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16.1 Choosing Optimal Dam Sites and Preventing
Leakage from Reservoirs
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16.1.1 Introduction

With respect to risk factors in the dam and the reservoir construction in karst, particular
attention must be paid to choosing optimal dam sites and preventing leakage from
reservoirs (Milanovi¢ et al. 2010). An appropriate project concept prior to explo-
ration can significantly reduce the risks of water losses or at least minimize them to
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acceptable levels (Therond 1972; Zogovi¢ 1980; Milanovi¢ 2000a; Bruce 2003; Ford
and Williams 2007a; Fazeli 2007), while the absence or reduction of exploratory works
can increase them (Sahuquillo 1985). Milanovi¢ et al. (2010) stated that many analyses
show that once the reservoir is filled up, groundwater flow often reactivates currently
unsaturated (fossilized conduits) pathways and form a reverse discharge outside of the
reservoir area. In response to these findings, it is of great importance that at an early
stage of the research, the main emphasis must be on the establishing of the complex
conditions of karst groundwater circulation genesis. As discussed in Chap. 13, some
inadequately explored dam sites or reservoirs constructed in karst have never fully
filled up with water or have been abandoned after unsuccessful attempts to reduce
enormous water losses. Others have had sudden water losses even after years of suc-
cessful operation or increases during years of operation. However, construction of
the dam and reservoir in karst does not automatically result in a leakage problem by
choosing optimal dam sites with suitable geological and hydrogeological conditions,
leakage problems can be partially or totally avoided (Milanovi¢ 2000a).

16.1.2 General Overview of Procedures for Preventing
Leakage and Choosing Dam Sites

Choosing optimal dam sites is a very complicated task due to the nature of karst
and the insecurity of water storage due to leakage from reservoirs. In this regard, a
few preliminary questions of great importance must be raised and answered:

. How do we select an appropriate location for the dam and reservoir?

. How do we select appropriate investigation methods?

. What are the main tasks during investigations?

. Is our survey sufficient to provide answers about the general feasibility of the
project?

5. Will the data expected from the survey be sufficient for a proper assessment of

potential water losses?
6. Can we find a technical solution either to avoid leakage or reduce it to an
acceptable level?

B W =

The answers to the last three of these six questions depend strongly on positive
answers to the first three questions. And even though a guarantee of reservoir or
grout curtain tightness is unlikely, the risk of large water losses can be minimized
(Milanovic 2000). Based on previous approaches to leakage from reservoirs applied,
the proposed methodology should be applied in the most probable leakage zones and
pathways at the dam site and reservoir and can be highlighted generally as three cases:

e dam sites and reservoirs in karst poljes—leakage in different directions through
Quaternary deposits on the bottom of polje (probability of high risk),

e dam sites and reservoirs in river valleys—leakage usually below the dam site, in
the direction of the river stream (medium to high risk),

e dam sites in deep and narrow canyons with different morphology than in the
reservoir area—Ileakage through dam site banks (medium risk).
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Fig. 16.1 Reinforced concrete cylindrical dam around Opacica ponor (sinkhole) (lef?);
non-returned valve constructed on some small sinkhole in the area of Vrtac Reservoir in Niksi¢
polje (right)

A variety of dam sites may be suitable for potential dam construction, but investi-
gation of the relevant geological and hydrogeological factors and issues will reveal
which sites will best achieve the aim of water tightness, while still fulfilling the
intended purpose of the proposed dam and reservoir.

From the hydrogeological point of view, karst poljes are probably the most
complex areas for dam and reservoir construction. Usually, wide and very large
zones of concentrated infiltration and discharge are located in these depressions.
And usually, when the bottom of the polje consists of impervious strata, some
sinkholes, estavelles, and intermittent springs are situated along the foothills. If
alluvial deposits cover the bottom, the zones of concentrated infiltration can occur
everywhere. As previously indicated, one good example is the reservoir at Vrtac
with its enormous losses (27 m3/s) (Vlahovié 2005). However, after considerable
work performed on the sinking zones by constructing cylindrical dams (Fig. 16.1)
and non-returned valves, losses are not reduced at all.

A dam site can be located in narrow karstic canyons where the riverbeds are usu-
ally the deepest erosion base levels. In this case, the karstic features (different kinds
of conduits) below the river bottom are usually very rare and only in some cases can
be predisposed by hypogene karstification. In such cases, the water table is either
connected with or very close to the riverbed, and dam sites are generally reason-
ably impermeable. Still, the dam site and reservoir banks can be prone to leakage.
Solving the problem of the water tightness of banks can sometimes be very com-
plicated. Salman Farsi dam in Iran is a good example of finding karstification as a
main water tightness problem on dam site banks and both abutments (Box 16.1.1).

Very often, the spatial position of dam sites and reservoirs is located in karstic
river valleys. Choosing optimal dam sites as well as preventing leakage from res-
ervoirs, there needs more attention than in the case of canyon sites. Usually, the
base of karstification is below the riverbed, and the presence of huge karst con-
duits (caverns and channels) can be hundreds of meters below the river or future
reservoir bottom (Box 16.1.2). Reactivation of old deep conduits due to huge pres-
sures from reservoir water is often a problem in these cases.
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During the dry period of the year, the groundwater level is deep below the
surface, while during the high water period, the water table rises abruptly and a
considerable part of the bottom is under the influence of a strong uplift. The most
common and unpredictable defects found during reservoir operation are karst
channels naturally plugged by clay and covered by alluvium and ferra rossa and
reactivated by water pressure, suffusion, or air pressure effect (Milanovi¢ 2000a).
As a result, collapses, holes, and huge open cracks in the reservoir bottom appear.
Many examples of dams and reservoirs (successful constructions or total failures
in terms of water tightness) in karst poljes illustrate the complexity of karst hydro-
geology in dam and reservoir constructions.

Generally, the investigations should be very serious and decisions on water
tightness treatment (during construction or later remediation work during
exploitation) should be carefully provided and analyzed. Those investigations are
focused on the one hand on defining the type of underground and deep treatment,
and on the other hand, on surface treatment (Box 16.1.3).

The provision of good quality geological and hydrogeological data is necessary
to establish a crucial base for making correct decisions in the process of choos-
ing optimal dam sites and preventing leakage from reservoirs. Also, the geologi-
cal, hydrogeological, speleological, and other special investigation procedures
should be a permanent activity during the design stage, during the construction of
the dam site and filling of the reservoir, as well as during exploitation. Having a
good map, database, models, and geological, hydrogeological, and other 2D and
3D layers increases the chances of successful dam site choosing and minimizes
the possibilities of further leakage from reservoirs below the dam site and through
the reservoir and dam site bankment. The following procedure is necessary for
the acquisition of some of the basic information (with characteristic examples)
for choosing an optimal dam site and preventing leakage from reservoirs in karst
formations:

Detailed surface geomorphological analysis of reservoir and dam site area,
Speleological and cave diving as analysis of karst interior,

Detailed hydrogeological analysis of characteristics of lithological units,
Structural analysis of the spatial position of folded structures, especially the
hydrogeological role of anticline core,

Analysis of characteristics of main faults (elongation, depth, nature of
crushing material between tectonic blocks, and disturbance of ruptures by
karstification),

Analysis of tracer tests data as a base for groundwater flow defining,

Detailed analysis of speleogenesis,

Detailed analysis of karst conduit distribution,

Analysis of groundwater monitoring data of the wider area (fluctuation,
defining minimum, and maximum level of water table, etc.),

10. Detailed analysis of the investigation borehole (thermal methods, borehole
radar, different geophysical logging methods, core analysis, TV logging of
borehole, etc.),
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Excavation of investigation and grouting galleries and its arrangement are

very important. All huge open caverns should be directly observed using

access galleries and shafts. The vertical distance between grouting galleries

should be less than 50 m (Milanovié¢ 2000a),

Analysis of water pressure tests,

Forming 3D spatial and physical models of the reservoir and dam site area.
Box 16.1.1

Case Study—Salman Farsi dam—Preventing possible leaking problem
during construction

Salman Farsi Dam (125 m high) is located on the Ghareh-Agaj River in Fars
province, in southern Iran (Fig. 16.2). From the geological and hydrogeo-
logical point of view, this dam is one of the most complicated sites in Iran.

Fig. 16.2 Photo of dam site during construction and Salman Farsi Dam in the last stage
of building

During the excavation of grouting galleries, some large caves at both
abutments were discovered (see Sect. 15.4, Box 15.4.5). The volume of the
biggest one (Golshan’s Cave) exceeds 150,000 m>. Due to these conditions,
large-scale underground geotechnical treatment was needed to prevent leak-
ing and improve the water tightness of the dam site. The main question was
how to prevent leaking through the dam abutments (Fig. 16.3).

The dam site is located in the northern flank of the Changal anticline,
whose hydrogeological characteristics played a key role in the choice of the
dam site. The Pabdeh Formation downstream of the dam site (consisting of
marl and shale layers) is located in the core of the anticline. This formation
has acted like a thick and deep impervious barrier against underground water
filtration from the upper erosion base levels to the lower levels (Fig. 16.3),
which is also the key function of the water tightness of the Salman Farsi grout
curtain heading downstream. However, upon finding large caverns in the abut-
ments of the dam site, the question of water tightness and how to prevent
leaking from the reservoir. DEM with main faults and the spatial position of
the dam, grouting gallery, and Golshan’s Cave are shown on Fig. 16.4.
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Fig. 16.3 Geological sketch of dam area (Fazeli 2005)

During the folding process, the anticline is disturbed by some fractures, faults,
and joint sets. Some of them are distinguished at the dam site. From the point of
view of water tightness, two of them are very important: faults with the strike of
NE-SW and other sets of faults with the strike of N-S (Fig. 16.3). Both sets are
subvertical (dip about 80°). The dip of the bedding planes is 50-60 degrees toward
upstream (Fazeli 2005). Well-developed faults sets together with steep joints and
bedding planes have made a well-connected network for water filtration.

Fig. 16.4 DEM of dam site with spatial position of the main caverns, grouting galleries,
and faults. / Golshan’s Cave, 2 Grouting galleries, and 3 Salman Farsi Dam

Prevent leaking through dam abutments—grouting gallery redesign

The construction of a grout curtain in dam abutments with a highly random
distribution of caverns and channels has some uncertainties. After the dis-
covery of caverns during the excavation of grouting galleries (see Sect. 15.4,
Box 15.4.5), it was necessary to make some redesigns in order to prevent
leakage of water from the reservoir.

S. Milanovié et al.
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Cleaning of the caverns and caves entails removing all kinds of material
(clay deposits, blocks, crushed material, and water) from the investigated
caverns and caves. Usually, removal of the materials and cleaning will con-
tinue until sound rock is reached. It often needs some extra shaft and gal-
lery excavation as well as blasting. Cavern treatment was provided 20 m
upstream and 10 m downstream of the curtain. In the Salman Farsi Dam, it
took years to clean some big caverns (Fig. 16.5).

Fig. 16.5 Left—geological investigation in grouting galleries, Right—cleaning of the caverns

Then after, the following measures were also applied:

1. All caverns and caves which are accessible and do not have a big volume
were filled with concrete. Also, caverns with a big volume, and where the
spatial position is only a few meters upstream and downstream of the cur-
tain, were filled (this is called concrete plug).

2. Final grouting is performed after executing the concrete plug. This grout-
ing is done to fill the empty spaces between the concrete and rock by
grouting.

3. After completing the above phases, drilling new grouting holes and con-
necting the curtain to the plug are recommended.

In response to new data, it was decided that an upstream bypass of
Golshan’s cave is the best solution. Four galleries (853R, 802R, 769R, and
738R) were shifted upstream of Golshan’s cave, and the grout curtain was

537
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extended by 1,560 m (Fig. 16.6). The karst treatment took about 1.5 year,
but the final results seem satisfactory. The karst treatment was done and it
took only 1,020 m?3 to fill the karst with concrete. The old route of the cur-
tain will be used to monitor the curtain performance.
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Fig. 16.6 Grout curtain bypass (Layout of Golshan’s Cave after D. Vuckovié, S.
Milanovié, 2001, Salman Farsi (Ghir) Dam Project, Speleological Investigations, Mission
Report), unpublished, (From Stucky-Electrowatt 1996-2004 and Fazeli 2005)

Box 16.1.2

Case example—Problem of karstification (leakage) below the Ourkiss
dam site

The Ourkiss dam site is located 5 km from the city Oum el Bouaghi (NE
Algeria) at the entrance of Oued Ourkiss gorge. Oued Ourkiss is one of
the tributaries of the salty lake Garaet el Guelif. The wide valley inside the
future reservoir consists of Miopliocene and Quaternary deposits which
overlie the Albian and Aptian well—Kkarstified limestones. A rock-filled
dam with clay core is proposed in the gorge cutting the limestone outcrops
(Fig. 16.7).
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Fig. 16.7 Ourkiss dam site and reservoir area during construction

The designed reservoir at the altitude of 951 m a.s.l. will store the waters
of the temporary Oued Ourkiss stream, but over 90 % will flow in as waters
pumped from another reservoir, the Oued Athmenia (Stevanovic et al. 2010).
The dam height is 35 m with a crest length of 400 m, width of 8 m, and
width of foundation of 216 m.

This case example summarizes the analysis of important discontinu-
ity systems and their role in karst genesis at the dam site. The Ourkiss dam
site was developed in limestone rock, under particular hydraulic and struc-
tural conditions. Therefore, these karst systems are composed of many seg-
ments (small channels, caverns with speleo forms, shafts, cracks, etc.), each
of which is contained entirely by distinct discontinuities, such as bedding
planes, joints and fractures, faults, or along interception of those structures.
Survey of those structural elements is the initial step in definition of path-
ways of the groundwater circulation. The most important task for the future
prevention of leakage below the dam site, however, is to know exactly what
the karst process and level of karstification (depth and spatial position) are.

Results and discussion

The geological setting indicated possible water losses from a new reservoir.
Moreover, during one of the floods, a large amount of water sunk into one of
the discovered ponors. After an almost complete loss of large amounts of water,
excavation was carried out at the dam site and its right side is a registered cavern
with a length of 0.5 m (240/60), and which can be visually traced to approxi-
mately 20 m deep. Following the discovery of the caverns, further research
in the area of the dam has devoted far more attention to possible indicators of
intense karstification. Performed by gravimetric measurements on a wider pro-
file dam, a strong anomaly at the dam site was also noted. In order to collect
sufficient data for possible protective measures such as grouting and imperme-
able blanket, (Milanovic et al. 2007) an investigation program has been defined.
Generally, some methods can, however, help to lessen the probability of unde-
sired effects. Direct observation of interior karst was the first among different
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methods applied at the Ourkiss dam site. Recording of karstified pathways by
a specially constructed video camera was more effective in this case than some
geophysical methods as well as, logging, caliper or tracing (Fig. 16.8). Recording
of open caverns and boreholes on both embankments of the Ourkiss Dam very
much helped to orient further exploration and to define protective measures
which include sealing and the construction of an impermeable clay blanket in the
wider area (S. Milanovic¢, 2007, Results of recording of karstic features—Ourkiss
dam project. Report. Hidrotehnika, Belgrade, 2012).

Fig. 16.8 Some of the recorded caverns in the boreholes at the Ourkiss dam site

The inventory covers a large number of cavities, in total 460 in ten surveyed
boreholes (Table 16.1). Most of those cavities are currently above maximal
groundwater table, but will be fully impounded after the reservoir filling.

Table 16.1 The results of camera recording of karst conduit network at the Ourkiss

dam site

Borehole | Elevation| Depth GWL | No. of | General Maximum Minimum| Calculated
(ma.s.l.) (m) | (m karsti- | direc- | length length porosity

a.s.l.) | fied tion/” (m) (m) (%)
intervals

P2 919.57 |62 28 325-335/9 0.1 12.1
P3 923.62 |67 863.62 19 335-360 4 0.3 7.3
P4 939.13 |85 854.13| 22 300-325| 5 0.2 8.2
R1 924.5 74 16 295-318 4 0.25 4.1
R2 913.75 |50 863.75 14 310-322| 3 0.1 1.9
R3 93235 |60 19 288-303 3 0.1 2.2
R4 932.65 |78 857.65 17 310-340 2 0.05 1.5
GD-III-25  921.25 | 33 9 312-345/3 0.2 1.7
GD-III-30  921.08 | 37.5 4 300-330| 2 0.3 1.8
GD-III-35 1 920.97 42 5 290-325 3 0.25 2.1
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Based on this survey, the sealing of the main shafts and the construction
of an impermeable blanket in the wider area are proposed.

The spatially large and deep Ourkiss conduit system would probably not
be fully explored by using conventional geophysical or other remote meth-
ods for the following reasons:

e The caliper’s bars are too short to record the size of the found cavities.

e Tracing tests provide valuable information through recorded velocities
or tracer quantitative analyses, but cannot be successfully conducted in
unsaturated parts.

e Good information about the size and volume of empty space can be
obtained by a water injection test into wells, but there are also many
obstacles. For example, a large amount of water can be absorbed even by
a small, but well-connected fissure system. This means that water losses
registered by the classical test do not provide sufficient data to distinguish
enormous from medium-sized or even small cavities.

Lastly, obtained photos or movies recorded by camera are also, at most,
relative proof. Although powerful, the lamp can still be insufficient to light
the furthest or curved parts. Besides, similar to the above-mentioned meth-
ods, the camera evidence will not result in absolute values of storativity, but
will always provide better insight into situations and orient further research
(Fig. 16.9).
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Data of monitoring boreholes with detailed zones of karstification are
shown on the comparative cross sections on Fig. 16.10
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Fig. 16.10 Cross section of boreholes with data of karstified zones

In all boreholes, in parallel with the drilling, experiments concerning
test permeability were carried out (Lugeon test). The greatest losses of over
100 Lu were registered in the borehole on the left bank P-4 (45-50 m) and
downstream in the river valley, in P2 (45-50, 60-65, and 65-70 m).

For purposes of correlation, data of karstification in the narrow zone of
the dam site at Ourkiss, and a detailed layout and cross section of all known
karst forms of the borehole were made, as shown on Fig. 16.10. The bore-
hole video logging data and borehole profiles previously derived from zones
of karstification in Table 16.1 show the spatial development of the main
karstified zone at the dam site at Ourkiss (Fig. 16.11).

Fig. 16.11 DEM of Ourkiss dam site with investigation borehole position (left); 3D model
of main karstification distribution (right)
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On the basis of data obtained during research in the area of the dam site
and reservoir area as a solution for the Ourkiss project leakage under the
dam body, three solutions were considered.

1. underground sealing—grout curtain,
2. surface sealing (impermeable carpet)—geomembrane and geotextile, and
3. surface sealing—shotcrete.

Upon analysis of all the alternative solutions, it was concluded that the
second solution and the use of geomembrane and geotextile will be the most
trusted solution for this condition for highly developed karstification and
very insecure and troubled grouting. Finally, for preventing leakage under
the dam site as well as in the reservoir area, an impermeable carpet was
made geomembrane (520,000 m?2) and geotextile (550,000 m?2) (Fig. 16.12).

Fig. 16.12 Photos from the phase of impermeable carpet installation (geomembrane and
geotextile) http://www.hidrotehnika.rs/alzir/brana-ourkiss/

Box 16.1.3

Case Study—Visegrad dam—Problem of increasing leakage during
exploitation (current investigation)

The Visegrad hydropower plant is situated in Dinaric karst on the
River Drina, 2.7 km upstream from the town of ViSegrad (Bosnia and
Herzegovina). It was built from 1985 to 1989. The dam of the ViSegrad HPP
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is a concrete gravity dam. An integral part of the dam is the 594-m-long
grouting curtain (325 m beneath the dam structure and 65 m in the left abut-
ment and 204 m in the right abutment) and 50-130 m deep. Investigation
works related to the development of the dam and power plant began in 1976,
and the design documentation for the principal objects that constitute the
power plant was developed before 1983.

Already in the first year of the exploitation of the ViSegrad dam, the
occurrence of submerged downstream springs was noticed. From the meas-
urements of water quantities that appear in the springs downstream from the
dam, it was established that the quantity had increased from the 1.4 m%/s
(in 1990) to 13.92 m3/s (in 2008), and 14.68-15.00 m%/s (in the 2012)
(Fig. 16.13). In order to define the positions of karst conduits along which
the groundwater circulates under the dam site, in 2009 and again in 2013,
special-purpose investigations and remediation works (still in progress)
were performed. Geological investigations of the karst setting, required to
address leakage beneath the Visegrad dam, were focused on a rather narrow
area containing a refill “sinking” zone and a drainage “discharge” zone. The
basic problem was how to perform a quality analysis, or how to state the
problem whose goal was to reduce or to stop leakage below the dam site.
The problem was approached from three parallel directions: a theoretical
approach, which initially played a major role and provided guidelines for
field activities; detailed and highly complex field investigations and develop-
ment of a basic input 3D model; and an empirical approach and later also a
mathematical approach aimed at producing the final form of the model.

Fig. 16.13 Left—Submerged discharge points during tracer test (downstream, left
photo); Spatial position of main sinkhole (location of tracer injection at a depth of 50 m)
(upstream/reservoir; right photo)

Overview of results during previous investigations, design construction,
and exploitation

Geological investigations were performed during all phases of design and
construction of the dam of the Visegrad HPP. During the previous period of
dam exploitation, certain multidisciplinary investigations were also performed,
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primarily with the goal of choosing the optimum dam site as well as defini-
tion of possible seepage. All these investigations have yielded a large body of
results, a part of which is significant for the solution of the leakage problem
under present conditions below the dam site.

For the needs of the development of the main project, within the scope
of the development of geological data relevant to dam construction, detailed
geological mapping of the dam site (in the 1:50—1:1000 scale) had been per-
formed. Mapping of the catchment area of the Visegrad reservoir and dam
site was performed on the scale of 1:10000, while an engineering geological
map of the dam site was performed on the scale of 1:500. Engineering geo-
logical mapping of the foundation tectonic was performed during the course
of excavation of the dam foundation and riverbed downstream. Some of the
investigative drilling was completed during the course of the development of
the preliminary design, but most of it was performed during the preparation
of the basic design. More than 4,470 m of drilling was performed during
previous investigation phases together with water pressure tests WPTs. Also,
groundwater tracer tests were performed in the phase of choosing the opti-
mal dam site. Systematic monitoring from the stage of previous investiga-
tion and design construction up to the exploitation of water seepage beneath
the dam has been done from 1991 to the present (Fig. 16.14) (Institute
for Development of Water Resources “Jaroslav Cerni”, 2009, Design on
rehabilitation regarding water seepage beneath the dam of the Visegrad
hydropower plant, Summary Report on Performed Investigations, Belgrade,
unpublished).

i
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Fig. 16.14 Diagram of water discharge (seepage) through time (/eff). Measuring dis-
charge from springs (right)

Groundwater levels were also monitored in the piezometers located in
dam abutments and abutment injection galleries during the course of trial
filling and then on a continuous basis through the years 1991, 1994, and
1995. At present, the groundwater level regime is monitored twice a month
in 58 piezometers.
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Outline of results of special-purpose investigations

In 2009, special-purpose investigations were performed in order to define
the conduits along which the water leakage occurs below the dam site.
Since the study and systematization of the results of previous investigations
generally shown above, the investigations have started with the determina-
tion of the geological structure of the wider area of the VisSegrad reservoir
that encompassed an area of cca. 6 km?. The first step was remote sens-
ing investigations, based on the analysis of satellite images and aerophoto
images from the period before the construction of the reservoir. Along with
that, the geological mapping of the terrain was performed, with the corre-
sponding petrologic investigations and detailed ruptural investigations.
Detailed investigations of the narrower area around the dam site started
with the geodetical survey of the dam and the appurtenant structures on the
scale of 1:1000 (Institute for Development of Water Resources “Jaroslav
Cerni”, 2009, Design on rehabilitation regarding water seepage beneath
the dam of the ViSegrad hydropower plant, Summary Report on Performed
Investigations, Belgrade, unpublished). Geological investigations of the dam
site started with new, high-quality detailed geological mapping of the ter-
rain (Fig. 16.15). Parallel with these investigations, cross-hole geoelectric
scanning in the left and right dam abutment and over the reservoir was per-
formed, as well as reflective seismic investigations in dam galleries.

Basa.

Fig. 16.15 Hydrogeological map and cross section of Visegrad dam site with position of
grout curtain and investigation boreholes

The bathymetric recording of the bottom of the part of the storage near
the dam and measurement of self-potential were performed simultaneously
in the storage zone. These investigations in the storage zone led to the detec-
tion of anomalous locations that indicated possible water percolation. At
locations of detected anomalies, detailed diving investigations and under-
water video camera recordings were also performed. These investigations
revealed the existence of a sinkhole of great size and capacity, which had an
impact on the adjustment and re-direction of the subsequent investigations.
Immediately after the detection of the “large sinkhole,” its measurement was
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taken and the determination of the water inlet velocities made. The detected
sinkhole was also used for the test of spatial detection of groundwater flows
upstream from the dam by the “misse- a- la- masse” method. Downstream
from the dam, in the part of the riverbed near the dam, the bathymetric
recordings of the bottom were performed, as well as the diving investiga-
tions and underwater video camera recording, along with the measurements
of water outflow at the locations of the detected springs. In the meantime,
the investigative drilling and corresponding investigations in the boreholes
(video endoscopy, carotage, etc.) (Fig. 16.16) were performed. Four inves-
tigation boreholes were drilled. The locations of these boreholes were deter-
mined in succession, depending on the results of all previously performed
investigations.

Fig. 16.16 Entrance to cavern at the depth of 133 m from an altitude 337 m a.s.l (video
endoscopy)

In accordance with the progress of the investigation works, a large
number of sodium fluorescein tracer tests were conducted (used more
than 60 kg), during which the tracer was injected in the existing piezom-
eters upstream from the dam, then in detected sinkholes, as well as into the
newly drilled boreholes (Fig. 16.16). Also, very important are the tracer tests
repeated several times in the large sinkhole.

The salt tracing test was also performed, as part of the system for real-
time monitoring. A large quantity of the tracer was injected into the “large
sinkhole”. Investigations were also performed in all 4 special-purpose bore-
holes, existing piezometers, and the springs downstream from the dam.
Finally, after drilling of all boreholes and the completion of the corresponding
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investigations in all 4 boreholes (Fig. 16.17), cross-hole geoelectric and
seismic tomography were conducted between the boreholes.

The results of all special-purpose investigations were necessary to
perform such investigations as these:

e geodetic surveys in which the results were used for geodetic surveys of
the contours of the dam, terrain, and structures in the surrounding area, as
well as the survey of the storage bottom and riverbed bottom downstream
from the dam in the zone of springs and all other spatial data,

e geological investigations in which the geological data were used for gath-
ered from all available results of performed investigations (surface map-
ping, core mapping, analysis of tectonic, etc.),

e investigation drillings in which the details of the drilling method, geo-
logical data, geophysical carotage investigations, WPT investigations and
video endoscopy,

e geophysical investigations in which the results were used for investiga-
tions performed by the geoelectrical scanning method, self-potential
method, “misse- a- la- masse” method, cross-hole, geoelectric tomography,
cross-hole seismic tomography, and measurements of electrical resistance
on samples from boreholes, and

e hydrogeological investigations in which the results of investigations in
the sinking zones upstream from the dam were used for determination of
groundwater flow directions, measurements of discharge velocities, and
measurements of groundwater levels.

All those data and results can be presented schematically as on
Fig. 16.17.
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Tracer distribution according new data
from, 2009 year.
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Fig. 16.17 Schematic longitudinal cross sections with conduit distribution. Layout tracer
test results (S. Milanovic, 2009 Report on special investigation on dam site Visegrad, Inst.
for Develop. of Water Resources “Jaroslav Cerni”, Belgrade, unpublished)

Based on the above problem statement, it was safe to assume either
that interactive work or integrated use of known 2D and partly defined 3D
parameters is sufficient to produce an output of a three-dimensional conduit
defined as 3D physical model. This case example presents certain investi-
gations performed especially for the needs of the possible establishment of
karst conduit genesis and spatial position below dam site (Fig. 16.18). The
new data collected during grouting works give us evidence that the method
which was applied for the construction of a 3D geometrical (or physical)
model and parametric model of karst aquifer, aided by an incomplete data
series, is feasible.
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Fig. 16.18 2D conduit network of possible leakage pathways below dam site (model
result; right); 3D conduit network of possible leakage pathways below dam site (/eff)

16.2 Karst Aquifers and Mining: Conflicts and Solutions

Veselin Dragisi¢

Department of Hydrogeology, Faculty of Mining and Geology, University of Belgrade,
Belgrade, Serbia

16.2.1 Introduction

Numerous deposits of solid minerals (bauxite, polymetallic ores, skarn, etc.)
are associated with karstified rocks. These rocks constitute the immediate over-
burden or basement, or both, of many ore deposits. In certain cases, the karsti-
fied rocks themselves are the mineral resources that are being mined. Groundwater
from karst aquifers can be a major nuisance, threatening the mining operations
with which they come into contact. This is especially true of underground min-
ing, where ore is extracted from far below the water table. In advertent, intersect-
ing of major karst conduits, due to a lack of knowledge about the hydrogeological
conditions prevailing in the immediate environment, often leads to inrushes of
groundwater into mining operations. A mine can be flooded over a very short time,
causing human casualties and considerable loss. Additionally, intensive drainage
of a karst aquifer can lead to subsidence and caving of the ground surface.

It is often difficult to predict water inflows to mining operations due to non-
homogeneous karstic character. In addition to water wells on the ground surface,
mine drainage is provided by a combination of drilled drains leading out of the
mining operations, drainage galleries, and drainage shafts.

One of the issues that mines in a karst environment have to cope with is the
transformation of karst groundwater quality. Specifically, in carbonate karst, high-
quality low-TDS groundwater transforms into highly acidic mine water, whose
uncontrolled flow affects the quality of the immediate environment.
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Operations involving evaporite extraction and drainage are faced with special
problems. Extremely rapid karstification can lead to sudden groundwater
discharges, often with immeasurable consequences.

16.2.2 Hydrogeological Types of Ore Deposits
in a Karst Environment

More than 40 different types of ore deposits have been associated with karst. Also,
the karstified rocks themselves can constitute mineral resources, such as limestones,
marbles, calcareous tuff, sulfate rocks (gypsum-anhydrite), chloride rocks (halite and
sylvite), and other rocks prone to karstification (Dublyansky and Nazarova 2004).
The diverse ore deposits found in karst include bauxite, non-ferrous metals (Ni,
Sb, Hg, Zn, and Cu), manganese, iron, and oil shales (Lunev et al. 2004). Uranium
deposits have also been associated with carbonate rocks; in Uzbekistan and the USA,
there are large deposits of this radioactive element in caves, caverns, enlarged con-
duits, and fractures (Bell 1963). Ore deposits in karst occur as mineral ore accumula-
tions in contemporary karst depressions (ravines, sinkholes, and poljes), at the points
of contact between carbonate rocks and igneous intrusives. The third type includes
ore deposits overlain by younger sediments (Ford and Williams 2007b).

The positions of the ore deposits and mining operations relative to the water
table are of special significance for the magnitude of inflow and the preferred drain-
age method. These deposits can be found in the vadose zone or the saturation zone in
karst. Additionally, some ore deposits in karstified rocks, under the influence of a karst
aquifer, are covered with younger sediments. Apart from these, ore deposits in coastal
areas are distinguished because of the special way in which the inflow is formed.
Evaporite deposits constitute a separate group due to a number of specific features.

16.2.2.1 Ore Deposits in the Vadose Zone

In general, mining operations above a karst aquifer are characterized by low and
sporadic water enrichment. Intermittent pit water inflows occur solely after heavy
rainfall. Dewatering of these mines does not pose a significant problem. One of the
specific features of this type of ore deposits is the formation of perched aquifers,
especially in bauxites (Box 16.2.1).

Box 16.2.1

Case Study—Bauxite deposits watering

Bauxite deposits near the City of Niksi¢ (Montenegro) are a typical example of
ore deposits in the vadose zone. The bauxites are inter-stratified within carbon-
ate formations (between Jurassic and Upper Cretaceous or between Lower and
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Upper Cretaceous strata). Water inflows occur solely after heavy rainfall. High
karstification of underlying limestones and a considerable depth to groundwater
relative to the ore deposits enable direct infiltration of atmospheric precipita-
tion in transit to the deeper reaches of the carbonate formation (Vasiljevic et al.
1988). However, the bauxites in this part of Montenegro have a significant
hydrogeological function. Being semipermeable rocks, they separate karstified
overlying rocks from karstified underlying carbonate rocks. They form small
(and the only) groundwater reservoirs in this part of the Montenegrin karst
(perched aquifers). In certain localities, the aquifers are drained via perched
springs, whose minimum discharge in places is as high as 1.0 I/s (Fig. 16.19).
The significance of such springs is considerable, given that they occur in a
typical karst environment, where springs are very rare while the demand for
groundwater is high (Kora¢ and Kecojevi¢ 1988; Radulovi¢ 2000a).

4
| Lo

Fig. 16.19 Ore deposits in the vadose zone. Legend 1 karstified limestone (vadose zone);
2 karstified limestone (saturated zone); 3 ore body (bauxite); 4 general groundwater level;
5 perched aquifer groundwater level; 6 groundwater direction; and 7 perched spring

16.2.2.2 Ore Deposits in the Saturated Zone

A large number of ore deposits are found below the water table in karst. They fea-
ture high groundwater inflow rates, which often hinder ore extraction, particularly
underground mining. The ore is deposited within carbonate rocks, where the karst
aquifer is unconfined (Fig. 16.20). The aquifer is recharged by infiltration of pre-
cipitation and water from surface streams. Bauxite deposits in the Urals, Russia,
and lead and zinc deposits in Mirgalimsai, Kazakhstan, are found within a several
hundred meters thick formation of karstified carbonate rocks (Ershov et al. 1989).
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Fig. 16.20 Ore deposits in the saturated zone. Legend 1 karstified limestone (vadose zone); 2 karstified
limestone (saturated zone); 3 ore body (bauxite); 4 groundwater level; and 5 groundwater direction

They feature extremely high inflow rates: about 9 m3/s in the Urals (Kleiman
1982; Plotnikov and Roginec 1987) and up to 3.3 m3/s at Mirgalimsai (Kleiman
1982). Apart from underground operations, high inflow rates have also been
recorded in opencast mines, such as in the Estonian oil shale deposits between
karstified Ordovician dolomitic limestones, during periods of snowmelt and heavy
rainfall, when they were as high as 3.0 m3/s (Abramov and Skirgello 1968).

16.2.2.3 Ore Deposits on a Karst Bedrock Covered
with Younger Sediments

Many ore deposits worldwide occur on a karst bedrock, which subsequent sedimentation
processes have covered with younger, generally semipermeable strata. The groundwa-
ter is for the most part pressurized, and the inflow rates are extremely high. For exam-
ple, the inflow rates to the Fan Gezhuang coal mine in China, from underlying karstified
Ordovician limestones, are as enormous as 34 m>/s (Gongyu and Wanfang 2006).

The bauxite deposits in Hungary north of Balaton, in the Halimba and Nyrad
districts, directly overlie water-bearing Triassic and Jurassic limestones and dolo-
mites, which are 500-600 m thick. Upper Cretaceous or Eocene and Pleistocene
non-carbonate semipermeable formations lie discordantly over the bauxite depos-
its. The groundwater in most of the deposits is pressurized. The amounts of water
pumped from the karst aquifer were rather impressive in the early 1980s, about
5 m3/s, with a drawdown of 120 m (Alliquander 1982).
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Box 16.2.2

Case Study—Confined karstic aquifer

The Maoce Coal Mine in the Pljevlja Coal Basin, Montenegro, is a good
example of how pressurized groundwater can affect the inflow rate. The coal
seam either overlies Middle Triassic limestones directly, or there is a transi-
tion marked by a thin bed of clay sediments (Nikoli¢ and Dimitrijevi¢ 1990).
A confined karst aquifer underlies the coal seam. Immediately after drill-
ing, a borehole (BM-159) issued about 120 I/s at the point of artesian flow
(Figs. 16.21 and 16.22). As a result, the capacity of some karst springs was
reduced or they ran completely dry (Radulovi¢ et al. 1987; Radulovi¢ 2000b).

L L =) e [==] | T | 6]

Fig. 16.21 Ore deposits over a karst bedrock, covered with younger sediments (Pljevlja
Coal Basin, Montenegro). Legend 1 karstified limestone (vadose zone); 2 karstified lime-
stone (saturated zone); 3 Neogene sediments; 4 coal; 5 groundwater level; 6 groundwater
direction; 7 exploration well; and 8 spring
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Fig. 16.22 Artesian flow from exploration well BM-159, limestones in the background
(Courtesy of Mic¢ko Radulovic)

16.2.2.4 Ore Deposits in Coastal Areas

Inflow rates to ore deposits in coastal areas can be boosted by seawater intrusion.
Examples of this include the Rasa Coal Mine (Croatia) and lead and zinc mines in
Sardinia (Italy). The coal seams at Rasa directly overlie Upper Cretaceous lime-
stones. Drainage of the mining operations removed about 0.3 m3/s of groundwater
on average. Seawater intruded into the mining operations, which were as deep as
250 m below sea level (Sarin and Tomasi¢ 1991).

At the Iglesias Lead and Zinc Mine, the ores are extracted from deposits
located within a karst aquifer, 100 m below sea level. The karst groundwater
is recharged by both atmospheric precipitation and seawater, such that high
pumping rates caused seawater intrusion into the mining operations (Carta et al.
1982).
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16.2.2.5 Evaporite Deposits

Evaporite rocks (salt and gypsum-anhydrite) are highly soluble and often form
karst features that are generally found in limestone and dolomite deposits. A spe-
cific trait of evaporite karst, compared to carbonate karst, is that karst features
are created rapidly, within several days, weeks, or years, while those in carbonate
rocks need years, decades, or centuries (Johnson 2004).

Salt rocks are particularly prone to karstification under the influence of ground-
water that is not saturated with chlorides. Low-TDS groundwater from other aqui-
fers flows to the salt rock deposits, dissolving them and creating diverse karst
features. The springs that naturally drain the karst aquifer remove a large amount
of salt and deplete the deposits (Korotkevich 1970). Groundwater discharges
through the newly created features in the ore deposits (caverns and caves) have
often flooded mining operations (Abramov and Skirgello 1968).

Mining of evaporite deposits, primarily salt deposits, has produced numerous
examples of subsidence and caving. There are two well-known cases of subsid-
ence as a result of salt extraction: the Bereznikovsky Salt Mine in the Perm region
of Russia and the salt mines in Cheshire, England (Ford and Williams 2007b).

Caving can also occur when not evaporites, but other deposits in their vicinity
are mined. One example is the Gays River Mine in Canada. Lead and zinc ores are
deposited in limestones covered with gypsum-anhydrite rocks, overlain by fluvio-
glacial sediments. The drawdown within the ore deposits, due to the high solubil-
ity of gypsum-anhydrite rocks, resulted in subsidence and caving of the ground
surface, as well as elevated rates of groundwater inflow to the mining operations.
Despite numerous attempts to prevent the inflow, the rates increased from 100 to
250 1/s. This rendered mining unprofitable, and the mine was eventually shut down
(McKee and Hannon 1985).

Box 16.2.3

Case Study—Collapse in salt mine area

In 1986, the potassium salt mine at Bereznikovsky in the Perm region of
Russia experienced caving of gigantic proportions. It was caused by fresh-
water from 350-m-thick clastic sediments above the salt deposits, which
reached the deposits and proceeded to destroy them. The inflow rates to the
mining operations began to increase in January, when they were about 15 1/s,
and reached more than 500 1/s on the night of 8/9 March. The mine was
flooded. Within a few months, the mining operations of about 15 million
m> became submerged. A large cavity was created above the mine, whose
volume was in excess of 1 million m3. The ground surface collapsed on the
night of 25/26 July. The sink was ellipsoid on the surface, with 40 x 80 m
sides, and about 170 m deep. Subsequent caving increased the sidewalls to
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220 x 150 m (Fig. 16.23). The water table of the newly created pond (sink)
was initially at about 100 m, but later rise to 60—70 m below the ground sur-
face (Andreychuk 1996).

Fig. 16.23 Bereznikovsky Sink (Perm region, Russia)

16.2.3 Groundwater Inrush into Mining Operations

Groundwater inrush is frequent in mining of ore deposits in a karst aquifer envi-
ronment. They are generally a result of insufficient hydrogeological exploration
and a lack of preventative drainage measures. The results are very rapid flood-
ing of the mining operations, substantial losses and, at times, human casualties.
Such occurrences can be a consequence of different relationships between the ore
deposits and the karst aquifer. Contrary to the carbonate karst, inrushes into evapo-
rate karst are associated with intensive dissolution of the deposits under the influ-
ence of freshwater inflow, generally from overlying formations.
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The brown coal mine at Vrdnik on Fruska Gora Mt. (Serbia) is a good example
of how a lack of knowledge about hydrogeological circumstances can be devastat-
ing. Drilling of an exploratory pit in 1929 caused an inrush of some 500 1/s (water
temperature 34 °C), resulting in flooding and abandoning of the mining opera-
tions. The sudden inflow occurred when mining operations passed through semi-
permeable Tertiary sediments and entered underlying karstified Triassic limestones
(Lukovi¢ 1939).

Intensive drainage of a karst aquifer during the course of mining, without prior
dewatering, has been one of the most frequent causes of groundwater inrushes in
the past. For instance, at the bauxite mines in the Urals, at about 100-150 m below
the ground surface, 93 inrushes were registered in 25 years. The highest measured
inflow rate was 1.2 m3/s (Abramov and Skirgello 1968).

Sudden intrusion of karst groundwater into mining operations can also be
a result of heavy precipitation and rapid infiltration into the karst. For instance,
the underground bauxite mine at Trobukva in West Herzegovina (Bosnia and
Herzegovina), experienced several inrushes (0.18 m3/s in 1982 and 0.5 m%/s in
1987), caused by heavy rainfall (SliSkovi¢ 1984; Bilopavlovi¢ 1988).

A hydraulic contact between surface water and karst groundwater is another
potential cause of inrushes into mining operations. Operations at a dolomite quarry
(in Pennsylvania, USA) cut through a karst conduit at a depth of 40 m, which was
connected with surface water. Some 0.6 m%/s of water from the conduit intruded
into the mining operations (Lolcama 2005).

Box 16.2.4

Case Study—Sudden inrush from isolated aquifer

An atypical inrush of karst groundwater occurred in 1980 in the brown
coal mine at Lipov Deo, belonging to the Senj-Resava Mines (Serbia). The
inflow was caused by exploratory adit N-9 at an level of 327 m, penetrating
the roof of a coal seam comprised of red Permian sandstones, which were
only 2 m thick, and entering water rich Jurassic limestones (Fig. 16.24).
The limestones, along with the Permian sandstones, were tectonically posi-
tioned so that they formed the roof of the coal seam. The initial inflow rates
were 50 I/s, but after 6 days of continuous discharge, the mining facili-
ties were flooded. Maximum inflow rates were about 170 I/s, but they later
decreased to 20 I/s and were about 1.5 1/s in the next 1981 (Fig. 16.25). This
pattern suggested an isolated karst aquifer whose recharge was very slow
(Miladinovi¢ and Dragisi¢ 1998; Miladinovié¢ 2000).
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Fig. 16.24 Section of exploratory adit N-9 at the Lipov Deo Coal Mine (Serbia). Legend
1 Permian sandstones; 2 Jurassic karstified limestone (saturated zone); 3 Neogene sedi-
ments with coal; 4 overthrust; 5 shaft; and 6 groundwater direction
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Fig. 16.25 Karst groundwater discharge hydrograph at adit N-9 of the Lipov Deo Coal
Mine (Serbia)
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16.2.4 Dewatering of Ore Deposits in a Karst Aquifer
Environment

Safe mining in a karst aquifer environment requires efficient and timely drainage,
or the prevention of pit water inflow (Table 16.2). In practice, a series of measures
are implemented to dewater mining operations in a karst environment, depending
on the type and size of the ore deposits, the inflow rate, the extent of karstification,
hydraulic connection between groundwater and surface water, economic drivers,
and similar parameters (Plotnikov and Roginec 1987). Drainage methods gener-
ally include the following: drainage wells on the ground surface; drilled drains
leading out of the mining operations; drainage galleries and shafts; grouting of
karst conduits; grout curtains; re-alignment of surface streams; tamping of ponors
and river channels; and the like (Kleiman 1982). Due to the highly diverse nature
of groundwater flow, lowering of the water table inside the deposits by means of a
special configuration of wells is often not effective enough, so it tends to be com-
bined with underground drainage works.

Table 16.2 Extreme karst groundwater inrushes into a number of mines worldwide (historical
data)

Country Mine Mine Type of Water inflow Reference
product | operation (m3/s)
Reg. | Max.
China Fangzhuang Coal Underground 34.2 Wenyong et al.
1991
33.0 Gongyu and
Wanfang (2006)
Hungary Transdanubian | Coal and | Underground | 12.5 Kleiman (1982)
region bauxite | and open pit
Hungary Transdanubian | Bauxite | Underground |5.0 Alliquander
region (1982)
Russia Northern ural Bauxite | Underground 9.1 Kleiman (1982)
Plotnikov and
Roginec (1987)
France Region var Bauxite | Underground 4.2 Tilmat (1973)
USA Friendsville Zn Underground | 1.7 3.8 Kleiman (1982)
mine
(Pemsilvania)
Kazakhstan | Mirgalimsai Pb—Zn Underground |2.7— Kleiman (1982)
33
Estonia Estonian mines | Oil shale | Open pit 3.0 Abramov and
Skrigello (1968)
Poland Olkusz mine Pb-Zn Underground 7.3 Motyka and
(3 mines) Czop (2010)
Poland Lubin-Glogow | Cu Underground | 1.0 Bochenska et al.
(1995)
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Prior dewatering plays an important role because it ensures safe access to the
ore deposits. It is commonly undertaken by means of drainage wells (water table
lowering boreholes), located in water rich zones, in combination with drainage
galleries and other works. One example of effective prior dewatering is the Olkusz
Lead and Zinc Mine (Poland), which is one of the European mines that feature the
highest inflow rates. The ore bodies are found in paleokarst dolomite cavities, at
a depth of 200-300 m. The dolomites are overlain by a thick sequence of water-
bearing Quaternary sands that store large amounts of groundwater and are hydrau-
lically linked with a karst aquifer. Prior to extraction, the water table was lowered
by means of wells and drainage galleries under each horizon (Ford and Williams
2007b).

Bauxite and coal deposits in Hungary, in an environment of Mesozoic water-
bearing limestones and dolomites, are drained by galleries and large-diameter
wells (shafts). In the early 1980s, the pumping rate was 5 m>/s and the drawdown
was 120 m (Alliquander 1982). The diameters of the drainage wells were 1.35—
2.95 m, and each well was equipped with three submersible pumps (T6th 1982).

Mine drains are generally drilled in cases where the karst aquifer to be drained
overlies or is located to the side of the mining operations. At the Velenje Coal
Mine in Slovenia, for example, such a system drains a karst aquifer in Triassic
dolomites and limestones, which had caused several groundwater inrushes in the
past, two of which were disastrous in 1918 and 1973 (Mramor 1984).

One of the measures undertaken to reduce groundwater inflow to mining
operations is grouting of fractures and caverns, which constitute the greatest bar-
riers in underground mining. Karst conduits are often exposed to high water pres-
sures, destructive turbulent flows, and enormous inflow rates. Groundwater inflow
is usually very fast and rates often measure hundreds or even thousands of I/s
(Milanovi¢ 2000b).

This method can be effective but surprises are not rare. A typical example of
ineffective grouting is the previously mentioned Trobukva Bauxite Mine in West
Herzegovina (Bosnia and Herzegovina). Following a groundwater inrush and
flooding of the pit in 1982, the karst conduits, which constituted the main ground-
water pathways, were grouted between 90 and 240 m, section of decline. Water
inflow rates in underground mining works decreased significantly, to amount of
2.5-12.0 I/s during the year. This water inflow prevention method had been cited
as an effective underground bauxite mine drainage solution in the Dinaric karst of
Herzegovina (Sliskovi¢ 1984). However, a sudden inrush of more than 500 I/s in
1987 contradicted previous claims (Bilopavlovi¢ 1988).

The dolomite quarry in West Virginia is another example of ineffective
grouting. The largest bitumen grout curtain in the North American karst was
emplaced there to prevent river water inflow through karst conduits. However, a
new karst conduit developed parallel to the stratification planes and river water
continued to intrude into the mining operations (Lolcama 2005).

High drainage rates sometimes result in large-scale regional drawdown, as
registered in the Lubin-Glogow copper mining region at depths of 600-1,200 m,
where inflow rates from a karst aquifer in limestones and dolomites measured
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about 1.0 m¥s. The drawdown extended over a surface area of 2,500 km?
(Bochenska et al. 1995).

When evaporite deposits (primarily those of halite and sylvine) are dewatered,
most of the groundwater needs to be evacuated before it gets into contact with the
highly soluble ore deposits. For example, at the Solotvyno Salt Mine (Ukraine),
“fresh” groundwater flows from an alluvial aquifer through fractures, destroying the
salt rocks and creating karst features. This in turn boosts groundwater inflow and
floods the mining operations. The task in such a mine is to undertake prior dewater-
ing and prevent freshwater from reaching the ore deposits. Storm water also needs to
be evacuated away from the deposits in good time (Abramov and Skirgello 1968).

As mining developed, mining methods were optimized and conventional min-
ing gave way to solution mining, where ore deposits are dissolved by injected
freshwater (Ford and Williams 2007b).

Ore extraction and mine drainage in a karst environment involve many risks.
Apart from inrushes and contamination of karst groundwater, the most frequent
adverse effects are subsidence and the creation of sinks on the ground surface and
landslides in opencast mines.

High ore deposit/mine drainage rates result in dramatic drawdowns and sub-
sidence. Possibly, the worst incident occurred in 1962 in South Africa, where
intensive drainage of a karst aquifer in dolomites and limestones overlying gold
deposits caused an ore preparation facility at the Dreifonte in Gold Mine to col-
lapse. Twenty-nine people perished (Ford and Williams 2007b).

As a result of bauxite mine drainage in the northern Urals, a 500-600 km? cone
of depression was formed on the ground surface. Karst-suffusion processes trig-
gered by high drainage rates led to the development of more than 1,000 sinkholes,
considerably enhancing infiltration of precipitation (Plotnikov 1989).

Box 16.2.5

Case Study—Landslides in contact zone

Depending on its position relative to the ore deposits, karst groundwater can
have an adverse effect on rock stability of the ore deposits and thus be a
threat to mining safety. The copper mine at Veliki Krivelj in eastern Serbia is
an example of how karst groundwater causes landslides in opencast mining
operations. The copper deposits are of the porphyry type, created in hydro-
thermally altered igneous (kaolinated and chloritized) rocks. These rocks,
along with the ore deposits, are in tectonic contact with the Jurassic lime-
stones of Veliki Kr§ Mt. (Fig. 16.26). Pressurized karst groundwater intrudes
into the surrounding rocks, as corroborated during the course of drilling
of exploratory adits within the deposits and surrounding rocks, as well as
by chemical analyses of the groundwater (DragiSi¢ and Stevanovi¢ 1984;
Stevanovi¢ et al. 1991; DragiSi¢ 1992; Stevanovi¢ and DragiSi¢ 1995). A
lack of timely drainage caused large-scale landslides (Fig. 16.27).
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Fig. 16.26 Hydrogeological section through porphyry copper deposits at Veliki Krivelj
(Serbia). Legend I andesite (hydrothermal alteration); 2 Kkarstified limestone (vadose
zone); 3 karstified limestone (saturated zone); 4 copper deposit; 5 fault; 6 open pit; 7
spring; 8 groundwater level; 9 groundwater direction; /0 landslide

Landslide]

Fig. 16.27 Landslide at the opencast mine of Veliki Krivelj (Serbia)
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16.2.5 Transformation of Karst Groundwater Quality

Ore extraction and high mine drainage rates in a karst environment often alter the
quality of karst groundwater. This especially applies to non-ferrous ore deposits
(such as those of Cu, Pb, Zn, Sb, and Hg), but is associated with other ores as well.

Prior to reaching mining operations, the quality of karst groundwater is gener-
ally good and such water is often used for drinking water supply, irrigation, and
other needs. Since the discharge rates are frequently high (several hundreds or
even thousands of liters per second), the significance of such groundwater can-
not be overstated. Consequently, in order to use karst groundwater for practical
purposes, it needs to be tapped before it comes into contact with mining opera-
tions. There are numerous examples of karst groundwater use. The quality of the
groundwater pumped from the bauxite deposits in Hungary is very high, such that
this water is used for drinking water supply (Alliquander 1982).

An 8-km-long drainage gallery in the lead mine at Homesford (USA) taps some
870 1/s, of which 460-580 1/s is used for drinking water supply (James 1997).
Several hundred liters per second of high-quality karst groundwater, tapped before
it reaches lead and zinc mining operations at Mirgalimsai in Kazakhstan, is used
for drinking water supply and irrigation of farmland (Plotnikov and Roginec 1987).

As karst groundwater flows into mining operations, it comes into close contact
with the ore and other minerals that make up the ore body. As a result of complex
geochemical processes, generally high-quality karst groundwater of the HCO3-Ca
type, with a pH level of 7-7.5 and TDS < 1,000 mg/l, becomes transformed into the
SO4-Ca type, with low pH and high TDS levels and elevated concentrations of Fe, Al,
and other elements. A typical example of such transformation are the copper mines
at Veliki Krivelj and Majdanpek in eastern Serbia, where the inflow is formed from
karst aquifer discharge or at locations where tailings and waste rock dumps have been
formed on karst (Dragisi¢ 1992; Dragisi¢ 1994; Stevanovi¢ and Dragisi¢ 1995).

A special type of karst groundwater transformation is encountered under the
influence of high-TDS seawater in coastal areas. Namely, high pumping rates at
mining operations in such areas lead to over-pumping of low-TDS groundwa-
ter and intrusion of high-TDS seawater. Typical examples are the lead and zinc
mines in Sardinia (Carta et al. 1982) and the Ra$a Coal Mine in Croatia (Sarin and
Tomasic¢ 1991).

Box 16.2.6

Case Study—Groundwater quality transformation

The Kizelkovsky Coal Basin in the Perm region of Russia is a classic exam-
ple of karst groundwater quality transformation. The stone coal seam is
Lower Cretaceous, emplaced between carbonate rocks. Accompanying min-
erals include pyrite, calcite, siderite, and gypsum. Underground coal extrac-
tion began more than 200 years ago, reaching depths up to 1,000 m below
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the ground surface. The mine has been abandoned because of uncontrolled
water discharges from 12 pits, which created a major environmental issue.
During the course of coal extraction, underground mining formed a drain
for karst groundwater discharge from the carbonate cover. The mine pits in
this region were among those with highest water inflows in Russia. The pits
were abandoned and flooded in 1990. However, groundwater of transformed
quality is still being discharged from the karst aquifer overlying the coal
seam (Fig. 16.28). The transformed groundwater is typical acidic mine water
(Bankovskaya and Krasavin 2004; Maksimovich 2004).
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Fig. 16.28 Schematic representation of the formation of acidic mine water at the
Kizelkovsky Coal Mines. Legend I karstified limestone (vadose zone); 2 karstified lime-
stone (saturated zone); 3 clastic sediments with coal; 4 groundwater level; 5 mining
works with mine water; and 6 groundwater direction

The transformation process can be summarized as follows: There is
a karst aquifer in the roof made up of non-carbonate rocks with coal, in
highly fractured and karstified limestones, whose thickness in places is more
than 1,000 m. The limestones are partially exposed and heavily recharged
by infiltration of atmospheric precipitation. The quality of the karst aqui-
fer groundwater is excellent. The aquifer provides drinking water supply
to the extended area of the mine (Bankovskaya and Krasavin 2004). After
the mining operations were abandoned, the pits that served as karst ground-
water drains became flooded. The geochemical processes that take place in
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coal mining operations in the presence of water and accompanying minerals
(pyrite, siderite, gypsum, etc.) tend to create acidic mine water (Lovell 1983;
Lottermoser 2007; Dimitrijevi¢ 2013).

The mine water is typical acidic water of the SO4—Fe—Al-Na—Ca type.
TDS generally measures 2.5-19.0 g/1, but in certain cases as much as 35 g/l.
The pH levels are up to 2-3. Compared to low-TDS water, such mine water
features a number of times higher concentrations of lead, copper, zinc, sil-
ver, nickel, cobalt, and other minerals (Maksimov 2004).

‘When the morphological conditions are favorable, the mine water is grav-
itationally discharged untreated, from the pits to the ground surface. One of
the pits is the Kalinin Mine from which acidic mine water flows to a nearby
river (Figs. 16.29 and 16.30).

— P~

Fig. 16.29 Gravitational discharge of acidic mine water from the Kalinin Mine
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Fig. 16.30 Flow of acidic mine water to the river (Kalinin Mine)

16.3 Remote Techniques for the Delineation
of Highly Karstified Zones

Milan M. Radulovié

Faculty of Civil Engineering, University of Montenegro, Cetinjski put bb, 81000
Podgorica, Montenegro

16.3.1 Introduction

The majority of karst terrains are characterized by a high degree of heterogeneity. The
results obtained by applying methods for assessment of local karstification (e.g., bore-
hole tests) often cannot be reliable to extrapolate to a wider area. The use of remote
sensing provides the opportunity to assess the spatial distribution of karstification in
the subregional scale. Analysis of satellite and aerial images allows identification of
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geomorphological and tectonic forms that may indicate the highly karstified zones.
There are several factors that indicate the karstification, and which can be mapped by
remote sensing, and this contribution is focused on two of them: surface karstifica-
tion (Kyr) and density of faults (7). By overlapping maps of these two factors using
geographical information system (GIS) techniques, the final map expressed through a
KARST index is obtained. The application of this approach provides an image of the
spatial distribution of karstification, even for areas that are inaccessible for direct field
research. The obtained map can be used as a basis for solving some of engineering
problems in karst that are related to the regulation of water, extraction of groundwa-
ter, and protection of karst aquifers from contamination.

16.3.2 The Complexity and Categorization of Karst Terrains

The complexity of karst terrains, and often inaccessibility for direct field observa-
tions, induce a need for application of remote sensing, as one of the additional
methods for karst research. The observation of karst terrains from a distance,
except obtaining a more general image of study area, provides an opportunity
for indirect delineation of zones with different degree of karstification, which is
the main objective of the approach described in this section. Application of the
mapping approach is shown on the example of catchment area of Karu¢ springs
(Montenegro, Dinarides; Fig. 16.31).

Fig. 16.31 Location of Karu¢ springs catchment area
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For the purposes of categorization of karst terrains, different criteria have
been used by different authors. In most cases, when considering the regional
scale, the categories have been delineated according to the distribution of
karst landforms such as sinkholes and caves (number of sinkholes/km?2, area
of sinkholes/km?, volume of sinkholes/lkm?, number of caves/km?, length of
caves/km?2, and volume of caves channels/kmz). There are also some exam-
ples of satisfactory mapping of karstification through a so-called sinkhole
index, which is based on the mean spacing of closed contours in a given area
(Gregory et al. 2001).

The results of various tests (pumping test, slug test, Lugeon test, and packer
test) and geophysical loggings (borehole televiewer, caliper logging, electromag-
netic induction logging) give excellent data about local porosity and karstification,
but the problem is the limitation of the results only on a narrow area around the
tested borehole. A number of field geophysical methods can also provide an image
of karstification, but for the analysis of a complete catchment area that are often
partly impassable, these methods also appear to be impractical. In recent years,
airborne electromagnetic (AEM) techniques for remote mapping of karstification
have been developed (Smith et al. 2005; Supper et al. 2009; Gondwe et al. 2012).
These techniques are especially suitable for wider areas. Their application gives
an image which shows electrical conductivity anomalies that are mainly related to
surface karst landforms (Smith et al. 2005). However, these methods are still under
development, but they will likely play an important role in the future to address
this issue. Also, it is interesting to note airborne and satellite thermal imaging
sensors which have been used for detecting temperature anomalies. Temperature
anomalies could occur in the opening of the caves due to the difference in outside
air temperature and the temperature of air that outflow from the caves (Zurbuchen
and Kellenberger 2008; Wynnea et al. 2008). Furthermore, underwater karstifica-
tion, precisely the locations of vruljas, where colder groundwater discharge below
the level of sea or lake (Figs. 16.32 and 16.35), could be detected by using thermal
imaging sensors.

The approach presented in this section consists of analysis of satellite and aer-
ial images in order to identify geomorphological and tectonic forms that are often
indicators of highly karstified zones. The procedure of mapping is extracted from
the more complex KARSTLOP method which is used for assessing the spatial
distribution of recharge of karst aquifers (Radulovi¢ et al. 2012). Two subfactors,
that can be mapped using remote sensing, are extracted from the aforemen-
tioned method. These subfactors are the surface karstification (Kf) and the den-
sity of faults (7). Through them, by using GIS techniques, the final map of the
karstification assessed by remote sensing techniques (KARST) index is obtained.
The KARST index represents the index that indirectly reflects the degree of
karstification.

The possibilities of application and some limitations of the presented approach
are also discussed in this section.
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Fig. 16.32 The map of sea temperature in the Boka bay (Montenegro) which obtained by
satellite image LANDSAT 7 ETM+ (thermal infrared band—Band 6; resolution 60 m; date of
capturing: June 23, 2002). The temperature anomalies (blue tones) indicate the locations of the
submarine springs where colder groundwater discharges below the sea level

16.3.3 The Concept of Mapping of Karstification
by Using Remote Sensing and GIS

This subsection presents the approach for obtaining the map of karstification, which
has been developed and applied to highly karstified terrains of External Dinarides.
There are two factors that indicate the degree of karstification, and which can be
mapped from satellite and aerial images. Those are factor K (surface karstifica-
tion) and factor 7t (the density of faults).

16.3.3.1 Map of Surface Karstification

Special attention, when analyzing the degree of surface karstification, should focus
on the analysis of the distribution of surface karst landforms. The surface karst
landforms are recognizable on aerial and detailed satellite images, such as Quick
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Bird and SPOT (resolution about 2.5 m). Also, consideration should be given to an
appropriate scale in which the map of surface karstification will be created (prefer-
ably between 1:25000 and 1:100000).

A coverage of karst terrains with sinkholes and uvalas can sometimes reflect
the degree of karstification, since they are often elongated along the faults which
were additionally extended by corrosive actions of water. A distribution of sink-
holes is, from many authors, accepted as a criterion for categorization of karst ter-
rains (Gregory et al. 2001; Angel et al. 2004). The problem is that sinkholes are in
large numbers mainly formed on the karst plateau, but they rarely occur on steep
slopes which were formed by later erosion. For this reason, the use of density of
sinkholes as the only criterion does not give a complete image of the degree of
karstification. There are karst terrains where sinkholes are totally absent, while
other indicators (karren fields, caves, and fluctuation of discharge) suggest a high
degree of karstification.

Since the karren fields are often the only karst landforms on the slopes, it is
reasonable that one criterion for mapping the surface karstification is an area of
karren fields (or degraded zones) per 1 km? and that the second criterion is an area
of karst depressions (sinkholes, uvalas, poljes, and dry valleys) also per 1 km?. By
overlapping input maps created by these two criterions, a map that will satisfac-
torily show the degree of surface karstification can be obtained. According to this
conception, the highly karstified terrains would be areas with uvalas and sinkholes,
whose slopes are scarred by karren.

So there are two subfactors, Kp; (area of degraded zones/kmz) and Kgp (area of
karst depressions/km?), according to which the categorization of karst terrains is
performed (Table 16.3). Limit values between the categories are defined by meas-
urements on a number of sites along the External Dinarides.

Factor of surface karstification (Ksr) represents the average of subfactors Kip
and Kgp (Table 16.3).

Figure 16.33 shows some of the karst terrains that could be the subject of map-
ping according to the described concept. The first image (Fig. 16.33a) shows
the karst terrain with poorly expressed surface karst landforms, from which
karst depressions and karren fields are almost totally absent. The second image

Table 16.3 The categorization of karst terrains according to the subfactors Ky, Ksp, and
according to the factor Kt

Area of degraded zone Ksf1 Area of karst K Kt = (Ks1 + Ks2)/2
(karren fields, ruin-like depressions

relief, etc.) per unit per unit square

square (10° m%/km?) (103 m¥km?)

<60 1 <25 1 1

60-120 2 25-50 2 >1-2

120-180 3 50-75 3 >2-3

180-240 4 75-100 4 >3-4

>240 5 >100 5 >4-5
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Fig. 16.33 Satellite images of karst terrains a terrain with poorly expressed surface karst land-
forms; b terrain with karst depressions but without degraded zones; ¢ karst slope where the kar-
ren fields are well developed; d terrain where karst depressions and karren fields are together

(Fig. 16.33b) shows the karst terrain on which karst depressions (sinkholes and
uvalas) are very common, while degraded zones are poorly represented. The third
image (Fig. 16.33c) shows a karst slope where the karren fields are well devel-
oped, while sinkholes and other karst depressions are completely absent. Finally,
the fourth image shows (Fig. 16.33d) the terrain with a high degree of karstifi-
cation, where there are both karst depressions (sinkholes and uvalas) and karren
fields.

16.3.3.2 Map of Fault Density

Karst landforms, especially karst channels, are often elongated along the faults.
Intersections of two or more faults represent zones with a greater chance for the
existence of caves. For this reason, it is considered that is reasonable to introduce
a map of fault density as one of input maps for assessing the degree of karstifica-
tion. Map of fault density (77) sows contours which are categorized according to
the length of faults per unit of surface (km/km?). Before the creation of this map,
it is necessary to create a digital map of fault lines. The Landsat 7 ETM+ satel-
lite images (resolution of 30 x 30 m), after appropriate processing, can be a good
basis for creating the map of fault lines. Karstic terrains of Dinarides are generally
photogenic for the analysis and interpretation of images (Pavlovi¢ et al. 2001), so
that the degree of subjectivity in identifying faults is significantly lower than in the
analysis of other terrains.
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Table 16.4 The Density of faults (km/km?) T¢
categorization of terrains 01 |
according to the density
of faults 1-2 2
2-3 3
34 4
>4 5
Table 16.5 The Karstification KARST index
categorization of karst
. . Very low 2
terrains according to the
value of the KARST index Low >2-4
Moderate >4-6
High >6-8
Very high >8-10

Production of a map of fault density is greatly facilitated by the use of appro-
priate software for spatial analysis. The contours of the map of fault density are
obtained based on the categorization shown in the Table 16.4.

16.3.3.3 Karstification Map

The KARST index is obtained through the two previously described factors (K¢
and T¥). It represents the degree of karstification which is assessed by geomorpho-
logical and tectonic analysis of satellite and aerial images. The KARST index is
calculated by adding the factors Ky and Tt (KARST index = Kt + T).

A KARST map is obtained by overlapping the map of surface karstification
(K¢ map) and the map of fault density (7t map), using appropriate GIS software.
The result is a map that shows the spatial distribution of the KARST index, which
ranges from 2 to 10. Higher values of the KARST index should correspond to
highly karstified terrains, while lower values should be related to less karstified
terrains built of less permeable carbonate rocks. The Table 16.5 shows the catego-
rization of karst terrains according to the value of the KARST index.

Box 16.3.1

Case Study—Application to the catchment area of Karu¢ springs

The study area is located in the southeastern part of the Dinaric Alps, in the
territory of Montenegro (Fig. 16.31). That is the catchment area of Karu¢
springs which occupies an area of about 116 km”. The complete catchment
area is built of carbonate rocks (limestones and dolomites). The soil is very
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thin or completely absent. The catchment area of Karu¢ springs belongs to
the geomorphological unit named “Old Montenegrin karst plateau,” which is
characterized by a large number of surface karst landforms (sinkholes, uva-
las, poljes, and dry valleys).

The recharge of karst aquifer occurs primarily by precipitation (mean
annual precipitation is about 2,700 mm). Hydraulic conductivity of the carbon-
ate aquifer is relatively high. Groundwater flows mainly through privileged
directions which are marked with faults and joints. Fictive velocity of ground-
water flow, measured by artificial tracers, is from 0.65 to 5.40 cm/s (Radulovié
2010). Discharge of karst aquifer occurs through sublacustrine springs
(vruljas) that occur along the coastal part of the Skadar Lake (Figs. 16.34 and
16.35). The mean annual discharge of Karu¢ springs is 7 m?/s.

—120°
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Fig. 16.34 Hydrogeological section of Ostro hill-Karu¢ bay (Skadar Lake)

Fig. 16.35 a Photo of Karu¢ bay captured in visible spectrum; b photo of Karu¢ bay
captured in thermal infrared spectrum, from which it can be seen the temperature anomaly
(purple tones), i.e., the main location of groundwater discharge
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K map of Karuc springs catchment area

As a basis for mapping the surface karstification, orthorectified satellite
images (Quick Bird and SPOT images with a resolution of about 2.5 m),
and aerial images (captured by photogrammetric camera WILD RC30 in the
scale of about 1:5000) were used.

One of the first steps in the process of mapping the surface karstification
has been the identification and mapping of surface karst landforms, so sepa-
rately the map of karren fields and separately the map of the karst depres-
sions have been drawn (Fig. 16.36a, b). From these two maps, the Kf; and
K> maps have been obtained (Fig. 16.36¢, d), and by their overlapping, the
Ksr map has been created (Fig. 16.36e, f).

W=1-2
=23
>3-4
[
HW>45 0 10 Km

Fig. 16.36 Flow chart of procedure for derivation K¢ map. a Map of karren fields;
b map of karst depressions; ¢ Ky matrix map; d K matrix map; e Ky matrix map; and
f K contour map (modified from Radulovic et al. 2012). Springer and the Environmental
Earth Sciences, 65(8), 2012, 2221-2230, A new approach in assessing recharge of highly
karstified terrains—Montenegro case studies, Radulovi¢ MM, Stevanovi¢ Z, Radulovi¢ M,
Fig. 2, Copyright 2012. With kind permission from Springer Science and Business Media
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Ty map of Karuc springs catchment area

The map of fault lines has been obtained by the interpretation of Landsat
ETM+ color composite image created from bands 4, 5, and 7, which is
considered as one of the most suitable for geological research (Won-In and
Charusiri 2003). The images have been previously processed in order to
enhance their quality. Enhancing contrast of raw images has been performed
by selective linear transformations of the original pixel values.

Based on the digital map of fault lines (Fig. 16.37), by applying previ-
ously presented categorization (Table 16.4) and using ArcGIS 10.1 software
(Line Density tool), map of fault density of Karu¢ springs catchment area
has been obtained (Fig. 16.38).

B5TE000 B580000 G584000 B588000 6592000

I:I Catchment area [

T
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Fig. 16.37 The map of fault lines of Karu¢ springs catchment area (the background
image is LANDSAT ETM+ color composite created by bands 4, 5, and 7)
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Fig. 16.38 The map of fault density of Karu¢ springs catchment area

The map of the KARST index
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The map of the KARST index is created by overlapping K and 7¢ maps,
adding the values of these two factors and categorizing obtained contours

according to the Table 16.5.

From the map (Fig. 16.39), it can be seen that the highly karstified terrains,
i.e., areas with an increased KARST index, are represented in the northwestern
part of the study area. Also, from the map, it can be seen that the terrains that are
assessed as less karstified are represented in the central and southeastern parts of
study area. Terrains that have been classified in the category of moderate KARST

index occupy the largest surface on the catchment area of Karu¢ springs.
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Fig. 16.39 The map of the KARST index of Karu¢ springs catchment area
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16.3.4 Discussion

For the first time, the mapping approach has been applied to the catchment area
of Karu¢ springs (Montenegro). The proposed approach allows simple mapping of
karst terrains according to the degree of karstification, but it is only the assessed
image that can significantly deviate from the real state. Large discrepancies could
be expected especially in the case of deeper karstification. By this approach, it is
only possible to identify the areas where caves could be expected, but the real axis
of cave channels cannot be determined. The map of the KARST index more reli-
ably indicates the degree of shallow karstification, which has been developed to
the depth of a few tens of meters.

After preparation of the final map, in order to verify the assessed degree of
karstification, visits of some parts of the mapped area have been done. On the
most visited sites, the assessed degree of karstification by using remote sensing
mainly matches the subjective assessment from the field (Fig. 16.40). Therefore,
assessed degree of karstification by using remote sensing mainly matches to the
field assessment of shallow karstification.

Maps obtained by the presented concept are the most desirable to create in
the early stages of research. Thus, the research can focus on potential areas with
increased karstification, which would be checked by applying geophysical meth-
ods and exploratory drilling on the field.

The presented approach has its advantages and disadvantages. Some of which
are shown in the Table 16.6.

(a)

Fig. 16.40 a Terrains of the southeastern part of the mapped area which have been assessed (by
remote sensing) as low to moderate karstified; b terrains of northwestern part of the mapped area
which have generally been assessed (by remote sensing) as highly karstified terrains
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Table 16.6 The advantages and disadvantages of the presented approach

Disadvantages

Advantages

There may be certain errors (interpolation
errors, errors in analysis and interpretation
of satellite images)

Maps are produced without major investments
of funds

Obtained maps, due to the limited details,
are not especially reliable for the analysis
in the local scale

The result is spatial distribution of karstification
that is not possible to obtain by applying most
of the other methods

Maps are not especially reliable for the
assessing the karstification of deeper zones,
but are mainly intended to assess shallow
karstification

The results are also obtained for inaccessible
karst areas, where it is not possible to perform
the conventional on-site investigations

It is not possible to obtain quality maps
for the areas covered by vegetation

The maps are obtained based on easily available
data (aerial and satellite images)

16.3.5 Conclusion

Preparation of the map of karstification by using remote sensing represents a rela-
tively easy way to delineate highly karstified zones in the regional scale.

The map can be used as an additional base for solving some of the engineering
problems in karst. For example, it could be used for assessing suitability of the
terrain for the construction of reservoirs (in terms of permeability), for identifying
potential sites for the abstraction of groundwater, for identifying sites for artificial
aquifer recharge, as one of basis for the modeling of groundwater flow in the karst,
as one of the input maps for mapping groundwater vulnerability, for a first assess-
ment of suitability of the terrain for the construction of underground facilities, and
as a basis for planning research in order for rationalization.

The approach needs to be tested on a greater number of karst areas in order to
achieve additional improvements. The concept of mapping is adapted for highly
karstified terrains, so it is important in the following stages to highlight the possi-
ble shortcomings and take eventual modification for the terrains with lower degree
of karstification.

In the future, it is necessary to devote additional attention to this issue, con-
sidering the importance of the assessment of karstification for more complete
research and protection of karst aquifers.
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16.4 Combat Mixture of Groundwater and Surface
Waters in Karst

Zoran Stevanovié

Centre for Karst Hydrogeology, Department of Hydrogeology, Faculty of Mining
and Geology, University of Belgrade, Belgrade, Serbia

16.4.1 Introduction

The mixture of fresh groundwater and surface water is a frequent problem in karst,
and most problematic for the sustainable use of fresh groundwater. This problem
results mostly from the high permeability and low attenuation capacity of karst
aquifers, particularly those formed in open (unconfined) structures. The exist-
ence of such a mixture makes it complicated to distinguish and separate fresh
groundwater from surface flows or water reservoirs such as a lake or sea. Even
more problematic is the restoration of the natural quality of groundwater polluted
by surface water flows or seepage, as discussed under the topic of remediation in
Sect. 17.4 of this book.

Concerning the kinds of surface water and their negative impact on adjacent
aquifers, surface water can generally be distinguished as follows:

1. Waste surface waters (already contaminated and untreated or partially treated,
or leakage from various sources such as landfills, industry, communal sys-
tems; pollutant liquids may also be flowing through canals or be being stored in
ponds in direct or indirect contact with karst),

2. Sea and brackish waters (saline to various degrees),

3. Lake waters (potentially polluted),

4. River waters (potentially polluted).

Regardless of which is present, it is always better to prevent their contact with
karstic waters. Interventions may be very different and should be adapted to the
concrete circumstances. Some of the remedial measures that may be applied in
karst are as follows:

making an impermeable seal along canal bottoms or riverbeds,

building small dams or weirs,

constructing grouting curtains,

diverting surface waters to other directions and catchments,

plunging ponors,

making so-called reactive barriers by pumping additional freshwater into
aquifer.

How to tap fresh groundwater in coastal karst and avoid the intrusion of surface,
particularly saline, waters is the practical problem on which this discussion is fur-
ther focused.
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16.4.2 Historical Experience

Tapping coastal aquifers and distinguishing freshwater from seawaters are regu-
larly a very difficult task. The Phoenicians constructed special structures such as
collective boats with iron funnels and leather pipes to force freshwaters to flow
upwards to the surface to supply their citizens. Freshwater was also tapped by
tubes or specially constructed bells driven down spring outlets or amphorae turned
upside down to catch the flow (Bakalowicz et al. 2003a).

Many cities in the Mediterranean basin, one of the World’s cradles of civili-
zations, were built near large sources of freshwater (Stevanovi¢ and Eftimi 2010;
Stevanovi¢ 2010a). An important role in this case was played by the position of
impermeable barriers which dictate the drainage point to be below sea level or
above it. Therefore, where this barrier is well above sea level, the chances to uti-
lize freshwaters are increased and this was well known by the skilled Greeks and
Romans who defined the position of many famous historical towns. For instance,
on the eastern Adriatic shoreline (Dalmatian coast, Croatia), the town of Split (lat.
Spalatum) was built in close proximity to the major karstic spring in the Jadro area
which is around 30 m above sea level (see Fig. 2.4), and the town of Dubrovnik
(lat. Ragusa) was built near the huge spring of Ombla which discharged at only
3 m a.s.l. Some other springs such as the Bistrica group of springs in Albania
(including the famous Syri Kalter—Blue Eye, see Fig. 3.41) are envisaged as
one of the potential sources even for transboundary distribution to southern Italy
(Puglia Region) due to their huge minimal discharge and secure discharge points,
some 50 m a.s.l. (Eftimi 2003). In the Adriatic basin, the main karstic aquifer sys-
tem is from the Mesozoic age while the main barrier is represented by younger
Eocene flysch. The deep and regional flow from inland is thus adapted to the
regional erosion base as is the sea level (Fig. 16.41).
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Fig. 16.41 Schematic typical cross section through the karstic poljes of the Dinarides (after
Mijatovi¢ 1983, modified by Stevanovic). Legend 1 karstified Mesozoic limestone; 2 flysch bar-
rier; 3 porous aquifer of polje; 4 fault; 5 groundwater flow; 6 direction of flow around the barrier;
7 regional flow; § groundwater table
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During the geological history in Neogene and the Messinian salinity crisis, the
connection between the Mediterranean Sea and the Atlantic Ocean was closed and
the sea level in the Mediterranean basin declined by several hundred meters. As a
result of intensive karstification and first a specific arid and then a glacial climate,
many springs along the paleocoast were also opened at a lower position but today,
with the sea level significantly raised, they are functioning as submerged springs.
Therefore, the hydrogeological evolution of the Mediterranean littoral karst was
decisively affected by the rise in level of about 100 m during the last interglacial
state (Mijatovi¢ 2007).

In contrast to drainage points above sea level, the submarine springs (vruljas)
occur in places where the impermeable barrier is missing or is much below the
sea. Bakalowicz et al. (2003a), Fleury et al. (2007) and Dorfliger et al. (2010)
emphasized that the location of many of these springs in the Mediterranean basin
is relatively well known and documented. An overview of the largest submarine
springs in the Mediterranean basin, but also in other regions with large submarine
discharge (Florida, Caribbean basin, Black Sea, Persian Gulf, and Pacific islands),
has been provided in an unpublished report by M. Bakalowicz (2014, Karst sub-
marine and related coastal springs of the world. Report on WOKAM project,
unpublished) for the ongoing World Karst Map project (WOKAM, in press).

16.4.3 Hydraulic Mechanism and Methods to Identify
Submerged Flows

The classical Ghyben—Herzberg formula which defines the relationship and inter-
face between fresh and salty water is generally valid for karst aquifer (Stringfield
and LeGrand 1971; Bonacci 1987; Arfib et al. 2005), but its application, as in the
case of Darcy law, should be used with caution (Fig. 16.42) because direct contact
of two fluids established in saturated karstic channels and cavities and transitional
zone of brackish water could be very much extended (Fig. 16.43).
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Fig. 16.42 Sketch for Ghyben—Herzberg hydraulic relationship
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Fig. 16.43 Open structure of highly karstified rocks in direct contact with the sea. Porto Vromi
(Zakhintos, Greece)

The hydraulic relationships are driven by the difference in water density
between fresh and seawater, but the more important factor in this relation is the
hydraulic head in the aquifer system (/). The freshwater is of lower density (pof)
and overlies saltwater (pg,) as a lens. Consequently, when head (lens’ thickness)
is larger, the chances for mixture are reducing. Although the regime of karst aqui-
fer regularly varies throughout the year, the same aquifer may discharge fresh or
brackish, or even totally saline water and spring discharge is activated permanently
or seasonally.

The Ghyben—Herzberg formula for depth of fresh—saline water interface can
be calculated as follows:

H=——"h (16.1)

where,

H  depth to interface fresh—saline water

pir  density of freshwater

psal  density of saltwater

hg  freshwater head above sea (and minimal groundwater level)

Although the density of freshwater is 1.0 and the density of saltwater is 1.025,
under hydrostatic equilibrium, the depth to the interface is 40 times the height of
the water level above the sea. Consequently, one meter of drawdown of freshwater
results in an intrusion of saltwater by 40 m and more. And more intense pumping
will cause fast salinization of the aquifer.

The problem with the Ghyben—Herzberg hydraulic law is the assumption that
there is no flow under hydrostatic equilibrium and that the head of freshwater
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Fig. 16.44 Schematic model of different salinity zones in karst of Yucatan (After Beck, 1992)

comes to zero at the point of contact with the sea. Because the movement and dis-
charge of fresh groundwater have to be taken into account and the interface is not
sharp but transitional, many new formulae have been developed to overcome these
deficiencies since the law was imposed in the early 1900s (Arfib et al. 2005).

The dynamic of coastal aquifer discharge and the problem of interface salty—
freshwaters have been studied for many years and by many authors (Zektser et al.
1973; Mijatovi¢ 1983; Drogue and Bidaux 1986; Drogue 1996; Bakalowicz et al.
2003a; Fleury et al. 2007). A simple scheme is also presented by Back (1992) who
studied the famous Yucatan karstic aquifer in Mexico (Fig. 16.44).

Box 16.4.1

Yucatan Peninsula (Mexico)—Open and vulnerable karst system

The Yucatan Peninsula aquifer, a huge open system at low altitude (average 30 m
a.s.l.), consists of highly permeable limestones and rapid infiltration of rainfall
but also discharges into the sea. However, when in some areas such as the city
of Merida in the NW or the tourist center of Cancun, pumping of groundwater
becomes intensive, the attained drawdown results in the intrusion of salty water
inland as well as its movement upward. Back (1992) identified large hydrau-
lic conductivity of karst and lack of freshwater head as reasons why a saltwa-
ter body underlies a freshwater body and is extended over almost one third of
the peninsula’s surface. The mixing zone between fresh and seawater is marked
by brackish water whose salinity increases downward. Back (1992) states that a
geochemical zone with increased salinity also stimulated the karstification pro-
cess and this is why many cenotes such as karstic inlets (shaft-like sinkholes with
extended saturated deep and long canals), lagoons, coves, and crescent bays are
well developed particularly along the east cost of Yucatan (Fig. 16.45).
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Fig. 16.45 Cenote in the middle of Yucatan, near Valladolid

Many cases of deterioration of littoral aquifers and deep intrusion of salty water
have been noticed worldwide. Where there is absolutely no problem of salt intru-
sion, there is almost no littoral karst, at least during droughts or low water seasons.
Particularly, problematic might be the situation in the islands where freshwater
bodies are completely surrounded by seawaters.

Different methods are used in hydrogeological practice to identify the presence
of deep groundwater flows in coastal zones in order to capture them before they
reach the shoreline or start to mix with salty waters.

The reconnaissance or initial stage of survey of coastal aquifers includes remote
sensing methods. A satellite image represents a digital signature of reflected elec-
tromagnetic energy. Images from a multispectral scanner include bands from differ-
ent spectral areas: blue, red, green, infrared, etc. Analysis of the lithology, tectonic
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pattern, vegetation index, and moisture vegetation index can also be supported by
careful observation of the shoreline and possible changes in the color or intensity of
the reflected signal in surface water near the banks.

Besides optical locating of the sublacustrine springs, infrared thermography
techniques, which are based on the detection of temperature anomalies, could
also be applied. The temperature anomalies usually appear at locations where
there are discharges of colder groundwater below the level of the warmer sea/lake
water, i.e., at locations of submerged springs. But, the reverse situation of warmer
groundwater discharging into colder seawater is also possible in some regions
particularly in the Northern Hemisphere. Examples of identification of sublacus-
trine springs along the shoreline of Skadar Lake in Montenegro are explained
in Sect. 16.3. The same section also presents the use of terrestrial recording by
thermal infrared camera which may help in identifying submerged springs (see
Fig. 16.35).

Different geophysical methods, including geoelectrical resistivity, sponta-
neous potential, mise a la masse, electrical tomography, very low frequency,
microseismics, gravimetry, and geophysical logging, can be applied for defining
groundwater flows (Arandjelovi¢ 1976). One very specialized method is induced
polarization which was successfully applied for the first time in the Adriatic
islands in the 1970s. This method helps to distinguish further caverns filled with
water from caverns filled with clay, as both provide similar values of resistivity
when an electrical resistivity method is applied.

Along with classical tracing tests which enable visualization of colored waters,
different types of robots or underwater vehicles are constructed for identification
and sampling of water. For example, the autonomous underwater vehicle, Taipan
1 and 2, has been developed in LIRMM laboratory (France) for measurements
of conductivity and temperature values of water at certain depths as well as GPS
positioning of sampling sites (Lapierre et al. 2008). It is a torpedo-shaped vehicle
with a single propeller (very similar to a current meter), and relatively small in
size (1.80 m length, 0.2 m diameter, 60 kg).

Thanks to this vehicle, specialized divers can enter saturated karst channels of
large dimensions and collect valuable information on their extension as well as do
water sampling (see Box 3.13). Mapping the karstic deep channels may signifi-
cantly support engineering projects on aquifer regulation.

Finally, the exploratory drilling, the subsequent pumping test, and the hydro-
chemistry analyses provide the most precise data on groundwater flow, optimal
discharge, and water quality which are essential elements when evaluating the
relationship between fresh and salty water.
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16.4.4 Sustainable Tapping and Use of Fresh Karstic Waters

According to Mijatovi¢ (1983), one of the main tasks of hydrogeological research
is to distinguish the following:

e aquifers opened toward the sea,

e aquifers having an incomplete barrier (resulting in the presence of a wide range
of salinity from brackish waters), and

e aquifers discharging over complete barriers.

The last are “safer” from seawater intrusion and provide the most convenient
ambience for tapping and engineering regulation of aquifer. As already stated, in
the case of the Mediterranean coast, the freshwater supply greatly depends on the
barrier extension and local position.

During the last half century, many successful projects have been implemented
in the Adriatic basin which solved the problem of increased water demands and
pressures on already vulnerable coastal aquifers (Alfirevi¢ 1963; Mijatovi¢ 1984;
Komatina 1984; Biondi¢ and Goatti 1984; Milanovi¢ 2000c; Eftimi 2003; Biondié
and Biondi¢ 2003; Al Charideh 2007). Some of these are explained in Hydrogeology
of karstic terrains, case histories, which is edited by Burger and Dubertret, and which
is Volume 1 of the IAH series International Contributions to Hydrogeology (1984).

Similarly, the book Groundwater management of coastal karstic aquifer resulted
from the project COST action 621 (2005) and contains discussions and results from
62 selected observation and studied sites from 8 Mediterranean countries. The aqui-
fers are displayed in the four groups, class A (40 % of the total studied aquifers) being
most vulnerable to salt intrusion due to unconfined character and high permeability.
Classes A and B comprise almost 80 % of all studied aquifers “where salt intrusion is
a real problem and over-exploitation is the common way to manage the aquifer.”

Many attempts have been made worldwide to find an appropriate solution to
tap freshwater from submerged springs. Some of them are based on previously
described principles first applied by the Phoenicians. For instance, Bakalowicz et al.
(2003b) described the function and result of testing of a tapping device constructed
by the French company Nymphea water in the 1970s and improved in 2003. The
secure cylinder enclosing the spring was designed to follow the seabed contour. The
chimney is topped with a half sphere and pipe conveying water upward. The system
relies on differences in density between spring water and seawater, and freshwaters
are driven to the surface by the denser, more brackish water below.

Although any attempt to capture submerged freshwater flow is difficult and the
final result is uncertain, the most appropriate solution is to tap fresh groundwater
flow as far as possible from the sea and direct discharge zone. In many cases, the
horizontal galleries placed directly into the conduit which enables gravity flow are
a better option than pumping from drilled wells or shafts. But whatever intake is
applied, systematic monitoring of discharges or pumping rate versus water salin-
ity should ensure sustainable aquifer development and prevent the effects of water
salinization or quality deterioration (Fig. 16.46).
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Fig. 16.46 Typical cross section in littoral karstic aquifer where pumping rate from drilled well
has to be accommodated to actual hydraulic head. Legend 1 Static water table in high water
period, large hydraulic head prevent mixture of fresh with salty water; 2 Static water table in
low water period, declined hydraulic head does not prevent mixture of fresh with salty water and
a counterbalance is established; 3 A small pumping rate and radius of well are still feasible and
slight increase in mineralization of tapped water is only possible. 4 A large pumping rate disturbs
interface of fresh and salty water and intrusion of the latter is very probable. 5 Approximated
zone delineates brackish and farther away salty water body from freshwater body. It is movable
in accordance with status of hydraulic head (pressure in aquifer system)

Box 16.4.2

Ain Zeina, Lybia—saline water intrusion due to over-pumping

In order to improve the water supply of Benghazi (Libya), a proposal to tap
Ain Zeina brackish spring water far from the coastal zone was provided by
experts of the Geological Survey of Serbia (B. Mijatovi¢, 2006, Geological
and hydrogeological framework of integrated water resources management
in Libya. Report. Geological Survey of Serbia, Belgrade, unpublished).
Research undertaken in the Jebel Akhdar area resulted in 10 exploratory
wells drilled in well-karstified numulitic Eocene limestones in the most
prosperous zone of Sidi Mansur which is 11 km from the coast (Fig. 16.47).
The yield of these wells ranged from just a few 1/s to 20 1/s. More impor-
tantly, the CI ion content was regularly lower than 400 ppm.
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Fig. 16.47 Hydrogeological cross section of the Sidi Mansur (Jebel Akhdar)—Ain Zeina
(modified from B. Mijatovi¢, 2006, Geological and hydrogeological framework of inte-
grated water resources management in Libya. Report. Geological Survey of Serbia, Bel-
grade, unpublished). Legend 1 Unsaturated Eocene limestones; 2 Karstic Eocene aquifer
with freshwater; 3 Karstic Eocene aquifer with brackish water; 4 Salinity iso lines, values
in ppm

Based on these results, one vertical shaft with a long horizontal galley
was designed and constructed (Fig. 16.48). It was the first horizontal gallery
executed in Africa in modern times (B. Mijatovi¢, 2006, Geological and
hydrogeological framework of integrated water resources management in
Libya. Report. Geological Survey of Serbia, Belgrade, unpublished).! The
vertical shaft is excavated to a depth of 82 m. The bottom is at 1.9 m a.s.l.
while the average groundwater table is at 3.5 m a.s.l. From the shaft bottom,
the 500-m-long gallery is excavated perpendicular to the groundwater flow
(2 x 250 m from the center of shaft). While the Ain Zeina spring discharged
an average yield of 1,000 I/s of brackish water, the Sidi Mansur tapping
structure enabled the pumping of 400 1/s (with a Cl content of
300-350 ppm).

Unfortunately, with no established proper monitoring and control over
the extensive pumping from the shaft, the salinity front intruded further
inland and the groundwater became brackish even in the Sidi Mansur. After
15 years of operation, the average groundwater salinity reached a value of
1,500 ppm.

! Collecting galleries were used for the water supply of ancient Cyrene (Cyrenaica) in Roman
times.
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Fig. 16.48 Sidi Mansur tapping structure—vertical shaft and gallery (redrawn based on
personal explanation of B. Mijatovic)

Box 16.4.3

Port-Miou (France)—Regulation of brackish springs by underground dam
One of the world’s most known projects in coastal karst is the intake and
underground dam constructed for the city of Marseille with the aim to dis-
tinguish fresh and seawater flows. The two large springs, Port-Miou and
Bestouan, are in fact underground drowned karst rivers issuing from the
Calanques range of hills on the coastline between Marseilles and Cassis. They
are discharging much more groundwater (3 m%/s) than calculations from con-
ventional formulae allow for and an apparent surface catchment of maximal
150 km?. It has been assessed that only infiltration from a close alluvial plain
fed by water from irrigation canals together with inflows from more distant
limestone formations can cause such a huge discharge (Poti€ et al. 2005).

In order to find an appropriate response to the fast-growing water demands
of the city of Marseilles, in 1964 two French institutions, the Geological Survey
of France Bureau de Recherches Géologiques et Minieres (BRGM) and a local
water company from Marseille (SEM), conducted an extensive geological,
geophysical, topographic survey including tracing tests and diving exploration
(described also in Box 15.4.4 of Sect. 15.4). The survey of Port-Miou resulted
in the construction of the first underground dam in 1972 and a complete closure
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of the gallery with a second underground dam (Potié et al. 2005). The objective
of the phase-1 dam was to prevent saltwater intrusion without modifying the
aquifer’s pressure. The principle of a “chicane” dam was adopted. This involved
building a pair of dams 530 m from the sea outlet: an upstream chicane dam on
the gallery floor and a downstream chicane dam on the gallery roof (Fig. 16.49).

500 m
- -

Sea level Limestone Dam Cavern 500 Shaft and gallery
| | M | 4

Fig. 16.49 Port Miou underground dams (after Poti¢ 2005). The inverted dam forces
freshwater downwards, while the dam on the gallery floor prevents saltwater from pen-
etrating farther upstream into the exploitation gallery

Construction of chicane dams did not entirely stop salinization of ground-
water, but it had a significant positive effect: Salinity of the water dropped
from 4-5 to 2-3 g/l at the surface, and upstream of the dam at a depth of
20 m below sea level from 18-20 to 3—4 g/I. However, complete prevention
of salinization was not possible.

There are also many sublacustrine springs or spring/seepage registered along the
riverbeds which are not easy to tap and separate from surface waters. An example
of very intense underground drainage along lake shores is the Skadar/Shkoder Lake,
the largest in the Balkans, shared between Montenegro and Albania. Only on the
Montenegrian shoreline has the average groundwater flux from the submerged springs
been estimated at more than 10 m>/s. From this, one of the largest reservoirs of fresh-
waters in all of Europe, one recent project successfully conducted, has ensured the
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water supply of all Montenegrian ports and touristic cities on the coast (Stevanovi¢
2010b). Experience collected from this project (Box 16.4.4) and a sophisticated
solution to distinguishing lake and groundwater waters can also be accordingly applied
at many other submerged springs along the lakes and Adriatic coast.

Box 16.4.4

Bolje sestre intake (Montegero)—Separated lake water and groundwater
The new Montenegro Regional Water Supply System (RWSS) covers the
water supply of all municipalities along the coast. The RWSS is designed on
a maximal capacity of 1.5 m?/s; the total pipeline length is 140 km, of which
the continental part from Skadar Lake to the coast comprises 33 km. This
new system, functioning since 2010, has solved the acute problem of water
shortage due to the small discharge of previously tapped coastal springs in
summer months when the tourist season dictates maximal water demands.

The tapping of Bolje sestre sublacustrine spring was first proposed by
Radulovi¢ (2000b) because of its shallow depths of submerged discharge
points and its assessed sufficient and stable flow throughout the year. After
conducting complex hydrological, hydrochemical, hydrogeological sur-
veys, tracing tests, exploratory drilling, and identification of the position of
the main groundwater transient channel, three options of tapping freshwater
flow were evaluated (Stevanovi¢ 2010b):

1. by enclosing the area of the source discharge, and using a small coffer
dam, the discharging water can be captured and pumped into the scheme;

2. custom-built metallic pipes can be jacked into the ground of the lake, and
anchored by underwater cementation, creating intake shafts for pumping
to the scheme,

3. ashaft of large diameter located on land, approx 5—-6 m above the lake level,
cased off with steel casing, enclosed in a suitable pump—control house.

Although option 3 guarantees the capture of groundwater flow before
it reaches the lake, the problem of possible large drawdown and backflow
of lake water, along with the energy required for pumping, oriented further
study toward solution 1.

Following the request to avoid a mixture of ground and surface waters,
the concrete elliptical structure—coffer dam has been designed and con-
structed. It covers a surface of some 300 m?. Considering the importance
and influence of lake water fluctuations on the intake, the special removable
spillway section (rubber gate) has been designed and installed on the dam
crest. The idea is to allow the non-captured spring water to overflow easily
into the lake and to manipulate the height of the water level inside the cof-
fer dam when the lake level rises (annual amplitude can be 5-6 m). The two
automatic and remotely operated compressors are used to direct the air into
a rubber tube and activate the gate when necessary (Fig. 16.50).
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Fig. 16.50 Intake Bolje sestre and three stages of its construction
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To date, the system is functioning without interruptions and failure.
The minimal discharge of 2.3 m%/s is far above actual demands. More
importantly, the design and implementation of this excellent intake solu-
tion are between just 1 and 2 percent of the total investment in this complex
water supply project. However, the question is, be proud of this fact or con-
sider it an underestimation of intellectual property?
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