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Chapter 1  

Introduction
1
  

 

1.1 Short overview of the tectonic history of the Caribbean plate  
The Caribbean plate (Figure 1.1) is an actively deforming region between two major subduction 

zones: the Lesser Antilles subduction zone in the east and the Central America subduction zone in 
the west. The northern boundary with the North America plate and the southern boundary with the 
South America plate are characterized by large transform-type fault systems [Molnar and Sykes, 1969]. 
Based on observations of bathymetric relief and gravity anomalies along the northern and eastern 
plate boundary, Hess [1933] suggested large relative eastward displacement of the Caribbean region. 
He proposed that this resulted in large shear zones in the region we now know as the northern plate 
boundary of the Caribbean plate (see Figure 1.1) and lithospheric buckling at the Lesser Antilles. 
This idea was further developed with the recognition that Puerto Rico, Hispaniola and Cuba were 
aligned in the Cretaceous and that the large scale strike-slip fault displacement caused the present-day 
offset of the islands by several hundreds of kilometers [Hess and Maxwell, 1953]. With the 
development of the plate tectonic theory even larger lateral displacements along faults became 
credible. Using the analogy with ice rafting or sea-ice thrusting, where narrow strips on the edge of 
an ice sheet intrude and overlap the edge of an adjacent ice sheet, Wilson [1966] suggested that the 
Caribbean plate originally belonged to the Pacific plate and intruded the intra-American domain. 
This implied displacements of thousands of kilometers along the northern and southern boundary of 
the Caribbean plate, and subduction of a similar amount at the leading edge of the Caribbean plate. 
Focal mechanisms confirmed the sense of this strike-slip motion at Present [Molnar and Sykes, 1969]. 
The Wadati-Benioff zone to a depth of 300 km [Sykes and Ewing, 1965] confirmed the suggested 
subduction at the Lesser Antilles. The large relative motion was also recorded by the opening of the 
Cayman trough, a pull apart basin along the northern plate boundary and the only region in the 
Caribbean where Cenozoic oceanic spreading occurred, indicating at least 1100 km of relative plate 
motion [Holcombe et al., 1973]. Further study of the seismic zone, structural mapping, and seismic 
studies resulted in the recognition that, instead of consisting of a single fault, the northern plate 
boundary rather is a broad deformation zone. Several lithosphere cutting faults define independent 
blocks or microplates: the Gonave block [Rosencrantz and Mann, 1991], the Hispaniola block [Mann et 
al., 2002] and the Puerto Rico-Virgin islands block [Byrne et al., 1985]. Measurements of Global 
Positioning System (GPS) derived velocities indicate that the Gonave and Hispaniola blocks indeed 
move with velocities between those of the surrounding North American and Caribbean plates [Calais 
et al., 2002; DeMets and Wiggins-Grandison, 2007], whereas the differential velocity between Puerto Rico 
and the Caribbean is almost zero [Jansma et al., 2000]. 

 

1.2 Studies on the structure of the mantle under the Caribbean. 
Existing literature generally attributes the fragmentation of the northern Caribbean plate 

                                                 
1 For high resolution versions of the images in this chapter please  refer to the electronic version 
available from Igitur: 
http://igitur-archive.library.uu.nl/search/search.php?language=en 
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boundary zone to processes in the lithosphere. Most notably various topographic irregularities 
such as the carbonate Bahamas platform [Mann et al., 2002], the Main ridge [Grindlay et al., 2005] and 
the Tiburon and Barracuda Rises [McCann and Sykes, 1984] are thought to have indented the 
northern Caribbean plate margin. In other regions, lateral density differences within the lithosphere 
and inter-plate interaction have also proven to be important contributors to the kinematics and 
deformation of the lithosphere [Forsyth and Uyeda, 1975; Wortel et al., 1991]. However, even before 
the recognition of the theory of plate tectonics it was recognized that the lithosphere and 
asthenosphere are intrinsically coupled systems, and that processes deeper in the mantle also have a 
profound influence on the motion and deformation of the lithosphere [Griggs, 1939; Turcotte and 
Oxburgh, 1967]. The research in Chapters 2 and 4 of this thesis constrains the relative contribution 
of these forces to the deformation of the Caribbean plate. Since the 1980s, the creation of a 
worldwide network of high-quality seismometers and the development of tomographic mapping 
techniques helped to refine our understanding of the global mantle structure, from a first order 
radial velocity profile to the identification of lateral variations constituting large-scale anomalies, 
presumably associated with mantle convection. Jordan and Lynn [1974] identified a large high 
velocity anomaly in the lower mantle beneath the Caribbean region. Van der Hilst and Spakman 
[1989] and van der Hilst [1990] used seismic tomography to study the mantle structure under the 
Caribbean region in more detail and imaged various slabs under Central America, northern South 
America, the Lesser Antilles, Puerto Rico and Hispaniola. Later studies focused on either a 
(re)interpretation of the work of van der Hilst and Spakman, or were regional studies [Van der Hilst 
and Mann, 1994; Taboada et al., 2000; Rogers et al., 2002; VanDecar et al., 2003; Pindell et al., 2006; Miller 
et al., 2009]. Other models for the mantle structure under the northeastern Caribbean were derived 
from inferences based on surface observations and seismicity [Schell and Tarr, 1978; Calais et al., 
1992; Dillon et al., 1996].  

 

1.3 Models for slab structure under the northeastern Caribbean  
The Lesser Antilles arc, located on the eastern edge of the Caribbean plate is an example of a 

region where surface observations and seismicity are used to make inferences about the geometry of 
the deeper mantle structure. Here, the observed long-term large eastward motion of the Caribbean 
plate resulted in subduction at the Lesser Antilles. This subduction zone (apparently) terminates at 
both its northern and southern edge and changes to large strike-slip systems [Sykes and Ewing, 1965; 
Wilson, 1966; Molnar and Sykes, 1969]. The classroom 2D example of a subduction zone is justified 
by the assumption that the subduction system extends infinitely into the third dimension, i.e., 
laterally. However, in the Caribbean (like elsewhere on the earth) the subducting slab and its 
accompanying trench have a horizontal terminations. This horizontal termination of the subduction 
system has consequences for the structure of the slab in the mantle. Along the southeastern 
boundary of the Caribbean plate focal mechanisms and the distribution of hypocenters uniformly 
point into the direction of ‘hinge’ faulting or STEP (Subduction-Transform-Edge-Propagator) 
activity [Sykes and Ewing, 1965; Molnar and Sykes, 1969; Govers and Wortel, 2005]. At a STEP, the 
subducting plate is vertically torn from the lithosphere at the surface to accommodate the offset 
between the part of the plate staying at the surface and the subducting part. The resulting fault (or 
deformation) zone in the wake of the active STEP between the overriding plate and the surface part 
of the subducting plate is referred to as the STEP fault. Figure 1.2a schematically shows a 3D 
subduction zone with a STEP and a STEP fault. The STEP decouples the slab along one side from 
the surface, relieving trench-parallel tensions that would otherwise arise from the dense slab at 
depth. Govers and Wortel [2005] noted that the situation along the northern boundary of the 
Caribbean plate is complicated by the existence of the microplates and requires further study. Also 
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 Figure 1.2 : Proposed models of the deeper (upper mantle) structure for the northeast Caribbean plate 

boundary. The compass needle indicates North in each figure. Puerto Rico and Hispaniola are drawn for 
reference. The figure has been adapted from Dillon et al. [1996] and Calais et al. [1992]. a) The STEP model, an 
implicit feature of the scenario from Wilson [1966]. Here the transition from subduction at the Lesser Antilles to 
transform faulting along the northern boundary is accommodated by vertical tearing at the STEP. The transform-
type fault separating the plates at the surface is referred to as the STEP fault. b) In order to explain the observed 
seismic zone along the northern plate boundary Schell and Tarr [1978] envisioned several horizontal faults at 
depth that created discrete slivers of lithosphere at various depths. c) Calais et al. [1992] proposed a STEP in the 
process of forming. This both explains the observed continuous seismic zone and relieves tensions that arise as a 
result from the slab pull. d) The subducted slab is continuous with the lithosphere at the surface. This generates 
tension, which is relieved by several (vertical) tears [Dillon et al., 1996]. 



1.4 Aim of this thesis   

 

 

13 

the existence of a continuous seismic zone extending to more than 200 km depth at the northern 
plate boundary [Sykes and Ewing, 1965; Molnar and Sykes, 1969] is something not expected for a 
typical STEP setting, which has a gap between the subducted slab and the lithosphere at the surface. 
Schell and Tarr [1978] envisioned various parallel horizontal faults in the subducted slab that 
created “slivers” at various depths that explained the “continuous” seismic zone (Figure 1.2b). 

 A further refinement of this idea based on focal mechanisms, suggests that a STEP has started 
to form under Hispaniola and Puerto Rico [Figure 1.2c; Calais et al., 1992]. Dillon et al. [1996] 
propose the complete absence of a STEP and suggest that the subducted slab is continuous with 
North American lithosphere at the surface (Figure 1.2d). In his vision, vertical rather than horizontal 
normal faults release tensional stresses in the curved slab. Chapter 3 is a study of the connection of 
tectonic reconstructions of the Caribbean region and P-delay time tomographic images. 

 

1.4 Aim of this thesis 
The westward relative motion and frictional coupling with the micro-plates of the North America 
plate cause significant motion on the faults forming the southern boundaries of the micro plates. 
One of the faults of the plate boundary fault system is the Enriquillo-Plantain Garden Fault zone 
(Figure 1.1). The fault was the site of the catastrophic 12th of January 2010 earthquake [Figure 1.1, 
Calais et al., 2010]. The unknown mantle structure under the Caribbean in combination with the 
observed fragmentation of the plate boundary region and the accompanying high seismic hazard [Ali 
et al., 2008; Manaker et al., 2008], warrants further investigation of the mantle structure under the 
Caribbean and its expression at the surface. Earlier studies of the geodynamics and deformation in 
the Caribbean region only focused on inter-plate interaction [Lundgren and Russo, 1996], were 

 
Figure 1.2 (continued) 
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kinematically rather than dynamically driven [Negredo et al., 2004], or were global models where the 
resolution was not sufficient to draw any conclusions for the Caribbean region [Bird et al., 2008]. In 
this thesis I aim to constrain the main forces driving lithospheric deformation in the Caribbean 
region, and specifically in the northeastern Caribbean plate boundary zone. Important tools for 
quantifying  those forces are the mechanical constraint of torque balance of the plate with respect to 
the centre of the earth [Forsyth and Uyeda, 1975]  and a recent P-delay time tomographic model, 
developed at Utrecht University. 
 The merit of torque balance is that physical models are used to quantify the driving gravitational 
forces, with  the magnitudes of other forces constrained by the balance of torques. This is in  
contrast with the  kinematically constrained or driven   approaches [Lundgren and Russo, 1996; Negredo 
et al., 2004; Bird et al., 2008]. We use simple rheology so that the first order conclusions of our 
analysis are robust.  The force models obtained can also be used in future models, with a more 
complex rheology. The main weak point of the torque balance method is that tractions caused by 
mantle flow are highly simplified or omitted because they are unknown. In comparison, weak points 
of global models, where lithospheric deformation is driven by frictional coupling with  mantle 
convection, are that 1) discrete plate boundaries with frictional coupling are not present in those 
models,  and 2)  those models do not include stress guiding in the subducting slab and the slab pull 
acts on both the overriding and subducting plate [Becker and Faccenna, 2009].  

 

1.5 Thesis outline 
The following three chapters investigate the lithospheric forces acting on the Caribbean plate, 

the mantle structure underneath the Caribbean plate and, in more detail, the dynamics of the 
northeastern Caribbean plate boundary, integrating the results from the first two chapters. 

In chapter 2 [published as van Benthem and Govers, 2010] we determine the forces acting on the 
Caribbean plate. We find that forces deriving from the interaction with neighboring plates, including 
an extra push at the island of Hispaniola resulting from collision of the Bahamas Platform, control 
the stress field. Line forces have a magnitude between 0.4 TN·m-1 and 1.0 TN·m-1. The extra push is 
significant, amounts to 1.0 TN·m-1, and acts on a plate boundary segment of roughly 500 km length. 

In chapter 3 [van Benthem et al., 2013] we investigate the mantle structure underneath the 
Caribbean plate using a seismic P-wave velocity model. Using the correlation between material 
temperature and seismic velocity we link the observed mantle structure to tectonic reconstructions, 
in particular to suggested sites of subduction of cold lithosphere. The tomography confirms 
Cenozoic subduction under the Lesser Antilles, under the Maracaibo block and under Central 
America, as well as Mesozoic subduction under the Greater Antilles and Central America. Moreover, 
the shape of the subducting slab under the Lesser Antilles leads us to infer that the northeastern 
Caribbean plate boundary is not a simple STEP. Instead of vertical tearing of the subducting slab, 
the latter remains attached to the lithosphere at the surface. The peculiar structure of this slab, 
resembling an amphitheatre, has important implications for the evolution and deformation of the 
plate boundary. 

 In chapter 4 [van Benthem et al., Submitted to tectonics] we investigate these implications of the 
inferred slab structure (chapter 3), in particular its laterally moving edge, using the force magnitudes 
found in chapter 2. The slab edge exerts a push on the overriding Caribbean plate, which henceforth 
is referred to as “Slab Edge Push”. We compare the Slab Edge Push with the implications of  
collision with the carbonate Bahamas platform, the generally accepted cause for the observed 
lithospheric deformation in the northeastern Caribbean plate boundary zone. For the Present, both 
the Slab Edge Push and the Bahamas collision reproduce the observations of lithospheric 
deformation. Observations for the Pliocene are largely absent. Both scenarios fail to correctly predict 
the observed Miocene rotation of the Puerto Rico – Virgin Island microplate. Only a combination of 
the two scenarios correctly explains the observations of rotation, with the relative contribution of the 
slab edge larger than the contribution of the Bahamas collision. We conclude that, although both 
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mechanisms play their role, the dominant mechanism causing deformation in the northeastern 
Caribbean plate boundary region is the Slab Edge Push.
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Chapter 2  

The Caribbean plate; pulled, pushed or dragged? 
1
 

 

Abstract 
Mechanical coupling between the lithosphere and the asthenosphere remains a controversial 

topic in the geosciences. Beneath the Caribbean plate shear wave splitting measurements show east-
west directed fast axes in the upper mantle, which can be interpreted as eastwards mantle flow 
driving or resisting motion of the overlying lithosphere. Here, we constrain the average shear 
traction on the base of the Caribbean plate by balancing all torques. These torques result from body 
forces that act on the Caribbean (slab pull, ridge push, lateral density variations), from plate 
boundary friction and from basal shear tractions. We obtain a range of physically realistic torque 
solutions, which we examine further by computing the corresponding stresses and rotations within 
the Caribbean plate for comparison with observations. The deformation field for the Caribbean is 
particularly sensitive to the amount of friction on intra-plate faults. Representative models have a 
good fit with observations and are characterized by (1) a near-zero basal shear traction (≤ 0.3 MPa), 
(2) (lithosphere-averaged) plate boundary friction ≤ 10 MPa, (3) local forces due to indenters and 
trench suction, (4) a net pull by the South Caribbean slab and (5) intra-plate fault shear stresses on 
the order of tens of MPa. We conclude that the mechanical coupling of the Caribbean plate to the 
underlying asthenosphere is small. 

 

2.1 Introduction 
The lithospheric stress / deformation field is an expression of a variety of forces that act on the 

lithosphere. Those forces drive deformation on both geological and human time scales, e.g. both 
fault slip and earthquakes. Here we aim to constrain the most significant of these forces for the 
Caribbean plate. Researchers debate the relative importance of asthenospheric flow and lithospheric 
forces like ridge push or slab pull. Little support remains today for the most extreme viewpoints, 
that the lithosphere is either driven entirely by mantle convection or entirely by plate internal body 
forces. Low basal shear stresses (<0.3 MPa) acting on the base of the lithosphere have been found 
by Forsyth and Uyeda [1975], Richardson et al.[1979], Cloetingh and Wortel [1985], Meijer and 
Wortel [1999] and Govers and Meijer [2001]. Low lithosphere-mantle coupling is also suggested by 
global geophysical data which require a significant low-viscosity region in the upper mantle [Forte 
and Mitrovica, 2001]. Other studies conclude however that significant (1-30 MPa) 

                                                 
1 This chapter has been  published as:  
van Benthem, S. A. C., and R. Govers (2010), The Caribbean plate: Pulled, pushed, or dragged?, 
Journal of Geophysical Research, 115(B10), B10409 , doi: 10.1029/2009jb006950.  
There are small differences of editorial nature. For high resolution versions of the images in this 
chapter please refer to the electronic version available from Igitur: 
http://igitur-archive.library.uu.nl/search/search.php?language=en 
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Figure 2.1: Tectonic setting of the Caribbean plate. Major tectonic elements and faults are: AF: Anageda 
Fault, AR: Aves Ridge; BER: BEata Ridge; BP: Bahamas Platform; BR: Barracuda Ridge; CAF: Central American 
Fore-arc.; CAFSS: Central American Fore arc Strike-Slip zone; CB: Colombia Basin; CR: Cocos Ridge; CT: Cayman 
Trough; EPGF: Enriquillo Plantain Garden Fault zone; G: Gonave block; GA: Greater Antilles island arc GB: 
Grenada Basin; H: Hispaniola block; HF: Hispaniola Fault zone; LA: Lesser Antilles island arc; LAB: Lesser Antilles 
fore-arc Block; MB: Maracaibo Basin; MR: Mona Rift; MS: Maracaibo Subduction zone; MT: Muertos Trough; NR: 
Normal Ridge; NPDB: North Panama Deformed Belt; P: Panama block; PR: Puerto Rico block; SCDB: South 
Caribbean Deformed Belt; SF: Septentrional Fault; TR: Tiburón Ridge; VB: Venezuela Basin Interpreted principal 
stress directions from the WSM Project [Heidbach et al., 2008] are shown in blue. Principal strain rate directions 
from the Global Strain rate model [Kreemer et al., 2003] are shown in red.. The first inset panel in the middle 
shows the (not interpreted) maximum compression axes of the WSM. The second inset panel at the bottom shows 
vertical axis rotation from [Kreemer et al., 2003] 
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shear stresses are needed at the base of the plates [Steinberger et al., 2001; Conrad and Lithgow-Bertelloni, 
2002; Negredo et al., 2004; Barba et al., 2008; Bird et al., 2008].  

The Caribbean plate (Figure 2.1) is well suited to study coupling to asthenospheric flow; shear 
wave splitting observations reveal significant anisotropy in its upper mantle, which has been 
interpreted as eastward (return) flow around the northern edge of the Nazca slab [Russo et al., 1996; 
Schellart et al., 2007]. In a model study of the Caribbean plate, Negredo et al. [2004] best fitted 
surface observations when they assumed such eastward mantle flow to be mechanically coupled to 
the overlying lithosphere. Their finding is at odds with studies by Bird [1998], Alvarez [1982] and 
Conrad and Lithgow-Bertelloni [2006], who suggest that coupling is not expected for plates lacking 
a significant lithospheric root, such as the Caribbean plate. Bird et al. [2008] also find high (6 MPa) 
stresses at the base of the Caribbean plate but small plates probably fall outside the resolution of 
their model. We aim to resolve the controversy about high or low basal shear stresses by directly 
estimating the shear stresses on the base of the Caribbean plate from torque balance. This yields a 
suite of force models. All models are characterized by a low (<0.4 MPa) average shear stress on the 
base of the plate. Shear coupling of the Caribbean plate to the underlying mantle is thus low. 
For all force models, we compute deformation gradients and the sense of slip on regional faults 
within the Caribbean domain. Based on the differences between the resulting stress models, we find 
that only two parameters produce significantly different model classes: The intra-plate fault friction 
and the amount of trench suction by the Antilles slab. Based on the fit with observations we find 
that values on the order of tens of MPa for the fault friction give best results, what is relatively high 
when compared to the magnitudes of frictional plate boundary shear stresses (2 – 10 MPa). 
However we cannot discriminate between regional forces, such as the amount of trench suction or 
higher frictional coupling at subducting bathymetric highs. These forces improve the fit to the 
regional stress field by an amount that is insignificant on the overall plate scale. Our research 
question of the title of this paper is thus only partially answered. Shear stresses from mantle flow 
are low (on average) i.e. the Caribbean plate is not dragged. It is pulled (by slab pull, and possibly by 
the trench suction) and is pushed (sheared) by surrounding plates, possibly with a locally higher 
coefficient of friction. The most important parameter changing the deformation field is the intra-
plate fault friction.  

2.1.1 The Caribbean plate  
The Caribbean plate is a relatively small tectonic plate (Figure 2.1). The mechanical entity that we 
refer to as the “Caribbean plate” includes independent moving blocks along its plate boundaries. 
We based the location of plate boundaries and interior faults on the geological map of French and 
Schenk [2004].  

Neighboring plates are the North-American plate in the north and east, the South American 
plate in the south and east, and the Cocos plate in the west. Plate boundaries in the north and 
southeast are predominantly strike-slip, whereas at the eastern plate boundary, the North and South 
America plates are subducting under the Lesser Antilles island arc [Molnar and Sykes, 1969]. At the 
Greater Antilles island arc relative plate motion (RPM) is highly oblique. In the west, the Cocos 
plate is subducting at the Middle America Trench. The Caribbean plate itself subducts under the 
North-Andes block in the southwest near the coast of Colombia. The northern and southern plate 
boundaries are not characterized by a single fault but rather by a diffuse system of faults, ranging 
from strike-slip to thrust faulting, thus accommodating relative plate motion [Clark et al., 2008a; 
Magnani et al., 2009]. The discrete plate boundary in our numerical model is an approximate 
representation of this shear zone. We investigated the sensitivity of our results to this 
approximation.  
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The position of the trenches surrounding the Caribbean plate  has  been relatively stable during the 
Neogene evolution of the Caribbean plate. Only The Grenada basin is suggested to be the result of 

 

Figure 2.2: Forces acting on lithosphere. Abrreviations for the forces can be found in Table 2.1. Note that 
σbs can also be directed opposite, i.e. resistive.   

 

 Table 2.1: Summary of forces acting on the lithosphere. RPM stands for Relative Plate Motion and APM 
stands for Absolute Plate Motion. 

 

Notation Name Direction Magnitude known? 

Frp Ridge Push Age gradient  Yes 

Fsp Slab Pull ┴ plate boundary Yes 

Fcf Corner Flow ┴ plate boundary Yes 

Fgr Gravitational stresses Topography gradient Yes 

Ftf Transform friction RPM From torque balance 

Fpcr Plate Contact Resistance RPM From torque balance 

Fsr Shear Resistance APM or RPM From torque balance 

Fcb Compositional Buoyancy ┴ plate boundary Assumed 

Fbs Basal shear stress \\ to APM Assumed 

Find Oceanic Ridge subduction RPM 1-10 x Fpcr 

Fts Trench suction RPM Yes 
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back-arc or fore-arc spreading in the early Tertiary [Bird et al.,1993; Aitken et al., 2011] or a piece of 
trapped Atlantic lithosphere, without any extension taking place [Kearey, 1974]. The Cayman Trough 
in the north is a pull-apart basin, where new oceanic lithosphere has been continually created since 
the Eocene [Rosencrantz et al., 1988]. Oceanic ages for the remainder of the Caribbean are unknown, 
due to the deposition of flood basalts on top of the Caribbean lithosphere in the late Cretaceous 
[Hörnle et al., 2004]. Along its northern boundary the Caribbean plate is fragmented into the smaller 
Gonave block [Rosencrantz and Mann, 1991; DeMets and Wiggins-Grandison, 2007], the Hispaniola block 
[Mann et al., 2002], the Puerto Rico block [Byrne et al., 1985; Jansma et al., 2000] and possibly the 
Northern Antilles fore-arc block [López et al., 2006] . In the southwest, there is the Panama block 
[Kellog and Vega, 1995] and Central American Fore-arc (CAF) block [DeMets, 2001]. These blocks are 
separated by fault systems from the stable Caribbean plate interior. 

On the subducting Cocos plate, southwest of Panama the Cocos ridge is subducting under, or 
indenting the Panama block. It likely affects the dynamics of the overriding Panama plate and the 
lateral northwestern escape of the CAF block [Correa-Mora et al., 2009; LaFemina et al., 2009]. Other 
potentially relevant subducting ridges affecting the dynamics of the Caribbean plate are the 
Bahamas platform [Mann et al., 2002; Manaker et al., 2008] and Normal Ridge [Grindlay et al., 2005] in 
the northeast at the Puerto Rico Trench and the Barracuda and Tiburon Ridges [McCann and Sykes, 
1984] at the northeastern Lesser Antilles Trench. 

 

2.2 Forces on the Caribbean plate: 
Three types of forces act on the Caribbean plate (Figure 2.2): (1) intra-plate body forces or 

driving forces (slab pull, ridge push and other lateral density variations, trench suction), (2) coupling 
stresses to the sub-lithospheric mantle (shear stresses on the base of the lithosphere and on 
subducting slabs, corner flow) and (3) friction on plate boundaries and faults (subduction contacts, 
transforms, indenters. Table 2.1 gives a summary of all forces that we consider (for more detail, see 
Forsyth and Uyeda [1975], Wortel et al. [1991] and Govers and Meijer [2001]). Here we summarize 
the parameterization of the forces. We discretized the Caribbean domain into a finite element grid 
(Figure 2.7a), to facilitate the computation of the forces and torques.  

2.2.1 Driving forces  
Slab pull 

 The Caribbean plate subducts under the North Andes block along the coast of Colombia and 
the western end of Venezuela at the South Caribbean Deformed Belt (SCDF; Figure 2.1). This slab 
is referred to as Maracaibo slab [Van der Hilst and Mann, 1994]. Further east along the SCDF 
convergence is taking place, at most 65 km since the Miocene [Clark et al., 2008a], and no large scale 
subduction takes place. The Maracaibo slab exerts a slab pull on the Caribbean plate, which is 
caused by the negative buoyancy of the descending lithospheric plate relative to the surrounding hot 
mantle and acts approximately perpendicular to the trench. To compute the slab pull we follow the 
approach of Govers and Meijer [2001]. Relevant parameters include the slab depth (275 km) and 
dip (17°) which we take from tomography [Van der Hilst and Mann, 1994]. Reasonable variations in 
the parameters used for the slab pull calculation, for example changing the length or dip of the slab 
or changing the mantle temperature, do not significantly influence the slab pull (<10 %). 

Ridge push  
The Caribbean plate consists of oceanic lithosphere, but its crust is on average thicker than would be 
expected due to the deposition of flood basalts in the Cretaceous [Hörnle et al., 2004]and exentesive 
arc-related magmatism at the Greater Antilles and Central America.  A compilation of crustal 
thicknesses in the Venezuela and Colombia basins was made by Mauffret and Leroy [1997] and 
indicates crustal thicknesses between 7 and 20 km. We use available age information [Müller et al., 
2008], averaged over the elements in our grid, to calculate the ridge push. The ridge push for a unit 
column is calculated using local Pratt isostasy, following the approach of Richter and McKenzie 
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[1978]. Ridge push is explicitly defined for oceanic lithosphere, where age information is available—
and thus information on lateral density variations. In the Caribbean, there is only age information for 
the Cayman trough [0-49 My old, Leroy et al., 2000]. The rest of the plate consists of Cretaceous or 
older lithosphere [Pindell and Barrett, 1990], covered by flood basalts. Where neither age nor heat flow 
information is available, we use topography and the assumption of local Airy isostasy to obtain 
information about lateral density variations. Lateral density contrasts cause a pressure gradient. For a 
unit column, the difference in pressure compared to a reference crust (thickness 35 km, topography 
at sea level) can be calculated by: 



Pgr  g(
1
2
h2l

m
m  cr

 Lcrh) for h>0 (2.1) 



Pgr  g(
1
2
h2(cr  w)

m
m  cr

 L(cr  w)h)  for h<0 (2.2) 

where g is the gravitational acceleration, h(t) the age dependent topography, h the topography, ρm, 
ρcr ρw are average densities of the upper mantle (3200 kg/m3), oceanic crust (3000 kg/m3) and water 
(1024 kg/m3) respectively, L is the reference thickness for the crust (35 km) and H(t) is the age 
dependent thickness of the lithosphere. We assume isostatic equilibrium, so that the pressure 
gradient equals the horizontal stress between two adjacent columns [Meijer and Wortel, 1992]. 

Trench suction 
The Grenada basin, with a east-west width of approximately 140 km,  is suggested to be either a 

Cretaceous-Eocene back-arc or fore-arc basin, resulting from slab roll-back [Bird et al., 1993; Aitken 
et al., 2011] or a trapped piece of Atlantic lithosphere [Kearey, 1974] . No active spreading is taking 
place at present, although Schellart et al [2007], suggest in their global compilation that trench 
migration still takes place at the Antilles. Using the global plate boundary model of Bird [2003], they 
estimated the location of the trench and obtained a trench migration rate of 18 mm /year,  implying 
roll-back of the trench. Trench roll-back results in a tensile (i.e. outwardly directed) force acting on 
the overriding plate. We name this tensile force the trench suction (Fts) and it is determined using 
the sea anchor model of Scholtz and Campos [1995]. Trench suction can result  In this model the 
trench suction is computed from the resistance to a face-perpendicular translation of an ellipsoid in 
a viscous fluid given by Lamb [1993]:  

6 h
ts

R v
F 


   (2.3) 

with μ the average upper mantle viscosity (1.1021 Pa·s) , v is the velocity of the slab with respect 
to the mantle (which is not the same as the trench migration rate), λ is the length of the trench (400 
km) and Rh is the effective radius of a sphere with the same viscous resistance (262 km). Rh is 
derived from the dimensions of the ellipsoid and thus the slab. We vary v between zero and 5 
mm/yr, corresponding to a trench suction force 0-9.1011 N/m. 

2.2.2 Coupling stresses to the sub-lithospheric mantle 

Corner flow 
Three plates subduct under the Caribbean plate (Figure 2.1): the North and South American 

plates (at the Lesser Antilles), the North American plate (at the Puerto Rico Trough) and the Cocos 
plate (at the Middle America Trench) [Molnar and Sykes, 1969]. At a subduction zone, the slab-
parallel velocity of the descending slab induces flow in the surrounding viscous mantle. The 
resulting shear stress acting on the base of the lithosphere, on the overriding side of the slab, is then 
computed following Tovish et al [1978]. The viscosity of the mantle wedge is taken to be 



11019 Pa·s [Forte and Mitrovica, 2001]. Choosing a viscosity is important, since it is linearly related to 
the amount of shear stress acting on the overriding plate. However varying it between reasonable 
limits does not alter the torque balance significantly. In the calculation we also need information 
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about the RPM at the trench (11, 12 and 90 mm/yr) and the average slab dip (50°, 60° and 50°), for 
the Puerto Rico, Lesser Antilles and Cocos subduction zones respectively. This is a simplification in 
that both the Cocos and the Lesser Antilles subduction zones are characterized by different slab 
dips along strike [Wadge and Shepherd, 1984; Funk et al., 2009]. However, this simplification does not 
affect the total torque due to corner flow, because these slabs are relatively narrow. The total torque 
due to corner flow is small in comparison to other torques in this study.  

Basal shear stress 
The basal shear stress (σbs) acts on the base of the lithosphere. It results from differential motion 

of the lithosphere and the underlying mantle, so it can be derived from absolute plate motion, 
mantle convection, or both. Absolute plate motion of the Caribbean plate is almost zero [Müller et 
al., 1999]. Therefore the basal shear stress is expected to be in the direction of the mantle flow. 
Russo et al [1996] suggest, from east-west oriented SKS-shear wave splitting results, that mantle 
flow under the Caribbean is caused by return flow around the Nazca slab and is predominantly 
uniformly distributed and eastward directed. Although Piñero-Feliciangeli and Kendall [2008] found 
some different orientations for SKS-shear wave splitting results, the predominantly east-west 
direction has been confirmed by the SKS-shear wave splitting measurements of Growdon et al 
[2009]. Therefore we choose the basal shear stress under the Caribbean to be uniformly distributed 
and directed either west or east:  

ˆ
bsbs sksσ v  (2.4) 

with ˆ sksv  the unit vector of the direction of shear wave splitting observations.  

2.2.3 Resistive forces 

Resistive forces on the Maracaibo slab  
A shear stress (σsr) results from the down dip motion of a slab relative to the surrounding 

mantle. The shear resistance force Fsr is the shear stress integrated over the contact surface (upper 
and lower surface of the slab) and acts into the relative motion direction of the slab and the 
surrounding mantle. Assuming a stationary mantle and trench, the shear stresses act into the 

direction opposite to APM ( ˆ apmv ):  

ˆ sr sr apmσ v  (2.5)  

Here we assume that APM is negligible so that shear resistance acts in the direction of 

relative motion between subducting and overriding plates 

 ˆsr sr rpmσ v  (2.6) 

In the slab pull calculation, the petrological difference between oceanic crust and mantle is not 
taken into account, hence we need to apply a correction. The compositional buoyancy force (Fcb) 
corrects for the subduction of the more buoyant crust. This force is varied between 3.1012 N/m and 
6.1012 N/m [England and Wortel, 1980; van den Beukel, 1990]. It acts into the up-dip direction of the 
slab.  

 
The plate contact resistance force (Fpcr) is the integral of shear stresses (σpcr) along the plate 

contact between the overriding and subducting plates, and is directed into the direction of the RPM. 
We assume that the plate contact zone is a subduction channel [Abers et al., 2003; De Franco et al., 
2008] with a Newtonian viscosity so that the applied shear stresses depend linearly on the relative 
velocity: 

~pcr rpmσ v  (2.7) 

Other friction forces 
We expect the mechanical coupling between overriding and subducting plate to be higher if a 

buoyant oceanic ridge arrives at the trench. Several of such ridges are subducting or indenting the 
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Caribbean plate: The Tiburón-, Barracuda-, Normal ridges and Bahamas platform in the northeast 
and the Cocos ridge in the southwest (Figure 2.1). We model the increased friction by increasing the 
shear stress magnitude by a factor R. R is varied between 1 (The indentation force, Findent, is equal to 
the plate contact resistance, Fpcr) and 10 (Findent is 10 times larger then Fpcr). For R > 10 force 
magnitudes remain similar.  

Rind pcrσ σ  (2.8) 

Transform friction is modeled as acting into the direction of the RPM:  

ˆ
tftf rpmσ v (2.9) 

with σtf being the average shear stress acting on the fault. The northern and southern plate 
boundaries of the Caribbean plate are predominantly strike-slip, and here transform friction acts on 
the Caribbean plate.  

2.2.4 Torque balance  
Because the Caribbean plate as a whole is not accelerating, it is in mechanical equilibrium, 

i.e., the sum of all torques is zero [Forsyth and Uyeda, 1975]: 
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  (2.10) 

where r is the position vector of the force (taken from the center of the earth). Lslab is the 
downdip length of the slab, which is constrained by seismic tomography and Ltr is the length of the 
trench. Lcb is the downdip length of the interval between the surface and the depth of the basalt-
eclogite transition (150 km). Arp is the area of the Cayman trough. Lts is the trench perpendicular 
width over which trench suction acts on the Caribbean plate (200 km). Acf is the surface area where 
the plate contact force acts (200 km). Atf is the surface area of transform faults (is equal to 
transform fault length on map times lithosphere thickness of 100 km). Apcr is the surface area of the 
subduction plate contact, except for indenters (represented by Aindent) (is equal to trench length times 
lithospheric thickness over the sine of the fault dip (30˚). Abs is the surface area of the Caribbean 
plate. Asr is the total surface area of the subducted slab. |Fcb|, σtf, σpcr, σbs, σsr and R are scalar 
unknowns. We systematically vary the values for R, |Fcb| and σbs and solve (14) for the magnitude 
and sign of σpcr, σbs and. σsr 

 

2.3 Torque balance results 
We systematically varied the model parameters within accepted limits (as outlined above). 

We coded our solutions as follows:  

 LOTSUC: “a LOT of trench SUCtion”; i.e. trench suction at the southern Lesser Antilles 
Trench, modeled by an outward directed suction force of 9.1011 N/m. 

 TSUC: “Trench SUCtion”; Trench suction at the southern Lesser Antilles Trench, modeled 
by an outward directed suction force of 45.1010 N/m. 

 NOTSUC: “NO Trench SUCtion”; No trench suction at the southern Lesser Antilles 
Trench. 

 The number stands for R. 
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For example, TSUC5 stands for a model where R equals equals 5 and the trench suction force 
amounts to 45.1010 N/m. Figures 2.3 and 2.9 show 12 representative torque balance results. The 
restriction that frictional forces cannot be driving the Caribbean plate, i.e. that they should be 
directed opposite to the motion of the Caribbean plate relative to the surrounding plates,  reduces 
the range of possible solutions (grey areas in Figures 2.3 and 2.9). Figures 2.3 and 2.9 show that the 
solutions share similar characteristics; 

1. The solutions center about low magnitudes for basal shear stress, which can be either 
eastward or westward. (≤0.4 MPa) 

2. Pull by the Maracaibo slab is nearly 
cancelled by resistive forces (



Fcb , 



Fsr, 



Fpcr ).  

3. The plate contact resistance and 
transform fault resistance have small magnitudes. 

The basal shear stress if found to be at most 
0.4 MPa. The compositional buoyancy is found 
to range between 3·1012 and 6·1012 Nm-1. This 
corresponds to subducting crustal thickness 
(assuming a constant thickness of the depleted 
upper mantle) of 5 to 13 km [Oxburgh and 
Parmentier, 1977]. This is consistent with 
subduction of relatively thick Caribbean crust; 
i.e. > 8 km [Mauffret and Leroy, 1997]. The 
average shear stress acting at this trench is about 

12 MPa. Average shear stresses due to frictional forces at the Cocos trench are 5 MPa, at the Lesser 
Antilles trench they are around 2 MPa, and at transform boundaries they are 8 MPa. Plate 
boundaries of the Caribbean plate are thus weak, in agreement with the studies of Lyon-Caen et al. 
[2006], Álvarez-Gómez et al. [2008], Manaker et al. [2008] and Correa-Mora et al [2009]. Since all 
models share these features, we consider them to be robust.  
 

2.4 Stress, rotation and fault slip 
We use finite element package GTECTON [Govers and Meijer, 2001] to compute stress, vertical 

axis rotation and slip on regional faults from the force sets that we obtained in the previous section. 

 

Figure 2.3: Torque balance solutions for models NOTSUC5 (a), TSUC5 (b) and LOTSUC5 (c). The vertical axis 
shows resistive force magnitudes (per meter horizontal plate boundary length) from the torque balance solution 
(transform fault resistance Ftf, subduction plate contact resistance Fpcr, and shear resistance along the slab Fsr). 
The horizontal axis shows the basal shear stress magnitude. Lines denote the solutions for the forces denoted 
above, as function of the basal shear magnitude. We plot this for different values of Fcb. Physically realistic 
solutions (no driving resistive forces, i.e., their magnitude should be less than zero) are shown in gray, unrealistic 
solutions are transparent. The red dots denote the values of Fdr and Fcb used to calculate the elastic deformation 
field. 

 

 
Figure 2.4 Geometry of modeled faults. B is a 

column of lithosphere at the fault, where thickening 
occurred, depending on amount of convergence x 
and dip α. The thickened lithosphere is isostatically 
compensated. Column A is regular lithosphere. 
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Below, we first discuss the model setup, and the method that we use to recognize similar numerical 
model results. We then present representative models, and will discuss their implications in terms of 
stress, vertical axis rotations and fault slip. 

2.4.1 Model setup 

Domain, equations and material properties 
The finite element domain is identical to the Caribbean plate domain that we used to compute 

the torques (Figure 2.7a). Element size was selected on the basis of convergence tests where we 
demonstrated the independence of the results to further grid refinement. We solve the 2D, plane 
stress mechanical equilibrium equations using a uniform elastic spherical shell (Young’s modulus 
70 GPa, Poison’s ratio 0.25) for a reference lithospheric thickness of 100 km. Our motivation for 
this simple rheology is that elastic stresses show the potential for permanent deformation. 
Incorporating a more sophisticated rheology also implies the introduction of more uncertain 
parameters. Moreover, if the lithospheric rheology is isotropic, stresses and permanent strains are 
parallel, which is relevant for comparison with observations. The exact type of plate boundary 
between Central America and the North Andes block is not known, and we apply a plate boundary 
-perpendicular movement restriction here instead, since both Central America and the Northern 
Andes consist of thick continental lithosphere, what could inhibit the convergence between the two 
blocks [Wadge and Burke, 1983].  

Regional faults/shear zones in the Caribbean plate 
`Intra-plate faults are incorporated in the finite element models using a slippery node technique 

[Melosh and Williams, 1989] to allow fault parallel slip if the shear stress exceeds fault friction. 
Transform faults in the model are idealized (infinitely thin, smoothed and continuous) 
representations of finite width, anastomosing fault fragments that constitute real fault zones. In 
these natural fault zones, stress accumulation at tips of finite length fault fragments and 
misalignment of faults will result in resistance to slip that is higher than the frictional shear stress on 
individual faults. This resistance would mostly come from (elastic) deformation of intact rocks that 
surround the fault fragments, and is expected to increase with the amount of slip on the shear zone. 
As a simple first order approximation of this behavior, we take the frictional shear stress (σxy) on 
model faults to be proportional (kfr) to shear strain (εxy): 

frkxy xyσ ε  0 2frk G   
frk

W
xyσ Δs  (2.11) 

where G is the elastic shear modulus, W is the shear zone width, and Δs is the slip on the shear 
zone. kfr is expected to decrease with the total amount of slip in natural shear zone systems, but we 
ignore this in the present study and assume a uniform proportionality constant for all fault zones. 
Thrust faults are incorporated by slippery nodes with both a strike-parallel slip component and a 
strike-normal slip component. Strike-normal slip requires work against gravity. To estimate this 
resistance we assume a fault geometry as shown in Figure 2.4. Horizontal convergence x of the two 
fault blocks is transferred in vertical displacement by an amount that is controlled by the fault dip 
angle and by local Airy isostasy. The resulting resistive force to convergence is then given by:  

tan( ) m cr
cr uplift

m

F g H x k x
 

 


 
  

 
 (2.12) 

with g gravitational acceleration (9.8 m/s2), H the thickness of the thrust slab (5 km) and  the 

fault dip angle (30°). We add this extra resistance to the frictional shear stress, discussed above.  

 Boundary conditions 
Appropriate values for the varied forces, Fcb and Fbs need to be chosen. Subducting Colombian 

basin crust has a thickness of ~8 km at the trench [Mauffret and Leroy, 1997], corresponding to a Fcb 
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of 4.1012 N/m [England and Wortel, 1980]. This is the best estimate we can have for the thickness of 
already subducted Caribbean crust and we therefore gave preference to this value. Possible values 
for σbs range between ~-0.4 MPa to 0.4 MPa (Figures 2.3 and 2.9). We choose a value in between 
these two extremes. We also examined other choices, but this doesn’t change the models 
significantly (details below). The dots in Figures 2.3 and 2.9 show the values of Fcb and Fbs that we 
used. Figure 2.7a shows the resulting nodal point forces applied to the grid for model TSUC5.  

The solution to the partial differential equations is fully determined by the above choices for 
domain, rheology and boundary conditions, except for a net translation and/or rotation. We 
therefore specify additional displacement boundary conditions at nodes where they evoke the 
smallest deformation gradient. Furthermore we dampen the effect of this pinning, by applying 
proportional-to-displacement forces at all nodes inside the stable interior of the plate.  

2.4.2 Grouping models 
To recognize whether two models, k and model l are significantly different, we compute average 

differences between their deformation gradient fields, defined by 
( ) ( )
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NUMEL is the number of elements. The indices i and j denote mutual perpendicular direction. 

For each combination of models k and l we compute the (scalar) norm of the 2x2 tensor ( )klF  
as the sum of its invariants:  
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Identical models have ( ) 0klC   and by definition ( ) 0kkC  . We thus obtain “distances” 
between all possible model combinations. This allows us to make a two-dimensional spatial plot of 
the models (Figure 2.5). Applying the 2D Kolmogorov-Smirnov (KS) test [Peacock, 1983 ] we can 
estimate the probability (P) that differences between two distributions are by chance alone. Dividing 
the models into LOTSUC, NOTSUC and TSUC groups and applying the 2D KS test gives P-values 
< 0.001. This means that it is highly unlikely that differences between the three groups are 
coincidental, which suggests that the three groups are different from each other. Similarly, dividing 
the models on the base of the value for kfr gives low P-values, especially for the lower values of kfr. 
A division based on the collision factor R gives a higher P-value of 0.173, suggesting that variation 
of R does not produce significantly different models. The likely reason for this is that indenters 
evoke local stress changes only due to the presence of faults. A division based on basal drag (Fbs) or 
on compositional buoyancy (Fcb) gives both high and low P-values, and we therefore conclude that 
neither force convincingly divides the models into subgroups. In summary: the fault friction kfr and 
trench suction Fts are the parameters that produce significant different deformation models. 

 

2.5 Results 

Quantitative comparison with observations 
We computed the average difference in direction of the principal axes (obtained from focal 
mechanisms and borehole breakouts) with the World Stress map (WSM) [Heidbach et al., 2008]: 
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nobs

    . nobs is the number of observations, αwsm and αmod are the directions of 

maximum compression from the WSM and our models respectively. We also calculated slip directions 

on existing fault planes of earthquakes (taken from the Centroid Moment Tensor (CMT) catalogue 

and computed the average difference with the original direction of slip: Δ [Meijer, 1995; Álvarez-
Gómez et al., 2008].  

 

Figure 2.5: Distance between the models. a) Colors of the circles denote the value of kfr. b) symbols denote the 
values of R; symbol color denotes the magnitude of Fts. Axes are μm/m. 
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Fault friction 
Figure 2.6 shows the fit with the WSM and focal mechanisms as function of models. A first 
observation is that fit with the WSM and focal mechanisms varies strongly with kfr. High friction 
and thus high shear stresses on the fault plane result in less fault slip, and thus less elastic 
deformation of irregularities along the fault. This implies a decrease of continuum stresses along the 
fault. For low kfr-values however shear stresses along the fault are low, slip is high and continuum 
deformation along the fault is high. This explains the dependency of the deformation field on the 
kfr-value. It can also be seen in Figure 2.5a, where kfr is the main parameter producing different 
deformation fields. For each value of kfr we summed the misfit over the models, and thus 
determined which value for kfr gives the lowest total misfit. This value (7 GPa) is shown by the 
black vertical line in Figure 2.6. The grey area around it contain those values of kfr giving a misfit of 

less than one standard deviation (
1

1
( )

xn

i

ix

x x
n




  )away from the lowest misfit. kfr lies then 

between 0.7 and 11 GPa. These kfr-values are much higher then kuplift, which is then negligible. In the 
remainder of this manuscript we will use the value of 7 GPa. 7 GPa corresponds to a shear stress of 
7.104 Pa per meter displacement at the fault. Fault displacements are in the order of kilometers, so 
corresponding shear stresses on the faults are in the order of tens of MPa (Figure 2.7b). 
  
fit as function of model parameters 
 A second observation from Figure 2.6 is that the fit with WSM and focal mechanisms is 
independent of the other parameters plotted (R, Fts). Taking kfr as 7 GPa, Δ is around 20˚, within 

the error bounds of the WSM data while Δ  lies around 40˚. An earthquake slip direction 

 

Figure 2.6: Misfit of the models with a) the WSM maximum compression directions and b) slip direction of 
focal mechanisms, as function of kfr. The black line denotes the value for kfr that gives the best fit (averaged over 
the models) with the WSM . The grey area around it gives the one standard deviation boundaries: The black dot 
shows the value and model used for constructing Figure 2.7a. 
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difference of 40˚ corresponds to a deviation of ~15-20˚ of maximum stress direction. This is 
labeled as quality ‘A’ or ‘B’-data in the WSM [Zoback et al., 1989]. Because , apart from kfr , model 
parameters do not produce a better fit (Figure 2.6), it is not possible to decide between the 
parameters. Instead we show the most representative stress model. To find this most representative 
model, all the distances from each particular model k to another model l are added:  



Ck  Ckl
l1

N

    (2.15) 

where N is the total number of models. Ck indicates how similar a particular model is compared 
to other models. We find that TSUC5 is the most representative model. Figure 2.7c shows the 

effective stress (



E 
1
2
ij ij ) as color contours, principal stress direction arrows, vertical axis 

rotations and fault slip for model TSUC5. 
Although total fit with observations is constant, regional changes in fit may occur. We showed that 
there are three significantly different groups, based on the amount of applied trench suction. We 
will now explore the changes in the stress field caused by a varying trench suction. Figure 2.8 shows 
the fit of the maximum compressional axis for models TSUC5, LOTSUC5 and NOTSUC5 with the 
WSM data. The models with trench suction, LOTSUC5 and TSUC5, have an almost equal fit with 
the WSM everywhere. This implies that we cannot make conclusions about the magnitude of the 
trench suction. However the fit near the Southern Lesser Antilles is very different for model 
NOTSUC5. The maximum compression axes are oriented more trench perpendicular, when 
compared with the LOTSUC5 and TSUC5. This leads to a better fit along the southern PB, i.e. the 
combined El Pilar and San Sebastian fault zones, where there is a strike slip regime with maximum 
compressional axes directed northwest - southeast [Audemard et al., 2005]. In contrast TSUC5 and 
LOTSUC5 have a better fit along the Lesser Antilles island arc, where maximum compression axes 
are directed almost north - south. The inability of our models to produce the correct stress field 
everywhere is probably due to the choice for an elastic rheology. Incorporating a viscous rheology 
would localize the effect of the trench suction.  

Model stresses 
Stresses for model TSUC5 are shown in Figure 2.7c. Lithosphere averaged stress magnitudes are 

<40 MPa. The model is characterized by low stresses in the east, and higher stresses in the 
southwest and along faults in the north. In the north, modeled stresses are mainly (north)east-
(south)west compressive, while in the south near the Colombian subduction zone they are north-
south tensional. Along transform fault borders we find a strike-slip regime, where the Caribbean 
plate is overriding another plate the regime is mainly compressive and compressional axes are 
trench perpendicular (apart from the Southern Lesser Antilles). North-south compressive stresses 
near the Cayman trough result from ridge push, which is locally oriented perpendicular to its 
southern and northern boundaries due to the high difference in age between the trough and the 
adjacent lithosphere. Fault irregularities and restraining bends result in (local) increases of stress 
magnitudes, e.g., southwest of the Cayman trough, at the Jamaica restraining bend and east of the 
Maracaibo subduction zone.  

Stresses near indenters, most notably the Cocos and Bahamas indenters are higher. At the 
Bahamas most of the higher stresses are accommodated within the small fore-arc sliver, bounded by 
the Septentional fault and the PB itself. At the Cocos indenter the higher stresses agree with the 
higher strain rates predicted by the world strain rate map from Kreemer et al, [2003], which is 
calculated from GPS measurements and seismic moment release. The stresses have a radial pattern 
around the indenting Cocos ridge, as is also seen in the regional stress compilation of Kolarsky et 
al., [1995] 

In the Northeast we predict a strike slip regime with maximum compressive axes approximately 
NW-SE, as also Huérfano et al [2005] find from examining shallow earthquakes in southwest 
Puerto Rico. 
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Model rotations 
The inset of Figure 2.7c shows vertical axis rotations. The modeled rotations are elastic rotations, 

that show the potential for geological rotation to occur. The actual geological rotations will occur in 
regions with a weaker rheology or bounded by faults. Our models have counterclockwise (CCW) 
rotations in the northeastern blocks. The southeast is characterized by low to clockwise (CW) 
rotations. The western boundary is characterized by different opposing rotation directions, due to 
the Cocos-indenter. The Colombia basin shows clockwise rotation, as opposed to the neighboring 
Venezuela basin. Puerto Rico experienced large CCW rotations in the Cenozoic [Reid et al., 1991] 
agreeing with the CCW rotation potential that we show for the North East. The rotations in the 
northeast also agree with rotations predicted by the deformation model of Kreemer et al [2003] 
(inset in Figure 2.1). Our predicted rotation pattern shows in-plane bending of the Caribbean plate 
around the Beata ridge region. Fault slip motions [Heubeck and Mann, 1991a] and seismic data 
[Mauffret and Leroy, 1999] suggest a similar rotation pattern, although Driscoll and Diebold [1998] 
and DeMets et al [2000] show that there is no present differential plate motion at the Beata ridge. 
However, the present force configuration and geometry has been more less stable from the Eocene 
and onwards, and thus the Beata ridge could have resulted of paleo-bending of the Caribbean plate.  

Model fault slip 
For most faults the models succeed in reproducing the observed fault slip. At the Mona rift 

(Figure 2.1) however, the LOTSUC and TSUC models produce strike slip, with a minor component 
of divergence, instead of the observed divergence [Jansma and Mattioli, 2005]. The NOTSUC-models 
mainly have a diverging Mona rift. Fault slip on the modeled fault, separating the Lesser Antilles 
block from the Caribbean interior is small, agreeing with GPS obervations [Manaker et al., 2008]. 
Models with a normal/ridge subduction friction ratio R<8 fail to reproduce the correct fault slip at 
the Central America Fore-arc Strike-slip System (CAFSS), but show instead dextral motion in the 
South (Nicaragua) and sinistral motion in the North (San Salvador). This could be a consequence of 
the modeled geometry of the fault, however the exact geometry of the transition from the 
Nicaraguan strike-slip system to the San Salvador strike slip fault is not very well known. Models 
with R>8 reproduce the correct fault slip. Thus, adding a relatively large indenter force reproduces 
the observed fault motions. 

Comparison with earlier studies 
Negredo et al [2004] did a kinematics-based modeling study of the Caribbean plate. They found 

high coupling of the Caribbean plate with the underlying mantle, agreeing with the global model of 
Bird et al [2008]. Such a high coupling would be expected for a plate with a lithospheric root [Bird, 
1998; Conrad and Lithgow-Bertelloni, 2006], but not for the Caribbean plate. This discrepancy can 
partly be explained by the fact that these models do not account for regional forces acting on the 
Caribbean plate. Our study accounts for these regional forces, and predicts low shear stresses on 
the base of the Caribbean. This agrees with earlier studies of oceanic plates [Cloetingh and Wortel, 
1985; Govers and Meijer, 2001; Conrad and Lithgow-Bertelloni, 2006] that also predict low coupling. Most 
studies predicting low mantle-plate coupling are dynamical models, and their outcome might 
depend on the assumed force sets [Bird, 1998]. However our sensitivity studies show that for the 
case of the Caribbean plate all applied force sets produce similar results and that the low coupling is 
a robust feature. The high dependency of the deformation field on the intra plate fault friction was 
also found by Negredo et al. [2004], who found that fault friction is low. We find values in the order 
of tens of MPa for the fault friction. 
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2.6 Conclusions  
We evaluated upper and lower limits of driving and resisting forces acting on the Caribbean 

plate. We use a dynamical approach and we want to determine whether mantle drag or local forces 
such as interaction with surrounding plates are deforming the Caribbean plate. We found that 
important forces contributing to the dynamics of the Caribbean plate are (1) pull by the Maracaibo 
slab which is largely counteracted by slab resistive forces, (2) Frictional forces with the surrounding 
plates, perhaps combined with (3) trench suction at the southern Lesser Antilles. After calculating 

 

Figure 2.8: Misfit of models LOTSUC5 (top) , TSUC5 (middle) and NOTSUC5 (bottom) with the WSM. Bars show 
the predicted directions of the maximum compressive axes. The colors of the bars show the misfit with the WSM: 
Red(dish) colors denote negative (CCW) - and blue colors positive (CW) - rotations of predictions w.r.t. the WSM. 
Abbreviations: S-A: Southern Lesser Antilles; PSS: El Pilar and San Sebastian strike-slip fault zones. 
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the deformation field we were able to divide our models into different groups. Parameters that 
control the deformation field are the trench suction and the strength of intra-plate faults. For a 
intra-plate fault strength of 7 GPa, models have an average misfit of 18-22º with the World Stress 
Map. An extra push by the indenting Cocos ridge (and smaller ridges in the northeast) reproduces 
observed fault motions better, but does not affect the fit with the (local) stress field. A consistent 
feature of all models is the very low value for the basal shear stress (0-0.4 MPa). We conclude 
therefore, that the influence of asthenospheric flow on the dynamics of the Caribbean plate is small 
or absent. 
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Figure 2.9: Torque balance solutions for models mentioned in the text. The vertical axis shows resistive force 
magnitudes (per meter horizontal plate boundary length) from the torque balance solution (transform fault 
resistance Ftf, subduction plate contact resistance Fpcr, and shear resistance along the slab Fsr). The horizontal axis 
shows the basal shear stress magnitude. Lines in different colors denote different used values for the compositional 
buoyancy Fcb. Physically realistic solutions (no driving resistive forces, i.e., their magnitude should be less than zero) 
are shown in gray, unrealistic solutions are transparent. Red dots denote the value used to obtain stress solutions.  
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Chapter 3  
Tectonic evolution and mantle structure of the Caribbean

1
 

Abstract 
We investigate whether predictions of mantle structure from tectonic reconstructions are in 
agreement with a detailed tomographic image of seismic P-wave velocity structure under the 
Caribbean region. In the upper mantle, positive seismic anomalies are imaged under the Lesser 
Antilles and Puerto Rico. These anomalies are interpreted as remnants of Atlantic lithosphere 
subduction and confirm tectonic reconstructions that suggest at least 1100 km of convergence at the 
Lesser Antilles island arc during the past ~45 Myr. The imaged Lesser-Antilles slab consists of a 
northern and southern anomaly, separated by a low velocity anomaly across most of the upper 
mantle, which we interpret as the subducted North America-South America plate boundary. The 
southern edge of the imaged Lesser Antilles slab agrees with vertical tearing of South America 
lithosphere. The northern Lesser Antilles slab is continuous with the Puerto Rico slab along the 
northeastern plate boundary. This results in an amphitheatre-shaped slab and it is interpreted as 
westward subducting North America lithosphere that remained attached to the surface along the 
northeastern boundary of the Caribbean plate. At the Muertos Trough, however, material is imaged 
until a depth of only 100 km, suggesting a small amount of subduction. The location and length of 
the imaged South Caribbean slab agrees with proposed subduction of Caribbean lithosphere under 
the northern South America plate. An anomaly related to proposed Oligocene subduction at the 
Nicaragua rise is absent in the tomographic model. Beneath Panama, a subduction window exists 
across the upper mantle, which is related to the cessation of subduction of the Nazca plate under 
Panama since 9.5 Ma and possibly the preceding subduction of the extinct Cocos-Nazca spreading 
center. In the lower mantle two large anomaly patterns are imaged. The westernmost anomaly agrees 
with the subduction of Farallon lithosphere. The second lower mantle anomaly is found east of the 
Farallon anomaly and is interpreted as a remnant of the late Mesozoic subduction of North and 
South America oceanic lithosphere at the Greater Antilles, Aves ridge and Leeward Antilles. The 
imaged mantle structure does not allow us to discriminate between an ‘Intra-Americas’ origin and a 
‘Pacific origin’ of the Caribbean plate.  

 
3.1 Introduction 

In this paper we analyze the mantle structure of the Caribbean region as imaged by the global P-
wave velocity tomography model UU-P072 [the P06 model in Amaru, 2007] to 1) test published 

                                                 
1 This chapter has been published as: 
van Benthem, S. A. C., R. Govers, W. Spakman, and M. J. R. Wortel (2013), Tectonic evolution and 
the mantle structure under the Caribbean region, J. Geophys. Res., 118(6), 3019-3036, doi: 
10.1002/jgrb.50235.  
There are small differences of editorial nature. For high resolution versions of the images in this 
chapter please  refer to the electronic version available from Igitur:  
http://igitur-archive.library.uu.nl/search/search.php?language=en 
 
2 In the PhD thesis of Amaru (2007) the tomography model was called P06. The model was 
subsequently labeled as UU-P07 in several papers in the open scientific literature. The lower mantle 
part of the model was extensively presented by van der Meer et al., [2010] 
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tectonic reconstructions for the Caribbean region, and to 2) address a number of complexities that 
arise from incomplete spatial and temporal coverage of data underlying the tectonic reconstructions.  

At present the Caribbean plate (Figure 3.1) is an actively deforming region between two major 
subduction zones: The Lesser Antilles subduction in the east and the Central America subduction 
zone in the west. The northern boundary with the North America plate and the southern boundary 
with the South America plate are characterized by large strike-slip fault systems, although on a 

 

Figure 3.1: a) Geography and present-day tectonics of the Caribbean plate. Bold black lines denote plate 
boundaries and major faults. Red lines denote major topographic provinces. Locations of island arc volcanism are 
shown by blue triangles. Black arrows indicate GPS-derived plate motions of surrounding plates with respect to the 
Caribbean plate [Kellog and Vega, 1995; DeMets et al., 2000; DeMets, 2001; Weber et al., 2001; Trenkamp et al., 
2002]. The gray region east of the Lesser Antilles trench denotes the region where the plate boundary between the 
South- and North America plates has been suggested to be located. Striped areas denote present day positions of 
(extinct) volcanic arcs mentioned in the text; Diagonal red stripes: Nicaragua rise volcanic arc; Horizontal red 
stripes: Lesser Antilles; Vertical blue stripes: Great Arc of the Caribbean, consisting of the Greater Antilles (GA), 
Aves Ridge (AR) and Leeward Antilles (LW). BR: Barracuda Rise; EPGFZ: Enriquillo-Plantain-Garden Fault Zone; NIP: 
Nicoya Peninsula; PFZ: Panama Fracture zone; PF: El Pilar Fault zone; PR: Puerto Rico; TB: Trinidad and Tobago; TR: 
Tiburon Rise; VI: Virgin Islands.  
b) Regional seismicity and gravity anomalies. Dots denote sub crustal (deeper then 20 km) seismicity, where color 
denotes hypocenter depth. The colored lines ranging from brown to green show contour lines of the Wadati-
Benioff zones [Gudmundsson and Sambridge, 1998]. Blue contours highlight the most significant free air gravity 
anomalies. Values <-100 mGal are blue, while values > -100 mGal are transparent. 

 



Tectonic evolution and mantle structure of the Caribbean  

 

 

40 

smaller scale also convergence takes place [Molnar and Sykes, 1969]. While consensus seems to exist 
about the first-order characteristics of the Cenozoic tectonic evolution of the Caribbean region, the 
Cretaceous tectonic evolution is still under debate. In Figure 3.2 we illustrate this with a compilation 
of representative tectonic reconstructions for the Caribbean plate. We use this integrated 
reconstruction as a guideline in our comparison of the individual reconstructions with the 
tomographic model. Paleo-positions of tectonic blocks and motion of surrounding continents are 
based on the reconstruction of Müller et al. [1999], which is a summary of several earlier studies 
[Pindell et al., 1988; Ross and Scotese, 1988]. To the reconstructed block positions we added the location 
and nature of regional plate boundaries (with an emphasis on subduction) as presented in other 
studies [Pindell and Barrett, 1990; Meschede and Frisch, 1998; Pindell and Kennan, 2009; Escalona and Mann, 
2011], and we listed the references for the critical observations underlying the reconstructions. If a 
particular plate boundary type is a specific feature of one of the reconstructions we indicated this in 
the text balloons of Figure 3.2.  

As Figures 3.2a-b illustrate, a Caribbean plate as such did not yet exist in the Early Mesozoic 
when the region at the longitudes of the future Caribbean plate was subject to NW-SE directed 
oceanic spreading in the (western) Atlantic Ocean. Most tectonic reconstructions show Early 
Cretaceous subduction of Farallon lithosphere along the western margins of the North and South 
America plates, whereas the North America and South America plates had started drifting apart since 
the Late Triassic, with oceanic lithosphere being created since the Late Jurassic [appropiate 
references can be found in Pindell and Barrett, 1990]. Two scenarios have been proposed for the 
Middle-Late Cretaceous origin of the Caribbean plate. In the first scenario, the Caribbean plate 
originated within the Farallon plate, i.e., to the west of the Farallon subduction zone [Pindell and 
Barrett, 1990] (Figures 3.2a,c). This “Pacific origin” scenario requires a temporary halt of Farallon 
subduction so that the Caribbean plate can end up in an overriding plate position relative to the 
Farallon plate. In the second scenario, the Caribbean plate originated between the North and South 
America continents, east of the Farallon subduction zone [Meschede and Frisch, 1998; James, 2009; 
Figures 3.2b,d]. This scenario is commonly referred to as the “Intra-Americas origin” scenario. 
Below, in section 3.3.6 we discuss subduction of the Farallon and subduction at the Great arc of the 
Caribbean and how they are expressed in our tomographic results of the lower mantle. Below we 
present a more detailed account of these two tectonic scenarios. 

Both scenarios for the tectonic evolution converge from the Late Cretaceous onward and place 
Caribbean lithosphere between the North and South America continents (Figures 3.2e-h), bounded 
by the east dipping Farallon subduction zone to the west and the west-southwest dipping Great arc 
of the Caribbean subduction zone to the east. Subduction of the Farallon plate continued until its 
Miocene fragmentation into the Nazca and Cocos plates [Hey, 1977; Lonsdale, 2005], which led to a 
bifurcation of subduction beneath the western margins of the Caribbean and South America plates. 
Miocene-Present spreading between the Nazca and Cocos plates resulted in a slab window under 
Panama [Hey, 1977]. In section 3.3 we return to these reconstructions in greater detail when we 
evaluate their imprint on the mantle structure. 

At the (north) eastern boundary of the Caribbean plate, Atlantic lithosphere subducted at the 
Great arc of the Caribbean from the Late Cretaceous until the Eocene. In the Eocene the Bahamas 
Carbonate Platform collided with Cuba and choked the northern segment of the Great Arc of the 
Caribbean subduction zone [Mann et al., 1995; van Hinsbergen et al., 2009]. West-dipping subduction 
was initiated, or continued, at the Lesser Antilles arc and continued until Present (Figures 3.2f-h). 
The southern edge of the arc migrated eastward relative to the South America continent, resulting in 
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Figure 3.2 Schematic tectonic evolution of the Caribbean plate. Text balloons refer to critically relevant 
geological data and interpretations. The reconstructed positions of the different blocks in the Cenozoic are based 
on Müller et al. [1999]. Solid and dashed lines represent plate boundaries that are inferred from the literature, 
dashed plate boundaries being more interpretative. The tectonic reconstruction represents a) the “Pacific Origin” 
and b) the “inter-Americas scenario in the Early/Middle Cretaceous. Subsequent tectonic reconstruction is shown 
in c) -h). See text for details. 
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Figure 3.2 (continued) 
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diachronous oblique collision [Escalona and Mann, 2011]. Relative motion between South 
America and the Caribbean plates also resulted in Oligocene-Present subduction under northern 
South  America [Pennington, 1981; Van der Hilst and Mann, 1994] (Figures 3.2g,h). We further 
elaborate on the reconstructions of the subduction at the Lesser Antilles and under northern 
South America in sections 3.3.2 and 3.3.4, respectively. The above description covers the large-
scale and reasonably well-constrained features of the tectonic reconstructions. However, some of 
the smaller-scale subduction systems are less well constrained. Examples of proposed smaller-
scale subduction are Oligocene subduction at the north- [Sykes et al., 1982; Müller et al., 1999] or 
southeast [Pindell and Kennan, 2009] Nicaragua Rise, under Puerto Rico [Molnar and Sykes, 1969; 
Sykes et al., 1982], Cenozoic subduction or back-thrusting along the South Caribbean margin 
[Kroehler et al., 2011] and subduction [Byrne et al., 1985] or back thrusting [Mann et al., 2002] at the 

 
Figure 3.3: Typical sensitivity test results for assessing spatial resolution of the tomographic model for selected 

depths and synthetic test-models. These test models are all global models. A more extensive description of test 
results is given in the electronic supplement (Figure 3.9). Black lines show coastlines and the location of isolated 
synthetic blocks with seismic seismic velocity anomaly amplitudes of +5% or –5% with respect to the 1-D reference 
model ak135 of Kennett et al. [1995]. Between these blocks the synthetic anomaly is 0%. These input blocks can 
have an irregular shape, which is due to the parameterization of the tomographic model with cells of variable 
dimension, which also is the reason for the absence of synthetic blocks of a particular size in some parts of the 
model. The colors show how the “tomographic filter” detects the synthetic blocks. This filter is the same as when 
the real data are on input. Comparison of “input” and “output” model leads to qualitative assessment of spatial 
resolution. Lack of resolution can be detected where large amplitudes occur between the blocks where block 
anomalies smear into the model, or when block anomalies are not recovered at all. The recovery of the location of 
the input synthetics is spatially strongly variable and amplitudes are systematically under-estimated, which is 
typical for this type of global travel-time inversions. The four panels illustrate results at different depths and for 
different input block-models. The last number in the model-label at the lower left of each panel gives the 
characteristic lateral spatial dimension of the input blocks in degrees, i.e. 2.4

o
, 4.2

o
, 4.0

o
, 5.0

o
. The thickness of the 

blocks is usually half of this size. Note that a lateral distance of 5.0
o
 at 1500 km depth (e.g., last panel) corresponds 

to ~400 km. We refer to the section on the tomographic model and resolution for further information on sensitivity 
analysis. 
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Muertos Trough. Seismic tomography provides insight in the seismic velocity structure of the 
mantle and thus in the locations of subducted slabs. Therefore we can use the tomographic 
model UU-P07 as an independent tool for constraining or confirming the proposed sites of 
convergence mentioned above. The tomographic model furthermore allows us to focus on the 
following pertinent aspects of the tectonic reconstructions. (1) Various tectonic scenarios exist 
for the present geometry, nature, and origin of subducted slabs along the northeast Caribbean 
plate [Calais et al., 1992; Dillon et al., 1996; Dolan et al., 1998]. ]. The tomographic model UU-P07 
contains information on the structure of these subducted slabs and comparing it with tectonic 
reconstructions, seismicity and kinematic data allows to retrace the nature and origin of the 
subducted slabs. (2) The location of the plate boundary between the North and South America 
plates is unknown. At the Lesser Antilles trench the location of the plate boundary has been 
proposed at either 13.5ºN [Wadge and Shepherd, 1984], 14-17ºN [Müller and Smith, 1993; Pichot et al., 
2012] or 19ºN [Bird, 2003]. The plate boundary subducts at the Lesser Antilles trench and might 
leave its imprint on the mantle structure, imaged by the tomography. 3) The suggested amount 
of subduction at the Mesozoic-Eocene Great Arc of the Caribbean subduction zone, which is 
related to the question of the origin of the NCaribbean plate, ranges from hundreds of 
kilometers [James, 2009], ~1000 km [Meschede and Frisch, 1998] to ~3000 km [Pindell and Kennan, 
2009]. Tomography gives insight in the amount of subducted material, and therefore in the 
origin of the Caribbean plate. 

3.2  Mantle structure under the Caribbean region 

3.2.1 The tomographic model and resolution 
The global tomography model UU-P07 is derived from ~18 million P-wave travel time data of 
global and regional earthquakes, selected from an updated version of the Engdahl et al. [1998] 
data set. The model parameterization consists of cells (blocks) of variable dimension depending 
on local ray density [Bijwaard et al., 1998; Spakman and Bijwaard, 2001]. The tomographic inversion 
solves jointly for seismic P-wave velocity anomalies, event corrections, and station statics, all 
with respect to the 1-D reference model ak135 [Kennett et al., 1995]. Local spatial resolution is 
assessed with various inversion tests with synthetic velocity anomaly models. An example is 
presented in Figure 3.3 where the color-coding shows how synthetic anomalies of variable 
dimension and with alternating velocity amplitudes of ±5% are recovered in the tomographic 
inversion. These positive and negative input anomalies are separated by 0%-anomalies, which 
facilitates anomaly smearing to become visible. An extensive display of such tests for spatial 
resolution is presented in the appendix (Figure 3.9). Anomaly amplitudes are generally 
underestimated and smearing effects illustrate limited resolution particularly in the Atlantic and 
Pacific domains. We estimate that P- wave velocity anomalies of a horizontal scale >150-200 km 
are detectable in most of the upper mantle near subduction regions. In the lower mantle of the 
Caribbean region, length scales of 200-300 km or larger are well detectable, although with 
reduced amplitudes. Here we focus on images of slabs, which are sufficiently well resolved for 
our (relatively large scale) interpretation purpose. Where needed, we will further address the local 
resolution. Examples of horizontal cross-sections of the imaged mantle under the Caribbean 
region are shown in Figure 3.4 and discussed below. Figure 3.5 shows east-west and north-south 
directed vertical cross-sections trough the Lesser Antilles (LA) and Great Arc of the Caribbean 
(GAC) anomalies. To illustrate the 3D structure completely and to substantiate our 
interpretations of mantle structure, a movie created from depth slices is included in the 
supplementary information. 1 

                                                 
1 This movie, and subsequent supplementary material in this thesis, is available from the Dutch 
Dataverse Network at: https://www.dataverse.nl/dvn/ 
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3.2.2 Connecting tectonic evolution with mantle structure 
Tectonic reconstructions are generally based on geological and near-surface geophysical data, and 

are independent of data on present-day mantle structure. Testing tectonic reconstructions with 
imaged mantle structure relies on the strong correlation between positive velocity anomalies and 
subducted slabs [Richards and Engebretson, 1992; de Jonge et al., 1994; Hafkenscheid et al., 2006]. This 
correlation results predominantly from the temperature contrast between cold slab and warmer 
ambient mantle, as the effects of the compositional contrast between slab and mantle are small, at 
least in the upper mantle [Cammarano et al., 2003]. In the lower mantle, the cause of imaged positive 
anomalies is less certain, but here we also assume that positive anomalies are caused by subduction 
remnants, in line with the observation of anomaly continuity with imaged slab anomalies in the 
upper mantle, and with the high correlation of positive anomalies in the lower mantle with paleo-
subduction zones of the past ~300 Myr [van der Meer et al., 2010].  

Whereas in the upper mantle imaged slabs generally exhibit a more planar morphology, upon 
entering the lower mantle, the slab descent slows down and the slab thickens, and becomes more 
amorphous [van der Hilst et al., 1997; Bijwaard et al., 1998]. Laboratory [Becker et al., 1999], numerical 
modeling [Gaherty and Hager, 1994], and observational studies [Hafkenscheid et al., 2006] confirm 
significant deformation of subducting slabs at the upper-lower mantle boundary. Gaherty and Hager 
[1994] suggest that slabs slow down and thicken by a factor of 2-3 upon entrance into the lower 
mantle (at a depth of 660 km), and Hafkenscheid et al. [2006] corroborate this by comparing seismic 
tomography with tectonic reconstructions for the Tethyan region, and obtain best results with a 
thickening factor of 3. In our calculations of subducted slab lengths we use a lower limit of 2 and an 
upper limit of 3 for the thickening factor. We assume that there is no slab thickening in the upper 
mantle.  

3.2.3 An overview of imaged slabs 
Figure 3.4 and the supplementary movie show positive velocity anomalies in the upper 

mantle beneath the Lesser Antilles island arc, Virgin Islands, Puerto Rico and Hispaniola. A 
positive anomaly, labeled sLA, is associated with southern Lesser Antilles subduction and is 
imaged to the northwest of Trinidad below a depth of 100 km. Between 200 and 550 km depth, 
this anomaly takes the form of a west to northwest dipping slab. Shallower than 450 km, it is 
separated by a low velocity anomaly from the (positive) nLA anomaly, which represents the 
northern Lesser Antilles slab. The nLA anomaly curves along the northeastern plate boundary, 
changing dip from southwest to south. Its westernmost edge is located under Hispaniola. In the 
transition zone, the sLA and nLA anomalies merge into a single anomaly (LA) which extends 
~300-400 km to the west in the top of the lower mantle. In the lower mantle below 800 km, we 
find positive anomalies under Hispaniola and northern South America, which we will relate to 
Cretaceous Great Arc of the Caribbean subduction and are labeled as nGAC (northern Greater 
Arc of the Caribbean) and sGAC (southern Great Arc of the Caribbean). The sGAC anomaly is 
visible as an isolated anomaly until ~1100 km depth, below which it is directly adjacent to the 
Far (Farallon) anomaly. The sGAC anomaly appears to consist of two high-velocity blobs 
separated by reduced amplitudes. The southern part of sGAC cannot be distinguished from the 
Far anomaly below ~1200 km while the northern part remains visible to depths of 1500-
1600 km, albeit with small amplitudes. Detection of both the nGAC and sGAC anomalies is 
supported by the sensitivity tests for spatial resolution which show that mantle anomalies wider 
than ~400 km are detectable below 1000 km depth, albeit with strongly reduced amplitudes 
(Supplementary Figure 3.9). In the upper mantle under the Muertos Trough a small anomaly is 
imaged until ~100 km depth (Mu). Beneath the Maracaibo block of northern South America, a 
positive anomaly (SC) is located in the upper mantle and attributed to S-SE-ward subduction of 
the Caribbean plate [Van der Hilst and Mann, 1994]. They referred to this anomaly as the 
Maracaibo anomaly. Positive seismic velocity anomalies imaged under Central and northern 
South America correspond to subducted Cocos (Co), Nazca (Nz) and Farallon (Far) lithosphere  
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Figure 3.4: Tomographic slices through model UU-P07 at selected depths. Colors indicate the P-wave seismic 

velocity anomalies relative to the radial reference model ak135 of Kennett et al. [1995]. Notice that the limits of 
the seismic velocity anomaly scale change with depth. This depth variation follows the scaling between 
temperature and seismic velocity anomalies as used in Goes et al.[2004]. Blue and red colors correspond to 
respectively positive and negative seismic velocity anomalies. Extra contour lines indicate regions where anomalies 
are in excess of the color contour limits by multiples of 1%. The 8 panels shown are representative for the variation 
of mantle structure of the region and are snapshots taken from a movie presented as electronic supplement 
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 respectively. Fragments of the Cocos slab are intermittently imaged in the upper 300 km where 
seismicity indicates that a subducting slab is present. The tomographically imaged Co anomaly 
appears uninterrupted in the deeper upper mantle. Under Panama a positive velocity anomaly is 
absent to a depth of ~800 km. Below 800 km the Co and Nz anomalies merge into an irregular 
positive velocity anomaly pattern, oriented parallel to the Middle America trench, which we 
interpreted as the Far anomaly, derived from subduction of Farallon lithosphere. The irregular 
makeup of the Far-anomaly is within model resolution (Supplementary Figure 3.9) and reflects a 
fragmented slab at depth. This will not be further considered here. The upper mantle anomalies 
under the Lesser Antilles, Puerto Rico and Hispaniola, northern South America and Central 
America were also imaged by van der Hilst [1990]. 

 
3.3 Comparing tectonic reconstructions with imaged mantle structure  

3.3.1 Overall constraints on tectonic reconstructions 
The near absence of oceanic magnetic anomalies complicates the task of reconstructing relative 

motions between the Caribbean and neighboring plates. Magnetic anomalies have been identified 
only in the Cayman Trough, and date from the Eocene to the Present [Leroy et al., 2000]. Together 
with preceding extension they record relative plate motion between the Caribbean and North 
America plates. Any older magnetic anomalies were obscured by Late Cretaceous flood basalts 
[Hörnle et al., 2004]. A starting point for any pre-Eocene tectonic reconstruction of the Caribbean 
plate is then derived from the paleo-motions/positions of the surrounding tectonic plates, in 
particular the relative plate motion between the North and South America plates. The amount of 
oceanic lithosphere, derived from spreading between these two plates, constrains the size of the 
future Caribbean plate. Figure 3.2 shows the relative location of the landmasses belonging to the two 
plates, together with Cretaceous to Present stages of the tectonic evolution of the Caribbean domain, 
and with the most critical observational constraints indicated. The reconstruction is presented in the 
Indo-Atlantic hotspot reference frame [Müller et al., 1999], which is a mantle, or absolute motion, 
reference frame. Relative motion between the North and South America plates first occurred in the 
Cretaceous by left-lateral trans-tension at a rate of 3-5 mm/yr (Figures 3.2a-e). Since the Paleocene 
(Figures 3.2e-h), North America- South America motion had a (north-south) convergent 
component, with higher rates in the west than in the east. At 65°W, the present-day longitude of 
Puerto Rico, the total Cenozoic convergence amounts to 200±94 km. Further west, at 85°W, the 
total convergence has been 445±117 km [Müller et al., 1999]. In the following sections we first 
discuss the imaged high-velocity anomalies in the eastern part of the Caribbean region from shallow 
to deep, i.e., from recent to older subduction, followed by an analysis of lower mantle anomalies, and 
ending with recent subduction along the western margin of the Caribbean plate. 

3.3.2 Lesser Antilles subduction 
Subduction at the Lesser Antilles trench followed earlier subduction at the Mesozoic-Paleocene 

Great Arc of the Caribbean (Figure 3.2f-h). Arc magmatic rocks at the Lesser Antilles date from the 
Eocene to Present [Briden et al., 1979]. The Lesser Antilles accommodated convergence between the 

 (figure 3.4 continued) covering the top 1600 km of the mantle. We refer to this movie for studying the detail 
of structural variations. Labels placed either adjacent or on top of positive (blue) anomalies refer to our 
interpretation of imaged subduction systems: Co=Cocos; Far, Far2=Farallon; nLA=Northern Lesser Antilles; 
sLA=Southern Lesser Antilles; SC=South Caribbean; Mu=Muertos; nGAC=Northern Great Arc of the Caribbean; 
sGAC=southern Great Arc of the Caribbean; Nz=Nazca. In the “400 km”-panel we also indicated the location 
and width of Panama slab window. Small crosses denote the longitude-latitude grid at 5° intervals. The white 
dotted lines in the “930 km”-panel indicate estimates of the lateral extent of the GAC anomalies, summing to 
~ 2000 km. Solid lines indicate coastlines, plate boundaries or other major tectonic lineaments in the region. 
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Caribbean and the North America plates (northern part of the Lesser Antilles) and the Caribbean 
and the South America plates (southern part of the Lesser Antilles). The 1100 km east-west extent of 
the Cayman Trough [Leroy et al., 2000; Rogers et al., 2007], a pull-apart basin on the Eocene-Present 
strike-slip boundary between the Caribbean and North America plates, puts a limit on the total 
Caribbean-North America displacement since the Eocene and thus constrains the amount of 
subduction at the northern Lesser Antilles to at least 1100 km. This is a lower limit because 
unquantified or unmapped deformation is not included. Since relative east-west displacement 
between North and South America since the Eocene has been small at the longitude of the Lesser 
Antilles trench [Müller et al., 1999], 1100 km South America lithosphere must also have subducted at 
the southern Lesser Antilles trench. The imaged anomalies under the Lesser Antilles arc and central 
Caribbean extend to ~1500 km depth (Figure 3.4), for which we distinguish two major anomalies, 
above and below 800 km depth. We attribute positive anomalies (sLa and nLa) from the surface to 
~800 km depth, including the flat lying portion, with a total length of 1150±150 km (Figure 3.5a), to 
post-Eocene subduction at the Lesser Antilles trench. The anomalies under 800 km (sGAC and 
nGAC) we attribute to the Cretaceous subduction history of the Great Arc of the Caribbean slab. 
These interpretations will be made in the following sections.  

Southern edge of the Lesser Antilles subduction zone 
The sLA anomaly does not extend south of the South America-Caribbean plate boundary (the El 

Pilar Fault) and shows a clear slab edge which seems slightly overridden by the South America plate 
and which was also found in earlier global tomography models (Bijwaard et al. 1998) and in regional 
models [VanDecar et al., 2003; Miller et al., 2009; Bezada et al., 2010]. Epicenters of deep (>100 km) 
seismicity in the south Lesser Antilles slab are absent south of the plate boundary, also suggesting 
that the El Pilar Fault is the surface expression of the subduction edge. Such a lateral edge to a 
subducted slab is indicative of a special type of plate boundary, where ongoing tearing of the South 
America lithosphere facilitates subduction at the Lesser Antilles trench [Figure 3.6; Molnar and Sykes, 
1969; Niu et al., 2007; Clark et al., 2008b; Miller et al., 2009]. We refer to the active locus of tearing as 
the Subduction-Transform-Edge-Propagator (STEP, [Govers and Wortel, 2005]). The depth extent of 
the slab edge indicates that activity of the STEP has been increasing the length of the South 
America-Caribbean plate boundary since its initiation at ~45 Ma. Currently, active tearing associated 
with the STEP is probably located west of Tobago. The resulting fault zone at the surface between 
South America and the Caribbean plate and in the wake of the active STEP is referred to as the 
STEP fault. Structurally, the STEP fault is a (~100 km) wide lithospheric shear zone accommodating 
transform-type motion between the surface portion of the South America and the overriding 
Caribbean plate. It is a lithospheric right-lateral shear zone, which at the surface corresponds roughly 
with the El Pilar Fault and Coche Fault. Geodynamic model experiments by Baes et al. [2011] 
indicate that a STEP fault is a likely candidate for subduction initiation in case of (a component of) 
convergence normal to the STEP fault strike. Possibly the initiation of subduction at the South 
Caribbean Deformed Belt happened on a former STEP fault, on the southern edge of the Great Arc 
of the Caribbean. Escalona et al. [2011] and Kroehler et al. [2011] suggest diachronous back-
thrusting along most of the south Caribbean margin to accommodate convergence between the 
Caribbean and South America plates. Further to the west is the imaged SC anomaly, partly 
confirming this idea. However, this imaged tomographic anomaly is absent east of 67° W, and there 
is no tomographic anomaly indicating significant convergence along the El Pilar and Coche faults, 
corroborating earlier tomographic results by Bezada et al. [2010]. However in the model of Kroehler 
et al. [2011] the amount of back-thrusting decreases eastward, and possible the amount of 
convergence along the two faults is too small to be imaged. The tomography gives no indication of 
opposing slabs as might be expected in a zone of back-thrusting. Figure 3.5d is a vertical profile 
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Figure 3.5: Vertical tomographic sections through a) the central Caribbean and the central Lesser Antilles (LA) 

subduction zone, and b) the northern Antilles (nLA) subduction under Hispaniola and Puerto Rico. The profiles are a 
great circle segment. The starting point of each section, azimuth and arc-distance (degrees) are indicated to the 
lower left in the map (top panel). The tomographic section is computed along the horizontal red line (with a black 
shadow), which is also plotted in the map-inset showing a larger region. The compass needle (white pointing 
north) in the map illustrates the orientation of each section. Colors in the map denote bathymetry. The lower 
panels shows the tomographic section taken to a depth of 1200 km. We refer to the caption of Figure 4 for 
explanation of the color-coding. White symbols indicate earthquakes from the Engdahl et al. [1998] data set. The 
depth of the “410”- and “660” mantle seismic discontinuities is plotted with dashed lines. Section a) is taken along 
the dip-direction of the Lesser Antilles slab crossing the subducted plate boundary (pb) between the North- and  
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at 67° W and shows that a significant anomaly under the South American- Caribbean plate boundary 
is absent here. The existence of a lithospheric STEP fault is corroborated by the crustal structure 
along a north-south transect [Clark et al., 2008b] and recent upper mantle tomography studies [Miller 
et al., 2009; Bezada et al., 2010]. 

(figure 3.5 continued) South America plates. A measurement of slab length is indicated by white lines following the 
approximate top of the slab and amounting to ~1150 km with an estimated uncertainty of ~100 km on account of 
imperfect tomographic resolution. The lower part of the slab lies horizontal and may have sunken into the lower 
mantle. This agrees with the age of the subduction zone and points to a possible trench motion/jump of a few 
hundred km to the east during the initial stage of slab subduction evolution which was incipient ~45 Ma. Due to 
reduced resolution a component of lateral smearing can however not be excluded (see supplementary figure 4.9). 
Section b) is taken along strike of the northern Lesser Antilles slab for which we measure about 1100 km with an 
estimated uncertainty of ~100 km. The slab edge is found under central Hispaniola. At larger depth under 
Hispaniola we find the northern Greater Antilles anomaly (nGAC). Section c) is a north-south profile, taken at 
61.75°W. It illustrates the existence of a low velocity anomaly, interpreted as the subducting plate boundary, 
between the northern Lesser Antilles anomaly and southern Lesser Antilles anomaly (sLA). Section d) is a north 
south profile, taken at 67°W, in the down-dip direction of the northern Lesser Antilles anomaly along the north 
Caribbean plate boundary. It shows the opposing Muertos (Mu) slab and at depth the southern Great Arc of the 
Caribbean anomaly. At the southern margin of the Caribbean plate an anomaly indicating significant subduction 
here is absent. There is a high velocity anomaly until a depth of approximately 200 km, but it cannot be 
distinguished from the high velocities associated with the root of the South American continent. 

 

 

 
Figure 3.6: Schematic illustration of the mantle structure and plate boundaries in the eastern Caribbean region. 

The black arrows denote the plate motion relative to the Caribbean plate. Abbreviations for the different subducted 
slabs: sLA: southern Lesser Antilles; nLA: northern Lesser Antilles / Puerto Rico; sGAC: southern Great Arc of the 
Caribbean; nGAC: northern Great Arc of the Caribbean; SC: South Caribbean.  
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Central Lesser Antilles: Plate boundary North America-South America 

A west dipping Wadati-Benioff zone extends to a depth of ~300 km beneath the Lesser 

Antilles island arc [McCann and Pennington, 1990]. Under the northern Lesser Antilles the dip 

angle of the Wadati-Benioff Zone is 60°, while under the southern Lesser Antilles it ranges from 

50° in the north to almost vertical in the south. The different dip angles have been interpreted as 

evidence for two separate slab segments [Wadge and Shepherd, 1984]. A further indication for 

the possible slab segmentation is a seismicity gap in the Wadati-Benioff zone located at around 

13°N, under St. Vincent and the Grenadines. It extends from the surface until the end of the 

Wadati-Benioff zone. Finally, based on volcanic production rates and magmatic composition, 

MacDonald et al. [2000] divide the Lesser Antilles arc into three segments roughly coinciding 

with the northern Wadati-Benioff zone, the southern Wadati-Benioff zone and the gap separating 

them. At present, North America-South America relative plate motion is small at the Lesser 

Antilles trench: 1.3 mm/yr of oblique convergence [DeMets et al., 2010]. During the Late 

Cretaceous/Early Cenozoic, however, trans-tension resulted in ~150 km divergence, followed by 

~40 km of convergence, which suggests the presence of a plate boundary between the North and 

South America plates [Müller et al., 1999]. Three east-west oriented locations have been 

proposed for the exact position of this enigmatic plate boundary (Figure 3.1a): (1) At 13.5ºN, 

based on the location of a vertical gap in the Wadati-Benioff zone of the Lesser Antilles [Wadge 

and Shepherd, 1984]; (2) Between 14º and 17ºN, at the isostatically uncompensated Tiburón and 

Barracuda ridges [Müller and Smith, 1993]; (3) Around ~19ºN based on (scattered) seismicity 

[Bird, 2003].  

The UU-P07 model shows two distinct anomalies, nLA and sLA, separated by a region of low 

P-wave velocity (Figure 3.4, Figure 3.5a, Supplementary movie). The anomalies are separate to a 

depth of ~400 km and possibly across the entire upper mantle (Figure 3.5c). The low velocity 

zone separating nLA and sLA is a sufficiently resolved feature of the tomographic model. This 

low velocity zone is most likely an expression of the down-dip continuation of the subducting 

North America – South America plate boundary, as further substantiated in the following section. 

The low velocity anomaly is located between latitudes 13º-15ºN (Figures 3.4 and 3.5c) which 

does not include the plate boundary location of Bird [2003]. It partially overlaps with the location 

of the Tiburón and Barracuda ridges and coincides with the vertical gap in the Wadati-Benioff 

zone [Wadge and Shepherd, 1984]. Along a central W-E section we measure 1100-1200 km of 

Lesser Antilles subduction (Figure 3.5a). This includes the low velocity zone in the top 400 km 

(which we interpret as the subducted plate boundary between the North and South America 

plates), and the flat-lying portion at the lower-upper mantle boundary. We conclude that the 

imaged slab length of the Lesser Antilles slab above a depth of ~800 km agrees with the 

suggested ~1100 km of Lesser Antilles subduction since ~45 Ma. Corroborating earlier findings 

by van der Hilst and Spakman [1989], the flat lying portion of the LA anomaly may be indicative 

of a few hundred km of absolute eastward trench motion during ~45 My of subduction. Overall, 

the image of Lesser Antilles subduction implies that the trench has been reasonably stationary 

relative to the mantle consistent with tectonic reconstructions [Müller et al., 1999]. This 

inference is also in agreement with our explanation of the nLa anomaly in the next section. 

Northern edge of the Lesser Antilles subduction zone  
The west dipping Wadati-Benioff zone under the northern Lesser Antilles turns around the 

corner into a south dipping Wadati-Benioff zone beneath Eastern Hispaniola, Puerto Rico and the 
Virgin islands [Sykes and Ewing, 1965; Molnar and Sykes, 1969; McCann and Sykes, 1984]. The south 
dipping Wadati-Benioff zone, which is up to 240 km deep, is commonly interpreted as evidence for 
subducted North America lithosphere, despite the fact that active volcanism and high surface heat 
flow along the island arc are absent, and relative plate motion along the Puerto Rico trench is highly 
oblique (Figure 3.1a). A prominent bathymetric trough and a large negative free air gravity anomaly 
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(Figure 3.1b) are indicative of dynamic topography caused by density anomalies at depth,  and thus 
support the interpretation that the Puerto Rico slab is attached to the North America plate at the 
surface. 

 This slab is commonly interpreted as predominantly brought in by Eocene to Present westward 
subduction at the Lesser Antilles island arc [Schell and Tarr, 1978; McCann and Pennington, 1990; Calais 
et al., 1992]. In contrast to the STEP scenario at the Caribbean-South America plate boundary, 
lithospheric tearing does not occur here, and the Puerto Rico slab remains attached to the surface 
part of the North America plate (Figure 3.5d). This results in a curved (amphitheatre-like) geometry 
supported by tomography (Figure 3.4, Supplementary movie). Thus we refer to the development of 
this geometry since the Eocene as the "amphitheatre scenario”. Based on the Wadati-Benioff zone, 
the Puerto Rico slab has a lateral edge beneath eastern Hispaniola, which is also seen in tomography 
(Figure 3.4). A consequence of this geometry is that, as the slab moves westward with North 
America, its western edge pushes and deforms the overriding Caribbean lithosphere. Focal 
mechanisms derived from shallow earthquakes (<50 km) indicate sinistral slip on a dipping plane 
[Calais et al., 1992], in agreement with this scenario, whereas deeper (>50 km depth) focal 
mechanisms indicate north south compression, in agreement with the existence of a slab at depth. 
The lateral motion of the slab might also explain the absence of active island arc magmatism along 
the Puerto Rico margin, as dehydration melting already occurred earlier beneath the Lesser Antilles 
margin in the east [Calais et al., 1992], so that all fluids have been released by the time the particular 
slab segment arrives further west under Puerto Rico.  

 The amphitheatre scenario implies that the slab length along the Puerto Rico trench (length B in 
Figure 3.6) matches the amount of east-west convergence between the Caribbean and North 
America plates (length B’ in Figure 3.6), which is 1100 km. This is indeed what is corroborated by 
the tomographic structure as illustrated in Figure 3.5b, where we measure ~1100 km of along strike 
subduction zone length. This is also in agreement with the down-dip length of the nLA anomaly at 
the Lesser Antilles (B’ in Figure 3.6) as demonstrated in Figure 3.5a. As the amount of convergence 
between North America and the Caribbean has been small during the Cenozoic, and part of this 
convergence was accommodated by back-thrusting at the Muertos Trough [ten Brink et al., 2009] and 
South Caribbean Deformed Belt [Kroehler et al., 2011; Figure 3.1], most of the material along the 
Puerto Rico trench is brought in by subduction at the Lesser Antilles trench. The down-dip length of 
the nLA anomaly at the Puerto Rico trench (A’ in Figure 3.6) should therefore roughly coincide with 
the along strike length of the northern Lesser Antilles trench (A in Figure 3.6). The length of the 
nLA anomaly along the Lesser Antilles trench (A) and the down-dip length of the nLA anomaly 
along the Puerto Rico trench (A’) are both ~500-700 km. The amphitheatre scenario thus agrees 
with both the tectonic reconstruction and the tomographic results. Focal mechanisms deeper than 50 
km under Hispaniola do not show EW compression as would be expected by westward motion of 
the western Puerto Rico slab edge. Possibly, this deformation is taken up aseismically. The observed 
seismicity is indicative of north-south extension, associated with initiation of detachment of the 
Puerto Rico slab [Calais et al., 1992]. The vertical gap associated with this incipient process is possibly 
too small to be resolved by the tomographic results.  

Figure 3.6 summarizes our interpretation of the slab geometries beneath the east Caribbean plate 
showing the amphitheatre in the north and the slab edge and the active STEP in the south. The 
difference between the northern and southern plate boundaries may be related to contrasts in 
lithospheric strength; STEP activity preferably takes place along a pre-existing weak zone or material 
boundary, such as a continental margin, as is the case for the southern Lesser Antilles. Although 
there are various carbonate seamounts present along the northern boundary[Grindlay et al., 2005], a 
continental margin is absent and Atlantic lithosphere near the Puerto Rico trench has an age of 
around 100 Myr [Müller et al., 2008]. The Atlantic lithosphere is therefore very strong and this may 
have prevented STEP activity along the northeast Caribbean plate boundary.  

The Puerto Rico slab is a geometric consequence of the absence of STEP activity along the 
northern boundary of the Caribbean plate. The down bending of this curved slab causes trench-
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parallel tensional stresses in the Lesser Antilles slab [Burbach and Frohlich, 1986; ten Brink, 2005]. Ten 
Brink [2005] suggested the existence of a vertical tear north of Puerto Rico, caused by trench-parallel 
stresses. Also the opening of the (pre-existing weakness zone) of the subducted North America - 
South America plate boundary may have been a consequence of these stresses. The resulting gap 
between the northern and southern Lesser Antilles slab fragments allowed toroidal return flow 
[Schellart, 2004a]. With the southern Lesser Antilles slab having two free edges (north and south) and 
the northern Lesser Antilles slab effectively having only one (south), the southern Lesser Antilles 
slab attained a steeper dip [Schellart, 2004b], as is indeed observed [Wadge and Shepherd, 1984]. The 
absence of STEP activity along the northern plate boundary thus could be responsible for the 
observed slab gap, i.e., the opening plate boundary under the central Lesser Antilles, and for 
variations in the dips of the northern and southern Lesser Antilles slabs. 

3.3.3 Muertos subduction  
 The diffuse seismic zone under Puerto Rico leaves room for the interpretation of a north 

dipping Wadati-Benioff zone (Figure 3.1b), that extends from the Muertos Trough (Figure 3.1a) 
to a depth of 100 km. The Muertos Trough is proposed to be the southern boundary of the 
Puerto Rico and Hispaniola micro-plates [Byrne et al., 1985; McCann and Pennington, 1990; Dolan et 
al., 1998]. Byrne et al. [1985] and Granja Bruña et al. [2009] found indications for an accretionary 
wedge of unknown age, whereas Ten Brink et al. [2009] suggest that the Muertos Trough is 
limited to the crust and stems from retro-arc thrusting. Global Positioning System (GPS) 
measurements show that the relative plate motion between Puerto Rico and the Caribbean plate 
is negligible, ~1 mm/yr, supporting the latter hypothesis [Jansma et al., 2000]. The activity of the 
Muertos Trough prism increases from east to west, suggesting an east to west migration of the 
active convergence [Grindlay et al., 2005]. A small anomaly (Mu) is imaged at a depth of ~100 km 
(Figure 3.4, 3.5d). The dimensions of this anomaly are at the local resolution limit of the model, 
but a longer slab would be detectable. In our definition of subduction, both the crust and 
lithospheric mantle must at least have underthrusted beneath the entire overriding lithosphere, 
i.e., the lithosphere must have doubled. The amount of under-thrusting in the Muertos Trough is 
thus just about enough to refer to it as subduction. 

3.3.4 South Caribbean subduction 
GPS measurements show that the Maracaibo block presently moves 14 mm·yr-1 to the northwest 
relative to the Caribbean plate [Trenkamp et al., 2002]. This, in combination with the long-term 
(north) westward relative motion of South America, resulted in subduction of Caribbean lithosphere 
under the Maracaibo block and South America leading to the South Caribbean slab (Figure 3.2f-h). 
This subduction has been interpreted as back thrusting of earlier subduction of South American 
lithosphere under the Caribbean [Kroehler et al., 2011]. Subduction is suggested along most of the 
south Caribbean margin. The south-east dipping Wadati-Benioff zone under northeast Colombia 
[Pennington, 1981] is interpreted as evidence of this South Caribbean slab. The UU-P07 model shows 
a broad anomaly (SC) under the Maracaibo block (Figures 3.4 and 3.7). This South Caribbean 
anomaly has an average dip of ~40° to the southeast and we interpret this as Caribbean lithosphere 
being overthrust by the Maracaibo block. Further to the west, Nazca lithosphere subducts eastward 
under the South America plate, putting the two slabs close to another and making it difficult to 
distinguish them. From the surface to ~350 km depth the tomography model shows a single 
anomaly, probably representing both the Nazca and South Caribbean slabs. Using a regional 
tomographic model of seismic attenuation and hypocenters Vargas and Mann [2013] suggest that the 
boundary between the two slabs lies around 5.7°, running roughly east-west. Below 350 km, two 
separate anomalies are observed that we interpret as the separate Nazca and South Caribbean slabs. 
The SC anomaly can only be traced across the upper mantle, while the Nazca anomaly (Nz) 
continues into the lower mantle, where it merges with the Far anomaly. Relative plate motion 
between the Caribbean and South America plates, in combination with the northward motion of the 
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Maracaibo block, suggests about 1000 km of convergence between the Caribbean and South 
America plates. The SC anomaly is found across the upper mantle and is at least 900 km long (Figure 
3.7, although this profile shows the apparent dip for the SC anomaly). The horizontal extent of the 
anomaly is from 76°W to 67°W, indeed indicating subduction along a significant portion, but not all, 
of the South Caribbean margin [Kroehler et al., 2011]. East of 67°W the tomography supports the 
STEP fault scenario. The imaged Nz and SC anomalies are also imaged in earlier studies [Van der 
Hilst and Mann, 1994; Taboada et al., 2000], although van der Hilst and Mann did not image the 
connection of this anomaly with lower mantle anomalies. Figure 3.6 shows the South Caribbean  
slab, overridden by the Maracaibo block. 

3.3.5 Nicaragua Rise subduction  
Tectonic reconstructions show 500-700 km of Eocene-Oligocene convergence between the 

Nicaragua Rise/south Hispaniola and north Hispaniola [Sykes et al., 1982; Müller et al., 1999]. In the 
tectonic reconstruction of Pindell and Kennan [2009] on the other hand, subduction is required 
along the southeastern flank of the Nicaragua rise. This is based on Paleocene granodiorites dredged 
at the Nicaragua Rise [Arden, 1975] and paleomagnetic data suggesting 8˚ of latitudinal convergence 
between south and north Hispaniola [van Fossen and Channell, 1988]. Pindell and Barrett [1990] 
suggest that Guatemala, the Nicaragua Rise/south Hispaniola and Jamaica formed one continuous 
island arc. Based on Müller et al. [1999], we thus expect a slab that is 500-700 km long and a few 
hundred kms wide. In contrast Mann [2007] suggests strike-slip as the main process to bring the 
Nicaragua Rise and South Hispaniola in place.  
Since in other regions slab remnants of comparable subduction age and spatial extent are 
predominantly found in the transition zone and /or the top of the lower mantle [e.g.Spakman and 
Wortel, 2004], we expect to image the “Nicaragua Rise” slab at similar depths. However, we do not 
find a positive wave velocity anomaly that can be attributed to the Nicaragua Rise slab. The only 
possible candidate, the nGAC anomaly at ~800-1000 km depth, is discarded, since the northern edge 
of Nicaragua Rise anomaly should lie south of the northern edge of the Great Arc of the Caribbean 
slab, and the nGAC anomaly does not meet this requirement. The spatial resolution of the UU-P07 
model around the 660 km discontinuity is around ~200-300 km in all directions, which should 
suffice to detect such slab, if existing. In view of available information, an acceptable interpretation is 
that the amount of Nicaragua Rise subduction was smaller, or that subduction did not occur, as 
suggested by the tectonic reconstruction of Mann [2007]. This interpretation is also supported by the 
large uncertainties in the paleomagnetic observations on which this convergence phase is based [van 
Fossen and Channell, 1988]. We conclude that the UU-P07 model presents no evidence for a Nicaragua 
Rise slab of 500-700 km length. 

3.3.6 Farallon subduction and the Great Arc of the Caribbean  
Since the Mesozoic, the Farallon plate subducted eastward along the west coast of North America, 
while under South America subduction was more fragmented [Jaillard et al., 1990]. Magmatic rocks 
and ophiolites on Cuba, Puerto Rico and Hispaniola provide evidence for early Cretaceous-
Paleocene convergence at the Great Arc of the Caribbean. Magmatism took place during the same 
time interval at the Aves Ridge and Leeward Antilles. Together this formed the Great Arc of the 
Caribbean [Pindell and Barrett, 1990], where Atlantic lithosphere was consumed by southwest dipping 
subduction [Jolly et al., 2008] (Figure 3.2c-f). The total amount of subduction is controversial as there 
is no consensus on the initial location and size of the Caribbean plate, which allowed for the 
conception of two end member scenarios for the tectonic evolution the Caribbean region: 1) The 
“Pacific Origin” scenario (Figures 3.2a and 3.2c) assumes that the Mesozoic Caribbean plate was part 
of the Farallon plate [Pindell and Barrett, 1990]. Upon arrival at the Farallon trench, where the Farallon 
lithosphere subducted eastward under South and North America, subduction regionally stopped at 



3.3 Comparing tectonic reconstructions with imaged mantle structure 
  

 

 

55 

 
Figure 3.7: Tomographic section showing the South Caribbean (SC) anomaly. For figure layout see the caption 

of Figure 5. We measure around 900 km of South Caribbean slab length. The angle of subduction is 40° Length. In 
the upper 400 km also the Nazca slab is visible. In the lower mantle the southern Great Arc of the Caribbean 
anomaly and Farallon anomalies are visible. 
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 the Central America trench. This was either accomplished by a change to strike-slip motion along 
the trench [Pindell and Kennan, 2009] or a complete subduction polarity reversal [Burke, 1988]. 
Westward dipping subduction of North and South America lithosphere was initiated at the Great 
Arc of the Caribbean and roll-back (relative to the North- and South America plates) transported the 
future Caribbean plate further to the (north) east. In the Late Cretaceous, Farallon subduction re-
initiated at the Central America trench [Pindell and Barrett, 1990], thus separating the Caribbean plate 
from the Farallon plate west of the Central America trench. This scenario implies a window in the 
Farallon slab of at least the width and length of the Caribbean plate at that time. 2) The alternative 
“Intra-Americas origin” scenario (Figures 3.2b and 3.2d) places the Mesozoic Caribbean plate east of 
the Farallon trench in the late Early Cretaceous [Meschede and Frisch, 1998]. The Great Arc of the 
Caribbean defined the northeastern boundary of the Caribbean plate while the Farallon subduction 
zone defined the southwestern boundary. In this scenario Farallon subduction has been continuous.  

 On the southern edge of the Great Arc of the Caribbean, both scenarios require right-lateral 
shear motion between the Caribbean plate and continental South America, together with a variable 
component of convergence since the Cretaceous. This is supported by observations of a 90° rotation 
of blocks along the North Andes since the Late Cretaceous (see Beardsley and Avé-Lallemant [2007] 
for an overview) and by the space-time progression of arc magmatism at the Leeward Antilles 
(Figure 3.2c). The two scenarios for the Mesozoic tectonic evolution lead to different amounts of 
Cretaceous – Eocene subduction at the Great Arc of the Caribbean, ranging from ~1000 km (“Intra-
Americas Origin”) to 2000-3000 km (“Pacific Origin”), both with a slab width of ~2000 km.  

In the Paleocene both scenarios converge. Paleocene to Eocene (soft) collision of the Great Arc 
of the Caribbean with the Bahamas platform (Figures 3.2e-f) ended subduction near Cuba [Pindell and 
Barrett, 1990]. The collision of the Bahamas platform with the Great Arc of the Caribbean resulted in 
a change in motion from northeastward to eastward of the Caribbean plate relative to North 
America [Pindell and Barrett, 1990; Meschede and Frisch, 1998; Pindell and Kennan, 2009]. Continued 
convergence between the Caribbean plate and North– and South America was accommodated along 
the new Lesser Antilles plate boundary (Figures 3.2f-h). Several suggestions exist on how the 
transition of subduction at the old plate boundary at the Aves ridge to the new plate boundary at the 
Lesser Antilles took place. Either there was a complete cessation of subduction with new subduction 
initiated at the Lesser Antilles [Kearey, 1974], or subduction was continuous and delamination or a 
slab dip change caused the eastward jump in subduction [Bouysse, 1988; Aitken et al., 2011].  

We interpret the Far (Figure 4) anomaly to be derived from Cretaceous to Miocene subduction at 
the Central America trench. The Far anomaly (Figure 4) is almost vertical with a NNW-SSE 
orientation. Above 800-900 km depth we correlate anomalies Co and Nz with the Cocos and Nazca 
plates that resulted from the Farallon plate break-up at ~ 23 Ma. This will be further discussed in the 
next section. In the Caribbean realm, the Far anomaly can be followed at least down to the mid-
lower mantle. Below this depth the Far anomaly remains clearly visible beneath North America, is 
weak under northwest South America, and absent south of this region [van der Meer et al., 2010].  

The nGAC and sGAC anomalies are interpreted to be derived from Cretaceous-Eocene 
subduction of North America lithosphere at the Great Arc of the Caribbean in view of the following 
considerations. The Lesser Antilles slab, with a length of ~1100 km, resides predominantly in the 
upper mantle with local extensions to 700-800 km depth (Figure 3.5a) and can be fully explained by 
subduction evolution since ~45 Ma, as discussed before. Slightly west of the toe of the Lesser 
Antilles slab, the GAC anomalies are found as a downward continuation of the LA anomaly parallel 
to the Farallon anomaly to the west. This puts the GAC anomaly in the correct position relative to 
the LA anomaly. The sGAC anomaly, identified by van der Meer et al. (2010) as the “Venezuela 
slab”, is in the correct Late Cretaceous position between the North America and South America 
plates, and at the western boundary of the proto-Caribbean (Atlantic) basin. The nGAC anomaly is 
located beneath Hispaniola and directly to the north of the sGAC anomaly. The sGAC anomaly is 
located to the south with respect to the present-day position of the Greater Antilles islands and the 
Lesser Antilles subduction. This reflects the absolute northward motion of the North and South 



3.3 Comparing tectonic reconstructions with imaged mantle structure 
  

 

 

57 

America plates, as predicted by the global tectonic reconstruction of Torsvik et al. [2008] and 
Doubrovine et al., [2012], and agrees with a total detachment of the Great Arc of the Caribbean slab 
during the Eocene, implying a discontinuity between Great Arc of the Caribbean subduction and 
subsequent Lesser Antilles subduction. The slight E-W offset between the GAC and LA anomalies 
also suggests a discontinuity between the Lesser Antilles and Great Arc of the Caribbean slabs, in 
line with cessation of the subduction at the Great Arc of the Caribbean during the Eocene [Kearey, 
1974] , although magmatism in Puerto Rico was continuous until the Oligocene. Alternatively the E-
W offset can be interpreted as a flat-lying slab suggesting rapid trench roll-back, with accompanying 
slab steepening causing the eastward jump in subduction [Aitken et al., 2011]. 

The division of the GAC anomaly into a northern and southern segment by a low velocity zone 
is not a common feature of existing tectonic reconstructions, but is a resolved feature on account of 
various resolution tests (Supplementary Figure 3.9). One possible explanation may be that the Proto-
Caribbean ridge that separated the North and South America plates subducted at the Great Arc of 
the Caribbean [Pindell et al., 2006] resulting in a separation of the anomalies during subduction. If this 
were the case we would expect the low velocity anomaly to be more central in the entire GAC 
anomaly. An alternative location for the Proto-Caribbean ridge is the zone of reduced anomaly 
amplitudes separating the sGAC anomaly in two parts. A possible explanation for the low velocity 
zone between the nGAC and sGAC anomalies may then be a (early?) bifurcation in the Great Arc of 
the Caribbean subduction system where a smaller northern segment, carrying Cuba and Hispaniola, 
ruptured away from the larger southern segment. A similar bifurcation of a subducting basin leading 
to a large separation between slabs at depth has been proposed to explain both the tectonic 
evolution [Lonergan and White, 1997] and upper mantle structure [Spakman and Wortel, 2004] of the 
Western Mediterranean. Based on this interpretation, we estimate the original N-S extent of the 
Great Arc of the Caribbean would have been 2000 ± 450 km, which is in agreement with the 
tectonic reconstructions. The estimate is the summed length of the nGAC and of the two sGAC 
anomaly fragments as indicated by the white dotted lines in Figure 3.4 at 930 km. The 450 km error 
is estimated by assuming a 150 km imaging uncertainty on each of the 6 endpoints of the three 
dotted segments. 

The GAC anomalies can be followed to about 1500 km depth, although with strongly reduced 
amplitudes below 1200 km depth. If we take 1200 km as the down-dip end of the northern Great 
Arc of the Caribbean slab, and the up-dip end at 800 km depth, this corresponds to ~800 to 
~1200 km (slab thickening factor of 2 or 3, respectively) subduction at the Great Arc of the 
Caribbean. If 1500 km is taken as the down-dip end, we infer 1400 to 2100 km (slab thickening 
factor of 2 or 3, respectively) of subduction. These inferences lead to a slab length prediction in 
between the “Intra-Americas origin” and “Pacific Origin” scenarios for the Caribbean plate. 
However, the large amount of subducted material in the upper and lower mantle under the Lesser 
Antilles trench, excludes the tectonic reconstruction of James [2009], who suggested that the amount 
of relative motion between the Caribbean and North or South America plates was in the order of a 
few hundreds of kilometers.  

The fact that the Farallon slab is found adjacent to the sGAC and nGAC anomalies may suggest 
that a slab window in the Farallon slab is not present at the time of Great Arc of the Caribbean 
subduction. However, the subduction velocity of the Farallon slab may have been much larger than 
the sinking velocity of the relatively small (detached) Great Arc of the Caribbean slab in which case a 
window in the Far anomaly should be searched for at larger depths. Mantle structure below ~1000 
km under northwest South America shows that the southern segment of the Far anomaly is 
fragmented with one large anomaly located more to the west (Far2 in Figure 3.4 and Supplementary 
movie). Although a slab window could be interpreted east of that anomaly, it seems to be located too 
far north with respect to the location of the sGAC anomaly and not wide enough. From our analysis 
of mantle structure no equivocal conclusion can be reached to discriminate between the alternative 
tectonic scenarios.  
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3.3.7 Cocos plate subduction and the Panama slab window  
Subduction of Farallon lithosphere along the Central America trench continued until the 

Oligocene-Miocene boundary (23 Ma, Figure 3.2g), when the Farallon plate broke up into the Nazca 
and Cocos plates, separated by subsequent spreading systems [Hey, 1977; Meschede and Barckhausen, 
2000; Lonsdale, 2005]. The Nazca-Cocos boundary reorganized at 9.5 Ma, resulting in the Panama 
Fracture Zone [Figure 3.2h, Hey, 1977] (Figure 3.2h). The Cocos plate continued subducting under 
Central America, and the relative plate motion between the Caribbean and Nazca plates became 
predominantly strike-slip [Meschede and Barckhausen, 2000], while the latter plate subducted eastward 
under the South America plate.  

Present-day subduction of the Cocos plate is evidenced by an active volcanic arc and a 
Wadati-Benioff zone (Figure 3.1b), extending northwest from the Panama Fracture Zone until 
its northern termination under Central Mexico [Burbach et al., 1984; Pardo and Suarez, 1995]. The 
Wadati-Benioff zone for the subducting Cocos slab under central Mexico dips very shallowly 
[Pardo and Suarez, 1995], in contrast with east from 95º W, where the Cocos Wadati-Benioff zone 
dips steeply again. The different Wadati-Benioff zone dips suggest segmentation of the 
subducting Cocos slab. Slab detachment has been suggested for the Cocos slab under central 
Mexico, based on a migrating pulse of mafic volcanism [Ferrari, 2004], while Rogers et al. [2002] 
use seismic tomography to suggest that the same process takes place between 200 and 500 km 
depth under Honduras. Further southeast between the Nicoya Peninsula and the Panama 
Fracture Zone, the Wadati-Benioff zone becomes somewhat diffuse, and east of the Panama 
Fracture Zone deep seismicity and active volcanism are absent. Under southern Colombia on the 
South America plate, Pennington [1981] identified a Wadati-Benioff zone extending to a depth 
of 200 km, interpreted as Nazca lithosphere subducted eastward since 9.5 Ma (Figure 3.2h). The 
northern edge of this Wadati-Benioff zone is in good agreement with the northern terminus of 
volcanism.[Vargas and Mann, 2013] 

Positive velocity anomalies along the Middle America trench, derived from Cocos and Nazca 
subduction, are visible in the upper mantle and continue into the lower mantle (Figure 3.4, Figure 
3.8, Supplementary movie). The upper mantle anomalies are fragmented and have varying dips. 
Starting from the northwest the first anomaly (Co) strikes east-west and the dip changes along-strike 
from steep in the west to shallow in the east, consistent with the Wadati-Benioff zone of the 
subducting Cocos slabs under central Mexico [Pardo and Suarez, 1995]. Deeper in the mantle the dip 
becomes steeper, consistent with the local tomography of Pérez-Campos et al. [2008] and at 500 km 
depth the anomaly shifts ~500 km to the east and merges with an anomaly further southeast (also 
labeled Co). This second northwest striking anomaly is located between 200 and 500 km depth and 
extends from south Mexico until the Nicoya peninsula. It was also imaged with receiver functions 
[Dzierma et al., 2011] and by a regional tomographic study of Mackenzie et al. [2010]. Although 
seismicity clearly suggests subduction everywhere, except under Panama, the UU-P07 model does 
not image positive anomalies in the upper 200 km along most of the Central America trench. This 
can find its origin in reduced resolution and/or in a trade-off between the earthquake relocation and 
seismic velocity anomaly parts of the model in the joint tomographic inversion. A possible structural 
origin is that the young, relatively warm, and thin oceanic lithosphere that subducts presently at the 
Central America trench, is more difficult to detect because of reduced seismic velocity contrast with 
the ambient mantle. The preceding subduction was of gradually older, colder material. Rogers 
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et al., [2002] suggest a slab gap between 200 and 500 km depth under northern Central America. 

However both the UU-P07 model and the recent tomographic model of Li et al., [2008] do not 
image a slab gap here.  

 
Figure 3.8: A tomographic section showing the Cocos (Co) and Farallon (Far) slabs. For figure layout see the 

caption of Figure 5. We measure between 1100-1300 km of Cocos slab length depending on slab thickening factor 
(2 or 3) for the lower mantle. With negligible thickening the Cocos slab has a length between 900-1000 km. Below 
the dotted line (between 800-900 km) we find the Farallon slab. The transition depth is determined as the depth at 
which the Cocos and Nazca slabs merge (see Supplementary movie). Spatial resolution at these depths is rather 
good (see Supplementary Figures 3.9). To the right the northern Great Arc of the Caribbean (nGAC) anomaly is 
visible.  
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Under the Panama Block – Nazca plate boundary segment there is neither intermediate-deep 

seismicity nor a positive anomaly in the top 700 km, while detection of such a slab is within 
resolution range. In Costa Rica the average convergence rate perpendicular to the trench between 
the Cocos plate and Central America was 73 mm/yr during the last 9.5 My. The combination of this 
subduction with the left-lateral strike-slip motion of the Nazca plate relative to Central America 
[Meschede and Barckhausen, 2000] leads to 700 km long slab window. This is in agreement with the 
minimum length of the imaged slab window under Panama. Also earlier (23-9.5 Ma) subduction of 
the Cocos-Nazca spreading ridge might have contributed to the slab gap. Lithospheric doubling by 
horizontal subduction, which could also lead to a slab gap, is not suggested by both the relative 
motion between the Nazca plate and Panama, derived from oceanic magnetic anomalies, and the 
location of the lower mantle anomalies under Central America. Evidence of Neogene (with a pause 
during the Pliocene) alkaline and arc-tholeiitic volcanism in western Panama [De Boer et al., 1991] can 
be explained by asthenospheric flow through the gap. We conclude that the tomographic results 
agree with the subduction of Cocos lithosphere under the Central America trench to the northwest 
of the Panama fracture zone and of Nazca lithosphere under northern South America. Between the 
Cocos and Nazca slabs, tomography corroborates the presence of a slab window under Panama. 
Between depths of 800-900 km the Co and Nz anomalies join into the Farallon slab. Anomalies in 
this depth range would correspond to Farallon plate that was subducted just prior to the breakup at 
~23 Ma. The estimated length of the Cocos slab is ~800 km in the upper mantle and 400 to 600 km 
in the lower mantle, depending on a 2-3 thickening factor (Figure 3.8).  
 

3.4 Scoring tectonic reconstructions 
In Table 3.1 we list the tectonic reconstructions mentioned in the description of Figure 3.2, and 

score them against our findings of amounts of subduction and slab morphology. This gives an 
overview of what features of the reconstructions match with the UU-P07 model. Since suggested 
amounts of subduction at the Muertos Trough are smaller than the resolution of the tomography we 
cannot validate any tectonic reconstruction here. The three reconstructions correctly predict the 

Table 3.1: Rows denote subduction zone in the Caribbean region and the columns denote the 
four representative tectonic reconstructions mentioned in the text. A green entry denotes that 
predicted amount of subduction at a particular subduction zone for a particular tectonic 
reconstruction matches the tomographic model. A red entry denotes a mismatch. A light-blue entry 
indicates that the tomography is not decisive and a cross indicates that the particular subduction 
zone is not featured in the tectonic reconstruction. 

 Meschede and 
Frisch [1998] 

Pindell and 
Kennan [2009] 

Müller et al. 
[1999] 

Cenoizoic Subduction Zones:    
Lesser Antilles Subduction 
(1100 km) 

1100 km 1100 km 1100 km 

Maracaibo Subduction 
 (~1000 km) 

0-300 km  800 km   1000 km  

Cocos and Nazca Subduction 
(1800 km) 

1800 km  1800 km  1800 km  

Muertos Subduction 
(<200 km)  

? 0-150 km  200 ± 94 km 

Nicaragua Rise Subduction 
(<200 km) 

~200 km ~300 km 800 km  

Mesozoic Subduction Zones:    

Greater Caribbean Subduction 
(1200-2100 km ) 

1000 km  2-2500 km  X 

Farallon Subduction  
(continuous) 

Continuous Gap X 
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amounts of subduction at the Lesser Antilles and Central America trench. However, we find that 
each tectonic reconstruction has one or more misfits with the tomography results: Meschede and 
Frisch [1998] suggest large scale thrusting at the Maracaibo block resulting in the observed mountain 
building in northern Southern America, while the UU-P07 model suggests large-scale subduction 
here. Subduction in combination with shortening may also account for the observed uplift, without 
further consequences for the reconstruction. A feature of the reconstructions of both Müller et al. 
[1999] and Pindell and Kennan [2009], namely subduction at the Nicaragua rise, is not corroborated 
by the UU-P07 model. The paleomagnetic data suggesting the large scale convergence at the 
Nicaragua rise [van Fossen and Channell, 1988] had very large error margins and therefore we conclude 
that the amount of subduction at the Nicaragua rise was small (at most ~300 km), agreeing with the 
tectonic reconstruction of Mann [2007]. The width of the “Great Arc of the Caribbean” slab agrees 
with the prediction from reconstructions. Using slab thickening factors of 2-3, we estimate from the 
tomography 1200-2100 km of Mesozoic-Eocene subduction at the Great Arc of the Caribbean 
subduction zone, which lies between the slab lengths predicted by the tectonic reconstructions; a 
slab length between 2000-2500 km is an inherent feature of the “Pacific Origin” for the Caribbean 
plate , while for the “Intra Americas origin” this is ~1000 km.  The resolution of the tomographic 
model is not sufficient to resolve a possible slab window in the Farallon anomaly. We conclude that 
the Pindell and Kennan [2009] reconstruction correctly predicts amounts of subduction for the 
major subduction systems in the Caribbean. The Meschede and Frisch [1998] reconstruction only 
matches conservative estimates for observed slab lengths (i.e. with a thickening factor of 2). 
Although the Meschede and Frisch [1998] reconstruction  fails to correctly predict the amount of 
subduction at the South Caribbean margin, this seems no inherent feature and could easily be 
adapted.  

 
3.5 Conclusions 

We compare the features and predictions of several tectonic reconstruction models of the 
Caribbean region with mantle structure imaged as P-wave velocity anomalies in model UU-P07. The 
size and locations of imaged positive anomalies in the upper mantle under the Caribbean confirm 
proposed Cenozoic subduction under the Lesser Antilles, the Central America trench and the 
Maracaibo block. The tomographic results show no indication of significant recent subduction at the 
Muertos Trough or Eocene-Oligocene subduction between the Nicaragua rise and Northern 
Hispaniola. Lower mantle anomalies beneath Central America confirm Farallon subduction at the 
Central America trench. Positive lower mantle anomalies under the central Caribbean region and 
Venezuela agree with Mesozoic-Eocene subduction at the Great Arc of the Caribbean. 

Particular inferences from our analyses of mantle structure in the context of features important 
for tectonic reconstructions are: (1) The tomographic results agree with earlier work that classify the 
South America-Caribbean plate boundary as a STEP-type plate boundary. (2) South dipping slab in 
the upper mantle along the north(east)ern Puerto Rico margin of the Caribbean plate is brought in 
by westward subduction under the Lesser Antilles, while staying attached to the North America 
margin. The imaged slab width ~1100 km agrees with the relative displacement between the North 
America and Caribbean plates as recorded in the Cayman Trough. To the resulting very particular 
shape of the slab we refer as the “amphitheatre”. (3) The plate boundary between the North- and 
South America plates is identified at the central Lesser Antilles with a negative seismic velocity 
anomaly between 13 and 15°N, reflecting the separation of the slabs above ~400 km depth. The 
north-south opening of the plate boundary at depth may be a consequence of the development of 
the amphitheatre. (4) In the top 700-800 km of the mantle a slab window is found under Panama 
confirming Late Miocene to Present strike-slip motion, whereas to the north we estimate subduction 
of about 1100-1200 km of Cocos plate lithosphere since ~23 Ma. (5) Slab remnants of Cretaceous-
Eocene Great Arc of the Caribbean subduction are found in the lower mantle to the west of the 
Eocene-Present Lesser Antilles slab in the upper mantle. Eocene slab detachment is in agreement 
with absolute plate motions. (6) The “tomographic” width of the Great Arc of the Caribbean slab, 
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2000±350 km, is in agreement with tectonic reconstructions. A rough estimate of the Great Arc of 
the Caribbean slab length, i.e. 1400 to 2000 km, leads to values between the predicted ~1000 km 
(“Intra-Americas origin”) and 2000-3000 km (“Pacific origin”) and cannot be used to discriminate 
between the two scenarios. The complexity of lower mantle structure deeper than ~1100 km does 
also not lead to a firm conclusion in this respect and requires further work on the integration of 
tectonic evolution, absolute plate motions, and mantle structure. 
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Figure 3.9 (appendix): This figure shows 34 panels of sensitivity test results from 13 different synthetic 

block models. Figure 3.3 introduces 4 of these panels and the caption of this figure provides the necessary 
technical information. The models differ in characteristic block size and block position. Input values for 
synthetic anomalies are +/- 5%. Generally the amplitudes are systematically underestimated (~50%) as a 
result lack of resolution caused by lack of data and regularization (damping) of the tomographic inversion. 
The organization of the panels is on depth only, which increases from left to right and from top to bottom. 
As depth increases, resolution for small detail gradually decreases, although small (~2 degree) blocks 
remain detectable but with small amplitude response. 
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Chapter 4 

What drives microplate motion and deformation in the 
northeastern Caribbean plate boundary region?

1
 

 

Abstract 
The north Caribbean plate boundary zone is a broad deformation zone with several fault systems 
and tectonic blocks that move with different velocities. The indentation by the Bahamas Platform 
(the "Bahamas collision") is generally invoked as a cause of this fragmentation. We propose that a 
second driver of deformation may be the western edge of the south-dipping slab along the northern 
Caribbean plate boundary. The westward motion of the slab edge results in a push on the Caribbean 
plate further west. We refer to this second mechanism for deformation as "Slab Edge Push". The 
motion of the North America plate relative to the Caribbean plate causes both drivers to migrate 
from east to west. The Bahamas collision and Slab Edge Push have been operating simultaneously 
since the Miocene. The question is the relative importance of the two mechanisms. We use 
mechanical finite element models that represent the two mechanisms from the Late Oligocene (30 
Ma) to the Present. For the Present, both models successfully reproduce observed deformation, 
implying that both models are viable. Back in time the Slab Edge Push mechanism better reproduces 
observations. Neither mechanism successfully reproduces the observed Miocene counter-clockwise 
rotation of Puerto Rico. We use this rotation to tune a final model that includes fractional 
contributions of both mechanisms. We find that the Slab Edge Push was the dominant driver of 
deformation in the north Caribbean plate boundary zone since 30 Ma. 

 

4.1 Introduction 
The small Caribbean plate (inset Figure 4.1) is mainly oceanic. It is bounded by subduction 

systems at its eastern and western plate boundaries, and by transpressional shear systems at its 
northern and southern boundaries [Molnar and Sykes, 1969]. The tectonics of the northern plate 
boundary zone (Figure 4.1) that separates the Caribbean plate from the North America plate are 
diverse and complicated. The westward subduction at the northern Lesser Antilles changes to highly 
oblique subduction at the Puerto Rico Trench [Molnar and Sykes, 1969] and to strain partitioning 
north of Hispaniola [Calais et al., 2002], with strike-slip motion being accommodated at the 
Septentrional Fault and trench-perpendicular motion accommodated along the North Hispaniola 
Deformed Belt [NHDB, Dillon et al., 1992]. West of Hispaniola, relative plate motion is strike-slip at 
the Oriente and Swan transform fault zones [Dillon et al., 1992]. The relative motion between the 
rigid, more interior part of the Caribbean plate and the plate boundary zone to the north of it is 
mainly accommodated along the Muertos Trough and the Enriquillo-Plantain Garden fault zone. 
This “northeastern Caribbean plate boundary zone” has a north-south extent of ~200 km and 

                                                 
1 This chapter has been submitted to Tectonics as:  
Van Benthem, S. A. C., R. Govers, and M. J. R. Wortel, What drives microplate motion and 
deformation in the northeastern Caribbean plate boundary region? For high resolution versions of 
the images in this chapter please  refer to the electronic version available from the USES series:  
http://igitur-archive.library.uu.nl/search/search.php?language=en 
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 consists of smaller blocks or “microplates. From west to east these are the Gonave microplate 
[Rosencrantz and Mann, 1991], the Hispaniola microplate [Mann et al., 2002] and the Puerto Rico - 
Virgin Islands microplate [Byrne et al., 1985]. The Hispaniola and Gonave microplates currently move 
with a velocity that is between that of the velocities of the North America and Caribbean plates 
[DeMets and Wiggins-Grandison, 2007; Manaker et al., 2008], while the Puerto Rico - Virgin Islands 
microplate is hardly moving with respect to the Caribbean plate [Jansma et al., 2000]. 

The Bahamas Platform on the North America plate stands out amongst the surrounding sea 
floor as a result of a relatively thick crust that is covered by carbonates. The collision or (oblique) 
subduction of the Bahamas Platform beneath the Caribbean plate is usually invoked to explain 
differential velocities in the northeastern Caribbean plate boundary zone [Mann et al., 2002]. The 
Bahamas Platform itself, however, shows no signs of significant deformation besides some normal 
faulting [Dolan et al., 1998]. Rocks derived from the Bahamas Platform have not been found on 
Hispaniola, in contrast to Cuba [Pardo, 1975]. This suggests that the present collision is “soft”, i.e., 
that the collision forces on the Caribbean plate and vice versa are relatively small and that the 
Bahamas Platform alone is an unlikely candidate to explain the observed fragmentation of the 
northeastern Caribbean plate boundary zone. Another concern with identifying the collision with the 
Bahamas Platform as the sole driver of northeastern Caribbean tectonics has to do with timing. The 
collision is thought to have started somewhen between the Middle Miocene and Pliocene [de Zoeten 
and Mann, 1991; Dolan et al., 1998; Grindlay et al., 2005]. Prior to the collision, mechanical interaction 
between the North America and Caribbean plates consisted of frictional relative motion. Significant 
deformation has occurred in the northeastern Caribbean plate boundary zone since the start of the 
Cenozoic, e.g., 24º of Miocene counter-clockwise (CCW) rotation of Puerto Rico [Reid et al., 1991], 
large Cenozoic CCW rotation of Hispaniola [Vincenz and Dasgupta, 1978], Oligocene-Present rifting 

 

Figure 4.1: Present-day tectonics of the northeastern Caribbean plate. The inset on the top-right shows the 
Caribbean plate and surrounding plates, the red box here indicates the domain of the main figure. Bold black lines 
denote plate boundaries and major faults. Red lines denote major tectonic features mentioned in the text. The 
Bahamas carbonate platform is indicated by the cross-pattern. Regional microplates are bounded by transparent 
blue lines. Dots denote epicenters deeper than 20 km, taken from the Centroid Moment Tensor (CMT) catalogue 
(1976 to 2012). Color denotes hypocenter depth. Abbreviations: AF: Anageda Fault; AR: Aves Ridge; BR: Barracuda 
Rise; EPGF: Enriquillo-Plantain-Garden Fault; HF: Hispaniola Fault; HI: Hispaniola; MR: Mona Rift; MT: Muertos 
Trough; NHDB: North Hispaniola Deformed Belt; NLAT: Northern Lesser Antilles Trench; OSF: Oriente-Swan Fault; 
PR: Puerto Rico; PRT: Puerto Rico Trench; SF: Septentrional Fault; TR: Tiburón Rise; VI: Virgin Islands; WF: Walton 
Fault.  
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in the Mona Rift [Mondziel et al., 2010] and ~100 km of Miocene – Present convergence at the 
Muertos Trough [Masson and Scanlon, 1991] as is suggested by seismicity [Byrne et al., 1985] and 
seismic tomography [van Benthem et al., 2013]. It is therefore questionable if the collision of the 
Bahamas Platform alone can explain the tectonic evolution of the northeastern Caribbean plate 
boundary region since the Eocene/Oligocene. 

Molnar and Sykes [1969] propose the existence of a laterally moving slab along the northern 
plate boundary, brought in by westward subduction at the Lesser Antilles. Seismic tomography 
results support the presence of such a slab, with a distinct western edge [van Benthem et al., 2013]. We 
propose that the westward motion of the lateral edge of this slab is an additional driver of microplate 
motion since the Eocene.  In this paper we construct mechanical finite element models based on 
these two drivers. This allows us to address - in a quantitative manner - the question what the 
contribution has been of the Bahamas collision and the slab edge migration to the secular 
deformation of the northeastern Caribbean plate boundary zone. 

Most of the published mechanical models of the region are kinematically driven, with a focus on 
the seismic cycle time scale [Ali et al., 2008; Manaker et al., 2008; ten Brink and López-Venegas, 2012]. 
Force driven models are more suitable for answering our research question. In this category, studies 
by Van Benthem and Govers [2010] and Negredo et al. [2004] focus on the forces that dominate the 
dynamics of the Caribbean plate at present. There have been no studies thus far that quantify the 
evolution of the Bahamas collision force or its associated deformation. Thus, quantitative modeling 
of the driving mechanism is a novel element for both the Slab Edge Push scenario that is proposed 
here, and for the existing Bahamas collision scenario. In the next section we present the most 
pertinent evidence that is relevant for setting up the mechanical models in the context of the tectonic 
evolution of the region.  

 

4.2 Mechanisms for plate boundary deformation in the northeastern Caribbean 

4.2.1 Bahamas collision 
Figure 4.2 schematically presents the tectonic history and the underlying slab structure for the 

northeastern Caribbean from 50 Ma to Present. The reference frame in this Figure is the stable 
interior of the Caribbean plate. We rotate the positions of features on the North America plate back 
in time using relative motions between the North America and Caribbean plates derived from 
geomagnetic anomalies located in the Cayman Trough [Leroy et al., 2000]. The similar Cretaceous-
Paleogene island arc development history of Hispaniola, Cuba, Puerto Rico and the Aves ridge leads 
most tectonic reconstructions to show the islands in adjacent positions on the leading edge of the 
Cretaceous - Paleogene Greater Antilles subduction zone, where Atlantic lithosphere subducted 
under the Caribbean plate [Pindell and Kennan, 2009]. Between ~50 and 45 Ma (Figure 4.2a), Cuba, 
located on the overriding plate, collided with the Bahamas Platform, located on the subducting plate. 
This is demonstrated by the end of volcanism in the Cuban Arc, large scale folding and obduction of 
Bahamas Platform carbonate rocks on Cuba [Pardo, 1975]. This is not observed on Hispaniola and 
Puerto Rico [Pindell and Barrett, 1990], leading to the conclusion that collision did probably not occur 
here in the Eocene. 
Following the Eocene collision of the Bahamas Platform and Cuba, the northeastern Caribbean plate 
boundary reorganized. Cuba became part of the North America plate as a new east- west 
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oriented plate boundary developed, south of Cuba and north of the remaining Greater Antilles, 
while subduction probably continued in the east at the free face of the Lesser Antilles [Mann et al., 
1995; van Benthem et al., 2013] (Figure 4.2b). This new left-lateral plate boundary accommodated 
highly oblique convergence between the Caribbean and North America plates that led to the slow 
subduction of the oceanic lithosphere separating Hispaniola from the Bahamas Platform [Figures 
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4.2b and 4.2c; Dolan et al., 1998]. De Zoeten and Mann [1991] propose that this slow subduction 
eventually led to the Pliocene collision of the Bahamas Platform with Hispaniola. 

Dolan et al. [1998] observe anomalous seismicity, both in size and location, under Hispaniola. 
Together with anomalous bathymetry along the coast of northern Hispaniola, this is interpreted as 
the result of the partial subducted Bahamas Platform. Dolan et al. [1998] use these observations to 
reconstruct the total area (including subducted parts) of the Bahamas Platform. When we rotate this 
back, the estimated first contact of the Bahamas Platform with the Caribbean plate occurred 17-20 
Ma to the northwest of Puerto Rico. An alternative reconstruction by McCann and Sykes [1984] 
suggests that the Bahamas Platform is possibly connected to the Tiburón and Barracuda Rises (figure 
4.1), east of the Lesser Antilles. In this case the Bahamas Platform would have extended much 
further to the southeast and the collision would have been active for a much longer time, probably 
since the Eocene. Because the Tiburón and Barracuda Rises  represent topography variations related 
to flexure, rather than to  local isostasy [Müller and Smith, 1993], and because they are morphologically 
very different [Dolan et al., 1998; Pichot et al., 2012] we think that this is not a very realistic alternative. 
We thus assume that the present Bahamas Platform collision started in the Miocene.  

 Based on the geometry of the reconstructed Bahamas Platform, the contact area was small at 
first, increasing with time as oblique convergence continued. The thick buoyant platform locally 
“choked” the subduction zone, and the ongoing convergence between the North America and 
Caribbean plates drove high deformation in the Caribbean plate. Hispaniola started to move together 
with North America to the west, while the Puerto Rico / Virgin Islands microplate stayed behind, 
moving with the Caribbean plate. We refer to this mechanism as the “Bahamas collision” (Figure 
4.3). The blue area in Figure 4.3 denotes the NHDB, the present-day area of active compression that 
accommodates most of the convergence between the Bahamas Platform and the Caribbean plate. 

Evidence for the Bahamas collision is based on (1) observed Pliocene-Present deformation in 
Hispaniola [de Zoeten and Mann, 1991], (2) the occurrence of unusually large thrust earthquakes along 
the plate contact between Hispaniola and the Bahamas Platform in comparison to seismicity further 
away along the plate boundary [Dolan and Wald, 1998] and (3) anomalous bathymetry along the plate 
boundary [Dolan et al., 1998]. Also elastic block modeling of GPS velocities [Manaker et al., 2008] and 
torque balance analysis for the Caribbean plate [van Benthem and Govers, 2010] indicate that a higher 
frictional coupling north of Hispaniola is needed to reproduce GPS-derived velocities and observed 
horizontal stress directions here.  

4.2.2 Slab Edge Push 
Following Eocene collision of Cuba and the Bahamas Platform, the Greater Antilles slab locally 

tore off while subduction either continued or was initiated at the Aves ridge or Lesser Antilles 
(Figures 4.2a-b). In Figure 4.2 it is assumed that the slab became completely detached from the 
subsequent Lesser Antilles subduction as is suggested by tomography [van Benthem et al., 2013]. North 
American lithosphere, which subducted westward under the Lesser Antilles, remained attached along 
the northern Caribbean-North America plate boundary, and attained a bowl-like shape (Figures 4.2b-
d). The slab migrated westward, together with the North America lithosphere at the surface. 

At present the edge of the slab has advanced as far as east Hispaniola, at around 69º-70ºW [Dolan 
et al., 1998; van Benthem et al., 2013]. Figure 4.3 shows the geometry of the present-day slab beneath 
the northeastern Caribbean region. The plate boundary east of Hispaniola is a south dipping 
subduction fault [Dolan and Wald, 1998], accommodating highly oblique convergence. West of 
Hispaniola the plate boundary is a vertical fault [Calais et al., 1998], which accommodates left-lateral 
transpression. The westward transport of the shallow dipping slab, together with the North America 
plate, is counter-acted by the vertical plate boundary further west. Deformation of Caribbean 
lithosphere is needed to allow continued westward transport. The red area in Figure 4.3 denotes the  
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area where the slab edge exerts a force on the Caribbean plate. The westward motion of the slab 
with respect to the Caribbean plate implies that the position of the slab edge is diachronous from 
east to west. We refer to this mechanism as the “Slab Edge Push”.  

A similar, yet not identical, tectonic setting was identified by Furlong and Govers [1999] at the 
southern edge of the Juan de Fuca slab near the Mendocino triple junction. Sideways motion of the 
slab results in significant deformation of the overriding North America plate. The Juan de Fuca slab 
moves away from the North America mantle adjacent to the slab, thus opening a slab gap. This is a 
critical difference with respect to the tectonic setting of Hispaniola, where the slab edge converges 
with Caribbean lithosphere.  

4.2.3 Two mechanisms acting in concert 
In view of the reconstruction of the areal distribution of the Bahamas Platform by Dolan et al. 

[1998], the imaging results for the slab edge [van Benthem et al., 2013] and the regional kinematics, we 
must consider the distinct possibility that the Bahamas collision and Slab Edge Push have been, and 
continue to be, operating simultaneously. At present the North-America-Caribbean plate boundary 
dips gently towards the south near Puerto Rico. South of Cuba, relative motion is strike-slip, and the 
plate boundary is vertical [Calais et al., 1998]. The orientation and nature of the plate boundary thus 
changes in the Hispaniola plate boundary segment. Together with the North America plate this 
transition has been migrating to the west relative to the Caribbean plate. Slab Edge Push drives 
deformation associated with this plate boundary reorganization. As a consequence, even if the 
Bahamas collision turns out to be the main driver of deformation of the northeastern Caribbean 
plate boundary zone, some amount of Slab Edge Push appears to be required. 

 

Figure 4.3: Schematic representation of the northeastern Caribbean plate boundary and the underlying slab 
structure. The viewpoint is from the southwest. In this figure the Caribbean plate is fixed. The arrows indicate the direction 
of relative motion of the North America plate with respect to the Caribbean plate. Relative motion between the Caribbean 
and North America plates is sinistral with a minor convergent component. The blue area denotes the contact area where 
the highly oblique converging Bahamas Platform (located on the North America plate) exerts a force on the Caribbean 
plate. The red area denotes the area where the westward (with a minor component of convergence) moving North 
America slab exerts a force on the blocking Caribbean plate. The dotted lines project an east-west directed vertical profile 
of the lithosphere structure to the foreground. Abbreviations: NHDB: North Hispaniola Deformed Belt; PRT: Puerto Rico 
Trench; SF: Septentrional Fault. 
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The question is the relative importance of two corresponding driving mechanisms. In section 
4.3, we therefore formulate mechanical models that are based on either the Bahamas collision or the 
Slab Edge Push scenario. After analyzing these models separately in sections 4.4 and 4.5, we will 
return to the question of combined scenarios in section 4.6, where we use geological observations to 
determine the relative significance of the two drivers. 

 

4.3  Model setup  
To evaluate the deformation of the northeastern Caribbean plate boundary zone due to both 

scenarios, we construct mechanical models. As will be explained below, we choose simple model 
setups, so that most of the ingredients can be a priori constrained by observations. Despite this, 
some model parameters (notably fault friction and average viscosity of the region) need additional 
constraints. Therefore, we use model results for the Present-day in combination with observations to 
tune these parameters for the northeastern Caribbean plate boundary zone (4. 5). These parameters 
are then used in models for the period 30-2.5 Ma (Section 4.5), which covers a significant part of the 
evolution of the plate boundary zone, however, excluding the collision of Cuba with the Bahamas 
and the subsequent plate boundary reorganization.We use finite element package GTECTON 
[Govers and Meijer, 2001]. Given force boundary conditions we solve the mechanical equilibrium 
equations on a 2D (plane stress) spherical shell. From the resulting displacements strain (rates), 
velocities, stresses, vertical axis rotation (rates), uplift (rates), and slip on regional faults are 
calculated. We use linear rheologies in the mechanical models. 

4.3.1 Domain and material properties 
We use a rectangular spherical shell to represent the region (55-84 ºW, 13-26 ºN) straddling the 

northeastern Caribbean plate boundary zone (Figure 4.4). The locations and geometry of the plate 
boundary and major faults are derived from the geological map of French and Schenk [2004]. As 
illustrated later, most of the data that we use to validate the models lack depth information. For 
simplicity, we therefore solve for lithospheric averages of stress and strain (plane stress). The 
spherical model shell has a uniform reference thickness of 100 km and a linear visco-elastic rheology 
with a Young’s modulus of 70 GPa and a Poisson’s ratio of 0.25 [Turcotte and Schubert, 2002]. We 
assume a uniform viscosity. Using a variable viscosity might introduce ambiguity in the interpretation 
of the results, because it would be difficult to discriminate whether model results stems from the 
viscosity- or from the force-distribution. The average regional viscosity is not known and is 
determined by a best fit to Present-day observations (Section 4.4).  

4.3.2 Boundary conditions for the Present-day models 
Deformation in the northeastern Caribbean plate boundary zone results from forces acting on 

this plate boundary zone. Van Benthem and Govers [2010] determined consistent plate boundary 
tractions on the Caribbean-North America plate boundary on the basis of mechanical balance of the 
Caribbean plate. Uncertainties in directions and location led to trade off between some of the 
tractions, so that they could not be solved for independently. For example, the amount of friction 
along the Puerto Rico Trench showed a tradeoff with the collision force at the Bahamas Platform. 
Also, the roll-back force along the southern Lesser Antilles could be offset by the total force along 
the northern plate boundary. Van Benthem and Govers [2010] therefore presented a range of force 
models that were physically possible and could not be discriminated on the basis of available 
observations (Table 4.1). They picked what they referred to as a representative model, TSUC5. Here, 
we evaluate all their model force distributions. We show in section 4.6 that the results lead to very 
similar conclusions. For the sake of presentation we therefore use model TSUC5 to illustrate our 
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approach and conclusions in the following sections. 

 
In the study by Van Benthem and Govers [2010] plate boundary tractions (like the Bahamas 

collision) were implemented as line forces. Table 4.2 lists the magnitude of the line forces for all 
models in this study. Symbols for forces and derived quantities used in this chapter are listed in table 

4.3.  In this manuscript we write vectors in bold (e.g., 
  
F

bah
), vector magnitudes in italic (e.g., bahF ) 

and average vector magnitudes with a hat (e.g.,
  
F̂

bah
). The line force due to Bahamas collision had a 

magnitude of 2.0 TN/m in model TSUC5 (van Benthem and Govers did not consider the possibility 

of Slab Edge Push). 
  
F

bah
 is the depth integral of the traction  due to Bahamas collision in excess 

of the regular plate boundary friction on the plate boundary interface. The traction is assumed to be 
uniform over the plate boundary interface that is involved in the collision. Van Benthem and Govers 
[2010] assumed the plate boundary interface to be dipping at angle of 30°, so that: 

 bah bah

d
,

sin 30
L

z


F           (4.1) 

L is the thickness of the lithosphere and assumed to be 100 km. bahF  is then equivalent to a 

traction with a magnitude of 8 MPa, which is four times higher than the average friction at the 
subduction contact (2 MPa) in this force model. The torque corresponding to the line force from 
Bahamas collision is 

Table 4.1: An overview of models representing the dynamics for the Caribbean plate [van Benthem and 
Govers, 2010]. The models differ in their assumptions of the relative magnitude of the Bahamas collision 
force and the trench suction force at the Southern Lesser Antilles. 

Model 
acronym 

Trench suction at Southern 
Lesser Antilles 

Relative magnitude of Bahamas force 

NOTSUC1 0 Nm-1 Equal to plate boundary friction 
NOTSUC3 0 Nm-1 3 x plate boundary friction 
NOTSUC5 0 Nm-1 5 x plate boundary friction 
NOTSUC10 0 Nm-1 10 x plate boundary friction 
TSUC1 6·1011 Nm-1 Equal to plate boundary friction 
TSUC3 6·1011 Nm-1 3 x plate boundary friction 
TSUC5 6·1011 Nm-1 5 x plate boundary friction 
TSUC10 6·1011 Nm-1 10 x plate boundary friction 
LOTSUC1 9·1011 Nm-1 Equal to plate boundary friction 
LOTSUC3 9·1011 Nm-1 3 x plate boundary friction 
LOTSUC5 9·1011 Nm-1 5 x plate boundary friction 
LOTSUC10 9·1011 Nm-1 10 x plate boundary friction 
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 bahd ,

bahL

C l T r F          (4.2) 

where Lbah
 is the along-strike length of the plate boundary segment where the Bahamas collision 

occurs. 
In the regional models that we present here, we redistribute the original Bahamas collision line 

force as a traction on the inclined subduction interface under the condition that the net torque is the 
same. This requirement follows from the nature of the original result of Van Benthem and Govers 
[2010]. Their estimates of the plate contact tractions were based on torque balance. When changing 
the distribution of the traction, i.e., the location r where the traction acts, it is necessary to also 
change the tractions such that the resulting torque remains the same. These changes turn out to be 
very small. The shape of the interface from the trench to the 100 km depth is derived from the 
Wadati-Benioff zone [Gudmundsson and Sambridge, 1998].  

In the Slab Edge Push model we compute the traction  that is assumed to be uniform on the 

triangular contact area of the slab edge and the Caribbean lithosphere (red area in Figure 4.3), again 
from the constraint that the net torque should come out being the same as the original:  

 
sep sep sepd with d ,

sepL

C

H

l z   r F T F           (4.3) 

Table 4.2:Magnitudes of calculated line forces from Van Benthem and Govers [2010]. The compositional 
buoyancy was kept at 4.0·10

12 
N/m consistent with the crustal structure in the Caribbean. Values for the basal 

drag were kept as close to zero as possible [van Benthem and Govers, 2010]. 

Model:  Fpcr (1011 Nm-1) Ftf (1011 Nm-1) Fbah (1011 Nm-1) Basal drag 
(105 Pa) 

NOTSUC1 4.20 6.11 0.0 -4 

NOTSUC3 4.36 2.86 8.72 -3 

NOTSUC5 3.34 2.32 13.76 -2 

 
NOTSUC10 

2.02  3.82 18.18 -1  

TSUC1 5.54 5.43 0.0 -1.5 

TSUC3 2.50 3.39 5.01 -0.5 

TSUC5 2.02 2.64 8.08 0 

TSUC10 1.30 3.11 11.7 1.0 

LOTSUC1 4.28 4.44 0 -0.5 

LOTSUC3 3.32 3.82 6.64 0.5 

LOTSUC5 0.82 0.63 3.28 1.0 

LOTSUC10 1.84 2.76 16.56 2.0 
.  

 Table 4.3: An overview of symbols for forces and derived quantities (tractions and torques) used.  

Symbol Magnitude Direction Description 

bahF  
bahF  ˆ

bahF  Bahamas Colission force 

sepF  
sepF  ˆ

sepF  Slab Edge Push force 

bahσ  bah  ˆ
bah  Bahamas Colission traction 

sepσ  sep  ˆ
sep  Slab Edge Push traction 

CT  
CT  ˆ

CT  Combined torque of Slab Edge Push and Bahamas 
Collision 

 



4.3  Model setup   

 

 

75 

where Lsep
 is the surface length of the plate boundary segment where Slab Edge Push acts and 

H is the vertical length of the contact surface between the slab edge and the Caribbean plate 

(Line A-A’ in Figure 4.3). The tractions and  (and consequently line forces 
  
F

bah
 and 

  
F

sep
) are 

taken to act in the motion direction of the North America plate relative to the Caribbean plate. In the 
Slab Edge Push model, the traction at the Bahamas Platform contact is set to the friction that also 
acts along the rest of the subduction plate boundary (2 MPa). The present-day position of the vertical 
slab edge lies between 69º-70ºW [Dolan et al., 1998; van Benthem et al., 2013]. In the present-day model 
we assume the slab edge to be located at 69 ºW (Figure 4.4, right inset).  

We neglect gravitational topography forces, which are relatively small in magnitude. We work in 
the Caribbean reference frame, implying that the southern boundary of the Caribbean lithosphere in 
our domain is fixed. Far-field forces (ridge push, mantle drag, frictional forces) that drive the North 
America plate to the west are represented by velocity boundary conditions along the northern edge 
of our domain [Richardson and Reding, 1991]. 

4.3.3 Boundary conditions for models for 30-2.5 Ma 
We use published opening rates of the Cayman Trough [Leroy et al., 2000] to reconstruct the 

North America plate, including the Bahamas Platform and the slab edge, to its paleo-positions 
relative to the Caribbean plate. The westward movement of the slab that subducted at the Lesser 
Antilles results in a westward diachronous change of the (vertical) transform boundary to a dipping 
subduction contact along the northern plate boundary. We assume that Hispaniola and Puerto Rico-
Virgin Islands are independent blocks, surrounded by the same active faults as today [Dolan et al., 
1998]. We also assume that forces acting on the Caribbean and other parameters (e.g., viscosity, 
kinematic fault friction) are equal to the present. This is supported by the stable relative and absolute 
velocities since the Eocene [Müller et al., 1999]. The model setups at 30, 20, 15 and 5 Ma are shown in 
Figure 4.5, as well in the supplementary movie “bcs.mov”1. 

4.3.4 Regional faults/shear zones in the Caribbean plate 
Faults are incorporated in the finite element models using a slippery node technique [Melosh and 

Williams, 1989]. This allows fault slip when shear tractions exceed the imposed fault friction. The 
faults in the model are idealized (infinitely thin, smoothed and continuous) representations of 
irregular, finite width, anastomosing fault fragments that constitute real fault zones. The 
irregularities, at both micro and macro scales, cause frictional shear stresses that are relaxed by the 
periodic release of seismic energy. This ensures stresses to not build up infinitely, and results in 
mechanical coupling of plate velocities across faults on geological time scales. This behavior can be 
simulated with a (one dimensional) Maxwell model, in which a spring and dashpot are connected in 
series [Plattner et al., 2009]. (Fault) stresses are then related to (fault) slip as 

 
0

( ) ( )d ,

t

t kx                (4.4) 

where x (meter) is fault slip, t (seconds) is time, s  (Pa) is shear stress magnitude on the fault and 
k (Pa·m-1) and λ (s-1) are constants. The first right term on the right hand side of the equation 
determines the instantaneous frictional response to fault slip, with k determining the magnitude of 
the instantaneous response. The second term determines the relaxation rate of shear stress on the 
fault and λ is equal to the inverse of the relaxation time. Assuming that fault friction is constant with 
time gives  

 

                                                 
1 1 This movie, and the other movies mentioned in this chapter, are available from the Dutch 
Dataverse Network at: https://www.dataverse.nl/dvn/ 
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1
and if : ,

k
t kx t v  

 
              (4.5) 

with fault slip rate v. In steady state, shear stress on the fault is thus proportional and opposite to 

the fault slip rate. The ratio k / l  (“kinematic fault friction”; Pa × s ×m-1
) determines the 

mechanical coupling across faults. Typical values of λ and k are on the order of 10-11 s-1 and 105-
106 Pa·m-1, respectively. This gives a range between 1·1016 and 1·1017 Pas·m-1 for the unknown 
kinematic fault friction. In section 4.4, we further constrain the kinematic fault friction using 
(present-day) GPS velocities, maximum compressive stress directions, and focal mechanisms. 

Figures 4.4 and 4.5 show the (intra-plate) faults in our domain. Motion at faults is a response to 
model stresses. At intra-plate faults we allow both strike-parallel and down-dip / up-dip slip. Steeply 
dipping faults like the Septentrional Fault, are allowed only to move in a strike-parallel direction. The 
southern boundary of the Gonave block (Enriquillo-Plantain-Garden FZ and the Walton fault), 
which is predominantly strike-slip, is allowed to slip both parallel and down/up-dip the fault plane, 
because the 12 January 2010 event just north of the Enriquillo-Plantain-Garden FZ indicated a 
(minor) component of convergence [Calais et al., 2010]. 

 

 

Figure 4.4: Boundary conditions for the models. Colored line segments denote magnitude of plate 
boundary friction (Pa) imposed. The arrows in the same color denote the direction of the imposed traction. 
Triangles at the bottom denote a zero displacement boundary condition; arrows at the top denote velocity 
boundary conditions. Thin colored lines denote fault type (red: 2 degrees of freedom, thrust fault. Blue: 1 
degree of freedom, strike-slip fault). The subduction contact surface between the North America and 
Caribbean plates is striped and the red box shows the domain of the result figures. The insets show the 
different boundary conditions near the Bahamas and slab edge for the BAHAMA0 and SEP0 models. 

 



4.3  Model setup   

 

 

77 

 

 

Figure 4.5: Boundary conditions for the paleo-models for the BAHAMS models at a) 30 Ma, b) 20 Ma,the SEP 
models at a) 30 Ma, b)20 Ma, the BAHAMAS models at c) 10 Ma and d) 5 Ma and the SEP models at c) 10 Ma and d) 
5 Ma. Symbols and colors are as in Figures 4a and b. Positions of islands on the North America plate have been 
rotated back using the Euler pole from [Leroy et al., 2000].   
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Figure 4.5 (continued) 
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Figure 4.5 (continued) 
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4.3.5 Calculation of uplift rate 

In our spherical plane stress models, uplift is derived from the vertical strain zz (in the plane 

stress approximation) given by 

 
(

1

)
,

xx yy

zz

  







           (4.6) 

with ν the Poisson ratio and xx  and 
yy  the horizontal components of the strain tensor. Consistent 

with our approach of working with a spherical shell, we assume that the strain is constant to a depth 
of L = 100 km. We also assume that tectonic uplift is slow so that local isostatic equilibrium is 
maintained. The surface uplift H is then given by  

 

     Figure 4.5 (continued) 
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with ρa (3354 kg.m-3) the density of the asthenosphere, ρl (3197 kg.m-3) the average density of the 
lithosphere, and ρair the density of air (uplift), and ρwater the density of water (subsidence). The values 
ρa and ρl are the weighted average values for the Caribbean region, obtained from the Crust2.0 model 
[Bassin et al., 2000]. The uplift rate is obtained by taking the time derivative of the uplift. 
 

4.4 Benchmarking and analysis of present-day models 
In this section, we use results of Bahamas Collision and Slab Edge Push driven models for the 

Present-day to select values for the kinematic fault friction and regional viscosity for the region. 
Varying these model parameters, we search for values that minimize the misfit to observations.  

4.4.1 Observations  
Observations of GPS-derived velocities, principal stress axes and focal mechanisms are 

presented in Figure 4.6a. We compiled GPS-derived velocities for the northeastern Caribbean region 
from Calais et al. [2002], DeMets et al. [2000], DeMets and Wiggins-Grandison [2007], Jansma et al. 
[2000], López et al.[2006], Mann et al. [2002], and Weber et al. [2001]. To obtain velocities in the 
same Caribbean reference frame, we first rotate the reported velocities into the ITRF2000 reference 
frame. Transformation into the Caribbean reference frame is accomplished by the appropriate 
vectorial addition of the velocity of the Caribbean plate relative to ITRF2000, using the angular 
velocity vector of 36.3˚N, 98.5˚W, 0.255˚·Myr-1 [DeMets et al., 2007]. For multiple reports of site 
velocities at one station, the reported velocity with the smallest standard deviation is used. 

Directions of maximum compressive horizontal stress come from the World Stress Map [WSM, 
Heidbach et al., 2008]. We only use ‘A’, ‘B’ and ‘C’ -quality measurements, corresponding to 15˚, 20˚ 
and 25˚ of uncertainty respectively. The majority (24 out of 26) of the measurements are of ‘C’-
quality. The focal mechanisms come from the Centroid Moment Tensor (CMT) Catalogue (Available 
from http://www.globalcmt.org). To ensure that only the lithospheric stress is sampled, only events 
located between 0 and 33 km depth are used. Some of the focal mechanisms have also been used in 
the compilation of the world stress map; here we also use the orientation of the nodal planes, 
information that is not available in the world stress map. An estimate of the observed strain rate can 
be obtained by spatially interpolating the moment tensors using a Gaussian function of distance to 
the hypocenter, followed by a Kostrov summation [Kostrov, 1974]. This gives a strain rate, which is 

on average 1×10-3
 Myr-1. Since not all earthquakes are recorded in the CMT catalogue, and strain 

rate can also manifest itself aseismically, this is a minimum estimate. The average strain rate for the 
north Caribbean plate boundary zone as computed by Kreemer [2001] is on the order of 

1×10-2
 Myr-1. We use a range of 10-3 -10-2

 Myr-1 for the observed strain rate.  
 

4.4.2 Comparison with observations 
For both scenarios we use observed GPS-derived velocities, principal stress axes and focal 

mechanisms to tune the unknown domain viscosity and kinematic fault friction. The average 
difference in direction of the modeled principal axes with the World Stress map (WSM) [Heidbach et 
al., 2008] is computed following: 
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Figure 4.6:  
a) Observations of principal stress directions, GPS-derived velocities and focal mechanisms in the northeastern 
Caribbean. The observations are used to validate the models.  
a1 (top):   
a2 (center): Crustal (0-33 km depth) focal mechanisms from the Centroid Moment Tensor (CMT) catalogue . 
a3 (bottom): the maximum compressive stress axes obtained from the World Stress Map [Heidbach et al., 2008], 
denoted by black arrows. 
 b) Misfit between model results and observations as function of kinematic fault friction. The calculation of the 
average misfit is explained in the text. We show the average misfit of modeled velocities with GPS-derived 
velocities (black line, black y-axis), average misfit of modeled principal stress direction with the World Stress Map 
(blue line, blue y-axis (right)) and average misfit of seismic slip (red line, red y-axis (right)). The solid lines represent 
the BAHAMA0 models, dotted line represent the SEP0 models.  
c) Misfit between model results and observations as a function of viscosity: Average misfit of modeled velocities 
with GPS-derived velocities (black line, black y-axis), average misfit of modeled principal stress direction with the 
world stress map (blue line, blue y-axis (right)) and average misfit of seismic slip (red line, red y-axis (right)). The 
solid lines represent the BAHAMA0 models, dotted line represent the SEP0 models.    
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å ,           (4.8) 

where Na  is the number of stress observations, a i

WSM  and a i

model  are the i-th observed and 

modeled direction of maximum horizontal compression, respectively. The average misfit of modeled 
velocities with GPS-derived velocities is calculated by: 

 Dv =
1

Nv

vi, x

GPS - vi,x

model( )
2

+ vi,y

GPS - vi,y

model( )
2

i=1

Nv

å ,          (4.9) 

where Nv
 is the number of velocity observations, vi,x

GPS , vi,y

GPS( )  and vi,x

model , vi,y

model( ) are the i-th 

observed and modeled horizontal velocity vectors, respectively. Slip directions on existing fault 
planes of earthquakes (taken from the Centroid Moment Tensor (CMT) catalogue are calculated 
following Meijer [1995]. In this approach it is assumed that the fault plane already existed prior to 
the earthquake and that slip on the fault plane is in the direction of maximum resolved shear stress. 
Given the modeled stress field we compute the predicted slip direction and compare this with the 
observed slip direction. We do this for both nodal planes. The fact that there are two nodal planes 
for any focal mechanism solution is an inherent ambiguity in the data. For the calculation of the 
average misfit we use the nodal plane that yields the smaller misfit: 

 Db =
1

Nb

bi

CMT - bi

model

i=1

Nb

å ,           (4.10) 

where Nb
 is the number of focal mechanisms, bi

CMT  and bi

model  are the i-th observed and 

modeled rake, respectively.  
The misfit of the Bahamas collision and Slab Edge Push models as function of kinematic fault 

friction and viscosity is summarized in Figures 4.6b and 4. 6c. The magnitudes of computed 
velocities and strain rates are sensitive to the viscosity of the domain, and a value of 1·1023 Pa·s gives 
the smallest misfit for the velocities for both drivers. This result is identical to the result of Tesauro 
et al. [2012], who computed a global viscosity model and obtained an average value of 1·1023 Pa·s for 
the Caribbean region. 

Variations in kinematic fault friction are expressed in the modeled stress directions, velocities 
and earthquake slip. The best fit with the observations is obtained for a kinematic fault friction 

k / l  = 45·1015 Pa·s·m-1 (Figure 4.6b) for both the Bahamas collision model and the Slab Edge Push 
model.  

Figure 4.13 in Appendix A1 shows the results for the two models for best-fitting values of the 
viscosity and kinematic fault friction. Although local differences exist between the two models, the 
average misfits of the models are very similar (Table 4.4). The average misfit with GPS velocities for 
the east-west component is 3.12 mm·yr-1 and for the north south component it is 1.72 mm·yr-1, 
while the average 95% confidence ellipse has axes of 2.48 mm·yr-1 and 1.71 mm·yr-1, respectively. 
The average misfit with the WSM is 26.9 º compared to an average uncertainty of the used WSM 
directions of 24º. Given these numbers we conclude that the fit with data is acceptable. The results 
of the present day models are discussed with more detail in the Appendix A1.  

We conclude that both mechanisms explain the present-day observations equally well, i.e., the two 

Table 4.4: Misfit of Present day models with observational constraints. Δα (º) is the average misfit with the World Stress Map, Δθ (º) is the 
average misfit with fault slip, derived from focal mechanisms from the Centroid Moment Tensor project and Δv (mm.yr-1) is the average misfit 
with GPS-derived velocities. 

 Δα (º) Δθ (º) Δv (mm·yr-1) 

Bahamas  25.7 55.7 3.41 

Slab Edge Push: 28.1 58 3.40 

 
 

 

.  
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scenarios cannot be discriminated on the basis of present-day observations. As a consequence, we 
can also not constrain the relative contribution of Bahamas collision and Slab Edge Push to the 
present-day deformation of the northeastern Caribbean plate boundary zone.  
 

4.5 Results and analysis of models for 30-2.5 Ma.  
Back in time, both scenarios have a diachronous character. In the Slab Edge Push scenario the 

diachroneity stems from the moving slab edge, which was located east of Puerto Rico from 30 to 
25 Ma (Figure 4.5, right column). During 25-8 Ma the slab edge passed beneath the Puerto Rico 
microplate. From 8 Ma to Present the slab edge was active under the Hispaniola microplate. Since 
around 18 Ma the Bahamas Platform started colliding, first at the plate boundary in the northwest of 
Puerto Rico, and from around 12 Ma north of Hispaniola (Figure 4.5, left column).  

4.5.1 Model results 
Figures 4.7 to 4.10 show the results for both scenarios from 30 to 2.5 Ma. Supplementary 

movies, which show the results as function of time, are useful in order to appreciate the evolution of 
both models. We label the models as BAHAMASxx or SEPxx, representing models simulating the 
Bahamas collision or Slab Edge Push at xx Ma, respectively. 

The Slab Edge Push models predict a transpressional regime and uplift in Puerto Rico from 30 
to 25 Ma, when the slab edge was located east of Puerto Rico. Hispaniola is characterized by uplift 
and transpression along faults, in particular the Septentrional fault zone (Figures 4.8a and 4.9a). 
Maximum compression in Puerto Rico is northeast-southwest directed and in Hispaniola it ranges 
from northwest-southeast to northeast-southwest (Figure 4.7a). Vertical axis rotations are 
predominantly confined to the microplates. The rotation rates during this period in Puerto Rico are 
approximately 1°·Myr-1 (Figure 4.10a). During the period that the slab edge passes beneath the 
Puerto Rico microplate (25 to 8 Ma), uplift and compression in Puerto Rico change to tension , or 
trans-tension, and subsidence (Figures 4.8b, c and 4.9b, c). Rotations for Puerto Rico increase to 
almost 5º·Myr-1 CCW (Figure 4.16). The frictional coupling by the Mona Rift causes the adjacent 
Hispaniola microplate to rotate opposite to the Puerto Rico microplate, i.e. clockwise (CW; Figures 
4.10b,c). Around 8 Ma the slab edge migrates beneath the Hispaniola microplate. This increases 
strain rates and uplift rates here, while strain and uplift rates decrease in Puerto Rico (Figures 4.7c, d 
and 4.9c, d). The stress regime in Hispaniola becomes more transpressional (Figure 4.8c, d). Rotation 
rates in Hispaniola become CCW, around 1°·Myr-1 while the CCW rotations in Puerto Rico decrease 
to less than 1°·Myr-1 (Figure 4.10c, d). 

The Bahamas collision models show (trans) tension and subsidence in Puerto Rico from 30 to 
18 Ma, (Figures 4.8a, b and 4.9a, b). During this pre-collisional phase, deformation of the 
northeastern Caribbean plate boundary zone is entirely driven by friction. The directions of 
maximum compression are northeast-southwest directed (Figure 4.7a, b). In Hispaniola there are 
regions with transtension and subsidence and other regions with transpression and uplift. This is 
particularly the case along the Septentrional fault zone. The direction of maximum compression 
varies from east-west to north-south (Figures 4.7a-b, 4.8a-b and 4.9a-b). Rotation rates during this 
period are constant (~1°·Myr-1 CCW) for both the Hispaniola and Puerto Rico microplates (Figure 
4.10a, b). Around 18 Ma, the Bahamas Platform started colliding, first in the east of Puerto Rico and 
from ~12 Ma in Hispaniola. Initially the contact surface between the Bahamas Platform and the 
Caribbean plate was relatively small. In the BAHAMAS models differences with respect to the pre-
collisional phase are therefore relatively small initially (Figures 4.7c, 4.8c, 4.9c, 4.10c). From 12 Ma 
the Bahamas collision becomes active in the east of Hispaniola, resulting in an increase of strain, 
uplift and rotation rates here. 
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4.5.2 Comparison of Bahamas collision and Slab Edge Push models  
Differences between the two scenarios are strong in Puerto Rico between 25 and 8 Ma. In the Slab 
Edge Push scenario there is a prominent change in stress regime from transpressional (in front of 
the slab edge) to transtensional (in the wake of the slab edge) and from uplift to subsidence. This 
change is absent in the BAHAMAS models, which are characterized by transtension and subsidence 
during this period. When the slab edge passes to the Hispaniola microplate around 8 Ma, the stress 
regimes and uplift in Puerto Rico become more similar again in both models. In Hispaniola 
differences between the scenarios become stronger at 8 Ma. The Slab Edge Push scenario predicts 
larger strain (transpression) and uplift rates here. In general, rates in the BAHAMAS models are 
consistently lower than for the Slab Edge Push models (Figures 4.7d, 4.8d, 4.9d and 4.10d). 
 

4.5.3 Comparison with geological observations 
Hippolyte [2005] determined principal strain directions in northwest Puerto Rico. During the 

Eocene, the shortening was north-south directed and the regime was transpressional. Both models 
fail to reproduce this north-south shortening around 30 Ma (Figures 4.7a and 4.8a). In south-central 
Puerto Rico, observed shortening was north(east)-south(west) during the Eocene [Erikson et al., 
1990]. Both models predict the maximum compression in this direction (Figures 4.7a and 4.8a). 
Observations of uplift and subsidence indicate that the northern coast of Puerto Rico was first 
characterized by uplift during the Oligocene, followed by Early Miocene carbonate deposition of 
unknown depth range, and Middle Miocene – Pliocene large-scale tilting and subsidence [Larue et al., 
1998]. This pattern of uplift followed by subsidence is in better agreement with the Slab Edge Push 
models. It is not observed in the BAHAMAS models (Figures 4.9a,b,c and d). 
 Reid et al. [1991] concluded that Puerto Rico rotated 6.5º CW from the late Oligocene (27 Ma) to 
Early Miocene (22 Ma). This was followed by 5.5º CCW rotation from the Early Miocene to Middle 
Miocene (11 Ma), 24º CCW rotation during the Middle Miocene–Pliocene, and 1.7º CCW rotation 
form the Pliocene until Present [Reid et al., 1991]. At present there are no indications for active 
rotation [Jansma et al., 2000]. The inset of Figure 4.11 shows the Euler pole that describes the 
observed motion of Puerto Rico with respect to the Caribbean plate. The figure also illustrates the 
stronger rotation of Puerto Rico between 25 and 8 Ma, as demonstrated by both the stronger 
magnitude of the Euler pole, as well as the proximity of the pole to the Puerto Rico - Virgin Islands 
microplate. Figure 4.11 compares the observed rotation of Puerto Rico during the time intervals 
mentioned, with the modeled rotations of Puerto Rico. The Puerto Rico rotation pulse from 25 to 8 
Ma is reproduced by the Slab Edge Push models, whereas the BAHAMAS models show no increase 
in rotation rates. 
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Figure 4.7: Effective strain rate (My
-1

) and principal strain rate axes for the paleo-models at a) 30 Ma, b) 20 
Ma, c) 10 Ma and d) 5 Ma. Black crosses denote the principal strain rate directions. Results for the BAHAMAS 
models are presented in the left column, while the SEP models are in the right column. 
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Figure 4.7 (continued) 
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Figure 4.7 (continued) 
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Figure 4.7 (continued) 
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Figure 4.8: Stress ratio SR [Álvarez-Gómez et al., 2008], defining the tectonic regime: uni- or bi-axial tension 
(SR < -1), transtension (-1 < SR < -0.5), pure strike-slip (SR=-0.5), transpression (-0.5 < SR < 0) and uni- or bi-axial 
compression (SR > 0). The layout of the figure is identical to Figure 4.7 
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Figure 4.8 (continued) 
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Figure 4.8 (continued) 
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Figure 4.8 (continued) 
 

 



 What drives microplate motion and deformation in the northeastern Caribbean plate boundary 
region?  

 

 

94 

 

Figure 4.9: Modeled uplift rate and velocities for the paleo-models. 
 The uplift rate is shown in m·My

-1
. Blue colors denote subsidence, red colors uplift. Black arrows denote the 

velocity field (mm·yr
-1

 The layout of the figure is identical to Figure 4.7. 
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Figure 4.9 (continued) 
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Figure 4.9 (continued) 
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Figure 4.9 (continued) 
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Figure 4.10: Rotation rate (º·My
-1

) around a vertical axis and fault slip for the paleo-models. Red colors denote 
positive rotation rates (CCW) and blue colors denote CW rotation rates. The color of the dots indicates the 
direction of fault slip, either reverse or normal faulting. The size of the dots denotes the magnitude of fault 
displacement. The layout of the figure is identical to Figure 4.7 
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Figure 4.10 (continued) 
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Figure 4.10 (continued) 
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Figure 4.10 (continued) 
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During the Miocene principal stresses in northwest Puerto Rico were E-W extensional [Hippolyte 
et al., 2005], which is also observed in the Slab Edge Push models (Figures 4.7b,c 8b,c). However, it 
should be noted that the observations are local and possibly reflect the influence of dynamic 
topography caused by vertical motions in the underlying mantle and associated with the nearby 
Puerto Rico Trench. Observed stress directions in Hispaniola indicate northeast-southwest 
contraction during the Neogene, and in particular the Pliocene [de Zoeten and Mann, 1991; Heubeck and 
Mann, 1991b]. This is reproduced by both models (Figures 4.7d and 4.8d). Hispaniola is 
characterized by several tectonic phases, mainly compression and uplift, in particular during the 
Pliocene [de Zoeten and Mann, 1991; Heubeck and Mann, 1991b]. Both the Slab Edge Push and 
BAHAMAS models have a pattern of both uplift and subsidence in Hispaniola, dominated by uplift 
since 10 Ma. 

Thrusting at the Muertos Trough might have started during the large CCW-rotation of Puerto 
Rico [Masson and Scanlon, 1991] around 11 Ma. The amount of subduction is unclear, but based on 

 

Figure 4.11: Observed amounts of rotation for Puerto Rico, compared with model results. Red bars 
represent BAHAMA-models, blue bars the Slab Edge Push-models and the transparent (with black lines) bars 
the observations. The height of the bars gives the amount of rotation during the specified time interval. The 
inset shows the location of the Euler pole for the motion of Puerto Rico with respect to the stable Caribbean 
interior. The red path represents the Slab Edge Push scenario and the black path the BAHAMA models. The 
color of the dots gives the magnitude of the Euler pole (º·My

-1
). “PR” is an abbreviation for Puerto Rico. 
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the Wadati-Benioff Zone and tomography it amounts to no more than 150 km [Dolan et al., 1998; van 
Benthem et al., 2013]. At least 40 km of convergence has been estimated at 68.5°W [Ladd et al., 1977]. 
This gives an average convergence rate of 3.6-13.6 mm·yr-1 during the last 11 Myr, although GPS-
derived velocities suggest much lower values at present. The nature of the Anegada fault zone is not 
very well established, but is most likely transtensional [Jany et al., 1990; Raussen et al., 2013]. The 
Virgin Islands basin, located in this fault zone, 20 km wide and 75 km long is a result of this 
transtension, suggesting a minimum of 20 km of extension [Raussen et al., 2013]. The model of 

  Masson and Scanlon [1991], where the Puerto Rico-Virgin Islands microplate experienced a 
large amount of Miocene rotation, dictates that the amount of extension in the Anegada fault is 
comparable to the amount of convergence at the Muertos Trough (40-150 km). Extension in the 
Mona Rift is estimated to be at least 0.1 mm·yr-1 during the Late Oligocene-Early Miocene, 
increasing to at least 0.4 mm·yr-1 since the Late Miocene [Mondziel et al., 2010]. This leads to a 
minimum estimate of 6.1 km of extension in total. Lateral offset are not reported for this fault. 
Calmus [1983] estimated around 30-50 km of total fault offset for the Enriquillo-Plantain-Garden 
fault zone since the Cretaceous. 

 
We calculated the total average fault slip in our models for the faults mentioned above. The 

results are listed in Table 4.5. We find that both models give estimates of fault slip for the Muertos 
Trough, Enriquillo-Plantain-Garden Fault and Anegada Fault zones that are a factor of ~two too 
high. This could either indicate that the fault zones have been active for a shorter time than modeled, 
that not all fault displacement has been mapped or that fault friction is higher than assumed in this 
study. Estimates for the Mona Rift are too high, by a factor of approximately 9 to 19. This probably 
reflects the fact that Mondziel et al. [2010] only measured the extension and did not take strike-slip 
motion into account. Finally for the Septentrional fault zone a Holocene slip rate of 9 ± 3 mm·yr-1 
has been measured [Calais et al., 2002; Prentice et al., 2003]. Both models give values of around 
5 mm·yr-1 lower than observations indicate. Apparently the total fault slip resistance 
for this fault, a combination of visco-elastic deformation along the fault and the imposed kinematic 
fault friction, is too high in the models. However, as explained earlier, we chose uniform parameters 
throughout the model, although this implies individual misfits, such as at the Septentrional fault 
zone.  

The intra-plate faults effectively decouple the microplates from each other. This implies that the 
effects of the Slab Edge Push or Bahamas collision are confined to the microplate it is acting on, and 
are not felt in a neighboring microplate. This can be observed in the distribution of the strain rate, 
uplift rate and rotation rates (Figures 4.7, 4.9, and 4.10). This localization of the deformation to a 
microplate should be recognizable in geology. If indications for such localization are absent, faults in 
that region probably had very high fault friction or were not active yet. The localization emphasizes 
the diachronous signature of the Slab Edge Push scenario. 

One  feature of the tectonic reconstruction of Pindell and Kennan [2009] is that approximately 
50% of the relative motion between the North America and Caribbean plates was accommodated at 

Table 4.5: The total slip (meters) on faults for the Slab Edge Push and BAHAMA models. 

 

Fault name Total slip (m) 
Bahama models 

Total slip (m) Slab Edge 
Push models 

Total observed slip (m) 

Muertos Trough 88,162 152,053 40,000-150,000 
Mona Rift 54,946 115,170 6,100  
Anegada FZ 51,588 101,550 40,000-150,000 
Enriquillo-Plantain-
Garden FZ 

116,295 91,233 30,000-50,000 

Fault name Average slip rate 
Bahama models 

Average slip rate Slab 
Edge Push models 

Average observed slip 
rate 

Septentrional FZ 4.2 mm·yr-1 4·3 mm.yr-1 9±3 mm·yr-1 
 

 

 

.  
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faults south of the Greater Antilles. Possibly the slab edge forced the Greater Antilles to partly move 
along with the North American plate, decreasing sinistral relative plate motion here. When 
examining the fault slip it is indeed observed that the fault slip increases on the southern faults for 
the Slab Edge Push models. 

4.5.4 Summary of results for the Bahamas collision and Slab Edge Push models.  
Both models are characterized by a diachronous evolution from east to west. We find that in 

particular the Slab Edge Push leaves a strong diachronous signature on the resulting strain rate, 
stress, uplift rate and rotation rate fields . The Slab Edge Push models predict uplift and contraction 
in front of(west) - and subsidence and extension in the wake of (east) - the slab edge. The 
magnitudes are much more pronounced than in the BAHAMAS models. The effects of the slab edge 
are geographically more widespread and are also felt in the interior of the Caribbean plate. In the 
BAHAMAS-models compression (and accompanying uplift) is predominantly confined to the 
Septentrional fore-arc sliver, while the tectonic regime in Puerto Rico and away from the 
Septentrional fault in Hispaniola is predominantly (trans) tensional (Figures 4.7a-d and 8a-d). Strain, 
rotation and uplift rates are more constant with time and only from 12 Ma, when the Bahamas 
collision becomes active, rates increase in Hispaniola. In both models strain and uplift rates are high 
along faults, in particular the Septentrional Fault, but in particular the BAHAMAS models are 
dominated by along-fault deformation. Differences between the models in the Puerto Rico-Virgin 
Islands microplate are strong between 25 and 8 Ma, when the slab edge passes beneath this 
microplate. In the Hispaniola microplate, differences between the two scenarios become stronger 
after ~8 Ma. 

The Slab Edge Push scenario can account for most of the local observations. Puerto Rico shows 
Eocene compression followed by Early Miocene extension, a pattern also observed in the SEP 
models. In the BAHAMAS models deformation is predominantly trans-extensional in Puerto Rico. 
The SEP models also successfully reproduce the observed pattern of uplift followed by subsidence 
in Puerto Rico. The total fault slip is in both scenarios higher than observed. Faults to the south of 
the microplates are more active in the Slab Edge Push models in agreement with the tectonic 
reconstruction of Pindell and Kennan [2009]. The Slab Edge Push models reproduce a pulse of 
Miocene CCW rotation in Puerto Rico. In contrast, the BAHAMAS models produce rotation rates 
that are constant with time and are less than 1º·Myr-1. However, the magnitudes of rotation rates in 
the Slab Edge Push models are higher than observed. The total observed CCW rotation between 22 
and 0 Ma is 31°, whereas the total modeled rotation during this period amounts to 35° (Figures 4.10 
and 4.11). 

 

4.6 Combining the Bahamas collision with the Slab Edge Push 

4.6.1 Combined models for force set TSUC5 
Neither the Bahamas collision scenario nor the Slab Edge Push scenario alone satisfactory 

explain the observed total rotation (31°) of Puerto Rico [1991], with the former yielding too low and 
the latter too high rotations. As indicated before, we expect both mechanisms to contribute to the 
deformation of the northeastern Caribbean plate boundary zone. Therefore we consider linear 
combinations of the two end member models with the idea to constrain their relative contribution. 
An important point in the definition of the combined models is that the total torque contribution 

should be the same as the torque TC
 that Van Benthem and Govers [2010] established for the 

Bahamas collision related forces on the plate boundary segment involved. Linear combinations of a 

fraction f of the line force by the Slab Edge Push Fsep
 and a fraction (1-f ) of the line force by the 

Bahamas collision Fbah
 obey: 
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r ´ f F
sep

dl
L

sep

ò + r ´ (1- f )F
bah

dl
L

bah

ò = T
C

     (4.11) 

where Lsep
 represents the length of the horizontal line where the line force acts that corresponds to 

the Slab Edge Push, and Lbah
 the length of the trench where the Bahamas Platform collides. Thus 

combining the two end member models yields a range of models from one where the contribution 
by Slab Edge Push is 0 and Bahamas collision maximal (f=0), to a model with maximal Slab Edge 
Push and the Bahamas collision 0 (f=1). In this last case, there still is plate boundary friction acting 
along the North Caribbean margin. As discussed in section 4.4, the Platform collides. Thus 
combining the two end member models yields a range of models from one where the contribution 
by Slab Edge Push is 0 and Bahamas collision maximal (f=0), to a model with maximal Slab Edge 
Push and the Bahamas collision 0 (f=1). In this last case, there still is plate boundary friction acting 
along the North Caribbean margin. As discussed in section 4.4, the calibration parameters viscosity 
and kinematic fault friction are equal in both end-member scenarios. The same applies for the linear 
combinations and we adopt the same values for the viscosity and kinematic fault friction. 

Figure 4.12a summarizes the results for the linear combinations of Fsep
 and Fbah

. The modeled 

rotation of Puerto Rico is plotted as function of 
 
s

sep
, the magnitude of the traction acting on the 

contact surface between the slab edge and the Caribbean plate (red area in Figure 4.3). The direction 

of  is kept constant, throughout the modeling, into the direction of the plate motion of North 

America relative to the Caribbean. The total block rotation of Puerto Rico increases near-linearly 

with 
 
s

sep
. This is a direct result from the fact that the Slab Edge Push was the main force acting on 

Puerto Rico between 25 and 8 Ma. In models without Slab Edge Push (f=0), the rotation of Puerto 
Rico results from the combination of Bahamas collision on the westernmost part of Puerto Rico 
between 18 and 12 Ma and plate boundary friction. For the force model that we consider here 

(TSUC5), the observed rotation of Puerto Rico is reproduced for 
 
s

sep
 = 40.9 MPa and 

s bah
 = 1.44 MPa.  The corresponding average magnitudes of the line forces are  F̂sep

 = 2.05 TN/m 

and F̂bah
 = 0.29 TN/m. 

 

4.6.2 Linear combinations for a spectrum of models 
Thus far we presented evaluations of the Slab Edge Push and Bahamas collision based on the 

edge force set TSUC5 of Van Benthem and Govers [2010]. Table 4.1 lists the all edge force models 
for the Caribbean that they found were physically possible and could not be discriminated on the 
basis of available observations. Here, we evaluate all edge force sets of van Benthem and Govers 
[2010]. 

The nomenclature of the line force sets is as follows: LOTSUC stands for “a lot of trench 
suction” at the southern Lesser Antilles Trench, corresponding with a line force of 0.9 TN/m, (2) 
TSUC stands for “trench suction” at the southern Lesser Antilles Trench, corresponding with a line 
force of 0.45 TN/m, (3) NOTSUC stands for “no trench suction” at the southern Lesser Antilles 

Trench. The number in the name stands for R, which represents the ratio of s bah
 and the magnitude 

of the frictional traction along the non-collisional section of the Puerto Rico Trench. 
The magnitudes for the line force sets are listed in Table 4.2. As before the directions of the forces 
are in the direction of relative motion with respect to the Caribbean plate. Like for line force set 
TSUC5, we construct linear combinations of the end member scenarios. Figure 4.12b shows the 

total rotation resulting from the combined models for all the line force sets as function of s sep
. Line 
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Figure 4.12: a) Modeled total CCW rotation from 22 to 0 Ma (solid black line) as a function of s sep
, the 

magnitude of the traction acting on the contact area between the slab edge and the Caribbean plate (Figure 
4.3). The horizontal red line indicates the observed total rotation for 22-0 Ma (31°, solid line). The total 

modeled rotation from 22 to 0 Ma matches the observations from the same period at s sep
 = 40.9 MPa.  

 b) Modeled total CCW rotation from 22 to 0 Ma as a function of s sep
, for the models from table 1. The gray 

horizontal line indicates the observed total rotation for 22-0 Ma (31°). Colors of the lines denote R, i.e. 

bah

pbf

F

F
(see text for details), the texture of the lines the amount of trench suction at the Southern Lesser 

Antilles. The gray area indicates the range for s sep
 that is needed to reproduce the observed 31° of CCW 

rotation (17.5-65.5 MPa). 
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 force sets with R=1 have no excess traction related to Bahamas collision. As explained in section 
4.3.2  this means the Slab Edge Push is also zero for these force sets. None of the models that are 
based on these force sets reproduce the observed 31° rotation. Likewise, none of the linear 
combinations for model LOTSUC5 are able to reproduce the observed rotation, because the 
magnitudes of the tractions are too low. We conclude that these force sets are unrealistic and that an 
extra traction (either Bahamas collision or Slab Edge Push) is needed along the northeastern 
Caribbean plate boundary zone. 

For f = 0, i.e. the Slab Edge Push is 0, the amount of rotation varies with the different force sets 
(Figure 4.12b), although the Slab Edge push is the same. This is because Bahamas collision and 
Puerto Rico Trench tractions are different for these force sets. The figure shows that models with 

higher R require higher s sep
 to reproduce the observed rotation. This can be understood from the 

fact that high-R force sets have lower plate boundary friction (Table 4.2), which thus contributes 
little to the rotation of Puerto Rico. The observed rotation of Puerto Rico is reproduced for those 
traction magnitudes that are  in the shaded area in figure 4.12b: 17.5 MPa (NOTSUC3) 

 
£ s

sep
£65.5 MPa (TSUC10) (equivalent with 0.88 TN/m £ F̂sep £  = 3.28 TN/m) and 

1.15 MPa 

 
£ s

bah
£  8 MPa (equivalent with 0.23 TN/m £ F̂bah £  = 1.6 TN/m). Similar to what we 

concluded previously for force set TSUC5, our evaluation of all possible force sets thus shows that 
combined forcing by Slab Edge Push and Bahamas collision successfully reproduces the observed 
rotation of Puerto Rico. 

The torques corresponding to Slab Edge Push and Bahamas collision represent integral 
contributions to the mechanical stability and motion of the Caribbean plate as a whole. For the 
successful models in our study, the torque magnitude corresponding to Bahamas collision ranges 
from 2.00·1024 to 10.3·1024 Nm and the torque from Slab Edge Push from 3.34·1024 to 12.5·1024 

Nm. These magnitudes are very similar and lead us to the conclusion that the contributions of the 
Bahamas collision and Slab Edge Push to the motion of the Caribbean plate are roughly equal. 

Regional variations in tractions cause intra-plate stresses that drive deformation. Due to the map 
view nature of our models, the propensity to cause deformation is represented by depth-integrated 
tractions, i.e., by line forces. The average line force magnitude corresponding to Slab Edge Push 
comes out to be roughly twice as large as the line force magnitude from Bahamas collision; 

0.88 TN/m 
  
£ F̂

sep
£  = 3.28 TN/m and 0.23 TN/m 

  
£ F̂

bah
£  = 1.6 TN/m. We thus conclude that 

the Slab Edge Push is the dominant driver of observed deformation and fragmentation along the 
northeastern Caribbean plate boundary zone.  

 

4.7 Conclusions 
Based on observations of relative plate motion and slab structure we propose a new mechanism 

that contributes to deformation in the northeastern Caribbean plate boundary zone; push on the 
Caribbean plate due to westward motion of the Puerto Rico slab edge. This Slab Edge Push 
probably acts in addition to the recognized collision of the Bahamas Platform. Mechanical models of 
the Slab Edge Push and of Bahamas collision reproduce Present-day observations of principal stress 
directions, GPS-derived velocities and co-seismic slip equally well. We thus conclude that the Slab 
Edge Push mechanism is a viable driver of deformation in the northeastern Caribbean plate 
boundary zone in addition to the Bahamas collision. However, the relative contribution by the two 
drivers cannot be constrained for the Present. 

Based on mechanical models that incorporate the tectonic evolution of the northeastern 
Caribbean plate boundary zone since the Late Oligocene, we find that differences between the two 
scenarios are most prominent during the Early Miocene (25-10 Ma). However, neither scenario 
results in a good fit to all observations. A mechanical model that combines the two drivers is able to 
fit the observations, including the most critical observation of a 31° vertical axis rotation of Puerto 
Rico. The magnitude of the line force due to Slab Edge Push is larger than that of the Bahamas 
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collision..We conclude that Slab Edge Push has been the dominant driver of deformation of the 
northeastern Caribbean plate boundary zone. 
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4.8 Appendix 

4.8.1 Present-day results 
Figures 4.13 to 4.15 show the results for the best fitting BAHAMAS0 and SEP0 models. In both 

models the highest strain rates are found on the Hispaniola block (Figure 4.13). In BAHAMAS0 this 
is a result of the Bahamas collision force acting on this block and in the SEP0 model this is a result 
of the Slab Edge Push that is also acting on this block (Figures 4 and 5). The highest strain rates are 
found along the Septentrional fault zone, which is caused by the restriction on fault-perpendicular 
slip here. Away from the plate boundary zone principal stress axes are roughly northeast-southwest 
directed in both models, reflecting the relative plate motions in the area. SEP0 shows extension to 
the east (in the wake) of the indenting slab edge, and shortening at the Hispaniola block to the west. 
BAHAMAS0 also shows shortening in the Hispaniola-block, whereas to the east the regime is trans-
tensional. The bending and deformation of the Septentrional fore-arc sliver results in both local 
tension (resulting in extension) and compression (contraction). The distribution of the strain rate 
indicates that the intra-plate faults mechanically decouple the microplates, i.e. high strain rates caused 
by the Slab Edge Push or the Bahamas collision are confined to the Hispaniola block.  

 Figure 4.14 shows uplift rate and horizontal velocities of both models. They are characterized by 
uplift in Hispaniola, although the irregular geometry of the faults and plate bending in the horizontal 
plane locally causes subsidence. Puerto Rico is characterized by subsidence. Velocities in the 
Hispaniola and Puerto Rico - Virgin Islands microplates for SEP0 are more to the south than for 
BAHAMAS0, and more in line with the relative motion between the North America and Caribbean 
plates in this plate boundary region. This suggests that the slab edge, with its relative direction almost 
perpendicular to the line of application, pushes the motion of the microplate. The Bahamas 
Platform, which collides in a direction highly oblique to the segment of the plate boundary it is 
acting on, rather shears and deforms the Hispaniola block, causing deviations from the direction of 
North America – Caribbean relative plate motion.  

Figure 4.15 shows the rotation rate around a vertical axis, 
 
w xy

, and the differential fault 

velocities. Both models have counterclockwise (CCW) rotations in Hispaniola. Rotation of Puerto 
Rico is CCW in the SEP0 model and almost absent in the BAHAMAS0 model. In the stable 
Caribbean or North America plates, rotations are close to zero. Fault slip is very similar for both 
models, with oblique convergence along the main plate boundary, extension in the Mona Rift and 
Anageda fault zone, and transpressional for the Enriquillo-Plantain-Garden fault, Muertos Trough 
and Hispaniola fault. 

The Bahamas collision causes less deformation than the Slab Edge Push. This is partly because 
the line force for the Bahamas collision is distributed over a longer plate boundary segment than the 
line force for the Slab Edge Push, and partly because the Septentrional fault zone decouples part of 
the Bahamas collision force from the interior of the Hispaniola microplate. It is also interesting to 
note that the Slab Edge Push model predicts uplift for the interior of the Caribbean plate, roughly at 
the location of the present-day Beata ridge, whereas the consequences of the Bahamas collision are 
more limited.  

4.8.2 Rotation rates 
We calculate the average rotation rates during the time intervals from 27 to 22 Ma, 22 to 11 Ma, 

11 to 4.5 Ma and 4.5 Ma to Present. This can be compared with modeled rotation rates during the 
same intervals, presented in Figure 4.16. The models show a pulse in rotation rate for Puerto Rico  
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Figure 4.13: Calculated effective strain rate (Myr
-1

) for models simulating Present-day tectonics. The effective 
strain rate is defined as the second invariant of the strain rate tensor. Black crosses denote the principal strain rate 
directions.. Colors in the figures are saturated. The top panel shows the BAHAMA0 model results, the bottom panel 
the SEP0 results. 
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Figure 4.14: Calculated uplift rate (Myr
-1

) for models simulating Present-day tectonics The uplift rate is 
shown in m·Myr

-1
. Blue colors denote subsidence, red colors uplift. Black arrows denote the velocity field (mm·yr

-

1
). Colors in the figures are saturated. The top panel shows the BAHAMA0 model results, the bottom panel the 

SEP0 results. 
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between 25 and 8 Ma. This contrasts with the observed pulse in CCW rotation, that lies between 

11 and 4.5 Ma. This outcome might be resolved in two ways: Either the slab edge at Present is 
located further east than assumed in the models, or the relative westward motion of the North 
America plate (and the slab edge) with respect to the Caribbean was higher than assumed in the 
models. However, both the present-day slab edge and the relative plate motion are well established 
by geological observations.  

 

Figure 4.15: Calculated rotation rate (º·Myr
-1

) around a vertical axis for models simulating Present-day 
tectonics. Red colors denote positive rotation rates (CCW) and blue colors denote CW rotation rates. The color of 
the dots indicates direction of fault slip relative to the fault. The size of the dots denotes the magnitude of fault 
displacement. The top panel shows the BAHAMA0 model results, the bottom panel the SEP0 results. 
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`  

Figure 4.16. Modeled rotation rate compared with the observed rotation rate [Reid et al., 1991] as a function 
of time (Myr). The color of the black to light-gray dots denotes the magnitude of the Slab Edge Push traction (σsep) 
used to construct the models. On the y-axis are the modeled rotation rates. The red line is the observed rotation 
rate. 
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De aarde is opgebouwd uit verschillende schillen, net zoals een ui. De buitenste laag, ruwweg 100 
kilometer dik, noemen we de lithosfeer. Deze lithosfeer gedraagt zich als een elastische vaste stof en 
is door grote breuken opgedeeld in platen, die onafhankelijk van elkaar bewegen, in de orde van 
centimeters per jaar. Eén van die platen is de wat kleinere  Caribische plaat (Figuur 1.1) gelegen 
tussen Noord- en Zuid Amerika en de Pacifische en Atlantische oceanen. De Pacifische plaat duikt 
onder de Caribische plaat langs de kust van Midden-Amerika, in het westen van de Caribische plaat 
(dit proces noemen we “subductie). De Noord- en Zuid Amerikaanse platen doen hetzelfde bij de 
Kleine Antillen eiland-boog in het oosten van de plaat. Langs de noord- en zuid grens van de 
Caribische plaat bewegen  respectievelijk  de Noord- en Zuid Amerikaanse platen richting het 
westen.  Langs zijn noordgrens is de Caribische plaats opgebroken in kleinere onafhankelijk 
bewegende blokken. De breuken rondom deze blokken lopen langs en over de dichtbevolkte 
eilanden Puerto Rico en Hispaniola. Daarom zijn aardbevingen die plaatsvinden op deze breuken 
extra gevaarlijk, wat pijnlijk duidelijk is geworden tijdens de Haiti-beving van 12 Januari 2010. 

Een belangrijk onderdeel van de Tektonofysica is de studie van deformatie en beweging van de 
platen  en het bepalen welke krachten er verantwoordelijk zijn voor deze deformatie en bewegingen. 
Hier zijn verschillende mogelijkheden voor:  1) Interactie tussen platen onderling: de plaatsen botsen 
op elkaar, schuren langs elkaar, trekken elkaar uiteen en duiken onder elkaar de mantel in (subductie). 
Dit uit zich door middel van aardbevingen die dan ook veelal op de breuken aan de randen van de 
platen plaatsvinden. 2) De laag onder de lithosfeer noemen we de mantel, opgedeeld in de beneden- 
en boven mantel.  In tegenstelling tot de lithosfeer zorgt de hoge temperatuur van de mantel ervoor 
dat deze zich op langere tijdschalen als een vloeistof gedraagt. De visceuse stroming van de mantel 
“sleurt” de platen mee, en kan ook de platen zelf vervormen. 3)  Dichtheidsverschillen binnen de 
platen zelf: temperatuur en compositie verschillen binnen een plaat en zorgen voor 
dichtheidsverschillen. Dit kan ,ten gevolge van de zwaartekracht, een plaat vervormen (bijvoorbeeld 
zelf-gravitatie, zoals bij een plumpudding) en zelfs doen voortbewegen.   

In mijn proefschrift bepaal ik de krachten die verantwoordelijk zijn voor de beweging en 
deformatie van de Caribische plaat in het algemeen en het noordoostelijk deel in het bijzonder.  In 
hoofdstuk 2 van mijn proefschrift worden  de krachten die door omringende platen op de Caribische 
plaat worden uitgeoefend, en krachten ten gevolge van dichtheidsverschillen in de Caribische plaat 
zelf bepaald. Een aantal van deze krachten kunnen berekend worden. Andere krachten worden 
bepaald door aannames te doen over de richting van de kracht en ervan uit te gaan dat het totale 
moment ten gevolge van krachten aangrijpend op de Caribische plaat nul moet zijn.Krachten van 
belang  voor de Caribische plaat zijn de krachten uitgeoefend door botsing met het  Bahama’s 
Plateau en de botsing met het Cocos Plateau. Ook schuifkrachten langs de noordelijke en zuidelijke 
grens van de Caribbische plaat, en krachten ten gevolge van de subductie van de Caribische plaat  
spelen een belangrijke rol.  

Om te weten welke invloed de mantel heeft op de Caribische plaat, is het van belang om  eerst te 
weten hoe de mantel eruitziet.  In hoofdstuk drie van mijn proefschrift bestudeer  ik dan ook een 
recent in Utrecht ontwikkeld model van de seismische snelheidsstructuur van de mantel onder de 
Caribische plaat. Gebieden met een hoge snelheid worden gewoonlijk geassocieerd met platen  die 
de mantel in zijn gedoken.  Er zijn verschillende gebieden met dergelijke hoge snelheden. De platen 
doen er vele miljoenen jaren over om diep de mantel in te duiken. Daarom moeten we, om te 
begrijpen wanneer, hoe snel en in welke richting de platen in de mantel bewegen, de mantelstructuur 
vergelijken met geologische reconstructies van het Caribisch gebied gedurende het Krijt  en 
Cenozoicum. De, in wetenschappelijke kring controversiele, subductie onder Cuba, Hispaniola, 
Puerto Rico en de Kleine Antillen tijdens het Krijt, kan worden bevestigd.  Deze gesubduceerde 
plaat bevindt zich nu diep in de ondermantel. Bovendien is er in de bovenmantel langs de 
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noordoostgrens  ook een bijzonder fenomeen: De Noord-Amerikaanse plaat die onder de Kleine 
Antillen boog aan de oostgrens, in westelijke richting wegduikt ,blijft vast zitten langs de noordgrens 
in plaats van, zoals in andere gebieden is waargenomen, af te scheuren. Dit zorgt er voor dat de 
gesubduceerde Noord-Amerikaanse plaat niet de aarde in beweegt, maar veeleer zijwaarts beweegt.  

 In hoofdstuk vier onderzoek ik de gevolgen van de westelijke  rand van de gesubduceerde 
Noord Amerikaanse plaat  voor de de noordelijke grens van de Caribische plaat. Ik vergelijk de 
gevolgen hiervan met de algemeen geaccepteerde hypothese voor de fragmentatie van de noordelijke 
Caribische plaat: de botsing met het Bahama’s plateau.  De rand beweegt,  samen met de Noord-
Amerikaanse plaat naar het westen. Hierbij duwt hij als het ware tegen de bovenliggende Caribbische 
plaat, wat voor  deformatie zorgt (Figuur 1.2d). Computer modellen voor de laatste 30 miljoen jaar, 
waar de krachten berekend in hoofdstuk twee aangrijpen op de Caribische plaat, moeten inzicht 
geven in de gevolgen hiervan. De kracht ten gevolge van de botsing met het Bahama’s plateau wordt 
in dit alternatieve scenario vervangen  door een nieuwe kracht,langs de rand van de gesubduceerde 
Noord Amerikaanse plaat.  De resultaten laten zien dat geen van beide scenarios alleen overeenkomt 
met waarnemingen voor de periode van 30 to 10 miljoen jaar geleden. Alleen in een gecombineerd 
scenario komen met name de richtingen van spanningen en de geobserveerde grootschalige rotatie 
van Puerto Rico overtuigend terug. Echter de magnitudes van de krachten ten gevolge van de 
botsing met de rand van de Noord Amerikaanse plaat zijn groter dan de magnitudes van de krachten 
ten gevolge van de botsing met het  Bahama’s plateau.  
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