
New Insights from

Satellite Gravimetry and

Thermal Modelling on the

Oceanic Lithospheric Structure:

the Caribbean Plate as a Case Study
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Abstract

A refined understanding of the lithospheric configuration may greatly improve

the accuracy of geohazard assessments. However, it is challenging to reach such

comprehension where data coverage is limited, such as the oceanic lithosphere, one of

the least well-known features on the outer solid Earth. In the ocean, classic techniques

for direct data acquisition provide the most accurate results, but they require expensive

and time-consuming campaigns, which can only typically cover relatively small areas.

Nowadays, satellite missions have greatly improved the measurements of potential

fields with global coverage, including the Vertical Gravity Gradients and the more

commonly used gravity anomalies. Combined datasets of satellite gravimetry, altimetry

and terrestrial measurements can be used to develop and test 3D lithospheric-scale

models, with high spatial resolution and homogeneous coverage.

In this thesis, 3D data-integrative and gravity-validated models of the Caribbean

oceanic domain and northwestern South American plate are used to demonstrate that,

despite scarce direct data, new insights regarding the lithospheric density and thermal

configuration are possible. These models may contribute to more reliable geohazard

studies.

First, a new methodology is proposed for identifying tectonic boundaries, based

on global-coverage Vertical Gravity Gradients. It can be applied in other tectonic

settings worldwide because it relies on publicly available datasets. With this method,

previously debated tectonic or terrain boundaries in the Caribbean oceanic realm are

confirmed, and new ones are proposed. The most remarkable boundaries include: the

limit between the North and South American plates, in the Lesser Antilles subduction;

the most feasible boundary between the Colombian and Venezuelan basins, in the Beata

Ridge area; the boundary between two crustal domains in the Grenada Basin; as well as

the continent-ocean transition along the continental margins of the Caribbean plate.

Additionally, widespread high and low density bodies in the Lesser and Leeward
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Antilles forearcs, and an anomalous low density body in the North Lesser Antilles

subduction are recognised for the first time.

Next, a 3D lithospheric-scale density model validated with gravity anomalies is

presented for the South Caribbean and the northwestern South American plate. In

this region, the Nazca and Caribbean flat-slabs interact beneath the South American

continent. A slab geometry was integrated in the model after carrying out a

sensitivity analysis to different mantle density configurations. In the calculated

density distribution, fossil plume material is recognised, currently preserved within

the Caribbean oceanic upper mantle. This preserved plume had never been identified

before.

Using this gravity-validated model, the 3D steady-state lithospheric thermal field

is calculated, for the first time, for the study area, and its implications for lithospheric

strength and geohazards are discussed. Given the prescribed model configuration, the

lithosphere in the Andean orogen results to be weaker than the surroundings, and

is therefore, prone to further deformation. The temperatures at which earthquakes

nucleate are analysed, although limitations due to the steady-state assumption used

for a flat-slab subduction system are recognised. The results suggest that a seismic

gap is present between ∼35 and ∼39 km depth, with modelled temperatures ranging

between ∼520 and 600◦C, that can be associated with the transition in lithologies

within the lithosphere (from continental crust to upper mantle), but additionally,

it can also be related with the beginning of the seismogenic window of olivine, at

600◦C. Additionally, potential gas hydrate stability zones in the marine sediments are

delineated, thus highlighting areas where hydrates destabilisation may potentially

trigger submarine landslides and tsunamis.

Keywords: 3D lithospheric models, gravity model, vertical gravity gradients,

steady-state thermal model, geohazards, earthquakes, gas hydrates, Caribbean plate,

South American plate.
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Resumen

Comprender de manera refinada la configuración de la litósfera puede mejorar

significativamente la fiabilidad de las evaluaciones de geopeligros. Sin embargo, es un

reto alcanzar tal comprensión allí donde la cobertura de datos es limitada, por ejemplo

en la litósfera oceánica, uno de los componentes menos conocidos de la parte superior

de la Tierra sólida. En el océano, las técnicas clásicas para la adquisición directa de

datos proporcionan los resultados más precisos, pero requieren campañas costosas en

tiempo y dinero, que típicamente sólo pueden cubrir áreas relativamente pequeñas.

Hoy en día, las misiones satelitales han mejorado enormemente las medidas de

campos potenciales con cobertura global, incluyendo los gradientes verticales de la

gravedad y las más comúnmente usadas anomalías de gravedad. Conjuntos de

datos combinados de gravimetría, altimetría y medidas terrestres pueden usarse para

desarrollar y poner a prueba modelos 3D de escala litosférica, con alta resolución

espacial y cobertura homogénea.

En esta tesis, modelos 3D del dominio oceánico del Caribe, integradores de datos

y validados por gravimetría, se usan para demostrar que, a pesar de los escasos datos

directos, es posible obtener nueva información de la densidad y de la configuración

termal de la litósfera. Estos modelos pueden contribuir a estudios más fiables de los

geopeligros.

Primero, se propone una nueva metodología para identificar límites tectónicos,

basada en los gradientes verticales de gravedad, de cobertura global. Ésta técnica

se puede aplicar en otros contextos tectónicos del mundo, puesto que emplea bases

de datos de acceso público. Con este método, se confirman límites tectónicos o de

terrenos en el dominio oceánico del Caribe, y se proponen otros nuevos. Los límites

más destacables incluyen: el límite entre las placas Norte y Sur Americanas, en la

subducción de las Antillas Menores; el límite más probable entre las cuencas de

Colombia y Venezuela, en el área de la Dorsal de Beata; el límite entre dos dominios

corticales en la cuenca de Grenada; y la transición océano-continente a lo largo de las
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márgenes continentales de la placa del Caribe. Además, se identifican por vez primera

extensos cuerpos de alta y baja densidad en las Antillas Menores y de Sotavento, y un

cuerpo anómalo de baja densidad en la subducción de las Antillas Menores del Norte.

A continuación, un modelo de densidad en 3D de escala litosférica, validado con

anomalías de gravedad, se presenta para el sur del Caribe y el noroeste de la placa

Sur Americana. En esta región, bajo el continente Sur Americano, interaccionan las

subducciones planas de las placas de Nazca y del Caribe. En el modelo se integró una

geometría de esta subducción tras llevar a cabo un análisis de sensibilidad a diferentes

configuraciones de densidad del manto. En la distribución de densidad calculada

se reconoce material de una pluma fósil, actualmente preservada dentro del manto

superior oceánico del Caribe. Esta pluma preservada no se había identificado hasta

ahora.

Usando el modelo validado por gravimetría, se calcula por primera vez el campo

termal litosférico en 3D para el área de estudio, y se discuten sus implicaciones

para la resistencia litosférica y los geopeligros. Dada la configuración prescrita al

modelo, la litósfera en el orógeno andino resulta ser más débil que en los alrededores,

y por tanto, más propensa a experimentar deformación posterior. Se analizan las

temperaturas a las que nuclean los terremotos, aunque se reconocen las limitaciones

de asumir estado estacionario en un sistema de subducción plana. Los resultados

sugieren que hay un intervalo asísmico entre los ∼35 y ∼39 km de profundidad, con

temperaturas modeladas de entre ∼520◦ y 600◦C, que puede estar asociado con la

transición de litologías en la litósfera (de la corteza continental al manto superior), pero

adicionalmente, puede estar relacionado con el comienzo de la ventana sismogénica

del olivino, a 600◦C. Adicionalmente, se delinean las potenciales zonas de estabilidad

de los hidratos de gas en los sedimentos marinos, señalando por tanto las áreas donde

la desestabilización de los hidratos puede potencialmente desencadenar deslizamientos

submarinos y tsunamis.

Palabras clave: Modelos litosféricos tridimensionales, modelado gravimétrico,

gradientes verticales de gravedad, modelo termal en estado estacionario, geopeligros,

terremotos, hidratos de gas, placa Caribe, placa Sur Americana.
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CHAPTER 1

Overview and research objectives

1.1 Overview

The oceanic lithosphere, which includes the upper mantle, the crystalline crust and

sediments, is one of the least well-known features on the outer solid Earth. Since the

development of echosounders in the 1940s, only 10% of the sea floor has been mapped

at 1 min resolution (Becker et al., 2009). Even though the current direct techniques

for oceanic lithospheric mapping give the most accurate results (e.g.: refraction and

reflection seismic, sidescan sonar and swath bathymetry), data acquisition is usually

expensive and time consuming, due to the technical and logistical requirements

involved in oceanic expeditions (Becker et al., 2009; Wessel et al., 2010; Sandwell

et al., 2014). Additionally, most of the tectonic structures of the oceanic crust have

been mapped (inferred) from the sea-floor topography (e.g.: Rosencrantz and Mann,

1991), although their spatial distribution at levels within the crystalline crust might

differ. Identifying tectonic or terrain boundaries more accurately in the oceanic crust

would add valuable information, for example, to test GPS based models, to improve

3D configurations of gravity models, to identify boundaries between oceanic and

continental crusts, and as input parameters for kinematic reconstructions back in time.

Combined datasets of satellite gravity, altimetry and terrestrial measurements,

such as EIGEN-6C4 (Förste et al., 2014), make it possible to develop and test 3D

lithospheric-scale data-integrative models, with high spatial resolution (10-20 km) and

homogeneous coverage (Götze and Pail, 2018). These lithospheric models, however,

need independent data sources to restrict the multiple options that density fields offer to
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resolve sizes, shapes and depths of bodies, which can reproduce similar gravity signals

(Lowrie, 2007; Maystrenko et al., 2013).

In this thesis, the complex Caribbean oceanic region is studied, where the

second largest oceanic igneous plateau, in terms of area, is present (Kerr, 2014).

In the Caribbean, unknown or poorly defined tectonic or terrain boundaries exist,

as described in detail in Chapter 2. Aiming to understand the Caribbean crustal

configuration, in Chapter 3 a new method for identifying tectonic boundaries based

on the Vertical Gravity Gradients is proposed, and published in Gómez-García et al.

(2019c). Here, it is taken advantage of the higher sensitivity of such gradients to

shallow density variations, compared with the more commonly used gravity anomalies

(Álvarez et al., 2014; Álvarez et al., 2015). This methodology relies on global coverage

datasets, including mantle tomography, as independent data sources for constraining

the thicknesses and/or densities of the lithospheric layers (water, sediments, crystalline

crust and mantle). Therefore, this approach can be used in other complex tectonic

settings worldwide, whose study is hampered by limited geophysical information.

In Chapter 4, the forward modelling of the gravity anomalies is used, for

understanding the deeper lithospheric configuration of the South Caribbean and

northwestern South American plate. The goal was to obtain a 3D data-integrative and

gravity-validated model that could provide first-order insights regarding the density

distribution within the lithosphere. For instance, the results highlight, for the first

time, the fossil plume material currently present within the Caribbean oceanic mantle.

Particularly, a sensitivity analysis to different mantle configurations was carried out,

taking into account the mantle densities converted from a S-wave tomographic model.

Additionally, because the Nazca (Coiba) and Caribbean flat-slabs interact at depth

underneath the northwestern South American plate, a slab configuration and its effect

in the gravity field are explored. The slabs configuration, however, are not well

constrained yet; therefore, the gravity anomalies represent an additional proxy that

can contribute in exploring plausible slab geometries as new geophysical data becomes

available in the future.

The thesis workflow continued with the application of the gravity-validated

lithospheric model of Chapter 4, to evaluating the steady-state conductive thermal

field in the South Caribbean and northwestern South American plate (Chapter 5). The

thermal state of the lithosphere is one of the main parameters that controls its strength,

and influences other geodynamic processes. Then, the 3D thermal field was also used

to obtain the hypocentral temperature distribution of intermediate-depth earthquakes
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(≤ 75 km). Moreover, in the shallower, sedimentary environment, the potential gas

hydrate stability zones were also evaluated, because they depend on the temperature

distribution within the sediments in continental margins. With this approach, it is

demonstrated that 3D data-integrative lithospheric-scale models can provide further

insights for diverse geophysical applications, including potential geohazards.

Finally, in Chapter 6, future research and geophysical campaigns are postulated,

which could potentially improve the results. Chapter 7 summarises the main outcomes

of this research. Notably, this thesis presents the first 3D model of the thermal field in

the study area. Although this is a first approach where a steady-state conductive regime

was assumed. Subduction zones are naturally dynamic systems; therefore, in the

future, 3D transient simulations and rheological models may provide a more realistic

representation of their physical state, providing new insights for the geohazards

assessment.

1.2 Research objectives

The main objective of this thesis is to reconstruct density variations within

the Caribbean oceanic lithosphere and the northwestern South American plate,

due to thermal and/or sedimentary processes, using novel approaches including

high-resolution gravimetric measurements. An additional goal is to provide insights

on potential geohazards, such as the temperature at which earthquakes nucleate,

and to identify possible gas hydrate accumulation zones, whose destabilisation may

potentially trigger submarine landslides and tsunamis. For this, 3D data-integrative

and gravity-validated lithospheric density distributions are used, as main input for the

calculation of the 3D steady-state thermal field.

In order to achieve these general goals, the following specific objectives were

defined.

1.2.1 Specific objectives

1. Analysing the variability of the oceanic lithospheric structure by means of

modelling density distributions, their spatial changes, and the resulting gravity

signal.

2. Testing the sensitivity of the Vertical Gravity Gradients to different density

distributions of the lithospheric layers.
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3. Developing a methodology to detect mass and/or density variations using

satellite Vertical Gravity Gradients, in order to infer tectonic boundaries at the

oceanic crustal level.

4. Using a lithospheric density configuration of the South Caribbean margin for

modelling the thermal distribution aiming to have insights about potential

geohazards.
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CHAPTER 2

Geologic and tectonic setting of the

Caribbean

2.1 Introduction

The crustal structure of the Caribbean is the result of a north - northeastward migration

of different crustal domains (e.g.: volcanic arcs, continental and oceanic realms) since

Late Jurassic to Early Cretaceous times, including the igneous plateau materials that

affected the oceanic crust of the former Farallon plate. Nowadays, the Caribbean plate

is an active region with four subduction zones, three deformed belts, and more than 25

identified terrains. Different regions of the Caribbean have been the target of relatively

extensive seismic reflection and refraction, sonar, as well as drilling campaigns (e.g.:

Diebold and Driscoll, 1999; Edgar et al., 1971; Kroehler et al., 2011; Mauffret and

Leroy, 1997; Rosencrantz, 1990), some of them undertaken with the limitations of the

early seismic acquisition. Nevertheless, the coverage of these measurements is poor

when compared with the complexity of most of the Caribbean morphological structures

(Rosencrantz, 1990), and in other cases, the large thicknesses of sedimentary deposits

have made it impossible to drill the underlying crust (e.g.: Pichot et al., 2012). Therefore,

its complex tectonic setting makes the Caribbean one of the most interesting natural

laboratories on Earth (Jiménez-Díaz et al., 2014).

Despite the extensive geophysical campaigns carried out in the Caribbean, there

are still topics for which no consensus has been reached in the scientific community.

For example, the plate boundary between the oceanic North and South American
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plates in the Lesser Antilles subduction is debated (Van Benthem et al., 2013; Deville

et al., 2015). Similarly, the limit between the Colombian and Venezuelan basins has

been the topic of debate of different authors (e.g.: Mattioli et al., 2014; Symithe et al.,

2015) since a two-plate kinematic model was proposed for the Caribbean region by

Dewey and Pindell (1985) (in Driscoll and Diebold, 1999). An important source of error

might be the a priori assumed shape of this edge, which has been different for every

kinematic model. Additionally, the crustal structure of regions such as the Aves Ridge

and the Lesser Antilles remains unconstrained, and data acquisition has been limited

to a (relatively) small region (e.g.: Bangs et al., 2003; Christeson et al., 2003; Evain et al.,

2013; Laigle et al., 2013a; Laigle et al., 2013b).

Hereafter, it is presented a compilation of the geologic and tectonic aspects of major

terrain features that will be important in the discussion and interpretation of the results.

This chapter starts with the description of the anomalous oceanic crust that shapes

the Caribbean Large Igneous Plateau (Sect. 2.2). Sect. 2.3 includes the generalities

of the subduction systems associated with the Caribbean plate. Then, a description of

the different volcanic arcs including the accreted, extinct and active ones is presented

in Sect. 2.4. A summary of the crustal structure of the Colombian and Venezuelan

basins, and their feasible boundary, the Beata Ridge, is included in Sect. 2.5. Sect.

2.6 contains the most important crustal features of the Yucatan Basin and the Cayman

Trough. Finally, Sect. 2.7 focuses on the South Caribbean margin, including the crustal

characterisation of the continental realms of the northern South American plate and

the Panama Microplate, as well as the description of the most outstanding sedimentary

deposits onshore and offshore.

2.2 The Caribbean Large Igneous Plateau

The Caribbean oceanic crust is not a "normal" oceanic crust. Indeed, it is the complex

product of a mantle plume eruption onto the Proto-Caribbean (Farallon) plate, forming

the second largest plateau after the Ontong Java, with an area of 1.1 x 106 km2 (Kerr,

2014). This plume was presumably located in the Galapagos hotspot at 90 Ma (Kerr and

Tarney, 2005; Hastie and Kerr, 2010). Melt modelling of the plateau high MgO lavas

found in Curaçao suggest that the primary magmas contained up to 24wt% MgO, and

that they correspond to a 30-32% partial melting of a fertile, heterogeneous peridotite,

with a potential temperature of 1564-1614 ◦C (Kerr, 2014; Hastie and Kerr, 2010).
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Due to the fact that most of the plateau is currently submerged below large water

columns, its structure and geochemistry have been mainly constrained from accreted

material along the Caribbean margins, including Colombia, Ecuador, Costa Rica,

Jamaica, and Hispaniola (Kerr, 2014; Kerr and Tarney, 2005; Van Der Lelij et al., 2010).

In summary, the accreted fragments consist of basaltic and picritic lavas and sills, with

gabbros and ultramafic rocks (Kerr, 2014).

Diebold and Driscoll (1999) and Driscoll and Diebold (1999) presented the most

detailed model of the formation of the Caribbean Large Igneous Plateau (CLIP), based

on seismic reflection profiles. According to their model, the Proto-Caribbean crust

formed in the east Pacific by seafloor spreading in the Late Jurassic - Early Cretaceous

time (Figure 2.1 (a)). This crust had a "normal" thickness (∼6 km) that later on, during

the pre-Senonian, was affected by the plume. As a result, a widespread eruption of

the first basaltic flows, accompanied by extension and thinning of the Proto-Caribbean

crust took place. Additionally, the intrusion of igneous material and underplating of

residual mantle and ultramafic cumulates contributed to the formation of the thicker

portions of the Caribbean plate, that in some places can reach up to 20 km (Figure

2.1 (b)). Then, during the Senonian, additional extension and underplating occurred,

causing the uplift and rotation of the Beata Ridge (Figure 2.1 (c)), accompanied by

the late stage basalt flows. Nowadays, it is possible to recognise anomalously thin,

extended Proto-Caribbean crust, with crustal thickness ranging between 2.8 and 5 km,

in the southeastern of the Venezuela Basin and in some regions of the Colombian Basin.

Figure 2.4 depicts these domains as dash-dotted lines, according to Diebold and Driscoll

(1999) and Bowland and Rosencrantz (1988).

Subsequently, the Caribbean basement, named the B" horizon, has been defined as a

smooth surface in places affected by the extrusive basalt flows, and as a rough surface in

areas of extended old Caribbean crust (see Figure 2.1 (c)). The Moho depth also shows

a spatial variation, it is deeper in areas where the B" surface is smooth, and it shallows

abruptly below the rough B" basement (Driscoll and Diebold, 1999). Figures 2.2 (a) and

(b) display a seismic profile and its interpretation, respectively, where it is possible to

recognise the previously described complex crustal structure.

In summary, the crustal structure of the submerged portions of the CLIP includes

at least four different elements: (1) thin oceanic-like crust; (2) volcanic extrusive flows;

(3) volcanic intrusive massive bodies; and (4) extrusive volcanic mounds (Diebold and

Driscoll, 1999). The thicker than normal crust includes portions of the different intrusive

and extrusive volcanics.
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Figure 2.1: Schematic model describing the tectonic evolution of the Caribbean crust. A detailed
explanation is given on the text. Modified from Driscoll and Diebold (1999).

Nevertheless, the heterogenous mantle source of the plateau (Kerr, 2014) generated

at least three petrochemical types of basaltic materials: (1) transitional tholeiitic basalts,

the most voluminous and extensively present in the Caribbean; (2) highly magnesian

basalts, such as the komatiites found on Gorgona island, or the picrites found on

Curacao; and (3) mildly alkalic basalts, present in the Beata Ridge area, which are rich

in K and Th (Diebold and Driscoll, 1999 and references therein).
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Figure 2.2: (a) Seismic reflection line 1293 of the EW-9501 cruise along the Venezuelan Basin. (b) Interpretation of the major horizons in this
line in two-way travel time. Modified from Diebold and Driscoll (1999).
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2.3 Subduction zones

The oceanic floor of the Caribbean region is surrounded by four subduction zones

(Figure 2.3). To the north, the North Lesser Antilles (NLA) subduction forms the Puerto

Rico Trench (PRT -Figure 2.4), an area not only characterised by the south - south

west dipping of the slab, but also by the transition to a transform boundary between

the North American and the Caribbean plates to the west of the trench (Boschman

et al., 2014). As we move towards the east side of the Puerto Rico slab, the NLA

subduction curves to the south east, dipping in a westward direction, giving as a result

an amphitheatre-like geometry (Van Benthem et al., 2013).

Towards the east of the Caribbean plate, North and South American oceanic crusts

subduct beneath the Caribbean at a rate of 2 cm yr−1 (Calais et al., 2016). The tectonic

edge between the North and South American plates is well known at depths of ∼400

km, where a region of low P-wave velocity is the main piece of evidence of a slab gap

within 13◦ N and 15◦ N (Van Benthem et al., 2013). Even though the plate boundary at

crustal level remains a topic of debate, the limit at mantle levels found by Van Benthem

et al. (2013) partially overlaps with the location of the Tiburon Fault Zone (TFZ) and

the Barracuda Fault Zone (BFZ -Figure 2.4). The deformation along the BFZ created the

Barracuda Ridge, whose uplift and flexure started in the Early Pleistocene and which

remains active nowadays. The deformation processes also affected the evolution of the

Barracuda Trough, a deep basin north of the Barracuda Ridge that has been proposed

as the westernmost (diffuse) plate boundary between the North and South American

plates (Pichot et al., 2012). Based on diverse geophysical evidence, other authors have

proposed this plate boundary at different locations on the crust, for example at ∼19◦

N (Bird, 2003 -brown line in Figure 2.3) and between 14◦ N and 17◦ N (Müller and

Smith, 1993). However, Pichot et al. (2012) stated that this complicated plate boundary

zone might be heterogeneous, with highly complex boundary segments near the Lesser

Antilles.

To the southern edge, the Caribbean plate has subducted beneath the continental

South American plate and the Maracaibo block since the Late Cretaceous (Kroehler et

al., 2011), forming the South Caribbean Deformed Belt (SCDB -Figures 2.3 and 2.4).

The tomographic model of Van Benthem et al. (2013) showed positive P-wave velocity

anomalies from 76◦ W to 67◦ W, only traced in the upper mantle, suggesting that

the subduction is ongoing along most of the margin, but excluding the southwestern

edges with the South American plate and the Panama microplate. Finally, the Middle
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American Trench (MAT -Figure 2.3) is the western most boundary of the Caribbean

plate and is connected with the Panama-Chocó block or Panama Microplate (PM

-Figure 2.4) (Buchs et al., 2010; Montes et al., 2012).
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Figure 2.3: Shaded relief image of the Caribbean region including the modelled area, the study area (a smaller region where the analysis is
focused), and the tectonic boundaries. Dashed white lines enclose areas where the crustal thickness is less than 10 km. Black arrows represent
plate velocities at the given positions, with respect to the Caribbean plate, based on the model GSRM v2.1 (2014) (Kreemer et al., 2014).
Velocities from UNAVCO, 2019. NLA = North Lesser Antilles, SLA = South Lesser Antilles, SCDB = South Caribbean Deformed Belt and
MAT = Middle American Trench. Other boundaries are: CT = Cayman Trough, PDB = Panama deformed belt, MTB = Muertos Thrust Belt
and STEP = Subduction-Transform-Edge-Propagator fault system. The unclear boundaries are between: CVB = Colombian and Venezuelan
basins, NA-SA: North America and South American plates (see Sect. 2.3 and Sect. 2.5 for details).
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Figure 2.4: Main boundaries of Caribbean crustal provinces used in this study plotted on top of free-air (FA) anomalies (Förste et al., 2014).
Color scale saturated at -300 and +300 mgal. AG = Aruba Gap. AR = Aves Ridge. BAP = Barbados Accretionary Prism. BF = Bonoco Fault.
BFZ = Barracuda Fault Zone. BR = Beata Ridge. CB = Colombian Basin. CT = Cayman Trough. EFZ = Enriquillo Fault Zone. EPF = El Pilar
Fault. GADB = Greater Antilles Deformed Belt. GB = Grenada Basin. GE = Guyana Escarpment. GM = Gonave Microplate (after Mann, 2007;
Brink et al., 2009). HE = Hess Escarpment. LA = Lesser Antilles. PFZ = Pedro Fault Zone. MB = Maracaibo Block. MS = Modified Saba crust.
MTB = Muertos Trust Belt. NNR = North Nicaraguan Rise. OF = Oca Fault. OFZ = Oriente Fault Zone. PDB = Panama Deformed Belt. PRT
= Puerto Rico Trench. SFZ = Septentrional Fault Zone. SIFZ = Swan Islands Fault Zone. SLR = St. Lucia Ridge. SMM = Santa Marta Massif.
SMBF = Santa Marta-Bucaramanga Fault. SNR = South Nicaraguan Rise. TB = Tobago Basin. TFZ = Tiburon Fault Zone. VB = Venezuelan
Basin. WFZ = Walton Fault Zone. YB = Yucatan Basin. YP = Yucatan Platform. Numbers inside Yucatan Basin depict: 1. Western Deep Basin.
2. Central Seamounts Domain. 3. Cayman Rise. 4. Cayman Ridge, as identified by Rosencrantz (1990).
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2.4 Volcanic arcs

In the Caribbean oceanic region at least four volcanic arcs, with different geological

histories, have been recently described (e.g.: Neill et al., 2011). These arcs include the

youngest and currently active Lesser Antilles (LA -Figure 2.4), and three additional

extinct arcs that formed the current Leeward Antilles (∼88-70 Ma), Aves Ridge (AR,

∼80-75 Ma), and the Great Arc of the Caribbean (GAC, ∼100-96 Ma). The north - north

eastward migration of the CLIP had as a consequence the collision and accretion of

arc material and Proto-Caribbean oceanic crust fragments to both the North and South

American plates (Boschman et al., 2014).

Aves Ridge is located in a north - south direction in the eastern Caribbean. Despite

the large portion of sea floor that occupies this ridge (∼65 x 103 km2), details about

the magma sources have not been well defined yet (Neill et al., 2011). Christeson et

al. (2008) characterised Aves as an arc of intermediate composition, although a few of

the taken samples include granitoids and mafic rocks (Neill et al., 2011). The volcanic

activity of Aves has migrated to the east during the Paleocene to Early Eocene due

to a rollback process of the Proto-Caribbean slab. This caused not only the opening

of the Grenada Basin (GB -Figure 2.4), but also the formation of the currently active

volcanic arc of the Lesser Antilles, and as a consequence, the formation of the Barbados

Accretionary Prism (BAP -Figure 2.4) (Aitken et al., 2011). The rollback velocity of the

Proto-Caribbean slab must have been slower in the northern portion of the Grenada

Basin, allowing the flow of molten material and creating the Modified Saba crust (MS

-Figure 2.4) (Arnaiz-Rodríguez and Audermard, 2018).

The Lesser Antilles are part of an arc of intermediate composition (Christeson et

al., 2008) which has been active since the Early Eocene, with a gap in the volcanic

activity of 8 to 10 Myr, due to the subduction of a buoyant body during the Late

Oligocene. As a result, the axis of the volcanic arc shifted towards the west in the

region north of Martinique Island (Bouysse and Westercamp, 1990). Another highly

buoyant ridge has also been described seawards of Guadeloupe Island by Bangs et

al. (2003). This ridge accreted to the original arc igneous crust of the Antilles in the

late Miocene, displacing the backstop trenchwards. Nowadays, the subduction of

three non-buoyant ridges (Santa Lucia, Tiburon and Barracuda) is broadly recognised

(Bangs et al., 2003; Christeson et al., 2003; Laigle et al., 2013a). On the other

hand, Evain et al. (2013) found that the Lesser Antilles forearc is composed of two

different crustal domains: an inner and an outer forearc, characterised by high and low
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seismic velocity gradients, respectively. Such crustal domains interact spatially with

the down-going plate in different ways, for example, acting as backstops; therefore,

their regional characterisation will be useful in the understanding of the subduction

dynamics. Nevertheless, the detailed seismic experiments carried out in the Lesser

Antilles subduction have focused on a relatively narrow region between 15◦ N-18◦ N

and 59◦ W-62◦ W (i.e: Bangs et al., 2003; Christeson et al., 2003; Evain et al., 2013; Laigle

et al., 2013a; Laigle et al., 2013b); thus, much of the structure of the currently active

volcanic arc remains unconstrained.

The origin of the Leeward Antilles is related to the interaction of island arcs of

depleted or mantle plume related sources with oceanic plateau processes (Neill et al.,

2011). During the north – northeast migration of the CLIP, fragments of these island

arcs, as well as pieces of Proto-Caribbean oceanic crust -for example picrites found

in Curaçao Island (Mauffret and Leroy, 1997)- were accreted along the continental

margins.

2.5 Beata Ridge and the Colombian and the Venezuelan basins

The Beata Ridge (BR -Figure 2.4) dates from Cretaceous time and its crustal thickness

ranges from 10 km (to the south) to 20 km (towards the north). Its crustal structure

consists of volcanic material of plateau origin, which includes from top to bottom:

basalts, original oceanic crust, a gabbroic layer and a picritic layer with mafic cumulates

(see Figure 24 in Mauffret and Leroy (1997)). The ridge is an area of active Caribbean

intraplate deformation since at least the Early Miocene, according to the activity of the

Pecos Fault Zone (Leroy and Mauffret, 1996). This feature lies between the Colombian

and Venezuelan basins (CB and VB -Figure 2.4). Based on its deformation (which

increases towards the north and west), its shape and focal mechanisms, Leroy and

Mauffret (1996) suggested a relative displacement between both basins (microplates?).

These authors proposed that the boundary between these (hypothetical) microplates is

located at the west flank of Beata (orange line in Figure 2.3), characterised by left-lateral

strike-slip motion with a component of compression.

Similar evidence was found recently by Mattioli et al. (2014), whose best fitting

inversion to GPS measurements requires a two-plate model of the Caribbean oceanic

crust, which has an internal deformation of 1-3 mm yr−1. According to multichannel

seismic profiles interpreted by Leroy and Mauffret (1996), this ridge is characterised

by strong transpressive tectonic features. Therefore, the differential motion between
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both basins might be absorbed as a collision in the southern Hispaniola Island and as

transpression in the Beata Ridge area.

Moreover, Symithe et al. (2015) tested this boundary locating it towards the eastern

flank of Beata (green line in Figure 2.3) on their GPS based model, and found a

better fitting inversion with the Caribbean acting as a single plate. Nevertheless,

even though the Aruba Gap (AG -Figure 2.4), and especially the Pecos Fault Zone,

has been suggested as the southernmost boundary between Beata and the Colombian

Basin (Leroy and Mauffret, 1996), the plate boundary for the two-plate model described

before remains unknown (Boschman et al., 2014).

2.6 Yucatan Basin and Cayman Trough

The Yucatan Basin (YB -Figure 2.4) is bounded to the north by the Yucatan borderlands

and the continental platform of Cuba Island, and to the south, by the Cayman Trough.

Rosencrantz (1990) identified different basement domains, distinguished by three types

of crust below this basin: (1) the Yucatan borderlands, an old passive margin which

includes metasediments in the continental platform and slope. (2) The Western Deep

Basin, which has been interpreted as a large and inactive pull-apart system; this basin

is underlained by thin oceanic crust (less than 10 km according to Mauffret and Leroy

(1997) -Figure 2.3) of Paleocene to Middle Eocene ages. And finally, (3) the oceanic

floor of the Central Seamounts, and the Cayman Rise and Ridge (see numbers 1 to 4 in

Figure 2.4), whose crusts are dominated by volcanics, metavolcanics, plutonics as well

as granodiorites dated from the Late Cretaceous (Boschman et al., 2014; Rosencrantz,

1990). These volcanic domains originated from magmatic flows during the opening of

the Yucatan Basin, and therefore, are characterised by a heterogeneous topography.

The Cayman Trough (CT -Figure 2.4) is an oceanic spreading zone dated as Early

Eocene in age (Mann, 2007) which records the motion between the North America

plate (Cuba segment) and the Gonave Microplate (GM -Figure 2.4) (Boschman et

al., 2014). This pull-apart basin is bounded to the south by a complex of sinistral

strike-slip faults, which include the Motagua, Swan Islands (SIFZ), Walton (WFZ) and

Enriquillo-Plantain Garden faults (EFZ). To the north, the trough is bounded by the

Oriente (OFZ) and the Septentrional (SFZ) fault systems (Rosencrantz and Mann, 1991).

To the east of 77◦ W, the oceanic floor of the Cayman Trough is characterised

by offshore rifts in a northeast - southwest orientation, dated as Paleocene – Early

Eocene (Mann, 2007), and by the transition from oceanic to continental crust towards
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Hispaniola Island (Brink et al., 2002; Mann, 2007). Brink et al. (2002) inferred the nature

of the crust in this 1100 km long trough from modelling of the gravity field. They

proposed a transition from oceanic crust (2-3 km thick) in the axis of the spreading

centre, through serpentinised (5.5 km thick) in the middle of the trough, to highly

extended continental (6-21.5 km thick) towards the outer edges of the rift. The presence

of serpentinised material in the middle of the trough was also described by Perfit and

Heezen (1978).

2.7 South Caribbean margin

2.7.1 Crustal domains of the northern South American plate and Panama
microplate

The continental domain of the South Caribbean margin comprises different

lithotectonic units associated with a variety of tectonic origins. These numerous

features evolved from the Proterozoic until the present, and proof the complexity of

the Northern Andean tectonics (Cediel et al., 2003).

From west to east, the South Caribbean margin includes the Panama-Choco block or

Panama microplate (Figure 2.3), which consist of volcanic arc fragments of intraoceanic

island arc origin (boninites, tholeiites and calc-alkaline basalts) lying upon oceanic

plateau crust (Buchs et al., 2010; Montes et al., 2012).

Panama connects with the accreted Andes terrains in its eastern side. These

allochthonous fragments form a complex continental setting that has been very well

described by Montes et al. (2019). As a summary, the Andes terranes include a

continental eastern province, as well as accreted arc and CLIP fragments (Boschman

et al., 2014) with different degrees of metamorphism, and intruded by plutons of

Mesozoic and Cenozoic ages (Montes et al., 2019). Towards the northeast, these

provinces are bounded by the Greater Maracaibo block (or Santa Marta – Maracaibo

blocks), an autochthonous continental/cratonic subplate that includes foreland basins

and some plutonic material (such as the Santa Marta massif), and that is detached

from the Guiana Craton (Cediel et al., 2003; Montes et al., 2019), bounded by the Oca,

Santa Marta-Bucaramanga and Bocono fault systems. Finally, the Guiana Craton lays

eastward of the Andes terrains and the Maracaibo block. The location of the previously

described tectonic features can be seen in Figure 2.4.
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2.7.2 Sedimentary deposits

Since the Late Cretaceous (∼80 Ma), the oblique collision of the Caribbean plate due

to its east-northeast migration from the Pacific Ocean has shaped the South Caribbean

margin. As consequence, several foreland basins have been formed in the north of

the South American continent. They followed the diachronous displacement of the

collision front, from Eocene time towards the west, to present time towards the east

of the continent (Escalona and Mann, 2011 and references therein). These onshore

foreland basins are broadly recognised because of their hydrocarbon’s potential, which

are comparable in size with the reserves of the Middle East (Escalona and Mann, 2011).

According to Gamero (1996), accompanying the eastward migration of the

collisional front, the proto-Orinoco river shifted its drainage area and river mouth

location from the current Maracaibo basin during the Eocene to its present location

in the Atlantic Ocean. Nevertheless, the related creation of coastal relief due to

the Caribbean-South American arc collision might have also affected the evolution

of the river paths, including the north-flowing proto-Maracaibo River (Escalona and

Mann, 2011). Thus, the migration of the proto-Orinoco and proto-Maracaibo rivers

had as consequence the present-day rich petroleum systems found along this margin,

characterised by thick depocenters such as the current Maracaibo basin, the South

Caribbean deformed belt, the Falcon basin and the Eastern Venezuela basin (Figure

2.5).

Located in the south of the Colombian Basin, the younger Magdalena Fan system

is an extensive submarine depocenter with an approximated area of 126 x 103 km2.

The related thick sediments (up to 7 km, Figure 2.5) are the product of the sediment

transport of the Magdalena river, that has been flowing through the northern Andes

from Late Miocene to recent time (Leslie and Mann, 2016), and is located above the

subduction zone of the Caribbean plate under the South American continental crust.

The presence of Bottom Simulating Reflectors (BSR) along the South Caribbean

Deformed belt (Escalona and Mann, 2011), in the Guajira basin (López and Ojeda, 2006),

in the Magdalena Fan depocenter (Leslie and Mann, 2016), in the Atrato basin (López

and Ojeda, 2006), and along the Panama Deformed Belt (Reed et al., 1990), suggests

broadly distributed gas hydrate deposits. The BSR indicate the base of the gas hydrate

stability zone (GHSZ), or in order words, the temperature above this reflector is low

enough and the pressure high enough to form a solid hydrate mixing methane with

seawater (Ladd et al., 1984). The location of the BSR is determined by the equilibrium

temperature-pressure (Ladd et al., 1984; López and Ojeda, 2006), and in the South
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Caribbean margin, these reflectors have been recognised at water depths between 2.3

and 4.2 km, and beneath the seafloor at depths ranging from 400 to 500 m (Ladd et al.,

1984; Leslie and Mann, 2016).

The source of these gas hydrate deposits can be related with the origin of the oil

and gas fields that have been under exploration and exploitation, both on and offshore

northern South America. For example, a thermogenic source has been recognised for

hydrocarbons of the Lower Magdalena, Maracaibo, Barinas-Apure, Easter Venezuela

and Cariaco basins (Escalona and Mann, 2011 and references therein). On the other

hand, dry gas with biogenic source has been identified in the Guajira basin (Katz and

Williams, 2003), while a mixed source (biogenic and thermogenic) has been described

for the gas hydrates in the Falcon basin (Escalona and Mann, 2011).

The spatial extension and thickness of the different sedimentary systems previously

mentioned can be seen in Figure 2.5, as published by Laske et al. (2013) in the CRUST1.0

dataset.

Figure 2.5: Sedimentary thickness published in CRUST1.0 (Laske et al., 2013) interpolated to a
spatial resolution of 0.05 ◦ showing the main sedimentary basins in the South Caribbean margin.
MF = Magdalena Fan. PDB = Panama Deformed Belt. SCDB = South Caribbean Deformed Belt.
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CHAPTER 3

Characterisation of the oceanic

Caribbean lithospheric structure and

main terrain boundaries from the

modelling of Vertical Gravity

Gradients

3.1 Introduction

The Vertical Gravity Gradients (VGG or Tzz) are a complementary parameter of the

more commonly studied Bouguer and free-air gravity anomalies. While the VGG

are especially sensitive to shallow density variations, the gravity anomalies are more

useful in the study of deeper density contrasts (Álvarez et al., 2014; Álvarez et al.,

2015). Recently, more researchers are giving attention to the use of satellite gravity

gradients for 3D modelling purposes (e.g.: Ebbing et al., 2013; Schaller et al., 2015; Götze

and Pail, 2018). Previous studies have also used the VGG in the analysis of tectonic

boundaries and lineaments, especially in continental areas (Álvarez et al., 2012; Álvarez

et al., 2014; Oruc, 2014). Thus, an additional advantage is that they can highlight

with better resolution the edges of geological structures, intrusions, faults, or even the

continent-ocean transition (COT) at continental margins (Götze and Pail, 2018), where
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the density contrast may be higher due to the transition from continental to oceanic

crust.

There are several reasons why the definition of the COT is important. For example,

from an economic point of view, the modelling of petroleum systems can be improved

with the knowledge of the crustal type, because the radiogenic heat production and

thermal conductivities of the different crusts affect the hydrocarbons generation and

maturation processes (Pawlowski, 2008). Furthermore, the shape of the COT can add

valuable information in plate tectonics reconstructions (Götze and Pail, 2018).

The main goal of this study is to explore what additional information can satellite

VGG provide about the structure of the oceanic crust in the Caribbean domain. Specific

questions are addressed, about unknown or poorly defined tectonic boundaries and the

identification of crustal bodies with anomalous densities that have not been described

before. To achieve these goals, a new method is proposed for inferring tectonic

boundaries at the crustal level. As a novelty, instead of modelling the gravity anomalies

and assuming a flat Earth approximation, the vertical gravity gradients in spherical

coordinates are modelled. These gradients are especially sensitive to density contrasts

in the upper layers of the Earth. The residuals resulting from the measurements of the

gravity gradients available in EIGEN-6C4 dataset (Förste et al., 2014) are analysed, and

the gravity gradients response to 3D density and structural models of the Caribbean

lithosphere are calculated. A sensitivity analysis to different density solutions for the

water and sedimentary layers was carried out, with a constant density for the crystalline

crust initially assumed.

From all the tested density configurations, the most robust 3D model was selected,

or in other words, the model with the minimum misfits compared with EIGEN-6C4

dataset. Thus, the residuals of the selected 3D density model are expected to

contain information about the structure and density heterogeneities at crustal level.

Additionally, an average crustal density field is inferred from the forward modelling

of the VGG of this selected 3D model. Based on this approach, the location of tectonic

boundaries is refined, proposed or confirmed, such as: the heavily debated limit

between the North and South American plates in the Lesser Antilles subduction zone;

the boundary between the Colombian and Venezuelan basins towards the west flank

of Beata Ridge; the limit between the Modified Saba crust and the oceanic floor of

the Grenada Basin; and the COT along the continental margins of the study area. A

new anomalous buoyant body (volcanic arc fragment?) is also identified, located in the

oceanic crust of the Atlantic Ocean, close to the South Lesser Antilles subduction zone.
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Similarly, high density bodies are recognised, broadly distributed along the Greater,

Lesser and Leeward Antilles forearcs; as well as low density crustal fragments inside

the Yucatan Basin and Cayman Trough.

3.2 Vertical Gravity Gradients

The VGG are the second derivatives of the disturbance potential in the direction of

the Earth radius, and represent the vertical component of the Marussi tensor, whose

quantities are expressed in Eötvös (1E=10−9 s−2). In oceanic domains, its signal is

affected by the density contrast created by different layers at different depths, that can

be written as:

TzzTotal = TzzW + TzzS + TzzC + TzzM, (3.1)

where TzzW accounts for the signal of water, TzzS for the sediments, TzzC for the

crystalline crust, and TzzM for the mantle components. The measurements of

EIGEN-6C4 (TzzEIGEN−6C4) represent the total signal of the VGG in the study area.

On the other hand, the calculation of the total VGG based on a priori or starting 3D

lithospheric model gives the TzzModelled, and includes all the components described

before, whose structural and density information was constrained using up-to-date

high spatial resolution geophysical databases (see Sect. 3.3.1 and 3.3.2).

Taking into account the goal of analysing crustal heterogeneities, the density

distribution of the crystalline crust was assumed constant in the starting models (Sect.

3.3.2). This approach allows to hypothesise that the residuals of the VGG (TzzResiduals,

Eq. (3.2)) can be interpreted as evidence of density heterogeneities (density contrasts)

in the crystalline crust, that were not initially considered in the starting models:

TzzResiduals = TzzEIGEN−6C4 − TzzModelled. (3.2)

3.3 Modelling approach

The VGG were computed in spherical coordinates, at 1 masl calculation height, on a

regular grid of 0.05◦, using the software Tesseroids (Uieda et al., 2016). This spherical

approximation is valid in regions close to the equator, where the radius of the sphere

(6378137 m) approximates the semimajor axis of the ellipsoid of reference WGS84 (Li

and Götze, 2001). Therefore, the comparison between EIGEN-6C4 (referenced to the

ellipsoid) and the modelled results (referenced to the sphere) is valid in the Caribbean
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domain. The modelled area is located between 5◦-25◦ N and 55◦-95◦ W; however, in

order to avoid boundary effects, an internal buffer of 2◦ was established for the study

area (Figure 2.3). The 3D density and structural models were converted to tesseroids:

elementary bodies delimited by two meridians, two parallels, and two concentric circles

(Uieda, 2015). The advantage of using Tesseroids lies in the fact that this software allows

the computation of the gravity derivatives in spherical coordinates. This avoids the

use of the flat Earth approximation, which in a large area like the domain studied here

(∼2000 km long by∼4200 km wide) can be a significant source of error, as demonstrated

for example, by Álvarez et al. (2012). Additionally, a high-pass Gaussian filter was

applied to the modelled results, using GMT software (Wessel et al., 2013), with the

purpose of homogenising the minimum wavelength of the model with the minimum

wavelength that can be resolved by EIGEN-6C4 dataset (∼18 km).

3.3.1 Input data

The lithospheric starting model (SM) included the thicknesses of four layers, namely

from the uppermost to the lowermost: (1) seawater, derived as the difference between

sea level and the General Bathymetric Chart of the Oceans (GEBCO) (Weatherall et

al., 2015); (2) sediments, published in the NOAA Total Sediment Thickness dataset

(Whittaker et al., 2013); (3) crystalline crust, with thickness computed as the difference

between the its top (topography in continental areas and bathymetry minus sediment

thickness in oceanic domains) and Moho depths from the GEMMA model (Reguzzoni

and Sampietro, 2015); and finally, (4) the mantle, which was subdivided into eight layers

using the SL2013sv S-wave velocity model (Schaeffer and Lebedev, 2013), from the

Moho down to 200 km depth. The integration of the different datasets was made after

a cubic interpolation to a homogeneous spatial resolution of 0.05◦. Figure 3.1 shows the

main four interfaces used in the starting 3D lithospheric model.

The seawater is the uppermost layer, and its thickness (Figure 3.1 (a)) ranges from

zero at the coast lines to a maximum value of approximately 8.4 km in the North Lesser

Antilles subduction zone. Within the Caribbean Sea, the maximum water thicknesses

(close to 6 km) are found in the Venezuelan Basin and the Muertos Trough. In this

region, two main depocenters stand out by the sediment thickness distribution (Figure

3.1 (b)): The Barbados Accretionary Prism towards the east of the South Lesser Antilles,

and the Magdalena Fan system, in the south-central area of the Colombian Basin. The

Barbados Accretionary Prism is characterised by a sedimentary cover between 4 and

18 km, being the thickest depocenter in the area. On the other hand, the Magdalena
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Fan consists of material with thicknesses up to 7 km. The remaining sea floor in the

Colombian, Yucatan and Venezuelan basins are characterised by sedimentary deposits

between hundreds of meters to 3 km approximately, with the lowest thicknesses in the

middle of the basins.

Figure 3.1 (c) shows the Moho depths from the GEMMA model. The bathymetric

highs of the Nicaraguan Rise and the paleoarc of Aves Ridge are characterised by deep

Moho interfaces, between 20 and 35 km. The shallowest Moho depths are located in the

Yucatan Basin, Cayman Trough, and Colombian and Venezuelan basins, following the

pattern previously described by Mauffret and Leroy (1997), where a crustal thickness of

less than 10 km was reported (Figure 2.3).

An alternative model of the Moho depth is CRUST1.0 (Laske et al., 2013), but

GEMMA was used here instead because of four reasons: (1) GEMMA uses a uniform

and homogeneous coverage of satellite measurements, while CRUST1.0 is based on

seismic information, which is absent for large areas. (2) Despite both GEMMA and

EIGEN-6C4 use GOCE data, they are sufficiently independent from each other, since the

latter combines measurements from diverse sources: the LAGEOS, GRACE and GOCE

satellites, terrestrial information, as well as satellite altimetric data (over the oceans)

(Förste et al., 2014). (3) The spatial resolution of GEMMA (0.5◦x0.5◦) is four times

larger than CRUST1.0 (1◦x1◦), which provides a great improvement at the scale of this

regional study. (4) Compared to CRUST1.0, GEMMA provides a more realistic Moho

geometry (that is, more consistent with the gravity field), which allows to minimise the

uncertainty about other error sources in the forward modelling process. In this sense,

the approach used in the computation of GEMMA allowed the calculation of Moho

depths in the study area with an error (standard deviation) ranging between ∼1.5 km

(in the deep ocean basins) and ∼7 km (in the continental platform west of Yucatan

Basin), as can be seen in Figure 3.2.

Finally, the thicknesses of the crystalline crust are plotted in Figure 3.1 (d). In the

oceanic domain of the Caribbean, the thickest crust corresponds to the paleoarc of Aves

Ridge (∼35 km), followed by the North and South Nicaraguan rises where the thickness

is ∼30 km.

The modelled VGG are compared with the measurements of the combined dataset

of EIGEN-6C4 (Förste et al., 2014). This dataset has a spherical harmonic solution up

to degree and order Nmax=2190; therefore, the smallest topographic wavelength that

EIGEN-6C4 is able to resolve can be calculated as λmin = 2πR/Nmax ∼= 18km. Where
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Nmax is the maximum degree and order of the spherical harmonic solution, and R is the

mean Earth radius (Álvarez et al., 2012).

3.3.2 Sensitivity analysis to density solutions

The vertical gravity gradients are especially sensitive to density contrasts of the upper

layers of the lithosphere (Álvarez et al., 2012; Álvarez et al., 2014; Götze and Pail,

2018). Therefore, a sensitivity analysis to different density distributions for water and

sediments (the upper most layers) is important to understand the effects of every layer

in the modelled VGG field (TzzModelled).

In this analysis, the density of the seawater was defined following two different

approaches: (1) a 3D distribution using the mathematical model of Gladkikh and Tenzer

(2012), which predicts density based on latitude and water depth, calculated for 84

layers, 100 m thick each; and (2) a constant density of 1030 kg m−3, a typical value

previously used in other gravity applications (e.g.: Álvarez et al., 2015; Maystrenko et

al., 2013; Tenzer et al., 2010).

In the 3D mathematical model, the authors used data from the World Ocean Atlas

2009 and from the World Ocean Circulation Experiment 2004 to obtain an equation

that can calculate seawater density with a relative accuracy of ∼0.25 %. The density

distribution ρ (kg m−3) can be written in the following form (Gladkikh and Tenzer,

2012):

ρ(D, ϕ) = 1000 + α(ϕ)× {µ(ϕ) +
1− µ(ϕ)

2
× [1 + tanh(0.00988D− 1.01613)]}+ β(ϕ)Dυ(ϕ), (3.3)

where D is the ocean depth (m), and ϕ the geographical latitude (degrees). This

approach considers the latitudinal contribution α(ϕ) in the seawater density, or in

other words, the variations due to salinity and temperature as the water moves from

the equator to the poles. Additionally, the change of density with depth (pressure) is

included in the term beta(ϕ)Dυ(ϕ). Finally, the model considers a pycnocline correction

µ(ϕ), necessary for a better approximation of the density structure at shallow depths,

where the water temperature decreases and the salinity increases with depth. The

parameters described above are expressed as:

α(ϕ) = 27.91− 2.06 exp[−(0.0161|ϕ|)5], (3.4)
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Figure 3.1: Structural layers used in the starting models of the Caribbean region. (a) Water
thickness from GEBCO (Weatherall et al., 2015). (b) Sediment thickness based on NOAA
(Whittaker et al., 2013). MF = Magdalena Fan. BAP = Barbados Accretionary Prism. (c) Moho
depth from GEMMA model (Reguzzoni and Sampietro, 2015). (d) Calculated thickness of the
crystalline crust.
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Figure 3.2: Error (standard deviation) of the GEMMA Moho depth in the study area (Reguzzoni
and Sampietro, 2015).

β(ϕ) = 0.00637 + 0.00828 exp[−(0.017|ϕ|)4.66], (3.5)

υ(ϕ) = 0.964− 0.091 exp[−(0.016|ϕ|)5], (3.6)

and

µ(ϕ) = 0.928− 0.079× cos(0.053ϕ). (3.7)

The computed water densities range from 1022.5 kg m−3 at the ocean surface and

1064.5 kg m−3 at the ocean bottom (Figure 3.3 (a)).

Additionally, four different sediment-density structures were tested in the

sensitivity analysis: (1) a 3D density distribution, based on the equation of Tenzer and

Gladkikh (2014), computed for 181 layers, 100 m thick each; (2) a constant value of

2350 kg m−3, which is the mean value of the 3D density model; (3) a high density

value of 2610 kg m−3, and finally, (4) the average density of marine sediments 1700 kg

m−3, reported by Tenzer and Gladkikh (2014). The density equation proposed by these

authors (approach (1)) is the result of the analysis of 716 drill sites from the Deep Sea

Drilling Project (DSDP), and can be written as:

ρs(ds, D) = 1.66− 5.1× 10−5D + 0.0037d0.766
s , (3.8)
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where ρs is the sediment density (g cm−3), D is the ocean depth (m), ds is the sediment

depth (m) and 1.66 (g cm−3) is the nominal value of sediment density at sea level. This

approximation takes into account not only the lateral density variation, which decreases

at a rate of -0.051 g cm−3 per 1 km of ocean depth (finer particles can travel longer

distances –second term), but also the increase of sediment density with sediment depth

(compaction –third term). In general, with this approach it is possible to calculate the

sediment density with an uncertainty of about 10 % compared with the DSDP samples

(Tenzer and Gladkikh, 2014).

However, this mathematical approach has restrictions due to limitations in the

drilling depths of DSDP cores, which include a maximum ocean depth of 7 km and

a maximum sediment thickness of 1.7 km. In the study area, the maximum water depth

is approximately 8.4 km in the NLA subduction (Figure 3.1 (a)), which corresponds to

sedimentary deposits of less than 1 km (Figure 3.1 (b)). Nevertheless, the sediment

thickness reaches a maximum of ∼18 km in the BAP (Figure 3.1 (b)), so additional

caution must be taken into consideration in order to compute the 3D distribution of

sediment densities using this approach.

In the case analysed here, the bedrock density contrast correction of (Chen et al.,

2014) was applied to 27% of the data, that was out of the limit set by the density

model. Thus, the maximum density allowed for sediments was set as 2750 kg m−3, the

maximum expected density for shales (Schön, 2011). The final density distribution with

depth, calculated using Eq. (3.8) and corrected due to bedrock density contrast is shown

in Figure 3.3 (b). The light blue area represents the range of the computed densities at

different depths. The density reaches a constant value of 2750 kg m−3 (bedrock contrast

correction) at ∼2 km depth.

Even though the variation of the sediment density with depth strongly depends

on the type of sediment (e.g.: Hamilton, 1976), the sedimentary processes in the

Caribbean region range from clastic-dominated (such as the Magdalena and Barbados

depocenters), to biogenic-rich deposits (i.e.: in islands located in the continental

platform), to dominantly pelagic (in the open ocean). This diversity does not allow an

explicit modelling of the sediment composition, so a more realistic approach is given

by the regression of measured core densities expressed in Eq. (3.8).

The crustal density was considered homogeneous for domains over and under

the mean sea level, with a constant value of 2810 kg m−3 (continental) and 2900 kg

m−3 (oceanic), respectively. These constant values do not add further disturbances to

the modelled VGG at crustal level, as might be the case of a hypothetical 3D density
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Figure 3.3: Density profiles used in some starting models (see Table 3.3). (a) Water densities
calculated using Eq. (3.3). (b). Sediment densities obtained from Eq. (3.8) and modified due
to bedrock contrast correction with a maximum density value of 2750 kg m−3. Cyan region
indicates the range of the computed sediment densities at those depths.
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Table 3.1: Mineralogical composition used for the oceanic upper mantle (based on Shapiro and
Ritzwoller, 2004).

Phase Fraction
Olivine 0.75
Clinopyroxene 0.035
Orthopyroxene 0.21
Garnet 0
Jadeite 0.005
XFe 0.01

distribution. Therefore, the interpretation of the residuals can be undertaken under the

assumption that they are a response of density heterogeneities in the crust, that were

not considered in the initial set up of the starting models.

The mantle densities were computed in eight layers, from 25 to 200 km depth,

using the S-wave velocity anomalies of Schaeffer and Lebedev (2013). The shear wave

velocities were converted to densities following a modified approach of Goes et al.

(2000), using a pressure and temperature dependent expansion coefficient (Hacker and

Abers, 2004; Meeßen, 2017). The conversion requires the composition of the mantle,

which was defined as the composition of oceanic upper mantle, modified from Shapiro

and Ritzwoller (2004) (Table 3.1).

Table 3.2 summarises the structural layers and the different densities tested in the

starting models. Finally, Table 3.3 shows the configuration of the six different SM that

were tested in this study, in order to evaluate the sensitivity of the VGG to the density

distribution of the water and sediments, as previously discussed.

3.3.3 VGG residuals and the identification of tectonic boundaries

After the sensitivity analysis was carried out, the density solution of the lithosphere

that showed the best fit between modelled VGG and EIGEN-6C4 measurements was

selected, considering a constant density for the crystalline crust. Thus, based on

the VGG residuals obtained from this starting model, it was attempted to identify

heterogeneities in the crystalline crust, following the work hypothesis. These residuals

were analysed considering the previously described geologic setting of the Caribbean

(Chapter 2), and the provinces defined by Case and Holcombe (1980). Finally,

considering that the edges of crustal fragments with a sufficiently high density contrast

should have associated a sign change of the VGG residuals, major tectonic boundaries

in the Caribbean oceanic domain are refined, proposed or confirmed.

35



Table 3.2: Summary of the datasets used to constrain the 3D density and structural models of
the Caribbean region.

Layer Dataset
Original
spatial
resolution

Lithology
Tested densities
/kg m−3

Water
GEBCO
bathymetry 30 arc-second -

3D distribution
(1022.5 - 1064.5)a

1030b

Sediments NOAA 5-minute
Clastic and
biogenic

3D distribution
(1230 - 2750)c

2350d

2610e

1700 f

Crystalline
crust

Moho depth
from GEMMA

5◦ Unknown
2810g

2900h

Lithospheric
mantle
(down to
200 km depth)

SL2013sv
(S-wave
velocity
anomalies)

Horizontal: 5◦j

Vertical: 25 km

Oceanic
upper
mantle
(Table 3.1)

3D distribution
(3072 - 3284)i

aUsing equation of Gladkikh and Tenzer (2012). bTypical constant density used
in other studies (e.g.: Álvarez et al. (2015); Maystrenko et al. (2013); Tenzer et al.
(2010)). cUsing equation of Tenzer and Gladkikh (2014) and corrected following
Chen et al. (2014). dMean value of 3D distribution. eA priori constant high
density. f Average density of marine sediments based on DSDP cores (Tenzer and
Gladkikh, 2014). gContinental crust based on Maystrenko et al. (2013). hAverage
density of the ocean bedrocks based on DSDP cores (Tenzer and Gladkikh,
2014). iVelocity to density conversion using Goes et al. (2000) approximation,
implemented by Meeßen (2017). jGrid resolution of 0.5◦ differs from model
resolution, which is parameterised on a triangular grid with a ∼280 km spacing.

3.3.4 Forward modelling of the VGG and the inferred average crustal
density field

To test the work hypothesis (that the residuals of the VGG contain information about

the structure and density heterogeneities at crustal level) the VGG of the best fit starting

model were forward modelled. In this model, the density assigned to the oceanic

crystalline crust was 2900 kg m−3 (Table 3.3). Thus, the work hypothesis implies that

the sign of the residuals is directly related with a deficit or excess with respect to this

reference value.

Specifically, positive residuals indicate that the real crustal density is higher

compared with the reference (and vice versa with the negative ones). Therefore, an
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Table 3.3: Different density (kg m−3) configurations used in the
starting models (SM) tested in this study. See Table 3.2 for more
details.

Water Sediments Crystalline crust Mantle
SM1

1030

1700

2810 (continental)
2900 (oceanic) 3D α(P,T)

SM2 2350
SM3 2610
SM4 3D
SM5 3D 2350
SM6 3D 3D

SM-F 3D 3D 2700-3100a

aHeterogeneous (average) density of the crystalline crust
obtained from the forward modelling of the VGG (see Sect.
3.3.4).

iterative modelling process of the VGG was carried out, in which the crustal density was

modified ± 10 kg m−3 on each step (with respect to the reference density) considering

the sign of the residuals on each cell of the grid (grid searching).

Additionally, a representative density was considered for the different provinces

previously identified in the Caribbean region, such as: 2800 kg m−3 for island arcs of

intermediate composition (e.g.: Aves Ridge, Leeward and Lesser Antilles), 3000 kg m−3

for picrites (present in Curaçao and the west flank of Beata Ridge), 2810 kg m−3 for

continental crust (such as the North Nicaraguan Rise), and 2800 kg m−3 for basaltic

flows (CLIP). In every iteration, the residuals of the VGG were computed.

Then, the density model whose residuals had the minimum standard deviation and

Root Mean Squared Error (RMSE) was selected. This final model was called SM-F (3.3).

It includes a horizontally heterogeneous, but vertically averaged density distribution

for the crystalline crust. Figure 3.4 shows the general methodological workflow used in

this study for the analysis of tectonic boundaries, and for the inference of the average

distribution of crystalline crust densities, using the VGG.
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Figure 3.4: General methodological scheme used in the research. 1Uieda et al. (2016). 2Wessel
et al. (2013).

3.4 Results

3.4.1 Effect of water and sediments densities in the modelled Vertical
Gravity Gradients

Hereafter, a sensitivity analysis is described, which allowed to select the best fit SM,

out of the six assumed density configurations (see Table 3.3). The complexity of the

starting models increases from SM1 to SM6. In the first models, a constant density
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value for either water and/or sediments is used; whereas, more realistic 3D density

fields are used in SM6 (Table 3.3). Table 3.4 shows the corresponding statistics of the

VGG residuals associated with each starting model. In this case, the attention will be

focused on the standard deviation and the RMSE (Root Mean Squared Error), in order

to compare the behaviour of the different models with respect to the measurements.

The effect of the water density can be noticed by comparing SM2 with SM5 (constant

density of sediments), and SM4 versus SM6 (3D density field for sediments). In each

case, both the RMSE and the standard deviation decrease when the water density is

resolved using the 3D field. On the other hand, the effect of the sedimentary density

can be evaluated comparing SM2 and SM4 (constant density of water) and SM5 versus

SM6 (3D density distribution for water). In the last two cases (SM2 versus SM4 and SM5

versus SM6), the standard deviation of the residuals decreases (0.4 and 0.34 Eötvös,

respectively), in accordance with a better matching between the modelled VGG and

EIGEN-6C4 measurements, for the models using the 3D density distributions for both

the water and the sediments.

Nevertheless, it is also important to analyse the spatial variations of the residuals

obtained from the different density distributions, in order to evaluate their performance

in the different tectonic settings of the Caribbean region (Figure 3.5). SM1 to SM4

(Figure 3.5 (a) – (d)) have in common the constant water density (1030 kg m−3), but

they differ in the sediment density, which increase from 1700 kg m−3 (SM1) to 2610 kg

m−3 (SM3), and that was resolved as a 3D distribution in SM4. One of the regions that

changes the most is the Barbados Accretionary Prism. In this 18 km thick accretionary

system (Figure 3.1 (b)), the modelled gradients, and therefore the residuals, are strongly

influenced by the assumed sedimentary density.

The residuals of SM1 are artificially affected by the spatial distribution of the

sediments, as can be seen in the high positive values that follow the pattern of BAP

(Figure 3.5 (a)). In this case, the model is underestimating the VGG when compared

with EIGEN-6C4 measurements. Therefore, some fictitious residuals appear from the

area west of the Tiburon Fault Zone down to the continental platform in Guyana, which

should not be interpreted as crustal heterogeneities.

The models SM2 (Figure 3.5 (b)) and SM3 (Figure 3.5 (c)) are still miscalculating

the gradients over Barbados (mainly positive residuals). The increase in the

sedimentary density results in a decrease of the misfit between the calculated values

and the measurements. However, SM3 preserves some signatures of the sedimentary

distribution, especially towards the east and south of Barbados Island.
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Solving the density of the sediments with a 3D distribution, as in the case of

SM4 (Figure 3.5 (d)), definitively improves the residuals. In fact, the 3D sedimentary

approach does a better job improving the matching of the model than the 3D solution

of water density in this specific region (see Figure 3.5 (b) -SM2- versus Figure 3.5

(e) -SM5-). Finally, the use of both 3D solutions, for water and sediments in the

SM6 (Figure 3.5 (f)) shows an enhancement (minimisation) of the residuals over the

continental platforms, while preserving the advantage of removing the fake residuals

over the Barbados Accretionary Prism. It is worth mentioning that the residuals over

the Barracuda Fault Zone persist in the different density configurations.

According with the previously discussed results, the starting model that best

matches the measurements of EIGEN-6C4 (considering a constant density for the

crystalline crust) is the SM6, which includes 3D density solutions for both water

and sediments. Figure 3.3 shows the density profiles of these lithospheric layers,

resolved using the 3D approximations. Therefore, the SM6 was selected to analyse

previously defined and unknown tectonic boundaries in the Caribbean region that will

be described in the next sections.

Table 3.4: Statistics (Eötvös) of the VGG residuals obtained from the different density models.
RMSE = Root Mean Squared Error. SM-F = Final starting model.

Standard Deviation RMSE Mean Min Max
SM1 19.26 27.00 0.88 -213.76 195.76
SM2 17.25 24.65 0.26 -212.84 194.49
SM3 17.35 24.50 -2.26 -223.38 191.95
SM4 16.85 24.92 -0.98 -222.26 201.89
SM5 16.92 24.44 -1.52 -212.50 193.24
SM6 16.58 24.76 0.48 -218.60 203.49
SM-F 9.79 23.94 1.46 -180.70 180.54

3.4.2 Vertical Gravity Gradients in the Caribbean region

One important step in the processing of the modelled field is the Gaussian filtering that

was applied before comparing the models with EIGEN-6C4 data. Figure 3.6 shows the

comparison between the non-filtered residuals (a) and the results after applying the

Gaussian filter (b) to the model SM6. In the first case, some short wavelengths appear

over bathymetric highs in the Pacific Ocean, as well as over the South Nicaraguan Rise

and the BAP. These features are considered noise that is removed when the filter is

applied.
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Figure 3.5: Residuals of Vertical Gravity Gradients for the different starting models: SM1 (a) to
SM6 (f). For details of the density distributions used in each model see Table 3.3, and for the
statistics see Table 3.4. Thick black lines represent tectonic boundaries according to Bird (2003).
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Figure 3.6: Residuals of VGG based on SM6 (see Table 3.3). (a) Non-filtered. (b) After applying
a high-pass Gaussian filter using GMT software (Wessel et al., 2013). Cut-off wavelength set in
18 km.
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From the original measurements, some structural features of the different Caribbean

oceanic terrains can already be identified. Figure 3.7 (a) presents the EIGEN-6C4

data, which range from -214 to 282 Eötvös. The minimum values (negative gradients)

are generally distributed along the subduction zones (e.g.: MAT and NLA), but also

along the Oriente and Septentrional faults, in the northern edge of Gonave Microplate.

The maximum values (positive gradients), on the other hand, appear mainly over

bathymetric highs such as the Leeward and Lesser Antilles, Beata and Aves ridges,

and some broadly distributed highs on Cayman, North and South Nicaraguan rises

and along the continental platforms of Bahamas and Central America. It is worth

mentioning that the Barracuda Ridge has a highly positive signal, whereas its associated

deep basin, the Barracuda Trough, is characterised by large negative vertical gravity

gradients.

The modelled and filtered results obtained with the density structure of SM6 (Figure

3.7 (b), 3.3) share most of the characteristics previously described for the EIGEN-6C4

dataset. The negative gradients are associated with bathymetric lows such as trenches,

troughs and small sub-basins, but in this case, the extreme changes in bathymetric

gradients, as for example those that occur across the continental slopes (e.g.: Yucatan

and Venezuelan basins), are especially highlighted by negative values. In general,

the continental platforms are characterised by positive modelled gravity gradients, in

contrast with the measurements, where short wavelengths of positive and negative

signals are present. Even though both the measurements and the modelled and filtered

VGG include spherical harmonic solutions up to degree and order 2190 (λ ≈ 18 km), the

calculated gradients do not show small density contrasts that can be broadly evidenced

throughout the study area in the EIGEN-6C4 dataset. The smallest and well resolved

features on the model correspond with seamounts concentrated on the Pacific Ocean,

especially over the Cocos plate. Finally, the modelled signal over Barracuda and

Tiburon ridges (BFZ and TFZ) and Barracuda Trough is not as intense as in the original

data.

The residuals of the VGG calculated based on the SM6 are shown in Figure 3.7 (c).

Here, low density crustal domains such as the continental platforms and terrains with

continental affinity composition (e.g.: NNR) are characterised by negative residuals;

however, these domains are interbedded with some medium to small scale bodies

with positive signal, which become especially important along the Leeward and Lesser

Antilles forearcs. In Figure 3.7 (c) it is also possible to identify a wide body with

negative residuals, which appears on the oceanic crust of the South American plate,
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Figure 3.7: Vertical Gravity Gradients from: (a) Combined measurements available in
EIGEN-6C4 database (Förste et al., 2014). (b) Modelled and filtered gradients obtained with the
density structure of SM6 (Table 3.3). (c) Residuals calculated with Eq. (3.2). Note the wide body
with negative residuals immediately south of the Tiburon Ridge (TFZ). Gr = Grenada Island. H
= Hispaniola Island. SL = St. Lucia Island. Green line shows the location of the profile at 71◦

W that is discussed later on the text (Figures 3.11 and 3.12). For details about terrain names see
Figure 2.4. Color scale saturated at -90 and +90 Eötvös. .
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close to the Lesser Antilles subduction. This body is located in the northern portion of

the polygon which denotes the location of the thick BAP.

On the other hand, in the location of the tectonic boundary between North and

South American plates in the Lesser Antilles subduction, published by Bird (2003) and

Case and Holcombe (1980), it is not possible to observe any density contrast, or at least

not one that can be traceable by the VGG. However, it is possible to recognise a strip

with large positive and negative anomalies, in the region of the BFZ, which can be

traced until they merge with the Lesser Antilles subduction zone.

The Beata Ridge is characterised by large negative residuals, especially concentrated

towards its western flank. They define an elongated and irregular body in a northeast

- southwest direction on its northern portion, but that slowly curves towards the

southeast, south of ∼15◦ W. The largest and widest negative anomalies are located

north of 14◦ W, but it is possible to follow weaker and narrower northwest – southeast

residuals, which connect Beata with the SCDB in the Aruba Gap region.

Furthermore, the signal of the residuals over the Grenada Basin suggests two

different crustal domains. The northern portion, which corresponds to the Modified

Saba crust, is dominated by negative residuals, while the oceanic floor of the Grenada

Basin is controlled by positive ones. Similarly, the residuals in the Yucatan Basin are

characterised by negative values over the volcanics of the Central Seamounts province

and Cayman Rise and Ridge, and positive values on the sub-basins. Finally, the spatial

behaviour of the VGG residuals is not homogeneous along the Cayman Trough, where

negative values are present at∼2◦ around the axis of the spreading centre. Towards the

eastern portion of Gonave microplate, close to Hispaniola Island, the residuals alternate

positive and negative values. As can be observed in Figure 3.7 (c), the residuals change

their sign from the continental platforms (negative) to the oceanic basins (positive),

delimiting the continent-ocean transition.

3.4.3 Inferred average density field of the crystalline crust

The inferred density solution for the crystalline crust is shown in Figure 3.8, and

is the result of the iterative process described in Sect. 3.3.4. This heterogeneous

crustal density has been tested in the 3D lithospheric starting model named SM-F

(Table 3.3). The calculated VGG based on the model SM-F has the best performance

when compared with the EIGEN-6C4 dataset (Table 3.4), with the minimum values

of standard deviation and RMSE of the associated residuals (9.79 and 23.94 Eötvös,

respectively).
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Figure 3.9 shows the spatial distribution of these residuals, which are in general

closer to zero than the residuals of other starting models (see Figure 3.5), demonstrating

the improvement of the modelled VGG with the use of the inferred crustal density

solution.

The crustal densities obtained from the forward modelling of the VGG range from

2700 to 3100 km m−3, with a general tendency of lighter values along the continental

margins and denser oceanic crust. Specifically, the western flank of Beata Ridge, Aves

Ridge and the Modified Saba crust are characterised by inferred low density values.

According to the results, the anomalous body present in the oceanic crust of the

South American plate has a density of ∼2800 km m−3. Similarly, low density (≤ 2800

km m−3) crustal domains are broadly distributed over the volcanic provinces of Yucatan

Basin (Central Seamounts, Cayman Rise and Ridge), and the continental and island arc

units of the NNR.

On the other hand, the maximum density values are found in the Cayman Through;

however, lighter crustal fragments appear around the spreading centre and in the

eastern portion of Gonave microplate. Other regions with high density (3000-3050 km

m−3) crust are present in the sub-basins of Yucatan Basin, in the surroundings of the

Venezuelan Basin, and in some regions of the Lesser and Leeward Antilles forearcs.
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Figure 3.8: Average crustal densities inferred from the forward modelling of the VGG. Numbers inside Yucatan Basin indicate domains as in
Figure 2.4.
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Figure 3.9: Residuals of Vertical Gravity Gradients when the inferred heterogeneous density of
the crystalline crust shown in Figure 3.8 is included. For the statistics see Table 3.4.

3.5 Discussion

3.5.1 Contributions to the identification of terrain boundaries

Considering the potential of the VGG residuals for sensing density contrasts in the

upper crust, their signal was evaluated over regions where poorly understood tectonic

boundaries exist, as well as their performance in the definition of the COT, and in the

identification of crustal bodies with anomalous densities.

3.5.1.1 Boundary of the North and South American plates in the Lesser Antilles

The tectonic boundary at crustal level between North and South American plates, in

front of the Lesser Antilles arc, is still a topic of debate (Van Benthem et al., 2013; Pichot

et al., 2012). The Fifteen Twenty Fault Zone is the well-known boundary, which can be

traced from the Middle Atlantic Ridge (MAR), but becomes diffuse near the Antilles

subduction zone. Patriat et al. (2011) and Pichot et al. (2012) suggested that the relative

motion between North and South American plates must be accommodated, towards

the west, by a heterogeneous and broad fracture zone, which consists of north-south

compressional structures, including Tiburon and Barracuda ridges. Figure 3.10 shows

a zoom in the residuals obtained in the North Lesser Antilles region. Figure 3.10 (b)
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includes the main fracture zones, as well as the ages of the crust at the subduction zone.

These ages were calculated considering the distance to the magnetic anomaly 34, and a

Cretaceous half spreading rate for the MAR of 2.2 cm yr−1 (Cogné and Humler, 2004;

in Carpentier et al., 2008). The crustal ages range from 83 Ma in the north of the Lesser

Antilles subduction, to 105 Ma in the south. The northernmost fault associated with the

magnetic anomalies draws the attention, because of its almost perfect correspondence

with the negative residuals at the Barracuda Through, north of BFZ. The crust is 83 Ma

old north of this fault and 91 Ma old towards the south. This “jump” in crustal ages is

the most pronounced (8 Ma) along the Lesser Antilles, suggesting not only a differential

subduction rate, but also a possible decoupling zone between both plates.
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Figure 3.10: The residuals of the VGG highlight different crustal domains in the North Lesser Antilles. (a) VGG residuals based on SM6. (b)
Same as in (a), but including different forearc and crustal domains (see legend). F.Z = Fault Zones. I.F = Inner Forearc. M.A = Magnetic
Anomaly. O.F = Outer Forearc. Numbers indicate the ages of the subducting oceanic crust in Myr (Cogné and Humler, 2004; in Carpentier
et al., 2008). Other faults and limits as depicted in Figure 2.4. (c) Same as in (a), but including earthquakes recorded from 1980 to 2017 (U.S.
Geological Survey, 2018).
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3.5.1.2 Boundary between the Colombian and Venezuelan basins

The possible tectonic boundary between the Colombian and Venezuelan basins around

the Beata Ridge area has been heavily debated (Dewey and Pindell,1985, in Driscoll

and Diebold, 1999; Leroy and Mauffret, 1996; Mattioli et al., 2014; Symithe et al., 2015).

The west flank of Beata is a highly deformed region, which is bounded by a large

westward-dipping normal fault, where the basement offset reaches up to ∼3750 m (i.e.:

see Figure 10 in Driscoll and Diebold, 1999).

The compressional and extensional-unloading processes that Beata has been

subjected to, are recorded in the uplifted and tilted crustal fragments present on its

western flank, where the flexural rebound of the lithosphere must have been a relevant

factor on its formation (Driscoll and Diebold, 1999).

In Figure 3.7 (c), negative residuals are concentrated along the western flank of

Beata. The inferred average density structure on this part of the ridge (Figure 3.8)

includes low density crustal fragments (< 2850 km m−3), which in this specific case,

can be related with a prevalence of basaltic and/or gabbroic material in the crust,

considering the composition previously reported by Mauffret and Leroy (1997). This

dominance of lighter components in the crustal structure may have played an important

role in the tectonic uplifting that this ridge has experienced, which is especially

concentrated on its western flank (Diebold and Driscoll, 1999; Driscoll and Diebold,

1999; Mauffret and Leroy, 1997).

Taking into consideration that the negative residuals are located in the most uplifted,

deformed, and faulted zone of the ridge, it is suggested that they are delineating a

region of transition between different crustal domains. In this case, they might be

indicating a possible decoupling zone between the Colombian and Venezuelan basins,

supporting the tectonic model of Leroy and Mauffret (1996), who previously described

this tectonic boundary towards the west flank of Beata based on seismic data (see

orange line in Figure 2.4). In this area, the negative residuals can be followed from

southern Hispaniola, until they merge with the continental margin in the SCDB, along

the Aruba Gap.

The observed signal of the residuals over this gap is not present either in

the EIGEN-6C4 dataset or in the modelled gradients; therefore, only the analysis

of the VGG residuals makes this interpretation possible. Nevertheless, the role

of this boundary as an actual kinematic feature needs to be proved considering

additional geophysical evidence. The integration and acquisition of new GPS kinematic

measurements and seismic data are important pieces in this tectonic “puzzle”, because

53



for example, contrary to what Leroy and Mauffret (1996) suggested, the seismic results

found by Driscoll and Diebold (1999) support the one-plate model, arguing that the

majority of the deformation occurred during the early history of the Caribbean plate,

prior to the sedimentation in this region.

3.5.1.3 The Grenada Basin

Figure 3.10 allows to have a closer look at the VGG residuals in the Grenada Basin,

where two different domains can be identified. The northern portion of the basin,

which corresponds to the Modified Saba crust, is characterised by negative residuals.

In this region, the inferred crustal densities (Figure 3.8) range between 2700 and 2850

km m−3, suggesting a light-crust probably affected by the Aves Ridge and/or the

Lesser Antilles magmatism, which might have continued in this region during the slab

roll-back (Arnaiz-Rodríguez and Audermard, 2018).

To the south of the basin the residuals are positive, and the inferred densities (2900 to

3050 km m−3) are more in agreement with oceanic crust, formed during the extensional

process that opened the basin (Aitken et al., 2011); at this location, the highest density

areas might suggest the presence of localised underplated material.

These differences in the processes that affected the evolution of the currently named

Grenada Basin allow to consider that the characterisation of its crustal structure may be

improved, and that the definition of a boundary between these two sub-basin domains

should be considered.

3.5.1.4 Continental – Oceanic Transition (COT)

Considering the work hypothesis, that the sign change of the residuals of the VGG

along the continental margins (Figure 3.7 (c)) is delimiting the COT, it is possible to

recognise that in most of the cases (e.g.: southern margin of the Caribbean plate and

Muertos Thrust Belt) such change does not coincide with the COT boundaries defined

by Bird (2003) and Case and Holcombe (1980).

Furthermore, the inferred crustal densities of continental-like material along the

continental platforms are in general lower than 2850 km m−3; however, some high

density intrusions (> 2900 km m−3) can be identified, especially along the Leeward

and Lesser Antilles forearcs. These intrusions are discussed in Sect. 3.5.2.1.

54



3.5.2 Identification of crustal bodies with anomalous densities

3.5.2.1 Crustal structure of the Lesser and Leeward Antilles forearcs

The volcanic arcs of the North and South Lesser Antilles subduction zones are

characterised by abrupt changes in the gravity residuals. From the north of St. Lucia

Island (north of ∼14◦ N) to the region east of Hispaniola Island, negative residuals

dominate the axis of the volcanic arc (Figure 3.7 (c)). South of St. Lucia, positive

residuals dominate this axis and can be followed until they merge with the continental

platform of Venezuela (Figure 3.7 (c) and Figure 3.10). Additionally, a generalised

trenchward pattern that alternates two along-arc stripes of positive and negative

residuals is present in the forearc, from eastern Hispaniola to offshore Grenada Island

(Figure 3.7 (c)).

In Figure 3.10, a zoom in the Lesser Antilles allows to have more details about the

structure of these residuals. Figure 3.10 (b) includes a compilation of the backstop

locations (limit of the overriding crystalline crust) in the north Lesser Antilles, inferred

by Laigle et al. (2013b) and Evain et al. (2013), plotted on top of the VGG residuals. The

importance of the characterisation of the backstop position in subduction systems lies

on the fact that they are a widely used proxy for the up-dip limit of the seismogenic

zone (i.e.: Laigle et al., 2013b), and because they could play an important role in the

stress field between the overriding and down-going plates, affecting the structure of the

respective forearc basins (Noda, 2016). The backstop locations identified in the Lesser

Antilles partially overlap with a region of transition from negative to positive residuals

(transition from overriding to down-going plates, respectively), especially in front of

Guadeloupe and Dominica Islands, where the outer forearc acts as backstop (Evain et

al., 2013).

It is important to consider that north of Guadeloupe Island, the location of the

backstop identified by Laigle et al. (2013b) is not accurate, because the sediments of

the forearc basin (usually used as a proxy for the location of the backstop) are highly

deformed, making their differentiation from the accretionary prism difficult. Exactly

in this region, the negative residuals do not fit well the spatial location of the backstop

defined by these authors. Towards the south of Dominica, the outer forearc does not

act as a backstop (Evain et al., 2013); however, the negative residuals continue seaward,

defining an extensive (∼31 × 103 km2) anomalous low density body (<2850 km m−3,

Figure 3.8) east of 60◦ W. This body is discussed in Sect. 3.5.2.2.
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Evain et al. (2013) proposed two hypotheses in order to explain the origin of the

forearc structure in front of Guadeloupe, Dominica and Martinique Islands: (1) the

outer forearc is an eastward extension of the inner forearc, which has been subjected

to processes of alteration and erosion due to the subduction of the Atlantic crust; (2)

the outer forearc represents an accreted allochthonous body, especifically, a fragment of

a volcanic ridge. Based on the spatial distribution of the negative gravity residuals in

the North and South Lesser Antilles (Figure 3.7 (c)), a composite origin and evolution

for this forearc, which includes both hypotheses of Evain et al. (2013), cannot be

ruled out. Nevertheless, considering that a structure similar to that of the outer

forearc (outermost negative residuals) is present and continuos from the northeast of

Hispaniola to Martinique Islands, it is unlikely that allochthonous terrains alone could

have created this low density forearc of the Antilles.

Similarly, the anomalous high density bodies located in the forearc of the Leeward

Antilles, in the SCDB, are interpreted here as fragments of either underplated and/or

mafic intrusions, or fragments of picrites accreted to the continental margin, such as

those reported by Mauffret and Leroy (1997) in Curaçao Island. It is important to note

that this interpretation of the crustal structure along the Antilles forearcs just can be

done based on the residuals, because they highlight the signal of crustal features that

have not been included on the starting model.

As an example, Figure 3.11 depicts a profile at 71◦ W, from 11.5◦ to 14◦ N. Here,

the measured, modelled (SM6) and residuals of the VGG are represented on panel (a),

while the bathymetry is shown in panel (b). As can be inferred from the plot, the

blue line (modelled gravity) follows the trend of the bathymetry, giving as a result a

misfit (represented as dashed lines) that ranges between -75 and 50 Eötvös (right hand

vertical axis). In this case, the density distribution plotted on panels (c) and (d) is being

assumed, which includes a constant density solution for the crystalline crust. When

the heterogeneous crustal density field is integrated into the model (SM-F), the gravity

misfit is reduced (Figure 3.12 (a)), and high density bodies appear on the continental

platform of the Lesser Antilles, as can be seen in Figure 3.12 (c) and (d). Clearly, such

bodies are not present in the bathymetric record, but the residuals of the VGG suggest

their existence along this margin. These high density features may be related with

accreted picrites, such as the ones found in Curaçao Island (Mauffret and Leroy, 1997).
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Figure 3.11: Profile at 71◦W (see Figure 3.7 for location) showing: (a) VGG of EIGEN-6C4 dataset (red line), the modelled and filtered gradients
of SM6 (blue line) and the residuals (dashed line). The red scale (left) corresponds to EIGEN-6C4 and the modelled gradients, and the black
scale (right) to the residuals. (b) Bathymetry profile including different crustal domains. COC = Caribbean Oceanic Crust. SCDB = South
Caribbean Deformed Belt. (c) Zoom down to 20 km depth of the schematic density structure used in the SM6. (d) Density structure of the
lithosphere down to 200 km depth.
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Figure 3.12: Profile at 71◦ W (see Figure 3.7 for location) showing the new residuals after including the inferred crustal density on the starting
model SM-F. Legend as in Figure 3.11. HDB = High density body.
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3.5.2.2 Anomalous low density body in the Atlantic Ocean

Considering the low density of the anomalous body present in the Atlantic Ocean,

in front of Dominique and Martinique Islands, it is suggesteds that its origin might

be associated with a volcanic arc of intermediate composition. Similar findings and

hypotheses have been previously described by other authors in the Lesser Antilles (i.e.:

Bouysse and Westercamp, 1990; Bangs et al., 2003; Christeson et al., 2003). This body

is present in all the residuals of the different starting models, as can be seen in Figure

3.5. However, because it is partially buried under the thick layer of sediments in the

Barbados Accretionary Prism, its edges location depends upon the density used for the

modelling of the sedimentary layer (see different SM in Figure 3.5).

Moreover, Figure 3.10 (c) shows the seismicity from 1980 to 2017 (U.S. Geological

Survey, 2018) in the Lesser Antilles, plotted on top of the VGG residuals. The southern

edge of the anomalous body is delimited by relatively deep earthquakes (50-100 km);

meanwhile, over the body, the seismicity is shallower (0-50 km). In a regional scope, this

body seems to be the boundary between two different clusters of seismicity in the Lesser

Antilles: a clear Wadati-Benioff zone towards the north, and a more diffuse structure

towards the south. The oceanic crust is ∼92 Ma old over the anomalous body, and it is

partially delimited towards the north and south by two fracture zones (Figure 3.10 (b)).

The northern fracture zone can be followed from TFZ until it merges with the Lesser

Antilles forearc.

Towards the south of the anomalous body, the crust becomes 98 Ma old; thus, the

second biggest “jump” (6 Ma) in the crustal ages along the trench occurs. Furthermore,

this body partially overlaps with the slab gap found at ∼400 km depth, reported by

Van Benthem et al. (2013) between 13◦ N and 15◦ N, and that has been interpreted as

the North America – South America plate boundary at these mantle depths. Therefore,

considering the evidence that supports a northward migration of this plate boundary

(probably from TFZ to BFZ -Pichot et al., 2012), a possible interpretation is that

the slab gap at ∼400 km depth represents the paleo-boundary between both plates,

which nowadays has moved towards the north. In this hypothetical scenario, the

anomalous buoyant body could have played an important role, locking the subduction

and favouring the northward migration of transpression.
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3.5.2.3 Yucatan Basin and Cayman Trough

The pattern of the residuals over the Yucatan Basin indicates at least two crustal

domains below the basin (Figures 3.13 (a) and (b)). Towards the north and northwest,

positive residuals dominate the oceanic sub-basins. On the other hand, the southern

portion is characterised by negative residuals, connecting the volcanics of the Central

Seamounts province, the Cayman Rise and Cayman Ridge. Rosencrantz (1990)

proposed a common origin for these volcanic features, relating them to the opening

of the pull-apart Western Deep Basin and with the migration of magma through faults.

Therefore, a similar crustal density distribution could be expected for these terrains in

Yucatan Basin. In this case, the inferred crustal densities for these domains range from

2750 to 2950 kg m−3, with the lightest crust concentrated over the western half portion

of Cayman Ridge. Using a few rock samples from this ridge, Perfit and Heezen (1978)

described a crust formed by Cretaceous amphibolites and Late Cretaceous to Paleocene

plutonics, whose densities are in the range of the estimates obtained here (Schön, 2011).

On the other hand, the results of Brink et al. (2002) suggest that the crust of the

Cayman Trough is not homogeneous. This trough is characterised by a transition from

oceanic to highly extended continental crust (from the axis of the spreading centre to

the edges of the rift), including serpentinised sections, as was also reported by Perfit

and Heezen (1978). A serpentinised mantle can change the behaviour of the lower

crust decreasing its density. In fact, the density of 40-50 % serpentinised rocks ranges

between 2800 and 2900 kg m−3, according to laboratory measurements (Christensen,

1966 in Brink et al., 2002).

The inferred crustal densities in Cayman Trough (Figures 3.13 (c)) include a region

with relative low density crust within approximately 2◦ from each side of the ridge,

which partially overlaps the serpentinised crust identified by Brink et al. (2002). This

low density crust connects the Oriente Fault Zone with the central part of the ridge,

close to the limit of the 10-20 Ma old crust defined by Rosencrantz (1994) (in Brink et al.,

2002) (see regions B1 and B2 in Figure 3.13 (c)). The densities there range from 2750 to

2900 kg m−3, the latter being the dominant value.

Thus, these results might be indicating the extension of the serpentinised material

(where it dominates the crustal structure), as a result of the hydrothermal circulation

along the different faults that bound this trough (Brink et al., 2002). However, it could

not be assured that other portions of crust (or upper mantle) in Cayman Trough have

not been affected by serpentinisation.

60



Moreover, the outer edges of Cayman Trough do not have a common crustal density

structure, as can be seen from the gradient residuals and the corresponding inferred

densities. The eastern edge, which belongs to Gonave Microplate, is characterised

by a clear transition from dense (∼3050 kg m−3) and more homogeneous crust

-with oceanic affinity- (see region C2 in Figure 3.13 (c)), to a more heterogeneous,

extended-continental crust (2750 to 3050 kg m−3), which extends towards Hispaniola

Island. The boundary between both domains corresponds with the >20 Ma old crust

limit reported by Rosencrantz (1994) (in Mann, 2007).

Considering the tectonic evolution proposed for this area, the Cayman Trough

migrated from a location near the continental platform of Belize towards the northeast,

until its current location (Leroy et al., 2000). This tectonic model implies that the east

side of the trough should have moved in a northeast direction, experiencing more

extension compared with the west side. The model presented here indicates that the

western edge of Cayman Trough is characterised by a more homogeneous density

distribution (Figure 3.13 (c)). Thus, the inferred crustal densities are in agreement with

the tectonic model discussed by Leroy et al. (2000).

A profile along 20◦ N is shown in Figure 3.14 (green line in Figure 3.13 (b)) and

includes the modelled (blue line), measured (red line) and residual (dashed line)

vertical gravity gradients from the Yucatan borderlands to the Cayman Ridge. Figure

3.14 (b) includes the bathymetric profile as well as different crustal domains described

by Rosencrantz (1990).

The boundary at crustal level between the light (∼2800 kg m−3) continental crust

(CC), and the denser (∼3050 kg m−3) West Yucatan Basin (WYB) is characterised by

a sign change in the residuals (Figure 3.14 (a)), which, in the case of the VGG, is an

indication of the boundary between bodies of different densities (Álvarez et al., 2012).

This region also includes the continent-ocean transition (COT) where the densities

increase from ∼2800 kg m−3 in the borderland up to ∼3000 kg m−3 in the continental

slope (Figure 3.13 (c)), which spatially corresponds with the metasediments reported

in the western flank of the basin by Rosencrantz (1990). Figure 3.14 (c) and (d) show

the schematic density structure of the lithosphere in this particular profile, from the sea

level down to 20 km and 200 km depth, respectively. It is important to remember that

the interpretations of the different crustal domains has been done using the SM6, which

includes a constant density for the oceanic crust, as can be seen in Figure 3.14 (c) and

(d).
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Figure 3.13: The residuals of the VGG highlight different crustal domains in the Yucatan Basin
and Cayman Trough. (a) VGG residuals based on SM6. (b) Same as in (a), but including the main
terrain boundaries. Green line shows the location of the profile at 20◦ N that is discussed on the
text. (c) Inferred crustal densities. Crustal ages of Cayman Trough according to Rosencrantz
(1994) (in Mann, 2007): A = 0-10 Ma. B1 and B2 = 10-20 Ma. C1 and C2 = >20 Ma. Basement
domains of Yucatan Basin depicted as in Figure 2.4. C = Cuba Island. H = Hispaniola Island.
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Figure 3.14: Profile at 20◦N (see Figure 3.13 (b) for location) showing: (a) VGG of EIGEN-6C4 dataset (red line), the modelled and filtered
gradients of SM6 (blue line) and the residuals (dashed line). The red scale (left) corresponds to EIGEN-6C4 and the modelled gradients,
and the black (right) to the residuals. (b) Bathymetry profile including the domains previously defined by Rosencrantz (1990) with some
boundaries upgraded using the gravity residuals (see text for discussion). CC = Continental Crust. COT = Continent-Ocean Transition. C.
Ridge = Cayman Ridge. C. Rise = Cayman Rise. CS = Central Seamounts. WYB = West Yucatan Basin. (c) Zoom down to 20 km depth of the
schematic density structure used in the SM6. (d) Density structure of the lithosphere down to 200 km depth.
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3.6 Final remarks and summary

Considering the previous discussions and the compiled terrain boundaries of the

Caribbean domain published by Case and Holcombe (1980), major tectonic or terrain

boundaries are proposed or confirmed in the study area, in the regions where the

density contrast is high enough to be highlighted by VGG residuals. These boundaries

include: the limit between the North and South American plates, in the Lesser Antilles

subduction; the possible boundary between the Colombian and Venezuelan basins; the

location of the edge of the Modified Saba crust in the Grenada Basin; and finally, the

COT.

Additionally, widespread high density (inner) and low density (outer) forearc

domains are identified in the Lesser and Leeward Antilles; an anomalous low density

body in the Atlantic Ocean; the edges of the volcanic provinces inside the Yucatan

Basin; and regions of low density material, possibly related with serpentinised crustal

fragments in the Cayman Trough. These boundaries are plotted on top of the VGG

residuals in Figure 3.15.

The limits of the Cayman Trough and North and South Nicaraguan rises remain

the same as in Case and Holcombe (1980), because they have been well recognised

along main fault zones (see Figure 2.4). The location of the COT along the north-eastern

portion of the Panama Microplate and along the north SLA remains unclear based on

the VGG residuals (question marks and magenta lines in Figure 3.15).

Figure 3.16 includes the boundaries based on this study plotted on top of the free-air

anomalies. In this figure, it is possible to recognise additional information given by

the terrains based on the residuals of the VGG. For example, the crustal structure of

the Lesser Antilles is subdivided in three different domains, something that cannot be

recognised in the free-air anomalies map. Similarly, the detailed structure of the Beata

Ridge is not obvious on the free-air data.

Finally, this technique can be applied to different tectonic settings worldwide.

However, some limitations need to be considered. For example, it is necessary to have

a detailed knowledge of the shape of the different lithospheric layers, in order to obtain

a precise VGG modelled field, which allows a correct interpretation of the residuals.

Furthermore, in regions where the sediment thickness is higher than 1.7 km, a bedrock

contrasts correction needs to be applied.

Nevertheless, future drilling campaigns in thicker sedimentary systems are

required, with the purpose of having better constraints for the sediment density
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variations with depth. This relation can help in the definition of an enhanced

mathematical approach for the calculation of the 3D sedimentary density.
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Figure 3.15: Tectonic and terrain boundaries refined, proposed or confirmed in this study based on the residuals of the VGG (SM6) and the
compiled terrain boundaries of Case and Holcombe (1980). AB = Anomalous Body. For details about terrain names see Figure 2.4. Color scale
saturated at -90 and +90 Eötvös.
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Figure 3.16: Tectonic and terrain boundaries refined, proposed or confirmed in this study plotted on top of the free-air anomalies (Förste et al.,
2014). Color scale saturated at +300 and -300 mgal.
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Summarising, the Vertical Gravity Gradients are gravity derivatives especially

sensitive to high density contrasts in the upper crust. Using EIGEN-6C4 dataset in

the Caribbean region, the results of six different lithospheric density models, and their

performance in comparison with observations, were evaluated.

The model which includes 3D density solutions for water and sediments (SM6, Table

3.3) showed the best performance (in terms of standard deviation, Table 3.4), even

though an a priori constant density was used for the crystalline crust. Based on the

VGG residuals (Eq. (3.2)) of this SM, tectonic (or terrain) boundaries in the Caribbean

oceanic region were refined, proposed and/or confirmed.

Additionally, the forward modelling of the VGG allowed to infer an average density

field for the crystalline crust, which provides information about the dominant density

out of the different layers that compose the crystalline crust. Based on this approach,

the main conclusions are:

1. The analysis of the VGG residuals allowed to recognise the COT in the

study area. The identification of this boundary is important, for example, in the

modelling of petroleum systems, but can also add valuable information in plate tectonic

reconstructions.

2. The residuals suggest the existence of an anomalous buoyant body of ∼31

× 103 km2 in the oceanic crust of the South American plate, in front of Dominique

and Martinique Islands. Its inferred density is <2850 kg m−3, and considering the

tectonic history of the Lesser Antilles subduction, this body is most likely related with a

fragment of a volcanic arc of intermediate composition that migrated from the Atlantic

Ocean. Even though this body seems to be the boundary between two different clusters

of seismicity in the Lesser Antilles (Figure 3.10 (c)), its existence needs to be confirmed

using more direct geophysical techniques (i.e.: drill cores, seismic reflection), able to

overcome the thick sedimentary layer (up to 18 km) of the BAP, which overlies the

crystalline crust in this area.

3. Based on the diverse geophysical information collected in this study, it is

proposed that the current main boundary between North and South American plates,

in the Lesser Antilles, is located at the Barracuda Trough. At that location, large

negative residuals can be followed until the subduction zone, whose spatial distribution

coincides with a transform fault. Additionally, a “jump” of 8 Ma in the crustal ages

suggests a decoupling zone (Figure 3.10 (b)).

4. The boundary of the inner and outer forearc domains, previously identified in

the north central portion of the Lesser Antilles by Evain et al. (2013) and Laigle et al.

68



(2013b), coincides with regions where there is a change in the residuals sign (Figure 3.10

(b)). The inner forearc is characterised by positive residuals and high crustal densities

(Figure 3.8), as was expected from the high-seismic velocities reported by Evain et al.

(2013). Similarly, the outer forearc is associated with negative residuals and lower

crustal densities, supporting the low-seismic velocities reported by these authors. Such

interpretation was extrapolated to the entire forearc domain of the North and South

Lesser Antilles, as well as to the Leeward Antilles, where clear high and low-density

bodies (positive and negative residuals, respectively) are present (Figure 3.15). The

location of these forearc domains could be considered as up-dip limits in the modelling

of the seismogenic zones in these subduction systems.

5. The boundary between the Colombian and Venezuelan basins corresponds with

negative VGG residuals, that can be followed from the Aruba Gap (Pecos Fault) to

the south of Hispaniola Island, towards the west flank of Beata Ridge (Figure 3.15).

Spatially, these residuals coincide with a westward dipping fault (Driscoll and Diebold,

1999). It is suggested that this boundary should be considered in GPS based models in

order to evaluate the two-plate hypothesis proposed for the Caribbean plate.

6. The residuals of the VGG highlight the boundary between two different crustal

domains in Grenada Basin. The low density volcanic material of the Modified Saba

crust dominates the northernmost third of the basin. On the other hand, the positive

residuals dominate the rest of the basin, which according to the inferred densities is

made of oceanic crust with few fragments of volcanic material, probably associated

with the extension process of Aves Ridge. These findings support the hypothesis of

Arnaiz-Rodríguez and Audermard (2018), whose interpretations include a differential

roll-back speed in the North Lesser Antilles subduction during the opening of the

Grenada Basin, allowing the flow of molten material in the northern portion of the

basin.

7. The inferred average density structure of the crystalline crust (Figure 3.8) is in

agreement with the previously known geology of the different Caribbean provinces.

For example, the low density material of the continental platforms have an inferred

density ranging from 2700 to 2800 kg m−3. Similarly, the density structure that

characterises the NNR is related with its continental and island arc fragments; as well as

the structure of Aves Ridge, which can be associated with an island arc of intermediate

composition. Finally, the residuals of the VGG and the low density fragments that

can be inferred inside the Cayman Through allow to propose a possible extension
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of serpentinised crustal fragments, besides the spatial distribution of the volcanic

provinces in Yucatan Basin (Figure 3.13).
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CHAPTER 4

Lithospheric structure of the South

Caribbean margin inferred from 3D

modelling of gravity anomalies

4.1 Introduction

In Chapter 3, the characterisation of the Caribbean submarine crust using Vertical

Gravity Gradients was presented, taking advantage of their sensitivity to shallow

density variations. In this chapter, instead, the main goal is to tackle the 3D lithospheric

structure of the South Caribbean margin (continental and oceanic domains) by means

of the modelling of gravity anomalies (Gz), which are more sensitive to deeper density

distributions (Álvarez et al., 2014; Álvarez et al., 2015).

The northern margin of the South American plate (Figure 4.1) is an active zone with

two flat-slab subductions: the Nazca (Coiba) plate from the west, and the Caribbean

plate from the north (some recent references include: Vargas and Mann, 2013; Yarce

et al., 2014; Porritt et al., 2014; Bernal-Olaya et al., 2015; Chiarabba et al., 2015; Wagner

et al., 2017; Monsalve et al., 2019 and Siravo et al., 2019). The interaction of both slabs at

depth defines a complex and poorly understood tectonic setting which poses a risk for

the inhabitants of the region. Active margins, in fact, are potentially prone to different

geohazards, including not only earthquakes, but also gas hydrate destabilisation, which

may result in submarine landslides and devastating tsunamis.
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Figure 4.1: The modelled region involves four tectonic plates: Caribbean, Panama, Nazca
and north of South America. White lines represent main plate boundaries according to Bird
(2003). Dashed lines are regions where the crustal thickness is less than 10 km (Mauffret and
Leroy, 1997). Earthquakes from January 1980 to March 2017 with magnitude 4 or larger are
also depicted (International Seismological Centre, 2020). Events with fixed depth have been
removed. CT = Cayman Trough, PDB = Panama deformed belt, NLA = North Lesser Antilles
subduction, SCDB = South Caribbean Deformed Belt, SLA = South Lesser Antilles subduction,
and STEP = Subduction-Transform-Edge-Propagator fault system.
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In regions such as the South Caribbean, where more classical approaches to evaluate

the seismogenic zones are limited, because seismic records do not extend far back in

time, and the frequency of megathrust earthquakes is low, alternative methodologies

are extremely needed.

3D data-integrative lithospheric-scale thermal modelling is a novel approach to

establish the spatial variation of seismogenic zones, both at shallow and intermediate

depths, thus providing crucial information about the range of conditions at which

earthquakes may occur in a particular tectonic setting. Therefore, in order to gain

insight into the physical conditions (such as rock strength and temperature) at which

earthquakes nucleate, it is necessary to build an improved 3D lithospheric model of the

study area (see Chapter 5).

The thermal model can also provide first order insights about potential gas

hydrate stability zones, which in river-dominated continental margins, such as the

northern South American plate, has been recently recognised as one of the most

important triggering factors of submarine landslides (Urlaub et al., 2013). Thus, the

3D lithospheric structural and density model that is presented in this chapter is an

important step for further geophysical applications, for instance the ones mentioned

before.

4.2 Modelling approach

The first step in the modelling workflow was to define a structural starting model.

The gravity response of this 3D lithospheric-scale configuration was modelled with the

software IGMAS+ (Schmidt et al., 2011), at 10 km calculation height. The modelled

results were compared with the gravity anomalies of EIGEN-6C4, available at the

Calculation Service of the International Centre for Global Earth Models -ICGEM (Ince et

al., 2019). The modelled area is shown as a black box in Figure 4.1, and ranges between

approximately 5◦-16◦ N and 62◦-83◦ W. This figure also includes the earthquakes with

magnitude 4 or larger for the study area, from the catalogue of prime hypocentres of the

reviewed International Seismological Centre (ISC) Bulletin (International Seismological

Centre, 2020). Recorded events from January 1980 to March 2017 are depicted, but those

with fixed depth have been removed.

In the next subsections, the datasets used to constrain the initial lithospheric model

are presented (Sect. 4.2.1). Additionally, the methodology to test the mantle’s density
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effect is explained in Sect. 4.2.2. Sect. 4.2.3 details the inversion of the gravity residuals,

aiming to improve the continental and oceanic crustal configurations.

4.2.1 Input data

The lithospheric structural starting model was initially based on the interfaces

described on Sect. 3.3.1. However, some changes were made in order to upgrade the

model attempting to represent the complex tectonic setting of the South Caribbean,

which are explained hereafter.

First of all, because the NOAA dataset of sediment thickness does not include the

continental coverage, it was necessary to evaluate other alternatives. In this case, the

sediment thickness from CRUST1.0 (Laske et al., 2013) was selected, not only because

it includes the continental regions, but also because it takes into account information

from broadly distributed seismic profiles of EXXON (1985) that allow the recognition of

the main sedimentary features, without disregarding the spatial connection between

both inland and offshore sedimentary systems. Figures 4.2 (b) and (c) present the

sedimentary thickness for the oceanic and the continental domains, respectively, with

the sea level as the boundary zone. These depocentes, as represented by CRUST1.0,

have been described in Sect. 2.7.2.

Additionally, the continent-ocean transition (COT) defined in Chapter 3 was used to

separate both oceanic and continental crustal types, considering the Moho depth from

the GEMMA model (Reguzzoni and Sampietro, 2015) (see Figure 3.1 (c)). Figures 4.2

(d) and (e) show the thickness of these layers. The black dashed-lines in the oceanic

crust map depict regions where the crust has a thickness smaller than 10 km, according

to Mauffret and Leroy (1997). Most of these regions coincide with places where the

calculated crustal thickness is extremely low, with values lower than 4 km.

Finally, even though the mantle densities based on a 3D solution using the S-wave

velocities of Schaeffer and Lebedev (2013) was considered (see Sect. 3.3.2), the gravity

signal of the slab’s shape available from the Slab2 dataset (Hayes et al., 2018) was also

tested. This dataset integrates diverse geophysical information in the definition of the

slab’s 3D structure, including: active-source seismic data, receiver functions, seismicity

catalogs from local and regional networks and tomographic models (Hayes et al., 2018).

Figure 4.2 (f) presents the thickness of the lithospheric slab, which thickens considerably

towards the north, reaching up to 93 km.

In conclusion, the initial model included seven layers (Figure 4.2): (1) seawater; (2)

oceanic sediments; (3) continental sediments; (4) oceanic crust; (5) continental crust;
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(6) the lithospheric slab thickness; and (7) the mantle down to 200 km depth. The

integration of the different datasets was made after interpolating to a homogeneous

spatial resolution of 25 km, using the minimum curvature algorithm with the software

Petrel (Schlumberger, 2019).

4.2.2 Testing the mantle’s density effect on the gravity signal

The lithospheric mantle’s density is one of the most influential parameters in the

modelling of the gravity anomalies, because of its massive volume compared with the

rest of the lithospheric layers. The structure of the lithospheric mantle in the South

Caribbean has been a topic of debate due to the apparent interaction of the Nazca

and the Caribbean slabs at depth. In fact, there is still no consensus in the scientific

community regarding the spatial extension of the Caribbean slab beneath the South

American continent (e.g.: Van Benthem et al., 2013; Mora et al., 2017; Sanchez-Rojas

and Palma, 2014). This not well constrained tectonic setting makes the gravity a

potential tool for testing plausible mantle scenarios, considering that particular density

configurations will have different gravity responses.

The mantle’s density effect on the gravity signal was explored testing three different

mantle configurations. In the first approach, the mantle’s densities obtained from the

conversion of the S-wave velocity anomalies, available in the SL2013sv model (Schaeffer

and Lebedev, 2013) (from 50 to 200 km depth) were considered. The S-wave velocities

are shown in Figure 4.3.

The density conversion was performed following a modified approach of Goes et al.

(2000), using a pressure and temperature dependent expansion coefficient (Hacker and

Abers, 2004; Meeßen, 2017). Table 3.1 shows the composition of the mantle that was

assumed for this conversion, for which the results are presented in Figure 4.4.

In general, with this methodology it is possible to establish a relation between high

velocity anomalies and high mantle densities (blue and dark blue regions in Figures 4.3

and 4.4, respectively), and viceversa with the low velocities and low mantle densities.

It is important to mention that while the color scale of the mantle’s velocities is constant

for all figures, the color scale of the mantle’s densities changes on each figure, in order

to have a better visualisation of the range of the computed densities at each depth.

At 50 and 75 km depth, the velocities and therefore the densities have a dipole-like

behaviour. At these depths, in the Caribbean Sea the mantle is denser compared with

the one below the South American continent, with differences up to 40 kg m−3 at 50 km

depth, where this dipole is more evident. However, this trend is reversed with depth,
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Figure 4.2: Structural layers used in the starting model of the South Caribbean margin. (a)
Water thickness from GEBCO (Weatherall et al., 2015). (b) and (c) unconsolidated oceanic
and continental sediments based on CRUST1.0 (Laske et al., 2013). (d) and (e) oceanic and
continental crystalline crust thicknesses. The dashed lines in Figure (d) represent places where
the oceanic crust is thinner than 10 km (Mauffret and Leroy, 1997). (f) Slab thickness from Hayes
et al. (2018). Note that this geometry does not differentiate the Nazca (Coiba) and the Caribbean
components in the slab.
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Figure 4.3: S-wave velocities from the SL2013sv model (Schaeffer and Lebedev, 2013). Each slice
represent one mantle depth, as used in the calculation of the mantle densities. The original cell
size of the tomographic data is 0.5◦.

and from 125 to 200 km below the surface, it is possible to distinguish a subduction-like

behaviour: denser (colder) material (up to 3284 kg m−3) below the South American

continent, in contrast with a lighter (warmer) mantle below the ocean.

Based on the spatial distribution of both parameters (velocity and density), it is not

easy to differentiate which portions of the mantle belong to either the Caribbean or the
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Figure 4.4: Mantle densities obtained from the S-wave velocity anomalies of Schaeffer and
Lebedev (2013) using Meeßen (2017) and Goes et al. (2000).

Nazca slabs. Nevertheless, the fastest velocities (up to 4580 m s−1) are concentrated

between 68◦ and 77◦ W, from 125 down to 200 km depth (Figure 4.3).

Because at depths shallower than 125 km the observed patterns do not allow to

make a reliable interpretation about the slabs, it was necessary to explore the gravity

effect of the slab shape published by Hayes et al. (2018). Figure 4.5 shows the spatial

distribution of the top of the slab, with its associated depths. Two main factors can

be highlighted from the slab shape: (1) even though it has been published as the

Nazca subduction, it is very likely that it also includes an important fraction of the

Caribbean slab, because of its northward extension. And (2) it is possible to distinguish

its flat-shape, which widens towards the east, in the region north of the Caldas tear

(∼5◦ N), as has been previously reported by other authors (e.g.: Vargas and Mann,

2013; Chiarabba et al., 2015).

Table 4.1 has a compilation of the three tested mantle’s density configurations.

Model 1 (M1) aims to evaluate the signal of the densities obtained from the conversion

of S-wave velocities, without considering any other slab shape. Model 2 (M2), instead,

includes the Slab2 thickness, with a density of 3163 kg m−3, that was obtained with the

inversion algorithm available in IGMAS+ (Schmidt et al., 2011; Sæther, 1997). In this

model, a mantle with a constant density of 3200 kg m−3 is assumed. Finally, Model 3

(M3) is an integration of both the 3D mantle densities and the Slab2 information. For all

models, the mantle density between the Moho and 50 km depth is considered constant,

with a value of 3200 kg m−3.
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Figure 4.5: Depth of the top of the slab tested in the lithospheric-scale gravity modelling (Hayes
et al., 2018).

Table 4.1: Summary of the datasets used to constrain the initial 3D lithospheric-scale model of
the South Caribbean, an the density values (kg m−3) assumed for testing the mantle’s gravity
effect.

Layer M1 M2 M3 Reference of structural layer

Water 1040
GEBCO
(Weatherall et al., 2015)

Oceanic
sediments

2350 CRUST1.0
(Laske et al., 2013)

Continental
sediments

2500

Oceanic
crust

2900 Moho depth
from GEMMA
(Reguzzoni and Sampietro, 2015)

Continental
crust

2800

Slab - 3163
Slab2
(Hayes et al., 2018)

Mantle from Moho
down to 50 km

3200 -

Mantle from 50
down to 200 km

3D 3200 3D
SL2013sv
(Schaeffer and Lebedev, 2013)
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4.2.3 Forward modelling of the gravity residuals

After the analysis of the mantle’s density effect on the modelled gravity was performed,

the model which had the minimum RMSE, compared with the gravity anomalies of the

EIGEN-6C4 dataset (Förste et al., 2014) was selected . This model, however, still has

a big misfit because it considers the oceanic and continental crusts as homogeneous

layers (Table 4.1).

Therefore, in order to have a better representation of the crustal heterogeneities, the

forward model of the gravity residuals (observed minus modelled) was performed in

two main steps. First, the code "Harvester" of the Fatiando a Terra geophysical Python

tool (Uieda et al., 2013) was used for defining the boundary between the upper and

lower continental and oceanic crusts. Harvester plants "density seeds" at the base of

the crust, and makes them grow vertically until the gravity residuals are minimised,

defining the top of the lower crust.

Second, in the regions where the residuals (after the inversion with Harvester) were

still considerably large (>30 mGal and <-30 mGal), bodies in the upper and lower crust

within the oceanic and continental domains were defined. The delimitation of these

bodies took into account the geologic evolution of the CLIP, and in general, considering

the tectonics of the Caribbean provinces (for example well known volcanic arcs, or

previously reported underplated material). Their densities were assigned depending

whether they matched a positive or negative residual, which suggest a mass deficit or

excess on the initial model, respectively.

4.3 Results

4.3.1 Gravity influence of the mantle and the lithospheric slabs

Figures 4.6 (a) to (c) show the residuals of the three different mantle configurations

tested for the South Caribbean region, and Figures 4.7 (a) to (c) depict the associated

histograms, with the calculated mean and RMSE of each model. The densities assumed

on each case are summarised in Table 4.1.

The residuals of model M1 (Figure 4.6 (a)), in which only a 3D mantle density

variation based on S-wave velocities was considered, show the highest misfit of

the gravity, with generalised negative residuals over the western South American

continent. These negative values suggest that the modelled densities are overestimated,
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or in other words, that there is a mass excess in the initial model. This misfit is

represented by a RMSE of 37.72 mGal, the highest of all evaluated models.

The spatial trend of the residuals obtained with models M2 and M3 are similar to

each other (Figures 4.6 (b) and (c)); however, the model M2 has larger positive residuals

over the western most corner of South America, suggesting a mass deficit in the model.

These residuals have a RMSE of 31.77 mGal, approximately 6 mGal smaller than the

RMSE of the residuals associated with model M1.

On the other hand, the model in which both the slab and the 3D density solution for

the mantle (model M3) were integrated has the lowest RMSE (29.12 mGal) of all tested

configurations, accompanied by a more symmetric histogram (Figure 4.7 (c)).

Based on these results, it is possible to evaluate the impact that the mantle’s density

has in the modelled gravity anomalies. In fact, in terms of the RMSE, solving the mantle

with both the 3D density distribution and the slab (model M3) implies a reduction of

22.8% in the RMSE, compared with a model that only considers the 3D mantle’s solution

(model M1).

For this reason, the model M3 was selected as the initial lithospheric-scale density

configuration. The wavelength of the residuals associated to this model (Figure 4.6

(c)) indicate that they are due to heterogeneities in the crystalline crust, that were not

considered in the initial set up of the model M3. Therefore, this model is used to

constrain the continental and oceanic crystalline crustal structures, as described in the

next subsection.

4.3.2 Improving the continental and oceanic crustal structures by means of
the inversion of the gravity residuals

After evaluating the mantle signal on the gravity anomalies, the next step was to

improve the continental and oceanic crustal structures, using the model M3 as the

initial (reference) model. In this subsection, the results of the final structural and

density configuration are presented, for which the residuals between the observations

(EIGEN-6C4) and the modelled gravity field are significantly reduced.

Figure 4.8 (a) depicts the measured gravity of EIGEN-6C4, at 10 masl. This field

has large positive values (>180 mGal) over topographic highs of the Andes, as well

as over the Santa Marta massif and the Panama microplate. In contrast, negative

gravity anomalies lie over the thick depocenters of the South Caribbean margin (SCDB,

MF and PDB), as well as over most of the continental basins (i.e. Lower Magdalena,

Barinas-Apure and Maracaibo).
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Figure 4.6: Effect of the three different mantle configurations on the modelled gravity anomalies.
Gravity residuals for: (a) Model M1, (b) Model M2 and (c) Model M3. See Table 4.1 for a detailed
description of the tested mantle’s density distributions.
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Figure 4.7: Histograms of the gravity residuals for the three tested models. (a) Model M1, (b)
Model M2 and (c) Model M3. See Table 4.1 for a detailed description of the tested mantle’s
density configurations.
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As can be seen in Figure 4.8 (b), after forward modelling the gravity residuals (see

Sect. 4.2.3), the modelled gravity response resembles the features previously described

in the EIGEN-6C4 data. The new residuals have a RMSE of 18.39 mGal, and have

been minimised for the whole study area (Figures 4.8 (c) and (d)) compared with the

residuals of the initial model (Figures 4.6 (c) and 4.7 (c)). With the new lithospheric

configuration, a decrease of approximately 36.8% in the RMSE is reached.

This new lithospheric configuration aims to represent the complex tectonic setting of

the Caribbean crust by including six different oceanic layers, with low and high density

bodies, whose thicknesses are shown in Figure 4.9.

The oceanic upper crust has been modelled with an average density of 3000 kg m−3,

and its maximum thickness reaches up to 9.55 km (Figure 4.9 (a)). Moreover, low and

high density bodies were defined from the top of the lower crust, to the top of the

upper crust, assigning average density values of 2900 kg m−3 and 3200 to 3250 kg m−3,

respectively (Figures 4.9 (b) and (c)). The low density bodies are located in the South

Nicaraguan Rise and in the Aves Ridge, where their maximum thickness is reached (up

to 8.6 km). On the contrary, the high density bodies are especially concentrated in the

Colombian and the Venezuelan basins, with maximum thicknesses of 6.6 km.

The oceanic lower crust (Figure 4.9 (d)) has been modelled with an average density

of 3100 kg m−3, with a maximum thickness of 21.9 km that is placed towards the west of

the Aves Ridge. In this case, the densities assigned to the low and high density bodies

of the lower crust were the same as for the bodies in the upper oceanic crust, i.e. 2900

kg m−3 and 3200 - 3250 kg m−3 (Figures 4.9 (e) and (f)).

As one can see comparing Figures 4.9 (b) and (e), and (c) and (f), these low and high

density bodies seem to have a continuation from the Moho up to the upper oceanic

crust, except for one high density body located in the lower crust, west of Aves Ridge.

As a reference, Figure 4.9 includes the isopach where the oceanic crust is thinner than

300 m, represented as magenta polygons, as well as the places where Mauffret and

Leroy (1997) reported a thinner oceanic crust (< 10 km), black dashed lines.

The continental crust has been split into four different sublayers. The continental

upper crust (Figure 4.10 (a)) has the maximum thickness (up to 35.3 km) and an average

density of 2750 kg m−3. Two low density bodies where defined in order to improve the

gravity fit. These areas include parts of the Lower Magdalena, Maracaibo and Falcon

basins (Figure 4.10 (b)). Such bodies have an average density of 2600 - 2650 kg m−3, and

have been defined from the top of the continental lower crust to the top of the upper
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Figure 4.8: Gravity anomalies: (a) according to the EIGEN-6C4 model (Förste et al., 2014),
and (b) modelled after forward modelling the gravity residuals. This includes the definition
of the lower continental and oceanic crusts, and the delimitation of bodies according to the
gravity residuals (see text for details). (c) Final residuals obtained with the lithospheric structure
described in Table 4.2. (d) Histogram of the final residuals
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crust, with a maximum thickness of 24.1 km towards the southeast of the Maracaibo

basin.

Additionally, one high density body has been integrated into the structure of the

upper continental crust (Figure 4.10 (c)). It has an average density of 3000 kg m−3 with

a thickness up to 13.7 km, and is located below the Santa Marta massif.

Finally, the lower continental crust has been defined as a complete unit, with an

average density of 3070 kg m−3, and a maximum thickness of 31.8 km, in the southern

part of the eastern cordillera.

In order to fit the gravity, two subcrustal high density bodies were additionally

required and integrated into the oceanic domain (Figure 4.11). According to the model

results, these bodies might reach an average density of ∼3500 kg m−3, if a maximum

thickness of 6.6 km is assumed, close to the areas where the B" horizon has been

described as a smooth surface (white lines in Figure 4.11).

A summary of the final lithospheric structural and density model is presented

in Table 4.2. As mentioned in Sect. 4.2.3, the gravity inversion was focused in the

improvement of the oceanic and continental crustal structures; therefore, the remaining

lithospheric layers were preserved as in the initial model.

4.4 Discussion

4.4.1 Crustal structure of the South Caribbean margin

The complex geologic development of the Caribbean crust involved basalt flows,

extension and underplating of plume material (Driscoll and Diebold, 1999;Mauffret and

Leroy, 1997), with heterogeneous, high MgO rocks (up to 28 wt% MgO, Kerr, 2014) that

have been well described based on accreted fragments along the Caribbean margins

(Arndt et al., 1997; Kerr, 2005; Hastie and Kerr, 2010; Van Der Lelij et al., 2010; Neill

et al., 2011).

These accreted portions of the CLIP, allowed the reconstruction of the geochemistry

and temperature conditions that the mantle plume had at the time of the interaction

with the Proto-Caribbean crust. Indeed, the high MgO rocks such as the komatiites and

the picrites, account for magmas that migrated relatively fast from the mantle source,

without being stored in magma chambers (Kerr et al., 1998).

Even though different seismic campaigns were carried out in the Caribbean region

(e.g.: Officer et al., 1959; Ewing et al., 1960; Bowland and Rosencrantz, 1988; Mauffret

and Leroy, 1997; Driscoll and Diebold, 1999; Levander et al., 2006), most of the available
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seismic profiles do not include a complete record of the crust, because they either

focused on the structure of the top of the basement (horizon B"), or on the tectonic

configuration of the sedimentary layers (e.g.: Escalona and Mann, 2011; Kroehler et al.,
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Figure 4.9: The final lithospheric model includes six layers in the oceanic crust: (a) Oceanic
upper crust. (b) Low density bodies and (c) high density bodies, located in the oceanic upper
crust. (d) Oceanic lower crust. (e) Low density bodies and (f) high density bodies, located in
the oceanic lower crust. Dashed lines represent places where the oceanic crust is thinner than
10 km (Mauffret and Leroy, 1997). Magenta polygons depict regions where the oceanic crust is
thinner than 300 m based on the datasets used in the initial model.
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Figure 4.10: The final lithospheric model includes four layers in the continental crust: (a)
Continental upper crust. (b) Low density and (c) high density bodies, located in the continental
upper crust. (d) Continental lower crust. The main faults are represented as black heavy lines.
BF = Bocono Fault. EPF = El Pilar Fault. OF = Oca Fault. SMBF = Santa Marta-Bucaramanga
Fault.
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Figure 4.11: Two high density subcrustal bodies are required to fit the gravity field. Dashed lines
represent places where the oceanic crust is thinner than 10 km (Mauffret and Leroy, 1997). White
lines depict areas with smooth B" horizon, associated with extended Proto-Caribbean crust in
the Colombian basin (Bowland and Rosencrantz, 1988) (closed polygon), and in the Venezuelan
basin (Kroehler et al., 2011) (eastward of the white line).

2011 and references therein). Additionally, due to the large thickness of the igneous

plateaus and the large water depths at which they are usually found, it is difficult to

image the Moho even with the largest airgun arrays (McNutt and Caress, 2007).

As seismic profiles of sufficient quality and spatial coverage are lacking, 3D gravity

models were used to assess the density configuration on a regional scale. Therefore,

low and high density bodies were defined, both in the upper and lower oceanic and

continental crusts (Figures 4.9 and 4.10), following the spatial distribution of the gravity

residuals. Densities required to match a positive or negative residual where assigned

to these bodies, considering the tectonic setting of the region. Figure 4.12 shows the

average crustal density obtained after the forward modelling of the gravity anomalies

for the entire crust, including the upper and lower continental and oceanic crystalline

crusts, and the previously mentioned high and low density bodies.

In general, it is possible to recognise that lighter crust is associated with the

continental domains, as well as with the portions of the oceanic arc-like Nicaraguan

Rise (Lewis et al., 2011), and the extinct arc of the Aves Ridge (Christeson et al., 2008).

On the other hand, the average crustal densities of the Colombian and the Venezuelan

basins are dominated by densities higher than 3100 kg m−3 (blue polygons, Figure 4.12).
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Table 4.2: Summary of the layers and density values that integrate the final structural model of
the South Caribbean lithosphere.

Layer Modelled density
(kg m−3)

Water 1040
Oceanic sediments 2350
Continental sediments 2500
Oceanic upper crust 3000
Low density bodies
upper oceanic crust 2900
High density bodies
upper oceanic crust 3200 - 3250
Oceanic lower crust 3100
Low density bodies
lower oceanic crust 3000 - 3050
High density bodies
lower oceanic crust 3200 - 3250
Continental upper crust 2750
Low density body
upper continental crust 2600 - 2650
High density bodies
upper continental crust 3000
Continental lower crust 3070
High density subcrustal
bodies

3500

Mantle down to 50 km 3200
Slab 3163
Mantle from 50 km to 200 km 3D solution

In Figure 4.12, the high density crustal domains are interpreted as regions heavily

affected by the CLIP formation, both in the Colombian and the Venezuelan basins. The

defined high density oceanic bodies are mainly located in regions outside the thinner

oceanic crust (< 10 km) reported by Mauffret and Leroy (1997) (black dashed lines in

Figure 4.9); therefore, their presence is in agreement with the tectonic model of the

Caribbean, where high density, plume-related material, significantly contributed to the

thicker than normal crust that characterise this plate (Ewing et al., 1960; Edgar et al.,

1971; Mauffret and Leroy, 1997; Driscoll and Diebold, 1999; Diebold and Driscoll, 1999).
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Two regions where the calculated thickness of the oceanic crust is virtually zero are

depicted with white color, and are close to the areas previously reported as extended

original Proto-Caribbean crust (Bowland and Rosencrantz, 1988; Kroehler et al., 2011)

(thick black lines in Figure 4.12). According to the data-integrative model, the different

extensional phases (see Sect. 2.2) associated with the mantle plume emplacement could

have resulted in a thinner than normal crust, probably with exhumed mantle present in

these areas.

Within the continental domain, two low density regions (< 2700 kg m−3) are inferred

based on the model results: the Lower Magdalena Valley basin, whose basement has

been described as mainly felsic (Mora-Bohórquez et al., 2017); as well as parts of the

Falcon and Maracaibo foreland basins. In contrast, the crust of the Santa Marta massif

has an average density of 3000 kg m−3, which is in agreement with a cratonic origin,

with igneous intrusions, as described by Montes et al. (2019).
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Figure 4.12: Average density of the South Caribbean and northwestern South American crusts based on the forward modelling of the gravity
anomalies. The crustal domains summarised in Table 4.2 have been included. White domains represent areas were the thickness of the oceanic
crust is virtually zero, according to the integrated datasets. Black dashed lines depict regions where the oceanic crust is thinner than 10 km
(Mauffret and Leroy, 1997). Thick black lines show areas with smooth B" horizon, associated with extended Proto-Caribbean crust in the
Colombian basin (Bowland and Rosencrantz, 1988) (closed polygon), and in the Venezuelan basin (Kroehler et al., 2011) (eastward of the black
line). Blue polygons represent regions where the crust reaches an average density of 3100 kg m−3. BF = Bocono Fault. EPF = El Pilar Fault.
OF = Oca Fault. SMBF = Santa Marta-Bucaramanga Fault.
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4.4.2 High density subcrustal bodies: preserved signal of the CLIP plume?

The 3D data-integrative and gravity-validated density model include regions where

the oceanic crust is virtually zero, both in the Colombian and the Venezuelan basins.

In these regions, high density material is required to fit the measured gravity field.

Moreover, based on the mantle densities obtained from the conversion of S-wave

velocities, this high density trend can be followed, at least, down to 75 km depth.

The forward modelling of the residuals suggests that the two high density

subcrustal bodies are approximately 440 km wide. Assuming the thickness and spatial

distribution shown in Figure 4.11, a density of 3500 kg m−3 is required to fit the gravity

field. These bodies not only have a spatial correlation with the thinner crust of Mauffret

and Leroy (1997) (black dashed polygons), but also reach their maximum thicknesses in

areas where the stretched original Proto-Caribbean crust has been reported by Bowland

and Rosencrantz (1988) in the Colombian Basin (white closed polygon), and by Kroehler

et al. (2011), eastward of the white line plotted in Figure 4.11, on the Venezuelan Basin.

Nevertheless, it is necessary to point out that the density of these subcrustal

domains might not necessarily be as high as 3500 kg m−3. In fact, if their location is

assumed from the base of the oceanic crust down to 25 km depth, the density required

to fit the gravity decreases to 3300 kg m−3 (see Appendix 9.3). In this scenario, the

subcrustal bodies might have seismic velocities similar to that of a "normal" mantle,

making their interpretation as mantle plume-related bodies difficult, especially in the

context of seismic experiments carried out by other researchers in the past. For example,

Mauffret and Leroy (1997) interpreted seismic velocities of 8.1 km s−1 as normal mantle

velocities, based on isolated sonobuoy measurements both in the Colombian and the

Venezuelan basins (see Figure 22 (a) in their publication).

The presence of shallow subcrustal bodies has been identified for different plateaus

and regions where plume interaction with old crust is inferred (see McNutt and Caress,

2007 for a detailed compilation of case studies worldwide). Some examples include a 4

km thick and 200 km wide subcrustal body found in the Hawaiian-Emperor seamount

chain by Watts et al. (1985). According to their interpretation, this body has unusually

high seismic velocities for a "normal" lower oceanic crust, ranging between 7.4 and 7.8

km s−1.

The Marquesas hot-spot chain is another example of magmatic underplated

material that has been described based on seismic reflection and refraction data (Caress

et al., 1995). In this case, the seismic velocities associated to this extensive body vary

between 7.5 and 7.9 km s−1, and its volume was estimated as 1.9 times the volume of
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the plume material that lay on top of the preexisting crust. Considering the estimated

density of this underplated body, Caress et al. (1995) suggested that the plume-related

material was buoyant enough to reach the base of the crust, but was not light enough

to continue all the way up above the oceanic crust.

Leahy and Park (2005) also identified high velocity subcrustal material with a

thickness of 2 km in Tahiti, and 10 km in Raratonga. Moreover, the best-fitting model of

gravity data in the Ontong Java plateau required the presence of underplated material

(Ito and Taira, 2000).

In the Caribbean region, underplated material associated with picritic and

ultramafic cumulates with seismic velocities of up to 8 km s−1 have been identified

by different researchers (Mauffret and Leroy, 1997; Driscoll and Diebold, 1999).

Nevertheless, a detailed spatial distribution as suggested by the previously discussed

results, involving deeper mantle domains, has never been reported for the Caribbean

plateau. The existence of such high density bodies may have played an important

role in the evolution of the Colombian and the Venezuelan basins, among other facts,

because of their potential to flex the elastic and stretched Proto-Caribbean lithosphere

from below, in response to their subcrustal loading.

The spatial correlation of the high density bodies in the Caribbean lithospheric

mantle with the stretched oceanic crust suggest the possibility of having exhumed

mantle, considering the small crustal thickness calculated for these regions in the

structural model (Figure 4.2 (d)). It is also important to note that there is a spatial

correlation between the subcrustal body and the larger water depths (up to 5 km) in the

Venezuelan Basin (see Figures 4.11 and 4.2 (a), around 14◦ N and 66-68◦ W). Therefore,

one interpretation is that not only the extensional process affected the tectonic evolution

of this basin, but also the subcrustal loading of such high density material could have

contributed to the tectonic subsidence in this basin.

In any case, it is possible to recognise a high density mantle trend that rises from 75

km depth, based on the calculated densities from the velocity anomalies of the SL2013sv

tomographic model. Figure 4.13 shows a perspective view of the mantle density at three

different depths (25, 50 and 75 km), as well as the thickness of the proposed subcrustal

bodies, if a density of 3500 kg m−3 is assumed. Here, two branches of high density

mantle (higher than the surroundings) seem to continue all the way up, until they reach

the base of the crust, where they connect with the subcrustal bodies.
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Figure 4.13: The high density subcrustal bodies seem to be a continuation of a high density
upper mantle zone. This mantle trend can be followed from 25 km depth (where a maximum
density of ∼ 3150 kg m−3 is calculated), down to 75 km, where the highest density of the
Caribbean upper mantle is reached (∼ 3190 kg m−3).
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4.4.3 Flat-slab subductions beneath the South American continent

The extent of the Caribbean subduction along the SCDB is still a topic of debate.

Accordingly, the geometry of this active margin is dominated by highly oblique

transpressive domains, including elements of both subduction and strike-slip motion

(Escalona and Mann, 2011). In any case, the lack of subduction-related earthquakes,

together with the presence of strike-slip earthquakes along this margin render the

characterisation of a clear Wadati-Benioff zone difficult (see spatial distribution of

earthquakes in Figure 4.1). Kroehler et al. (2011) studied the back thrusting mechanism

in the SCDB, and found a west-east variation, with up to 500 km of Caribbean plate

subducted beneath the South American continent, below the western Venezuelan Basin,

to a dominance in the strike-slip component towards the east of this basin. According

to their analysis, this variation accounts for the different times at which the subduction

was initiated (middle Eocene towards the west side of the Caribbean plate, versus

younger subduction towards the east).

In the tomographic model of SL2013sv (Schaeffer and Lebedev, 2013), fast S-wave

velocities of up to 4580 ms−1 are present, between 77◦ and 68◦ W, from 125 to 200 km

depth. Similar findings were reported by Van Benthem et al. (2013), whose P-wave

tomographic model suggests the presence of a high velocity anomaly (cold material)

between 76◦ and 67◦ W, at depths larger than 100 km. Both models support the

hypothesis of ongoing subduction along most of the South Caribbean margin, but not

including its eastern most part, and the Panama microplate, as other authors have

suggested before (Camacho et al., 2010).

The best fitting to the measured gravity anomalies was accomplished by a 3D

data-integrative lithospheric-scale were both the 3D mantle densities and the slab from

Slab2 were considered. In this model, a slab density of 3163 kg m−3 was assumed.

This relatively low slab density is in agreement with the presence of a buoyant oceanic

crust (such as a volcanic ridge), as Chiarabba et al. (2015) recently described the flat-slab

subduction beneath the South American continent. However, the slab geometry does

not take into account the complete, feasible extension of the Caribbean subduction, as

the previously mentioned tomographic models suggest.

In any case, the potential of the methodology presented in this Chapter, is that in

the future, other slabs shapes can be tested, such as the one proposed by Mora et al.

(2017). Additionally, more local scale models might be required in order to evaluate

particular slab settings in the Panama microplate and in the south east portion of the
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Caribbean plate, where incipient subduction might be developing nowadays (Kroehler

et al., 2011).

4.5 Final remarks and summary

The mantle’s gravity effect was tested using three different configurations (Table 4.1).

The model M3, where both a 3D density solution for the mantle and the slab shape were

included, showed the best fit with the gravity anomalies of EIGEN-6C4 dataset (Förste

et al., 2014).

This lithospheric configuration was used as a starting point to better constrain the

crustal structure of the study area, by means of the forward modelling of the gravity

residuals. In order to fit the gravity field, low and high density bodies in the upper and

lower oceanic and continental domains were defined (Figures 4.9 and 4.10, and Table

4.2), which resulted in a broad minimisation of the residuals (Figure 4.8 (c)). Therefore,

the results demonstrate that the complex tectonic development of the Caribbean crust

cannot be described by a simplified two-layered crust, as the latter might not accurately

fit the gravity anomalies in this region.

Assuming the density distribution presented in Table 4.2, the average crustal

densities were calculated. These densities are in agreement with previously reported

tectonic configurations of the South American continent, including some singularities

such as the Santa Marta massif, the Maracaibo block, and the foreland basins.

Additionally, the results highlight areas were the igneous plateau formation could have

affected the Proto-Caribbean crust by significantly increasing its density (Figure 4.12).

Moreover, the results suggest the existence of high density subcrustal material in the

Colombian and the Venezuelan basins, that depending on the assumed thickness, might

have a density between 3300 and 3500 kg m−3. These high density bodies seem to have

a continuation in the upper mantle, down to 75 km depth (Figure 4.13). These upper

mantle domains are characterised by a bifurcated structure, where two high density

branches are recognised. Such trend is also evident as high S-wave velocities in the

SL2013sv data (Schaeffer and Lebedev, 2013) (Figure 4.3).

The heterogeneous, high MgO rocks associated with the CLIP account for magmas

that migrated relatively fast from the source, without being stored in magma chambers

(Kerr, 2014). Therefore, the observed two branches of high density mantle might

be related with the magma paths of the two pulses of magmatic activity, broadly
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recognised in the tectonic model of the CLIP formation, at ∼91–88 Ma and ∼76 Ma

(Sinton et al., 1998; Diebold and Driscoll, 1999).

The two branches of high density mantle (higher than the surroundings) are

interpreted as the preserved signal of the fossil Caribbean Large Igneous Plateau plume,

which had never been described before. Assuming a S-wave velocity of 4540 ms−1 as

the boundary of the high density material, a total volume of∼9.2×1015 m3 is calculated

for the Caribbean fossil plume. This contribution is important because the formation

of oceanic plateaus are one of the less well known magmatic processes (Kerr, 2014);

thus, further questions about their structure can be answered based on the Caribbean

example. In this case, Ocean Bottom Seismometers (OBS) campaigns might be required

to fully image the interpreted fossil plume.

High density underplated subcrustal material definitively could play a role in the

flexure of the crust, because it represents an additional load from below (McNutt and

Caress, 2007). Therefore, future research could be focused on the understanding of this

load in the tectonic evolution of the Colombian and Venezuelan basins. For example, in

terms of its effect on the subduction initiation, at least in the Venezuelan Basin, where

an incipient subduction seems to be occurring nowadays (Kroehler et al., 2011).

Regional scale, data-integrative models are important tools for testing different

lithospheric configurations. In this case, the shape of the Slab2 dataset was integrated

into a gravity-validated 3D lithospheric-scale model of the South Caribbean margin.

However, this slab geometry might not accurately integrate both the Nazca and the

Caribbean slabs interaction beneath the South American continent. Therefore, future

geophysical information is required in order to better constrain these slabs geometries.

The implementation of accurate slab’s geometries is important because: (1) the

geometry of the subduction zone has a crucial role in the spatial distribution and

size of its associated earthquakes. (2) Seismic tomography especially allows the

understanding of the mantle structure at depths below the Moho (at shallower depths

the accuracy decreases considerably, Schaeffer and Lebedev, 2013); however, it is

at shallow depths (<50 km) where the most hazardous megathrust events occur.

Therefore, a data-integrative model can be used as starting point for further geophysical

applications, such as the geohazards assessment.
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CHAPTER 5

3D thermal structure of the South

Caribbean and northwestern South

America. Implications for tectonics,

seismicity and gas hydrates

5.1 Introduction

Geodynamic processes are governed by the physical and thermal state of the

lithosphere, which at the same time is influenced by its particular (heterogeneous)

lithology. These geodynamic processes involve the accumulation of elastic strain

due to the displacement of the subducting lithosphere beneath the overriding plate

in a subduction system. This accumulation concentrates especially in the interplate

seismogenic zone, i.e: the patches of the down-going and overriding plates that are

partially or completely locked. Around these locked zones, accumulated strain is

released during earthquakes (Gutscher et al., 2016).

One of the most important scientific questions in geosciences is how to estimate

the spatial extent of the seismogenic zones more precisely, because the magnitude of

an earthquake is influenced by both the size of the rupture zone (which is affected by

the degree of coupling between both plates) and the co-seismic slip (i.e: the amount of

fault motion during an event) (Moreno et al., 2014; Gutscher et al., 2016). Indeed, the
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understanding of the physical conditions at which earthquakes nucleate can shed light

in the risk assessment, and may even contribute to earthquake forecasting in the future.

The study of the seismogenic zones can be performed using a dense record of depths

and magnitudes of megathrust earthquakes. However, in regions where the seismic

records do not extend far back in time or the frequency of such mega-events is limited,

alternative indirect methods for the delimitation of these zones might be applied. In

recent times, numerical modelling of the 2D thermal distribution of subduction systems

(forearc, trench and slab) has been used as a proxy for the delimitation of the locked

portion between both plates (e.g: Keken et al., 2008; Gutscher et al., 2013; Gutscher

et al., 2016). Using these thermal models, researchers take advantage of the stick-slip

behaviour that rocks at subduction zones show, especially (for quartzo-feldspathic

ones) between 150◦C and 350◦C (Oleskevich et al., 1999). However, these approaches

usually consider a really simplified lithospheric structure, disregarding particular

tectonic assemblies that can considerably affect the thermal response of the system.

The Caribbean Sea is an active region with three main subduction zones (Figure

5.1): The Middle American Trench (MAT) in the west, the South Caribbean Deformed

Belt (SCDB) in the south, and the Lesser Antilles subduction in the northeast-east

(North and South Lesser Antilles - NLA and SLA). The northwestern boundary of the

Caribbean plate with North America, and its southeastern boundary with continental

South America have been recognised as large strike-slip fault systems (Bezada et al.,

2010; Kroehler et al., 2011; Escalona and Mann, 2011; Van Benthem et al., 2013), defining

a Subduction-Transform-Edge-Propagator (STEP) system on its southeastern boundary.

The well-defined Wadati-Benioff zones of the Lesser Antilles and the Middle

American subductions (Benz et al., 2011) have allowed the study of their seismogenic

zones in more detail (e.g.: studies of the Lesser Antilles by Gutscher et al., 2013 and

Laigle et al., 2013b; studies of the Middle American Trench by Harris and Wang,

2002 and DeShon et al., 2003). However, this is not the case for the South Caribbean

margin, where the nature of the plate boundaries between the Caribbean, the Panama

microplate, and the northern South American plate are still a matter of intense debate.
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Figure 5.1: Shaded relief image of the Caribbean region including the study area (magenta box). Colored dots indicate epicenters of
earthquakes occurred from January 1980 to March 2017 with magnitude 4 or larger (International Seismological Centre, 2020). Events with
fixed depth have been removed. Main plate boundaries are depicted by white contours (Bird, 2003). The tectonic boundaries include three
subduction zones: NLA and SLA = North and South Lesser Antilles; SCDB = South Caribbean Deformed Belt and MAT = Middle American
Trench. Other boundaries are: CT = Cayman Trough; PDB = Panama deformed belt and STEP = Subduction-Transform-Edge-Propagator fault
system. Black lines represent the main transform faults of BF = Boconó Fault, SMBF = Santa Marta - Bucaramanga Fault, EPF = El Pilar Fault,
and OF = Oca Fault.
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The southern margin of the Caribbean plate is characterised by sparse, shallower

and less intense seismicity (color dots in Figure 5.1) compared with the east and west

subduction zones. Nevertheless, historical evidence exists about large earthquakes at

this margin. For example, in 1834 an intense event destroyed the city of Santa Marta,

Colombia. Additionally, paleoseismology studies in western Venezuela reported events

with magnitudes M>7.0 (Audemard, 1996).

Commonly, the seismicity and the risk assessment in the south Caribbean and

northwestern South America have been evaluated mainly considering the transform

fault systems of Oca and Santa Marta – Bucaramanga (OTF and SMBF, Figure 5.1).

Normally, authors compare the geodynamic setting of this region with the strike-slip

system present at the northwestern boundary of the Caribbean – North American

plates, responsible of the devastating earthquake in Haiti in 2010. In any case,

the seismic hazard in this region includes not only strike-slip systems, but also the

interaction of the flat-slab subductions of the Caribbean and Nazca (Coiba) plates under

the South America continent. The geometry of these subductions, however, is not well

constrained yet (Bezada et al., 2010; Van Benthem et al., 2013; Mora et al., 2017; Hayes

et al., 2018). Therefore, innovative techniques must be used for the characterisation and

analysis of the seismogenic zones in this region, as an integral approach of the threat

and risk analysis of geohazards.

Concerning the geohazards analysis, submarine landslides and their associated

tsunamis can be triggered not only by earthquakes, but also by the destabilisation of

gas hydrate deposits, especially at river-dominated margins (Urlaub et al., 2013), such

as the South Caribbean. In fact, gas hydrate deposits have been identified along most of

this margin, including: the Panama Deformed Belt (Reed et al., 1990), the Atrato basin

(López and Ojeda, 2006; Vargas, 2012), the Magdalena Fan depocenter (Vargas, 2012;

Leslie and Mann, 2016), the Guajira basin (López and Ojeda, 2006; Vargas, 2012), and

along the South Caribbean Deformed belt (Escalona and Mann, 2011) (see Figure 2.5).

Gas hydrates are stable in low-temperature and high-pressure environments,

usually found in marine sediments within continental slopes. In addition, their stability

is controlled by the local geothermal gradient, and the gas composition (Grozic, 2010;

Klitzke et al., 2016a).

The destabilisation of these deposits could contribute to collapses of unconsolidated

material along continental margins, which may comprise up to hundreds or even

several thousands of cubic kilometers of sediment. Moreover, they can occur along low

topographic gradients, which would be potentially stable on land (Pope et al., 2015).
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In fact, within the Caribbean region, at least 75 tsunamis have been identified in the

last 500 years (Hillebrandt-Andrade, 2013), where hundreds of thousands of coastal

inhabitants, tourists and infrastructures are potentially at risk.

In this chapter, the 3D thermal field of the South Caribbean and northwestern South

America is explored using a numerical model scheme based on finite elements with

the software LYNX (Jacquey and Cacace, 2020a; Jacquey and Cacace, 2020b). The

main input is the gravity-validated lithospheric-scale structural and density model

presented in Chapter 4, as well as lithology-dependent thermal properties for the

different layers of the lithosphere, i.e.: oceanic and continental sediments, oceanic and

continental upper and lower crusts, and their associated high and low density bodies,

the lithospheric slab, and the mantle down to 75 km depth. Therefore, an integral view

of the lithosphere is one of the main advantages of this approach.

Further geophysical applications that can be carried out using this data-integrated

lithospheric-scale model will be exemplified. Namely, the temperatures at which

earthquakes nucleated will be calculated, as well as other proxies of lithospheric

strength based on the distribution of specific isotherms. Additionally, the first-order

potential gas hydrate stability zones will be delineated for the study area, considering

the modelled temperature distribution within the oceanic sediments, assuming two

feasible gas hydrate compositions.

5.2 Modelling approach

5.2.1 Steady-state thermal model

The main mechanism of heat transport within the lithosphere is thermal conduction

(Turcotte and Schubert, 2002). Assuming steady-state conditions, conductive heat

transport can be expressed as:

H = ∇(λb∇T), (5.1)

where H is the radiogenic heat generation, ∇ is the nabla operator, and λb the bulk

thermal conductivity. This equation was solved with the numerical simulator LYNX

(Lithosphere dYnamic Numerical toolboX) (Jacquey and Cacace, 2020a; Jacquey and

Cacace, 2020b), using the validated gravity-constrained structural and density model

of the South Caribbean margin, presented in Chapter 4, as the main input parameter.

In this steady-state assumption, the heat transport within the lithosphere depends

on the thermal properties of each lithospheric layer: the radiogenic heat production
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(RHP) and the thermal conductivity (λ). Therefore, specific values were assigned to the

different layers of the lithospheric model, as explained in Sect. 5.2.2.1.

The results presented hereafter correspond to the outcome of 3D conductive heat

transport simulations in the lithosphere, using a model from the top of the sediments

down to 75 km depth. It is worth mentioning that the results of models with the

lower boundary set at 200 km depth were also tested; however, because the modelled

temperatures had a larger misfit compared with the temperatures measured in wells

and the heat flow values (details in Sect. 5.2.2.2) the results will not be taken into

consideration. Moreover, the distribution of seismic velocities in tomography models

indicates a change in the temperature distribution pattern in the depth interval between

75 km and 200 km, in response to the configuration of the different subducting plates.

These first modelling attempts demonstrated that a purely conductive model may not

represent the deeper dynamics of the subduction systems present in the study area.

5.2.2 Input data

5.2.2.1 Lithospheric structural model and definition of thermal properties

The gravity-validated structural and density model of the South Caribbean margin

(details in Chapter 4) represents the complexity of the Caribbean realms by including

fifteen different layers, which are summarised in Table 5.1. Aiming to have a detailed

spatial resolution, the structural model was refined to a 5 km x 5 km cell size.

One of the main reasons for using gravity in the validation of the lithospheric

model is that this fundamental force responds directly to the density distribution of

the Earth, providing additional information about the masses that lay in the subsurface

at different depths (e.g.: Klitzke et al., 2016a). In this order of ideas, the South

Caribbean model also provides insights about the main lithologies that exist in the

modelled area. These lithologies are, in turn, one of the most important parameters

for the thermal modelling, since each lithology has particular thermal properties such

as thermal conductivity and radiogenic heat production (Vilà et al., 2010; Ehlers, 2005;

Hasterok et al., 2018).

Therefore, based on the known geologic and tectonic setting of the Caribbean, and

considering the density values obtained for the different lithospheric layers, the next

step was to define the thermal properties required for the thermal modelling, which are

also summarised in Table 5.1.
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Most of the thermal conductivities were defined averaging the values reported

by Turcotte and Schubert (2002) for particular lithologies. For example, the thermal

conductivity for continental sediments was obtained averaging the values of shale,

sandstone and limestone.

Particularly, the bulk thermal conductivity (λb) of the marine sediments, which are

water-saturated, was determined with Eq. 5.2:

λb = φλ f + (1− φ)λs , (5.2)

where φ is the surface porosity of the sediments (defined as 0.54), λ f represent the

thermal conductivity of the ocean water (0.6 W m−1 K−1), and λs that of the solid

portion of the sediments, considering a weighted average of a mix 50% sandstone, 40%

shale and 10% limestone (2.54 W m−1 K−1) (Klitzke et al., 2016a).

On the other hand, the radiogenic heat production was mainly assigned considering

the values reported by Vilà et al. (2010) for each lithology. Nevertheless, it was

calculated using the actual concentration of the radioactive elements U, Th, and K for

those cases where specific sample analyses were available in the studied area. This was

the case for rocks of the Caribbean Large Igneous Plateau fragments reported by Kerr

(2014), and for a few samples of the Aves Ridge, studied by Neill et al. (2011). In those

cases, the equation that relates the radioactive composition with the radiogenic heat

production (µW m−3) is (Vilà et al., 2010):

RHP = 10−5ρ(9.52CU + 2.56CTh + 3.48CK), (5.3)

where ρ is the density (kg/m−3) obtained from the forward modelling of the gravity

anomalies (Table 5.1) for each layer, and CU , CTh, and CK the concentration of uranium

(ppm), thorium (ppm), and potasium (%), respectively.

The RHP of the slab was defined taking into account the pressure-temperature

diagram of metamorphic facies published by Stüwe (2007). A slab temperature

of 1100◦C was used, based on the temperature distribution at the lower boundary

condition, i.e: 75 km depth (Figure 5.3). At this depth, a pressure of ∼25 kbar

is expected, being the eclogite facies potentially the most stable one under these

conditions. Thus, the mean value of the RHP for eclogites reported by Vilà et al. (2010)

was selected.
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Table 5.1: Thermal properties defined for each lithospheric layer. RHP: Radiogenic heat production. CLIP: Caribbean Large Igneous Plateau.

[1] Turcotte and Schubert (2002). [2] Vilà et al. (2010). [3] Neill et al. (2011). [4] Kerr (2014). [5] Scheck-Wenderoth and Maystrenko (2013). [6]

Montes et al. (2019). [7] Mériaux et al. (1998). [8] Stüwe (2007).

Layer
Density

/kg m−3

Thermal

conductivity

λ /W m−1 K−1

RHP

/µW m−3

Reference for thermal

conductivity
Reference for RHP

Oceanic

sediments
2350 1.49 1.1 Eq. 5.2

Mean value for sedimentary

rocks [2]

Continental

sediments
2500 2.55 1.19

Average for shale,

sandstone and

limestone [1]

Mean value for detritic

sedimentary rocks [2]

Oceanic upper crust 3000 2.1 0.358

Low density bodies

(South Nicaraguan Rise)
2900 2.1 0.358

Mean value for basalts [1] Mean value for basalts [2]

Low density bodies

(Aves Ridge)
2900 2.6 1.07

Average for basalts and

granites [1] following

the composition by [3]

Eq. 5.3, using the average

concentration of U, Th and K

for Aves Ridge samples [3]

High density bodies in

the upper oceanic crust
3200 - 3250 2.93 0.057

Average for basalts,

gabbros and peridotites [1],

assuming a CLIP mixed

composition

Eq. 5.3, using the average

concentration of U, Th and K

for CLIP samples [4]

Oceanic lower crust 3100 2.95 0.468 Mean value for gabbros [1] Mean value for gabbros [2]
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Table 5.1 continued from previous page

Layer
Density

/kg m−3

Thermal

conductivity

λ /W m−1 K−1

RHP

/µW m−3

Reference for thermal

conductivity
Reference for RHP

Low density bodies in

the lower oceanic crust

(Aves Ridge)

3000 - 3050 2.6 1.07

Average for basalts and

granites [1] following

the composition by [3]

Eq. 5.3, using the average

concentration of U, Th and K

for Aves Ridge samples [3]

High density bodies in

the lower oceanic crust
3200 - 3250 2.93 0.057

Average for

basalts, gabbros and

peridotites [1], assuming

a CLIP mixed composition

Eq. 5.3, using the average

concentration of U, Th and K

for CLIP samples [4]

Continental upper crust 2750 3.1 3.233 Mean value for granites [1]
75th percentile value

for granites [2]

Low density body in

the upper continental crust
2600 - 2650 2.82 0.85 Mean value for felsic crust [5]

Mean value for

felsic granulites [2]

High density bodies in

the upper continental crust
3000 2.95 2.081

Mean value for gabbros [1],

assuming a magmatic

composition [6]

Mean value for plutonic

igneous rocks [2]

Continental lower crust 3070 2.82 0.85 Mean value for felsic crust [5]
Mean value for

felsic granulites [2]
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Table 5.1 continued from previous page

Layer
Density

/kg m−3

Thermal

conductivity

λ /W m−1 K−1

RHP

/µW m−3

Reference for thermal

conductivity
Reference for RHP

High density subcrustal

bodies
3500 4.15 0.01

Mean value for dunites [1],

assuming a

depleted, high-density

mantle material

Value for depleted

peridotites [2]

Slab 3163 4 0.258 [7]

Mean value for eclogites [2],

the rocks assumed following

the P-T diagram of [8],

considering the mantle

temperature at 75 km depth

Lithospheric mantle 3D solution 3.75 0.03 Mean value for peridotites [1]

Mean value for enriched

peridotites [2], assumed

considering the sinking

of crustal rocks

into the mantle
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5.2.2.2 Upper and lower boundary conditions

The upper boundary condition for the thermal model was defined integrating the

temperatures of ERA5-Land dataset (C3S, 2020) for the continent, and GLORYS (Ferry

et al., 2010) at the seabed. Figure 5.2 shows the mean values of the selected ERA5-Land

data, which correspond to the monthly averaged reanalysis of the temperature at 2 m

above the land surface, from January 2015 to April 2019. Over the oceans, an average

of the GLORYS reanalysis for the year 2015 was calculated.

The integrated temperature field ranges from ∼1◦C, in the portion of the Pacific

Ocean that is included in the modelled domain, and reaches a maximum of ∼30◦C,

over Venezuelan territory. As expected, the temperatures over the mountains are the

lowest of the continental realm, with an average of ∼8◦C for the period used in this

research.

It is worth mentioning that the GLORYS dataset does not include temperature

values for regions close to the shoreline; therefore, the interpolation to integrate both

land and ocean data implies a dominance of the ERA5-Land along the coastline, which

might not necessarily represent reality. Nonetheless, this numerical artifact should not

affect the interpretations of further geophysical applications (Sections 5.4.2 and 5.4.3),

because, as an example, the pressure along the coastline is not high enough to have

stable gas hydrates.

Since a steady-state, purely conductive condition has been assumed in the thermal

modelling, the lower boundary condition was defined at 75 km depth, aiming to avoid

the convecting asthenosphere, at least in the continental domains (O’Reilly and Griffin,

2010). For this boundary, the mantle temperatures (Figure 5.3) were calculated based

on the S-wave velocities of the SL2013sv tomographic model (Schaeffer and Lebedev,

2013), using the approaches of Goes et al. (2000) and Meeßen (2017) (details in Sect.

3.3.2). At this depth, two colder domains are present: the Guyana shield, where

minimum temperatures of ∼912◦C are calculated; and within the Caribbean region,

where a mean value of ∼972◦C is evident. These colder areas in the Caribbean plate

correlate with the low density regions described in Sect. 4.4.2, the trend of which can

be followed from 75 km depth up to the base of the crust.

Particularly, the temperatures at 75 km depth in the region where the Nazca

and Caribbean slabs are present are warmer than the surroundings (∼1100◦C). Such

behaviour has been interpreted as mantle wedge melting, and is typical for ocean-ocean

and continent-ocean convergent type of margins, between 75 and 125 km depth,

as described by Artemieva et al. (2016). The presence of such melts implies that
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advection might also play a role in the heat transfer of the South American lithosphere.

Nevertheless, the analysis of heat transfer by advection is out of the scope of this

research.

Figure 5.2: Upper boundary condition assumed in the thermal model. Temperatures over the
continent from the ERA5-Land dataset (C3S, 2020), and on the seabed from the GLORYS dataset
(Ferry et al., 2010).

Figure 5.3: Lower boundary condition for the thermal model, set as the temperatures at 75 km
depth, obtained from the conversion of the S-wave velocities available at SL2013sv (Schaeffer
and Lebedev, 2013), using the approaches of Goes et al. (2000) and Meeßen (2017).
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5.2.2.3 Validation of the modelled temperatures

The validation of the modelled temperatures was carried out by calculating the surface

heat flow (q) in the oceanic domain, according to Eq. 5.4, with λ being the thermal

conductivity of marine sediments (1.49 W m−1 K−1), and δT/δZ the geothermal

gradient between the seabed and an a priori defined depth, 50 m below the seabed:

q = λ
δT
δZ

. (5.4)

The results were compared with heat flow measurements available from Lucazeau

(2019), but only the values with the highest qualities were considered (Figure 5.4).

Nevertheless, it is important to mention that the errors of such measurements range

between 10% and 20% (Lucazeau, 2019).

In general, the measured heat flow is lower within the Caribbean Sea (40-80

mW m−2), than in the Pacific Ocean (>80 mW m−2). Additionally, the minimum

values are close to the area of influence of the Magdalena Fan depocenter (10-40 mW

m−2), implying a thermal blanketing effect by the sediments (Scheck-Wenderoth and

Maystrenko, 2013).

In the continental realm, the temperatures from wells (ANH, 2020) were used

in the validation of the modelled results. These measurements correspond to BHT

(Bottomhole Temperatures), which measure the temperature of the mud recovered

when drilling the well, instead of the actual rock temperature. As a rule of thumb,

a correction of 10% of the absolute temperatures was reported (ANH, 2020), without

additional information about the errors. Figure 5.4 shows the location of the wells used

in this research (ANH, 2020).

5.3 Results

Figure 5.5 presents the modelled temperature at 50 m below the top of the model

(seafloor bathymetry and continental topography). The temperature distribution is

dominated by the upper boundary condition (Figure 5.2), but as expected, hotter

values are present. Using both temperature fields (upper boundary condition and the

temperature 50 m deeper), the surface heat flow was obtained in the oceanic domain,

as represented in Figure 5.6.

In general, it is possible to recognise that the modelled heat flow is lower than

the measurements, except in the area of influence of the Magdalena Fan, where the
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Figure 5.4: Heat flow measurements (Lucazeau, 2019) considered in the validation of the
modelled temperatures, depicted as color-coded dots. Wells from the oil industry are
represented as black triangles (ANH, 2020).

Figure 5.5: Modelled temperature 50 m deeper than the model surface (seafloor and
topography). The temperature distribution is controlled by the upper boundary condition.
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measured heat flow is lower than the modelled results. The heat flow data in the

Pacific Ocean is located in an area of intense faulting (Marcaillou et al., 2006), close

to the Panama Fracture Zone; therefore, additional advective heat transport might be

responsible for the high measured heat flow values in this region.

Considering that the associated error of the heat flow data used here ranges between

10 and 20% (Lucazeau, 2019), it is possible to conclude that the model fits the regional

trend, except in those two areas previously mentioned. Nevertheless, the heat flow

data is usually affected by nonconductive processes, such as hydrothermal circulation.

For this reason, their interpretation in terms of a purely conductive, lithospheric-scale

model is difficult, as previous authors have recognised (Scheck-Wenderoth and

Maystrenko, 2013; Klitzke et al., 2016b).

Figure 5.6: Calculated surface heat flow using Eq. 5.4. Color-coded dots depict the measured
heat flow. Only the measurements with quality flags "A" and "B" where considered (see
Lucazeau, 2019 for further details). The colorbar is shared by both the modelled and measured
values.

Figure 5.7 (a) shows the comparison between the modelled (cyan dots) and

measured temperatures in the different wells. Due to the fact that not additional

information was given regarding the error of the measurements, a correction of 10%

(ANH, 2020) was applied (black dots) to the original values (orange dots). The misfit

between the corrected measurements and the modelled results is presented in Figure

5.7 (b). Here, it is possible to recognise that most of the values range between -20◦

and 10◦C; however, higher misfits occur at shallower depths. Such a trend could be
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explained by shallow advective processes, that have not been considered in the model.

In any case, a r2 of 0.65 is obtained with the corrected measurements, and one of 0.77

considering the original dataset.

Figure 5.7: Modelled temperatures at well locations. (a) Compared with the corrected and
uncorrected measurements. (b) Distribution of the residuals at each specific depth considering
only the corrected measurements.

An additional attempt in the validation of the modelled temperatures was the

comparison with the calculated temperatures based on the S-wave tomographic model

SL2013sv (Schaeffer and Lebedev, 2013), at 50 km depth. Figure 5.8 (a) shows the

modelled values, and Figure 5.8 (b) the S-wave based results. As it can be seen, the

general trend is reproduced, despite the exact magnitudes are not, because the model

is colder with respect to the S-wave based data.

Nevertheless, two main features draw the attention: (1) two regions of relatively

cold material within the Caribbean plate, and (2) the warmer region were the slab is

present. Anyhow, the procedure to obtain temperatures from S-wave velocities implies

assumptions about the mantle composition, that might not necessarily represent the

composition of the entire mantle of the analysed region. Therefore, this could be an

important source of error.

Based on these results, it is possible to conclude that the lithospheric-scale thermal

model is able to reproduce the first-order processes that account for the heat transfer

in the South Caribbean lithosphere. However, it is important to bear in mind that the

modelled temperatures might be colder than the actual ones, at least for the shallow
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thermal field, as the different proxies discussed above suggest (surface heat flow, well

temperatures, and mantle temperatures at 50 km depth).

Figure 5.8: Self-consistency test, performed by comparing the modelled temperatures at 50 km
depth (a), with the temperatures calculated using the S-wave velocities of Schaeffer and Lebedev
(2013) for the same depth slice (b).
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5.4 Discussion

5.4.1 Tectonic implications of the modelled temperatures

5.4.1.1 Thermal blanketing effect and the temperatures at the Moho

Large sedimentary accumulations affect the heat transfer from the inner Earth to

the surface, because they have low thermal conductivities. This is called "thermal

blanketing effect" (Watts, 1992; Scheck-Wenderoth and Maystrenko, 2013), and is one of

the most important processes in the maturation of hydrocarbons, for instance. Figure

5.9 presents the modelled temperatures at the basement, which range from ∼1◦C in the

Pacific Ocean, to ∼236◦C in the Maracaibo basin.

In general, it is possible to recognise higher basement temperatures below thick

depocenters, such as the Atrato and the Magdalena fans, the Eastern Venezuelan basin,

as well as along the Caribbean continental margin. In contrast, low temperatures appear

in the Andes mountains, over the Guyana shield, and in the Caribbean Sea north of

14◦ N, where the thickness of the sedimentary layer is lower than 1.2 km (Figure 4.2

(b)). Therefore, the thermal blanketing effect imprinted by the sediments is the main

parameter which controls the observed trend in Figure 5.9. Not surprisingly, the hottest

basement domains correspond to areas of active oil and gas exploration in the South

American continent, as can be seen in the compilation done by Schenk et al. (2000).

Figure 5.9: Modelled temperatures at the top basement surface, which show the isolating effect
that the sediments have in the heat transfer from the inner Earth to the surface. The basement
is warmer where thick sedimentary layers are present.
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Evaluating the temperatures at deeper domains, Figure 5.10 presents the modelled

results at the Moho interface. Here, warmer continental realms contrast with a colder

oceanic region. These values in the ocean are in agreement with the ultra-shallow Moho

(Figure 3.1 (c)) that seems to exist in the Colombian and Venezuelan basins, which

correspond to zones of really thin (or nonexistent) crystalline crust (Figure 3.1 (d)). Such

a setting favours the heat transfer from the mantle, which results in a generalised colder

mantle trend than in other areas, which can be followed down to the lower boundary

condition, at 75 km depth (see Figure 5.3).

Figure 5.10: Modelled Moho temperatures, which suggest a colder oceanic domain, in contrast
with a warmer continental realm.

Moreover, the lowest modelled Moho temperatures coincide with the deepest

seafloor, located in the Venezuelan basin around 14◦ N and 68◦ W (see Figure 4.2

(a)). Thus, a colder (less buoyant) lithosphere is an additional factor that could have

affected the tectonic evolution of this basin, particularly contributing to its subsidence

mechanism.

Comparing Figures 5.9 and 5.10, the thermal blanketing effect becomes more

evident. Indeed, even though a hotter Moho is present in the continental realm,

the resulting temperatures at the basement are colder, except in areas of large

sedimentary accumulation. Similarly, basins where the Moho temperatures are colder

(i.e: Maracaibo basin, Atrato and Magdalena depocenters) are characterised by higher

basement temperatures. Thus, this illustrates that 3D thermal models are able to

explain lateral variations of temperatures in complex lithospheric configurations, where
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the understanding of the heat budget at different spatial scales requires taking into

account the full structural configuration of the lithosphere, considering a realistic

parametrisation of the different layers involved (Scheck-Wenderoth and Maystrenko,

2013).

5.4.1.2 The depths of the 450◦C and 600◦C isotherms as proxies of lithospheric

strength

The rigidity of the lithosphere is a function of its thermal structure. Early works

published by Watts (1978) and Watts (1992) found that the long-therm lithospheric

strength can be evaluated using the effective elastic thickness (Te) as a proxy. Indeed,

further analyses of the Te have shown that it corresponds closely to the depth of the

450◦C ± 150◦C isotherm in oceanic domains (Watts, 1978; Burov and Diament, 1995;

Ratheesh Kumar and Windley, 2013; Klitzke et al., 2016b). However, the rigidity of

the continental lithosphere is rather related with the depth to the 600-800◦C isotherms

(Burov, 2011). Hereafter, the depths to the 450◦C and 600◦C isotherms are analysed

(Figure 5.11), as a proxy for the oceanic and continental lithospheric rigidity in the South

Caribbean margin, respectively.

The topography of the 450◦C isotherm (Figure 5.11 (a)) is deeper (∼37 km) in the

Venezuelan Basin, and shallows up to ∼27 km towards the continental margins of the

study area. A second shallow domain (33-29 km) is present around the Beata Ridge

area, between the Colombian and the Venezuelan basins.

As the 450◦C isotherm deepens, the rigidity of the oceanic lithosphere is expected to

increase, giving as a result a stronger lithosphere. On the other hand, when the isotherm

gets shallower, the rigidity decreases, implying a weaker domain that might be prone

to deformation. In this order of ideas, the results suggest that both the Colombian and

the Venezuelan basins act as rigid blocks in the tectonic frame of the modelled area.

However, the present deformation around the Beata Ridge could be a response of a

weaker lithosphere, compared with the suggested behaviour of the basins.

The effective elastic thickness is a function of the age of the plates at the time of

loading (Watts, 2007). Figure 5.12 shows this relationship for the oceanic lithosphere,

including the expected thermal behaviour considering the depth of different isotherms.

Here, it is possible to recognise that an increase in the age of the plate at the time

of loading results in an increase in Te, which at the same time is associated with the

deepening of the isotherms.
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Figure 5.11: (a) Depth to the 450◦C isotherm extracted from the 3D thermal model. This can be
used as a proxy for oceanic lithospheric strength (Watts, 1978). (b) Depth to the 600◦C isotherm,
that can be used as a proxy for continental lithospheric strength (Burov, 2011). The white line
represents the location of the profile at 6.5◦ N shown in Figure 5.13.
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Figure 5.12: Relationship between the flexural strength using Te as a proxy and age-temperature
of the oceanic lithosphere. Blue dashed-lines denote the expected Te considering the ages of the
two pulses of magmatic activity recognised in the CLIP formation (see text for details). Modified
from Burov (2011).

Considering that in the formation of the Caribbean Large Igneous Plateau at least

two pulses of magmatic activity have been recognised, at ∼91–88 Ma and ∼76 Ma

(Sinton et al., 1998; Diebold and Driscoll, 1999), the expected Te according to Figure

5.12 would range between ∼31 and 35 km (blue dashed lines), assuming that it follows

the depth to the 450◦C isotherm. Thus, the previously described results for the oceanic

lithosphere of the Caribbean are in agreement with the expectations considering the

plate cooling model of Watts (1978).

The 600◦C isotherm (Figure 5.11 (b)) is shallower underneath the western margin of

the South American plate, reaching its minimum depth of ∼33 km close to the Andes

mountain ranges. This region coincides with the places where the highest mantle

temperatures at 75 km depth are present (lower boundary condition, Figure 5.3). A

second shallow zone is evident in the Maracaibo block and in the Eastern Venezuelan

basin, with average values of∼39 km. In contrast, towards the Guyana shield the depth

of the 600◦C isotherm deepens down to 46 km, in agreement with a stronger, stable, old

lithosphere.
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Figure 5.13 shows a longitudinal profile along 6.5◦N (see Figure 5.11 (b) for location)

summarising the previously described trends. The present crustal deformation in the

Andes could have been partially influenced by a weaker lithosphere, which had a

weakening feedback from the upper mantle, considering the positive mantle thermal

anomaly at 75 km depth (black dashed-line). In addition, the large radiogenic heat

production of the orogen-thickened felsic crust also contributes to the temperature

increase. These weakening mechanisms are nowadays evident in a shallower 600◦C

isotherm (red line in Fig. 5.13). Thus, not only the compression due to the subducting

slab favours the development of the Andean orogeny in those weakened zones, but

also a more buoyant mantle could have played an important role in the development

of topography. Similar conclusions are presented by Siravo et al. (2019), whose

best predictions of topography using geodynamic models in the Eastern Cordillera

of Colombia require a flat slab geometry together with a weak and buoyant mantle

wedge, probably associated to slab serpentinisation and/or partial melting of the

wedge beneath the Eastern Cordillera (Chiarabba et al., 2015; Wagner et al., 2017; Siravo

et al., 2019, and references therein).

Indeed, the Te accounts for a dynamic balance influenced by the lithospheric

structure, the plate-boundary forces and the topography (Burov and Diament, 1995).

Therefore, the continued development of an orogen, as well as sedimentation processes,

would have as a result a decrease in the lithospheric strength (Burov and Diament,

1995), which is in agreement with the results previously described in the South

American plate.

Jiménez-Díaz et al. (2014) presented a regional characterisation of the Te in Central

America, including the area analysed in this research. Their results are based on the

calculation of the coherence between the topography and the Bouguer gravity anomaly

using spectral methods. However, the results of lithospheric rigidity presented here

differ from those of Jiménez-Díaz et al. (2014), especially in the continental realm.

These differences are due to the fact that spectral methods do not take into account

lithospheric heterogeneities, that in a complex tectonic setting such as the South

Caribbean margin can influence the results, as they concluded on their contribution.

Nevertheless, the topography of both the 450◦C and 600◦C isotherms is

deeply influenced by the lower boundary condition, which includes higher mantle

temperatures in the region where the Nazca and Caribbean slabs are present, and

a colder mantle beneath the Guyana shield and the Colombian and the Venezuelan

basins. Therefore, it is important to define this thermal boundary condition based
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on high-quality independent observations (Klitzke et al., 2016a), such as S-wave

tomography in the analysis presented here.
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Figure 5.13: Profile along 6.5◦N showing that the Andean orogen spatially corresponds with a positive mantle thermal anomaly that can be
followed from 75 km depth (black dashed-line). Such thermal anomaly implies a weaker lithosphere, as inferred by the shallowing of the
600◦C isotherm (red line, right "y" axis labels). The deformation may be caused not only by the compressional component of the subducting
slab, but also by a weaker, buoyant mantle. For location of the profile see Figure 5.11 (b).
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5.4.2 Seismogenic zones

One of the many geophysical applications of a 3D thermal model is the evaluation of

the temperatures at which earthquakes nucleate. Further understanding of the physics

behind these events can be obtained using realistic data-integrated lithospheric-scale

models.

In this section, the goal is to use the 3D thermal model of the South Caribbean,

specifically, analysing the calculated temperatures at the earthquake locations, after a

quality filter was applied to the ISC catalogue (International Seismological Centre, 2020)

described hereafter.

5.4.2.1 Earthquake catalogue

In order to obtain statistically meaningful results, it is necessary to use an earthquake

catalogue as complete and reliable as possible. The spatial distribution of earthquakes

in any region is biased to some extent, because small earthquakes are preferentially

recorded by local seismic stations, and are more frequently missed elsewhere (such as

in offshore areas and/or at large depths, e.g.: Schorlemmer and Woessner, 2008). Using

a reasonably complete catalogue would minimise this bias.

Here the ISC Bulletin (International Seismological Centre, 2020), regarded as the

definitive record of the Earth’s seismicity (e.g.: Di Giacomo and Storchak, 2016) is used.

It is built from the information provided by hundreds of seismological agencies, such as

the national seismological network of Colombia. In early 2020 it was completely rebuilt

for the period 1964-2010 (International Seismological Centre, 2020), adding additional

earthquakes and relocating the hypocenters with the same location procedures used

from 2011 onwards (Bondár and Storchak, 2011). However, before 1980, the ISC

Bulletin is particularly heterogeneous (e.g.: Woessner and Wiemer, 2005), so it will be

disregarded here. At the time of this writing, the bulletin has been reviewed until June

2017.

Figure 5.14 shows the scatter plot of magnitude versus time in the sub-region

considered (5◦ to 13◦ N, 68◦ to 78◦ W, red box in Figure 5.15) for earthquakes in the

ISC Bulletin since 1980, with maximum hypocentral depth of 75 km. This kind of plot

is useful for identifying heterogeneities and different periods in the compilation of an

earthquake catalogue (Gentili et al., 2011; González, 2017). Only prime hypocentres (i.e:

the ones relocated, or considered as best determined, by ISC) were used. For simplicity,
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Figure 5.14: Magnitude versus time in the sub-region considered (delimited in Figure 5.15), as
reported in the ISC Bulletin (International Seismological Centre, 2020), for earthquakes with
hypocentral depth ≤75 km. The vertical blue line marks the date at which the national seismic
network of Colombia started operating.

the largest magnitude among those reported as prime for each earthquake has been

considered (Di Giacomo and Storchak, 2016).

Before the year ∼1991, very few earthquakes with magnitude <4.0 were recorded,

indicating incompleteness below this value. Earthquakes with magnitudes <3.5 have

been recorded irregularly, and more frequently since June 1993, when the Colombian

national seismic network started to compile its earthquake catalogue and to report its

data to the ISC (SGC and GEM, 2018; SGC, 2020). Considering these results, for the

purposes of this analysis, a minimum magnitude threshold of 4.0 will be used.

A further quality filter has to be applied for choosing the earthquakes with reliably

determined hypocentral depths. The procedures for hypocentral locations at ISC were

detailed by Bondár and Storchak (2011). The reference surface used as depth=0 in the

ISC Bulletin is the WGS84 reference ellipsoid (István Bóndar and Dimitri Storchak, pers.

comm., 2020). In this bulletin, as in other earthquake catalogues (e.g.: González, 2017)

hypocentral depths are fixed if they could not be calculated independently. The ISC

Bulletin is provided in the IASPEI Seismic Format (an extension of IMS1.0 - Biegalski

et al., 1999), where the error in hypocentral depth is reported as the 90% range. So, in
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absence of systematic errors, the actual depth would be expected to lie between plus

or minus the stated error with 90% probability. Thus, considering that the temperature

is a sensitive parameter to the depth at which it is calculated, earthquakes with depths

reported as fixed, or with depth error >20% of the reported hypocentral depth were

excluded from the analysis.

The three largest earthquakes removed from the analysis have magnitudes of 6.7, 6.1

and 6.0, while the other ones disregarded have magnitudes ≤ 5.7 (most of them ≤ 4.5).

The largest event removed was the January 19th, 1995 Tauramena earthquake, occurred

to the northeast of Bogotá, under the Andean Eastern Cordillera foothill (Dimate et al.,

2003). The ISC Bulletin assigns a fixed depth of 44 km for its hypocentre. However,

the Colombian National Seismic Network calculated it as 25 ± 10 km, according to

Dimate et al., 2003, but it is currently reported as 0 km, i.e. unconstrained (SGC,

2020). Dimate et al. (2003) relocated this event at ∼20 km. This example illustrates

the difficulties of earthquake focal depth determination, and the importance of using

the best-constrained hypocentral depths in the subsequent analysis.

5.4.2.2 Hypocentral temperature distribution

The temperature distribution of the selected data set is shown in Figure 5.15; however,

the analysis will be focused in the area within the red box, which includes 296

earthquakes after applying the filtering steps described in Sect. 5.4.2.1. This region

includes earthquakes from different tectonic settings, such as the Nazca and the

Caribbean subductions, but also from broadly distributed fault systems.

Because there is a clear relation between hypocentral depth and temperature,

Figure 5.16 shows a profile including the different lithospheric layers (black lines) that

compose the structural model down to 75 km depth. Here, the isotherms from 200◦C

to 1000◦C are also depicted. One of the first results that can be evidenced is their

smooth downward deflection in the region where the slab is subducting. At the same

time, the lithospheric continental mantle wedge and the thickened orogenic crust are

characterised for being the hottest domains along this profile for a given depth, as

shown by the upward migration of the isotherms.
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Figure 5.15: Temperature distribution of the earthquakes in the study area, filtered as indicated
in the text. The analysis will be focused in the area highlighted by the red rectangle. Acronyms
as in Figure 5.1.
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Figure 5.16: Profile along 7.2◦N presenting the spatial relation between the different lithospheric layers (black lines), the modelled
temperatures and the earthquakes (white squares). The flat-slab configuration includes a seismogenic wedge of lithospheric continental
mantle. (a) Vertical exaggeration of 2x. (b) Vertical exaggeration of 10x. CC = continental crust. Earthquakes between 6.5◦ and 7.2◦N are
projected on the profile. See Figure 5.15 for a regional view of the profile location.
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White squares denote the spatial distribution of earthquakes along this profile,

where three clusters of seismicity can be identified, as follows. Relatively shallow

events are located (1) in the lower continental crust and the subducting plate, close

to the Western and Central Cordilleras, and (2) in the upper and lower continental

crust, around the Eastern Cordillera. Both clusters seem to be bounded by the 600◦C

isotherm. And (3) deeper events are located within the subducting oceanic crust and

in the lithospheric mantle wedge, below the 600◦C isotherm. Some of these deeper

events, however, might also be occurring in the lower continental crust, considering

that the Moho depth used in this model is shallower than others published before for

the study area (e.g.: Poveda et al., 2015).

The interpretation of these results needs to take into consideration that a

steady-state assumption was made in the thermal model presented here. Therefore,

additional heat transfer by advection is not considered, which is one of the main

processes whereby a stronger downward deflection of the isotherms is expected in

subduction zones, when cold material enters into the mantle. Such strong deflection

has been recognised in previous contributions (e.g.: Emmerson and McKenzie, 2007;

Syracuse et al., 2010; Gutscher et al., 2016; Suenaga et al., 2019). Thus, the modelled

temperatures might be overestimated to some extent, especially in the mantle wedge

and subducting plate, even though a flat slab setting is present.

As mentioned before, the discrimination of events caused by different mechanisms

(or with different tectonic origins) is difficult in the study area, because of the

superposition of earthquakes due to the subducting slab, with those originated in

the overriding South American plate. Moreover, the errors associated with the Moho

depths (see Figure 3.2) are large over the Nazca and South American realms, resulting

in uncertainties about the location of the earthquakes either in the lithospheric mantle

wedge, or in the lower continental crust. Indeed, subcrustal continental earthquakes

have been a topic of controversy. Some authors suggest that a strong continental

lithospheric mantle is able to accumulate elastic strain, having a brittle behaviour as

a response, based on seismic records in the Himalayas and Tibet (e.g.: Chen and

Molnar, 1983; Chen and Yang, 2004; Schulte-Pelkum et al., 2005; Monsalve et al., 2006).

However, other authors argue that the strength of the continental lithosphere resides

in the crust and that earthquake distribution with depth is mainly controlled by the

temperature, with the ∼600◦C isotherm acting as a boundary (e.g.: Jackson, 2002;

Priestley et al., 2008; McKenzie et al., 2019).
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Figure 5.17 presents a synthesis of the modelled temperatures with the

corresponding depths and magnitudes of the events. Here, the 150◦C and 350◦C

isotherms are represented, because they have widely been recognised as the limit of

the seismogenic zone in subduction zones, due to the stick–slip behaviour that rocks

containing quartz and feldspar exhibit at those ranges (Oleskevich et al., 1999, Moreno

et al., 2014, Gutscher et al., 2016). Nevertheless, recent works suggest that these limits

might not necessarily be representative (see section 6.3.3 in Scholz, 2019).

Figure 5.17: Modelled temperatures versus depth and magnitude of the earthquakes in the
selected data set of the subregion within the red box in Figure 5.15. Different colored domains
represent the seismogenic window of the corresponding rocks/minerals. Gr = Granite. Gr+Ga
= shared seismogenic window between granite and gabbro.

Because the seismogenesis of any domain may be controlled by the frictional

properties of its main lithology, Figure 5.17 also depicts the seismogenic window of

granite (90-350◦C), gabbro (200-600◦C) and olivine gouge (600-1000◦C), according to
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the review presented by Scholz (2019). Olivine, a major component of ultramafic rocks

in the upper mantle, probably controls their seismogenic behaviour (Scholz, 2019).

These ranges, however, are not strict because in nature rocks are a mix of different

minerals that can contribute to a more complex behaviour. For example, mixtures of

65% illite and 35% quartz might exhibit a seismogenic window between 250◦C and

400◦C, while replacing the illite for muscovite implies a new window between 350◦C

and 500◦C (Scholz, 2019 and references therein).

The synthesis presented in Figure 5.17 allows to conclude that, in general, most of

the seismic events are concentrated between 12 and 35 km depth, followed by a seismic

gap down to ∼39 km. Within this main cluster, the largest earthquakes of the selected

dataset (dark blue color) occurred at ∼16 km depth, which were associated with the

left-lateral Murindo Fault (Mosquera-Machado et al., 2009). The two main events of

this cluster are discussed in the next section. This cluster of seismicity includes not only

interplate subduction zone earthquakes, but also continental events.

Deeper earthquakes (>39 km) can be classified as intermediate-focus earthquakes

(Scholz, 2019), for which three different mechanisms of occurrence have been

recognised (Incel et al., 2017; Ferrand, 2019; Scholz, 2019, and references therein):

(1) thermal runaway or shear heating, (2) dehydration embrittlement, and (3)

transformational faulting. Thus, their understanding probably implies a complex

interaction of all (or some) of these mechanisms (e.g.: Prieto et al., 2013).

In order to understand the seismicity gap in Figure 5.17, it is necessary to bear in

mind that an average depth to the Moho interface in the continental domain of the

study area can be∼35 km, if the Moho depth values reported by Poveda et al. (2015) are

considered. Therefore, continental earthquakes must not occur at larger depths. Thus,

only subduction-related earthquakes together with those at the mantle wedge, probably

associated with fluid migration (Scholz, 2019, and references therein), are responsible

of the third, deeper cluster of seismicity.

The seismic gap has a good correlation with the 600◦C isotherm, which corresponds

with the olivine transition from velocity strengthening to velocity weakening, or in

other words, the temperature at which the olivine reaches its seismogenic window

(Scholz, 2019). Thus, this gap suggest a region where the upper mantle has a ductile

behaviour, represented by a lack of earthquakes, until the seismogenic conditions are

met (temperatures >600◦C), generating the third cluster of events.

As discussed before, the modelled earthquake temperatures might be

overestimating the real values because advective processes are not being considered
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(e.g.: subducting of cold oceanic lithosphere into the mantle). Then, the events with

modelled temperatures >1000◦C can be associated with this limitation in the model

assumption.

In any case, diverse dehydration and phase transformation processes occur during

the subduction dynamics, and their presumed relation with earthquakes has been

recently more recognised (e.g.: Okazaki and Hirth, 2016; Incel et al., 2017; Ferrand,

2019; Ji et al., 2019; Suenaga et al., 2019). However, in order to account for such

thermodynamic processes a transient thermal model would be required, probably

coupled with the phase diagrams of hydrous minerals in the subducting plate, as

recently published by Ji et al. (2019).

5.4.2.3 Relation of hypocentral temperature and seismic moment release

In order to provide a physical measure of seismic energy release at different

temperatures, the scalar seismic moment M0 (a linear measurement of earthquake

size which has dimensions of energy, N·m or Joules) can be used. It is defined as

(Maruyama, 1963):

M0 = µAD, (5.5)

where µ is the rock shear modulus, A is the rupture area and D is the average coseismic

slip.

Earthquake magnitude is a logarithmic measure of seismic moment, so actually, for

example, a magnitude 7 earthquake releases as much seismic moment as a thousand

magnitude 5 earthquakes. This relation is strict, by definition, if magnitude is expressed

in the moment magnitude scale Mw (Kanamori, 1977; Hanks and Kanamori, 1979):

M0 = 10
3
2 Mw+9.1. (5.6)

To calculate M0 for each earthquake, its magnitude was converted to Mw if not

already in this scale in the ISC catalogue. Most of the earthquakes in the analysed

subset had values of body-wave magnitude (mb) or surface-wave magnitude (MS), and

were converted to Mw using the exponential relationships calculated by Di Giacomo et

al. (2015). Other earthquakes had local magnitudes (ML) in the range 4.0–4.9, for which

they are equivalent to Mw (Bethmann et al., 2011). Finally, the remaining ones had

duration magnitudes (MD), which were converted to Mw using the relation proposed

by Beauval et al. (2013), as reported by SGC and GEM (2018).
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Figure 5.18 presents a synthesis of the hypocentral depths (a), temperatures (b),

magnitudes (c), and seismic moment (d) of the subset of earthquakes. Most of the

seismic moment in the region was released by earthquakes that occurred at ∼300◦C. In

particular, the seismic moment release is dominated only by the two largest earthquakes

(magnitude >6.5), which take up 63% of the total seismic moment, so this pattern might

change if eventually other large earthquakes occur at other locations.

Figure 5.18: Synthesis of thermal results for earthquakes in the sub-region analysed. Histograms
of earthquake parameters: (a) hypocentral depth, with a seismic gap between∼35 and∼39 km,
and (b) modelled hypocentral temperature. (c) Magnitude versus temperature scatter-plot. (d)
Seismic moment (M0 in N·m) versus temperature.

The largest earthquake in this sub-region during the analysed period was the

October 18th, 1992 Murindó earthquake (magnitude MS = 7.3, 53% of the total seismic

moment), a strike-slip earthquake generated within the continental crust (hypocentral

depth of 16.7 km). It was produced by a strike-slip left-lateral fault in northwestern
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Colombia (Mosquera-Machado et al., 2009). This event has a calculated hypocentral

temperature of 307◦C.

The second largest earthquake (magnitude MS = 6.8, 10% of the total

seismic moment) can be considered a foreshock of the Murindó earthquake

(Mosquera-Machado et al., 2009 and references therein), since it occurred a day

before it, and at an epicentral distance of only 25 km. It was a thrust event, with

hypocentral depth of 15.5 km, within the continental crust, and a calculated hypocentral

temperature of 287◦C.

Other five earthquakes with magnitude >6 contribute, to a second-order, to the

observed pattern of seismic moment release. Three of them took place, again, in the

continental crust, at depths between 10.6 and 16.5 km, and calculated temperatures

between 205 and 278◦C. The other two were deeper (depths of 24.0 and 24.2 km) and

had larger hypocentral temperatures (403 and 413◦C, respectively). These two deeper

earthquakes cause a small secondary peak on the seismic moment curve (Figure 5.18

(d)).

The previously described events belong to the most frequent cluster of seismicity,

with the maximum occurrence depth at around 20 km, as can be observed in Figure 5.18

(a). In this figure, the seismic gap between the shallower and deeper clusters discussed

in the previous section is also evident.

Note that if the 1995 Tauramena earthquake were included in the analysis

(magnitude MS = 6.7 by ISC; focal depth ∼20 km by Dimate et al., 2003), it would

enhance the pattern of seismic moment release already observed (and the maximum

of the hypocentral temperature histogram). The other events pruned from the analysis

because of their unreliable focal depths would modify that pattern only slightly, because

of their much smaller seismic moments.

5.4.3 Potential gas hydrate accumulation zones

Gas hydrates are potentially stable at low temperature and relatively high pressure

sedimentary environments. Both conditions are met along continental margins, but

particular tectonic settings have different geothermal gradients, that affect the gas

stability. Thus, the second application of the modelled thermal field is the evaluation of

potential gas hydrate accumulation regions, considering the lithostatic and hydrostatic

pressure within the sedimentary layer together with its thermal signal.

Due to the fact that the hydrate stability depends on their gas composition, Figure

5.19 depicts the stability curves for both thermogenic and biogenic sources, taken
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from Klitzke et al. (2016a). Because the thermogenic sources usually include a mix

of methane, ethane and propane, the gas molecules tend to be heavier than purely

methane (biogenic) molecules. This gives as a result a broader spectrum at which

thermogenic hydrates could be stable (cyan line), compared with the biogenic ones

(magenta line).

Figure 5.19: Stability curves for gas hydrates with two different compositions: thermogenic and
biogenic. Adapted from Klitzke et al. (2016a).

These stability curves, up to a pressure of 300 bar, were used to evaluate potential

zones where both conditions (pressure and temperature) are met within the sediments,

assuming the indicated compositions, giving as a result the white regions presented

in Figure 5.20. In this figure, red and green polygons represent areas where

Bottom Simulating Reflectors (BSR) have been identified in seismic data along the

colombian continental margin, according to Vargas (2012) and López and Ojeda (2006),

respectively. These works provide the most detailed description of the hydrate location

within the study area. However, hydrates have also been identified in the Panama

Deformed Belt (Reed et al., 1990), and along the South Caribbean Deformed Belt

(Escalona and Mann, 2011), where the modelling results also suggest stability potential.
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The spatial distribution of the gas hydrate stability zones (GHSZ) depicted in

Figures 5.20 (a) and (b) are similar. However, the stability field of a thermogenic source

includes shallower domains within the continental margin. Therefore, they represent

the best fitting conditions for the BSR recognised by Vargas (2012).

Figure 5.20: Potential gas hydrate stability zones (white regions) assuming: (a) a biogenic
source, and (b) a thermogenic source. Red polygons depict areas where BSR have been
recognised by Vargas (2012). Dark green polygons represent the interpreted BRS by López and
Ojeda (2006).
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Nevertheless, it is important to take into account that the modelling results indicate

potential regions where the hydrates could be stable. But, in order to form hydrates,

a gas source should be present as well. The southern margin of the Caribbean Sea

is widely known for its gas and oil fields of both thermogenic and biogenic sources

(Escalona and Mann, 2011). Therefore, it is very likely that the modelling results are

valid especially in regions where the detailed mapping of these resources has not yet

been made (or are not publicly available to our knowledge).

Considering that the stability fields are very sensitive to the thermal conditions,

the upper boundary condition assigned in the thermal model has a direct effect on the

results. In fact, as discussed in Sect. 5.2.2.2, the selected upper boundary condition

included the integration of two different datasets, ERA5-Land for the continent and

GLORYS for the ocean. Therefore, some interpolation artifacts might be present along

the coastline, giving as a result a hotter than expected seafloor (∼24◦C), as can be seen

in Figure 5.2.

In any case, these maps can be used as input parameters in the analysis of

potential geohazards due to the destabilisation of hydrates, which can trigger tsunamis

associated with the displacement of huge amounts of unconsolidated material, that in

the case of the South Caribbean margin include the Atrato and Magdalena depocenters,

where giant mass transport deposits (up to 34700 km2 and a volume of 5255 km3) have

been identified (Leslie and Mann, 2016).

5.4.4 Limitations and future work

Setting up a 3D data-integrative thermal model requires the compilation of many

different data sets. However, as shown in the previous sections, the assumed boundary

conditions strongly affect the thermal results, including the depth to relevant isotherms,

and the stability of the gas hydrates. Similarly, they influence the results of the

temperatures at which earthquakes nucleate, as they precondition the thermal field that

is propagated within the lithospheric layers. For this reason, their correct definition is

really important.

In the modelling performed here, the lower boundary condition comes from

the conversion of S-wave velocities (Schaeffer and Lebedev, 2013), assuming an a

priori oceanic mantle composition (see Table 3.1 in Sect. 3.3.2). This composition,

however, might not necessarily be representative for the mantle of the entire study

area, which includes the Caribbean oceanic domain, different accreted fragments along

the western South American plate, and the Guyana Shield, representing a limitation of
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the model. Thus, future works should also consider the impact that different mantle

parameterisations have in the temperature conversion. Furthermore, interpolation

issues of the upper boundary condition along the coastline of the modelled area can

give as a result errors in the estimation of the potential GHSZ in the shallowest oceanic

domains.

The validation of the modelled thermal field was made with a few well

measurements, mainly spatially concentrated near the coast, because additional data

were not possible to obtain. The heat flow measurements, on the other hand, have

associated large errors (Lucazeau, 2019), that make them difficult to use as a reliable

proxy for validation of the model.

The steady-state assumption presented here is a first-order approximation to

evaluate the thermal field in the study area, where complex flat-slabs interactions are

occurring, probably including release of fluids and mantle partial melting (Prieto et al.,

2013; Chiarabba et al., 2015). Neither the large rates of sediment accumulation at the

continental margin of the South Caribbean may imply a steady-state assumption to be

correct (Ehlers, 2005). Thus, future work should be focused on transient simulations,

including a deeper lithospheric domain (> 75km), which should provide better insights

about the complete seismogenic zones in the northwestern South American continent.

However, to follow up with this task, further seismological studies are required

in northern Colombia in order to clarify the configuration of the flat-slabs. This

information is necessary to understand the rheological behaviour of the continental

lithosphere, and particularly, its relation with the observed seismicity.

A closer understanding of the seismicity in the region might also require to couple

phase diagrams of hydrous minerals, in the subducting plate, with transient thermal

experiments, due to the fact that the water content (or release) is one of the most

important parameters that affect the frictional behaviour of rocks (Okazaki and Hirth,

2016; Ji et al., 2019; Scholz, 2019).

Moreover, a sensitivity analysis to the thermal parameters defined for each layer in

the thermal model is also an important future task. Indeed, different types of rocks may

have a broad range of RHP and thermal conductivities (e.g.: Vilà et al., 2010); therefore,

exploring the range of temperatures obtained after a sensitivity analysis can help in the

evaluation of the robustness of the results.

The interpretation of the temperatures at which earthquakes nucleate heavily relies

on mechanical experiments with rocks in the laboratory (Okazaki and Hirth, 2016; Incel
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et al., 2017; Scholz, 2019). Thus, some limitations exist regarding the upscaling of those

results to a complex tectonic setting such as the study area.

Finally, aiming to further understand the seismogenic zones, as well as the

deformation patterns of the South Caribbean and northwestern South American realms,

it is necessary to develop a 3D rheological model. In such a model, the lithospheric

strength can be evaluated, including the analysis of the competent layers, bringing more

detailed insights about the lithospheric-scale rheological behaviour of the study area.

5.5 Final remarks and summary

The 3D thermal field of the South Caribbean and northwestern South American

plates was calculated based on a data-integrative 3D lithospheric-scale model. This

approach allows a more realistic frame for thermal applications, compared with 2D

thermal models where simplified lithospheric structures were used (e.g.: Emmerson

and McKenzie, 2007; Gutscher et al., 2016; Suenaga et al., 2019).

In the model here presented, a steady-state assumption was made, which can bring

first-order insights about the temperature distribution within the study area. The results

suggest that the lithosphere of the Colombian and the Venezuelan basins acts as a rigid

block, in comparison with the surroundings, using the depth to the 450◦C isotherm as

a rigidity proxy of the oceanic lithosphere (Watts, 1978; Watts, 1992).

Similarly, the depth to the 600◦C isotherm indicates that the lithosphere beneath

the colombian Andes is weaker than in the vicinity of the orogen. Therefore, the

development of the Andean orogeny was probably influenced by a superposition of

effects in a flat-slab scenario, including: (1) a hotter shallow mantle (upwards from 75

km depth), which had a weakening feedback to the continental lithosphere, (2) a more

buoyant mantle, (3) a compressional component from the subducting slab, and (4) an

increase in temperature within the orogen due to the radiogenic heat production of the

thickened continental crust (Figure 5.13).

The thermal blanketing effect is evident in the sedimentary basins of the study area

(compare Figures 2.5 and 5.9). This gives as a result hotter basements in the Maracaibo,

Atrato, Magdalena and Eastern Venezuelan basins, as well as in the Magdalena Fan,

which do not necessarily correspond with hotter Moho interfaces. These thermal trends

can be important, for instance, for the exploration and exploitation of hydrocarbons in

these regions.
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One of the main outcomes of the thermal model is the evaluation of the hypocentral

temperatures at which earthquakes occur. In the analysed subregion, two main clusters

of seismicity are identified: (1) at depths shallower than ∼35 km, and (2) at larger

depths, down to 75 km depth (the lower limit of the thermal model). A seismic gap

between ∼35 and 39 km is present, and can be associated with the olivine transition

from velocity strengthening to velocity weakening, which occurs at 600◦C (Figure 5.17).

However, it is important to bear in mind that the modelled temperatures might be

overestimated, because advective processes were not taken into account, such as the

income of cold material from the subducting slab into the mantle. Moreover, additional

metamorphic reactions (e.g.: to serpentine, lawsonite–eclogite, lawsonite blueschists,

Incel et al., 2017) have also been identified as responsible for the intermediate-depth

seismicity; therefore, the study of the earthquake dynamics should consider such

changes in the rock hydrous phases (e.g.: Ji et al., 2019).

The analysis of the seismic energy release was made by means of the seismic

moment. Most of it was released at depths of 15-20 km, and hypocentral temperatures

of ∼300◦C. This pattern is dominated by the two earthquakes with the largest

magnitude considered (7.3 and 6.8), generated in the continental crust of the South

American plate, which were responsible of up to 63% of the total seismic moment

release (Figure 5.18). These results, however, are influenced by the maximum depth

of the model, set at 75 km, and by the quality filter applied to the earthquake data set

(events with fixed depth, or with errors >20% of the reported depth were not analysed).

Nevertheless, if the largest of these discarded events were considered (with magnitude

6.7, also occurred in the continental crust of the South American plate), the observed

pattern of moment release would be enhanced, having other discarded events only a

minor effect on it.

The potential gas hydrate stability zones were calculated considering both a

biogenic and a thermogenic source. The results are similar to each other; nevertheless,

a thermogenic source shows a better fit to the places where BSR have been identified

before (Figure 5.20), suggesting this as the most feasible origin for the hydrates in the

Colombian continental margin.

Finally, it is important to mention that the strength of the continental lithosphere

is also influenced by two additional parameters (Burov and Diament, 1995): (1) the

degree of coupling between the crust and the mantle (higher coupling implies a

stronger lithosphere), and (2) the bending stresses caused by the presence of loads (i.e:

plate curvature). Hence, further work should be focused in the development of 3D
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lithospheric-scale rheological models, in order to better understand the lithospheric

strength of the study area. Such models should also be constrained based on

transient thermal simulations where not only purely conductive processes are taken

into consideration.
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CHAPTER 6

Synthesis and Outlook

This thesis focused on the understanding of the 3D lithospheric configuration of

the Caribbean and northern South American plates, using up-to-date geophysical

information, including S-wave tomography and its conversion into density and

temperature; as well as the integration of diverse datasets to constrain the thicknesses of

the different layers that compose the structural model of the lithosphere (water, oceanic

and continental sediments, oceanic and continental crusts, Moho depth and subducting

slab).

In this research, a new methodology for the characterisation of the shallow crustal

structure was developed, using the Vertical Gravity Gradients (VGG), which are more

sensitive to shallow density contrasts than the commonly used gravity anomalies

(Chapter 3). As a complement, the gravity anomalies were used, aiming to further

understand deeper lithospheric density contrasts, as presented in Chapter 4. This

Chapter focused on obtaining a gravity validated lithospheric configuration taking into

account the complexity of the Caribbean plate. After testing different mantle scenarios,

a model including six layers in the oceanic crust, four layers in the continental crust,

a 3D mantle density solution, and the lithospheric slab showed the best fitting to the

gravity measurements. This model, was the main input for a 3D steady-state thermal

model (Chapter 5), where the selected thermal parameters were lithology-dependent

constrained, considering the density distributions suggested by the forward modelling

of the gravity anomalies.

Hereafter, a general scope of the main results is presented, including the outlook for

future studies.
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6.1 New insights in the lithospheric configuration of the

Caribbean plate

The main advantage of the forward modelling of the VGG is that they can highlight

shallow density contrasts. Using this approach, major tectonic or terrain boundaries

were proposed or confirmed in the Caribbean realm (Figure 3.15). For instance, the

following boundaries were identified: the limit between the North and South American

plates, in the Lesser Antilles subduction; the most feasible boundary between the

Colombian and the Venezuelan basins, in the Beata Ridge area; the boundary between

two crustal domains in the Grenada Basin; as well as the continent-ocean transition

along the continental margins of the Caribbean plate.

Based on the VGG residuals, different bodies were identified for the first time:

widespread high and low density bodies in the Lesser and Leeward Antilles forearcs,

and an anomalous low density body in the North Lesser Antilles subduction, which

may have implications for the tectonic development of the Lesser Antilles volcanic arc,

by locking the subduction. By means of the forward modelling of these residuals, the

average density of the Caribbean oceanic crust was also obtained (Figure 3.8).

Therefore, the application of this methodology to the tectonic setting of the

Caribbean plate demonstrated its potential for the study of regions with limited

geophysical information, such as the oceans, since the method relies on publicly

available datasets with global coverage.

The continent-ocean transition (COT) suggested by the interpretation of the VGG

was used in Chapter 4 as the boundary between the oceanic and the continental crusts.

This Chapter focused on the understanding of the deeper lithospheric configuration

of the South Caribbean and northwestern South American plates, using the forward

modelling of the gravity anomalies. This approach, allowed to recognise the complexity

of the Caribbean realm, with a final structural and density model that takes into

account six layers in the oceanic crust, including low density domains in regions such

as the Aves Ridge, and high density ones, especially located in places affected by the

Caribbean Large Igneous Plateau (CLIP) formation.

The average density of the oceanic crust obtained as a result of the forward

modelling of the gravity anomalies (Figure 4.12) is consistent with the average field

based on the VGG (Figure 3.8). Lighter domains include the continental margins, Aves

and Beata ridges, while the Colombian and the Venezuelan basins are characterised

by denser oceanic crusts. However, because the gravity anomalies account for deeper
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density contrasts, the densities of the basins using this technique are higher than the

ones inferred with the VGG, providing a better trace to the interaction of the CLIP high

density materials with the Proto-Caribbean crust.

Additionally, the fitting of the gravity anomalies required the presence of relatively

high subcrustal bodies in the Colombian and the Venezuelan basins, whose density

ranges between 3300 and 3500 kg m−3, depending on the a priori defined thicknesses.

These bodies seem to have a continuation down to at least 75 km depth, according to a

high S-wave velocity trend present in the tomographic model of Schaeffer and Lebedev

(2013). Therefore, these results were interpreted as the present signal of the fossil CLIP

plume. Assuming a S-wave velocity of 4540 ms−1 as the boundary of the high density

material, a total volume of ∼9.2×1015 m3 is calculated for the Caribbean fossil plume.

Nevertheless, campaigns with Ocean Bottom Seismometers may be required to fully

image the uppermost Caribbean mantle, where current tomographic data lack accuracy.

Moreover, the gravity validated 3D density and structural model presented in

Chapter 4 was used as the main input for a 3D steady-state thermal model (Chapter

5). Using the depth to the 450◦C isotherm as proxy for lithospheric strength, the results

suggest that the Colombian and the Venezuelan basins are stronger (colder) than the

surroundings.

Furthermore, it is postulated that subduction initiation conditions are present in

the Venezuelan Basin, where the coldest domain of the Caribbean realm coincides with

the deepest portion of the basin. In this region, an incipient subduction seems to be

occurring nowadays (Kroehler et al., 2011).

6.2 The Nazca and Caribbean subductions and the tectonic

implications for the northwestern South American plate

One of the main advantages of setting up a 3D lithospheric scale model, using gravity

as an additional independent geophysical proxy, is the possibility of testing different

lithospheric configurations. In the analysed case, three different lithospheric mantle

scenarios were explored (Table 4.1 and Figure 4.6). The model where both a 3D mantle

density solution and the slab shape were integrated, showed the best fit to the gravity

measurements of EIGEN-6C4. This model, however, assumed a constant density for

the oceanic and continental crusts; therefore, the resulting misfits were used to forward

model the gravity anomalies, in order to obtain heterogenous upper and lower crusts

(Figures 4.9 and 4.10).
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Nevertheless, it is important to mention that the assumed slab configuration is

the one published by Hayes et al. (2018) (Figure 4.5), which unfortunately, does

not include the complete interaction of the Nazca and the Caribbean flat slabs at

depth. Accordingly, these results can potentially be improved if future geophysical

information becomes available, particularly targeting the slabs shape.

With the prescribed model assumptions it was possible to identify low density

bodies (∼2600 kg m−3) in the upper continental crust, associated with the Lower

Magdalena and the Falcon and Maracaibo basins. On the other hand, the modelled

results suggest that the Santa Marta massif has a higher density (∼3000 kg m−3) than

the vicinity. The lower continental crust, however, seems to be homogeneous, with a

density of ∼3100 kg m−3.

This gravity validated model was used to explore the steady-state thermal field

of the northwestern South American plate. The thermal results suggest that the

lithosphere beneath the Andean orogen is weaker than its vicinity, using the depth to

the 600 ◦C isotherm as proxy for rigidity in the continental lithosphere. This can be

explained considering the interaction of different mechanisms: (1) a hotter, therefore

buoyant shallow mantle (upwards from 75 km depth), which had a weakening effect

in the continental lithosphere, (2) the compressional component from the subducting

slab, and (3) an increase in temperature within the orogen due to the radiogenic heat

production of the thickened continental crust (Figure 5.13).

The resulting thermal field is heavily influenced by the selected boundary

conditions. Here, the lower boundary was based on the conversion of S-wave

velocities from Schaeffer and Lebedev (2013), using Goes et al. (2000) and Meeßen

(2017) approximations. Then, the different assumptions involved in this conversion,

for example, the composition of the lithospheric mantle, can potentially affect the final

lower boundary condition prescribed to the model.

6.3 Application of the 3D steady-state thermal field to the

characterisation of geohazards

In Chapter 5, additional geophysical applications of the 3D lithospheric-scale model

were presented. In this case, the structural and density model obtained in Chapter

4 was used to evaluate the steady-state thermal field, including the temperatures at

which earthquakes nucleate, and the potential gas hydrate stability zones.
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The thermal model was validated using surface heat flow and wells temperature

data. Nevertheless, a detailed sensitivity analysis to different radiogenic heat

production and thermal conductivities assigned to the lithospheric layers should be

performed in the future, in order to evaluate the robustness of the results.

Considering the parametrisation assumed in the thermal model (Table 5.1) and the

earthquakes distribution of the ISC (International Seismological Centre, 2020), it was

possible to recognise a seismic gap between ∼35 and 39 km depth, with modelled

temperatures ranging between ∼520 and 600◦C (Figure 5.17). This gap, can be

associated with the transition in lithologies within the lithosphere (from continental

crust to upper mantle), but additionally, it can also be related with the beginning of the

seismogenic window of olivine, at 600◦C (Scholz, 2019 and references therein).

Further seismological data is required in order to better constrain the Moho interface

in northwestern South America, because the Moho from GEMMA model (Reguzzoni

and Sampietro, 2015), used in this thesis, is shallower compared with others previously

published in the study area (e.g.: Poveda et al., 2015).

Moreover, the results can also be improved if transient thermal simulations are

carried out, instead of a purely conductive approach. Transient simulations should

be able to reproduce the advective component of the thermal field, which includes

the income of cold material due to the subduction of the Nazca and Caribbean slabs

into the mantle. Such approach, will give as a result colder hypocentral temperatures,

together with a stronger deflection of the isotherms in the subduction zone, as 2D

thermal models have predicted before (e.g.: Ferrand, 2019; Sandiford et al., 2019;

Yan et al., 2020). In any case, the main advantage of this approach is the use of 3D

lithospheric-scale data-integrative models, or in other words, more realistic models

compared with the more simplified lithospheric configurations assumed in most of the

2D geodynamic approaches.

Furthermore, a closer understanding of the seismicity in the region might also

require to consider metamorphic reactions, which have also been identified as

responsible for the intermediate-depth seismicity. Therefore, future thermal models

should not only focus on transient experiments, but also be coupled with phase

diagrams of hydrous minerals (e.g.: Ji et al., 2019).

As previously remarked, a better constrained Nazca and Caribbean slab’s

geometries will potentially improve the results because: (1) the geometry of the

subduction zone has a crucial role in the spatial distribution and size of its associated

earthquakes. And (2) seismic tomography lacks accuracy at shallow depths (Schaeffer
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and Lebedev, 2013); however, it is at shallow depths (<50 km) where the most hazardous

megathrust events occur. Therefore, the study of such events require a more precise slab

geometry.

Finally, it has been shown that the potential gas hydrate stability zones (GHSZ)

obtained with this methodology spatially corresponds with locations where Bottom

Simulating Reflectors (BSR) have been identified before (Figure 5.20). Two different gas

compositions were tested, biogenic and thermogenic, with the latter showing a better

spatial correlation with the data. Therefore, a thermogenic source seems to be the most

feasible origin for the hydrates present at least in the Colombian continental margin.

Further applications of the resulting GHSZ include the calculation of the potential

mass transport that can be triggered if the hydrates are destabilised. Such study,

can take into consideration bathymetric gradients and sediment thickness; thus,

allowing the identification of areas at risk due to possible submarine landslides, which

may potentially trigger tsunamis. Additionally, the long therm effect of the gases

release include the quantification of the potential greenhouse gases emissions that can

eventually reach the atmosphere.

6.4 Final remarks and future studies

Summarising, the methods explored in this thesis aimed to characterise the oceanic and

continental lithosphere in different but complementary ways, as presented in Figure

6.1. A new methodology for the study of the shallow crustal structure was developed,

based on the forward modelling of Vertical Gravity Gradients. This technique relies

in publicly available geophysical information; therefore, it can be applied to any

tectonic setting worldwide, where the delimitation of tectonic or terrain boundaries

are required, and direct geophysical data are limited. Such boundaries, for instance,

can help in the understanding of GPS based models results.

This methodology included a 3D mathematical approximation for the calculation of

the sediments density, which is based on the density measurements of cores drilled

down to 1.7 km; thus, in regions where the sediment thickness is larger than this

value a bedrock contrasts correction needs to be applied. For this reason, future

drilling campaigns in thicker sedimentary systems are required, with the purpose of

having better constraints for the sediment density variations with depth, improving

the mathematical relationship used in this study.
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Then, a more deep-integrated view was carried out, using the forward modelling

of the gravity anomalies. This approach allowed to gain a better understanding of the

deeper crustal structure, testing plausible lithospheric mantle configurations, including

the slabs shape.

The final gravity validated 3D structural and density model was used to explore

the steady-state thermal response of the South Caribbean margin and northern South

American plate, where complex interactions of the Nazca (Coiba) and the Caribbean

flat-slabs are present. However, this gravity validated model highly relies on the

initial lithospheric configuration. Therefore, as new information becomes available (i.e:

better constrained Moho interfaces, more detailed and reliable slabs shapes), the results

presented here are prone to improvements. Indeed, the slab configuration used in

this research does not entirely include the Caribbean flat-slab component; thus, future

seismic campaigns should focus in advancing the current knowledge of this system.

Finally, future research should include transient thermal experiments, as well as

rheological models coupled with phase diagrams of hydrous minerals, in order to

obtain a more realistic approach for the earthquake risk assessment. Nevertheless,

exploring other slab shapes in the South Caribbean margin and northern South

American plate is necessary, as new information regarding their configuration becomes

available.

Similarly, Ocean Bottom Seismometers campaigns are required in order to better

image the proposed Caribbean fossil plume. Indeed, the formation of oceanic plateaus

are one of the less understood magmatic processes (Kerr, 2014); thus, further questions

about their structure can be answered based on the Caribbean example. Moreover, these

seismometers can potentially contribute to improve the coverage of the global seismic

network, which currently lacks accuracy in the oceanic realms (McNutt and Caress,

2007).
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Figure 6.1: Synthesis of the different methodologies presented in this thesis, with their most relevant geophysical applications. The Chapter in
which each method was used is also included, as well as the outlook for future studies, where the geohazards assessment due to earthquakes
and gas hydrates destabilisation is potentially required.
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CHAPTER 7

Conclusions

The main goals of this thesis were to reconstruct density variations in places

where direct geophysical measurements are limited, to develop a new methodology for

identifying tectonic or terrain boundaries within the crystalline crust, and to explore

the usefulness of 3D data-integrative models towards an enhanced assessment of

geohazards.

For these purposes, the lithosphere of the Caribbean and northwestern South

America was studied. The resulting data-integrative and gravity-validated 3D

lithospheric model was used to evaluate, for the first time, the steady-state 3D thermal

field in these domains. The workflow presented in this thesis is especially valuable,

because it integrates many different datasets in 3D lithospheric-scale models, including

the calculation of the 3D density distribution of the mantle, based on S-wave velocities.

These models were the starting point for other geophysical applications, such as

evaluating the temperatures at which earthquakes nucleate, or delineating the locations

where the physical conditions are met for potential gas hydrates accumulation. The

fundamental results of this research are:

1. Potential field data with global coverage can be used to identify density

heterogeneities of different wavelengths. In this research, the Vertical Gravity

Gradients were used as a complementary parameter to the gravity anomalies,

because both are sensitive to lithospheric density contrasts at different depths.

A combination of models with both observations, if integrated with additional

geophysical data, provides a more complete characterisation of the lithosphere.
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2. A new methodology for characterising the crystalline crust is proposed, aiming

to identify tectonic or terrain boundaries, and to calculate its average density

distribution. This method, based on satellite Vertical Gravity Gradients, relies

on global, publicly available datasets; therefore, it can be applied to any tectonic

setting worldwide.

3. Vertical Gravity Gradients are especially sensitive to density contrasts in the

upper layers of the lithosphere. Thus, lithospheric models with 3D density

solutions for seawater and marine sediments fit better the measured gravity field.

4. This thesis workflow demonstrates that, in spite of scarce direct data,

data-integrative and gravity-validated 3D lithospheric models can provide

further insights regarding the lithospheric density and thermal configuration.

With such models, more reliable geohazards studies can be carried out.

5. In this research, previously debated tectonic or terrain boundaries in the

Caribbean oceanic realm are confirmed, and new ones are proposed. These

boundaries include: the limit between the North and South American plates, in

the Lesser Antilles subduction; the possible boundary between the Colombian

and the Venezuelan basins, along the Beata Ridge; the boundary between

two crustal domains in the Grenada Basin; and finally, the continent-ocean

transition. Similarly, widespread high density (inner) and low density (outer)

forearc domains in the Lesser and Leeward Antilles, as well as an anomalous low

density body nearby the Lesser Antilles subduction were identified for the first

time.

6. The fitting of the measured gravity anomalies in the South Caribbean realm

requires the presence of subcrustal bodies with relatively high density, ranging

between 3300 and 3500 kg m−3 (depending on their a priori defined thickness).

This high density trend can be followed down to 75 km depth, according to

the mantle density obtained from the conversion of S-wave velocities. Such

high density domains are interpreted as the present, remaining material, of the

Caribbean Large Igneous Plateau plume. This fossil plume in the upper mantle

had never been identified before.

7. Assuming a S-wave velocity of 4540 m s−1 as the boundary of the high density

mantle material, a total volume of ∼9.2×1015 m3 is calculated for the Caribbean

fossil plume. This volume is ∼2 times the excess magma volume reported by
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Kerr (2014), for the ’in situ’ plume material that currently forms the Caribbean

crust. Nevertheless, future Ocean Bottom Seismometers (OBS) campaigns would

be required to obtain a more detailed image of the Caribbean upper mantle.

8. The lithospheric model that best fits the gravity anomalies includes both a 3D

density solution for the mantle, and the slab geometry from the Slab2 dataset.

However, the Caribbean and Nazca (Coiba) slabs configurations are not well

constrained yet. Future geophysical campaigns should focus on characterising

these geometries.

9. Using a data-integrative and gravity-validated 3D lithospheric model, the

3D conductive thermal field was calculated for the South Caribbean and

northwestern South American plate, for the first time. The steady-state

approach used provided first-order insights about the lithospheric temperature

distribution.

10. The lithosphere beneath the Andean orogen is weaker than its vicinity. This can

be explained considering the interaction of different mechanisms: (1) a shallow

mantle (upwards from 75 km depth) hotter than its surroundings, and therefore

more buoyant, which had a weakening effect in the continental lithosphere;

(2) the compressional component from the subducting slab, which thickens the

overriding plate; and (3) an increase in temperature within the orogen due to the

radiogenic heat production of the thickened continental crust.

11. The preserved, plume-related portions of the Caribbean oceanic lithosphere are

colder, and therefore stronger, than the surroundings. In the Venezuelan Basin,

the coldest region coincides with the deepest portion of the basin. These results

may account for subduction initiation conditions in the southeastern margin of

the Caribbean Sea. In this region, an incipient subduction seems to be occurring

nowadays.

12. In the analysed subregion, in northwestern South America, a seismic gap

is present between ∼35 and ∼39 km depth. This gap occurs just below a

temperature of 600◦C, at which the seismogenic window of the olivine starts.

13. A steady-state, purely conductive thermal model may not accurately represent

the temperature distribution in a flat-slab subduction system. Thus, the resulting

temperatures at which earthquakes nucleate are potentially overestimated. In
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these active systems, subduction of cold material into the mantle has been

identified. Nevertheless, data-integrative 3D lithospheric models represent a

more realistic frame for future transient simulations, compared with previously

published, more simplified, 2D approaches.

14. The potential gas hydrate stability zones, calculated for a thermogenic source,

correlate with the observed Bottom Simulating Reflectors along the Colombian

margin. The results suggest that stability conditions for hydrates are present

along the entire South Caribbean margin. These predictions may contribute to

a further geohazards assessment, especially in regions where hydrates have not

been directly observed yet.
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CHAPTER 8

Conclusiones

Los principales objetivos de esta tesis fueron: reconstruir variaciones de densidad

en lugares donde las mediciones con métodos geofísicos convencionales y directos son

limitadas; desarrollar una nueva metodología para identificar límites tectónicos (o de

terrenos) en la corteza cristalina; y explorar la utilidad de modelos integradores de

datos en 3D para una mejor evaluación de geopeligros.

Para cumplir con estos propósitos, se estudió la litósfera oceánica del Caribe y del

noroeste de la placa Sur Americana. El modelo 3D resultante integra diferentes bases de

datos geofísicas, y fue validado mediante modelación gravimétrica. Éste fue utilizado

para evaluar, por primera vez, el campo termal en 3D de los dominios anteriormente

mencionados, suponiendo un estado estacionario. El esquema de trabajo presentado en

esta tesis es particularmente valioso, porque en él se integran diversas bases de datos

geofísicas de libre acceso en modelos litosféricos tridimensionales, incluyendo el cálculo

de la distribución de densidades del manto en 3D, basado en las velocidades de onda

S.

Estos modelos fueron el punto de partida de otras aplicaciones geofísicas, tales como

la evaluación de las temperaturas a las que los terremotos nuclean, y la delimitación

de las localizaciones donde las condiciones físicas son adecuadas para la potencial

acumulación de hidratos de gas. Los resultados fundamentales de esta investigación

son:

1. Los datos de campos potenciales con cobertura global pueden ser usados para

identificar heterogeneidades de densidad de diferentes longitudes de onda. En

esta investigación, los gradientes verticales de gravedad fueron usados como

161



parámetros complementarios de las anomalías de gravedad. Esto es debido a

que ambos son sensibles a contrastes de densidad en la litósfera localizados a

diferentes profundidades. Utilizando una combinación de modelos con ambas

observaciones, si se tiene en cuenta información geofísica adicional, es posible

realizar una caracterización más completa de la litósfera.

2. Se propone una nueva metodología para caracterizar la corteza cristalina, con el

fin de identificar límites tectónicos o de terrenos, y de calcular su distribución

promedia de densidades. Este método, que se basa en mediciones satelitales de

gradientes verticales de gravedad, usa bases de datos globales y de libre acceso.

Por lo tanto, puede ser aplicado a cualquier contexto tectónico en otras partes del

mundo.

3. Los gradientes verticales de la gravedad son especialmente sensibles a contrastes

de densidad en las capas más superficiales de la litósfera. Por ello, los modelos

litosféricos que incluyen determinaciones de densidad resueltas en 3D para el

agua del mar y para los sedimentos marinos ajustan mejor el campo de gravedad

medido.

4. El esquema de trabajo de esta tesis demuestra que, a pesar de la escasez de datos

directos, los modelos 3D integradores de datos, y validados por gravedad, pueden

proporcionar información detallada de la configuración termal y de densidades

de la litósfera. Con estos modelos, evaluaciones más fiables de geopeligros

pueden ser llevadas a cabo.

5. En esta investigación se confirman diversos límites tectónicos o de terrenos,

previamente debatidos, y se proponen otros nuevos. Éstos incluyen: el límite

entre las placas Norte y Sur Americanas, en la subducción de las Antillas Menores;

el posible límite entre las cuencas de Colombia y Venezuela, a lo largo de la Dorsal

de Beata; el límite entre dos dominios corticales en la Cuenca de Grenada; y,

finalmente, la transición oceáno-continente. De manera similar, se identifican por

primera vez extensos dominios de antearco de alta densidad (interiores) y de baja

densidad (exteriores) en las Antillas Menores y de Sotavento, así como un cuerpo

anómalo de baja densidad cerca de de la subducción de las Antillas Menores.

6. Para ajustar las anomalías de gravedad medidas en el dominio sur del Caribe

se requiere la presencia de cuerpos subcorticales con densidad relativamente

elevada, de entre 3300 y 3500 kg m−3 (dependiendo de su espesor definido a
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priori). Esta tendencia de alta densidad puede seguirse hasta una profundidad

de 75 km, según la densidad mantélica obtenida a partir de la conversión de las

velocidades de ondas S. Tales dominios de alta densidad se interpretan como

el material actualmente remanente de la pluma de la Gran Provincia Ígnea del

Caribe. Esta pluma fósil en el manto superior no se había identificado hasta ahora.

7. Suponiendo que una velocidad de onda S de 4540 m s−1 es el límite de este

material de alta densidad en el manto, se calcula un volumen total de ∼9.2×1015

m3 para la pluma fósil del Caribe. Este volumen es aproximadamente el doble

que el volumen de magma en exceso calculado por Kerr (2014) para el material

de la pluma ’in situ’ que forma actualmente la corteza del Caribe. Sin embargo,

se requerirían futuras campañas de sismómetros de fondo oceánico (OBS por su

acrónimo inglés) para obtener una imagen más detallada del manto superior del

Caribe.

8. El modelo litosférico que mejor ajusta las anomalías gravimétricas incluye tanto

una solución 3D para el manto, como la geometría de la subducción, tomada de

la base de datos Slab2. Sin embargo, la configuración de las subducciones de las

placas Caribe y Nazca (Coiba) no está bien delimitada aún. Futuras campañas

geofísicas deberían enfocarse en caracterizar estas geometrías.

9. Utilizando un modelo 3D integrador de datos y validado por gravimetría, se

calcula por primera vez el campo termal conductivo en 3D para el sur del

Caribe y el noroeste de la placa Sur Americana. El enfoque usado, de estado

estacionario, proporciona información de primer orden acerca de la distribución

de temperatura litosférica.

10. La litósfera bajo el orógeno andino es más débil que en sus alrededores. Este

hecho puede explicarse considerando la interacción de diferentes mecanismos: (1)

un manto somero (hasta 75 km de profundidad) más caliente que su entorno, y

por lo tanto más boyante, que tuvo un efecto debilitador en la litósfera continental;

(2) el componente compresivo de la placa que subduce, que engrosa la placa

superior; y (3) un incremento de temperatura en el interior del orógeno debido

a la producción radiogénica de calor de la corteza continental engrosada.

11. Las porciones preservadas del material asociado a la pluma del Caribe son

más frías, y por tanto, más rígidas que sus alrededores. En la cuenca de

Venezuela, la región más fría corresponde con la zona más profunda de la cuenca.
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Estos resultados podrían indicar que existen condiciones para la iniciación de la

subducción en el margen sureste del Mar Caribe. En esta region, una subducción

incipiente pareciera estar ocurriendo actualmente.

12. En la sub-región analizada, en el noroeste de Sur América, hay un intervalo

asísmico entre∼35 y∼39 km de profundidad. Éste ocurre justo a una temperatura

inferior a 600◦C, a la que comienza la ventana sismogénica del olivino.

13. Un modelo termal puramente conductivo, en estado estacionario, puede no

representar de manera fiel la distribución de temperaturas en un sistema de

subducción plana. Por lo tanto, las temperaturas resultantes a las que nuclean los

terremotos están potencialmente sobreestimadas. En estos sistemas activos se ha

identificado la subducción de material frío en el manto. Sin embargo, los modelos

litosféricos integradores de datos en 3D representan un marco más realista para

futuras simulaciones en estado transitorio, en comparación con métodos más

simplificados, donde se usan aproximaciones en 2D.

14. Las zonas de potencial estabilidad de hidratos de gas (calculada para una fuente

termogénica) se correlacionan con los reflectores simuladores del fondo marino

(BSR por sus siglas en inglés) en el margen continental colombiano. Los resultados

sugieren que se reúnen las condiciones de estabilidad de hidratos en todo el

margen sur del Caribe. Estas predicciones podrían contribuir a un análisis

de geopeligros más detallado, especialmente en regiones donde las mediciones

directas de hidratos de gas son limitadas.
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9.1 Appendix I: Data repository with average crustal densities

and main terrain boundaries of the Caribbean oceanic

domain

This dataset has been published by Gómez-García et al. (2019a), and contains

information about the structure of the Caribbean oceanic crust, based on the modelling

of the Vertical Gravity Gradients, which are gravity derivatives especially sensitive to

density contrasts in the upper layers of the Earth.

Figure 9.1: Screenshot of the published dataset containing the main results of the forward
modelling of the Vertical Gravity Gradients, presented in Chapter 4.

166



9.2 Appendix II: Scripts to calculate the Vertical Gravity

Gradients response of a 3D lithospheric model

The scripts to reproduce the results presented in Chapter 4 are available in

Gómez-García et al. (2019b). Here, a detailed explanation for the calculation of the

VGG response of a 3D lithospheric model, in spherical coordinates, using the software

Tesseroids (Uieda, 2015) is given.

Figure 9.2: Screenshot of the GFZ data repository webpage where the scripts to reproduce the
complete workflow of the forward modelling of the Vertical Gravity Gradients are available.
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9.3 Appendix III: Model response to a preserved CLIP mantle

plume configuration

In the tested mantle configurations (Sect. 4.2.2) a constant mantle density (3200 kg m−3),

between the Moho and 50 km depth, was always assumed. However, the presence

of a high density mantle trend from 25 to 75 km depth, and its spatial correlation

with the high density subcrustal bodies (Figure 4.13), suggest that the latter may be

a continuation of that mantle structure. These results were interpreted as the preserved

CLIP fossil plume.

In this Appendix, the effect of the proposed plume in the shallow mantle is explored.

In this case, the thicknesses of the high density subcrustal bodies were increased from

the Moho down to 25 km depth, preserving their spatial location in the Colombian and

the Venezuelan basins.

With this new configuration, an average density of 3300 kg m−3 is required for the

plume-related material, in order to fit the observed gravity. Figure 9.3 (a) shows the new

modelled gravity anomalies, and the associated residuals are presented in panel (b).

These residuals, indeed, are similar to the ones obtained assuming thinner high density

subcrustal bodies (Figure 4.8 (c)). Although with this new configuration, negative

residuals appear in some areas around the plume-related bodies. Therefore, these

results suggest that a decrease in the modelled crustal density is probably required.

Both models have identical RMSE, 18.39 mGal for the final model presented in Sect.

4.3.2 (Figure 4.8), and 18.77 mGal for the model including deeper plume-related bodies

(Figure 9.3 (c)).

With this experiment it is possible to conclude that the solution of the forward

modelling presented in Chapter 4 is not unique. Nevertheless, these results can be

improved as new geophysical information of the study area becomes available.
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Figure 9.3: Gravity response of an increased plume-related bodies thickness, from the Moho
down to 25 km depth. (a) Modelled gravity anomalies. (b) Residuals (EIGEN-6C4 - Modelled).
(c) Histogram of the residuals.
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