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Abstract
The North American (NOAM) plate converges with the Caribbean (CARIB) plate at a
rate of 20.0 ± 0.4 mm/yr. towards 254 ± 1°. Plate convergence is highly oblique (20–
10°), resulting in a complex crustal boundary with along-strike segmentation, strain
partitioning and microplate tectonics. The northern margin of Hispaniola records the
oblique collision/underthrusting of the Bahamas Carbonate Province with the island-arc. Due to the collision, northern Hispaniola has suffered several natural disasters
caused by major earthquakes and tsunamis, such as the historic earthquake of 1842, the
tsunami caused by earthquake-driven slumping in 1918 in the Mona Passage, the seismic crisis of 1943–1953 with five events of M > 7.0 or the seismic crisis of 2003 with a
main shock of M6.3 and a large aftershock of M5.3.
The northern Dominican Republic offshore margin was explored in the 80s and 90s of
the 20th century from GLORIA large-range side-scan sonar, low-resolution single-channel seismic data (Dolan et al., 1998), and some sparse multi-channel seismic
profiles from industry, obliquely oriented to the tectonic structure of the margin (Dillon
et al., 1992, Dillon et al., 1996). That information has provided a limited knowledge of
the morphology and the structure of the margin. Furthermore, the majority of this
studies carried out in the NE Caribbean region were mostly focused on a single tectonic domain.
Because of that, in this PhD Thesis we have try to solve some of these topics. We have
performed an analysis and interpretation of the shallow morphostructure and active
processes along the northern margin of the Dominican Republic. Then, we have performed a regional scale analysis of the shallower structure, the seismotectonics and the
slab geometry along the North American-Caribbean plate boundary between southeastern Cuba to northern Puerto Rico. Finally, we have performed tsunami simulations
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using the Tsunami-HySEA numeric model to determine the possible tsunamigenic
sources for the M = 8.1, August 4, 1946 Dominican Republic earthquake.
This PhD thesis was mainly conducted using data collected during the 2013 NORCARIBE cruise. This cruise, combined the systematic acquisition of geophysical data
throughout the oblique convergent NOAM-CARIB plate boundary, mainly offshore of
Dominican Republic, providing continuous and high resolution data, which complete
coverage of this segment of the Caribbean-North America plate boundary, and reveal
with unprecedented detail the features of the morphology and crustal structure.
The analysis and interpretation of the shallow morphostructure and active processes
along the northern margin of the Dominican Republic allow us to identify three morphostructural provinces: a) the Bahamas Carbonate Province, b) the Hispaniola Trench
and c) the Insular Margin. The southern slope of the Bahamas Carbonate Province
shows a very irregular morphology produced by active erosive processes and normal
dip-slip faulting, evidence of an extensional tectonic regime and margin collapse.
The Hispaniola Trench have a flat seafloor with a sedimentary filling of variable thickness consisting of horizontal or sub-horizontal turbiditic levels. The turbiditic fill mostly proceeds from the island arc through wide channels and canyons, which transports
sediment from the shelf and upper slope. The Insular Margin is where the Northern
Hispaniola Deformed Belt is developed. This Deformed Belt is the result of the adjustment of the oblique collision/underthrusting between the North American plate and
the Caribbean plate. The along-strike development of the imbricate system is highly
variable, and is due to along-strike changes in the sediment thickness of the Hispaniola
Trench, as well as to the variable topography of the underthrusting Bahamas Carbonate Province. Throughout the entire area studied, gravitational instabilities have
been observed, especially on the Insular Margin and to a lesser extent on the southern
slope of the Bahamas Carbonate Province. These instabilities are a direct consequence
of the active underthrusting/collision process.
Regional structural analysis reveal a slab tear at 68.5°W, created by a differential rollback between the NOAM oceanic crust north of Puerto Rico and the relative thicker
Bahamas Carbonate Province crust north of Hispaniola. The northern margin of Puerto
Rico records the oblique high-dip subduction and rollback of the NOAM plate below
the island arc. Those processes have resulted in a forearc transpressive tectonics (with-
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out strain partitioning), controlled by the Septentrional-Oriente Fault Zone (SOFZ)
and the Bunce Fault Zone (BFZ). Meanwhile, in the northern margin of Hispaniola,
the collision of the Bahamas Carbonate Province results in high plate coupling with
strain partitioning: SOFZ and Northern Hispaniola Deformed Belt (NHDB). In the
northern Haitian margin, compression is still relevant since seismicity is mostly associated with the deformation front, whereas strike slip earthquakes are hardly anecdotal.
Although in Hispaniola intermediate-depth seismicity should disappear, diffuse intermediate-depth hypocenter remains evidencing the presence of remnant NOAM subducted slab below central and western Hispaniola.
We performed geologically constrained tsunami simulations using a compilation of
high-resolution swath multibeam bathymetry data and the tested Tsunami-HySEA numeric model. Potential tsunamigenic sources as well as their parametrization are based
on these regional-scale studies. The earthquake-triggered tsunami scenario was performed emulating a segmented rupture in depth with three segments with variable dip,
rigidity and slip. The landslide sources were constrained on mapped submarine landslides in the northern insular slope of Dominican Republic and southern flank of the
Bahama Banks.
The calculations for the 1946 mainshock are consistent with a reverse rupture in the
plate interface northeast of Dominican Republic. Alternative earthquake-triggered submarine landslide on the southern flank of the Banks of the Bahamas show maximum
surface elevations similar to the historical records in north of Dominican Republic, but
do not show any far-field impacts suggesting that they are not the source of the August
4, 1946 tsunami.
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Resumen
La placa Norteamericana (NOAM) converge con la placa del Caribe (CARIB) a una
velocidad de 20,0 ± 0,4 mm/año con una dirección de 254 ± 1°. La convergencia de la
placa es muy oblicua (20-10°), resultando en un complejo límite de placas en el que hay
segmentación tectónica, deformación compartimentada y tectónica de microplacas. El
margen norte de La Española registra la colisión oblicua de la Provincia Carbonática de
las Bahamas con el arco de la isla. Debido a esta colisión, el márgen norte de La Española ha sufrido varios desastres naturales causados por grandes terremotos y tsunamis, como el terremoto histórico terremoto de 1842, el tsunami causado por el deslizamiento submarino provocado por un terremoto en 1918 en el Pasaje de Mona, la
crisis sísmica de 1943-1953 con cinco eventos de M > 7,0 o la crisis sísmica de 2003
con un terremoto principal de M6,3 y una gran réplica de M5,3.
El margen septentrional de la República Dominicana se exploró durante las décadas de
1980 y 1990 a partir del sonar de barrido lateral de gran alcance GLORIA, datos sísmicos monocanal de baja resolución (Dolan et al., 1998) y algunos perfiles sísmicos multicanal, los cuales se tomaron muy oblicuamente respecto a las principales estructuras del
margen (Dillon et al., 1992, Dillon et al., 1996). Esa información ha proporcionado un
conocimiento limitado de la morfología y la estructura del margen. Además, la mayoría
de los estudios realizados en esta región del Caribe se centraron principalmente en un
solo dominio tectónico.
Por eso, en esta tesis doctoral hemos tratado de resolver algunos de estos problemas.
Hemos realizado un análisis e interpretación de la morfoestructura superficial y los procesos activos a lo largo del margen norte de la República Dominicana. También hemos
realizado un análisis estructural escala regional, así como un análisis sismotectónico y la
geometría de la placa que subduce a lo largo del límite de la placa Norteamericana-Ca-
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ribe entre el sudeste de Cuba y el noroeste de Puerto Rico. Finalmente, hemos realizado
simulaciones de tsunami usando el modelo numérico Tsunami-HySEA para determinar
las posibles fuentes tsunamigénicas para el terremoto de la República Dominicana con
M = 8.1, del 4 de agosto de 1946.
Esta tesis doctoral se realizó principalmente con los datos recogidos durante la campaña
NORCARIBE de 2013. Esta campaña oceanográfica, combinó la adquisición
sistemática de datos geofísicos a lo largo del límite de placas Norteamericana-Caribe,
principalmente frente a las costas de la República Dominicana, proporcionando datos
continuos y de alta resolución, que completan la cobertura de este segmento del límite
de placas, y revelan con un detalle sin precedentes las características de la morfología superficial y la estructura de la corteza.
El análisis y la interpretación de la morfoestructura superficial y de los procesos activos
a lo largo del margen septentrional de la República Dominicana permiten identificar
tres provincias morfoestructurales: a) la Provincia Carbonática de las Bahamas, b) la
Fosa de La Española y c) el Margen Insular. La vertiente meridional de la Provincia
Carbonática de las Bahamas muestra una morfología muy irregular producida por procesos erosivos activos y fallas normales, lo que evidencia un régimen tectónico extensional y un colapso generalizado del margen. La Fosa de la Hispaniola tiene un fondo
marino plano con un relleno sedimentario de espesor variable que consiste en niveles
turbidíticos horizontales o subhorizontales. El relleno turbidítico procede en su mayor
parte del arco de la isla, que es transportado a través de amplios canales y cañones submarinos, los cuales transportan los sedimentos desde la plataforma y la parte superior de
la pendiente. El Margen Insular es donde se desarrolla el Cinturón Deformado Septentrional. Este Cinturón Deformado es el resultado de la acomodación de la colisión
oblicua entre la placa norteamericana y la placa caribe. El desarrollo del sistema imbricado a lo largo del margen es muy variable, y se debe a los cambios en el espesor de los
sedimentos de la Fosa de La Española, así como a la gran irregularidad topográfica de la
Provincia Carbonática de las Bahamas. En toda la zona estudiada se han observado inestabilidades gravitacionales, especialmente en el margen insular y, en menor medida, en
la vertiente meridional de la Provincia Carbonática de las Bahamas. Estas inestabilidades son una consecuencia directa del proceso activo de colisión.
El análisis estructural regional revela una segmentación de la placa Norteamericana
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(NOAM) en 68,5°O (tear fault), creada por un buzamiento diferencial entre la corteza
oceánica del NOAM al norte de Puerto Rico y la corteza relativamente más gruesa de
la Provincia Carbonática de las Bahamas al norte de la Española. El margen norte de
Puerto Rico registra la subducción oblicua con alto buzamiento y gran curvatura de la
placa NOAM por debajo del arco de la isla. Esos procesos han dado lugar a una tectónica transpresiva (sin deformación compartimentada), controlada por la Zona de Falla
Septentrional-Oriente (SOFZ) y la Zona de Falla de Bunce (BFZ). Mientras tanto, en
el margen septentrional de La Española, se produce la colisión de la Provincia Carbonática de las Bahamas en el que hay alto acoplamiento entre las placas y deformación
compartimentada distribuida entre: la SOFZ y el Cinturón Deformado de la Septentrional (NHDB). En el margen septentrional de Haití, la compresión sigue siendo imporante, ya que la sismicidad se asocia principalmente al frente de deformación, mientras
que los terremotos asociados a fallas de desgarre son anecdóticos. Aunque en la Española la sismicidad intermedia y profunda debería desaparecer, los datos muestran hipocentros de profundiad intermedia, lo cual evidencia la presencia de un remanente de la
placa subducida de NOAM bajo la parte central y occidental de La Española.
Las simulaciones tsunamigénicas se han realizado con una parametrización fuertemente
geológica, utilizando una compilación de datos de batimetría multihaz de alta resolución y el modelo numérico testado Tsunami-HySEA. Las posibles fuentes tsunamigénicas, así como su parametrización, se basan en estos estudios a escala regional. El escenario de tsunami simulado se realizó emulando una ruptura segmentada en profundidad
con tres segmentos con buzamiento, rigidez y deslizamiento variables. Las fuentes de los
deslizamientos se limitaron a los deslizamientos submarinos cartografiados en el Margen Insular de la República Dominicana y el flanco meridional de los Bancos de Bahamas.
Los resultados de las simulaciones para el terremoto principal de 1946 son consistentes
con una ruptura de falla inversa en la interfaz de subducción al noreste de la República
Dominicana. Las simulaciones de los deslizamientos submarinos alternativo muestran
elevaciones máximas de ola similares a las registradas en 1946 en el norte de la República Dominicana, pero no muestran ningún impacto en zonas lejanas como la costa este
de EEUU, sugiriendo que probablemente no son la fuente del tsunami del 4 de agosto
de 1946.
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1

1.1. Introduction and objectives
The island of Hispaniola (Dominican Republic and Haiti), located in the north of the
Caribbean Sea, is an area with complex tectonics. Hispaniola is located on an E-W oriented plate boundary where the Caribbean (CARIB) and North American (NOAM)
plates converge 20 mm/year according to 070º (Benford et al., 2012). The oblique convergence between plates develops strain partitioning and tectonics of microplates and
tectonic blocks that produces an intense seismicity where numerous destructive earthquakes have been reported, some of them associated with tsunamis (ten Brink et al.,
2011). An example of this intense seismic activity is the 2010 Magnitude 7 earthquake
in Haiti, which has caused enormous controversy in the scientific community (e.g. Bilham, 2010; Mercier de Lépinay et al., 2011).
At the moment does not exist a geodynamic model that allows to know the crustal
structure and to better understand the temporal and spatial occurrence of the seismicity,
the rupture processes, the geometry of the seismogenic faults and the current stress
among other important aspects for a later evaluation of the earthquake and tsunamigenic hazard in the area. This is because the studies have mainly focused on emerged areas and the tectonic structures associated with seismicity mainly appear offshore, where
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until 2013 there was a notable lack of information.
Therefore, at the end of 2013 the NORCARIBE oceanographic cruise was carried out
(CGL 2010-17715), which has provided a large volume of information of high quality
of data about the crustal structure in the insular margins of Hispaniola. New data from
the NORCARIBE cruise are original, unpublished and available for the present PhD
thesis. Multibeam bathymetry data and seismic lines of Haiti and eastern Cuba are
from HAITI-SIS 1&2 cruises (2012 and 2013) on board the R/V L’Atalante (Leroy et
al., 2015). The data of Puerto Rico are from a compilation of several USGS/NOAA
cruises (Andrews et al., 2013). In addition, a very important volume of information
from previous projects of the National Plan since 2004 is available: GEOPRICO
(REN2003-08520) and CARIBENORTE (CTM2006-13666).
The main objective of this PhD thesis is the study of the structure of the cortex and the
active processes along the northern margin of Hispaniola, with the development of a
geodynamic model combining geological and geophysical data. Finally, we have made
models of the possible tsunamigenic sources to contrast the hypotheses about the origin
of the tsunamis that occurred in the area These goals are mainly addressed from the new
geophysical and marine geological data acquired at the end of 2013 in the NORCARIBE cruise and from the non-interpreted data from the GEOPRICO and CARIBENORTE cruises.
The present PhD thesis has been carried out in the Department of Geodynamics, Stratigraphy and Paleontology (GEODESPAL) of the Complutense University of Madrid.
This thesis is under the direction of the Dr. Alfonso Muñoz Martín, and Dr. José Luis
Granja Bruña (Dept. of Geodynamics, Stratigraphy and Paleontology, Complutense
University of Madrid). It is developed within the PhD program in Geology and Engineering Geology by the UCM and is part of the activity of the Applied Tectonophysics
Group. The thesis has been funded by the 2015 UCM pre-doctoral grant (CT45/15CT46/15).
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1.2. Thesis structure
In order to achieve the objectives above mentioned, and to present the results in a clear
structure, we have organized the this volume in eight (8) chapters:
•

Chapter 1 is this introduction to the doctoral thesis, its objectives and structure.

•

Chapter 2 presents the tectonic setting in which the study area is located, beginning
with a overview of the tectonic framework of the Caribbean plate, and finally focusing on the study area, the northeastern boundary of the Caribbean plate.

•

Chapter 3 provides a description of the different techniques and methods employed
to obtain the geophysical data used in this PhD thesis.

•

Chapter 4 addresses the analysis and interpretation of the shallow structure and active processes along the northern margin of the Dominican Republic through a
combined interpretation of new high-resolution multibeam bathymetry data obtained in the NORCARIBE marine geophysical cruise (2013) and seismic reflection profiles from previous studies. In this chapter we have also included a partial
discussion of the results obtained from this chapter of the thesis.

•

Chapter 5 focuses on the development of a geodynamic model of the northern margin of Hispaniola (Dominican Republic and Haiti) through the combined interpretation of marine geophysical data (multibeam bathymetry and reflection seismic
profiles) with seismogenic and geodetic data from previous studies. The implementation of this model is important because it establishes the basis for the subsequent
assessment of the earthquake and tsunamigenic hazard in the area. This chapter has
been made in cooperation with the French research group. A research stay at the Institut des Sciences de la Terre de Paris-Sorbonne Université (ISTeP) under the supervision of Dr. Sylvie Leroy has been essential. As the previous chapter, we have
also included a partial discussion of the results obtained from this chapter of the
thesis.

•

Chapter 6 studies the impact of an earthquake-triggered tsunami scenario, similar
to the M = 8.1, August 4, 1946 Dominican Republic event, which simulate a reverse
rupture along the North American-Caribbean plate interface north of Dominican
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Republic. We also simulate an alternative scenario, in which the tsunami was generated as a consequence of potential earthquake-triggered submarine landslides located either along the Northern Hispaniola Deformed Belt or in the southern slope of
the Bahama Banks. Potential tsunamigenic sources as well as their parametrization
are based on the results obtained from chapters 4 and 5. A research stay at the University of Málaga under the supervision of Dr. Jorge Macías has been essential.
•

Chapter 7 includes the discussion. We used this part to discuss the dataset as a
whole. We discuss a geodynamic model for the entire northeastern boundary of the
Caribbean Plate and discuss how geodynamic processes may relate to lithospheric
structure.

•

Chapter 8 shows the summary and conclusions of the thesis.
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Tectonic Setting

The region studied in this PhD thesis is located in the eastern Greater Antilles (Hispaniola and Puerto Rico), which together with the Lesser Antilles are part of the
Greater Caribbean Arc (Mann, 1999). The Greater Caribbean Arc acts as a physiographic and tectonic boundary between the North American (NOAM) and Caribbean
(CARIB) plates.
The tectonic setting of our study area will start with a description of the general framework of the Caribbean Plate and specifically of its north boundary. Finally, we will focus
on the research area, the northeastern boundary of the Caribbean plate.

2.1. Caribbean Plate
2.1.1. Geodynamic context
The Caribbean Plate is a small lithospheric plate (~ 3,600,000 km2) between the North
American and South American plates. Is located between longitudes 60ºW and 90ºW
and between latitudes of 10ºN and 20ºN (Fig. 2. 1). It has rectangular shape and extends from Central America to the Lesser Antilles as western and eastern boundaries,
and from the Greater Antilles to the north to South America to the south (Fig. 2. 1).
13
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Fig. 2. 1. Sketched tectonic setting of Caribbean Plate. The tectonic features marked with red lines show
the plate boundary. Bold black lines denote major structures. Blue dashed box shows the study area. H:
Haiti; DR: Dominican Republic; PR: Puerto Rico; J: Jamaica. SOFZ: Septentrional Oriente Fault Zone;
BFZ: Bunce Fault Zone; EPGFZ: Enriquillo-Plantain-Garden Fault Zone.

The morphology of the Caribbean is varied. It can be classified and described in (Fig.
2. 1):
a) Emerged areas along the boundaries of the plate. They are represented on the northern margin by the Greater Antilles (Hispaniola, Puerto Rico and Jamaica), on the
southern margin by the South American continent (Venezuela and Colombia), on
the eastern margin by the Lesser Antilles, and on the western margin by the Panama Volcanic Arc and part of the Central American region (Costa Rica, Nicaragua,
Honduras, El Salvador and Guatemala).
b) Basins and troughs. From west to east, the Yucatan basin, the Cayman Trough, the
Venezuela Basin, the Colombia Basin and the Granada Basin. The Cayman Trough,
a pull-apart basin which produce new oceanic crust, forms the western part of the
current northern boundary of the Caribbean Plate.
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c) Ridges and bathymetric highs: The basins and troughs are separated by ridges and
bathymetric highs. From west to east we find, the Nicaraguan Rise. This bathymetric high is subdivided into the northern, higher, denominated the Upper Rise, and
the southern, deeper, denominated the Lower Rise. In the central part of the plate,
the NE-SW trending Beata Ridge, which marks the boundary between Colombian
and Venezuela basins. This ridge, which is connected to the island of Hispaniola,
widens towards the south. South of the Beata Ridge is the Aruba Gap, which allows
deep-water connection between the Colombian and Venezuela basins. Also south of
the Beata Ridge and the Venezuela Basin is the Curaçao Ridge, which forms the
boundary between these two elements and the northern margin of the South American continent. And finally, at the eastern end of the plate there are two major ridges, the N-S trending Aves Ridge, located to the west of the Grenada Basin, and the
Barbados Ridge, located east of the Lesser Antilles volcanic arc, and forming part of
the accretion prism.
The boundaries of the Caribbean Plate have a complex kinematics, due to the with four
tectonic plates: which are the North American (NOAM), South American (SAM), Cocos and Nazca plates (Fig. 2. 1). The eastern boundary of the Caribbean plate is defined
by a west-dipping subduction zone where the oceanic lithosphere of the NOAM and
SAM plates subduct below the Lesser Antilles Arc (Fig. 2. 1). The western boundary is
marked by an east-dipping subduction zone, where the Cocos plate submerges beneath
the Caribbean plate (Fig. 2. 1). Both the northern and southern boundaries, show strain
partitioning with the development of strike slips and thrusts systems. This leads in the
development of a complex tectonic and the formation of microplates and tectonic
blocks. The northern boundary, is divided in the Gonave microplate, Hispaniola block,
Septentrional block and Puerto Rico-Virgin Islands (PRVI) block (Byrne et al., 1985;
Reid et al., 1991; Mann et al., 1995; Jansma et al., 2000). The southern boundary, is divided in the Maracaibo, Romeral, Santa Marta and Panama blocks (Case and Holcombe, 1980). The southern boundary, complex in its western part (Colombia), is globally associated with a right-lateral strike slip system (Oca-Ancon Fault Zone and San
Sebastian Fault Zone; Fig. 2. 1). The northern boundary of the Caribbean Plate consists
of several east-west trending left-lateral strike slip faults extending from Central America to Puerto Rico. Also, compressive systems formed by the Hispaniola Trench and
Puerto Rico Trench is also present, which continues towards the east to the Lesser An15
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tilles subduction zone (Fig. 2. 1). The Mid-Cayman expreading center is the source of
the two conjugated passive margins of Belize in the west and Jamaica in the east. Studies of the Cayman Trench indicate an opening of more than 1000 km from 49 Ma, or
about 20 mm/year in an east-west direction (Leroy et al. 2000).
GPS measurements show that the Caribbean Plate is currently moving eastward (70°)
relative to the North American Plate at a rate of 18–20 ± 3 mm/yr (Fig. 2. 1; DeMets
et al., 2000; Mann et al., 2002; Calais et al., 2016). Relative to the South American
plate, it moves at a rate of 20 mm/year with highly variable azimuth along the boundary
(090º-068º) (Weber et al., 2001). The movement rates predicted by the NUVEL-1A
geodetic model for the Cocos and Nazca plates with respect to the Caribbean plate are
between 59-74 mm/year in a NE-E direction (DeMets et al., 1994).

2.1.2. Structure
The Caribbean plate generally consists of a peripheral ring of island arcs accreted during
the Cretaceous-Paleogene. This ring surrounds a central sea basin whose cortical thickness is intermediate (Mann et al., 1990). Furthermore, from the genetic point of view,
four main classes of crust have been distinguished: oceanic crust, continental crust, intermediate crust and accretion crust (Fig. 2. 2; Case et al., 1990). Several studies have
led to a better understanding of the Caribbean plate, through deep drilling, dredging,
seismic reflection and refraction, and through the analysis of gravimetric and magnetic
anomalies.
Generally, the oceanic crust is formed at mid-ocean ridges and hot spots, and to a lesser
extent, along transform faults and in back-arc basins (Moores and Twiss, 1995). It has
high densities (2.85 -3.0 g/cm3 ) and high P-wave velocities (6.0-7.0 km/s) (Case et
al., 1990; Moores and Twiss, 1995). In the Caribbean region, the oldest oceanic crust
corresponds to the Upper Jurassic (Donnelly et al., 1990). The results of the ODP and
DSDP deep drilling (Edgar et al., 1973; Sigurdsson et al., 1997) show that the majority
of the Caribbean ocean basin is composed of igneous bedrock formed in the Upper
Cretaceous (Fig. 2. 2; Loewen et al., 2013). Seismic analyses carried out in the Caribbean (Leroy, 1995; Mauffret and Leroy, 1997) show that the crustal thickness of the Caribbean domain is variable, with values ranging from 5 km to 20 km. The Venezuela ba16
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Fig. 2. 2. Types of crust in the Caribbean Region. Figure from Case et al. (1991).

sin, the Colombian basin, and the Haitian basin are composed of oceanic crust of less
than 10 km thick (Fig. 2. 2). The rest of the oceanic Caribbean basin has an intermediate nature and is 3 to 5 km thicker than the average thickness that characterizes oceanic
crusts of similar age. These features of the Caribbean oceanic crust are similar to those
of the Pacific oceanic plateaus (e.g., Manihiki and Ontong Java), both in extent, age and
geochemistry (Burke et al., 1978). Thus, it has been interpreted as the Caribbean Large
Igneous Province (CLIP) that may have formed on the Pacific Plate above the Galapagos Hotspot (Pindell and Barrett, 1990). This crust is underlain by volcanic materials
(Mauffret and Leroy, 1997; Mauffret et al., 2001), forming an oceanic plateau 10 to 15
km thick.
The correlation between seismic profiles and the results of the analysis of ODP and
DSDP boreholes in the region (Bader et al., 1970; Edgar et al., 1973) revealed several
characteristic seismic sequences constituting the Caribbean Magmatic Province
(CLIP). A complete description of the seismic units using seismic refraction and reflection has been carried out in the Colombian Basin (Lu and McMillen, 1982; Bowland,
1993; Bowland and Rosencrantz, 1988), in the Venezuela Basin (Ladd and Walkins,
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1980; Diebold et al, 1981; Ladd et al., 1990), and over most of the Caribbean plateau
(Ewing et al., 1960; Edgar et al., 1971; Diebold et al., 1981; Case et al., 1990; Mauffret
and Leroy, 1997). The first seismic unit identified corresponds to deposits dating from
the Lower Miocene to the present. It is composed of marly chalk with oozes and clay.
The second seismic unit is composed of radiolar chalk from the Middle Eocene to the
Lower Miocene. The base of this unit has been defined as the typical A horizon. The
third unit consists of sediments overlying the Cretaceous basalt horizon named B. Other deeper horizons exist and have been named V by Leroy et al (1996a) and Leroy and
Mauffret (1996). They would correspond to volcanic sills.
The continental crust is characterized by an intermediate to siliceous nature, at least in
its upper part. With thicknesses between 25 and 45 km, it was formed by primitive differentiation of the mantle and multiple episodes of magmatism, sedimentation, and
metamorphism (Moores and Twiss, 1995). It has average densities (2.7-2.9 g/cm3 ),
and P-wave velocities (5.5 to 7.0 km/sec) (Case et al., 1990). In the Caribbean region
the continental crust has only been observed in the Chortís Block and in the Nicaraguan Rise (Fig. 2. 2).
Accretion crust is formed by the accretion of terrains of diverse origins: igneous, sedimentary and metamorphic, whose inner structure corresponds to subduction/obduction
processes or large lateral displacements along the active convergent margins (Moores
and Twiss, 1995). Accretion crust consists of fragments from oceanic and continental
crust, and therefore the resulting crust has physical characteristics of both. Its thicknesses are also very variable, depending on the type of the dominant process that has intervened in the accretion. The formation of accretion crust in the Caribbean covers the period from the Jurassic to the Holocene, although two main episodes of accretion are
contemplated: Cretaceous-Paleocene and Eocene-Miocene (Case et al., 1990). The accretionary crust is associated with the Cretaceous-Eocene island arc, and forms a
semi-continuous belt from Cuba through the Lesser Antilles to the northern coast of
South America (Fig. 2. 2). Several authors described the arc as a continuous volcanic
belt surrounding the CLIP and named it as the Greater Caribbean Arc or Circum-Caribbean Arc (Pindell and Barret, 1990; Mann et al., 1995, 1999). Samples have been
dated in Costa Rica, Jamaica, Hispaniola, Curaçao, Puerto Rico, Venezuela and Colombia (Sinton et al., 1998; Kerr et al., 1997; Alvarado et al., 1997; Dupuis et al., 1997).
Dating by the 40Ar/39Ar radiometric method indicates that these igneous complexes
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are aged between 92 and 74 Ma, and are therefore contemporaneous with the CLIP
constituting the center of the plate. Along the Beata Ridge, rock samples taken by submersible sampling have also made it possible to date basalts, gabbros and dolerites of
the oceanic shelf type (CLIP) from 94 to 75 Ma (Mauffret et al., 2001).

2.1.3. Evolution
Historically, and even today, the origin and evolution of the Caribbean plate is a very
controversial issue ( James and James, 2006; Pindell et al., 2006). The controversy comes
from the fact that the Caribbean plate does not present an oceanic rifting factory (e.g.,
Atlantic). Thus, two opposing evolutionary models have been considered: On the one
hand there is the “authoctonous” or “ fixed” model that proposes a formation more or
less in situ, and on the other hand there is the “allochthonous” or “ dynamic” model that
proposes a formation in the Pacific region and a drift to its current position.
The authoctonous model proposes that the Caribbean region was formed during a period ranging from 130 Ma. to 80 Ma., at the same time that South America was moving
towards the southeast, away from North America (Frisch et al., 1992). The rise of igneous material between the two plates produced the anomalous thickness of the Caribbean oceanic plateau (CLIP). According to this model, the Caribbean plate would have an
affinity with the lithosphere of the western Atlantic.
Although this hypothesis is less accepted by the scientific community and has been left
in second plane, in recent years research is still being conducted along these assumptions ( James and James, 2006).
Currently, it is accepted by most authors that the Caribbean plate was originated in the
Pacific region, possibly from the oceanic lithosphere of the Farallon plate, during the
process of separation of the North and South American plates. Since then, the Caribbean plate has been moving towards the E-NE until reaching its current position (Fig.
2. 3; Wilson, 1966; Malfait and Dinkelman, 1972; Burke, 1988; Donnelly et al., 1990;
Pindell and Barret, 1990; Mann et al., 1999). The following features support the Pacific
origin of the Caribbean Plate (Pindell and Barret, 1990):
a) The current configuration of the Cayman Ridge boundaries and the magnetic
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anomalies associated with the generation of oceanic crust are consistent with the
motion of the North American and Caribbean plates (McDonald y Holcombe,
1978; Ross et al., 1986). Magnetic anomalies suggest a displacement of more than
1,000 km from the Eocene. Assuming a general pattern of formation for the entire
Caribbean plate, this necessarily places the origin of the Caribbean plate in the eastern Pacific.

Fig. 2. 3. Diagram of the origin and evolution of the Caribbean plate (Figure from Mann et al., 1999).
The Caribbean oceanic plateau is formed by the drift towards the E of a “normal” oceanic crust from the
eastern Pacific. When passing through the hot spot of the Galapagos it is thickened and, from the Middle-Upper Cretaceous, it passed through the strait between North and South America. The numbers give
the successive positions of the front of the oceanic arc, according to Pindell and Barrett (1990). The continental bodies of North and South America prevent the free movement of the plate, forcing it to move
towards the E.
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b) Magmatism related to the Lesser Antilles subduction zone has operated since the
Eocene and this involves the displacement of the Caribbean plate towards the E between the North and South American plates for at least the same period.
c) In the Caribbean, two groups of rocks from the Upper Jurassic-Cretaceous/Paleogene coexist: the platform sequences and the island arc complexes. Since the island
arc complexes are currently overlaying the first one, allows to infer that there is a
diachronic juxtaposition related to the migration of the CARIB towards the east.
The following evolutionary stages are considered for this model (Fig. 2. 4):
1) Rifting during the Middle/Upper Jurassic and initial split between North America,
the Bahamas, the Yucatan block and the northern part of South America (Fig. 2. 4
A-B).
2) From the Upper Jurassic to the Upper Cretaceous or Lower Tertiary, passive margins were developed in the Bahamas, Yucatan and northern part of South America
during the separation of the North and South American plates and the spreading of
the Proto-Caribbean basin (Fig. 2. 4 B-H).
3) Diachronic progression towards the east from the Upper Cretaceous to the present,
of the orogen caused by the migration towards the E of the Caribbean plate and its
collision or transpression with the surrounding margins (Fig. 2. 4 E-L).
4) Development from the Eocene to the present of complex tear zones on the north
and south margins of the Caribbean plate as a result of the above-mentioned drift
of the Caribbean Plate towards the east (Fig. 2. 4 I-L).
5) Neotectonic deformation in the Caribbean plate, caused by its interaction with the
North and South American plates. This deformation is due to the following effects:
• Compression derived from the convergence between North America and South
America.
• Migration towards the NE of the Andean terrains of the north of South America.
• Transpression in the Hispaniola along the Septentrional-Oriente Fault Zone
(Fig. 2. 4).
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Fig. 2. 4. Evolutionary model of the Caribbean Plate from Pindell and Barrett (1990), and Pindell
(1994).
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2.2. Northern boundary of the Caribbean Plate
2.2.1. Geodynamic context
The boundary zone between the Caribbean plate and the North American plate consists of a E-W trending seismogenic strip between 100 and 250 km wide. The deformation is mainly developed by left-lateral strike slips associated with transtenssive and
transpressive belts extending about 2000 km along the northern boundary of the Caribbean Plate (Fig. 2. 5).

2.2.1.1. Cayman Trough
The Cayman Trough is the predominant structural feature in the western part of the
northern boundary of the Caribbean plate (Holcombe and Sharman, 1983; Fig. 2. 5).
The Cayman Trough marks the current position of the left-lateral strike slip zone of the
NOAM-CARIB plate boundary. It is defined from west to east by the Swan Fault, the
Cayman Active Spreading Center and the Septentrional-Oriente Fault Zone in southern Cuba (Fig. 2. 5). This small expansion center was initiated in the Eocene by the separation of the two passive margins of Belize to the west and Jamaica to the east, due to
the relative eastward movement of the Caribbean Plate. To understand the opening of
the Cayman Trench and the structure of the passive margin Jamaica, several studies
have been carried out including seismic data (Sykes et al., 1982; Leroy et al., 1996b),
offshore bathymetry (Rosencrantz and Mann, 1991; Leroy et al., 1996b) and field mapping in Jamaica (Burke et al, 1980; Wadge and Dixon, 1984; Mann et al, 1985; Pisot,
1989). It is currently the only area producing oceanic crust in the Caribbean Plate, with
an average spreading rate of 15 mm/year in an E-W direction (Rosencrantz et al., 1986,
1988; Dillon et al., 1996; ten Brink et al., 2002).
To the west of the Cayman Trough, the wide strip of the plate boundary converges into
a narrow strip of left lateral tears (e.g., Motagua-Polochic Fault System), and probably
connecting with the Central American subduction zone (Fig. 2. 5).
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2.2.1.2. Jamaica
The substrate of the eastern part of the Cayman Trough, between Cuba and Jamaica,
consists of a Mesozoic continental crust stretched and fragmented into a sequence of
NE-SW trending half-graben (Leroy et al., 1996b). In eastern Jamaica, field studies
(Mann et al., 1985; Mann and Burke, 1990) described the stratigraphy of the Wagwater
graben. This graben, formed by normal faulting which separates it from the Blue
Mountains, is filled by the Paleocene to Lower Eocene Richmond and Wagwater formations.
From the Middle Eocene (Lutetian) to the Middle Miocene (15 Ma), a carbonate shelf
seals the normal faults of the Blue Mountains. These formations, known as the Yellow
and White Limestones, are associated with post-rift formations (Wadge and Dixon,
1984). This graben is associated with the extensive dynamics of the north Jamaica passive margin during the formation of the Cayman Trough (Mann and Burke, 1990). Its
structure was compared with those of offshore basins observed on seismic profiles and
shows similar (Leroy et al., 1996b).
After the Middle Miocene, transpressive tectonics inverted the graben and intersected
previous structures in Jamaica (Burke et al., 1980; Mann et al., 1985; Lewis & Draper,
1990). This transpressive tectonics was due to movement of the southeastern edge of the
Cayman Trough along the Walton Fault, several faults in Jamaica and the Enriquillo-Plantain Garden Fault Zone offshore in the Jamaica Passage.

2.2.1.3. Hispaniola and Puerto Rico
To the E of Jamaica (Hispaniola, Puerto Rico and the Virgin Islands) the plate boundary becomes wider, resulting in a seismogenic zone about 250 km wide. The width of
this section of the plate boundary is reflected in the following features (Dolan and
Mann, 1998; Fig. 2. 5).
•

An active tectonic zone with several branches of left lateral strike-slip and reverse
faulting. The deformation belt shows steep bathymetry and separates the abyssal
depths from the Caribbean Sea and the Atlantic Ocean. Onshore, two large tear
zones are found. This tear zones are located to the north and south of the deformation belt, which occupy an inland position in the highlands and in the shallow ma25

Fig. 2. 5. Tectonic setting of the northern Caribbean showing the most relevant structural features and the destructive seismic events. Modified
from Carbó-Gorosabel et al.. (2015).
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rine areas. The northern tear branch is known as the Septentrional-Oriente Fault
Zone (SOFZ) and the southern branch as the Enriquillo-Plantain Garden Fault
Zone (EPGFZ). The SOFZ does not continue eastward beyond the Mona Passage,
but is replaced by another left- lateral strike slip fault system in the inner trench
wall of the Puerto Rico Trench (e.g., Bunce Fault Zone (BFZ), and extending into
the Lesser Antilles subduction zone (ten Brink et al., 2004) (Fig. 2. 5). The EPGFZ
ends in the central part of the Hispaniola (Hernaiz, P. P., 2006), although some authors propose a continuity of this structure with the western convergence of the
Muertos Trough (Biju-Duval et al., 1983; Jany, 1990; Heubeck and Mann, 1991;
Fig. 2. 5). Deformation belts with folded zones and reverse faulting are also observed (e.g., Jamaica, Central and Septentrional Cordilleras on Hispaniola).
•

There are two seismogenic zones, located north and south of the island arc. The
northern seismogenic zone is located along the Septentrional-Oriente Fault Zone
and in the offshore collision zone between the Bahamas Carbonate Province (BCP)
and Hispaniola. This seismogenic strip passes through the north of Hispaniola and
the south of Cuba. The seismogenic zone of the south corresponds to the Enriquillo-Plantain Garden Fault Zone at the west of Hispaniola and to the Muertos Deformed Belt at the southeast of Hispaniola, passing through the south of Hispaniola
and central Jamaica (Fig. 2. 5).

In summary, the current boundary between the Caribbean and North American plates
is controlled by a generalized tear regime with left lateral strike-slip fault zones that accommodate the eastwards motion of the Caribbean plate with respect to the North
American plate. The presence of another subduction zone, and its corresponding accretionary prism, south of Hispaniola and Puerto Rico (Muertos Trough and Muertos Deformed Belt; Byrne et al., 1985; Jany, 1990), result in microplate tectonic (Dolan and
Mann, 1998).
The model of microplates and tectonic blocks in the northern of the Caribbean plate
was generalized from the idea of a double subduction or opposite subduction process
(Byrne et al. (1985). Currently, it is accepted the existence of the Gonave microplate
(Mann et al., 1991; 1995), the Hispaniola microplate and the Septentrional block (Byrne et al., 1985) and the Puerto Rico-Virgin Islands block ( Jasnma et al., 2000) (Fig.
2. 5). Each microplate is defined by active boundaries and presents a significant differ27
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ential movement both in magnitude and in azimuth within boundary between the Caribbean and North American plates (Mann et al., 2002).

2.2.2. Evolution
In this section we briefly review the tectonic evolution of the northern boundary of the
Caribbean plate from the Late Cretaceous to the Holocene proposed by Dolan and
Mann (1998). This evolutionary model shows characteristics that should be taken into
account in order to understand the current configuration of microplates and tectonic

Fig. 2. 6. Tectonic setting of the northern Caribbean plate from the Maastrichtian to Holocene. Figure
from Dolan and Mann (1998).
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blocks (Fig. 2. 6).
1) During the Maastrichtian (A), is produced the collision of the proto-Caribbean
with the North and South American plates. The collision took place by the east motion of the proto-Caribbean, which collided in the Central American region.
2) Between the late Paleocene and early Eocene (B), the NE motion of the arc continues, colliding with the passive margins of W Cuba and N South America.
3) At the end of the early Eocene (C), the collision migrates from the W to the center
of Cuba, resulting in an hourly rotation of the collision margin and the progress of
the arc to the NE is interrupted by the entry of the Bahama Banks into the subduction zone. As a result, the Yucatan Basin passes to form part of the North American
plate.
1) Between the middle Eocene and the middle Miocene (D), the collision cannot
progress further to the north-east due to the collision with the Bahama Banks, resulting in the formation of the Cayman Basin. The Caribbean plate rotates clockwise and continues to move in a east direction.
2) After the Middle Eocene (E), the oblique collision between the Caribbean plate
and the Bahama Banks produces a tectonic transpression and the uplift of Hispaniola. In the north of South America, the oblique collision continues to migrate
along the passive margin.
3) Finally, after the Middle Eocene, (F) the transpression between the Caribbean plate
and the Bahama Banks results in the take-off of the Gonave microplate along the
Enriquillo-Plantain Garden Fault Zone. In South America the transpression is reduced because the movement of the Caribbean plate is sub-parallel to the passive
margin.
According to this model the north segment of the Caribbean plate, from Cuba to the
Virgin Islands, has been inactive since the collision with the Bahama Banks, between
the late Paleocene and early Eocene. The major collision pulses were diachronic along
the island arc: Late Paleocene to Early Eocene in west of Cuba, Early to Middle Eocene in central Cuba, Eocene to present day in Hispaniola and Late Eocene to Early
Oligocene in the Puerto Rico - Virgin Islands block (Dolan and Mann, 1998).
29

Chapter 2

Tectonic setting

2.3. Northeastern boundary of the Caribbean Plate
This PhD thesis has been developed on the northeastern boundary of the Caribbean
plate. In this region there are several tectonic processes in a relatively small area. Thus,
the study area has a great structural complexity, which partially remains unexplained despite the large number of studies carried out. This section describes the regional geological and tectonic setting, as well as the local tectonic features. Finally, a review of previous tectonic models is made.

2.3.1. Overview
Along the northern margins of Hispaniola and Puerto Rico, oblique convergence between the NOAM and CARIB plates is taking place with CARIB plate moving eastward (70°) at a rate of 18–20 ± 3 mm/year. (Fig. 2. 7; DeMets et al., 2000; Mann et al.,
2002; Calais et al., 2016). The motion of the CARIB plate relative to NOAM plate in
the NE Caribbean involves oblique convergence and frontal subduction of the Atlantic
oceanic lithosphere under the Lesser Antilles, transitioning to oblique subduction
along the E-W oriented Puerto Rico Trench (8300 m-deep) without strain partitioning in Puerto Rico and oblique collision along the WNW-ESE oriented Hispaniola
Trench (4000 m-deep) with strain partitioning in Hispaniola, and to pure strike-slip
motion along the southern margin of Cuba (e.g. Calais et al., 2016).
The east-to-west transition from the Puerto Rico to the Hispaniola trenches has yielded a segmented margin where the transition from oblique subduction to collision- underthrusting takes place (Calais et al., 2016). The main geomorphic features of this
change are the northward shift of the NOAM-CARIB plate boundary, the significant
decrease in depth of the trenches and the change in orientation from E-W to ENEWSW. This change is located where the buoyant Bahamas Carbonate Province
(BCP) (22–27 km-thick; Dolan et al., 1998) collides with the Hispaniola island arc
along a 350-km-long segment (Fig. 2. 7; Dolan et al., 1998; Mann et al., 2002; Calais
et al., 2002; Pérez-Estaún et al., 2007; Calais et al., 2016). The collision process began
in the Eocene and has conditioned every structural, seismological, and sedimentological feature in the northern margin of the CARIB plate (Pindell and Barrett, 1990;
30
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Fig. 2. 7. Tectonic setting of Hispaniola and surrounding regions. The black arrow indicates the plate
convergence direction of NOAM relative to CARIB. Blue circles show the tectonic sectors of the NE
Caribbean described in the section 2.3.1. NHDB: Northern Hispaniola Deformed Belt; SOFZ: Septentrional-Oriente Fault Zone; EPGFZ: Enriquillo-Plantain Garden Fault Zone.

Dolan et al., 1998; Mann et al., 2002). This collision produces a slowdown of the subduction process, because the morphology of the banks increases the frictional resistance
on the subduction interface, resulting in a collisional margin (Dolan et al., 1998;
Pérez-Estaún et al., 2007). The result is a 350 km-long segment along the Northern
Hispaniola Margin where the oblique collision/underthrusting between the NOAM
and CARIB plates takes place (Dolan et al., 1998; Mann et al., 2002; Calais et al.,
2002; Mann et al., 2004; Pérez-Estaún et al., 2007; Van Benthem et al., 2014; Calais et
al., 2016).
In Hispaniola, the accommodation of strain is highly distributed, and the strain is accommodated by the coexistence of sub-parallel structures to the collision margin (Dillon et al., 1996; Dolan et al., 1998). The Northern Hispaniola Deformed Belt (NHDB),
which constitutes a N-verging fold-and-thrust system sub-parallel to the trench, accommodates the movement normal to the margin and the left-lateral strike slip faults
accommodates the displacement parallel to the margin (Septentrional-Oriente Fault
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Zone (SOFZ) and Enriquillo-Plantain Garden Fault Zone (EPGFZ) (Fig. 2. 7; Mann
et al., 1995; Dolan et al., 1998). As a result of the tectonic complexity of the study area,
it can be divided into different tectonic sectors which, although separated by only a few
hundred km or even less, present very different tectonic frameworks (Fig. 2. 7). Therefore, we will now go on to describe the tectonic setting of each sector.

2.3.1.1. Northern Hispaniola and Bahama Carbonate Province
In the NE of Hispaniola there is a rotation towards the NW of the plate boundary,
turning into an E-W trending. This change in orientation of the plate boundary matches with the entrance of the Bahama Carbonate Province (BCP) into the subduction
zone as a result of the relative displacement of the Caribbean plate towards the E with
respect to the North American plate (Fig. 2. 8). The Bahama Carbonate Province are
formed by carbonate rocks deposited on the oceanic crust of the North American plate
in a passive margin environment, giving a stimulated cortical thickness from 22 to 27
km (Fig. 2. 8; Dolan et al., 1998). The study region only embraces the southeastern termination of the large BCP (Fig. 2. 8; Mullins et al., 1992), that consists of coalesced carbonate banks separated by wide and deep passages (Eberli and Ginsburg,
1987). As a result of plate convergence, the relative thicker crust of the BCP behaves as
a tectonic asperity slowing down and blocking the true subduction observed eastward
in the Puerto Rico Trench. The carbonate banks are obliquely impinged into the island
arc, forming an almost continuous 175 km-wide collision strip (Fig. 2. 8; Dolan et al.,
1998). The collision/ underthrusting process began in the Eocene, and has conditioned
every structural, seismological, and sedimentological feature in the northern margin of
the CARIB plate (Pindell and Barrett, 1990; Dolan et al., 1998; Mann et al., 2002).
Due to the collision, the southern slope of the banks has suffered great erosion and dismantling, showing a terraced morphology as the result of a strong S-dipping normal
bend-faulting (Mullins et al. (1992).
The channels between banks have had structural control which are interpreted by Mullins et al. (1992) as ancient structures inherited from an Early Cretaceous rifting stage of
the North Atlantic. This could be a first-order mechanism for the bank segmentation
and basin physiography in the southeast BCP (Freeman-Lynde and Ryan, 1987).
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Fig. 2. 8. Tectonic setting of the northeastern boundary of the Caribbean Plate. Figure from Dolan et al.
(1998). OFZ: Oriente Fault Zone; EPGFZ: Enriquillo-Plantain Garden Fault Zone; SFZ: Septentrional
Fault Zone; HBCZ: Hispaniola-Bahamas Collision Zone; PR: Puerto Rico; GBB: Great Bahama Bank;
CB: Caicos Bank; MB: Mouchoir Bank; SB: Silver Bank; NB: Navidad Bank.

The Hispaniola Trench is much narrower, sinuous and shallower (4,000 m-deep) than
the Puerto Rico Trench (8,300 m-deep). The morphology of the Hispaniola Trench is
complex and can be divided into two areas:
•

A western area where the Hispaniola Trench is represented by the Hispaniola Basin
which opens to the west at longitude 71.8°W to form the Caicos Basin. The Hispaniola Basin consists mostly of a sinuous, featureless, flat-bottomed (seafloor slope
< 2°) elongated depression, with depths around 4200m. The width of the Hispaniola
Basin is very variable and is conditioned by the irregular morphology of the Bahamas spurs and the existence of wide passages between the banks. To the E, The Hispaniola Basin is interrupted by the Silver Spur where the water depth decreases to
2500m and producing a bathymetric step of 300m. In the southern part of the Hispaniola and Caicos basins the turbiditic levels are progressively tilted towards the
north, folded and cut-off by the N-verging thrusts and finally incorporated to the
Northern Hispaniola Deformed Belt.

•

An eastern area where the Hispaniola Trench is composed by an alternation of
bathymetric highs and lows deepening from W to E, from 4500 m-deep in the Santisima Trinidad Basin to 8350 m-deep in the Puerto Rico Trench. The highs corre33
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spond to the Bahamas carbonate spurs that are impinged into the Forearc and the
lows are occupied by isolated and E-W trending elongated basins similar to those
observed in the NOAM north of Puerto Rico. The bathymetric steps (highs) match
with the transverse tear faults, adjusting the huge difference in water depth between
the Puerto Rico and the Hispaniola trenches (~4150m difference; Fig. 2. 8) and
crustal thickness.
Because of convergence, south of the Hispaniola Trench is located the compressive
Northern Hispaniola Deformed Belt (NHDB), which constitutes a N-verging foldand-thrust system sub-parallel to the trench (Fig. 2. 8; Dillon et al., 1996; Dolan et al.,
1998). Block modeling of GPS velocities indicates that NHDB is building up elastic
strain at a rate of 1–3 mm/year. (Fig. 2. 8; Calais et al., 2002; Manaker et al., 2008; Calais et al., 2010; Benford et al., 2012). Onshore, oblique convergence is fundamentally
accommodated by the Septentrional-Oriente Fault Zone (SOFZ; Calais et al., 2002).

2.3.1.2. Southern Hispaniola and Puerto Rico
This area is mainly characterized by the interaction of two tectonic processes: in the
western part the left-lateral strike slip EPGFZ, and in the eastern part, the Muertos
Trough and the Muertos Deformed Belt (Fig. 2. 7). The intersection of the Beata
Ridge, aligned SO-NE, with the Muertos Deformed Belt (E-W) causes a change in
the tectonic regime of the area (Hernaiz, P. P., 2006). This deformed belt curves towards
the N and seems to disappear, possibly being replaced by the EPGFZ (Biju-Duval et
al., 1983). The relay from one tectonic regime to another occurs in the zone of influence of the Beata Ridge, which would act as a rigid body that prevents subduction to
the north and indents towards the NE (Mauffret and Leroy, 1999; Hernaiz, P. P., 2006).
The Beata Ridge constitutes a structural remnant of old plate boundaries. Currently it
behaves as an aseismic and rigid body, although an associated tear fault has also been
proposed (Diebold and Discroll 1999).
The EPGFZ is a left-lateral strike slip fault, which runs parallel to the SOFZ, crosses
the South Peninsula of Haiti (Fig. 2. 7; Mann et al., 1998). It then extends more than
1000 km from the Cayman Trench to Hispaniola, passing through Jamaica and the Jamaica Passage (e.g. Mann and Burke, 1984; Leroy et al., 1996b). Together with the
SOFZ, this detachment delimits a block known as the Gonave Microplate (Rosen34
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crantz & Mann, 1991), between the islands of Cuba and Jamaica (Fig. 2. 7). The estimated displacement rate from GPS data is around 8 mm/year (Mann et al., 1998, 2002)
The Muertos Trough, with 5,550 m-deep is located south of the Mona Passage (Fig.
2. 7; Granja et al., 2006). In its western part ends in the Beata Ridge and towards the E
ends in the vicinity of the Aves Ridge. According to existing studies, this trough has
been defined as a subduction zone with a very extended Wadati-Benioff zone, dipping
about 10º towards the N (Ladd et al., 1977 and Byrne et al., 1985). The maximum estimated convergence occurs in the W, reaching 3 mm/year (Calais et al., 2002) or 7 mm/
year (Mann et al., 2002). Convergence decreases from the W to 65ºW, where it ends
(Masson and Scanlon, 1991). There is an associated compressive deformation belt where
folds and thrusts are observed (Muertos Deformed Belt; Case and Holcombe, 1980;
Ladd et al., 1977).

2.3.1.3. Windward Passage
The Windward Passage is a 90 km-wide strait located between southeastern Cuba and
the northwestern peninsula of Haiti (Fig. 2. 9). The Windward Passage consists of the
Windward Passage Deep and the Windward Passage Sill.
•

The Windward Passage Deep is a rectangular depression of 50 km-length and 10
km-wide ranging 3500–3750 m-deep (Fig. 2. 9). Calais and de Lépinay (1991) interpreted the tectonic regime in the Windward Passage area as a pure left-lateral
strike slip. Also, they confirmed by geological information that the SOFZ in not
connected, through the Windward Passage, with the Northern Hispaniola Deformed Belt, which had previously assumed from seismological data (Molnar and
Sykes, 1969; Kelleher et al., 1973; Sykes et al., 1982).

•

The Windward Passage Sill is a narrow east-west trending submarine ridge (25 kmwide and 125 km-long) between the Punta Caleta off Cuba and the northwestern
peninsula of Haiti that rises up 1000m above the Windward Passage Deep and the
Hispaniola Trench (Fig. 2. 9; Calais and De Lépinay, 1995)
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Fig. 2. 9. Bathymetric map of the Windward Passage. Figure from Calais and Lepinay (1995).

2.3.1.4. Mona Passage
On the northern slope of the island arc, between Hispaniola and Puerto Rico, there is
the Mona Rift which shows a cumulative E-W opening rate of 5mm/year ( Jansma et
al., 2000) and activity for at least 1.2 Ma (Larue and Ryan, 1990). Based on observations made by López-Venegas et al. (2008) and Ten Brink et al. (2004), the Mona Rift
NW of Puerto Rico consists of three en-echelon depressions of 5000, 7800, and 8150m
of water depth (Fig. 2. 10). This would be the main structure that would accommodate
the differential displacement between Hispaniola and Puerto Rico observed from GPS
data ( Jansma et al., 2000).
West of the Mona Rift is the Mona Block, a 42 km×60 km high standing carbonate
structure that rises up to 6.5 km above the surrounding seafloor (relative to the Mona
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Rift seafloor), reaching a minimum water depth of 966m giving a lenticular map-view
shape. (Fig. 2. 10) It is defined by Mann et al. (2002), and Mondziel et al. (2010) as a
structural asperity from the southeastern end of the Bahama Carbonate Province that
cannot be subducted. In contrast, Fox and Heezen (1975) and Perfit et al. (1980) on the
basis of core samples taken in Upper Mona Block and in the Middle Slope, suggested
that the Mona Block is a piece of a continuous strip of uplifted blue schist terrains with
black marbles related to the obduction of carbonate materials in the forearc derived
from the BCP during the Cretaceous subduction.

Fig. 2. 10. Three‐dimensional shaded relief map of the Mona Passage. Figure from Mondziel et al.
(2010).

37

Chapter 2

Tectonic setting

2.3.1.5. Puerto Rico Trench
The Puerto Rico Trench is the deepest part of the Atlantic Ocean (8,340 m-deep). It is
an atypical oceanic trench, in which there is a very oblique subduction to the trench axis
(10º-20º) with a large component of left-lateral strike slip (ten Brink and Lin, 2004). In
addition to this unusual depth of the ocean floor, it also has the largest free-air gravity
on Earth (-350 mGal), located 50 km south of the trench axis, and over the forearc
(Fig. 2. 11; ten Brink, 2005).

Fig. 2. 11. Bathymetric map of Puerto Rico Trench. Figure from ten Brink et al. (2004).

The presence of a carbonate platform on the north coast of Puerto Rico, tilted uniformly towards the trench, provides some measure of the strength of the vertical forces acting in the area. This platform began to be deposited horizontally in the late Oligocene,
on top of volcanic arc deposits formed from the Cretaceous to the early Tertiary. Then,
about 3.5 Ma. ago the platform was uniformly tilted 4º towards the trench along a 250
km length, with an estimated time interval between 14 and 40 k-years (ten Brink,
2005). Currently, the northern edge of the platform is submerged at 4,000 m-deep and
southern edge is on the island of Puerto Rico at 1-300 m-high.
The trench can be divided into two parts at about 65ºO-66ºO (Fig. 2. 11):
•

The western part, deeper and with very flat seabottom, is associated with a more
oblique convergence. Few deformation features are observed and it is covered by pelagic sediments (ten Brink et al., 2004). Seismic profiles show that beneath the sediments there are cortical blocks from the North American plate tilted towards the S.
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This tilting may be responsible for the extreme width of the trench in this area (ten
Brink, 2005). This unusually deep sector extends towards the south and covers parts
of the forearc. The trench narrows towards the west and becomes abruptly shallower
up to 4,700 m-deep, turning into the Hispaniola Trench, where the convergence is
less oblique, generating a collision margin (Pérez-Estaún et al., 2007).
•

The eastern part of the trench, is less deep and more sinuous (Fig. 2. 11). Seismic
lines show that beneath the sedimentary infill, there are flat-topped blocks of the
North American plate, unlike the tilted blocks of the western part referred to above
(Larue and Ryan, 1998, ten Brink, 2005). The north wall is intersected by a series of
normal faults with a vertical throw of up to 1,500 m, resulting in the formation of
narrow and elongated basins within the North American plate. Its genesis is related
to the bending of the North American Plate as it enters the subduction zone.

In the forearc, the Bunce Fault Zone (BFZ; ten Brink et al., 2004) is identified with
~535 km length and crossing the reliefs that form the foot of the accretionary prism
(Fig. 2. 11). It has been interpreted as a left-lateral strike slip fault. Reflection seismic
data show that the fault penetrates only through the “accreted” sediments, without
reaching the subduction interface located 5 km from depth (ten Brink and Lin, 2004).
The Bunce Fault ends at the western end of the trench diverging at several branches.
This fault appears to be the only active strike slip fault along the oblique subduction
zone. Its proximity to the trench suggests that the slip along the subduction interface is
oblique, which is in accordance with GPS measures and focal mechanisms. The BFZ is
diverted to the south at about 65ºW, perhaps because its trending is disturbed by the
oblique subduction of the Main Ridge (Fig. 2. 11). The subduction of the Main Ridge is
interpreted as generated by SO trending strike slip and reverse faults dipping in opposite directions on both sides of the ridge (ten Brink, 2005). Earthquake focal mechanisms and transverse seismic profiles showed that these reverse faults are still active (ten
Brink and Lin, 2004).

2.3.2. Kinematics
Considering the North American plate fixed, the rigid interior of the Caribbean plate is
moving eastward (70°) at a rate of 18–20 ± 3 mm/year. (Fig. 2. 12; DeMets et al.,
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2000; Mann et al., 2002; Calais et al., 2016). Along with the rigid interior of the CARIB, is moving the island of Puerto Rico, St. Croix (CRO1), the Lesser Antilles and the
area south of the EPGFZ (Sierra de Bahoruco). According to these data the Enriquillo
Fault could be considered as a plate boundary (Calais et al., 2002).

Fig. 2. 12. Velocities at selected GPS sites in the NE Caribbean shown with respect to the CARIB (a)
and to the NOAM (b) with error ellipses of 95% confidence. Figure from Calais et al. (2016).

Geodetic data show that Hispaniola’s motion towards the E with respect to the CARIB
plate, is slowed by the collision of the BCP with the NE of the island ( Jansma et al.,
2000; Calais et al., 2002; DeMets et al., 2000). From N to S there is an increase in the
rate of motion and in the eastward component (Fig. 2. 12; Calais et al., 2016). This variation, both in the magnitude and in direction, indicates that in Hispaniola the accommodation of strain is highly distributed, in which from S to N there is a decrease in the
40

Chapter 2

Tectonic setting

magnitude and a counter-clockwise rotation (Fig. 2. 12). These variations are accommodated in the Mona Passage where an E-W rifting process is taking place from the Neogene, with an opening rate of 5 mm/year ( Jansma et al., 2000).
Several geodetic studies have provided much information on the current kinematics and
neotectonics along the major structures of the northeastern boundary of the Caribbean
Plate. Also, velocities of active faults are estimated using block modeling of GPS velocities. Different blocks are designed to best fit with the geometry of the observed tectonic
structures. The purpose of these models is to estimate shifts in the boundaries of blocks
considered to be rigid. Therefore, it is possible to estimate velocities along tectonic
boundaries, not only on faults close to GPS measurements made on land, but also along
faults located at offshore. Thus, block modeling of GPS velocities indicates that
NHDB is building up elastic strain at a rate of 2–6 mm/year, the SOFZ 10–12 mm/yr
and the EPGFZ 5–7 mm/yr (Fig. 2. 12; Calais et al., 2002; Manaker et al., 2008; Calais et al., 2010; Benford et al., 2012; Symithe et al., 2015).
The strike-slip component is mainly accommodated along SOFZ in the north and
along EPGFZ in the south (Fig. 2. 12). The velocity along the SOFZ has been estimated at about 6-12 mm/year (Prentice et al., 2003). Velocities along the EPGFZ have also
been estimated to be about 4 mm/yr in Jamaica (Burke et al., 1980) and 8 mm/yr in
Haiti, based on cumulative left-lateral displacements (Mocquet and Aggarwal, 1983).
The compressive component is mainly accommodated by the NHDB and in Haiti by
the Trans-Haitian Belt (Fig. 2. 12). Although there are no geological measures of the
shortening rate on these structures, several geodetic measures are available. The NHDB
accommodates 2 to 6 mm/yr, while about 4 mm/yr of shortening is accommodated
along the Trans-Haitian belt, in southern Hispaniola (Calais et al., 2010). A recent
block modeling, based on a larger and more extensive set of GPS measurements than in
previous studies, has shown that the movement is currently transpressive along EPGFZ, with a significant amount of compression, while along the SOFZ in the north the
movement remains purely strike-slip (Benford et al., 2012). This model predicts 6.8
mm/year of left-lateral tear and 5.7 mm/year of onshore compression along EPGFZ,
near the 2010 earthquake location (Fig. 2. 12). Offshore in the Jamaica Passage the
same model predicts 5.0 mm/year of left-lateral tear and 2.7 mm/year of compression
in the west, in contrast to 7.3 mm/year and 3.2 mm/year respectively in the east (Fig.
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2. 12). Other model carried out by Symithe et al (2015), shows that the movement at
EPGFZ is mainly strike-slip in the west and in the center of the Jamaica Passage between Jamaica and Haiti. The compressive component increases towards the east, being
east of the Jamaica Passage at least one third of the total estimated velocity (9.8 mm/
year). On land, the compressive component continues to increase until it reaches the
same order of magnitude as the strike-slip component at Port-au-Prince.

2.3.3. Seismicity
In the NE of the Caribbean, major destructive historical earthquakes (Mw=7.3 at
Mona Passage, Mw=7.3 in the Virgin Islands; Reid and Taber, 1920) and with instrumental record (Ms=7.6 at Mona Passage in 1943, Ms=8.1 on the NE coast of Hispaniola in 1946; Dolan and Wald, 1998) have been reported (Fig. 2. 13).
Seismicity is clustered near the plate boundary without almost CARIB intraplate events
(Engdahl and Villaseñor, 2002). The maximum focal depths exceed 250 km in the subduction zone of the Lesser Antilles, but deep events also occur northern Puerto Rico
(150 km) and northeastern of Hispaniola. The majority of the focal depths do not exceed 70 km-deep and most are associated with the large structures developed along the
collision margin (NHDB, SOFZ and EPGFZ; Fig. 2. 13).
In the Lesser Antilles, an increase of the focal depth towards the W is observed, defining a Wadati-Benioff zone dipping towards the W that would represent the subduction
of the Atlantic oceanic lithosphere below the island arc. Towards the region of Puerto
Rico and Hispaniola the distribution of seismicity shows a chaotic distribution. Several
authors identified the Atlantic lithosphere slab subducting towards the S in the Puerto
Rico Trench, but fades towards the Hispaniola Trench (McCann and Sykes, 1984;
Dolan et al., 1998).
The distribution of seismicity allows us to observe several earthquakes swarms (Fig.
2. 13).
•

In the NE of Puerto Rico, where a vertical lithospheric tear fault has been proposed
(ten Brink et al., 2005).
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Fig. 2. 13. Seismicity map showing earthquakes recorded since 1900 with M>3.5 (NEIC catalogue: http://earthquake.usgs.gov/regional/neic/)
and focal mechanisms since 1976 (Harvard CMT catalogue). Epicenters are represented as a function of depth on a color scale. Yellow ellipses
show estimated historical ruptures derived from scientific literature. SOFZ: Septentrional-Oriente Fault Zone; BFZ: Bunce Fault Zone; EPGFZ:
Enriquillo-Plantain Garden Fault Zone.
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•

In Mona Canyon, where it is related to the opening of the rift.

•

A deep swarm located in the E of Hispaniola (70-150 km).

Most of shallow earthquakes are clearly associated with the large strike slip fault zones
located in the N and S of Hispaniola (Fig. 2. 13).
The earthquakes generated at the interface of the subduction zones are characterized by
an inverse fault mechanism, with a low dipping nodal plane which is approximately parallel to the trend of the trench, and another with strong dipping. However, this pattern
does not remain in the NE of the Caribbean plate, evidencing a greater tectonic complexity in the area. The focal mechanisms along the tear faults are characterized by nodal subvertical planes. In the northern boundary of the Caribbean plate, they are consistent with shallow left-lateral strike slip focal mechanisms associated with the SOFZ
and the EPGFZ (Mann et al., 1999).
The main faults along the NOAM-CARIB boundary plate (NHDB, SOFZ and EPGFZ) are associated with major earthquakes responsible for significant destruction: the
May 7, 1842 event with M8.0 (McCann, 2006; M7.8 by Russo and Villaseñor, 1995:
M7.6 by Ten Brink et al., 2011), the seismic crisis of 1943–1953 with five events of M >
7.0, the 1994 earthquake at Puerto Plata, the seismic crisis of 2003 with a main shock
of M6.3 and a large aftershock of M5.3 (Dolan and Bowman, 2004) and the 2010 Haiti earthquake (Calais et al., 2010; Prentice et al., 2010).

2.3.3.1. May 7, 1842 Haiti earthquake
The May 7, 1842 earthquake struck the northern coast of Haiti (Fig. 2. 13) at 17:00 local time with a magnitude of M 8.0 (McCann, 2006) or Mi 7.6 (ten Brink et al., 2011).
The earthquake caused extensive damage in the northwestern coast of Hispaniola, with
macroseismic intensities up to IX in Môle Saint Nicolas, Port-de-Paix, Cap Haitien,
and Fort Liberté in Haiti, and in Santiago in the Dominican Republic (ten Brink et al.,
2011). Earthquake shaking was felt in Cuba (intensity of IX), Jamaica, Puerto Rico, almost all the Lesser Antilles, New Orleans and throughout the southeastern U.S. coast
(Ardouin 1856; Heck 1947). The earthquake caused 5000 casualties in Cap Haitien,
half of its population at the time (Scherer 1912). It also caused severe damage in the
less populated cities of Port-de-Paix to the west (200 fatalities for 3000 inhabitants)
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and Santiago to the east in the Dominican Republic (200 fatalities for 30 000 inhabitants; Gaillier et al., 2015).
The earthquake caused a tsunami that killed 300 people with maximum wave heights of
2 m on the northern coast of Haiti. A maximum run-up of 4.6 m was recorded in the
city of Port-de-Paix (Scherer 1912; O’Loughlin & Lander 2003) 2003), where the tsunami first manifested itself as a 60–100m sea retreat followed by a returning wave that
flooded the city up to 400m inland (Madiou 1843). In Cap Haitien, the ocean inundated the business streets of the seafront (Ardouin 1856).
This earthquake has been associated with the strike-slip SOFZ (McCann 2006; Tabrez
Ali et al. 2008; ten Brink et al. 2011), however more recent studies (Gaillier et al., 2015)
suggested that the tsunami source could be related to a rupture along the NHDB.

2.3.3.2. 1943-1953 seismic crisis
The seismic crisis of 1943-1953 was characterized by the occurrence of large earthquakes, highlighting the July 29, 1943, M=7.8 event in the Puerto Rico Trench and the
August 4, 1946, M=8.1 event occurred in NE Hispaniola (Fig. 2. 14).
The August 4, 1946 event was the first of five large earthquakes of M>7 that struck the
northern coast of Hispaniola between 1946 and 1953 (e.g., Dolan et al., 1998; Dolan
and Wald, 1997) This event was probably the largest event to strike the area since at
least 1564 (Chalas-Jimenez, 1989). The 1946 aftershocks are distributed along the collision zone of the Navidad and Silver banks with the island arc. The oblique thrust mechanism and the shallow focal depth suggest that this event was nucleated in a highly
coupled segment of the interface between the NOAM and CARIB plates (Fig. 2. 14;
Dolan et al., 1998). This sequence includes two large aftershocks, one on August 8, 1946
with M7.6 located offshore north Hispaniola, and another on October 4, 1946 with
M7.0, located southeast of the main event. In addition to these early aftershocks, two
others occurred west of the main event with M7.3 (April 21, 1948) on the Samana
Peninsula and with M7.0 (May 31, 1953) in the city of Sosua (Fig. 2. 14). Focal mechanisms show reverse fault slip with nodal planes dipping to the S and SW. However, the
rake shows a very oblique movement in relation to the plate boundary, between ~40°
and 90°.
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Fig. 2. 14. Focal mechanisms of mainshocks and major aftershocks of the 1943-1953 seismic sequence.
Figure from Dolan and Wald (1997).

The 1946 main earthquake was followed by a tsunami that mainly impacted in the
coastal towns of the Bahía Escocesa (Lander et al., 2002 and references therein; Fritz et
al., 2017). Tsunami historical records showed maximum run-up of 4-5 m and caused
around 100 fatalities in Bahia Escocesa (Lynch & Bodle, 1948). Subsequent casualty
counts raise the number up to 1790 (O’Loughlin and Lander, 2003). Matancitas and
nearby coastal towns were destroyed by the tsunami and abandoned. Farther north, at
the mouth of Rio Boba, higher coast relief overtopped by the tsunami required tsunami
heights of 4–5m (Lynch and Bodle, 1948). The tsunami impacts peaked with maximum
tsunami heights exceeding 5m between Cabrera and El Limon (Fritz et al., 2017). A
maximum tsunami height of 8m was measured in Playa Boca Nueva (Fritz et al., 2017)
In the eastern termination of Bahía Escocesa, at Cabo Samaná, several ebbs and flows
were observed, but no damage occurred. Tsunami inundation distances of 600m was
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measured at las Terrenas and Playa Rincon on the Samaná Peninsula (Fritz et al., 2017).
Effects of this tsunami were reported in Puerto Rico, Bermuda, Florida and Atlantic
City (O’Loughlin & Lander 2003).
The sources of the August 4th, 1946 large tsunami and subsequent smaller tsunamis remains unknown after several studies from seismological point of view (Heck, 1947;
Lander, 1997; Dolan et al., 1998; O’Loughlin and Lander, 2003; Gailler et al., 2015;
Grilli et al., 2016). Based on the places impacted by the tsunami, Dolan and Wald
(1998) suggested that it was probably caused by seafloor co-seismic rupture associated
with propagation of the mainshock rupture to the sea floor at the collisional deformation front. They interpreted and elongated basin slope at the base of the Samaná Peninsula slope, bounded southward by a N-dipping normal fault and northward by a S-dipping reverse faults with significant reverse strike-slip component. Dolan and Wald
(1998) suggested that these structures could be the source of the tsunami.

2.3.3.3. 1994 and 2003 Puerto Plata earthquakes
On July 12, 1994, a moderate earthquake occurred in the tourist city of Puerto Plata,
located in northern Hispaniola (Fig. 2. 13) with a focal mechanism of pure reverse
faulting in a nodal plane dipping to the south. This mechanism was interpreted as occurring in a reverse fault associated with the NHDB (Dolan et al., 1998).
On September 22, 2003 a Mw=6.4 earthquake triggered a seismic crisis that shook the
northern part of the Hispaniola near Puerto Plata (300,000 inhabitants) causing substantial material damage that extended up to 30 km to the South, in the city of Santiago de los Caballeros (over 500,000 inhabitants; Dolan and Bowman, 2004). The mainshock was followed by numerous aftershocks for more than a month, highlighting the
Mw=5.6 aftershock that occurred one hour after the mainshock. The focal solutions
provided by the Harvard Global CMT catalog and by the USGS (FMT) are consistent.
The calculated focal mechanisms consist of an almost pure reverse fault with a nodal
plane dipping a few degrees towards the south and another subvertical. The USGS focal
mechanism also shows a minor strike slip component.
The epicentral zone of the September 2003 seismic crisis is close to the Septentrional
Fault (Mann et al, 1984; Mann and Burke, 1984; Calais et al., 1992; Grindlay et al.,
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1997; Dolan et al., 1998; Mann et al., 1998) (Fig. 2. 13). This fault that is very close to
the main population centers of northern Hispaniola, such as Santiago de los Caballeros,
and it is initially believed that it could have been the source of the seismic crisis. However, epicentral location as well as focal mechanisms suggest that the main event occurred at the interplate detachment or the NHDB (Dolan and Wald, 1998; Dolan and
Bowman, 2004).

2.3.3.4. 2010 Haiti earthquake
The January 12, 2010 Haiti earthquake with Mw 7.0 destroyed part of the Haitian capital Port-au-Prince. This earthquake was the largest that struck the southern part of
Hispaniola since the events of 1751 and 1770 (Calais et al., 2010). Its epicenter is located at 18°44 N latitude and 72°57 W longitude, about 15 km away from Port-au-Prince,
and caused more than 200,000 casualties and property damage estimated at more than
8 billion dollars (Fig. 2. 15; Calais et al., 2010).

Fig. 2. 15. Location of the January 12, 2010 Haiti earthquake. The black line indicates the Enriquillo-Plantain Garden Fault Zone, the red box the earthquake rupture area, and the white circles the aftershocks that followed the earthquake. Figure from Granja-Bruña et al. (2011).

This earthquake initiated at a depth of 13 km and was felt in 150 km around the epicenter. Initially, it was attributed to the large left-lateral strike slip EPGFZ, which is assumed to be responsible for the most recent historical earthquakes of 1751 and 1770
(Bilham, 2010a), since the focal mechanism is mainly strike-slip (Fig. 2. 15). However,
geological and geophysical studies carried out shortly after the earthquake showed that
the EPGFZ could not be alone the cause for this event.
Field studies, GPS measurements, radar interferometry and seismic records of aftershocks showed that the earthquake did not cause any surface rupture (Prentice et al.,
48

Chapter 2

Tectonic setting

2010) and with transpressive movement, showing a large compressive component (40%;
Calais et al., 2010). Radar interferometry also show vertical deformation associated with
a coastal uplift of around 0.6 m during the earthquake (Hayes et al., 2010).
Several models have been proposed to explain the cause this event. According to Calais
et al (2010), a north-dipping reverse fault located near the municipality of Léogâne and
named the Léogâne Fault could be at the origin of the 2010 earthquake. The slip, with a
maximum value of 5 m, would be concentrated between about 5 and 20 km deep, and
would not reach the surface.
Contrary to the model of Calais et al. (2010), Hayes et al. (2010) suggested a set of ruptures along several fault planes to explain the earthquake. According to them, the rupture would have started on a deep part of the EPGFZ, then migrated to a north-dipping fault similar to the Léogâne Fault and finally activated a south-dipping fault plane
to the east of the zone. Bilham (2010b) suggests the opposite, with a initial rupture
along the Leogane Fault followed by a slip over a deep part of the EPGFZ.
Mercier de Lépinay et al (2011), through the installation of a temporary network of
seismological stations offshore after the earthquake, showed as Nettles and Hjörleifsdottir (2010), that the majority of the aftershocks had compressive focal mechanisms.
They interpreted that the co-seismic slip might take place on a previously unknown
264°E trending fault plane dipping to the north. Furthermore, aftershocks in the western part of the zone could correspond to the activation of the south-dipping reverse
fault in the Trois Baies.
Finally, a study was conducted to relocate the aftershocks using the recordings temporary seismological stations installed following the earthquake. Earth. Douilly et al.
showed (2013) that the spatial and depth distribution of the aftershocks outline the
Léogâne fault plane considered in the models of Calais et al (2010) and Mercier de
Lépinay et al (2011) as the origin of the earthquake. They also show seismicity on the
Trois Baies Fault. Symithe et al (2013) also propose that the triggering of the Trois
Baies Fault is due to an increase in Coulomb stresses following the co-seismic rupture
of the January 12, 2010 mainshock.
Therefore, the results of these studies agree with the fact that the EPGFZ itself was
not the cause of the 2010 earthquake and is still currently accumulating tectonic strain.
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Thus, it remains a serious hazard that could produce major earthquakes in a future rupture.

2.3.4. Geology of Hispaniola
Among all the Caribbean islands, The Hispaniola presents the most complete geological record, from the Upper Jurassic to the present (Fig. 2. 16). The island of Hispaniola
is part of the Cretaceous volcanic arc of the Greater Antilles, formed on the Pacific
margin (Pindell et al., 2006). This volcanic island arc was active until the end of the Upper Cretaceous, where it is then thrusted over the Bahama carbonate platform and
formed into a collisional belt (Dolan et al., 1990). Thus, the geology of the island is the
result of the process of oblique convergence between the North American and Caribbean plates (Pérez-Estaún et al., 2007). The volcanic island arc complex forms the northern two-thirds of the island of Hispaniola, and constitutes the Central Cordillera and
the Septentrional Cordillera (Bowin, 1966; Lewis et al., 1991). The large Cretaceous
magmatic province (CLIP) is found in the Presqu’île du Sud and outcrops mainly in
the Massif de la Hotte and Massif de la Selle (Sen et al., 1988).
Specifically, the Dominican Republic contains island arc, forearc and back-arc rocks,
along with high-pressure metamorphic rocks and other collision units. High pressure
complexes with eclogite, blue schist and ophiolite complex that outcrops in the northern part of the island, are part of the collision wedge formed between the North American and Caribbean plates (Pérez-Estaún et al., 2007).
In Haiti, between the two volcanic domains (island arc and CLIP) are the Montagnes
Noires, the Chaîne des Matheux and Gonâve Island which constitute the Trans-Haitian folded belt formed from the Lower Miocene to the Pliocene (Pubellier et al.,
2000). This belt consists of a collision prism that propagates towards the southwest. The
sedimentary deposits that fill the basins are due to the erosion of adjacent thrusts and
are increasingly younger towards the southwest (Pubellier et al., 2000). The geological
map of Haiti (Fig. 2. 16) allows us to distinguish two main periods separated by a major
Paleocene unconformity (Boisson, 1987). The first period is found in the Southern Peninsula of Haiti, which is composed by a tholeiitic basement superimposed by an Upper
Cretaceous sedimentary series (Calmus, 1983). These units of the first geological period
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also outcrop in the Massif du Nord and the Northwestern Peninsula, with occasional
presence of Cretaceous island arc facies (Boisson, 1987). After the Paleocene discordance, there is a generalized limestone sedimentation from the Eocene over the whole
of Haiti. However, an alkaline volcanic event occurred in the lower Eocene, and outcrops in the Montagnes Noires (Butterlin, 1960). Hispaniola uplift is marked in the
Plio-Quaternary by the development of reef terraces in the Northwestern Peninsula,
and a generalized detritic sedimentation since the late Miocene (Fig. 2. 16).

Fig. 2. 16. Geologic map of Hispaniola. Figure from Pérez-Estaún et al. (2007) and modified from
Lewis y Draper (1990).

2.3.5. Geology of Puerto Rico
The island of Puerto Rico is part of a island arc complex consisting of Jurassic to the
Lower Tertiary volcanic, volcanoclastic and sedimentary basement (Fig. 2. 17). These
rocks represent one of the longest preserved island arc sequences in the world.
This basement is intruded by plutonic felsic rocks, and is covered by sedimentary rocks
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and sediments from the Oligocene to Present (Lidiak and Larue, 1998) (Fig. 2. 17).
This basement is intruded by plutonic felsic rocks, and is covered by sedimentary rocks
and sediments from the Oligocene to Present (Lidiak and Larue, 1998) (Fig. 2. 17). The
cartography of the island shows that the northern of the island is covered by a post-volcanic sedimentary platform without any deformation (Moussa et al., 1986), which is
formed by carbonates and other detritic materials. In the center and south of the island
the basement is covered by igneous rocks. The basement was deformed during the late
Eocene-early Oligocene period by E-W to NO-SE trending left-lateral strike slip
faults (Dolan et al., 1991; Bawiec, 2001).
The island is divided into three volcanic provinces ( Jolly et al., 1998), separated left-lateral strike slip faults and intruded by plutonic materials. Plutonic rocks can be subdivided into two groups based on their relationships to the surrounding volcanic rocks
(Smith et al., 1998). The first group comprises small stocks, which have affinities with
surrounding volcanic rocks of similar age. The second group consists of large (200 km2 )
batholitic bodies of granodiorite-quarzomonzonite-gabbro unrelated to volcanic activi-

Fig. 2. 17. Geologic map of Puerto Rico. Figure from Bawiec (2001) (USGS Open-File Report 98-38).

ty.

2.3.6. Geodynamic models
The tectonic framework of the NE boundary of the Caribbean plate has been explained
by several geodynamic models which involves the interaction of multiple processes: op52
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posite subduction (Byrne et al., 1985, Dillon et al., 1996; Dolan et al., 1998; Mann et
al., 2002); strain partitioning (Calais et al., 2002; Mann et al., 2004; Hernaiz, P. P.,
2006); crustal arching (van Gestel et al., 1998; Mann et al., 2005); lithospheric faults
(Diebold et al., 1999; ten Brink, 2005) and microplate tectonic (Byrne et al., 1985;
Mann et al., 1996, Jansma et al., 2000). Associated with the microplates, models of
crustal blocks rotation have been described (Reid et al., 1991; Masson and Scanlon,
1991; Larue and Ryan, 1998) and tectonic escape (Vogt et al., 1976; Jany et al., 1990).
Some models replace or exclude the others and others are complementary.
First studies made a physical description of large valleys originated by fault activity in
the Greater Antilles (e.g., the Cibao Valley in Hispaniola, located between two branches of the Septentrional Fault; Taber, S., 1922).
First studies in marine geophysics in the NE Caribbean were carried out by Ewing and
Worzel (1954), Worzel and Ewing (1954), Shubert and Worzel (1956) and Officer et
al. (1957). By acquiring and processing gravimetric and seismic data, they developed the
first crustal models.
Talwani et al. (1959a) performed a 2D cortical model across the plate boundary
throughout the island of Puerto Rico. (Fig. 2. 18) In this study they correlated the seismic wave velocity with density from empirical relationship (Nafe and Drake, 1963).
They determined the variation in the depth of the Moho and the crustal thickness
along the whole section, noting the different natures present in the Atlantic and Caribbean regions. As a remarkable point, at the date of publication, the Plate Tectonics concept was in its beginnings.
Bunce and Fahlquist (1962) and Sykes and Ewing (1965) conducted geophysical surveys in large areas of the Puerto Rico Trench and on the North American plate. They
proposed a process of oblique subduction between the North American plate and the
Caribbean plate along the Puerto Rico Trench.
Edgar et al. (1971), Ludwing et al. (1975) and later Burke et al. (1978) use the term
buoyant ocean floor when referring to the positive thickening and buoyancy of the crust
of the Caribbean plate. This property will give it a singular tectonic behavior, since it
will behave more rigidly against tectonic deformation and will offer a greater resistance
to subduction. As a consequence, the Caribbean plate will behave as the upper plate in
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relation to the North American plate (“normal” oceanic crust and Jurassic age).
Matthews and Holcombe (1974) from seismic reflection profiles in the area of the

Fig. 2. 18. Crustal model proposed by Talwani et al. (1959a)

Muertos Trough proposed the underthrusting of the Caribbean plate below the Greater
Antilles. They propose that The Hispaniola represents a complex boundary between the
North American and Caribbean plates, connecting the areas of the Puerto Rico Trench
and the Cayman Trench.
Vogt et al. (1976) propose a “tectonic escape” model of Puerto Rico with respect to Hispaniola (Fig. 2. 19). The collision of the Bahama Banks to the NE and the Beata Ridge
to the S prevents the island of Hispaniola from moving together with the island of
Puerto Rico and it is left behind. This difference in movement would be accommodated
in the Mona Passage.
Ladd et al. (1981), based on the deformation features observed in seismic reflection
profiles in southeast Hispaniola, propose a model for the origin of the basin-and-range
structure of the island. They suggest that the island is the result of compression in the N
with the Bahama Banks and in the S with the Beata Ridge.
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McCann and Sykes (1984) proposed a model that tried to resolve the extreme width
and depth of the Puerto Rico Trench. According to the authors, this trench has suffered
a process of tectonic erosion produced by the oblique subduction of seamounts of the

Fig. 2. 19. Geodynamic model of Vogt et al. (1976) and Jany et al. (1990)

North American plate (e.g., Main Ridge or Navidad Bank). The subduction of these
highs and their migration towards the W by the relative movement of the North American plate could leave the boundary areas through which they passed without support
giving rise to subsidence in the region of the trench and the forearc.
Masson and Scanlon (1991) from new seismic, bathymetric and reflectivity data propose that the plate boundary between the Caribbean and the North American plates
would be a strip 100 to 250 km wide with diffuse deformation and the predominance of
left-lateral strike slip faults.
Dolan et al. (1998) proposed a three-dimensional model for the N boundary of the Caribbean plate in which there is a collision between the upper mantle of the Caribbean
and North American lithospheres with opposite vergence. (Fig. 2. 20) They suggested
that the collision process is active between the N tilted Caribbean lithosphere and the S
tilted North American lithosphere, at least from the center of Puerto Rico to the center
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Fig. 2. 20. Geodynamic model proposed by Dolan et al. (1998) based on seismicity data.

of Hispaniola. This collision in the upper mantle generated a greater tilting of the
North American lithosphere as a result of the loading of the Caribbean lithosphere.
Jansma et al. (2000), based on GPS data, establish for the Puerto Rico - Virgin Islands
Block a rigid behavior and independent movement, which allows to accommodate
much of the deformation along the trench. GPS data precludes a current 25º counterclockwise rotation of the Puerto Rico-Virgin Islands Block (Masson and Scanlon,
1991) and are also inconsistent with the theory of the tectonic escape of that block towards the E (Vogt et al., 1976; Jany et al., 1990). GPS data are consistent with lateral
transpression movements in the Muertos Trough and Puerto Rico Trench, and E-W
opening of 5 mm/year in the Mona Rift. This opening rate implies a rift age of 2-3 Ma.
which is confirmed by marine geophysical data (van Gestel et al., 1998).
Mann et al. (2002) from GPS data and surface geological observations estimate a displacement rate of the Caribbean plate relative to the North American plate of 18-20± 3
mm/year with average azimuth 070º. This implies that at the N boundary, there is an
oblique collision between the Hispaniola and the Bahama Banks. Elastic models for
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Fig. 2. 21. Geodynamic model proposed by Mann et al. (1998). Number 1 shows relative motion direction between the Septentrional Block and the Atlantic slab along the south-dipping plate interface thrust
fault. Number 2 shows the relative motion direction between the Hispaniola and the underthrust slab.

this area support strain partitioning (Calais et al., 2002), with oblique slip in the outer
areas as low-angle reverse faults (e.g., Hispaniola Trench, Muertos Trough) and subvertical strike-slip faults in the inner areas (Fig. 2. 21; e.g., SOFZ and EPGFZ).
Mann et al. (2005) based on surface geological observations and seismic profiles in the
carbonate platform confirms the E-O oriented crustal arching model in response to an
N-S compression, which was previously proposed by Dillon et al. (1996) and van Gestel
et al. (1998).
ten Brink (2005) presents an alternative model to explain the great depth of the Puerto
Rico Trench, its extreme gravity anomaly and the presence of the carbonate platform
tilted uniformly 4º towards the trench (Fig. 2. 22). This model assumes the existence of
a vertical tear fault in the North American lithosphere, which would increase the angle
of subduction and thus the subsidence of the plate, favoring the formation of a deep
and wide trench, the uniform tilting of the carbonate platform towards the trench and
the uplift of the island. The author deduces the existence of the tear fault from seismic,
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morphological and gravimetric observations, has a SO-NE trending and is located in
the trench at about 64.5ºW. Meighan et al. (2013) and Ten Brink and López-Venegas

Fig. 2. 22. Sketches of the proposed model by ten Brink et al. (2005). A) North-south cross section at
the longitude of Puerto Rico showing the change in slab dip and topography from their initial profile
(dashed lines) to their present profile (solid lines). B) Diagram showing the formation of the vertical tear
fault, due to the subduction of a seamount (blue) and the increase in the angle of curvature of the trench.

(2012) proposed that the slab tear at 65°W might have caused by increasing of trench
curvature due to counterclockwise rotation of the PRVI block and the subduction of a
large seamount. Other studies (Harris et al., 2018) also proposed a slab tear in the
Mona Passage down to a depth of ~300 km and 50 km width.
Calais et al., 2016, from GPS data, reflected the along-strike variation in crustal thickness of the subducting slab. They showed, from E to W, the diachronic evolution of the
slow-down and stop of subduction process and the beginning of the collision of the
thickened BCP crust with the island arc.
Calais et al. (1992) and more studies on Haiti conducted by Corbeau et al. (2017, 2019)
suggested the existence of intermediate-depth seismicity associated to a slab break-off
of an inherited NOAM subducted slab below Hispaniola (Fig. 2. 23). Also Nuñez et al.
(2019) using 2-D P wave velocity models, show at southern Hispaniola an anomalous
zone of lateral velocity variation in the mantle that might be associated with a possible
detached oceanic slab from NOAM. An alternative hypothesis was proposed by Van
Benthem et al. (2014), suggesting that the intermediate-depth seismicity below Central
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Fig. 2. 23. Conceptual geological transect across Haiti from Corbeau et al. (2017) based on the Moho
and intracrustal discontinuity depths EPGFZ: Enriquillo-Plantain-Garden fault zone; SOFZ: Septentrional-Oriente fault zone.

59

Cordillera, may be the lateral push by the edge of the NOAM subducted slab onto the
CARIB plate.
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In this section, a description of the several techniques used in the present Dissertation
is given. Due to the extension of the study area, and since the aim of this research is to
cover from shallow morphology to a cortical scale, a combination of geophysical techniques with overlapping penetration and resolution has been necessary in order to fully
constrain the structural features at different scales.
The present study uses new data acquired in the marine geophysics NORCARIBE
cruise on board the Oceanographic Research Vessel “Sarmiento de Gamboa” (CSIC) in
November-December 2013. This cruise is part of the National Research Plan Project
“Geodinámica del norte del Caribe: Sector República Dominicana - Haití” (CGL
2010-17715) funded by the Ministerio de Ciencia e Innovación (I. P. Andrés Carbó
Gorosabel). Among the different techniques used in the cruise, the following have been
used for this research:
•

Navigation and positioning systems

•

Multibeam bathymetry

•

Multichannel Seismic Reflection

Multibeam bathymetry data of Haiti and eastern Cuba are from HAITI-SIS 1&2
cruises (2012 and 2013) on board the R/V L’Atalante (Leroy et al., 2015), providing a
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25 m-gridded bathymetric map. The Puerto Rico region was completed with a 50
m-gridded multibeam data from a compilation of several USGS/NOAA cruises (Andrews et al., 2013). Also, in order to increase the coverage, satellite bathymetry and topography data have been used:
•

Global bathymetric data is derived from satellite altimetry and oceanographic cruises with a resolution of 15 arc-seconds. This data is implemented in the General
Bathymetric Chart of the Oceans database (GEBCO; Weatherall et al., 2015). This
information is publicly accessible and is managed by the Intergovernmental Oceanographic Commission (IOC, of UNESCO) and International Hydrographic Organization (IHO). (http://ioc-unesco.org), (http://www.iho.in/).

•

Satellite altimetry data with 30 m resolution is from Shuttle Radar
Topography Mission (SRTM30; Farr and Kobrick, 2000). This mission has been
developed by the U.S. agencies: National Geospatial-Intelligence Agency (NGA)
and National Aeronautics and Space Administration (NASA). (https://www.nga.
mil), (http://www.nasa.gov).

The 2D single-channel seismic reflection data, from the MW8908 (1989) cruise, were
provided by The National Oceanographic and Atmospheric Administration National
Centers for Environmental Information (www.ngdc.noaa.gov). The 2D multi-channel
seismic reflection data, from the FM0503 (1980) and IG1503 cruises were provided by
the Academic Seismic Portal managed by University of Texas-Institute for Geophysics
(Christeson et al., 2017).
Earthquake epicenters were sourced from the Bulletin of the International Seismological Centre (ISC Bulletin; http://www.isc.ac.uk/iscbulletin/), filtered by magnitude>3.5
and dates between 1900 and 2018. The historical earthquakes in the study area come
from the Reviewed ISC Bulletin, which is manually checked by ISC analysts and relocated. CMT focal mechanism solutions correspond to the Harvard Global CMT catalogue (www.globalcmt.org) between 1976 and 2019. Long term GPS velocity field
solutions from UNAVCO (https://www.unavco.org) given in the North American referenced frame (NAM08). Solutions are from the most recent “snapshot” velocity solution, generated approximately monthly (May 2019).
The different types of data have been integrated into the geographic information system
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software ArcGIS®, which has facilitated their representation and analysis. The processed multibeam data from NORCARIBE, HAITI-SIS and USGS/NOAA cruises
was merged in a single layer and uniformily interpolated in a 30 m resolution grid. This
processing was performed using the spatial geoprocessing tools integred in the ArcGIS
software®. Location of seismic profiles are mapped like vector layers. All maps in this
thesis are in geographic coordinates in the WGS84 proyection.

3.1. Navigation and positioning systems
3.1.1. Fundamentals
Georeferencing is one of the essential features in geophysical research. Positioning in
time and space of all the acquired data, enables comparison between different kind of
observations. This aspect is essential in marine geophysical cruises where broad types of
techniques such as multibeam bathymetry or seismic reflection are used.
The GPS system (Global Positioning System) working in stand-alone mode only provides an accuracy of ±10 m. Therefore, differential corrections of local application are required. Oceanographic vessels use a differential positioning system that simultaneously
provides pitch, speed, position and time information. Differential corrections are insertFig. 3. 1. Example of the EIVA
navigation system used in the
Sarmiento de Gamboa R/V.
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ed into this system every second, using a network of land-based referenced stations,
which send their differential corrections through a geostationary telecommunications
satellite. With these corrections, the location accuracy of the acquired data is submetric
(Prades et al., 2005; Technical Report of the Maritime Technology Unit He105).

3.1.2. Datasets
In the case of the 2013 NORCARIBE cruise, the navigation system EIVA (http://
www.eiva.com/services/positioning) was used to manage the tracking information of
the R/V Sarmiento de Gamboa (Fig. 3. 1). This software generates a geo-referenced
representation of the location of the vessel and creates a series of telegrams that supply
to several systems and tools.

3.2. Multibeam bathymetry
3.2.1. Fundamentals
Echo sounders are oceanographic research tools used to obtain high-resolution bathymetry data, and simultaneously, acoustic reflectivity values of the seafloor. They operate by
emitting multiple polarized acoustic pulses (beams), which reach the seafloor and travel
back to the surface, where they are received by transducers placed at the keel of the vessel (Fig. 3. 2). Getting the travel time of the emitted wave and knowing the speed of
sound through the water, the seafloor deep within the band covered by the emitted
acoustic pulse beams, is determined. In order to obtain total coverage of the surveyed
area, parallel and contiguous paths with a certain degree of overlap according to the application of the data (15-30%) are followed.
Echo sounder calibration is an essential element to ensure the quality of the data. This
allows to show errors in the acquisition system such as roll, pitch or time delays, and
thus to define the appropriate numerical corrections. For this reason, at the beginning
of the cruise, two areas are selected: one with a regular and flat seafloor, and other with
steep slopes. The performance of these calibrations is done under strict guidelines.
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Fig. 3. 2. A. Performance of a multibeam echo sounder (figure courtesy of Vicente Carrasco of
Konsgberg Maritime). B. Data acquisition of multibeam echo sounder following parallel navigation
tracks to achieve 100% coverage of the seabed. The black line indicates the ship’s path and the vertical
projection of the central beam. The colored areas show the area covered and overlapped area.

Monitoring variations in the speed of the sound through the water column is essential,
since from these variations the echo sounder will convert time into depth. For this reason, XBT speed probes (expendable bathytermograph) are launched during the acquisition. These sensors provide the sound velocity profile across the water column down to
several kilometers (Fig. 3. 3). Subsequently, the sound velocity values are transformed
into depths implementing the salinity values obtained with the XCTD probe and the
temperature and conductivity. The resulting profiles are sent to the multibeam echo
sounder, which automatically applies them to correct the measurement.

3.2.2. Datasets
Multibeam bathymetry data of the northern coast of the Dominican Republic was systematically mapped during the NORCARIBE geophysical cruise in November–December 2013 on board the Spanish R/ V Sarmiento de Gamboa using the hull-mounted multibeam Hydrosweep ATLAS DS echo-sounder system. The survey covered an
area of approximately 15,000 km2, between water depths of −500 and −4300m (Fig.
3. 4). The processed data was interpolated yielding a regular grid of 30 m-interval. The
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Hydrosweep ATLAS DS echo sounder uses 14.5-16 kHz emission frequencies and is
designed to operate between 10 - 11,000 m water deep (Technical Report of the Marine Technology Unit, CSIC). This echo sounder operates with 141 beams allowing a
maximum coverage of 6 times the depth (maximum 20 km), but in general the coverage
is approximately 4-5 times the water deep. The maximum vertical resolution is 0.2% of
the depth and the maximum horizontal resolution is <10 cm. For example, if the vessel
operates on a flat seafloor of 5000 m water deep, the width of the area covered by the
beams can be up to 20 km with a vertical resolution of 10 m.

Fig. 3. 3. A. Release of a probe to determine the sound speed across the water column (2013 NORCARIBE cruise). B. Chart showing the variation of the sound speed within the water column.

The oceanographic cruises of HAITI-SIS 1 & 2 took place from 25 November to 23
December 2012 and from 6 to 20 November 2013 respectively on board the R/V L’Atalante. More than 3580 km of the Jamaica Passage, the Gulf of Gonave, the Wind Passage and the Haitian sector of the Septentrional-Oriente Fault Zone were covered (Fig.
3. 4). The data were recorded using the EM122/710 echo sounder which provides a
high resolution image (25 m) in a bandwidth of 5 to 7 times the depth. The processing
of the multibeam bathymetry data was carried out on board the vessel by Genavir’s
electronic engineers. The Ifremer Caraibes® software was used to clean the data.
The bathymetry was completed with a 50 m-gridded multibeam data from a compilation of several USGS/NOAA cruises (Fig. 3. 4; Andrews et al., 2014). The multibeam
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bathymetric data of Puerto Rico were collected during eight separate surveys conducted
between 2002 and 2013. Four of these surveys were conducted on the NOAA Ship
Ronald H. Brown, two on the NOAA Ship Nancy Foster, one on the Ocean Exploration Trust’s exploration vessel Nautilus, and one on the Spanish R/V Hespérides (Andrews et al., 2013).

Fig. 3. 4. Digital Elevation Model (DEM) derived from the multibeam bathymetry data and completed
with data from GEBCO and SRTM datasets (Weatherall et al., 2015; Far and Kobrick, 2000). GEBCO
Bathymetry is shown in blue-purple color scale. SRTM dataset is shown as gray multidirectional hillshade. Red line marks the boundary of 30 m-gridded data from NORCARIBE cruises. Blue line marks
the boundary of 30 m-gridded multibeam data from HAITI-SIS cruises (Leroy et al., 2015). Yellow
marks the boundary of 50 m-gridded multibeam data from a compilation of USGS/NOAA cruises (Andrews et al., 2014). PR; Puerto Rico.

3.2.3. Processing
The processing of the data from the NORCARIBE 2013 cruise was carried out using
the CARIS HIPS and SIPS software. HIPS (Hydrographic Information Processing
System) and SIPS (Sonar Information Processing System) are designed to get and pro-
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cess multibeam bathymetry data and sidescan sonar data respectively. Using filters and
statistical algorithms such as the creation of BASE products (Bathymetry associated
with statistical errors) with the CUBE option (Combination of uncertainty of bathymetry statistics), facilitates the task of data cleaning.
Multi-beam data processing mainly consists of three steps:
•

Data correction.

•

Data cleaning.

•

Data display.

A summary sequence of the process, from acquisition to obtaining the final products, is
described as follows:
1) Import and conversion: Import of the raw data and conversion to the software file
format.
2) Corrections: Addition of tide information to correct the soundings to a standard sea
level.
3) Data Cleaning and Checking: Start with a visual inspection of the navigation data
and the vessel’s motion sensor data to identify and remove any invalid readings. This
is followed by a cleaning of any incorrect data (e.g. due to random noise or air bubbles in the water).T his cleaning step can be done either manually or by applying
filters. Thus, The cleaning of the data is done in two different ways:
•

Manual cleaning of the data of each swath strip (from each shot of each line
file) separately, and cleaning of subsets of data (from adjacent line files). For the
manual cleaning of bad data, both individual swath strips and data subsets, CARIS HIPS and SIPS offers an interface that allows the visualization of data
subsets in 2D and 3D, which is very useful to control the quality of the data
and that the overlap between adjacent lines is correct (Fig. 3. 5).

•

Filtering methods are numerous and can be more or less complex. The simplest
filtering methods filter maximum and minimum depths, narrow the swath
strips (the extreme beams are usually the noisiest) or use slightly more advanced algorithms, such as those for calculating the slope between adjacent
68

Chapter 3

Methods and data

sensors. The most modern filters perform complex statistical calculations, but
manual processing and checking is still necessary despite the high degree of refinement of these filters.
4) Data display. The processed data (x,y,z and reflectivity) can be displayed to interpret
the data by making digital elevation models (DEM) and reflectivity mosaics. At this
point, mesh size calculations, filtering and smoothing of the data are performed.
Once the DEMs are made, preliminary isoline maps can be extracted from them.
These may reveal some errors made in the processing step, so data returns to a new
non-automatic processing which are displayed again. This iterative process continues until the quality of the data is the desirable. With the final results, models derived from the DEMs can be performed, such as three-dimensional diagrams, slope
models, hillshade models, and colored maps.

Fig. 3. 5. Interface of the CARIS HIPS and SIPS showing the manual cleaning of the bathymetry data.

3.3. Satellite altimetry
3.3.1. Fundamentals
Multibeam bathymetry surveys, at 100% coverage, are certainly the best method to obtain an accurate image of the seafloor. However, bathymetry mapping is geographically
limited by the high cost and the time required for these campaigns. Thus, the areas covered by this kind of survey are exceptional.
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Since regional studies often imply the use of datasets from wide areas, bathymetry data
derived from satellite altimetry are commonly used. At present, artificial satellites allow
to perform worldwide coverage of the oceans. This has turned the satellite altimetry into
a basic tool for Oceanography and Geodesy, because it defines at a global scale the surface called Mean Sea Level, which is a good approach to the Marine Geoid (Rapp,
1993).
The fundamentals of bathymetry derived from satellite altimetry rest on three considerations (Sandwell and Smith, 1997; Smith and Sandwell, 1997):
•

The oceanic surface can be treated as an equipotential surface of the Earth’s gravitational field. As first approach, this equipotential surface can be considered spherical.
However, due to the Earth’s rotation, the equipotential surface is better defined as a
spheroid, in which the polar diameter is smaller than the equatorial one (43 km
smaller), and in which a homogeneous mass distribution is considered.

•

It is possible to detect small undulations, positive or negative, affecting the theoretical spheroid. These undulations are due to variations in the Earth’s gravitational field
produced by differential densities. The resulting surface, with large wavelength
(thousands of kilometers) and amplitude (tens of meters) fluctuations, is known as a
geoid.

•

The study of the fluctuations detected in the geoid allows us to calculate the gravitational effect that has generated them. Finally, from these gravitational effects, it is
possible to infer the morphology that originates this effect.

The altimetry data is acquired using a radar-altimeter installed on board an orbital satellite (e.g. SEASAT). The radar-altimeter measures the elevation of the sea level along
the path of each orbit. When the satellite goes through fixed stations, of location and
elevation defined, it references all the measures to the same reference level (Fig. 3. 6).
The geoid is obtained using the following mathematical expression (Tapley et al., 1982;
Rapp, 1993):
N = h - (H + hc)
where N is the height of the geoid, h is the height of the satellite above the spheroid, H
is the height between the satellite and sea level, and hc is the oceanographic factor.
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Two measures must be taken to determine the ocean surface (Fig. 3. 6). First, the height
of the satellite above the spheroid (h*) is measured by tracking the satellite from a global network of LASER and Doppler stations. The path and height of the satellite over
the nearest ocean surface (h) is measured by a microwave radar operating in a 13 GHz
frequency, since the ocean surface is a good reflector at this frequency. The radar illuminates a fairly large area of the ocean surface of about 45 kilometers in diameter. The
pulse footprint should be large enough to average local surface disturbances caused by
sea waves. The difference between the height above the spheroid and the height between the satellite and sea level is approximately equal to the height of the geoid , N
(Smith and Sandwell, 1997).

Fig. 3. 6. Diagram showing the use of spatial altimetry. ‘H’ is the
height of the satellite relative to sea level, measured by the travel
time of a radar pulse, and ‘h’ is the height of the satellite relative to
the reference ellipsoid (dashed red line). Modified from Sandwell
and Smith (1997)
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3.3.2. Datasets
Satellite altimetry data used in this study includes the GEBCO Digital Atlas with a 15
arc-second of resolution (Weatherall et al., 2015), and onshore data is from the SRTM
mission with a 30m of resolution (Farr and Kobrick, 2000; http://edc.usgs.gov/). This
datasets were merged with the multibeam bathymetry data to build for the first time a
continuous and high-resolution digital elevation model along the NOAM-CARIB
plate boundary (Fig. 3. 4).

3.4. Multichannel seismic reflection (MCS)
3.4.1. Fundamentals
Seismic reflection technique is one of the most effective methods for the research of the
inner structure of the Earth. It is based on the study of seismic wave propagation time,
which depends on the elastic properties of the rocks and the geometry of the lithological units, as well as on the frequency, waveform and amplitudes of the seismic pulses
(Kearey et al., 2002). The generated waves travel through the subsurface, being partially
reflected when they reach lithological discontinuities with a contrast of acoustic impedance, as well as other non-desirable effects (Fig. 3. 7; Lowrie, 2007). Acoustic impedance is a physical property that results from the contrast, between two juxtaposed layers,
of the product of the layer density and travel velocity of the seismic waves across them:
I = ρ∙υ

where υ is the velocity of the seismic waves and ρ the density of the acoustic layer. The
variability of the acoustic impedance across layers allows us to image changes in lithology or different structures at depth.
Seismic waves, when traveling, can be diffracted due to the gradual variation of density
with depth, but when they reach a discontinuity that separates lithologies with different
acoustic impedance, part of the energy of the wave is refracted according to the incident
angle of the waves on this discontinuity, and another part is reflected towards the surface (Fig. 3. 7). The aim of this method is to record partial reflections for later analysis.
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Fig. 3. 7. Diagram of a seismic wave
reaching an interface that separates two
layers with acoustic impedance contrast:
Reflection and Refraction

The energy originated by a shot and recorded as a time series by a receiver forms a seismic trace. Seismic traces are functions of the amplitude and time of the reflection (Yilmaz, 1987). Multichannel seismic reflection (MCS) is based on the recording of information from one shot on several receivers. Thus, acoustic impedance changes are
recorded by more than one trace which allows the decrease of acoustic noise and amplification of the real signal, which will be recorded in several seismic traces (Yilmaz,
1987).
In marine MCS experiments the waves are generated by artificial sources and detected
by sensors (hydrophones) that are towed by a vessel and located at specific locations at
discrete distances from the source (offset). The source-receiver distances range from tens
of meters to several kilometers depending on the purpose of the study. The most common acoustic sources in marine geophysical cruises are compressed air guns. (Fig. 3. 8).
Air guns are high energy sources powered by compressors capable of generating a
high-amplitude headwave with a broad frequency range, favoring the propagation of
the seismic wave down to several kilometers deep. Air guns are synchronized and arranged in a single or several arrays, which allows not only to increase the amount of energy but also to achieve a very narrow pulse (quasi-Dirac Delta) that guarantees the use
of the major modes of the released energy.
The energy reflected at each interface with acoustic impedance changes (on the sea floor
and subsurface), is recorded by the hydrophones. Hydrophones are devices that record
the pressure perturbations produced by the generated seismic pulse. Hydrophones are
devices that record the pressure perturbations produced by the generated seismic pulse.
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They are arranged with equidistant spacing along a cable, which we refer to as the
streamer (Fig. 3. 8). Hydrophones transform the water pressure fluctuations into electrical pulses which, through specific pre-amplifications and filters, give the seismic record.
Both, the number of hydrophones and their spacing can be variable depending on the
purposes, being possible to use streamers up to 15 km long and use several streamers simultaneously (2, 4,...16), as in the case of 3D multichannel seismic reflection.

Fig. 3. 8. A) Compressed air gun array of the R/V Sarmiento de Gamboa. B) Streamer of 3 km long.

The energy sources (airguns) and sensors (streamer) are towed by the vessel at constant
depths varying from 5 to 15 m (Fig. 3. 9) in order to avoid noise from the waves or from
the vessel itself. A tail buoy is placed at the end of the streamer to improve positioning
and stabilizers (birds) are placed at regular intervals to maintain horizontal. The streamer also carries electronic compasses that provide vectorial measurements of the course
and magnetic field (Fig. 3. 9).
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Fig. 3. 9. Diagram showing the acquisition of 2D marine seismic reflection data in the NORCARIBE
cruise aboard the R/V Sarmiento de Gamboa. The streamer and the air gun array are released from the
rear of the vessel. The streamer is equipped with stabilizers (birds) to maintain the horizontal. The
streamer also includes compasses (red) and a tail buoy.

3.4.2. Datasets and acquisition parameters
My PhD thesis is essentially based on marine deep seismic data acquired during the
NORCARIBE cruise in November 2013. During this survey, high-quality data were
obtained along the northern Dominican Republic margin. Moreover, additional data of
different resolutions and acquired during surveys in the area of Haiti have also been
available to me. Thus, I have also included complementary datasets from foreigner projects (Haiti SIS 1 & 2) or public available datasets (Marine Seismic Data Center from
the University of Texas at Austin). Acquisition parameters of each survey are detailed
below.

3.4.2.1. NORCARIBE cruise (2013)
The main dataset used in the frame of this PhD thesis were acquired during the NORCARIBE 2013 cruise (PI: Andrés Carbó Gorosabel) on board the Spanish R/V
Sarmiento de Gamboa (Fig. 3. 10).
The NORCARIBE cruise used a GGUN-II® ten-canyon array with a volume 1750 c.i.
submerged at 5 m and a shooting interval of 37.5 m This device provides a signal with a
low-middle frequency spectrum that allows maximum resolution with an average penetration of up to four seconds into the subsurface. The streamer used in the campaign
was the Sentinel Sercel® type with a length of 3 km submerged at 7 m depth. The
streamer contains 1920 hydrophones grouped in 240 channels separated by 12.5 m. At
the end of the streamer a tail buoy is placed to improve positioning and at regular intervals 8 stabilizers (birds) are placed to maintain horizontal. The streamer also carries 10
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electronic compasses every 300 m that provide vector measurements of the heading and
magnetic field, as well as being the mechanism for automatic recovery in case of accidental sinking (airbag).
The acquisition parameters of the MCS profiles are described in the following table
(Table. 3. 1).
NORCARIBE 2013

Number of active channels
Distance between channels
Total streamer length
Streamer depth
Distance source - first channel
CMP distance
Sample rate
Trace length
Shot distance
Air guns depth

240
12.5
3 km
7m
120 m
6.25 m
2 ms
12 s
37.5 m
5m

Table. 3. 1. Acquisition parameters of the MCS profiles during the NORCARIBE 2013 cruise.

3.4.2.2. HAITI SIS 1 & 2 cruises (2012, 2013)
The HAITI-SIS offshore cruise was conducted from 25 November 2012 to 23 December 2012 on board the Ifremer’s oceanographic vessel L’Atalante. A total of 190 seismic
reflection profiles were carried out, covering more than 3580 km of the Jamaica Passage,
the Gulf of Gonave and the Windward Passage (Fig. 3. 10). The HAITI-SIS 2 campaign was conducted from November 6 to November 20, 2013, on board the oceanographic vessel L’Atalante. The objectives of this campaign were mainly to complete the
previous campaign, covering the western part of the Windward Passage as well as the
SOFZ fault (Fig. 3. 10). A total of 54 seismic reflection profiles were acquired.
The seismic tool SISRAP used on board L’Atalante includes two air cannons of the
Generator-Inyector type of 2.46 L (150 in3) as well as a SERCEL 24-channel
high-resolution system. The total length of the streamer was 598 m. The streamer depth
was of the order of 6 to 7 m, and the guns produce a shot every 10 s, with a average vessel speed of 9.7 knots (Table. 3. 2).
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HAITI 1 & 2

Number of active channels
Distance between channels
Total streamer length
Streamer depth
CMP distance
Sample rate
Trace length
Shot distance

24
25 m
598 m
6-7 m
12.5 m
2 ms
5s
50 m

Table. 3. 2. Acquisition parameters of the MCS profiles during the HAITI SIS 1 & 2 cruises.

3.4.2.3. Other datasets
The 2D single- and multi-channel seismic reflection data, from the MW8908 (1989)
and FM0503 (1980) cruises, were provided by two public databases (Fig. 3. 10): The
National Oceanographic and Atmospheric Administration National Centers for Environmental Information (www.ngdc.noaa.gov) and the Academic Seismic Portal managed by University of Texas-Institute for Geophysics (Christeson et al., 2017), respectively. The single-channel profiles from the MW8908 cruise were acquired with either
one or two 120 c.i. air guns. The multichannel seismic profiles of the FM0503 cruise
were acquired with the NAVITAT satellite navigation system (NAVSAT), shot interval each 35m using 4 Bolt 4200 air-gun array with a total volume of 6000 c.i. The recording system consisted of a 3360 m-long digital streamer, with 48 channels regularly
spaced to 70 m. Seismic data in western Puerto Rico Trench from IG1503 (1975)
cruise, was provided by the Academic Seismic Portal managed by University of Texas-Institute for Geophysics (Christeson et al., 2017; Fig. 3. 10). The multi-channel seismic data of the IG1503 cruise (1975) were acquired using 3 Bolt 4200 air-gun array
with a total volume of 73,74 L and 24 channels (Ladd et al., 1977).
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Fig. 3. 10. Locations of the seismic datasets used in this thesis. Purple lines show MCS seismic reflection data from the HAITI-SIS 1 & 2
cruises, red lines show MCS seismic reflection data from the NORCARIBE cruise. Orange lines show single channel seismic reflection data
from the MW8909 cruise, blue lines show MCS seismic reflection data from the FM0503 cruise, and green line show MCS seismic reflection
data from the IG1503 cruise.
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3.4.3. Data processing
In a seismic trace, primary reflections are those associated with lithological changes or
fluid content, either related to stratigraphic changes or tectonic structures. These primary reflections are generated by contrast in acoustic impedance. However, besides these
primary reflections, the data also contains coherent and incoherent noise that deteriorates the signal and masks the primary reflections. Examples of coherent noise in marine seismic reflection are the multiple water-layer, source bubbles and refracted waves.
Moreover, the generated signal is not a perfect spike and high frequencies (those that
provide resolution to the seismic image) are losing energy with depth. All these problems affect the quality of the seismic image, although they can be attenuated with an
adequate processing of the data.
The processing flow of the seismic signal consists of three fundamental steps:
1) Shot-based preprocessing and noise suppression. This step consists mainly of suppressing noise in the signal such as that produced by the swell or the refracted wave.
It also includes deconvolution, which increases the vertical resolution by compressing the generated wavelet close to a spike, while suppressing reverberations.
2) Common Mid-Point (CMP) stack. This process is critical, as it increases the signalto-noise ratio.
3) Velocity analysis and migration. It removes diffractions and places primary reflections near their real position in the subsurface, increasing the horizontal resolution
(Yilmaz, 1987).
The success of the processing flow does not depend only on the correct choice of the
parameters of each process, but on the effectiveness of previous processing steps. Although there are many processes, these can be considered secondary, in the sense that
they help the effectiveness of the three main steps described above (Deconvolution,
CMP and Migration; Yilmaz, 1987).
In order to increase the signal-to-noise ratio, a time-domain processing flow has been
designed, with special emphasis on frequency and amplitude preservation, velocity determination and effective multiple attenuation. Since only raw seismic data from the
NORCARIBE 2013 cruise was available, this processing flow was only applied to the
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two seismic lines of this cruise present in the study area. The rest of the seismic data
from different cruises had already been processed and migrated and only post-migration
filtering was applied to improve the final seismic image.

3.4.3.1. NORCARIBE 2013 cruise
The processing flow in time-domain designed for the seismic lines from the NORCARIBE 2013 cruise has been performed with the commercial software Globe Claritas™
and can be divided into five main steps (Fig. 3. 11): I) Shot-based preprocessing and
noise suppression, II) Deconvolution, III) Multiple attenuation, IV) Pre-stack time migration, and V) Final stack.

Fig. 3. 11. Processing flow used for
processing the NORCARIBE 2013
dataset in time domain.
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Since the study area has a complex structure, examples from Marine Tutorial V68 by
Globe Claritas™ as well as other sources have been used to illustrate each process.

3.4.3.1.1. Shot-based preprocessing and noise suppression
In this first step the main goals are to boost the seismic amplitudes deeper in the record
and to remove some of the unwanted noise. It consists of data quality control, minimum
phase conversion, resampling of data, adding the geometry information, an amplitude
recovery to balance amplitude, refraction mute and swell noise removal.
A first data quality control (QA) is performed, which allows us to detect missing traces
and bad or noisy shots. Sometimes it is necessary to perform a positive time shift correction because of the delay between trigger and the air-guns shot time. In our case this
does not happen but five noisy traces have been eliminated from the record.
Phase in seismic data is simply known as the lateral time delay in the start of a reflection recording, and because it is amplitude-independent, phase can be used as a good
continuity indicator in poor reflectivity areas in the seismic data (Nanda, 2016). This
step is important because most processes work better when the input data are in minimum phase, and it also reduces the ambiguity and attenuates the bubble effect. To perform the minimum phase conversion we have to determine the source wavelet. The
minimum phase conversion has been performed by the Wavelet tool of GLOBE Claritas™. To determine the source wavelet, an autocorrelation of 100 seismic traces must be
performed, starting at the seafloor time and with a window length of approximately 5
times the length of the generated signal. Once the source wavelet has been determined,
we transform it to minimum phase and design the filter that allows us to convert the
input traces to minimum phase. This is performed through the convolution of our minimum phase filter with the mixed phase raw data Fig. 3. 12). After the data are in minimum phase, they are resampled to 4 ms in order to reduce data volume without losing
information.
Afterwards, we set up the geometry information in the seg-y file headers. This step is
the most important within the pre-processing stage as it is essential to obtain a good
stack. The geometry information allows to place the traces and therefore, the reflections
in their real position. This is crucial for later reorganization of the data into Common
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Fig. 3. 12. The Wavelet tool showing the initial source wavelet, its minimum phase equivalent and
the matching filter to convert the input traces to minimum phase

Mid Points (CMP), which is necessary for the stack. Knowing the number of channels,
their offset and the shot spacing from the known position of the streamer, allows to add
X and Y coordinates of each trace, as well as to make CMP distribution.
Each trace is assigned the point halfway between the source and receiver. This point is
shared by numerous source-receiver pairs which are grouped together forming a Common Mid Point (CMP) (Fig. 3. 13). The numerous source-receiver pairs enhances the
quality of seismic data when are stacked. This CMP is usually used as synonym of
Common Depth Point (CDP), but they only are the same when the reflector is horizontal (Fig. 3. 13). CMP groups shared source-receiver pairs while CDP refers to the
traces that have been reflected in the same point at depth (Fig. 3. 13; Yilmaz, 1987).
Spherical Divergence amplitude correction involves correcting for the reduction in seismic amplitudes with depth (Fig. 3. 14). The majority of amplitude decay at depth occurs
because of the spherical spreading of the wavefield as it propagates (the same amount of
energy is spread over a larger area). Additional losses are caused partially through scat-
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tering and inelastic responses, but also from mode conversion (refractions, S-waves, etc)
at interfaces. The Spherical divergence correction is a power function of two way time,
and the sub-surface velocity (e.g. T2V).

Fig. 3. 13. Above, CMP gather.
When the reflector is an horizontal surface, CMP = CDP. Below ,
CMP ≠ CDP due to the dipping
reflector. Figure from Schlumberger Oilfield Glossary.

There may also be specific types of environmental noise that need to be addressed. Most commonly, there will be noise that arises through the sea swell, both directly and as a result of the motion it induces in the recording cable. Low frequency
noise bursts on the shot records are a result of the sea swell. This can be solved applying
a high-pass Butterworth (low cut) filter, which rejects data at low frequencies.
Finally, refracted arrivals must be excluded since they obscure the reflections. Refracted
arrivals tend to have relative high amplitudes and intersect the reflection data. Refrac83

Chapter 3

Methods and data

tions are linear, so signal processing techniques such as working in the FK or Tau‐P domain can be used to isolate and remove these events, but in our case we simply used a
simple X‐T domain front mute.

Fig. 3. 14. Example of the amplitude
decay curve analysis window, showing
how well spherical divergence alone corrects for the amplitude decay.

3.4.3.1.2. Deconvolution
Deconvolution tries to recover the earth impulse response removing the record of the
source wavelet from the seismic trace. The main aim of deconvolution is to bring closer
the wavelet to a spike (Fig. 3. 15), and also attenuates reverberations and short-period
multiples, thus increases temporal resolution and yields a representation of subsurface
reflectivity (Yilmaz, 1987).
To understand deconvolution, first we need to examine the constituent elements of a recorded seismic trace (the convolution model). Earth is composed of layers of rocks with
different lithology and physical properties. As said before, seismically, rock layers are de84
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fined by the densities and velocities (acoustic impedance) with which seismic waves
propagate through them. The seismic trace is a convolution of the earth’s impulse response with the source wavelet. The earth’s impulse response is what would be recorded
if the wavelet were just a spike (Fig. 3. 15). In an ideal case, deconvolution would compress the wavelet components and eliminate multiples, leaving only the earth’s impulse
response (spike) in the seismic trace (Fig. 3. 16).

Fig. 3. 15. A) A simple earth model
with four horizontal constant velocity (Vi) layers (separated by the interfaces indicated by I–III). B) Theoretical Earth’s impulse response is
represented as spikes. Figure modified from Dondurur, 2018.

There are two approaches to deconvolution: deterministic and statistical. Deterministic
deconvolution is performed when the source waveform is known. When the source
waveform is poorly known, the statistical approach is used (Yilmaz, 1987). Statistical
deconvolution assumes that in the seismic trace there is a pattern replicated in the seismic trace which is induced by the source wavelet. Thus, this pattern can be isolated and
filtered by autocorrelation of the signal, converting the source wavelet into a spike (Yilmaz, 1987).
In our case, two pre-stack statistical deconvolution has been applied to the data:
1) Wiener Predictive deconvolution in Tau-P domain.
2) Surface Consistent predictive deconvolution.
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Fig. 3. 16. A seismic trace in seismic reflection (C) is the result of the convolution of between the source wavelet (A) and the earth impulse response (B), defined by its geology. Figure modified from Dondurur, 2018

Wiener Predictive Deconvolution in Tau-P Domain
Weiner deconvolution is a statistical method for shaping the source wavelet. In marine
processing its main use is to collapse a reverberant wavelet (Fig. 3. 17). The design of
the deconvolution filter is based on an autocorrelation function; it is important to specify this “design window” such that it contains data, as opposed to noise, and avoids any
high amplitude events (e.g. the seafloor and seafloor multiples). Wiener Predictive deconvolution has two applications (Yilmaz, 1987):
I)

Spiking deconvolution.

II)

Predicting the input seismogram, defined by the prediction lag.

The first one is useful to sharpen the signal and the second one to predict the attenuate
multiples (Yilmaz, 1987;Fig. 3. 17).
The reason to apply the deconvolution in Tau-P domain is that the Tau-P domain
solves the problem of non-stationarity due to the reflection move out. The Tau-P trans86
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form performs a plane wave decomposition of the record, representing the data in zero-offset intercept (Tau) versus ray parameter (p, the apparent slowness of the wave
front in the horizontal direction; Haskey and Ashdown, 1991; Stein and Wyssession,
2003; Maraj, 2011). The deconvolution in Tau-P domain preserves relative amplitudes
and primary reflection energy.
We applied a Wiener Predictive Deconvolution in Tau-P domain to sharpen the source
wavelet and to attenuate multiples. This deconvolution was performed using a spatial
variant filter. This means that the filter length was variable, corresponding to the water
point at each point of the seismic section. The gap length was the same as the bubble
time (150 ms). The autocorrelation window was from 100 ms below the seafloor until
6000 ms, and white noise percentage was 0.1%. The Wiener Predictive Deconvolution
was applied in shot sorted data.

Fig. 3. 17. A) Example of a high-resolution shallow seismic line with a first-order multiple (M1), and B)
output of the predictive deconvolution for n=160 ms with a water depth-dependent prediction lag. Bottom panels show autocorrelation diagrams of the sections. Figure from Dondurur, 2018.
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Surface Consistent Predictive Deconvolution
Surface consistent deconvolution is used to correct amplitude, phase and frequency variations caused by geophone responses, poor coupling, and near-source and near-receiver
conditions as well as near-receiver separations. The seismic trace is decomposed into
the convolution effects of source, receiver, reflectivity series, and offset by surface consistent deconvolution, which accounts for the weathering effects just below the source
and/or receiver locations, and the effect of offset (Dondurur, 2018; Fig. 3. 18). This process removes wavelet variations between the traces by removing random noise and variation amplitudes due to near surface irregularities (Yilmaz, 1987).

Fig. 3. 18. A) Example stack section before surface consistent deconvolution, and its surface consistent deconvolution outputs decomposed for the effects of different components of: B) source, C)
receiver, D) CDP, E) offset, and F) all components together. Insets show the corresponding amplitude spectra of the deconvolution outputs (Dondurur, 2018).
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We performed Surface Consistent Deconvolution process in channel-sorted data (offset
gathers). The autocorrelation window used was the same as for the Wiener Predictive
Deconvolution. Filter length was 200 ms and the gap was 24 ms.

3.4.3.1.3. Multiple attenuation
Multiple reflections occur when the seismic signal travels along the same ray path more
than once, commonly within the water column (Dondurur, 2018). Multiples generally
occur in the frequency band of the primary reflections and their arrival times also coincide with those of the primary reflections. Two main types of multiples are observed in
marine surveys (Fig. 3. 19; Dragoset and Jericevic, 1998):
•

Long period or surface-related multiples. These multiples are directly related to the
sea surface, and have at least one downward reflection initiated at the sea surface.

•

Short period or interbed multiples. These multiples have their downward reflections
initiated at the subsurface interfaces.

Fig. 3. 19. Ray paths of different types of multiple reflections. Long period or surface-related multiples
are those related to the seafloor while those having their downward reflections initiated at the subsurface
interfaces are termed short period multiples. Figure from Dondurur, 2018.
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In addition to these two multiple types, there are peg-leg multiples, which are reflected
from a strongly reflective interface in the subsurface (e.g. the acoustic basement) and
then downward reflected from the sea surface. This multiples create recurring phantom
interfaces that mimic the actual reflector (Fig. 3. 19; Dondurur, 2018).
Some of the multiple will have been removed by the deconvolution process, however
there are other approaches we can use for multiple attenuation. Also, a good velocity
analysis is essential to increase the signal-to-noise ratio to image the deep part of the
seismic section. Thus, these two problems are addressed through three process:
I)

Surface-Related Multiple Elimination process (SRME).

II)

Velocity analysis.

III) Radon demultiple.
This processing flow is iterative. Performing a first demultiple processing allow to have
clearer semblance panels to obtain better velocity models. With better velocity models ,
better successive demultiple process will be. The SRME process is more efficient removing multiples in near offsets while the Radon demultiple process works better in far offsets.

Surface-Related Multiple Elimination (SRME)
Surface Related Multiple Elimination (SRME) technique focuses on attenuating surface-related multiples, that is, those multiples formed through a reflection against a
free surface, such as the sea surface. SRME is data driven, so no additional subsurface is
required, such as velocity information or seafloor picking. The multiples are completely
predicted from the data itself, which is accomplished by 2D auto convolutions of the input data in time and space directions(Verschuur and Berkhout, 1992). The main advantage is that it can deal with any kind of surface-related multiples, such as long period and peg-leg multiples, or multiple energy at near offset traces, as well as the
multiples of very little differential moveout (Brooymans et al., 2003). SRME technique
obtain the best results for horizontal sediment strata and at near offsets. Although it is
less efficient in steep seafloor areas (Lester and McIntosh, 2012) it work better than velocity discrimination method.
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The subtraction of the model is done in receiver-sorted data. It is done using two different methods:
•

The first subtraction is done based on the publication of Y. Wang (2003). This process is very effective attenuating multiples in complex seafloor geometries, where
steep dips and diffractions are present.

•

A second subtraction was applied based in D. J. Monk adaptive subtraction (Monk,
1993). This process is very effective in shallow waters and horizontal sediment layers.

SRME is very efficient, removing almost the entire surface-related multiple from the
data (Fig. 3. 20). The remaining multiples present in the seismic lines at far offsets will
be addressed using Radon demultiple techniques.

Fig. 3. 20. Example of a stack section A) before and B) after SRME. Bottom show their corresponding
autocorrelation diagrams. M represents surface-related multiples. Figure from Dondurur, 2018.
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Velocity analysis
Obtaining velocity from seismic data is a regular process, since the velocity distribution
is required for subsequent Radon demultiple, NMO correction, and migration methods.
Furthermore, the velocity field is used to perform the Normal Move Out (NMO) correction. Due to the wave propagation geometry, CMPs show reflections as hyperbola.
The NMO is the difference between the travel time at some offset and the zero-offset.
The NMO correction removes the move out effect, that is, the offset effect. With this

Fig. 3. 21. Schematic explanation of the velocity spectra. A) Synthetic CDP with only one reflection
of1500 m/s velocity. B to G diagrams show ts NMO corrected versions for decreasing velocities: B) 2000
m/s , C) 1700 m/s, D) 1500 m/s, E) 1400 m/s, F) 1200 m/s, and G) 1000 m/s. A stacked trace with the
highest amplitude obtained for 1500 m/s velocity in D) represents the optimal velocity to stack the reflection. Figure modified from Dondurur, 2018.

92

Chapter 3

Methods and data

correction applied, we will able to stack traces by summing all the reflections coming
from the same point (Yilmaz, 1987).
The basic assumption in velocity analysis of the seismic data is that the reflections are
hyperbolic on CDP gathers (Dondurur, 2018). The suitable velocity for a primary reflection is the one that perfectly flattens the hyperbola of that specific reflection. Also,
for a given hyperbola, the higher the maximum NMO time, the higher the accuracy of
the velocity estimated from the data for that specific reflection. Therefore, seismic velocity of the deeper reflections has lower resolution than in the shallow parts.
Velocity spectrum analysis is the most common method in deriving 2D and 3D velocity functions from multichannel seismic data. This method is based on the variations
in the curvature of the reflection hyperbolas due to the changes in the velocity of the
upper lying medium (NMO velocity; Dondurur, 2018). This is the velocity which best
flatten the hyperbolas (Fig. 3. 21; Yilmaz, 1987; Stein and Wyssession, 2003). Using the
correct NMO velocity, the flat energy from the reflection will sum coherently (Fig.
3. 21). , and all other energy will be suppressed. (e.g. Stein and Wyssession, 2003).

Radon demultiple
Long period multiples can be suppressed by parabolic Radon transform. Radon demultiple is based on the moveout differences between primary and multiple reflection hyperbolas in CDP gathers (Dondurur, 2018). This process requires a careful velocity analysis. The Parabolic Radon transform map the energy along parabolic trajectories defined
by its NMO velocity.
Providing an accurate velocity field, the multiple reflections are still hyperbolic while
the primary reflections are flattened following the NMO correction. This difference results in the amplitudes of primaries and the multiples being mapped in different areas
in the Tau-p domain, in which the amplitudes of the multiples are muted out (Landa et
al., 1999). Because the velocity used in NMO correction is almost always higher than
the velocity of the multiples, multiple reflection hyperbolas cannot be completely flattened and they exhibit a residual moveout (Fig. 3. 22; Dondurur, 2018). Hence, when
we transfer the NMO corrected gather into the Tau-p domain, the primary reflections are aligned onto the zero residual moveout axis, whereas multiples are still hyperbolic and are mapped onto the positive panel in the Tau-p domain (Fig. 3. 22; Don-
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durur, 2018). When the area of multiple amplitudes indicated are muted out, a CDP
gather without multiples is obtained after an inverse Radon transform (Fig. 3. 22). Finally, the original CDP is reconstructed after an inverse NMO correction using primary
reflection velocities (Fig. 3. 22)
This method is more efficient with different high-velocity between primary reflections
and multiples. So, it works better in far offsets and in long-period multiples.

Fig. 3. 22. Scheme of Radon velocity filter application. A) CDP gather with primary (red) and multiple
(dashed blue) reflections. B) NMO correction leaves a residual moveout (Δt1, Δt2, and Δt3) on the reflection hyperbolas of multiples, while the primaries are flattened. C) CDP gather in the Tau-p domain after
Radon transform showing the mute zone (blue area) involving the multiple amplitudes. (D CDP gather
after muting and inverse Radon transform. E) original CDP gather after inverse NMO correction with
no multiple amplitudes. Figure from Dondurur, 2018.

3.4.3.1.4. Pre-stack time migration
Seismic migration is a process that moves the reflection events in the seismic data to
their true subsurface locations both in space and time and collapse diffractions. It moves
dipping reflections to their correct positions and suppresses the diffracted energy on the
seismic sections based on the different approaches to wave equation solution (Dondurur, 2018). It is possible to apply the migration before (pre-stack) or after stacking
(post-stack).
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Therefore, the aim of migration is replace the reflection events to their true subsurface
locations on the seismic section in order to improve lateral resolution. In order to replace the reflections to their correct subsurface positions, the migration algorithm
swings arcs for each time sample of each trace based on the velocity of the processed
time sample, in order to determine possible location of the reflections (Dondurur, 2018;
Fig. 3. 23).

Fig. 3. 23. A single event may originate from a reflector with an arbitrary dip
and location along an ellipse. Four examples for reflector positions are indicated by I–IV. Modified from Dondurur, 2018.

However, the reflection from a dipping reflector is not located at its true subsurface location on the stack sections. This is because the seismic signal is reflected back from the
closest point to the source-receiver pairs and normal to the reflector in zero-offset case.
(Fig. 3. 24). Therefore, flanks of the anticlines and synclines are not located correctly
and the anticlines appear wider while synclines are narrower on the stack sections
(Dondurur, 2018). Furthermore, more than one reflection signal is recorded at the same
receiver, having different arrival times, which ultimately produces a specific reflection
type, termed a bow-tie on the stack sections (Fig. 3. 25; Dondurur, 2018). Bow ties are
observed in areas of rough seafloor topography and are resolved by migration.
There are multiple migration algorithms implemented in time or depth domains and
before or after stacking. Nowadays, none of them is able to fully solve the lateral velocity variations and strong dips variations being cost-effective (Yilmaz, 1987). Hence, the
choice of a migration strategy will depend on the geological characteristics.
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Fig. 3. 24. Scheme showing in
red zero-offset ray paths on undulated reflectors and their incorrect
representation on seismic sections
as blue curve. Figure from Dondurur, 2018.

Fig. 3. 25. A) Zero-offset ray paths for identical five source and receiver pairs over a syncline model. B)
Bow-tie reflection, formed by zero-offset rays over subsurface synclines. Figure from Dondurur, 2018.

We performed a pre-stack Kirchhoff migration in time domain. Kirchhoff migration
one of the most common migration algorithms used in the processing industry and is
based on the integral solution of the scalar wave equation. This migration algorithm can
handle both horizontal and vertical velocity variations. Post-stack migration procedure
is only correct for horizontally layered subsurface geology, where there is no lateral velocity variation. However, in our case, with dipping reflectors and complex structure,
pre-stack migration is preferred to obtain a better subsurface image.
Our initial estimate of velocities is likely to be contaminated with dip and diffraction
energy So pre-stack migration is iterative; it is routine to re‐pick velocities (or residual
moveout, RMO) after pre-stack time migration, create a new velocity field, and then re‐
run the pre‐stack time migration.
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3.4.3.1.5. Final stack
The pre-stack sequence is finished. To obtain the final stack section we performed trace
muting and CMP stacking, post-stack deconvolution and band-pass filter.
During the stacking process, all the traces in CDPs are simply summed up and averaged to obtain one single stacked trace for each CDP gather (Dondurur, 2018). Displaying all the stacked traces side by side for an entire seismic line constitutes the stack
section of that line. Stacking yields an interpretable seismic section for 2D survey.
Despite the pre-stack deconvolution that was applied, the migrated section still has
some reverberations or short period multiples. We can address these by a post-stack application of deconvolution. As with the pre-stack deconvolution, an autocorrelation
function is used to picking the best parameters.
There is quite a lot of low frequency noise in the dataset, particularly after the deconvolution. In addition, at depth, the high frequencies are unlikely to contain any useful
data. Thus, we applied a time varying band-pass filter to remove low frequencies as well
as high frequencies at depth.
Finally, we obtained and exported the processed final seismic section.

3.4.3.2. Other datasets
Processing of MCD data from HAITI SIS 1 & 2 cruises used classical steps including
CDP gathering (6-fold), binning at 25 m, velocity analysis, stack and post-stack time
migration. The maximum penetration is 1.5 to 2 s twtt.
The processing of the seismic reflection data from the MW8908 cruise included deconvolution, automatic gain control, low-cut frequency filters, and a ramp filter designed to
remove ship noise (Dolan et al., 1998). The single-channel seismic data from the
MW8908 cruise are scanned microfilm images obtained from the original paper records. We carried out a detailed image editing with enhancement by digital filters.
The processing sequence of the seismic reflection data from the FM0503 from original
data includes Normal Move-out correction, Common Mid-Point gathering and stacking. In order to improve the signal-to-noise ratio, remove diffractions and restore geom-
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etries, we have carried out a post-stack processing, including a post-stack Kirchhoff migration, F-X Deconvolution, Dynamic Signal-Noise Ratio and a seafloor muting.
Processing of IG1503 seismic data included demultiple, CDP sorting, band-pass filtering (corner frequencies 12 and 45 Hz), and AGC scaling with a 500-ms window (Ladd
et al., 1981).

3.5. Seismicity and focal mechanisms
3.5.1. Fundamentals
Focal mechanisms provide information on the direction and relative magnitudes of major efforts. Their recording allows for the analysis of substantial volumes of rock with a
wide range of depths, a fact that differentiates it from other methodologies limited to
only shallow measurements (Zoback and Zoback, 1991). In recent years the improvement in the seismic networks as well as the refinement in the calculation method makes
the obtained data very reliable, and covers regions that due to the low deformation rates
so far did not have enough information for this type of analysis. The calculation limit
for the regional networks has been lowered to Mw≥3.5, which has made it possible to
carry out more detailed studies of the state of stress, since previous works were conditioned by earthquakes of significant magnitude.
Focal mechanisms are the result of the analysis of seismic waveforms generated by an
earthquake and registered by a series of seismic stations. This analysis provide insight
into the type of fault that triggered the earthquake (Fig. 3. 26). Currently, the determination of focal mechanisms is done through the calculation of the seismic moment tensor (M). The seismic moment tensor allows the determination of the focal mechanism
from the modeling of the waveforms generated by the earthquake by calculating the
forces that have generated the displacements registered at the stations. The relationship
between displacements and forces is calculated from Green’s functions (Aki and Richards, 1980).
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Fig. 3. 26. Schematic diagram of a
focal mechanism. Modified from
https://earthquake.usgs.gov/

3.5.2. Datasets
Earthquake epicenters were sourced from the Bulletin of the International Seismological Centre (ISC Bulletin; http://www.isc.ac.uk/iscbulletin/). The public database offered
a highest accuracy in the location of events ,with a 90% confidence interval, of a few
tens of degrees for the epicentral location and in less 25 km to the hypocentral location.
This database provides the information in different formats and allows preliminary filtering according to location, depth and magnitude. The magnitudes are provided on different scales: Ms (surface wave magnitude), Ml (local magnitude), Mb (wave base magnitude) and Md (duration magnitude).
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From this database, events between latitudes 18ºN and 21ºN and longitudes 75ºW and
67ºW have been selected, covering the entire study region (Fig. 3. 27). Earthquake epicenters filtered by magnitude>3.5 and dates between 1900 and 2018. The historical
earthquakes in the study area come from the Reviewed ISC Bulletin, which is manually
checked by ISC analysts and relocated.
For this study, a data collection of focal mechanisms available in the Harvard Global
CMT catalogue (www.globalcmt.org) has been made. This catalogue provides focal
mechanisms since 1976 on a planetary scale from magnitudes (mb) greater than 5.0.
The use of this catalogue ensures a minimum of quality and homogeneity by gathering
the recalculated focal mechanisms using the Centroid Moment Tensor method (Dziewonski et al., 1981). From this database, we have selected the focal mechanisms from
1976 covering the same region as epicenters.

Fig. 3. 27. Fig. 6 Seismicity map showing earthquakes recorded since 1900 with M>3.5 (NEIC catalogue: http://earthquake.usgs.gov/regional/neic/). Epicenters are represented as a function of depth on a
color scale.
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3.6. Tsunami modeling
3.6.1. Fundamentals
The numerical solution of Shallow Water Equations (SWE) is useful for several applications related to geophysical flows, such as the simulation of rivers, dam-breaks, floods,
or tsunamis (Castro et al., 2015). In the cases of tsunami simulations related to risk assessment or hazard mitigation, faster than real time (FTRT) simulations could be very
useful for Early Warning Systems. So, the necessity of having a validated model that
can run large, high-resolution grids, both fast and without requiring extremely expensive supercomputer resources is crucial in the tsunami simulation field, but such a model
has not been developed yet (Macías et al., 2016).
Modern Graphics Processing Units (GPUs) offer hundreds of processing units optimized for massively performing floating point operations in parallel and have shown to
be a cost-effective way to obtain a substantially higher performance in the applications
related to SWE (Castro et al., 2011; de la Asunción et al., 2012 and 2013) due to the
high exploitable parallelism which exhibits the numerical schemes to solve SWE (Castro et al., 2015). The use of graphics processing units (GPUs) allows increasing the
computational potential at dramatically low cost (Macías et al., 2016). This new GPU
technology, together with well-adapted tsunami numerical models that exploit these capabilities will make it possible, for developing nations, to establish their own, in-house,
tsunami flood mapping resources, a goal of many of the Intergovernmental Coordinating Groups (ICGs) that have been set up all over the planet after the 2004 Indian
Ocean tsunami (Castro et al., 2015).
Non-linear hydrostatic shallow water (NLHSW) models are commonly used in earthquake generated tsunami simulations. Some of these models have been validated and
verified for tsunami simulations, as for the case of the NTHMP (National Tsunami
Hazard and Mitigation Program) the NLHSW models ALASKA, ATFM, GeoClaw,
and MOST (NTHMP 2012). Other NLHSW models specifically developed for tsunami simulations are COMCOT, TUNAMI, TsunAWI or VOLNA. All these models
run in traditional CPU architectures, serial or parallel.
Currently, only few tsunami models are implemented to run in GPU infrastructures.
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Currently most of the proposals to simulate shallow flows on GPUs are based on the
CUDA programming model. A CUDA solver for one-layer system based on the first
order Roe scheme is described in (de la Asunción et al., 2010) to deal with structured
regular meshes. The extension of this CUDA solver for two-layer shallow water system
is presented in (de la Asunción et al., 2010). There also exist examples of implementations in CUDA of high order schemes to simulate one layer systems (Brodtkorb et al.,
2011; Saetra et al., 2011; Gallardo et al., 2011) and of implementations of first-order
schemes for one and two-layer systems on triangular meshes (Castro et al., 2011; de la
Asunción et al., 2012).
As far as we know, none the tsunami models cited above have been specifically tested,
nor validated, for tsunami simulations. Tsunami-HySEA is the first NLHSW model
implemented for running in GPUs architectures that has been thoroughly tested, validated and specifically verified for tsunami simulations (Macías et al., 2016).

3.6.2. Tsunami HySEA
3.6.2.1. Introduction to the model
The present study uses the Tsunami-HySEA model, the numerical model of the HySEA (Hyperbolic Systems and Efficient Algorithms, https://edanya.uma.es/hysea/)
family specifically designed for tsunami simulations. The Tsunami-HySEA model, developed by the EDANYA Group (Differential Equations, Numerical Analysis and Applications) at the University of Málaga, Spain, is a non-linear hydrostatic shallow-water
model implemented in CUDA (NVIDIA® CUDA® is a parallel computing platform
and programming model that enables dramatic increases in computing performance by
harnessing the power of the graphics processing units (GPUs)), well adapted to be run
in multi-GPU architectures (Macías et al., 2016). Tsunami-HySEA does not distinguish between propagation and inundation phases, and runs without any bathymetry
smoothing, allowing for a more faithful simulation of what a real tsunami encounters.
The reduction in computational time obtained by Tsunami-HySEA compared with
other well-established tsunami models is major and the cost of the computational resources needed much less (Macías et al., 2016). The CUDA GPU version of Tsunami-HySEA in a single GPU runs two orders of magnitude faster than its C++/CPU se102
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quential optimized counterpart, and more precisely, between 100 and 200 times faster
(Macías et al., 2016).
Tsunami-HySEA model has been extensively tested and validated for tsunami simulation purposes, and, in particular, has passed all tests in Synolakis et al. (2008) (see
Macías et al, 2017) including the Monai Valley test case (Macías et al. 2013) and Tohoku 2011 (Macías et al. 2015b), and also other laboratory tests and proposed benchmark problems (in Macías et al, 2020a and b and references in Macías et al, 2017).

3.6.2.2. Model description
Tsunami-HySEA implements in a single code the three phases comprising a tsunami
simulation: the initiation, propagation, and inundation and run-up of the tsunami
waves. In the triggering phase, the Okada (1985) deformation model is used to compute the initial seafloor perturbation responsible for the tsunami generation, assumed to
be instantaneously and fully transmitted through the water column to the sea surface.
The Okada model assumes that the coseismic earthquake is generated by the rupture of
a single fault plane. The fault is described by a series of physical parameters that are: dip,
strike, rake, length, width, epicenter depth, and average slip. Tsunami-HySEA can combine several fault planes to model the complete seafloor deformation. Moreover, each
fault can be applied at different time steps to simulate the full rupture time (Macías et
al., 2016).
The Tsunami-HySEA model uses the well-known 2D nonlinear one-layer shallow water system in both spherical and Cartesian coordinates. For the sake of brevity and simplicity, only the latter system is written:
ht + (qx)x + (qy)y= 0
(qx)t + (qx2/h + gh2/2)x + (qx qy/h)y= ghHx + Sx
(qy)t + (qx qy/h)x + (qy2/h + g h2/2)y= ghHy + Sy
In the above set of equations, h(x,t) denotes the thickness of the water layer at point x ϵ
D ϲ R2 at time t, with D being the horizontal projection of the 3D domain where the
tsunami takes place. H(x) is the depth of the bottom at point x measured from a fixed
level of reference. Let us also define the function η(x,t)=h(x,t)-H(x) that corresponds to
103

Chapter 3

Methods and data

the free surface of the fluid. Let us denote by q(x,t) = (qx(x,t), qy(x,t)) the mass-flow of
the water layer at point x at time t. The mass-flow is related to the depth-averaged velocity u(x,t) by means of the expression q(x,t)= h(x,t) u(x,t). The notation ( )t, ( )x and (
)y applies for temporal and spatial partial derivatives in the x and y directions, respectively. The terms Sx and Sy parameterize the friction effects and are given by a Manning’s
law:
Sx = -gh Mn2 ux||u|| / h4/3
Sy = -gh Mn2uy ||u|| / h4/3
where Mn>0 represents Manning’s coefficient. In the present study, the Manning’s coefficient is set at the standard value of 0.02.
For the propagation, Tsunami-HySEA solves the two-dimensional shallow-water system using a high-order (second- and third-order) path-conservative finite volume
method. For the inundation step, a second-order TVD-WAF flux-limiter scheme, described in de la Asunción et al. (2013), is used. The combination of both schemes guarantees the mass conservation in the complete domain and prevents the generation of
spurious high-frequency oscillations near discontinuities generated by leap-frog type
schemes (Macías et al., 2016). The wet/dry algorithm used in the inundation step is
similar to the one described in Castro et al. (2005). Finally, a two-way nested grid algorithm that supports an arbitrary number of levels and sub-grids at each level has been
implemented (Macías et al., 2016; Macías et al., 2017). The use of nested grid techniques allows to obtain high-resolution inundation maps at a reasonable computational
cost. Tsunami-HySEA accurately simulates run-up and run-down processes, thus producing accurate inundation maps (Macías et al., 2016).
The numerical implementation of Tsunami-HySEA has been performed on NVIDIA
GPU architectures using CUDA language (de la Asunción et al., 2011; de la Asunción
et al., 2013; Castro et al., 2011). This framework uses the domain decomposition technique and MPI with a partition algorithm that balances the computational effort
among the different GPUs. The combination of these different techniques allows obtaining FTRT (faster than real time) simulations(Macías et al., 2016).
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3.6.3. Landslide HySEA
3.6.3.1. Introduction to the model
The HySEA landslide-tsunami model implements the natural 2D extension of the 1D
two-layer Savage-Hutter model of Fernández-Nieto et al. (2008), where Cartesian coordinates are used at each point of the 2D domain and where no anisotropy effects are
taken into account in the normal stress tensor of the solid phase (Macías et al., 2015).
The model consists of two systems of equations that are coupled: the model for the slide
material is represented by a Savage-Hutter type of model (Savage and Hutter, 1988),
and the water dynamics model is represented by the shallow-water equations (Fernández-Nieto et al., 2008). The discretization of system given in model equations is performed by an explicit first-order IFCP Finite Volume Scheme where the discretization
of the Coulomb friction term is performed following Fernández-Nieto et al. (2008).
The resulting scheme has been implemented in Graphics Processor Units (GPUs) using
CUDA, achieving a speed-up of two orders of magnitude compared to a conventional
CPU implementation (Castro et al., 2011b; Asunción et al., 2012)

3.6.3.2. Model description
The system of equations represented by Savage-Hutter type of model (Fernández-Nieto
et al., 2008) is given by:
∂h1/∂t+∂q1/∂x=0
∂q1/∂t+∂/∂x ((q12/h1 +g/2)h12 )+gh1∂h2/∂x)=gh1(∂H/∂x)+Sf+Sb1
∂h2/∂t+∂q2/∂x=0
∂q2/∂t+∂/∂x ((q22/h2 +g/2) h22)+rgh2(∂h1)/∂x=gh2∂H/∂x-rSf+τ
where 1 and 2 index refer to the upper layer (water) and the lower layer (slumped material), respectively. The fluid is assumed to pass through a straight channel with a rectangular cross-section and constant width. H(x) represents the depth function measured
from a fixed level of reference and g is the gravity acceleration. Each layer has constant
density where r= ρτ1/ ρ2. The density of the slumped material is defined as:
ρ2 = (1-φ)ρs + φ ρ1
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where φ is the porosity and ρs the density of the soil. )
The parameter τ=(τx, τy) is the static Coulomb friction term and it is defined by (Sanchez-Linares et al., 2015):
if || τ|| > sc:
τx = -g (1-r) h2 (q2,x / || q2||) tan (α)
τy = -g (1-r) h2 (q2,y / || q2||) tan (α)
if || τ || < sc: q2,x =0, q2,y =0,
where sc = g(1-r)h2*tan (α), being α the Coulomb friction angle. The above expression
models the fact that a critical slope is needed to trigger the slide movement.
The terms Sf and Sb1 parametrize the friction coefficient between the layers and the
bottom respectively. Sb1 follows a Manning law, and Sf is defined by a quadratic friction term (Sanchez-Linares et al., 2015):
Sb1= -gh1(n12/h14/3)u1|u1|,

Sf=cf[(h1h2)/(h2+h1 )](u2-u1)|u2-u1|
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The significant increase in population density in coastal areas and the growing development of offshore infrastructures make the study of active geological processes in the
nearby seafloor essential to assess the associated geological hazards (e.g., earthquakes,
gravity instabilities and tsunamis; Chiocci et al., 2011; Hough et al., 2011). This is the
case of the northern coast of Dominican Republic, which shows a great tourist development with large population centers, such as the city of Puerto Plata with ≈330,000 inhabitants. The limited preparation of the majority of citizens and the lack of risk reduction strategies, put the population and economy of coastal areas of Hispaniola at
substantial risk in case of large earthquakes and tsunamis (IOC Workshop Reports No.
255, 2013; and No 276, 2016; von Hillebrandt-Andrade, 2013).
The northern Hispaniola region has suffered several disasters as the historic large earthquake of 1842 (McCann, 2006) and the seismic crises of 1943–1953 and 2003 (Russo
and Villaseñor, 1995; Dolan et al., 1998; Dolan and Bowman, 2004). In addition, after
the event of August 4th, 1946 a tsunami struck the Bahía Escocesa causing significant
damages (O’Loughlin and Lander, 2003 and references therein). Tsunami simulations
carried out in the northern coast of Hispaniola have provided important level of tsunami hazard in case of large tsunamigenic events nucleated in the North American-Caribbean (NOAM-CARIB) plate boundary. However, simulations considered several
scenarios based on not clearly established seismogenic sources and on an incomplete
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historical tsunami records (Gailler et al., 2015; Grilli et al., 2016). Damage location and
significance of events recorded in historical chronicles contain useful information on
the event location, but are likely biased by the local subsurface geology and the location
of the main population centers at the time of the event (Gailler et al., 2015). On the
other hand, tsunami simulations have not considered near-field tsunami sources related
with slumping driven by earthquakes and/or steep seafloor slopes that have been recently documented as major contributors to tsunami hazard (Synolakis et al., 2002; Okal et
al., 2009). Tsunamis caused by earthquake-driven slumping also occurred around Hispaniola, such as the 1918 one in the Mona Passage (López-Venegas et al., 2008).
The main goal of this chapter is to carry out a regional-scale analysis and interpretation
of the shallow morphostructure and active processes along the northern margin of the
Dominican Republic (Fig. 4. 1). This goal has been addressed by a combined interpretation of new high-resolution multibeam bathymetry data from the NORCARIBE
(2013) marine geophysical cruise, GEBCO and SRTM databases, and reprocessed vintage 2D single– and multi-channel seismic reflection data. In order to approach the
morphostructural analysis of the study area and the identification of active processes, we
will first carry out a spatial analysis of bathymetry data using the commercial software
ArcGIS, with the generation of derived maps (DEM, hillshade, slope gradient). Then,
this information will be analyzed together with the seismic reflexion data. Thirdly, a
morphostructural interpretation of the margin and the identification of the active processes along the margin is made.
This study provides a detailed identification and interpretation of the active tectonic
and sedimentary processes along and across the plate boundary. This information allows the detailed characterization of potential near-field tsunamigenic sources (i.e.,
seafloor faulting and submarine slumping) that are the basis for future realistic studies
on the assessment of tsunami hazard in the region, as well as for practical implementation of tsunami preparedness and protection, and for coastal planning and marine resources use in the Dominican Republic. Northern coasts of Haiti and Dominican Republic are in obvious risk because of the proximity of the potential tsunamigenic
sources to the coastal areas (30–50 km), resulting in a very short lead-time for response (IOC Workshop Report No. 255, 2013).
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Fig. 4. 1. Tectonic setting of Hispaniola and surrounding regions. The red line shows the plate boundary
between Caribbean plate (CARIB) and North American plate (NOAM). The black arrow indicates the
plate convergence direction of NOAM relative to CARIB. The blue dashed line shows the study region.
Beach balls show focal mechanisms corresponding to the 1946 mainshock and aftershocks. Red beach
ball shows the 1946 mainshock focal mechanism by Russo and Villaseñor, 1995. Blue beach ball shows
the 1946 mainshock focal mechanism by Dolan et al., 1998. Green beach balls show the 1994 and 2003
mainshocks focal mechanisms by Dolan and Bowman, 2004. Mesh-pattern shows the 1946 rupture area
(Dolan et al., 1998). Inset: Tectonic diagram for the North Hispaniola-Puerto Rico margin. The red arrows indicate most representative GPS-derived velocities vectors showing the Hispaniola motion related
to the North American plate (Calais et al., 2016). Bold black lines denote plate boundaries and major
faults. HT: Hispaniola Trench; PRT: Puerto Rico Trench; BF: Bunce Fault; SOFZ: Septentrional-Oriente Fault Zone; EPGFZ: Enriquillo-Plantain Garden Fault Zone.
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4.1. Tectonic setting of the northern of Dominican
Republic
The study region only embraces the southeastern termination of the large BCP (Fig.
4. 1; Mullins et al., 1992), that consists of coalesced carbonate banks separated by wide
and deep passages (Eberli and Ginsburg, 1987). As a result of plate convergence, the
relative thicker crust of the BCP behaves as a tectonic asperity slowing down
and blocking the true subduction observed eastward in the Puerto Rico Trench. The
result is a 350 km-long segment along the Northern Hispaniola Margin where the
oblique collision/underthrusting between the NOAM and CARIB plates takes place
(Dolan et al., 1998; Mann et al., 2002; Calais et al., 2002; Mann et al., 2004; Pérez-Estaún et al., 2007; Van Benthem et al., 2014; Calais et al., 2016; Fig. 4. 1). The collision/ underthrusting process began in the Eocene, and has conditioned every structural, seismological, and sedimentological feature in the northern margin of the CARIB
plate (Pindell and Barrett, 1990; Dolan et al., 1998; Mann et al., 2002).
The active oblique collision/underthrusting process north of Dominican Republic has
been associated with the frequent occurrence of earthquakes along the Northern Hispaniola Margin, highlighting the May 7th, 1842 event with M8.0 (McCann, 2006;
M7.8 by Russo and Villaseñor, 1995: M7.6 by Ten Brink et al., 2011), the seismic crisis
of 1943–1953 with five events of M > 7.0 and the seismic crisis of 2003 with a main
shock of M6.3 and a large aftershock of M5.3 (Dolan and Bowman, 2004).
•

The May 7th, 1842 event was a tsunamigenic earthquake that struck the northwestern Hispaniola region causing 5000 fatalities in Cap-Haitien (Scherer, 1912).
The tsunami caused ~300 deaths with wave heights of ~2m along the northeastern
Haitian coast and a maximum run-up of 4.6m in Port-de-Paix (O’Loughlin and
Lander, 2003).

•

The event of August 4th, 1946 occurred in northeast Hispaniola, with M8
(M8.1, Dolan et al., 1998; M7.8, Russo and Villaseñor, 1995), was probably
the largest event to strike the area since at least 1564 (Chalas-Jimenez, 1989). It
was followed by a tsunami that mainly hit the coast of the Bahía Escocesa (Lynch
and Bodle, 1948).
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•

The M6.4 earthquake on September 22nd, 2003, did not cause a tsunami, but triggered a seismic crisis that shook the northern part of the Hispaniola near Puerto
Plata (300,000 inhabitants) causing substantial material damage that extended up
to 30 km to the South, in the city of Santiago de los Caballeros (over 500,000 inhabitants; Dolan and Bowman, 2004).

4.2. Data and methods used in this chapter
The methodology was based on a combined analysis and interpretation of new
high-resolution multibeam bathymetry data, reprocessed vintage 2D single– and
multi-channel seismic reflection data, and published GLORIA side-scan sonar images
(Dillon et al., 1992; Dolan et al., 1998). The northern regions of the study area not covered by high-resolution swath bathymetry data have been interpreted based on the
seismic profiles and the geo-referenced images of GLORIA large-range side-scan sonar (Dillon et al., 1992; Dolan et al., 1998).
New high-resolution multibeam bathymetry data are from the NORCARIBE
2013 geophysical cruise (Fig. 4. 2 and App. 4. A). The processed data from NORCARIBE 2013 cruise was interpolated yielding a regular grid of 30 m-interval. The eastern
region was completed with a 50 m-gridded multibeam data from a compilation of several USGS/NOAA cruises (Andrews et al., 2014). The multibeam bathymetry coverage
has been completed with the GEBCO Digital Atlas with a 30 arc-second of resolution
(Weatherall et al., 2015), and onshore data has been obtained from the SRTM mission
with a 90m of resolution (Farr et al., 2007).
The 2D single– and multi-channel seismic reflection data, from the MW8908 (1989)
and FM0503 (1980) cruises, were provided by two public databases (Fig. 4. 2): the National Oceanographic and Atmospheric Administration National Centers for Environmental Information (www.ngdc.noaa.gov) and the Academic Seismic Portal managed
by University of Texas-Institute for Geophysics (Christeson et al., 2017), respectively.
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Fig. 4. 2. Digital Elevation Model (DEM) derived from the multibeam bathymetry data and completed with data from GEBCO and SRTM
dataset. Purple lines show the multi-channel seismic data from the FM0503 cruise (1980), and green lines show the single-channel seismic data
from the MW8908 cruise (1989). Thicker lines mark the seismic sections shown in this chapter labeled with the corresponding figure number. Red
line marks the boundary of low resolution 150 m-gridded multibeam data from a compilation of USGS/NOAA cruises (Andrews et al., 2014).
Dotted-black line shows the bathymetric profile path of the Fig. 4. 13.
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4.3. Results
Based on similar morphological, structural and sedimentological criteria derived from
the combined interpretation of high-resolution swath bathymetry and 2D reflection
seismic data, and published GLORIA side-scan sonar images (Dillon et al., 1992;
Dolan et al., 1998), the study area can be divided into three WNW-ESE trending
morphostructural provinces (Fig. 4. 3, App. 4. B): The Bahamas Carbonate Province
(BCP), the Hispaniola Trench (HT), and the Insular Margin (IM). In addition, these
provinces are divided along-strike into two tectonic domains (Fig. 4. 3):
a) The Oblique Underthrusting Domain (OUD) (Fig. 4. 4), where high-standing carbonate reliefs of the BCP are buried beneath the sediments of the HT and the IM.
b) The Oblique Collision Domain (OCD) (Fig. 4. 5), defined as the region where the
carbonate spurs of the BCP are indenting into the island arc at the seafloor surface.
The along-strike boundary between these two tectonic domains is marked where the
Silver Spur impinges into the IM at the longitude of Rio San Juan Peninsula (Fig.
4. 3). The significant effects of the indentation of the Silver Spur are recorded on-land
with the remarkable uplift of the Cabrera Promontory (Fig. 4. 5, App. 4. A), consisting
of 11 levels of southward-tilted marine terraces, faulted parallel to the deformation front (Diaz de Neira et al., 2017). These terraces show a continuous uplift at least
from the Lower Pleistocene with uplift rates ranging 0.15–0.17 mm/year. (Diaz de
Neira et al., 2017).

4.3.1. Bahamas Carbonate Province (BCP)
The survey area covers the southeastern end of the BCP (See inset in Fig. 4. 1; Sykes et
al., 1982; Eberli and Ginsburg, 1987; Mullins et al., 1992). While the northwestern
BCP consists of large platform, and coalesced carbonate banks (Eberli and Ginsburg,
1987), the southeastern termination is characterized by isolated and irregular flattopped reliefs, which rise from the surrounding abyssal plains located between 4300
and 3800m of water depth (App. 4. A). These reliefs are separated by wide channels,
called “passages” in the bibliography, which connect the seafloor of the HT with the
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abyssal plains of the NOAM plate north of the BCP.
Fig. 4. 4. Morphostructural interpretation of the Oblique Underthrusting Domain. See location
in Fig. 4. 3.

In our study area, there are four large banks (from W to E); Mouchoir, Silver, Santisima Trinidad and Navidad banks (Fig. 4. 3). The Mouchoir, Silver and Navidad banks
present a wide flat-topped morphology with water depths of a few tens of meters
and locally emerging in the form of patches and reef barriers, whereas the Santisima
Trinidad bank consists of a NNE-SSW oriented ridge with a narrow flat-topped area
(Fig. 4. 3, Apps. A and C).
In this study we interpret in more detail the southern slopes of BCP since they are partially covered with high resolution multibeam data, and extend the interpretation northwards based on seismic data and the published GLORIA side-scan sonar
images (Dillon et al., 1992; Dolan et al., 1998).

4.3.1.1. Mouchoir Bank
The Mouchoir Bank is located northwards of the flat-floored Hispaniola and Caicos
basins in the OUD (Fig. 4. 4). The surveyed area of the Mouchoir Bank consists of two
salients (Western and Eastern spurs) separated by an irregular zone featured by bankward amphitheater shaped morphologies (“scallops”; Mullins and Hine, 1989). Between the spurs, there is a marginal or isolated relief disconnected from the
south slope of the bank (Fig. 4. 4). Similar isolate reliefs have also been identified out
of our survey area, in the northern flanks of the BCP, from GLORIA side-scan sonar
data (Mullins et al., 1992; Dolan et al., 1998). The morphology of the Western and
Eastern spurs is characterized by a series of high-standing reliefs and terraces flanked
by structural and erosive steep escarpments (15–35°-dip) (Fig. 4. 4 and App. 4. C).
•

Structural escarpments are mainly W–E to WNW–ESE trending and are the result
of recent normal fault activity with variable dip-slip throw (Figs. 4. 6 and 4. 7).

•

Erosive escarpments are very sinuous but with a preferential E-W to NE-SW orientations. Interpreted GLORIA side-scan sonar images by Mullins et al. (1992)
shows that these erosive escarpments are higher, longer and more frequent in the
upper and middle slope of the banks (Fig. 4. 4). These escarpments are distributed
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Fig. 4. 3. DEM as in Fig. 4. 2 showing the division into three morphostructural provinces: Bahamas Carbonate Province (BCP), Hispaniola
Trench (HT) and Insular Margin (IM). The dashed brown line marks the island shelf edge. The red line marks the deformation front. The dashed
black lines mark the base of the southern slope of BCP. The dashed blue lines mark the Bahamas Banks shelf edge. Dashed lined boxes show the
two regions used to describe the respective tectonic domains in the study area (Fig. 4. 4: Oblique Underthrusting Domain; Fig. 4. 5: Oblique Collision Domain).
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Fig. 4. 4. Morphostructural interpretation of the Oblique Underthrusting Domain. See location in Fig. 4. 3.
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Fig. 4. 5. Morphostructural interpretation of the Oblique Collision Domain. See location in Fig. 4. 3. See Fig. 4. 4 for legend.
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in 2–3 rows steeper downslope (App. 4. C). Same as in spurs, some of these escarpments are controlled by normal faulting (Figs. 4. 4, 4. 6 and 4. 8).
Locally, GLORIA side-scan sonar data and seismic data allow to identify carbonate outcrops in some of these steep escarpments (Figs. 4. 4, 4. 7 and 4. 8). They are
found in the middle-lower slope of the Mouchoir Bank and in the lower parts of the
Marginal Relief and Mouchoir Eastern Spur. The carbonate outcrops are shown in
GLORIA data as high reflective zones and as transparent seismic facies in single– and
multi-channel seismic lines. Mouchoir Western Spur is not covered with GLORIA
data and seismic data do not show transparent seismic facies in the escarpments, but
probably carbonate outcrops might locally occur (Fig. 4. 4).
Widespread erosive features, as small gravity failures, show more occurrences nearby
erosive and fault escarpments. Small canyon/gully systems are mostly developed in the
western and eastern flanks of the spurs. Only one well-developed canyon system was
identified in the surveyed area, connecting the upper slope of the Mouchoir Bank
with the HT seafloor (Fig. 4. 4). These main channels are identified by GLORIA sidescan sonar data and are found preferably in the most developed scallops, where erosion
has progressed further to the north.
It is worth highlighting a huge area of debris flows flanked eastward by the cited large
canyon system (Fig. 4. 4; Dolan et al., 1998). GLORIA data reveal chaotic reflectivity,
which passes downslope into well-developed lineation that are interpreted as flow-lines
produced by a large (50 km-long, 25 km-wide) debris flow deposit (Mullins et al.,
1992). Unfortunately, high-resolution swath bathymetry does not cover this region, and GEBCO data only allows to infer a smooth convex morphology (Fig. 4. 2).
The large canyon that flanks the debris flow to the east, shows a truncate path probably
caused for the canyon erosion.
Between the Western and Eastern spurs, there is a marginal relief forming a seamount
that raises more than 1000m from the Hispaniola Basin seafloor (Figs. 4. 4 and 4. 8).
Since this feature is not fully covered by high-resolution swath data, and the resolution
provided by the satellite derived bathymetry is very limited, its shape cannot be defined
in detail. However, seismic data show that the internal structure resembles the same
extensional framework of normal faults previously described for the Western and Eastern Spurs (Fig. 4. 8). It seems feasible that this marginal relief is the relict of a largely
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eroded ancient spur. These observations suggest that the morphology of the Mouchoir
Bank slope is mainly controlled both active normal faulting parallel to the
plate boundary and erosive processes.
The seismic sections allow to observe an internal structure that are preserved from deformation and erosion in the northward and shallower regions of the bank slope (Figs.
4. 6 and 4. 8; see enlargements). Here, the internal structure consists of two high-reflective seismic units (Figs. 4. 6 and 4. 8):
a) An upper unit displaying continuous, parallel and high-amplitude reflectors defining a 0.3–0.5 sTWT-thick sediment package
b) A lower seismic unit consisting in a 0.2–0.4 sTWT-thick package of discontinuous
low-amplitude reflectors that progressively becomes transparent.
The internal structure of the Western and Eastern spurs and the marginal relief are
roughly the same but intensely affected by faulting and erosional processes. This fact
yields that the upper units are almost absent as in the marginal relief. Locally, along the
slope of the banks and near the marginal reliefs, it can be observed a shallower seismic
unit consisting 0.1–0.2 sTWT-thick package of sedimentary reflectors interbedded by
chaotic facies probably related with slope processes (i.e., channel fills, fans, slumping
and drift deposits; Fig. 4. 8).

4.3.1.2. Silver, Santísima Trinidad and Navidad banks
Silver, Santísima Trinidad and Navidad banks are located in the OCD. The Silver Spur
impinges into the island arc, marking the eastern end of the Hispaniola Basin and the
change between the Underthrusting and Collision domains (Fig. 4. 5). The impingement of the Silver Spur takes place in a segment of 60 km-long, showing a terraced
morphology like the observed in the Western spur of the Mouchoir Bank.
These terraces are also a result of the dip-slip throw of numerous S-dipping normal
faults (Figs. 4. 5 and 4. 9). The amount of the vertical fault throw is variable between
tens to hundreds of meters, locally allowing carbonate outcrops. However, in the Silver
Spur the orientation of the faults is more WSW-ENE trending than in the Mouchoir
Bank.
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Fig. 4. 6. A) Post-stack migrated MCS profile. See location in Fig. 4. 2. V.E. is 3× on the seafloor. B) Line drawing interpretation.
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Fig. 4. 7. A) Stacked SCS profile. See location in Fig. 4. 2. V.E. is 3× on the seafloor. B) Line drawing interpretation. See Fig. 4. 6B for
legend.
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Fig. 4. 8. A) Post-stack migrated MCS profile. See location in Fig. 4. 2. V.E. is 5× on the seafloor. B) Line drawing interpretation. See Fig. 4. 6B
for legend.
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Santisima Trinidad Bank is an elongate SSW-NNE trending bank (Figs. 4. 2 and 4. 5).
Based on its morphology, this bank has suffered very high erosion that forms steep escarpments in all directions, allowing the outcrop of the carbonate basement. Between
the reliefs, there are well-developed canyon systems that bypass the lower slope apron,
reaching the Santisima Trinidad Basin through the Santisima Trinidad Passage. The
lack of high resolution swath bathymetry data prevents to identify more accurately
morphological and structural features along the bank.
The internal structure of the Silver and Santisima Trinidad spurs seems to be similar to
that of the Mouchoir spurs, but in this case the lower resolution of the single-channel
seismic data prevents a better characterization (Figs. 4. 9 and 4. 10). In the lower slope
of the spurs and in the bottom of the Navidad Passage, we have identified shallower seismic facies resulting from a complex interaction among slope, contour and bottom current processes (drift and slumping deposits; Fig. 4. 9).
The Navidad Bank consists in a huge high-standing flat-topped carbonate relief, which
has suffered very strong erosive dismantling along its southern edge (Fig. 4. 5). This
flank shows a steeped slope characterized by erosive and fault escarpments that locally
allow the outcrop of the carbonate basement (Figs. 4. 5, 4. 11 and 4. 12).
Most fault scarps are E-W oriented, turning to ENE-WSW in the eastern termination towards the Puerto Rico Trench by means of two large NE-SW normal faults.
The extent of these erosive and fault escarpments is crossed by canyon systems that
connects the carbonate shelf with the lower slope (Fig. 4. 5). This bank seems to show a
more intense dismantling by faulting processes, such as the normal faults observed along the northern margin of the Puerto Rico Trench. Also, they may be a
gravitationally-driven block glide associated with margin collapse.
There is an anomalous area in the southern edge of Navidad Bank, where GLORIA
side-scan data shows a very high reflectivity ridge similar to carbonate outcrops of
Navidad Bank (Mullins et al., 1992) and single-channel seismic profiles show an internal structure with many diffractions (Figs. 4. 11 and 4. 12). This suggests that carbonate
blocks from the Navidad Bank are accreted to the base of the Insular Margin.
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Fig. 4. 9. A) Stacked SCS profile. See location in Fig. 4. 2. V.E. is 3× on the seafloor. B) Line drawing interpretation. See Fig. 4. 6B
for legend.
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Fig. 4. 10. A) Stacked SCS profile. See location in Fig. 4. 2. V.E. is 3× on the seafloor. B) Line drawing interpretation. See Fig. 4. 6B for
legend.
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Fig. 4. 11. A) Stacked SCS profile. See location in Fig. 4. 2. V.E. is 3× on the seafloor. B) Line drawing interpretation. See
Fig. 4. 6B for legend.

Chapter 4
Morphostructure

126

Fig. 4. 12. A) Stacked SCS profile. See location in Fig. 4. 2. V.E. is 3× on the seafloor. B) Line drawing interpretation. See Fig. 4. 6B for legend.
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4.3.2. Hispaniola Trench Province
New bathymetric data show that the morphology of the HT is complex and is conditioned along the strike by the tectonic domains of the study area.
In the OUD it is mainly represented by the Hispaniola Basin, which opens to the west
to form the Caicos Basin (Fig. 4. 3). To the east, Hispaniola Basin is interrupted by the
Silver Spur and, in the OCD, the trench is formed by an alternation of small basins
and carbonate spurs impinging into the IM. The axial bathymetric profile shows an alternation of high-standing carbonate spurs and small isolated basins (Fig. 4. 13). The
water depth along the isolated basins increases eastward to finally connect with the
Puerto Rico Trench (8300 m-deep; Figs. 4. 4 and 4. 13). For a better reference and because of proximity with well-known features, these isolated basins are called in this
study: Santisima Trinidad Basin and Western and Eastern Navidad basins.

Fig. 4. 13. Bathymetric profile along the axial region of the Hispaniola Trench. Covers W to E the Hispaniola, Silver and Navidad basins. PRT: Puerto Rico Trench; OSD: Oblique Subduction Domain. See
profile path in Fig. 4. 2 and Appendix A.

4.3.2.1. Hispaniola and Caicos basins
The Hispaniola Basin consists mostly of a sinuous, featureless, flat-bottomed (seafloor
slope < 2°) elongated depression, with depths around 4200m (Fig. 4. 4 and App. 4. A).
The width of the Hispaniola Basin is very variable and is conditioned by the irregular
morphology of the Bahamas spurs and the existence of wide passages between the
banks. To the east, the Hispaniola Basin disappears, in the collision zone between the
Silver Spur and the IM, where the water depth quickly decreases to 2500m (Fig. 4. 5,
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App. 4. A). It only remains a small elongated sedimentary filling less than 3 km-wide
(Fig. 4. 9). At the western part of the survey area, the basin opens and forms the extensive Caicos Basin that is bounded to the north by the Turks and Caicos Islands and to
the west by the Inagua Island (Fig. 4. 1).
The sedimentary fill of Hispaniola and Caicos basins consist of horizontal to sub-horizontal turbiditic levels with variable thickness, characterized by very reflective, continuous and little spaced reflectors (Figs. 4. 8 and 4. 14). Caicos Basin has a turbiditic fill
with at least 2 sTWT of thickness in which can be distinguished two seismic units:
a) An upper unit consisting of a package of sub-parallel, continuous and high-amplitude reflectors
b) A lower unit consisting of a package of subparallel, semi-continuous and mid-amplitude reflectors (Fig. 4. 14).
GLORIA data show a long channel from Caicos Basin that flows into the western
edge of Hispaniola Basin (Dillon et al., 1992). This is a very narrow area south of
Mouchoir western spur with large sedimentary fill (up to 2.5 sTWT; Fig. 4. 6) and corresponds to the deepest region of the HT (4300 m-deep; Fig. 4. 13 and App. 4. A). The
channel forms a sedimentary channel-levee system. Laterally, the most recent turbidite
levels show an onlap with the underlying turbidite levels or with high-standing carbonates of the BCP (Fig. 4. 7, 8, 9 and 14).
In the southern part of the Hispaniola and Caicos basins the turbiditic levels are progressively tilted towards the north, folded and cut-off by the N-verging thrusts and finally incorporated to the NHDB (Fig. 4. 14). Occasionally, sedimentary reflectors from
Bahamas Banks can be followed southwards below the Hispaniola Basin turbiditic filling evidencing the active underthrusting process of the banks (Fig. 4. 8). Dolan et al.
(1998) describe a carbonate basement beneath the turbidite filling, but multi-channel
seismic profiles do not show enough resolution. Modern turbidite reflectors onlap an
erosive surface, and below it there is an older turbidite filling characterized by discontinuous horizontal reflectors (Figs. 4. 7, 4. 8 and 4. 14).
The drainage systems developed on the flanks of the Bahamas Banks and on the IM,
indicate that turbidite materials come mainly from the island of Hispaniola and to a
lesser extent from the BCP (Fig. 4. 4). Several morphological elements reflect this, such
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Fig. 4. 14. A) Post-stack migrated MCS profile. See location in Fig. 4. 2. V.E. is 3× on the seafloor. B) Line drawing interpretation. See Fig. 4. 6B
for legend.
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as the big submarine channel NE of Cap-Haitien that flows into the Caicos Basin,
forming a great submarine fan (Dillon et al., 1992). Another important sedimentary input from the island arc to the basins are the occasional mass transport deposits
(MTD) that are interbedded with the turbiditic fill of both basins (Figs. 4. 8 and
4. 14).
Widespread seafloor sampling in the Caicos Basin showed that most of the sediments
come from the island arc, where these channels transport detritic materials of sand size
through turbiditic flows (Ditty et al., 1977). These detritic deposits are interbedded to
a lesser extent with pelagic sediments and carbonate sediments from the banks.

4.3.2.2. Trench basins in the Oblique Collision Domain
In the OCD the HT becomes significantly narrower and deeper than in the OUD
(Fig. 4. 5). In a segment of 200 km-long, eastwards from the Hispaniola Basin at 4200
m-deep, the axial depth increases by means of an alternation of highs and lows up to
the Puerto Rico Trench where the water depth reaches 8300m (Fig. 4. 13).
The highs in the axial profile correspond to carbonate spurs that impinge into the IM,
and the turbiditic fill accumulated in this bathymetric trench is discontinuous (Fig.
4. 9).
The lows are occupied by elongated isolated basins which from W to E, are: Santísima
Trinidad (4400 m-deep), Western Navidad (4600 m-deep) and Eastern Navidad (5400
m-deep). These basins have a preferential elongated E-W morphology with variable
turbiditic thickness, reaching locally 1.5–2.0 sTWT (Figs. 4. 15 and 4. 16).
Seafloor sampling in the Santísima Trinidad Basin showed a mixture of terrigenous and carbonate turbidites derived from the IM and the carbonate banks (Seiglie et
al., 1976). Below this turbiditic fill it can be inferred a stepped southward dipping carbonate basement (Figs. 4. 11, 4. 12 and 4. 16).
Because of the irregular trench bathymetry in the OCD, the entrance sediment to the
trench basins from the Bahamas Banks and the IM seems to be lesser than in the
OUD. In the lower IM there is no evidence of a drainage system feeding the Santisima
Trinidad and Navidad basins. Canyon systems in the area do not flow into the trench
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Fig. 4. 15. A) Stacked SCS profile. See location in Fig. 4. 2. V.E. is 3× on the seafloor. B) Line drawing interpretation. See Fig. 4. 6B for legend.
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Fig. 4. 16. A) Stacked SCS profile. See location in Fig. 4. 2. V.E. is 3× on the seafloor. B) Line drawing interpretation. See
Fig. 4. 6B for legend.
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basins, mainly since the deformation front act as an efficient sediment barrier. Widespread slumped areas might provide the greatest sedimentary inputs to Eastern Navidad Basin and the eastern end of Western Navidad Basin (Fig. 4. 5). The drainage system developed in the slope banks seems to be a local source of carbonate sediments for
the adjoining basins.

4.3.3. Insular Margin (IM)
The Northern Hispaniola Margin is WNW-ESE oriented, comprising from the northern Hispaniola shoreline to the base of the insular slope. This slope forms the southern
wall of the HT and has two along-strike oriented morphostructural sub-provinces
(Figs. 4. 3, 4. 4and 4. 5): the Insular Shelf and the Insular Slope.

4.3.3.1. Insular Shelf
Although the Insular Shelf sub-province is not covered by high-resolution swath bathymetry data (water depths are below 200 m), the GEBCO 30 arc-sec. gridded data
allow to roughly draw the shelf edge along the margin.
The shelf edge is sinuous, resulting in a variable shelf width along the margin. Although the averaged width is between 3 and 5 km, there are zones where insular shelf
is almost non-existent (e.g., Manzanillo Bay and Sosua and Rio San Juan peninsulas;
Fig. 4. 3), and areas where the shelf reaches 25 km seaward from the coast (e.g., Monte
Cristi; Fig. 4. 4).
The lithology of the insular shelf was inferred from onshore geological studies of
northern Hispaniola (de Zoeten and Mann, 1999, and references therein). The current
shelf is mainly constituted by Late Miocene-Present shallow carbonate materials built
over deep-marine Eocene-Paleocene rocks with a Paleocene-Eocene volcano-sedimentary basement.

4.3.3.2. Insular Slope
4.3.3.2.1. Morphostructure
Based on morphological criteria, the Insular Slope sub-province can be divided into
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two along-strike regions of slope (Fig. 4. 3, App. 4. C):
a) A lower region characterized by a highly benched and stepped slope.
b) An upper region characterized by a steep continuous slope.
The boundary between both regions is not always identified along-strike, but it can be
outlined along a concave slope break (Figs. 4. 4, 4. 5 and App. 4. C).
The lower region of the Insular Slope sub-province is occupied by the NHDB. This deformed belt consists in an alternation of roughly E-W trending broad anticline ridges
and narrow troughs, sub-parallel to the base of the island slope where is located the
compressive deformation front (Figs. 4. 4 and 4. 5). This alternation is the surface expression of a sequence of fault-propagation faults that form an imbricate fold-andthrust system (Figs. 4. 6, 4. 7, 4. 8, 4. 9, 4. 10 and 14).
Although the imbricate system is composed of highly deformed sediments, folded sediment beds can be identified, forming broad anticline ridges with preferential northward vergence (i.e., steeper northern flanks and gentler southern flanks; Figs. 4. 4, 4. 5;
App. 4. C). Sub-surface data image the structure of the imbricate fold-and-thrust system and shows a northwards transport direction (Figs. 4. 6 and 4. 14). However, frequent slope failures highly alter the surface expression of the verging anticlines, mainly
in the steeper northern flanks (Figs. 4. 4, 4. 5, 4. 7 and 4. 8).
Significant sediment accumulation over the axial ridge zones and the gentler southern
flanks are found, which are partially buried by syn-tectonic sediments, locally forming
ponded elongated slope basins (i.e., piggy-back basins; Figs. 4. 7, 4. 8 and 4. 14).
These basins have variable size and sediment thickness, reaching locally 0.5 sTWT
(Figs. 4. 8 and 4. 14). They often show fanning beds, confirming the intense active deformation during the sediment accumulation (Figs. 4. 8 and 4. 14).
The base of the insular slope mostly coincides with the active compressive deformation
front that is marked by the seaward frontal thrust fault and its associated northward-verging anticline ridge (Figs. 4. 4, 4. 5, 4. 6, 4. 7, 4. 8 and 4. 14). Most thrust
faults are buried by slope sediments (i.e., blind thrusts) and they are only inferred by
the overlying verging anticline ridge, but locally they propagate upwards reaching the
seafloor (Fig. 4. 8).
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The development and the surface expression of the NHDB is highly variable along the
entire margin showing significant differences between the Collision and Underthrusting domains. These differences are:
•

Generally, in the OUD, the imbricate system shows a marked seafloor expression.
This allows to observe the existence of individual broad anticline ridges (Fig. 4. 4).
However, the along-strike development (i.e., length) is very variable, as can be inferred attending to the number of anticline ridges and the sinuous trace of the deformation front. There are broad salients (up to 25 km seaward of width) where
there is a well-developed imbricate thrust system (e.g., in the Caicos Basin region
the imbricate system is built by a succession of at least 5 anticline ridges separated
in average 5 km; Figs. 4. 4 and 4. 14) and narrow recesses where the anticline ridges
are difficult to observe or simply do not exist (e.g., south of Mouchoir western
spur). This alternation of salients and recesses has been interpreted in many studied
imbricate thrust belts, and reproduced by analogue modeling, as a consequence of
differential sediment accretion and/or the topography of the incoming plate (e.g.,
Scholl et al., 1980; Dominguez et al., 2000; Marshak, 2004; Granja-Bruña et al.,
2009; Granja-Bruña et al., 2014). In our instance, the sinuous morphology of the
deformation front seems to be similar in origin. This is supported by the observed
along-strike changes in the sediment thickness of the Hispaniola trench, as well as
by the variable topography of the underthrusting BCP. Most of the NHDB is
formed by one or two long and broad anticline ridges (Figs. 4. 4, 4. 6, 4. 7, 4. 8
and 4. 14). The width of the anticline ridges does not seem to be variable, averaging 3–5 km, but their along-strike length is very variable, from only 10 km to 40
km (Fig. 4. 4).

•

In the OCD, the surface morphology of the NHDB is very diffuse and it is only
inferred upwards in the slope, through a series of 3 to 4 NW-SE trending anticline
ridges (Fig. 4. 5). The width and the length of anticline ridges are very limited in
contrast to the OUD. Here, the ridges are very narrow averaging 1 km of width
and their along-strike length are only up to 8 km. Downslope, the anticline ridges show a smooth surface expression since there is a relatively thick blanket of
slope sediments that partially buries the low-active N-verging imbricate system
(Figs. 4. 5 and 4. 10). This sedimentary cover shows a gentle seaward gradient, locally deformed by shallow gravity-driven failures that yield small fault scarps and a
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widespread slump scars (Figs. 4. 5, 4. 10, App. 4. C). Locally, the deformation
front incorporates carbonate material from the southern flank of the BCP (accreted carbonate block in Fig. 4. 12). In the backside of the imbricate system, where
there is a significant concave slope break, an elongated E-W trending>1 sTWT-thick slope basin is observed. In the south-eastern corner of our survey area,
there are two striking EW–trending valleys that could be left-lateral strike-slip
structures probably connecting eastward with the western end of the Bunce Fault
(ten Brink and Lin, 2004). Because of the lack of data, we cannot study the westward interconnection with the compressive structures of the NHDB in the north
of the Samaná Peninsula.
The slope region located between the shelf edge and the rear of the NHDB is not fully
covered by high-resolution multibeam data, but the explored areas show a rough, steep
continuous and locally stepped slope that is covered by variable-thick slope sediments
(Figs. 4. 7, 4. 8 and 4. 14). Here, the seafloor is incised by a dense canyon network and
numerous gravity-driven failures (Figs. 4. 4, 4. 5, 4. 7, 4. 8). Limited penetration
of seismic data and the acoustic basement prevent the identification of any structural
feature beneath this slope region (i.e., a potential buried imbricate system or island arc
rocks).

4.3.3.2.2. Submarine drainage.
The Northern Hispaniola Margin locally shows a well-developed canyon and channel
network that seems to be an important sediment transport and distribution mechanism
along the slope and deep basins.
The network is more developed in the OUD where several large channels fed by many
tributary canyons go from the shelf edge (shelf-sourced channels; Farre et al., 1983), or
indeed from the onshore river mouths, through the entire margin to the abyssal plains
of the Caicos and Hispaniola basins (Fig. 4. 4). Because of the stepped slope yielded by
the underlying imbricate structure, the anticline ridges act as efficient sediment traps,
and locally some channels only reach the isolated slope basins. Occasionally, the
flanks of the broad anticline ridges also show local incised canyon networks, which
connect the uplifted anticline axis to the adjacent basins.
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In the western survey area, north of Cap-Haitien, there are three large channels that
cross completely the imbricate structure and flow into the Caicos Basin (Fig. 4. 4). The
two western channels are very incised in the margin forming a 400–600 m-deep
V-shaped valleys. These channels are headless and then disconnected from the onshore supplies by the active tectonics associated to the SOFZ. The dip-slip component
of displacement has created a WNW–ESE trending 200–500 m-deep valley along the
upper slope that have beheaded these channels (Leroy et al., 2015). This fault-controlled valley captures all the onshore supplies in the Cap-Haitien region. The longer
and wider eastern channel is also very incised, forming a 400 m-deep U-shaped valley
and an important sediment accumulation along its course. Where this channel reaches
the Caicos Basin seafloor, it yields an extended submarine fan (Fig. 4. 4). This submarine fan has little geomorphic expression and cannot be detected due to the limited vertical resolution of swath bathymetry data at 4000m of water depth. However, it
was clearly mapped from the GLORIA large-range side-scan sonar images as a region
of high reflective coarse sediment (Dillon et al., 1992).
The available swath bathymetry data coverage allows the recognition of this geomorphic feature up to the upper slope, but we could not discard that this channel might be
related to the large onshore rivers in the region, for instance the Yaque del Norte (Fig.
4. 4). Anyway, these channels seem to be the main sediment supply for the Caicos Basin (Fig. 4. 4).
The OCD shows a continuous slope having a dense canyon network that supplies sediment to a series of elongated W–E trending slope basins located in the middle slope,
resulting in a significant accumulation of sediment (> 1sTWT; Figs. 4. 5 and 4. 10).
Also, there are large sedimentary processes on the middle slope at the bottom of these
great canyons (Fig. 4. 5). The larger canyon in the area is located in the Bahía Escocesa
and could be connected with important rivers (i.e., Boba and Yuna rivers; Fig. 4. 5), but
we do not have swath bathymetry coverage in the upper slope to confirm that. Channels and canyons in the area do not seem to reach the Santisima Trinidad and Navidad
basins, mainly due to the deformation front, which act as an efficient sediment barrier. East of the Samaná Peninsula there is not a well-developed canyon system and
drainage seems to be controlled by the two striking E-W trending valleys that could be
left-lateral strike-slip structures connecting eastward with the western end of the
Bunce Fault (ten Brink and Lin, 2004).
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4.3.3.2.3. Gravity instabilities.
Gravity features as slump scars and deposits, are frequent in the IM (Figs. 4. 4 and
4. 5). The size of the slope failure is variable but seems to be related with the height of
the anticline ridges. For instance, in the salient of the NHDB located in the Caicos
Basin, slope failures have smaller size because the anticline ridges are smaller. On the
contrary, the frontal anticline ridges located south of the eastern Mouchoir Spur show
a significant larger size because the anticline ridges are much wider and higher (Figs.
4. 4 and 4. 8). Here, in the northern flank of the frontal anticline ridge, the gravity instability coalesces resulting in an extended slumped area. Locally because of the larger
size of the slumps (8.6 km-long, 7.8 km-wide), and possibly the recent activity, the
slump deposits and the head scarps of 300–400 m-high are preserved (Figs. 4. 4, 4. 7
and 4. 8).
In the OCD, small gravity instabilities are relatively less frequent (Fig. 4. 5), but in the
lower slope zone, there are widespread slumped areas forming a relative thick sediment
fill that covers the imbricate system (Figs. 4. 10, 4. 11, 4. 12). The slumped area from
the east is the biggest one, covering 40 km-long along-strike and 12 km-wide
downslope. In the middle slope, there is one lager slump scar near the elongate W-E
slope basin (Fig. 4. 5). This slump shows a sinuous head scarp, with minor cracks in the
slumped regions, and could be associated with the over-steepening of the midslope in
this region where there are also many gravity-driven faults.

4.4. Discussion of this chapter
4.4.1. Erosion and collapse of the southeastern of Bahamas
Carbonate Province

The southeastern BCP belonged once to a much larger and continuous carbonate platform that would include the present Great Bahama Bank (Mullins and Hine, 1989;
Mullins et al., 1992). Latter authors suggested that the current morphology of the
southeastern BCP, with large scalloped banks separated by deep passages, would be
the result of at least two retreat stages of the carbonate platform: A Middle Cretaceous
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drowning stage related to a global response of carbonate platforms to a rapid pulse of
sea level rise (Schlager, 1981; Larson and Pitman, 1972; Sheridan, 1983), and a Middle
Miocene-Present underthrusting stage of the Bahamas Carbonate Province along the
Northern Hispaniola Margin (Sykes et al., 1982).
The limited region of the carbonate banks covered by our data do not allow to corroborate the Middle Cretaceous drowning stage, but we have observed numerous features
in the carbonate banks that can be attributed to the NOAM-CARIB plate boundary
interactions since Middle Miocene times. Along the lower slope of the carbonate
banks numerous recent structural and sedimentary features seem to jointly contribute
to the erosional retreat of the carbonate banks:
a) The flanks of the carbonate banks show widespread local networks of incised canyons/gullies. Most small canyons and gullies show V-shaped cross-section, suggesting they are essentially active erosive features (Shepard, 1972). Occasionally, northward of the regions covered by swath data, the GLORIA side-scan sonar data
shows some large channels that connect the upper slope bank, and possibly the
bank edge with the Hispaniola Basin seafloor (Figs. 4. 4 and 4. 5; Dolan et al.,
1998). Those larger canyons show a wide U-shaped cross-section suggesting that
they are the most active agents in transporting and redistributing sediments along
the bank slopes up the Hispaniola Basin. The accumulation of sediments transported by canyons and channels, and likely redistributed by bottom currents can be locally recognized at the lower slope, at the base of the flanks, and along the passages.
Such deposit accumulations form a hummocky seafloor morphology and the chaotic internal geometry of the sedimentary reflectors resemble to debris flows, fans and
drift deposits (Figs. 4. 8, 4. 9, 4. 10 and 4. 15). Fan deposits can be recognized at
the mouth of large channels over the Hispaniola basin seafloor (Fig. 4. 4). GLORIA data also show a huge extended region of debris flows between the marginal
relief and the eastern spur that seems to be related to a significant erosive process
(Fig. 4. 4; Dolan et al., 1998). Probably because of the limited vertical resolution of
the swath bathymetry data, we cannot recognize some other possible deposits on
the lower slope.
b) There are numerous head scarps suggesting that slumping is a widespread significant erosional process. Slump scars are mostly located nearby fault and morpholog-
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ic scarps, and over recently tilted block faults (Figs. 4. 4, 4. 5, 4. 7 and 4. 8). The
mechanism of slump triggering would be 1) intrinsic, due to the over-steepening
caused by active fault deformation and/or 2) extrinsic, caused by deep oceanic currents and shaking yielded by frequent and significant magnitude seismicity due to
the proximity of the active plate boundary.
c) The frequency, along-strike length, and average amount of dip-slip throw of the
normal fault scarps is variable along the margin (Figs. 4. 6, 4. 7, 4. 8, 4. 9 and 4. 11).
In the OCD there are higher frequency and larger average amount of dip-slip
throw (e.g., reaching 0.5 sTWT≈350 m-high; Figs. 4. 10 and 4. 11) than in the
OUD (Figs. 4. 6, 4. 7 and 4. 8). Scarp faults are E–W trending and sub-parallel to
the convergent plate margin. This geometrical parallelism between the structures in
the incoming plate and the plate boundary has been well-documented in many
subduction and underthrusting settings (e.g., Jones et al., 1978; Hilde, 1983 and
references therein; von Huene and Culotta, 1989). Normal faults in the incoming
plate near the trench are a result of the plate bending and/or the along-strike differential overload of the trench and accreted sediments. Here, it seems that the
bending of the incoming plate because of the oblique collision/ underthrusting
plays the most significant role, as there is no relation of a more developed thrust
belt with the existence of normal faulting.
d) The preferential enlargement of the carbonate spurs with their SW–NE trending
flank scarps, and the wide and deep passages separating them (the N–S trending
Silver bank passage and the NE–SW trending Santisima Trinidad and Navidad
passages) seem to be older lineal structures inherited from Early Cretaceous rifting
(Mullins et al., 1992), and not directly related to the Miocene-to-present underthrusting/collision process. These passages are related to erosional re-entrants north
of Navidad Bank identified by Mullins et al. (1992), which are parallel to the trend
of marine geomagnetic trends in the North Atlantic (Klitgord et al., 1984). This
Early Cretaceous rift stage could also provide a first-order mechanism for the origin of bank segmentation and basin physiography in the southeast Bahamas (Freeman-Lynde and Ryan, 1987). Since the collision between Hispaniola margin
and the BCP, these inherited structures could act as transverse tear faults in the incoming plate. In our opinion, west of Silver Bank, the structure in the channel,
could accommodate the change in the plate coupling, the amount of shortening or
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the stress fields between the underthrusting and collision domains suggested by
Dolan et al. (1998). In the OCD, the escarpments on the flanks of the Navidad and Santisima Trinidad banks mark the boundary between the stepped trench
basins and may also act as transverse tear faults, favoring the deepening the trench
basins towards the E (Fig. 4. 13).
e) Passages between banks are not filled in, as it occurs in NW BCP. In NW Bahamas, Masaferro and Eberli (1999) proposed that shortly after the Cuba-Bahamas
collision, the highly productive carbonate environment (or “carbonate factory”; as
defined by Schlager, 2000 and 2005) healed the depressions masking the scars produced by tectonism during the rifting stage (Middle-Upper Jurassic). After collision stage, the NW BCP works as passive margin and the sedimentation along the
slopes of the banks and on the passages is continued controlled by margin collapse
and deep currents (e.g., Mulder et al., 2012; Jo et al., 2015; Tournadour et al.,
2015; Principaud et al., 2017). However, in SE Bahamas the collision/ underthrusting process between the SE of the BCP and the island arc is still ongoing
(Dolan et al., 1998 and this study). We suggest that this could drive the distinct
morphology and sedimentation patterns between the NW and SW regions of the
BCP. The proximity to an active plate boundary of the SE Bahamas would cause
that the banks might be too deep to be effective “carbonate factories” (App.
4. A; Schlager, 2000; Schlager, 2005), preventing the healing of the passages.

4.4.2. Tsunamigenic sources in northern Dominican Republic
4.4.2.1. Sources from 1946 Bahía Escocesa tsunami
The main event of August 4th, 1946, with M8.1, was the first of a series of five major
earthquakes (M > 7) that struck the northern of the Hispaniola island between 1946
and 1953 (e.g., Dolan et al., 1998; Dolan and Wald, 1998). The rupture area of the
main event inferred from the aftershock distribution along the margin occupies the
OCD, between Navidad and Silver banks (Figs. 4. 1 and 4. 17). The oblique
thrust mechanism and the shallow focal depth suggest that this event was nucleated in
a highly coupled segment of the interface between the NOAM and CARIB plates
(Figs. 4. 1 and 4. 17; Dolan et al., 1998).
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Fig. 4. 17. DEM as in Fig. 4. 5 showing focal mechanisms corresponding to the 1946 mainshock (in red
is shown the focal mechanism by Russo and Villaseñor, 1995; in blue is shown the focal mechanism by
Dolan et al., 1998). Mesh-pattern shows the 1946 rupture area. Red lines show the coastal areas affected
by the tsunami.

The 1946 main earthquake was followed by a tsunami that mainly impacted in the
coastal towns of the Bahía Escocesa (Fig. 4. 17; Lander et al., 2002 and references
therein; Fritz et al., 2017). The greatest damage and loss of life occurred at the village of
Matancitas (just south of the present city of Nagua, then known as Julia Molina),
where a 2.5 m-high tsunami flattened homes and buildings. Because of the low relief
in most of the coastal areas, the tsunami propagated inland for several kilometers killing approximately 1790 people (previous estimates placed the death toll near 100;
Lander et al., 2002). Matancitas and nearby coastal towns were destroyed by the tsuna-
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mi and abandoned. Farther north, at the mouth of Rio Boba, higher coast relief overtopped by the tsunami required tsunami heights of 4–5m (Lynch and Bodle, 1948).
The tsunami impacts peaked with maximum tsunami heights exceeding 5m between Cabrera and El Limon (Fritz et al., 2017). A maximum tsunami height of 8m
was measured in Playa Boca Nueva (Fritz et al., 2017) In the eastern termination of
Bahía Escocesa, at Cabo Samaná, several ebbs and flows were observed, but no damage
occurred. Tsunami inundation distances of 600m was measured at las Terrenas and Playa Rincon on the Samaná Peninsula (Fritz et al., 2017). The wave was also recorded at
San Juan (Puerto Rico), and as far as Bermuda, Daytona Beach (Florida), and Atlantic
City (New Jersey).
After the large tsunami, smaller tsunamis continued for several days (tidal waves; Seismological Notes, 1946). Anecdotal accounts noted that the tsunami propagated form
north to south down the coast, indicating a source to the north. Considering the areas
documented, the impacted area by the tsunami should be more extended in northern
coast of Hispaniola, affecting to the Puerto Plata region, but there are no records.
The sources of the August 4th, 1946 large tsunami and subsequent smaller tsunamis remains unknown after several studies from seismological point of view (Heck, 1947;
Lander, 1997; Dolan et al., 1998; O’Loughlin and Lander, 2003; Gailler et al., 2015;
Grilli et al., 2016). Based on the places impacted by the tsunami, Dolan and Wald
(1998) suggested that it was probably caused by:
a) Seafloor co-seismic rupture. Seafloor uplift associated with propagation of the
mainshock rupture to the sea floor at the collisional deformation front.
b) Widespread, earthquake-induced slumping of the Hispaniola slope or the southern
slopes of Silver or Navidad banks.
These hypotheses are discussed here under.

4.4.2.1.1. Seafloor co-seismic rupture hypothesis.
Dolan et al. (1998), suggested that the 1946 tsunami could be caused by a seafloor coseismic rupture. They interpreted and elongated basin slope at the base of the Samaná
Peninsula slope, bounded southward by a N-dipping normal fault (the Samaná Penin-
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sula slope is the exposed fault scarp) and northward by a S-dipping reverse faults with
significant reverse strike-slip component (they named this fault as the North Hispaniola slope fault).
They also suggested that the North Hispaniola slope fault curves westward into a SW
orientation where it apparently controls the location of several linear submarine canyons segments. They speculated that these structures continue southwestward related
with the onshore SE-facing lineal scarp southwest of Nagua (Nagua escarpment; Fig.
4. 5), and ultimately connecting with the SOFZ.
They finally suggested that these structures could be the source of the tsunami. The interpretation of Dolan et al. (1998) was based on a seismic line that crosses over
the head scarp of a slump located northward, and the seafloor shows an apparent vertical step (see Fig. 4. 13A and B in Dolan et al., 1998).
We have reprocessed and reinterpreted in detail the single-channel seismic lines crossing this structure, in combination with the high-resolution swath data (Figs. 4. 10 and
4. 16). We have observed that:
•

The suggested W–E trending faults bounding southward and northward the elongated slope basin do not seem to be faults in our interpretation. Sediment reflectors
do not show any drag-fold, fanning beds or any kind of kinematic markers in
the basin fill.

•

The suggested N-dipping fault is the downward continuation of the steep insular
slope of the Samaná Peninsula (Fig. 4. 10).

•

The suggested S-dipping fault is formed by the sharp slope change between the
flat seafloor of the basin and the backward limb of a fault propagation fold structure, forming part of the imbricate system (Figs. 4. 10 and 4. 16). The accommodation space that allowed the formation of this basin is related to the vertical growth
of the imbricate system (e.g., Ori and Friend, 1984; Mulugeta and Koyi, 1987).

•

In addition, swath bathymetry does not show any offset in the canyon network that
could suggest a strike-slip component as proposed by Dolan et al., 1998. Westward,
the northern boundary of the basin loses surface expression and is buried beneath
the sediments deposited at the mouth of the large canyon system running along the
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steep slope from the Rio Boba (Fig. 4. 5). The northern slope of the Samaná Peninsula is featured by a steep seafloor highly incised by the dense canyon/gully network. Most of the network seems to be developed along the maximum slope without any structural control.
•

Furthermore, our swath data do not show any evidence of a recent reverse rupture
on the seafloor along the OCD. There are several elongated ridges with significant
seafloor expression, but they seem to be normal faulted carbonate blocks of the
Santísima Trinidad and Navidad banks (Fig. 4. 5). Similar ridges have been described eastward in the Puerto Rico Trench and they are not related with the accretion process (ten Brink and Lin, 2004).

However, although any surface rupture has not been identified, during the time interval
since the tsunami struck the Bahia Escocesa (70 years ago), intense erosion and sedimentation processes could have blurred this feature from the seafloor. Moreover, several
studies point out that a seafloor surface rupture with significant vertical motion is not
necessary for tsunami generation (Iwasaki, 1982; Tanioka and Satake, 1996; Ito et al.,
2011; Song et al., 2017). This is the case of the 2011 Tohoku (Ito et al., 2011; Fujiwara et al., 2011) or the 2004 Sumatra (Song et al., 2017) events, where the tsunami is
originated by a large horizontal displacement of the frontal accretionary wedge. In response to this movement, the water column above the displaced wedge is pushed upwards forming the tsunami.

4.4.2.1.2. Earthquake-induced slumping hypothesis
An alternative interpretation is that the source of the 1946 tsunami was a large local or
small widespread slumping. This slumping would be earthquake-induced and located in
the epicentral region of the steep slopes of the Northern Hispaniola Margin or of the
Bahamas Banks (Dolan et al., 1998). In the region covered by swath data, we have
identified a large slump in the mid-insular slope (Fig. 4. 5). This slump shows a
clear bathymetric expression with head and lateral scarps of 100–150 m-high, defining
a slumped area of at least 35 km2. The headscarp is facing northwestward, suggesting a
flow to the NW, but there is not a recognizable slump deposit. Relatively small
slumped area and distant regions affected by the wave (e.g., eastern coast of U.S.A.)
suggest that this scenario is not much feasible, but further specific tsunami simulations
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are necessary to test this hypothesis.
In the OCD, south of Navidad Bank, there is a widespread slumped area that reaches
350 km2. The seafloor surface of this region is irregular and prevents the identification
of any structural feature that could be associated with of the NHDB (e.g., anticline
ridges). This slumped region could be associated with the steep seafloor slopes and the
extreme shaking yielded by the 1943–1953 seismic crises. This doesn’t seem to be the
source of the main tsunami of 1946, but could be related with the minor tsunamis documented several days after the main shock (Lynch and Bodle, 1948; Lander et al.,
2002; O’Loughlin and Lander, 2003).
The steep slopes of the upper insular slope and the southern flanks of Bahamas Banks
are also prone to earthquake-induce slumping. However, in the region covered with
swath bathymetry, there is no any evidence of large slumping, only small slumps. These
small slumps could also be the source of the post-mainshock small tsunamis recorded in the region. More studies recording high-resolution bathymetry and side-scan sonar are necessary in the BCP (erosive flanks) and in the upper Hispaniola slope to
identify the source, as well as tsunami modeling with different scenarios to reproduce
the observed tsunami run-up and impacted areas.

4.4.2.1.3. Other tsunamigenic sources along the margin
Other potential sources of tsunami in the northern coast of Hispaniola would be related to the active tectonics along the OUD of the NHDB. In 1994 and 2003 several remarkable events with M5.0 and 6.3 respectively occurred offshore near Puerto Plata,
the most populated city in the northern coast of Hispaniola (Dolan and Bowman, 2004).
The main event of 2003 triggered a seismic crisis with a significant M5.6 aftershock 1
h later, and numerous smaller aftershocks for more than a month. 1994 and 2003
events have similar shallow focal depths (≈15 km) and pure thrust fault mechanisms
with a nodal plane near vertical and another gently S-dipping (Fig. 4. 1). These mechanisms were interpreted as thrust fault displacements in the NHDB accommodating the oblique convergence at the interplate surface of the underthrusting domain or
to large thrusts faults in the NHDB (Dolan and Bowman, 2004). Although seismic
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data do not allow imaging the detachment interface, several large thrust faults have
been identified along the NHDB (Fig. 4. 4). Thrust faults can be outlined almost to the
sea surface suggesting they can reach the seafloor surface. If the main seismic events
yield a co-seismic rupture that propagates upwards, then there will be a sudden seafloor
uplift with significant tsunamigenic potential. On the other hand, the continuous
non-seismic deformation in the NHDB resulting in the growing of the anticline ridges
yields oversteeping of the seafloor slope. This circumstance is favorable for gravitational slumping that also can be triggered by the shook of the seismic events.
The NHDB north of Puerto Plata has numerous gravity slumps, some of them of large
size. The larger and more abundant gravitational instabilities are found in the steeper
forward limb of the frontal anticline ridge (Fig. 4. 4). Evidence supporting this slumping process is a recurrent process can be found in the mass transport deposits (MTD)
identified in the Hispaniola and Caicos basin turbiditic fill (Figs. 4. 8 and 4. 14). It
seems highly probable that some of these instabilities have been triggered by earthquakes, and although no tsunamis have been documented, their analysis and possible
impact on future events should be considered (McCann, 2006).

4.5. In summary
A combined interpretation of high-resolution swath bathymetry and 2D seismic reflection data, together with published GLORIA side-scan sonar data, have allowed us to
characterize, on a regional scale, the active sedimentary and tectonic processes in the
Dominican sector of the NOAM-CARIB plate boundary.
Three along-strike morphostructural provinces have been identified: a) the Bahamas
Carbonate Province, b) the Hispaniola Trench and c) the Insular Margin. However, because of the high oblique plate interaction, those provinces show major alongstrike differences in the active sedimentary and deformational processes, related to two
distinct tectonic domains respectively: Oblique Underthrusting and Oblique Collision
domains located in the western and eastern regions of the surveyed area respectively.
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Bahamas Carbonate Province
The southeastern end of BCP has many inter-related morphological and structural features suggesting active erosional and deformational processes. The result is a widespread
collapse and retreat of the carbonate banks that seems to increase close to the active
plate boundary (c.f. northwestern BCP; Sheridan, 1983). The southern flank of
the banks shows frequent normal fault escarpments sub-parallel to the NOAM-CARIB plate boundary that seem to be consistent with a crustal flexure and subsidence related to the underthrusting and collision processes. Slope processes (i.e., slumping, debris flows and canyon systems) show more occurrence related to morphological and
fault-controlled scarps.

Hispaniola Trench
In the OUD, the Hispaniola Trench is characterized by two large
flat-bottomed intercommunicated basins with water depths averaging 4200–4300 m:
Hispaniola and Caicos basins. Basin turbidite thickness is substantial along the strike,
locally reaching 2.5–3.0 sTWT, suggesting high accommodation space yielded by the
plate boundary interaction. In the OCD, the HT is segmented and comprises a 200
km-long area consisting of elongated E-W trending basins separated by bathymetric highs that correspond to carbonate spurs. The depth increases to the east, from
4400 m-deep in Santisima Trinidad Basin to 8300 m-deep of Puerto Rico Trench. This
fill is lying over southward dipping carbonate basement from the banks.

Insular Margin
In the OUD the NHDB forms a NW-SE trending N-verging fold-and-thrust imbricate system mainly affecting the accreted turbidites of the Hispaniola Trench. The development of the imbricate systems is variable along-strike having an alternation of
broad salients, with several anticline ridges, and narrow recesses where only a frontal
thrust is recognizable. These along-strike variations seem to be related with the differential topography of the incoming NOAM plate. Slope processes are also common seafloor features in NHDB but highly controlled by the active imbricate system. Slumping is mainly concentrated in the steeper northern flanks of the anticline ridges. Tough
slumps commonly have a small size, four large slumps are also identified in the frontal
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anticline ridges. The canyon system networks are small and controlled by the stepped
bathymetry of the imbricate system, and then they are the only sediment contributors
for the small slope basins. However, locally three large channels by-pass the Insular
Margin Province and connects the Insular Shelf with the trench basins, forming huge
depositional systems (e.g., large submarine fan in the Caicos Basin).
In the OCD, the Insular Margin Province presents a smooth seafloor morphology, only
with few distinguishable features. Most part of the Insular Slope sub-province shows a
relatively thick slope sediment cover that is burying a low active and diffuse N-verging
imbricate system. Locally, the deformation front contains carbonate accreted blocks.
This shows that small blocks of the southern flank of the banks are being accreted into
the deformed belt during the active collision process. In the rear of the imbricate system there is an elongated E-W trending slope basin interpreted by Dolan et al., 1998,
as a basin controlled by two oblique strike-slip faults. New high-resolution bathymetry
data and a review of vintage single-channel seismic data do not show any evidence on
the seafloor or in sediment reflectors indicating the existence of these structures or
their transpressive behavior. The formation of this basin is only caused by vertical
growth of the imbricate system. In the eastern corner of OCD, there are two striking
E-W trending valleys that could be left-lateral strike-slip structures connecting eastward with the western end of the Bunce Fault (ten Brink and Lin, 2004). Slumping
processes are frequent in the OCD, forming widespread slumped areas that cover the
imbricate system.

Tsunamigenic sources
Our interpretation of the active erosional and deformational features has allowed us to
discuss possible tsunamigenic sources, related to the historical records that must be
considered in future tsunami hazard assessments. Some of these potential sources are
active thrust faults of the NHDB imbricate system that locally reach the seafloor surface. In addition, the active growth of the anticline ridges increases the seafloor gradient, contributing to the development of gravitational instabilities, some of them of significant size. These potential tsunamigenic sources have been linked to instrumental
seismic events that affected the northern coastal areas of the Dominican Republic.
Because of focal solution of the 1946 main event and the documented inundation ar-
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eas, we suggest that the Bahía Escocesa tsunami is related with a large co-seismic slip
on the plate interface (i.e., main thrust) or on some subsidiary thrust of the buried imbricate system. However, we have not found any evidence of seafloor rupture in
the epicentral area. On the other hand, widespread slumped area on the lower slop
could be responsible of the small tsunamis that struck the coast in the subsequent days.
The 1994 and 2003 seismic events north of Puerto Plata are related to the active underthrusting process and have been associated with thrust faults of the NHDB. These
events can give as possible tsunamigenic sources those co-seismic ruptures of thrust of
the NHDB that reach the surface of the seafloor or by non-seismic deformation in the
NHDB, resulting in the vertical growing of the anticline ridges yielding the
over-steeping of the flanks, favoring the occurrence of slumps that could be triggered
during a seismic event.
Therefore, earthquakes themselves cannot be the only tsunamigenic source, but also
large submarine landslides or zones of major slumps triggered by the shook of seismic
events may have produced them. Gravitational instabilities found on the Island Margin, mainly in the NHDB along with the development and vertical growth of the imbricate system are the two main drivers for the assessment of the seismic potential and
tsunami hazards of the region.
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In the previous chapter we have analyzed and interpreted the shallow morphostructure
and active processes along the northern margin of the Dominican Republic . However,
in order to understand the origin and development of the morphostructure and active
processes, it becomes essential a detailed study of the regional tectonics.
The North American (NOAM) plate converges with the Caribbean (CARIB) plate at a
rate of 20.0 ± 0.4 mm/yr. towards 254 ± 1° (DeMets et al., 2000; Mann et al., 2002;
Calais et al., 2016). The highly oblique convergence between Caribbean (CARIB) and
North American (NOAM) plates, as well as the along-strike contrasting structure and
thickness of the NOAM incoming lithosphere, results in a complex geodynamics in the
northeastern Caribbean with the development of block tectonics and plate boundary
segmentation (Fig. 5. 1; e.g., Byrne et al., 1985; Mann et al., 1995, 2002; Jansma et al.,
2000; Calais et al., 2002, 2016). This segmentation of the plate boundary leads to a
great variability in the tectonic structure along strike, identifying from E to W three
well-differentiated tectonic regimes:
•

High oblique subduction without the development of strain partitioning in Puerto
Rico (Ten Brink and Lin, 2004; Laurencin et al., 2019)

•

Oblique collision/underthrusting with the development of strain partitioning in
Hispaniola (Mann et al., 1995, 2002; Dolan et al., 1998)
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Left-lateral strike slip in the Windward Passage and south of Cuba (Calais and de
Lepinay, 1991; Calais and De Lépinay, 1995).

The majority of studies carried out in the NE Caribbean region were mostly focused
on a single tectonic domain. Regional tectonic studies carried out in the region in the
80s and 90s of the 20th century were mostly based on GLORIA large-range sidescan sonar, initial multibeam echo-sounder systems and widely-spaced and low-resolution seismic reflection profiles (Calais and de Lepinay, 1991; Dillon et al., 1992, 1996;
Dolan et al., 1998). As a result, first order tectonic structures were identified but not all
well characterized because of data limitations and coverage. Two questions are still
open, such as how the transition between the different tectonic domains takes place
and what is the relationship of the along-strike tectonic segmentation observed in the
plate boundary and the geometry of the downgoing NOAM slab.
Therefore, this chapter addresses the study of the oblique convergence of the NOAM
and CARIB plates between southeastern Cuba to northern Puerto Rico using new
swath multibeam bathymetry data and 2D multi-channel seismic profiles. The aim of
this study is to investigate and characterize and improve previous interpretations on the
first and second order tectonic structures along and across the plate boundary, and their
relationship to the slab geometry between western Puerto Rico and eastern Cuba.
This subject is addressed by means of the combined interpretation of mostly new marine geophysical data and seismicity and geodetic data from public databases. For this
study the compilation of several multibeam datasets has permitted by first time to build
a continuous and high-resolution digital elevation model along the plate boundary.
The integration of bathymetry data with seismic reflection profiles (mostly from new
acquisition), as well as the analysis of the 3D seismicity distribution, focal mechanisms
and GPS-derived velocities have allowed us to perform a regional scale analysis of the
shallower structure, the seismotectonics and the NOAM slab geometry along the
plate boundary. Results of this study would improve our understanding of the tectonics
in the NE Caribbean, that it is the base to better asses the seismic and tsunamigenic
hazard.
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5.1. Tectonic setting of the northern Hispaniola
margin
The CARIB plate is a small lithospheric plate between the North American and South
American plates that moves eastward (70°) at a rate of 18–20 ± 3 mm/yr (Fig. 5. 1; DeMets et al., 2000; Mann et al., 2002; Calais et al., 2016). The motion of the CARIB
plate relative to NOAM plate in the NE Caribbean involves oblique convergence
and frontal subduction of the Atlantic oceanic lithosphere under the Lesser Antilles,
transitioning to oblique subduction without strain partitioning in Puerto Rico and
oblique collision with strain partitioning in Hispaniola, and to pure strike-slip motion

Fig. 5. 1. Sketched tectonic setting of Caribbean Plate. The tectonic features marked with red lines
show the plate boundary. Bold black lines denote major structures. Blue dashed box shows the study area.
H: Haiti; DR: Dominican Republic; PR: Puerto Rico; J: Jamaica. SOFZ: Septentrional Oriente Fault
Zone; NHDB: North Hispaniola Deformed Belt; BFZ: Bunce Fault Zone; EPGFZ: Enriquillo-Plantain-Garden Fault Zone.
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along the southern margin of Cuba (e.g. Calais et al., 2016).
The transition from the Puerto Rico Trench to the Hispaniola Trench is marked by a
significant decrease in water depth of the trenches and the change in orientation from
E-W to ENE-WSW (Fig. 5. 1). This change is located where the buoyant Bahamas
Carbonate Province (BCP) (22–27 km-thick; Dolan et al., 1998) collides with the Hispaniola island arc along a 350-km-long segment (Dolan et al., 1998; Mann et al.,
2002; Calais et al., 2002; Pérez-Estaún et al., 2007; Calais et al., 2016). This collision
produces a slowdown of the subduction process, because the morphology of the banks
increases the frictional resistance on the subduction interface, resulting in a collisional margin (Dolan et al., 1998; Pérez-Estaún et al., 2007).
Seismicity is clustered near the plate boundary without almost CARIB intraplate
events (Engdahl and Villaseñor, 2002). The maximum focal depths exceed 250 km in
the subduction zone of the Lesser Antilles, but deep events also occur northern Puerto
Rico (150 km) and northeastern of Hispaniola. The majority of the focal depths do not
exceed 70 km-deep and most are associated with the large structures developed along
the collision margin (NHDB, SOFZ and EPGFZ), highlighting the May 7th,
1842 event with Mw=8.0 (McCann, 2006; Mw=7.8 by Russo and Villaseñor, 1995:
Mw=7.6 by Ten Brink et al., 2011), the seismic crisis of 1943–1953 with five events of
Mw > 7.0 and the seismic crisis of 2003 with a main shock of Mw=6.3 and a large aftershock of Mw=5.3 (Dolan and Bowman, 2004) (Fig. 5. 1).

5.2. Data and methods used in this chapter
The study was based on a combined analysis and interpretation of high-resolution multibeam bathymetry data, 2D multi-channel seismic reflection data, seismicity and focal
mechanisms and GPS data.
New high-resolution multibeam bathymetry data are from the NORCARIBE
2013 geophysical cruise (Fig. 5. 2). Multibeam bathymetry data of Haiti and eastern
Cuba are from HAITI-SIS 1&2 cruises (2012 and 2013) on board the
R/V L’Atalante (Leroy et al., 2015), providing a 25 m-gridded bathymetric map. The
eastern region was completed with a 50 m-gridded multibeam data from a compilation
156

Fig. 5. 2. Digital Elevation Model (DEM) derived from the multibeam bathymetry data and completed with data from GEBCO and
SRTM datasets (Weatherall et al., 2015; Farr and Kobrick, 2000) and locations of the seismic profiles detailed in this chapter. Black lines
show multi-channel seismic data from the HAITI-SIS cruises, red lines show multi-channel seismic data from the NORCARIBE cruise
(30m resolution), orange line show single-channel seismic data from the MW8909 cruise and green line show multi-channel seismic data
from the IG1503 cruise. Yellow marks the boundary of 50 m-gridded multibeam data from a compilation of USGS/NOAA cruises (Andrews et al., 2013). Blue line marks the boundary of 30 m-gridded multibeam data from HAITI-SIS cruises (Leroy et al., 2015). PR; Puerto
Rico. Inset shows tracks from HAITI-SIS, NORCARIBE, MW8909 and IG1503 seismic cruises.
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of several USGS/NOAA cruises (Andrews et al., 2013). The multibeam bathymetry
coverage has been completed with the GEBCO Digital Atlas with a 30 arc-second of
resolution (Weatherall et al., 2015), and onshore data is from the SRTM mission with
a 30m of resolution (Farr and Kobrick, 2000; http://edc.usgs.gov/). All datasets were
merged to build for the first time a continuous and high-resolution digital elevation
model along the plate boundary.
For this study we have mostly used new 2D multi-channel seismic reflection data recorded during NORCARIBE and HAITI-SIS 1&2 cruises and old seismic data in
western Puerto Rico Trench from IG1503 cruise, provided by the Academic Seismic
Portal managed by University of Texas-Institute for Geophysics (Christeson et al.,
2017). In NE Hispaniola we used single-channel profiles from the MW8908
cruise (Dolan et al., 1998), but in this study most of them are just referenced since
they were already interpreted in the previous chapter. In this chapter we show a re-interpreted seismic profile of the most representative line from the MW8908 cruise (Fig.
5. 2).
Earthquake epicenters were sourced from the Bulletin of the International Seismological Centre (ISC Bulletin; http://www.isc.ac.uk/ iscbulletin/), filtered by magnitude>3.5
and dates between 1900 and 2018. The historical earthquakes in the study area come
from the Reviewed ISC Bulletin, which is manually checked by ISC analysts and relocated. CMT focal mechanism solutions correspond to the Harvard Global CMT catalogue (www.globalcmt.org) between 1976 and 2019. Long term GPS velocity field
solutions from UNAVCO (https://www.unavco.org) given in the North American referenced frame (NAM08). Solutions are from the most recent “snapshot” velocity solution, generated approximately monthly (May 2019).

5.3. Domains characterization
Tectonic setting in northern Caribbean is complex because of the oblique convergence
between NOAM and CARIB plates and the significant along-strike changes in crustal
thickness of the NOAM incoming plate. We have divided the study region into five
tectonic domains from E to W (Fig. 5. 3):
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a) Oblique Subduction Domain (OSD), northwest Puerto Rico.
b) Oblique Collision Domain (OCD), north-east Hispaniola.
c) Oblique Underthrusting Domain (OUD), north-central Hispaniola.
d) Left-Lateral Strike-Slip Domain (SSD) north Haiti.
e) Northern Cuba Collision Domain (NCD).
The data analysis and interpretation of each domain is primarily based on new
high-resolution bathymetric and multichannel data (i.e., shallow crustal structure) and
then integrated with the spatial analysis of seismicity, CMT focal solutions and
GPS-derived velocities (i.e., seismotectonics and kinematics).

5.3.1. Oblique Subduction Domain (OSD)
The OSD is located at the eastern part of the study area, between longitudes
68.5°W–67.2°W (Fig. 5. 3). The singular characteristic of this tectonic domain related
to the other studied domains is that the thicker (continental or transitional?) crust of
the Bahamas Carbonate Province (BCP) is not involved at the present in the oblique
convergence between the NOAM and CARIB plates (Figs. 5. 3, 5. 4).
Mann et al. (2002), and Mondziel et al. (2010) suggested that the BCP continues SE
into the McCann and Habermann, 1989; DeMets et al., 2000; Calais et al., 2016). The
combination of the high-resolution bathymetry and multichannel seismic data together
with seismicity and GPS data allow the detailed analysis of the three main tectonic regions of this domain: the Outer-trench wall, the Puerto Rico Trench and the northeastern Hispaniola forearc (Fig. 5. 3).

5.3.1.1. Shallow structure of the OSD
5.3.1.1.1. Outer-trench wall.
Along the entire outer-trench wall of the western end of Puerto Rico Trench, bathymetry data shows collapsed blocks of Navidad Bank and a rough seafloor evidencing
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Fig. 5. 3. A) Enlarged map of the study area showing the tectonic domains described in the text, and the
morphostructural provinces. The dashed black lines mark the base of the southern slope of BCP, the
Puerto Rico Trench outer wall and the island shelf edge. Dotted red line shows the bathymetric profile
path of panel B. The black arrow indicates the averaged plate convergence direction of NOAM relative to
CARIB. The red arrows indicate GPS derived velocity map expressed in the North American referenced
frame (NAM08) with an ellipse error of 95% of confidence. PRT: Puerto Rico Trench; HT: Hispaniola
Trench; ST Bank: Santisima Trinidad Bank; BFZ: Bunce Fault Zone; SOFZ: Septentrional Oriente
Fault Zone; PRVI Block: Puerto Rico-Virgin Islands Block. Inset shows with dashed lined boxes the regions used to describe the respective tectonic domains in the study area. B) Bathymetric profile along the
axial region of the Northern Cuba, Northern Haiti, Hispaniola and Puerto Rico Trenches.

widespread areas of mass-wasting processes associated to intense faulting (frequent structural seafloor escarpments) (Fig. 5. 4 and Zoom 4 in Fig. 5. 5; App.
5. B). These features were firstly noticed by Ten Brink et al. (2004) from multibeam
seafloor mapping and were interpreted as main sediment sources for the elongated basin developed along the axial zone of Puerto Rico Trench.
The outer-trench wall deepens towards the south from 5300 m-deep in the outer rise
to 8300 m-deep of the axis of the Puerto Rico Trench (Figs. 5. 4 and 5. 5). Based on
submersible dive samples, Le Pichon et al. (1985) estimated a subsidence rate of 1 cm/
yr. in this area (6000m of subsidence in 600 k years). Bathymetric escarpments
are mainly NE-SW trending, are 5–12 km-spaced and have vertical steps of 150–
300m that becomes smaller to the east (Fig. 5. 4; App. 5. A). These structural escarpments are the result of recent south-dipping normal fault activity that locally allow to
outcrop the oceanic basement of the NOAM plate (Zoom 4 in Fig. 5. 5).

5.3.1.1.2. Puerto Rico Trench
The axial region of the western Puerto Rico Trench is sub-parallel to average NOAM-CARIB plate convergence vector (Fig. 5. 3) and consists of an almost featureless,
flat-bottomed and elongated bathymetric depression of 10–15 km-wide, with
depths averaging 8300m (Figs. 5. 2 and 5. 4; App. 5. B). To the west this elongated bathymetric depression becomes progressively narrower and abruptly disappears
where the seafloor-depth sharply decreases connecting with the eastern end of the Hispaniola Trench (8300 m-deep at Puerto Rico Trench to 5600 m-deep at eastern Navidad Basin; see the axial bathymetric profile in Figs. 5. 3 and 5. 4).
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Fig. 5. 4. Morphostructural interpretation of the northwestern Puerto Rico region. See location in Fig. 5. 3. Red dots show most representative
core samples from Fox and Heezen (1975) and Perfit et al. (1980), and submersible dive 55 from Heezen (1985).

Chapter 5
Regional tectonic

162

Chapter 5

Regional tectonic

Seismic data shows that the sedimentary fill of the Puerto Rico Trench consists of
sub-horizontal levels characterized by continuous, tightly spaced and high-amplitude
reflectors, reaching 0.7 sTWT of turbidite sedimentary thickness (Zoom 3 in Fig.
5. 5). The turbidite filling is onlapping to the north over the NOAM faulted and tilted
oceanic blocks. Below the turbidite infill of the Puerto Rico Trench, the south dipping
basement reflectors of the top of the oceanic blocks of NOAM plate, can be inferred
(Fig. 5. 5). Near the compressive deformation front, the sedimentary filling is being
progressively deformed by imbricate blind thrust faults, forming narrow and smooth
E-W trending anticlines ridges on the seafloor, suggesting active accretion driven by
subduction (Zoom 3 in Fig. 5. 5).

5.3.1.1.3. Northeastern Hispaniola forearc.
The OSD forearc comprises the transition from Hispaniola forearc to Puerto Rico
forearc (Fig. 5. 3) along the northern slope of the Mona Passage. The offshore OSD
forearc includes the Insular Shelf and the Insular Slope which are separated by a concave break slope (Figs. 5. 3 and 5. 4). In turn, based on sedimentological, structural and
morphological (slope) criteria, we have subdivided the Insular Shelf and the Insular
Slope.
The Insular Shelf have been divided into a proximal and distal zones also limited by a
break slope (Fig. 5. 4 and Zoom 1 in Fig. 5. 5; App. 5. B). Due to the structural complexity of the Insular Slope, we subdivided it into three zones for better analysis (Fig.
5. 4):
•

The upper slope.

•

The middle slope.

•

The lower slope.

The boundary between the upper-middle and middle-lower slopes are marked by two
major structural features: the SOFZ and the BFZ (Fig. 5. 4). Furthermore, the Insular
Slope has two singular morphostructural features (the Mona Rift and the Mona Block;
Fig. 5. 4) which confer distinctive tectonic characteristics to this part of the forearc
and are different from the forearc north of Puerto Rico.
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Fig. 5. 5. A) Post-stack migrated MCS profile from IG1503 cruise (seismic lines vb-1na1 and vb-1na2).
See location in Figs. 5. 2 and 5. 4. V.E. is 4× on the seafloor. B) Line drawing interpretation. Inset 1
shows a zoom of the Insular Shelf northeast of Hispaniola. Inset 2 shows a zoom of the transpressive belt
associated with the SOFZ. Inset 3 shows a zoom of the Puerto Rico Trench. Inset 4 shows a zoom of the
faulted blocks of the outer-trench wall.

The Hispaniola Insular Shelf covers a large area, reaching 85 km. It consists of a Late
Miocene-Present carbonate platform (de Zoeten and Mann, 1999, and references
therein). The proximal shelf is characterized by a fairly flat carbonate shelf, up to 100–
120m water-deep. Seismic data shows a featureless fill of 0.2 sTWT-thick, composed
of continuous, parallel, closely spaced, high-amplitude reflectors that become transparent with depth (Fig. 5. 5). The distal shelf is characterized by a uniform tilting (~2–3°)
towards the N-NW with water depths up to 800 m. In this zone, the seismic profile
shows a sedimentary infill of 0.4–0.6 sTWT-thick and is mainly composed of continuous, more irregular and spaced, high-amplitude reflectors that goes deeper to a chaotic
succession of discontinuous and low-amplitude reflectors (Zoom 1 in Fig. 5. 5A).
The processes of tilting and collapse observed in the distant shelf seems to be similar to
the observed the Oligo-Pliocene carbonate platform north of Puerto Rico (i.e., east of
Mona Rift) since Middle Pliocene (Moussa et al., 1987; Ten Brink, 2005; Grindlay et
al., 2005a, 2005b). The driven mechanism for such tilting and collapse was attributed
to several processes: collision of the NOAM and CARIB slabs in depth (e.g., Van Gestel et al. 1998), to the BCP sweeping sideways under the forearc (Mann et al., 2002;
Grindlay et al., 2005a, 2005b; Mondziel et al., 2010) and only to the collapse or retreat
of the undergoing NOAM slab in this area (Ten Brink, 2005).
The Upper Slope of the Forearc extends from the Insular Shelf edge to the E-W main
trace of the SOFZ to the north (slope break, ~3500 m-deep; Figs. 5. 2, and 5. 4). It
consists of a series of N-tilted blocks, divided by E-W trending north-dipping normal
faults (Figs. 5. 4, and 5. 5). The seismic profile (Fig. 5. 5) shows a seismic continuity and
lateral coherence with the reflectors of the distal Shelf, suggesting that the upper slope
is the highly deformed and collapsed part of the shelf.
The Middle Slope consists of a wide area (~50 km) between 3500 and 7000m water-deep limited to the south by the SOFZ and to the north by the BFZ (Fig. 5. 5).
The SOFZ that can be followed from the west, along the south coast of the Samana
Peninsula, to the east along the south wall of Mona Block (Fig. 5. 4). The main trace of
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the SOFZ shapes an E-W trending structural depression with a mean bathymetric
scarp of 400m (Figs. 5. 2 and 5. 4). South of the Mona Block the SOFZ conforms
a highly incised submarine valley with a vertical bathymetric step of 1000m (Figs. 5. 2,
5. 4 and 5. 5). Bathymetry data as well as the reflection seismic profile show the horsetail play of the BFZ in its western termination, with several SW-NE trending oblique
faults, giving an anastomosed morphology and forming an associated 30 km-width
NE-SW trending transpressive belt composed by sequences of S-shaped ridges parallel to the faults (Figs. 5. 4 and 5. 5). Also elongated basins associated to branches of the
BFZ have been identified (e.g., Maimon Basin in Fig. 5. 4). Ten Brink and Lin (2004)
previously interpreted these structures as deformation due to the feathered termination
of BFZ. The fault branches generally do not seem to disturb the main SOFZ trace that
appears to be continuing undisturbed farther to the east, until Mona Block. All these
features evidence the left-lateral strike-slip component of the BFZ and the associated
structures (Figs. 5. 4 and 5. 5).
The Lower Slope covers a narrow area (20 km-width) between 7000 and 8300m water-deep and is bounded to the north by the Puerto Rico Trench and to the south by
the BFZ (Figs. 5. 2, and 5. 4). This area has a smooth relief and a gentle average slope
(~5°; App. 5. A), except in the BFZ, where it forms a strip of E-W trending anticline
ridges in its northern block. These ridges seem to be the surface expression of an associated transpressive belt (Figs. 5. 4 and 5. 5), but limited resolution of the seismic data
precludes to observe the internal structure of the ridges.
We have also analyzed the two singular morphostructural features (the Mona Rift and
the Mona Block).
a) The Mona Block is a 42 km×60 km high standing carbonate structure that rises up
to 6.5 km above the surrounding seafloor (relative to the Mona Rift seafloor),
reaching a minimum water depth of 966m (Figs. 5. 2, and 5. 4) giving a lenticular
map-view shape (Fig. 5. 4). Inside this feature, two areas can be distinguished:
The Upper Mona Block and the Collapsed Mona Block.
– The Upper Mona Block, a shallower area, located to the south, which forms a
narrow and elongated E-W trending ridge of 13 km-width that extends off and
deepens towards the E, intersecting the Mona Rift (Fig. 5. 4). The Upper Mona
Block was interpreted by Mondziel et al. (2010) as a region of post- Pliocene
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uplift because of the observed back-tilting of seismic reflectors and onlapping
of sedimentary cover. Seismic profiles (e.g., Fig. 12 in Mondziel et al., 2010)
and dredges (Fox and Heezen, 1975; Perfit et al., 1980) show that this shallow
part of the Mona Block consists of a carbonate platform that overlays an uplifted Cretaceous Blue Schist terrain composed of banded black marbles, siltstone
and micaceous marble. Fox and Heezen (1975) and Perfit et al. (1980) on
the basis of core samples taken in Upper Mona Block and in the Middle Slope
(Fig. 5. 4), suggested that the Mona Block is a piece of a continuous strip of
uplifted blue schist terrains with black marbles related to the obduction of carbonate materials in the forearc derived from the BCP during the Cretaceous
subduction. In contrast, Mann et al. (2002), and Mondziel et al. (2010) suggested that the Mona Block is the southeastern end of the BCP trying to subduct.
– The Collapsed Mona Block (Fig. 5. 4), a 30 km-width deeper area, located to the
north, formed by down-dropped carbonate blocks limited by E-W trending
oblique normal faults (Fig. 5. 4; Fig. 5. 12 in Mondziel et al., 2010). These faults
laterally displace the blocks forming Z-shaped ridges (Inset in App. 5. B). The
Collapsed Mona Block seems to be the result of the rapid subsidence of the
Mona Reentrant and the Trench, where the carbonate layers have been tilted
and slumped down.
b) The Mona Rift is a roughly north-south trending depression of approximately 40
km-long, an average of 15 km-wide and 2–3.5 km-deep relative to the surrounding
seafloor (Fig. 5. 4). The Mona Rift separates Hispaniola and Puerto Rico forearcs
(Fig. 5. 3) and probably accommodates minor E-W extension between Hispaniola
and Puerto Rico (Ten Brink et al., 2004). Based on observations made by
López-Venegas et al. (2008) and Ten Brink et al. (2004), the Mona Rift NW of
Puerto Rico consists of three en-echelon depressions (5000, 7800, and 8150m of
water depth; Mona Rift and Mona Reentrants 1&2; Fig. 5. 4) that extend almost
to the BFZ. Extension rate across the predominantly north–south rift has been estimated to be up to 5 ± 4 mm/yr ( Jansma et al., 2000). Chaytor and ten Brink
(2010) suggest diagonal opening at N55°E which is backed by GPS-derived velocities. Previous studies show that the Mona Rift is the surface expression of a
half-graben structure (Mondziel et al., 2010) in which the eastern wall has a steeper slope that the western wall. However, bathymetry and slope data show that the
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upper part of the western wall is steeper than on the east (App. 5. A). The apparent gently slope seen by Mondziel et al. (2010) in the western wall may be dominated by a series of landslide debris.

5.3.1.2. Seismicity and kinematics of OSD
In the study area (western end of Puerto Rico Trench), the dip of the NOAM subducting slab is greater than towards the east (Ten Brink, 2005), dipping 30° to a depth of
100 km (Figs. 5. 6 and 5. 7a). Intermediate-depth seismicity below the Puerto Rico
Trench (Fig. 5. 7a) show that high faulting and widespread slumping processes along
the entire outer-trench wall, were a consequence of the high dipping angle of the
NOAM subducting slab in this area (Ten Brink, 2005). The high dipping angle causes
a high curvature in a thin oceanic crust resulting in bend-faulting and associated
mass-wasting processes in the subducting slab closer to the trench (e.g., Jones et al.,
1978).
This process is similar to that observed in other high angle subduction areas (Chile:
Contreras-Reyes and Osses, 2010; Mariana Trench: Emry et al., 2014; Nicaragua:
Ivandic et al., 2008; Japan: Kobayashi et al., 1998). The high dip angle of the relative
thin of the downgoing NOAM oceanic slab (Fig. 5. 7a) results in low plate coupling
in this area. The low plate coupling means that there is no strain partitioning in this
area which, together with the high obliquity of the convergence in this area (Fig. 5. 3)
leads to a wide region of transpressive tectonics.
Interplate hypocenters recorded in the OSD forearc shows the NOAM slab geometry,
with shallow earthquakes with depths<35 km near the trench that progressively deepens towards the south, reaching 200 km depth (Figs. 5. 6 and 5. 7a, b) and evidencing
the active subduction of the NOAM oceanic crust beneath the island arc (Masson and
Scanlon, 1991; McCaffrey, 2002; Calais et al., 2016; Meighan et al., 2013). Focal mechanisms from interplate earthquakes show almost pure reverse component
with NW-SE nodal planes (Figs. 5. 6 and 5. 7b).
Majority of shallow earthquakes in the forearc (< 35 km) are overriding events which
are clustered in the SOFZ trace near the Mona Block and less frequently in the BFZ
(Fig. 5. 6). These suggest that the accommodation of the deformation in the overriding
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Fig. 5. 6. Seismicity map showing earthquakes recorded since 1900 with M > 3.5 (NEIC catalogue: http://earthquake.usgs.gov/regional/neic/)
and focal mechanisms since 1976 (Harvard CMT catalogue). Epicenters are represented as a function of depth on a color scale. Grey boxes indicate seismicity sections showed in Figs. 7 and 8. SOFZ: Septentrional-Oriente Fault Zone; BFZ: Bunce Fault Zone.
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Fig. 5. 7. Seismicity sections (A–C) showing hypocenter distribution with M > 3.5 (NEIC catalogue:
http://earthquake.usgs.gov/regional/neic/). The focal mechanisms are in vertical projection (CMT catalogue: www.globalcmt.org). Dashed black lines shows the slab top proposed in this study and dotted red
line shows the geometry of the slab proposed by Hayes et al. (2018). Their location is indicated in Fig.
5. 6.
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Fig. 5. 8. Seismicity sections (D–G) showing hypocenter distribution with M > 3.5 (NEIC catalogue:
http://earthquake.usgs.gov/regional/neic/). The focal mechanisms are in vertical projection (CMT catalogue: www.globalcmt.org). Dashed black lines shows the slab top proposed in this study and dotted red
line shows the geometry of the slab proposed by Hayes et al. (2018). Their location is indicated in Fig.
5. 6.
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plate occur mainly in the SOFZ and secondarily in the BFZ by oblique thrust faults
associated to the transpressive belt. Also there is a N-S linear cluster of shallow earthquakes in the Mona Rift with an associated focal mechanism with pure normal component showing NW-SE extension (Fig. 5. 6).
The average velocity derived from GPS of Mona Passage relative to NOAM (Fig. 5. 3)
is 10–13 mm/yr. in direction 64°. This trending is oblique to the plate boundary and
agrees with the occurrence of thrust faults interplate earthquakes with nodal planes
perpendicular to the convergence direction and with little strike-slip component.
In the western end of Puerto Rico Trench (between 67.5°W–69.0°W; Fig. 5. 6) there is
cluster of intermediate-depth earthquakes (> 70 km; Fig. 5. 7b). Localized mid-depth
seismicity as well as the abrupt change in depth of the trench towards the W could indicate that between the subduction and collision domains would be an active vertical
slab tear. Intermediate-depth seismicity clusters associated with a slab tear are found
in other locations with similar tectonic processes: in the northeast Caribbean (Ten
Brink, 2005; Meighan et al., 2013), Alboran Sea (Buforn et al., 2004), the southern end
of the Lesser Antilles (Clark et al., 2008), in the northern Andean Margin (Gutscher
et al., 1999) and the northern end of the Tonga trench (Millen and Hamburger, 1998).
Also, the slab tear marks the change in crustal thickness of the NOAM plate, from
the thin oceanic NOAM crust at Nares Plain to a thicker NOAM crust in the BCP.
Tear faulting at along-strike changes in the subducting slab, from oceanic crust to
thickened transitional/continental crust was observed in the North Andean Margin
where the Carnegie Ridge has been colliding with the margin since at least 2 Ma
(Gutscher et al., 1999). In Fig. 5. 7b is shown the interference between the two geometries of the subducting slab both sides of the tear fault, showing that to the west
the slab shallows, where it dips 10°. The geometry of the interpreted subducted slabs
(dashed black lines) matches with that modeled by Hayes et al. (2018) (dotted red lines
in Fig. 5. 7b). However, earthquake locations in this area are very poor, especially before
the early 2000s making the Benioff zone geometry unreliable.
A slab edge at similar location was previously suggested by Van Benthem et al. (2013,
2014) based on regional tomography data and mechanical modeling. Harris et al.
(2018), based on tomographic P-wave model of the upper mantle, proposed a slab tear
in the Mona Passage down to a depth of ~300 km and with 100 km wide. They related
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the slab tearing with the presence of microplates at the northern boundary of the
CARIB plate. They suggest that the presence of microplates facilitate differential
trench retreat/rollback, which results in slab segmentation tear.

5.3.2. Oblique Collision Domain (OCD)
The OCD is characterized by high-standing carbonate spurs which are obliquely indenting into the island arc at the seafloor surface (Fig. 5. 3). That indicates that the
thicker crust of the BCP cannot truly subduct beneath the CARIB plate (Dolan et al.,
1998).

5.3.2.1. Shallow structure of the OCD
5.3.2.1.1. Eastern Bahamas Carbonate Province.
The OCD is occupied by the eastern end of the BCP, mostly represented by Silver,
Santisima Trinidad and Navidad banks (Fig. 5. 4; App. 5. B and App. 5. C). The carbonate banks are obliquely impinged into the island arc, forming an almost continuous
175 km-wide collision strip (Dolan et al., 1998).
Due to the collision, the southern slope of the banks has suffered great erosion
and dismantling, showing a terraced morphology as the result of a strong S-dipping normal bend-faulting. The fault trending changes counterclockwise, from E-W
trending in the Silver Spur to an SW-NE trending in its eastern termination and connecting with the outer-trench wall structures of Puerto Rico Trench (Fig. 5. 4, App.
5. B). This change in the orientation of the faults matches with the slab tear and would
be related to the varying of the subduction dip angle and crustal thickness between the
NOAM oceanic and NOAM BCP. The amount of vertical fault throw is variable,
from tens to hundreds of meters, showing greater vertical throw farther from the plate
boundary, locally allowing the outcrop of the carbonate basement (see Figs. 4.9, 4.11
and 4.12 of previous chapter).
The parallelism observed between the structures in the BCP and the plate boundary
points out that these faulting is the result of the bending of the incoming plate, as we
observed in the OSD and similar to those well-documented in many subduction set173
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tings (e.g., Jones et al., 1978; Hilde, 1983 and references therein Von Huene and Culotta, 1989).
The bending-associated faulting is intersected by SSW-NNE trending morphological
scarps (Fig. 5. 4). These scarps laterally bound the banks and define the passages between them. The bank’s bounding scarps and the channels have had structural control
which are interpreted by Mullins et al. (1992) as ancient structures inherited from an
Early Cretaceous rifting stage of the North Atlantic. This could be a first-order mechanism for the bank segmentation and basin physiography in the southeast BCP (Freeman- Lynde and Ryan, 1987). Currently, these inherited structures act as transverse
fault of the incoming plate, which would play a significant role in accommodating the
along-strike change in the plate coupling, the amount of shortening or the stress fields
because of the transition between subduction in the Puerto Rico Trench to a collision/ underthrusting towards the W (Fig. 5. 4; Dolan et al., 1998).

5.3.2.1.2. Eastern Hispaniola Trench.
In the OCD the Hispaniola Trench is composed by an alternation of bathymetric
highs and lows deepening from W to E, from 4500 m-deep in the Santisima Trinidad
Basin to 8350 m-deep in the Puerto Rico Trench (axial profile in Fig. 5. 3). The highs
correspond to the Bahamas carbonate spurs that are impinged into the Forearc and the
lows are occupied by isolated and E-W trending elongated basins with a turbiditic fill
of 1.5–2.0 sTWT-thick, similar to those observed in the NOAM north of Puerto Rico
(Fig. 5. 4; see Figs. 4.15 and 4.16 of previous chapter).
The bathymetric steps (highs) to the E between trench basins match with the transverse tear faults on the Navidad and Santisima Trinidad flanks (Fig. 5. 4, App. 5. B),
both adjusting the huge difference in water depth between the Puerto Rico and the
Hispaniola trenches (~4150m difference, Fig. 5. 2) and crustal thickness. Under the
turbiditic fill of the trench basins, can be inferred a stepped southward dipping basement from the Bahamas Banks (see Figs. 4.11, 4.12 and 4.16 of previous chapter).
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5.3.2.1.3. Northeastern Hispaniola Forearc.
According to its morphostructural features, two areas are distinguished (Fig. 5. 4):
a) The Middle-lower Forearc, located between the elongated basin (BFZ) and the deformation front (2600–4500m water-depth), in which the Northern Hispaniola
Deformed Belt (NHDB) is developed. Here, the NHDB does not have seafloor
morphological expression, and is only inferred in the middle slope by a series of
3–4 NW-SE trending anticline ridges (Figs. 5. 4 and 5. 9). These ridges are
very limited in width and length, reaching only 1–2 km-width and 8–10 kmlength along-strike. Seismic profiles show that the NHDB is covered by a thick
blanket of slope sediments that covers an inactive N-verging imbricate system (Fig.
5. 9).
The lower slope shows a gentle slope locally affected by widespread slumped area
(Fig. 5. 4; App. 5. A). The imbricate system locally has incorporated carbonate material from the southern flank of the BCP evidencing the offscraping and accretion
process (see accreted carbonate block in Fig. 5. 12 of previous chapter).
b) The Upper Forearc covers 35 km-width is located between an elongated E-W
trending>1 sTWT-thick slope basin to the north and the SOFZ onshore which
comprises an almost non-existent Insular Shelf, only represented in Bahia Escocesa
(averaging 5 km-width). A submersible dive 55 km east of Samana Peninsula encountered white, gray and black marble extremely fractured by two vertical fracture
sets (Heezen et al., 1985; Fig. 5. 3), similar to those found E in the Mona Block
(Fox and Heezen, 1975; Fig. 5. 3).
The Camu Fault Zone (CFZ) was defined as a major left-lateral strike-slip fault
that runs parallel to the SOFZ (Fig. 5. 4; Pindell and Draper, 1991). It is
not known if the CFZ has experienced Quaternary movement (Pindell and Draper, 1991), but Draper and Nagle (1991) suggested that the CFZ has accommodated
at least 60 km of left-lateral strike-slip motion since Eocene time. The CFZ merges
eastward with the NW trending oblique reverse faults southwest of the La Cabrera
Promontory and may ends at the Nagua Lineament (Fig. 5. 4).
North of the CFZ is the Cabrera Promontory (Fig. 5. 4), 11 levels of marine terraces which have suffered continuous uplift and southward-tilting since the Lower
Pleistocene (Díaz de Neira et al., 2017). The high uplifting of the Cabrera Promon175

Fig. 5. 9. A) Stacked SCS profile modified from chapter 4 (MW8909 cruise; seismic line 17). See location in Figs. 5. 2 and 5. 4. V.E. is 4× on the
seafloor. B) Line drawing interpretation.
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tory would be directly related with the indenting of the Silver Spur (Fig. 5. 4).
Between the Septentrional Cordillera and the Samana Peninsula there is a flat
marshly lowland. It is limited to the east with the SW-NE Nagua Lineament, interpreted by Dolan et al. (1998) as a transtensional transfer fault. Dolan et
al. (1998) speculated that the Nagua Lineament continue to the northeast and
connects with a S-dipping reverse fault with significant reverse strike-slip component that bound the elongated slope basin. They suggested that this offshore structure could be the source of the August 4th, 1946 tsunami. However, in the previous
chapter we precluded the offshore-onshore continuity of the Nagua Lineament.

5.3.2.2. Seismicity and kinematics of the OCD
Seismicity map shows higher occurrence of crustal earthquakes (< 35 km) mainly concentrated along an NW-SE trending band between the compressive deformation front
and the SOFZ (Fig. 5. 6). There have been no records of focal mechanisms in OCD
since 1976. The only known focal mechanisms from the 1946 and 1948 seismic crisis
(Dolan and Wald, 1998) which corresponds with shallow (< 15 km) E-W trending
nodal planes sub-parallel to the plate boundary: a low angle nodal plane dipping to the
south and a sub-vertical nodal plane. These mechanisms would be related to the accommodation of convergence at the collision-subduction interface (detachment) and/
or to active thrust faults into the NHDB (Dolan et al., 1998). The absence of significant instrumental earthquakes may be related to a quiet period caused by stress relaxation after the high magnitude (max magnitude recorded: M=8.1 in 1946 earthquake;
Dolan et al., 1998) 1943–1953 seismic crisis.
GPS-derived velocities north of SOFZ, in Samana Peninsula and Septentrional Cordillera, shows 2 to 4 mm/yr. motion towards 45°-60° relative to the North American
plate (Fig. 5. 3). This strike is almost perpendicular to the plate boundary and agrees
with the occurrence of historic seismic crisis of 1946 with pure thrust fault focal mechanism in the Septentrional Block and the NHDB. This different GPS vectors (convergence rate and direction) form observed south of SOFZ was interpreted as a result of a
very high plate coupling due to high thickness and buoyancy of the BCP (Calais and
de Lepinay, 1991; Calais et al., 2002; Jansma et al., 2000; Mann et al., 2002; De Zoeten
and Mann, 1999). However, south of the SOFZ, GPS-derived velocities show a 7–9
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mm/yr. motion towards 070–080° relative to the NOAM plate. This orientation is similar to GPS vectors in the Mona Passage and parallel to the NOAM-CARIB plate
convergence direction.
Many authors indicated that this area is characterized by the active collision process of
the BCP transitional crust with the Septentrional Block in a strain partitioning model
(Dolan et al., 1998; Calais et al., 2002; Mann et al., 2002). In this model the Septentrional Block (NHDB, Samana Peninsula and Septentrional Cordillera) accommodates
the vertical component perpendicular to the plate boundary due to the collision process whereas the SOFZ accommodates the movement to the E of the Hispaniola Block. This model is consistent with GPS data north the SOFZ and higher occurrence of crustal earthquakes (Figs. 5. 3 and 5. 7c), and also large magnitude historical
earthquakes with pure thrust fault mechanism evidences high plate coupling due to the
active indenting of the Silver Spur and Navidad Bank, and the subsequent uplift of
the Cabrera Promontory and the Septentrional (Díaz de Neira et al., 2017; Mann et
al., 1999).
Gaps in intermediate-depth seismicity are common in locations where an oceanic plateau or other buoyant structural high collides with the trench (McCann et al., 1979).
However, in the OCD there is a cluster of mid-deep seismicity (50–175 km) that disappears towards the W (Fig. 5. 6, 7c, and 8g). The cluster of mid-depth seismicity in
this area would be expression of the vertical slab tear (which comprises a rupture area)
between NOAM oceanic and NOAM BCP (described in the previous section) or/and
that the relative thinner crust of the southeastern edge of the NOAM BCP is still actively subducting beneath the CARIB plate but with a relative lower dip (15°; Fig.
5. 7b and c).

5.3.3. Oblique Underthrusting Domain (OUD)
The OUD is defined as the tectonic domain where there is a well-developed, thicker
and continuous basin along the western Hispaniola Trench. The development of a relatively wide trench means that the high-standing spurs of the BCP are farther away
from the deformation front and are dipping beneath the turbiditic fill of the Hispaniola Trench and the Forearc (Fig. 5. 3). Its eastern boundary is where the Silver Spur im178
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pinges into the IM in the vicinity of La Cabrera Promontory, and to the west in the
azimuth change of the Deformation Front changes to an E-W trending at 72.3°W
(Fig. 5. 10).

5.3.3.1. Shallow structure of the OUD
5.3.3.1.1. Central Bahamas Carbonate Province.
The OUD is occupied by the Mouchoir Bank which consists of an irregular morphology formed by a succession of salients (or spurs) and bankward amphitheater morphologies (or scallops; Mullins and Hine, 1989; this thesis) (Figs. 5. 3 and 5. 10, App. 5. C).
Although high-resolution multibeam bathymetry data only covers the southern
slope of Mouchoir Bank, it can be inferred from altimetry-derived satellite data
(GEBCO) that the SW slope facing the Caicos Basin has the same morphology (Figs.
5. 3 and 5. 10).
As in the OCD, structural escarpments parallel to the convergent margin are
south-dipping recent normal faulting resulting from the bending of the incoming plate
(Zoom 1 in Fig. 5. 12). Erosive escarpments are very sinuous and longer, higher
and more frequent in the middle and upper slope than the lower slope (Fig. 5. 10,
App. 5. A). The seismic profile located to the west allows to observe that the NE-SW
trending elongated spur continue below the Caicos Basin and probably below the Deformation Front (Fig. 5. 11).

5.3.3.1.2. Western Hispaniola Trench.
In the OUD, the Hispaniola Trench is represented by the Hispaniola Basin which
opens to the west at longitude 71.8°W to form the Caicos Basin (Fig. 5. 3). The Hispaniola Basin consists of a NW-SE trending sinuous featureless, elongated,
flat-bottomed depression with average water depth of 4200m (Figs. 5. 2 and 5. 3). The
width of the Hispaniola Basin is variable and is conditioned by the irregular morphology of the Bahamas Banks. To the E, The Hispaniola Basin is interrupted by the Silver
Spur where the water depth decreases to 2500m and producing a bathymetric step of
300m compared to the trench basins of the OCD (axial profile in Fig. 5. 3).
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Fig. 5. 10. Morphostructural interpretation of northern Hispaniola region. See location in Fig. 5. 3. See Fig. 5. 4 for legend.
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Fig. 5. 11. A) Post-stack migrated MCS profile from Haiti-SIS cruises (seismic line H12-124a). See location in Figs. 5. 2 and 5. 10. V.E. is 4× on
the seafloor. B) Line drawing interpretation. See legend in Fig. 5. 5. Inset 1 shows a zoom of structure in the northern wall of the SOFZ trace. Inset 2 shows a zoom of the buried frontal anticline in the Caicos Basin. Inset 3 shows a zoom of buried faulted BCP blocks.
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Fig. 5. 12. A) Pre-stack migrated MCS profile from NORCARIBE cruise (seismic line MCS-5). See
location in Figs. 5. 2 and 5. 10. V.E. is 6× on the seafloor. B) Line drawing interpretation. See legend in
Fig. 5. 5. Inset 1 shows a zoom of the highly faulted BCP blocks.
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Fig. 5. 13. A) Pre-stack migrated MCS profile from NORCARIBE cruise (seismic line MCS-1). See location in Figs.
5. 2 and 5. 10. V.E. is 6× on the seafloor. B) Line drawing interpretation. See legend in Fig. 5. 5. Inset 1 shows a zoom of
the structure between a jog of the SOFZ.
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The sedimentary fill of Hispaniola and Caicos basins consists of horizontal to sub-horizontal turbiditic infill with at least 2 sTWT-thickness defined by at least 2 seismic
units (Figs. 5. 11 and 5. 12). In the southern part of the basins, turbidite layers are progressively tilted towards the N, folded and finally incorporated into the NHDB (Fig.
5. 13).

5.3.3.1.3. Northern Hispaniola Forearc
The OUD is characterized by the variable development of the NHDB: a well-developed north-verging imbricate fold and trust system formed by a sequence of
fold-propagation faults (Figs. 5. 9, 5. 12 and Zoom 2 in Fig. 5. 13). But, the alongstrike development of the imbricate system as well as the number of anticline ridges is
very variable along the margin (Fig. 5. 10, App. 5. C).
The NHDB is formed by an along-strike succession of broad salients (up to 25 kmwidth) where there is a well-developed deformed belt (e.g. south of Caicos Basin)
and narrow recesses where anticline ridges are difficult to observe (Fig. 5. 10). The alternation of salients and recesses have been interpreted in many imbricate thrust belts
as consequence of differential sediment accretion and/or the topography of the incoming plate (e.g., Scholl et al., 1980; Dominguez et al., 2000; Marshak, 2004; Granja
Bruña et al., 2009).
Seismic profile of Fig. 5. 13 show the most representative section of the offshore
forearc in the OUD which allowed us, based on structural criteria, to distinguish three
parts (Fig. 5. 13):
a) The lower forearc in which the frontal part of the accretionary prism of the NHDB
is developed. It is composed of low-angle thrust faults and duplex (Zoom 2 in Fig.
5. 13). Locally, back thrusts are developed shoreward of frontal ridge forming a triangular zone.
b) In the middle forearc is developed the upper part of the NHDB, in which the imbricate system is rising vertically and becomes inactive. Thrust faults are covered
by modern slope sediments and can only be inferred by overlying north-verging anticline ridges.
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c) The upper forearc where the NHDB disappears. It shows an irregular flat-topped
seafloor intersected by the SOFZ and forming a transpressive belt (Zoom 1 in Fig.
5. 13).
The upper slope, northeast and east of Tortue Island, shows a well-developed incised
canyon whose headers are laterally displaced (5–18 km) and occasionally disconnected
from the northern margin of Haiti by the action of the left-lateral strike-slip SOFZ
(Fig. 5. 10). This shift of canyon networks near Tortue Island was previously observed
by Leroy et al. (2015) which calculated an offset of 16.5 km.
In this area, east of Tortue Island, there is a change in the morphology of the seafloor
and in the internal structures of the forearc. The lower slope is steeper (App. 5. A), and
has a more diffuse and narrower imbricate system (Figs. 5. 10 and 5. 11), although it
still well-developed, unlike the SSD as will be seen in the next section. The greatest
change is recorded in the upper slope, which presents a very irregular seafloor, giving a
karst morphology (Figs. 5. 10 and 5. 11; Leroy et al., 2015). The internal structure
shows a sedimentary filling of up to 0.8 sTWTs slightly deformed forming soft ripples.
These rippled reflectors are intersected by small faults. Oliveira de Sa (2019) relates the
formation of this morphology called “honeycomb” with these fractures suggesting that
the current sedimentary infill would be constituted by impermeable carbonate materials similar to that found onshore near Monte Cristi. Differential compaction would explain the rippled geometry of the sedimentary infill and would cause the upwards migration of fluids from the lower sequences through the fractures, causing the
dissolution of the seafloor carbonate materials. It also suggests that the fractures could
be the fault planes of a creeping process, which would result in the rippled morphology.
Similar dissolution morphologies along with internal creeping of the sedimentary infill
have been found in Carnegie Ridge (Michaud et al., 2018).
Beneath the current sedimentary infill there are numerous reverse blind faults which
one in the middle slope could act currently as transcurrent blind faults since the canyon
networks show slightly laterally displacement (Figs. 5. 10 and 5. 11). The mapped
transcurrent blind fault could be the inactive extension towards the W of the SOFZ
Dominican segment and may play an important role in the strain partitioning in this
area, thus accommodating some of the lateral component of oblique convergence.
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5.3.3.2. Seismicity and kinematics of the OUD
In the OUD, intermediate-depth seismicity almost disappears and crustal seismicity (<
35 km) is dominant, and is concentrated between the deformation front and the Cibao
Valley (Fig. 5. 6). Earthquake epicentral distribution shows a shallow subducted slab
where it dips averaging 10°. Together with the total absence of intermediate-depth seismicity suggesting the disappearance of the subduction of the NOAM by
changing to an oblique collision/underthrusting process of the NOAM thickened Bahamas with the island arc (Fig. 5. 8d).
Focal mechanisms in this area corresponds to the 2003 seismic crisis north of Puerto
Plata (Dolan and Bowman, 2004). These focal mechanisms are from interplate shallow
earthquakes (15 km-depth) with pure reverse component and E-W trending nodal
plane dipping to the south and are directly related to the underthrusting interface or
the active megathrusts of the NHDB (Figs. 5. 6 and 5. 8d). GPS-derived velocities relative to NOAM north of SOFZ, shows 2 to 4 mm/yr. with a strike almost perpendicular to the plate boundary. This agrees with the 2003 historic seismic crisis with pure
thrust fault focal mechanisms in Puerto Plata. These facts show that most of strain is
accommodated by reverse faulting sub-parallel to the deformation front and related to
the NHDB and the Septentrional Block in a strain partitioning model with high coupling.
South of the SOFZ, GPS-derived data shows a motion rate of 7–9 mm/yr. sub-parallel
to the trace of the SOFZ (70°-80°; Fig. 5. 3). However, paleo-seismological studies
showed that the SOFZ has not caused any significant earthquakes in the last 900 years
(Prentice et al., 2003). Highly relevant is the lack of shallow earthquakes with associated left-lateral CMT solutions in the vicinity of the SOFZ (Fig. 5. 6). Only two focal
mechanisms of transcurrent component are found, but at greater depths (30–50 kmdepth; Fig. 5. 8d and e). The near absence of focal mechanism of transcurrent component suggests that the accommodation of the E-W component of displacement would
be aseismically. An alternative explanation was suggested by Ten Brink et al.
(2011, 2013a, 2013b). According to these papers the 1562 and 1842 historical earthquakes ruptured the SOFZ, and the recurrence interval is ~300 yr., therefore, strain has
not been built up.
However there is a scattered cluster of intermediate-depth earthquakes below Central
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Cordillera which source could not be accurately determined. Corbeau et al. (2017,
2019) proposed that this diffuse intermediate- depth seismicity and also the deep focal
mechanisms of transcurrent component in the SOFZ are related with a slab break-off
of an older NOAM oceanic subducted slab.

5.3.4. Left-lateral Strike-slip Domain (SSD)
5.3.4.1. Shallow structure of the SSD
5.3.4.1.1. Bahamas Carbonate Province and Hispaniola Trench.
Multibeam bathymetry data and seismic profiles south of Great Inagua Bank indicate
that the bank have quite same morphological and structural characteristics to
Mouchoir Bank (Figs. 5. 14 and 5. 15). However, seismic profile (Fig. 5. 15) do not
show any tilted block from the BCP below the Northern Haitian Basin, but a continuous high-amplitude south dipping reflector can be followed below the HT and the
Forearc. Between the Caicos Basin and Great Inagua Bank there is a NE-SW trending
scarp (Fig. 5. 14) similar to the inherited transverse faults observed in the OCD, in the
passages between banks.
In the SSD, the extensive Caicos basin is replaced by an E-W trending narrow trench
(Northern Haitian Basin) that gradually shallows towards the W to 3000m of water
depth (Axial profile in Fig. 5. 3). The seismic profile in this area shows a sediment
thickness of the trench of up to 1.3 sTWT (Zoom 2 in Fig. 5. 15). In addition, MTDs
have been found at the southern boundary of the trench (Zoom 2 in Fig. 5. 15).
The modern sedimentary filling is being eroded by a highly incised axial submarine
channel-levee system which captures the flows from the Windward Passage and BCP
and channels them towards the Caicos Basin (Figs. 5. 14 and 5. 15). Gloria data from
Dillon et al. (1992) shows that the channel-levee system continues to the E, along the
southern edge of Caicos Basin, to the Hispaniola Basin (Figs. 5. 10 and 5. 14). Seismic
profile show that the horizontal shape of modern reflectors precludes significant
post-tilting (Zoom 2 in Fig. 5. 15).
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Fig. 5. 14. Morphostructural interpretation of northwestern Haiti and southeastern Cuba. See location in Fig. 5. 3. See Fig. 5. 4 for legend.
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Fig. 5. 15. A) Post-stack migrated MCS profile from Haiti-SIS cruises (seismic line H12-146a). See location in
Figs. 5. 2 and 5. 14. V.E. is 4× on the seafloor. B) Line drawing interpretation. See legend in Fig. 5. 5. Inset 1 shows
a zoom of the SOFZ trace in the Tortue Channel. Inset 2 shows a zoom of the transpressive southern wall of the
Northern Haitian Basin.
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Fig. 5. 16. A) Post-stack migrated MCS profile from Haiti-SIS cruises (seismic line H13-06). See location in Figs. 5. 2 and 5. 14.
V.E. is 4× on the seafloor. B) Line drawing interpretation. See legend in Fig. 5. 5. Inset 1 shows a zoom of antiform associated
with the SOFZ in the boundary between the Windward Passage Deep and the Windward Passage Sill. Inset 2 shows a zoom of
the sequences of the Windward Passage Sill.
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5.3.4.1.2. Forearc of the SSD.
In the SSD the seafloor morphology and internal structure of the forearc changes drastically from eastern studied domains. The upper slope, north and east of Tortue Island, present a very irregular seafloor, suggesting a karst morphology (Leroy et al.,
2015). Meanwhile, the western edge is occupied by the Windwards Passage Sill, a narrow east-west trending submarine ridge (25 km-wide and 125 km-long) between the
Punta Caleta off Cuba and the northwestern peninsula of Haiti that rises up 1000m
above the Windward Passage Deep and the HT (Figs. 5. 3, 5. 14, 5. 15 and 5. 16; Calais and De Lépinay, 1995).
The Tortue Island represents the emerged eastern end of the Windwards Sill. The upper part is bounded to the south by the SOFZ which forms the Tortue Channel, an
E-W trending elongated deep depression with 700 m-deep relative to surrounding seafloor. Towards the W, the SOFZ forms a positive flower structure at depth (Zoom 1 in
Fig. 5. 15). New seismic profiles allow to differentiate three seismic sequences (B, A
and A’) already defined by Calais and De Lépinay (1995) (Fig. 5. 15).
•

A lower sequence (B) formed by almost transparent, chaotic and discontinuous reflectors. This sequence is folded forming wide synclines and anticlines in which
these last ones have been decapitated.

•

An intermediate sequence (A) settled in angular discordance that fills up the synclines of the lower sequence. It shows high-amplitude and continuous reflectors
that locally present a divergent configuration.

•

An upper sequence (A’) with high-amplitude parallel and continuous reflectors that
become transparent in depth. This sequence overlies the lower and intermediate sequences by a marked erosive surface.

The middle and lower forearc show continuous step slope (20°) and a smooth seafloor
(Fig. 5. 14, App. 5. A). Canyon networks in the middle slope locally show slightly laterally displacement caused by minor transcurrent blind faults (Figs. 5. 14 and 5. 15) similar that those in the western end of the OUD.
In the SSD there is not a well-developed imbricate system (Fig. 5. 14 and Zoom 2 in
Fig. 5. 15). Most deformation is located near the deformation front, forming 1–2 nar-
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row buried frontal thrust sheets, and near the SOFZ. Between the deformation front
and the SOFZ there is an 80 km-wide area with little recent deformation (Windward
Passage Sill and its prolongation to E), just some MTDs close to the plate boundary
and the older blind reverse faults that at the present act as transcurrent faults (dashed
lines in Fig. 5. 14) which accommodates some of the lateral component of the oblique
convergence (Figs. 5. 14, 5. 15 and 5. 16).
Seismic layers (reflectors B, A’ and A; Calais and De Lépinay, 1995), structures and
shallow morphology of the Windward Passage Sill, Tortue Island and the drowned
platform with karst morphology to the east, suggest that it has suffered strong uplifting
followed by current subsidence with minor lateral displacement (Leroy et al., 2015).
According to paleo-reconstructions made by Calais and De Lépinay (1995) and Calais
et al. (2016) the collision of Hispaniola against the BCP in Late Pliocene (2 Ma)
locked the strike-slip motion in the Hispaniola Trench and causing it to shift to a single fault (SOFZ) along the Tortue Channel (Leroy et al., 2015). The strike-slip fault
along the Hispaniola Trench was then reactivated as a reverse fault (Dillon et al.,
1992), constituting the current Deformation Front. At the same time, due to Hispaniola-BCP collision, the Septentrional Cordillera underwent great uplift. In contrast,
the forearc in the SSD is suffering high subsidence.
Hence, the forearc is defined by a low-active imbricate system and a little deformed
area conformed by the Windward Passage Sill with transcurrent blind faults that may
accommodate some of the lateral component of oblique convergence (Figs. 5. 14, 5. 15
and 5. 16).

5.3.4.2. Seismicity and kinematics of the SSD
The SSD shows much less seismicity and poorly located (Fig. 5. 6). It is clustered in a
very narrow strip that comprises Turtle Island and the Trans-Haitian Belt and its extension offshore westwards into the Gulf of Gônave (NHDB; Figs. 5. 6 and 5. 8e). This
cluster of earthquakes is very shallow (< 35 km) and epicenters are focused in the
SOFZ and in the NHDB-Gulf of Gônave (Figs. 5. 6 and 5. 8e).
Two focal mechanisms in north of Tortue Island are interplate earthquakes (nucleated
at the detachment; 20–35 km-depth) and show pure to slightly oblique thrust
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fault with nodal planes with E-W strike. This indicates that the convergence component associated with the collision process is still very relevant (Figs. 5. 6 and 5. 8e). A
strike-slip focal mechanism is found in the Tortue Channel at a depth of 35 km and
shows a focal solution of nearly pure left-lateral strike-slip fault (Figs. 5. 6 and 5. 8e).
Also GPS vectors south of Tortue Island (Fig. 5. 3) reflects still relevant oblique convergence component. Predicted slip rates (in mm/yr.) of active faults from the
block show a strain partitioning model with a convergent slip component at the deformation front with a rate of 3.8 mm/yr. and a transcurrent component at the SOFZ
with a slip rate of 14.4 mm/yr (Fig. 5. 5 in Benford et al., 2012).
All suggest strain partitioning in this area with a highly localized deformation. The
compression component is slightly less important than in the east but still relevant,
forming a low-active compressive system (Fig. 5. 15) and where the transcurrent strain
is predominant, clustering in the SOFZ (Figs. 5. 14, 5. 15 and 5. 16).
Although this area shows a little seismic record, recent studies carried out by Corbeau
et al. (2017, 2019) reveal that this area is subject to more seismicity than previously believed. Moreover, these studies show a dozen intermediate-depth earthquakes (> 70
km) under Haiti, with a 260 km-depth event in the south of the island. Corbeau et al.
(2019) propose that this intermediate seismicity is the result of deep deformation
caused by a remnant lithospheric slab inherited from the southward subduction of the
NOAM. In addition, authors propose that the scarcity of intermediate seismicity, compared to the east, below Central Cordillera, may be the effect of the lack of a dense
seismic network or that they show the western boundary.

5.3.5. Northern Cuba Collision Domain (NCD)
The western part of the study area comprises the Northern Cuba Collision Domain. It
extends from the Windward Passage to the east, extending to the W along the SOFZ
south of Cuba to the Cayman Trough. The orientation of the Deformation Front to
the northeast of Cuba shifts again into a NE-SW trending (Fig. 5. 14). In the Windward Passage, the boundary between the NOAM and CARIB shifts to the south to
the SOFZ, placing Cuba into the NOAM plate (Fig. 5. 14).
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5.3.5.1. Shallow structure of the NCD
5.3.5.1.1. Windward Passage and Southern Cuba.
The Windward Passage is a 90 km-wide strait located between southeastern Cuba and
the northwestern peninsula of Haiti (Fig. 5. 14, App. 5. D). The Windward Passage
consists of the Windward Passage Deep and the Windward Passage Sill.
The Windward Passage Deep is a rectangular depression of 50 km-length and 10 kmwide ranging 3500–3750 m-deep (Figs. 5. 2 and 5. 14). Calais and de Lepinay (1991)
confirmed by geological information that the SOFZ in not connected, through the
Windward Passage, with the deformation front in the SSD, which had previously assumed from seismological data (Molnar and Sykes, 1969; Kelleher et al., 1973; Sykes
et al., 1982). Also, Calais and de Lepinay (1991) showed that the Windward Passage
Deep could not be interpreted as an active pull-apart basin, as was previously assumed.
They interpreted the tectonic regime in the Windward Passage area as a pure left-lateral strike slip.
Figure 16 shows a sedimentary fill of 0.7 sTWT-thick composed of high-amplitude, continuous and parallel reflectors. In the south wall of the Windward Passage
Deep, below the erosive surfaces there is a sequence of older sediments (B sequence)
tilted to the south and affected by north-verging reverse faulting (Fig. 5. 16). At the
northern boundary of the Windward Passage Deep, the sediments are uplifted by folding and reverse faulting, forming a broad antiform of 5 km-wide with slight vergence
to the south (Zoom 1 in Fig. 5. 16). This anticline is the morphological expression of a
positive flower structure associated to the SOFZ. Fig. 5. 16 shows the Windward Passage Sill with the same sedimentary sequences already observed and defined further
east in the Fig. 5. 15.
At the northern boundary of the Windward Passage Sill, there is a narrow N-verging
imbricate system (Fig. 5. 16). The sediments of the relatively shallow (3200m water
depth) Hispaniola Trench are tilted to the north and incorporated in the active imbricate fold-and-thrust system (Fig. 5. 16). The Windward Passage Sill also registered
current transpressional deformation as indicates the positive flower structure in
its middle part (Zoom 2 in Fig. 5. 16). This structure could be the westward continuation of the blind transcurrent faults in the middle slope of the OUD and the SSD.
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The southern margin of Cuba is occupied by the Santiago Deformed Belt (Fig. 5. 14).
Calais and de Lepinay (1991) defined the Santiago Deformed Belt and the SOFZ as
an active compressive area extending along the southern margin of Cuba. They related
this E-W trending deformed belt to a regional transpressional tectonic due to
oblique movement along the SOFZ. Calais and De Lépinay (1995) showed no significant transpression across the Windward Passage, compressive deformation is restricted
to the relay zones of the SOFZ. Furthermore, they indicated that smooth folding observed at Windward Passage can be explained in the frame of pure strike slip, as shown
before by analog models (Odonne and Vialon, 1983; Sylvester, 1989). However, Leroy et al. (1996), and later Corbeau et al. (2016) defined a compressive area from south
of Windward Passage to north of Jamaica in agreement with GPS data, thus extending
the transpressive regime southeastwards to include the Gulf of Gônave.

5.3.5.1.2. Northeastern Cuba.
Due to the low cover of high-resolution bathymetry data, the northeastern Cuba margin can only be characterized by the seismic reflection profile.
The seismic profile shows a forearc with a low and continuous slope composed by a
deep platform composed by a 2 sTWT-thick sedimentary fill (Fig. 5. 17). Towards the
north there are three series of anticline ridges forming a narrow fold-and-thrust imbricate system (Zoom 1 in Fig. 5. 17). The Cuba Basin has an average water-deep of
3000m and is composed of high-thick sedimentary fill of at least 2.2 sTWT-thick in
which isolated carbonate spurs from the BCP are found (Figs. 5. 3 and 5. 14). At
the southern boundary of the Cuba Basin, the sediments are folded and incorporated
into the imbricate system (Zoom 1 in Fig. 5. 17).

5.3.5.2. Seismicity of the NCD
Shallow seismicity is clustered in Cuba’s southern margin, in the SDB and the SOFZ
trace, although there is some dispersed seismicity in its northern margin (Fig. 5. 6). Focal mechanisms show strike-slip and oblique thrust faulting which are related with the
SOFZ and the SDB respectively.
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Fig. 5. 17. A) Post-stack migrated MCS profile from Haiti-SIS cruises (seismic line H13-21). See location in Figs. 5. 2 and 5. 14. V.E.
is 4× on the seafloor. B) Line drawing interpretation. See legend in Fig. 5. 5. Inset 1 shows a zoom of the imbricate fold-and-thrust system in the northeastern Cuba margin.
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The northern Cuba margin shows a diffuse shallow seismicity with a focal mechanism
that shows slightly oblique thrust fault with nodal plans with an E-W strike, indicating
that there is still a convergence component associated with the collision process (Figs.
5. 6 and 5. 7f ).

5.4. Discussion of this chapter
Many tectonic studies were made in the northern CARIB plate, but many of them
only were focused in one tectonic domain, and then suffer from a large scale and integrating approach to understand the along-strike plate boundary transition.
From the analysis of continuous geophysical information (high-resolution bathymetry,
seismic reflection, and seismological data) we have addressed the study of alongstrike variations on crustal structure of the NOAM-CARIB plate boundary, and the
relation with the geometry and thickness of the downgoing slab from Puerto Rico to
Cuba. Our results allow us to propose conceptual models to summarize the structure
and main tectonic features for each tectonic domain along the NOAM-CARIB
plate boundary, as well as how the transition between such domains is taking place.

5.4.1. Oblique Subduction Domain
The high oblique convergence of the thin NOAM oceanic crust in the OSD leads to
the increase of the slab angle, and in turn, to a rollback process with the formation of
two slab tears at 65°W (Meighan et al., 2013, Ten Brink and López-Venegas, 2012)
and 68.5°W (this study).
Meighan et al. (2013) and Ten Brink and López-Venegas (2012) proposed that the slab
tear at 65°W might have caused by increasing of trench curvature due to counterclockwise rotation of the PRVI block and the subduction of a large seamount.
Furthermore, we have observed a cluster of intermediate-depth earthquakes (Fig. 5. 8g)
suggesting the existence of a slab tear at 68.5° W, between the thin oceanic
NOAM subducting slab and the relative thicker and buoyant colliding BCP transi-
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tional crust (Fig. 5. 19). This slab tear is analogous to that observed in the North Andean Margin, where the relative thicker Carnegie Ridge has been colliding with the margin since at least 2 Ma (c.f. Gutscher et al., 1999).
Previous studies (Harris et al., 2018) also proposed a slab tear in the Mona Passage
down to a depth of ~300 km and 50 km-width. This slab tear of 50 km-width proposed
by Harris et al. (2018) nearly matches in location and depth with the slab tear proposed in this study at 68.5°W (Fig. 5. 18).
GPS data reflects the along-strike variation in crustal thickness of the subducting slab.
They show, from E to W, the diachronic evolution of the slow-down and stop of subduction process and the beginning of the collision of the thickened BCP crust with
the island arc (Calais et al., 2016). In Mona Passage and Puerto Rico, GPS vectors
show average convergence rates of 10–13 mm/yr. relative to NOAM plate reference
(Fig. 5. 3) with almost parallel trending to the direction of plate convergence. It contrasts with GPS measurements to the west, in the Cabrera Promontory and Sosua Peninsula, showing much lower convergence rate relative to NOAM (2–4 mm/yr.; Fig.
5. 3) with a trend normal to the plate boundary.
The oblique convergence in the OSD gives rise to the formation of strike-slip fault systems sub-parallel to the trench: the SOFZ and the BFZ. However, unlike eastwards of
the Mona Rift, where the rollback results in an overall subsidence of the whole region,
in this area a broad zone with transpressive tectonics in the forearc is formed, highly
controlled by the SOFZ and the BFZ, which coexist for at least 170 km. The rollback
of the downgoing NOAM oceanic slab and the consequent high dip angle of the slab
(Fig. 5. 19) are the responsible of the transpressive tectonics without strain partitioning
in the OSD, characterized by a starved trench (Section A in Fig. 5. 18).
In contrast with the other tectonic domains further to the W, the BFZ is very close to
the trench, highly limiting the width of the accretionary prism. Ten Brink and Lin
(2004) proposed that the change in the distance of the strike-slip fault to the trench
between Puerto Rico and Hispaniola is caused by variations in the Coulomb stresses in
the forearc region by the shift in the slip direction due to the change in the direction of the margin to an E-W trending.
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Fig. 5. 18. Proposed conceptual models (A-C) for each tectonic domain. SOFZ: Septentrional Oriente
Fault Zone; BFZ: Bunce Fault Zone; CFZ: Camu Fault Zone; BCP: Bahama Carbonate Province.
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Fig. 5. 19. 3-D view of the proposed geometry for the NOAM slab in the northeastern NOAM-CARIB plate boundary. PR: Puerto Rico.

Laurencin et al. (2019), based on data taken in the northern Lesser Antilles, showed
that the 850-kmlong Bunce Fault is a structural boundary separating the very narrow, sediment-starved trench. They proposed, in a long-term margin erosion, an alternative scenario of a strike-slip system that initiated at greater distance from the trench,
at the rear of an initially larger and progressively eroded accretionary domain. However,
they pointed out that the Bunce Fault proximity to the trench might be primarily controlled by the major mechanical weakness at the toe of the prism backstop.
The hypothesis proposed by Laurencin et al. (2019) is only applicable to the east of the
Mona Rift since there is only one transcurrent structure, the BFZ. However, in the
OSD there are two parallel transcurrent fault systems (SOFZ and BFZ) coexisting
along 170 km, which accommodate oblique convergence in this area forming broad
transpressive belts. Nonetheless, in our region, the BFZ cuts through the accretionary
prism in this part of the PRT, and is not along a backstop. West of Mona Rift, the
BFZ starts feathering out to several strands as is typical at the end of strike-slip faults,
and therefore it definitely cannot be running along a backstop. Further exhaustive studies would be necessary to quantify how much strain is accommodated in each structure
(SOFZ or BFZ, with their associated transpressive belt).
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5.4.2. Oblique Collision Domain
In the OCD, active collision of the transitional crust of the BCP with the island arc
occurs (Dolan et al., 1998). Due to the collision with BCP (high thickness and buoyancy) the OCD forearc shows high plate coupling with strain partitioning (Calais and
de Lepinay, 1991; Calais et al., 2002; Jansma et al., 2000; Mann et al., 2002; De Zoeten
and Mann, 1999) having:
a) A deformation front with E-W strike where little deformation is accumulated, with
accretion of materials derived from the BCP.
b) A wide “welded” accretion prism that it is mostly buried (inactive). Here, the entrance of thick crust blocks the subduction, and currently prevents the growth of a
the imbricate system (that is buried).
c) The high uplift suffered by the 11 level terraces of Cabrera Promontory due to the
indentation of the Silver Spur.
Compared to northern Puerto Rico and in the context of strain partitioning, the BFZ
disappears, shifting all the transcurrent component towards the south, to the SOFZ
(Section B in Fig. 5. 18). This shifting seems to take place through a relay zone in the
eastern offshore of Samana Peninsula. Nevertheless, the relay between SOFZ and BFZ
takes place where the BCP is colliding with the island arc. The collision process might
result in the welding of the accretionary prism, where the BFZ developed, producing
the feather termination and its relay towards the weakness zone of the SOFZ farther
to the south.
Despite there is an active collision in the shallower crust, intense intermediate-depth
seismicity remains (i.e., subduction-related seismicity; Fig. 5. 8g). This fact might suggest that the thinner crust of the southeastern edge of the BCP is still actively subducting beneath the CARIB plate with a lower dip (Fig. 5. 19). The subduction in this part
may be due to a thinner BCP crust at its eastern end or to larger plate pull forces exerted by the mantle on this part of the plate or both.
A study from Ten Brink et al. (2013a, 2013b), based on seismicity and tomography, proposed a continuous slab of 450 km-long covering the OUD, the OCD and the
OSD which extends from the surface to a depth of 500 km in the northern Caribbean.
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This area matches with the rupture area of the 1943–1953 seismic crisis. However, this
hypothesis does neither agree with the slab tear found at 68.5°W nor with the variations in the earthquake distribution described in this study.
Calais et al. (1992) and more studies on Haiti conducted by Corbeau et al.
(2017, 2019) suggested the existence of intermediate-depth seismicity associated to a
slab break-off of an inherited NOAM subducted slab (see next subsection). The low
seismicity below Hispaniola could be due to the lack of a dense seismic network in this
area.
Therefore, with the results obtained in this study and supported by studies from Ten
Brink et al. (2013a, 2013b) and Corbeau et al. (2017, 2019), we propose an alternative
geometry to undergoing slab (Fig. 5. 19), with and continuous NOAM subducted slab
below Hispaniola that would explain the intermediate seismicity.
An alternative hypothesis was proposed by Van Benthem et al. (2014), suggesting that
the intermediate-depth seismicity in the OCD and in the OUD, below Central Cordillera, may be the lateral push by the edge of the NOAM subducted slab onto the
CARIB plate. However, there is not structural and geodetic observations at surface or
deep seismicity and focal mechanism data that could support this hypothesis. Also, as
Calais et al. (2016) pointed out, the existence of a continuous slab in this region has
been challenged, its geometry through time is poorly constrained, and it is unclear
against what the slab edge would be pushing to.

5.4.3. Oblique Underthrusting Domain
The oblique underthrusting of thick crust has been widely studied by numerous authors
(Scholl et al., 1980; Mullins et al., 1992; Dolan et al., 1998; Dominguez et al., 2000;
Marshak, 2004; Granja Bruña et al., 2009, 2014).
Our data confirm that the OUD follows a strain partitioning tectonic model consisting
of a NW-SE trending accretionary prism that accommodates the convergence (vertical) component and the SOFZ and CFZ fault system that accommodate the strike-slip
(horizontal) component (Section C in Fig. 5. 18).
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On the western end of the OUD, there is a jog between two branches of the SOFZ
(Haitian and Dominican Republic segments). This southward shift of the SOFZ in the
Haiti area may be due to the along-strike interaction of the Septentrional Block with
Windward Passage Sill, which prevents the progression towards the W of the Dominican segment of the SOFZ, or at least being much less active (Section C and D in Fig.
5. 18).
However, there is a lack of shallow earthquakes with associated left-lateral CMT solutions in the vicinity of the SOFZ and CFZ (Figs. 5. 6 and 5. 7g). The majority of focal
mechanisms are shallow (~15 km) and with a pure reverse component. These focal
mechanisms were associated to the NHDB and the Deformation Front (Dolan and
Bowman, 2004).
The lack of seismicity associated with the SOFZ may suggest that the accommodation of the horizontal component of displacement would be aseismic. An alternative
explanation was given by Ten Brink et al. (2011, 2013a, 2013b), were large earthquakes
in 1562 and 1842, as well as ~900 years ago are related to the SOFZ, with a recurrence
interval of ~ 300 years. At present the SOFZ are in the middle of the interseismic cycle and therefore there is little seismic activity.
Diffuse intermediate-depth hypocenters recorded below Central Cordillera (Fig. 5. 8 d
and g) in Hispaniola might be seismically associated to a slab break-off of an inherited
NOAM subducted slab (Calais et al., 1992; Corbeau et al., 2017). New data from Corbeau et al. (2019) reveals that below Haiti there are still intermediate-depth earthquakes, suggesting that the remnant NOAM subducted slab could continue towards the west, comprising central and western Hispaniola. Also Nuñez et al. (2019)
using 2-D P wave velocity models, show at southern Hispaniola an anomalous zone of
lateral velocity variation in the mantle that might be associated with a possible detached oceanic slab from NOAM. The buoyant BCP transitional lithosphere that is
currently in the collision process was previously connected to the NOAM subducted slab (Fig. 5. 19). This leads to tensile stresses between the two lithospheres driving
into the detachment of the NOAM subducted slab from the currently colliding BCP
lithosphere at the surface (e.g., Huw Davies and von Blanckenburg, 1995; Wortel and
Spakman, 1992).
An alternative explanation for the intermediate-depth seismicity may be the later203
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al push by the edge of the NOAM subducted slab onto the CARIB plate proposed by
van Benthem et al., 2014 as we indicated before. Nevertheless, there are not structural
observations at surface nor deep focal mechanisms corresponding to the E-W compression.

5.4.4. Left-lateral Strike-slip Domain
In the SSD there is another change in the margin orientation, turning into an E-W
trending. Here, the orientation of the margin influences the tectonics in the overriding
plate. The shift to an E-W trending leads into the almost parallelism between the NOAM-CARIB convergence vector and the margin. This fact, within a strain partitioning model, results in the predominance of the strike-slip component over the orthogonal convergence component. This leads to the transpressive uplift of Tortue Island,
associated with the SOFZ, and the low-active or inactive imbricate system at the front
as a consequence of the lower weight of the orthogonal component (Section E in Fig.
5. 18). The currently inactive imbricate system could be inherited from the epoch when
the Hispaniola was in the south of Cuba (Calais and De Lépinay, 1995; Calais et al.,
2016). Between the currently inactive imbricate system and the SOFZ, there is an 80
km-width area almost without current deformation (Windward Passage Sill and its
prolongation to the E).
We agree with Calais and De Lépinay (1995) suggestion in which they do not observe
transpression in the SOFZ. Focal mechanisms (Fig. 5. 8g) show strain partitioning
with reverse faulting and are associated with the deformed belt, not with SOFZ. There
is only one focal mechanism associated with the SOFZ, showing a nearly pure left-lateral strike-slip solution. The large uplift that the Tortue Island suffered is consistent
with the paleo-reconstructions made by Calais and De Lépinay (1995) and Calais et al.
(2016), which show that in Late Pliocene (2 Ma) the Septentrional Cordillera and the
Tortue Island undergo great uplift.
However, to the west, the margin orientation shifts again to a NE-SW trending and
the convergence component becomes more relevant with the development of compressive structures in the Windward Passage Sill and the NE margin of Cuba. Also, Corbeau et al. (2019) show an almost pure reverse focal mechanism located in the Wind204
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ward Passage, evidencing the relevant convergence component in this area.
Thus, we can determine that along the entire margin of Hispaniola, the orientation of
the margin also influence the structural framework in the overriding plate. When the
margin has a more oblique orientation relative to the NOAM-CARIB convergence
vector (OSD and SSD), the strike-slip component is more relevant. This causes the imbricate system associated with the convergence component to be less active. On the
other hand, when the margin has a more orthogonal direction relative to the NOAM-CARIB convergence vector (NW-SE trending), the convergence component predominates, which leads to a good development of the imbricate system.

5.5. In summary
The NE Caribbean shows a clear example of an along-strike segmented plate boundary. Here, from E to W, is taking place the transition from a frontal subduction in the
Lesser Antilles, to an oblique subduction without strain partitioning north of Puerto
Rico, to a collision/ underthrusting along Hispaniola and to strike-slip south of Cuba.
The transition from an oblique subduction without strain partitioning and low coupling to an oblique collision with strain partitioning and high coupling is marked by
the entering into the trench of the thickened crust of the BCP. Towards the W, the
boundary from oblique collision to a transcurrent regime is diffuse. Although the
Windward Passage and southern Cuba has been considered as a plate boundary of pure
left-lateral strike-slip, numerous compressive structures are still observed in this area.
Thus, from E to W we conclude that:
a) A vertical slab tear is found at 68.5°W due to along-strike changes in crustal thickness of the incoming plate. The slab tear separates subducting oceanic crust north
of Puerto Rico with thickened BCP crust which is obliquely colliding with Hispaniola. This slab tear marks the boundary between oblique subduction and collision, although seismicity shows that the eastern end of the BCP, between the Silver Spur and the slab tear, is still actively subducting beneath CARIB. An
alternative model is the existence of an inherited continuous subducted NOAM
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slab which below Hispaniola.
The changes in the geometry of the downgoing NOAM slab greatly influence structural features on the overriding plate. There is a transition from a transpressive regime without strain partitioning to NW of Puerto Rico, to a collision regime with strain partitioning N of Hispaniola.
b) Northern Hispaniola margin is characterized by the oblique collision of the BCP
with the island arc. There is high coupling with strain partitioning. A relative wide
accretionary wedge accommodates the convergence component normal to the margin, and landward, the conjugate left-lateral strike slip system, composed of the
SOFZ and the CFZ, accommodates the transcurrent component. The SOFZ
and the CFZ show transpression since Late Pliocene (2 Ma) which have uplifted
and shaped the Septentrional Cordillera.
In the collision margin, the intermediate-depth seismicity should disappear. However, beneath Central Cordillera and Haiti, diffuse intermediate- depth hypocenter
still remains. These hypocenters might indicate the presence of a detached remnant
NOAM subducted slab below central and western Hispaniola.
c) The Haitian N margin is characterized by much less seismicity than to the E and
highly localized in the Tortue Island and the Trans- Haitian Belt. Seismicity and
GPS data show a strain partitioning model with focal mechanisms of pure reverse
nodal planes associated with the detachment and strike-slip focal mechanisms associated with SOFZ. Bathymetry data and seismic reflection profiles reveals two
distinct areas:
• An eastern area, around Tortue Island, which shows a low-active imbricate system and show a zone of 80 km-width without recent deformation. All suggest
high localized deformation, in a strain partitioning model with the prevalence
of the SOFZ strike-slip displacement with respect to the convergence at the
Deformation Front.
• A western area that in which the collision process still remains, with the development of compressive structures in the Windward Passage Sill (positive flower
structure) and the NE margin of Cuba (imbricate fold-and-thrust system).
The documented along-strike boundary segmentation of the plate boundary is essential
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for the assessment of seismic hazard in the region. This segmentation, and hence variations in the plate coupling (non-coupled, partially-coupled and highly-coupled) determine the maximum earthquake size and structural features of the overriding plate.
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As we see in the previous chapters, the northern coast of Hispaniola is prone to earthquakes and tsunamis (e.g., O’Loughlin and Lander, 2003; McCann, 2006; ten Brink et
al., 2011), because it is located close to the North American-Caribbean plate boundary.
In this area the Septentrional-Oriente Fault Zone (SOFZ) and the Northern Hispaniola Deformed Belt (NHDB) are the main seismo- and tsunamigenic structures (Fig.
6. 1). These two deformational features accommodate the most part of the highly
oblique convergence between the North American (NOAM) and Caribbean (CARIB)
plates (e.g., Mann et al., 2002; Calais et al., 2016).
The potential tsunamis generated in the submerged segments of these structures could
affect high densely populated areas along the northern coast of Hispaniola (Gailler et
al., 2015; Grilli et al., 2016). The limited preparation of the majority of citizens and the
almost absence of risk reduction strategies, put the population and economy of coastal
areas of Hispaniola at substantial risk in case of large earthquakes and tsunamis (IOC
Workshop Reports No. 255, 2013; von Hillebrandt-Andrade, 2013).
Historical tsunamis have caused significant casualties in coastal areas along this active
plate boundary: 1842 in the northern coast of Haiti (McCann, 2006; Ali et al., 2008;
ten Brink et al., 2011, 2013; Prentice et al., 2013); 1918 in Mona Passage (López-Venegas et al., 2008; Hornbach et al., 2008); and 1946 in the Bahia Escocesa (O’Loughlin
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and Lander, 2003 and references therein) (Fig. 6. 1).
Several tsunami simulations focused in the 1842 and 1946 events have been carried out
on the northern coast of Hispaniola (López-Venegas, 2006; Gailler et al., 2015; Grilli et
al., 2016). All these simulations assumed potential tsunamigenic sources with simple
rupture geometries and having limited constrains on the seafloor morphology and geological structure. Most of the tsunamigenic sources are of tectonic origin as the NHDB
and the SOFZ. López-Venegas (2006) also included the simulation of a submarine
landslide-triggered tsunami related with the 1946 main shock, but also the source was
roughly constrained on a 2 arc-minute grid bathymetry data.
In this chapter we performed tsunami simulations for the M = 8.1, August 4, 1946 Dominican Republic earthquake, using more complex and better constrained tectonic and
landslide sources and the recently validated Tsunami-HySEA numerical model. The
main improvement is that the parametrization of the sources (geometry and geological
parameters) is done based on detailed regional-scale studies made in the area about the
active tectonics and the shallow structure along the northern margin of Hispaniola (described in chapters 4 and 5). A deeper geological knowledge of the area, together with
new high-resolution multibeam bathymetry data (compilation of several Spanish and
USA cruises; Andrews et al., 2014; Carbó-Gorosabel et al., 2015), and available seismological data allow the better and more realistic definition of the geometry and geological parameters of the potential near-field tsunamigenic sources than previous works.
With this fine-tuned parametrization of the sources, we modeled one tectonic source
and four potential co-seismic submarine landslide source scenarios. Although there is
no evidence of co-seismic landslides in the area they are a very common tsunamigenic
sources where join steep seafloor bathymetry and large earthquakes (e.g., Fan et al.,
2020 and references therein). The simulations provide, among other variables, the maximum elevation surface (MES) along the northern coast of Dominican Republic, which
is used to compare with the historical records, so a better constrain of the source of the
August 4, 1946 northern Dominican Republic tsunami can be provided.
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Fig. 6. 1. Sketched tectonic setting of the NOAM-CARIB plate boundary showing estimated historical ruptures derived from scientific literature
(colored areas). Thick black lines show the NOAM-CARIB plate boundary. Red focal solution shows the 1946 mainshock by Russo and Villaseñor (1995). Blue focal solution shows the 1946 mainshock by Dolan et al. (1998). Inset shows the summarized tectonic setting of the Caribbean plate. Red lines denote plate boundaries and black lines denote major structures. Dashed inset shows the study area. C: Cuba, H: Hispaniola;
PR: Puerto Rico; SOFZ: Septentrional-Oriente Fault Zone; HT: Hispaniola Trench; PRT: Puerto Rico Trench; CFZ: Camu Fault Zone; BFZ:
Bunce Fault Zone; NHDB: Northern Hispaniola Deformed Belt; LAT: Lesser Antilles Trench; OAF: Oca-Ancón Fault; SSF: San Sebastian
Fault; AvR: Aves Ridge; MT: Muertos Trough; EPGFZ: Enriquillo-Plantain Garden Fault Zone; HE: Hess Escarpment; PDB: Panama Deformed Belt; SCDB: South Caribbean Deformed Belt.
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6.1. Significant tsunamis in the study region
The main active structures along the NOAM-CARIB plate boundary (i.e., NHDB and
SOFZ) are associated with major earthquakes responsible for significant destruction:
The May 7th, 1842 earthquake struck the northern coast of Haiti with a magnitude of
M 8.0 (McCann, 2006) or MI 7.6 (ten Brink et al., 2011). The earthquake caused considerable damage in the northwestern coast of Hispaniola (Port-de-Paix, Cap Haitien
and Santiago) and 5000 fatalities in Cap-Haitien. The earthquake was followed by a
tsunami with maximum wave heights of 2 m on the northern coast of Haiti, and causing 300 casualties. This earthquake has been associated with the strike-slip SOFZ, however more recent studies carried out by Gaillier et al. (2015) also suggested that the tsunami source could be related to a rupture along the NHDB.
One case of earthquake-triggered submarine landslide tsunami is the October 11, 1918
in the Mona Passage which was categorized as a submarine landslide tsunami
(López-Venegas et al., 2008; Hornbach et al., 2008). This tsunami was triggered by a
submarine landslide located 12 km northwest of Rincón in the northwestern Puerto
Rico with an area of 76 km2(López-Venegas et al., 2008; Hornbach et al., 2008). The
1918 tsunami impact the northwest Puerto Rico with waves of up 6 m and caused approximately 100 casualties along the western coast of Puerto Rico (López-Venegas et
al., 2008).
The seismic sequence of 1943-1953 of the northern Dominican Republic was characterized by the occurrence of large earthquakes, as an M 7.8 on July 29th, 1943 in the
Puerto Rico Trench and an M 8.1 on August 4, 1946 in NE of Hispaniola. The August
4, 1946 event was the largest of the 1946-1953 seismic series that hit the northern coast
of Hispaniola (e.g., Dolan et al., 1998; Dolan and Wald, 1997). This earthquake of
M=8.0 (M8.1, Dolan et al., 1998; M7.8, Russo and Villaseñor, 1995) has probably been
the largest event recorded in northern Hispaniola since 1564 (Chalas-Jimenez, 1989)
and was associated with the rupture in the NHDB (Dolan et al., 1998). This earthquake
triggered a tsunami with maximum run-up of 4-5 m and caused around 100 fatalities in
Bahia Escocesa (Lynch & Bodle, 1948), but a subsequent casualty counts raised the
number up to 1790 (O’Loughlin and Lander, 2003). Effects of this tsunami were reported in Puerto Rico, Bermuda, Florida and Atlantic City (O’Loughlin and Lander,
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2003). New eyewitness based field survey was carried out by the International Tsunami
Survey Team (ITST) from 18 to 21 March 2014, 1 to 3 September 2014 and 9 to 11
May 2016 (Fritz et al., 2016). The ITST covered 400 km of coastline along the northern Dominican Republic from Punta Cana to 70 km from the border with Haiti (Fritz
et al., 2016. The surveyed data from Dominican Republic includes 29 run-up and tsunami height measurements at 21 locations. Fritz et al., 2016 showed that the tsunami impacts with maximum tsunami heights exceeding 5 m at a cluster of locations between
Cabrera and El Limon. Also, they registered a maximum tsunami height of 8 m in Playa Boca Nueva and tsunami inundation distances of 600 m or more at Las Terrenas and
Playa Rincon on the Samana Peninsula (Fritz et al., 2016).

6.2. Tsunamigenic sources
6.2.1. Tectonic tsunami sources
In order to parametrize the tectonic tsunami source of the 1946 earthquake northeastern Hispaniola we have combined seismotectonic and marine geophysical information.
We used the focal mechanism solution and rupture area defined by Dolan and Wald,
(1997) for the August 4, 1946 mainshock, whose epicenter was located southeast of Samana Peninsula (Fig. 6. 2), and was followed by a tsunami that struck the Bahía Escocesa (Fig. 6. 2; Lander et al., 2002 and references therein; O’Loughlin and Lander, 2003;
Fritz et al., 2016).
The seismic sources for the August 4, 1946 earthquake remain controversial (Russo and
Villaseñor, 1995, 1997; Dolan and Wald, 1997), and was also discussed by López-Venegas (2006) in his PhD dissertation. Although there are agreement about the reverse
component of the focal mechanism and only slight variations in the location of the
event proposed by Russo and Villaseñor (1995) and Dolan and Wald (1997), there are
strong discrepancies with the interpretation of the fault plane.
Russo and Villaseñor (1995) interpreted the August 4, 1946 focal mechanism as an
earthquake occurred in NW trending, NE dipping fault plane located along the WNW
trending restraining bend segment in the Samana Bay (Fig. 6. 2). In contrast, Dolan
and Wald (1997) proposed that the fault plane was a gently south dipping plane (Fig.
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6. 2), which reflects the southwest subduction/collision of the NOAM beneath CARIB.
As it was argued by Dolan and Wald (1997), considering the almost sub-vertical N dipping auxiliary plane as the earthquake source has several inconsistencies that are not
supported by the scientific knowledge in the area: 1) it is very unlikely that a shallow
earthquake of such magnitude did not rupture at surface; 2) the aftershock area is very
wide for a high dipping fault, and furthermore it is located within mapped tectonic features offshore northern Hispaniola, which relates it to the collisional event; 3) the aftershock sequence are located north of the mainshock proposed by Russo and Villaseñor
(1995) which would imply that the rupture would have propagated downdip which was
very unlikely to occur; and 4) this interpretation is based on outdated maps of the tectonic features in Hispaniola.
Studies included in this thesis, which are based in new marine geophysical surveys
(chapters 4 and 5 of this thesis) also reject the hypothesis of a WNW trending restraining bend segment in the Samana Bay as the responsible of the steep fault plane proposed by Russo and Villaseñor (1995). In the northeast of Hispaniola is taking place
the oblique collision/subduction of the high-standing carbonate spurs of the Bahamas
Banks (i.e., thick crust) with the island arc crust. This tectonic regime yields features as
the NHDB, that reflect an active compression that is being accommodated by an overall
N-verging imbricate thrust system. This imbricate thrust system is dominated by thinskin tectonics where numerous small south dipping fault plane nucleate in depth in a
low-angle main thrust (i.e., plate interface or detachment). This deformation mechanism is also in accordance with the overall of the 1943-1953 earthquake sequence and
subsequent seismicity in the area which was characterized by earthquakes with almost
pure reverse focal mechanisms (Fig. 6. 1).
Furthermore, GPS-derived velocities in Samana Peninsula shows 2-4 mm/yr motion
towards 45°-60° relative to a fixed NOAM plate (Calais et al., 2016) in agreement with
the occurrence of NW-SE trending thrust faults and with the 1943-1953, 1994 and
2003 focal mechanisms. Finally, the geological systematic mapping in the epicentral
area does not show any geological evidence of the existence of a restraining bend as
Russo and Villaseñor (1997) suggested (Samana Peninsula and Oriental Cordillera;
García-Senz et al., 2007; Escuder-Viruete et al., 2011; Escuder-Viruete and Perez,
2020). For all these reasons, in this chapter we reproduce the reverse motion on the
NOAM-CARIB main thrust (NCT) for the 1946 earthquake (Fig. 6. 3).
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Fig. 6. 2. A) Digital Elevation Model (DEM) derived from a compilation of multibeam bathymetry data (Andrews et al., 2014; this thesis) and
completed with data from GEBCO and SRTM datasets (Weatherall et al., 2015; Far and Kobrick, 2000). Dashed black line shows the rupture
area for the August 4, 1946 earthquake proposed by Dolan et al. (1998). Red areas show the impacted zones documented in the August 4, 1946
tsunami (O’Loughlin and Lander, 2003). Green lines show the scarps of the potential submarine landslides proposed in this study. SOFZ: Septentrional-Oriente Fault Zone; CFZ: Camu Fault Zone. B) Regional DEM showing areas of far-field historical reports from the August 4 and 8,
1946 tsunamis (O’Loughlin and Lander, 2003).

Chapter 6
Regional tectonic

215

Chapter 6

Regional tectonic

The epicenter location and the fault parameters (strike, dip, rake) and the Moment
Magnitude (Mw) are derived from the focal solution of Dolan and Wald (1997). We
used a more complex geometry for the rupture plane, with a segmented geometry in
depth with three segments with distinct width, dip and rigidity (Table. 6. 1; Fig. 6. 3)
which reflects the downdip curvature of the subducting plane.
We have defined three segments in which the dip of the shallowest segment (6º) was
derived from reflection seismic profiles in the area (seen in chapters 4 and 5) (Fig. 6. 3).
The dip of the deeper segment is 23º and comes from the fault plane proposed by
Dolan and Wald (1997), and the dip of the intermediate segment is the average of the
other two (15º). This dip is consistent with the information given by the hypocentral
distribution (15-20º in this area; Fig. 5.7 in chapter 5).

Fig. 6. 3. A) DEM showing the tsunami sources
proposed for this study. Points show the start and
end of each segment. B) Sketched cross section
across the NOAM-CARIB plate boundary
showing the proposed geometry for the NCT
source. C) Sketched cross section across the NOAM-CARIB plate boundary showing the main
structures in the study area and the tsunamigenic
sources proposed for this study.

The total width of the three segments was constrained by the distance between the epicenter location and the deformation front (Fig. 6. 3). The width of each segment was
calculated geometrically. Wx reflects the projected width of the rupture area in plan
view along the x-axis (i.e., perpendicular to the fault plane), and Wr is the real width of
the rupture area, calculated geometrically from Wx. We calculated the area (A) using
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the length and the real width (L, Wr in Table. 6. 1). Epicentral depth obtained was ~30
km (Table. 6. 1 and Fig. 6. 3), which although it differs from that obtained by Russo
and Villaseñor (1995), it is within the range proposed by Dolan and Wald (1997) of between 15-40 km.
We have also implemented in this model a depth-varying rigidity module, since many
authors have seen that variations in the upper-plate rigidity with depth caused shallow
slip amplification in megathrust earthquakes (Scala et al., 2019; Sallarés and Ranero,
2019). Hence, we have calculated the rigidity module for each segment (Table. 6. 1), being the average between that obtained through the Bilek and Lay (1999) relationship
and the Preliminary Reference Earth Model (PREM, Dziewonski and Anderson
1981).
Then, we have calculated the seismic moment (Mo) from each segment to subsequently
be able to calculate the displacement (D) (Table. 6. 1). First, we have obtained the moment magnitude (Mw) using the empirical relationship of Wells and Coppersmith
(1996) that related the Mw with the A:
Mw=4.07+0.98 x Log(A)
After, using the relationship between the Mw and the Mo (Hanks and Kanamori,
1979), we have calculated the Mo of each segment (Table. 6. 1).
Mw=2/3×logMo-10.7
The total Mo obtained from the sum of the segments give 1.47 x 1021 Nm or 1.47 x
1028 dyne-cm, which is quite close to that of a Mw = 8.1 earthquake and that computed by López-Venegas and Okal (2007) by digitizing usable historical seismograms of
the August 4, 1946 event (1.5 x 1028 dyne-cm). Finally, with the A, Mo, and µ, we calculated the average displacement (D) of each segment using the empirical relationship
of Wells and Coppersmith (1996):
Mo=μ A D
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Table. 6. 1. Seismic source parameters tested for the tsunami modeling. Strike, Dip, and Rake are derived from bibliography. Wx reflects the projected width of the rupture area in plan view along the x-axis, and Wr is the real width of the rupture area, calculated geometrically. We calculated
the area (A) using the length and the real width (L, Wr). µ was calculated for each segment, being the average between that obtained through the
Bilek and Lay (1999) relationship and the PREM model (Dziewonski and Anderson 1981). Mo and D have been obtained from the empirical relations established by Wells and Coppersmith (1994).
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6.2.2. Submarine landslide tsunami sources
López-Venegas (2006) concluded the August 4, 1946 tsunami was highly probably generated as a consequence of a local submarine landslide along the NHDB. He modeled a
tsunami based on estimates of submarine landslide volumes of ten Brink et al. (2006).
Here, based on the interpretation of the high resolution bathymetry data, we have considered three submarine landslides, two in the inner slope of the NHDB and one in the
Silver Spur, and an potential landslide based in the 15 arc second-grid bathymetry in
the southern slope of the Navidad Bank (Fig. 6. 3).
Several submarine landslide scars and deposits as well as widespread slumped areas have
been observed along the northern Hispaniola margin (see Figs. 4.4 and 4.5 in chapter
4). Bigger submarine scarps are located in the forelimb of N-verging fold-propagation
faults of the imbricate fold-and-thrust system (NHDB). The asymmetrical growth of
the verging anticline ridges due to plate convergence causes the over-steeping of the
forelimb slope. As a result of these steep seafloor slopes the shaking of major earthquakes could trigger submarine landslides.
So, the first landslide source (LS1) is a submarine slump scarp which shows a clear
bathymetric expression with head and lateral scarps of 100–150 m high, defining a
slumped area of at least 2.64 km3 (Fig. 6. 3). The second one (LS2) is featured by a
widespread slumped area that reaches 21.92 km3 (Fig. 6. 3).
Similarly, gravitational instabilities have been observed on the southern flank of the Bahama Banks (Mouchoir Spur; see Fig. 4.4 in chapter 4). Gravitational instabilities in
the Bahama Banks are associated with normal faulting due to the progressive bending
of the incoming plate. Thus, one of the submarine landslides in the Bahama Banks is located in the southern semicircular edge of the Navidad Bank (LS3, 30.65 km3), and the
other in a eastern flank of the Silver Spur (LS4, 56.35 km3) (Fig. 6. 3).
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6.3. Tsunami simulation methodology
6.3.1. Tsunami HySEA
In this chapter we have used the Tsunami-HySEA model, the numerical model of the
HySEA family (Hyperbolic Systems and Efficient Algorithms, https://edanya.uma.es/
hysea/), which was designed for earthquake generated tsunami simulations. The Tsunami-HySEA model, was developed by the EDANYA Group (Differential Equations,
Numerical Analysis and Applications) at the University of Málaga, Spain. It consists in
a non-linear hydrostatic shallow-water model implemented in CUDA. NVIDIA®
CUDA® is a parallel computing platform and programming model that enables dramatic increases in computing performance using the graphics processing units (GPUs)
(de la Asunción et al., 2011, 2013; Castro et al., 2011; Macías et al., 2016).
We have used four-level nested mesh, with an enhanced resolution of x4. The spatial extent of each level (L0, L1, L2 and L3) as well as the information about resolution and
mesh size, can be found in Fig. 6. 4 and Table. 6. 2: 1920 m (ETOPO1 resolution) for
the L0, 450m (GEBCO resolution) for the L1, ~115 m for the L2 and finally, 30m resolution in the areas close to the Northern Hispaniola and Western Puerto Rico shoreline with historical reports (Fig. 6. 4). The L0 was built with the ETOPO1 satellite data
(Amante et al., 2009; resolution of 1 arc-minute, ~1.85 km; Fig. 6. 4 and Table. 6. 2).
The L1 was built with the GEBCO 15 arc-seconds (Weatherall et al., 2015). The L2
and L3 were built mosaicking the GEBCO 15 arc-seconds (Weatherall et al., 2015),
the SRTM 30-meters satellite data (Farr and Kobrick, 2000; http://edc.usgs.gov/) and
the 30 meters high resolution multibeam bathymetry data available in the area (this
thesis).

6.3.2. Landslide HySEA
The HySEA landslide-tsunami model implements the natural 2D extension of the 1D
two-layer Savage-Hutter model of Fernández-Nieto et al. (2008), where Cartesian coordinates are used at each point of the 2D domain and where no anisotropy effects are
taken into account in the normal stress tensor of the solid phase (Macías et al., 2015).
The model consists of two systems of equations that are coupled: the model for the slide
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material is represented by a Savage-Hutter type of model (Savage and Hutter, 1988),
and the water dynamics model is represented by the shallow-water equations (Fernández-Nieto et al., 2008).

Fig. 6. 4. Map showing the areas of the nested bathymetry grids used for the tsunami modeling. L0, L1,
L2 and L3 indicate the grids used for the four-level nested mesh.
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Table. 6. 2. Set of nested bathymetric grids of increasing resolution used for the tsunami modeling with
three levels of imbrication. The cell-size from one grid to its daughter respects a step of 4x.

For the simulation, the HySEA landslide-tsunami model requires four parameters: the
ratio of densities, the friction between layers (landslide and water), the landslide material-bottom friction and the water-bottom friction. The seafloor and water densities are
standard values for mostly granular sediments (2.6 g/cm3; LS1 and LS2) and for mostly carbonates (2.7 g/cm3; LS3 and LS4). Porosities were obtained from scientific literature (Breitzke, 2000; Melim and Eberly, 2001). Porosity for LS1 and LS2, located in
the NHDB, was the average from standard porosities of marine sediments (Breitzke,
2000). Porosity for LS3 and LS4, which are located in the Bahama Banks was obtained
with an average from porosities of the Great Bahama Bank (Melim and Eberly, 2001).
Water-bottom friction has a value of 0.4 and the Landslide material-bottom friction
was obtained from other studies carried out in the northern coast of Puerto Rico (Mercado et al., 2002) giving a value of 0.01. Some parameters, as the friction between the
two layers (cf ) and the Coulomb friction angle (α) has big uncertainty. However, as in
previous studies with good results performed with Landslide HYSEA software (Sanchez-Linares et al., 2015 and therein references) we reasonably assume that these parameters are random variables that take values from a uniform distribution with following mean values: cf = 0.0001, α = 35º.
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6.3.3. Results
We ran a simulation for one tectonic source (NCT) and four submarine landslide
sources (Table. 6. 1 and Fig. 6. 3). The tectonic source shows wider impact zones, reaching far away areas (US coast and Bermuda), whereas impact zones for the submarine
landslide sources are very local, affecting the northeastern coast of Dominican Republic.

6.3.4. NCT tectonic source overview
We computed the coseismic vertical displacement (eta0) for the NCT source (Fig.
6. 5B). This source, which is almost pure reverse, implies larger coseismic seafloor slip,
with positive vertical displacement between 1-2 m (Fig. 6. 5B). These seafloor coseismic
slip in the plate interface is well-known to cause large tsunamis, as was observed in
many other subduction zones over the world, such as Cascadia (e.g., Gao et al., 2018) or
Sumatra (e.g., Konca et al., 2007, 2008; Muhammad et al., 2016).
For general overview, we have calculated the maximum surface elevation (MSE) within
6 hours of simulation on the L2 level of resolution grid (Fig. 6. 4) along the North
American coastline, Bermuda, northern Hispaniola and eastern Puerto Rico (Fig.
6. 5A). Additionally, we computed synthetic tide gauge time series at far-field locations
where historical tsunami observations were reported for the 1946 mainshock (Atlantic
City, Daytona Beach, Bermuda and San Juan; Fig. 6. 5C).
The simulations of the NCT event show that the area of highest impact is the northeastern coast of Dominican Republic, in the Bahia Escocesa and Samana Peninsula
(Fig. 6. 5). Despite the high MSE modeled in the northeastern coast of Hispaniola, the
propagation of the tsunami to the west-northwest is very limited by the Bahamas
Banks, which acts as bathymetric barriers. As a result, only a small fraction of the maximum tsunami energy (4%, 0.2 m) reaches the coast of Florida (Daytona Beach) whereas
for instance the north of Cuba is not affected by the tsunami (Fig. 6. 5A). The synthetic
tide gauge shows a short period signal in which the peak elevation is reached with the
first two arrivals at ~4 h after the initiation of the tsunami (Fig. 6. 5C). The signal also
shows that the energy is dissipated quite fast, with waves following the first two peak of
±0.05 m (Fig. 6. 5C). However, probably due to local coastal amplification effects,
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Fig. 6. 5. A) Map showing the Maximum surface elevation within 6 hours of propagation in the L2 resolution grid for the NCT source. B) Co-seismic vertical slips computed with the Okada elastic dislocation model (Okada, 1985) displayed for the seismic (NCT) source. C) Synthetic tide gauge records at
far-field locations.

MSE of 0.4-0.5 m are reached at specific locations of the US coast (Charleston and Atlantic City; Fig. 6. 5A). Synthetic tide gauge shows that the peak elevation of +0.4 m is
reached with first wave at 4.5 h. This first wave is followed by two troughs of -0.2 m
(Fig. 6. 5C). Similar to Daytona Beach the signal shows high amplitudes and fast dissipation of the energy within the next 30 min, with MSEs of the following waves of
±0.05 m (Fig. 6. 5C). To the north-northeast the simulation shows lower elevations,
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with average MSE at Bermuda of 0.2 m (Fig. 6. 5). However, the synthetic tide gauge
shows a signal that differs from those of the US coast. At Bermuda, the signal shows a
first peak elevation of +0.2 at ~1.8 h that is followed by a succession of peak-to-trough
of longer periods within the 6 h of recording with average amplitudes of ±0.05-0.1 m
(Fig. 6. 5C).
The main earthquake tsunami source (NCT) has the large impact in the northern coast
of Hispaniola (Puerto Plata) and the western and northern coast of Puerto Rico. High
MSE are reached at the north and west of Puerto Rico (Fig. 6. 5 and Fig. 6. 6B). North
of Puerto Rico, the modeled waves reach elevations of 0.5-0.6 m (Fig. 6. 5). Synthetic
tide gauge shows a very short period signal with a peak amplitude of +0.5-0.6 m at 20
min from the tsunami generation, followed during the next 4 hours by waves with
MSEs below of ±0.2 m (Fig. 6. 5).

Fig. 6. 6. A) Maximum surface elevation after 3 hours of propagation in the 30-m-resolution grid in the
Puerto Plata region. B) Maximum surface elevation after 3 hours of propagation in the 30-m-resolution
grid in the western Puerto Rico region for the NCT source. C) Synthetic tide gauge records at Puerto
Plata and western Puerto Rico locations.

In the western coast of Puerto Rico the NCT simulation show quite higher MSEs, of
1-1.5 m (Fig. 6. 6B). The most affected areas are the Aguadilla and Mayagüez shore225
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lines (Fig. 6. 6B). In Aguadilla, the synthetic tide gauge shows that with the first arrival
(between 15-20 min) the +1 m-high peak amplitude is reached (Fig. 6. 66C). The signal
has a short wavelength and is rapidly attenuated. In Mayagüez, the signal has longer
wavelength and the maximum amplitudes are slightly greater, up to +1.5 m (Fig. 6. 6C).
The first arrival is at 30 min and, contrary to Aguadilla, the peak is reached in the second wave at 1h. Also, the reflections and amplifications along the coastline prevent the
signal from dissipating so that the successive waves are of similar height as the first one.
In the area of Puerto Plata the simulations for the NCT source show a maximum wave
height between 0.5 and 0.8 m along the coastline (Fig. 6. 6A). The synthetic tide gauge
shows a first stage with medium-short periods with two main waves at 30 min and 1h
that reach the peak elevation of +0.75 m, and a second stage in the next 2 h with long
periods and amplitudes (±0.25 m) (Fig. 6. 6C).

6.3.5. Northeastern coast of Dominican Republic
Here we describe the detailed impact of each source along the northeastern coast of
Dominican Republic (Bahía Escocesa and Samana Peninsula; Fig. 6. 7 and 6. 8).
The Bahía Escocesa and Samana Bay suffer the greatest impact from the modeled seismic tsunami since they are very close to the tsunami generation area, with MSEs of 5 m
within the first 3h of simulation (Fig. 6. 7). The areas of largest impact are Bahía Escocesa (La Cabrera, Nagua and Matancitas), the Peninsula of Samana (El Limón) and the
eastern end of the Bahía de Samana (Laguna Redonda, 69ºW, 19ºN) (Fig. 6. 7 and blue
line in Fig. 6. 8). Samana Bay does not show any significant elevation (Fig. 6. 7), suggesting that it is very protected by the peninsula from the impact of a potential tsunami.
Synthetic tide gauge show that NCT scenario generates two drawdowns of -2.5 m of
amplitude at 20 and 45 min at Nagua and Matancitas (blue line in Fig. 6. 8).
The other submarine landslides mapped in the NHDB, the LS1 and LS2 sources, show
similar results. However, The LS1 scenario has a negligible impact in the shore, with elevations lower than 0.01 m (App. A). The LS2 shows slightly higher MSEs, reaching
+0.5 m at Laguna Redonda and the northeastern tip of Samana Peninsula (Fig. 6. 7 and
green line in Fig. 6. 8). Synthetic tide gauge also show short periods and fast energy at-
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Fig. 6. 7. Maximum surface elevation after 3 hours of propagation in the 30-m-resolution grid in the Bahia Escocesa region for the NCT, LS2,
LS3 and LS4 sources. Note that for the northeastern coast of Dominican Republic the “worst case” scenario is provided by the NCT and LS4
sources.
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tenuation, with waves within the first 30 min, at El Limon and La Cabrera. (Fig. 6. 8).
On the contrary Nagua and Matancitas show longer periods and wave amplitudes of
±2-4 m peak-to-trough within the first 1-1.5 h (Fig. 6. 8).
Scenarios LS3 and LS4, on the contrary, lead to significant MSEs at several locations
along the coast (Fig. 6. 7).The LS3 scenario generate tsunami waves with MSEs up to
±1.5-3 m in the first 3 hours along the Bahia Escocesa and northern shoreline of Samana Peninsula (red dashed line in Fig. 6. 8), reaching 3 m-high peak amplitude at El
Limón. The LS4 scenario predicts the major impact along shoreline of the northeastern

Fig. 6. 8. Synthetic tide gauge records at locations of interest along the northeastern coast of Dominican
Republic. Blue= NCT source, green = LS2 source, red= LS3 source and purple = LS4 source. Map at the
top shows the location of the synthetic tide gauge on top of the NCT model result in the 30m resolution
grid.
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Dominican Republic for the submarine landslide sources.
The LS4 simulation shows MSEs up to 8 m with average 2-5 m along the coastline
(Fig. 6. 7 and 6. 8). Synthetic tide gauge show that the energy is attenuated very fast,
modeling waves only within the first 15-20 min (purple dotted line in Fig. 6. 8). This
scenario also reveals the relevance of local near-shore bathymetry. Smoother bathymetric gradients as in La Cabrera, Nagua or the Cabo Cabrón and Cabo Samaná at the
northeast of Samana Peninsula allow efficient wave propagation, thus reaching high
MSEs (5 m La Cabrera, 4 m Nagua and 8 m in the northeastern tip of Samana Peninsula; Fig. 6. 7 and purple dotted line in Fig. 6. 8). In contrast, the steep seafloor slopes at
the eastern end of the Bahia Escocesa (Matancitas) and the northern of the Samana
Peninsula drastically reducing MSEs at shoreline (Fig. 6. 7 and purple dotted line in
Fig. 6. 8). Also, the LS3 and LS4 does not predict significant propagation along the Samana Bay and the Laguna Redonda (Fig. 6. 7), probably because the steep transition
between the platform and the lower slope in this area.

6.4. Discussion of this chapter
6.4.1. The August 4, 1946 tsunami event is explained by NCT
scenario
Our results show that for the August 4, 1946 M8 earthquake, the seismic source
(NCT) has an overall well-fitting with the near and far-field historical reports (Table.
6. 3). The modeled tsunami for the NCT source are in general agreement with the 1946
far-field historical reports, showing MSE near the 0.66 m recorded in San Juan and average MSEs of 0.2-0.4 m in the US coast and Bermuda (Table. 6. 3). However, NCT
simulation also predicts that tsunami waves would amplify along the shoreline to SW
Charleston (Fig. 6. 5), where no tsunami observations were reported. Also, there are no
historical reports in the coast region near Laguna Redonda and western Puerto Rico
where model show MSEs of up to 1.5 m (Fig. 6. 6). The NCT simulation also modeled
significant waves close to Puerto Plata (Fig. 6. 7). Although historical records do not
show elevations in this area, field surveys based on eyewitness interviews conducted by
Fritz et al. (2017a, b) from 2014 to 2016 showed maximum tsunami height of 8 m in
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4 August, 1946

MAX SURFACE ELEVATION (m)
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0.80

-

-

-

-

5.00

0.10

2.00

5.00

5.0

4.00

0.20

1.50

4.00

4.0-5.0

4.50

0.10

3.00

2.50

2.50

0.05

3.00

2.50

4.0-5.0

1.00

-

-

-

-

1.50

-

-

-

-

0.60

-

-

-

0.66

0.20

-

-

-

Tide gauge eﬀects
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-

-
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-

-

-
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Table. 6. 3. Maximum surface elevations (in meters) for each simulation at specified locations and
comparison with historical tsunami observations for the 1946 events (Lander, 1997; O’Loughlin
and Lander, 2003).

Playa Boca Nueva.
NCT tsunami model in general agrees with near-field historical records taken by Lynch
and Bodle (1948) and field surveys based on eyewitness interviews conducted by Fritz
et al. (2017a, b) from 2014 to 2016. The tsunami model shows MSEs of between 2.5-5
m along the northwest coast of the Dominican Republic (from La Cabrera to the Samaná Peninsula; Table. 6. 3). Both studies showed maximum tsunami heights exceeding
5 m at some locations between Cabrera and El Limon. The MSEs of 2.5-5 m modeled
on the northeastern tip of the Samana Peninsula also match the eyewitness interviews
conducted by Fritz et al. from 2014 to 2016, in which they reported tsunami inland inundation up to distances of 600 m or more at Playa Rincón on the Samana Peninsula.
However, there are also small discrepancies between the model and the historical records in Matancitas and El Limón. Our model shows slightly lower or higher MSEs at
these locations compared to the historical records (4.5 m at Matancitas, 2.5 m at El
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Limón; Table. 6. 3). These punctual small discrepancies between the modeled waves and
the near-field historical records may be due to the lack of detailed shallow depth bathymetry. The quality of nearshore bathymetry data yields well-known high influence in
the model results (e.g., Kowalik and Murty, 1991). Furthermore, as Kowalik and Murty
(1991) noted, the lack of high resolution bathymetry close to the coastline (at shallow
depths) preventing the simulation of near shore amplification. Even small features in
the nearshore bathymetry can influence which parts of the coast will flood during a tsunami. Elevation data nearshore (at shallow depths) need to be of much higher resolution than data for the deep ocean to build fully model tsunamis, and make more accurate run-up and coastal inundation maps (Eakins and Taylor, 2010). Therefore, it would
be essential to have complete high-resolution bathymetry for future studies to obtain
more detailed run-up and inundation maps. Also, paleocoastal and paleotsunami studies
as them carried out by Fritz et al. (2017) would help to better define the potential areas
of tsunami impact and also in order to validate the simulations.
Our tectonic source simulation shows similar results than previous near-field tsunamigenic studies carried out for the 1946 earthquake by Gaillier et al. (2015) and Grilli et
al. (2016). The Scenario 2 modeled by Gaillier et al. (2015) corresponds to the Mw =
8.1 1946 earthquake but mostly studying the tsunami impact in the north coast of Haiti. They model this scenario as a single-segment rupture using a constant 21º dip and a
190 × 60 km rupture area with uniform 5 m coseismic slip and pure dip-slip reverse
motion. This scenario show average MSEs along the northern Haitian coasts of 5-6 m
with a peak of 8 m along the western part of the northern Haitian coast (e.g. Port de
Paix). The average MSEs showed by their models are also significant at the northwestern end of Dominican Republic (5-6 m), with flooding of the present Montecristi
National Park (Gaillier et al., 2015). These quite higher values relate to our simulation
could be due to little differences in the dip, area and slip values used in their models
(e.g. 5 m of average slip compared to our slips of 4.39, 5.84 and 4.05 m). The scenario
proposed by Grilli et al. (2016) modeled an earthquake-triggered tsunami yielded by
the rupture along the North Hispaniola Thrust Fault (NHTF; i.e., the plate interface or
the main thrust of he NHDB) between Cuba and eastern Hispaniola. These models assumed a three-segment rupture with simplified geometry (21º of dip, 618 × 59 km rupture area and 10 m average slip) giving a potential pure dip-slip reverse tsunamigenic
event of Mw = 8.7. Tsunami simulations show maximum run-up along the northern
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coast of Hispaniola between 8 and 14 m of height. This is a worst-case scenario that, although possible, it is strongly improbable because the overestimation of the rupture area
and slip. The highly segmented structure along the plate boundary is accompanied with
variable convergence rate and alternation between thrusting and strike-slip deformation
(Calais et al., 2016; this thesis). Grilli et al. (2016) also discussed that slip could be inhomogeneous in the fault, resulting in a larger slip in some areas and causing larger impact onshore.
Other previous tsunami simulation of the 1946 earthquake was performed by
López-Venegas (2006). His model showed maximum run-up of 1.5 m in the north of
Dominican Republic which is much smaller than observed (Table. 6. 3). These results
together with the calculated energy released and moment magnitude suggested that the
most probable cause of the resulting tsunami may be caused by a local landslide triggered by the earthquake (López-Venegas, 2006). However, this study was made based
on rough bathymetry data (2 arc-minute grid), and the tectonic source used the north
dipping nodal plane proposed by Russo and Villaseñor (1995) as the rupture fault. Furthermore, the computed seismic model was quite low (5 x 1027 dyne-cm) resulting in a
limited maximum co-seismic slip of 0.5 m. Later study carried out by the same author
(López-Venegas, 2007) adjusted the calculated seismic moment to 1.5 x 1028 dyne-cm,
a value quite close to that proposed in .

6.4.2. The August 4, 1946 event is explained by a submarine
landslide scenario
As it is well-known tsunami triggered by a submarine landslide is a frequent process
(e.g., Harbiz et al., 2013 and references therein) and also were documented along the
southern Caribbean (O’Loughlin and Lander, 2003). Also, as was mentioned in the
previous section, López-Venegas (2006) suggested that the source of the tsunami was
probably caused by a submarine landslide triggered by the 1946 earthquake. He showed
that the scarcity of far-field historical records may be indicative that the tsunami was
caused by a submarine landslide located in the NHDB.
In order to test the possible landslide scenario, in this chapter we have modeled four
potential landslide sources. For the landslides located in the NHDB (LS1 and LS2) we
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have got MSE similar to those obtained by López-Venegas (2006) (~0.5 m; Table. 6. 3).
His results for submarine landslide in the NHDB close to Nagua showed MSEs much
lower than the modeled tectonic sources, not exceeding 0.5 m at Bahia Escocesa and
0.08 m at San Juan (López-Venegas, 2006). Thus, MSE modeled in both studies do not
exceeded 0.5 m, rejecting a submarine landslide in the NHDB as the source of the August 4, 1946 tsunami. This is in agreement with this study (chapters 4 and 5), that do
not show any mapped submarine landslide along the NHDB large enough to trigger a
tsunami with those documented MSEs.
On the contrary, the LS3 and LS4 simulations for the August 4, 1946 tsunami present
MSEs similar to the near-field historical records, even locally reaching 8 m in the
northern coast of Dominican Republic (LS4). However, these simulations do not show
any far-field impacts (Table. 6. 3) suggesting that they are not the source of the August
4, 1946 tsunami. But the submarine landslide sources located on the southern flank of
the Banks of the Bahamas could be a probable scenario. The steep bathymetric slopes
together active tectonic and erosional processes favor gravitational instabilities in case of
strong earthquakes. Detailed bathymetry data along the southern slope of the Bahama
Banks could better define the geometry (size and volume) of a potential submarine
landslide sources in the Bahama Banks.

6.5. In summary
Tectonic and landslide source simulations presented in this chapter shed light on the
source of the August 4, 1946 tsunami. Historical reports, when compared with the results obtained from our simulations, are consistent with a reverse rupture in the NOAM-CARIB plate interface northeast of Dominican Republic (NCT). Better-geological constraints on this oblique subduction/collision plate boundary combined with
seismotectonic information allowed a more detailed parametrization of tectonic sources.
Although there are light discrepancies between the modeled August 4 1946 earthquake
and the historical records, the NCT source overall fit with the near- and far-field historical records. The local differences in our results with historical records could be attributed to the lack of detailed shallow-depth bathymetry.
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As alternative scenarios, submarine landslide sources were modeled. These sources were
constrained on mapped submarine landslides in the NHDB and southern flank of the
Banks of the Bahamas. Sources located in the NHDB (LS1 and LS2) show negligible
MSE. Sources located in southern flank of the Banks of the Bahamas (LS3 and LS4)
show MSEs similar to the near-field historical records, but do not show any far-field
impacts suggesting that they are not the source of the August 4, 1946 tsunami.
Therefore, our tsunami calculations, based on most constrained sources up to date, allow
to establish the NOAM-CARIB plate interface, the NHDB and submarine landslides
in the southern slope of the Bahama Banks as main near-field potential tsunamigenic
sources in the area. All simulations show that the most impacted area is the Bahia Escocesa.
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Many tectonic studies were made in the northern Caribbean plate, but many of them
only were focused in one region, and then they lack from a large scale and integrating
approach, necessary to understand the behavior of the whole plate boundary. The results
of the analysis of continuous geophysical information (high-resolution bathymetry, seismic reflection, and seismological data) provide information about the along-strike variations on crustal structure of the NOAM-CARIB plate boundary and the geometry
and thickness of the downgoing slab. These new elements provide constraints on the
geodynamic of the North Caribbean plate boundary.
In this last part, we propose a new geodynamic model of the North Caribbean plate
boundary which takes into account the results obtained during this thesis and implements them at the current state of knowledge.

7.1. Geodynamic model
7.1.1. Northern Puerto Rico
In northern Puerto Rico, flat-bottom NOAM oceanic crust is being subducted beneath
the island arc very obliquely (250°; Fig. 7. 1; McCann et al., 1982; Sykes et al., 1982;
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Fig. 7. 1. Enlarged map of the study area showing the tectonic domain, the tectonic microblocks and the main tectonic features. The dashed
black lines mark the base of the southern slope of BCP. View legend for tectonic microblocks colormap. ST Bank: Santisima Trinidad Bank; BFZ:
Bunce Fault Zone; SOFZ: Septentrional Oriente Fault Zone; CFZ: Camu Fault Zone; EPGFZ: Enriquillo-Plantain Garden Fault Zone; SDB:
Santiago Deformed Belt; PRVI Block: Puerto Rico-Virgin Islands Block.
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McCann and Habermann, 1989; DeMets et al., 2000; Calais et al., 2016). We can distinguish two different zones, west and east of the Mona Rift.
The area east of the Mona Rift covers to the Lesser Antilles. Is characterized by a carbonate platform that have suffered tilting (4º) towards the trench and collapse since
Middle Pliocene (Moussa et al., 1987; Ten Brink, 2005; Grindlay et al., 2005a, 2005b).
The driven mechanism for such tilting and collapse was attributed to the rollback the
undergoing NOAM slab in this area (Fig. 7. 2; Ten Brink, 2005).

Fig. 7. 2. 3D-view of the proposed geometry for the North American Slab along the northeastern NOAM-CARIB plate boundary showing the main tectonic features and the different types of crust.

A vertical tear fault in the NOAM at about 64.5ºW (Fig. 7. 2; Meighan et al., 2013,
Ten Brink and López-Venegas, 2012), which would increase the angle of subduction
and thus the subsidence of the plate, the uniform tilting of the carbonate platform towards the trench and the uplifting of the island . This tear fault could be due to the increase in curvature in the trench following the anti-clockwise rotation of the PRVI
block and/or also by the subduction of the Main Ridge (Fig. 7. 2). In the Insular Margin the BFZ is very close to the trench, highly limiting the width of the accretionary
prism (Figs. 7. 1 and 7. 2). Laurencin et al. (2019), based on data taken in the northern
Lesser Antilles, showed that the 850-km long Bunce Fault is a structural boundary separating the very narrow, sediment-starved trench. They proposed, in a long-term margin
erosion, a strike-slip system that initiated at greater distance from the trench, at the rear
of an initially larger and progressively eroded accretionary domain. The Bunce Fault
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proximity to the trench might be primarily controlled by the major mechanical weakness at the toe of the prism backstop.
The area west of the Mona Rift the oblique convergence in the OSD gives rise to the
formation of strike-slip fault systems sub-parallel to the trench: the SOFZ and the
BFZ (Figs. 7. 1 and 7. 3). However, unlike eastwards of the Mona Rift, in this area a
broad zone with transpressive tectonics in the forearc is formed, highly controlled by
the SOFZ and the BFZ, which coexist for at least 170 km (Fig. 7. 3). The rollback of
the downgoing NOAM oceanic slab and the consequent high dip angle of the slab
(Fig. 7. 2) are the responsible of the transpressive tectonics without strain partitioning
west of Mona Rift, characterized by a starved trench (Section A in Fig. 7. 3). We have
observed a cluster of intermediate-depth earthquakes suggesting the existence of a slab
tear at 68.5° W, between the thin oceanic NOAM subducting slab and the relative
thicker and buoyant colliding BCP (Figs. 7. 1 and 7. 2). This slab tear is analogous to
that observed in the North Andean Margin, where the relative thicker Carnegie Ridge
has been colliding with the margin since at least 2 Ma (c.f., Gutscher et al., 1999). This
slab tear at 68.5º W nearly matches in location and depth with the slab tear proposed
by Harris et al. (2018) in the Mona Passage.

7.1.2. Northern Hispaniola
To the west, in northeastern Hispaniola, there is a change in the margin tending and
the active collision of the transitional crust of the BCP with the island arc occurs ( Figs.
7. 1 and 7. 2; Dolan et al., 1998). Here, the OCD shows high plate coupling with strain
partitioning (Calais and de Lepinay, 1991; Calais et al., 2002; Jansma et al., 2000; Mann
et al., 2002; De Zoeten and Mann, 1999) due to the collision with the BCP.
The collision occurs between eastern Hispaniola and the southeastern end of the BCP.
The southeastern BCP belonged once to a much larger and continuous carbonate platform that would include the present Great Bahama Bank (Mullins and Hine, 1989;
Mullins et al., 1992). The current morphology of the southeastern BCP, with large scalloped banks separated by deep passages (Fig. 7. 1), would be the result of at least two
retreat stages of the carbonate platform: A Middle Cretaceous drowning stage related
to a global response of carbonate platforms to a rapid pulse of sea level rise (Schlager,
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Fig. 7. 3. Proposed conceptual models (A-E) showing the main tectonic features for each tectonic domain. SOFZ: Septentrional Oriente Fault Zone; BFZ: Bunce Fault Zone; CFZ: Camu Fault Zone;
BCP: Bahamas Carbonate Province.

1981; Larson and Pitman, 1972; Sheridan, 1983), and a Middle Miocene-Present underthrusting stage of the Bahamas Carbonate Province along the Northern Hispaniola
Margin (Sykes et al., 1982). The enlargement of the carbonate spurs and the wide and
deep passages separating them seem to be older lineal structures inherited from Early
Cretaceous rifting (Mullins et al., 1992). these inherited structures could act as transverse tear faults in the incoming plate. In the OCD, the structures in the channels could
accommodate the change in the plate coupling, the amount of shortening or the stress
fields between the underthrusting and collision domains.
Compared to northern Puerto Rico and in the context of strain partitioning, the BFZ
disappears, shifting all the transcurrent component towards the south, to the SOFZ
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(Section B in Fig. 7. 3). the relay between SOFZ and BFZ takes place where the BCP
is colliding with the island arc. The collision process might result in the welding of the
accretionary prism, where the BFZ developed, producing the feather termination and
its relay towards the weakness zone of the SOFZ farther to the south. Ten Brink and
Lin (2004) proposed that the change in the distance of the strike-slip fault to the
trench between Puerto Rico and Hispaniola is caused by variations in the Coulomb
stresses in the forearc region by the shift in the slip direction due to the change in the
direction of the margin to an E-W trending.
Although the collision process would prevent intermediate-depth seismicity, it is still
present. This fact might suggest that the thinner crust of the southeastern edge of the
BCP is still actively subducting beneath the CARIB plate with a lower dip (Fig. 7. 2).
A study from Ten Brink et al. (2013a, 2013b), based on seismicity and tomography, proposed a continuous slab of 450 km-long covering the OUD, the OCD and the
OSD which extends from the surface to a depth of 500 km in the northern Caribbean.
Calais et al. (1992) and more studies on Haiti conducted by Corbeau et al.
(2017, 2019) and Possee et al. (2020) suggested the existence of intermediate-depth
seismicity associated to a slab break-off of an inherited NOAM subducted slab. Van
Benthem et al. (2014), suggesting that the intermediate-depth seismicity in the
OCD and in the OUD, below Central Cordillera, may be the lateral push by the edge
of the NOAM subducted slab onto the CARIB plate. However, there is not structural
and geodetic observations at surface or deep seismicity and focal mechanism data that
could support this hypothesis. Therefore, with the results obtained in this PhD thesis,
we propose an alternative geometry to undergoing slab (Fig. 7. 2), with and continuous NOAM subducted slab below Hispaniola that would explain the intermediate seismicity.
West of Silver Spur, covering the northern margin of Dominican Republic and part of
Haiti, is the OUD. The OUD follows a strain partitioning tectonic model consisting of
a NW-SE trending accretionary prism that accommodates the convergence (vertical)
component and the SOFZ and CFZ fault system that accommodate the strike-slip
(horizontal) component (Section C in Fig. 7. 3). On the western end of the OUD, there
is a jog between two branches of the SOFZ (Haitian and Dominican Republic segments; Fig. 7. 1). This southward shift of the SOFZ in the Haiti area may be due to the
along-strike interaction of the Septentrional Block with Windward Passage Sill (Fig.
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7. 1). As in the OCD, there is also intermediate-depth seismicity. This seismicity could
be related to a slab break-off of an inherited NOAM subducted slab (Fig. 7. 2; Calais
et al., 1992; Corbeau et al., 2017; Possee et al., 2020). New data from Corbeau et al.
(2019) reveals that below Haiti there are still intermediate-depth earthquakes, suggesting that the remnant NOAM subducted slab could continue towards the west, comprising central and western Hispaniola. Also Nuñez et al. (2019) using 2-D P wave velocity
models, show at southern Hispaniola an anomalous zone of lateral velocity variation in
the mantle that might be associated with a possible detached oceanic slab from
NOAM.
North of Haiti, in the SSD, there is another change in the margin orientation, turning
into an E-W trending (Fig. 7. 1). Here, the orientation of the margin influences the
tectonics in the overriding plate. The shift to an E-W trending leads into the almost
parallelism between the NOAM-CARIB convergence vector and the margin. This fact,
within a strain partitioning model, results in the predominance of the strike-slip component over the orthogonal convergence component. This leads to the transpressive uplift of Tortue Island, associated with the SOFZ, and the low-active or inactive
imbricate system at the front as a consequence of the lower weight of the orthogonal
component (Section D in Fig. 7. 3). Between the currently inactive imbricate system
and the SOFZ, there is an 80 km-width area almost without current deformation
(Windward Passage Sill and its prolongation to the E; Fig. 7. 1). We do not observe
transpression in the SOFZ. Focal mechanisms show strain partitioning with reverse
faulting and are associated with the deformed belt, not with SOFZ.

7.1.3. Eastern Cuba
West, in the Windward Passage and Eastern Cuba the margin orientation shifts again
to a NE-SW trending and the convergence component becomes more relevant with the
development of compressive structures in the Windward Passage Sill and the NE and
south (Santiago Deformed Belt) margins of Cuba (Section E in Fig. 7. 3). Also, Corbeau et al. (2019) show an almost pure reverse focal mechanism located in the Windward Passage, evidencing the relevant convergence component in this area.

242

Chapter 7

General Discussions

7.1.4. In Summary
We can conclude that the northeastern NOAM-CARIB plate boundary is a very segmented margin with the interaction of several and independent crustal and tectonic
blocks that drives it in a very complex tectonic. The geodynamic model of the northern
margin proposed in this PhD thesis attempts to resolve some tectonic aspects of this
area. In summary, we can conclude that:
•

In the Lesser Antilles there is a orthogonal subduction of Atlantic oceanic crust
(Fig. 7. 2).

•

Two slab tears are found at 68.5ºW and 65ºW (Fig. 7. 2).

•

These slab tears cause the rollback of the NOAM plate, resulting in the tilting and
collapsing of the carbonate platform north of Puerto Rico and the development of
transpressive tectonic without strain partitioning with a starved trench (Figs. 7. 1
and 7. 3).

•

Collision and underthrusting processes are developed north Hispaniola between the
southeastern BCP and the island arc with strain partitioning (Figs. 7. 1 and 7. 3).

•

Change in margin trending results in a strike-slip tectonic domain near Tortue Island with the predominance of the strike-slip component over the orthogonal convergence component (Figs. 7. 1 and 7. 3).

•

In the Windward Passage and Eastern Cuba the margin orientation shifts again
and the convergence becomes more relevant with the development of compressive
structures (Figs. 7. 1 and 7. 3).

•

Seismological data reveals a slab break-off of an inherited NOAM subducted slab
below Hispaniola (Fig. 7. 2).

•

The orientation of the margin highly influence the structural framework in the
overriding plate. When the margin has a more oblique orientation relative to the
NOAM-CARIB convergence vector, the strike-slip component is more relevant
with less development of the imbricate system. When the margin has a more orthogonal direction relative to the NOAM-CARIB convergence vector there is a
good development of the imbricate system (Fig. 7. 1).
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7.2. Tsunamigenic hazard
On the northern margin of the Dominican Republic, the hazard analysis should be a
relevant issue for spatial planning both in coastal areas that presents a great tourist development and in the marine environment for resource exploitation. In both cases, anthropogenic activity can show a high exposure to geological risks derived from active
deformation and its secondary effects such as landslides and tsunamis (Bush et al.,
2009).
Kvalstad (2007) defined the geological hazard for submarine areas as a local and/or regional area with ground properties that have the potential for an event, resulting in casualties or health, environmental or infrastructure damage. This definition is so broad
that it includes most part of the geological processes that model the seabed, as it does
not define a temporal scale. In marine and coastal areas, the biggest hazards are earthquakes, submarine landslides and other processes that are capable of modifying the
morphology of the seabed rapidly as the gravity flows, fluid emissions, etc. Secondary effects such as tsunamis are also very important, both earthquake-triggered and those
produced by large submarine landslides, since their genesis and propagation depends
strongly on the morphology of the seafloor.
As showed this PhD thesis and previous studies, due to the active oblique collision/underthrusting process, the northern Hispaniola margin has been suffered several earthquakes, highlighting the May 7th, 1842 event with M8.0 (McCann, 2006; M7.8 by
Russo and Villaseñor, 1995: M7.6 by Ten Brink et al., 2011), the seismic crisis of 1943–
1953 with five events of M > 7.0 and the seismic crisis of 2003 with a main shock of
M6.3 and a large aftershock of M5.3 (Dolan and Bowman, 2004). Furthermore, several
of these earthquakes, triggered tsunamis that have caused significant damages and casualties in the coastal regions of the eastern Greater Antilles, such as the events of 1842 in
Haiti, 1918 in the Mona Passage, and 1946 in northern Dominican Republic. The low
level of preparation and the limited hazard reduction strategies, put the population and
economy of coastal areas at substantial risk in case of large tsunamis.
Both the seismicity analysis and the results of the tsunamigenic simulations carried out
for the August 4, 1946 event show that the NOAM-CARIB thrust interface and the
associated thrusts of the Northern Hispaniola Deformed Belt as main potential tsuna244
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migenic sources. In addition, the northern margin of the Dominican Republic has locally strong bathymetric slopes that by themselves are already a conditioning factor for
the occurrence of gravitational instabilities that may result in the generation of tsunamis. The active deformation and the high rate of occurrence of earthquakes would contribute significantly to the instability of steep slopes, being in many cases the trigger
factors.
Furthermore, calculated maximum surface elevation and synthetic tide gauge time series
at near- and far-field locations show that the August 4, 1946 tsunami was caused by a
reverse rupture in the plate interface northeast of Dominican Republic. Alternative
earthquake-triggered submarine landslide on the southern flank of the Banks of the Bahamas show maximum surface elevations similar to the historical records in north of
Dominican Republic, but do not show any far-field impacts suggesting that they are not
the source of the August 4, 1946 tsunami. Detailed swath bathymetry and seismic data
along the southern slope of the Bahama Banks and the northern coast of Dominican
Republic together with paleocoastal and paleotsunami studies are needed to improve
the parametrization of sources and test the simulations.
This PhD thesis is a first step in the seismic and tsunamigenic hazard analysis in the
northern margin of the Dominican Republic. Pre-tsunami strategies such as vulnerability mapping, public awareness programs, and tsunami signage among other measures
must be considered essential. Moreover, given the proximity to important populations
such as Puerto Plata, it is important to carry out future studies about the hazard and
risk that could result from tsunami triggered by a large submarine landslide. This study
would be conducted by analyzing and establishing the exposure and vulnerability of the
population and structural assets (González de Vallejo and Ferrer, 2011).
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The objective of this PhD thesis was to bring new constraints on the geodynamics of
the North Caribbean transpressive plate boundary at Hispaniola. The two aspects of
this thesis, the analysis of the shallow structure at sea, and the regional deep and shallow structural and tectonic analysis with the integration of seismological and geodetic
data with marine geophysical data, allowed us to have an overall view and a good understanding of the dynamics of a portion of this plate boundary. All the results of this
thesis can be integrated into a proposed geodynamic model that satisfies most of the
observations. In addition, these observations allowed for the first time the performance
of realistic tsunamigenic simulations in the Dominican Republic. These simulations, as
well as the in-depth knowledge of the geodynamics establish the basis for future analysis of the seismic and tsunamigenic hazard and risk in the area.
Firstly, a combined interpretation of high-resolution swath bathymetry and 2D seismic
reflection data, together with published GLORIA side-scan sonar data, have allowed us
to characterize, the shallow structure and the active sedimentary and tectonic processes
in the Dominican sector of the NOAM-CARIB plate boundary. Three along-strike
morphostructural provinces have been identified: a) the Bahamas Carbonate Province,
b) the Hispaniola Trench and c) the Insular Margin. However, because of the high
oblique plate interaction, those provinces show major along-strike differences in the active sedimentary and deformational processes, related to two distinct tectonic domains
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respectively: Oblique Underthrusting and Oblique Collision domains located in the
western and eastern regions of the Dominican Republic offshore. Thus, for each morphostructural province, we can conclude:
•

The southeastern end of BCP has many inter-related morphological and structural
features suggesting active erosional and deformational processes. The result is a
widespread collapse and retreat of the carbonate banks that seems to increase close
to the active plate boundary.

•

In the Underthrusting Domain, the Hispaniola Trench is characterized by two large
flat-bottomed, intercommunicated basins, the Hispaniola and Caicos basins. Basin
turbidite thickness is substantial suggesting high accommodation space yielded by
the plate boundary interaction. In the Collision Domain, the Hispaniola Trench is
segmented and comprises a 200 km-long area consisting of elongated E-W trending basins separated by bathymetric highs that correspond to carbonate spurs. The
depth increases to the east, from 4400 m-deep in Santisima Trinidad Basin to 8300
m-deep of Puerto Rico Trench. The Navidad and Santisima Trinidad banks mark
the boundary between the stepped trench basins and may also act as transverse tear
faults favoring the deepening the trench basins towards the E.

•

In the Underthrusting Domain, the NHDB forms a NW-SE trending N-verging
fold-and-thrust imbricate system which its development is variable along-strike and
its related with the differential topography of the incoming NOAM plate. In the
Collision Domain, most part of the Insular Margin shows a relatively thick slope
sediment cover that is burying a low active and diffuse N-verging imbricate system.

•

Several sedimentary and tectonic active processes are found in the southern slope of
the Bahama Banks and in the Insular Margin. Slope processes (i.e., slumping, debris
flows and canyon systems) in the Bahama Banks show more occurrence related to
morphological and fault-controlled scarps. Slope processes are also common seafloor features in NHDB but highly controlled by the active imbricate system in the
Underthrusting Domain. Meanwhile in the Collision Domain slumping processes
are forming widespread slumped areas that cover the imbricate system.

Secondly, regional structural and tectonic analysis in the NE Caribbean shows a clear
example of an along-strike segmented plate boundary. From E to W, is taking place the
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transition from a frontal subduction in the Lesser Antilles, to an oblique subduction
without strain partitioning north of Puerto Rico, to a collision/ underthrusting along
Hispaniola and to strike-slip south of Cuba. For each tectonic domain, we can conclude
that:
•

The transition from an oblique subduction without strain partitioning and low coupling to an oblique collision with strain partitioning and high coupling is marked by
the entering into the trench of the thickened crust of the BCP. A slab tear is formed
at 68.5°W, which separates subducting oceanic crust north of Puerto Rico with
thickened BCP crust which is obliquely colliding with Hispaniola, thus marking the
boundary between oblique subduction and collision domains.

•

Northern Hispaniola margin is characterized by the oblique collision of the BCP
with the island arc. There is high coupling with strain partitioning. A relative wide
accretionary wedge accommodates the convergence component normal to the margin, and landward, the conjugate left-lateral strike slip system, composed of the
SOFZ and the CFZ, accommodates the transcurrent component. Also beneath
Central Cordillera and Haiti, diffuse intermediate- depth hypocenter might indicate the presence of a detached remnant NOAM subducted slab below central and
western Hispaniola.

•

In the Haitian northern margin the boundary from oblique collision to a transcurrent regime is diffuse, so two distinct areas can be distinguished. An eastern area,
around Tortue Island with high localized deformation, in a strain partitioning model with the prevalence of the SOFZ strike-slip displacement with respect to the
convergence at the Deformation Front. And a western area comprising the Windward Passage and southern Cuba. Although this area has been considered as a plate
boundary of pure left-lateral strike-slip, numerous compressive structures are still
observed. For instance in the Windward Passage Sill (positive flower structure) and
the NE margin of Cuba (imbricate fold-and-thrust system).

These regional observations, together with the previous detailed characterization of each
morphostructural province, have allowed us to make an integrating geodynamic model
that reflects the structure and main tectonic features for each tectonic domain along the
NOAM-CARIB plate boundary, (Fig. 7. 3) as well as the geometry and thickness of the
downgoing slab (Fig. 7. 2). We can summarize these models in:
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a) A rollback process in the OSD with the formation of two slab tears at 65°W
(Meighan et al., 2013, Ten Brink and López-Venegas, 2012) and 68.5°W (this PhD
thesis) and the consequent transpressive tectonics without strain partitioning, characterized by a starved trench
b) High plate coupling with strain partitioning, characterized by a wide “welded” accretion prism that it is mostly buried (inactive) in the OCD.
c) Intermediate-depth seismicity suggest that the thinner crust of the southeastern
edge of the BCP is still actively subducting beneath the CARIB plate with a lower
dip.
d) The OUD follows a strain partitioning tectonic model consisting of the NHDB
that accommodates the convergence (vertical) component and the SOFZ and CFZ
fault system that accommodate the strike-slip (horizontal) component.
e) Diffuse intermediate-depth hypocenters recorded below Hispaniola might be seismically associated to a slab break-off of an inherited NOAM subducted slab.
f ) In the SSD there is a predominance of the strike-slip component over the orthogonal convergence component, leading into the transpressive uplift of Tortue Island,
and with a inactive imbricate system at the front.
g) In the Windward Passage and Cuba the convergence component becomes more relevant with the development of compressive structures.
Finally, this deep knowledge of geodynamics and active processes of the area allowed us
to carry out tsunami simulations to determine the possible tsunamigenic sources for the
August 4, 1946 earthquake as a first approach to the analysis of seismic and tsunamigenic hazard in the area. The conclusions derived from the simulations are:
•

Although there are light discrepancies between the modeled August 4 1946 earthquake and the historical records, our simulations are consistent with a reverse rupture in the NOAM-CARIB plate interface northeast of Dominican Republic
(NCT).

•

Moreover, the along-strike boundary segmentation of the plate and hence variations
in the plate coupling (non-coupled, partially-coupled and highly-coupled) deter-
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mine the maximum earthquake size and structural features of the overriding plate.
•

Our tsunami calculations, based on most constrained sources up to date, allow to establish the NOAM-CARIB plate interface, the NHDB and submarine landslides
in the southern slope of the Bahama Banks as main near-field potential tsunamigenic sources in the area
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El objetivo de esta tesis doctoral era aportar nuevos datos sobre la geodinámica del
límite de placas Norteamericana-Caribe en La Española. Los dos aspectos de esta tesis,
el análisis de la estructura superficial en el mar y el análisis estructural y tectónico regional nos ha permitido tener una visión global y una buena comprensión de la dinámica de esta sección del límite de placas. Todos los resultados de esta tesis pueden integrarse en un modelo geodinámico propuesto que satisface la mayoría de las
observaciones. Además, estas observaciones han permitido por primera vez la realización de simulaciones tsunamigénicas realistas en la República Dominicana. Estas
simulaciones, así como el gran conocimiento de la geodinámica, establecen las bases
para el futuro análisis del peligro y riesgo sísmico y tsunamigénico en la zona.
En primer lugar, la interpretación combinada de datos de batimetría multihaz de alta
resolución y de perfiles sísmicos multicanal, junto con los datos publicados del sonar de
barrido lateral GLORIA, nos han permitido caracterizar la estructura superficial y los
procesos sedimentarios y tectónicos activos en el sector dominicano del límite de placas
NOAM-CARIB. Se han identificado tres provincias morfoestructurales: a) la Provincia
Carbonática de las Bahamas, b) la Fosa de La Español y c) el Margen Insular. Debido
que la convergencia entre las placas es muy oblicua, esas provincias muestran importantes diferencias en los procesos sedimentarios activos y deformacionales, relacionados
con dos dominios tectónicos distintos: Dominios de Underthrusting Oblicuo y Colisión
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Oblicua localizados en las regiones occidental y oriental de la República Dominicana
respectivamente. Así, para cada provincia morfoestructural, podemos concluir:
•

El extremo sudoriental de la BCP tiene muchas características morfológicas y
estructurales que sugieren que sufre un proceso activo de erosión. El resultado es un
colapso y retroceso generalizado de los Bancos de las Bahamas que parece aumentar
cerca del límite de placas.

•

En el Dominio de Underthrusting, la Fosa de La Española está formada por dos
grandes cuencas intercomunicadas, las cuencas de La Española y de Caicos. El espesor sedimentario de las cuencas es muy grande, lo que sugiere un alto espacio de
acomodación formado por la interacción de las placas. En el Dominio de Colisión,
la Fosa de La Española está segmentada y comprende una zona de 200 km de longitud formada por cuencas alargadas de dirección E-O separadas por altos
batimétricos que corresponden a salientes de los Bancos de las Bahamas. La profundidad de las cuencas aumenta hacia el este, desde los 4.400 m de profundidad en la
cuenca de la Santísima Trinidad hasta los 8.300 m de profundidad en la Fosa de
Puerto Rico. Los bancos de la Navidad y la Santisima Trinidad marcan el límite entre las cuencas pudiendo actuar como fallas de desgarre transversal que favorecen la
profundización de las cuencas hacia el E.

•

En el Dominio de Underthrusting, el NHDB forma un sistema imbricado de pliegues y cabalgamientos con dirección NW-SE, cuyo desarrollo es variable a lo largo
del margen y está relacionado con la variabilidad topográfica de la placa NOAM.
En el Dominio de Colisión, la mayor parte del Margen Insular muestra una cobertera sedimentaria relativamente gruesa, la cual cubre el sistema imbricado difuso.

•

Varios procesos sedimentarios y tectónicos activos se encuentran en la ladera sur de
los Bancos de Bahamas y en el Margen Insular. Los procesos gravitacionales (deslizamientos, debris flow y los sistemas de cañones) en los Bancos de Bahamas muestran más frecuencia en los escarpes morfológicos controlados por fallas. En el Dominio del Underthrusting, los procesos gravitacionales son también comunes en el
NHDB, pero están muy influidos por el sistema imbricado. Mientras tanto, en el
Dominio de Colisión, los procesos gravitacionales se concentran en amplias áreas
deslizadas que cubren el sistema imbricado.
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En segundo lugar, el análisis estructural y tectónico regional en el Noreste del Caribe
muestra un claro ejemplo de un límite de placas segmentado. De E a O, se está produciendo la transición de una subducción frontal en las Antillas Menores, a una subducción
oblicua sin deformación compartimentada al norte de Puerto Rico, a una colisión a lo
largo de La Española y a una transcurrencia al sur de Cuba. Para cada dominio tectónico, podemos concluir que:
•

La transición de una subducción oblicua sin deformación compartimentada y bajo
acoplamiento entre placas a una colisión oblicua con deformación compartimentada
y alto acoplamiento entre placas está marcada por la entrada en la fosa de la corteza
engrosada del BCP. Se forma un desgarro de la placa Norteamericana en 68,5°O,
que separa la corteza oceánica que subduce al norte de Puerto Rico con la corteza
engrosada del BCP que está colisionando oblicuamente con La Española, marcando
así el límite entre los dominios de la subducción oblicua y la colisión.

•

El margen norte de La Española se caracteriza por la colisión oblicua del BCP con
el arco de la isla. Hay un alto acoplamiento con el desarrollo de deformación compartimentada. Una prisma de acreción relativamente ancho acomoda el componente
de convergencia perpendicular al margen, y hacia el interior, el sistema de desgarre
lateral izquierdo, compuesto por la SOFZ y la CFZ, acomoda el componente transcurrente. También debajo de la Cordillera Central y de Haití, la sismicidad intermedia podría indicar la presencia de un remanente desprendido de la placa Norteamericana por debajo de La Española.

•

En el margen norte de Haití el límite entre el régimen de colisión oblicua al régimen transcurrente es difuso, por lo que se pueden distinguir dos zonas distintas.
Una zona oriental, alrededor de la Isla de Tortuga con una deformación localizada,
en un modelo de deformación compartimentada con la prevalencia del desgarre lateral izquierdo del SOFZ con respecto a la convergencia en el Frente de Deformación. Y una zona occidental que comprende el Windward Passage y el sur de
Cuba. Aunque esta área ha sido considerada como un límite de placa de desgarre
lateral izquierdo puro, se observan numerosas estructuras compresivas. Por ejemplo
en el Windward Passage Sill (estructura de flor positiva) y el margen NE de Cuba
(sistema imbricado de pliegues y cabalgamientos).

Estas observaciones regionales, junto con la anterior caracterización detallada de cada
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provincia morfoestructural, nos han permitido hacer un modelo geodinámico integrador
que refleja la estructura y los principales rasgos tectónicos de cada dominio tectónico a
lo largo del límite de placas NOAM-CARIB, (Fig. 7. 3), así como determinar la
geometría y el espesor de la placa que subduce (Fig. 7. 2). Podemos resumir estos modelos en:
a) Un proceso de retroceso en el OSD con la formación de dos roturas de la placa (tear
faults) a 65°W (Meighan et al., 2013, Ten Brink y López-Venegas, 2012) y 68,5°W
(esta tesis doctoral) y la consiguiente tectónica transpresiva sin deformación compartimentada, caracterizada por una fosa erosiva.
b) Alto acoplamiento entre placas altas con deformación compartimentada, caracterizado por un amplio prisma de acreción “soldado” que está mayormente enterrado
(inactivo) en el OCD.
c) La sismicidad de intermedia y profunda sugiere que la corteza más delgada del borde sudeste del BCP todavía está subduciéndose activamente debajo de la placa Caribe con un buzamiento inferior.
d) El OUD sigue un modelo tectónico de deformación compartimentada que consiste
en la NHDB que acomoda el componente de convergencia (vertical) y el sistema de
fallas de SOFZ y CFZ que acomoda el componente transcurrente (horizontal).
e) Los hipocentros difusos de profundidad intermedia registrados debajo de La Española podrían estar asociados sísmicamente con un remanente desprendido de la
placa Norteamericana por debajo de La Española.
f ) En el SSD hay un predominio del componente de desgarre sobre el componente de
convergencia ortogonal, que conduce al levantamiento transpresivo de la Isla de la
Tortuga, y con un sistema imbricado inactivo cerca del frente de deformación.
g) En el Windward Passage y Cuba el componente de convergencia se hace más relevante con el desarrollo de las estructuras compresivas.
Finalmente, el gran conocimiento de la geodinámica y los procesos activos de la zona
nos ha permitido realizar simulaciones tsunamigénicas para determinar las posibles
fuentes tsunamigénicas del terremoto del 4 de agosto de 1946, como un primer acercamiento al análisis de la peligrosidad sísmico y tsunamigénico de la zona. Las conclu256
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siones derivadas de las simulaciones son:
•

Aunque hay ligeras discrepancias entre el terremoto modelado del 4 de agosto de
1946 y los registros históricos, nuestras simulaciones son consistentes con una ruptura inversa en la interfaz de las placas NOAM-CARIB al noreste de la República
Dominicana (NCT).

•

Además, la segmentación del límite de placas y, por lo tanto, las variaciones en el
acoplamiento de la placa (no acoplada, parcialmente acoplada y altamente acoplada)
determinan el tamaño máximo del terremoto y las características estructurales de la
placa superior.

•

Nuestras simulaciones, basadas en una parametrización de las fuentes más fiable y
constreñida geológicamente, permiten establecer la interfaz de la placa NOAM-CARIB, la NHDB y los deslizamientos submarinos en la ladera sur de los
Bancos de Bahamas como principales fuentes potenciales de tsunamis en la zona.
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App. 4. A. Contour map of the study region. Black lines are 200 m contours. Major contour interval each 1,000 m. Blue line shows
the profile path from Figure 4.13.
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App. 4. B. Bathymetric 3D image of the study area seen from the western end of the Puerto Rico Trench.
The three morphostructural provinces (Bahamas Carbonate Province, Hispaniola Trench and Insular
Margin) and the two tectonic domains present in the study area (Oblique Collision and Oblique Underthrusting domains) are shown. The vertical exaggeration is 5x.
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App. 4. C. Gradient map (degrees) of the three regions in the study area. See legend for color interpretation
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App. 5. A. Gradient map (degrees) of the study area derived from all multibeam bathymetry datasets. See legend for color interpretation.
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App. 5. B. DEM of the OSD and the OCD derived from the multibeam bathymetry data and completed with data from GEBCO and
SRTM datasets (Weatherall et al., 2015; Farr and Kobrick, 2000). Same data extent as Fig. 5. 4.
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App. 5. C. DEM of the OUD derived from the multibeam bathymetry data and completed with data from GEBCO and SRTM datasets
(Weatherall et al., 2015; Farr and Kobrick, 2000). Same data extent as Fig. 5. 10.
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datasets (Weatherall et al., 2015; Farr and Kobrick, 2000). Same data extent as Fig. 5. 14.

App. 5. D. DEM of the SSD derived from the multibeam bathymetry data and completed with data from GEBCO and SRTM
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Annexes

Supplementary material of chapter 6

App. 6. A. Maximum surface elevation after 3 hours of propagation in the 30-m-resolution grid in the
Bahia Escocesa region for the LS1 source.
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List of acronyms
AvR: Aves Ridge

IM: Insular Margin

BCP: Bahama Carbonate Province

IOC: Intergovernmental Oceanographic Commission

BF: Bunce Fault

ISC: International Seismological Centre

C: Cuba

ITST: International Tsunami Survey Team

CARIB: Caribbean Plate

J: Jamaica

CFZ: Camu Fault Zone

LAT: Lesser Antilles Trench

CLIP: Caribbean Large Igneous Province

MES: Maximum Elevation Surface

CMT: Centroid Moment Tensor

Mo: Seismic Moment

DEM: Digital Elevation Model

MT: Muertos Trough

DR: Dominican Republic

Mw: Moment Magnitude

DSDP: Deep Sea Drilling Project
EPGFZ: Enriquillo-Plantain

Garden

NCD: Northern Cuba Collision Domain

Fault

Zone

NHDB: Northern Hispaniola Deformed Belt

GEBCO: General Bathymetric Chart of the

NHTF: North Hispaniola Thrust Fault

Oceans

NOAA: National Oceanic and Atmospheric

GPS: Global Positioning System

Administration

H: Haiti

NOAM: North American Plate

H: Hispaniola

OAF: Oca-Ancón Fault

HE: Hess Escarpment

OCD: Oblique Collision Domain

HT: Hispaniola Trench

ODP: Ocean Drilling Program
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OSD: Oblique Subduction Domain
OUD: Oblique Underthrusting Domain
PDB: Panama Deformed Belt
PR: Puerto Rico
PR: Puerto Rico
PREM: Preliminary Reference Earth Model
PRT: Puerto Rico Trench
PRT: Puerto Rico Trench
PRVI: Puerto Rico-Virgin Islands
SCDB: South Caribbean Deformed Belt
SDB: Santiago Deformed Belt
SOFZ: Septentrional-Oriente Fault Zone
SRTM: Shuttle Radar Topography Mission
SSD: Left-lateral Strike-slip Domain
SSF: San Sebastian Fault
ST: Santisima Trinidad Bank
TWT: Two Way Time
UNAVCO: University NAVSTAR Consortium
US: United States
USGS: United States Geological Survey
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