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1. Introduction  

The karst landscape consists of rocks such as limestone, dolomite, gypsum and various salts 
which are, to a greater or lesser extent, soluble in water, and through which underground 
water flows. According to this, the latest defi nition of the karst, 10 % of the world's land 
surface, and as much as 40 % of Slovenia's surface, is covered by carbonate karst rocks, 
which are the only kind of karst rocks that are important from the point of view of the 
exploitation of their water resources. On typical carbonate karst, only short lengths of rivers 
flowing through karst poljes are to be found. Elsewhere, due to the fact that water flows 
underground, the karst is a dry area, with a lack of drinking water; next to the sea, brackish 
karst springs are found. 
This paper is concerned with the successes and failures of engineering -works which have 
attempted to improve natural conditions throug h the construction of various structures for 
the desalination of brackish springs. The fact that many completed works have been 
successful should encourage engineers to design and build new hydro- technical structures 
in karst environments (Breznik, 1998). 
In the Ice ages were the differences between the lowest mean temperatures of the cold 
periods and the highest ones of the warm periods 5 degrees Celsius. These differences 
between the lowest ones of the Ice ages and the present highest ones are 7 degrees Celsius. 
During the last 30 years, 10 warmest were between 1990 and 2006. We are living probably in 
the warmest period during the last 150.000 years (Rošker, 2007). The yearly air temperatures 
in Ljubljana have increased by 1,7 degrees Celsius in the last 50 years (Kajfež-Bogataj, 2006). 
Sixty years ago, we had to walk for 1km over the Triglav mountains glacier, after climbing 
over the Triglav's north wall, 800 m high. This glacier has nearly melted till the present. 
Precipitations have decreased from 1100 to 1000 mm/year in the Trieste town during last 
100 years. Italian scientists believe that the Azores Island’s anticyclone with sunny weather 
has extended towards the Mediterranean. Precipitations in the Portorož town have 
decreased by 14%, during the last 50 years (Kajfež-Bogataj, 2006). An about 1000 km large 
belt of severe drought hazards event extends along the southern Spain, Italy, Greece, Turkey 
and northern Africa to Syria and Iraq. 
Lu��ka Kajfež-Bogataj, Professor of the Ljubljana University and the Vice-chair of the 
Working Group II: Impacts, Adaptation and Vulnerability of the Intergovernmental Panel 
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on Climate Change (IPCC), warns that the climate changes will continue and threaten the 
world population with shortages of water, en ergy and food. The adaptive measures have to 
be taken quickly. The proposed desalination of larger karstic coastal springs could provid e 
fresh water for drinking and irrigation  (Breznik, 1998; Breznik & Steinman, 2008). 

2. Exploitation of karst ground water in coastal areas. Th eory with examples 

2.1 Sea water intrusion 
Brackish karst springs are a regular phenomenon of any seashore consisting of limestone or 
dolomite. Fresh water from a calcareous karst aquifer is contaminated by the intrusion of sea 
water, which renders spring wate r useless. The development of brackish springs, therefore, 
is of great human and economic importance for areas which are short of fresh water. The 
first developments were made by the ancient Phoenicians, who covered submarine springs 
with lead funnels and fed fresh water into leather bags (Kohout, 1966). 

2.2 Springs in karst aquife rs of isotropic permeability 
The porosity and ground water movements in an isotropically permeable k arst aquifer, and in 
an aquifer in granular sediments, are similar. Th e flow of ground water is of a diffused type. 
The mechanism of contamination of fresh ground water with sea water in aquifers in sand and 
gravel has been explained by Ghyben (1888), Herzberg (1901) and Hubbert (1940). Fresh water 
floats on denser sea water. A 40 m high column of sea water exerts the same pressure at the 
bottom as a fresh water column about 41 m high. This is known as the Ghyben-Herzberg law. 
The plane that separates the fresh and sea water in the aquifer is called the interface and is at a 
depth of about 40 times the height of the fresh water table above sea level. 
In areas in which ground water flows towards the sea, some sea water mixes with  flowing 
fresh water and creates a zone-of-mixing some meters high, which replaces the interface. In 
this zone, ground water is brackish, while abov e it is fresh water and beneath it unchanged 
sea water. The mixing process is partly the result of diffusion, but mostly of hydraulic 
mixing due to the different velocities of fresh and sea water. The thickness of the zone-of-
mixing depends on the velocity of ground water movement and the fluctuations of the sea. 
Ghyben-Herzberg rules can be used for the calculation. Numerous small, brackish springs at 
small heights of 0.1 to 1 m above or some meters below sea level are typical of such a 
system. Relevant examples are the lower part of the Postire and Marina Stupin valleys in 
Croatia and a coastal aquifer in karstic sandstone in Israel. This paper does not discuss such 
aquifers (Breznik, 1998). 

2.3 Springs in karst aquifers  of anisotropic permeability 
2.3.1 Principle, cases, theory 
In the depths of the karst, ground water circulation tends to concentrate along a limited 
number of well-karstified zones. This is demonstrated by the concentration of drainage in 
the direction of a few large springs. The karst of the Central Dinaric Alps, with an area of 
17,500 km2, has only 55 large springs. Each spring, with a discharge from 7 to 9 m3/s, drains 
a surface of 320 km2 (Komatina, 1968). A similar situation is found on the island of Crete. 
Each of three separated karst regions, Dikti, Psiloritis and Lefka Ori, with areas of 150, 300 
and 400 km2, is drained by a single large spring, wi th respective discharges of 2, 6 and 8 
m3/s. The water collecting galleries, Postire II, Dubrava, Zaton, Gustirne and Blaž, all in 
Croatia, have also shown a concentration of ground water circulation (Breznik, 1973; 1998). 
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In an anisotropic karst aquifer, water flows through veins. The form of the veins is not 
defined: A vein can be a dissolution channel, a permeable fissured zone, a system of small 
connected cavities, etc. In seeking its course, water erodes paths through the least resistant 
rocks, so that the veins meander and ramify in many ways. Branching of vein or vein-
branching is a place where the primary vein of karst massif branches off into the upper vein 
leading to the coastal spring and into the lower vein leading to the submarine estavelle. This 
is the conduit type of ground water circulat ion in karst. The mechanism of contamination 
with sea water, therefore, cannot be the same as in karst of isotropic permeability or in 
grained sediments of uniform porosity and with  a semi-laminar diffused type circulation of 
ground water. In karst of anisotropic permeability, contamination occurs in the vein-
branchings. This contamination was first expl ained by Gjurašin (1943), and in detail by 
Kuš��er (1950), and Breznik (1973, 1978, 1990 and 1998), and Breznik & Steinman (2008).  
In 1938, Prof. Gjurašin of Zagreb University developed a theory on the basis of the flow of 
sea water into the Gurdi �þ spring on the Adriatic coast, that the various specific weights of 
sea and fresh water are the cause of the sea intruding into springs along the coast and 
coastal karst aquifers. The conduction channel splits into a larger upper vein and smaller 
lower vein, the mouth of which must be below sea level. Springs above sea level are only 
contaminated in a case in which the following equation is fulfilled: 
 

m
S Vh h

� J � J
�J
��

�˜ �!  

where  �Ä  is the specific weight of fresh water, �Äm is the specific weight of sea water, hS is the 
depth of the vein-branching below sea level, hV is the height of the spring above sea level 
(Breznik, 1998). He also illustrated his theory pictorially for three hydrological conditions 
(Fig. 1; Gjurašin, 1943).  
 

 
Fig. 1. Outflows of the Gurdi �þ spring in the southern Adriatic (Gjurašin, 1943). 

Field observations were performed by I. Kuš ��er and colleagues in 1938-1940 and in 1947. 
Seventy coastal and submarine springs, as well as thirty submarine estavelles, were 
registered near a sawmill at Jurjevo in the Northern Adriatic (Fig. 2). During rainy periods, 
all the springs deliver fresh water. Th e discharge of estavelle KEa is 1 m3/s at a depth of 9 m 
below sea level. With the discharge decreasing in springtime, the outflow of estavelle KF 
stops and sea water intrudes into the vein. Estavelle KE and the springs KC and KD are 
contaminated by 700 mg/1 of CI -. In July, the springs KA and KB start delivering brackish 
water. In dry summers, the estavelles KEb and Kola swallow about 0.1 m3/s of sea water, 
and the salinity of springs KB increases to 9000 mg/1 of CI-. The estavelle Kola changes 
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Legend:
Q - Brackish coastal spring
o - Submarine spring
- - - - - Presumed underground 

connection
r1-r4 - Branchings of the 

underground connections
KA-KD - Subgroups of springs with 

similar characteristics
KE-KF - Submarine estavelles

 
Fig. 2. Jurjevo bay in Northern Adriatic (Kuš ��er, 1950). 

from a spring to a swallow hole very quickly,  in 1 to 2 days, and the salinity of the KB 
springs also increases quickly. After the autumn rains and throughout the winter, all the 
springs and estavelles discharge fresh water (Kuš��er, 1950). 
A tracer test with 300 g of fluoresceine was performed on July 30th, 1947. The tracer was 
poured into the strongest submarine swallowh ole, KEa. Colored water appeared after 5 
hours in the springs KB, reached the highest concentration after 1 hour, and thereupon 
slowly decreased. After 6.5 hours, spring KA was also colored by a 2 to 3 times weaker 
concentration. Kuš��er (Kuš��er, 1950; Kuš��er et al., 1962) indicates in his figure the estimated 
position of the veins and their important bran chings. These field observations confirmed the 
type of contamination in vein-branchings. This scheme of sea water intrusion into a system   
of karst conduits is explained on a simplified section with the smallest number of necessary 
veins (Fig. 3). 
Breznik examined the coastal springs and the estavelles in 40 karst places in the former 
Yugoslavia, Greece and Turkey since 1956 (Fig. 4). 
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Fig. 3. Coastal spring of conduit type flow in karst aquifer (Kuš ��er, 1950). 
 

 
Legend: 
 
1    BROJNICA 
2    SE�ýOVLJE 
3    BLAŽ 
4    KOROMA�ýNO 
5    JURJEVO PRI SENJU 
6    BOKANJA�ýKO BLATO – BADNJINE 
7    VRILO 
8    DUBRAVA 
9    KOV�ýA – ZATON 
10  LITNO 
11  MARINA – STUPIN 
12  GUSTIRNA 
13  ZALIV POLJICE 
14  PANTAN 
15   VRULJA NA KAŠTELANSKEM ZALIVU 
16   VRULJA pri kraju D.BRELA 
17   POSTIRE 
18   JELSA 
19   KORITA 
20   PIŠTICA 
21   ŽRNOVICA 
22   BILAN 
23   TRPANJ 
24   ŽULJANA 
25   MOJDEŽ 
26   OPA�ýICA 
27   MORINJSKI IZVIRI 
28   GURDI�û, ŠKURDA 

Fig. 4. Investigated karstic coastal springs along the eastern Adriatic coast (Breznik, 1973). 

Fresh water from the karst massif is drained through the primary vein. This vein branches 
off into the lower vein, connected with the se a, and into the upper vein, leading to the 
spring. The present lower veins were formed in past geological periods by fresh water 
flowing towards the sea at a lower level, and we re primary veins in these periods. Sea water 
later drowned them, either due to tectonic su bsidence of the massifs in the Tertiary to 
Holocene periods, or due to the melting of Pleistocene ice. The level of the Mediterranean 
Sea in the Pleistocene period was initially 23 m higher, and then 120 m lower than at present 
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(Fig. 13). Karst water formed new channels to the actual sea surface, and these are the 
present upper veins and springs (Breznik, 1998). 
All the changes in the direction of flow and salinities are shown in Figs. 7 and 8, whether 
there is fresh or brackish water in the same coastal spring or submarine estavelle, with either 
a fresh water outflow or sea water intrusion, are determined in the vein-branchings, and 
depend on the pressure of water in the veins forming the vein-branching. The piezometric 
head and density of water in each vein determin e the pressure. In rainy periods, the head of 
water in the primary vein is high, and fres h water flows out of the lower vein as a 
submarine spring forming characteristic 'wheel s' on the sea surface, and out of the upper 
vein as a fresh water coastal spring. In a dry period, the karst massif is drained and the 
piezometric head in the primary vein subsides. An equal or slightly higher pressure of sea 
water in the lower vein enables intrusion of sea water into the vein-branching. Brackish 
water flows through the upper vein to the spring . The energy for this flow pattern is derived 
from the fresh water head in the karst massif. Some submarine or coastal springs stop 
flowing in dry periods, since the fresh wate r head cannot counterbalance the sea water 
pressure. In such cases, the vein-branching and the lower part of the primary vein are 
flooded with sea water. This happens first in d eeper vein-branchings (Figs. 5 and 7; Breznik, 
1973; 1989; and 1998). Notations used in following figures and equations are shown in Fig. 5. 
 

 

 

Legend: 
m0   - Sea 
gm - Sea level 
i     - Coastal spring – brackish water 
v    - Primary vein with fresh water 
r     - Branching of veins 
s    - Upper vein – brackish water 
m   - Lower vein – sea water 
mmin - Lowest point of lower vein 
u    - Mouth of the lower vein 
h    - Height above some reference level 
�!v    - Density of fresh water 
�!m   - Density of sea water 
2    - Reference level 
3    - Piezometric head line of the primary  
         and upper veins 
4    - Piezometric head line of the lower 
vein 
5    - Energy head line of the primary and  
        upper veins 
6    - Energy head line of the lower vein 
3-6 - All the heads are expressed through  
         the head of fresh water 
 

Fig. 5. Scheme of veins in the conduit type karst aquifer of a coastal spring (Breznik, 1973). 

The pressure at the right side of the vein-branching is expressed by equation (1): 

 � � � �
2

0 2
m

m r m m m
v

p p h h T g f Q
g

�U
� § � ·

�c�  � � � � � � � � �  � ¨ � ¸� ¨ � ¸
� © � ¹

 (1) 

and the pressure at the left side by equation (2): 
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2

0 2
r

i r s s s
v

p p h h T g f Q
g

�U
� § � ·

�c�c�  � � � � � � � � �  � ¨ � ¸� ¨ � ¸
� © � ¹

 (2) 
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Sea water can penetrate into a vein-branching if the pressure in the lower vein exceeds that 
in the upper one. In inequation (3) Breznik (1973) states this requirement: 

 � � � � � � � �
2 2

2
m m m s s s s m m

i r i m
m s m s m s

T T v v
h h h h

g
�U � U � U � U � U

� U � U � U � U � U � U
� � � �

� � � ! � ˜ � � � � � �
� � � �� �

 (3) 

All the denominators in the right part of the in equation are differences in densities. The first 
numerator is the height of the spring above sea level, the second the sum of the head losses 
in the upper and lower veins, and the third th e difference of the velocity heads in the two 
veins in the vein-branching. 
There are certainly very few springs with only three veins, as in Fig. 5 which explains the 
mechanism of contamination. Many pairs of pr imary and lower veins, with branchings at 
different depths, must be expected for a single spring. This might explain the progressive 
contamination observed in the Almyros Irak liou spring in Greece (Fig. 6; Ré, 1968 in 
Breznik, 1973). 
 

Legend:

Qv + Qm - Total discharge

Cl- - Salinity in mg/l Cl -

h i – hm - Water level of the upper spring 

in meters above sea level

 
Fig. 6. Almyros Irakliou spring in Greece. Relation between discharge, water level and 
salinity (Ré, 1968, published in Breznik, 1973). 

In rainy periods and during the melting of sn ow in 2500 high Psiloritis massif, spring water 
is fresh, with about 50 mg/l of Cl - at discharges above 12,5 m3/s. The relation between the 
discharge and progressive salinity is a curve for discharges from 12.5 to 9 m3/s, and a 
straight line for discharges below 9 m3/s. We can assume that at a discharge of 12,5 m3/s, 
the deepest vein-branching starts to swallow some sea water. Shallower vein-branchings 
start swallowing sea water when the discharge decreases to 9 m3/s. With smaller 
discharges, all the vein-branchings swallow sea water. The Almyros spring must have one 
upper vein, a long lower vein that divides into several channels at its end, some very deep 

Legend:

Qv + Qm - Total discharge

Cl- - Salinity in mg /l Cl -

h i – hm - Water level of the upper spring 

in meters above sea level

www.intechopen.com



 Desalination, Trends and Technologies 

 

48 

vein-branchings at different depths, and on e or several primary veins connected with 
different vein-branchings. The above system requires a conduit type flow pattern. Many 
drowned karst channels connected in many direct ions are a characteristic of a diffused flow 
pattern that cannot explain the very high level of the Almyros spring in 1977 and 1987 
during tests with a spring level by  a 1976 dam raised to 10 m ASL. 

2.3.2 Equilibrium plane 
Many karst springs are fresh during high discharges. When the discharge decreases, 
contamination begins. Let us suppose the discharge just before the beginning of the 
contamination is an equilibrium discharge Qeq.  The lower vein is already filled with sea 
water which has not yet penetrated into the vein-branching. There are no losses of fresh 
water through the lower vein either. Hence 
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(4) 

An equilibrium point in a karst vein filled wi th fresh water at one side, and with sea water 
at the other, is the point at which the pressure of sea water is equal to that of fresh water. In 
a karst aquifer of anisotropic permeability, an equilibrium plane is an interrupted plane that 
connects all the equilibrium points in the veins. It can be detected only in the veins in which 
it exists, and is found in very few boreholes (Breznik, 1973). 
In a karst aquifer of isotropic permeability, or in an aquifer in granular soil, the sea water 
zone is separated from the fresh water zone by an interface, or a zone-of-mixing. The 
interface and the zone-of-mixing are continuous planes and can be detected in all boreholes 
in the area. The difference between an interface and an equilibrium plane is similar to the 
difference between the ground water table of a phreatic aquifer and the piezometric surface 
of a confined one. The first can be detected in any borehole in the area, while the second 
only in boreholes which have penetrated into the confined aquifer. 
The elevation of the equilibrium plane change s in accordance with the elevation of the 
piezometric surface of fresh water. In rainy peri ods, the piezometric surface of fresh water is 
in a high position and the equilibrium plane in  a low one. Fresh water flows out of the lower 
vein as a submarine spring and out of the upper vein as a coastal spring. In this period, the 
equilibrium plane is below the vein-branching and below the lower vein (Fig. 7, Phase A). 
During the decline of the discharge, the piezometric surface of fresh water subsides and the 
equilibrium plane consequently rises (Phase B). When the equilibrium plane crosses the 
vein-branching, sea water from the lower vein intrudes into the vein-branching (Phase C). 
Brackish water fills the upper vein and flows ou t of the coastal spring. In the dry period, the 
piezometric surface in the karst massif continues to subside and the equilibrium plane in the 
coastal zone rises. When the equilibrium plane has risen above the vein-branching and 
crossed its primary vein, the outflow of fresh water through this vein-branching is blocked 
(Phase D). Fresh water drained from the karst massif flows th rough higher vein-branchings 
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and is there contaminated. On the surface, we observe these phenomena in dry periods as a 
decrease in discharge of all springs, some coastal springs dry out, all submarine springs stop 
flowing, all submarine estavelles start swallowing  sea water, and all springs deliver brackish 
water (Breznik, 1989; 1998). 
 

 
Fig. 7. Coastal spring with a siphon-like lowe r vein in a karst conduit flow aquifer, pi - 
piezometric surface, eq - equilibrium plane.  Four Flow: Salinity regimes (Breznik, 1989; 
1998). 
 

Heavy rains period Dry period Very dry period

 
Fig. 8. Coastal spring with a rising lower vein  in a karst conduit flow aquifer. Three Flow: 
Salinity regimes (Breznik, 1989; 1998). 

There are certainly very few springs with only  3 veins. Many pairs of primary and lower 
veins, with the branchings of different depth, must be expected for a single spring. This 
explains the progressive contamination observed in the Almyros spring (Fig. 6). 

2.3.3 The case of the 'Sea mills' on Kefalonia Island 
Sea water flowing into swallow holes of the 'Sea mills' on Kefalonia Island in Greece was 
marked with 100 kg of uranine in 1963. The total inflow of sea water was about 1.7 m3/s and 
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