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Abstract

:

Despite its remarkable geomorphological, ecological, and touristic value, the coastal sector of the Apulia region (Southern Italy) hosts three of the main contaminated Italian sites (Sites of National Interest, or SINs), for which urgent environmental remediation and reclamation actions are required. These sites are affected by intense coastal modification and diffuse environmental pollution due to the strong industrialisation and urbanisation processes that have been taking place since the second half of the XIX century. The Apulian coastal SINs, established by the National Law 426/1998 and delimited by the Ministerial Decree of 10 January 2000, include large coastal sectors and marine areas, which have been deeply investigated by the National Institution for the Environmental Research and Protection (ISPRA) and the Regional Agency for the Prevention and Protection of the Environment (ARPA) with the aim of obtaining a deep environmental characterisation of the marine matrices (sediments, water, and biota). More recently, high-resolution and multidisciplinary investigations focused on the geo-environmental characterisation of the coastal basins in the SIN Taranto site have been funded by the “Special Commissioner for the urgent measures of reclamation, environmental improvements, and redevelopment of Taranto”. In this review, we propose an overview of the investigations carried out in the Apulian SINs for the environmental characterisation of the marine matrices, with special reference to the sea bottom and sediments. Based on the experience gained in the previous characterisation activities, further research is aimed at defying a specific protocol of analysis for supporting the identification of priority actions for an effective and efficient geo-morphodynamic and environmental characterisation of the contaminated coastal areas, with special reference to geomorphological, sedimentological, and geo-dynamic features for which innovative and high-resolution investigations are required.
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1. Introduction


The sustainable management of industrial and high-urbanised coasts is a significant issue globally. The U.S. Government Accounting Office [1] identified that approximately 60% of most contaminated sites are located along the coastal areas. Manzoor et al. [2] highlighted how the rapid economic development and industrialisation have caused an increase in metal concentrations in marine sediments in all the coastal regions of China. High concentrations of pollutants were also found in the Don River estuarine region [3]. Currently, only less than 1% of the Mediterranean coasts remain relatively unaffected by human activities [4] and almost 200 petrochemical plants and energy systems are located along the Mediterranean coastal sectors [5]. A similar condition is experienced in the northern European countries, whose relatively long coastlines are negatively influenced by anthropogenic activities [6]. In England, more than 1200 landfills are located in coastal areas [7], while in Italy, 77,733 ha of marine and coastal areas are included in the perimeters of the Sites of National Interest (SINs) that, according to the national legislation (Legislative Decree 152/2006 and subsequent amendments and additions), represent “a large portions of the national territory, which include all the different environmental matrices and entail a high health and ecological risk due to the density of the population or the extent of the site itself, as well as a significant socio-economic impact and a high risk to assets of historical and cultural interest.”



SINs management is entrusted to the Italian Ministry of Environment, Land and Sea (now Ministry for the Ecological Transition—MiTE), which uses the National Network System for Environmental Protection (SNPA, Rome, Italy) and the National Institute of Health (ISS, Rome, Italy), as well as other qualified public or private entities, for the technical investigation (Article 252-Legislative Decree 152/2006). The identification of the SINs and the definition of their boundaries started in 1998 in the frame of previous national regulations (MiTE, 2022—https://bonifichesiticontaminati.mite.gov.it/sin/istituzione-perimetrazione/, accessed on 3 May 2022 [8]). In 2012, 57 SINs were identified. With the entry into force of the Law 134/2012, which changed the criteria and parameters for the identification of SINs, the number of SINs decreased from 57 to 39. Then, a number of specific laws added further areas to the list. To date, the current number of SINs is 42 (Figure 1). With a total of 171,211 ha on land, SINs surface represents 0.57% of the Italian territory [9].



As shown in Table 1, the environmental status of the marine and coastal areas in SINs is deeply affected by the direct and indirect impacts of different anthropogenic activities, including industrial plants (chemical, petrochemical, metallurgical, steel, mechanical, pharmaceutical, cement, thermal), uncontrolled landfills, military arsenals, shipyards, and harbour areas with high maritime traffic. To include all the potentially contaminated coastal matrices in the SINs, the boundaries of the marine areas were defined by extending the perimeters up to 3 km from the coastline, as seaward limit of the potential impact of anthropogenic activities [10,11].



In order to obtain a comprehensive environmental characterisation and to define tailored reclamation projects for the risk reduction, between the years 2004 and 2014, the Italian Institute for the Environmental Research and Protection (ISPRA, Rome, Italy), commissioned by the Italian Ministry of Environment (now MiTE) in the framework of the National Programme for Land Reclamation and Environmental Restoration (Ministerial Decree 468/2001), carried out large-scale investigation plans aiming to define the concentration, distribution, and potential pathways of organic and inorganic pollutants. During these activities, particular attention was paid to the characterisation of marine sediments, since they represent the final sink for a wide variety of chemicals [12]. At the same time, several natural factors, such as bioturbation and resuspension by waves, storms, and tidal currents, and different anthropic activities (e.g., dredging, trawling, and navigation activities) may cause contaminants to become mobilised and released from sediments, which therefore play a fundamental role as a secondary source of pollution for the aquatic environment and marine fauna [13,14,15,16]. In addition, sediments represent the most suitable matrix for the assessment and monitoring of the marine environmental quality because the concentration of contaminants is less variable in time and space than in seawater [17]. A detailed description of the methodological approach applied by ISPRA to characterise the environmental status of the marine areas included in the SINs is shown in Ausili et al. [10]. The strategy was defined accounting for the main European legislation in force in the early 2000s.



Based on the distribution and related concentrations of contaminants, Ausili et al. [10] highlighted similarities among SINs where the same type of anthropogenic activities was established. In fact, SINs characterised by the presence of large iron and steel plants (SIN_17, SIN_09, SIN_13, SIN_21, and SIN_07) were mainly contaminated by metals (Cd, Pb, Zn, As, Cu, and Hg), PAHs, TPHs, and TBTs, which show an almost homogeneous distribution and higher concentrations in the sediments sampled close to the plants. Metals and TPHs resulted to be the main contaminants in the SINs were both industrial and petrochemical activities were carried out (SIN_06, SIN_03, SIN_36, SIN_02, and SIN_04). According to the results of this characterisation, the SINs numbered SIN_27, SIN_05, SIN_47, and SIN_34 showed a single source of pollution, being characterised by the presence of factories related to the production of Cr compounds (SIN_27), nitrogenous fertilisers (SIN_5), and mining activities (SIN_47 and SIN_34). Finally, for the SINs numbered SIN_44, SIN_48, and SIN_10, the concentrations of chemical pollutants were lower than in the other sites (the last two ones are currently excluded from the national lists). Furthermore, with Ministerial Decree n. 222 of 22 November 2021, the MiTE identified, on the proposal of the regions, the list of “orphan sites” to be reclaimed and which can be redeveloped thanks to the investments provided for in the National Recovery and Resilience Plan. As indicated by Ministerial Decree n. 269 of 29 December 2020, the “orphan site” represents a potentially contaminated area for which the person responsible for the pollution is not identifiable. In fact, the sites are abandoned industrial or mining areas, illegal landfills, former incinerators or refineries. These areas are often covered with waste, polluted by various toxic substances, which pose a threat to human health as well as have a strong environmental impact, in particular on soil, water and air.



The Apulian coastal (southern Italy) sector extends along the Adriatic and Ionian Sea for approximately 900 km, which corresponds to 12% of the Italian littorals. It is characterised by a remarkable scenic and environmental value due to the high geomorphological and ecological diversity [18,19,20]. Its coastal environments host species and habitats of great importance and protected at the international level, for the protection and safeguarding of which, three marine protected areas and a number of coastal sites included in the Natura 2000 framework have been established. The presence of numerous scenic coastal sites has turned the Apulian region into a highly attractive tourist destination [21], leading to an increasing tourism demand that contributes significantly to the regional economy, in terms of job activities, facilities development, and foreign exchange. In contrast to the high natural, ecological, and tourist importance, the Apulian coasts host three sites included in the SINs list, being characterised by a high environmental risk [22,23,24,25,26] and requiring priority importance for their complex reclamation. The Apulian coastal SINs (SIN_05 “Manfredonia”, SIN_06 “Brindisi”, and SIN_07 “Taranto”) were established by the National Law 426/1998 and delimited by the Ministerial Decree of 10 January 2000. They occupy a total land surface of 10,450 ha and 13,458 ha of sea surface. The marine-coastal and brackish areas included in the perimeters of the Apulian SINs were characterised following the standard procedure defined by ISPRA. The SIN in Taranto, due to the high environmental complexity that characterises its coastal sectors, has been object of further cognitive investigations promoted by the “Special Commissioner for the urgent measures of reclamation, environmental improvements, and redevelopment of Taranto” for gathering new insight into the origin, distribution, and mobility of the contaminants within the Taranto coastal basins (“Mar Piccolo” (Little Sea), and “Mar Grande”(Big Sea) basins). In particular, in a first phase (2013–2014), the Regional Environmental Agency (ARPA Puglia, Bari, Italy), in collaboration with different scientific partners, developed a technical-scientific program of activities aimed at deepening the knowledge of environmental status of the Mar Piccolo basin [22,23,25,26,27,28,29,30,31,32]. In the second phase (2015–2017), new multidisciplinary surveys were funded by the Special Commissioner with the aim of collecting data for the definition of geological, sedimentological, mineralogical, chemical, and geotechnical features of both coastal basins included in the SIN area [33,34,35,36,37,38,39]. Collected data support the understanding of the interactions between contaminants and environmental matrices, which are of paramount importance in the definition of the conceptual model of the site [37,40].



Starting from the analysis of experience gained in the previous characterisation activities, ongoing research actions are aimed at developing a protocol of integrated investigations for the definition of priority analyses to support the effective geo-environmental characterisation of contaminated coastal areas, for which innovative and high-resolution investigation methodologies are required. The suggested investigations will allow the geological model of the investigated site to be obtained, as well as its stratigraphic, sedimentological, and geochemical features. This set of information, integrated with chemical and geochemical analysis, will represent the scientific basis for defining the most suitable remediation and protection strategies for reducing health and environmental risks. The characterisation surveys are also needed to define tailored actions for monitoring the long-term effects after remediation operations. In addition, harmonised guidelines for the management of contaminated sites would be beneficial for exchange of knowledge between national administrators and the international community [6].




2. Overview of Reports Concerning the Characterisation of the Contaminated Sites in Italy


At the national level, ISPRA has made available a number of manuals and reports to support the preliminary characterisation of potentially contaminated sites, which is defined as “the set of activities that allow to reconstruct the contamination of environmental matrices, in order to obtain basic information on which to make decisions feasible and sustainable for the safety and/or remediation of the site itself” (Annex 2 to Title V, Part Four of Legislative Decree 152/2006). The report 146/2017 [41] defines tools to guide the elaboration of characterisation plan (art. 239 paragraph 3 of Legislative Decree 152/2006) relating to remediation and management of areas characterised by diffuse pollution whose management is committed to regional authorities. This document also provides a summary of the technical documentation available to support the chemical, microbiological and ecotoxicological characterisation of contaminated sites.



Report 146/2017 updated a previous manual [42] that for the first time has addressed the issues related to contaminated sites, paying particular attention to the investigations needed for the characterisation of soil, subsoil, and groundwater. In 2018, SNAP published a document to collect the experiences developed by the regional environmental agencies with regard to the methodological aspects and procedures for the determination of background values for pollutants present in soils and groundwater [43]. This report complements the information of previous documents published by other national and regional authorities with regard to the determination of background values in different environmental matrices, such as agricultural lands included in contaminated sites, groundwater, and underground water bodies. With regard to the technical procedures for handling marine sediments, a specific manual was published by APAT/ICRAM in 2007 [44] to summarise actions to address issues related to the handling of sediments in the marine-coastal environment with particular reference to harbour dredging, beach nourishment, and immersion in the sea of excavated material. On the basis of the re-organisation of the Italian legislation regulating the handling of sediments in SINs (Ministerial Decree 172/2016) and the immersion in the sea of excavation materials (Ministerial Decree 173/2016), ISPRA has published a technical manual [45] (ISPRA, Manuals and Guidelines 169/2017) to support the use of mathematical models for the prediction and assessment of environmental effects related to the transport of sediments during the handling activities. However, the document does not address the aspects related to the analysis of the effects of the mobilisation of contaminants that may be present in the handled sediments. Finally, in 2021, ISPRA released a report in which reliable, homogeneous, and comprehensive data on the management of contaminated sites are provided [46]. The collection, systematisation, and analysis of a common dataset on the administrative procedures relating to the contaminated sites allowed both the management progress and the state of environmental contamination to be adequately described. The results of this analysis show that the total number of contaminated sites is 34.478 (updated to December 2019) and that, at the national level, there is a substantial balance between sites waiting for preliminary investigations (contamination not known; 35%), potentially contaminated sites (screening values exceeded; 33%) and contaminated sites (unacceptable risks; 29%). Nevertheless, the current version of this report does not include data related to the sites under the direct care of the MiTE (SINs).




3. Study Area


3.1. Physical and Environmental Setting of the Apulian Coastal SINs


The Apulian coastal SINs are located both on the Adriatic and the Ionian side of the Apulia region (Figure 2). From the geo-morphological point of view, the Apulia region presents varied characters that allow different districts characterised by specific physical features to be identified.



The SIN “Taranto” (SIN_07) is located on the northern Ionian coast of the Apulia region, between the south-western sector of the Apulian Foreland and the eastern Bradanic Trough, which represents the Pliocene-Pleistocene foredeep of the South Apennines orogenic system [47,48]. The Taranto coastal area is divided into two basins, called Mar Grande (“Big Sea”) and Mar Piccolo (“Little Sea”). The latter is divided by the N–S Punta Penne promontory in two connected embayments: the First Bay and the Second Bay; see Figure 3a. The Mar Piccolo is connected with the Mar Grande by two channels: the shallow natural one (“Porta Napoli” channel, showed in Figure 3a) and the artificial one (“Navigabile” channel, Figure 3a), excavated during the XIX century in the Pleistocene calcarenite [49]. The stratigraphy of the area consists of Mesozoic limestone (Calcare di Altamura Fm.), and Upper Pliocene–Lower Pleistocene calcarenite (Calcarenite di Gravina Fm.) passing upwards and laterally to the interfingered argille subappennine informal unit. Marine, transitional, and continental terraced deposits occur in the surrounding foreland and foredeep sectors [50,51] and reference therein.



The current landscape is dominated by a series of marine terraces, slightly dipping toward the sea whose deposits unconformably overlay the argille subappennine informal unit [48,50,52] (Figure 3b) forming quasi-flat surfaces consisting of marine terraces crossed by a fluvial network. The marine terraced deposits are located at different elevations (ranging from 2 m to 24 m above sea level (asl)) and show different lithostratigraphic features [49,53]. According to radiometric data [50], these marine terraces are connected to the sea-level highstand that occurred during the Last Interglacial (MIS 5) and they host a well-preserved marine record represented by a marly sandy unit with specimens of Thetystrombus latus (=Strombus bubonius, Gmelin, 1791) and other warm-water indicators such as Cladocora caespitosa (Linnaeus, 1767). Updated version of the geological and geomorphological map of the Taranto area have been proposed in Lisco et al. [54] at the 1:15,000 scale.



Due to its semi-enclosed features, the Taranto coastal area is characterised by a limited sea water circulation. Nevertheless, the presence of several submarine springs (Figure 3c), locally known as “Citri”, recharge the basins with freshwater. These submarine springs are characterised by a deep and steep inverted cone surface and by a high groundwater velocity determining an outflow visible on the seawater surface [55,56]. The outflows are characterised by high pressure and come from a karst aquifer developed into Mesozoic limestones. Citri are mainly located in the Mar Piccolo and are associated with subcircular depressions with variable depth up to 50 m in the Mar Grande and 30 m in the Mar Piccolo [57]. The peculiar hydrogeological characteristics of the Taranto coastal area have determined typical lagoonal features, which have favoured the distribution of transitional habitats and a very high biodiversity [34] for whose conservation and protection a Site of Community Importance (SCI-IT9130004 “Mar Piccolo”) of about 14 km2 has been established (Figure 3d).



The SIN “Brindisi” (SIN_06) is located on the eastern part of the Apulian region, on the Adriatic side. The marine coastal area included in the SIN_06 is constituted by a coastal stretch delimited to the North by Punta del Serrone and to the South by Cerano municipality; the area includes the Harbour of Brindisi and extends offshore up to 3 km. The Brindisi Harbour, one of the largest ports in the Mediterranean Sea, is divided into three main areas: Inner Harbour, Middle Harbour and Outer Harbour (Figure 4a). The Inner Harbour is formed by two long arms that encircle the city to the North and to the East, which are known, respectively, as “Seno di Ponente” and “Seno di Levante”, with a surface of approximately 727,000 m2. The seabed, with a depth varying between 2 and 7 m, is characterised by fine sediments. The Middle Harbour has an extension of 1,200,000 m2 and overlooks the areas devoted to shipbuilding. Finally, the Outer Harbour occupies approximately 3,000,000 m2. From a geological–structural point of view, the area represents a distensive tectonic depression, filled by the deposits of the “Bradanic Trough Cycle” and by subsequent “terraced marine deposits” [58]. In detail, starting from the most ancient unit, the following successions can be defined as follows: stratified Mesozoic limestone (Upper Cretaceous); sandy calcarenites (Upper Pliocene–Lower Pleistocene); blue-grey clays and sandy silty clays (Lower-Middle Pleistocene); yellowish sands with varying degrees of cementation or locally, organogenic calcarenites of a lithoid character (Upper Pleistocene); marine sands and sandy clays, marsh and lagoon silts (Holocene) [59]. In the area of Brindisi, calcarenitic facies belonging to the fourth lithostratigraphic unit outcrop. This unit is indicated in literature with the denomination of “terraced marine deposits”. The morphological features of Brindisi area is determined by a deep ria located at the mouth of Pigonati river and by the swamps on the backdune areas [59]. The main reference related to the geological setting of the area is represented by the Geological Map “Foglio 204–Lecce” at the scale 1:100,000 and its related illustrative notes [60]. In the southernmost sector of the SIN “Brindisi”, near the municipality of Cerano, a wide wetland area has been identified as a protected area (SCI/ZPS IT9140003 “Ponds and salt marshes of Punta Contessa”; see Figure 4a) due to its ecological value as a nesting and resting site of the migratory aquatic avifauna.



The SIN “Manfredonia” (SIN_05) is located in the Manfredonia Gulf (Adriatic Sea) on the southern part of the Gargano Promontory (Figure 2a,b). The marine coastal area in the SIN perimeter extends north of the Manfredoina industrial harbour and has an extension of about 4 km along the coast, for a total area of 860 ha (Figure 5, Table 2). Past geophysical surveys carried out by the Harbour Authority of Manfredonia allowed four lithological units to be identified, represented by: fine and homogeneous sediments (silts and clays) with a thickness up to 15 m; sands, silty sands, and gravelly sands (with limestone fragments) with a thickness varying from 10 to 15 m; intercalations of lenticular levels of clayey sands and gravels with compactness and resistance higher of the previous levels; limestones (Lower Cretaceous) covered by a cemented breccias of varying thickness. The depths at which the bedrock is reached increase towards the open sea. The main reference for the geological setting of the area is represented by the Geological Map “Foglio 164-Foggia” at the scale 1:100,000 and its related illustrative notes [61].




3.2. History of the Contamination and Status of Characterisation Procedures in the Apulian Coastal SINs


The area of Taranto has been affected by intensive environmental changes due to the strong industrialisation that has been taking place since the second half of the XIX century. The zone is characterised by a high concentration of industrial districts that have a high environmental impact, including the largest steelworks in Europe (Acciaierie d’Italia S.p.a.-ex-ILVA) inaugurated in 1965, the ENI refinery completed in 1964 and operative since 1967, the Taranto thermoelectric power plant (ex-Enipower S.p.A.), the Cemitaly plant (ex-Cementir), various landfills and numerous small and medium-sized manufacturing industries. Taranto also hosts one of the Italian Navy’s most important and historic bases, with the related arsenal and shipyards (Figure 3a). In addition, the coastal basins of Taranto are significantly impacted by intensive mussel aquaculture activities [62,63]. The presence of numerous industrial plants has led to serious environmental problems, which affect all environmental matrices (soil, air, water and marine sediments) and, for this reason, Taranto is considered one of the most polluted cities in the western Europe [40,64].



The area included in the SIN_06 “Brindisi” is characterised by different industrial settlements mainly consisting of chemical and energy plants, including the thermoelectric power plant of Brindisi. The northern part of the SIN_06 also includes a craft-industrial agglomerate (Figure 4b), while, in the central and southern part, the site is occupied by agricultural areas, with intensive cultivations and vineyards. Finally, the ENEL thermoelectric plant of Cerano (built in the 1980s and at present the second largest thermoelectric plant in Italy) is located in the southernmost sector of the site and it is connected to the harbour for fuel supplies. The agricultural areas, located in the central part of the site, are characterised by intensive cultivation and vineyards and by a complex system of drainage channels that intersect the services connecting the thermoelectric power plant to the industrial area and representing, therefore, potential critical points of surface contamination, as well as discharge pathways for chemicals used in agricultural activities. The agricultural land has been included in the SIN perimeter since it is considered highly prone to be affected by pollutants produced by the surrounding industrial sites.



The area included in the SIN_05 “Manfredonia” covers 216 ha, of which about 96 ha are private areas consisting of the Polo Chimico (ex Agricoltura S.p.A. ex Enichem), currently owned by Eni Rewind S.p.A (ex Syndial). The industrial plants are devoted to the production of nitrogenous fertilisers, various chemical products, and by the petrochemical pole. Private areas located adjacently to Eni Rewind S.p.A plants are devoted to agricultural uses (Figure 5). In addition, the site includes public areas consisting of landfills built in calcarenite quarries used in the 1970s as storage sites for unauthorised solid urban waste. The main environmental problem in SIN_05 is due to the past activities aimed at the production of nitrogenous fertilisers for agricultural use, chemical products for artificial fibres, technopolymers and/or aromatic intermediates. In addition, in 1976, an explosion in the industrial plant resulted in a large arsenic leak. Since 1999, Agricoltura S.p.A. has suspended all production activities.



Regarding the state of the procedures for the reclamation of the land and groundwater in the SINs, the MiTE periodically publishes an updated document in which all the data available for the national sites are synthetised. In Figure 6, the most updated maps relating to the status of the reclamation of the Apulian coastal SINs are shown [8].



With reference to the SIN_07 “Taranto” (Figure 6a), the most updated data, which are refereed to May 2021, show that the characterisation plan was implemented for an area of 1997 ha; the soil reclamation project has been approved for an area of 329 ha while the reclamation of the water table has been approved for a surface of 341 ha. The data show that surfaces of 355 ha (0.18% of the characterised area) and 325 ha (0.16% of the characterised area) do not show contaminated soils water, respectively. Regarding the SIN_06 “Brindisi” (Figure 6b), the data, referring to May 2021, show that the characterisation plan has been concluded and approved for 5206 ha (0.89% of the total SIN land surface). The reclamation plan has been approved for a 689 ha of contaminated soil and 915 ha of contaminated ground water. According to these data, a surface of 386 ha (corresponding to the 0.07% of the characterised SIN land surface) contained uncontaminated soil and a surface of 486 ha (0.09%) contained uncontaminated groundwater. Finally, accounting for the SIN_05 “Manfredonia” (Figure 6c), whose data were updated in June 2020, the characterisation plan has been approved for the total surface included in the perimeter while the reclamation plan has been approved for 73 ha for the soil and 168 ha for the groundwater/aquifer. According to these data, a surface of 38 ha (corresponding to the 17.6% of the SIN land surface) presents uncontaminated soil while the whole groundwater surface resulted to be affected by pollution.





4. Overview about the Results from the Characterisation Activities Carried out in the Apulian Coastal SINs


In 2001, the Italian Institute for the Marine Research (ICRAM, now ISPRA) was commissioned by the Ministry of Environment (now MiTE) to define a methodological approach for the integrated environmental characterisation of the marine and coastal areas included the SINs. ISPRA proposed a flexible and large-scale monitoring program that was applied in the period 2004–2014 for the analysis of almost all the coastal marine areas in the SINs [10]. In detail, the proposed investigation strategy envisaged a sampling scheme with coastal grids varying in size (from 50 × 50 m to 450 × 450 m) according to the type, extension, and complexity of the investigated area. In each grid, a sediment core was executed (with a depth from 2 to 5 m) and a number of superficial samples were planned along transects covering the areas not included in the grid. A physical, chemical, and ecotoxicological analysis was carried out in standardised levels defined for the sediment cores. In order to evaluate the contamination level, the concentrations of the investigated pollutants were compared with the site-specific reference values determined in 2004 by ICRAM for the SINs and with the “CSC—Concentrazioni Soglia di Contaminazione”, which translates as “Contamination Threshold Concentrations” established by the national legislation (Legislative Decree 152/2006) for all the Italian industrial sites (Table 3).



The characterisation plans proposed for the Apulian coastal SINs were tailored accordingly to the site-specific geo-morphological characteristics and to the potential extent of the contaminated areas. The characterisation plan proposed for the SIN_06 “Brindisi” was released by ISPRA in 2011 [65]. Due to its large extent, the marine and coastal area included in the perimeters was divided in “Harbour Area”, which included the Inner, Middle, and Outer harbour, and “Coastal Area”, which included marine and coastal areas external to the Harbour up to the offshore limit of the SIN. The characterisation plan envisages the following activities: (i) preliminary investigations aimed at the detection of weapons; (ii) geophysical analysis aimed at calibrating the sampling grid; (iii) sediments cores and extractions of samples for the chemical analysis. The characterisation plan of the Harbour Area consisted of a 150 × 150 m sampling grid corresponding to 252 cores with a length ranging from 2 m to 3 m. The characterisation of the coastal area external to the Brindisi Harbour up to 500 m from the coastline was based on a sampling grid of 150 × 150 m and 206 sampling stations. Furthermore, in the marine area over 500 m from the coastline, samples were collected along 700 m-long transects; along each transect, several sampling stations spaced 500 m apart were identified (49 cores with a depth of 2 m and 64 superficial samples). Finally, along the beaches, the characterisation plan consisted of 67 linear transects spaced 150 m apart, along which a single core was to be extracted with a depth of 2–3 m. In total, the proposed characterisation activity consisted of the collection of 322 cores and 64 superficial samples. In addition, a tailored characterisation plan was defined for the Sant’Apollinare area, located in the Outer Harbour, in the frame of a specific agreement signed between ISPRA and Brindisi Harbour Authority [66]. In this case, the characterisation plan consisted of 65 sediment sampling stations within a regular grid measuring 50 × 50 m.



Due to the lack of previous environmental characterisations for the coastal and marine area included in the SIN_05 “Manfredonia”, no data for the identification of critical areas were available. For this reason, in 2004, ICRAM investigated the entire marine area included in the SIN [67]. The proposed characterisation plan consisted of a sampling grid of 150 × 150 m for the analysis of the marine area from the shoreline up to a distance of 600 m. In each cell, a sample core with a depth ranging from 2 m to 4 m was extracted. In the remaining marine area (from the distance of 600 m to the offshore SIN limit) eight sample transects perpendicular to the shoreline were defined with a spatial distance of 450 m. Along each transect, three or four sample stations (core and/or superficial sediments) were identified. In total, the characterisation activity consisted of the collection of 100 cores and 15 superficial samples.



The results of the characterisation plan proposed for the SIN_07 “Taranto” were released by ISPRA in 2011 [68] and was aimed at the characterisation of the entire marine and coastal area in the SIN perimeter which, due to its large area, was divided into four different sectors (i.e., “Punta Rondinella west area”, “Mar Grande–I Lotto”, “Mar Grande–II Lotto”, “Mar Piccolo”). The plan consisted of a total of 507 cores with variable length and 40 superficial sediment samples.




5. The Case Study of SIN_07 “Taranto”


5.1. Summary of the Characterisation Activities Performed from 2004 to 2015


The activities for the preliminary characterisation of marine and coastal area in the SIN_07 “Taranto” were conducted by ISPRA in the period July 2009–May 2010 [68]. The investigated area includes both the Mar Grande basin and the Mar Piccolo basin. Nevertheless, the southernmost sector of the First Bay in the Mar Piccolo basin (known as “Area 170 ha”) was not investigated. The geophysical activities executed in the frame of the characterisation plan included morpho-bathymetric (MultiBeam EchoSounder (MBES) and Side Scan Sonar (SSS)) and seismic surveys (Sub Bottom Profiler (SBP)). In the shallow water areas and in the zone where the navigation was not possible due to the presence of anthropogenic obstacles (i.e., mussel farms), the MBES survey was replaced by a Singlebeam survey. In addition, a magnetometric survey was also carried out to identify war devices on the seafloor. Regarding the sediment quality characterisation, 238 cores in the Mar Grande and 269 in the Mar Piccolo basin with variable length were extracted through a manual core barrel in the mussel farm areas and through a vibrocorer in remain areas. In addition, 40 superficial samples were extracted by a bucket. Approximately 2000 sediment samples from cores and bucket were used to carried out chemical–physical analysis. In particular, particle size, water content, specific weight, pH, redox potential, metals and trace elements, Polychlorobiphenyls (PCB), Organic pesticides, Lead, Copper, Zinc, Vanadium), Organochlorine pesticides, PAHs, Total Hydrocarbons (TPH), Light Hydrocarbons C ≤ 12, Heavy Hydrocarbons C > 12, Total Nitrogen, Total Phosphorus, Cyanides, and Organic Carbon (TOC) were analysed for almost all the samples in both the Mar Grande and Mar Piccolo. For a lower number of samples, further analyses were also performed (Chromium VI, Phenols, Aromatic solvents, Organotin compounds, Dioxins and Furans in part of the samples). In addition, microbiological parameters and ecotoxicological analysis were carried out on representative samples. To evaluate the contamination level, the concentrations of the investigated pollutants were compared with the site-specific reference values and with the “CSC” valid for all the Italian industrial sites (Table 3). The results of the integrated characterisation activities were provided as maps showing the spatial distribution of each parameter elaborated by means of geostatistical methods (Block kriging and Block Co-kriging). Data were interpolated up to the sediment thickness of 2 m in the areas not included in the mussel farm zones and up to 0.50 m for the samples in the mussel farm zones. Results showed that sediments in the Mar Grande are silty sands, sandy silts, and sands, while in the Mar Piccolo basin sediments are mostly silt and sandy silt. The chemical characterisation showed that the contamination in the Mar Grande basin was mostly due to metals and trace elements (Hg and Zn) and Cu, Pb, and As, the presence of which affected at least the first meter of sediment. High concentration levels of Hg were identified in the surface samples (with values even above the national limit in the first 0.50 m) and in the 0.50–1 m layer. In the central part of the basin, a high concentration of Hg was found, even at depths over 1 m. Contamination due to organic compounds was much less evident, both in terms of the extent of the affected area and depth, and this was mainly due to polycyclic aromatic hydrocarbons (PAHs), whose concentration exceeds the site-specific action level, and to TPH, whose concentration, in the same specific areas of the basin in proximity to the coastline, exceeded the value of 1000 mg/kg. In both cases, the contamination affected the first meter of sediment thickness.



The Mar Piccolo environmental state resulted to be very complex due to the presence of a high concentration of both inorganic and organic compounds, with special reference to the First Bay of the basin. The results of the chemical characterisation showed that Hg concentrations exceeded both the site-specific and the national limit in all the analysed surface sediment samples (0–0.50 m) of the First Bay. In the Second Bay, even though the site-specific limit was exceeded in a wide portion of the area, the results were lower in its central part and the easternmost sector. With regard to other metals and traces elements (Zn, Cu, Pb), their concentrations exceeded the site-specific action values both in the First Bay and in the Second Bay up to the 1 m sediment thickness. In the case of Zn, higher concentrations were found even in samples from deeper sediment layers (up to 2 m, when available). Nevertheless, national limits were not exceeded. Contamination from As affected sediment quality only in the First Bay. Considering the organic compounds, PCB concentration exceeded the site-specific action level in the northern sector of the First Bay, where in the shipyard area the contamination also affected the deeper sediment layers, and in the western sector of the Second Bay. National limit was exceeded only in the superficial sediment samples from the First Bay. Even if the TPH contamination affected only some areas mainly in the first bay, their concentration resulted to be higher than the threshold value up to deeper sediment layers (1.5 m). Finally, IPA exceeded the site-specific threshold in the First Bay mainly in the upper layer but, in some limited areas, they reached even the deeper layers. Maps showing the spatial and vertical distribution of organic and inorganic compounds in the Mar Piccolo basin can be consulted in Labianca et al. [40].



The analyses performed by ISPRA in the Mar Piccolo basin were further updated and integrated by the Regional Agency for the Prevention and Protection of the Environment (ARPA Puglia) who has defined and implemented (from May 2013 to April 2014) a technical–scientific programme of activities aimed at supporting the outline a conceptual model of contamination [27]. These analyses allowed the southernmost portion of the First Bay to be characterised; it was excluded from the characterisation performed by ISPRA. The results of program have led to a high number of interdisciplinary papers, which represent a scientific reference for the characterisation of the Mar Piccolo basin ([26] and reference there in).




5.2. Summary of the Characterisation Activities Founded by the Special Commissioner for Urgent Measures of Reclamation, Environmental Improvements, and Redevelopment of Taranto from 2015


The awareness of a widespread environmental risk [24,25,26], the epidemiological data indicating values above the national average for every type of cause of death [69], and the need to protect a territory characterised by a high socio-economic and geo-environmental relevance led, in 2014, to the definition of the Special Commissioner for the area of Taranto, who promoted an interdisciplinary study for the integrated characterisation of the coastal system in the SIN_07 perimeter. In this framework, new surveys were envisaged to obtain both direct and indirect data necessary for the geological, sedimentological, mineralogical, geochemical, and biological characterisation of the area.



Specifically, in the first phase of the study, started in 2016, the Mar Piccolo basin was investigated, while in the second phase (started in 2017), the survey activities were carried out in the Mar Grande basin. In Figure 7, the navigation lines defined for the acquisition of the geophysical data (Side Scan Sonar-SSS, MultiBeam-MBES, Sub Bottom Profiles-SBP, Sparker-SPK, Magnetometric-MG) are indicated (Figure 7). In the Mar Piccolo area, marine, coastal (land–sea interface), and terrestrial geoelectric surveys were also conducted (Figure 7). The profiles’ total length was 6675 m, with an interelectrode spacing of, respectively, 20 m and 5 m for the coastal and terrestrial profiles.



Regarding the direct analysis, in the period from September 2016 to March 2017, 24 sediment vibrocores were extracted in the Mar Piccolo basin using 1.5 m-long cores (Figure 7) at different sampling depths up to the limit of the argille subappennine informal nit. Each liner was appropriately sectioned so that it could be used for both sedimentological and chemical analyses. Once the cores were transported to the laboratories, a preliminary visual core description was carried out, taking into consideration the following parameters: degree of the drilling process disturbance, colour, lithological and granulometric characteristics, sedimentary structures, accessories (shells type, organic material, presence of glauconite or other minerals, concretions and nodules, archaeological findings) (Figure 8). Extensive physical and chemical analysis in the sediment samples from the First Bay basin were carried out. These activities included the determination of the following parameters: sediment granulometry, redox potential, organic matter, water content, organic and inorganic pollutants (PCBs, PAHs, TPH, TBT, DTB, MBT), metals (Pb, Cd, V, Ni, Cu, Zn, Hg, Cr, Fe, Al, Mn, As and Sn), and Dioxins and Furans. For the definition of the degree of contamination, the concentrations of the pollutants resulting from the chemical analyses were compared with the site-specific action levels established for the SIN_07 “Taranto” and with the national thresholds (CSC) (cf. Table 2).



Detailed description of the technical specifications of the geophysical survey as well as of the analytical procedures for the chemical analyses are reported in Valenzano et al. [33] and Cotecchia et al. [37], respectively. In order to obtain more details on the mineralogical composition of the sediment samples, further analyses were also carried out. These included the acquisition of magnetic susceptibility profiles, the detection of heavy metals in very small concentrations, the X-ray Fluorescence (XRF), X-ray Powder Diffraction (XRPD), and Trasmission Electron Microscope (TEM). Further analysis, such as liquid limit, plasticity index, activity index, soil solid-specific gravity, organic matter, void ratio, water content, and liquidity index, allowed estimate chemo-mechanical proprieties of the sediments.



The integrated interpretation of the geophysical data acquired in the Mar Piccolo with chronostratigraphic information derived from direct cores and 14C dating [35] allowed the geometrical relationships between sedimentary bodies to be defined, as well as their lateral continuity, thickness, and depth providing scientific support to the definition of the Holocene morpho-sedimentary evolution of basin [33]. In addition, through the qualitative description of the sediment samples, the main facies were identified and correlated with the seismic units obtained from the analysis and interpretation of the high-resolution single-channel seismic data (SBP and SPK). Specifically, through the interpretation of the SPK profiles, the upper limit of the carbonate substrate (Calcare di Altamura Fm.) was identified (Figure 9), on which, in discordance, it was possible to recognise a thick clayey succession referable to the informal stratigraphic unit of the argille subappennine (Pliocene–Middle Pleistocene) in heteropia with the Gravina Calcarenite Fm. (Pliocene). The digital model of the carbonate-top surface shown in Figure 9 has been obtained by interpolating available data from SPK interpretation and already available core data [33]. On the other hand, the interpretation of the SBP profiles had highlighted the thicknesses and geometries of the post-Last Glacial Maximum (LGM) units, which develop in the incised-valley morpho-stratigraphic system. As shown in Figure 10, this structure can be followed with good continuity from the Mar Piccolo basin to the Mar Grande basin [33,70].



The interpretation of the acoustic data (MBES and SSS) allowed the high resolution morpho-bathymetric setting of the coastal area to be defined, highlighting the morphological features that can be ascribed to local natural assets (i.e., Citri, [57]). In addition, these data represented a useful support for the identification and mapping of elements and traces from anthropogenic activities, providing, therefore, an indirect assessment of the human footprint in the seafloor. The analysis of the most recent acoustic data will certainly update the indirect and direct surveys already carried out in the past for the Mar Piccolo area [28,34], integrating the same analysis for the Mar Grande basin (Figure 11).



As far as the results obtained from the analysis of chemical parameters are concerned, they showed a substantial environmental criticality in the southern sector of the First Bay (i.e., the area defined as “Area 170 ha”). As regards the distribution of pollutants along the vertical profile of the sediments, it emerged that the highest concentrations characterise the first sediment layer (0–0.50 m). The concentrations of the analysed metals in the first sediment layer are indicated in Table 4.



As can be seen from the analysis of these data, most of the sediment samples present concentration of the inorganic compound higher than the site-specific action values. In surface samples relative to cores S02, S03, S04, S05, S06, S16, there are at least six concentrations of inorganic pollutant higher than the limit values. In sediments from core S03 and S06 the CSC limit value for the Hg is exceed. In Figure 12, the results of the chemical analysis performed on superficial sediments are summarised. Sediment cores are indicated with circles, whose sizes depend on the number of inorganic and organic pollutants exceeding site-specific thresholds.



However, the presence of some pollutants at higher depths, with concentrations even exceeding the threshold limits, infer the occurrence of local mixing phenomena in the more superficial and unconsolidated sediments. In particular, as highlighted by the authors of [71], who analysed and mapped the Organotin compounds concentrations in sediment samples up to 3 m, the greatest thickenings of reworked sediments were detected mostly in the southern and northwestern areas of the First Bay, where the bathymetric data showed a remarkable perturbation of the seafloor mainly ascribed to anthropogenic activities (e.g., dredging and wrecks). Cotecchia et al. [37] provided the analytical results for chemical, geotechnical, and mechanical proprieties evaluated for sediment sampled from six selected cores (S01, S02, S03, S04, S06, S07) from the sea-floor interface up to a depth of approximately 30 m. The results obtained from the analysis of chemical parameters updated the knowledge on contamination level in the Mar Piccolo basin. Nevertheless, no analysis has been carried out for the chemical characterisation of the sediment from the Mar Grande basin.



Comparing the analytical results obtained during the characterisation activities funded by the Special Commissioner with the international sediment quality guidelines ERM and ERL (effects range medium and effects range low), it emerged that the concentrations of As, Cr, Hg, Ni, Pb, Cu, and Zn exceed the ERL values at least in one sample; furthermore, Hg, Ni and Pb concentrations also exceed the ERM values (Table 5). Specifically, Ni concentrations exceed the ERL values in all the 19 samples, As and Hg concentrations exceed the ERL values in 16 samples (S02, S03, S04, S05, S06, S07, S08, S09, S11, S12, S14, S15, S16, S17, S18, S19 and S01, S02, S03, S04, S05, S06, S07, S08, S09, S11, S14, S15, S16, S17, S18, S19, respectively), Cr concentrations exceed the ERL values in 15 samples (S04, S05, S06, S07, S08, S09, S11, S12, S13, S14, S15, S16, S17, S18, S19), Pb and Cu concentrations exceed the ERL values in 10 samples (S02, S03, S04, S05, S06, S15, S16, S17, S18 and S02, S03, S04, S05, S06, S15, S16, S17, S18, S19, respectively). Finally, Zn concentrations exceed the ERL values in six samples (S02, S03, S04, S05, S06, S16). Considering the ERM values, Hg concentrations are higher in 11 samples (S02, S03, S04, S05, S06, S11, S15, S16, S17, S18, S19), Ni concentrations are higher in all the samples excluding S10 and S10, and Pb concentrations are higher in samples S3 and S6. Nevertheless, it is worth noting that the use of indicators such as ERL and ERM can be considered as a first attempt to link the bulk chemistry with toxicity [72,73,74,75]. Chemical concentrations below the ERL value represent a range below which adverse biological effect would rarely be observed; similarity, the ERM values represent a potential range above which adverse effects on biological systems would frequently occur [72].





6. Discussion on Methodological Procedures Available for the Integrated Characterisation of the Coastal Contaminated Sites


As shown in the review of scientific papers available at the national and regional scale [25,28,76,77,78,79,80,81,82,83,84,85], the different types of analysis generally envisaged to perform the geo-environmental characterisation of contaminated coastal sites represent a starting point for the assessment of the level of anthropogenic impact on marine environmental matrices. Nevertheless, many of these analyses may support the definition of a geo-morphodynamic model of the investigated area. Based on the review of the achievements of previous analysis carried out in the Taranto area and by the support of expert-based judgments provided by who were involved in the multidisciplinary activities funded by the Special Commissioner, a specific suitability level in the definition of geological model and/or anthropogenic impact has been assigned to each investigation performed for the characterisation of the area in the SIN_07 “Taranto”. The suitability has been ranked in three classes, as follows:




	
“High suitability” level has been assigned to the investigations that allow reliable data to be obtained, the interpretation of which can be considered independent from other analyses.



	
“Medium suitability” has been assigned to those investigations that require the integration of further analysis to be to be properly interpreted. Medium suitability analyses should be coupled with high suitability analyses.



	
“Low suitability” has been assigned to investigations that give a minor contribution to the achievement of the main goal of the analysis. Low suitability analyses should be coupled with medium and high suitability analyses.








In Table 6, the suitability levels are indicated considering the definition of the geomorphodynamic model and anthropogenic impact as main outcomes. The investigation activities have been grouped as it follows: geophysical and geoelectrical surveys, chemical analysis on sediment samples at different depths from the sea–floor interface, and physical, geo-chemical, and bio-chemical analyses on sediments and biota eventually found in them.



From this evaluation, it is evident that several surveys (e.g., acoustic surveys, SBP surveys, concertation of inorganic compounds) allow the acquisition of informative layers that may support both the assessment of site-specific geological features and the environmental characterisation of the investigated site. Furthermore, the indirect geophysical surveys play a significant role in terms of featuring the sediment variability and therefore for orienting the definition of the most suitable sampling grids, which should be tailored according to the site-specific lithological and sedimentological peculiarities. For this reason, they may be considered as priority in the definition of a cost-efficient characterisation program. Several investigations need to be coupled with other surveys to obtain high informative data. By way of example, SBP data, coupled with punctual information on the contaminants’ concentrations, allow the spatial correlation among sediments samples and sedimentary units to be defined. Some investigations (e.g., SPK surveys, radiocarbon dating, palynological analysis) are considered to be very useful for the identification of geological, stratigraphical, and paleo-environmental features, but their usefulness in supporting the evaluation of the anthropogenic impacts on marine matrices is considered low. On the other hand, the analysis of the organic compounds is of paramount importance in the definition of the environmental status, but it does not provide any relevant details useful for the analysis of the geo-morph dynamics of the investigated areas.



Furthermore, taking into consideration the Driver-Pressure-State-Impact-Response (DPSIR) model, which represents a “causal framework for describing the interactions between society and the environment” (EEA, 1999), the analyses envisaged for the geo-environmental characterisation of coastal contaminated sites may be considered as key factors for the definition of the parameter “State”, which identifies the physical, chemical, and biological conditions of the environment and its related matrices.



This aspect can be highlighted in the review paper published by Labianca et al. [40], who have proposed a specific DPSIR model for the Mar Piccolo basin (Figure 13). In their site-specific DPSIR scheme, the authors identified key elements for each parameter of the model, as follows:




	
Driving forces: demography, agriculture, industry, landfills and treatment plants;



	
Pressures: discharge of nutrients and contaminants, pollution in groundwater, air pollution;



	
States: marine sediment characterisation, sea water characterisation, biodiversity monitoring, anthropisation of sea bottom assessment, marine litter identification;



	
Impacts: contaminants mobility, effects of contaminants on marine organisms, effect of pollution on human health, eutrophication;



	
Responses: political approaches, remediation strategies.








According to the proposed model, operational (short-term) and strategic (medium- and long-term) management responses can interact with forces, pressures, and states. Specifically, while structural and political measures may influence the driving factors, remediation strategies help to reduce environmental degradation and to restore higher environmental quality. Accounting for the above-mentioned parameters, it appears to be clear that the results achieved through the characterisation activities carried out by national and regional scientific entities (ISPRA, ARPA, Special Commissioner, Universities, CNR) are preparatory for the definition of the current environment state as well as for the identification of the main geomorphological and sedimentological factors that may contribute to the pollutants’ accumulation and redistribution. From this perspective, it is considered worthwhile to define a scheme of priority actions to be undertaken in a cost- and operative-effective way.



From the review of the manuals and guidelines drawn up at the national level (cf. Section 2), it emerged that, at present, there are no nationally recognised operative guidelines to refer to for the characterisation of geo-morphodynamic aspects and processes that can induce changes in the coastal environments in the SINs. Therefore, the need to define a scientific protocol of investigations has led to funding a three-year research project supported under a special fund of the Apulia Region financed by the European Union. Activities envisaged under the ongoing research project include: (i) integrated data analysis for the identification of the potential correlation factors between the site-specific geological setting and contamination features; (ii) analysis of geo-morphodynamic factors that may induce changes in the coastal environment resulting in redistribution of the pollutants; (iii) definition of potential environmental risk scenarios. A synthesis of the activities scheduled in the project is reported in Figure 14. The main outcomes of the project will be represented by a set of guidelines specifically defined to address the characterisation activities towards the definition of the geo-morphodynamic model of the investigated area and to support the assessment of environmental and coastal risk scenarios. The project is based on the set of data and information already available for the Taranto area that, at the regional scale, results to be the site for which a higher number of scientific references on its integrated characterisation area available. Nevertheless, to support the definition of the geo-morphological, stratigraphical, and sedimentological features of the Taranto area, new geophysical surveys aimed at the realisation of morpho-topographic and morpho-bathymetric models with high spatial resolution having started and are still in progress (funded by ISPRA in the frame of the national project “CARG” for the realisation of the Geological Map of Italy at the scale 1:50,000 https://www.isprambiente.gov.it/Media/carg/puglia.html, accessed on 3 May 2022).



Although the site-specific characteristics (type of coastal system, type of industrial activity) should be considered, it is worth noting that the definition of guidelines should comply with a set of general criteria valid for all types of contaminated coastal sites [10]. Among these, physical parameters such as sediments size and organic content must be accounted for the definition of pollutants accumulation processes. In addition, the geo-chemical sediment characterisation should include both the surface sediments and the deeper layers to define the vertical distribution of the contaminants. To this aim, it is considered necessary to carry out both in situ cores to support the direct analyses on sediments at different depths and the acquisition of geophysical data to support the spatial correlation among data derived from cores (point data). The storage, processing, and representation of a huge amount of data required for the characterisation of highly contaminated sites cannot disregard the creation of specific geographical multidisciplinary geodatabase which enables the reconstruct of the evolution of the contamination status over time for the different environmental matrices [86].



Furthermore, the definition of a site-specific geo-morphodynamic model cannot disregard the evaluation of physical processes that may induce variations in the coastal setting and enhance the distribution of pollutants. These processes should include both superficial surface processes (e.g., water and solid discharge from river systems) and marine and coastal processes [87,88,89] (e.g., coastal erosion, coastal flooding, sea level rise). Final considerations about this last aspect are related to the potential effect of climate change on spatial and temporal occurrence of weather-related extreme events (e.g., heavy rainfall, storm surge) that may enhance the magnitude of already occurring processes. As highlighted by [90,91], coastal changes induced by climate and marine processes may undermine remediation and risk management strategies implemented in the contaminated sites and reduce the effectiveness of the original site remediation design.




7. Conclusions


The activities carried out in recent years for the characterisation of marine and coastal areas in the Apulian SINs provided in-depth knowledge of their environmental status. With regard to the SIN_07 “Taranto”, the results obtained from the analysis of chemical parameters show a remarkable environmental criticality in the southern sector of the First Bay (in the Mar Piccolo basin), in the area defined as “Area 170 ha”. Accounting for the distribution of pollutants along the vertical profile of the sediments, the highest pollutant concentrations characterise the first 50 cm of the samples. Referring to the national limits, Ni and Cr concentrations exceed the site-specific values in 95% and 90% of the sample, respectively, while Zn concentration exceeds the site-specific values in 58%. The concentration of Hg exceeds both the site-specific value (in 47% of the samples) and the national CSC value (11% of the samples). Taking into consideration the international guidelines, 84% of the samples exceed the ERL values for As and Hg, 79% for Cr, 53% for Pb and Cu, and 32% for Zn. Finally, 100% of the samples exceed the ERL value for Ni. Furthermore, the interpretation of the acoustic data acquired during the geophysical surveys has allowed traces of direct and indirect impacts of anthropogenic activities on the seafloor to be identified, which are widely distributed both in the Mar Grande and in the Mar Piccolo.



In this review, based on a critical analysis of the surveys performed in the Apulian SINs, with particular reference to SIN_07 “Taranto”, a suitability level has been assigned to each of the performed survey, taking into consideration their usefulness in supporting the definition of the site-specific geo-morphodynamic model and the anthropogenic impact on the environmental matrices. This kind of expert-based evaluation represents the starting point for the definition of a protocol of investigations to be proposed as an operational tool for the selection of the analysis, direct and indirect, to be carried out for a comprehensive characterisation of the geo-morfodynamic setting and environmental state of the coastal contaminated sites. The protocol will support stakeholders in the definition of the conceptual model of the contaminated sites and it will be a useful tool for their environmental restoration. At the regional scale, the guidelines can support the characterisation the five orphan sites approved by MiTE. Furthermore, the National Recovery and Resilience Plan within the Next Generation EU could represent a great opportunity for the definition and implementation of safety measures of the sites to be reclaimed. This last aspect could promote the use of the investigation protocol on a national and international scale.
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Figure 1. Italian Sites of National Interest (SINs). Last update: 2021 [9]. The numbers identify SIN_ID. The extent of the SINs coastal area is shown in the circles: the orange circles represent SINs whose perimeters do not include marine and coastal area. 
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Figure 2. Study area location and Apulian coastal SINs perimeters. (a) Geographical location of the Apulia region, whose regional boundary is shown in red; (b) SIN “Taranto” (SIN_07); (c) SIN “Manfredonia” (SIN_05); (d) SIN “Brindisi” (SIN_06). The inland limit of each SIN is identified in red, while the blue lines show the perimeters of the marine areas included in the SIN. (b–d) were provided by the Italian Ministry of Ecological Transition (MiTE). 
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Figure 3. Taranto area. (a) Identification of the Mar Piccolo and Mar Grande with the channels who connecting the two basins (1, Porta Napoli channel; 2, Navigable channel). The main industrial sites are also indicated in red, while green and orange circles identify the areas pertaining to the Navy and ex-Tosi shipyards, respectively. (b) SCI IT9130004 “Mar Piccolo” perimeter. SCI area also includes the Regional Reserve “Palude la Vela”. (c) Citri. (d) Cliff in the Mar Piccolo basin in which it was possible to recognise the argille subappennine unit and the overlying MIS 5 calcarenites. 
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Figure 4. Brindisi area. (a) Localisation of the inner, middle and outer parts of the Brindisi Harbour. The perimeter of the SIC/ZPS IT9140003 “Ponds and salt marshes of Punta Contessa” is indicated in green. (b) Industrial plants included in the SIN “Brindisi” (Image credits: L’ora di Brindisi, available at: https://www.loradibrindisi.it/2020/09/on-gava-eliminati-33-mln-destinati-alle-bonifiche-del-sin-di-brindisi/, accessed on 3 May 2022). 
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Figure 5. Manfredonia area. Industrial plants included in the SIN “Manfredonia” (Image credits: Manfredonia news, available at: https://www.manfredonianews.it/2020/09/13/quali-le-sorti-dellarea-sin-ex-enichem/, accessed on 3 May 2022). 
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Figure 6. Areas in the Apulian coastal SINs for which characterisation plans and remediation projects have been approved. Pictures on the left panel are referred to soil while pictures on the right panel refers to the groundwater in (a) SIN “Taranto”, (b) SIN “Brindisi”, (c) SIN “Manfredonia”. The red line identifies the SINs perimeters. Percentage data are provided in the main text. Images have been downloaded from MiTE website (https://bonifichesiticontaminati.mite.gov.it/sin/stato-delle-bonifiche/, last update: 5 June 2022). 
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Figure 7. Navigation lines followed for the geophysical and geoelectric surveys carried out in the frame of the activities funded by the Special Commissioner. The positions of the 24 sediment cores carried out in the Mar Piccolo are also indicated. 
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Figure 8. Phase of preliminary description of sediment liners from the Mar Piccolo basin. 






Figure 8. Phase of preliminary description of sediment liners from the Mar Piccolo basin.



[image: Land 11 00878 g008]







[image: Land 11 00878 g009 550] 





Figure 9. Digital model of the upper limit of the carbonate substrate (Calcare di Altamura Fm.) identified through the analysis and interpolation of SPK data (for the submerged area) and core data. Isolines are referred to local mean sea level. 
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Figure 10. Digital model of the upper limit of the argille subappennine informal unit identified by the analysis of the SBP, SPK data and cores. 
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Figure 11. Distribution of anthropogenic traces detected on the seafloor of the Mar Piccolo (first Bay) and Mar Grande basins through the interpretation of SSS and MBES data. 
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Figure 12. Sediment cores in the First Bay of the Mar Piccolo basin. The size and the colour of the circles are proportional to the number of heavy metals whose concentration in the first layer of sediment (0–0.50 m) has resulted to be above the site-specific action values. S01 does not show any concertation above the site-specific limit, while in the samples from cores S03 and S06, the Hg concentration exceeds the national limit (CSC value). 
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Figure 13. DPSIR framework. The model allows the relationships between the main anthropogenic drivers to be defined, as well as the environmental pressures that they cause and the states of the environmental matrices. 
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Figure 14. Activities envisaged under the ongoing research project funded by the Apulia Region. Icons are freely downloaded from Freepik platform (freepik.com). 
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Table 1. Main anthropogenic activities located in the Italian Sites of National Interest whose perimeters include marine areas [8].
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	Coastal SIN
	Main Anthropogenic Activities





	SIN_2 “Napoli”
	Petrochemical, mechanical, and transport industries; manufacturing companies; mechanical office; disused thermoelectric power station and sewage treatment plant.



	SIN_3 “Gela”
	Industrial pole (petrochemical, hydrocarbons treatment and production).



	SIN_4 “Priolo”
	Refineries; petrochemical and cement industries; Landfills; Ex-Eternit plant.



	SIN_5 “Manfredonia”
	Fertiliser industry; urban and industrial waste landfill; agricultural land.



	SIN_6 “Brindisi”
	Petrochemical and electrical industries; agricultural land; areas belonging to the Harbour Authority.



	SIN_7 “Taranto”
	Iron and steel, petrochemical, and cement industries; Military shipyard; areas belonging to the Harbour Authority.



	SIN_9 “Piombino”
	Industrial pole; industrial waste landfill; areas with backfill material.



	SIN_17 “Bagnoli”
	Iron and steel industries; Ex-Eternit plant. All the activities are disused.



	SIN_21 “Crotone”
	Wide industrial pole, including disused plants to produce Zinc, phosphoric acid, complex fertilisers (nitrogen and phosphate), nitric acid, and sulphuric acid.



	SIN_24 “Trieste”
	Harbour zone; industrial pole; cast-iron industry.



	SIN_27 “Cogoleto”
	Industrial plant devoted to the production of sodium dichromate and other chromium derivatives. All the activities are disused.



	SIN_34 “Sulcis-Iglesiente”
	Mining and industrial activities related to the processing of extracted minerals; oil refining and petrochemical industries.



	SIN_36 “Livorno”
	Refinery and related facilities; thermoelectric power plant; areas belonging to the Harbour Authority.



	SIN_44 “Falconara Marittima”
	Refining and storage of petroleum products.



	SIN_47 “Orbetello”
	Mining; chemical plants to produce chemicals, glue, and fertilisers; dynamite and explosives factories; waste accumulation area. Mining and industrial activities are disused.



	SIN_49 “Porto Torres”
	Disused petrochemical plant; thermoelectric power station; active and disused chemical and mechanical industries; landfill.



	SIN_53 “Milazzo”
	Refining and storage of petroleum products; electricity power plant; asbestos processing (disused) industrial waste dumps.
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Table 2. Land and marine surface in the Apulian coastal SINs.
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	SIN
	Land Surface (ha)
	Marine Surface (ha)
	Coastal Stretch (km)





	Taranto (SIN_07)
	4383
	7005
	approx. 40



	Brindisi (SIN_06)
	5851
	5600
	approx. 30



	Manfredonia (SIN_05)
	216
	860
	approx. 4
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Table 3. Threshold limit values identified at the national level (expressed in terms of CSC–cf. Legislative Decree 152/2006) and at the site-specific level for the SINs “Taranto” and “Brindisi”. Concentration limits are in ppm (mg/kg dw). (*) refers to sediments with a silt distribution < 20% while (**) refers to sample with silt distribution > 20%. The site-specific threshold limits are not available for the SIN “Manfredonia”.
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	Limit Values
	OSn
	PAHs
	PCB
	TPH
	As
	Cd
	Cr
	Hg
	Ni
	Pb
	V
	Cu
	Zn





	National thresholds (CSC)
	-
	100
	5
	750
	50
	15
	800
	5.0
	500
	1000
	250
	600
	1500



	Taranto site-specific action levels
	0.07
	4
	0.19
	-
	20
	1
	70 */160 **
	0.8
	40 */100 **
	50
	-
	45
	110



	Brindisi site-specific action levels
	0.07
	4
	0.19
	-
	20
	1
	100
	0.4
	50
	50
	-
	45
	110
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Table 4. Concentration values calculated for inorganic compounds. (*) indicates the pollutants for which site-specific and national limits are available (cf. Table 2). Values exceeding site-specific action limits are indicated in bold, while values also exceeding the national limits are underlined. Concentrations are expressed in mg/kg dw.
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	Core
	Hg *
	Cd *
	Pb *
	As *
	Cr *
	Cu *
	Ni *
	Zn *
	Fe
	Mn
	Sn
	Al
	V





	S01
	0.46
	0.18
	36.38
	7.40
	44.96
	21.97
	38.31
	49.89
	11,857
	297
	2.58
	26,353
	48.94



	S02
	4.70
	0.57
	150.38
	23.42
	60.45
	87.92
	60.83
	293.45
	28,402
	484
	19.60
	36,235
	89



	S03
	8.33
	1.16
	261.63
	21.91
	71.06
	76.61
	56.13
	311.43
	24,079
	437
	15.25
	28,950
	83.81



	S04
	4.10
	0.63
	129.03
	18.51
	90.63
	75.17
	74.27
	276.63
	34,969
	561
	15.63
	65,743
	100.15



	S05
	3.94
	0.69
	213.58
	21.64
	115
	54.82
	82.50
	218.14
	48,868
	732
	13.08
	102,065
	113



	S06
	15.36
	0.90
	229.29
	44.75
	82.85
	83.75
	61.70
	402.90
	25,414
	446
	18.55
	55,449
	88.52



	S07
	0.31
	0.28
	35.96
	10.13
	83.17
	14.83
	68.75
	79.68
	32,397
	540
	2.54
	51,116
	99.32



	S08
	0.35
	0.26
	30.10
	15.74
	123
	27.05
	80
	102
	38,635
	671
	3.02
	85,917
	125



	S09
	<LOQ
	0.13
	21.67
	9.54
	103
	17.16
	64
	59
	31,776
	671
	2.31
	53,183
	84



	S10
	0.05
	0.23
	21.60
	5.54
	74
	16.82
	50.56
	52.58
	19,473
	372
	2.19
	34,269
	79



	S11
	0.95
	0.24
	46.60
	15.91
	150
	28.75
	83.41
	121.82
	44,018
	655
	4.24
	88,392
	121



	S12
	0.09
	0.17
	26.78
	11.73
	100
	17.27
	64.47
	72.77
	28,658
	730
	2.82
	50,796
	93



	S13
	0.11
	0.20
	23.37
	6.57
	95
	20.76
	67.13
	71.92
	23,178
	415
	2.66
	40,148
	93



	S14
	0.23
	0.20
	46.75
	14.39
	99
	23.07
	77.17
	90.92
	21,952
	852
	3.23
	48,145
	131



	S15
	2.77
	0.05
	78.78
	17.44
	81
	35.91
	73.22
	125.10
	18,456
	547
	6.05
	45,200
	129



	S16
	3.42
	0.62
	147.91
	23.18
	100
	117.00
	68.78
	337.85
	33,974
	545
	88.05
	69,798
	105



	S17
	2.35
	0.25
	100.34
	15.70
	124
	37.37
	79.47
	133.27
	31,413
	543
	6.38
	68,534
	138



	S18
	2.54
	0.23
	79.10
	15.54
	95.62
	37.08
	67.08
	134.62
	34,745
	595
	9.67
	50,086
	100



	S19
	1.07
	0.28
	37.92
	11.36
	151
	36.22
	92.24
	107.70
	39,844
	593
	4.57
	60,226
	118
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Table 5. International sediment quality guidelines (ERL and ERM) for some trace elements. All the concentrations are expressed in mg/kg dw. * Reference values provided in [72].
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	SQGs
	As
	Cd
	Cr
	Hg
	Ni
	Pb
	Cu
	Zn





	ERL *
	8.2
	1.2
	81
	0.15
	20.09
	46.7
	34
	150



	ERM *
	70
	9.6
	370
	0.71
	51.06
	218
	270
	410



	Samples from the First Bay of the Mar Piccolo

(min and max values)
	5.54 44.75
	0.05 1.16
	44.96 150
	0.05 15.36
	38.31 92.24
	21.60 261.63
	14.83 117.00
	49.89

402.90
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Table 6. Different typologies of analyses generally envisaged for the geo-environmental characterisation of contaminated coastal sites. For each of them, the suitability level in supporting the definition of the geological model and the assessment of the anthropogenic impact has been evaluated as high, medium, and low (😃: high suitability; 🙂: medium suitability; 😐: low suitability).
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	Investigations
	Geological

Model
	Anthropogenic

Impact



	Geophysical surveys
	
	



	Multi/Single Beam
	😃
	😃



	Side Scan Sonar
	😃
	😃



	Sub Bottom Profile
	😃
	🙂



	Sparker
	😃
	😐



	Magnetometric
	🙂
	🙂



	Geoelectric surveys
	
	



	Marine geoelectric
	😃
	😐



	Coastal geoelectric
	😃
	😃



	Terrestrial geoelectric
	😃
	🙂



	Chemical analyses on sediments

(layer 0–0.5 m)
	
	



	Inorganic compounds
	😃
	😃



	Organic compounds
	😐
	😃



	Additional compounds
	😐
	😃



	Chemical analyses on sediments

(layer 0.5–3 m)
	
	



	Inorganic compounds
	😃
	😃



	Organic compounds
	😐
	😃



	Additional compounds
	😐
	😃



	Chemical analyses on sediments

(deeper layers)
	
	



	Inorganic compounds
	😃
	😃



	Organic compounds
	😐
	😃



	Additional compounds
	😐
	😃



	Physical analyses on sediments
	
	



	Organic matter
	🙂
	🙂



	Grain size
	🙂
	🙂



	Water content
	🙂
	🙂



	Geo-chemical analyses on sediments
	
	



	Magnetic susceptibility
	🙂
	😃



	X Ray Fluorescence–XRF
	🙂
	😃



	X Ray Powder Diffraction–XRPD
	🙂
	😃



	SEM
	🙂
	😃



	TEM
	🙂
	😃



	Bio-chemical analyses on biological elements in sediments
	
	



	Palynological analysis
	😃
	😐



	Qualitative assessment of macrobenthos
	😃
	😃



	Radiocarbon dating-14C
	😃
	😐
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