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Abstract

:

In the present paper, three of the main seismic parameters, maximum magnitude -Mmax, b-value, and annual rate -AR, have been studied for the Pyrenees range in southwest Europe by a Geographic Information System (GIS). The main aim of this work is to calculate, represent continuously, and analyze some of the most crucial seismic indicators for this belt. To this end, an updated and homogenized Poissonian earthquake catalog has been generated, where the National Geographic Institute of Spain earthquake catalog has been considered as a starting point. Herein, the details about the catalog compilation, the magnitude homogenization, the declustering of the catalog, and the analysis of the completeness, are exposed. When the catalog has been produced, a GIS tool has been used to drive the parameters’ calculations and representations properly. Different grids (0.5 × 0.5° and 1 × 1°) have been created to depict a continuous map of these parameters. The b-value and AR have been obtained that take into account different pairs of magnitude–year of completeness. Mmax has been discretely obtained (by cells). The analysis of the results shows that the Central Pyrenees (mainly from Arudy to Bagnères de Bigorre) present the most pronounced seismicity in the range.
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1. Introduction


In seismicity studies, some parameters have a particularly important role. Among others, these are the maximum magnitude (recorded, possible, expected), the b-value of the Gutenberg–Richter (GR) frequency-magnitude (FMD) relation, and a parameter related to the seismic activity (mean seismic activity rate or the a-value of GR) [1,2,3,4,5,6,7,8,9,10,11,12,13]. Some of these studies are based on seismic zonations [1,2], and others are found in a purely geographical grid division [7,11,14,15]. In both cases, the usage of a system capable of adequately integrating different sources of geographic data is advisable. Thus, a Geographic Information System (GIS) can provide the rigor, flexibility, and the power to calculate, show, and analyze the parameters. This fact has been demonstrated previously for natural hazards works [7,16,17,18,19].



Upon Gutenberg and Ritcher [20], the GR relation establishes that the number of earthquakes, N, with magnitude larger than or equal to a given magnitude M (cut-off magnitude), can be expressed as


    log   10   N  ( M )  = a − b M  



(1)




where a-value estimates the seismic productivity, whereas the slope (known as b-value) measures the size–distribution parameter. The latter expresses the relationship between small and large events. It is usually considered as the essential seismic parameter, which varies from 0.6 to 1.5 for global seismicity [21]. Values between 0.9 and 1.0 can be established as normal b-value [22,23,24]. In many cases, the b-value is considered as a stress-meter, where the higher its value is, the lower the stress is held [25,26,27]. However, other studies [23,28] state that its value must be 1.0, and any variation is due to some issues such as improper calculation, insufficient data, or inhomogeneous detection network.



The main aim of this work is to calculate, represent continuously, and analyze some of the most crucial seismic indicators for the Pyrenees range. Previously, an updated, homogeneous, and extensive catalog has been generated.



The importance of earthquake catalogs in seismic studies is crucial [8,10,11,29,30,31]. Due to the different content of seismic information for both historical and instrumental epochs, a critical point in the catalog analysis is to generate a reliable, updated, extensive, and homogeneous catalog for the studied region to make the results comparable. In areas where historical seismicity data are available, they must be included in the working catalog to conduct a complete and robust analysis [1,2,3,10,32,33,34]. Besides, the size of the (non-small) earthquakes is usually given in moment magnitude (Mw) [35], as it has a direct relation with the released energy through scalar seismic moments and does not get saturated for larger events. To this end, both global and regional parameters can be found in the literature to convert both intensities and different magnitude types into Mw [35,36,37]. Currently, the evolution and improvement of the seismic networks allows for dealing with a considerable amount of data with very high precision in both location and magnitude.



In this work, after preparing the working catalog, the information has been integrated into a GIS. The calculations and representations have been carried out in its environment as it offers some remarkable advantages, such as combining alphanumeric and geographic information or generating high-quality maps.



The rest of the paper has been organized as follows. In Section 2, the study area is presented. Section 3 contains the data and methodology employed. Results and analysis are shown in Section 4. Finally, Section 5 presents the conclusions of the work.




2. Study Area


2.1. Geological Settings


The Pyrenees is a range of mountains located in the France–Spain border, which spans 450 km long (E–W) and 150 km wide (N–S) [27]. It was formed from the convergence between the Eurasian (to the north) and Iberian (to the south) plates. It happened after an extensive period related to the opening of the Bay of Biscay in the Lower Cretaceous [38,39,40]. Nowadays, the Iberian Peninsula is located in the southwest of the Eurasian plate, which presents a collision movement with the African plate with an estimated rate of between 2 and 5 mm/year in the NW–SE to WNW–ESE direction [2]. Currently, this rate is considerably lower for the Pyrenees [41], despite being the second most seismically active area in the Iberian Peninsula after the Betics.



A general view of this belt’s geological structure can be found in [39,42,43,44,45]. Figure 1 presents a general sketch of the geological context.



The main units can be summarized as follows [39]:




	
The North Pyrenean Zone (NPZ), which was mainly formed by Mesozoic (Cretaceous) deposits, rides northward over the Aquitaine basin along with the North Pyrenean Frontal Trust (NPFT). The NPZ contains Paleozoic outcrops.



	
The Paleozoic Axial Zone, which is located at the central part and presents the highest peaks of the Pyrenees, is composed of Hercynian structures that were reactivated during the Alpine orogeny.



	
The South Pyrenean Zone (SPZ), which slid southward down from the Axial zone when it rose, presents Mesozoic (Cretaceous) and Cenozoic (Oligocene) sediments in its composition.








Besides, the so-called North Pyrenean Fault (NPF) is a major east–west tectonic suture, which separates the Axial Zone of the NPZ. This fault is frequently considered as the limit between the Iberian and Eurasian plates. It coincides with an important vertical shift of the Moho discontinuity, where the Iberian side presents a thicker crust.




2.2. Seismicity


The spatial distribution of earthquakes in this belt is complex with different mechanisms, such as denudation, and gravitational collapse, or lithospheric flexure [43]. Therefore, it is necessary to study it carefully when performing a Probabilistic Seismic Hazard Analysis (PSHA). Although the Pyrenees seismicity can be considered as low to moderate; however, some shocks still produced significant damages in the historical period, especially with events either with magnitudes exceeding 6 (M6+), or MSK intensities equal to or larger than VIII [41,46]. For example, on the Spain side, the 1373 earthquake (Io = VIII-IX) occurred in the Ribagorça County (by Maladetta Massif) in the south part of the Central Pyrenees [47]; the Catalan seismic crisis during 1427 and 1428 reached Io = IX, destroyed Olot and Queralbs and caused more than 1000 fatalities [47,48,49]. On the France side, the 1660 Bigorre Earthquake (Io = IX), near Lourdes in the Central Pyrenees [46,50,51], and more recently, the 1750 Juncalas (Io = VIII) in a nearby area [41]. Besides, in the instrumental period, some strong earthquakes have occurred. Among others, 1967 Arette (M5.3) [46,51], in the Atlantic Pyrenees, with Io = VIII, or others in the eastern Pyrenees, in the Agly Massif, such as St-Paul de Fenouillet (M5.0) in 1996 [39,52].



The seismicity takes part mainly in the western part of the NPZ, while in the east, it is lower and more dispersed. Regarding the focal depth, it has to be pointed out that it is shallow, mainly less than 20 km. Besides, the seismogenic crust could correspond to the first 15–20 km of the crust [49].



There is a lack of in-depth and extensive knowledge of every fault that is capable of producing an earthquake. This fact, and the seismicity patterns, means that the PSHA in this area has been derived mainly from seismogenic zones rather than from specific faults [1,2,53].




2.3. Related Works on the Pyrenees Seismicity


Various studies have explored the variation in the b-value in the Pyrenees. Gallart et al. [54] analyzed it for the Arette–Arudy region in the western Pyrenees. Kijke-Kassala et al. [38] calculated the b-value from a regionalization (nine zones). In other works, the Arudy region was analyzed by Sylvander et al. [55], whereas Secanell et al. [56] conducted a PSHA, where they calculated the b-value. Afterward, Secanell et al. [57] divided the Pyrenees into ten seismogenic zones from the ISARD project earthquake catalog and tectonic models, and then b-values were obtained. In addition, in the frame of the PSHA models for Spain and their analysis, some studies have been addressed [1,2,6]. In recent research, Amaro-Mellado et al. [7] produced a continuous b-value map for the whole Iberian Peninsula and adjacent areas; however, an in-depth specific study for the Pyrenees has not been conducted. Rigo et al. [27] analyzed the b-value variation with the depth relating to the differential stress, considering only b-values from a seismic zonation proposed by Rigo et al. [58]. Nevertheless, to the best of our knowledge, no continuous map has been deployed for this specific region, taking into account its seismic circumstances.





3. Data and Methods


In this section, the input data and the methodology conducted to produce the maps of the seismic parameters are described.



3.1. Catalog generation


As has been pointed out above, the importance of working with a high quality and reliable catalog is a key issue. The steps required to this end are shown in Figure 2.



3.1.1. The National Geographic Institute of Spain Earthquake Catalog


The earthquake catalog employed in this work takes as a starting point the earthquake catalog of the National Geographic Institute of Spain (hereinafter, NGIS), which can be downloaded from [59]. It has more than 135,000 events between 1373 and the end of 2019, corresponding to the Iberian Peninsula and the Canary Islands and their adjacent areas. Through the years, the sizes of the events have been recorded in different ways (macroseismic intensity or several magnitude types, as will be shown later). The fields recorded in the database include elements such as an ID, date, hour, 3D location, intensity, magnitude, or magnitude type. A detailed study of the NGIS catalog can be found in González [60], where the seismic network evolution is shown.



Regarding the precision in earthquakes’ location, for the whole catalog, shocks from 1997 have a better location than 3 km (4 km in 1985; 7 km in 1983–1984, and it is worse for previous events) [60], but, in regions like the Pyrenees, they are lower thanks to the data contributed to the catalog by other networks [43,60]. Currently, this precision is significatly better, as can be checked in [59].



For this work, the geographical extent considered has been limited by 41° N and 44° N parallels and 2.5° W and 3.5° E meridians. The earthquake distribution of the 24,282 resulting events is shown in Figure 3, where 248 (mostly aftershocks from pre-instrumental and historical periods) have no size assigned.



Additionally, for the instrumental period, a map showing the originally recorded magnitudes in the NGIS catalog is presented in Figure 4.




3.1.2. Review from Other Catalogs and Specific Studies


The seismic catalog must be improved with data from other sources, such as from other catalogs or from specific publications (mainly, journal papers) where individual events have been re-evaluated, as has been conducted in similar works such as in [2,6]. Therefore, a thorough revision has been developed, and the size of 31 events has been reviewed, particularly to assign a reliable Mw to the largest events. Special mention is deserved for some earthquakes with a marine epicenter, and with only macroseismic information. Their intensities recorded in the catalog could not be the epicentral ones, due to attenuation, and should be revised. The works that have supported the review are found in [6,39,46,47,49,50,52,55,61,62,63,64,65,66,67].




3.1.3. Magnitude Homogenization and Cut-off Magnitude


Over time, the size of the earthquakes has been calculated in line with the evolution of the seismic network. Besides, it has been stored in different ways in the NGIS catalog, for historical, pre-instrumental, and instrumental periods. It can be found in [2], and it is summarized here (with its uncertainty):




	
Epicentral or maximum intensity (until 1923) (0.5 ≤ σ ≤ 1.5).



	
Pre-instrumental 1924–February 1962: Duration magnitude [68], mD(MMS) (σ = 0.4).



	
March 1962–February 1998: Surface–wave magnitude [68], mbLg(MMS) (σ = 0.3) (<1985); (σ = 0.2) (>1985).



	
March 1998–2002: Body–wave magnitude [69], mb(VC) (σ = 0.2) and mbLg(MMS) (σ = 0.2).



	
March 2002–onward: Surface–wave magnitude [70], mbLg(L) (σ = 0.2) or mb(VC) (σ = 0.2), or, for the most significant events, Mw (σ = 0.1).








To work with a homogeneous catalog, all the events must possess the same kind of magnitude, and the preferred scale has been Mw for the advantages mentioned earlier. Different authors have proposed global and regional parameters to convert the original size into Mw [35,36,37,71,72,73,74]. Given that both independent and dependent variables have errors, a reduced major axis (RMA) is currently preferred to a least-square ordinary regression [36,71]. In this work, the conversion from the original size of every event to Mw has been conducted from the parameters suggested by Cabañas et al. [36], as they are specific for the Iberian Peninsula and adjacent areas.



After those conversions, a proper b-value requires estimating the magnitude of completeness (Mc), which is an essential and mandatory step to conduct a seismic analysis. Mc can be defined as the lowest magnitude at which 100% of the earthquakes in a space–time volume are detected [10,75]. There are multiple methods to estimate this value, and in-depth analysis can be found in Mignan and Woessner [75].



The method employed in this paper is based on the earthquake catalog, and consists of plotting the non-cumulative FMD in addition to the standard (cumulative) FMD. Assuming self-similarity, Mc is simply the magnitude increment at which the FMD departs from the linear trend in the log–lin plot [75]. The estimate of Mc can be assessed from Figure 5 at 1.8 (Mc = 1.8).



After determining the Mc, regarding the b-value calculation, the cut-off magnitude (Mco ≥ Mc) for this work has been set as 2.0 (M2), to have a margin and, besides, consider a standard value.




3.1.4. Declustering


Although the studies of the aftershocks are necessary to some applications [76,77], the computation of the PSHA is mainly based on a Poisson distribution. Herein, these events must be independent; thus, foreshocks, aftershocks, and seismic swarms must be deleted. Consequently, the resulting catalog contains mainshocks only. This is a tricky process, known as declustering, where two principal methodologies, proposed by [78,79], used to be applied, and a thorough study on it can be found in [80]. In this work, the method suggested by Gardner and Knopoff [78] was selected due to its clarity, simplicity, and stability [2,3,32]. Besides, this method has proven its efficiency in most of the recent research [8,10,31,81,82], and particularly for the studied area [2,7]. As the more energetic an earthquake is, the more temporal and geographical extension is involved, this method defines temporal and spatial windows depending on the main earthquake. There are different values to establish these windows. In this research, the proposal by Uhrhammer [83] has been chosen as it is a conservative solution and widely used [29,81,82,84,85].



The results of declustering, conducted by the ZMAP application [86], show that there are 1434 clusters, whose seismic moment released is about 4.4% of the total seismic moment of the catalog. Finally, 19,625 events remain in the declustered catalog.




3.1.5. Year of Completeness


The NGIS catalog spans more than 600 years in its records, and this study has taken advantage of this sizeable temporal extent. As has been pointed out, the magnitude of completeness must be related to a reference date, due to the seismic network heterogeneities and evolution, and it is crucial to estimate a b-value properly. The larger an event is, the more likely it is to be recorded in distant times.



The best method to calculate the different Mc–year of completeness pairs is a much-discussed subject. In this research, the cumulative method [87,88,89] has been used to estimate the completeness periods for different levels of magnitude, as in other recent works [10,81]. Thus, plotting the cumulative number of earthquakes and time, the year of completeness can be estimated. The catalog is considered complete for a threshold magnitude concerning the time where there is approximately a straight line of the plotted date, so the completeness period varies with time [10]. In this study, the year of completeness has been determined for M2, M3, M4, and M5, as can be seen in Figure 6.



The result is shown in Table 1. They are in line with those obtained for other authors for an area in which the Pyrenees are included [1,2].




3.1.6. Seismic Catalog of the Work


After all the steps described previously, the events deeper than 65 km have been removed, as they are not relevant for seismic hazard in the area [2].



The final catalog consists of 7706 events with Mw from 1373 to 2019 is shown in Figure 7.





3.2. Seismic Parameters


In this subsection, several relevant seismic parameters will be introduced as they are indicators of the seismicity of an area. These parameters are the maximum magnitude, the b-value, and the normalized annual rate for events exceeding M3.



3.2.1. The Maximum Magnitude


The maximum magnitude (Mmax) is closely related to the seismic hazard for an area. Therefore, to appreciate its distribution, a 0.5 × 0.5° grid has been deployed using a GIS tool and covering the whole working area, in a GIS environment. There are different concepts related to the maximum magnitude, such as the largest recorded event, a-value/b-value, the largest physically possible. Besides, there are different approaches (parametric, non-parametric) to calculate its value. Thorough works can be found in [90,91]. In this work, as the temporal extent of the catalog is long, the maximum magnitude of the working catalog for every grid’s cell has been chosen, being aware of the limitations.




3.2.2. The b-value


The b-value is the parameter most studied in seismology and corresponds to the slope of the FMD in a log–log plot. The majority of the authors stated its relationship with the physics of the studied area. It has been deeply studied and is usually analyzed in PSHA works, in prediction, in locating asperities, periodical tidal loading, and energetic characterization [4,8,11,16,25,92,93,94,95].



Although firstly, the least square solution was usually employed to calculate its value, currently, there is a consensus in considering the Maximum-Likelihood-Estimate (MLE) as the best approach to obtain it. This is due to the fact that it does not present interdependency between variables [2]. Over time, a considerable amount of different methods have been suggested for its calculations, such as those found in [13,96,97,98,99,100]. One of the most employed formulae for MLE was proposed by [98,99] for binned data.


  b =     log   10   e    M ¯  −  M c  −   Δ M  2     



(2)




where Mc is the cut-off magnitude,   M ¯   is the average magnitude of the earthquakes whose magnitude is larger than or equal to Mc, and ΔM is the binning interval of the magnitude.



In this research, the bin interval is 0.1. The solution proposed by Kijko and Smit [13], through the exposed MLE expression, has been applied. It permits taking into account a longer temporal extent and different magnitude–year of completeness pairs. Moreover, it is said to be simple, manageable, and it is not based on iterations [13].



The method suggested by Kijko and Smit [13] is based on dividing the catalog into more coherent s sub-catalogs, each of a different level of completeness, and with its corresponding year of completeness. It is particularly indicated for incomplete or inhomogeneous catalogs. For every sub-catalog, the MLE proposed by [98,99] is used. Later, b-value is estimated as a weighted solution as:


   b ^  =  n     n 1     b 1    +    n 2     b 2    + … +    n s     b s       



(3)




where bi is the b-value of each of the s sub-catalogs, ni is the sample size of the sub-catalogs, and n is the total number of events considered (n = n1 + n2 + …+ ns).



Each sub-catalog has a known but different level of completeness,    M  m i n  1  ,    M  m i n  2  ,   … ,    M  m i n  s   , and it spans    t 1  ,  t 2  , … ,    t s    years.



Finally, from now on, the obtained b-value after the correction proposed by [101], to minimize the overestimation produced for small samples, will be noted as b-value, or only b.


    b ^   O g   =    (  n − 1  )   b ^   n   



(4)







Besides, despite the method proposed by Kijko and Smit [13] gives the expression to calculate the standard deviation, that suggested by Shi and Bolt [102] has been preferred as it considers the real dispersion of the sample:


  δ b = 2.3  b 2       ∑ i n     (   M i  −  M ¯   )   2    n  (  n − 1  )       



(5)




where n is the total samples.



As stated above, the method requires pairs of values to estimate the b-value. These have been previously calculated and are shown in Table 2.



Once the formulae have been defined, the minimum number of events to generate a representative b-value must be established. It is a very controversial issue, and there is no general academic agreement: extraordinarily, Dominique and Andre [103] considered only six events: Bender [98] or Skordas and Kulhánek [104] chose 25 events; Mousavi [11] and Amorèse et al. [28] proposed 50; González [60] suggested 60, and Roberts et al. [105] established 200. A thorough study regarding the relationship between error and number of events for different b-values can be found in Nava et al. [24].



When a continuous representation is prepared, another crucial parameter is how the geographical space is divided. This split can lead to completeness issues, as the number of events for every cell may be small, particularly when a grid division is employed [106], as in [7,11,107]. The minimum number of events is a trade-off between accuracy and coverage, whereas cell size is a trade-off between coverage and resolution [11]. In this work, using a GIS tool, two different grid sizes have been established as in [7,11]. Considering these trade-offs, a 0.5 × 0.5° grid was selected with 100 events as a minimum value for the most active area; and a 1 × 1° grid has been considered for the whole area, with a minimum of 50 events. Besides, to reduce the border effect, four overlapped grids have been defined (the original; one shifted half of cell size to the south; another moved half to the east; and finally, displaced in south and east), as was done previously in [7,15].



For every cell, the average geographical coordinates of the epicenters have been estimated. Thus, seismic parameters have been assigned to this location. Later, the method proposed by Kijko and Smit [13] has been adopted to compute the b-value. This has been for every cell of every grid. Finally, to conduct the spatial analysis, an interpolation by the Inverse Distance Weighting (IDW) algorithm has been applied. It must be noted that where the minimum number of events has not been reached, its associated b-value has not been considered in the interpolation, so caution should be taken when analyzing these areas.



Different color maps have been produced with the conditions above exposed to represent the b-value distribution. The location of the points used to generate the maps is shown.




3.2.3. The Annual Rate (Normalized)


Finally, the annual rate (the number of events exceeding a threshold in a unit of time–year) is calculated and, besides, it is easily derived from the b-value. [13] proposed its calculation from:


  λ (  M  m i n   ) =  n   ∑  i = 1  s   t i    10   − b  (   M  m i n  i  −  M  m i n    )       



(6)




where Mmin is the minimum magnitude considered (2.0), and the rest of the parameters have been defined above.



The annual rate is a usual parameter in PSHA studies and, in this case, given that M2.0 earthquakes are not particularly relevant for seismic hazards, it has been obtained straightforwardly for M3.0 from:


  λ  ( 3 )  = λ  ( 2 )    10   − b  (  3 − 2  )     



(7)







This value is more comparable if it is related to a unit area (km2), resulting in the normalized, AR, (for M3), so:


  A R =   λ  ( 3 )    A r e a    (  i n    km 2   )     



(8)







As this value is very low, it has been multiplied by 104 for representation.






4. Results and Discussion


In this section, the spatial distribution of several of the chosen seismic parameters is shown by maps, after the processes conducted into a GIS environment. The maximum magnitude, the b-value, and the normalized mean seismic activity rate (annual rate) are presented here.



4.1. The Maximum Magnitude


The maximum magnitude in the working catalog for every cell of the 0.5 × 0.5° grid is presented in Figure 8. It must be highlighted that it corresponds to a temporal extent of more than 600 years, and the moment magnitude has been chosen.



This Mmax map is a representation of the maximum magnitude from a deterministic point of view. It shows that more significant events have occurred in the Central Pyrenees in the Bagnères de Bigorre area, reaching M6.7, and on the Spanish side of the Eastern Pyrenees, reaching M6.5, near Olot. The Arudy region reaches M6+, the Maladetta Massif, and the Agly Massif (in the Eastern Pyrenees) are hot spots with M5.5+. Along with the border limit, Mmax exceeding 5.0 is frequent, except for its eastern extreme. At the north and the south of the belt, Mmax is notably lower, showing several areas Mmax below 4.0, mainly on the French side.



In general, the highest values are located in the Central Pyrenees more than in the extremes.




4.2. The b-value


As has been stated, b-value is the most studied parameter because it is related to the physics of the source. Lower values could mean that additional stress is being held and might be released abruptly later; contrariwise, higher values indicate continuous energy released. Figure 9 shows the b-value map for the Pyrenees region.



The calculations show that the extreme values are 1.42 (by 1.6° E, 41.4° N) and 0.95 in the Bagnères de Bigorre. A b-value of 1.14 is found in the western extreme and 1.18 in the eastern extreme, and, for Agly Massif, it is 1.14; for the central southern and the north part, there are not enough data. A general value can be set as 1.10, and higher values are located in the Central Pyrenees.



Regarding the uncertainties, a map has been prepared, as can be seen in Figure 10.



As expected in the Arette–Arudy-Bagnères de Bigorre environment, lower values are found (0.02). Besides, while in the south of the Ebro Basin and the eastern extreme, higher values are shown (0.10–0.12). Moreover, a reference value can be established at 0.05.



As can be stated, for the central area, a denser grid has been considered. Besides, the minimum number of events required for calculations has been set as 100 for this grid. The result is shown in Figure 11.



The specific map illustrates that the lower b-value is found in the Lacq environment, due to the seismicity induced by the gas extraction in that area [108]. Another peak value (0.97) is located in Bagnères de Bigorre. From there and toward the west, the value increases to approximately 1.05 to reach Arudy and 1.17 in Arette.



The obtained results are in line with other researchers who have studied the b-value variation in the Pyrenees. Gallart et al. [54] studied the b-value for the Arette–Arudy region in the western Pyrenees, and they concluded that the existence of a lateral variation, from 1.09 ± 0.06 for the west (W) and 0.91 ± 0.09 for the east (E), is possibly related to a depth variation 16 km to 4 km. Kijke-Kassala et al. [38] obtained smaller b-values (1.04 ± 0.11) for the central Pyrenees than for the extremes (1.15 ± 0.10 W and 1.19 ± 0.08 E), and a variation with depth for the Arette region 1.01 ± 0.04 for the first 5 km, 0.82 ± 0.04 for 5–10 km, and 0.82 ± 0.07 when deeper than 10 km. The Arudy region was also studied by Sylvander et al. [55], where they found an area with a low b-value, understood as an asperity. Secanell et al. [56] conducted a PSHA to calculate the b-value and afterward, Secanell et al. [57] divided the Pyrenees into ten seismogenic zones from tectonic models, and they found a wide b-value range from 0.91 to 1.64.



Contrariwise, they are not so consistent with Rigo et al. [27] who analyzed the b-value variation with the depth relating to the differential stress. These authors took into account only b-values with an error better than 0.15, and a magnitude of completeness of 1.5 ± 0.1. Thus, they calculated a b-value of 0.80 ± 0.01, as the overall value and considered the seismic zonation proposed by Rigo et al. [58]. The obtained values ranged from 0.71 for the southern zone to 0.99 for the northeasternmost coastal zone. Besides, all the values are between 0.59 and 0.99, but varying with the depth. The b-value decreases from 0.92 at 1 km to 0.75 at 11 km, and it is 0.85 ± 0.06 at 19 km. It presents no representative values when deeper than 21 km. The discrepancy between both works can be seen as a result of such a low Mc value, which could have led to underestimating the b-value in that work.




4.3. The Annual Rate (Normalized)


Finally, the third seismic parameter to be represented has been normalized by the surface annual rate for M3 (AR), as shown in Figure 12.



The analysis of the map indicates that the Arudy region is the most active area in the Pyrenees. In addition, it is one of the highest in the whole Iberian Peninsula and its surroundings, compared with [6,7] (for M3). An AR value exceeding 12 events every year × 10−4/km2 is higher than any other, as it is about 7–9 near Granada in the Betics. Other regions with higher values are in the central-western area (six or more) and particularly near Lourdes (greater than 10). On the contrary, in the east is unlikely to reach three. In a considerable extension of south territory, almost no zones get 1, as in the northeast.



These data are consistent with those calculated by IGN-UPM-WorkingGroup [2], where both Z16 for GM12 zonation and Z15 for A12 are among the most active zones in the Iberian Peninsula and adjacent areas.



After these results, the environment of Arudy and Bagnères de Bigorre has the most pronounced seismicity, as Mmax and AR are high, and the b-value is lower than in the rest of the Pyrenees.





5. Conclusions


This paper presents the calculation, continuous representation, and analysis of some of the most relevant seismic parameters for the Pyrenees range. These parameters are the maximum magnitude, Mmax, the b-value of the GR relation, and the annual rate AR. The information has been integrated into the GIS for calculation and visualization, which allows proper handling of the data.



For this purpose, a reliable, homogeneous, extensive, reviewed, and updated catalog has been compiled. First of all, the NGIS earthquake database (with reliable records form 1373) has been chosen as a starting point. After that, it has been reviewed with other catalog and specific studies. Then, the size of all the events has been converted to moment magnitude (Mw), as the state-of-the-art establishes, through Cabañas et al. [36]. Besides, the completeness has been analyzed, leading to set the cut-off magnitude as 2.0. Next, the non-main events have been removed by the declustering process proposed by Gardner and Knopoff [78] with the Uhrhammer [83] parameters. Later, the pairs magnitude–year of completeness have been obtained. Finally, the seismic catalog of the work is ready to be integrated into the GIS. In its environment, different grids, of 0.5 × 0.5° and 1.0 × 1.0°, have been established to produce continuous representation.



Concerning the results for the seismic parameters, some findings can be stated. The Mmax value ranges from 6.7 to no data (or M < 2) in some grids’ cells. Through the belt, near the Spain–France border, most of the zones have M5+. The maximum values are located in the Bagnères de Bigorre region, and to the north of Olot (Eastern Pyrenees), in Spain.



The b-value calculations have employed more than 200 years to include historical events. Furthermore, the method proposed by Kijko and Smit [13], which considers different pairs of magnitude–year of completeness, has been used. The lower values (so, higher stress held) have been found in the Central area, near Bagnères de Bigorre (0.97) and to the west to reach 1.05 in the Arudy region, and 1.17 in the Arette region. In both extremes of east and west, the values are approximately 1.15–1.18.



The AR for M3 shows that the Arudy region is the most active area in the belt. Besides, the Bagnères de Bigorre area shows high AR values too, with AR values higher than 10−4 earthquakes/km2 in a year.



Finally, from the analysis of the parameters, conducted by the GIS, it arises that the Central part, mainly that from Arudy to Bagnères de Bigorre, presents the most pronounced seismicity of the region, as it has the highest Mmax and AR, and the lowest b-value. Therefore, this would be the area where the PSHA should be focused on, and a GIS tool would be very handy for it.
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Figure 1. Sketch map with the main structural units of the Pyrenees. Redrawn after [43,44,45]. 
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Figure 2. Seismic catalog generation workflow. 
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Figure 3. The National Geographic Institute of Spain (NGIS) catalog for the working area (from 1373 to 2019). 
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Figure 4. The NGIS catalog (original magnitudes for the instrumental period). 
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Figure 5. Frequency-magnitude (FMD) of the catalog for Mc estimation. 
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Figure 6. Year of completeness determination from the cumulative method for different values of magnitude. 
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Figure 7. Seismic catalog of the work (Mw ≥ 2.0). Temporal extent: 1373–2019. 
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Figure 8. Maximum magnitude in the working catalog (1373–2019). 
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Figure 9. b-value map from a 1 × 1° grid and N ≥ 50 events. A yellow point indicates that it has been used in the interpolation process. 
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Figure 10. Uncertainty in b-value (1 sigma) from [102]. A yellow point indicates that it has been used in the interpolation process. 
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Figure 11. b-value map from a 0.5 × 0.5° grid and N ≥ 100 events. A yellow point indicates that it has been used in the interpolation process. 
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Figure 12. Annual rate (normalized) for M3+. 
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Table 1. Year of completeness vs. magnitude.






Table 1. Year of completeness vs. magnitude.





	Magnitude
	Year





	Mw ≥ 2.0
	2013



	Mw ≥ 3.0
	1978



	Mw ≥ 4.0
	1943



	Mw ≥ 5.0
	1810
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Table 2. Sub-catalog division (MC-Years).
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	Magnitude
	Year





	Mw ≥ 2.0
	2013–2019



	Mw ≥ 3.0
	1978–2012



	Mw ≥ 4.0
	1943–1977



	Mw ≥ 5.0
	1810–1942
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