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The role of short- to medium-term geomorphic variation is analyzed in two Italian mixed sand and gravel beaches to better understand how it could affect vulnerability assessments of oil spill events. The study sites, Portonovo and Sirolo, are in one of the most congested areas for oil transportation in the Adriatic Sea (Ancona port). A “snapshot” situation populated with field data collected in April 2015 is compared to a “changing” situation built with previous field datasets (topographic surveys and surface sediment samplings) available for the two beaches. According to the ESI guidelines established by the National Oceanic and Atmospheric Administration [NOAA], 2002, both Portonovo and Sirolo can be ranked as ESI 5 or 6A in most of the cases. Sediment size resulted in the most decisive factor for the ESI assessment. As consequence of the bimodal direction of storms, the high geomorphic variability on the two sites is mainly related to storm berms which lead to rapid burial processes on both beaches. In oil spill circumstances, burial is considered the most alarming factor, especially on microtidal mixed beaches that develop storm berms so high and close to the shoreline. A quantification of the maximum potential depth reachable by the oil in the beach body is therefore needed for the most dynamic beaches; this could be achieved with repeated field measurements to be performed in the period between two consecutive ESI updates (5–7 years) and the addition of an appendix in the ESI maps dealing with the geomorphic characteristics of the beach. The significance of a changing ESI rank is that the authorities in charge of responding to the oil spill could be improperly prepared for the conditions that exist at a spill site if the geomorphology has changed from when it was first given an ESI rank.
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INTRODUCTION

Despite the increasing exploitation of renewable energies, oil is currently one of the most adopted energy sources in the world (British Petroleum [BP], 2018). Its transportation is still necessary by tankers across the sea and its extraction by means of offshore platforms is quite common, creating the potential for oil spills whether offshore or toward the coasts. The coastal value from ecological, socioeconomic, and cultural points of view is threatened by several pollution sources, and among them oil represents one of the most harmful (Santos and Andrade, 2009). Thanks to the implementation of satellite and SAR images, oil spill monitoring has recently received more attention from the scientific community (Fiscella et al., 2000; Brekke and Solberg, 2005; Gambardella et al., 2010; Xu et al., 2014). Improvements in remote sensing have allowed better identification of oil in water environments, but the many possible background interferences and the absence of ad hoc sensors to detect oil in the water still represent limitations (Fingas and Brown, 2018). When an oil spill reaches the coast, several factors dealing with the physical nature and the hydrodynamics of the site can signal the persistence of oil in the coastal environment. The first attempts of classification for oil spill vulnerability were proposed by Gundlach and Hayes (1978) and Michel et al. (1978). Those efforts were improved through the years (Jensen et al., 1998) and finally merged into the most comprehensive tool known so far to asses coastal vulnerability to oil spill, which is the Environmental Sensitivity Index (ESI) established by the National Oceanic and Atmospheric Administration (National Oceanic and Atmospheric Administration [NOAA], 2002). The aim of the ESI guidelines is to generate vulnerability maps for water environments potentially affected by oil spill events. Fattal et al. (2010) conceptually defined the coastal vulnerability to oil spill as the combination of (1) shoreline type (substrate, sand grain size, tidal range), (2) exposure to wave and tidal energy, (3) the biological sensitivity index (Nansingh and Jurawan, 1999), (4) the analysis of oil persistence on the shoreline, (5) crisis management, and (6) the value of business activities affected by the oil spill. In the European context there are no tools like ESI maps, but some studies have been led to propose an index for marine-spill risk along the entire European coastline (Fernández-Macho, 2016). At the scale of the Adriatic Sea, the SHAPE project built an atlas as a tool for storing, visualizing and managing data useful to implement the Integrated Coastal Zone Management (ICZM) and Maritime Spatial Planning (MSP) policies, among which the oil spill vulnerability assessment is also present1. An oil spill forecasting system was set up for seven specific oil platforms in the Italian seas by Ribotti et al. (2019), including three sites in the Adriatic Sea. In the Adriatic Sea there is also the oil platform closest to the coast (Sarago Mare platform), which is also 30 km SE from the study area of the present paper. Coastal hazard assessments were modeled by Olita et al. (2019) for some Italian oil platforms, and the largest hazard value resulted from the Sarago Mare platform. According to Fernández-Macho (2016), Italy occupies the fourth place in Europe for oil spill vulnerability, even though the Ancona area (namely the study site of this paper) turned out to be quite low. As stated by Pourvakhshouri and Mansor (2003), the priority in the case of an oil spill affecting a coastal environment is to stop the dispersion of pollutants in the beach and through the adjacent water column. According to Kirby and Law (2010), an effective response to an oil spill at sea must include a well planned and executed post-incident assessment of environmental contamination and damage. For all these reasons it is crucial to understand and recognize the morpho-sedimentary dynamics of beaches. The vulnerability assessment should provide guidelines to help the local authorities in taking the proper decision to contrast the oil spill consequences (Pourvakhshouri and Mansor, 2003). As stated by Aps et al. (2014), beaches cannot be simply considered from a statistical point of view, and coastal morphodynamics is an important factor to take into account in the vulnerability assessment for oil spill events. The crucial role of field measurements for evaluating ESI was already recognized by Nelson and Grubesic (2018), as they helped to decrease observational error when only remote sensing data are used. According to González et al. (2009), to minimize the impact of oil spill on beaches it is crucial to understand the modal state of the beach and its morphodynamics variability through time; the authors also highlight the importance of the beach limits (lateral and the cross-shore), which confine the water circulation and the oil transport on the beach. The ESI scale of National Oceanic and Atmospheric Administration [NOAA] (2002) still represent an impressive and comprehensive tool to assess the susceptibility to spilled oil along coastal habitats, and it represents something that still must be reproduced at a European or worldwide context. Nevertheless, an improvement on the “shoreline type” classification is possible to better adopt ESI on a more local scale and in coastal environments amply different from oceanic coasts.

The aim of this paper is to adopt the ESI guidelines of National Oceanic and Atmospheric Administration [NOAA] (2002) for two mixed sand and gravel beaches in the microtidal environment of the Adriatic Sea (Italy). Comparing a one-time (“snapshot”) situation with sequential field measurements from the same sites (“changing” situation), we want to demonstrate the crucial role of rapid geomorphic and surface sediment changes in the vulnerability assessment of mixed beaches for oil spill events. Substantial changes within relatively short time frames can take place in mixed sand and gravel beaches, therefore they may require different consideration in the preparedness and response to oil spill events.

Study Area

The study area is represented by two mixed sand and gravel beaches located on the eastern side of Conero Headland, which represents a rare case of high coast for the flat and sandy Italian side of the Adriatic Sea. Typical wave directions recorded by the Ancona offshore wave buoy (Figure 1A) between 1999 and 2006 are from SE (20%) and NE (16%) which also correspond to the main directions of storms (SE driven by “Scirocco” wind and NE driven by “Bora” wind). The significant wave height is usually between 0.25 and 2 m (80% of the time), less than 0.25 m for the 10% and higher than 2 m for the last 10% (Bencivenga et al., 2012; Figure 1B). The littoral transport is directed northward given the dominant influence of easterly winds (Colantoni et al., 2003; Regione Marche, 2005). The first site is Portonovo, a 500 m long and 20–50 m wide beach, orientated NW–SE. The beach is limited on both longshore sides by historical buildings protected at their bases by boulder-mound revetments (Figure 1C). The southern portion of the beach is slightly embayed and wider, whereas the central sector is the narrowest since the backshore is limited by a seawall protecting the local restaurants. The northern side is limited landward by a natural cliff made of limestone and marls, which also represents the only source of sediments for the beach (Grottoli et al., 2015). This cliff, locally reaching 12 m in elevation, is actually material that has fallen from Conero Headland in the Middle Ages (1249 circa; Montanari et al., 2016; Figure 1C). The grain size of beach sediment ranges from medium sand to cobbles, with a prevalent fraction of pebbles. Between 2006 and 2010, local authorities injected circa 18500 m3 of nourishment material made of alluvial sediments (D50 = 10–50 mm, limestone) to prevent beach erosion. The framework involved all the beaches of Portonovo, and the exact quantity deployed on the study site is unknown even though most of the nourishment material was deployed outside this sector, namely in the western part of the town (personal communication by local authorities, i.e., Regione Marche). The gravel fraction usually occupies the swash zone, with granules and fine pebbles normally found on the fair-weather berm and in the swash zone and cobbles and boulders usually found on the step zone. The beachface typically slopes at 0.2 (11°), whereas the seabed seaward of the step is approximately 0.01 (0.5°), as typically on the northern part of Adriatic seabed (Grottoli et al., 2017). According to the Jennings and Shulmeister (2002) classification of gravel beaches, Portonovo is a mixed sand and gravel beach (MSG) since a complete intermixing of sandy and gravelly sediments occurs (Figure 1D). The second study site is Sirolo (San Michele-Sassi Neri beach), which is located 5 km south from Portonovo. Here the beach is 1.2 km long and 30–40 m wide: it can be considered a natural embayed pocket beach since the cliff of Conero Headland confines the beach both alongshore and landward. The southernmost edge of the beach is also limited by hard structures (Figure 1E). The beach is N–S orientated, with the beachface typically sloping at 0.16 (9°) whereas the seabed seaward of the step is approximately 0.01 (0.5°; Grottoli et al., 2017). As in Portonovo, the only sediment source for Sirolo is represented by the limestone cliff behind the beach: small rockfalls occur during major storms or after heavy rainfall. Gravel nourishment was also undertaken in Sirolo by local authorities: between 2009 and 2011, 156000 m3 of alluvial material (D50 = 6–12 mm, limestone) were deposited on the beachface to counter coastal erosion (Regione Marche, 2005). According to the Jennings and Shulmeister (2002) classification, Sirolo is a mixed sand and gravel beach (MSG). Like in Portonovo, here the beach surface looks extremely heterogeneous due to the intermixing of sand and gravel (Figure 1F). The swash zone is populated by granules and fine pebbles. The two study sites are in a semidiurnal tidal regime with the maximum excursion at spring tide of 0.47 m and a maximum record of 0.58 m (Colantoni et al., 2003).
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FIGURE 1. Study sites: (A) Location; (B) Multiyear wave climate for Portonovo and Sirolo (recording period from 1999 to 2006). Wave data recorded by ISPRA buoy of Ancona (Bencivenga et al., 2012); (C) Zone subdivision in Portonovo; (D) Beach sediments in Portonovo in April 2015; (E) Zone subdivision in Sirolo; (F) Beach sediments in Sirolo in April 2015.


MATERIALS AND METHODS

In order to highlight the role of geomorphic variability in estimating the ESI for oil spill vulnerability of Portonovo and Sirolo beaches, a “snapshot” situation, obtained from direct field measurements (topographic survey and surface sediment sampling) performed in April 2015, was compared with a series of previous field datasets from the same study sites which represented a “changing” situation.

Environmental Sensitivity Index Guidelines for Oil Spill Vulnerability

In 2002, National Oceanic and Atmospheric Administration (NOAA) established the ESI guidelines in order to create vulnerability maps of the United States in the case of oil spill events (National Oceanic and Atmospheric Administration [NOAA], 2002). The aim of this classification is to collect all the critical resources and natural characteristics of each water environment (fluvial, lacustrine, and estuarine) to assess its potential oil spill vulnerability. According to National Oceanic and Atmospheric Administration [NOAA] (2002), coastal habitats are vulnerable to oil spills. The classification requires three different details to complete ESI maps: (i) type of shoreline; (ii) biological resources; and (iii) human-use resources. This study is only focused on the “type of shoreline” to better characterize the geomorphic contribution to its assessment. The type of shoreline according to National Oceanic and Atmospheric Administration [NOAA] (2002) is controlled by the following factors: (i) beach exposure to waves and tides; (ii) beach slope; (iii) substrate type (i.e., sediment grain size, mobility, penetration, and/or burial and trafficability); and (iv) biological productivity and sensitivity. Concerning wave and tide exposure, National Oceanic and Atmospheric Administration [NOAA] (2002) distinguishes three categories. High-energy shorelines (1A–2B) are regularly exposed to large waves or strong tidal currents during all seasons. Medium-energy shorelines (3A–7) often have seasonal patterns in storm frequency and wave size. Low-energy shorelines (8A–10E) are sheltered from wave and tidal energy, except during unusual or infrequent events. Beach slope is meant as the inclination of the intertidal zone. The slope categories are steep (>30°), moderate (between 5° and 30°), and flat (<5°), but more accurate subdivision is made for each vulnerability rank. The substrate type can be classified as bedrock (permeable or impermeable, depending upon the presence of surface deposits on top of the bedrock); sediments, which are divided by grain size; and man-made materials (basically riprap or seawalls). The fourth factor concerning the biological productivity and sensitivity was not considered in this work. A comprehensive description of each vulnerability rank is listed in Table 1 and is available in National Oceanic and Atmospheric Administration [NOAA] (2002). Each vulnerability level, which is characterized by different sediment sizes, beach slope and hydrodynamics, has important implications for the penetration of oil and its burial by beach sediments. Sediment size and its mixing also affect trafficability of cleaning equipment, making cleaning operations different for each environment. The higher the ESI rank, the more sensitive the environment is to oil (National Oceanic and Atmospheric Administration [NOAA], 2002).

TABLE 1. Environmental Sensitivity Index shoreline classification for vulnerability assessment of oil spill events (National Oceanic and Atmospheric Administration [NOAA], 2002; modified).
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Geomorphic Situation of April 2015 (Snapshot Situation)

To assess the oil spill vulnerability of the two beaches according to ESI guidelines (National Oceanic and Atmospheric Administration [NOAA], 2002), in situ investigations were performed in April 2015. Beach topography was measured by means of an RTK-GNSS (Trimble R6, ± 4 cm of accuracy). In Portonovo, a network of 50 cross-shore profiles, spaced 10 m apart, were surveyed. In Sirolo 18 cross-shore profiles, 50 m spaced, were measured. At the same time, surface sediment samplings were also performed in both beaches: a total of 51 samples along 14 profiles were collected (3–4 samples for each profile) at Portonovo beach: this sampling grid unfortunately covers only half the beach (zone 1 and 2 of Figure 1C) since it represents a previous sampling grid that was chosen to be maintained. In Sirolo, 26 samples were collected along nine profiles (three samples for each profile). Grain size analyses were performed by means of dry sieving with 1-phi intervals, to be consistent with previous sediment datasets. Grain size parameters (mean diameter and sorting) were computed following Folk and Ward’s (1957) method by means of GRADISTAT 8.0 software (Blott and Pye, 2001). Topographic and surface sediment data collected in April 2015 have been used to describe the oil spill vulnerability in a “snapshot” situation as if an oil pollution would reach the beaches at that time.

Geomorphic Variability From Previous Data (Changing Situation)

The analysis of the short- to medium-term changing situation was undertaken thanks to previous datasets on both beaches. At Portonovo beach, topographic data, gathered following the same profile network used in April 2015, were available from March 2012 to February 2014 (approximately 23 months). Surface sediment samples were also available from March 2012 to April 2013 (approximately 13 months) from the same sampling grid of April 2015 (zone 1 and 2 of Portonovo beach, Figure 1C). To properly estimate the ESI rank of Portonovo, only the dates when both topographic and grain size data were available have been considered. In Sirolo, topographic data were available from March 2012 to October 2012 (approximately 8 months) recorded on the same profile network used in April 2015. No sediment samples were available apart from April 2015 in this site, so ESI estimation from previous datasets has been done only considering slope data. Both beaches were divided in zones (Figures 1C,E) according to recurrent morpho-sedimentary features observed from previous data. The subdivision will be useful to test and discuss if temporal morpho-sedimentary changes in those zones may vary the vulnerability rank. A more detailed use of ESI both in time and space can represent a chance to improve ESI guidelines from a geomorphic point of view. Topographic measurements, sediment samplings and grain size analyses were performed with the same methodology used for the dataset of April 2015 which is described in the previous paragraph.

RESULTS

ESI Shoreline Classification of April 2015 (Snapshot Situation)

In April 2015, Portonovo beach had an average slope in the intertidal zone of 13° (0.23), hence the whole beach could be alternatively considered as rank 5 or 6A according to the National Oceanic and Atmospheric Administration [NOAA] (2002) guidelines on beach slope (Table 2). The average grain size (mean diameter, Mz) was 11.6 mm (medium pebbles) and the material was generally poorly sorted (σ1 = 1.1 phi). The sand-gravel ratio for the whole beach is 0.19, therefore only one sixth of the beach is sandy and the rest is gravelly. According to grain size data and ESI guidelines by National Oceanic and Atmospheric Administration [NOAA] (2002), Portonovo beach can be classified as rank 5 (mixed beaches, Table 2). Following the zone subdivision showed in Figure 1C, Portonovo beach can be classified most of the time both as rank 5 and 6A if only the slope of the intertidal zone is considered (Table 2). On the other hand, if only grain size is considered, Portonovo beach can be classified always as rank 5 (mixed beaches; Table 2). In the same period, Sirolo beach had an average slope of 10° (0.18) in the intertidal zone, hence the beach could be classified alternatively as rank 5 or 6A according to the National Oceanic and Atmospheric Administration [NOAA] (2002) guidelines on beach slope. The average grain size (mean diameter, Mz) was 6.12 mm (fine pebbles) and the material was generally poorly sorted (σ1 = 1.2 phi). The sand-gravel ratio for the whole beach is 0.44, therefore only one third of the beach is sandy and the rest is gravelly. According to these data and the ESI guidelines by National Oceanic and Atmospheric Administration [NOAA] (2002), Sirolo beach can be classified as rank 5 (mixed beaches). Following the zone subdivision shown in Figure 1E, Sirolo beach can be classified most of the time both as rank 5 and 6A if only the intertidal beach slope is considered (Table 2). If only grain size is considered, Sirolo beach can be classified as rank 5 (mixed beaches) in zone 2 and 3 and as rank 6A (gravel beach – granules and pebbles) in zone 1 giving the absence of sandy samples and therefore a zero sand-gravel ratio (Table 2).

TABLE 2. The National Oceanic and Atmospheric Administration [NOAA] (2002) classification for Portonovo and Sirolo according to field data of April 2015.
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ESI Shoreline Classification From Previous Data (Changing Situation)

According to previous sediment analyses (six samplings over 13 months), Portonovo beach can always be classified as rank 5 (mixed beaches), except for one case relating to zone 1 (the southernmost) in April 2013 (Table 3) when the area was gravelly (rank 6A, gravel beaches made by granules and pebbles). According to previous slope data of the intertidal zone (six surveys over 13 months), Portonovo beach can be classified alternatively as rank 5 or 6A in 50% of cases (Table 3). In 15% of cases, the intertidal beach slope is so high that the vulnerability rank is 6A (gravel beaches – granules and pebbles) whereas in the remaining 35% of cases the beach is ranked as 5 (mixed beaches; Table 3). In Sirolo, where only slope data were available, the beach showed a wider range of vulnerability levels (Table 4). In two surveys (March and October 2012) the central part of the beach is alternatively classifiable as rank 5 or 6A, whereas the southernmost area (zone 3) can be classified as rank 4 (coarse-grained sand beaches) and the northernmost area (zone 1) can be ranked as rank 1C (exposed rocky cliffs with boulder talus base; Table 4). In April 2012 the beach can be basically classified as rank 5 or 6A (Table 4).

TABLE 3. The National Oceanic and Atmospheric Administration [NOAA] (2002) classification for Portonovo according to previous sediment and slope datasets.
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TABLE 4. The National Oceanic and Atmospheric Administration [NOAA] (2002) classification for Sirolo according to previous slope datasets.
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DISCUSSION

Environmental Sensitivity Index guidelines by National Oceanic and Atmospheric Administration [NOAA] (2002) were conceived to rapidly and widely asses the oil spill vulnerability for the large variety of water environments of the United States. The ESI guidelines remain a strong and exhaustive tool to assess oil spill vulnerability not only in the United States since they are also considered valid tools in different coastal environments worldwide (Hanna, 1995; Castanedo et al., 2009; Pincinato et al., 2009; Bello Smith et al., 2011; Aps et al., 2014, 2016) and take part in more comprehensive analyses of oil spill vulnerability (Fattal et al., 2010; Frazão Santos et al., 2013; Romero et al., 2013). The typical publication scale of ESI maps established by National Oceanic and Atmospheric Administration [NOAA] (2002) is 1:50000, which means that Sirolo would barely be represented by 2 cm on the map (Figure 1E), and Portonovo, with its entire length, would be only 1 cm (Figure 1C). Given the large scales adopted by NOAA, in many cases a remote interpretation of beach geomorphology and sediment characteristics is adequate in assessing the ESI rank, but sometimes this may lead to important mistakes like the case of the SHAPE project (see footnote 1), which assessed the two study sites of the present paper as sandy beaches. This is another reason why the geomorphic study presented here can be considered as detailed, and morphodynamic monitoring through time is crucial to correctly assess oil spill vulnerability, particularly on mixed beaches. NOAA is clearly aware of the factors contributing to spatial error in ESI estimation as explained by National Oceanic and Atmospheric Administration [NOAA] (2002). Understanding detailed geomorphic and grain size variability is crucial to correctly assessing the oil spill vulnerability of beaches that are, as a matter of fact, constantly changing landforms. Apart from the pure cartographic output, NOAA provides site-specific information for each rank represented in an ESI map (i.e., National Oceanic and Atmospheric Administration [NOAA], 2007). If more than one ESI rank is ascribable to a coastal site, both shoreline symbols are used [for example a riprap behind a sand beach; National Oceanic and Atmospheric Administration [NOAA] (2002)], but this means that both types of beach coexist at the same time. Some coastal areas can change dramatically with the season and this is the reason why NOAA in the past prepared seasonal summary maps at larger scales (namely 1:250000 to 1:50000; Jensen et al., 1998), but again the detail of geomorphic changes would be missed in beaches like Portonovo or Sirolo. Changes in the grain size and beach topography are particularly impressive on mixed beaches, and as already stated by Kirk (1980), the most complex aspects of mixed beaches relate to sediment characteristics and the way in which processes and sources interact to redistribute the sediments within the beach. Given the dramatic changes that a mixed sand and gravel beach can experience, an exhaustive comprehension of how a beach behaves, at least in the short period, is crucial. Aps et al. (2014) found that an extra factor should be considered by the National Oceanic and Atmospheric Administration [NOAA] (2002) classification, which is the dynamicity of a beach. In a beach of Ruhnu Island (Estonia) they found an increase after 6 years in the ESI rank from 3 to 6 because of the concomitant effect of seasonal storms and sediment deficit that no longer could nourish the beach. The surface sandy layer of the beach was then eroded, transforming it into a gravel beach (Figures 2A1,2). A similar layout was also experienced in Portonovo in only 3 months after the subsequent occurrence of comparable storms from opposite directions (Figures 2B1,2, 6). Thanks to both topographic and sediment data previously available, the four zones of Portonovo have always been ascribable to ESI 5 or 6A, and the grain size factor that better defined the ESI is 5. On the other hand, the wider vulnerability rank ascribable to Sirolo beach is mainly due to the only slope data available from previous surveys; instead, when grain size data are also available (see April 2015; Table 2), a better discrimination of its vulnerability is possible. Bello Smith et al. (2011) highlighted that the National Oceanic and Atmospheric Administration [NOAA] (2002) classification is hardly applicable to microtidal beaches because beach slope is likely overrated if compared to the wider oceanic beaches. The higher sandy fraction and the consequent gentle slope of its intertidal zone are the main reasons to assess Sirolo as ESI 5 in most cases. The least alarming area of Sirolo beach in the case of an oil spill event is the northernmost (zone 1; Figure 1E): here the narrow beach, basically comprised by the cliff and a boulder talus base, could be easily cleaned by the normal swash fluxes and wave energy (as also reported by National Oceanic and Atmospheric Administration [NOAA] (2002) for rank 1C). Unfortunately, the fact that the dataset of the two beaches is not fully comparable forced the authors to formulate their belief mainly on the more complete dataset collected for Portonovo beach. No repeated sediment sampling was undertaken in Sirolo beach as the dataset we used was originally collected for a morphodynamics study. Nevertheless, the slope variability documented for Sirolo beach is still valuable in determining the maximum potential oil depth reachable in this beach.
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FIGURE 2. (A1,2) Comparison of the same beach portion of Ruhnu Island (Estonia) after 6 years (modified from Aps et al., 2014) and (B1,2) the same beach portion in Portonovo (zone 4) after 3 months. The beach portion of Portonovo is shown after two storms driven from opposite directions (B1 storm from NE, B2 storm from SE). The high dynamism associated both with burial and the variation of sediment size can be noticed comparing all the frames.



The most important information in the case of an oil spill event is the burial and penetration of oil in the beach body. National Oceanic and Atmospheric Administration [NOAA] (2002) gives some important implications for each ESI regarding burial (or erosion), penetration of oil and sediment mobility (Table 5). Given the mixture of sediments of Sirolo and Portonovo beaches, burial and penetration can be particularly rapid and could easily increase the oil persistence in the beach body, leading to potential long-term biological impacts and making cleanup procedures much more difficult and intrusive (National Oceanic and Atmospheric Administration [NOAA], 2002). As showed in Table 5, many indications given by National Oceanic and Atmospheric Administration [NOAA] (2002) are only general or qualitative, and this makes sense from their point of view given the wide application of the ESI classification. An opportunity for improvement is a quantification of the maximum potential depth, which is reachable by the oil, but this implies the collection and the analysis of site-specific data.

TABLE 5. Vertical extents of oil penetration, sediment mobility, and burial (or erosion) of the different vulnerability levels according to ESI guidelines by National Oceanic and Atmospheric Administration [NOAA] (2002).
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Given its predominant gravelly fraction, Portonovo is constantly affected by rapid burial (Figures 2B1,2), which can be led not only by severe storms as already documented by Grottoli et al. (2017), who analyzed the storm response of the beach with a typical wave climate for the area. The high dynamicity of Portonovo was also experienced with low energy conditions which generated 0.5 m of burial due to the formation of the fair-weather berm in the intertidal zone (Grottoli et al., 2019). Nevertheless, storm berms represent the most dangerous geomorphic factors in the case of an oil spill event that reaches the beach. In Portonovo, the highest storm berms were always observed after storms coming from the SE (“Scirocco” wind; Figure 3). Due to its orientation (NW–SE), the beach is largely exposed to incident storm waves coming both from the SE and NE, but SE waves, due to the smaller accommodation space of zones 3 and 4 (Figure 3), can pile up larger sediments (pebbles and cobbles) in storm berms from 1 to 3 m high (Figures 3B,D,F). In sites like Portonovo (Figures 3, 4) the beach limits are crucial, not only in confining the water circulation in the case of an oil spill (González et al., 2009) but, primarily, for increasing the chances of significant burial in case of severe storms (i.e., Hs of 3.5–5 m, an approximate energy of 600–800 m2h and at least 30 h of storm conditions; Grottoli et al., 2017). The strong downdrift coarsening of sediments in accordance with the storm direction was already experienced by Carr et al. (1970) in Chesil Beach (United Kingdom). In Portonovo, when a severe storm approaches from the SE, the southern part of the beach (zone 1 and 2; Figure 4) is affected by erosive scarps of the same vertical extent of the storm berms that form in the northern part (zone 3 and 4; Figure 4). In Sirolo, where only a few datasets were available, it is not possible to clearly quantify burial (or erosion) extents, but it is likely that the larger accommodation space prevents the creation of storm berms and erosive scarps of the same size of Portonovo (Figure 5). The encouraging aspect of pocket beaches like Sirolo and Portonovo, where the tide is not an important factor, is that beach rotation, due to the bimodal direction of storms (NE and SE, Figure 6), represents the main factor responsible for beach recovery (Harley et al., 2014; Grottoli et al., 2017). Burial processes on mixed beaches were already explained by Hayes et al. (1991), highlighting the dangerous concomitance of storm berm deposition, beach rotation and downdrift coarsening of sediments after a storm event. In Portonovo, storm berms are very close to the shoreline, with their seaward steep side often joined to the beachface (Figures 3C,E,G): therefore, the burial generated by storm berms has to be taken into serious consideration in the case of an oil spill event since the contaminant is expected to penetrate the beach body from the beachface, which could be rapidly buried if severe storm waves are approaching the beach. As suggested by Quick and Dyksterhuis (1994), storm berm formation on highly permeable beaches is mainly due to wave breaking [typically by plunging on this type of beaches, Grottoli et al. (2019)], which produces a net onshore shear stress over the swash and backwash cycle, leading to net onshore transport and profile steepening as experienced in Portonovo (Figure 3). Moreover, the hydraulic conductivity, related to the coarse sediment size of the beach, is directly responsible for the steep profile (Mason and Coates, 2001) and should be an aspect that still needs further consideration on mixed sand and gravel beaches. Since in the case of an oil spill event, the oil would primarily reach the intertidal zone, another aspect that has to be taken into consideration is the typical mixing depth of the site. The mixing depth in the intertidal zone of Portonovo was already tested in the field by Grottoli et al. (2015) as 0.25–0.3 m (experienced with ordinary waves, namely Hs of 0.3–0.4 m). In Sirolo, mixing depth was derived using the experimental formulas of Ciavola et al. (1997) and Ferreira et al. (2000), specifically developed for steep and coarse sandy beaches. Those formulas, computed for the intertidal zone of Sirolo, with a typical Hs of 0.5 m, returned mixing depth values of 0.13–0.16 m (Table 6).
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FIGURE 3. View of the same beach portion of Portonovo (zone 4) after three different storms coming from the SE: (A) zone subdivision and focus on zone 4; (B) beach topography of November 2012 compared to the previous data available and (C) photo of the beach surface of November 2012; (D) beach topography of March 2013 compared to the previous data available and (E) photo of the beach surface of March 2013; (F) beach topography of February 2014 compared to the previous data available and (G) photo of the beach surface of February 2014.
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FIGURE 4. Erosive scarps (on the left) and storm berms (on the right) from the edge zones of Portonovo beach after storm events from SE direction.
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FIGURE 5. Profile variation at the edge zones of Sirolo beach between March and October 2012: (A) zone subdivision and profile location; (B) profile variation in zone 3; (C) profile variation in zone 1. Profiles have been chosen according to the larger topographic variation visible.
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FIGURE 6. Wave dataset from March 2012 to February 2014. The topographic surveys and sampling are also marked for both beaches.



TABLE 6. Estimation of the max potential depth that oil can reach in the case of an oil spill event in Portonovo and Sirolo.
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Hence, in the worst-case scenario, represented by the deposition of oil on the beach immediately before a storm event (or a cluster of storms), the three factors that can increase the maximum depth reachable by the oil are: (i) the maximum burial due to storm berm formation (Figure 3); (ii) the typically large mixing depth, and (iii) the expected oil penetration related to the sediment characteristics of the beach at the oil deposition point (according to National Oceanic and Atmospheric Administration [NOAA], 2002). These three factors can be concomitant if the oil is stranded on the beach immediately before a storm (or a cluster of storms) and if summed, they give a maximum potential depth of 3.80–4.30 m in Portonovo and 1.10–1.85 m in Sirolo (Table 6).

Comparable burial rates were recorded by González et al. (2009) in sandy macro-tidal beaches of Galicia (Spain): oil was found at depths of 2–3 m 2 years after a big oil spill event. Similar burial depths (1.5 m) were also expected in the sandy meso-tidal beaches of New Zealand (de Lange et al., 2016). Prompt cleaning operations after the oil spill led to a complete cleaning after 1 year from the incident with the help of natural oil degradation (de Lange et al., 2016). Oil was buried under storm berms of 1.2 m in the gravel beach of Prince William Sound (Alaska; Hayes et al., 1991). In coarse grained beaches (ESI 5 and 6) oil could persist within the beach body for years (Gundlach and Hayes, 1978; Hanna, 1995; National Oceanic and Atmospheric Administration [NOAA], 2002); therefore, a better understanding of the internal structure and sediment variability under the beach surface is particularly needed. A valid tool is Ground Penetration Radar (GPR), which has already been used to detect oil layers down to a depth of 0.5 m from the beach surface by Lorenzo et al. (2009) in Galicia (Spain). The same oil depth was documented by Michel and Hayes (1993) 3.5 years after the Exxon Valdez oil spill of 1989 in some gravel beaches of Prince William Sound (PWS) in Alaska. Another aspect to better investigate is the actual penetration and persistence of oil: Li and Boufadel (2010) proposed a valid model for tidal gravel beaches based on an internal structure made by two layers, with the lower layer characterized by low permeability and therefore being able to entrap oil for years, as happened to the gravel beach of PWS after the Exxon Valdez oil spill (Hayes and Michel, 1999). According to Nixon and Michel (2018), these oil residues are typically located in finer-grained sand and gravel sediments, often under an armor of cobble- or boulder-sized clasts, in areas with limited groundwater flow and porosity. According to Nixon et al. (2013) the oil persistence, nearly 20 years after the Exxon Valdez oil spill on the intermittently exposed gravel beaches, is due to a complex interaction between small-scale geomorphic features (e.g., armoring) that proved shelter from the local incident wave energy. They documented subsurface oiled layers down to an average burial depth between 13.6 and 18.6 cm.

Mixed sand and gravel beaches in microtidal environments which experience huge variability like Portonovo and Sirolo need more attention since the amount of sediment that can bury the oil is more significant due to the formation of storm berms right behind the narrow intertidal zone. After the Deepwater Horizon spill, which was the largest marine oil spill in United States waters affecting hundreds of kilometers of shorelines (Zengel et al., 2015, 2016), the geomorphic state of the beach was recognized as one of the most important issues during the response operations to the spill (Michel et al., 2013); during the initial heavy oiling many beaches of the Gulf of Mexico were in an erosional state, and this led to oil burial in the following months as the beaches accreted. Michel et al. (2013) documented that the oil was stranded high in the supratidal zone due to high water levels and wave activity generated by storms in 2010 and that the oil stranded in the intertidal zone was buried at a location of more than 1 m due to the effect of the largest storms in the area (i.e., Tropical Storm Lee and Hurricane Isaac, in May 2010 and January 2013). The case of the Deepwater Horizon spill, where the effects of oil persistence were still documented 3 years after the spill (Michel et al., 2014; Zengel et al., 2015, 2016), represents an example where the knowledge of the vertical variation of the beach surface would be crucial in performing the different oil treatment techniques and reducing challenges to its removal. The continued remobilization of oil buried in both intertidal and nearshore zones resulted in the chronic re-oiling of beaches, even though at trace levels, for over 3 years (Michel et al., 2013, 2014). This suggests that beaches showing high dynamicity should be investigated from a geomorphic point of view for a few years consecutively before a representative beach state can be chosen for vulnerability evaluations.

Recommendations on How Incorporate the Dynamic Nature of the Beach Environment in the ESI Assessment

As demonstrated by this paper, impressive vertical variations of the beach surface together with sediment size changes can be experienced on mixed beaches in both limited time and space. This natural process, primarily induced by storms, can largely affect the cleaning operations of an oiled beach and has in the generation of storm berms the most dangerous factor. As already accomplished for the biological aspect of the ESI assessment, where the appendix entitled “Biological resources” lists in detail the monthly occurrence and the period of nesting, eggs, pupping, etc., of each species (National Oceanic and Atmospheric Administration [NOAA], 2007), an extra detailed appendix, entitled “Geomorphic characteristics,” could be added in the ESI map. During the “Ground verification” phase within the field measurements undertaken by geologists for the ESI assessment (National Oceanic and Atmospheric Administration [NOAA], 2002), surface sediment samplings and GPS cross-shore measurements should be included. These data should be gathered seasonally or at least twice per year during the period that lasts until the next scheduled ESI update, which is usually 5–7 years later. After this period, it would be possible to understand how the beach responds to storms and what potential depth could be reached by the oil according to the wave climate and the geomorphic features developed (e.g., storm berms) on the site. As shown in Table 6, an analog table could be created for each ESI map concerning the expected site-specific values of: (i) the maximum burial due to storm berm formation between one survey to another; (ii) the typical mixing depth of the site; and (iii) the oil penetration according to the sediment characteristics of the beach (according to National Oceanic and Atmospheric Administration [NOAA], 2002). These values, if summed, return the maximum potential depth that could be reached by the oil in the worst-case, namely the occurrence of a storm (or a cluster of storms) in the immediate aftermath of the oil deposition. Due to financial and logistic difficulties which may arise in obtaining these data, at least a ground verification survey should be repeated twice per year (at the beginning and at the end of the storm season) and within a single time span between two ESI updates (usually 5–7 years). Considering the huge shoreline extent that needs to be mapped and in order to have a satisfying spatial resolution, a geomorphic assessment every 500 m should be performed, and a zone subdivision of the shoreline could be conceived. After one single assessment period (5–7 years), a good estimation of the maximum potential burial of oil could be obtained for each zone. The assessment does not need to be repeated unless drastic environmental variations occur, such as construction of protection structures or beach replenishments. This detailed geomorphic assessment could be undertaken only on those beaches that are known to be highly dynamic, and it could largely improve the expectations of the authorities in charge of cleaning operations [e.g., the Shoreline Cleanup Assessment Technique (SCAT) Program; Owens and Teal (1990), Owens and Sergy (2000)] on how deep the oil could be found under the beach surface after a storm period. Unfortunately, this information is often site-specific due to a local combination of factors that may affect the oil fate along the shoreline (Michel et al., 2013); therefore, a geomorphic database for each ESI map could represent a relevant benefit as demonstrated by the GIS database built after the Deepwater Horizon for the Gulf of Mexico (Nixon et al., 2016).

CONCLUSION

Due to their large variety of grain sizes and the high dynamicity of their landforms, the opportunity to better assess the oil spill vulnerability of coastal environments from a geomorphic point of view could only arise from mixed sand and gravel beaches.

Both Portonovo and Sirolo can be classified as ESI 5 (mixed sand and gravel beaches) or 6A (gravel beaches), with Sirolo equally classifiable among the two ESIs for most of the time and Portonovo with a prevalent trend toward ESI 5, thanks to the more exhaustive sediment dataset from previous field measurements. Grain size is the most determinant factor in assessing the oil spill vulnerability according to ESI guidelines when both slope and sediment size are available.

The high geomorphic variability on the two sites is mainly related to storm berms due to the bimodal direction of storms. Storm berms demonstrate that rapid burial processes can occur on both beaches, with a potential maximum burial of 3.80–4.30 m in Portonovo in the northernmost edge of the beach and 1.10–1.85 m in the edges of Sirolo beach. The different burial magnitude of the two sites is mainly ascribable to smaller accommodation space for sediment transport of Portonovo beach because of its landward and cross-shore physical barriers, which increase the vertical accumulation of gravelly sediments in proximity to the shoreline. The maximum potential oil depth, predominantly related to storm berms, is the most alarming factor to be considered in the case of an oil spill event, especially in dynamic microtidal beaches where storm berms are usually very close to the shoreline. A better interpretation of the internal structure of mixed sand and gravel beaches is also needed to understand how sediment variability affects oil penetration and persistence. The National Oceanic and Atmospheric Administration [NOAA] (2002) classification, conceived for oceanic beaches of the United States, could be improved with the addition of a morphodynamics factor that could account for significant short-term and site-specific variations in terms of sediments and geomorphic features. In this sense, a quantification of the vertical variation of the beach surface by means of repeated and consequent field measurements is needed, and this aspect should be included in ESI maps as an appendix as already happens for the biological characteristics.
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