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Abstract

Hydrogeological research of karst areas in Sardinia is often hindered by the discontinuity of superficial runoff and as a consequence the difficulty in performing dye tests. Recent combined speleological and hydrogeological surveys have brought to important scientific results in the carbonatic massif of Supramonte (Central-East Sardinia) where hydrological input and output points are well known and easily monitored. Not the same can be said for the adjacent Gulf of Orosei coastal karst area where inputs and outputs are relatively well known but difficult to monitor. 

From a geological point of view the Gulf of Orosei is characterised by a Mesozoic sedimentary sequence covering a crystalline Palaeozoic basement composed of granites and metamorphic rocks. The Mesozoic sequence starts with transitional alluvial-lacustrine conglomerates, sandstones and marls of the Genna Selole Formation (Bajocian-Bathonian) immediately followed by greyish dolostones,  fossiliferous limestones and oolithic limestones, deposited in more or less shallow water characterised by coral reefs, back- and fore-reef and inner continental shelf environments (Bathonian- Berriasian).

The whole Mesozoic sedimentary sequence has been folded and faulted during tertiary according to main N-S, NW-SE and NE-SW directions. The overall monocline eastwards tilted structure of the Gulf of Orosei greatly influences the hydrogeological asset, showing a general tendency for underground water to flow from West to East. Water flows in through various sinkholes in the western part of the area and flows out of the system through several submarine resurgences, the most famous of which are Bue Marino, Cala Luna, Bel Torrente and Ispignadorgiu springs. In the Southern part, where the granite basement crops out close to the sea, two other outflows are known, s’Erriu Mortu and Olcoé caves. 

Besides direct infiltration in the carbonate aquifer, some of the water is allogenic, coming from the Palaeozoic basement to the West. The best example is given by the Codula Ilune drainage basin, introducing water in to the Codula Ilune karst system through several sinkholes.

Some dye tests have enabled to reveal at least partially the hydrogeological asset of the coastal aquifer, but especially the central-southern area remains a rebus.

Recent cave surveys, carried out along the coast by German and Italian cave divers and in the contact area at almost 1000 m altitude by French and Sardinian cavers,  have enabled to discover several active and very long submarine karst springs and contact-sinkholes that have induced to organise new dye tests.

This paper resumes the hydrogeology of this important aquifer based on past researches and on the new data derived both from cave surveys and from dye tests.

Introduction

The Gulf of Orosei is a coastal karst area located in the central-eastern part of Sardinia (Italy) and is constituted of an almost 40 km long limestone coast with cliffs reaching heights up to 700 meters. Recent cave research combined with geomorphologic investigation has enabled to enhance the understanding of the hydrogeological asset of this coastal karst area, even though many questions remain unanswered. In the future dye tests should be carried out in this difficult area where surface runoff is very scarce and extremely limited in time and main outlets are almost all located in submarine karst springs, hindering the monitoring operations.

Geological outline

The Gulf of Orosei coastal karst area is characterized by a thick Mesozoic sedimentary sequence of dolomites and limestones covering a Palaeozoic granite or biotitic schist basement (De Waele & Pisano 1997) (Fig. 1). The Mesozoic transgression occurred after a long-during continental period (Permian-Lower Jurassic), and slowly flooded an undulating Variscan peneplain during Bajocian-Bathonian. The Middle Jurassic-Lower Cretaceous sea remained relatively shallow and the different carbonate facies evidence several shallow depositional environments, going from lagoons to coral reefs. This sedimentary sequence is composed of dolostones containing limestone lenses, oolithic limestones and massive fossil-rich outer-shelf, reef, interreef and backreef limestones (Dieni & Massari 1985).

The Jurassic transgression is introduced by clastic sediments of the Genna Selole Formation, represented by quartz conglomerates and sandstones with plant fossils typical of a fluvial or delta environment influenced by tidal movements (Amadesi et al. 1960; Fazzini et al. 1974; Dieni et al. 1983). This facies becomes marly towards the top, typical of a littoral depositional environment and the alternation of marl and dolostone beds preludes the Dorgali Formation dolostones (Amadesi et al. 1961; Calvino et al. 1972; Dieni & Massari 1985; 1987). These dolostones range from sandy in the basal levels to pure brownish dolostones in the upper beds and locally contain fossils of Bathonian-Callovian age (Middle Jurassic) (Dieni & Massari 1985).  

Upon these dolostones two heterotopic limestone Formations are reported: the Monte Tului and Monte Bardia Formations (Dieni & Massari 1985). 

The first is characterized by microcrystalline and oolithic sandy limestones for a varying thickness of 0-120 m deposited in an outer-shelf environment, according to the fossil fauna of Callovian-Upper Kimmeridgian age (Middle-Upper Jurassic). The Monte Bardia Formation instead is composed of typical reef and bioclastic limestones, with frequent fossil corals (sometimes in life position) and their debris. The age of these limestones is Kimmeridgian-Berriasian (Upper Jurassic-Lower Cretaceous). 

The first sediments locally recognizable upon the Mesozoic rocks in the Gulf of Orosei are alluvial conglomerates and quartz sands related to an intense erosion-deposition cycle caused by an uplifting phase of Middle Pliocene age (Massari & Dieni 1973). These sediments precede and are contemporary to the effusion of Pliocene basalts that have given K-Ar ages comprised between 2.0-3.5 million years (Savelli & Pasini 1973). Upon these basalts alluvial sands and conglomerates are found (Cala Gonone, San Pietro valley, Biddunie, Cala Luna) probably deposited during Early Pleistocene (Dieni & Massari 1966). During Pleistocene several periglacial sediments were deposited, the most interesting are the stratified slope-waste deposits (éboulis ordonnées), composed of limestone fragments in a reddish clay matrix forming coastal cliffs of more than 40 meters height and developing up to 600 m a.s.l., and aeolian sands visible in karst pockets, along the limestone cliffs up to several meters a.s.l. and also on the near shore continental shelf up to 40 meters b.s.l..  
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Fig.1 – Hydrogeological scheme of the Gulf of Orosei.

From a structural point of view the Jurassic carbonate cover is tilted towards the East (center of the Gulf) with an almost constant dip of 20-30°. This monocline structure is disturbed by two transcurrent arcuate fault systems directed NNW-SSE and NNE-SSW (Pasci 1997). Among the first the Serra Oseli fault can be mentioned with an inverse and sinistral cinematic with almost 500 meters vertical uplifting of the eastern limb. The second fault system is well represented in the Southern part of the Gulf, with the Piano d’Otzio and the San Pietro-Onamarra dextral faults with up to 400 meters uplifting of the Eastern limb. These faults are related to the continental collision between the Apulian and the South-European plates. The eastwards lowering of the Jurassic carbonates is thus compensated by this tectonic style, and the sediments outcrop continuously up to a bathymetric depth of almost 100 meters on the continental shelf (Orrù & Ulzega 1987).

Surface and underground drainage

The Gulf of Orosei karst area, occupying a surface of more than 210 square km, is a spectacular coast of high carbonate cliffs cut by some major streams, from North to South Codula Fuili, Codula Ilune and Codula Sisine, forming canyons that end in the Sea. This surface drainage network is most probably a relic of the ancient hydrography related to wetter (thus warmer) periods and continues also on the shelf for several kilometers up to a depth of at least 120 meters (Orrù & Ulzega 1987), corresponding to the maximum lowstand of the Mediterranean Sea during the Last Glacial Maximum, around 22,000 years ago. 

At present surface drainage is activated only after heavy rain periods and almost exclusively interests the major rivers, meaning Codula Ilune and Sisine, and only exceptionally other tributaries (Codula Fuili, Codula Goloritzé, Bacu Maore, Bacu Mudaloro etc.). This also because Codula Ilune has more than 60 % of its drainage basin extended upon granites and Sisine drains part of the basaltic San Pietro plain. Almost all other rivers are completely comprised in the carbonate structure, characterized by well developed underground drainage.

The fluviokarstic landscape is enriched by typical karst landforms such as dolines, well developed on the dolostones close to the contact with the Palaeozoic granites in locality Marghine. Here a N-S directed series of more or less big dolines and semi-closed depressions makes up one of the most important absorbing areas of the Gulf where many cave systems have been explored in the past few years (Brozzi et al. 1989; De Waele, 2001; De Waele et al. 2002). 

Morphology in the coastal areas is caused by a combination of karst and littoral processes, and erosion is locally enhanced by corrosion that becomes prevalent where mixing between fresh and salt water occurs leading to hyperkarst phenomena (De Waele et al. 2001). Many erosion sea caves, formed by the wave action on joints and structurally weaker areas, are located along the coast. Where fresh water outlets occur, instead, mixing phenomena have lead to the development of important coastal karst caves reaching development of several kilometers (De Waele & Forti 2002).

Cave exploration has revealed much new information on underground karst development in the Gulf of Orosei in the past few years, and many Authors have reassumed this speleological information (Fercia & Pappacoda 1991; De Waele et al. 1995; Fancello et al. 1997; De Waele et al. 2002; Schafheutle et al. 2002; De Waele, 2004). 

The most interesting areas are the Codula Fuili and Codula Ilune canyons, the Marghine plain and the entire coastline.

Codula Fuili is the northernmost fluviokarstic canyon of the Gulf and flows in a SW-NE direction following an important strike-slip fault and ending in the Tyrrhenian Sea forming the Cala Fuili beach. Many caves have been documented along its course (Fancello et al. 1997), mostly representing remnants of well developed karst systems. The underground drainage is characterized by the important Bue Marino cave, the present outflow of the system located on the coast 500 meters South of Cala Fuili, with a development of more than 15 km part of which are open to public.

The northern branch of this cave, in fact, follows the Fuili canyon and almost reaches the Barisone doline, and is constituted of a long succession of more than 40 sumps and many dry parts for a total development of 7 km (Fancello et al. 1994). Maximum water depth corresponds to 33 m b.s.l. and the underwater conduits, decorated with speleothems, have average water flow of 50 l/s reaching some cubic meters/s during important floods. 

The Southern branch, instead, initially flows in a Southwest direction for about 3 km where the passage becomes submerged. This 630 meters long sump reaches 32 meters of water depth and gives access to further 2.5 km of cave with some other smaller sumps, eventually passing under the Codula Ilune canyon (Fancello et al. 1994). The huge pre-sump passage is characterized by important sediments prevalently composed of granites, dolostones, and limestones and has cut phreatic conduits which are completely filled with basalt (Mahler 1979), related to the Pliocene volcanic period and contemporary to the basalts outcropping in the upper parts of Cala Luna, Cala Fuili and on the San Pietro plain dated 2-3.5 M.y. (Savelli & Pasini 1973). This branch is characterized by water flow only during floods of Codula Ilune (after heavy rain periods) and in these circumstances discharges some cubic meters/s (Fig.2).

The Codula Ilune canyon contains the biggest cave system of Sardinia, explored since the early 80’s and totaling a development of more than 42 km. The Codula Ilune cave system, discovered in the upstream part of the canyon and partially developed on the contact granite-dolostones, is characterized by two underground rivers that meet in a subterranean lake forming a unique collector. The system has at least four different cave levels easily recognizable by the presence of abandoned phreatic cave tubes and main stream passages developed at different altitudes and likely corresponding to different climatic phases (De Waele 1997; Forti & Rossi 1991). The present outlet of this cave system is located 100 meters South of the Cala Luna beach, and is characterized by a narrow and rectilinear passage explored for 630 meters and with a maximum depth of 37 m b.s.l. but developing essentially at 10 m b.s.l. (Hovorka 1993). Inside this submarine karst spring remnants of aeolian cemented sediments have been found related to an arid and cold period (Antonioli & Ferranti, 1992). Discharge in average is about 100 l/s, reaching peaks of several m3/s during floods.

Recent explorations have discovered several interesting caves at Marghine, South of the upper Codula Ilune river at an altitude of approximately 1,000 m a.s.l., probably representing branches of a unique absorbing cave system that has its outlet in the Bel Torrente cave, located 500 meters North of Cala Sisine. The sinkholes of Lovettecannas, Su Canale superiore and Su Clovu develop for several kilometers along the contact between granites and dolostones (Brozzi et al. 1989; De Waele et al. 2002) and show only scarcely formed phreatic passages, typical of an allogenic karst system (Palmer, 2001), also suggesting their relatively recent formation. The Bel Torrente submarine spring, instead, is a large underwater passage that develops at an average depth of 5 m b.s.l. and has been explored for more than 1 kilometer. The cave divides in a huge dry phreatic passage and a submerged active branch at 700 meters from the entrance, both 
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Fig.2 – The famous Cala Luna beach during the December 2004 flood. The river eroded temporary the eroded the beach. The Cala Luna spring is located right behind the big limestone blocks in the sea (Photo Mario Pappacoda). 

branches are decorated with speleothems. This submarine spring has been defined the most important of the Gulf, thus having discharges greater than Cala Luna spring and Bue Marino cave (Morlock & Mahler 1995; Fancello et al. 2000).

Several other important caves are reported along the coast such as the Fico cave and the Utopia-Ispuligidenie karst system. The Fico cave is located about 4 km South of Cala Sisine, at an altitude of 15 m a.s.l., and develops for more than 1 km (Jantschke 1998). This cave has a rather complex development with ascending branches up to almost 60 m a.s.l., characterized by abundant concretions (e.g. aragonite helictites), a main corridor parallel to the coastline and submerged passages up to a depth of 20 m b.s.l. A modest fresh water spring inside the cave is probably co-responsible of the widening of the joints by hyperkarst processes due to mixing. 

The Utopia-Ispuligidenie cave system is located one more km to the South, in correspondence with the outlet of the Bacu Mudaloro canyon. This system is composed of two main branches that meet close to the coastline; the active submarine karst spring of Ispuligidenie to the South and the submerged Utopia passage to the North. This impressive submarine cave system, with extremely well developed and wide cave tunnels, showing both phreatic and surface evolution, reaches a total length of more than 4 km representing one of the biggest underwater caves of the Mediterranean. The mean depth of the main karst tunnel is around 30 m b.s.l., the maximum depth is 80 m b.s.l. and only rarely the passage develops above sea level. Submerged speleothems have been observed to depths of 30 m b.s.l., representing the deepest ones found in the Eastern Sardinian coasts (Bohnert et al., 2003). Water flow is difficult to estimate, but should range between 20 l/s and several m3/s during intense floods.  

Hydrogeological asset

From a hydrogeological point of view the underground drainage is controlled by the structure of the carbonate sequence and the downward confinement by the impervious Palaeozoic basement complex. The overall structure of the Gulf is characterised by the monoclinal dipping towards the centre of the Gulf, thus underground water flow is directed towards the East. Coastal surveys (Colantoni, 1967; Bianco, 1995; Morlock & Mahler, 1995; Jantschke, 1998; Schafheutle et al., 2001; De Waele & Melis, 2003) have allowed to discover the most important outlets of the karst aquifer, from North to South Bue Marino cave, Cala Lune resurgence, Bel Torrente cave and Utopica cave. Some minor outlets such as Fico cave, S’Erriu Mortu and Olcoé are related to smaller hydrogeological systems. Dye tests (Mucedda, 1985; Pappacoda & Fercia, 1991) have allowed to define the hydrogeological system of Codula Ilune-Resurgence of Cala Luna and its relationships with the adjacent systems of Bue Marino and Su Clovu in a satisfactory manner. This latter cave system, together with the recently discovered underground rivers of Lovettecannas and Su Canale Superiore are probably part of the Bel Torrente hydrogeological system, even though dye tests carried out in the summer of 2003 did not have a positive result after two months of monitoring, probably due to the small quantities of water. The Bel Torrente system probably also drains part of the Southern Gulf (sinkholes of Istirzili etc.) based on the structural model, but here also dye tests should be carried out, hindered by the fact that no underground rivers are yet known. Future dye tests will be repeated in the near future to help and solve this rebus.

The Utopica system, instead, surely drains the basaltic Golgo plain (since it develops underneath) and is probably limited to the West by the important SSE-NNW San Pietro-Onamarra fault.

Conclusions

From this short review it is clear that the hydrogeological setting of the Gulf of Orosei coastal karst area is not yet well defined because of the difficulty in performing dye tests. Hydrogeological studies are hindered by the lack of surface flow, the present absence of cave systems with underground water flows that would allow tracing experiments and the difficulty of monitoring the submarine karst resurgences accessible only by boats and cave diving. The structural model allows to define, in a rather rough manner, the different hydrogeological systems (Fig. 1). The situation is quite well understood in the North (systems of Bue Marino and Codula Ilune), moderately in the center (Lovettecannas-Su Clovu-Bel Torrente and Golgo-Utopica systems) and almost completely ignored in the southwestern part. This is related to the knowledge on caves and underground streams, much better known in the areas of Bue Marino and Codula Ilune. Future cave explorations should be carried out in the absorbing areas on the western border of the Gulf (Istirzili) with the hope of finding a cave system with underground water flow that would allow to carry out some dye tests.

The monitoring of the submarine springs (at least Cala Luna, Bel Torrente and Utopica) is not easy outside the summer season because of the weather (often causing surf), the logistic difficulty of finding transport by sea and the fact that monitoring must rely on cave divers. A serious dye test program should be settled in the near future to put light into this hydrogeological rebus.
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