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Abstract

:

This study represents the first attempt to map the sediment thickness spatial distribution along the Andalusian coastal zone by integrating various publicly available datasets. While prior studies have presented bedform- and sediment-type syntheses, none have attempted to quantify sediment thickness at the scale and resolution performed in this study. The study area has been divided into 18 physiographic zones, and we have used BGS Groundhog Desktop v2.6 software for 3D modeling and sediment thickness model calculations. We present here the modeling workflow, model results, and the challenges that we have encountered, including discrepancies in geological maps, difficulty managing data input for grain size/consolidation, and the need for additional geological information. We have compared the modeled sediment fractions of the unconsolidated material with 4194 seabed samples distributed along the study area and found that the differences between the modeled versus the sampled emphasized the importance of incorporating river contributions, particularly from the Guadalquivir River, into the model for more accurate results. The model intermediate and final outputs and the software routines used to query the sediment thickness model are provided as publicly accessible datasets and tools. The modeled sediment thickness could contribute to making quantitative predictions of morphological change at a scale that is relevant to longer-term strategic coastal management in Andalusia. The methodology and tools used for this study are transferable to any study area.
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1. Introduction


One of the most significant challenges facing coastal geomorphology and engineering today is to make quantitative predictions of morphological change at a spatiotemporal scale that is relevant to strategic coastal management [1,2,3,4]. The spatial scale might range from the local hydrodynamic to the wide sedimentary cell (102 to 104 m). The temporal scale is herein referred to as the mesoscale and is characterized by time horizons of the order of 101 to 102 years. The need for these quantitative assessments at the mesoscale has been reinforced by the 2019 Special Report on the Ocean and Cryosphere in a Changing Climate [5], which concluded that adaptation to a rise in sea level would be needed no matter what emission scenario is followed. As a response to rising sea levels, the location of the shoreline is anticipated to change, with the magnitude and direction of the change (transgression or progradation) being a continuum between two extreme behaviors: passive inundation and morphodynamical evolution. Passive inundation occurs when the land surface is static during transgression, and therefore, shoreline retreat follows the slope of the backshore topography. Morphodynamical evolution is usually accompanied by erosion and deposition, which drive morphologic changes that impact future retreat. Which of these two extreme behaviors is more likely to occur can be understood from knowledge of the nearshore and coastal inland topography and shallow sub-surface sediment concentration [6,7].



The nearshore and its coastal and inland topography and sub-surface sediment concentration can be characterized using different parameterizations. For example, [8] used a simple geometrical analysis of the nearshore and backshore topography to assess the likely response of any wave-dominated coastline to a sea-level rise, and we applied it along the entire coastline of Great Britain. This work illustrated how the backshore geometry can be linked to the shoreline response (rate of change and net response: erosion or accretion) to a sea-level rise by using a generalized shoreline Exner equation, which includes the effect of the backshore slope and differences in sediment fractions within the nearshore. Another approach is using a more detailed numerical simulation platform such as the Coastal Modeling Environment (CoastalME) [9]. CoastalME is a modeling framework for coastal mesoscale morphological modeling that can produce close linkages between the scientific model abstractions and more realistic visualizations [10] in the form of lines, areas, and volumes, and the 3D representation of topographic and bathymetric surfaces and shallow sub-surface sediment composition. In CoastalME, the nearshore and inland coastal topography and sub-surface are conceptualized as a sediment thickness model, which is supplied as a set of raster files. The CoastalME parameterization, as a Sediment Thickness Model (STM), has been applied along sections of the east coast of England [11,12] and at sections of the south coast of Spain (Region of Andalusia) [13,14].



The Andalusian coastal zone is an area that will benefit from a holistic assessment of coastal sediment availability and spatial distribution at a scale that is relevant to longer-term strategic coastal management. According to the study by Molina et al. [15], in the 1956–2006 period, an erosion rate of nearly −30 m2/year was observed in 28 zones out of 47 zones in total. Additionally, the European Environment Agency assessed Andalusia as a vulnerable region with erosion along 37% of its coastline [16]. The construction of coastal defense hard structures, such as seawalls, revetments, groins, and breakwaters, or even ports, harbors, and marinas, have indirectly contributed to coastline armoring [17], reducing the amount of sediment available in the nearshore. Not so obvious is the shore retreat induced by the construction of dams, which further limits the sources of sediment that feed the coast [18].



The aim of this work is to create an STM for the entire Andalusian nearshore and coastal inland region (see Figure 1) in a format that is suitable to simulate mesoscale coastal change using CoastalME. To build this STM, we have followed the FAIR (Findability, Accessibility, Interoperability, and Reusability) guiding principles for scientific data management and stewardship [19]. We have placed special emphasis on using publicly available data and documenting any transformation performed during the modeling process to allow data users to trace back to the original geological and topographical data used. This manuscript is organized into five sections, starting with the material and methods section and a brief introduction to the study site, data sources used flowchart, and a description of the BGS Groundhog Desktop software (v2.6) [20,21] utilised to generate the STM of Andalusia (STMA). The results section is divided into the five Andalusian provinces with coastal zones (Huelva, Cádiz, Málaga, Granada, and Almería, see Figure 1). For each province, we present the interpreted sections used to build the 3D lithological model and how, by combining this with an assessment of the percentages of the different sediment fractions, the STMA model is obtained. In addition, for validation purposes, we have tested the model along the coast and checked it against superficially sampled points. In the discussion section, we present model results the challenges encountered and outline possible future improvements to both the workflow and the Andalusian STM created.




2. Background and Ancillary Data Used


2.1. Study Area


Andalusia is one of the 17 regions that make up Spain. It is located on the south of the Spanish peninsula; to the east, it borders the Region of Murcia; to the west with Portugal; to the north with the regions of Extremadura and Castilla-La Mancha; and to the south with the Atlantic Ocean, the Mediterranean Sea, and the Strait of Gibraltar (see Figure 1). In 2022, this region was the most populated in Spain, with 8,500,187 inhabitants (17.8%) [22] and the second largest area with 87,268 km2 (17.4%). The coast stretches for 1200 km, measured at a scale of 1:25,000, and traverses five of its eight provinces, which from west to east are Huelva, Cádiz, Málaga, Granada, and Almería. It is an economically important region [23], and in 2021, 37.4% of the Andalusian population will live within 10 km of the coast (4.5% of the entire Andalusian territory) [24]. Furthermore, Andalusia has established itself as one of the main tourist destinations in Spain, with a total of 30.9 million tourists in 2022, almost 50% of whom visited the sunny and sandy coast of Málaga or Cádiz [25].



The coast of Andalusia is characterized by a wide variety of geomorphological features, including coastal plains, rugged cliffs, sandy beaches, and several coastal mountain ranges [26]. It is composed of three clearly differentiated areas: (i) a western sector up to the Strait of Gibraltar, exposed to significant ocean swell from the Atlantic Ocean (fetch), with a mesotidal character and a prevalence of sandy formations, estuaries, and tidal marshes; (ii) the Strait of Gibraltar where the exchange of bodies of water between the Mediterranean Sea and Atlantic Ocean occurs; and (iii) the eastern sector (Mediterranean sea), exposed to weaker waves, microtidal, and with a higher presence of rocky and cliffed coastlines, along with narrow beaches, deltas, and lagoons. Its bathymetric geomorphology has different marine platform widths between the Atlantic Ocean and the Mediterranean Sea coast, as is exposed in Figure 1, which represents a −100 m bathymetric contour. The seabed in the Atlantic provinces (Huelva and west of Cádiz) has an extensive and gently sloping continental shelf extending over 40 km to reach a sloping seabed with a depth of 100 m, in contrast to the Mediterranean provinces with gradual slopes leading to deeper water (offshore platform) reaching 80 m in only 4 km (Málaga). Therefore, the influence of rivers such as the Guadalquivir or Guadiana (Figure 1) has resulted in the formation of extensive estuaries, pro-deltas, and marshlands along the coast [27]. Much of Andalusia’s coastline is composed of marine sediments deposited during a time of higher sea levels in the Neogene [28]. In the Mediterranean coastal areas, especially in the regions of Almería and Málaga, limestone and schist cliffs rise majestically above the sea [29].




2.2. Data Input


The topo-bathymetry and shallow subsurface geological data are required as input data to create an STM. For these data sets, we have used the same geospatial reference system, ETRS89 geodetic system, and 30N UTM projection (EPSG 25830), and adequate spatial resolution or cell size for the study (between 25 and 100 m). The sources of the dataset and a brief description of each data included are summarised here:




	
One Seamless Topo-bathymetry model (STBM) for each zone. This dataset is a raster mosaic divided by 18 zones (see Figure 1). Each zone was compiled by mixing topographic and bathymetry data and filling in and interpolating the gap areas. The geodata sources in this dataset were:




	
Topography: the elevation was obtained from the Digital Terrain Model (DTM) with a 25 m grid pitch obtained by interpolation of 5 m-cell size DTM from LiDAR 2014–2015 flights, in Spanish called MDT25 and distributed by the Spanish National Center for Geographic Information (CNIG, in Spanish Centro Nacional de Información Geográfica) [30].



	
Bathymetry: For the seabed, two main datasets were collected. In shallow water, several Eco bathymetries (ECOBAT) were downloaded in ESRI shape format from the Andalusian environmental network website called REDIAM (in Spanish, REd De Información AMbiental de Andalucía) [31]. They were mapped with bathymetric contours at 1:1000 (Cádiz, Granada, and Almería) and 1: 5000 (Málaga) scales between 2008–2012 [32]. They cover the whole Andalusia coastline (<100 m depth), except the Huelva shoreline, and were interpolated to obtain a continuous GeoTiff format. In Huelva and deep waters, the F3 and F4 tiles from the DTM 2020 product by EMODnet Digital Bathymetry were collected [33].



	
Physiographic zones: Due to the extension of the coast and its wide geomorphology, 17 (18 at the end) physiographic zones were defined. They were based on the orientation of the coastline, the shape of the continental shelf, river intersections, headlands, the main sediment type, and the level of influence from atmospheric and maritime weathering agents.



	
Coastline: The topographic and bathymetric datasets were joined using an additional vectorial layer as the limit between land and sea. The layer was downloaded for each province from the REDIAM website [34].



	
Seabed sediment samples and Granulometric curves: During ECOBAT, field surveys obtained more than 4500 samples of seabed sediments in the study area [32]. This information is used to control the quality of the model. The percentage of fine (<0.063 mm), sand (>0.063 mm and <2 mm), and gravel (>2 mm) material, according to the sediment type division in our STM for each point, was obtained from the granulometric curves.


















	
Subsurface. This dataset is composed of two main subsets:




	
Geology: 25 Geological maps at a scale 1:50,000 (MAGNA 50) were downloaded from the Spanish Geological and Mining Institute website (IGME, in Spanish for Instituto Geológico y Minero de España) [35]. These maps also include the stratigraphic order, schematic boreholes, and cross-sections.



	
Geomorphology: One Seafloor sediment polygon shape layer (SEASED) from the digitalization produced by the Andalusian Government of the Geomorphologic Map of Spain and the Continental Margin at scale 1:1,000,000 compiles by IGME and other institutions and distributed by REDIAM [36] was used as complement information in the definition of the seabed unconsolidated sediments.















3. Methodology


3.1. STMA Elaboration


Figure 2 illustrates the overall workflow followed to produce the STMA. The methodology is similar to the one used by [12] and starts by building an STBM from the geospatial information in Section 2.2. Once the free information was downloaded, all information was exported in GeoTiff format, so an exportation (DTM2020) or raster interpolation over vectorial contours data (ECOBAT) was carried out in a GIS environment (QGIS software v3.28.1). Additionally, the official assignment of the coordinate system in ETRS89 and UTM zone 30 (EPSG 25830) required geodetic transformations (in the case of WGS84 datum) or the application of the UTM projection for geographic coordinates or change zone 29 to 30 (29N is used in west Andalusia). The next step was the creation of raster mosaics with a previous analysis of 0 m level and filling of the gaps between elevations and depths using piecewise linear interpolations. The interpolant is constructed by triangulating the input data with a convex hull and, on each triangle, performing linear barycentric interpolation [37]. The nearshore region is interpolated using unstructured spatial data, while the deepest regions and the land side are interpolated with structured spatial data. Seventeen overlapping physiographic zones were defined based on the generalization of a coastal characterization vector layer, and the mosaics were clipped by these boundary boxes. Additionally, a spatial resolution was allocated to each zone based on its area dimensions to equalize the number of pixels within each zone. Only the Huelva zones (H01 and H02 in Figure 1) do not overlap, which responds to a necessary subdivision to reduce the maximum number of raster cells imposed by the postprocessing Groundhog software v2.6 [21]. Therefore, a total of 18 combined zones represent the STMB dataset for the whole study area.



These raster mosaics are then combined with the subsurface to produce, firstly, a 3D geological model of the Quaternary sediments and, finally, the STMA. The 3D geological model was generated by combining the STMB as the top layer, geological information from MAGNA50 (consisting of a geology layer, schematic boreholes, stratigraphic order, and cross-sections included as additional information in raster sheets) and the seabed sediment layer (SEASED). Previously, a simplification and harmonization of geological units to eleven was carried out by combining units of similar age and lithology (Table 1).



All this information enables the geologist to construct cross-sections using schematic boreholes for guidance and the mapped outcrops to produce a geological fence diagram. Interpolation between the nodes along the drawn sections and the limits of the units produces a solid model comprising a stack of triangulated objects, each corresponding to the base of one of the geological units present. For the interpolation of the 3D geological model, we used Groundhog Desktop v 2.6 software [21], see Figure 3. This software was developed by the British Geological Survey (BGS) to visualize, model, and interpret geological and environmental data. Then, the elevation difference between the top and base of each geological unit (i.e., its thickness) is calculated by triangulating between digitized nodes along the cross-sections and nodes around the edges of unit coverages digitized from the geology maps. This modeling methodology required the definition of (i) Individual model for each physiography area, (ii) Modeled to ca. 1.5 km inland, (iii) Section spacing 1–2 km inland/nearshore, less detailed offshore, and (iv) Model cut off depth in −30 m onshore and 5 m offshore.



The resulting sediment thickness models were then exported as grids with a user-defined cell size for each physiography area. In line with the model’s original purpose (input data in CoastalME) [9], this cell size was adjusted to ensure that each raster did not exceed a certain number of cells and the distance between the wave breaking point and the coastline was represented by at least four or five cells in this spatial resolution.



The next step was the estimation of the percentage of grain size in Fine (F), <0.063 mm, Sand (S), >0.063 mm and <2 mm, and Gravel (G), >2 mm, and interpretation of the mechanical state as either consolidated (C) or unconsolidated (U) for the three grain sizes. The size fractions within a layer are assumed to be well mixed. Any of these size fractions may be omitted for some or all raster cells, in which case the model will assume zero thickness of this size fraction for that raster cell. Consolidated sediments are essentially solid rocks composed of materials that have been metamorphosed or cemented together, such as sedimentary rocks, including conglomerate, sandstone, siltstone, shale, and limestone. Unconsolidated sediments are loose materials ranging from clay to sand to gravel. The grain size proportions and the consolidated/unconsolidated state were based on expert interpretation of the lithological descriptions on the maps (Table 1). At the end of this process, the STMA is obtained and is composed of six layers: three for C material and three for U material with the thickness of F, S, and G sediments for each study zone and saved as a Grid file (Geotiff).




3.2. Model Querying Tools and Validation


STM is not only one of the main input files for coastal landscape dynamical simulation within CoastalME but can also be queried in different ways to produce information that is useful for coastal engineers and stakeholders. To illustrate how this can be done, we have developed three types of geospatial querying approaches for STMA: full area, area-specific, and point sample querying. Each of these querying approaches has been implemented in six scripts and models in the QGIS environment using Pyqgis language and its own Model designer [38]. There are three Pyqgis scripts: (i) to add the STMA to QGIS grouping the layers by province and zone (1_Add_STMA_by_province_and_zone.py); (ii) to add STMA value to a point sample layer (2_Point_value_STMA.py); and (iii) to calculate the zonal statistics of a polygon area (3_Zonal_statistics_STMA.py). For the visual macro models, there were also three to calculate: (i) Volume of each material in one zone (1_Volume_STMA.model3); (ii) Volume of each material in a clip area using a polygon layer (2_Volume_STMA_Clip.model3) and (iii) Zonal statistics of a polygon area (3_Zonal_statistics_STMA.model3), this last one is a model version of the last Pyqgis script 3_Zonal_statistics_STMA.py. The first two models could be used in batch processing if the user needs information on more than one zone. They can be accessed on the same data repository where the STMA data is publicly available (see data availability statement).



These programs have been used to analyze and validate the model as a final stage. In this way, some calculations were carried out to test the STMA and gain a better understanding of the results (e.g., raster sums or volume calculations). Additionally, as a quality control, we utilized ca. 4500 sample points of seabed sediments gathered as part of the ECOBAT project. We specifically chose samples that overlapped with the STMA and calculated the differences between the unconsolidated sediments model predictions and the actual samples.





4. Results


In this section, we first present a general overview of the results, followed by a summary of the main assumptions and simplifications performed to create the STMA. We also highlight the challenges encountered in each province, together with a brief description of the resulting STMA and the query and validation of the model with quality control. Both the STMA and the QGIS utilities used to extract the information presented in this section are available in a publicly accessible repository.



The 18 zones on which the whole of Andalusia’s STM were divided and mapped by a team of four geologists, who oversaw Huelva, Cádiz, Málaga-Granada and Almería, respectively. To cover the whole study area, we have produced more than 830 profiles (see Figure S1), which represent a total of 7225 km of interpreted shallow subsurface sections. For each of the 18 rectangles, we have created six layers of Consolidated and Unconsolidated Fine (CF and UF), Sand (CS and US), and Gravel (CG and UG) material. The resulting sediment thickness models for each zone and each one of the six layers are shown in Figure 4 and Figure 5. The spatial resolution or cell size of each zone, its number of cells, and mean, median, minimum, and maximum value of thickness are shown in Table 2. In both elements, it is evident that the sediment thickness of the arbitrarily chosen bottom layer (CG) is the largest, as expected, in all divisions and on the order of 1000s of meters, and the remaining five layers have a thickness that varies from a few meters to 100s of meters.



4.1. Huelva


The province was divided into two zones. H01 is delimited to the west by the Guadiana River and east by the Tinto and Odiel rivers, while H02 is delimited to the east by the Guadalquivir River (Figure 1). The physiographic zones define a rectangular area of interest with a longer dimension oriented parallel to the coastline (West–East) that extends up to 50 km offshore due to the wide and shallow continental shelf in this region (Figure 1).



The topo-bathymetry was a composition of MDT25 and DTM2020 datasets. The link between the two data surfaces was supported by the layer containing the coastline. Landward and seaward, the topographic and bathymetric maps were used correspondingly.



The simplification and harmonization of geological units were complicated. In the case of Huelva, covered with five geological map sheets (998, 999, 1033, 1047, and 1033C); initially, 39 geological units (Unit code) were reduced to eight modeled units (Table 3) according to the eleven displayed in Table 1. The harmonization of geological units used for Huelva was also used for Cádiz, Málaga, Granada, and Almería.



The Quaternary deposits in the western half of Huelva are dominated by estuarine sediments (modeled as Holocene_Silts_Clays) associated with the river Odiel and its tributaries. Sand dunes and beach deposits (modeled as Beach_Dunes) are present along the entire Huelva coastline and are assumed to overlie the estuarine deposits. Offshore, the Huelva area is dominated by marine clay. The bedrock in the Huelva area is modeled as a weak rock.



The resulting STMA layers for the two Huelva zones, H01 and H02, are shown in Figure 4 and Figure 5 as unconsolidated and consolidated sediments, respectively. Both physiographic zones are similar (Figure 4). Significant thicknesses in all unconsolidated sediments (135.4 m in H02 Fine, see Table 2) are observed, and the predominant consolidated sediment is the CG layer on the seafloor (more than 2000 m as mean in H02).




4.2. Cádiz


The physiographic zone C01 presents a flat morphology with a gentle slope and a wide continental shelf of approximately 35 km, as well as a continental slope with a somewhat gentler slope until its intersection with the abyssal plain. Starting from the west of C02, the width of the continental shelf is irregular, shortening, widening, and shortening again until almost disappearing at the eastern part of C03. From here, the coast is characterized by a rocky sector of cliffs of the flysch mantle, with a small or almost non-existent continental shelf along the Strait of Gibraltar to the Alboran Sea (C04, see Figure 1).



As with Huelva, the map units were condensed into the same 11 modeled units, and a separate lithology/thickness model was constructed for each physiographic zone. The resulting STMA for the four Cádiz’s zones, C01 to C04, are shown in Figure 4 and Figure 5. The unconsolidated material follows the trend of the Huelva area, although the US increases its thickness to 412.7 m in C04 (Table 2). The consolidated material shows significant thicknesses in the CG layer up to 2524.5 m in zone C03 but not exceeding 500 m in other zones. C01 zone with CS presents thicknesses around 2500 m, including elevations inland.




4.3. Málaga


From west to east, the first physiographic zone, M01, includes the three arcs formed by the western inlets of Málaga province (M01), which continues with a succession of coves until the city of Málaga at the east boundary of M02. After this, the orientation of the coast changes from SW-NE to E until its eastern limit with the province of Granada (M03). From west to east, a more pronounced bathymetric profile is observed, with a small continental shelf. This profile shallows slightly, leading to the development of a continental shelf of approximately 14 km in average length. The width of the platform fluctuates, with maximum widths found in the inlets, specifically in the Málaga inlet, where it reaches 20 km. The minimum width, approximately 6 km, is observed on the border with the province of Granada. The very high population along the coast is one of the main causes of the regressive behavior of its beaches. The Málaga coastline consists of an urban strip coinciding with a strip of low-altitude land (less than 10 km wide) that widens in the locations with a high-density population.



Overall, the coastline of the Málaga study area is predominantly composed of hard rocks from a wide range of geological eras, from Precambrian to Triassic igneous, metamorphic, and sedimentary rocks. Major valleys and embayments feature alluvial and estuarine deposits. Extensive deposits of Pliocene rocks (weak and unconsolidated muds, sands, gravels, and conglomerates) cover much of the low-lying coastal zone around the eastern region of M01 and M02, respectively. Beach sands are abundant along the coastal strips in areas where there is a supply of unconsolidated sediment (i.e., Miocene, Pliocene, and Quaternary deposits composed of mud, sand, gravel, conglomerates, and breccias).



The generated STMA for the three zones in Málaga, labeled as M01 to M03, is illustrated in Figure 4 and Figure 5, respectively. Although the US layer contains a discontinuity between M01 and M02 inland, the sea part is continuous. This aspect is transferred to the CF and CS layers. CS has the most important maximum thickness value at M02 with 132.6 m, and UG maintains values above 2000 m (Table 2).




4.4. Granada


The Andalusian Mediterranean coast is characterized by its location close to the mountainous areas of the Betic Systems, which is approximately limited to the north by the Guadalquivir River and by a short hydrographic network with steep slopes (Figure 1). The western area of G01 is composed of gravel and sand. The physiographic zone G02 is composed of sandy and longer sand and gravel beaches. The eastern area is characterized by a few sandy beaches and sand and gravel, mostly limited by agricultural land (G03). The continental shelf, whose width hardly exceeds 10 km, is dotted with submarine canyons that reach the coast, such as the Jolúcar canyon (in the middle of G02), in which the depth varies from its head at the coastline to 500 m in just over ca. 7 km [39].



Superficial deposits are composed of beach sands and gravels (coarse-grained), which are intercalated with gravels and sands inland, and silts and clays on the alluvial plains in the central area of G02; sand dominates the offshore deposits in the western and eastern areas (G01 and G03), and the western part of G03. The offshore deposits of G02 are composed mostly of silts and clays. Superficial deposits are absent offshore in the center part of G02 and to the west of and center part of G03, where hard rocks are exposed on the seabed. The superficial deposits are underlain by hard metamorphic basement rocks throughout the model area, except for the eastern part of G03, where weaker sedimentary rocks are exposed.



The STMA outcomes for the three zones in Granada denoted as G01 through G03, are depicted in Figure 4 and Figure 5. All unconsolidated layers have noteworthy values in G02 and G03 (867.7 m in G03 UF), where there is a discontinuity in the thickness of UF and US. Consolidated material fits well within the province and with the lateral provinces with significant values up to 6400 m (Table 2) due to the Betic Systems elevations.




4.5. Almería


In the case of the coast of Almería, three key regions are found: A01 is structured in relation to the intensive agricultural occupation of greenhouses and where the coastline is in regression; A02, A05, and A06 focus on popular tourist areas (beaches) which are characterized by a continuous succession of sandy points and beaches, inlets and small coves of fine sand with anchorages; and A03 and A04, which includes the city of Almería and the municipalities around the Natural Park of Cabo de Gata-Níjar (see Figure 1), and is an important tourist destination due to the natural park. In A05, the offshore shelf of Almería has a very limited width with a rocky sea floor cut by numerous submarine canyons. It has an average width of 5 km, reaching 20 km in the Cabo de Gata area. On the eastern coast of Almería, there is an abrupt relief, while in the Gulf of Almería (Figure 1 and Figure 6), there is a much gentler relief.



The oldest rocks that outcrop in the region are the Betic substratum (micaschists and quartzites) and Neogene volcanic rocks of the Cabo de Gata complex. The Neogene-Quaternary sediments in the Almeria region are typically composed of conglomerates, sandstones, mudstones, limestones, and volcaniclastic deposits. More recent Quaternary deposits (Holocene) are typically composed of fluvial deposits, alluvial fans, slope deposits, saltpans, lagoons, travertines, deltas, dune fields, and beach deposits. Offshore, the marine sediments are predominantly composed of sand, typically extending up to 7 km offshore, where the sediments transition to marine clay. Areas of gravel are present in the nearshore regions off Cabo de Gata and in the far north of the region.



The resulting STMA for the six Almería’s zones, A01 to A06, are shown in Figure 4 and Figure 5, respectively. Figure 4 shows significant thicknesses of UF (maximum of 1960.4 m in A04, Table 2) and very localized minor areas of US and UG on the east coast. Meanwhile, the predominant consolidated sediment is the CG layer on the seafloor with less values than the rest of the study area in zones A01 (less than 400 m, Table 2).




4.6. Model Querying


Some queries were carried out along the coast to test the model and analyze its values. Firstly, the total thickness was calculated, and secondly, the volume of each type of unconsolidated material in each zone was evaluated.



The vertical sequence of the different sediment fractions (Fine, Sand, and Gravel) is not resolved in our model, but for consistency, we have assumed that the bottom layer is always the CG for all zones. Additionally, in all zones, the unconsolidated layers (UF, US, UG) are on top of the consolidated layers (CF, CS, CG). This has implications for the value of the sediment thickness of this bottom layer, as it is defined as the elevation between the arbitrarily selected baseline depth and the modeled surface of the CG at each location. We have chosen the modeling baseline depth of 2050 m, which represents the elevation difference between the current mean sea level position and the lowest elevation in the study area, which is located offshore of Almeria province. The total elevation of any raster cell is obtained as the sum of the sediment thickness of all six layers, and, by definition, the expected values of total elevation along the shoreline are around the modeling baseline depth of 2050 m (see values in Table 4). The total elevation median and mean values vary between regions due to the different resolutions of the raster cells used at each region and due to the differences in steepness of the nearshore topography and bathymetry.



Figure 6 represents the pie chart percentage of UF, US, and UG volume along a 100 m- planimetric-buffer coastline for different physiographic zones extracted from the STMA. Percentages are calculated using only the unconsolidated layers for each zone (e.g., not representing the total sediment thickness). Table 4 presents the exact numbers. It represents the dominant sediment fraction size that will be found as you traverse the coastline of each zone. The values shown represent different lengths of coastlines, with H01 the largest at 53 km and G01 the shortest at 18 km. The results show how, near the delta and flatter inland regions of Huelva (H01), Granada (G03), and Almería (all ones less A05), the fine material dominates with more than 82% of the sediment thickness. In regions with steeper inland relief (Cádiz, Málaga, and Granada, see hillshade in Figure 6), the dominant sediment fractions are sand and gravel, with fine fractions representing less than 6% of the sediment thickness.




4.7. Model Validation


The validation process of the model involved comparing its values with sample points obtained from ECOBAT field surveys. These sample points were derived from granulometric curves found in a PDF file associated with the ECOBAT project. Unfortunately, there were no sample points available for the Huelva zones, as this area was not covered by the ECOBAT project. We selected points that overlapped with the study area, and in cases of overlapping zones, both differences were considered. Additionally, due to variations in cell sizes, some zones encompassed more than one measure (10.6% of cases), with only seven cells having 10 measures. In such instances, a mean value was computed. The final set of test points comprised a total of 4194 data points.



Figure 7 shows the percentage of unconsolidated sediment from ECOBAT samples. That percentage is calculated as the proportion between the thickness of a given unconsolidated layer and the thickness of the sum of unconsolidated layers, i.e., fine sand and gravel. The UF is mainly present in the eastern part of Granada, Almería, and offshore of Cádiz, where more than 80% of thickness layers are fine. Between 20% and 40% of fines are found at the mouth of the Guadalquivir River. The US covers the Andalusian coastline except for Almería. The percentage decreases from Cádiz (>80%) to Granada (~50%). The presence of UG in ECOBAT samples remains consistently low, concentrated primarily in Málaga, whereas Almería and Cádiz do not exhibit clear spatial concentrations.



The differences between ECOBAT samples and STMA are illustrated in Figure 8. Since these samples primarily pertain to surface sediments, the testing was limited to unconsolidated sediments. Discrepancies in locations between UF and the US are noticeable, particularly along the Almería and eastern part of the Granada coastline and in the western region near the mouth of the Guadalquivir River, where UG also exhibits elevated values. However, the median value in UF differences is low, as the boxplot shows. It is important to note that this version of STMA does not account for the additional sediment input from these rivers after the date of geological mapping around 1970, which contributes to the observed discrepancies. Among the components, UG yields the best results, which is evident from the fewer instances of small differences and the lower variance in the box plot. In addition to this, the median value of UG is the lowest. Conversely, unconsolidated sand, especially influenced by large samples in the Guadalquivir River mouth, exhibits less favorable results. STMA indicates high percentages of Fine in Almería and the eastern part of Granada, contrary to ECOBAT samples that identified sand in those areas (refer to Figure 7 for UF and US).





5. Discussion and Conclusions


This study is the first attempt to map the thickness of the different sediment fractions along the Andalusian coastline by integrating geological, geomorphological, bathymetrical, and sedimentological datasets. The closest study performed to date was performed by [40], who presented a synthesis of underwater landforms and sediment types on the shelves surrounding the Iberian Peninsula and the Balearic Islands but did not attempt to quantify the sediment thickness. There are other site-specific studies that provide local information about the sediment thickness and percentages of fines, sands, and gravels e.g., [28,41,42], but no study has been performed on the scale and resolution in this study. In this context, we have attempted to document, as clearly as possible, the datasets that we have used and the assumptions and simplifications made on each step. Both the STMA model produced and the QGIS tools used to extract the information from it have been made available via a publicly accessible repository. In this section, we summarize the main lessons learned during this study, and we enumerate several known limitations of the model in its present form:




	
The baseline depth value chosen of 2050 m has implications in the results of sediment thickness values for the bottom layer, which, for this study, we have assumed is the consolidated gravel layer. The thickness of this layer is assumed to be the elevation difference between the modeled layer and the baseline, resulting in thickness values of the order of 2000 m, which is significantly larger than for the other five layers, whose values are of the order of 1 m to 100s m. This implies that the thickness value for the consolidated gravel layer needs to be interpreted differently than the others (e.g., volume calculations cannot be directly compared with the other five layers). A more accurate representation of the bottom layer will not be solved by using different base depths for the different sections but will require modeling the bedrock surface and resolving the vertical distribution of the different sediment fractions. The implications of the simulation of the coastal landscape evolution using CoastalME are minimal as this software includes, by default, the concept of the active layer via the definition of the availability factor, which assumes that gravel deposits are less available to be transported than sand and fine fractions.



	
It is worth discussing the simplified hypothesis considered in the study. In general, the composition of the seabed can be well-described by the sequence of fine, sand, gravel, and unconsolidated and consolidated material, neglecting the above layers if the thickness is zero. However, some regions might be formed by a different sequence of sediment layers.



	
The geological maps do not always match the same geological classification, e.g., in Huelva, sheet 998 has alphanumeric codes, e.g., QD for ‘Holocene white sands’ whereas sheet 1047 has numbered unit codes, e.g., 36 ‘Holocene sands, pebbles, and shells’. Also, a map unit code can have a different description on another sheet, e.g., QD is ‘Holocene white sand’ on sheet 998 and ‘Aeolian sand’ on 1033C. Regarding data management, it is worth mentioning the duplication of cross-sections in adjacent model areas and that Groundhog software v2.6 struggled to calculate some of the thickness models, so Huelva had to be split in two for explicit model calculation. In addition to this, it is difficult to keep track of inputting grain size/consolidation information into Groundhog. The model could be improved with more geological information such as boreholes, a shape file of the geology (the geology maps had to be geo-registered and digitized), and a stratigraphic order for the seabed sediments (a shape file showing their distribution was provided, but the stratigraphic order was inferred).



	
The spatial scale can also be determinant in some regions. The cell size ranged between 25 and 100 m, which resulted in 5,601,683 cells for the Andalusian coastal zone. Even with that discretization, the spatial scale remains insufficient to model the cliffs that surround the coastline, e.g., in the eastern region of Almeria, where a successive sequence of small rocky coves shapes the coast. On the other hand, the methodology adequately represents the homogeneous sediment pattern of Huelva, Cádiz, and Málaga and the heterogeneity of the sediment of the beaches of Granada (G01 to G03).



	
Finally, the queries and the model validation have highlighted the need to include the contribution made by rivers, especially if it is significant, as is the case with the Guadalquivir River. In the area of the large Andalusian rivers, and it likely will also be observed in the Guadiana (H01) and Tinto and Odiel in Huelva (H01 to H02), the contributions that are given make the model differ significantly. Visual observations of the extent of the sediment plume make it evident that it is not being modeled correctly. Furthermore, the area of Almería (A01 to A06) and the east of Granada (G03) must have some geological layer in which attribution may significantly differ. Another notable aspect could be the incidence of contributions along the ramblas, which, during storm episodes, potentially move sediments of mean grain size that reach up to decimeters. That effect is potentially significant in Almería, where more than 30 ramblas split the coastline.








Coastal decision-makers now have an evidence-based model of the coastal zone that can be used to better manage the risk of coastal flooding and erosion. As shown by [43], a better quantification of the amount of unconsolidated material along the coast enables a better quantification of the level of protection offered against coastal erosion and interlinked coastal flooding. This allows the coastal stakeholder to define trigger points for interventions to ensure the minimum level of protection is secured. Projections of future changes in the coastal landscape from years to multiple decades are very sensitive to the assumed sediment thickness e.g., [13,44]. In the absence of sediment thickness information, the dominant assumption in most morphodynamic simulations is that sediment thickness is infinite (e.g., gradients on the littoral drift are not controlled by sediment availability). Our STMA model results clearly illustrate that this assumption is not applicable elsewhere along the Andalusian coastline. Even in the sand-rich coastal regions of Huelva (H01 and H02), the thickness of unconsolidated sand deposits is limited to 10s to 100s meters with high spatial variability along the coast.



The use of publicly accessible data and software proposed here will hopefully benefit the coastal engineering community, which can apply it to other locations. While Groundhog Desktop version v2.6, used in this study, is not freely available, the BGS Groundhog v2.8 is available under an Open Government Licence and is free to use for personal, educational, and commercial purposes. The functionalities used to generate the STMA are still available in Groundhog v2.8, and therefore, the methodology applied here is reproducible. We have also created a series of video tutorials explaining how to use GroundHog Desktop software v2.6 to create a STM (see Figure S2). The video tutorials are accessible via a GroundHog Desktop dedicated channel1, where there is also a dedicated Coastal2 playlist where we explain the different tasks for thickness modeling, setting up the software environment, creating boreholes, producing logs for CoastalME, creating sediment layers; sediment layers properties explained and exporting raster files. Both the STMA and the QGIS programs used to extract the information presented in this section are available in a publicly accessible repository.
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Figure 1. Study area with 18 zones based on colored provincial delimitations. Each zone label starts with the first letter of the province name, e.g., Huelva zones begin with H and Cádiz with C. The Andalusian coastline is represented as a red line with main rivers and −100 m bathymetric contour (EMODnet) in blue lines. Provincial boundaries are shown with a wide grey line. The background is the Mean depth Web Map Service from EMODnet release 2020 [http://ows.emodnet-bathymetry.eu/ows (accessed on 9 November 2023)]. This map and the following maps use EPSG 25830 coordinates with a geographical coordinates grid. 
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Figure 2. Workflow diagram showing the data used and main steps followed to create the Sediment Thickness Model of Andalusia (STMA). 
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Figure 3. Screen capture of BGS Groundhog Desktop software v2.6 environment showing a zoomed view of Huelva province. Geological map shown in colors, cross sections shown as black lines in plan-view and detailed cross section of the selected cross section (blue line) shown in bottom panel. 
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Figure 4. All three unconsolidated sediment thickness layers in meters that, combined, represent the STMA in the study area (green delimitation). From top to bottom, the three layers are Unconsolidated Fine (UF), Sand (US), and Gravel (UG). The Andalusian coastline is represented as a thin black line, and the −100 m bathymetric contour is represented as a blue line. 






Figure 4. All three unconsolidated sediment thickness layers in meters that, combined, represent the STMA in the study area (green delimitation). From top to bottom, the three layers are Unconsolidated Fine (UF), Sand (US), and Gravel (UG). The Andalusian coastline is represented as a thin black line, and the −100 m bathymetric contour is represented as a blue line.



[image: Jmse 12 00269 g004]







[image: Jmse 12 00269 g005] 





Figure 5. All three consolidated sediment thickness layers in meters that, combined, represent the STMA in the study area (green delimitation). From top to bottom, the three layers are Consolidated Fine (CF), Sand (CS), and Gravel (CG); note that the CG map uses a different upper boundary for the last division of the legend. The Andalusian coastline is represented as a thin black line, and the −100 m bathymetric contour is represented as a blue line. 
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Figure 6. Pie chart of unconsolidated material volume along a 100 m-buffer coastline in each STMA zone: Unconsolidated Fine (UF), Sand (US), and Gravel (UG) sediments. The hillshade comes from the MDT25 XYZ tile service from Spanish IGN (https://tms-relieve.idee.es/1.0.0/relieve/{z}/{x}/{-y}.jpeg, accessed on 9 November 2023). 
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Figure 7. Percentage of unconsolidated sediment from ECOBAT samples. From top to bottom, the three layers are: Unconsolidated Fine (UF), Sand (US), and Gravel (UG); note that the US map uses opposite divisions in the legend. The figure below includes a boxplot of each ECOBAT sediment in percentage. STMA area is represented in blue. 
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Figure 8. Percentage of sediment differences between STMA and ECOBAT samples. From top to bottom, the three layers are: Unconsolidated Fine (UF), Sand (US), and Gravel (UG). The US figure includes a histogram of the differences, and the UG figure is a boxplot of each sediment difference in percentage. STMA area is represented in blue. 






Figure 8. Percentage of sediment differences between STMA and ECOBAT samples. From top to bottom, the three layers are: Unconsolidated Fine (UF), Sand (US), and Gravel (UG). The US figure includes a histogram of the differences, and the UG figure is a boxplot of each sediment difference in percentage. STMA area is represented in blue.
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Table 1. Eleven modeled units with lithology, grain size proportions, and degree of consolidation based on geological map descriptions.






Table 1. Eleven modeled units with lithology, grain size proportions, and degree of consolidation based on geological map descriptions.





	Color
	Modeled Unit
	Lithology
	% Fine
	% Sand
	% Gravel
	Consolidated/

Unconsolidated





	[image: Jmse 12 00269 i001]
	Beach and dunes
	Holocene beach deposits and sand dunes
	5
	85
	10
	Unconsolidated



	[image: Jmse 12 00269 i002]
	Holocene silts and clays
	Holocene estuarine silts and clays
	95
	5
	0
	Consolidated



	[image: Jmse 12 00269 i003]
	Slope deposits
	Loose sand and gravel on steep slopes
	33
	33
	34
	Unconsolidated



	[image: Jmse 12 00269 i004]
	Older silts and clays
	Silts and clays at higher elevations and further inland
	95
	5
	0
	Consolidated



	[image: Jmse 12 00269 i005]
	Marine clay
	Offshore seafloor clay 1
	100
	0
	0
	Unconsolidated



	[image: Jmse 12 00269 i006]
	Marine sand
	Offshore sand deposits 1
	0
	100
	0
	Unconsolidated



	[image: Jmse 12 00269 i007]
	Marine gravel
	Offshore gravel deposits 1
	0
	0
	100
	Unconsolidated



	[image: Jmse 12 00269 i008]
	Pleistocene sands
	Older sand deposits
	0
	95
	5
	Consolidated



	[image: Jmse 12 00269 i009]
	Conglomerate
	Cemented sand, gravel, and cobbles
	0
	90
	10
	Consolidated



	[image: Jmse 12 00269 i010]
	Weak rock
	Limestone/mudstone
	0
	0
	100
	Consolidated



	[image: Jmse 12 00269 i011]
	Strong rock
	Volcanic and crystalline basement rocks
	0
	0
	100
	Consolidated







1 Assumed age/stratigraphy for offshore deposits.













 





Table 2. Cell size, number of cells, Median, and Mean of thickness of the different STMA zones in alphabetic order.






Table 2. Cell size, number of cells, Median, and Mean of thickness of the different STMA zones in alphabetic order.





	
Zone

	
Cell Size (m)

	
Num. of Cells

	

	
Unconsolidated

	
Consolidated




	
Grain

	
Mean (m)

	
Median (m)

	
Min (m)

	
Max (m)

	
Mean (m)

	
Median (m)

	
Min (m)

	
Max (m)






	
A01

	
50

	
522 × 258

	
F

	
149.5

	
117.1

	
0.0

	
877.9

	
1943.0

	
1992.8

	
0.0

	
2096.2




	
S

	
3.3

	
0.0

	
0.0

	
106.7

	
0.0

	
0.0

	
0.0

	
1.1




	
G

	
0.0

	
0.0

	
0.0

	
7.7

	
1864.3

	
1903.5

	
1533.8

	
1912.8




	
A02

	
50

	
623 × 527

	
F

	
134.3

	
163.7

	
0.0

	
370.2

	
67.6

	
0.0

	
0.0

	
1095.3




	
S

	
0.2

	
0.0

	
0.0

	
23.8

	
3.6

	
0.0

	
0.0

	
57.6




	
G

	
0.0

	
0.0

	
0.0

	
2.8

	
1864.6

	
1870.0

	
0.0

	
2064.5




	
A03

	
50

	
692 × 648

	
F

	
86.2

	
16.1

	
0.0

	
1804.8

	
17.2

	
0.0

	
0.0

	
799.9




	
S

	
0.7

	
0.0

	
0.0

	
55.0

	
0.9

	
0.0

	
0.0

	
42.1




	
G

	
0.0

	
0.0

	
0.0

	
1.8

	
1772.4

	
1877.3

	
0.0

	
1993.7




	
A04

	
100

	
504 × 358

	
F

	
238.7

	
100.2

	
0.0

	
1960.4

	
28.3

	
0.0

	
0.0

	
614.8




	
S

	
84.8

	
0.0

	
0.0

	
1621.4

	
1.5

	
0.0

	
0.0

	
32.4




	
G

	
0.0

	
0.0

	
0.0

	
2.9

	
1275.5

	
1410.2

	
0.0

	
1873.3




	
A05

	
50

	
726 × 716

	
F

	
104.2

	
13.8

	
0.0

	
410.1

	
29.3

	
0.0

	
0.0

	
840.8




	
S

	
0.0

	
0.0

	
0.0

	
39.8

	
1.5

	
0.0

	
0.0

	
44.3




	
G

	
47.6

	
0.0

	
0.0

	
322.6

	
1284.7

	
1453.8

	
0.0

	
1787.7




	
A06

	
50

	
570 × 320

	
F

	
173.0

	
179.0

	
0.0

	
720.8

	
0.3

	
0.0

	
0.0

	
383.2




	
S

	
0.0

	
0.0

	
0.0

	
15.6

	
0.4

	
0.0

	
0.0

	
1601.2




	
G

	
0.0

	
0.0

	
0.0

	
1.8

	
1601.0

	
1788.7

	
0.0

	
1975.9




	
C01

	
75

	
472 × 831

	
F

	
0.3

	
0.0

	
0.0

	
10.9

	
0.0

	
0.0

	
0.0

	
9.5




	
S

	
1.3

	
0.0

	
0.0

	
44.1

	
3.5

	
0.0

	
0.0

	
2499.7




	
G

	
0.0

	
0.0

	
0.0

	
5.6

	
2040.3

	
2035.4

	
1962.1

	
2182.6




	
C02

	
50

	
780 × 630

	
F

	
0.0

	
0.0

	
0.0

	
12.4

	
0.0

	
0.0

	
0.0

	
5.9




	
S

	
1.3

	
0.0

	
0.0

	
240.9

	
0.2

	
0.0

	
0.0

	
55.4




	
G

	
0.1

	
0.0

	
0.0

	
18.3

	
2059.8

	
2055.2

	
1943.2

	
2481.7




	
C03

	
25

	
780 × 508

	
F

	
0.1

	
0.0

	
0.0

	
35.1

	
0.0

	
0.0

	
0.0

	
0.0




	
S

	
4.3

	
0.0

	
0.0

	
97.6

	
0.0

	
0.0

	
0.0

	
28.7




	
G

	
0.0

	
0.0

	
0.0

	
6.9

	
1995.6

	
2017.3

	
0.0

	
2524.5




	
C04

	
100

	
399 × 607

	
F

	
2.0

	
0.0

	
0.0

	
112.9

	
0.1

	
0.0

	
0.0

	
304.4




	
S

	
2.4

	
0.0

	
0.0

	
412.7

	
0.0

	
0.0

	
0.0

	
16.0




	
G

	
0.1

	
0.0

	
0.0

	
84.2

	
1893.2

	
2024.5

	
1073.9

	
2866.7




	
G01

	
25

	
592 × 240

	
F

	
0.0

	
0.0

	
0.0

	
0.3

	
0.2

	
0.0

	
0.0

	
22.0




	
S

	
0.0

	
0.0

	
0.0

	
0.7

	
0.0

	
0.0

	
0.0

	
1.2




	
G

	
4.4

	
1.0

	
0.0

	
2040.4

	
2068.4

	
2021.3

	
0.0

	
6403.3




	
G02

	
25

	
996 × 575

	
F

	
0.9

	
0.0

	
0.0

	
71.7

	
2.0

	
0.0

	
0.0

	
91.6




	
S

	
0.0

	
0.0

	
0.0

	
1.6

	
0.1

	
0.0

	
0.0

	
11.6




	
G

	
1.8

	
0.0

	
0.0

	
2049.2

	
2034.6

	
1997.0

	
0.0

	
2956.0




	
G03

	
25

	
1140 × 399

	
F

	
296.4

	
300.8

	
0.0

	
867.7

	
0.0

	
0.0

	
0.0

	
1.9




	
S

	
15.9

	
16.3

	
0.0

	
45.7

	
0.0

	
0.0

	
0.0

	
387.8




	
G

	
0.0

	
0.0

	
0.0

	
1.9

	
1650.5

	
1653.2

	
0.0

	
1724.3




	
H01

	
100

	
510 × 640

	
F

	
10.4

	
7.1

	
0.0

	
99.0

	
0.3

	
0.0

	
0.0

	
25.8




	
S

	
6.9

	
0.0

	
0.0

	
95.3

	
1.0

	
0.0

	
0.0

	
13.1




	
G

	
0.5

	
0.0

	
0.0

	
24.8

	
1875.8

	
1959.7

	
1474.9

	
2031.1




	
H02

	
100

	
525 × 625

	
F

	
24.7

	
10.7

	
0.0

	
135.4

	
0.0

	
0.0

	
0.0

	
23.4




	
S

	
2.5

	
0.0

	
0.0

	
91.3

	
0.0

	
0.0

	
0.0

	
28.1




	
G

	
8.8

	
9.2

	
0.0

	
28.8

	
2013.5

	
2019.9

	
1878.6

	
2048.8




	
M01

	
100

	
648 × 381

	
F

	
0.0

	
0.0

	
0.0

	
9.0

	
0.0

	
0.0

	
0.0

	
6.4




	
S

	
0.0

	
0.0

	
0.0

	
27.8

	
0.0

	
0.0

	
0.0

	
4.7




	
G

	
0.0

	
0.0

	
0.0

	
9.2

	
1935.9

	
1972.1

	
1099.7

	
3478.8




	
M02

	
100

	
356 × 310

	
F

	
0.0

	
0.0

	
0.0

	
2.0

	
58.8

	
0.0

	
0.0

	
1067.2




	
S

	
5.4

	
0.0

	
0.0

	
132.6

	
7.3

	
0.0

	
0.0

	
2509.0




	
G

	
0.0

	
0.0

	
0.0

	
3.9

	
1945.4

	
1997.5

	
0.0

	
2146.2




	
M03

	
100

	
566 × 184

	
F

	
0.0

	
0.0

	
0.0

	
6.8

	
68.0

	
0.0

	
0.0

	
966.8




	
S

	
0.3

	
0.0

	
0.0

	
116.0

	
3.6

	
0.0

	
0.0

	
50.9




	
G

	
0.0

	
0.0

	
0.0

	
13.6

	
1943.0

	
1992.8

	
0.0

	
2096.2











 





Table 3. Mapped or modeled units for Huelva zones.






Table 3. Mapped or modeled units for Huelva zones.





	
Map

	
Unit Code

	
Description

	
Modeled Unit






	
998

	
QD

	
Holocene white sands

	
Beach and dunes

	




	
998

	
QE

	
Holocene white sands

	
Beach and dunes

	




	
998

	
QG

	
Quaternary conglomerates and red clays

	
Beach and dunes

	




	
998

	
QM

	
Holocene silts, clays, and sands

	
Holocene silts and clays

	




	
998

	
QAI

	
Holocene sands and silts

	
Holocene silts and clays

	




	
998

	
TB/

CG-Q/2

	
Pliocene red clayey sands and gravels

	
Pleistocene sands

	




	
998

	
TB/21

	
Pliocene sandy silts and grey-yellow sands

	
Pleistocene sands

	




	
999

	
QP

	
Quaternary sand

	
Beach and dunes

	




	
999

	
QD2

	
Quaternary sand

	
Beach and dunes

	




	
999

	
Qt

	
Quaternary peat

	
Beach and dunes

	




	
999

	
QAI

	
Quaternary silts and sands

	
Holocene silts and clays

	




	
999

	
TB-2Q

	
Base Quaternary sands

	
Pleistocene sands

	




	
999

	
QT2

	
Quaternary gravels, sands, silts, clays

	
Slope deposits

	




	
1033

	
QP2

	
Quaternary sand

	
Beach and dunes

	




	
1033

	
QP1

	
Quaternary sand

	
Beach and dunes

	




	
1033

	
QAI

	
Quaternary silts and sands

	
Beach and dunes

	




	
1033

	
QD2

	
Quaternary sand

	
Beach and dunes

	




	
1033

	
QD

	
Quaternary sand

	
Beach and dunes

	




	
1033

	
TB-Q2

	
Pliocene sand

	
Pleistocene sands

	




	
1047

	
36

	
Holocene sands, pebbles, and shells

	
Beach and dunes

	




	
1047

	
32

	
Holocene sands

	
Beach and dunes

	




	
1047

	
31

	
Holocene sands, pebbles/cobbles and shells

	
Beach and dunes

	




	
1047

	
30

	
Holocene sand, poss dunes

	
Beach and dunes

	




	
1047

	
23

	
Holocene sands, pebbles/cobbles and shells

	
Beach and dunes

	




	
1047

	
10

	
Pleistocene/Quaternary quartz sands with some quartz and quartzite cobbles

	
Conglomerate

	




	
1047

	
12

	
Pleistocene conglomerate with carbonate-rich sandstone

	
Conglomerate

	




	
1047

	
7

	
-

	
Conglomerate

	




	
1047

	
19

	
Holocene greenish marls with hydromorphic soils (developed in waterlogged conditions)

	
Older silts and clays

	




	
1047

	
18

	
Pleistocene sand

	
Pleistocene sands

	




	
1047

	
16

	
Pleistocene sands and clays with carbonate cobbles

	
Pleistocene sands

	




	
1047

	
15

	
Pleistocene clayey sands with quartz cobbles

	
Pleistocene sands

	




	
1047

	
13

	
Pleistocene clayey sands with quartz cobbles

	
Pleistocene sands

	




	
1047

	
3

	
Tertiary siliceous white marls with radiolaria and diatoms (weak bedrock)

	
Weak rock

	




	
1033C

	
QP

	
Beach deposits

	
Beach and dunes

	




	
1033C

	
QT

	
Peat

	
Beach and dunes

	




	
1033C

	
QD2

	
Barrier dunes

	
Beach and dunes

	




	
1033C

	
QD1

	
Ancient dunes

	
Beach and dunes

	




	
1033C

	
QD

	
Aeolian sand

	
Beach and dunes

	




	
1033C

	
TB-Q2

	
Pliocene sand

	
Pleistocene sands











 





Table 4. Median and mean elevation from −2050 m altitude reference along the coastline and Unconsolidated Fine (UF), Sand (US), and Gravel (UG) volume percentage in a 100 m-buffer coastline (200 m width) for each STMA zone.






Table 4. Median and mean elevation from −2050 m altitude reference along the coastline and Unconsolidated Fine (UF), Sand (US), and Gravel (UG) volume percentage in a 100 m-buffer coastline (200 m width) for each STMA zone.





	STMA Zone
	Median Elev. from Reference (m)
	Mean Elev.

from Reference (m)
	%US
	%UG
	%UF





	A01
	2048
	2048
	0.17
	0.02
	99.80



	A02
	2051
	2053
	1.36
	0.16
	98.47



	A03
	2049
	2052
	0.18
	0.01
	99.79



	A04
	2060
	2067
	0.01
	0.00
	99.98



	A05
	2053
	2060
	0.039
	27.316
	72.645



	A06
	2055
	2058
	0.00
	0.00
	99.99



	C01
	2051
	2051
	35.66
	61.93
	2.40



	C02
	2049
	2049
	80.98
	15.67
	3.34



	C03
	2049
	2050
	89.86
	6.15
	3.98



	C04
	2054
	2057
	99.12
	0.58
	0.29



	G01
	2050
	2054
	1.73
	97.39
	0.86



	G02
	2049
	2052
	4.80
	90.15
	5.03



	G03
	2049
	2052
	5.09
	0.00
	94.90



	H01
	2051
	2050
	4.61
	12.59
	82.79



	H02
	2051
	2051
	4.83
	40.94
	54.22



	M01
	2052
	2052
	84.23
	10.35
	5.41



	M02
	2052
	2053
	94.00
	3.99
	1.99



	M03
	2050
	2054
	84.98
	10.02
	4.99
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