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Floods in karst area – case study - croatia
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Abstract: A part of Croatia is situated in the karst area. Karst poljes (fields) are periodically flooded and that areas are mainly extensively used. In some cases flood protection measures are applied. In the paper are presented flood problems in karst poljes in Croatia and the possible protection measures. In detail is presented river Gornja (Upper) Dobra, which periodically flooded city Ogulin. In this paper a review of earlier flooding are given; the works to prevent flooding are described including a hydroelectric power plant which reduces water flows to the sinks. An analysis of the 1999 extreme flooding is given. Also damages caused by the flooding and measures how to improve protection are described.
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1. Karst poljes in croatia
The Karst is a complex concept that signifies specific morphological, hydrological and hydrogeological features of an area. It can be found on all continents, at different altitudes (on land and below the sea). This area is characterized by predominant ground water circulation in comparison to surface runoff, more considerable deviations between topographic and actual dividing drenaige system, and in general, specific surface (scallops, sinkholes, dolinas, poljes) and underground karst forms (caves and shafts - speleological objects). The karst develops in areas built upon easily soluble rocks (carbonates, dolomites, gypsum, evaporites, etc.), distinguished by an expressive (former) tectonic activity (fisures, cracs, faults, folds, nappes) and, additionally, sufficient quantity of water to affect the rocks (by erosion or corrosion). 

The thickest known karst rock complexes in the world are Mesozoic carbonate sediments of Dinaric and Adriatic plates in Croatia (Europe) – their thickness amounts to approximately 8 kilometres. Speleothems (dripstones, stalactites, stalagmites) were found in borehole at depth of 3,125 metres, which evidently indicates very intensive secondary karst sedimentation. Up to 54% of the Croatian territory was formed upon karstic rocks, or 73%, if the submarine zone is taken into account.

The largest external or surface karst forms are Poljes, especially represented in the Dinaric Karst system, with more than 130 registered poljes. Consequently, the local toponym “polje (field)” has become an international designation for the mentioned concept. The total area of poljes in this region amounts to approximately 1,350 km2. They consist of depressions larger than 1 kilometre in size, surrounded by elevated karst landscape from all sides. The poljes are covered by a thin layer of Quaternary or Neogene water-impermeable depositions that allow surface runoff. Downwelling waters, i.e. waterflows that spring from karstic rocks at the borders of poljes, flow over the poljes, and subsequently again continue to flow underground, sinking at ponors (sinks) of poljes. Accordingly, every karst polje needs to have one karstic spring and one karstic sink at minimum. However, in reality there are more springs and several dozen or even hundred sinks in one polje. Karstic poljes are commonly named after the downwelling waters that flow over them, for instance Ličko polje after the Lika downwelling water, Gacko polje after the Gacka, Lič polje after the Ličanka, Krbavsko polje after the Krbava, etc. 

There are three main types of fields in hydrogeology: border polje (field) characterized by allogenic route (passage to closed-end valleys), structural polje (field), geologically controlled, and most frequent in the Dinarides, and formed by settling (ridges) and filled by Neogene sediments, and base level polje (field), where the regional epiphreatic water level cuts through the surface. 

The largest polje in the Dinarides and the world is Ličko polje (Croatia) with the surface levelled bottom of 474 km2, followed by Livanjsko polje (Bosnia and Herzgovina) of 385 km2. In Croatia, there are 81 larger poljes, and 11 fields of 30 km2 in size and larger (Ličko polje, Imotsko polje, Gacko polje, Krbavsko polje, Sinjsko polje, Ogulinsko polje, Petrovo polje, Konavosko polje, Vrgoračko polje, Dicmo polje and Kosovo polje).

Poljes are periodically flooded, because sinks are not able to take surface water quickly enough, and especially when the underground has already been saturated by water. Lower sink capacity is also affected by drifts brought along by floods and pulled into sinks. In addition to drifts, which are also caused by human factor, sinks or their vicinity are recently often used as waste disposals, which has an additional impact on flood increase and frequency.

The karstic polje flood zones are known. These areas are in extensive use (pastures, meadows, etc.) and damage is relatively small. The karst polje waterflow is partially constant, and the basin becomes only partially active occasionally. Traditionally, these waterflows are used for mill constructions, fish farms, especially river crabs, known as a speciality. A smaller number of poljes with lowering sink capacity are flooded more frequently and to a greater extent, and consequently the residential areas (settlements) are becoming endangered, as well as areas in intensive use (arable land), which did not used to be flooded before.
2. flood protection measures
It is possible to retain relatively natural conditions and potentially improve them by sink maintenance (cleaning) and clogging protection (e.g. grids). Additionally, sink maintenance may help reduce extremely large floods. Another group of solutions concerns tunnels constructed to conduct a portion of waters away from the polje. These waters are subsequently used or drainage capacity increase is only applied as flood protection purposes. The Konavosko polje is an example of that type of flood protection measures – a tunnel was constructed to increase drainage capacity of large water quantities. In Croatia, waters from some poljes are used to generate power, and thus reduce floods by dams and partial water drainage beside sink zones. This method was applied to build hydropower plants Senj, Vinodol, Gojak and Orlovac. The construction of hydropower plant Orlovac included the use of flooding areas of Livanjsko polje (Bosnia and Herzegovina) and nearby areas to construct one of the largest karst reservoirs (Buško blato, 800,000,000 m3 in volume). The other three hydropower plants in the poljes outside the sink zones have reservoirs, and a greater portion of waters is conducted beside the sink zones, while a smaller portion of floodwater still runs down into the sink zones. As a result, the quantity and frequency of floods were reduced, but they were not completely eliminated. For instance, the Sklope dam (the Lika waterflow) has about 30% of water under control, but floods are still occurring. In addition to dams, flooding waters may also be reduced by detention reservoir, which is in plan for Ogulinsko polje.
3. konavosko polje
Konavosko polje is situated in the Croatian south, south of Dubrovnik, and covers the area of 48 km2. The sink zone, which is 45 m above sea level (the Adriatic Sea), is the meeting point of three waterflows: the Ljuta, the Konavočica and the Kopačica (Figuere 1). Flood discharges are given in Table 1.
As flood protection a tunnel was built in Konavosko polje about 4.5 m in diameter, and about 60 m3s-1 capacity, which eliminates floods in this field (Figure 1). 
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	Table 1: Flood water at sink in Konavosko polje
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Figure 1: Konavosko polje
4. ogulinsko polje (the Gornja dobra river)
4.1 In general
There are two important rivers in Ogulin polje (about 320 m altitude): the Zagorska Mrežnica River and the Gornja Dobra River. On both rivers there are reservoirs which are connected by a tunnel. They are a part of hydroelectric power plant Gojak (installed capacity of 50 m3s-1; operation began in 1959).

The Zagorska Mrežnica River collects waters in a smaller portion directly from the orographic river basin, and largely from the poljes on higher horizons (Jezerane and Drežnik (500 m altitude); Krakar and Lug (450 m altitude) and Crnac (450 m altitude).

The Ogulinska Dobra accepts a larger portion of its waters from the orographic river basin (380 km2).

The Ogulinska Dobra River sinks in the area of the town of Ogulin, while the Zagorska Mrežnica River sinks in a wider sink zone east of Ogulin, and runs through the villages of Otok and Oštarije. The waters of the Gornja Dobra appear as the Donja Dobra River at the lower level (200 m altitude) or merely as the Dobra, and partially as the Bistrac (the Dobra tributary), and the waters of the Zagorska Mrežnica (with exception of waters used in the Gojak Hydropower plant and discharged into the Donja Dobra) as the Primišljanska Mrežnica at the lower level, or merely the Mrežnica, and as the Tounjčica (the Mrežnica tributary).

The Ogulinska Dobra sink is a dominant sink in the town of Ogulin, which constitutes a cave system known as Djula – Medvjednica cave system. It is on the first place in Croatia according to its recorded length of 16,396 metres. Although this cave system is large, it has some “jams” during large inflows at several places, which do not allow fast outflows. Consequently, the town of Ogulin had severe floods with  water level increase of more than 45 metres in sink (1999 and 2004). 

The Figure 2 shows a photograph taken in the Djulin ponor – Medvednica cave system (author M. Garašić). 
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Figure 2: Djula sink inside 
From the hydrogeological point of view, it should be emphasized that the allogenic river Ogulinska Dobra flows into the Ogulin region from the north, and it flows over dolomites without any water losses, but as soon as it reaches limestone, the sinks appear. The Ogulin Dobra finally disappears underground in Djulin ponor (Djula Sink) in Ogulin at the meeting point of dolomites and limestone.

The Zagorska Mrežnica springs at the meeting point of Triar clastites and carbonate sediments, draining waters from the carbonate Kapela hinterland. It flows over Triar clastites and dolomites, but when it reaches limestone, it begins to sink underground, and finally disappears in the sinks nearby Oštarije. 
All waters that sink underground in this area are enriched by regional rainfall, and they reappear at the springs further on to the northeast (the Gojak – the Gojačka Dobra, the Bistrac, the Tounj – the Tounjčica). In the central part nearby Sabljaci a dam was built, natural order was disturbed, and consequently the Zagorska Mrežnica sinks have become almost dried out today. 
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Figure 3: Geological map of the Ogulin region with ground water movements (adjusted by M. Garašić)
Therefore, the hydrogeological characteristic implies that dolomites (especially Upper Triar dolomites) situated at the core of the terrain, when compared to limestone, represent an underground barrier in which the dam was built. (Figure 3) 

4.2 Floods

The town of Ogulin developed on a plateau above Djulin ponor (Djula Sink) and today it is a small town with 8,700 inhabitants. The Gornja Dobra River (Fig. 6, basin) is an extremely torrential river with sudden occurrences of large water quantities of short duration. Lower parts of the town are flooded more frequently, and the canyon water in the sink area discharges into the north-eastern part of the town through Suha Djula depression The peak floods were recorded around 320.5 m above sea. The sink canyon is more than 45 m (Fig. 4). 
The floods depend on the size of the incoming water wave (maximum flow and volume of the water wave), hydropower plant operation and sink capacity. Fig. 5 shows maximum yearly discharges for the period 1963-2003. The figure shows the discharge of 170 m3s-1 with most frequent floods, which can reach level 320.5 m above sea.
Figure 4: Longitudinal profile



Figure 5: Maximum yearly discharges
4.3 Sink capacity
In time the major sink capacity – Djula Sink – has been reduced due to drifts accumulated during floods, which entered into the cave system. One of the more serious accidents happened a couple of decades ago when huge water quantities swept away a large quantity of bulky beams from the saw mill, which were partially pulled into the sink. In addition to branches, beams and planks there are also various types of town waste deposited in the sink (metal, plastic and rubber waste). Unfortunately, waste waters are also discharged into the sink, which makes the sinking portion of the Dobra River even more polluted. The sink is situated in the canyon of over 45 m in depth (Fig. 4) and 1,850,000 m3 in volume (at level 320 m above sea). Today it is estimated that the sink capacity amounts to about 40 m3s-1 during low water levels in the canyon, 70 m3s-1 during canyon water level of 320.5 m above sea (frequent floods), and 90 m3s-1 during the extraordinary flood in 1999 (water level above the sink – 322.5 m above sea).
4.4 Hydropower plant
In mid-1959 the Gojak hydropower plant was built with the installed discharge of 50 m3s-1. On the Gornja Dobra a small Bukovnik dam was built (reservoir storage of 240,000 m3). When the hydropower plant is in operation, the discharge towards the sink is reduced by 50 m3s-1 (water quantity that is conducted to the machine hall situated on the Donja Dobra), and reduces the risk of floods. Before the hydroelectric plant was built, the Ogulin floods had been more frequent even during smaller discharges.
4.5 The extraordinary flood in 1999
The inhabitants of Ogulin, the hydropower plant management and water management experts were surprised by the flood in July 1999. Firstly, by the time of its occurrence (summer) and its intensity, which surpassed all registered records and those in the memory of the inhabitants. The flood was a consequence of abundant rains in the entire Gornja Dobra basin (Fig. 6). From 20:00 on 28 July to 11:00 on 29 July 156 mm of rainfall were recorded in the upper part of the basin. During the flood, the hydropower plant was being maintained and as there was scaffolding in the tunnel, it could not be used to redirect a part of water. It is a common practice to do maintenance work only in July as there is usually no rain at that time. Figure 6 illustrates the flood in the town. The water level above the sink was recorded at 322.50 m above sea (the volume in the canyon area about 9,000,000 m3).
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Figure 6: Gornja Dobra basin and flood in Ogulin 29 July 1999
4.6 Flood protection measures in Ogulin

Floods may be reduced by a sink capacity increase (cleaning of the sink in the first 100 to 150 m – about 2000 m3 of drifted materials), regular sink maintenance, sink zone protection against floating objects, hydropower plant operation security and retention system. In terms of the constructed space, it is possible to achieve detention reservoir about 7 km upstream from the sink (Figure 7). In terms of the existing railway, fish farm, houses and approach roads, retention may be achieved by a dam of 15 m in height and maximum volume of 4.7 106 m3. In order to have a better use of the sink, it is foreseen that the retention operation would be done so as to achieve maximum future water level above the sink as soon as possible, and thus achieve maximum sink capacity and increase water drainage from the Ogulin plateau. In the extension, the retention space is used to maintain inflow towards the sink, which is convenient for the sink capacity. In the first phase it is foreseen that the retention will protect the dam up to level 320 m above sea, while the sink cleaning increases safety and reduces flooding waters to an even greater extent. The operation regime is shown in the following figure (Figure 8).
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Figure 7: Planed detention reservoir
Figure 8: Water wave transformation through detention reservoir
5. conclusions and recommendations
There are a large number of fertile karst poljes in the Croatian karst zone. The water flows away from these poljes through sinks, and given the fact that the sink capacity is limited, the poljes are periodically flooded. Flood reduction is managed through sink capacity increase (tunnel construction, cleaning and widening of bottlenecks), reservoirs and detention reservoirs, and redirection of a portion of waters into another basin beside the sink. The paper shows examples of flood protection measures in Konavosko polje and the town of Ogulin, which has recently experienced an extraordinary flood. Since the water flows are predominantly of a torrential nature, it is important to design adequate solutions by regular and thorough rainfall observation and basin discharges, and water levels primarily in sink zones and continuously, during the entire flooding period.
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