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Abstract

:

The analysis of the historical documentary sources together with evidence from the geological record is essential to understand the impact and processes triggered by tsunamis on the Canary Islands. This archipelago has been affected by tsunamis caused by different geological processes, of which the most studied have been those generated by prehistoric mega-landslides. However, there is also evidence of those produced by distant tsunamigenic sources. An exhaustive review of all documentation available was made, identifying the existence of at least four seismically triggered tsunami episodes (1755, 1761, 1941 and 1969), the majority with an epicenter in the Azores-Gibraltar boundary. In this work, several tsunamis are cited for the first time, such as the one produced by the Argaga (La Gomera) landslide in 2020. Other episodes historically identified as tsunamis are discarded as they corresponded to other geological events. The effects of most historic tsunamis have gone unnoticed, having occurred in epochs of sparsely populated coastal areas. But their study allows us to infer the need for the archipelago authorities to establish preventive measures to avoid possible damage from tsunamis, especially if we consider the presently high population density of the Canarian littoral.
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1. Introduction


Tsunamis in the Atlantic are a relatively rare phenomenon compared to other natural events that affect its coastal areas, such as hurricanes, storm surges and floods, although tsunami deposits have been described in several sites in the Atlantic Ocean basin [1]. In the case of oceanic volcanic islands, tsunamis can be generated by submarine volcanic eruptions, pyroclastic flows, gravitational landslides and tsunamigenic earthquakes [2]. Large gravitational landslides occurred in the Canary Islands have generated large tsunami deposits such as the ones that crop out in the Agaete valley, in northwest Gran Canaria [3,4] and in Teno, northwest of Tenerife [5,6]. However, tsunamites produced by other types of events have not been recognized in the geological record, except on La Graciosa Island, where several littoral sedimentary outcrops were reinterpreted [7] as deposits generated during a tsunami produced by an historical earthquake with its epicenter to the SW of the Iberian Peninsula.



In recent decades, an enormous effort has been made in the development of mechanisms and models based on the geological record for predicting tsunamis caused by earthquakes, which have led to the improvement of the models that allow knowing the time of the waves arrival to the coast based on the height of the wave [8]. With this, it has been possible to implement direct and indirect measures to reduce the effects caused by these events.



Cataloguing and assessing tsunami records from the past is important for long-term tsunami prediction and for tsunami-hazard mapping [9]. Several previous tsunami inventories include events that affected the Canary Islands [10] (and references therein), showing differences between each other. However, historical documents are scarce and they do not allow one to deduce the effects directly derived from tsunamis due to the ignorance of this phenomenon by society in historical times. This is the reason that has prompted the preparation of this work, so that an exhaustive review of the tsunamis that have affected the Canary coasts in historical times is available to determine the affected areas, as well as their source. We also include the description of other tsunami deposits and events not previously reported. With this we have tried to make an approximation to the possible effects of a future tsunami and contribute to the development of preventive management plans.




2. Materials and Methods


The research carried out includes the whole Canary Archipelago and is mainly based on documentary records that cover a period of about 500 years, from the conquest of the islands in 1402 to present. Most of the documented tsunamis were preceded by earthquakes felt by the population in the Canary Islands, although some of them correspond to distant earthquakes. All the information collected in previous studies is compiled, incorporating for each event the information related to how the tsunamis affected the Canary coasts. Documentary sources referring to low-frequency episodes, such as tsunamis of a certain intensity, are very difficult to track and assign to a specific event. This fact becomes evident, especially when the information analyzed refers to territories as fragmented as oceanic archipelagos, given their lack of homogeneity and the different types of documentary sources. The disparity has been verified, both in quantity and in reliability of the accounts, depending on the epoch and the social, economic and political-administrative situation for each island. The documentary information used in this work comes from widely scattered sources and appears both in local chronicles, civil and religious reports, regional history books, memoirs, diaries, annals, press and literary texts, and even some manuscripts that remain unpublished from the collection of the ‘old library’ of the University of La Laguna (https://www.ull.es/servicios/biblioteca/#, (accessed on 21 September 2020).



Efforts have been made, whenever possible, to use primary documentary sources, which are those written contemporaneously with the events that are narrated and which come from a direct source, in most cases and preferably corresponding to direct witnesses of the facts or whose authors are people of recognized historical prestige for their rigor in writing the chronicles. When the data come from secondary sources, that is, from interpretations or analysis of one or more primary sources, it was necessary to go to the primary sources and compare the existing data in both sources. For this study, a tracking and review of documents that were rigorous and productive sources of information in previous studies on historical seismicity and volcanism of the Canary Islands has been carried out [11,12,13,14,15] (among others).



In this work, all the information about tsunamis affecting the Canary coasts has been compiled. All the references in the different historical sources regarding old length units (league, pistol shot) have been transformed to km. It should be clarified that the system of weights and lengths mentioned in many of the sources consulted in this work corresponds to the length measurement systems traditionally used in the Canary Islands. These have varied in time from the Conquest period until the incorporation of the Decimal metric system, already in the 19th century. The equivalences of these length measurements in the Canary archipelago have been established [16], so in this study one league, which is usually established between 4 and 7 km, in the Canary Islands is equivalent to 5572 m. On the other hand, local expressions such as “musket shot” or “pistol shot” were also traditionally used to roughly indicate distances. These distances usually refer not so much to the maximum range of the weapon as to its effective range, that is, the distance that allows to hit the target. Thus, the expression “shot from a pistol” is equivalent to a distance of approximately 30 to 50 m.




3. Geodynamic Setting


The Canary archipelago is located close to the boundary of the North African and European plates, a transcurrent right lateral fault zone that becomes convergent from the Gorringe bank eastwards [17,18]. The convergent segment of the plate boundary is listed as one of the most dangerous from a sismogenic/tsunamigenic point of view, as it was the source of the Lisbon earthquake Mw 8.5 on 1 November 1755 [19], as well as other historical events (216–209 BC, 881 AD, 1731 AD), which caused the partial destruction of the coastal cities of the southwestern Iberia and Morocco [20,21]. This zone is still active, as attested by the occurrence of the large earthquakes of 28 February 1969 (Mw = 7.9), 26 May 1975 (Mw = 7.9) [10], which generated small tsunamis [20,21], and 12 February 2007 (Mw = 6) [22], strongly felt in Morocco. These events have also been identified in the sedimentary record in areas as distant as Brazil [23] or the Virgin Islands [24], or others closer such as Azores [25]. For this seismic zone it has been estimated a minimum recurrence period of circa 3600 and 10,000 yr for events of Mw = 8 and Mw = 8.7 (“1755-like earthquake”) respectively, if a single structure (or single combination of structures) is considered [26]. However, if we take into account the major active faults mapped in the region, then estimated recurrence periods are reduced to 700 and 3500 yr or even less, respectively.



In the Canary Islands only a fault located between Gran Canaria and Tenerife Islands (Figure 1), with a NE-SW direction, has been identified [27] as being able to generate big earthquakes. This fault, first inferred from seismic and gravity data by [27], was identified as the source of the 9 May 1989 [27,28,29], the largest earthquake (mbLg 5.2) recorded in the Canary Islands during the instrumental period. Mantovani et al. [30] proposed the existence of the Morocco microplate whose southern boundary coincides with the location of this left-lateral strike-slip fault. The existence of this major crustal fracture between Tenerife and Gran Canaria based on aeromagnetic inverse modelling is also suggested [31].




4. Documented Tsunamis


4.1. The 1 November 1755 Tsunami


This tsunami was triggered by a Mw 8.5 earthquake (Figure 1A, Table 1) that took place SW of Iberia around 9:30 am [19]. The tsunami devastated the southwest Iberian and north Morocco coasts and was even recorded in North and South America [10,21]. The damage and deaths it caused on the coasts of the Iberian Peninsula were so great that damages occurred in the Canary Islands went almost unnoticed.



Around 9:30 a.m. some inhabitants from Tenerife Island felt the earth shaking [35,36,37,38], and at the same time, the sea withdrew in Tenerife and Gran Canaria more than 1 km [35,36,37,39], later returning inland leaving a flooded distance from the coast of around another 1 km [36,38,39]. Some authors mention that the tsunami affected all the islands [35,37]. The tsunami was described as having affected the whole island of Tenerife, but its impact was stronger along the northern coast [35,37]. The inhabitants of Bajamar, Tejina and other localities fled when they saw how the sea retreated leaving a large dry strip of at least 1.4 km. At La Orotava the sea came, withdrew a long way and returned with less violence and continued like this with ebb and flow for an hour [36]. In the port of La Orotava a boatman said that his boat had been thrown against the beach, while he was leaning on it with some fishermen and the sea had floated him and had wet them violently up to half a length [36].



In a letter sent from Mr. Ricardo Val to the King Fernando VI, the effects of the 1755 tsunami on the coasts of Gran Canaria, Fuerteventura and Lanzarote are reported [38]. In Gran Canaria, the inhabitants of Las Palmas de Gran Canaria saw from their balconies how the sea retreated for 8 to 10 min, to return with more impulse, repeating the process up to three times. In the port of La Luz the sea flooded the Hermitage of Nuestra Señora de la Luz and when it retired, left it full of fish [40]. After this first flood, the sea retired around 50–90 m, uncovering the hull of an unknown wreck. Some people came to see it, being swept away when the sea returned [36]. In Fuerteventura and Lanzarote the same sea movement was recorded, and on Lanzarote some salt flats that supplied the natives, the Salinas del Río, located at the foot of the Famara cliff, were ruined. The alleged appearance of an image of Saint Juan Bautista floating on the sea in El Hierro Island, after the Lisbon earthquake in 1755, suggests that the tsunami was also felt there [41].



Based on the above, the flood level for the 1755 Lisbon tsunami in the Canary Islands was more than 5 m, which is the height at which the Hermitage of Nuestra Señora de la Luz is located. This height should be taken as a minimum value, since the hermitage was inundated and filled with fishes. Damage caused by the waves was scarce, although it must be considered that the occupation of the coast at that times was very low due to pirate attacks [42].




4.2. The 31 March 1761 Tsunami


On 31 March 1761 another transoceanic tsunami was triggered by an 8.5 magnitude earthquake (Figure 1A, Table 1), with epicenter in the southwest of the Iberian Margin [43,44], that was felt in Portugal, Spain and Morocco [10,45]. The tsunami was reported along the south and west coasts of the Iberian Peninsula, the archipelagos of Azores and Madeira, the United Kingdom, and even in Barbados, being affected by waves higher than 1 m [10,25,33,43,45,46]. In previous works there is no mention about the earthquake being felt in the Canary Archipelago. However, it is documented for that day that, around 11:30 a.m., a tremor was felt that lasted around 1 min and that was felt along the northern coast of Tenerife Island and on La Laguna village [37,47]. The effects on the coast were similar to those reported for the tsunami of 1755, with the previous withdrawal from the sea and then its rise, which frightened the inhabitants and led them to think on the occurrence of a distant earthquake like the one felt 5 years before [47]. In the same document, this event is related to a strong earthquake that affected the Iberian Peninsula without serious damage, although in Lisbon it was stronger and some buildings collapsed. The results of a recent model of the 1761 tsunami propose wave heights along the northern coast of Tenerife smaller than 0.3 m and slightly higher to the northeast of the archipelago [44], in accordance with the reported lack of damages in the Canary Islands.




4.3. The 7 July 1941 Tsunami


La Tarde newspaper reported three huge waves that, in Tenerife Island, inundated the littoral of Santa Cruz de Tenerife and San Andrés (Figure 1) affecting the Island Council building, the Maritime Avenue, breaking the door of an office and inundating the Navy Command [42]. Only a woman was injured. These waves have been ascribed to a local landslide close to Santa Cruz, since no earthquakes or other extreme wave events occurred that day [42]. Based on this information, the waves surpassed heights of 2 m in the Cabildo building and 6 m in the Navy Command. The most likely location of a landslide affecting Santa Cruz would be the 200 m tall cliffs cut in the old massif to the NE of the city, since the littoral to the SW is mostly low rocky coast. A freak wave is discarded as the origin of this event since they are not characteristic in the eastern coast of the island [42].




4.4. The 25 November 1941 Tsunami


A Mw 8.3 strike-slip submarine earthquake located offshore Portugal triggered a tsunami that was registered on 25 November 1941 (Figure 1A, Table 1) at tide stations along Portugal, Morocco, Madeira, Azores and UK [10,48,49]. The amplitudes registered in mareograms were 0.25 m at Casablanca and 0.45 m at Mogador [50]. In the Canary Islands, tsunami wave observations were reported in the Bulletin of the Seismic Observatory in Almería [51]. The tsunami should had been very low as no news appeared in the On 26 November 1941, some Spanish newspapers reported the earthquake and tsunami in Lisbon [52,53] but did not mention any effect in the Canary Islands confirming the low magnitude and the lack of damages.




4.5. The 28 February 1969 Tsunami


A small-amplitude tsunami was generated by a Ms 7.9 earthquake affecting the Atlantic area, with an epicenter located south of the Gorringe Bank [10,25]. The tsunami was recorded by tide gauges in Santa Cruz de Tenerife, Santa Cruz de La Palma, Las Palmas de Gran Canaria and Arrecife in Lanzarote. The local press did not report any sea disturbance for this date.




4.6. The 17 July 1969 Tsunami


A small tsunami, of unknown origin, was detected on 17 July 1969 (Table 1) in mareograms of Santa Cruz de Tenerife (Canary Islands), Angra (Terceira Island), Lagos and Cascais (Portugal), being the maximum peak-to-peak amplitude 0.06 m at Lagos [10,50]. In Casablanca, the tsunami amplitude has been estimated in 0.9 m [50]. The local press did not echo this event.




4.7. The 26 May 1975 Tsunami


The 26 May 1975 tsunami was the result of a Ms 7.9 earthquake located 200 km south of the Gloria Fault (Figure 1A, Table 1), close to the Tydeman Fracture Zone [10,54,55]. The tsunami was observed in Azores archipelago and recorded in tide gauges with a maximum amplitude of 30 cm at Lagos [10]. In the Canary Islands, this low amplitude tsunami was recorded in a tide gauge located at the Gran Canaria Island main port with a maximum amplitude of 6 cm [55].




4.8. The 14 November 2020 Tsunami


A local tsunami was triggered about 15:00 h on 14 November 2020 in Valle Gran Rey (La Gomera Island) due to a littoral massive rock fall (Figure 1 and Figure 2, Table 1). Videos recording the rock fall posted in the social media allow to observe a tsunami wave propagating radially from the rock fall deposit. The wave, bigger that 0.5 m near the coast, reached the village of Argaga, more than 200 m far away, circa 21 s after the rock fall entering the sea. Sailing tourists reported a small wave that slightly shook the boats anchored less than 400 m far from the coast. This small tsunami did not cause damages.





5. Other Possible Tsunamis


Several tsunamis have been generated in the tsunamigenic zone of the SW of the Iberian Peninsula [56] (Figure 1, Table 1) but there are no evidences to their impact in the Canary Islands, probably because chronicles for the archipelago did not exist before the 15th century and due to the concentration of the population inland until the end of the 18th century due to pirate incursions. Those tsunamis, triggered by earthquakes with magnitudes higher than Mw = 7, could have also affected the Canary Islands. Although there are several other events that may also have considered, we describe below only those tsunamis that are considered of high reliability (“definite tsunamis“ in [57]) as well as the 382 AD tsunami that could be at the origin of a tsunami deposit in the Canary Islands [7].



5.1. A Tsunami in Roman Times?


Along the eastern coast of La Graciosa Island, both in the intertidal and supratidal area, there is a strongly cemented conglomerate recently described as a tsunamite [7]. It is a polymictic conglomerate (Figure 3) that includes boulders and cobbles of the underlying rocks (basalts, beach rocks, marine calcarenites, paleosoil, aeolianites), as well as underwater lithics (reef fragments, well preserved marine shells and bioclasts) and terrestrial fossils. It also contains remains of ceramics and ovicaprid bones of historical age [58] and metal fragments [7]. The deposit dips seawards, from 15° to sub-horizontal and has an erosional contact with the underlying calcarenites (Figure 3). The deposit is strongly cemented and may be clast-supported, or matrix-supported depending on the outcrop. Incipient reverse grading is reported for the matrix-supported areas and no obvious sorting has been observed in the clast-supported parts of the deposit. The matrix consists of poorly sorted fine to very coarse grained calcarenite with abundant broken and well preserved marine and terrestrial fossil fragments. Lithics are mostly of cobble size, although boulders showing a mayor diameter up to 2.2 m are also found. Planar boulders and cobbles are imbricated, stacked and dipping seawards. We have carried out a 14C dating experiment on the collagen of a goat tooth obtaining a conventional age of 1730 ± 30 BP, with a 2σ calibration (95% probability) of cal AD 244–cal AD 387.



It has been postulated that these deposits might have been originated by a tsunami generated by an earthquake with epicenter in the southwest of the Iberian Peninsula, similar to the ones that produced the 1755 and 1761 earthquakes [7]. Sedimentological characteristics fits with an extreme wave event (EWE) deposit. However, it is very difficult to differentiate between a storm and a tsunami EWE deposit [58,59] and a more detail study will be needed. However, exploring the possibilities of being a tsunami, we have checked the historical tsunami records and a tsunamigenic earthquake is in the ranged of age considered for this deposit, the 382 AD. This tsunami was described in Cape St. Vincent (SW Portugal) [60]. The tsunamigenic earthquake had an estimated magnitude of 7.5 [49] and is included in the Portuguese, Moroccan and Mediterranean tsunami catalogues [10,50,56]. We do not have documentary evidences of this tsunami since the Canary Islands were conquered in 1402.



This event is also in the range of the age of the earthquake that destroyed the ancient Roman city of Baelo Claudia (Cadiz, Spain), in 260–290 AD [61]. The intensity and magnitude of this earthquake are estimated in IX MSK and 6.3 Ms, respectively [62]. Geoarcheological studies in Baelo Claudia suggest the occurrence of coseismic landslide and tsunami events [63], fact confirmed by the identification of tsunami deposits older than 255 cal. AD [64]. However, it has been suggested that the effects of this earthquake were local [65], being related with local faults 20 km offshore [66].




5.2. The 18 November 1929 Tsunami


On 18 November 1929 a Mw 7.2 earthquake with epicenter at the Grand Banks (Newfoundland, Canada) triggered a huge submarine slump and landslide that caused a tsunami that spread across the Atlantic to Antarctica [67,68]. According to the models generated by NOAA’s National Geophysical Data Center, the arrival time in the Canary Islands is estimated in around 6 h, similar to Portugal, where the tsunami was recorded. In Portugal, amplitudes observed reached values < 0.2 m [67], so it probably reached the Canarian coast as a low amplitude tsunami.





6. Discarded Tsunamis


6.1. The 5 May 1706 Tsunami


This event is classified as a probable tsunami associated with the 1706 eruption of Arenas Negras in Tenerife Island [33,56,69], which began on May 5 [11]. This assignment is based on the account of Bory de Saint-Vincent [70] who traveled to Tenerife in 1800 and described that “On the night of 5 May 1706, a thunderstorm-like noise was heard underground, and the sea receded. When the lightning day came, the phenomenon which had terrified the unfortunate inhabitants of Garachico, we saw the peak covered with a red and frightful vapor. The air was set ablaze, a smell of sulfur suffocated the terrified animals, which uttered lamentable howls, or plaintive bellows. The waters were covered with a vapor similar to that exhaled from boiling boilers: all of a sudden the earth shakes and opens; torrents of lava, escaping from the crater of Teyde, rush into the plains of the north-west. The city, half engulfed in cracks in the ground, half covered by the vomited lava, disappears entirely. The sea soon returning to its bed, floods the debris of the port which has collapsed; waves and heaps of ashes occupy the place of Garachico, and today we find the remains of the houses, among fragments of lava or in places where ships used to anchor. The inhabitants tried to save themselves by a quick escape, but the majority made useless attempts: some were swallowed up in cracks which, filling in, buried them all alive; others, suffocated by the sulfurous vapors, fell asphyxia in the middle of their chastening race”.



The references to the eruption, however, do not mention this tsunami event, nor the catastrophic earthquake [71,72,73], although these chronicles were made by eyewitnesses or shortly after the eruption. The rest of the references to the eruption, both those made by local figures or historians of proven reliability [36,41,74] or carried out by naturalists of the XIX century are based on these chronicles.



The story of Bory de Saint-Vincent [70] is markedly catastrophic, if compared to Cassares [72]. It is, therefore, a text with a marked romantic style, typical of the moment in which was written [11], and that shows the limitation of his geological knowledge, perhaps also because it is the first contact of the author with a volcanic territory or because he was veiled by the confusion of the time, still tinged by catastrophism, and in the one that Plutonists and Neptunists still fiercely polemicized [75]. In addition, it shows important contradictions-firstly it points out that part of the city’s inhabitants were swallowed up by the cracks produced by the earthquakes in Garachico, to finally affirm that there were no human victims-, as well as errors -such as, for example, that the eruption occurred at Teide, when in fact it was related with a fissure-type eruption that was located closer to Garachico. The erroneous location of the eruption at Teide has caused the source of the supposed tsunami to be misidentified in some catalogs [33].



It is possible that Bory de Saint-Vincent mixed the effects of the eruption with those of littoral floods, very frequent in Garachico [14,42,76], many of them with human victims. The information given by this author was collected, in similar terms, in later works [77,78], from where it has passed to the current catalogs of tsumamis. However, based on all the above, we propose to remove this event from the tsunami catalogs.




6.2. A Tsunami on October 1746


Álvarez Rixo, author of recognized credibility, was a chronicler and journalist and became mayor of the city of La Orotava between 1828 and 1853. His collection of data on the Canary Islands responds to the author’s idea that “all events that are not consigned to the paper are finally forgotten or altered in the traditions”. Another document from this author [39] suggests that a tsunami affected the Canary Islands without damages in October 1746: “On a certain day in October, the sea withdrew three times until the Baja Negra, and the people found some things at its bottom. It returned to its site without causing damage and later it was learned of the terrible earthquake and sea growth that destroyed the port of Callao de Lima in Peru. The Roque de Garachico also had to be left dry”.



According to this information, the phenomenon described corresponds to a tsunami that affected the entire north coast of the island of Tenerife, mainly the coast of La Orotava and Garachico, with the withdrawal of the sea and the formation of a train of three waves. The author also mentions the Lima earthquake and tsunami occurred on 28 October 1746. The earthquake struck Perú at 22:30 p.m. destroying the city of Lima and triggering a tsunami that devastated the Callao harbor [79]. This earthquake had an approximate magnitude of 8.6 Mw and the tsunami waves reached highs up to 24 m, taking the lives of 4000 people [80]. This tsunami affected the coasts of Mexico and Buenos Aires [81]. This event has not been reported in the Central Atlantic [10].



The absence of additional information, the lack of coherence between the magnitude of the tsunami and the distance to the epicenter of the earthquake, and the fact that the northern coast of Tenerife, especially the Garachico village, have been affected throughout history by other extreme wave events of climate origin, suggest taking this information with caution in the absence of new evidences.





7. Discussion and Conclusions


The short documented historical period in the Canary Islands (from 1402) and the low population density in coastal areas till the second half of the 20th Century, due to its concentration in the interior areas of the islands to defend from the attacks of corsairs, makes it difficult to find evidences of previous tsunamis. Tsunami deposits are also rare due to the presently large human occupation along the coastal areas. In spite of this, at least eight tsunamis are recognized to have affected the Canary Islands coasts (Table 1): two in the 18th century, five in the 20th century and one in the 21st century, plus two other possible events: one in the Roman period and another in the 20th century. These results might allow to update the current catalogues of tsunamis.



Most tsunamis reported here were caused by distant earthquakes with epicenter in the Azores-Gibraltar plate boundary (Table 1), and were small amplitude tsunamis only detected by tide gauges. However, tsunamis like the 1755, with a minimum run-up distance estimated in 5 m and an inundation distance of around 1 km could have major impact in the archipelago. The reported damages for this event were scarce: only some damages in some industrial infrastructures on the northern coast of Lanzarote, such as Las Salinas del Río, and panic scenes among the inhabitants from some coastal towns on the islands of Gran Canaria (Las Palmas de Gran Canaria) and Tenerife (Bajamar and Tejina) (Figure 1B).



Spanish authorities have developed a basic guideline for civil protection planning against tsunami risk to reduce the risk of tsunamis caused by earthquakes [82] based on which different scenarios have been developed, including the Canary Islands area. Maximum wave elevation would be associated with the tsunamis generated in the Gorringe Bank and would mainly affect the northern area of the islands, reaching wave heights of about 8 m in the El Golfo littoral platform (El Hierro) and in the north of Lanzarote and the Chinijo Archipelago, with arrival times of around 1 h and the maximum elevation over 2 h. Other scenarios include tsunamis generated in the Caribbean-Puerto Rico zone with arrival times of 7 h. Modelling results suggest maximum wave heights less than 4 m in Las Palmas de Gran Canaria, where we have estimated minimum run-up value of over 5 m. Future tsunami inundation maps could be developed using numerical models that consider the local reverberation of the waves due to local changes in bathymetry and the proximity of the African coast.



In the case of the tsunamis caused by littoral massive rock falls, like the one occurred on November 2020 in La Gomera Island, the wave spread rapidly to nearby areas, making it more difficult to send alerts and to avoid damages. This one was a relatively small rock fall, but bigger ones can also occur. Waves higher than 6 m hit Santa Cruz on 7 July 1941, causing some property damages and an injured woman [42]. Thus, littoral rockfalls involving bigger volumes may pose a greater risk, such as that occurred in the Câmara de Lobos in Madeira (1930), which resulted in 19 deaths and 6 injured people [83].



Only a tsunami triggered by a megalandslide (a direct consequence of an earthquake) is considered here to have probably affected the archipelago in 1929. However, the occurrence of large landslides in the Canary Islands could be one of the main hazards affecting their coasts. Although they are phenomena of low recurrence, it has been calculated that they can generate tsunamis with large waves reaching more than 100 m in height ([6] and references therein). For this reason, these catastrophic phenomena pose a risk not only for the Canary Islands but on a global scale, so they should also be considered for future scenarios of tsunamis.



The reported tsunami events corroborate the hypothesis that the Canary Islands, like the eastern Atlantic coasts of the Iberian and Moroccan margin, could be affected in the future by tsunamis triggered by remote earthquakes and by mass movements, in addition to those less frequent but of higher magnitude caused by megalandslides. In order to assess this risk for future scenarios and considering the lack of historical documents before 1492, year of conquest of the Canary Islands, it would be necessary to update tsunami catalogues combining paleotsunamis and historical tsunamis. In addition, it must be considered that the population density in the Canary Islands has increase exponentially since 1755, as well as the goods exposed. For example, in 1768 the Canary Islands counted with 155,763 inhabitants, while in 2020 the population in the Canary Islands was more than 2.2 million people, with around 292 inhabitants per square km in 2019, plus a floating population of 300,000 people daily [84]. The presently densely occupied northern part of Las Palmas de Gran Canaria was an unoccupied dune field in 1755 (Figure 4). Furthermore, the population is concentrated in the coastal perimeter of the islands, as well as in the capital cities with two important ports, fundamental for the maritime traffic at a global scale. Territorial planning does not take this hazard into account due to its low recurrence and the lack of information on past events and the low damage caused.



Currently in Europe the tsunami early warning system (NEAMTWS) issues an alert in less than five minutes after an earthquake with tsunamigenic capacity (>5.5 magnitude and with a marine epicenter or near the coast) occurs. It is worth to know that inhabitants of the Canary Islands are not aware of the tsunami hazard, neither tourists nor visitors in general, thus there is no knowledge of self-protection measures, such as what to do or where to go during a tsunami. These factors make the vulnerability of the exposed population very high, thus increasing considerably the risk. In the case of far-field tsunamis, arrival times of around 1 h, probably there would not be enough time to evacuate the most densely populated areas without a well-designed and rehearsed evacuation plan, but trained citizens might have enough time to move away from the coast or to elevated areas. In the Canary Islands, the most visited beaches have public address systems, which would facilitate alerts. All this must be accompanied by information and training campaigns for citizens and stakeholders, so that they know the phenomenon, how it can affect them and what they should do if it occurs. Measures should be taken to report the possibility of tsunamis occurrence, to divulge and spread knowledge about the natural phenomena that announce them (e.g., tremors and retreat of the sea) and the preventive actions to be taken in such an event, including emergency scenarios.



It is necessary to adapt the emergency plans of the Autonomous Community of the Canary Islands, whose coasts could be potentially affected by tsunamis, to the Basic Directive of Civil Protection Planning against Seismic Risk [82]. Besides, tsunamis caused by rock falls and megalandslides should also be considered into emergency plans in the Canary Islands, including an effective warning system and an education program focused on all stakeholders and also on local residents, visitors and students. It is also crucial to study littoral deposits in the Canary Islands to improve our knowledge about tsunamis and other extreme wave events, since they could have more destructive effects due to the increase in sea level and the frequency of extreme storms due to climate change.
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Figure 1. (A) Main tectonic and geodynamic features around the study area showing the Quaternary Faults from the Quaternary Faults Database of Iberia (QAFI) [32] and the tsunamis and earthquakes from the National Geophysical Data Center [33,34], as well as those studied in this work. Faults labelled as rift, step, tectonic contact and thrust-fault retrieved from Global Faults Layer form ArcAtlas (ESRI) [https://services.arcgis.com, (accessed on 8 March 2021)]. Background comes from OAG [https://ags.oag-fundacion.org/arcgis/services, (accessed on 8 March 2021)]. (B) Map of the Canary Islands showing the main localities mentioned in the text. 
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Figure 2. Rock fall of 14 November 2020 in La Gomera Island: (A) Scarp and deposit (see the blue van as scale); and (B) The rock fall deposit and the Argaga beach in the background. 
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Figure 3. Photographs of La Graciosa 1730 ± 30 BP deposit: (A) conglomerate overlying calcarenites (matrix-supported facies); (B) the deposit is dipping seawards; (C) goat tooth found in the deposit; and (D) clast-supported facies of the conglomerate. 
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Figure 4. (A) Nautical chart of 1879 of the area of Guanarteme and La Isleta in Gran Canaria Island showing the sandy dune formations along the isthmus (source: https://commons.wikimedia.org/wiki/File:Isleta-peninsula-Gran-Canaria-Old-Map-1879.jpg, (accessed on 15 March 2021). (B) Photo of the sand fields in the 80s (Source: [Luis Ojeda Pérez]. Archivo de fotografía histórica de Canarias. Cabildo de Gran Canaria. Fedac). (C) Present day view of the northeastern zone of the city where the sand is restricted to the beach (image from Google Earth). 
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Table 1. Synthesis of the tsunami events collected in this article. Reliability scale of the Italian Tsunami Catalogue (Tinti et al.): 0: Very Improbable Tsunami 1: Improbable Tsunami 2: Questionable Tsunami 3: Probable Tsunami 4: Definite Tsunami.
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	Date
	Reference
	Geological Source
	Location
	Mw
	Reliability





	1 November 1755
	[19,35,36,37,38,39]
	Earthquake
	South West Iberia
	8.5
	4



	31 March 1761
	[37], (de la Guerra y Peña, 1959)
	Earthquake
	South West Iberia
	8.5
	4



	7 July 1941
	[Afonso Mosegue, 2001]
	Landslide?
	Tenerife
	---
	3



	25 November 1941
	This work
	Earthquake
	Gloria Fault
	8.2
	4



	28 February 1969
	[10]
	Earthquake
	South West Iberia
	7.9
	4



	17 July 1969
	[10]
	Unknown
	South West Iberia
	7.9
	4



	14 November 2020
	This work
	Landslide
	La Gomera
	----
	4



	382 AD
	[7]
	Earthquake
	South West Iberia
	7.5
	2



	18 November 1929
	[33]
	Earthquake
	Newfoundland
	7.2
	3



	5 May 1706
	[Silva and Giner-Robles, 2016], this work
	Volcanic
	Tenerife
	---
	0



	December 1746
	[39]
	Earthquake
	Pacific
	8.6
	0
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