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			ABSTRACT: The Limón earthquake was one of the biggest disasters ever recorded in Costa Rica and Panama. This event had a magnitude of 7.7 Mw, occurred on April 22 of 1991 and had its epicenter at the coordinates 9.685 N and -83.073 W. This study looks to determine the geomorphological effects resulting from the earthquake. The methodology consisted of a bibliographic review of the technical studies, scientific articles and maps carried out on the seismic event to generate a cartography and analysis that summarizes the geomorphological implications in the Caribbean region of Costa Rica and Panama. The geomorphological effects included tectonic uplift, liquefaction, landslides, a tsunami, an increased sediment load in the river basins months after the earthquake, and a probable relationship with recent coastal erosion processes. This event was a great lesson for Costa Rica and Panama on its seismic risk, geomorphological dynamics, as well as risk management in a major disaster.
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			RESUMEN: El terremoto de Limón fue uno de los mayores desastres registrados en Costa Rica y Panamá. Este evento tuvo una magnitud de 7.7 Mw, ocurrió el 22 de abril de 1991 y tuvo su epicentro en las coordenadas 9.685 N y -83.073 W. Este estudio busca determinar los efectos geomorfológicos derivados del terremoto. La metodología consistió en una revisión bibliográfica de los estudios técnicos, artículos científicos y mapas realizados sobre el evento sísmico para generar una cartografía y análisis que resuma sus implicaciones geomorfológicas en el Caribe de Costa Rica y Panamá. Los efectos geomorfológicos del terremoto fueron el levantamiento tectónico, la licuefacción, los deslizamientos de tierra, el aumento de la carga de sedimentos en las cuencas fluviales meses después del terremoto, un tsunami y una probable relación con los recientes procesos de erosión costera. Este evento fue una gran lección para Costa Rica y Panamá sobre su riesgo sísmico, la dinámica geomorfológica sísmica, así como la gestión del riesgo en un desastre de gran magnitud.
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			INTRODUCTION

			Human and economic losses from structural and non-structural damage are major consequences of earthquakes. The development and implementation of seismic building codes during the last decades have reduced building collapse, thus securing human lives (Moammer et al., 2020). The Central America region is known for their high seismic hazard values (Shi & Kasperson, 2015). Recent consensus has been made defining different seismic zonation units along Central America (Alvarado et al., 2017). Moreover, the region includes many countries with high global seismic risk (Shi et al., 2016). This situation is even more relevant in emerging countries and smaller economies such as Central American countries that frequently face challenging economic situations after a disaster (Noy, 2009; Klomp & Valckx, 2014). 

			Due to the available information before 1991, the Earth Sciences specialists considered the Caribbean region of Costa Rica and Panama as a low seismic potential area. The historical and instrumental analysis had shown important seismic events during the 19th and 20th centuries in this territory, particularly the San Estanislao earthquake that occurred on May 7, 1822, which presented a reverse fault with epicenter and characteristics similar to the 1991 event (Boschini & Montero, 1994). Moreover, another big event recorded in Bocas del Toro on April 26th 1916 with a projected magnitude of 7.0 Mw. The Limón earthquake occurred on April 22, 1991 at 9:56 p.m. (UTC). This event impacted an area of approximately 8000 km2, an 80% of this area in Costa Rica and 20% in Panama. The greatest damage was to vital lines: roads, railways, bridges, ports and aqueducts. 7439 people throughout the impacted area were victims of this event, as well as 49 casualties in Costa Rica and 79 in Panama. The maximum intensity determined was X on the modified Mercalli scale and the estimated economic losses were approximately $188.3 million, equivalent to 4.21% of the Costa Rica Gross Domestic Product of this year (Obaldía et al., 1991; Morales, 1994). During the emergency response phase, humanitarian assistance was a priority followed by the rehabilitation of infrastructure. An airlift and a communications network, as well as healthcare facilities, shelters, and emergency supplies were rushed to the area (Morales, 1994). Limón earthquake showed how vulnerable were Costa Rica and Panama facing intense disasters. 

			The increasing conditions of vulnerability in Costa Rica and Panama due to the inefficient territorial management leads to the occurrence of cascading disasters (Quesada-Román, 2015; Quesada-Román et al., 2020). Moreover, the impact of an extreme natural hazard produces a sequence of events in human subsystems that result in physical, social or economic interference (Alexander, 2018). Furthermore, the number of investigations on vulnerability and risk in these countries should increase and must be accompanied by government actions in order to reduce disasters (Quesada-Román et al., 2018; Quesada-Román & Villalobos-Chacón, 2020). Reference disaster information and natural hazards cartography for Costa Rica and Panama must be enhanced (Quesada-Román, 2017; García-Soriano et al., 2020). The development of earthquake warning systems could significantly diminish the associated risks (Allen & Melgar, 2019). 

			This study identified that geomorphic responses to the 1991 Limón earthquake have been studied separately (e.g. landslides, coastal uplift, liquefaction, extreme subsequent sediment yield rates), thus limiting their holistic implications in geodynamics and the disaster risk understanding. Hence, an integrated review of the geomorphological effects of the 1991 Limón earthquake is key to understand the hazardous dynamics of extraordinary seismic events in tropical contexts and reduce its disaster risk. 

			STUDY AREA

			The effects of the Limón earthquake were directly related to the structure of the backarc (Marshall, 2007; Fig. 1), which represents the Caribbean lowlands of Costa Rica and has a SE continuity towards Panama. The Limón Basin, which is in the backarc, suffered the greatest direct and indirect effects from the Limón earthquake. The northern limit of the Limón Norte Basin is defined by a series of positive buried structures, aligned in an EW direction and of Middle Late Eocene age. The regional uplift of the southern coastal region of the Caribbean reveals that the structural-tectonic styles are different (Fernández et al., 1994). The area between Limón Norte and the Limón Sur basins is an extension of the Central Costa Rica Deformed Belt and remains tectonically active (Fernández et al., 1994; Marshall et al., 2000).
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			The Limón Basin consists of sediments resulting from the erosion of the Talamanca and the Central Volcanic Cordilleras. The product of this shallow deposition and turbidity environments deposited over 65 million years is a lithological sequence of Cenozoic sedimentary and volcanic rocks. These lithologies are tectonically controlled by folds with EW and NW-SE axes and faults with NS, EW and NW-SE strikes. Among the formations of the Limón basin are the Tuis, Fila de Cal, Pelada, Barbilla, Senosri, Uscari, Río Banano, Quebrada Chocolate, Moín and Suretka formations (Aguilar, 1999; Alvarado, 2007; Bottazzi et al., 1994; Denyer & Fernández, 1994; Fernández et al., 1994; Linkimer & Aguilar, 2000). The geomorphology of this region consists of alluvial fans (Galve et al., 2016), extensive alluvial plains of the Chirripó, Tortuguero, Reventazón, Pacuare, Matina, Madre de Dios, Moín, Banano, Bananito, La Estrella and Sixaola rivers in Costa Rica (Quesada-Román & Pérez-Umaña, 2020), as well as the Changuinola river in Panama. All these rivers originate in the Central Volcanic and in the Talamanca cordilleras draining to the Caribbean Sea. Geomorphological features include the Tortuguero lowlands, the Limón headland, carbonate platforms from Cahuita to Manzanillo, and the Bocas del Toro archipelago.

			The Limón earthquake had its epicenter in the Limón - Pandora area at the geographical coordinates 9.685° N and -83.073° W (Fig. 1). The primary rupture had four sub-events in a 25-second period and a rupture area of 3200 to 4500 km2. The size of the rupture zone, the complexity of the main event, and the number of aftershocks indicate that secondary faults structures could be associated with the main rupture plane (Montero et al., 1991; Güendel et al., 1991; Rojas, 1991; Goes & Schwartz, 1991). Geodetic and seismologic data indicate that the main rupture dips landward at an angle of about 30° and is approximately 40 km wide and 80 km long. Dislocation models suggest 2.2 m of slip on a causative thrust fault that strikes between 105° and 120° (Plafker & Ward, 1992). The interpretation of the focal mechanism, the rising of the coastline and the horizontal movement towards the NE in the surroundings of Limón suggest that the main fault plane projects into the sea (Denyer et al., 1994a).

			 

			MATERIALS AND METHODS

			Data sources

			The first phase consisted of an exhaustive bibliographic review of national and international scientific articles. This research also includes reports from the National Commission for Risk Prevention and Emergency Care (CNE), the National Seismological Network (RSN-UCR) and the Earthquake Engineering Laboratory of the University of Costa Rica, the Seismological and Volcanological Observatory (OVSICORI) of the National University of Costa Rica, and other independent studies related to the event. In the second phase, the data organization allowed the generation of a series of bibliographic records where the most relevant data from each book, scientific article, reports, or maps used in the analysis were identified. 

			Geomorphological effects, remapping and analysis

			The geomorphological impacts remapping focuses on landslides, liquefaction, and coastal uplift. Moreover, this study reviews and analyzes of other processes such as increased sediment load in the river basins months after the earthquake, a tsunami occurrence, and a probable relationship with recent coastal erosion processes. To depict the landslide areas, this study uses the best resolution maps made after the Limón earthquake by Hernández et al. (1992) and Mora & Mora (1994). Liquefaction and tectonic uplift measurements were based on Denyer et al. (1994a, b), Camacho & Víquez (1994), as well as Mora & Yasuda (1994). These maps were georeferenced, digitized and edited using ArcMap 10.3. These layers are available under request to the author. 

			RESULTS AND DISCUSSION

			The 1991 Limón earthquake is an interesting example to illustrate and help understand the geomorphic dynamics and evolution in tropical conditions. The most significant processes resulting from the event were the coastline uplift, liquefaction, landslides, subsequent floods as well as the extraordinary sediments load in the rivers and coasts, a tsunami, and in recent years the coastal erosion processes (Fig. 2).
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			Landslides

			Landslides impacted approximately 2000 km2. The most affected areas were the upper basins of the Estrella, Banano, Bananito and Chirripó rivers (Fig. 3), where massive and extensive landslides occurred (Mora & Mora, 1994). The landslides map by Hernández et al. (1992) also coincides with the broad cartographic analysis by Mora & Mora (1994) and the one focused in Panama by Camacho & Víquez (1994). Hernández et al. (1992) determined a total of 1834 landslides caused by the earthquake, which varied in size depending on their location (lithology, slopes, degree of weathering, and rainfall). The otherwise forested areas of the Talamanca Cordillera exposed by each of the coseismic landslides varied between 3157 m2 and 19.15 km2.
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			The most affected sites by gravitational processes due to the Limón earthquake are slopes formed by sedimentary and intrusive rocks of the Cenozoic period with various degrees of weathering. The Tuis Formation comprises a large portion of the local bedrock dates back to the Paleocene and much of the Eocene (60 - 37 Ma). The origin of these rocks is related to the existence of a volcanic island arc, which contributed with large amounts of volcanic sediments to the seas. Many of these materials were deposited on the narrow continental shelf that existed in the Paleocene and were later removed as avalanches, which flowed down the continental slope (Bottazzi et al., 1994).

			These areas of maximum incidence, geomorphologically coincide with those of high values of the relative relief index (i.e. relief energy) values. Most of the landslides caused the detachment and mobilization of the residual soils and altered rock where thickness did not exceed 10 m (Mora & Mora, 1994). The relationship of the Relative Relief Index with the areas of greatest mass movement activity suggests the possible link with other morphometric variables such as incidence of disjunctive structures (fractures, faults, and tectonic alignments), intense Caribbean rainfall (≥3000 mm annually), and weathering degree of substrates (rock, debris, or soils).

			Other morphometric variables such as the dissection density (i.e. concentration of rivers in a specific area), dissection depth (i.e. relative height between the most representative slope rupture and the thalweg), and total erosion (i.e. density of curves of level in a defined area) have high values in their metrics. According to Mora & Mora (1994) the landslides were classified as surface landslides of the regolithic horizons (69%), detachment and landslides of rock masses (20%), translational landslides of soil and rock masses (8%), and translational landslides of masses composed predominantly of soils (3%). In Costa Rica, similar recent coseismic landslide processes were reported close to Poás volcano during the 2009 Cinchona earthquake (Quesada-Román & Barrantes, 2016, 2017; Ruiz et al., 2019) and Sámara in 2012 (Peraldo et al., 2014). Worldwide landslide mobilization rates are higher in seismic regions with similar topography, lithology, different precipitation intensity and vegetation cover (Broeckx et al., 2020). Therefore, these processes are common and should be monitored (Quesada-Román et al., 2019).

			Landslides increased with the above-average high intensity rains of the subsequent months (i.e. from May to August). Consequently, the coupling of earthquake-related slope processes with high precipitation produced large floods and transport of unusual amounts of sediments into the local basins (Amador et al., 1994). Moreover, Amador et al. (1994) found a direct relationship between the most affected basins by coseismic landslides of the Limón earthquake (Bananito and La Estrella) and the postseismic sediment discharge the following months using Landsat and Spot images. These processes caused an accelerated erosion and the generation of mud and rock avalanches. Moreover, some river channels dammed, subsequently breached resulting in increased flows and flooding which caused additional damage to the population, vital lines and productive activities in the lower regions (Mora & Mora, 1994). Similar processes occurred in the Poás volcano after the Cinchona earthquake in 2009 (Alvarado, 2010), and Miravalles volcano after the Bijagua earthquake and hurricane Otto in 2016 (Quesada-Román et al., 2019). These hazardous processes should be monitored through early warning systems along the catchments to reduce the risk of potential disasters.

			 

			Tectonic uplift

			One of the most spectacular tectonic effects was the coseismic uplift of approximately 100 km of the Caribbean coastline. The magnitude ranged between 0.3 and 1.85 m in blocks separated by NE trending faults along the calcareous platform. There is also an inland manifestation, with an uplift greater than 3 m (Denyer et al., 1994a, Denyer et al., 1994b). This deformation was discontinuous and ranged from 40-50 cm near La Estrella river, 40 cm at Muelle Alemán, and 2 m at Playa Bonita. The terraces of the new coastline had different elevations, from 15 to 20 m in front of the Limón airport, 30 m to the left margin of the Banano river and about 50 m at the mouth of the La Estrella River. The new tide level on rocky beaches changed dramatically with varying results in different locations, including changes that reached more than 60 m at Playa Bonita (Amador et al., 1994).

			Obaldia et al. (1991) indicate that changes in the coastline were greater in magnitude in Limón and decreased towards the northwest and southeast of the city. A maximum uplift of 1.51 m was found between the Moín pier and Portete beach, and a minimum of 0.36 m was located west of the Limón cemetery. The changes in slope as a result of the coseismic uplift are not uniform (Fig. 2). However, these variations directly affected the drainage regime and infrastructure works for which the level modifications are important. To the northwest of Limón, in the Moín-Doce Millas town, the change in elevation decreases uniformly. In contrast, to the southeast of Limón, the coseismic deformation was positive and decreased in magnitude away from Limón (Denyer et al., 1994a; Fig. 4). 
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			According to the historical analysis, the data suggest that there were two Quaternary events prior to 1991, whose magnitudes were greater than 7.0. The pre-1991 uplifts were basically vertical with slight deformation or tilting as indicated by the horizontal terraces at about 50 m of elevation in the city of Limón (Denyer et al., 1994a). A resulting parallel effect to the coastline uplift was the impact on organisms in the intertidal zone. Along the shallow sublittoral and coral reefs, these ecosystems were exposed and died soon after. In the Cahuita National Park, broken corals, cracks in the reef structure and collapse of the reef front were observed (Cortés et al., 1994). The superposition of raised carbonate platforms indicates that these processes have been taking place for a long time (Cortés & Jiménez, 2003). The cities of Limón, Cahuita and Puerto Viejo were built on uplifted fossil reefs (Quesada-Román & Pérez-Briceño, 2019).

			There were reports of a tsunami occurring along the southern Caribbean of Costa Rica and Bocas del Toro in Panama where the effects were higher (Camacho, 1994). Presumably, the uplift of the coral reefs reduced the tsunami effects in the coast of Manzanillo, Punta Uva and Limón (Denyer et al., 1994b).

			Liquefaction

			Approximately 3000 km2 were affected by soil liquefaction. This event occurred in the lowlands of the eastern sector of the Costa Rican and NW Panamanian Caribbean coast, with special activity in the littoral corridors, sandy bars, and borders of estuaries, channels and coastal lagoons. Deformation on these landforms, including soil fracturing (Mora & Yasuda, 1994) developed more intensely due to the unconsolidated materials. The liquefaction processes caused the collapse of five bridges, most of them small in size but severely damaged and eight railway bridges settled or suffered partial deterioration (Fig. 5). A total of 80 km of pavement and road fill were destroyed, preventing vehicular traffic (Sauter, 1994). 
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			In a future similar seismic event to that of 1991, a similar or greater liquefaction response is to be expected. This eventual event will occur because it was not evident that the design of the new structures (specially reconstructed bridges) would make them capable of withstanding a similar event (Mora & Yasuda, 1994). The areas affected by liquefaction during 1991 relate to central cantonal towns or those with a significant population density such as Bribri, Sixaola, Puerto Viejo and Cahuita in Talamanca, Pandora and Limón in the canton of Limón and the urban center of Matina. These are also areas dedicated to banana cultivation, tourism, and important banking, health, and education service centers. A future seismic event without prevention measures, would result in significant human and economic loss. Therefore, the application of seismic hazard zonation and assessment, and adequate infrastructure construction and preparation processes for the local populations should be compulsory with the available new technologies and data of different agencies in Costa Rica and Panama (Cremen & Galasso, 2020).

			 

			Coastal erosion

			During the last decade, intense coastal erosion was reported on sandy beaches of the southern Caribbean, especially between the port of Limón and Manzanillo. Barrantes et al. (2020) measured intense erosion rates during the last two decades. Nonetheless, they do not indicate a direct relation with the Limón earthquake, despite the fact that most of the eroded sites are in the most uplifted area (almost 2 m), as previously reported by Denyer et al. (1994a). It is possible that in the years following the Limón earthquake, significant post-seismic relaxation occurred (Quesada-Román, 2016). Moreover, Quesada-Román & Pérez Briceño (2019) mapped these areas as uplifted carbonate platforms during Quaternary tectonism. More precise geomorphological assessments must be performed in the Caribbean coastline of Costa Rica and Panama to unravel the seismic relationships with the present coastal erosion processes. Similar processes have been demonstrated during the Late Pleistocene in Chile (González-Alfaro et al., 2018), throughout the Holocene in Taiwan (Chen et al., 2020), and recently in Sumatra, Indonesia (Monecke et al., 2017).

			CONCLUSIONS

			This study presented a review of the geomorphological effects resulting from the 1991 Limón earthquake on the Caribbean coast of Costa Rica and Panama. Landslides impacted approximately 2000 km2 of the Caribbean slopes of the Talamanca Cordillera. A total of approximately 1834 landslides with areas between 3157 m2 and 19.15 km2, mostly composed of weathered Cenozoic sedimentary and intrusive rocks, were affected. The tectonic uplift movement ranged between 0.3 and 1.85 m with the highest levels in the city of Limón. The most devastating effects were the coastline uplift and liquefaction, the latter affected about 3000 km2 in Costa Rica and Panama. This resulted in a significant number of casualties, economic loss, croplands affectation, and the collapse of roads and many bridges. A tsunami mainly affected Panama, as coral reefs protected the Costa Rica Caribbean towns. Moreover, landslides and their subsequent debris flows triggered by extreme rainfall months after the earthquake, fed large amounts of sediments into the fluvial systems of Chirripó, Banano, Bananito, and La Estrella rivers. Despite the different studies about landslides and liquefaction due to extraordinary seismic events in the Caribbean coast of Costa Rica and Panama during the last three decades, there are no clear prevention measures, earthquake warning systems and/or better building codes in place to diminish the potential impacts of seismic events in the future. Integrated analysis of the geomorphic coseismic and postseismic effects are useful tools to understand the geodynamics of understudied tropical actively tectonic regions.

			ACKNOWLEDGMENTS

			The author thanks to Sergio Mora Castro for his valuable photographs. Moreover, the author greatly thank to Mario Arroyo Solórzano for his friendly review. Special thanks to my friend Russell L. Losco for his accurate corrections of English grammar. Finally, thank you very much to the editors and the anonymous reviewers of this Special Issue. 

			REFERENCES

			Aguilar, T. (1999). Organismos de un arrecife fósil (Oligoceno Superior-Mioceno Inferior), del Caribe de Costa Rica. Revista Biología Tropical, 47(3), 453-474.

			Alexander, D. (2018). A magnitude scale for cascading disasters. International Journal of Disaster Risk Reduction, 30, 180-185. 

			Allen, R.M. & Melgar, D. (2019). Earthquake early warning: Advances, scientific challenges, and societal needs. Annual Review of Earth and Planetary Sciences, 47, 361-388.

			Alvarado, G. E. (2010). Aspectos geohidrológicos y sedimentológicos de los flujos de lodo asociados al terremoto de Cinchona (Mw 6, 2) del 8 de enero del 2009, Costa Rica. Revista Geológica de América Central, 43, 67-96.

			Alvarado, G. E., Benito, B., Staller, A., Climent, A., Camacho, E., Rojas, W., Marroquín, G., Molina, E., Talavera, J. E., Martínez-Cuevas, S. & Lindholm, C. (2017). The new Central American seismic hazard zonation: mutual consensus based on up to day seismotectonic framework. Tectonophysics, 721, 462-476. 

			Amador, J. A., Chacón, R. E. & Lizano, O. G. (1994). Estudio de efectos geofísicos del terremoto de Limón mediante percepción remota y análisis hidrometeorológico. Revista Geológica de América Central, Volumen Especial del Terremoto de Limón, 153-170. 

			Arroyo-Solorzano, M., Linkimer-Abarca, L. & Arroyo-Hidalgo, I. G. (2020). Recuento de la sismicidad en Costa Rica durante el 2019. Revista Geológica de América Central, 62, 116-133.

			Barrantes-Castillo, G., Arozarena-Llopis, I., Sandoval-Murillo, L. F., & Valverde-Calderón, J. F. (2020). Playas críticas por erosión costera en el caribe sur de Costa Rica, durante el periodo 2005-2016. Revista Geográfica de América Central, 64, 95-122.

			Boschini, I. M. & Montero, W. (1994). Sismicidad histórica e instrumental del Caribe de Costa Rica. Revista Geológica de América Central, Volumen Especial del Terremoto de Limón, 65-72.

			Bottazzi, G., Fernández, J. A., & Barboza, G. (1994). Sedimentología e historia tectono-sedimentaria de la cuenca Limón Sur. Profil, 7, 351-391.

			Broeckx, J., Rossi, M., Lijnen, K., Campforts, B., Poesen, J., & Vanmaercke, M. (2020). Landslide mobilization rates: A global analysis and model. Earth-Science Reviews, 201, 102972.

			 

			Camacho, E. (1994). El tsunami del 22 de abril de 1991 en Bocas del Toro, Panamá. Revista Geológica de América Central, Volumen Especial del Terremoto de Limón, 61-64. 

			Camacho, E., & Víquez, V. (1994). Licuefacción y hundimientos costeros en el noroeste de Panamá durante el Terremoto de Limón. Revista Geológica de América Central, Volumen Especial del Terremoto de Limón, 133-138. 

			Chen, W. S., Yang, C. Y., Chen, S. T., & Huang, Y. C. (2020). New insights into Holocene marine terrace development caused by seismic and aseismic faulting in the Coastal Range, eastern Taiwan. Quaternary Science Reviews, 240, 106369.

			Cortés, J., Soto, R., & Jiménez, C. (1994). Efectos ecológicos del terremoto de Limón. Revista Geológica de América Central, Volumen Especial del Terremoto de Limón, 187-192. 

			Cortés, J. & Jiménez, C. (2003). Past, present and future of the coral reefs of the Caribbean coast of Costa Rica. In J. Cortés, (ed.). Latin American coral reefs (pp. xx-xx). Elsevier Science.

			Cremen, G. & Galasso, C. (2020). Earthquake early warning: Recent advances and perspectives. Earth-Science Reviews, 205, 103184.

			Denyer, P. & Alvarado, G. E. (2007). Mapa geológico de Costa Rica [Escale 1:400000]. Librería Francesa.

			Denyer, P., Arias, O. & Personius, S. (1994a). Efecto tectónico del terremoto de Limón. Revista Geológica de América Central, Volumen Especial del Terremoto de Limón, 39-52. 

			Denyer, P., Personius, S. & Arias, O. (1994b). Generalidades sobre los efectos geológicos del terremoto de Limón. Revista Geológica de América Central, Volumen Especial del Terremoto de Limón, 39-52. 

			DeMets, C., Gordon, R. G. & Argus, D. F. (2010). Geologically current plate motions. Geophysical Journal International, 181, 1–80. 

			Fernández, J. A. (1994). Geología de la hoja topográfica Tucurrique 1:50 000, IGNCR, 3445I (Unpublished degree’s thesis). Universidad de Costa Rica, San José, Costa Rica.

			Fernández, J. A., Bottazzi, G., Barboza, G. & Astorga, A. (1994). Tectónica y estratigrafía de la Cuenca Limón Sur. Revista Geológica de América Central, Volumen Especial del Terremoto de Limón, 15-28. 

			Galve, J. P., Alvarado, G. E., Pérez-Peña, J. V., Mora, M. M., Booth-Rea, G. & Azañón, J. M. (2016). Megafan formation driven by explosive volcanism and active tectonic processes in a humid tropical environment. Terra Nova, 28(6), 427–433. 

			García-Soriano, D., Quesada-Román, A. & Zamorano-Orozco, J. J. (2020). Geomorphological hazards susceptibility in high-density urban areas: A case study of Mexico City. Journal of South American Earth Sciences, 102, 102667.

			Goes, S. & Schwartz, S. Y. (1991). Rupture process of the April 22, 1991 valle de la Estrella, Costa Rica eartquake from teleseismic body waves. EOS, Fall AGU Meeting Supplement, 301.

			González-Alfaro, J., Vargas, G., Ortlieb, L., González, G., Ruiz, S., Báez, J. C., Mandeng-Yogo, M., Caquineau, S., Álvarez, G., del Campo, F. & del Río, I. (2018). Abrupt increase in the coastal uplift and earthquake rate since ~40 ka at the northern Chile seismic gap in the Central Andes. Earth and Planetary Science Letters, 502, 32-45.

			Güendel, F., Montero, C., Gonzalez, V., Segura, J., Fernández, E., De Obaldía, F., Rojas, D., Rodríguez, H., Mata, A., Van der Laat, R., Barboza, V., Barrantes, O., Marino, T. & McNally, K. C. (1991). Mainshock-aftershock sequence associated with the Costa Rica earthquake (Ms 7.5) of April 22, 1991 (abs.) EOS, Fall AGU Meeting Supplement, 301.

			Hernández, G., Vahrson, W. & Ruiz, A. (1992). Deslizamientos producto del terremoto (4-22-91)/Landslides produced by the 22 Apr 1991 earthquake. Escuela de Ciencias Geográficas, Universidad Nacional de Costa Rica. 

			Klomp, J., & Valckx, K. (2014). Natural disasters and economic growth: A meta-analysis. Global Environmental Change, 26, 183-195.

			Linkimer, L. & Aguilar, T. (2000). Estratigrafía sedimentaria. In P. Denyer & S. Kussmaul (Eds), Geología de Costa Rica (pp. 43-62). Editorial Tecnológica de Costa Rica. 

			Marshall, J. S., Fisher, D. M. & Gardner, T. W. (2000). Central Costa Rica deformed belt: Kinematics of diffuse faulting across the western Panama block. Tectonics, 19(3), 468-492.

			Marshall, J. (2007). The Geomorphology and Physiographic Provinces of Central America. In Bundschuc & G. E. Alvarado (eds), Central America: Geology, Resources and hazards (pp. 1-51). Taylor & Francis.

			Moammer, O., Madani, H. M., Dolatshahi, K. M. & Ghyabi, M. (2020). Collapse risk and earthquake-induced loss assessment of buildings with eccentrically braced frames. Journal of Constructional Steel Research, 168, 105998.

			Monecke, K., Meilianda, E., Walstra, D. J., Hill, E. M., McAdoo, B. G., Qiu, Q., Storms, J., Masputri, A.S., Mayasari, C. D., Nasir, M., Riandi, I., Setiawan, A. & Templeton, C. K. (2017). Postseismic coastal development in Aceh, Indonesia-Field observations and numerical modeling. Marine Geology, 392, 94-104.

			Montero, W., Ponce, L., Pardo, M., Dominguez, J., Boschini, I., Rojas, W., Suarez, G. & Camacho, E. (1991). The Limon earthquake of April 22, 1991 (Ms = 7.5), seismicity, focal mechanism and tectonic implications (abs). EOS, Fall AGU Meeting Supplement, 301.

			 

			Mora, S. & Mora, R. (1994). Los deslizamientos causados por el Terremoto de Limón: factores de control y comparación con otros eventos en Costa Rica. Revista Geológica de América Central, Volumen Especial del Terremoto de Limón, 139-152. 

			Mora, S. & Yasuda, S. (1994). Licuefacción de suelos y fenómenos asociados durante el Terremoto de Limón. Revista Geológica de América Central, Volumen Especial del Terremoto de Limón, 121-132. 

			Morales, L. D. (1994). Daños causados por el Terremoto de Limón: pérdidas y medidas de mitigación. Revista Geológica de América Central, Volumen Especial del Terremoto de Limón, 201-210. 

			Morell, K. D. (2016). Seamount, ridge, and transform subduction in southern Central America. Tectonics, 35(2), 357–385. 

			Noy, I. (2009). The macroeconomic consequences of disasters. Journal of Development Economics, 88(2), 221-231. 

			Obaldía, F., Marino, T., Van Der Laat, R., Malavassi, E. & Hernández, F. (1991). Levantamiento cosísmico asociado al terremoto del 22 de abril de 1991, Ms=7.5 Valle de La Estrella, Limón, Costa Rica. Observatorio Vulcanológico y Sismológico de Costa Rica, Universidad Nacional. 

			Peraldo, G., Badilla, E., & Arias, O. (2014) Efectos morfológicos generados en el cantón de Valverde Vega por el terremoto de Sámara del 5 de septiembre de 2012 (Mw=7,6). En Torno a la Prevención, 12, 13-22.

			Plafker, G., & Ward, S. N. (1992). Backarc thrust faulting and tectonic uplift along the Caribbean Sea coast during the April 22, 1991 Costa Rica earthquake. Tectonics, 11(4), 709-718.

			Quesada-Román, A. (2015). Implicaciones en la gestión del riesgo de desastres y ambiente en el Valle Central en los últimos treinta años (1985-2015). In Programa Estado de la Nación (ed.), Vigesimoprimero Informe Estado de la Nación en Desarrollo Humano Sostenible (pp. 1-39). Programa Estado de la Nación.

			Quesada-Román, A. (2016). Impactos geomorfológicos del Terremoto de Limón (1991; ms= 7.5) y consideraciones para la prevención de riesgos asociados en Costa Rica. Revista Geográfica de América Central, 56, 93-111.

			Quesada-Román, A. & Barrantes, G. (2016). Procesos de ladera cosísmicos del terremoto de Cinchona (Costa Rica) del 8 de enero de 2009 (Ms= 6,2). Cuadernos de Geografía: Revista Colombiana de Geografía, 25(1), 217-232. 

			Quesada-Román, A. (2017). Los estudios de riesgos naturales y antrópicos a través de cuatro décadas en la Revista Geográfica de América Central (1974 – 2015). Revista Geográfica de América Central, 58, 17-43. 

			Quesada-Román, A. & Barrantes, G. (2017). Modelo morfométrico para determinar áreas susceptibles a procesos de ladera. Investigaciones Geográficas, 94, 1-12. 

			Quesada-Román, A., Moncada-López, R., Paz-Tenorio, J. A., Espinoza-Jaime, E., Castellón-Meyrat, C. & Acosta-Galeano, N. (2018). Las investigaciones sobre movimientos de laderas en Costa Rica, Honduras, México y Nicaragua: enseñanzas desde la academia, las agencias de cooperación y las instituciones públicas. Revista Geográfica de América Central, 60, 17-59. 

			Quesada-Román, A., Fallas-López, B., Hernández-Espinoza, K., Stoffel, M. & Ballesteros-Cánovas, J. A. (2019). Relationships between earthquakes, hurricanes, and landslides in Costa Rica. Landslides, 16(8), 1539-1550. 

			Quesada-Román, A. & Pérez-Briceño, P. M. (2019). Geomorphology of the Caribbean coast of Costa Rica. Journal of Maps, 15(2), 363-371.

			Quesada-Román, A. & Pérez-Umaña, D. (2020). State of the Art of Geodiversity, Geoconservation, and Geotourism in Costa Rica. Geosciences, 10(6), 211. 

			Quesada-Román, A. & Villalobos-Chacón, A. (2020). Flash flood impacts of Hurricane Otto and hydrometeorological risk mapping in Costa Rica. Geografisk Tidsskrift-Danish Journal of Geography, 120(2), 142-155. 

			Quesada-Román, A., Villalobos-Portilla, E. & Campos-Durán, D. (2020). Hydrometeorological disasters in urban areas of Costa Rica, Central America. Environmental Hazards. https://doi.org/10.1080/17477891.2020.1791034

			Rojas, W. (1991). El terremoto del 22 de abril de 1991 en la región Caribe y la sismicidad asociada en el de abril, 1991. Laboratorio de Sismología, Universidad de Costa Rica.

			Ruiz, P., Carr, M. J., Alvarado, G. E., Soto, G., Mana, S., Feigenson, M. D. & Sáenz, L. F. (2019). Coseismic landslide susceptibility analysis using LiDAR data PGA attenuation and GIS: the case of Poás volcano, Costa Rica, Central America. In F. Tassi, O. Vaselli & R. Mora-Amador (eds), Poás Volcano: The Pulsing Heart of Central America Volcanic Zone (pp. 79-118). Springer International Publishing.

			Sauter, F. (1994). Evaluación de daños en puentes y otras estructuras civiles causados por el terremoto de Limón. Revista Geológica de América Central, Volumen Especial del Terremoto de Limón, 171-186. 

			Shi, P. & Karsperson, R. (Eds). 2015. World atlas of natural disaster risk. Heidelberg: Springer.

			Shi, P., Yang, X. & Xu, W. (2016). Mapping global mortality and affected population risks for multiple natural hazards. International Journal of Disaster Risk Science, 7(1), 54-62.

		

	OEBPS/image/f_2.jpg
Logona






OEBPS/image/f_4.jpg





OEBPS/image/f_1.jpg
e :
P
/ Flate
) oo Carivbean
3 23 e
Hérgmmn
S o | Micrapiats
JoNN :
o1 £
T on
pacitic 3|\
Seoan LS
I R —T

i 1 i e of o R S 5 sl B s GCS; Dt WS84 - s Ecpasat OB
e Cor ik Decaed B PO, e FsDermad S SFD: St P g Bl EZ s Fca o 1Pt





OEBPS/image/f_3.jpg





OEBPS/image/f_5.jpg





OEBPS/image/licencia_HTML.jpg
@ @@@ Revista Geologica de America Central 1s licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0
G Unported License. More information: https://creativecommons.org/licenses/by-nc-sa/3.0/cr/





OEBPS/image/1.png
Review of the geomorphological effects of the 1991 Limon earthquake

Revision de los efectos geomorfolégicos del terremoto de Limén en 1991

Adolfo Quesada-Roman

Universidad de Costa Rica (UCR), Escuela de Geografia (EG), San José, Costa Rica
adolfo.quesadaroman(@ucr.ac.cr

(Recibido: 13/10/2020; aceptado: 02/01/2021)
Revista Geologica de América Central, 65, 2021, doi: 10.15517/1gac.v0165.46697
ISSN: 0256-7024

Revista Geologica de América Central is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0
Unported License. More information: https://creativecommons.org/licenses/by-nc-sa/3.0/cr/

ABSTRACT: The Limon earthquake was one of the biggest disasters ever recorded in Costa Rica and Panama. This event
had a magnitude of 7.7 Mw, occurred on April 22 of 1991 and had its epicenter at the coordinates 9.685 N and -83.073 W.
This study looks to determine the geomorphological effects resulting from the earthquake. The methodology consisted of a
bibliographic review of the technical studies, scientific articles and maps carried out on the seismic event to generate a carto-
graphy and analysis that summarizes the geomorphological implications in the Caribbean region of Costa Rica and Panama.
The geomorphological effects included tectonic uplift, liquefaction, landslides. a tsunami, an increased sediment load in the
river basins months after the earthquake, and a probable relationship with recent coastal erosion processes. This event was
a great lesson for Costa Rica and Panama on its seismic risk, geomorphological dynamics, as well as risk management in a
major disaster.

Keywords: Seismic Risk: Geomorphology; Tectonic Uplift; Landslides; Costa Rica; Panama; Central America.

RESUMEN: El terremoto de Limon fue uno de los mayores desastres registrados en Costa Rica y Panama. Este evento tuvo
una magnitud de 7.7 Mw. ocurri6 el 22 de abril de 1991 y tuvo su epicentro en las coordenadas 9.685 N y -83.073 W. Este
estudio busca determinar los efectos geomorfologicos derivados del terremoto. La metodologia consistio en una revision
bibliografica de los estudios técnicos, articulos cientificos y mapas realizados sobre el evento sismico para generar una carto-
grafia y analisis que resuma sus implicaciones geomorfologicas en el Caribe de Costa Rica y Panama. Los efectos geomorfo-
16gicos del terremoto fueron el levantamiento tectonico, la licuefaccion, los deslizamientos de tierra, el aumento de la carga
de sedimentos en las cuencas fluviales meses después del terremoto, un tsunami y una probable relacion con los recientes
procesos de erosion costera. Este evento fue una gran leccion para Costa Rica y Panama sobre su riesgo sismico, la dinamica
geomorfologica sismica, asi como la gestion del riesgo en un desastre de gran magnitud.

Palabras clave: riesgo sismico: geomorfologia: levantamiento tectonico; deslizamientos; Costa Rica; Panama; América Cen-
tral

INTRODUCTION

Human and economic losses from structural and non-structural damage are major consequences of earthquakes. The development and imple-
mentation of seismic building codes during the last decades have reduced building collapse, thus securing human lives (Moammer et al., 2020).
The Central America region is known for their high seismic hazard values (Shi & Kasperson, 2015). Recent consensus has been made defining
different seismic zonation units along Central America (Alvarado et al., 2017). Moreover, the region includes many countries with high global
seismic risk (Shi et al., 2016). This situation is even more relevant in emerging countries and smaller economies such as Central American countries
that frequently face challenging economic situations after a disaster (Noy. 2009; Klomp & Valckx, 2014).

Due to the available information before 1991, the Earth Sciences specialists considered the Caribbean region of Costa Rica and Panama as a
low seismic potential area. The historical and instrumental analysis had shown important seismic events during the 19th and 20th centuries in this
territory, particularly the San Estanislao earthquake that occurred on May 7, 1822, which presented a reverse fault with epicenter and characteristics
similar to the 1991 event (Boschini & Montero, 1994). Moreover, another big event recorded in Bocas del Toro on April 26th 1916 with a projected
magnitude of 7.0 Mw. The Limon earthquake occurred on April 22, 1991 at 9:56 p.m. (UTC). This event impacted an area of approximately 8000
km?, an 80% of this area in Costa Rica and 20% in Panama. The greatest damage was to vital lines: roads, railways, bridges. ports and aqueducts.
7439 people throughout the impacted area were victims of this event, as well as 49 casualties in Costa Rica and 79 in Panama. The maximum inten-






