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Abstract

:

Knowledge of hazard conditions due to mass movements is one of the non-structural measures for risk management, urban planning, and protection of natural resources. To obtain this type of mapping, a spatial construction was started by correlating the historical movements with the inherent variables of the terrain by means of the bivariate statistical method, which assigns densities or weights of evidence to estimate the degree of susceptibility. This model was combined with the triggering factors (rainfall and earthquake) to determine the spatiotemporal conditions (hazard). From this procedure, it was obtained that the susceptibility model presents 34% (32.33 km2) of the total area in the high and very high categories, especially in the regions of Mount Siradella and Mount Faro. The validation of the present model obtained a value of 0.945 with the ROC curve. For the hazard condition, 34.1% (32.06 km2) of the study area was found to be in the high and very high category, especially in the municipalities of El Grove, Sanxenxo, and A Illa de Arousa, which have the greatest extension. The present evaluation is an advance in the knowledge of the risk and the actions that can be derived, as in turn, this type of study is an easy tool to obtain due to its low cost and information processing.
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1. Introduction


The evaluation of potentially unstable conditions from the point of view of mass movement processes is a relevant factor in government policies aimed at risk management, the evaluation of disaster management plans, the development of infrastructure, and the protection of natural resources. This aspect is one of the areas that has been developing more and more in recent decades, due to changes in the environment, especially climate change. The latter is an important point to describe since climatic conditions have presented a significant change due to an increase in average, maximum, and minimum air temperatures that provide rainfall scenarios with greater intensity and recurrence, especially in mountain areas where they can easily activate this type of processes [1,2,3,4,5].



To determine these types of processes and how they affect anthropic environments, studies are initially contemplated focused on the characterization of the inherent conditions of the terrain, where aspects concerning geological, geomorphological, land cover, and land use attributes that are relevant factors in the generation of mass movements are evaluated [6,7,8]. These inherent elements of the terrain are part of a geoenvironmental characterization that determines the influence or not of unstable zones [9], as well as assessments directly associated with mass movements, defining the type of movement and its characterization [10]. The evaluation of these two aspects (inherent factors and processes) determines the probability in terms of susceptibility of occurrence of a spatially shaped movement. To recreate these probabilities, specific algorithms or simulations have been employed where these two aspects are correlated resulting in a non-temporal spatial vector mapping element that considers the classification, volume (or area), and spatial distribution of mass movements [9,11,12,13]. This result approximates the spatial type of probability to generate a terrain instability process, which is manifested by the given displacement over a surface that will depend directly on the method employed and the scale of work.



For the construction of this type of correlation, different methods are used that are grouped according to their scale, availability, quality, data accuracy, susceptibility resolution and the type of subtraction to be obtained, including heuristic, stochastic, statistical, and deterministic methods [14,15]. As Cascini [16] states, in order to obtain susceptibility cartographic models, a suitable working scale must be adopted according to the method proposed, and within the different scales described, to obtain cartography at an intermediate level of detail (scale 1:25,000 or 1:10,000), stochastic or statistical methods must be considered. This is the statistical method adopted for the present study since its basis focuses on establishing combinations between inherent factors and mass movements in a statistical way [14]. To perform this correlation, the present study will take as a basis the Bivariate algorithm, which estimates the densities of “Weights of evidence” between each of the evaluated attributes of the inherent factors established and the mass movements [9,17,18].



With the aspects described above, determining spatiotemporally the occurrence of a terrain instability process involves taking the concept of susceptibility to hazard, which encompasses temporary conditions associated with an external stimulus (trigger) due to factors such as heavy rainfalls, rapid thawing, changes in water level, volcanic eruptions or strong terrain shaking by the action of an earthquake [19,20]. In the specific case of the present study, rainfall and seismic activity will be the reference points for the estimation of hazard conditions in the study area. Rainfall has been described as one of the most influential factors in the generation of mass movements [21,22,23,24,25]. This description refers especially to the action of intense precipitation episodes, of long or short duration, which generate an increase in interstitial pressure or loss of cohesion between soil particles [26,27]. But this aspect is affected by local factors such as slope, soil type, vegetation, lithology, morphology, kinematics, and material involved, among others, which increase or decrease the action of rainfall on the soil [21,28,29]. The second trigger that is related to seismic activity is a factor that has been considered worldwide as one of the precursors of unstable terrain points, which has caused considerable human and infrastructure losses created by the same seismic activity and the activation of mass movement [30,31]. Its evaluation for the present study is limited to the values of the Peak Ground Acceleration (PGA), however, seismic activity as a trigger of mass movements is a topic under study at present, because it has a local mode that can define the phenomenon that triggers the collapse of the slope, but at a more regional level this perspective changes due to inherent factors of the terrain and the physical properties given at the time of seismic activity [20,32].



With the present information, the evaluation of mass movement hazard conditions is an important point in the knowledge of risk from a non-structural perspective. The creation of a susceptibility model, and subsequently a hazard model, can provide useful information for local or regional decision-makers, who can use this study as a reference in land use planning and the preservation of natural resources. For this reason, the development of this type of study is in line with the objectives set out in the Sendai Framework for Disaster Risk Reduction, 2015–2030 [33].




2. The Test Area


The study region is located in Northwestern Spain, in the Pontevedra region, and includes the municipalities of A Illa de Arousa, Cambados, Meaño, O Grove, Ribadumia, Sanxenxo, Vilagarcía de Arousa and Vilanova de Arousa (Figure 1). The region has an area of 95.3 km2, an altitudinal difference of 196 m (0–196 AMSL), with a slope between 0° and 84°, an average of 6° and a dominance between the range of 0° to 5°, with surfaces that are mostly oriented towards the west (240° to 300°). Geologically (Figure 2A), the region presents rocks of origin between the Precambrian and Silurian periods corresponding to alkali feldspar granite (PcSGf), biotitic granodiorite with amphibole (PcSGd), granodiorite with feldspar megacrystals (PcSGdf), coarse-grained biotite–amphibole late granodiorite (PcSGdt), paragneises with plagioclase and biotite, micaschists (PcSPG), micaschists, quartz schists and paragneises (PcSM), quartzites (PcSc), feldspar granite (PcSG), calcsilicate rocks and para-amphibolites (PcSC) and quartz dykes, aplites and pegmatites (Sd) [34,35,36,37].



In turn, there are deposits from the Quaternary period such as the dejection cone (Qcd), old beaches and coastal rasa (Qpa), Pleistocene terrace deposits (Qtp), colluvial deposits (Qc), beach sands (Qap), dune sands (Qad), alluvial–colluvial deposits (Qac) and alluvial deposits (Qa) [34,35,36,37]. From the geomorphological aspect (Figure 2B), the region is characterized by the development of marine environment units such as aeolian dunes with vegetation (Ad), abrasion platform (Ap), beach (B), sand bars (Sb) and sandstone (S); of the denudational environment presents the residual relief (Rr), colluvial (C), glacis (G), Piedemonte (F); and of the fluvial and eolian environment we find the alluvial (A), alluvial fan (Af) and current aeolian dunes (Cad), respectively [38].




3. Methodology and Materials


The evaluation of mass movement hazard as a non-structural measure is a fundamental element in disaster risk management, especially in land use planning and natural resource protection. These mass movements are considered as a displacement of a mass of rock, debris, or soil downslope that generates serious impacts on anthropic and environmental elements [39]. In order to establish the evaluation of the hazard condition due to mass movements in the study area, two procedures were carried out following the guidelines established by the United Nations Office for Disaster Risk Reduction [40]. On the one hand, we began with the calculation of the susceptibility to mass movements (spatial condition) where, by means of an algorithm (statistical method), the inherent or conditioning variables were correlated against the dependent variable. On the other hand, the result obtained from the mass movement susceptibility calculation was used as a basis and this was crossed by means of a combination matrix with the triggering factors (rainfall and earthquake—temporal condition), to take the expression to terms of mass movement hazard (spatial–temporal relationship). For the evaluation of each of these conditions, the present study followed the flow diagram described in Figure 3.



3.1. Calculation of Susceptibility to Mass Movement


Based on the flow diagram designed (Figure 3), we begin by calculating the susceptibility to mass movements. This calculation was made based on the bivariate statistical method. This method is part of the statistical methods that make it possible to establish combinations between the inherent elements (conditioning factors) of the surfaces and the mass movements (dependent) that have historically been generated in a region, resulting in a quantitative predictive model [14]. This model discriminates the regions with a spatial probability (susceptibility) in the generation of an event, a situation that shares similar conditions to the inherent elements that were entered for the calculation performed with the bivariate statistical method [14]. In order to establish these conditions between the inherent elements and the mass movements, an evaluation of the surfaces where mass movements occur was carried out. This evaluation considers all the variables associated with the process that are especially related to geology, geomorphology, land covers, and land uses, which are relevant factors in the generation of mass movements [6,7,9,12].



The bivariate statistical method is based on the Bayesian theorem that indicates the probability that an event A occurred because an event B occurred [41,42]. From this relationship, an association is sought by means of occurrence densities between inherent elements and mass movements, by means of a spatial correlation, this correlation generates numerical values that vary depending on the degree of association, values also called “weights of evidence” [9,17,18]. In other words, the aim is the catheterization and subsequent correlation of the geoenvironmental variables that are directly associated with ground stability problems, and thus determine the spatial probability of the regions susceptible to a displacement of a mass of rock, debris, or soil. For this calculation of the weights of evidence, a database with the historical record of mass movements was elaborated. These movements were obtained by a process of photointerpretation on images arranged in the Google Earth® platform, multitemporal images with an optimal resolution where it was possible to determine the characteristics of type, geometry, distribution, and material of the mass movements [43,44]. For the characterization of the movements, the descriptions made by Varnes [10] were considered, and also the new aspects described by Hungr et al. [45], and Skempton and Hutchinson [46] for the movements of landslide and flow type, which can be classified into superficial and deep. In turn, for the construction of the geometric elements of the mass movements, as well as the inherent variables, cartographic inputs were acquired from the National Geographic Institute of Spain (IGN) at a scale of 1:25,000, and the Digital Elevation Model (DEM) with a resolution of 1 m [47]. These inputs provide within each model a good resolution for a scale of 1:25,000 on which the present work is based. The construction of the layers and the calculations will be developed under the ArcGIS V10.8 software platform.



Construction of Geoenvironmental Variables


In the construction of the inherent variables (9 variables), such as lithology, distance to faults, morphogenesis, slope, orientation, rugosity, relative relief, land cover, and land use were correlated with the mass movement inventory to generate the weights of evidence. The first two variables (lithology and distance to faults) correspond to the geological attribute of the study region that was acquired from the Geological Institute of Spain at a scale of 1:50,000 [34,35,36,37]. From the geomorphological attribute, the morphogenetic variable was acquired [38], which describes the endogenous and exogenous factors characteristic of terrestrial dynamics, added to the degradation and aggradation of the terrain resulting from weathering, erosion, and transport processes over time [48]. In turn, for the geomorphological attribute, the morphometric variables of slope, orientation, rugosity, and relative relief were constructed through DEM processing. For the land cover attribute, in the study of susceptibility to mass movements, the variable of the current state of land cover was taken, which is developed with the CORINE land cover methodology [49]. This variable is an important factor, since, depending on the type of cover, it offers better soil protection and contributes to the dissipation of rainfall energy [50]. This input was acquired from the IGN and corresponds to the European CORINE Land Cover (CLC) project, which is composed of 44 classes and has a 2018 reference version [51]. For the present study and based on the reference levels created by the CORINE Land Cover methodology, the present study took level 3 and below as a variable in the calculation of susceptibility, since it is in accordance with the scale of work of this research. For the land use attribute, the cartography generated by the Spanish Land Use Information System (SIOSE), which has a high-resolution input based on the integration of high-detail geospatial sources (SIOSE AR), was used. This input corresponds to the characteristics of land occupation for the year 2017 (most current version) [52] and was taken as a variable in the calculation of susceptibility.



With the acquisition of the inputs and the construction of each variable, the calculation of susceptibility to mass movements was carried out. The final susceptibility model adopted five categories (very low, low, medium, high, and very high) for the classification of areas with a natural predisposition to generate an instability process according to the inherent variables that were evaluated. For the validation of the susceptibility calculation, two different tests were performed. The first test was performed by means of the receiver operating characteristic (ROC) curve where the area under the curve (AUC) was estimated. This test consists of the calculation and its graphical representation of sensitivity versus specificity for a binary classifier system as the discrimination threshold is varied, and from this, its area under the curve (ABC) is estimated as a statistical measure of the success and prediction rates of each model [53,54]. The second test consisted of calculating accuracy, precision, recall, and harmonic mean (F1-score) values that are based on the degree of classification generated from a confusion matrix. The confusion matrix basically compares the modeled data against the actual data, in this sense it seeks to understand the model performance by combining by means of a table the data generated from the model prediction against the actual data [55,56].





3.2. Mass Movement Hazard Calculation


Based on the susceptibility model, the hazard map was constructed, which incorporates the triggering factors of mass movements. This condition is established since the susceptibility model determines the spatial aspects of the movements, but the triggering action is a phenomenon associated with rainfall, earthquakes, and anthropic activity, which takes the expression to spatiotemporal terms [20,57,58]. For the present study, only rainfall and earthquakes were taken as mass movement triggers. For the rainfall trigger, this input was acquired from the Centro de Estudios y Experimentación de Obras Públicas (CEDEX), with its hydrographic studies center attached to the Spanish Ministry of Transport and Sustainable Mobility, where a model of the impact of climate change on maximum precipitation in Spain (2021, 2022) was generated. The respective result layers of this study present the rates of change in maximum annual daily precipitation generated with an SQRT-R model for Tr return periods of 10, 100, and 500 years [59]. For the seismic trigger, the Seismic Hazard Map of Spain 2015 was acquired, with Peak Ground Acceleration values (PGA), with a return period of 475 years, found in the portal of the National Geographic Institute of Spain [60]. For the final part of this study, the mass movement hazard map was constructed by means of a combination matrix between the susceptibility model and the rainfall and seismic triggers. The combination of these three elements describes the spatiotemporal instability conditions for the study region, which were classified into four hazard categories (low, medium, high, and very high).





4. Results


For the evaluation of the mass movement hazard, the starting point was the construction of a database of historical mass movements. For its construction, we first consulted the mass movements registered in the database of the Geological and Mining Institute of Spain (BDMOVES), in which, for the study region, there are no reported events. Based on this, the second step was a cartographic construction of the mass movements by means of a process of photointerpretation of satellite images contained in the Google Earth® platform. For the construction of each of these geometries where mass movement was evidenced, a total of 22 satellite images from 1985 to 2023 were analyzed. This sequence of images presented a good spatial resolution for the identification of the respective movements, but in some sectors due to atmospheric conditions, especially cloudiness, it was not possible to clearly appreciate the surfaces on the analyzed image. Another limitation found in the photointerpretation process is the size of the image, which for some sequences did not cover the study region, presenting an overlap with another image with a different date of acquisition, generating a bias on the region that does not present a coherent date. Taking into account these limitations, this process resulted in a record of 60 mass movements with a total area of 0.055 km2, less than 1% of the total study area (Figure 4). From this inventory, a total of 35 surface landslide-type movements were described, with a total area of 0.024 km2 (44% of the total area of movements), and a total of 25 surface flow-type movements with a total area of 0.031 km2 (56% of the total area of movements). These movements are concentrated towards the region of Monte de Siradella (east zone—El Grove), which presents a total of 18 movements (8 landslides and 10 flows), and for the region of Monte Faro (south zone—Sanxenxo), which presents a total of 35 movements (24 landslides and 11 flows).



Based on the mass movement inventory, the calculation of the weights of evidence for each of the constructed variables was carried out. From the geological attribute and its lithological variable, it is observed that the rocks that contribute to the generation of mass movements are especially the granodiorite with feldspar megacrystals (PcSGdf), coarse-grained biotite–amphibolic late granodiorite (PcSGdt) and the micaschists, quartz schists and para-gneisses (PcSM). This is largely due to the weathering of these rocks by physical-mechanical processes associated with the trace of the surrounding faults, as well as to the changes produced by the weathering generated by the conditions of seasonality change. The lithological units that do not contribute to the generation of mass movements are the alluvial deposits (Qa), alluvial-colluvial deposits (Qac) and the deposits of old beaches and littoral rasa (Qpa). This is largely due to the fact that these deposits (90% of the area of these units) are located on areas with slopes < 10°, which generates a certain degree of stability to the deposit in the face of mass movement processes, but it is susceptible to surface or laminar erosion processes (Figure 5A). For the variable of distance to faults, processing was first performed on the fault trace where this distance was calculated by means of an algorithm (Euclidean distance) in ArcMap V10.8, with a separation radius of 500 m, obtaining 7 ranges of separation. These ranges were correlated with the inventory of mass movements to obtain the respective weights of evidence. From this result it is observed that the range of 0–500 m contributes to the generation of movements and the range between 1500 and 2000 does not contribute to the generation of movements (Figure 5B).



For the geomorphological attribute and its morphogenetic variable, it is observed that the units of the denudational environment associated with plutonic and metamorphic rocks contribute to the generation of mass movements. The combined effect of seasonal change, physical–mechanical weathering produced by fault stroke, slope, and abrupt changes in the surface planes (rugosity) have an impact on the denudational processes of the surfaces, creating situations that are exploited for the development of degradational processes within the morphological aspect on this type of rocks. On the contrary, the units of the aeolian, anthropic, and marine environments, such as aeolian dunes with vegetation, roads, and sanding, respectively, do not contribute to the generation of mass movements. This is largely due to the location of these units since they are located in areas with a slope < 10° (92% of the area of these units), and the processes that prevail in these regions, especially in the marine environment units, are due to accentuated erosion caused by wave action (Figure 6).



For the morphometric variables, the correlation was first made with the slope, which was obtained from the DEM and was reclassified into 10° ranges (nine ranges), from this reclassification it was correlated with the mass movement inventory to determine the weights of evidence. From this correlation, it was obtained that slopes between 60°–70° and 50°–60° contribute to the generation of mass movements (Figure 7A).



This characteristic would be somewhat in contradiction with respect to the descriptions that have been made at the international level, where it is described that the most susceptible regions in the generation of mass movements would be between 25° and 35° [61,62,63]. This condition would be more associated with the aspects described by Valencia Ortiz et al. [9] where he states that the lack of relationship is due to the way the bivariate method works, which is more a function of the relationship in areas. Performing a parallel exercise only correlating the slope with the mass movements, disregarding the area function (histogram), it is observed that 41% of the events occur on slopes between 20° and 40°, which is consistent with what is described at the international level. On the other hand, slopes between 20°–30° and 0°–10° do not contribute to the generation of mass movements.



For the morphometric variable of orientation, it is observed that surfaces oriented between 45°–90° and 315°–360° contribute to the generation of mass movements, and surfaces oriented between 225°–270° and 270°–315° do not contribute to the generation of mass movements (Figure 7B). The relative relief variable was based on the descriptions made by van Zuidam [64] and was constructed from the processing of the DEM that was divided into 500 m squares, where a neighborhood operation was performed by ranges that were later reclassified into 30 m ranges, obtaining five ranges. The correlation of this variable with the inventory of movements to obtain the weights of evidence describes that the ranges between 90–120 and >120 m contribute to the generation of mass movements. On the contrary, the ranges between 0–30 and 30–60 do not contribute to the generation of mass movements (Figure 7C). The last morphometric variable calculated from the DEM was rugosities, which was constructed based on the aspects described by Felicisimo [65] and was classified into zones with very high rugosities to very low rugosities. With this classification and correlating it with the inventory of movements for the weights of evidence, it is observed that the zones with very high rugosities contribute to the generation of mass movements, and the zones with very low rugosities do not contribute to the generation of movements (Figure 7D).



For the land cover attribute and its variable of current land cover status, a layer was obtained that presents a total of 37 level 3 cover classes. From this layer, correlating it with the inventory of mass movements to obtain the weights of evidence, it is observed that coverages such as mixed woodland, citrus fruit trees, evergreen hardwoods, and conifers are regions that contribute to the generation of mass movements. On the other hand, coverages such as paved or sealed areas, buildings, artificial green areas urban trees, and vineyards are regions that do not contribute to the generation of mass movements (Figure 8A). Finally, the layer of current land uses was obtained, which has a total of 48 classes of uses. This layer was correlated with mass movements, obtaining a result where uses such as natural land areas, abandoned areas, electric power, gas and thermal energy distribution services and textile manufacturing regions contribute to the generation of mass movements. The regions that do not contribute to the generation of mass movements are associated especially with sports facilities, secondary production, transitory areas, and commercial agricultural production (Figure 8B).



With each of the variables constructed, and calculated the weights of evidence of each class, the sum of the weights calculated for the class to which the pixel of each of the selected factors belongs is made, thus obtaining the final susceptibility function or LSI (Landslide Susceptibility Index) [9,17,41]. Once the LSI is defined, a reclassification of the data into five categories (very low, low, medium, high, and very high) is performed using the geometric interval algorithm. This algorithm creates breaks of the classes into class intervals that have a geometric series, which ensures that each class range has approximately the same number of values in each class and that the change between intervals is fairly consistent, generating a visually appealing and cartographically understandable result [66]. From the present reclassification into five categories, it is observed that the very high susceptibility category has an area of 17.9 km2 (18.8%) of the study area, and a total of 43 mass movements were grouped on this category with an affected area of 53943 m2 (98.21%) of the total area of movements. The high susceptibility category presents an area of 14.4 km2 (15.2%), with a total of 16 mass movements, with an area of 966 m2 (1.76%); the medium susceptibility category presents an area of 13.9 km2 (14.6%), with a total of 1 (1) mass movement with a total area of 17 m2 (0.03%). Finally, low, and very low susceptibility present an area of 48.9 km2 (51.4%), these categories do not include any mass movement (Table 1). This mass movement susceptibility map shows the largest area in the very high category, which is especially sectored for the Siradella and Faro Mountains, and to a lesser extent in the northeastern region of the municipality of A Illa de Arousa and the southeastern region of the municipality of El Grove (Figure 9).



Based on the final susceptibility model, the different validation tests were carried out using the methods proposed. For the ROC curve method, a value equal to 0.945 was obtained, and for the confusion matrix, the values of accuracy = 0.9821, precision = 0.9824, recall = 0.9997, and F1-score = 0.991 were obtained. With the construction of the AUC curve and the analysis based on the confusion matrix and its results, it is observed that the calculation of susceptibility by means of bivariate statistical analysis presents a good performance in the prediction of regions that have historically been unstable, giving a very high level of certainty about the behavior of susceptibility in the entire study area. All these results describe a good behavior of the susceptibility model (Figure 10).



With the validated mass movement susceptibility model, the mass movement hazard map was constructed, which integrates the triggering factors (rainfall and earthquake) of the study region. For the rainfall trigger obtained from CEDEX, two scenarios are described, RCP 4.5 and RCP 8.5 defined by the Intergovernmental Panel on Climate Change—IPCC [67]. The models generated by CEDEX describe that, for RCP 4.5 with a mid-century projection, rainfall can reach values between 11 and 17 mm (maximum annual daily precipitation) for a Tr of 10 years, values of 15–22 mm for a Tr of 100 years and 17–25 mm for a Tr of 500 years [59]. For the scenario with an RCP 8.5, values between 12 and 18 mm for a Tr of 10 years, between 10 and 24 mm for a Tr of 100 years, and between 13 and 28 mm for a Tr of 500 years are described [59]. From the respective models generated, the mid-century projection is taken, with data from the RCP 4.5 model and a Tr of 100 years, which would be more discrete data as a mass movement triggering factor for the study area (Figure 11A). For the triggering earthquake, the model generated in 2015 from the Peak Ground Acceleration (PGA) map present in the IGN portal [60] was acquired. This map describes acceleration values for the study region between 0.04 g ≤ PGA < 0.08 g (39.2 cm/s2 ≤ PGA < 78.4 cm/s2) (Figure 11B).



With the present rainfall and acceleration map, which are qualified in five ranges, they were assigned a numerical value (1 to 5) in order to correlate the present values of the study area with the data obtained from the susceptibility model by means of a combination matrix (Table 2). This assignment of values is established to perform a concordant correlation between the values and results of the triggers and the mass movement susceptibility [57,58]. For the correlation by means of the combination matrix, the susceptibility classification is taken as the abscissa axis and the sum by independent of the triggers with the susceptibility values on the ordinate axis, the crossing between axes describes the mass movement hazard [58]. This hazard map represents the spatiotemporal conditions of the study area in four categories (low, medium, high, and very high) (Figure 12).



The present mass movement hazard map shows a total area of 17.76 km2 (18.89%) of the study area in the very high category, 14.30 km2 (15.21%) in the high category, 41.50 km2 (44.14%) in the medium category and 20.45 km2 (21.75%) in the low category. These hazard conditions are associated with maximum daily rainfall between 15 and 22 mm, a condition that may change due to climate change (this aspect will be explained in the following chapter), and acceleration values with a PGA between 0.064 and 0.108 for the study region. On the other hand, indirectly, the seasonality of the region must be considered, in addition to the snow conditions that can create weathering and erosion conditions of a superficial type, contributing to a certain extent to the creation of instability planes. The municipalities with the largest area in the very high category of mass movement hazard are El Grove, A Illa de Arousa, and Sanxenxo (Table 3).




5. Discussion


The development of this type of cartography, which is built on the basis of integrating in a mathematical function the inherent elements of the terrain correlated with historical processes to establish a probability that is subsequently crossed with the triggering factors to describe the spatiotemporal relationships, are key points to consider in the evaluation of risk management plans and especially in the planning of urban development and protection of natural resources. This aspect is discussed by Bathrellos et al. [68], where he describes the correct application of a methodology that is appropriate for a specific environment where the use of a coherent scale of work will determine the potentially susceptible sites so that people such as planners, engineers, and policy-makers can improve the quality of life of its inhabitants. In turn, this type of information generated is useful for governmental and non-governmental bodies to define an appropriate level of management and preparation of necessary measures based on the information obtained in combination with risk analysis, thus estimating the possible average costs associated with the damage generated by mass movement [69].



This type of evaluation is relevant in the aspects described above, but also, in the construction of a susceptibility model, the intrinsic value associated with the appraisals and descriptions made by the expert criteria must be taken into account, according to the scale of work, since the mathematical methods adopted work on the basis of the data entered and their corresponding correlation of the information [9]. This is largely due to the cause–effect relationship where the real conditions of an environment can be overestimated or underestimated, which, in this specific case, would be given by that spatial relationship (susceptibility) and its triggering factors. Conditions that are very focused on the aspects of a low complexity system of unidirectional nonlinear type, where the relationship of triggers, such as rainfall and earthquakes (for this study) has an increasing effect on mass movements, but the movements have no effect on the triggers [20,70]. But it is also important to have designed inputs on the environmental conditions present in the evaluated region (site effect) since regional models can bias or homogenize their behavior, as is the case of the spatio-temporal relationship, where susceptibility is integrated with the triggers of a region [9,20,57]. In turn, within the cartographic conditions for the creation of a suitable susceptibility model that is in accordance with the level of interpretation and detail required within an urban planning and regional zoning scheme, it is required that the cartographic inputs be in accordance with the present level since it can lead to problems on anthropic elements [16].



A relevant aspect within these cartographic constructions, especially in the creation of the mass movement inventory, is the limitation of the record obtained, both by national or international databases and by the photointerpretation process, where the record, on some occasions, is somewhat limited. If we look only at the photo interpretation process, from aerial photographs, we only have very specific dates on which these photographs were acquired, or from satellite images, in which the acquisition is limited to the last decades. This means that we do not have a complete picture of the region under evaluation or the regions that could potentially be unstable. From these aspects arises the importance of acquiring first-hand information sources for a correct interpretation and evaluation of a region [9,11].



In a parallel example to this study but involving somewhat similar conditions in terms of the scale of work, expert criteria, and level of detail, are the descriptions made by De Moel et al. [71], where he mentions that there are notable contrasts in the different levels of information described for the knowledge of irrigation associated with floods. From this perspective and only taking as a reference a local scale, shortcomings and urgent needs are described in the study and analysis of the effects generated by floods on critical infrastructures, given their importance for society, the economy, emergency management, and reconstruction [71]. These factors that imply further progress in the knowledge of the elements associated with risk can be extrapolated to the processes of mass movements since the conditions of generation of an event to a large extent are arranged by hydrometeorological effects. On the other hand, conditions at the level of mass movement processes, such as floods, are factors that should be given priority in studies at larger scales, due to the implications they have on anthropic environments. These aspects are becoming more and more relevant due to the changing climatic conditions we are currently experiencing.



An overview of these changes can be seen in the reports generated by the Research on the Epidemiology of Disasters (CREDS), where in its 2023 report it analyzes the number of disasters generated for the year 2022 and compared with the annual average between 2002 and 2021. This report describes that for the year 2022, a total of 387 different events were generated, and for the period from 2002 to 2021 370 were generated, of which 16 droughts, 27 earthquakes, 168 floods, 18 landslides, 104 storms, 6 volcanic activities, and 11 forest fires were recorded, and only for the year 2022 there were 22 droughts, 31 earthquakes, 176 floods, 17 landslides, 108 storms, 5 volcanic activities, and 15 forest fires [72]. The above describes a considerable increase in just one year in the number of events recorded worldwide. These conditions in the increase in natural disasters due to climate change in recent years are factors to be considered indirectly in the way of establishing relationships with future climate projections in the evaluated environment. If we look at the projections for the study region and only take the climatic factors of temperature (maximum in the year) and rainfall (maximum in 24 h and number of days with rainfall) described in the climate scenario viewer of the Ministry for Ecological Transition and the Demographic Challenge of Spain [73], we observe three scenarios for an RCP of 4.5. A near future scenario would have temperature values between 19° to 21° C, maximum 24 h rainfall between 51 to 67 mm, and a number of rainy days between 122 to 135 [73]. For a medium future scenario, temperature values would be between 20° to 21° C, maximum 24 h rainfall between 54 to 70 mm, and number of rainy days between 115 to 135 [73]. For a distant future scenario, temperature values would be between 20° to 22° C, maximum 24 h rainfall between 55 to 71 mm, and number of rainy days between 116 to 135 [73].



In order to better understand whether these scenarios present an increase or decrease over the base values for the study region, a comparison should be made with the historical data reported. In this sense, the information reported by the Spanish State Meteorological Agency (Aemet) is used, where average maximum temperature values are between 17.5° to 20° C, average maximum daily precipitation between 70 to 80 mm, and average number of days with rainfall greater than 1 mm between 100 to 125 days [74]. With this information, a variation of the data is observed, especially for the number of days with rain that present an increase. The effect of this type of change, where there is an increase in the number of days with rain, or the maximum rainfall of 24 h, can intensify the action as a trigger for mass movements. But it is also important to consider that, in order to define a complete scenario, detailed studies of rainfall as a trigger of mass movements must be carried out, where the threshold at which an event can be triggered, the probability of exceeding this threshold and its recurrence are estimated [20]. These aspects greatly improve the understanding of the phenomenon and its causality. This contrast indicates conditions of increase in each of the observed parameters, indicating a greater possibility of generating surface processes, especially mass movements. Hence the importance of expanding the knowledge of the risk associated with these types of hazards to improve from a structural and non-structural condition at a local level of detail, the actions, and measures to mitigate the impacts that may be generated. Thus, the characterization of an environment that is disturbed by climatic or internal land conditions is necessary to estimate the degree of impact that may occur on these natural and anthropic environments [75,76].




6. Conclusions


The evaluation of the mass movement hazard constructed from the susceptibility model generated by the bivariate method, and combined with the trigger’s rainfall and earthquake, describes in four categories (low, medium, high, and very high) the regions in danger condition. The susceptibility model is presented in five categories of which high and very high susceptibility represent 34% (32.33 km2) of the total area, with a greater extension on the areas of Mount Siradella and Mount Faro. This susceptibility model was created based on nine variables (lithology, distance to faults, morphogenesis, slope, orientation, rugosities, relative relief, land cover, and land use) that were correlated with the mass movement inventory, which has 60 records, thus obtaining the respective weights of evidence. The final susceptibility model according to the methods proposed for its validation obtained a value of 0.945 for the ROC curve, and for the confusion matrix the values of accuracy = 0.9821, precision = 0.9824, recall = 0.9997, and F1-score = 0.991 were obtained. This reclassified susceptibility model was combined in a matrix with the rainfall and earthquake triggers to obtain the hazard. The rainfall trigger for the study region presents maximum annual daily precipitation values between 15 and 22 mm for a 100-year Tr according to RCP 4.5 with projection to mid-century. For the earthquake trigger, it is described that the Peak Ground Acceleration (PGA) values in a 475-year return period are between 0.04 g ≤ PGA < 0.08 g (39.2 cm/s2 ≤ PGA < 78.4 cm/s2). The mass movement hazard map in its high and very high category has an area of 32.06 km2 (34.1%) of the study area, with the municipalities of El Grove, Sanxenxo, and A Illa de Arousa, respectively, having the greatest extent of hazard in these two categories. The study carried out here is an advance in the non-structural measures of the knowledge of the risk associated with these processes. In addition to this, the evaluation carried out and part of the inputs used come from public entities such as the Geological and Mining Institute of Spain (IGME), the National Geographic Institute (IGN), and the Center for Studies and Experimentation of Public Works (CEDEX), which present the thematic information freely available and in different formats so that they can be processed according to the study to be developed. Also, this type of processing to obtain the susceptibility and hazard map can be completed with spreadsheets and free format geographic information systems, which means this type of study can be generated at a low cost, but with products that are relevant at the time of concrete actions in urban planning and preservation of natural resources. At the same time, it is a tool that can be easily involved in actions concerning disaster risk management, due to the sectorization and characterization of regions in hazardous conditions. However, this type of study should be carried out continuously, since a periodic update with respect to new records of mass movements, inherent factors and analysis of triggers will improve the prediction and quality of the products obtained, as well as improve the aspects described above in a process of positive feedback of the system.
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Figure 1. Geographical location of the study area in the region of Pontevedra, Spain. 
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Figure 2. (A) Map of geological units for the study region at a scale of 1:50,000, modified from sheets 151, 152, 184, and 185 of the Geological Institute of Spain [34,35,36,37]. (B) Map of geomorphological units for the study region, modified from Martínez-Graña [38]. 
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Figure 3. Flow diagram for the calculation of mass movement susceptibility and hazard. DEM: digital elevation model, ROC: receiver operating characteristic. 
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Figure 4. Inventory of mass movements obtained from the photo interpretation process on satellite images contained in the Google Earth® (Pontevedra, Spain) platform. The red line corresponds to the study area. 
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Figure 5. (A) Distribution of the weights of evidence calculated for the lithological variable. (B) Distribution of the weights of evidence calculated for the distance to faults variable. 
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Figure 6. Distribution of the weights of evidence calculated for the morphogenetic variable. 
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Figure 7. (A) Distribution of the weights of evidence calculated for the slope variable. (B) Distribution of the weights of evidence calculated for the orientation variable. (C) Distribution of the weights of evidence calculated for the relative relief variable. (D) Distribution of the weights of evidence calculated for the rugosities variable. 
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Figure 8. (A) Distribution of the weights of evidence calculated for the current land cover status variable. (B) Distribution of the weights of evidence calculated for the land use variable. 
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Figure 9. Mass movement susceptibility map reclassified into 5 categories and obtained by means of the bivariate method. 
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Figure 10. ROC curve distribution, its AUC evaluation, and confusion matrix results. 
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Figure 11. (A) Maximum annual daily precipitation map, RCP 4.5 model, and a Tr of 100 years for Spain. Modified map from CEDEX [59]. (B) Seismic hazard map, PGA values in gravity acceleration for Spain. Modified map from IGN [60]. 
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Figure 12. Mass movement hazard map based on the susceptibility model and the triggers of rainfall and earthquake; this map is reclassified into 4 categories. 
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Table 1. Area distribution of mass movement susceptibility categories and their relationship to the mass movement inventory.






Table 1. Area distribution of mass movement susceptibility categories and their relationship to the mass movement inventory.





	Category
	Area [m2]
	%
	Movements Area [m2]
	%





	Very low
	20,548,890
	21.6
	0
	0



	Low
	28,314,904
	29.8
	0
	0



	Medium
	13,891,375
	14.6
	17
	0.03



	High
	14,413,417
	15.2
	966
	1.76



	Very high
	17,917,573
	18.8
	53,943
	98.21



	Total
	95,086,159
	100
	54,926
	100










 





Table 2. Ranking of rainfall and acceleration for the combination matrix with susceptibility values.






Table 2. Ranking of rainfall and acceleration for the combination matrix with susceptibility values.





	
Rainfall Classification

	
Acceleration Classification

	
Susceptibility




	
Range [mm]

	
Classification

	
Range [PGA]

	
Classification

	
Category

	
Classification






	
−6.8–6

	
1

	
0.02–0.064

	
1

	
Very low

	
1




	
6.1–12

	
2

	
0.064–0.108

	
2

	
Low

	
2




	
13–18

	
3

	
0.108–0.152

	
3

	
Medium

	
3




	
19–24

	
4

	
0.152–0.196

	
4

	
High

	
4




	
25–30

	
5

	
0.196–0.24

	
5

	
Very high

	
5











 





Table 3. Distribution of the areas in hazardous condition due to mass movements for each of the municipalities present in the study area.






Table 3. Distribution of the areas in hazardous condition due to mass movements for each of the municipalities present in the study area.





	Municipality
	Area [m2]
	Low
	%
	Medium
	%
	High
	%
	Very High
	%





	A Illa de Arousa
	5,085,203
	299,543
	5.89
	1,993,794
	39.21
	1,572,726
	30.93
	1,219,140
	23.97



	Cambados
	15,375,617
	4,559,530
	29.65
	7,815,244
	50.83
	2,028,210
	13.19
	972,633
	6.33



	Meaño
	6,057,936
	1,589,025
	26.23
	3,139,284
	51.82
	823,276
	13.59
	506,351
	8.36



	O Grove
	19,624,754
	338,708
	1.73
	7,351,494
	37.46
	3,868,742
	19.71
	8,065,810
	41.10



	Ribadumia
	644,234
	430,561
	66.83
	186,679
	28.98
	26,994
	4.19
	0
	0.00



	Sanxenxo
	34,537,584
	6,470,560
	18.73
	16,543,198
	47.90
	5,224,003
	15.13
	6,299,823
	18.24



	Vilagarcía de Arousa
	751,403
	479,682
	63.84
	239,128
	31.82
	32,593
	4.34
	0
	0.00



	Vilanova de Arousa
	11,930,437
	6,283,569
	52.67
	4,228,143
	35.44
	724,739
	6.07
	693,986
	5.82
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