur on compact . well-shaped. Diameters and depths of these landfaiso
rocks. Theyare much shallower and the bottoms of the'rvary, most often in metric to hectometric scale eifh

chan_nels are smooth and usually properly e!qng&led. bottom is usually filled with soil, but can also bmcky or
considered that these small forms are exclusiveketl to ;o4 with coarse—grained material
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It is thought that the sinkholes are commonly aiséed  groundwater directly flows to the erosion basisljéocan
with the system of fractures and faults. Sinkhalesoften often be flooded when water inflow exceeds the cipa
elongated along faults, and they also commonly oetu of swallow holes. Flooding can also happen duéé¢orise
the intersection of two or more faults. of groundwater level above the level of polje bottavhen

Sinkholes are most common in karst plateaus. Tresrai outflows also appear in numerous estavelles.
densely pitted with sinkholes are often called golyal Hydrotechnical reservoirs have been built in many
karst (WiIIiams 1972; Ford and Williams 2007). More p0|jes of the External Dinarides, preceded by siten
words about sinkholes will be in the following sens. hydrogeo|ogica|, engineering and geo|ogica| researc

(Vlahovi  1975; Milanovi 2006). Due to high
permeability of the limestones, great sinking lessd

accumulated water represent the main problem evéngt

day. The opening of new swallow holes often ocaftsr

charging and discharging of reservoirs.

Dry valleys

Dry valleys are represented by elongated karst
depressions. The bottom of dry valleys is ofteersected
by crests of sinkholes and uvalas. Dry valleys lsgkace
water streams, except in rare cases when strearmsgem
only for a short period and for a short distanceaddition
to dry (abandoned) valleys, karst terrains are also
characterized by the valleys with permanent or teney
streams such as blind valleys, through valleysge®rand

Fig. 2 A funnel-shaped sinkhole in Kikarst plateau canyons.
Uvalas Subsurface karst forms
Uvalas are surface karst forms which are largesize One of the basic features of karst terrains isrthei

than sinkholes but smaller than polies. These arg hsurface morphology encompassing different tymies
depressions of hectometric size, often irregulafigped.  c4,jities developed in soluble rocks. In a large benof
Bottoms of uvalas can be also covered with SoilStmo ¢ases  sub—horizontal and sub—vertical conduits are
often with terra rossa. The longer axis of uvateften in  jytersected, thus creating caves systems. Cavemonly
parallel with the direction of faults and synclinddiis is | qjate to subsurface karst forms that are largeigimdor
the case of most uvalas in the Dinarides whichraostly  h man entry. However, subsurface karst forms should
elongated in NW-SE direction. include all underground cavities, including the Hest
~ Short and periodical surface water streams can@emer gnes which are created through solvent and mechianic
in uvalas; however, the drainage of uvalas usu@kes  ,:tion of water as well as through accompanyingapsk
place underground. actions. Therefore, subsurface karst forms alshudecall
types of karst conduits and caverns of a diffestrg and

spatial orientation.

Caves develop mainly along faults, fractures, and
bedding planes. These forms are especially linked t
directions of fault intersections.

Poljes

Topographically closed karst depressions largen tha
sinkholes and uvalas are called poljes. The flobzoljes

are usually flattened, but small hills may alsowc®olje i .-
is usually covered with lacustrine, moraine, gladiovial Based on hydrographic characteristics, Cv{895a)

and alluvial sediments and, apart them, thick cexgs of disting_uis_hed two types of proper caves (referfmgarst
other sediment rocks such as marl, clay and coalbea conduits in _general)lver_ cz_;tvesanddry cavesApart f_rom
found. Poljes are most commonly predisposed byigcs hydro_graphu: Chf"_‘raCte”S_t'CS’ these cave types diser
as suggested by the direction of the longer aximost of genetically. Cviji considers thatriver caves were

the poljes of the External Dinarides (N\W—SE). primarily formed by mechanical erosion of majoreams,
The specific features of polie are reflected in theWhlle dry cavesdeveloped due to the corrosive effects of

functioning of the hydrogeological system. The tgeshn atmospheric water. However, according to Cv(j1895a)
of polje is characterized by strong karst sprimgsifwhich there_ are egamples of dry caves crdegted ][nostlyl\tw '
surface water streams are formed. Polje drainagesta erosion, and vice versa, some conduits of presawesc

place through numerous swallow holes (ponors) Usual W't_h_ running water also genetlcglly belong to dives.
Cviji  further states that detailed research should be

located along downstream edges. In addition to mwate . L L
breaking out onto the surface, most polies are aIS(E)onducted in each case individually to determine dave

characterized by deeper permeable horizons thradnith genetically belongs to river caves or dry caves.
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Although caves are typically influenced by chemicalgroup includes caves with subsurface streams akasel
and mechanical water action, two main types of saveswallow holes typically formed on the edges of agahnd

could be genetically distinguished by following {Tve
division and simplifying Bella’s classification (28):

- corrosion (solution) cavedormed primarily by

chemical erosiorand

- fluvial cavesformed mainly by erosion of strong

turbulent streams.

Fluvial caves are characterized by various erofioms
such as potholes, subsurface canyons and natudglebr
as well as by the presence of fluvial materialaygtand
sand). In the case of corrosion conduits, larg@sien

karst poljes, at the end of blind valleys or inkémg points

of allogeneic streams that flow from impermeabledies.
Fluvial cave may be completely dry when they arevab
the maximum groundwater table, but many indicators
suggest that flow existed in these caves. Thesescaere
probably formed along the direction of existing uimn
conduits, which are additionally expanded by théoacof
strong turbulent flows with a bedload. The Slivdjwallow
hole on the southeastern edge of the Nikgiolje
(Montenegro) is a typical example of a fluvial cavde

forms are absent, channels have more regular crosspening of this swallow hole is about 25 m long 48dm

sections, walls are usually coated with speleotherast,
and floor are often covered with the layers of,seithout
larger rounded materials.

wide. A vertical shaft of a constant diameter dedse45
m from the surface. Via several steps divided byates
with potholes, this cave descends 176 m (Fig. Jbg

Corrosion caves are much more numerous and Obod cave, from which the water of the Crnojavspring

widespread, but generally they have far smallemdiars
and length of individual segments as compared ueidl
caves. Solution conduits form a part of the sulasgrkarst
network which is often well connected with systeofs
fractures. Such small conduits and caverns ara déend
while performing exploratory drilling when drilling
equipment dropdown and loss of drilling fluid ocgur
Solution forms also includ@rimary vadose cavewith
blind vertical conduits (Fig. 3a) which are larggisesent
mainly on karst plateaus. Bdégli (1980) considerat th
primary vadose caves are caused by corrosive sffefct
rain and snow melt water. However, it is assumatl ttiey
can also appear due to the gradual lowering ofrgravater
level drowdown vadoseaves) (Waltham 1981). Vertical
corrosion caves can be plain with a simple blinddeot or
in step formation in which case their shape is iyt
adapted to major horizontal discontinuities. Vetic
corrosion caves are found in all karst plateaus

imemain unknown to

(Montenegro) periodically flows out of, also belentp
this group of caves.

In the case of some caves it is difficult to discer
whether their occurrence was caused due to cheraical
mechanical erosion, since these forms were fornyethd
combined action of these two types of erosion. iBross
also intensified by accompanying collapses of sqaues
of the ceilings and walls of the caves.

From the previously mentioned it can be concludhed t
karst conduits of different origins and size argiiwoven
through a karstic underground. Conduits formed ey t
soluble actions of water create a primary network
spreading along fractures and faults, and are aotally
penetrated by vaster fluvial caves with a higher
permeability.

It is very difficult to detect spatial distributioof caves
and conduits, and hence a number of such phenomena
researchers. New conduits with

Montenegro while the number of these caves in Tgies unknown surface entries and exits are often redeateen

karst is extremely large (even 50-70 caves per?3.km

building tunnels or other structures. Speleological

Fluvial caves are longer and have more spaciousresearches, if possible, still provide the mosabdé¢ data

conduits compared to the conduits of solution forfrtas

Fig. 3 a Cross—section of the
solution cave Bujna Jama on
Piva plateau (after LjeSevi
2004),b crosssection of fluvia
cave Slivlje on the southeastern
edge of the NikSipolje (after
Petrovi 1968)

on the distribution and morphology of caves.
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Overview of some dilemmas disagreed with the theory of collapse, often statihat
sinkholes are formed by dissolving action of atnhesjc

water and erosion along fractures and faults.
In his monograph "Karst", Cviji(1895b) also presented
his view of sinkhole formation, with the explanatithat

Since thorough research of karst geomorphology ha(‘sollapses do occur but are rare and most. smkhai_e;
begun, scientific understanding of the origin afksioles created due to the effects of .atmos.phenc. condition
has been marked by inconsistencies and disagreemea—temperature chgnges and chemlgal _d|ssolut|on eatend
mainly related to the very creation of sinkholes ahe vertical and horizontal fractures in Ilme_stone; avats .
timeframe. Generally speaking, disagreement hasroezt absorbed through these fractures which causes their

usually between representatives of the idea ofetiosion afjdmonal expansion: since water dlrect_ly or indite
origin_of sinkholes and advocates of the idea th dissolves limestone with its carbon dioxide. Due to

collapse of cave ceilings different effects of surface water, these fissengsand and
In his monograph "Karst", Cviji (1895b) states that turn into a funnel. Cviji called such phenomen@rmal

Austrian researchers (Tietze 1880) who investigates doline (solution sinkholes) considering them. the most
typical karst of Kranjska Gora and the western péthe CO||”nmon o?e§,ktr)]utl a:cso aclgnowledgmg that this istine
Balkan Peninsula, and linked geological knowledfjéhe only type of sinkhole ormgnon. L

Austrian and Montenegrin karst, concluded that tsirds Cr.amer (1941) contributed tq distinction - between
occur due to the collapse of cave ceilings. Witksth solution (r)ormal) and collgpsed smkholes: He caegpa
results they challenged earlier concepts preseAustrian topcl)é:]rap(;nc rgaps of vr?rlous_ k3rst t_errams far;OL:"'d t
literature at the time that sinkholes are formedshyface world an dmg' i: znorp (()jmetlrllc escrlpltlon 0 :j Zzs
erosion. Contrary to this view is Mojisisovic's ofon concerned. Sinkholes and collapses, elongate eg

expressed in his research of western Bosnia (Munjgiset gwectlon,. W%rse often I|r;]ked to _grou:dyvi:]erl str?ams
al. 1880). In his opinion, erosion landforms in gur tepanovi (1965) states that a series of sinkholes along a

limestone, which he callkarsttricker (probably referring dry vaII(_ay axis indicates that a karst conduit galamg the
to typical small sinkholes), belong to a group ebpgical same direction, whereas fresh collapses qf smklbolg)m
organs. Diener (1886) generally agrees with thiswand show that a groundwater_ stream qcpasmnally citesla
lists a number of evidence against the collapsershe through the karst conduit undermining the bottom of
Although the research conducted in Kranjska Goukhian sinkholes from below. L .
the Cevennes considerably contributed to the krnibydeof Many_ authprs accept‘?d Cvi view of the formayon
karst terrains, researchers would later still cdraek with of solution .smkholes. Ninety years later, Paul 'W'“S
different conclusions. Kraus (1887) who conducteo(lgss) prowded a model of the I‘e|a“t.IOI’I t_’etwee““m'es
research in Kranjska Gora, concluded that collajaeses apd epikarst Wh'c,h resembles Cvig typlcal_ F’mf"e of
the creation of sinkholes and it occurs becausé'nkhmes’ as noticed by Ford (2007). Williams (398
groundwater dissolves and washes out limestone; alk consic_iers that terrain ;ubsiderma:urs gradua}lly thrc_>ugh
sinkholes are connected with caves. Martel (188&)ecup a Ia;tmg process of dn‘f_use recharge O.f ep|kasstg|rr_1g
with a completely opposite conclusion after conagt aquifers with atmospheric water wr_nch is ag:cumtdate
research of karst terrains in the Cevennes. Acogrdd the subsurface zone and concent_rlcally infiltratksper
Martel, small sinkholes are not connected with save undergrqu_nd through a central vert!cal fractur@(ﬂb.
From 40 examined sinkholes only seven were condecte Also, it is often stated that solution sinkholes ceccur

with well-developed cave conduits and a subsunfaves, following the erosion of overlay impermeable layesm

whereas only one sinkhole could have been causea byWhi(,:h stregms, Whileﬁ passir_lg on karst tgrrainsdmﬁy
begin to sink and disorganize the terrains by fagma

collapse. At the time, the British and Americanegshers X .
large number of sinkholes known gwoint-recharge

The development of sinkholes according to
the existing hypotheses

Fig. 4 Cviji 1893 conception of the
form of a dissolutional doline compared
with Paul Williams’ 1983 model
showing the relationship of doline and
epikarst. Cviji’ diagram is based upor
cross—section exposed in a railway
cutting near Logatec, Slovenia. Ford
(2007) believed that Cvijiwould
approve Williams of elaboration.
Springer and the Environmental
Geology, 51(5), 2007, 657-684, Ford D,
Jovan Cviji and the founding of karst
geomorphology, Fig. 3, Copyright 2007.
Reprinted with kind permission from
Springer Science and Business Media
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dolines(Sauro 2012). opposite hypothesis (deep—phreatic hypothesisytiith

In recent years, certain "reconciling" theories éav the caves are developed slowly at random depthsdben
emerged such as the theory of the expanded condufie regional water table.
(shaft)at the bottom of the epikarst zone By recognizing the importance of soil ¢@s a booster
(Klimchouk 2000), which is an attempt to recondle  of limestone solubility, there was a weakening bé t
collapse and solution theories. According topreviously mentioned two explanations. Swinnertb®3Q)
this conceptual model, discharge of hanging epikardntroduced a new hypothesis according to whichctinees
aquifers results in the gradual expansion of vaftic were formed along the water table, but also in the
fractures from below and formation of a natural fsha epiphreatic zone, which was similar to a previous
closed with the upper layer of carbonate rocks. uthe explanation given by Cviji(1918). Though, deep phreatic
corrosion of terrain surface and shaft expansiamfr caves have remained an enigma for this hypothesis.
below, the upper layer gets thinner which at on@tpo However, later experiments performed by Weyl (1958)
results in thecollapse and opening of the shaft towards thdound that infiltrating waters would quickly become
terrain surface. According to this concept, thalfiphase saturated with calcite (after a few meters), sy tthe not
includes shaping of the shaft sides and formatibra o continue to dissolve and thus caves could not badd. It
funnel-shaped sinkhole. was a crisis period for each of the previously estat

A number of scientists acknowledge several ways imypotheses. Since the existence of caves is a #act,
which sinkholes can be formed and based on that thealternative explanation was necessary. In thatodetihe
develop classifications which are in most caseslaino  effects of sulphides (Howard 1964) and mixing csion
the one provided by Waltham et al. (2005). Accagdio  (Bogli 1964) on the development of caves were
them sinkholes were classified as: solution, cekgp considered. But, based on newer laboratory expaitsnié
dropout, buried, caprock and suffusion sinkholeswas concluded that the dissolution rate of carlEmas
However, these authors agree that solution sinkhate non-linear and that there is large reduction inrtite as
dominant whereas natural collapse is an extrematg r the chemical equilibrium is approached (Berner lsiuse
phenomenon. 1974; Plummer and Wigley 1976). The results haveryi

In recent years, sinkholes have been discovereth@n rise to a revival of earlier hypotheses that acemneiled by
deep ocean floor that has never been exposed the “for—state” model provided by Ford and Ewer$78).
atmospheric conditions. Since each of the mentioned During the last two decades, a number of studies
hypotheses assumes atmospheric water as an agegaling with the genesis of caves have been peefdrm
through them is not possible to explain the genafsteese (Knez 1996; Lowe 2000; Dreybrodt and Gabrovsek 2000

phenomena. Palmer and Audra 2003; Worthington 2004).

Many dilemmas regarding the development of cave
Dilemmas about the development of cave systems exist in today’s karstology. According tod-and
systems Williams (2007), no single theory of genesis hasrbable

to encompass all caves except at a trivial level of
Along with the emergence of ideas about the gerwdsis explanation.

surface karst forms and carbonate aquifers, iffitsehalf This section will review only two positions thatiss

of the twentietltentury, a number of hypotheses about thdrom the above hypotheses:

genesis of the caves appeared, from which ForcEavets - phreatic caves are developed slowly at random

(1978) highlight the following: vadose hypothesigep— depths beneath the regional water table,

phreatic hypothesis, and water—table cave hypathesi - dissolution and caves development cannot take
One of the first major hypotheses, known as theldga place deep below sea level, i.e. below freshwater—

hypothesis", was advocated by the French spelestlogi saltwater interface.

Martel (1921). Having in mind the small solvent aajy One of the major scientific debates in this fiek i

of water enriched with COfrom the atmosphere, Martel related to the clarification of the developmentpbifeatic
considered that such water could have an impagt ionl caves with conduits descending far beneath therwaitée.
the vadose zone. He also believed that mechanicsiom  To this day, only a small number of this type ofeshave
caused by strong streams with bedloads has an famgor been explored around the world, primarily becaussrt
role in the expansion of channels only in the zaheve mapping is extremely difficult since they are coetply
water table. According to this hypothesis, theicacbf filled with water and speleo—diving is required fibreir
mechanical erosion does not affect the phreaticezonresearch. Some of these caves have been invedtigate
which consists of only narrow channels created ey t the Montenegrin coast such as the Risan, SopotdiGur
solvent capacity of slow flowing waters. and Ljuta caves (Dubljevi2001; Milanovi 2007) with
With the increasing number of surveyed caves, i waconduits descending below 100 m under the sea.level
found that there were caves located deep below tHeotholes have been registered in the passages &isan
regional water table. By using empirical evidencenf cave (Milanovi 2010) which can classify this type of cave
cave maps and sections, the famous Americain the group of fluvial caves. Thus, the discoverl
geomorphologist Davis (1930) proposed a diametyical potholes at the bottom of the phreatic caves haated

The final publication is available at http://link.springer.com. Copyright © 2013, Springer-Verlag. All Rights Reserved



A NEW VIEW ON KARST GENESIS

doubt in the previous explanations about the slovand the rate of calcite dissolution increases dtiaalby

development of these channels.

Karst conduits detected in deep oil boreholes ptsse
a dilemma. For instance, exploration drilling in rRania
registered caves filled with water at the depthanfund
3,000 m. According to Ford and Williams (2007), soafi
these caves may be deep phreatic (bathyphreati®sca
but, as authors note,
interceptions are of swallower types of caves thate
been dropped downwards by tectonic activity. Aldeep
drilling performed along the Adriatic coast (Extakn
Dinarides) showed that cavernous limestones axisbme
areas at levels below 2,000 m under the sea lev
(Milovanovi
drilling performed near Ulcinj it was establishedat
cavernous limestone—dolomite masses descend down
over 1,500 m under the sea level. At Bijela Goiighly
karstified (cavernous) limestones have been founthe
depth from 1,560 to 1,579 m. In a deep boreholRaxna
Korita, periodic and often intensive loss of dndi fluid
occurred up to the depth of 2,000 m. In Rovinj
surroundings, cavernous dolomites lie in the rage
1,350-2,330 m where a loss of drilling fluid hasete
registered. By performing deep drilling on the mslaof
Vis, karstified layers of limestone, dolomite amudstone
breccia, in depth range of 732 to 2,040 m beneath s
level, have been registered (periodically lossesrdling
fluid would occur). Despite extensive research,

(Berger 1967; Wise 2003).

Below the lysocline there exists the calcite
compensation depth (CCD) which is the ocean depth a
which the rate of supply of mineral calcite (CaL@quals
the rate of its dissolution (Bramlette 1961; Pytkav
1970; Wise 2003). In the present conditions, betmeh

it is likely that many deepepth deposition of carbonate sediments is notilpless

Therefore, the lysoclinglepth and calcite compensation
depth depend on the solubility of calcite or, morecisely,

of the parameters that influence its dissolutiochsas
temperature, hydrostatic pressure and chemical
ebmposition of water, especially the content ofbcaiate

1965). Thus for instance, due to the deepons and dissolved carbon dioxide (§Oin water.

Solubility of calcium carbonate increases with @asing
temperature and increasing hydrostatic pressuralst
increases with decreasing content of carbonate &b
increasing partial pressure of €O

The depth of the lysocline varies and usually range
between 3,700-4,000 m (Wise 2003). The variatiohs o
CCD have been also observed, but it can be sthtdts
average value is around 4,500 m. Variations of ghes
depths are the function of the circulation pattewithin
the oceans (Berger 1967).

The genesis of sinkholes

no This subsection first elaborates on three factschwhi

indicators of hypogene speleogenesis caused byr waté@dicate the underwater formation of sinkholesdad by

containing HS have been detected in this arééhat is
puzzling about this region is that geologists (Wai$948;

the explanation of the genesis of these phenomena
according to the new concept. In this paper, thente

Grubi 1975) believe that in the past it was affected bysinkhole is mainly related to solution sinkhole deline.

orogenesis, i.e. terrain uplifting instead of loinwgr So the
question arises as how the karstification of sulaser
zones lowered to such great depths.

New concept

Numerous shortcomings of the existing explanatioins
karst development have created a need to establistw
conceptual model that would explain the karst phesta
in a more acceptable manner.

This section will first explain the terms related t
submarine dissolution (lysocline and calcite consagion
depth), followed by the elaboration of the arguraeint
favour of the hypothesis thathe majority of karst
landforms have been formed underwateand an
explanation of the mechanism of their formation.

Lysocline and calcite compensation depth

Shallow seawater is generally supersaturated iciteal
but as depth, i.e. hydrostatic pressure increasdste
saturation of seawater decreases. Thus, calciutmeicate
shells are not subject to dissolution in seawat#il they
sink below the lysocline, which represents the kdéptthe
ocean below which water becomes aggressive totealci

Existence of sinkholes deep below sea level

The development of new techniques intended for
detailed bathymetric surveying of topography aratuees
of sea floor (multibeam echosounders) led to tisealiery
of a number of closed circular depressions thatmise
karst landforms such as sinkholes, uvalas and pdljeese
phenomena are also often registered at great depttss
considered that they could not have been formedhen
surface of terrains due to the influence of atmesigh
conditions (Land et al. 1995)A rather spacious
underwater area clustered wifinkholes and uvalas of
multi-kilometre diameters (Fig. 5) formed in carbtm
sediments has been detected near the Galapagosisisia
(0°45'-0°55'S; 89°50'-90°50'W), at the depth betwee
1,500 and 2,600 m (Michauda et al. 2005). The dipe
pattern of the underwater sinkholes detected i dhéa is
very similar to the dispersion pattern of surfatisoles,
as indicated by nearest neighbour indexes (NNIparCl
and Evans 1954). NNI calculated for the mentionezha
clustered with underwater sinkholes amount 1.3Garbist
neighbour statistics have been done for many tesrai
worldwide where the polygonal karst is developedthos
surface, as clearly presented by Ford and Willi§20€7).
Based on this data it can be observed that NNL@but
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A NEW VIEW ON KARST GENESIS

Fig. 5 Close—up of the southern
flank (a) and on the northern
flank (b) of the Central Carnegie
Ridge near Galapagos Island
showing a densely packed field
circular depressions (grid size 2
m; processed from Caraibes
software, IFREMER).
Bathymetric interval is 10 m.
Reprinted from Marine Geology,
216/4, Michauda F, Chaberta A,
Collota J, Sallarésa V, Fluehb E,
Charvisa P, Graindorgea D,
Gustcherc M, Bialasb J, Fields of
multi—kilometer scale sub—
circular depressions in the
Carnegie Ridge sedimentary
blanket: Effect of underwater
carbonate dissolution? 205-219,
Copyright (2005), with
permission from Elsevier

of 14 processed areas has values in the range dretiv®@ zones. Since sinkhole bottom ésvered with soil layer,
and 1.4Based on this data, it can be clearly concludet thahis fracture is almost impossible to register frahe
the dispersion pattern of the sinkholes formed bysurface. Morphology, anisotropy and karstificataegree
underwater dissolution is almost identical to comiyio of carbonate rocks can be properly observed atitota
detected dispersion patterns of surface sinkhdlleis. may where sinkhole is intersected by excavation or roat
indicate that the processes by which these formee weExcavations in the floors of many solution sinkisoleave

created were identical. revealed nothing more than networks of narrow fissu
(Waltham et al. 2005). At many road cuts it carclearly

Occurrence of sinkholes on the rocks with relatively observed that it is the case of a relatively iguitro

homogeneous hydraulic conductivity environment with regards to fissurirf rock mass (Fig.

) ) ) 6), i.e. the central conductive zone does not existh is,

The explanation of the genesis of sinkholes due 1@y, nany researches, a necessary condition for ¢hesis
corrosive action of atmospheric water requires th%f sinkholes (Cviji 1893; Wiliams 1983; Klimchouk

existence of an enlarged fracture in the sinkh@atre 5000y Therefore, enlarged vertical fractures omlw
along which water concentrates and infiltrates éeper | jjas (ponors) can be formed at the bottom or eddes
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A NEW VIEW ON KARST GENESIS

sinkholes because terrain morphology has enablddrwa mainly in polygonal pattern, whereas rocks thatareby
collection and accumulation. However, the emergesfce a fissure, karren are distributed along that ppestied
expanded fracture is not a necessary conditionthier direction (Simms 2002). Such is the case with the
genesis of dissolution sinkholes; expanded frastaed distribution of sinkholes and uvalas in karst tersa

swallow holes are actually often a secondary phemmm

caused by the drainage of sinkholes. On the othedh Discussion about the development of sinkholes

enlarged fractures and vertical vadose caves apaear )

many places in karst terrains which are not linked Based on these facts, it can be concluded that the
depressions. Entrances of vertical vadose cavesbean formation of circular karst depressions most pripab
located even on the crest between two sinkholeghnib occurred underwater below the lysocline, where the
the case with Bujna cave (25 m deep, Fig. 3a) énRiva dissolution of carbonate sediments is increasedis Th
region (LjeSevi 2004). Therefore, in this case sinkholeshypothesis of underwater dissolution of carbonate
are not concentrated around the main conductivee zorfediments may have been first put forward and feadu
(vertical vadose cave) but are formed on more campa@mong several others (pockmark origin, sedimeremng,

rocks. The origin of elongated sinkholes along tiafalls
under a separate case which is easier to explam tive
new concept of underwater corrosion compared teique
views on the genesis of sinkholes caused by theraof
atmospheric water. This will be, however, discussente
in the section dealing with the genesis of uvatas poljes.

Fig. 6 The cross—section of the solution sinkhokpased in
road cutting on the Herceg NoWirebinje road. The polygor
karst is developed in this area

Existence of microforms of sinkholes

Littoral karren (micro pits), formed due to the imive
action of lake water, occur in many coastal zonégy are

usually densely clustered in a polygonal patterd an

morphologically reminiscent of polygonal karst cisting
of sinkholes at many karst plateaus (Fig.Vigjoczki and
Ford (2000) studied the appearance of littorald@in the
coastal part of the Georgian Bay (Lake Huron, Cajhaaol
the depth of 25 m and they found an exceptionatigdy
correlation between the depth of littoral karrem avater

depth ¢ = 0.93). Interestingly enough, the researchers o

the previously mentioned underwater sinkholes ribar
Galapagos Islands (Michauda et al. 2005) also nethém

establish some correlation between ocean depthttznd f
depth of karst depressions. Based on this, it can

concluded that the processes governing the formaifo
littoral karren and underwater sinkholes are vemilar,
although quantitatively different. Littoral karremre

distributed on compact rocks more or less densaly a

b

paleo—topography, effects of subbottom currentd, laoth
marine and subaerial karstic origins) by the redeas
who studied karst depressions on the ocean floar te
Galapagos Islands (Michauda et al. 2005). Howethesir
explanations focused only on the genesis of thensuine
sinkholes that are now beneath the ocean. Accotditige
new concept, the development of the karst depnessio
which are now on the surface occurred in the samg w
during the period when the surface was still urilersea.

Most probably the processes of deposing and disgplv
the rocks altered successively. In this way it Isoa
possible to explain the development of fossil solkh and
other paleokarst forms. The lysocline was lowerdiog to
the regression of the sea; hence the deepest karst
depressions are reasonably found under the present
level, i.e. in areas that have been most exposed to
underwater dissolution.

According to the new concept, the impact of
atmospheric water on the development of karst zmot§
is limited only to the development of hydraulically
controlled and fractured—controlled karren (notluding
the littoral karren). Actually, atmospheric wateasha
dominant influence on the expansion of existingtinees
only in the surface zone, since atmospheric wadasrthe
highest potential for dissolution at the beginniog
infiltration. The result of this, is the existenoéa lower
border of epikarst to which the effect of atmospherater
is evident. This border is usually located to tleptd of a
few meters. It is often clearly distinguishable nfrahe
deeper parts of the carbonate rocks which have ehmu
lower degree of karstification. The appearancepitagst
(subcutaneous zone) was well observed by Williams
(1983), but according to the new concept, epiksinstuld
not be linked to the genesis of sinkholes sincé&hsites
can also occur in places where epikarst is not |dped.
pikarst represents a zone consisting only of karre
mostly fractured—controlled karren) which can oftee
covered with soil.

Collapse sinkholes are not common, and though the
inal rock collapse may be almost instantaneousurah
collapse events are extremely rare (Waltham e2@05).
Karst collapses in solid rock masses are the resul
collapse of previously formed cave passages witlinge
extending almost to the surface. Suffosion and alubp
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Fig. 7 a Polygonal karst with
dense distribution of sinkholes
on the mountain Golija
(Montenegro) photographed
from an aircraftp Littoral

karren (micro pits) on the shore
of Skadar Lake (Montenegro)

sinkholes are formed through the processes ocguinn were filled with. These flows could also have ataier
the overlay sediments deposited over carbonatesrath  influence on shaping of karst valleys.
well-developed karstic network. Hence, the genedis

these landforms should be linked to the secondarYhe genesis of subsurface karst forms
processes taking place after a more dominant pbése

karstification. Karst conduits were registered while performing
exploration drilling on the Adriatic coast at depif more

The genesis of uvalas, poljes and dry than 2000 m below sea level (Milovanovil965), as

valleys described above. Therefore, the genesis of thesesion

karst conduits also cannot be explained by dissblve

As mentioned earlier in this paper, uvalas andgsadire ~ action of atmospheric water or water containingsHin
typically closed karst depressions larger thanatiigion the conditions of underwater dissolution below the
sinkholes. By studying poljes in the western Bosaia lysocline, the expansion of the fractures earl@mied by
Herzegovina, Cviji (1900, 1918) realized that all major tectonics is also possible; hence the primary netved
poljes are linked to the tectonic rifts, faultstbe syncline karst corrosion conduits was most likely developed
axis mostly of the Dinaric direction (NW—SE). Hes@l underwater. In the following phase, while the wateas
realized that tectonic depressions are just aisgapoint ~ regressing, water retention in karst depressiomsiroed,
for erosion action because all tectonic forms ar@nd once the necessary hydraulic gradient was edach
considerably narrower than the poljes which arenfat by ~ Water began to run off through earlier formed csion
the marging of uvalas. Therefore, the new concepgonduits. Due to the turbulent movements of grouatew
acknowledges that uvalas and poljes are commoniy (bSome corrosion conduits were extended and flu\aaks
not always) linked to faults or structural tectofms. appeared along their directionsually much spacer than
However, according to the new concept, the corrosiothe conduits of the primary network.
which expanded and shaped tectonic forms is bémkgd Water reduction from karst depressions first cadbes
to a far more intensive underwater dissolving actas occurrence of swallow holes in the upper part ajeedf
described earlier in this paper. Clay sediment$ wiarl uvala or polie, extends the upper channels of the
and coal interbeds often cover the bottom of pdljethe  Subsurface karst network and runs off downstrearhet
Dinarides, which is another indicator that theseska level of lower water that has withdrawn faster (Fogl).
depressions used to be underwater. Further withdrawal of flood water leads to the fation of

Dry valleys are nothing else than a series of liyea lower swallow holes, extension of the lower horizoh
arranged and partly shaped sinkholes and elongatids conduits, emergence of springs and possibly sprangs
which morphologically resemble normal river vallefhe at lower levels as compared to the previous digghar
major difference is that dry valleys do not have apoint. The lowest swallow holes along the downstrea
continuous slope; instead their bottom is inteesgtdby edges of uvalas or polies are often functionalhis tay
crests of uvalas and sinkholes. Such series ofgated (Fig. 9€). The lowest discharge zone probably aecur
uvalas and sinkholes are classified abliad valleyif it ~ once the hydraulic gradient was formed and it wathér
does not descend to the erosion basis (most concasr) extended once the water had completely withdrawre T
but ends with dividef the lowest uvala in the series whoselowest fluvial caves that are most recent are gjpjicthe
edges are covered with swallow holes. The areasndro largest in size, and they can descend even loveer the
the swallow holes distributed across the downstredge level of the discharge point while forming phreat&ves
of blind valleys, uvalas and poljes are often ageanied With loops and vauclusian (ascending) type of gsirin
by potholes (Cviji 1960). This indicates the presence ofthe case of conduits of descending type, cave exis
strong and turbulent water movements conditionedaby typically characterized by potholes, the collapteedlings
large hydrostatic pressure of water that karst efgions and the occurrence of similar forms indicating thaiter
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circulated through these channels under extremaii h This example clearly indicates that the extensibthe
pressures. previously formed primary network of karst condustisd
In areas with a series of uvalas and poljes digieithin  formation of phreatic caves are possible even & th
step formation, swallow holes typically occur oneth hydraulic gradient is much lower than the one whitght
downstream edges of almost all major karst depyassi have existed between the upstream karst depresaiuhs
The appearance of swallow holes is not necesdarkgd  downstream vauclusian springs.
to their successive (upstream or downstream) sihdibg
dry valleys as it has been explained by many asthor
starting with Cviji (1960). Their formation is more
realistically linked to the previously describedopess
which first occurred at the edges of uvalas at digh
altitudes, then at the edges of lower uvalas oleppl
ending with the lowest depression located just abihe
regional erosion basis.
Vauclusian (ascending) type of springs and phreatic
caves with loops are formed in areas with a higtiréwylic
gradient which enables water from upstream karst
depressions to flow through corrosion conduits ¢bolw
the sea level, i.e. below the lower water level.cAttain
depths, when the hydrostatic pressure of lower mates
high enough to prevent further penetration of pticea
caves, groundwater is forced to break out ontostiréace
and create lifting forms of exit passages.
A connected system of reservoirs "Visegrad" and
"Bajina Basta" on the Drina River could be consideas
an experimental evidence of a rapid expansion aotka
conduits due to changes in hydrostatic pressurg. @i
These reservoirs are arranged in step formatiore Theig g Schematic overview of the genesis of the extendtka
"ViSegrad" reservoir is located upstream of the jifBa conduit beneath "Visegrad® dama Karstified porous
Basta" reservoir. The "ViSegrad" dam is 79.5 m hagld  environment consisting of the primary network ofstaconduits
the difference between the level®H) of these two pr_ior to the construction of_the "ViSegrad" dam tma Drina_
reservoirs is theoretically within the range froi@to 69  River; b swallow hole, fluvial cave and sublacustrine sprin
m (Vu kovi et al. 2004). The gorge of the river Drina informed in post—con_structlonal perlod (1985-2009p aesult of
. . . increased hydrostatic pressure in the back of &me d
the area of the "ViSegrad" dam cuts into limestoand
dolomites considered to_ be r.easonably impermgaﬁm P The presented concept of the speleogenesis cositd al
to the dam consFrucUonSmce the_ Drina riverbed applied to simplify the explanation of the eaiste of
represents the .rgglc?nal erosion basis below whith ¥ overburden karst, i.e. commonly called paleokatst.
degree of karstification should be small, greatssés addition to karst depressions, overburden karst alao

frq_’n the reservoir were not e>§pected. Howevgr,r_atfle consist of the primary network of corrosion karshduits
initial charging of the reservoir three submarin®iregys | i is often detected by performing deep drilling

emgrged downstreaavrr; of the dam. Inflltra'uoeg lossese Underwater dissolution of carbonate sediments @b
estimated to be 1.4 after a year, around 6'fsiafter 7 . "competing"” with the sedimentation of carbiesaor

years, aqd around 15 s f'a\fEerWZO yeflrs following the sther sediments. Hence, some periods were domirmted
construction of the reservoir "Visegrad" (Milano\2009). dissolution when karst depressions and networks of

Hydrogeological and speleodiving resear(Hilanovi corrosion conduits were formed, followed by periaifs

2009) discovered"awswaIIO\ll'v hole W_ith 45 m diama‘er sedimentation when previously formed karst formsalnee
the bottom of the "ViSegrad” reservoir near the dattich .\ orad In this way it is also much easier to aixpthe

was not registered in earlier research performent py the underwater formation of carbonate bauxites.

construction of the dam. The discharge through ratrer Dissolution of carbonate sediments below the lysecl

of submarine springs occurs below the level Ofis the chemical process completely different frohe t

downstrea_m reservo_ir, abo_ut 300 m away from tr?e'daﬁﬂ)rocess so-called hypogene speleogenesis causedtéy
Mathematical modelling estimated that karst corelhive containing HS. The link between these two types of

knee shape and they descend below the dam bodthand karstification has not yet been established, butnp case

grout c;urtam to the depf[h of afo“”‘,’ ,150 m. Somthese it is necessary to conduct more extensive resdarohder
conduits were also confirmed by drilling. The authbthe to further clarify this issue.

Report concludes that the formation of swallow baed
subsurface conduits occurred due to the expangitaulis
intersecting this area (Milanov2009).
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Karst development sequences according to
the new concept

The development of the karst as known nowadays was
not influenced by atmospheric conditions; its depetent
mainly occurred beneath the water surface havingnbe
caused by the subsequent actions of strong turbfitens
resulting from water withdrawal.
Before the start of the formation of karstic netkgby
underwater dissolution of carbonate sediments, ds w
necessary that the fractured carbonate rocks atcgreat
depths below sea level, i.e. below the lysoclinde T
authors of the previous hypothesis of the undemwate
dissolution of carbonate rocks below the lysocline
(Michauda et al. 2005) also indicate that, prior the
intensive karstification process, a heterogenearssgity
network in the carbonate sediments already existed.
The following might be an explanation of one of the
possible ways as to how consolidation and appearahc
fractures within carbonate sediments occur befdre t
beginning of underwater dissolution. Carbonate reedis
deposited above the lysocline were initially
unconsolidated, with a porosity of about 40-80 %.
Immediately after deposition, submarine cementation
began; moreover, the deposition of new layers diarzate
sediments caused the compaction of lower layerghao
these sediments became more consolidated. By tecton
movements, the fractures and faults were formedhimvit
the lower consolidated layers. Due to the quick and
significant increase in water level, carbonate medits
became exposed to a very intensive underwater|digso
below the lysocline. The unconsolidated upper lsyeere
the first to be rapidly dissolved. From the momeft
exposure of the lower consolidated fractured caab®n
sedlmer_1ts to underwater dissolution, the prlma|_1yv0Ek Fig. 9 Karst development phases according to the newegtac
of karstic channels and elongated karst depressimnsto  tectonically disrupted carbonate rockse located at grea
be created as mentioned in previous sections. Diz0 depths beneath the ocean, more precisely at degthwbthe
will continue to occur until some other insolublaterials  lysocline; b creation of sinkholes and uvalas by underwater
cover carbonate sediments or until the sea levaledses dissolution Extension of fractures and inception of the pry
to the level where carbonate sediments are aboge tr<arst network of corrosion conduitse continuation ¢

. . . . I dissolution. Uvalas are being extended and poljesceeated
lysocline again. Cementation and compaction of Further extension of fractures occudsyater withdrawal. High

sedlment§ could partially continue above the Iylsmclan_d hydraulic gradient is created by water retention karst
also partially after exposure of carbonates to apheric  depressions. Swallow holes are formed as welluagall caves in
conditions. This could result in closure of one Bema the present aeration zone, and upper springs alcounstreame
number of the karstic conduits. complete water withdrawal. The lesat horizon of fluvie

Underwater dissolution and the genesis of karstchvh phreatic caves has been previously formed. Degbsidiment

. . . : : . remain in poljes. Water of atmospheric origin idiltrated
:cs the main topic of ;hls papgr(,j mOS.LIIIJ(?IyF(.)Cﬂgnn a through already formed conduits and creates kaysifers a
ew sequences, as shown and described in Fig. 9. known today

Conclusion some karren. By determining the deepening rateaofek
- and their average depth in compact rocks, the expos
Compared. to the eX|st_|ng hypothese-s, the pre;ente{ﬁﬁ;e of carbonate rocks to atmospheric conditiomda be
concept provides a more simple explanation of #émeegis assessed

of karst landforms and karst in general. . . . . .
Dissolution sinkholes exist only in the areas thave
Most karst landforms developed underwater due ¢o th . . :
. : ; been exposed to underwater dissolution. Therefibwer
dissolution of carbonate sediments at greater depth : I X :
gccurrence is not realistically expected in plagbgch are

Solvent action of atmospheric water causes only th . .
. e e result of the later erosion (such as steeparasides),
formation of the majority of smaller karst formschuas
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which could not have existed beneath the lysoclirtgs
hypothesis could be checked by mathematical modptf
the genesis of karst landforms by applying the nencept

and comparing the modelled results with the actuatviji

Cvii J (1918) Hydrographie souterraine et evolution
morphologique du karst. Hydrographie souterraine et
evolution morphologique du karst 6(4):375—-426

J (1960) La géographique des terreains calcaires.

situation. Many authors (Eraso 1986; Huntoon 1995; Académie Serbe des sciences et des arts, Belgrade

Bakalowicz 2005; Supper et al. 2008) think thatdheent
mathematical models have given unsatisfactory t&sul

So far this concept has touched only on some of thbiener

most important fields of karstology and opened ghace
for different views on this subject. At this pointhe
presented concept is just a hypothesis that needs
withstand the test of time. This subject matter hhige
better elaborated on by including more researchigas
would utilize numerous facts from their researeidf.

Unlike many other scientific disciplines, karstojog
cannot boast a great success in the twentieth mgeritus
believed that the establishment of new conceptuzdeh
would speed up the development of this subject areh
improve the principles and methods for solving anbar
of practical issues such as: modelling of the dgwelent
of subsurface karst network and groundwater citmra
simplifying detection of aquifers, as well as defo®f
bauxite, oil and gas within carbonate rocks.

References

Andreo B, Carrasco F, Duran JJ, LaMoreaux JW (edl(R0
Advances in research in karst media. Springer, Berli

Bakalowicz M (2005) Karst groundwater: a challenge riew
resources. Hydrogeol J 13:148-160

Bella P (1998) Genetic type of caves in Slovakia.taAc
Carsologica 27(2):15-23

Berger WH (1967) Foraminiferal ooze: solution at ttisp
Science 156:383-385

Berner RA, Morse JW (1974) Dissolution kinetics ofcttam
carbonate in sea water; IV, Theory of calcite disgon. Am J
Sci 274:108-134

Bogli A (1964) Mischungkorrosion—ein
verstarkungsproblem. Erdkd 18:83-92

Bogli A (1980) Karst hydrology and physical spelepio
Springer, Berlin

Bramlette M N (1961) Pelagic sediments. In: Sears(ed)

beitrag zum

Davis W (1930) Origin of limestone caves. Geol 2aoun Bull
41:475-628

K (1886) Libanon: Grundlinien der physischen
geographie und geologie von Mittel-Syrien. Hold&ien

Dreybrodt W (1988) Processes in karst systems, ighys

t chemistry, and geology series. Springer, Berlin

Dreybrodt W, Gabrovsek F (2000) Dynamics of thelaton of
single karst conduits. In: Klimchouk AV, Ford DC, |Par
AN, Dreybrodt W (ed) Speleogenesis, evolution ofska
aquifers. National Speleological Society of America
Huntsville, pp 184-193

Dubljevi V (2001) Hydrogeological characteristics of BokayBa
(in Serbian). Master thesis, University of BelgraBelgrade

Eraso A (1986) Metodo de prediccion de las diraoeso
principales de drenaje en el karst (method for iptied) the
main directions of drainage in karst). Kobie 15122

Ford D (2007) Jovan Cviji and the founding of karst
geomorphology. Environ Geol 51:675-684

Ford D, Ewers R (1978) The development of limestoage
system in the dimensions of lenght and breadth. L&arth
Sci 15:1783-1798

Ford D, Wiliams P (1989) Karst
hydrogeology. Unwin Hyman, London

Ford D, Wiliams P (2007) Karst
geomorphology. Wiley, Chichester

Gams | (1966) Factors and dynamics of corrosion thof
carbonatic rocks in the Dinaric and Alpine karstS¥évenia
(Yugoslavia) (in Slovenian). Geograf Vesn 38:11-68

Gams | (2000) Doline morphogenetic processes frtohay and
local viewpoint. Acta Carstologica 29(2):123-138

Grubi A (1975) Tectonics of Yugoslavia. Acta Geol 41:3884

Gunn J (ed) (2004) Encyclopedia of caves and kscince.
Fitzroy Dearborn, New York

Howard AD (1964) Processes of limestone cave devetmt.
Int J Speleol 1:47-60

Huntoon PW (1995) Is it appropriate to apply porousdia
groundwater circulation models to karstic aquifehs? El—

geomorphology and

hydrogeology and

Oceanography. American Association for the Advanced Kadi Al (ed) Groundwater models for resources asialyand

Science Publications, Washington, pp 345-366

Clark PJ, Evans FC (1954) Distance to nearest neighas a
measure of spatial relationships in populationsl B&:445—
453

Cramer H (1941) Die systematik der karstdolinen. @¢eu
Jahrhbuch Mineral Geol Paldontol 85(1):293-382

Cuviji J (1893) Das karstphanomen. Versuch
morphologichen monographie, geographische abhageiun
herausgegeben von A Pench, Bd, VH, 3, Wien

Cviji J (1895a) Caves and subsurface hydrography of fBaste
Serbia (in Serbian). J Serbian R Acad Sci 46:1-101

Cviji J (1895b) Karst, geographic monograph (in Serbian)
Royal Publishing House of Serbia, Belgrade

Cviji J (1900) Poljes of western Bosnia and Herzegovina (
Serbian). J Serbian R Acad Sci 59:59-182

einer

management. CRC Lewis Publisher, Boca Raton, pp 339-358
Jennings JN (1985) Karst geomorphology. Basil Bladkwe
Oxford
Klimchouk AB (2000) The formation of epikarst and ible in
vadose speleogenesis. In: Klimchouk AV, Ford DCnfeal
AN, Dreybrodt W (ed) Speleogenesis, evolution ofska
aquifers. National Speleological Society of America
Huntsville, pp 91-99
Knez M (1996) Bedding—plane impact on the developgnmdn
karst caves. Dissertation, University of Ljubljahfybljana
Kraus F (1887) Uber dolinen. Verh Geol Reichsars4-262
LaMoreaux PE, LaMoreaux JW (1998) A history of katsidies.
Focus Geogr 45(2):22-27

The final publication is available at http://link.springer.com. Copyright © 2013, Springer-Verlag. All Rights Reserved

13



A NEW VIEW ON KARST GENESIS

Land AL, Charles KP, Hobson B (1995) Genesis oftararine  Supper R, Motschka K, Bauer—Gottwein P, Ahl A, Roémer

sinkhole without subaerial exposure: straits of ridm. Neumann—-Gondwe B, Merediz Alonso G, Kinzelbach W

Geology 23(10):949-951 (2008) Spatial mapping of karstic cave structungsnieans of
LieSevi M (2004) Karst of Piva (in Serbian). Montenegrin  airborne electromagnetics: an emerging technologgupport

Academy of Sciences and Arts, Podgorica protection of endangered karst Systems. GeophysAReb
Lowe D (2000) The speleo—inception concept. In:m€houk 10:11-26

AV, Ford DC, Palmer AN, Dreybrodt W (ed) Speleogémes Sweeting MM (1972) Karst landforms. Macmillan, Lamd
evolution of karst aquifers. National Speleologi€aiciety of  Swinnerton A (1932) Origin of limestone caverns. |BEéol Soc

America, Huntsville, pp 65-75 Am 43:662-693
Martel EA (1890) Les Cévennes. C Lacour, Paris Tietze E (1880) Zur geologie der karsterscheinungjétder,
Martel E (1921) Nouveau trait des eaux sonterraiitions  Vien

Doin, Paris Vajoczki S, Ford D (2000) Underwater dissolutiopitting on
Michauda F, Chaberta A, Collota J, Sallarésa V, Ruéh dolostones, Lake Huron-Georgian Bay, Ontario. Phgeg®

Charvisa P, Graindorgea D, Gustcherc M, Bialasb 05RO 21(5.):418_432 o _ ) '
Fields of multi—kilometer scale sub—circular depress in the ~ V1ahovi 'V (1975) Karst of Niksic polje and its hydrogeojogn

Carnegie Ridge sedimentary blanket: effect of undema  Serbian). The Society of Sciences and Arts of Muegeo,
carbonate dissolution? Mar Geol 216(4):205-219 Titograd
Milanovic S (2009) Report on the field work in theigegrad” YU kovi D, Melentijevi M, Milovanovi M (2004) Current
hydropower  plant-hydrogeology, ~ monitoring,  diving, construction state in the Drina river basin. Vodapr
hydrometry, tracer tests, underwater surveyingtitlite for 36(1):39-49
Water Management "Jaroslav Cerni", Belgrade Waisse JG (1948) Les bauxites de I'Europe cenfRevince
Milanovi P (2006) Karst of Eastern Herzegovina and Dubtovni  dinarique et Hongrie). Dissertation, University ladusanne,
(in Serbian). ASOS, Belgrade Lausanne

. . . - Waltham AC (1981) Origin and development of limest®n
Milanovi S (2007) Hydrogeological characteristicts of SOMe . es. Prog Phys Geogr 5(2):242-256

deep siphonal springs in Serbia and Montenegrot.karsWaltham AC, Bell F, Culshaw M (2005) Sinkholes and
Environ Geol 51:755-759 . . . . .

Mil i S (2010) Creati f the physical del of a karst subsidence: karst and cavernous rocks in engirgaim
fanovi ( ) Creation of the physical model of a kars construction. Springer-Praxis Publishing, Chicheste

aqwfgr n the example Of, Beljlanlca Mt. (Easterbg (in Weyl PK (1958) The solution kinetics of calciteGéol 66:163—
Serbian). Dissertation, University of Belgrade 176

Milovanovi B (1965) Epelrggemc and orogenic dynamics in theWhite WB (1988) Geomorphology and hydrology of karst
area of External Dinarides and the problems of . ; .
terrains. Oxford University Press, New York

palegkarstification and geqlogical evolution of di@rst (in Williams PW (1972) Morphometric analysis of polygbkarst in
Serbian). J Geol Surv Serbia 4(5):5-44 N New Guinea. Geol Soc Am Bull 83:761-796

MO]SISOVI(.:S E, Tletzg E. Bittner A (188,0) Grundllqleder Williams PW (1983) The role of subcutaneous zonekanst
geologie von bosnien und der herzegovina. Jb ddpgishen hydrology. J Hydrol 61:45-67

P IRGICh:SnS:aE’ Vlinn;OO?) Pait ¢ InoiGa (ed Wise SW (2003) Carbonate compensation depth. Indiidn
aimer , Audra P ( ) Pattems of caves. Inn (ed) GV (ed) Encyclopedia of sediments and sedimentacks.

Encyclopedia of caves and karst sciences. FitzregrBorn, Kluwer Academic Press, Dordrecht, pp 88-89

New York, pp 573-575 Worthington SRH (2004) Hydraulic and geological ast

Palmer A,‘N‘ Palmgr MV, .Sa§owsky D (ed) (1999) Karst influencing conduit flow depth. Cave Karst Sci 31{23-134
modelling. Special Publication 5, Karst Waters imngt,

Charlesl Town

Petrovi J (1968) Fundamentals of speleology (in Serbian).
Institute for Textbook Publishing of the SocialRepublic of
Serbia, Belgrade

Plummer LN, Wigley TML (1976) The dissolution oflciée in
CO,—saturated solutions at 25°C and 1 atmosphere total
pressure. Geochim Cosmochim Acta 40:191-202

Pytkowicz RM (1970) On the carbonate compensatiqrthdan
the Pacific Ocean. Geochim Cosmochim Acta 34:836—839

Sauro U (2012) Closed depressions in karst area®Viite WB,
Culver DC (eds) Encyclopedia of caves, 2nd edn. ksev
Waltham, pp 140-155

Simms M (2002) The origin of enigmatic, tubularkdashore
karren: A mechanism for rapid dissolution of linmes in
carbonate—saturated waters. Phys Geogr 23(1):1-20

Stepanovi B (1965) Methods of hydrogeological exploration (in
Serbian). Faculty of Mining and Geology, Belgrade

The final publication is available at http://link.springer.com. Copyright © 2013, Springer-Verlag. All Rights Reserved
14



