Contamination of coastal aquifers from intense anthropic activity in southwestern Sicily, Italy
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Abstract 

This study was conducted in western Sicily, in the Marsala and Castelvetrano-Campobello di Mazara coastal plain area. The economy of the area is mainly based on intense farming of specific agricultural crops (citrus, grapes, olives and others in greenhouses). These activities require a substantial and growing amount of water drawn, essentially, from local aquifers. In summers, water demand increases due to high population density. In order to satisfy this demand, numerous wells were drilled throughout the area, in some cases with a density of 10 wells / km2. 

The uncontrolled groundwater exploitation in the last 10 years has resulted in a drastic decrease in water well levels, consequently allowing extensive seawater intrusion. 

The main aquifer is a sandy-calcarenitic, plio-pleistocenic complex, interbedded with clayey-marly layers in the lower layers. Multi-layered aquifers are present with the upper layers unconfined.

Related studies are also being conducted in this area including monitoring of over 100 wells to better define potential groundwater resources.  

More specifically, the authors of this study, who are part of the U.O. 4.17 of the Gruppo Nazionale Difesa dalle Catastrofi Idrogeologiche (G.N.D.C.I) (National Defense Group for Hydrogeologic Catastrophes) of the Consiglio Nazionale delle Ricerche (C.N.R.) (National Research Council), are completing a “Pollution Vulnerability Map” of all aquifers in south-western Sicily (1:50.000 scale) using the zoning method for homogeneous areas (G.N.D.C.I.-C.N.R. method). This map is a valid instrument for all authorities governing the management and protection of groundwater resources in the area.
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Geographical setting
This study was conducted on the coastal plain area of Marsala and Castelvetrano-Campobello di Mazara, (SW Sicily, ~ 900 km2), between the Fiumara di Marsala riverbed and the Delia and Modione rivers. The cities within this area are: Marsala, Mazara del Vallo, Castelvetrano and Campobello di Mazara (Fig. 1). 

The Marsala and Castelvetrano-Campobello di Mazara plain morphology is relatively flat with less than 20% inclination and elevations that vary between a few meters a.s.l. along the coastline to approximately 250 m, in the adjacent hills inland. A distinct series of marine terraces (D’Angelo & Vernuccio, 1996) up to 170 m a.s.l. can be easily identified by the presence of a series of morphologic steps, leveled at the top by erosion, previously covered by paleosoils. 

The Castelvetrano-Campobello di Mazara coast has large predominantly sandy beaches with sand dunes that have formed parallel to the coastline.
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Both the Marsala and Castelvetrano-Campobello di Mazara coast contain different wetlands, today partially or totally dried. These are locally known as “margi” or “gorghi”. Some of these areas have recently been declared protected areas or natural reserves for their environmental value (S.C.I. – Site of European Community Interest). Another area of particular scientific value is the “Preola Lake” and “Gorghi tondi” karst area manifesting evidence of chemical dissolution phenomena of underlying gypsum below the Pleistocene covering.  

Geological framework 

The studied area contains Pleistocene marine deposits (Calcareniti di Marsala Auct.) of sand and bioclastic calcareous gravel changing laterally and vertically, to calcarenites and calcirudites (Ruggieri et alii, 1977; D’Angelo & Vernuccio, 1992, 1994), that unconformity cover the marly-arenaceous Valle del Belice Formation (Ruggieri & Torre, 1973; Vitale, 1990), made up of a terrigeneous Plio-Pleistocenic sequence (sandstones and calcarenites with clay interbedded). This is related to the outcropping mountain chain areas that provided clastic fragments found in the surrounding basin areas ("Fossa di Castelvetrano"). Further deeper, underlying the Pliocene inf. (Trubi) marly calcilutites, evidence of the Messinian evaporite succession (evaporitic limestone and gypsum), laying unconformity on conglomeratic and/or sandy and marly clay deposits of the Cozzo Terravecchia Formation Auct. (Flores, 1959; Schmidt di Friedberg, 1962). The Pleistocene marine deposits (sands, gravels and calcarenites, max. 10 m thick) terraces are found in no specific order (D’Angelo & Vernuccio, 1996;  D’Angelo et alii, 2001).
Palustrines, dunes and eluvium colluvial deposits can be found along the coast and terraced alluvium are found near the main rivers.

In the NE sector of the Marsala Plain, Messinian and medium-Pliocene tectonics created several folds (NE-SW fold axis direction). Meanwhile, in the Castelvetrano-Campobello di Mazara Plain, the same tectonic events created a synclinal structure (NE-SW axis direction) plunging SW. The following tectonic phases, mainly extensional, involved the Pleistocene calcarenite to post-Tyrrhenian deposits.

Hydrogeological framework 
Seven hydrogeological complexes were identified, each playing a distinct role in groundwater circulation depending on geometrical relationship and permeability of the complex:

· Clayey-marly complex - includes the Cozzo Terravecchia Formation, with a very low level of permeability due to porosity. This makes up the regional impermeable basement of the underlying aquifers.

· Calcareous complex (Calcari di base and Calcari a Porites of Messinian evaporitic succession), with medium-low to high permeability due to fracturing and karst phenomena;

· Gypsum complex, including gypsum, gypsolutite and gypsoarenite (evaporitic succession) with low to medium-high permeability due to fracturing and karst phenomena. The groundwater flow generally follows fractures and karstic conduits, sometimes feeding springs with very low discharge, manifestations along the contact with underlying clay of the Cozzo Terravecchia Formation. 

· Marly complex, including the marly calcareous terrains and Pliocenic clayey-marly terrains (Trubi) with varied permeability, from very low to medium-high, due to fracturing. This is the impermeable layer under the marly-arenaceous Valle del Belice Formation. 

· Marly-calcarenitic complex includes the predominantly arenaceous-calcarenitic lower part of the marly-arenaceous Valle del Belice Formation. It has a medium-high permeability first due to porosity and secondly due to fracturing. 

· Argillaceous complex includes the clay of the early Pleistocene and the clayey portion of the marly-arenaceous Valle del Belice Formation. That finds itself interbedded, sometimes, through the calcarenitic complex. It has a very low permeability due to porosity and consequently an insignificant impermeability role.

· Calcarenitic complex includes the arenaceous-conglomeratic terrains and sandy parts of the marine terraces, the Calcarenite di Marsala and a portion of the upper calcarenites from the marly-arenaceous Valle del Belice Formation. It has a medium-high permeability, primarily due to porosity and subsequently due to fracturing. Some authors (Dall’Aglio & Tedesco, 1968) have studied the Staglio and Gaggera springs (Modione river), located at the contact between the calcarenitic complex and the Plio-Pleistocenic clays that, up till 1966, had at over 50 l/s discharge. Presently, these springs have completely dried up due to piezometric level lowering from uncontrolled pumping wells.

· Alluvium complex plays a secondary hydrogeological role. It is a multi-layered aquifer that is in communication with the calcarenitic aquifer.

· A mainly impermeable complex of recent terrain deposits (palustrines, black soils, etc.) does not play any hydrogeological function due to its limited extension. 

Two study areas are considered to be of notable hydrogeological importance:
Marsala plain hydrogeological unit, located from the final part of the Fiumara di Marsala, riverbed – north and the Delia River - south. 

The plain between Marsala and Mazara del Vallo contains a multi-layered aquifer. The layers are conditioned by varied permeability of different calcarenitic levels with intercalation of low permeable silty-clays. The groundwater in the different layers come into contact with each other in areas where clayey levels are thinned out or interrupted.

The aquifer has, as basement, the clays and/or marls of the Cozzo Terravecchia Formation. 

The calcarenitic aquifer thickness varies from a few meters to approximately 70 m.

In the last 50 years, the depth to water in Mazara del Vallo area have increased, today it is presently about 22 m. This phenomenon is also confirmed by the dewatering of some significant springs (20 l/s, 1933). 

Castelvetrano-Campobello di Mazara plain hydrogeological unit laterally delimitated by Tortonian clayey-sandy deposits outcropping west along the Delia River and east of the early Pleistocene clay and the clayey lithofacies of the marly-arenaceous Valle del Belice Formation outcropping along the Modione River. The stratigraphic analysis of drinking water wells (Staglio and Bresciana) revealed the presence of a multi-layered aquifer hosted in the Plio-Pleistocenic calcarenitic clayey sequence whose substratum coincides with the Tortonian clayey-marly hydrogeological complex.

The multi-layered aquifer is made up of:

·  A shallow unconfined aquifer located in the upper calcarenitic portion with reduced thickness and a variable saturated zone (1m to ~ 10-20 m);

· A deep semi-confined aquifer contained in the calcarentic-marly hydrogeolocial complex. It has elevated thickness, where the more massive portion of the complex (150 m) shows a very high transmissivity average  (~ 5×10-2 m2/s).

South of the Campobello di Mazara urban area, the multi-layered aquifer becomes an unconfined aquifer due to level thinning and the eventual complete absence of interbedded aquitards.

Conceptual hydrological models of coastal plains

The hydrogeological model proposed for SW Sicily is complex and presents interconnection to seawater intrusion due to brought on by excessive groundwater pumping.
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Fig. 2 - Hydrogeological map of the Marsala plane (modified from Calvi et alii, 2001)




Marsala Plain

The piezometric lines of the calcarenitic aquifer, intensely exploited, are shown in Fig. 2. That aquifer has discontinuous layers of different permeability that cause, locally, the semi-confinement of deep groundwater (survey November 1999, Calvi et alii 2001).
This area has 25 exploited wells that are managed by the Marsala Municipality and the “Ente Acquedotti Siciliani”.  Reconstruction of piezometric surface, trough 53 monitoring wells, has allowed to draw the groundwater divides and groundwater flow: one area where the groundwater flow direction goes towards the sea and another where the flow is modified and conditioned by pumping wells (south-west Petrosino). In fact, the amount of water pumped exceeds the amount of annual recharge. This causes a visible lowering of the piezometric level, and in some cases, cuts water yield by 50% in some wells, which are consequently periodically deepened. As a result, water resource impoverishment has led to the disappearance of some wetlands (margi) but above all, has led to seawater intrusion phenomena (Cl variable from 250 to 950 ppm), deteriorating groundwater quality (Calvi et alii, 2001; Hauser et alii, 2002).

Castelvetrano-Campobello di Mazara Plain

The piezometric lines related to deep semi-confined aquifer (calcarenitic marly complex) are shown in Fig. 3. That is connected, in the southern plain area, with the unconfined aquifer (survey November 1999, Bonomo et alii, 2000).
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Fig. 3 - Hydrogeological map of the Castelvetrano - Campobello di Mazara plane (modified from Bonanno et alii, 2000)
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In the northern plain area, groundwater discharge flows NE-SW towards Contrada Staglio where the Ente Acquedotti Siciliani well fields are located. 

In the southern plain area, groundwater flow follows two preferential directions, converging into the Contrada Bresciana, an area with intensive pumping (Bresciana wells). Evidence of submarine groundwater discharge, along the coastline between Torre Granitola and Tre Fontane, has also been found. 

The main aquifer of the Castelvetrano-Campobello di Mazara plain is subject to intense pumping with an annual average recharge lower than 15% creating a deficit of 2.7(106 m3.  This is the main cause of the gradual groundwater resource impoverishment and the visible lowering of the piezometric level.

The alarming situation of overexploitation was confirmed by comparison of piezometric levels of the semi-confined aquifer in autumn of 1999 (Bonanno et alii, 2000) and those taken in 1981 (Casmez, 1981), showing an average decrease in piezometric level of 20 m in the last 19 years.

In the Contrada Bresciana wells field, the groundwater lowering varies from 5 to 10 m. The high transmissivity value and deep groundwater recharge reduce the effects of excessive pumping changing the hydrodynamic conditions of the groundwaters.  

In the sector near to the coastal plain, piezometric level lowering varies between 5 to 25 m, probably due to pumping from the Contrada Bresciana wells field. (Bonanno et alii, 2000).  The excessive deep aquifer overexploitation is also confirmed by simulation model results calibrated in transitory regime, using the “Processing Modflow” (Ciabatti & Provenzano, 2003) that shows that the hydrogeological system is not affected by vertical and lateral recharge variation.  

Qualitative characteristics and pollution vulnerability

The study area is subject to intense agriculture activities (grapevines, olive orchards, citrus orchards etc.), which requires a considerable quantity of water that is mainly supplied by the pumping of deep aquifers. 
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Fig. 4 - Groundwater vulnerability map of the Marsala and Castelvetrano-Campobello di Mazara plains




The Fig. 4 shows the spatial distribution of four vulnerability degrees computed by CNR-GNDCI method (zoning for homogeneous areas, Civita, 1988). The highest degrees occur in the calcarenitic Complex, where the agricultural activity is very diffuse. This activity also employs massive use of organic and/or inorganic fertilizers, which infiltrate into the soil modifying groundwater quality. 

Moreover, for years open air and underground Pleistocene calcarenite quarries have operated in the two plain areas.  Today, the abandoned quarries are used as dumping grounds for solids and wastewaters, especially those near the city of Marsala; causing an increase in groundwater pollution.

This type of pollution phenomena has been documented in the shallow aquifer that is hydraulically interconnected with river water. Concentration values of nitrate, potassium and sulfate are over the drinking standard established levels by Italian Legislative Law (no. 152 of 11May1999). On the contrary, the deep groundwaters, rich in bicarbonates, do not register values over those allowed by law (Bonanno et alii, 2000).

The Castelvetrano and Campobello di Mazara plain has high degree of intrinsic vulnerability. On the other hand, the deeper aquifer part has a medium-low degree. However, the discontinuous presence of clayey levels permits the infiltration of contaminants towards the deeper portion. 

Moreover, this area is also characterized by diffuse seawater intrusion due to coastal water wells overexploitation.

According to the Legislative Law (no. 152 of 11May1999), the aquifer water can be classified as: 

· Deep aquifer class 2C

· Surface aquifer class 4C

where:

· C indicates “human impact effect on resource availability shown by modification of general indicators set by law”;

· 2 indicates “reduced human impact sustainable for long periods of time with good hydrochemical characteristics”;

· 4 indicates “considerable human impact with poor hydrochemical characteristics.”

Conclusion 

This study is preliminary to realize the pollution vulnerability map of southwestern Sicily. It includes detailed surveys to define the geological and hydrogeological features, as well as groundwater geochemical information, allowing the identification of areas with different vulnerability degree, essentially related to anthropogenic activity. A database of all collected data was used to create a G.I.S. using Arc View 8.2.

Monitoring of the area over the last 30 years has shown a general and progressive lowering of the hydrostatic level, with considerable drawdown in the last few years, reaching values below sea level. That is also related to the increase in water demand due to the development of specialized farming activities.

This condition has also caused the dewatering of some wetlands turning them into refuse dumping sites. Furthermore, the abandoned quarries, especially the underground ones, have become disposal waste sites.  

The Marsala Plain area has evidence of extensive seawater intrusion along the complete coastline with a marked presence near the city of Mazara del Vallo. 

The Castelvetrano-Campobello di Mazara plain shows surface aquifer quality deterioration due to massive fertilizer use.

In conclusion, this study will play a useful role in realizing the integrated vulnerability map for southwestern Sicily that is in progress. This map will be a valid tool for government management to utilize in decision-making processes for the protection of all underground water resources in the area.
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