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The formation and evolution of sedimentary basins are best understood within the 

context of prevailing tectonic conditions. This dissertation presents an integrated geologic 

and geophysical study of the southeast Caribbean–northeast South American margin 

which is characterized by a 300-km-long curved transition from subduction to strike-slip 

plate boundary interaction. Tomography models are generated to image the geometry and 

orientation of the subducting slab and associated upper mantle structures, and integrated 

with observations made from gravity, magnetic and seismicity data. The plate boundary 

interaction changes laterally from: (1) direct subduction where oceanic South American 

lithosphere dips towards the west at up to 65° beneath the Caribbean plate; to (2) 

collision where South American transitional-continental type lithosphere dips 44°–24° 

beneath the Caribbean plate; to (3) east-west oriented strike-slip interaction where the 

slab is detached from the South American continent. A tectonostratigraphic framework 

based on the interpretation of ~10,000 km of 2-D seismic and abundant well data is used 

to study the evolution of the structures and basin fill of the margin. The basins are 

characterized by composite and superimposed structural styles which differ from basins 
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formed in pure strike-slip or convergent margins. A NW–SE oriented tear fault aligned 

with the South American continent-ocean-boundary defines the boundary between 

different contractional styles in the sedimentary succession of the subduction and 

collision provinces. An examination of bathymetric conditions and the upper Pleistocene 

succession of the continental shelf suggest a bimodal sediment transport process, linked 

to shoreline changes. Current-driven, strike-parallel sediment distribution systems 

dominate during highstand, generating unique shelf-bound channels and fills. Lowstand 

across the area is characterized by dip-directed, sediment distribution systems with SW–

NE oriented channels that direct sediments to the shelf edge and deep basin 

environments. The results of this study illustrate that plate boundary conditions and 

associated lithospheric arrangement at depth, play a significant role in influencing the 

form of shallow structures, basins and surface geomorphology. Crustal-scale structures; 

influenced by deeper lithospheric-scale configuration, act over longer time-scales to 

create and deform depocenters; while sea-level stand exerts significant control on the 

timing and location of sedimentation over shorter time periods.  
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CHAPTER ONE: INTRODUCTION 

PROBLEM AND SIGNIFICANCE 

This dissertation is an integrated study of sedimentary basin evolution at a 

transitional plate boundary where there is transition from subduction to strike-slip plate 

boundary over a distance of ~300 km. Sedimentary basins are formed and preserved 

within the framework of moving lithospheric plates and so plate tectonics is a logical 

context within which to analyze basin evolution [Dickinson, 1978; Allen and Allen, 

2005]. There are many studies which have characterized and classified sedimentary 

basins in the context of their tectonic setting [Dickinson, 1974; 1978; Ingersoll, 1988; 

Ingersoll and Busby, 1995; Woodcock, 2004; Ingersoll, 2011; Busby and Azor Pérez, 

2012; Roberts and Bally, 2012], however few studies describe the basins formed in 

hybrid or transitional plate boundary settings. Hybrid settings are defined by Ingersoll 

[2011] as locations where the adjacent plate boundary differs from the typical end-

member tectonic settings; divergent, convergent and transform, and includes lateral and 

temporal transitions [Marsaglia, 2011].  

The southeastern Caribbean-northeastern South American margin is identified as 

one of thirty locations [Bilich et al., 2001] where the tectonic setting can be defined as a 

plate boundary zone where there is a short, arcuate transition from subduction to strike-

slip plate boundary motion as the Benioff zone terminates either abruptly or gradationally 

against an orthogonally-oriented, strike-slip zone [Mann and Frohlich, 1999; Bilich et al., 

2001]. There are studies which examine the lithospheric-scale mechanics and processes 

which accommodate plate boundary transition from subduction to strike-slip [Govers and 

Wortel, 2005; Baes et al., 2011] including case studies specific to the region [Clark et al., 

2008; van Benthem et al., 2013]. These studies invoke a near-vertical tear fault defined as 
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a Subduction-Transform Edge Propagator (STEP) fault formed at the intersection of the 

subduction fault and the orthogonally oriented transform fault which facilitates the lateral 

propagation of the subduction margin and is responsible for substantial deformation 

including the formation of elevated topography, sedimentary basins and rotated structures 

[Govers and Wortel, 2005].   

Clark et al. [2008] identified the STEP fault associated with the southeast 

Caribbean–northeast South American plate boundary which is aligned with the 40-km-

wide Paria Cluster of seismicity at ~62°W. This dissertation presents a surface-to-upper-

mantle, source-to-sink study of the southeast Caribbean Subduction-to-Strike-Slip 

Transition (SSST) zone which extends from the STEP fault at the Paria peninsula of 

northeastern Venezuela; where there is predominantly right-lateral strike-slip plate 

boundary interaction, through the Gulf of Paria, Trinidad, Tobago and east coast 

continental shelf and slope including the subduction trace, the accretionary prism and 

associated deformation front at the Atlantic abyssal plain. 

OBJECTIVES 

This study follows and expands on my M.S. research done under the supervision 

of Lesli Wood; Senior Research Scientist, at the University of Texas at Austin, which 

was focused on the late Quaternary succession and examined the deltaic facies and 

depositional systems of the shelf using seismic geomorphology techniques [Alvarez, 

2008]. One of the key findings of that research was the significant role of the active 

structures; extensional listric faults and orthogonally oriented anticline-syncline pairs, in 

controlling the geometry of the depositional surface and influencing sediment distribution 

pathways to build a sedimentary succession that differs from typical passive margin 

deltaic systems. This Ph.D. research was conceived through a series of discussions with 
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Paul Mann; now a Professor at the University of Houston, to understand the controls on 

the structures which both syn-depositionally interact with, and post-depositionally deform 

the stratigraphy of the Columbus Basin (east coast Trinidad shelf); a problem which was 

beyond the scope my M.S. research.  

The goal of this research study is to examine the influence of the transitional plate 

boundary configuration on the formation and evolution of sedimentary basins and the 

clastic depositional systems of the margin and includes the following objectives: 

(1) Generate seismic tomography models to identify and define the lithospheric-

scale structures that accommodate the termination of subduction and the transition around 

the curved leading-edge of the Caribbean plate including the geometry of the subducting 

slab beneath the southeastern corner of the Caribbean plate. 

(2) Characterize the lateral variations in crustal type, thickness, elastic properties 

and the presence of pre-existing structures on the subducting lithosphere based on 

geophysical properties including; gravity, magnetic, seismicity, attenuation and velocity 

structure, and determine how this influences the style of deformation and shortening on 

both the over-riding and subducting plates as they converge within the SSST plate 

boundary zone. 

(3) Identify and characterize the types of structures and basins formed within the 

SSST plate boundary zone including an assessment of the relationships between deeper 

lithospheric structural configuration along the margin and the overlying topography and 

basin morphology, using the lithospheric model defined from seismic tomography and 

the tectono-stratigraphic framework based on seismic reflection interpretation. 

(4) Determine the influence of the tectonic boundary conditions on sediment 

transport systems and the controls on timing and location of sedimentary basin fill, based 
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on the present-day marine systems and the stratigraphic record of the late Quaternary 

along the northeastern South American continental margin. 

METHODOLOGY 

The characterization of the margin was carried out through an integrated study 

and analysis of earthquake, gravity, magnetic, seismic reflection and well log data. 

Earthquake data including hypocenter locations and waveform data were provided by the 

Seismic Research Centre of The University of the West Indies. Seismic tomography 

models were generated in order to image and define the geometry of the deeper upper 

mantle structures including the position and orientation of the subducted slab. The 

interpretation of seismic wave arrivals using earthquake waveforms and the generation of 

the CODA Q-1 values for the attenuation model was generated using the SEISAN 

earthquake analysis software. The travel-time tomography model was generated using the 

LOTOS code for local earthquake tomographic inversion Additional earthquake data; 

including focal mechanism solutions for the analysis of seismicity patterns in the region 

were derived from the databases of the International Seismological Centre (ISC) and the 

United States Geological Survey (USGS).  

Gravity modeling was carried out using the Oasis Montaj software to process and 

build an interpretation based on the free-air satellite gravity dataset of Sandwell and 

Smith [2009]. The well and seismic data were used to build a tectonostratigraphic 

interpretation of the seafloor to top basement geologic record within the study area and 

differentiate the crustal scale tectonostratigraphic provinces of the area. Maps of the 

respective surfaces were generated using the Petrel software and ArcGIS.  
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SYNOPSIS OF THE DISSERTATION 

This dissertation is composed of three manuscripts which are written with the goal 

of publication in scientific journals. The three manuscripts together present a top-to-

bottom, source-to-sink study of the transitional subduction-to-strike-slip plate boundary 

zone of the southeastern Caribbean/northeastern South American area. 

Chapter Two 

This chapter presents the results of an integrated study which incorporates 

earthquake event data, earthquake tomography, gravity, magnetics and seismic reflection 

data to characterize and describe the deeper lithospheric scale structure along the curved, 

leading edge of the southeastern margin of the Caribbean plate. The seismic tomographic 

models generated based on earthquake events in the eastern Caribbean and northeastern 

South American area facilitates the definition of the transition along the curved 

southeastern margin of the Caribbean Plate from: (a) north-south oriented subduction 

zone where the Atlantic oceanic crust of the South American plate is subducted towards 

the west beneath the eastern margin of the Caribbean plate; through (b) a zone of 

collision that extends from Tobago to the Gulf of Paria where the transitional-continental 

South American lithosphere is deflected to the north beneath the Caribbean plate by the 

load of the attached slab, but resists subduction resulting in the formation of shortened 

and topographically elevated structures; to (c) the east-west oriented strike-slip 

interaction between the Caribbean and South American plates along the southern 

Caribbean and northern South American margin, where the slab has been completed 

detached from the South American lithosphere which remains at the surface to the south 

of the Caribbean plate.  

Within the SSST zone there are distinct correlations between the geometry and 

dip of the South American lithosphere and the overlying crustal structures; defined based 



 6 

on seismic reflection interpretation, and surface geomorphology. In the collision zone 

where there is a shallower northward dip of the South American lithosphere beneath the 

Caribbean plate there are the highest observed elevations at the surface along with deep 

foreland basin development. Directly east of the STEP fault; in the Gulf of Paria area, 

there is a steepening of the northward dip of the South American lithosphere due to the 

dynamics of lithospheric tearing at the STEP fault. This increased dip is inferred to be the 

mechanism that drives the southward step of the active plate boundary fault, the 

formation of the Gulf of Paria pull-apart basin, the apparent sinking of northwestern 

Trinidad towards the Gulf of Paria and the formation of the Northern Basin.    

Chapter Three 

This chapter is focused on the sedimentary basins formed within the SSST plate 

boundary zone and presents the structural and stratigraphic framework from the basement 

to the seafloor based on the interpretation of ~10,000 km of 2-D seismic reflection lines 

and well data. This chapter documents the distribution and continuity of tectono-

stratigraphic sequences and constrains the timing of activity of key structural features. 

The basin-scale structures and sedimentary basin styles along the margin are integrated 

with the model of the lithospheric mantle configuration described in the first chapter to 

constrain and characterize the variation and location of sedimentary basin styles within 

the SSST zone plate boundary framework. The transition from subduction to collision is 

recognized in differences in the style of shortening of the sedimentary succession above 

the basement, across the COB which is determined in this study to be the site of a tear 

fault that accommodates right-lateral motion between the collision and subduction crustal 

provinces. The tear fault has developed above the pre-existing fracture zone [Pindell and 

Kennan, 2001a] which accommodated the separation of the Americas in the Jurassic.  
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Chapter Four 

This chapter presents the findings of a stratigraphic study of the most recent, late 

Quaternary sedimentary record in the basin. This study examines the controls on 

sedimentation on the Columbus Basin shelf, particularly the integrated influence of sea 

level, active structures; including its impact on the shape of the depositional surface, and 

sediment supply on variations in sediment distribution patterns and the location of 

depositional centers through the last 500,000 years. This study uses ~10,000 km2 of 3-D 

seismic reflection data combined with well penetrations and bathymetry data to identify 

sediment transport pathways. An alternating bi-modal, sea level driven sediment transport 

framework is defined for the margin which consists of a current-driven, strike-parallel, 

sediment transport system which is established along the margin under high sea-level 

conditions, and a dip-parallel sediment transport system which dominates during low sea-

level events. The regional scale structural framework and the detailed interpretation of 

the latest Quaternary allows an analysis of the intersecting roles of sea level, tectonics 

and sediment supply on “active” margin evolution and the recognition of these influences 

in the sedimentary record.   
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CHAPTER TWO: GRAVITY, SEISMIC REFLECTION AND 
TOMOGRAPHIC CONSTRAINTS ON THE STRIKE-SLIP TO 
SUBUCTION TRANSITION; SOUTHEASTERN CARIBBEAN 

PLATE BOUNDARY ZONE 

ABSTRACT 

The Subduction-to-Strike-Slip Transition (SSST) zone of the southeastern 

Caribbean is one of thirty identified locations where active subduction and strike-slip 

tectonic styles transition along strongly curved and seismogenic plate boundaries. I use 

~10,000 km of 2-D seismic reflection, well, seismic tomographic, gravity, magnetic, 

earthquake focal mechanisms and GPS data to study the primary structures within the 

SSST zone and define how subducted slabs, basement areas, sedimentary basins, faults, 

and other structures change from an area of westward-directed subduction of Atlantic 

crust beneath the Lesser Antilles arc, to a region of east-west-striking, right-lateral strike-

slip faulting along the northern South America margin. Four distinct crustal types are 

identified on the subducting/underthrusting South American plate which control major 

tectonic and structural changes within the SSST zone. Key processes in the transitional 

bend include: (1) eastward propagation of the Subduction-Transform Edge Propagator 

(STEP) fault as defined by Govers and Wortel [2005]; (2) gradual transition from: (a) 

east-west strike-slip faults with limited thrusting to; (b) northeast-striking, oblique-slip 

faults with elements of both strike-slip and thrust faults in a region where South 

American provinces have collided with Caribbean terranes; and (c) north-south-striking 

faults that are mainly thrust faults; and (3) flexure of the transitional South American 

lithosphere to the northwest as the subducting oceanic slab is torn away from the 

continent and sinks into the mantle beneath the Caribbean plate. Sedimentary basins 

young towards the east as the plate boundary STEP fault propagates eastward at rates of 

~20 mm/yr. 
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INTRODUCTION 

The southeast Caribbean plate boundary zone is one of thirty subduction-to-strike-

slip-transition (SSST) zones identified globally, from plate boundary geometry and 

crustal properties [Bilich et al., 2001]. This type of transitional plate boundary setting 

combines subduction and strike-slip tectonic styles within a distance of a few hundred 

kilometers or less, and is marked by an abrupt termination of the Benioff zone at crustal 

strike-slip zones [Mann and Frohlich, 1999; Bilich et al., 2001]. The lateral termination 

of subduction is accompanied by the tearing of the lithosphere to accommodate the 

separation of the down-going slab from the adjacent crust and upper mantle to which it 

was previously attached. Dynamic models generated by Govers and Wortel [2005] 

demonstrate that such a lithospheric tear; which they define as a Subduction-Transform-

Edge-Propagator (STEP) fault, may result in the deformation and rotation; including 

complex patterns of flexural bulging and subsidence, of overlying and adjacent 

sedimentary basins. In places where the termination of a subduction boundary coincides 

with an orthogonally oriented transform plate margin, as in the case of the southeastern 

Caribbean, I expect the occurrence of complex crustal and tectonic geometries. The 

southeast Caribbean–northeast South American SSST plate boundary zone offers a 

natural laboratory to examine how sedimentary basins, faults, basement areas and 

subducted slabs change along a curved transitional boundary from the westward-directed 

subduction of Atlantic oceanic crust beneath the Lesser Antilles to an area of 

predominantly east-west oriented strike-slip faulting between Caribbean oceanic terranes 

and continental South America [Molnar and Sykes, 1969], under the steady influence of 

the ~20 mm yr-1 eastward motion of the Caribbean plate [Perez et al., 2001; Weber et al., 

2001b; Saleh et al., 2004] (Fig. 2.1). The observations along the curved SSST zone 
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provide approximate time-lapse snapshots of the evolution of a given point along the 

northern South American margin as the Caribbean plate moves relatively eastward. 

There are many previous studies which document the geology and basin evolution 

of straight strike-slip and subduction plate boundaries, but few studies have attempted to 

explain the along-strike geologic and geophysical changes at curved boundaries. This 

study illustrates how the lithosphere deforms to accommodate curved and transitional 

plate boundaries by slab tearing, detachment and STEP faulting, as well as spatial 

variation in the type and style of crustal structures. An examination of the processes 

active at such complex plate boundaries helps identify earthquake hazards specific to the 

southeastern Caribbean and northeastern South American area and in other SSST areas 

worldwide. The historical seismic event records [ANSS - Advanced National Seismic 

System, 2014; GeoMapApp, 2014] show that for the period 1900–2013, 27 out of the 30 

identified SSST margins have been the site of >7.0 magnitude earthquakes and of these, 

25 places are in near-coastal locations. At least 22 of the SSST zone locations which have 

recorded large seismic events are located at or in close vicinity to dense human 

population centers. From an economic perspective at least 10 of these SSST zone are 

locations of known petroleum reserves, so an understanding of the tectono-stratigraphic 

development characteristic of these margins would be of value for defining and 

predicting the respective components of a working hydrocarbon system. Previous studies 

in the southeast Caribbean - northeast South American area have been focused on basin 

to stratigraphic sequence scale processes and over limited geographical areas within the 

SSST zone. This study integrates various geological and geophysical datasets including 

earthquake tomography, seismic reflection, well log, seismicity, gravity and magnetic 

data to image the lithosphere and study relationships between lithospheric scale 
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deformation and basin scale response to the transitional tectonic configuration over the 

SSST zone. 

 

REGIONAL TECTONIC SETTING 

The southeast Caribbean SSST zone extends from the east–west-striking, right-

lateral strike-slip plate boundary in the Paria Peninsula area of eastern Venezuela (~63°W 

longitude), towards the east through the Gulf of Paria, onshore Trinidad, and the marine 

area east of the islands of Trinidad and Tobago that includes the north-south oriented 

deformation front of the Lesser Antilles subduction zone at ~57.5°W longitude (Fig. 

2.1A). The plate boundary is defined to the south by a lateral ramp/transform system 

south of Trinidad at ~9.5°N latitude and it extends to the north up to ~12°N latitude (Fig. 

2.1A). This area lies to the south and east of the eastern leading edge of the Caribbean 

plate along the northeastern corner of the South American continent.  

The Caribbean plate has been moving eastward relative to the North and South 

American plates since the Late Cretaceous [Burke, 1988; Pindell et al., 1988]. The 

northern and southern boundaries of the Caribbean plate are strike-slip plate boundaries 

while at the leading eastern boundary, the Caribbean plate over-rides Atlantic Oceanic 

crust which subducts towards the west beneath the Lesser Antilles island arc. The 

majority; (80%), of the 20 mm yr-1 of approximately east–west (084°-086°) dextral 

motion [Perez et al., 2001; Weber et al., 2001b; Saleh et al., 2004] between the 

Caribbean and South America is accommodated along an ~80-km-wide, shear-zone 

centered on the El Pilar/San Sebastian fault system of Venezuela which extends from 

~68°W to ~62°W longitude [Perez et al., 2001] (Fig. 2.1B). To the east of 62°W, right-

lateral plate boundary motion steps right across the Gulf of Paria pull-apart basin and 
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splays across various strike-slip faults with 60% (12 mm yr-1) of the slip taken up on the 

NE–SW oriented (068°) Central Range Fault Zone (CRFZ) located onshore central 

Trinidad [Weber et al., 2001b; Weber, 2005] (Fig. 2.1B). The remainder of the plate 

motion is inferred to be taken up on other faults in the southern Trinidad area including 

the Los Bajos, Warm-Springs, and Point Radix fault zones as GPS measurements [Weber 

et al., 2001b; Saleh et al., 2004] indicate that northern Trinidad moves at the full 

Caribbean plate motion rate of 20 mm yr-1 relative to stable South America. The strike-

slip system terminates in the offshore area to the east of Trinidad in the vicinity of the 

continent-ocean-boundary (COB) (Fig. 2.1B). 

Synchronous with the eastward motion of the Caribbean plate, there has been the 

west-to-east, time-transgressive emplacement of exhumed, allochthonous metamorphic 

terranes (Northern Range, Araya-Paria Terrane), the formation of approximately 

southeast verging collisional to transpressional style shortened and uplifted fold and 

thrust belt structures (Villa de Cura, Serranía del Interior, Central and Darien Ranges) 

and associated foreland basins along the northern South American margin (Guarico, 

Maturin, Columbus Basins) (Fig. 2.2) [Robertson and Burke, 1989; Pindell et al., 1991; 

Russo and Speed, 1992; Erlich et al., 1993; Avé Lallemant, 1996; 1997; Speed and Smith-

Horowitz, 1998; Babb and Mann, 1999; Hung, 2005; Ostos et al., 2005; Sisson et al., 

2005]. The subduction zone at the leading edge of the Caribbean plate is characterized by 

a large accretionary complex (Fig. 2.2) which has been active since the early Eocene 

[Speed and Larue, 1982; Moore et al., 1998; Cukur et al., 2009]. The Barbados 

Accretionary Prism (BAP) is composed of highly deformed Eocene to Holocene 

sediments which have been scraped off and accreted from the Atlantic crust of the South 

American plate as it is subducted towards the west [Dixon et al., 1998]. The BAP 

thickness ranges from ~5–20 km [Westbrook, 1975; Speed and Larue, 1982], and varies 
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in width from ~150 km to the north of the Tiburon Rise to ˃450 km to the south [Brown 

and Westbrook, 1987]. The island of Barbados is located at the highest point of the prism 

(up to 340 m ASL) which is part of an elongate ridge which defines the western-most 

zone of the prism (Fig. 2.2). The BAP is characterized by numerous piggy-back basins 

formed between active thrust structures, the largest of which is the Barbados Basin. 

 

MODELS OF PREVIOUS WORK 

There have been a number of studies which focused on imaging and interpreting 

the position and orientation of the southern termination of the subducted slab in the 

vicinity of northeastern Venezuela. The findings of these studies can be summarized into 

three basic models (Fig. 2.3): 

Model 1: Slab Tear 

Molnar and Sykes [1969] used seismicity and focal mechanism solutions to study 

the motion of the Caribbean plate. They proposed a shallow northward dip of the oceanic 

crust along the northern South American margin as it is under-thrusted beneath the 

Caribbean plate, while east–west-striking, right-lateral, strike-slip faults along northern 

South America accommodates relative eastward, rigid body motion of the Caribbean 

plate (Fig. 2.3A). In their interpretation, the junction between underthrusting and strike-

slip motion is marked by hinge faulting which accommodates near vertical motion as the 

subducted Atlantic oceanic slab is torn from the continental South American crust south 

of the strike-slip fault. Clark et al. [2008] and Miller et al. [2009] use seismic data 

including; seismicity, wide-angle seismic data, shear wave velocity and receiver 

functions to interpret the presence of a STEP tear [Govers and Wortel, 2005], located in 

the vicinity of 62.5°W which extends from 0–110 km depth as it accommodates the 
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transition from strike-slip to subduction (Fig. 2.3A). Seismicity in the vicinity of 62.5°W; 

which extends from 0–>150 km depth; referred as to as the “Paria Cluster” [Russo et al., 

1993], is interpreted to be associated with active STEP-tearing processes in the 

lithosphere. Clark et al. [2008] suggest that the seismicity above 36 km depth is 

associated with the near vertical strike-slip plate boundary fault system, while seismicity 

between 50–130 km depth is associated with the vertical lithospheric tear separating 

subducting Atlantic oceanic crust from buoyant continental crust. A variation of this 

model invokes the formation of pull-apart basins; Gulf of Paria and the Columbus Basin, 

associated with the transference of plate boundary motion between the strike-slip plate 

margin of northern South America and the subduction complex at the leading edge of the 

Caribbean plate [Pindell and Kennan, 2001a; Gibson et al., 2012] (Fig. 2.3B). 

Model 2: slab detachment – north dipping slab 

Russo and Speed [1992], Russo et al. [1996] and VanDecar et al. [2003] use 

seismicity, surface structure, gravity anomaly and travel time inversion to propose that 

the Paria Cluster seismicity is produced by bending of the Atlantic/South American 

lithosphere which has been detached from the east-striking South American Mesozoic 

passive margin and subducted to the north beneath the Caribbean plate (Fig. 2.3C). The 

detached slab has subsequently been overridden by continental South America and it 

moved along with the surrounding mantle to the east-southeast; relative to the stable 

Guyana Shield, to the present-day area of the Serranía del Interior. These authors propose 

that the area beneath the Paria Peninsula is the active point of detachment, with the north-

dipping Atlantic oceanic lithosphere attached to northern South America to the east of 

Paria, while the slab is detached to the west of Paria. The Paria cluster seismicity is 
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interpreted in this model to be associated with deformation of the north to northwest 

dipping slab as it flexes and bends beneath northern America. 

Model 3: partial continental detachment – west dipping slab 

Bezada et al. [2010] use multi-seismic, teleseismic p-wave tomography to 

propose that westward subduction at the southeast Caribbean plate margin continues 

south of the El Pilar Fault Zone (EPFZ) into continental South America. In this model the 

lithospheric-scale vertical tear is replaced with a diffuse zone of lithospheric detachment 

that extends into South American continental crust with an irregularly-dipping 

detachment surface (Fig. 2.3D). The EPFZ strike-slip system defines the point of change 

in the properties of the downgoing lithosphere: to the north of the EPFZ, oceanic 

lithosphere is being subducted, while to the south there is the delamination and partial 

removal of South American continental lithospheric mantle which subducts to the west 

along with the oceanic slab. The intermediate depth seismicity in the Paria cluster is 

interpreted to occur as a result of dehydration embrittlement of the subducting oceanic 

lithosphere at high strain rates. The absence of seismicity in the subducting slab to the 

south of EPFZ is explained by a lack of hydrous minerals in the continental lithosphere 

which results in aseismic subduction.  

 

DATA, METHODOLOGY AND APPROACH 

This study integrates remote sensed geophysical data sets in order to study the 

structures, changes in crustal properties and lithospheric configuration within the SSST 

zone. The dataset includes: (1) ~10,000 km of 2-D reflection seismic data from petroleum 

industry and published sources which cover an area of ~200,000 km2 and have up to 16 

seconds (~18 km) depth of recorded data which images sub-basement geology; (2) well 
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data from the Columbus Basin shelf and deep water area including petrophysical and 

lithologic logs, temperature and pressure data and well reports; (3) a waveform dataset of 

>700 earthquakes recorded by the eastern Caribbean regional seismograph network 

managed by the University of the West Indies Seismic Research Centre; (4) hypocenter 

location information for ~48,000 earthquakes located at the eastern margin of the 

Caribbean plate from the databases of the International Seismological Centre [2011] and 

the U.S. Geological Survey [2011]  and focal mechanism solution from the International 

Seismological Centre [2011] (Figs. 2.4, 2.5); and (5) ship-borne gravity and magnetic 

data which have been integrated with the global gravity map of Sandwell and Smith 

[2009] and the global magnetic map of Maus et al. [2009]. 

Seismic reflection methodology 

I interpreted the seismic data using Halliburton’s Landmark suite; SeisworksTM 

and DecisionSpaceDesktopTM and Schlumberger’s PetrelTM software. The 2-D seismic 

reflection lines were used to interpret the basement structure across the SSST zone, 

define major tectonostratigraphic sequences, identify major faults and fold structures in 

the study area, and determine how basin structure and stratigraphy change across the 

respective provinces of the SSST zone. I also correlated interpreted horizons with 

previous interpretations from seismic data within the SSST zone and the adjacent Guyana 

shelf to basin floor [Ablewhite and Higgins, 1968; Payne, 1991; Dyer and Cosgrove, 

1992; Babb, 1997; Babb and Mann, 1999; Di Croce et al., 1999; Sanchez, 2001; 

Punnette, 2010; Aitken et al., 2011; Garciacaro et al., 2011a; Yang and Escalona, 

2011a]. Seismic interpretation followed the methodology proposed by Mitchum et al. 

[1977b], in which the rock record is subdivided into a number of seismic sequences 

bounded by unconformities and their correlative conformities, in conjunction with the 
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identification and mapping of faults which dissect and disturb the stratigraphy. The 

bounding surfaces; which were identified in the 2-D seismic sections as laterally 

extensive reflection surfaces with a high degree of coherence and continuity, were tied to 

wells in the study area and are representative of chronostratigraphic surfaces.  

Gravity modeling methodology 

Gravity modeling was carried out for regional lines (locations shown on Fig. 2.4) 

which traverse the SSST zone in order to test and refine the structural and horizon 

interpretation of the seismic reflection data; particularly the top basement pick, and to 

determine a possible interpretation for basement thickness which cannot be determined 

from the seismic reflection data. I use Oasis Montaj software and the satellite gravity data 

set from Sandwell and Smith [2009] to construct the gravity model for cross-sections; 

using the approach of Talwani et al. [1959], to examine crustal thickness changes in 

basement character down to 50 km depth. Sedimentary layers were defined based on 

surfaces and packages identified on 2-D seismic reflection sections. Layer densities were 

determined based on consideration of gamma ray and density well log data, seismic 

interpretation, theoretical values for the density of earth material from the databases of 

Dobrin [1976] and Nettleton [1971] and observations of Greenroyd et al. [2008] in the 

Demerara region to the south of the study area. The water column was defined by a 

constant density of 1.03 g cm-3 and the mantle by a constant density of 3.3 g cm-3. 

Seismic tomography methodology 

I use the earthquake data to generate travel-time (p-wave velocity) and coda 

(attenuation) tomography models, which allows us to characterize the physical properties 

of the respective provinces and identify the lithospheric scale structures within the SSST 

zone. The travel-time and attenuation properties of the various lithospheric provinces and 
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structures are combined with observations of density, magnetic susceptibility and seismic 

reflection interpretation in order to define and interpret the crustal character, morphology 

and geometry of the underlying lithosphere in the SSST zone. Additionally, the 

tomographic models image the upper lithosphere down to ~100 km which provides 

relevant information to interpret the location, position and geometry of the basement and 

the subducted slab at depth. 

Attenuation tomography 

I determine attenuation  from the coda part of the wave which includes the 

wave trains that follow the S-wave arrival, and are characterized by exponentially 

decreasing amplitude with lapse time. Studies of have revealed that this seismic 

parameter is related to the age, type and physical properties of a rock as well as the 

amount of tectonism and lithospheric heterogeneity. Lower  values are associated 

with older, denser rocks in more tectonically stable regions and higher  values are 

associated with regions where there is high lithospheric heterogeneity in active tectonic 

settings [Singh and Herrmann, 1983; Parvez et al., 2007]. I used the SEISAN earthquake 

analysis software compiled by Jens Havskov and Lars Ottemöller of the University of 

Bergen to interpret arrival times and the CODAQ subroutine which applies time domain 

coda-decay method to calculate the coda Q values. The attenuation of the coda wave  

is used to image the subsurface to depths of ~100 km following Singh and Herrmann 

[1983] and Vargas et al. [2004]. 

I have done several synthetic tests to evaluate the efficiency of this procedure in 

the southeast Caribbean. I solved the problem in 2-D and 3-D for a regular distribution of 

attenuation anomalies using dispersed station-epicenter pairs. I used a 2-D checkerboard 

with two contrasting  values; 0.2 and 0.002 and a geometry of 8x8 blocks which 
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measure ~96 km in the longitude direction, ~84 km in the latitude direction (Fig. 2.6A). 

Five hundred random ellipses were used to sample the volume and this showed that the 

model was well sampled in the central zone of the model (Fig. 2.6B). I extended the 

checkerboard test to a 3-D model with a 8x8x8 block geometry which measures ~96 km 

in the longitude direction, ~84 km in the latitude direction and ~15 km thickness. Two 

thousand ellipsoids sampled the volume and illustrate that the volume is well sampled in 

the central part of the model down to depths of 110 km. I calculated the Resolution 

Diagonal Elements (RDE) for the model from the resolution matrix; (Fig. 2.6C) higher 

RDE values indicate zones which are efficiently solved. The RDE map illustrates that 

higher RDE values are located towards the central region of the model and coincide with 

the well resolved region of the synthetic inversion.  

Following the synthetic tests I carried out a 3-D inversion to estimate  using 2 

± 1 Hz frequency filtered waveforms from ~400 regional earthquakes recorded at >58 

stations. The results of the attenuation tomography images the southeast Caribbean region 

including: (1) the subduction area from the inner provinces of the accretionary prism to 

the Grenada back-arc basin as far north as the island of St. Lucia and; (2) the transitional 

plate boundary zone including the terminal section of the prism east of Trinidad, onshore 

Trinidad, and eastern offshore Venezuela area north of the Orinoco Delta (Fig. 2.7). 

Travel-time tomography 

I generated a travel-time tomography model using P- and S-wave arrivals from 

located earthquake events with an RMS value of less than 0.5. I defined an initial velocity 

model based on the velocity interpretation of Perez and Aggarwal [1981], and the seismic 

refraction work of Christeson et al. [2008] and Magnani et al. [2009]. I carried out a 

simultaneous inversion of P- and S-wave velocity structure and source location using the 

1
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LOTOS-11 (Local Tomography Software) developed by Ivan Koulakov of the Institute 

of Petroleum Geology and Geophysics, SB RAS [Koulakov, 2009]. 

To test the efficiency of this procedure I computed the travel times between the 

sources and receivers by using the 3-D-bending algorithm to trace the ray-paths through a 

regular checkerboard synthetic model with random noise added to perturb the travel-

times. I use a checkerboard with two contrasting velocity anomalies 8% and -8% and a 

geometry of 50 km in the X- and Y-directions with a 10 km gap (Fig. 2.6D). 

Approximately 3,000 rays sampled the volume, and the resulting checkerboard shows 

that anomalies are recovered within the central area of the model (Fig. 2.6E) where the 

model is well sampled by the rays (Fig. 2.6F). The results of the travel-time tomography 

image an area that includes; the eastern Grenada Basin, southern Lesser Antilles, Tobago 

Basin, the Barbados Ridge, Barbados Basin, eastern Paria, Gulf of Paria, Trinidad and the 

marine area to the east of Trinidad (Figs. 2.7, 2.8). 

Flexural calculations 

I considered the depth of the basement in the study area in the context of the 

oceanic crust depth vs. lithospheric age relationship as described in Parsons and Sclater 

[1977], Stein and Stein [1992] and Crosby et al. [2006]. I followed the approach of 

Crough [1983] which was benchmarked by [Louden et al., 2004] to correct for the effect 

of sediment loading in the study area using a simple isostatic adjustment model. I 

restricted measurements to locations furthest from the deformation front in order to avoid 

sampling places where there is deviation of the lithosphere depth from the normal 

subsidence profile in response to loading and flexural deformation associated with 

subduction. In spite of this precaution the calculated, sediment-corrected basement depths 

of both the Jurassic and Cretaceous oceanic crust observed in this study were too deep for 
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the anticipated age when plotted on the age vs. depth profiles from the respective models 

(Fig. 2.9A). This method is therefore unsuitable to derive a theoretical age for the crust 

on either side of the COB; however I can use the flexure of the lithosphere as a parameter 

to determine differences in the crustal and lithospheric properties across the COB. I use 

the top basement map; which has been corrected for effects of sediment loading to 

calculate the flexural rigidity and the elastic thickness of the plate following the approach 

of Turcotte and Schubert [2002]; Fowler [2005] (Fig. 2.9B–D). 

Plate margin seismicity 

The margin of active subduction of Atlantic oceanic crust beneath the eastern 

Caribbean is defined by a trend of seismicity along the eastern Caribbean plate margin. 

The zone of seismicity at the margin is ~300–400 km wide with events being generally 

shallower toward the east; beneath provinces of the accretionary prism, and deeper 

towards the west; beneath the island arc and the eastern-most margin of the back-arc 

Grenada Basin (Fig. 2.4). The depth and focal mechanism solutions of the earthquake 

events at this plate boundary indicate that the subduction is generally aseismic; the 

recorded large magnitude events (>5.0) are associated with intra-plate normal faults while 

no large magnitude inter-plate thrust events are observed [Stein et al., 1983]. The low 

level of inter-plate seismicity presents a challenge to modeling the Benioff zone and the 

position of the subducted slab. While there are some differences in published 

interpretations of the dip of the slab along the margin, there is broad agreement on the 

general trend of the Benioff zone [Wadge and Shepherd, 1984; Gudmundsson and 

Sambridge, 1998]. There is a change in the strike of the Benioff zone at ~14°N; to the 

north of this latitude, the zone trends NNW–SSE with a 50°–60° dip, while to the south 

of 14°N the zone has a NNE–SSW trend with a 40°–50° dip [Wadge and Shepherd, 
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1984]. The southern termination of magmatism associated with the subduction margin is 

at the island of Grenada (~12°N). South of 12°N, the seismicity defines a near vertical 

plane with no discernible mantle wedge above a subducting slab, and the intermediate 

depth seismic events are interpreted as oblique-slip events with a significant dextral 

strike-slip component [Wadge and Shepherd, 1984; Russo et al., 1992] (Figs. 2.4, 2.5). 

There are two anomalous features in the seismicity pattern within the SSST zone: (1) a 

gap in seismicity between the Demerara and Guyana fracture zones and their linear 

projection onto the Caribbean plate and; (2) a cluster of intermediate depth events at 

~10°N; offshore eastern Trinidad (Columbus Basin cluster), which do not fit into the 

trend of increasing earthquake depths towards the west (Fig. 2.4).   

 

LITHOSPHERIC PROVINCES 

In the southeast Caribbean-northeast Caribbean SSST zone, five lithospheric 

provinces are identified based on systematic lateral changes of; satellite gravity and 

magnetic character, attenuation and velocity properties, earthquake distribution and focal 

mechanism solutions (Figs. 2.1B, 2.10). The observed changes in character on the 

aforementioned properties over the defined crustal provinces within the SSST zone are 

interpreted to be related to changes in physical properties of the upper lithosphere.  

Province A 

Province A (Fig. 2.1B) is characterized by a very regular pattern of approximately 

east–west oriented lineations on the gravity and magnetic maps which coincide with the 

orientation and location of fracture zones [Mueller et al., 1997] that extend westward 

from the mid-Atlantic ridge along the Atlantic oceanic crust generated since the 

Cretaceous (Fig. 2.1B, 2.10). This province is interpreted to be underlain by ~5–7 km-
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thick (Fig. 2.11), pre-Aptian-aged oceanic crust formed during equatorial Atlantic Ocean 

opening as a result of approximately east–west rifting between the Americas and the 

European and African continents [Mueller et al., 1997]. This province is separated from 

the adjacent Province B by a distinct NW–SE oriented, negative gravity, negative 

magnetic and negative velocity anomaly lineation identified by Pindell and Kennan 

[2001a] as the Aptian–Albian, Demerara fracture zone lineation (Figs. 2.1B, 2.10). 

Province-A is distinguished from Province B by relatively higher attenuation values and a 

distinct difference in the gravity character (Figs. 2.1B, 2.10). The relative difference in 

attenuation character between Provinces A and B is consistent with an interpretation of 

Province A being younger and warmer crust, with well-defined fracture zones which will 

have the effect of causing through-going seismic waves to be more attenuated. There is a 

change in the observed dip at the oceanic basement level that coincides with the location 

of the Demerara fracture zone (Fig. 2.11B, C). The change in basement dip is interpreted 

to be due to previous activity on the NW–SE oriented Demerara Transform/Fracture 

Zone. Province A is characterized by very few shallow, low magnitude earthquakes of 

mixed thrust and normal focal mechanisms (Fig. 2.5). 

Province B 

The Demerara fracture zone defines the northeastern boundary of Province B and 

the southeastern boundary is defined by the negative gravity, negative magnetic, negative 

velocity and high attenuation NW–SE trending COB, also referred to as the Guyana 

fracture zone by Pindell and Kennan [2001a] (Figs. 2.1B, 2.10). This province has a 

crustal thickness of ~5–7 km as determined from gravity modelling (Fig. 2.11) and 

calculations of flexural parameters using the top basement surface indicate an elastic 

thickness of 32 km and flexural rigidity of  Nm (Fig. 2.9B). The gravity and 
232.09 10×
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magnetic character in this province (Figs. 2.1B, 2.10A–B) do not manifest evidence of 

east–west oriented fracture zones which is characteristic of the Cretaceous Atlantic 

oceanic crust to the north, neither does it have the rugosity and irregularity of the 

continental crust to the south (Fig. 2.1B). The relatively lower attenuation values 

compared to Province A (Fig. 2.7A–C) would be consistent with an interpretation that the 

crust of Province B is older, colder and has absent to poorly defined fracture zones, with 

the consequence of less attenuation of through-going seismic waves compared to 

Province A (Fig. 2.7A–C).  

There may be two possible interpretations for this zone that may explain the 

difference in character compared to Province A: (1) stretched transitional to oceanic crust 

formed during the initiation of rifting; or (2) remnants of older translated Jurassic age 

crust which has been suggested by previous workers [Speed, 1986; Pindell and Erickson, 

1994; Pindell and Kennan, 2007]. Based on the observations of the gravity and magnetic 

character and gravity and tomography models (Figs. 2.1B, 2.7, 2.10), the latter 

interpretation is preferred as I infer that the basement and crust of Province B is oceanic 

crust formed during the opening of the Central Atlantic. The crustal thickness is 

consistent with average oceanic crust thickness and the effective elastic thickness and 

flexural rigidity values are in the range of expected values for oceanic crust documented 

in the published literature [Burov and Diament, 1995; Watts and Burov, 2003]. The 

interpretation of this province being floored by older Jurassic crust is supported by 

identification of Jurassic marine sediments dredged on the north flank of the Demerara 

Rise [Hayes et al., 1972] (Fig. 2.2). The northwestern margin of the Demerara Platform is 

interpreted to be the southernmost segment of the Central Atlantic divergent margin 

which opened during the Jurassic [Gouyet et al., 1994; Basile et al., 2013]. Given its 

position west of the Demerara fracture zone; which extends as far south as the Demerara 



 25 

platform, I interpret basement of Province B to have been formed during the ~NE–SW 

opening of the Central Atlantic Basin with subsequent translation along the Guyana 

fracture zone that occurred as late as the Early Cretaceous [Pindell et al., 1991]. Based on 

the gravity, magnetic and attenuation character and its relationship to fracture zones and 

the adjacent tectonic terranes, I infer that the Province B basement is of Jurassic–Early 

Cretaceous age which was subsequently overlain by shallow marine Jurassic–Early 

Cretaceous sediments coeval and correlative with the Late Jurassic–Early Cretaceous 

Couva evaporates [Eva et al., 1989] which are contained within seismic sequences I and 

II of Babb and Mann [1999], identified in the Gulf of Paria.  

The seismicity gap (Fig. 2.4) coincides with the spatial extent of this province, 

and its lateral projection beneath the adjacent Caribbean crust. This area is characterized 

by sparse seismic events compared to the dense clusters observed in the adjacent areas to 

the north and south of the Demerara and Guyana fracture zones respectively (Fig. 2.4). 

The few earthquake events in this province are at shallow depths and are characterized by 

predominantly strike-slip focal mechanism solutions (Figs. 2.4, 2.5).  

Province C 

Province C has a crustal thickness which ranges from ~5–20 km based on gravity 

modeling (Fig. 2.11). This province is thinnest closest to the COB and becomes thicker 

towards Guyana coastline to the west (Fig. 2.11B, C). To the south of the Orinoco River 

mouth, Province C is characterized by a positive free-air gravity anomaly with a rugose 

character that differs from the character of the oceanic crust to the northeast of the 

Guyana Fracture zone, and the South American continental crust to the southwest (Fig. 

2.1B). North of the Orinoco River mouth, Province C is characterized by a negative 

gravity anomaly which is continuous with the approximately NNE–SSW trending 
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negative-gravity anomaly across northeastern South America which is widely 

documented [Russo and Speed, 1994; Schmitz et al., 2002; Sanchez-Rojas, 2012] as the 

largest onshore negative gravity anomaly on earth. Flexural calculations indicate that the 

Province C lithosphere has a flexural rigidity of  Nm, and 49 km elastic 

thickness (Fig. 2.9C, D). The elastic thickness of the transitional crust is higher than the 

values recorded for oceanic crust in the compilation of Burov and Diament [1995], 

however it is near the middle of the observed range of effective elastic thickness for 

continental crust which ranges from ˂20 km–˃100 km. The effective elastic thickness of 

transitional crust is expected to be lower than that of continental crust, therefore the 49 

km value calculated for the transitional crust of Province C, compares well with the 

effective thickness calculated for the continental Guyana Shield craton located south of 

the SSST zone which is in excess of 70 km as determined by Perez-Gussinye et al. 

[2007]. This is consistent with the interpretation of [Pindell and Kennan, 2001a; 2007] 

which define the crust of this province as stretched and deformed, thinned continental to 

transitional crust. The deformation of this crust was most likely associated with the 

opening of the proto-Caribbean as North and South America separated along the Guyana 

fracture zone among other faults during the Jurassic to Late Cretaceous [Pindell et al., 

1991; Pindell and Kennan, 2001a].  

The location and depth of the Columbus Basin earthquake cluster within this 

province is considered anomalous given the regional trend of seismicity along the eastern 

Caribbean margin characterized by a westward increase in hypocentral depth from the 

accretionary prism deformation front towards the subduction trace and the forearc basin 

(Fig. 2.4). The anomalous cluster of earthquakes occur between 30 km to 75 km depth, 

with the majority of larger events occurring at a depth of ~50 km; below the Mohorovicic 

discontinuity identified at ~30 km [Christeson et al., 2008] (Fig. 2.11B). Focal 
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mechanism solutions [International Seismological Centre, 2011; U.S. Geological Survey, 

2011] indicate extensional displacement (Figs. 2.4, 2.5) on fault ruptures oriented NE-

SW, and the depth trend of the earthquakes defines a northwest dip beneath the 

Columbus Basin shelf and Darien Ridge [Marshall and Russo, 2005]. At 50 km depth, 

Province C is characterized by relatively lower attenuation and positive velocity anomaly 

character (Fig. 2.7). Based on seismic reflection data, Province C top basement surface 

dips at 3–4° to the north, beneath the south-verging thrusts of the Darien Ridge, and the 

metamorphic Northern Range and Tobago terranes (Figs. 2.12, 2.13D). The tomographic 

models, focal mechanism solutions and seismic reflection mapping support an 

interpretation that the transitional lithosphere of Province C dips northwest along with the 

adjacent Province B oceanic lithosphere, in front of the advancing Caribbean plate. 

Province C lithosphere is underthrusted to the north beneath the southeast-directed 

thrusted provinces (Fig. 2.13C) at ~44° near the COB in the Trinidad east coast shelf area 

(Fig. 2.8B) and decreases to ~24° beneath Trinidad (Figs. 2.8C, D). The steepest 

lithospheric dips at the eastern margin of this province are interpreted to be due to its 

close proximity to the westward dipping, freely subducting slab on the northeastern side 

of the COB/Guyana fracture zone (Fig. 2.8B, C). 

Province D 

Province D which includes onshore South America is defined by moderate gravity 

values with a relatively smooth appearance that is very characteristic of continental type 

crust and has a crustal thickness of ~40–50 km [Schmitz et al., 2002] (Figs. 2.1B, 2.10). 

The Precambrian craton which dips to the north is overlain by Cretaceous through 

Quaternary foredeep sediments, [Di Croce et al., 1999]. Earthquakes within this province 

occur at predominantly shallow to intermediate depths with few deep events which are a 
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combination; in descending order of quantity; of strike-slip, thrust and normal 

mechanisms (Figs. 2.4, 2.5). These events are interpreted to be related to the flexure of 

the continental crust in response to loading driven by the advancing Caribbean plate 

[Yang and Escalona, 2011a]. 

Province E 

The Caribbean plate is defined by variable gravity values which characterize the 

respective terranes on this plate (Fig. 2.1B). The central area of the Caribbean plate has a 

moderate gravity character, is interpreted to be of oceanic plateau composition [Duncan 

and Hargraves, 1984; Kerr et al., 2003; Hastie and Kerr, 2010] and has variable 

thickness in the range of ~6–20 km [Burke, 1988; Case et al., 1990]. The southeastern 

margin of the plate is characterized by deformed allochthonous terranes including 

Jurassic–Cretaceous Paria Terrane [Saunders, 1972; Robertson and Burke, 1989; Weber 

et al., 2001a] and the extensive fault-bounded, Mesozoic Tobago Terrane [Speed, 1985; 

Russo and Speed, 1992; Speed and Smith-Horowitz, 1998]. The allochthonous terranes 

have a linear, moderate to slightly negative anomaly gravity signature. The oceanic 

basalts and arc rocks of the Tobago Terrane are identified as a 50-km-wide negative 

velocity anomaly feature which extends from near surface to ~50 km depth, located 

beneath the north coast shelf and above the dipping South American lithosphere (Fig. 

2.8B–D). A smaller negative anomaly at similar depths in the vicinity of the EPFZ in the 

Trinidad area is interpreted to be associated with the metamorphic Paria Terrane. The 

negative velocity anomaly Tobago and Paria Terranes have been sandwiched as thrusted 

blocks between the Caribbean and South American plates and wedged above the 

downwarped South American lithosphere (Fig. 2.8C) during the collision associated with 

the arrival of the Caribbean plate in the eastern Venezuela–Trinidad area. 
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The Barbados Basin and the Tobago forearc Basin (Fig. 2.1) are characterized by 

a negative gravity anomaly character with no apparent lineations apart from the curved 

north to southwest-trending lineation of moderate gravity and high magnetic anomaly 

values that define the Barbados Ridge; which became an emergent feature separating 

these two basins following the major middle Miocene deformation-erosional event 

[Chaderton, 2009]. A narrow (~50-km-wide) strong positive gravity anomaly signature 

characterizes the volcanic Lesser Antilles arc formed ~150 km from the eastern margin of 

the Caribbean plate, and above the subducting slab. The subduction trace is characterized 

by a strong negative gravity anomaly signature and a negative velocity anomaly that 

trends approximately NNE–SSW from the area south of Barbados to the northeast coast 

of Trinidad (Figs. 2.7D–F, 2.8A, 2.10). There is no distinct identifiable character of the 

subduction trace observed in the attenuation volume. At the approximate location of the 

subduction trace within the SSST zone; there is a distinct increase in the westward dip of 

the Atlantic basement, and an ~20-km-thick accreted and metamorphosed terrane that 

forms the core of the Tobago High (Fig. 2.11C).  

 

SLAB GEOMETRY IN THE SSST ZONE 

The dip of the subducted slab; as determined from the travel-time tomography 

model (Figs. 2.7, 2.8) and also evident from the map of the top basement surface (Fig. 

2.12) is variable along the subduction trace and into the SSST zone. There is a positive 

velocity anomaly feature which dips towards the west, beneath the Tobago forearc Basin 

and adjacent to the Lesser Antilles arc (Figs. 2.7D–F, 2.8) which I interpret to be 

generated by the subducting Atlantic oceanic slab. The anomaly is irregular and 

discontinuous in map view and this is interpreted to be due to irregularities in the slab 
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geometry. To the north of Grenada (north of the SSST zone) the positive velocity 

anomaly feature is interpreted to be the top of the Atlantic oceanic slab which is dipping 

steeply (~65°) towards the west, in front of the volcanic arc (Fig. 2.8A).  

There is a ~75-km-wide, positive travel-time velocity anomaly within Province C 

which coincides with a low attenuation feature within the 50–70 km depth range (Fig. 

2.7B, C, E, F). The top of this feature occurs at ~35 km depth and it extends to the base 

of the imaged section at 100 km; I interpret this feature to be the upper segment of the 

transitional South American lithosphere which dips towards the northwest as the 

subduction trace curves towards the southwest. There is a lateral velocity inversion as the 

positive velocity anomaly body is interpreted to be laterally continuous with the adjacent 

north to northwest dipping, negative velocity anomaly feature which extends laterally 

towards the west from the eastern coastline of Trinidad, through the onshore Trinidad and 

the Gulf of Paria area (Fig. 2.8C, D). The velocity character of the dipping lithosphere 

becomes increasingly negative towards the northwest and west with the most negative 

values observed beneath the Gulf of Paria and Paria Peninsula area and centered on the 

EPFZ/STEP fault (Figs. 2.7D–F, 2.8B–E). This area of negative velocity anomaly also 

has a relatively higher attenuation or low  character compared to the adjacent areas 

on the 50 km and 70 km depth slices (Fig. 2.7B, C). The top of the negative velocity 

feature is shallowest to the south at ~35–40 km depth and dips to over 100 km depth 

beneath the north coast shelf to the north.  

I interpret the laterally continuous, northwest-dipping, positive–negative velocity 

anomaly feature to be South American transitional type lithosphere which is being under-

thrusted to the north to northwest beneath the over-riding Caribbean plate, and is most 

likely attached to the subducted slab at depth (Fig. 2.8B). The lateral transition from 

positive to negative velocity anomaly character of the apparently north to northwest 

1
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dipping South American lithosphere appears to be approximately coincident with the 

surface lineation defined by the CRFZ (Fig. 2.8B, C). The westward-decreasing velocity 

character is accompanied by a corresponding lateral change in the angle of the north to 

northwest dip of the anomaly associated with the South American lithosphere. The 

anomaly dips ~44° to the northwest, beneath the outer shelf to slope area offshore eastern 

Trinidad, it decreases to 24° towards the north to northwest beneath Trinidad, and then 

becomes slightly steeper; 29° beneath the Gulf of Paria; (Fig. 2.8B, D). The location of 

the most negative velocity anomaly in the study area coincides with the present-day hinge 

point of active tearing or STEP faulting proposed by Clark et al. [2008] at 62.5°W. I 

interpret the negative anomaly in the Paria Peninsula/Gulf of Paria area (Fig. 2.8E) to be 

a manifestation of the weakening of the lithosphere due to deformation induced by hinge 

faulting, lithospheric flexure and detachment, and the influence of asthenospheric mantle 

flow processes around the edge of the torn lithosphere as described by Miller et al. 

[2009].  

The slab is completely detached from the continental lithosphere on the southern 

side of the EPFZ to the west of the STEP fault [Clark et al., 2008], while to the east the 

tear, the subducting slab is still attached to continental-transitional South American 

lithosphere (Fig. 2.8). The location of the STEP fault is therefore a hinge point which 

bears a significant proportion of the load exerted by the detached and subducting slab as 

it descends into the mantle. The load of the detached and subducting slab is inferred to be 

greatest in the vicinity of the STEP fault and contributes to the increase in the northward-

directed flexure of the South American continental/transitional lithosphere in the Gulf of 

Paria and western Trinidad area (Fig. 2.14). I define a lineation which is approximately 

aligned with the CRFZ, which defines the axis of the flexure of the South American 

lithosphere towards the north (Fig. 2.8C, D). This axis appears to be laterally aligned with 
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the subduction trace, so it forms a continuous feature which defines the lineation of 

maximum flexure of the South American crust as it is bends to be subducted at the 

Caribbean plate’s eastern margin, and under-thrusted along the southern margin of the 

Caribbean plate (Fig. 7D – F).  

Implications of the seismicity gap 

The seismic gap over Province B (Fig. 2.4) may be explained by three possible 

interpretations: (1) the area defined by the gap is underlain by crust which subducts easily 

and aseismically without significant faulting and rupturing of the slab; (2) the subduction 

zone is locked along this segment and is consequently accumulating strain which may 

potentially be released in a major rupture and associated large seismic event; (3) the slab 

has become detached from the lithosphere at the surface within this province and is 

descending aseismically into the mantle, [DeLong et al., 1975; Kagan and Jackson, 1991; 

1995; Fowler, 2005; Parsons, 2008]. Tomographic modeling suggests that the slab is 

attached to the lithosphere within Province B (Fig. 2.8A) and given the interpretation of 

Jurassic and consequently colder and denser oceanic crust compared to the adjacent 

Cretaceous oceanic crust to the north; I prefer the interpretation of the seismicity gap 

being a consequence of the lithosphere in this province readily bending and subducting 

aseismically. A locked subduction zone is a possibility but given that this entire margin; 

including the areas of Cretaceous and Jurassic oceanic crust, is characterized by very few 

inter-plate seismic events and the recorded seismic events are predominantly due to intra-

plate bending [Stein et al., 1983], I favor the aseismic subduction model. Further, the 

Demerara and Guyana fracture zones; which are linear weak zones as characterized by 

their negative velocity anomaly and high attenuation signature (Fig. 2.7), may also plays 

a role in facilitating the aseismic subduction of this narrow (~250 km-wide) segment of 
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subducting oceanic lithosphere. These paleo-transform features may allow this narrow 

segment to easily bend and deform as it enters the subduction zone and sinks beneath the 

Caribbean plate.   

The volcanic rocks to the east of the seismic gap on Grenada; located above the 

subducting Province B (Fig. 2.4), include calcalkalic andesites and dacite which are 

petrologically and mineralogically similar to the volcanics found to the north on the 

Lesser Antilles arc, however they are temporally and spatially associated with strongly 

silica under-saturated basanitoids and alkali basalts along with distinctly different trace 

element abundances which are an unusual and unique occurrence, not observed elsewhere 

on the Lesser Antilles arc [Sigurdsson et al., 1973; Arculus, 1976; 1978]. Possible 

explanations for the unique geochemistry of the Grenada volcanics include: (1) along-

strike variations in the composition of the upper mantle source material; (2) along-strike 

variations in magma generation processes such as differences in fractional crystallization 

and or partial melting of subducted oceanic basalt along the arc; (3) geologic structures 

such as faults on the subducting plate which may be a potential source for introducing 

mantle material above the slab [Arculus, 1976; Brown et al., 1977; Arculus, 1978; 

Westercamp, 1988]. Alkali basalts such as those found on Grenada can be generated from 

the partial melting of a garnet iherzolite (upper mantle peridotite) source above a 

subducting slab [Arculus, 1976; Brown et al., 1977; Arculus, 1978]. DeLong et al. [1975] 

proposes that alkali magmas can be introduced in an arc above the subducted slab in 

locations where there is a pathway for sub-lithospheric alkali magmas; which are not 

typical of island arcs, to become available to erupting arc systems such as at or near the 

lateral edge or termination of subduction and where fracture zones are subducted.  

Grenada is the southernmost volcanic island of the Lesser Antilles arc and is 

located ~170 km to the north of the STEP fault which tears the subducting slab away 
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from the buoyant South American continent and facilitates the flow of asthenospheric 

mantle around the tear [Clark et al., 2008; Miller et al., 2009]. The Guyana fracture 

zone/COB at the southern boundary of Province B is a linear zone of weakness and when 

this feature is projected onto the Caribbean Plate it crosses the Lesser Antilles arc in the 

southern Grenada area (Fig. 2.4). I infer that the Guyana fracture zone/COB may be a 

potential source for introducing alkali mantle above the subducting slab and the 

production of the exotic volcanic rocks in the Grenada area. 

 

BASEMENT GEOMETRY AND SHALLOW STRUCTURES 

Basement geometry 

The basement which is deeply buried in most places is interpreted to be laterally 

variable across the study area as follows: (1) the lateral equivalent of the 

metasedimentary and granitic rocks of the South American shield [Ostos and Sisson, 

2005; Ostos et al., 2005] in the area beneath the Columbus Basin shelf; (2) oceanic 

basalts formed at the rift boundary during the separation of North and South America 

within Provinces A and B; and (3) the lateral equivalent of Cretaceous igneous and 

metamorphic units exposed on Tobago [Snoke et al., 2001] and penetrated in wells drilled 

in the North Coast Basin [Robertson and Burke, 1989] within Province E. The top of the 

basement is identified by a large impedance contrast between the igneous rocks of the 

basement characterized by chaotic reflectors of variable amplitude and the overlying 

sedimentary rocks characterized by parallel to subparallel reflections. The top surface of 

the Atlantic oceanic basement and the Caribbean basement is rough and irregular, while 

the top of the South American continental basement has a very smooth surface. The 

basement is mapped as two separate surfaces for the South American and Caribbean crust 
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respectively (Fig. 2.12). The South American basement has a regional dip towards the 

northwest; however there is a difference in the angle of the northwest dip across the COB 

as the basement dips ~3°–4° beneath the Darien Ridge within Province C, and ~4.7°–6° 

beneath the BAP within Province B (Figs. 2.12, 2.13A–D). 

Crustal/basin-scale provinces 

There are very distinct changes over short distances in the type of dominant 

structures which disturb the sedimentary sequence and define the crustal provinces within 

the SSST zone. The submarine SSST zone east of the island of Trinidad is composed of 

Cretaceous through Quaternary sediments which have been supplied primarily by the 

Orinoco Delta which has been directing sediments derived from the South American 

shield, to the Trinidad and offshore shelf to deep marine Atlantic Basin since at least 

Miocene time [Leonard, 1983; Diaz de Gamero, 1996; Wood, 2000; Warne et al., 

2002b]. The typical shelf, slope deep marine basin profile typical of coastal margins is 

complicated in this region by the structures associated with the plate boundary transition 

zone to produce the following tectono-stratigraphic provinces. 

Extensional Columbus Basin Shelf 

The Columbus Basin shelf is located in water depths up to ~200 m at the shelf 

edge and it is bounded to the north by the Darien Ridge which contributes to the loading 

of the Columbus foreland basin (Fig. 2.13D). The shelf is characterized by two 

orthogonally oriented structural trends: (1) ENE–WSW trending Galeota Ridge and SEG 

High; which are broad antiforms characterized by thin onlapping sediments, erosional 

surfaces and evidence of sediment bypass, that are on trend with the onshore Southern 

Basin fold and thrust belt (Figs. 2.2, 2.13D). The associated synclines are filled with 

thick, laterally extensive sedimentary deposits (Figs. 2.2, 2.13D). (2) NNW–SSE 
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trending, regional, down-to-the-east, gravitational, listric faults and down-to-the-west 

counter-regional listric faults which sole-out within the Paleogene to Upper Cretaceous 

sequences (Figs. 2.2, 2.13C) [Leonard, 1983; Wood, 2000; Bevan, 2007]. The basement 

in this province is overlain by thick Cretaceous carbonate and clastic sequences which are 

inferred to be the equivalent of the Cretaceous Cuche, Gautier and Naparima Hill 

Formations exposed and penetrated in wells onshore Trinidad [Persad, 1985; Wood, 

2000]. The inferred Paleogene sequences which have not been penetrated in the area but 

have been seismically correlated are relatively thin and show evidence of plastic 

deformation where the faults appear to curve and sole into these layers as distinct fault 

planes cannot be traced through these units (Fig. 2.13C). The Holocene through Pliocene 

sediments on the shelf are stacked in extensive progradational and transgressive 

sequences on the shelf [Di Croce et al., 1999; Wood, 2000; Bowman, 2003; Sydow et al., 

2003]. The most distal part of this province is defined by a counter-regional west dipping 

fault at the shelf-edge which is active at the present-day with displacement at the sea-

floor (Fig. 2.13C).  

Columbus Basin Slope 

The slope province has been disturbed and shortened by the active structures 

associated with: (1) plate boundary deformation from the north and west; (2) the 

gravitational structures which affect the shelf and extend into the proximal sections of the 

slope province; and (3) the thin-skinned deformation of the BAP and associated faults to 

the east (Figs. 2.2, 2.13C). This province extends from the shelf-edge where it is bounded 

to the west by a down-to-the-west counter-regional normal fault in the area south of the 

Darien Ridge and a large down-to-the-east normal fault in the area adjacent to the Darien 

Ridge uplift (Fig. 2.13B, C). I define the eastern boundary of the slope province by the 
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location of the most proximal west-verging back-thrust which forms the western 

boundary of the BAP (Fig. 2.13B, C).  

The slope province is characterized by fault cored, folded anticlinal structures 

which young towards the east; where the folding affects progressively younger 

stratigraphy (Fig. 2.13B, C). The core of the anticlinal structures which affect Holocene 

through Miocene stratigraphy appear to be characterized by chaotic and intensely 

disrupted seismic reflections which is inferred to be due to a more plastic style 

deformation with mobilized sediments within the core of the structure. There are >100 

mud volcanoes identified on the seafloor within the slope province (Fig. 2.2) which are 

aligned with the location of the anticlinal structures [Deville et al., 2003; Sullivan et al., 

2004; Deville et al., 2006; Callec et al., 2010; Moscardelli et al., 2012]. The mud-

volcanoes; which are conduits for the ejection of fluidized sediments including shales and 

fine sands at the seafloor, have surface expressions which are ≤3 km in diameter, and 

they vary in form from depressions 30 meters below the seafloor, to steep sided cones up 

to 150 meters above the seafloor [Brami et al., 2000; Sullivan et al., 2004; Deville et al., 

2010].  

In places where they deform the seafloor, the anticlinal structures have subdivided 

the slope province into a number of mini-basins (Fig. 2.13B, C) which have been filled 

by a combination of channelized, sheet and catastrophic failure depositional systems 

[Brami et al., 2000; Moscardelli et al., 2006]. The Cretaceous succession underlying the 

slope province is interpreted to be extended as it is dissected by normal, graben-style 

faulting, particularly in the vicinity of the COB (Fig. 2.13C). Given that this extension 

does not appear to affect the younger sequences based on the interpreted seismic sections, 

this extension was most likely related to motion on the paleo-fracture zone which 

accommodated the opening of the Central Atlantic Ocean, with possible reactivation in 
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response to the flexure of the South American basement as it is overridden by the 

Caribbean plate to the northwest.  

Contractional shelf provinces 

The Darien Ridge is the offshore extension of the Central Range and it forms the 

easternmost segment of the approximately SW–NE trending fold and thrust belt of 

eastern Venezuela. There are a series of south to southeast verging thrust faults and folds 

[Christeson et al., 2008; Garciacaro et al., 2011a] which extend from the Caribbean 

basement and the Tobago Terrane at the leading edge of the Caribbean plate, beneath the 

Columbus Basin to a deformation front at ~10°N, in the vicinity of the international 

maritime boundary (Fig. 2.13D). The shortening and thrusting deformation is most 

intense in the plate boundary zone between Tobago and the Darien Ridge where there are 

the highest elevations in the area. Water depths shoal over the Darien Ridge compared to 

the surrounding basins as the bathymetry ranges from 4–45 meters (Fig. 2.2), and the 

thrusts affect very shallow stratigraphy (<500 meters BSL) (Fig. 2.13B, D).  

There is less deformation to the south of the Darien Ridge where there are deeply 

buried thrusts (at depths >10 km) beneath the thick Pliocene to Holocene sediments of the 

Columbus Basin [Garciacaro et al., 2011a] (Fig. 2.13C, D). The thrusts appear to sole 

above the basement in the Columbus Basin area, however I interpret that thrusts cut into 

the basement beneath the Darien Ridge where the basement is involved in deeper thrusts 

to the north (Fig. 2.13D). The fold and thrust structures of the Darien Ridge and offshore 

east coast Trinidad are interpreted to be laterally continuous with the southward verging 

fold and thrust structures which intensely deform Cretaceous through middle Miocene 

stratigraphy of the Central Range, Southern Basin and Southern Range of onshore 

Trinidad [Ablewhite and Higgins, 1968; Tyson et al., 1990; Dyer and Cosgrove, 1992] 
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and approximately coeval to younger than the emplacement of the Serrania del Interior in 

eastern Venezuela [Avé Lallemant, 1997; Hung, 2005].  

The décollement within this province cuts through the base of overthrusted 

packages which is interpreted to include basement units (Fig. 2.13D) and it is inferred to 

continue beneath the obducted metamorphic terranes which have been emplaced during 

the collision above South American basement (Fig. 2.14). There is a prominent 

unconformity surface interpreted to be associated with the middle Miocene orogenic 

event that resulted in the uplift of the Serrania del Interior, the Northern, Central and 

Southern Ranges and the Darien Ridge [Tyson et al., 1990; Babb and Mann, 1999; Soto 

et al., 2011]. The highly irregular middle Miocene unconformity is overlain by a thin 

succession <500–1000 ms of late Miocene through Holocene sediments over the Darien 

Ridge where shortening is most intense, (Fig. 2.13B, D). Following the middle Miocene 

shortening and uplift event the ridge and the onshore Central Range was cut and sheared 

by the right lateral CRFZ [Robertson and Burke, 1989; Payne, 1991; Erlich et al., 1993] 

which dissects and offsets the thrust packages within the Darien Ridge (Fig. 2.13B). 

Suture zone 

Based on seismic interpretation the Hinge Line Fault Zone (HLFZ) defines the 

boundary between Caribbean igneous basement and allochthonous Tobago and Northern 

Range terranes which include pre-Cenozoic magmatic and volcanogenic-rich sedimentary 

rocks and Jurassic sediments which have been deeply buried, metamorphosed, dragged, 

obducted and emplaced within the southeast Caribbean plate boundary zone [Speed, 

1985; Speed and Smith-Horowitz, 1998] (Figs. 2.12, 2.13). The EPFZ defines the 

boundary between the metamorphic Northern Range and the deformed, thrusted and 

uplifted Cretaceous through Miocene sediments; which initially blanketed the north-
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dipping South America passive margin basement prior to the arrival of the Caribbean 

plate in the area, and now form the core of the Darien Ridge (Fig. 2.13D). Post-middle 

Miocene extension within the suture zone is evident in the presence of down-to-the-

northwest normal faulting of the metamorphic basement which has resulted in the 

accumulation of late Miocene through Recent strata on the downthrown (hanging-wall) 

side of the respective faults with syn-depositional, wedge-shaped, thickening towards the 

associated footwall blocks (Fig. 2.13D).  

There is a small, confined sedimentary basin filled with late Miocene through 

Recent sediments which is on trend with the eastward narrowing Northern Basin of 

onshore Trinidad. The late Miocene stratigraphy onlaps towards the north onto the 

uplifted metamorphic terrane, while at the southern flank of the basin the late Miocene 

through Recent stratigraphy is incorporated into more intensely deformed anticlinal folds 

which continue to the south over the Darien Ridge (Fig. 2.13D). The thickest, central 

section of the late Miocene to Pliocene succession coincides with the location of the 

EPFZ and the southern termination of the underlying, approximately southward tilting 

metamorphic basement block (Fig. 2.13D). An unconformity at/near the top Pliocene 

surface is identified by the onlap of horizontal seismic reflectors; interpreted as un-

deformed Quaternary stratigraphy, onto the limbs of the folded top Pliocene surface. The 

geometry of the basin-fill, and onlap onto the metamorphic basement suggests syn-

depositional displacement that is most likely associated with the northwards subsidence 

of the metamorphic basement block.  

Barbados accretionary prism 

The basement reflection of the basaltic igneous Atlantic oceanic is observed on 

seismic sections east of the island of Guadeloupe to be dipping ~9° to the west beneath 
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the prism [Westbrook et al., 1988]. In the southeast Caribbean SSST zone the basement is 

identified on seismic sections just east of the BAP deformation front, at ~11 km below 

sea-level and it dips ~5°–6° towards the northwest beneath the accreted sediments. The 

décollement surface which is observed to the north and described in previous studies as 

the boundary between the subducting Atlantic crust and the overlying prism accreted in 

front the Caribbean plate, is identified within the SSST zone area to east of Trinidad and 

can be traced as far south as ~9.85°N (Fig. 2.13B). Within the SSST zone the 

décollement surface tracks along the top Paleogene surface; to ~100 km west of the 

deformation front, at which point the décollement surface cuts downdip towards the top 

basement surface (Fig. 2.13A, B). Within the SSST zone, the BAP widens to >300 km 

due to the incorporation of the large volume of sediment supplied by the Orinoco Delta 

and deep marine fan systems [Speed and Larue, 1982; Ercilla et al., 1998; Huyghe et al., 

1999; Ercilla et al., 2000].  

The BAP has been divided into four structural zones [Brown and Westbrook, 

1987] based on seismic reflection data to the north of Barbados, however within the 

SSST zone the inner prism zones of supra-complex basins and the Barbados Ridge 

terminate at ~10.7°N and to the south of this location they are replaced by the plate 

boundary collisional structures and associated provinces (Fig. 2.13A, B). The Barbados 

Ridge terminates just north of Tobago and the west-verging thrust blocks of this zone are 

replaced to the south of Tobago by south to southeast verging thrust blocks including the 

Darien and Galeota Ridges (Fig. 2.13A–D). The zone of supra-complex sedimentary 

basins including the associated piggy-back basins located east of the Barbados Ridge is 

replaced by the Darien Basin located in the slope to basin floor setting offshore eastern 

Trinidad (Fig. 2.13A, B). The fold and thrust structures within the Darien Basin young 

towards the east with the eastern-most, east-verging thrust structure forming a positive 
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feature on the seafloor (Fig. 2.13B). The outer prism zones of initial accretion and 

stabilization continue into the SSST zone and terminate at ~9.5°N. (Fig. 2.13A–C).  

Gulf of Paria 

The Gulf of Paria basement is inferred to be equivalent to the east coast basement 

and is onlapped by possibly Jurassic [Eva et al., 1989; Babb and Mann, 1999] and 

Cretaceous through Pliocene sediments and capped by a Quaternary drape. Onlap 

patterns suggest that the allochthonous metamorphic basement was uplifted to form the 

narrow Northern Range feature during the Miocene as documented by Babb and Mann 

[1999] (Fig. 2.13E). Based on seismic interpretation metamorphic rocks equivalent to the 

Jurassic outcrops of the Northern Range are inferred to be present beneath the southern 

section of the North Coast Shelf. Pre-Miocene stratigraphy appear to have experienced 

some measure of shortening as the pre-Miocene strata are interpreted to be folded and 

may also been disrupted by thrust faults (Fig. 2.13E); seismic image quality prohibits the 

identification of distinct fault planes at depth however mid to early, late Miocene 

transpressional faults are documented by Babb and Mann [1999] in the Gulf of Paria to 

the south of the Northern Range. The shallow structure is dominated by normal/oblique 

faulting; with significant down-to-the-south throw against the southern-most strand of the 

EPFZ, and displacement of Holocene through Miocene and older stratigraphy by other 

smaller normal faults which in some places form approximately east–west striking graben 

structures filled with Miocene sediments (Fig. 2.13E). The Gulf of Paria formed as a late 

Miocene pull-apart basin as a significant amount of the plate boundary motion was 

transferred to the south from the EPFZ to the Warm Springs fault and CRFZ resulting in 

the abandonment of the EPFZ east of the Gulf of Paria [Babb and Mann, 1999].  
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DISCUSSION 

Lithospheric transition from subduction to strike-slip 

The absence of the topographic depression associated with the subduction trench 

is just one element which complicates the identification of the location of the southern 

termination of subduction in the southeast Caribbean. The lateral termination of 

subduction may occur under a number of geological scenarios including: (1) at a lateral 

change in the type and density of crust on the down-going plate; (2) at a triple junction; 

(3) where a strike-slip fault offsets a subduction margin; and (4) at the lateral termination 

of an over-riding plate where it is bounded on two sides by the over-ridden plate. In the 

southeast Caribbean the fourth situation exists, accompanied by scenario 2 where the 

southeastern termination of the over-riding Caribbean plate coincides with a transition 

from oceanic to transitional–continental crust on the under-thrusted South American plate 

between the latitudes of 12°N and 9°N.  

Based on the basement dip determined from seismic reflection interpretation and 

the tomography model (Figs. 2.8, 2.12), and the coincidence with variations in the pattern 

of seismicity and the volcanic character of the arc (Figs. 2.4, 2.5), I suggest that the 

southern termination of subduction occurs in spatially and temporally transitional way. At 

the present-day there is a transition from subduction to collision terranes across the COB 

(Fig. 2.13A, B, D) and then a transition from collision to strike-slip across the STEP fault 

in the Paria Peninsula area (Fig. 2.15).  

To the east of the COB the Atlantic oceanic crust of Provinces A and B are being 

subducted beneath the Caribbean plate and there is the approximately parallel Lesser 

Antilles volcanic arc formed as the slab descends into the mantle (Fig. 2.14A), and the 

broad BAP to the east of the subduction trace. To the west of the COB the South 

American lithosphere beneath Province C is underthrusted beneath Caribbean terranes 
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with intense (possibly basement-involved) deformation as a result of the oblique collision 

between the two plates at the leading southeastern corner of the Caribbean plate (Fig. 

2.8C, D). The narrow zone of collision includes the elevated, footwall block of the Darien 

Ridge which elevates slices of the Cretaceous and basement [Garciacaro et al., 2011a], 

and the allochthonous metamorphic terranes of the Northern Range and Tobago High 

(Fig. 2.14). In the collision zone between the COB and the STEP fault, the subducted slab 

attached to the South American transitional–continental lithosphere to the south of the 

over-riding Caribbean plate (Figs. 2.14B, 2.15). The continental lithosphere flexes 

towards the north beneath the Caribbean plate in response to: (1) the load from the 

detached and descending slab to the west of the STEP fault; and (2) the load of the 

Caribbean Plate including its allochthonous terranes which have been thrusted onto the 

South American margin within the suture zone (Fig. 2.14B–C). It is inferred that the 

South American transitional–continental lithosphere which dips northwest at shallower 

angles compared to Province B (Fig. 2.14) resists subduction due to its buoyancy as well 

as its oblique convergence angle relative to the leading edge of the Caribbean plate and 

remain at surface as the slab becomes detached over time.  

To the west of Trinidad; in the vicinity of the STEP fault, the dip of the South 

American lithosphere towards the north steepens slightly to 29° compared to 24° in the 

onshore Trinidad area (Figs. 2.8D, 2.14). The shallow subsurface structures in the Gulf of 

Paria area to the south of the Northern Range and EPFZ are predominantly large 

displacement extensional faults and transtensional structures which contrasts with the 

shallow Darien Ridge contractional structures observed east of Trinidad to the south of 

the EPFZ. The shallow extension is inferred to be related to the increased dip of the 

lithosphere in the vicinity of the STEP. To the west of the STEP fault, the subducted slab 
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is interpreted to be completely detached and the plate motions are predominantly strike-

slip [Clark et al., 2008]. 

Influence of the crustal variations of the subducting plate 

The study of the structures which accommodate transition from subduction to 

strike-slip tectonics at the complex southeast Caribbean plate boundary is complicated by 

lateral variations in crust type on the subducting South American plate. Crustal properties 

such as age, density, lithospheric thickness, effective elastic thickness and flexural 

rigidity as well as pre-existing structures from previous deformation, influence the 

response of the lithosphere to an emplaced load, including its buoyancy, ability to resist 

subduction and its response to stress including the initiation and propagation of faults 

[Cloos, 1993; Royden and Dawson, 2002; Fowler, 2005; Royden and Husson, 2009]. 

Along the eastern margin of the Caribbean plate where there is direct westward-directed 

subduction; systematic differences in crustal properties coincide with changes in the style 

and amount of seismicity and the character of volcanic products on corresponding 

segments of the Lesser Antilles island arc. The existence of the ~250-km-long seismicity 

gap which coincides with the width of the Jurassic oceanic crust Province B, and lower 

attenuation values compared to Province A may suggest that differences in the crustal 

properties on the subducting plate influence the flexure of the slab as it is subducted 

(Figs. 2.4, 2.7, 2.10). The older crust of Province B appears to subduct relatively 

aseismically compared to the younger, warmer and more buoyant oceanic crust of 

Province A. The Demerara and Guyana fracture zones which define the northeastern and 

southwestern boundaries of Province B are linear weak zones as characterized by their 

negative velocity anomaly and high attenuation signature (Figs. 2.7, 2.10). The paleo-
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transform features may allow this narrow (250-km-wide) segment to easily bend and 

deform aseismically as it enters the mantle and sinks beneath the Caribbean plate.  

There is an abrupt elevation change on both the Caribbean and South American 

plates in the vicinity of the COB which defines the boundary between Provinces B and C 

(Figs. 2.4, 2.12). The South American basement of Province B dips more steeply (~4.7°–

6°) towards the northwest compared to the adjacent Province C basement (~3°–4°) (Fig. 

2.12). On the Caribbean plate and in the vicinity of the subduction trace, the extent of 

elevated Caribbean basement and allochthonous magmatic arc rocks around Tobago 

appear to be aligned with the lateral extent of Province C transitional type crust (Figs. 

2.1B, 2.12). The lower angle of northwest dip of Province C basement and lithosphere, 

combined with the intensity of basement-involved shortening (Fig. 2.13D) support an 

interpretation that the thicker and more buoyant transitional South American crust (Fig. 

2.1B, 2.9B–D) is more resistant to subduction by the Caribbean plate than the adjacent 

Province B. The resistance to subduction of Province C results in oblique collision at this 

location characterized by relatively narrower zone deformation; which may include 

basement thrusts, and higher elevations of shortened structures (Fig. 2.13D).    

The observation of the velocity inversion from a positive velocity anomaly 

offshore east coast Trinidad within Province C to the negative velocity anomaly beneath 

Trinidad and the Gulf of Paria may be due to along-strike variations in the rigidity and 

mechanical strength of the lithosphere. This east-to-west variation in lithospheric 

character is interpreted to be due to deformation associated with the STEP tectonics 

rather than differences in crustal type and composition. The arrival of the Caribbean plate 

in the eastern Venezuela–Trinidad area in the middle Miocene [Speed, 1985; Robertson 

and Burke, 1989; Erlich and Barrett, 1990; Avé Lallemant and Sisson, 2005; Pindell and 

Kennan, 2009] was responsible for the west to east, time-transgressive loading and 
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underthrusting of the previously north-facing South American passive margin which was 

in the path of the advancing Caribbean plate. The proximity of the flexed South 

American lithosphere beneath Gulf of Paria and western Trinidad to the STEP tear and 

associated processes; including the influx of mantle material around the tear and above 

the South American crust [Miller et al., 2009], is interpreted to be the factor responsible 

for lateral differences in velocity character of the South American lithosphere and the 

velocity inversion observed along strike (Figs. 2.7, 2.8).  

Crustal structures of the subduction to strike-slip transition 

Within the subduction to strike slip transition zone, there is a systematic change in 

the dominant structural style on the South American plate that can be related to the 

passage of the Caribbean plate and the accommodation of subduction termination. There 

are distinct differences in the structural styles above the basement from the zone of pure 

subduction to the north of the Demerara fracture zone to the region of dominant strike-

slip faulting west of the Gulf of Paria. The leading eastern edge of the Caribbean plate is 

located to the northeast of Trinidad; as defined by the subduction trace (Fig. 2.1B).  

Eastern SSST zone 

The eastern SSST zone includes: (1) shortened terminal zones of the BAP which 

overlie Province B oceanic basement; and (2) the collisional zone formed above Province 

C transitional continental crust and comprises the uplifted fold and thrust structures of the 

Darien Ridge, Central Range, and southern Trinidad, and the Columbus foreland basin. 

The BAP has been growing and propagating eastward relative to South America as 

successive forward-breaking thrusts form at the front of the prism while out-of sequence 

activity on older thrusts continues to deform the inner zones of the BAP. In the collision 

zone the EPFZ initiated circa middle Miocene as an oblique thrust which accommodated 
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the uplift and emplacement of metamorphic terranes against South American provinces, 

as well as some right lateral translation within the plate boundary zone (Fig. 2.13D). 

Based on post-Miocene extension on structures affecting the metamorphic terrane, 

including the basin formed above the EPFZ (Fig. 2.13D), the area is inferred to have been 

affected by extensional or transtensional structural activity, following the middle 

Miocene orogeny. The EPFZ and associated thrusts were reactivated with a normal sense 

of displacement which may be due to gravitational reorganization of the obducted 

provinces [Weber, 2005] following the tectonic transition from oblique collision and 

suturing in the middle Miocene to predominantly strike-slip motion centered on the 

CRFZ to the south. An alternative explanation or possible contributing factor to the 

northwest directed extension may be the downward flexure of the South American 

lithosphere towards the northwest which drives extension at shallow depths as the over-

riding allochthonous Northern Range and Tobago terranes collapse into the flexurally 

generated space at depth.  

Western SSST zone 

The southward shift of plate boundary fault motion has been correlated with 

changes in lithospheric thickness and the absence of thick pre-Cambrian basement in the 

Trinidad area, which is present and forms a rigid backstop to the south of the eastern 

Venezuela fold and thrust belt [Babb and Mann, 1999]. Based on tomographic imaging 

of the deeper structure I propose that the formation of the Gulf of Paria pull-apart and the 

apparent sinking of northwestern Trinidad into the Gulf of Paria as described by Weber 

[2005] are related to the propagation of the STEP fault and the associated downward 

flexure of the lithosphere in the vicinity of the tear fault (Figs. 2.14C, 2.15). I correlate 

the increase in the northward dip of South American lithosphere beneath the Gulf of Paria 
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with the STEP faulting processes. The models of Govers and Wortel [2005] predict that 

to the south and trench-ward of the STEP, the lithosphere of the overridden plate is 

coupled with the subducting slab which results in the subsidence of the lithosphere south 

of the STEP. The location of the STEP within 50 km of the Gulf of Paria places this basin 

in the region of high flexural strain as the load/weight of the detached slab would be 

greatest near the hinge where the slab is attached to the South American lithosphere. The 

relative increase in the northward dip of the lithosphere beneath the Gulf of Paria, 

combined with the absence of a thick lithospheric backstop sets up extension and creation 

of vertical accommodation in the crust (Fig. 2.14C) to facilitates the ~40 km southward 

step of the active plate boundary faults, the transtensional opening of the Gulf of Paria 

and the apparent westward subsidence of northern Trinidad towards the Gulf of Paria.  

Implications for models of STEP propagation 

STEP fault propagation generates kilometer scale topography in the form of 

basins and uplifts, and the southeastern Caribbean SSST zone provides an in-progress 

analog to identify specific structures and improve our understanding of the influence of 

STEP faulting on surface geomorphology. I propose that the deformation of the South 

American lithosphere in the Trinidad area, the formation of the Gulf of Paria pull-apart 

basin and associated tilting and collapse of adjacent provinces into the vertical 

accommodation generated by the flexure of South American lithosphere; is influenced by 

the presence of STEP faulting and the hinge of vertical tearing at the Paria Peninsula. The 

transitional continental lithosphere beneath the Gulf of Paria and Trinidad is coupled to 

the slab which has been torn away from the continent to the west of the STEP fault. The 

load of the slab in combination with STEP propagation enhances the time-transgressive 
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flexure of the overridden lithosphere to produce more complex structures and basin 

systems than the conventional fold and thrust foreland basin development. 

The influence of lithospheric thickness changes on the underthrusted South 

American lithosphere and the presence of pre-existing lineations may also contribute to 

the complex topographic response to STEP faulting. The decrease in lithospheric 

thickness from eastern Venezuela to the Trinidad area, as well as basement lineations 

may facilitate greater flexure of the lithosphere as the STEP fault propagates eastward. 

This has implications for the possibility of variations in the trajectory of the STEP fault 

which may vary from the model of a near linear projection of the fault in a direction 

orthogonal to the subduction boundary. Pre-existing weak zones coupled with changes in 

the mechanical properties of the underthrusted lithosphere may influence a location and 

position of the tear that deviates from the predicted model to exploit weaknesses 

associated with pre-existing structures or transitions in the lithosphere.  

At the South American SSST zone I propose two alternate scenarios for the 

propagation of the STEP to the east of the Paria peninsula in addition to the predicted 

linear projection along the EPFZ of northern Trinidad: (1) The STEP tear steps to the 

south, following the trend of the active plate boundary faults in the Gulf of Paria. In this 

scenario the STEP would exploit weaknesses associated with paleo-structures; such as 

basement lineations which may have facilitated Jurassic rifting as suggested by Babb and 

Mann [1999], to propagate to the south (Fig. 2.15). The thinner basement and lithosphere 

in the Trinidad area compared to the adjacent South American continent may also 

facilitate the southward step by providing less resistance to the propagation of tearing and 

flexure of the lithosphere at a more southern location; (2) The STEP fault continues to 

propagate parallel to the EPFZ, and then steps to the south along the present-day 

COB/Guyana fracture zone (Fig. 2.15). The COB is identified as a pre-existing weak-
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zone which is possibly accommodating left-lateral transfer between Province B 

lithosphere which is proceeding to the subduction zone and Province C lithosphere which 

is in collision and being underthrusted at relatively shallower dips to the northwest. This 

may be an optimal location for deviation of the STEP fault as there is a distinct change in 

the mechanical and flexural properties of the crust and lithosphere of the South American 

plate across the COB (Figs. 2.8, 2.9, 2.11, 2.12). Additionally, to east of the COB there is 

oceanic crust with no land mass immediately south of the Caribbean plate; a 

configuration which sets up a free-face that could accommodate a southward step of the 

plate boundary and a more southerly emplacement of Caribbean terranes (Fig. 2.15). 

Implications for the evolution of the northern South American margin 

The eastward motion of the Caribbean plate has time-transgressively converted a 

passive margin characterized by proximal to distal marine depositional systems into a 

tectonically complex and intensely deformed margin defined by exhumed, shortened and 

uplifted structures with associated foreland basins and strike-slip displacement with 

laterally translated blocks. There has been discussion and debates by various workers 

over the timing and sequence of the processes; specifically related to collision and 

translation, responsible for the deformation and complex assembly of terranes and 

provinces at the margin [Speed, 1985; Eva et al., 1989; Robertson and Burke, 1989; 

Pindell et al., 1991; Babb and Mann, 1999; Jacome et al., 2003; Escalona and Mann, 

2011; Soto et al., 2011]. Based on my observations in the SSST zone and integration of 

findings from other studies as discussed above I propose a South American margin 

evolution that includes a deformation phase driven by STEP faulting.  

The evolution since the arrival of the Caribbean plate at a given section of the 

margin includes: (1) flexure of the South American lithosphere in front of the leading 
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edge of the Caribbean plate as the oceanic crust is bent towards the subduction zone 

under the influence of slab pull and the load of Caribbean terranes (Fig. 2.14A); (2) 

shortening, exhumation and uplift as the leading eastern edge of the Caribbean plate 

encounters a previously passive segment of northern South America which is 

underthrusted towards the north beneath allochthonous terranes which are emplaced 

above the flexed South American lithosphere, with associated thrust belt and foreland 

basin formation on the South American plate (Fig. 2.14B); (3) STEP faulting and tearing 

of the Atlantic slab beneath the Caribbean plate away from the flexed northern South 

American lithosphere at the southern boundary of the Caribbean plate. The northward dip 

of the South American lithosphere increases in the vicinity of tearing which creates 

vertical accommodation in the crust. The southward step of plate boundary faults may 

occur where basement lineations are encountered, to form transtensional structures and 

basins such as the Gulf of Paria, with inversion on pre-existing faults such as the EPFZ, 

and the subsidence of adjacent terranes (the apparent sinking of western Trinidad towards 

the Gulf of Paria as described by [Weber, 2005]) (Fig. 2.14C); (4) Complete slab break-

off and the dominance of strike-slip faulting at the southern margin of the Caribbean plate 

with associated rebound of previously subsided terranes on the South American plate in 

response to the removal of the load of the subducting slab as described by [Escalona and 

Mann, 2011].  

I interpret that the processes associated with the STEP tearing play a tangible role 

in influencing the deformation and geomorphology of northern South American margin 

as the Caribbean plate is translated eastward relative to the continent. This is supported 

by observations in older over-filled basins to the west of the STEP fault where Jacome et 

al. [2003] found that only 55% of Maturin Basin subsidence can be accounted for by 
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shortening within the Serrania del Interior and they proposed that the additional 6 km of 

subsidence is related to subducted slab dynamic topography. 

CONCLUSIONS 

(1) The southeast Caribbean SSST zone extends from an area of direct subduction 

in the vicinity of Barbados, to the STEP fault inferred at 62.5° W (Fig. 2.15). A transition 

from subduction to collision is centered on the COB and a second transition from 

collision to strike-slip occurs in the vicinity of the STEP fault (Fig. 2.15). To the north of 

the SSST zone the South American lithosphere dips towards the west at angle of ~58° 

(Fig. 2.15). 

(2) The dip of the subducting lithosphere decreases towards the south within the 

SSST zone; the slab dip decreases from 65° in the area of direct subduction, to ~44° 

towards the northwest within the east coast Trinidad outer shelf to slope. The slab is 

attached to South American continental lithosphere along the northern Trinidad margin 

where the lithosphere dips at 24° towards the north to northwest beneath Trinidad and it 

steepens to 29° beneath the Gulf of Paria on approach to the STEP fault at the Paria 

Peninsula (Fig. 2.14). The increase in dip beneath the Gulf of Paria is related to the load 

induced by the torn slab which is coupled to South American lithosphere west of the 

STEP. The axis of flexure of the South American lithosphere forms a lineation that is 

approximately parallel to the curved NE–SW trending CRFZ and appears to be a curved 

lateral extension of the ~north–south oriented subduction trace (Fig. 2.15). The northward 

flexure of the lithosphere may contribute to the creation of accommodation in the upper 

crust which facilitate pull-apart basin formation and the apparent subsidence of northern 

Trinidad into the Gulf of Paria observed by Weber [2005].  
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(3) The velocity profile of the lithosphere is variable across the SSST zone with a 

velocity inversion that is characterized by a strong positive anomaly in the area of 

Province C, which transitions to a strong negative anomaly towards the STEP fault (Figs. 

2.7D-F, 2.8B-E). The systematic variation in the velocity character of the South 

American lithosphere is attributed to the deformation and consequent weakening of the 

transitional–continental lithosphere by the STEP fault and tearing processes which 

facilitate asthenospheric mantle flow around the torn lithosphere and slab as proposed by 

Miller et al. [2009].  

(4) Pre-existing structures and lineations play a significant role in the evolution of 

the margin, as they facilitate and influence the location of flexural transitions in the 

lithosphere. The COB which is aligned with a paleo-transform fault associated with 

Atlantic Ocean opening may be accommodating differential flexure and motion of South 

American lithosphere as the oceanic crust proceeds to the subduction trace while the 

continental crust resists subduction (Fig. 2.15). I consider the scenario in which STEP 

fault propagation may deviate from the modeled linear trend parallel to the strike-slip 

plate boundary, to a path along an obliquely oriented pre-existing weak zone in the 

lithosphere (Fig. 2.15). 

(5) STEP faulting may be an important component in the evolution of the 

northern South American margin as it facilitates the separation of the subducting slab 

from the continent as the Caribbean plate moves relatively eastward and influences the 

formation of spatially and temporally complex uplift and subsidence patterns. 
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CHAPTER THREE: RELATIONS BETWEEN LITHOSPHERIC 
STRUCTURES AND OVERLYING SEDIMENTARY BASIN 

EVOLUTION ALONG THE ARCUATE SOUTHEASTERN MARGIN 
OF THE CARIBBEAN PLATE 

ABSTRACT 

The Trinidad region is a tectonically complex subduction to strike-slip plate 

boundary transition where changes in the orientation and style of deformation and the 

size and types of sedimentary basins occur over short distances from kilometers to tens of 

kilometers. We propose that the topography, geomorphology, and sediment distribution 

patterns are controlled by upper mantle structures which accommodate the arcuate 

transition from westward-directed subduction to east–west oriented strike-slip motion 

between the Caribbean and South American plates. We use ~10,000 km of deep-

penetration 2-D seismic reflection tied to 20 wells to interpret the distribution and 

continuity of tectono-stratigraphic sequences and to identify and constrain the timing of 

activity of key structural features related to either basin formation or inversion. The 

along-strike transition from subduction to collision is documented in the stratigraphic 

record by differences in the style and amount of shortening in basins overlying South 

American basement. An ~300-km-wide accretionary prism situated ≥1,200 meters BSL is 

characterized by approximately parallel, forward-breaking thrusts that are flanked by 

numerous small, semi-isolated basins. This large prism has formed above steeper dipping 

(65°–44°), ~5-km-thick, subducting oceanic crust of the Atlantic Ocean. In the collision 

zone there a ~100-km-wide area of shortening with maximum elevations of 940 meters 

ASL. This deformed area includes emplaced allochthonous terranes, imbricated and over-

thrusted ridges and an asymmetric foreland basin, above the ~30-km-thick, thinned 

continental crust which flexes at shallower angles (44°–24°) to the north beneath 

Caribbean terranes. The NW–SE oriented Guyana transfer fault is a reactivated Jurassic 
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fracture zone that facilitates lithospheric tearing and accommodates right-lateral motion 

between the crustal provinces of the collision and subduction zones. 

 

INTRODUCTION 

Sedimentary basins are formed, deformed, and preserved within the framework of 

moving lithospheric plates therefore plate tectonics is a logical context within which to 

analyze basin evolution [Dickinson, 1978; Ingersoll and Busby, 1995; Allen and Allen, 

2005]. Numerous studies have been focused on the investigation of sedimentary basins in 

the context of their tectonic setting and have sought to classify and define key 

characteristics, form and morphology of sedimentary basins formed at convergent, 

divergent and strike-slip margins [Dickinson, 1974; 1978; Ingersoll, 1988; Ingersoll and 

Busby, 1995; Allen and Allen, 2005]. Based on the classification of Ingersoll and Busby 

[1995], Bilich et al. [2001] and Ingersoll [2011] the southeast Caribbean–northeast South 

American margin; which is characterized by a strongly curved transition from subduction 

to strike-slip tectonic styles over a relatively short distance of ~200 km (Fig. 3.1), falls 

into the category of a hybrid plate boundary setting. This curved margin exhibits narrow 

to abrupt transitions between extensional and contractional basin provinces with 

juxtapositions of different fault types and inverted structures that have experienced 

multiple and superimposed deformational events which presents a challenge to 

reconstructing the evolution of the margin and the continuity of basins through the curve 

in the plate boundary. Hybrid plate boundaries as defined by Ingersoll and Busby [1995], 

Busby and Azor Pérez [2012] have been much less studied and are under-represented in 

the literature with respect to discussion of the style of crustal deformation, basin 

formation and evolution which are characteristic of transitional or hybrid plate boundary 
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settings [Dewey and Sengor, 1979; Royden and Karner, 1984; Lamarche and Lebrun, 

2000; Lebrun et al., 2000]. 

There are previous studies which examined the lithospheric-scale mechanics and 

processes which accommodate the plate boundary transition from subduction to strike-

slip [Govers and Wortel, 2005; Clark et al., 2008; Baes et al., 2011; van Benthem et al., 

2013]. This research considers and follows on these studies by identifying and 

characterizing the shallow crustal to basin-scale structures that form in a region of 

transition from subduction to strike-slip plate boundary interaction and comparing them 

with the spatial configuration of the deeper lithospheric-scale structures discussed in 

Chapter 2. The northeastern South America and Trinidad area have been the focus of 

numerous studies which range from: (1) regional scale studies examining the evolution 

and assembly of the margin [Molnar and Sykes, 1969; Burke, 1988; Robertson and 

Burke, 1989; Speed et al., 1989; Torrini and Speed, 1989; Russo and Speed, 1992; Avé 

Lallemant, 1997; Pindell and Kennan, 2001a; b; Escalona and Mann, 2011]; (2) basin or 

terrane scale research investigating the structure and stratigraphy of a specific segment of 

the margin; including: onshore Trinidad and the Gulf of Paria [Persad, 1985; Tyson et al., 

1990; Babb and Mann, 1999; Flinch et al., 1999], the east coast shelf including the fold 

and thrust belt and associated Columbus foreland basin; [Leonard, 1983; Payne, 1991; 

Rohr, 1991; Di Croce et al., 1999; Wood, 2000; Sydow et al., 2003; Bevan, 2007; 

Garciacaro et al., 2011a; Soto et al., 2011; Gibson et al., 2012; Moscardelli et al., 2012], 

the deepwater provinces including the BAP, [Faugères et al., 1997; Ercilla et al., 1998; 

Huyghe et al., 1999; Brami et al., 2000; Gonthier et al., 2002; Boettcher et al., 2003; 

Sullivan et al., 2004; Moscardelli et al., 2006; De Landro Clarke, 2010], the relatively 

undeformed north coast basins [Robertson and Burke, 1989; Speed et al., 1989; Ysaccis, 

1998; Chaderton, 2009; Punnette, 2010; Aitken et al., 2011] and the allochthonous 
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terranes [Algar and Pindell, 1990; Speed and Smith-Horowitz, 1998; Snoke et al., 2001; 

Weber et al., 2001a]; and (3) numerous local, concession block and field specific studies 

which address the respective elements of the petroleum system. I integrate the findings of 

previous work with a comprehensive regional-scale interpretation that extends across the 

subduction-to-strike-slip transition zone (SSST) (Fig. 3.2A, B). I evaluate the variations 

in basin style across the transition zone, the influence of active structures on source-to-

sink sediment distribution and ultimate preservation in the stratigraphic record through 

time, to determine the influence of the plate boundary conditions on margin evolution and 

growth. 

The southeastern Caribbean presents an excellent opportunity for a top-to-bottom, 

source-to-sink approach to identify and characterize crustal-scale structures and 

sedimentary basin development within an active SSST zone where the dominant 

structural styles change significantly over short distances. The study of the sedimentary 

basin process and relationships with the deeper lithospheric structure at this active SSST 

margin has implications for the interpretation of the geologic record of older structures 

and basins to the west; and the reconstruction of the evolution of the time-transgressive 

basins and uplifts along northern South America (Fig. 3.1). The findings of this research 

have implications for understanding basin-scale processes, natural hazard assessment and 

economic interests at SSST boundaries (Table 1).  

 

REGIONAL SETTING 

The SSST zone of the southeastern Caribbean extends from the Paria Peninsula 

(~62°W) at the northeastern tip of Venezuela where there is predominantly strike-slip 

motion on the east–west oriented El Pilar fault (EPFZ), to the deformation front 
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associated with the north–south oriented subduction zone east of 60°W (Fig. 3.2A). The 

transition zone extends from the deformation front to the south of Trinidad at ~9.5°N to 

the northern margin of the Tobago Terrane and transition to accretionary provinces at 

~12°N. The onshore Trinidad, offshore west coast Gulf of Paria and east coast shelf to 

deep water area east of the islands of Trinidad and Tobago area are interpreted to be 

within the transition zone where there has been oblique collision between the Caribbean 

and South American plates.  

The Caribbean plate has been moving approximately eastward relative to the 

North and South American plates since the Late Cretaceous [Burke, 1988; Pindell et al., 

1988] (Fig. 3.1). The northern and southern boundaries of the Caribbean plate are strike-

slip plate boundaries while at the leading eastern boundary, the Caribbean plate over-

rides Atlantic Oceanic crust which subducts towards the west beneath the Lesser Antilles 

island arc. A Subduction-Transform-Edge-Propagator (STEP) fault which accommodates 

tearing of the oceanic slab as it is subducted beneath the Caribbean plate, from the South 

American continent is located in the vicinity of the Paria Peninsula [Clark et al., 2008]. 

The majority; (80%), of the 20 mm/year of relative east-west (084°–086°) right-lateral 

motion [Perez et al., 2001; Weber et al., 2001b; Saleh et al., 2004] between the 

Caribbean and South America is accommodated along an ~80-km-wide, shear-zone 

centered on the El Pilar/San Sebastian fault system of Venezuela which extends from 

~68°W to ~62°W [Perez et al., 2001] (Fig. 3.1). To the east of 62°W plate boundary 

motion steps southward through the pull-apart Gulf of Paria basin [Babb and Mann, 

1999] and becomes more distributed across various faults with 60% of the slip taken up 

on the NE–SW oriented (068°) Central Range fault zone (CRFZ) (Figs. 3.1, 3.2A) 

located onshore central Trinidad and east of Trinidad [Weber et al., 2001b; Weber, 2005]. 

The remainder of the plate motion is inferred to be taken up on other faults in the 
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southern Trinidad area including the Los Bajos, Warm-Springs, Darien Ridge and Point 

Radix fault zones, (Fig. 3.2A) while GPS measurements indicate that northern Trinidad 

moves at the full plate motion rate of 20 mm/yr [Weber et al., 2001b].  

A series of time-transgressive foreland basins have formed on the northern margin 

of the South American plate coincident with the arrival of the leading edge of the 

Caribbean plate [Escalona and Mann, 2011] (Fig. 3.1). These basins young towards the 

east and have been progressively filled by sediments supplied by the Orinoco and paleo-

Orinoco River which drains the continent and sediments shed from the uplifting fold and 

thrust belts. The youngest expression of this system in the study area which includes: (1) 

the Gulf of Paria pull-apart basin and Northern Basin of onshore Trinidad; (2) the Central 

Range, Southern Basin and Darien Ridge fold and thrust belt defined by a series of 

middle Miocene, south to southeast verging thrusts [Kugler, 1953; Pindell and Kennan, 

2001a]; (3) the associated foreland basins; onshore Trinidad Southern Basin, and 

Columbus Basin characterized by orthogonally oriented extensional and contractional 

syndepositional structures [Garciacaro et al., 2011a]; (4) the exhumed allochthonous 

Northern Range and Tobago terranes emplaced above north to northwest dipping South 

American lithosphere; and (5) the relatively undeformed North Coast and Tobago forearc 

Basin [Aitken et al., 2011] (Fig. 3.2).  

The subduction zone at the leading edge of the Caribbean plate is characterized by 

the Barbados Accretionary Prism (BAP) which has been active since the Early Eocene 

[Speed and Larue, 1982; Moore et al., 1998]. The BAP extends along the entire eastern 

margin of the Caribbean plate and is composed of highly deformed Eocene to Holocene 

sediments which have been scraped off and accreted from the Atlantic crust of the South 

American plate which is being subducted (282 ±18°), beneath the Caribbean plate [Dixon 

et al., 1998]. The southern part of the prism within the SSST zone is ˃450 km; which is 
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greater than twice the width of the prism to the north and contains >5 km of sediments 

above the décollement surface; (>20 km of sediments above the subduction trace), due to 

the large amount of sediments supplied to the prism toe by the Orinoco Deep Sea Fan 

[Ercilla et al., 1998; Ercilla et al., 2000; Bigi et al., 2003; Cukur et al., 2009].   

 

DATA, METHODOLOGY AND APPROACH 

The data used for this study of the crustal structures and basins within the 

southeast Caribbean–northeast South American subduction to strike-slip transition zone 

includes ~10,000 km of 2-D seismic reflection lines, covering an area of ~200,000 km2 

and recorded to depths of 12–16 seconds two-way-time (TWT), along with data from ~30 

wells from petroleum industry and published sources (Fig. 3.3). Seismic lines are from 

surveys acquired in the area by petroleum companies and academic research institutions. 

The seismic lines were tied to wells using available checkshot surveys or time–depth 

conversions tables, and correlated with chronostratigraphic surfaces and lithology from 

well data. The seismic lines were used to interpret the basement structure across the study 

area, define major tectonostratigraphic sequences, identify major faults and fold 

structures and determine how basin structure and stratigraphy change across and along 

the margin (Fig. 3.3). We also correlated interpreted horizons with previous shelf to basin 

floor interpretations from seismic data within the study area and the adjacent Guyana 

margin [Ablewhite and Higgins, 1968; Payne, 1991; Dyer and Cosgrove, 1992; Babb, 

1997; Babb and Mann, 1999; Di Croce et al., 1999; Sanchez, 2001; Chaderton, 2009; 

Punnette, 2010; Aitken et al., 2011; Garciacaro et al., 2011a; Yang and Escalona, 

2011b].   
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Seismic interpretation followed the concepts and methodology proposed by 

Mitchum et al. [1977b] and [Mitchum et al., 1977a] in which the rock record is 

subdivided into a number of seismic sequences bounded by unconformities and their 

correlative conformities. The mapped basement through seafloor surfaces; which were 

identified in the 2-D seismic surveys as laterally extensive reflection surfaces with a high 

degree of coherence and continuity, are representative of chronostratigraphic surfaces 

which bound the tectonostratigraphic depositional units. The mapping of 

tectonostratigraphic horizons was carried out alongside the identification and mapping of 

numerous faults. The seismic reflector surfaces and tectonostratigraphic packages which 

they bound were characterized using seismic facies analysis techniques; including 

evaluation of seismic reflection parameters; amplitude, frequency, configuration and 

continuity as described by Mitchum et al. [1977b] in order to make lithofacies and 

environmental interpretations (Fig. 3.3). Mapped faults and horizons were used to 

generate TWT structure and isopach maps for the respective surfaces and 

tectonostratigraphic packages. Isopach maps were used to characterize the pattern of 

lateral sediment distribution including the location of active depocenters for each tectono-

stratigraphic interval. This interpretation forms the basis for reconstructing the timing of 

activity of the respective structures, basin formation and the depositional evolution of the 

margin. 

The crustal scale tectonostratigraphic interpretation is compared and correlated 

with lithospheric scale structures defined in Chapter 1 based on earthquake tomography, 

seismicity, gravity and magnetic data to build an integrated surface to upper mantle 

framework. We examine the relationships and feedback between the deep-structure 

driven by the plate boundary configuration and the basin-scale structures and spatial and 

temporal depositional patterns along the subduction-to-strike-slip transitional zone. 
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SEISMIC SEQUENCES AND STRUCTURAL INTERPRETATION 

Acoustic Basement 

The basements of the Caribbean and South American crust are mapped as 

separate units as their formation and evolution are independent of each other prior to their 

juxtaposition since the middle Miocene (Fig. 3.4A, B). The top of the Caribbean 

basement is defined by a high amplitude, irregular and generally continuous reflection 

character. This surface is a nonconformity, above which we identify stacked, generally 

conformable reflectors interpreted to be stratified sediments and below which the 

reflectors are highly discontinuous to chaotic (Figs. 3.4, 3.5B). The Caribbean basement 

is topographically elevated on the island of Tobago where the Cretaceous igneous and 

metamorphic units are exposed at ~500 meters ASL [Snoke et al., 2001]. The core of the 

Tobago high is dominated by thrusted and deformed meta-sediments which is 

characterized by contorted to chaotic seismic reflectors and a relatively smooth top 

surface. The basement dips from the Tobago High towards the west and northwest where 

it is deepest within the central part of the Tobago Basin at ~9,000 ms TWT (Figs. 3.4–

3.6). We interpret a transition from the predominantly metamorphic Tobago High to a 

predominantly igneous component of the basement characterized by a chaotic internal 

character with relatively rougher top surface within the Tobago Basin (Figs. 3.4, 3.5). 

The narrow, east–west oriented meta-sedimentary Northern Range Terrane which is a 

prominent topographic feature up to 940 meters ASL along northern Trinidad extends 

from the southern boundary of the North Coast Basin to the northern boundary of the 

Darien Ridge to the east of Trinidad [Weber et al., 2001a; Christeson et al., 2008] (Fig. 

3.2). The top of the basement is defined by distinct high amplitude reflection character 
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and separates underlying chaotic internal reflections from stacked, approximately regular 

and continuous reflections which onlap onto the top basement surface (Figs. 3.3, 3.4).  

The South American basement interpreted to the east of Trinidad is subdivided 

into an oceanic component east of the continent-ocean-boundary (COB) and a 

transitional-continental component west of the COB (Figs. 3.2A, 3.5A). The COB is 

coincident with the location of the Guyana fracture zone [Pindell and Kennan, 2009] 

which is interpreted to have accommodated the opening of the Central Atlantic in the 

Jurassic to Early Cretaceous. The transitional crust of the offshore east coast and possibly 

onshore area of Trinidad is thicker; ~5–30 km and is characterized by a strong reflector at 

the relatively smoothly dipping top surface with lower frequency chaotic internal 

reflectors (Fig. 3.5A). The oceanic South American crust which is up to 5 km thick is 

characterized by a high amplitude irregularly dipping to rugged top surface and chaotic 

internal reflectors. The South American basement is shallowest closest to the coast at 

~5,500 ms and dips towards the north where it descends beneath the imaged seismic at 

≥16,000 ms. The oceanic crust is depressed beneath the BAP and is shallowest at the 

prism deformation front ~10,000 ms (Figs. 3.4A–B, 3.5). In spite of the overall dip to the 

north of the South American basement, there is a depression of the basement just east of 

the COB/Fracture zone where it is deeper than 12,000 ms (Figs. 3.4A, 3.5A). Within this 

area of depressed basement we interpret high angle normal faults which form NW–SE 

oriented graben structures inferred to be related to Jurassic opening of the Atlantic. 

Tectono-sequence 1: Basement to top Cretaceous 

Cretaceous sediments are interpreted to be absent on the Caribbean plate in the 

study area (Figs. 3.4C, 3.5C). On the South American continental shelf the Cretaceous 

(Fig. 3.4C) is characterized by high to moderate amplitude, approximately parallel but 
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slightly wavy reflectors (Fig. 3.5A). In the vicinity of the COB and beneath the central 

part of the BAP the reflections of this sequence become discontinuous to chaotic. To the 

south of the prism deformation; and in the most distal section of the study area at the 

eastern prism deformation front, the Basement to top Cretaceous interval has a high to 

moderate amplitude, with parallel and continuous internal character (Fig. 3.5A). The 

Basement to top Cretaceous package is thickest towards the southwest of the study area 

on the Columbus Basin shelf; ~4,500 ms thick, and it forms a wedge which thins 

basinward to the base of depositional slope where it ranges from ~300–800 ms (Figs. 

3.6A, 3.7). 

The Cretaceous package represents the shelf to basin floor sediments deposited on 

a north to slightly northeast dipping shelf. This sequence has not been penetrated by wells 

in the study area however based on the geometry and higher amplitude reflectors on the 

shelf, the Cretaceous interval is inferred to be laterally extensive organic rich shales and 

carbonates including a carbonate platform which is widest to the south where it extends 

as far east as ~59°W (beyond the present day shelf edge) [Persad, 1985; Speed, 1985; 

Pindell et al., 1991]. This succession is interpreted to be correlative with the Naparima 

Hill and Gautier Formations of onshore Trinidad [Kugler, 1953; Lamy, 1986; Talukdar et 

al., 1990]. The Cretaceous to basement interval is subdivided into two depositional units; 

a lower unit which thins towards the east as it downlaps onto the oceanic basement within 

the graben structures, and an upper unit composed of a basin wedge that drapes the 

oceanic basement and onlaps the base of slope, and a shelf wedge which downlaps onto 

the shelf edge (Figs. 3.5A, 3.7). 

It is difficult to map extensive Cretaceous units in the Darien Ridge province 

however we identify near-parallel, moderately-dipping reflections which separate 

packages of deformed and chaotic reflections. These reflections are interpreted to be 
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~south verging imbricate thrusts which shorten and thicken the Cretaceous through 

middle Miocene succession, (Figs. 3.7, 3.8). Within this province the Cretaceous 

succession has been penetrated by wells and consists of the shale-rich Guyaguayare 

Formation, the shales and calcareous, cherty limestones of the Naparima Hill formation 

and organic rich shales of the Guatier Formation [BHP Petroleum (Trinidad) Ltd, 1999]. 

Tectono-sequence 2: Top Cretaceous to middle Miocene 

In the Columbus Basin we subdivide this package into two units: (1) a lower 

Paleogene wedge limited to the slope and deep-water area which thickens from the COB 

towards the east (Figs. 3.6B, 3.7), with a very irregular internal reflection character that 

alternates over short lateral distances between; (a) near horizontal to dipping, moderate 

amplitude, even to wavy, subparallel to divergent reflections; to (b) low-amplitude to 

almost transparent, disrupted to chaotic reflections (Figs. 3.7, 3.8). Based on the location 

of the Paleogene shelf-edge to the southwest of Trinidad [Persad, 1985] we infer that this 

unit (Fig. 3.4) is a basin wedge which onlaps the Cretaceous slope to the west (Figs. 

3.5A, 3.7) and is composed of sediments deposited in an open marine environment. The 

irregular reflection character is indicative of intense deformation; folding, faulting and 

uplift, in the BAP which resulted in the formation of a series of approximately NE–SW 

trending curvilinear anticlines and synclines. 

(2) The laterally extensive lower to middle Miocene package is comprised of 

parallel to divergent reflections with a moderate to low-amplitude character with greater 

continuity in the inner shelf area but become thin to absent in the middle to outer shelf, 

where it has an increasingly wavy and irregular character with disruptions by steeply to 

moderately dipping fault lineations (Figs. 3.6B, 3.7). To the east of the COB the seismic 

character is similar to that of the underlying lower Paleogene unit. The top of this 
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package is defined by a continuous relatively higher amplitude reflection than the 

surrounding depositional packages. In the western inner shelf area, the reflection 

character is indicative of an undeformed to relatively less-deformed succession with true 

depositional thickness up to 2,000 ms (Fig. 3.6B). In the middle shelf area listric faults 

have structurally thinned and redistributed the middle Miocene strata (Figs. 3.6B, 3.7). 

The succession to the east of the shelf edge is interpreted to be deep marine sediments 

which have been deformed in the BAP. 

On the Darien Ridge the top surface is a high-amplitude, continuous and irregular 

reflector with a discordance in the dip and orientation of the overlying and underlying 

reflections (Fig. 3.9). Reflections within this package are disturbed to chaotic with 

moderate amplitude continuous reflections in some places. The top surface is interpreted 

to be an unconformity which separated truncated thrusted units beneath it from less 

deformed stratigraphy above (Fig. 3.9). This tectonostratigraphic package is structurally 

thickened and deformed along with the underlying Cretaceous succession as described 

above. Well penetrations into shallow (~1,300 to 2,000 meters) thrusts have encountered 

Paleocene to Eocene shales and marls deposited in a deep water environment and 

Oligocene sands and conglomerates which were deposited under deep water fan delta 

conditions [BHP Petroleum (Trinidad) Ltd, 1999]. The middle Miocene stratigraphic 

succession on the Darien Ridge includes dolomitic limestones which may be equivalent 

to the Tamana limestones of onshore Trinidad [Erlich et al., 1993] and clastic sediments 

interpreted to be equivalent to the Cipero and Brasso Formations of onshore Trinidad 

[Babb and Mann, 1999; BHP Petroleum (Trinidad) Ltd, 1999; Vincent, 2008].  

Near the front of the BAP the reflections are even and continuous; though 

intermittently disrupted by west-dipping faults. A seismic reflector characterized by a 

strong amplitude in the vicinity of the deformation front, which decreases towards the 
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west (Figs. 3.4, 3.8) separates continuous, near-parallel, and moderate amplitude 

reflections beneath it, from overlying reflections of variable continuity which are 

disrupted by west-dipping reflectors (Fig. 3.8). The high-amplitude reflector is 

interpreted to be the décollement surface into which the east-verging thrust faults; which 

cut the overlying succession, terminate and which also separates the overlying deformed 

accreted sediments from underlying relatively undeformed strata (Fig. 3.8). To the east 

and south of the prism deformation front, true depositional thickness of the Paleogene 

through middle Miocene in the distal basin floor depositional province is at least 4,000 

ms (Figs. 3.6B, 3.8).  

This highest thickness of this tectono-sequence (up to ~8,300 ms) is observed 

beneath the Barbados Basin where the succession has been structurally shortened (Figs. 

3.6B, 3.8, 3.10). In the Barbados Basin the top surface is characterized by a distinct, high-

amplitude reflection which terminates against the top of the metamorphic basement of the 

Tobago High and Northern Range in places (Fig. 3.5B). The reflections of the lower to 

middle Miocene package are parallel and continuous with onlaps onto the Tobago High 

to the west and are truncated against the bounding fault to the east (Fig. 3.10A). The 

layered reflectors of this unit are interpreted as clastic sediments with confined sediment 

flow packages which interrupt the parallel layers.  

On the Caribbean plate the Paleogene to middle Miocene unit is thickest towards 

the center of the Tobago basin; up to ~4,000 ms, and thins at the flanks of the Tobago 

Basin; where there is onlap against the Tobago High, Lesser Antilles Highs and Northern 

Range/Paria Terrane at the eastern, western and southern boundaries respectively (Figs. 

3.4, 3.6B). The top surface; is characterized by a high impedance contrast which defines a 

surface of downlap for the overlying sedimentary layers with discordant reflections on 

the eastern margin of the basin (Fig. 3.5B, C). The Paleogene package has a low to 
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moderate amplitude with lower frequency, parallel to divergent, generally continuous 

reflection character (Fig. 3.5B, C) and the reflectors within the basal section are confined 

to the deepest central section of the Tobago Basin. The lower to middle Miocene package 

is concordant with; though more extensive, than the Paleogene section with moderate to 

high amplitude reflections which are subparallel, continuous to slightly discontinuous 

reflections (Fig. 3.5B, C). The Paleogene succession is interpreted to be clastic sediments 

shed from the topographically elevated island arc to the west and includes pelagic 

biogenic-rich marls with arc derived volcanogenic particles including ash and pumice 

which generally take the form of thin-bedded turbidites deposited in deep bathyal to 

abyssal depths (water depth >2–3 km) [Speed and Larue, 1982; Torrini and Speed, 

1989]. On the western margin of the Tobago Basin the lower Paleogene truncates against 

a narrow deformed package; on the western margin of the Tobago High, which may be 

similar or equivalent to the inner forearc deformed belt (IFDB) (Fig. 3.5B) as described 

by Speed et al. [1989]; Torrini and Speed [1989]. This package is interpreted to be 

Paleogene strata which were deformed as the eastern terminal section of the igneous 

basement beneath the forearc basin was uplifted and rotated against the deeper section of 

the emerging metamorphic Tobago Terrane (Fig. 3.5B). The lower to middle Miocene 

package contains a lower unit of relatively coarse clastic sediments eroded from the 

uplifting Paria/Northern Range to the south and the Tobago Terrane to the east; similar to 

the Cunapo conglomerates in the onshore Trinidad Northern Basin [Babb and Mann, 

1999], a middle unit with a shingled to oblique stratal internal seismic character 

interpreted to be prograding clinoforms, and an upper parallel-bedded unit. At the eastern 

margin of the basin the top surface separates underlying deformed, rotated and truncated 

beds from conformable units above (Fig. 3.5). 
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Tectono-sequence 3: Upper Miocene to Pliocene 

This sequence ranges from 0 to 6,300 ms and the reflector character is variable 

across the area, it is thickest on the shelf offshore east coast Trinidad and thins out to the 

deepwater and BAP area (Fig. 3.6C). The top surface is characterized by a continuous but 

irregular reflection. On the inner Columbus Basin shelf, this sequence can be subdivided 

into at least three components separated by relatively high-amplitude reflectors 

interpreted to be unconformities (Fig. 3.7). The reflectors of the inner shelf are parallel to 

subparallel disrupted reflectors, including shingled, oblique and complex sigmoid 

prograding clinoforms of high to moderate amplitude. On the middle shelf, the reflectors 

of the basal sections become increasingly disrupted and highly contorted with the 

shallower units having a similar seismic character to that observed on the inner shelf. We 

interpret this up-to-6,000-ms-thick shelf package to be stacked intervals of laterally 

extensive, thick, loosely consolidated sandstone beds with inter-bedded shales deposited 

in; coastal plain/delta front, shallow marine, pro-delta/slope and deepwater/basinal 

environments within the framework of the progradational–retrogradational cycles of the 

Orinoco Delta system [Di Croce et al., 1999; Wood, 2000; Bowman, 2003].   

Within the BAP, the reflector character becomes highly variable ranging from 

even to wavy, parallel to divergent, moderate to high amplitude character to; low to 

moderate amplitude, contorted to chaotic, low amplitude reflections (Fig. 3.8). The 

thickness of this unit in the prism is laterally variable; from ˂100 ms above folded middle 

Miocene highs, to >2,000-ms-thick, narrow, elongate, asymmetric units in the synclines 

between thrust-controlled highs (Figs. 3.6C, 3.8). The undeformed oceanic section near 

the deformation front and within the most frontal section of the prism there are parallel, 

low to almost transparent, highly discontinuous, irregular to contorted reflections which 

are bounded at the top and base by high amplitude, continuous and laterally uniform 
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reflectors (Fig. 3.8). Based on well penetrations this unit is composed of terrigenous 

siliciclastic sediments with interbedded sand rich and shaley intervals [Speed and 

Westbrook, 1984].   

On the Darien Ridge this package is thin to absent in places and is divided into an 

upper Miocene and Pliocene succession. The upper Miocene is characterized by wedge 

shaped packages of moderate to low amplitude continuous to disrupted reflections and 

the top Miocene surface is defined by a high amplitude reflection with discordance of the 

dip above and below the reflector (Fig. 3.9). The top Pliocene reflection has a high 

amplitude, continuous and irregular character. The underlying package is characterized 

by high to moderate, generally sub-parallel, continuous reflectors with onlap and 

downlap of the basal reflections onto the top Miocene surface (Fig. 3.9). The top 

Miocene and Pliocene surfaces are interpreted to be angular unconformities which 

separate truncated folded strata, beneath them from approximately parallel overlying 

layers (Figs. 3.7, 3.9). The upper Miocene and Pliocene deposits on the Darien Ridge are 

interpreted to be clastic sediments deposited under marine conditions; based on well 

descriptions [BHP Petroleum (Trinidad) Ltd, 1999].  

In the Barbados Basin the upper Miocene to Pliocene package is thickest towards 

the center of the basin and thins towards the margins and is subdivided into: (1) ~500-ms-

thick, upper Miocene unit characterized by interlayering of high amplitude, continuous 

reflectors with lenticular shaped internally irregular reflections; and (2) ~100-ms-thick, 

Pliocene unit composed of parallel, wavy, lower amplitude reflections that transition 

laterally to near transparent irregular reflections in places with interspersed lenticular 

shaped geometries with high amplitude internal reflections (Fig. 3.10A). This package is 

interpreted to be clastic sediments deposited in quiet, reduced salinity conditions in 

brackish water to shallow (<30 meters BSL) inner shelf conditions, which slowly 
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subsided through the upper Miocene into the Pliocene based on biostratigraphic data 

[Carr-Brown, 1971].  

On the Caribbean plate this tectonostratigraphic sequence (Figs. 3.5B, C) is 

divided into two packages: (1) the upper Miocene low amplitude to near transparent, 

parallel, even to wavy, continuous reflections which is thickest towards the middle of the 

basin and is interpreted to contain predominantly pelagic sediments with submarine fans 

supplied by debris flows and other mass transport type processes, deposited in a relatively 

quiescent deep marine environment, with shoaling towards the eastern margin against the 

Tobago High where thin reef limestones have been identified from well penetrations 

[Robertson and Burke, 1989]; (2) The Pliocene succession which is characterized by 

sigmoidal packages which contain moderate amplitude, continuous to sub-continuous, 

parallel to sub-parallel reflectors (Fig. 3.5). There is a change in the shape and location of 

the depocenter as the thickest section (~1500 ms) of the Pliocene is located within the 

North Coast Basin, including the area south of the Hinge Line fault zone (HLFZ) and is 

thinnest (<500 ms) over the Tobago Basin to the north (Figs. 3.5, 3.6C). The Pliocene 

section is interpreted to contain some pelagic sediments, thin limestone beds and clastic 

sediments including silty micaceous claystone interbedded with micaceous argillaceous 

sandstone, coal as identified in well penetrations. Sediments were derived from the shelf 

to the south, as the Orinoco deltaic system prograded northwards through the Gulf of 

Paria and onto the North Coast Shelf, resulting in the northward progradation of the shelf 

margin from the late Miocene through the end of the Pliocene [Robertson and Burke, 

1989; Punnette, 2010] (Fig. 3.5). 
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Tectono-sequence 4: Pleistocene 

The top of Pleistocene is defined by the generally high-amplitude, continuous, 

seafloor reflector. The Pleistocene succession is up to 4,500 ms thick and the thickest 

area of this interval is located in the outer shelf to slope area of the Columbus Basin and 

in the southern Barbados Basin, and is thinnest above the folds in the BAP area (Fig. 

3.6D). Within the Columbus Basin the reflections which are disrupted by steeply dipping 

fault lineations are moderate amplitude, regular to slightly irregular, parallel to sub-

parallel, even reflectors which vary from sub-horizontal to dipping, with complex fill 

geometries and onlap patterns on the inner shelf (Fig. 3.7). In the vicinity of the shelf 

edge the reflections are parallel to sub-parallel, disrupted with shingled, oblique and 

complex sigmoid oblique prograding clinoforms, which have a high to moderate 

amplitude and in some places just off the shelf edge, there are disrupted to chaotic 

reflectors in the foresets (Fig. 3.7). On the slope and basin floor the reflectors have a low 

to moderate amplitude with variable continuity and display parallel to subparallel, near 

horizontal to steeply-dipping geometries with internal onlap and downlap surfaces, as 

well as channel to trough fill geometries (Fig. 3.7). In the Columbus basin this package 

contains clastic sediments deposited in shallow marine deltaic environments to shelf edge 

delta front successions with prograding clinoforms and channels traversing the topsets. 

The succession is deformed by extensional faulting which is responsible for >2 seconds 

of displacement on the most active structures and are associated with slope failure and 

down-slope displacement at the shelf edge (Fig. 3.7) [Wood, 2000; Warne et al., 2002a; 

Sydow et al., 2003; Moscardelli et al., 2012].  

Within the BAP layers of relatively undisturbed near parallel continuous, 

moderate to high amplitude reflections alternate with layers of shallow trough shaped 

features filled with chaotic lower amplitude reflections (Figs. 3.8, 3.10). In the middle of 
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the prism, reflectors vary from low amplitude continuous reflections to a chaotic seismic 

response. In the undeformed area in front of the prism; this unit has a relatively low 

amplitude response with sub-parallel and discontinuous to irregular reflections (Figs. 3.8, 

3.11). This unit is interpreted to be a composite of sandy channelized, turbiditic, lobe and 

sheet deposits of abyssal plain deposits, turbidites, transported by the Orinoco deep 

marine fan system and muddy hemipelagic sediments as described by Callec et al. 

[2010], Faugères et al. [1991].  

In the Barbados Basin the Pleistocene is divided into two units: (1) the lower 

Pleistocene unit is characterized by low amplitude parallel continuous to irregular wavy 

reflections; and (2) the higher amplitude upper Pleistocene unit with onlap geometries 

into the troughs at its base. This succession is interpreted to consist of deep marine clastic 

and hemipelagic deposits and is characterized by distinct scour surfaces filled by up to 

25-km-wide clastic wedges with channel cuts and associated levee features interpreted to 

be turbidite channel systems similar to those documented on the present day sea floor 

[Deville et al., 2003; Callec et al., 2010] (Fig. 3.10). Within the southern Barbados sub-

basin the Pleistocene succession (500–3,000 ms) is at least three times as thick as the 

succession in the main basin (Figs. 3.6E–F, 3.10B) and is inferred to be derived locally 

from erosion of the adjacent Tobago High, in addition to sediments supplied by the 

turbidite system.  

The Pleistocene is thin (<100 ms) to absent over the Darien Ridge but there is a 

small depocenter (~1,300 ms thick) above the EPFZ and the Darien Ridge/Northern 

Range transition zone (Figs. 3.7, 3.9). The reflectors of this unit define a divergent fill 

that is thickest towards the center of the basin with a moderate to high amplitude and 

continuous to irregular character. We infer that the fill of this basin includes clastics 

equivalent to the onshore Trinidad upper Talparo Formation deposited in sheltered (based 
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on the absence of trough or channel fill geometries) shallow marine to brackish water 

conditions [Babb and Mann, 1999; BHP Petroleum (Trinidad) Ltd, 1999; Steel et al., 

2007].  

In the North Coast and Tobago Basin provinces the Pleistocene is divided into 

two units. The lower unit is thickest (~2,000 ms thick) in the North Coast Basin and the 

southernmost edge of the Tobago Basin (Fig. 3.6E–F) and is composed of relatively 

higher frequency, high amplitude continuous, divergent reflectors which onlap adjacent 

highs (Fig. 3.5B, C). The upper unit has two depocenters located to the north and south of 

the HLFZ, which are comprised of moderate amplitude, continuous to discontinuous, 

reflectors with a shingled to complex sigmoid-oblique clinoformal geometry along with 

interspersed small trough features with onlap to divergent type fill (Fig. 3.5B, C). The 

Pleistocene succession is interpreted to be a northward prograding wedge of inter-bedded 

shales with beds of highstand limestones and lowstand deltaic sandstone [Punnette, 2010] 

which extends from the North Coast fault zone (NCFZ), through the North Coast Basin 

and out to the southern area of the Tobago Basin where it tapers to the north as thin (~500 

ms) near horizontal beds of deeper water muddy sediments.  

 

ACCRETION TO COLLISION PROVINCE TRANSITIONS 

At the leading southeastern edge of the Caribbean plate, there is a transition from 

subduction to collision across a narrow zone centered on the NW–SE oriented 

COB/Guyana fracture zone. To the northeast of the COB the South American basement 

dips at a relatively steeper angle (4.7°–6°) towards the subduction trace to the north with 

the accretion of the overlying sediments to form the >450-km-wide prism (Fig. 3.4A). To 

the southwest of the COB South American basement dips to the north at shallower angles 
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(4°–5°) as it obliquely collides with Caribbean terranes resulting in shortening and uplift 

of basement terranes within the plate boundary zone (Fig. 3.4A). There are distinct 

differences in the basin-scale structural and deformation styles across the COB on the 

South American plate and its linear projection onto the Caribbean plate. We subdivide the 

margin into three province associations as follows: 

Collision zone 

The collision zone includes the shortened provinces above transitional South 

American lithosphere which is in oblique collision with the leading edge of the advancing 

Caribbean Plate. 

Tobago Basin and North Coast Basin 

The Tobago Basin is an ~NE–SW oriented depocenter that is bounded by the 

island arc to the west, the Tobago High to the west and the North Coast Basin to the 

south. The North Coast Basin is defined as the depositional center formed over the 

composite Northern Range metamorphic basement and the igneous Caribbean basement 

and is bounded by Trinidad to the south. The Tobago Basin initiated as a narrow 

depocenter adjacent to the arc during the Paleogene but has increased in size through to 

the Pleistocene (Figs. 3.5, 3.6). The North Coast Basin became a site of deposition during 

the upper Miocene as strata from the north progressively onlaps onto the uplifted 

metamorphic Northern Range basement (Fig. 3.5). Activity on the HLFZ and uplift of the 

Tobago Arch as defined by Robertson and Burke [1989] since the late Miocene have the 

effect of segmenting the area north of Trinidad into two depocenters, the North Coast 

Basin and the Tobago Basin (Fig. 3.6C–F). The late Miocene through Pleistocene 

evolution of the basin is characterized by progressive onlap and burial of Northern Range 
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metamorphic basement and significant progradation with a northward step of the shelf-

edge (Figs. 3.5, 3.6). 

Tobago High 

The Tobago High is a part of the Tobago Terrane which is defined as an extensive 

fault bounded allochthonous block of lithosphere that is tectonically in the boundary zone 

between the Caribbean and South American plates [Speed and Westbrook, 1984; Speed, 

1985; Speed and Smith-Horowitz, 1998] (Figs. 3.2, 3.5). Tobago is the highest and 

subaerially exposed part of the Tobago High which is composed of pre-Cenozoic 

magmatic rock and volcanogenic rich sedimentary rocks. This terrane has a complex 

evolution which includes rotation and collision with the South American margin with low 

grade, high pressure metamorphism to greenschist facies, in a right-lateral shear and 

thrust system, and eventual break-up and incorporation into the plate boundary zone 

[Frost and Snoke, 1989; Speed and Smith-Horowitz, 1998; Snoke et al., 2001; Neill et al., 

2012]. 

The Tobago High is a tectonically active structure between the Tobago and 

Barbados Basins which has been emergent since the middle Miocene. A large NE–SW 

oriented syndepositional normal fault on the northwestern flank of the Tobago High 

which is the easternmost segment of the HLFZ [Punnette, 2010] is responsible for >4 

seconds of down-to-the-west displacement of the metamorphic basement (Fig. 3.10B). To 

the southeast of this fault on the upthrown footwall block the Mesozoic metamorphic 

terrane forms an elevated feature that is covered by a thin (˂100 ms) layer of seafloor 

sediments which contrasts with the down thrown side where middle Miocene through 

present-day deposits of the Tobago basin form asymmetric wedged in the hanging-wall 

block (Fig. 3.10B).  
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Northern Range terrane 

The Northern Range is a narrow (<5–20-km-wide) east–west trending 

mountainous belt which extends along the Trinidad coast line (Fig. 3.2B) and is bounded 

to the north and south by the dextral EPFZ and NCFZ (Figs. 3.2, 3.5C, 3.7). It consists of 

Upper Jurassic and Cretaceous age metasedimentary quartzose schists with a mid-

Tertiary age of maximum pro-grade metamorphism to lower greenschist facies and zircon 

fission track ages indicate exhumation since the late Miocene [Saunders, 1972; Algar and 

Pindell, 1993; Weber et al., 2001a]. This terrane was exhumed by thrust imbrication in 

the collision zone between the Caribbean and South American plates during the regional 

middle Miocene orogenic event [Payne, 1991; Russo and Speed, 1992; Speed and Smith-

Horowitz, 1998; Babb and Mann, 1999; Pindell and Kennan, 2001a].  

Suture zone 

Christeson et al. [2008] have identified the suture zone at the location of the 

NCFZ based on velocity structure studies where the Caribbean basement is juxtaposed 

against the Northern Range metamorphic basement (Fig. 3.5C). The GPS observations of 

Weber et al. [2001b] indicate that northern Trinidad moves at the full Caribbean plate 

motion rate which suggests that the Northern Range to the south of the inactive NCFZ is 

fused with the Caribbean plate. The metasediments were originally part of the South 

American plate; however the Northern Range has been transported 70 – 150 km from the 

west [Algar and Pindell, 1990] and is therefore allochthonous to the provinces to the 

south. Since ~10 Ma the plate boundary has stepped south to the CRFZ [Weber et al., 

2001b] and at the present day the Northern Range moves with the Caribbean plate. The 

suture between the reconfigured plate boundary is identified as the location where 

Caribbean and allochthonous obducted metamorphic terranes and folded, thrusted and 

uplifted South American terranes abut across the EPFZ (Figs. 3.7, 3.9).  
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In this zone of suture there is a complex history of deformation including the 

deeper Paleogene through Cretaceous which is folded and uplifted by imbricated south 

verging faults. The Pliocene through middle Miocene sedimentary section has been 

subject to at least two phases of folding, shortening and erosion, and the youngest 

Pleistocene which shows evidence of shortening with subsequent extension along a series 

of NE–SW oriented, steeply dipping normal faults (Figs. 3.7, 3.9). The EPFZ is 

interpreted to have initiated as a thrust fault with some component of strike-slip motion 

which facilitated the emplacement of the metamorphic blocks above the South American 

terranes and basement within the plate boundary zone. However there is evidence of 

reactivation with extensional slip and the formation of an ~2,000-ms-thick sag basin 

filled Pleistocene sediments formed above the trace of the EPFZ (Fig. 3.9). This basin is 

inferred to have been formed due to localized extension within this suture zone as the 

Northern Range terrane subsides against the EPFZ which creates accommodation that is 

filled in by sediments supplied by elevated metamorphic blocks to the north as well as 

from northward directed currents from the South American margin to the south.   

Darien Ridge 

The Darien Ridge forms a submarine topographic feature which shoals to 4 

meters BSL, is under ≥45 meters of water at the shelf edge and it is the easternmost 

extension of the Central Range fold and thrust belt. The ridge is composed of south–to-

southeast verging imbricated to overthrusted blocks of faulted and folded packages of 

Cretaceous through middle Miocene sediments which were deposited in relatively 

passive conditions on the north to northwest dipping South American continental to 

transitional basement prior to the arrival of the Caribbean plate in the area (Figs. 3.7, 3.8). 

The top of the uplifted thrust blocks are defined by the middle Miocene unconformity 
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which is overlain by the upped Miocene and Pliocene successions which have been 

folded and truncated beneath unconformity surfaces which suggests contractional 

deformation continued with less intensity beyond the major middle Miocene uplift event 

(Fig. 3.9). Following the middle Miocene uplift the Ridge was cut and sheared by the 

right-lateral CRFZ [Soto et al., 2007] (Figs. 3.7, 3.9). 

Columbus Basin 

The Columbus Basin is a triangular shaped late Miocene to Pleistocene foreland 

basin located off the east coast of Trinidad which is bounded to the north by the Darien 

Ridge, on the south by the Amacuro Shelf, the BAP to the east and it narrows to the west 

to the most western listric fault in the Columbus Channel (Figs. 3.1, 3.2) [Leonard, 1983; 

Gibson et al., 2012] (Fig. 3.7). The shelf section of the Columbus basin is characterized 

by two main structural trends: (1) ENE–WSW trending anticlines and synclines; and (2) 

NNW–SSE trending extensional listric faults (Fig. 3.7). The contractional structures 

(Galeota Ridge, Poui and SEG Highs) are the southern extension of the south to southeast 

verging shortened structures of the Darien Ridge, which deform Miocene through upper 

Pleistocene stratigraphy however the intensity of the folding and the amplitude of the 

folds decrease towards the south where this deformation becomes imperceptible (Fig. 

3.7). There is right-lateral motion parallel to the axis of the highs based on the presence 

of flower structures, sag features, as well as variable dip rates, across the axis of the 

anticlines (Fig. 3.7) which may be continuous with onshore fold and thrust belt fault 

systems [Wolfe and Sobol, 1993]. The NW–SE directed shortening is observed to deform 

and fold the listric extensional faults over the Galeota Ridge and Poui High in the 

northern part of the Columbus Basin and on the SEG High to the south (Fig. 3.7). 
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The Pliocene–Holocene NNW–SSE trending, down-to-the-east, gravitational, 

listric faults and down-to-the-west counter-regional faults sole-out into a detachment 

surface [Leonard, 1983; Wood, 2000; Bevan, 2007] which cuts through Miocene and 

Paleogene stratigraphy to a layer near the top Cretaceous surface (Fig. 3.7). The listric 

faults facilitate thin skinned extension above the detachment surface as they have the 

effect of sliding the footwall of the active counter-regional fault downdip, towards the 

northeast [Bevan, 2007; Gibson et al., 2012]. They are responsible for the creation of ~30 

km of lateral extension [Gibson et al., 2012] in the downdip direction as well as the 

structural thinning and in some places the removal of previously deposited Miocene to 

Paleogene stratigraphy (Fig. 3.7). Subsidence (~3–5 m/Ka) generated by the listric faults 

in the outer shelf [Sydow et al., 2003], resulted in the creation of pod-shaped 

accommodation in the shared hanging-wall of the counter-regional fault and the active 

eastern-most regional fault (Fig. 3.7).  

The fault-driven accommodation along with the high and reliable supply of 

sediments from the Orinoco delta has facilitated the development of a thick Pleistocene 

succession in the outer shelf, with high aggradation (>2,450m/My) and progradation (16 

km/My) rates [Carvajal et al., 2009]. The succession is composed of stacked shelf-edge 

delta deposits including pro-delta, delta front and thick stacked shoreface parasequences 

of the delta topset with delta clinoforms up to 200 meters in height (Fig. 3.7) [Wood, 

2000; Sydow et al., 2003; Moscardelli et al., 2012]. The extension in the outer shelf to 

shelf edge is accompanied by shortening in the form of low amplitude folding of the 

strata in the footwall of the eastern-most counter-regional fault in the Columbus Basin 

slope province (Fig. 3.7). On the inner shelf, the extensional faults displace folded 

reflectors interpreted to be late Pleistocene across the SEG anticline and associated 
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syncline, which suggests that activity on the extensional listric faults and the NW–SE 

directed shortening was coeval during the Pliocene and Pleistocene (Fig. 3.7).  

We propose that the thin-skinned NNW–SSE oriented extensional system on the 

shelf with shortening on the slope, is influenced by the basement structure. There is a 

local increase or steepening of the basement dip to the east in the vicinity of the 

COB/Guyana fracture zone which is associated with a series of normal faults that form a 

graben in the basement and Cretaceous succession (Figs. 3.4, 3.5A, 3.7). This lineation is 

considered to be a weak point which accommodated the opening of the Atlantic Ocean in 

the Mesozoic and now facilitates differential flexure with left-lateral displacement 

[Boettcher et al., 2003] of the South American transitional and oceanic lithosphere to the 

southwest and northeast of the COB respectively as it bends under the load of the 

Caribbean plate to the north. We propose that the knick-point in the eastward dip of the 

basement (Figs. 3.4A. 3.7); including the increased dip angle in the vicinity of the COB, 

and differential flexure across the COB, facilitates the extensional-fault-controlled, basin-

ward gravitational gliding above the detachment.  

The Miocene through Paleogene strata above the detachment deforms in a ductile-

like manner; it is faulted and squeezed out on the shelf, most likely due to its relatively 

high clay content and over-pressured conditions [Osborne and Swarbrick, 1997; Heppard 

et al., 1998; Swarbrick et al., 2002]. This contrasts with the brittle style deformational 

behavior observed in the underlying Cretaceous (Fig. 3.7) which is interpreted to be more 

indurated and resistant to ductile deformation observed in the strata above it. This 

configuration sets up a glide plane in the Miocene through top Cretaceous surface into 

which the extensional faults sole, and it facilitates the eastward translation of the footwall 

block of the active counter-regional fault in response to the vertical accommodation 

created by the differential flexure of the basement across the COB.  



 83 

Oceanic subduction zone 

The basaltic igneous basement of the oceanic South American crust dips ~9° 

towards the west beneath the folded and deformed sediments of the prism [Westbrook et 

al., 1988]. A west-dipping décollement surface (Fig. 3.8) defines the plate boundary 

between the igneous oceanic lithosphere and some under-plated sediments which are 

moving towards the subduction trace, and the overlying deformed, thrusted and accreted 

Holocene through Paleogene sediments which have been scraped off the South American 

plate and are now moving eastward in front of the Caribbean plate. South of the Tiburon 

Rise, from east to west across the prism, four structural provinces have been identified by 

Brown and Westbrook [1987] that extend from the deformation front in the east, to the 

Barbados Ridge at the western end of the prism. These provinces are observed to 

continue to the south into the deep water environment east of Trinidad where they curve 

and terminate (Fig. 3.12).  

Zone of initial accretion 

The zone of initial accretion is the most eastern zone defined by a rapid rate of 

shortening and thickening due to approximately east-verging imbricate thrust faults 

[Brown and Westbrook, 1987]. The thrusts are forward breaking so that the youngest and 

easternmost thrust in this zone defines the deformation front. This zone is wider and 

thicker to the south; 5–8 seconds thick and ~110 km wide at ~10°N, compared with 3–6 

seconds thick and ~90 km wide at 11.5°N and even narrower to the north (Figs. 3.8, 

3.12). The thrust faults in this province have a steeper dip and wider fault spacing south 

of ~11°N as well as a smoother seafloor profile compared to the rugose seafloor 

topography to the north (Fig. 3.12A–B). To the north of ~11°N the piggy-back basins 

between the thrust structures of this zone are significantly under-filled and the top surface 

of the prism is characterized by deformed and rotated older sedimentary wedges (Fig. 
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3.12). This is in contrast with the southern prism area where the thickest piggy-back 

basins located in the western section of this zone contain up to ~2 seconds of Pliocene–

Pleistocene fill with onlap onto folded limbs of Miocene strata (Fig. 3.12B). The 

youngest basins to the east contain as little as ˂500 ms of Pleistocene sediments.  

The north-to-south variations within this zone are due to the proximity of the 

southern prism to the location of the Orinoco turbidite and deep sea fan system [Ercilla et 

al., 2000; Deville et al., 2003; Callec et al., 2010] (Fig. 3.2). This system supplies 

sediments which are incorporated into the prism and fill structurally controlled 

depressions to generate a thicker and wider accretion zone with a comparatively deeper 

décollement in the southern prism. The wider thrust spacing in the southern prism may be 

related to the thicker sedimentary succession based on the numerical modeling studies of 

Wu and McClay [2011] which suggest that wider thrust spacing tends to be associated 

with higher rates of syntectonic sedimentation, and that of Morellato et al. [2003] which 

presents a positive correlation between décollement depth and thrust spacing.  

Zone of stabilization 

The zone of stabilization is characterized by older thrust blocks and is in a state of 

equilibrium with a low rate of thickening [Brown and Westbrook, 1987]. Present-day 

shortening in this zone is accommodated on out-of-sequence thrusts which disrupt and 

deform the seafloor indicating present-day activity. This zone is slightly wider to the 

south of 11°N where it is ~100 km wide compared to 80 km wide to the north (Fig. 

3.12C, D). This zone is thicker by ~1 second and the sea floor topography is smoother 

with a gentler eastward dip to the south of 11°N compared to the north where the seafloor 

surface is rugged and irregular with a steeper eastward dip of the prism surface (Fig. 

3.12C, D). Piggyback basins at the eastern margin of this zone are under-going uplift and 
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destruction as out-of-sequence thrusts reactivate this province to rotate and dissect mini-

basins converting them into elevated structures that are subject to erosion at the seafloor 

surface. Within this province there are shallow piggy-back basins formed in the 

depressions between the active thrusts; near horizontal recent sediments overlie rotated 

and complexly deformed units (Fig. 3.12).   

Zone of supra-complex sedimentary basins 

The zone of supra-complex sedimentary basins is characterized by the presence of 

piggy-back basins which young towards the southeast, formed between the anticlinal 

ridges/thrust fault structures and diapiric edifices [Huyghe et al., 1999] (Fig. 3.12E–F). 

This zone is wider north of 11°N where it contains a number of well-defined though 

relatively under-filled mini-basins compared to the equivalent zone to the south (Fig. 

3.12E–F). Within the SSST zone numerous (>20) isolated, asymmetric piggy-back basins 

containing undeformed, horizontally bedded strata have formed in the footwall of the 

thrust faults (Fig. 3.12A–D). Given the trend of approximately parallel, closely spaced 

(~15 km apart) thrusts in the frontal zones of the prism there is a pattern of narrow (~10-

km-wide) basins. The fill of these basins include thin-bedded and thick-bedded fine 

grained sandy turbidites which are supplied by the overflow of turbidity currents from 

canyons or distributary channels of deep-marine fan systems [Faugères et al., 1993].   

Barbados Basin 

The Barbados Basin is the largest of the mini-basins and contains up to 3 km of 

sedimentary fill including hemipelagic muds and turbiditic clays, sands, gravels 

[Faugères et al., 1993; Chaderton, 2009] (Figs. 3.10, 3.12E–F). The Barbados Basin is 

widest (~80 km wide) in the SSST zone which is probably due to sedimentation 

exceeding the rate of segmentation by thrust faulting. This basin formed over a complex 
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basal surface that comprises the Tobago Terrane metasediments to the west and deformed 

and accreted Paleogene sediments which are equivalent to the deepwater lower Eocene 

Scotland formation exposed on Barbados [Speed and Larue, 1982; Speed, 1983; Speed et 

al., 1991] (Figs. 3.10, 3.12F). The basin has an asymmetric wedge shape as Miocene 

through Pleistocene sediments onlap onto the Tobago High to the west and are 

progressively deformed and incorporated into the prism to the east by a west-verging 

back thrust that defines the eastern margin of the basin (Figs. 3.2, 3.4, 3.10). The Basin 

has been progressively shortened and reduced in size over time due to encroachment and 

incorporation into the thrusted prism from the east. We infer that this process has been 

responsible for the segmentation and formation of the smaller piggy-back basins between 

uplifted thrust structures to the east of the Barbados Basin.  

The southern sub-basin of the Barbados Basin is a Pleistocene depo-center which 

is an extension of the main Barbados Basin connected to the main basin by a saddle in the 

vicinity of 11.3°N (Fig. 3.4D). The north-south orientated southern sub-basin is ~20 km 

wide and is narrowest (<1 km) at its southern termination (Fig. 3.6E–F). This sub-basin is 

interpreted to have been segmented in the Pleistocene due to oblique slip on a number of 

northeast dipping faults activated in the late Pliocene to Pleistocene based on 

stratigraphic relationships including growth strata against the faults (Figs. 3.6E–F, 

3.10B).  

Barbados Ridge 

The Barbados Ridge is the western-most zone of the prism which formed as the 

prism is thrusted westward onto the forearc basement of the Caribbean plate (Figs. 3.2, 

3.12E–F). The highest point of the ridge is the island of Barbados where the formations 

of the prism are exposed and includes: (1) the middle Miocene Oceanic Formation; which 
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contains deep marine pelagic clays and marls with volcanic ash, deposited in the Tobago 

forearc basin in 610–1220 meters of water [Barker and Poole, 1980; Saunders et al., 

1985; Speed et al., 1989; Speed, 1994] and thin-bedded turbidites containing 

volcanogenic particles deposited in bathyal to abyssal depths (>2–3 km BSL) [Speed and 

Larue, 1982; Torrini et al., 1985; Torrini and Speed, 1989]; (2) the lower Eocene 

Scotland Formation which contains a thick package of sands and clays in turbidite and 

channel-levee systems originally deposited on the Atlantic abyssal plain [Torrini et al., 

1985; Speed, 1994; Punch, 2004; Chaderton, 2005; 2009], and coarse conglomeratic 

sands with large displaced blocks, which have been interpreted to have been transported 

and deposited by mass transport processes in a deep marine environment [Pudsey and 

Reading, 1982; Westbrook, 1982]; (3) the middle Miocene Joes River formation of 

structure-less clays, sand and limestone which were intruded diapirically beneath the 

Oceanic Formation [Barker and Poole, 1980; Speed et al., 1991]; and (4) a Quaternary 

limestone unit which covers ~80% of the island which has experienced shortening and 

uplift over the last million years [Torrini and Speed, 1989]. We have defined the 

boundary between the Barbados Ridge and the Tobago High based on changes in the 

character of the gravity response and the seismic reflection interpretation and placed the 

southern termination of the Barbados Ridge at ~11.75°N (Fig. 3.2). Miocene through 

Pleistocene sediments of the Barbados and Tobago Basins onlap onto the Barbados Ridge 

structure which is undergoing continual uplift due to the underplating of deformed 

sediments (Fig.17E, F). 

Subduction to collision transition 

The COB/Guyana Fracture zone defines the western boundary of an ~30-km-

wide, zone of transition, which separates the collision provinces, from the accretion 
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provinces associated with subduction (Figs. 3.4E–F, 3.15, 3.16). The shortening in the 

transition zone is influenced by the overlap of contraction from both the prism system to 

the east and gravitational shortening on the Columbus Basin Slope associated with up-dip 

extension [Gibson et al., 2012].  

Columbus Basin slope 

The western boundary of the Columbus Basin outer slope province is defined by 

the outermost counter-regional listric fault (Fig. 3.7). The definition of the eastern 

boundary of the slope is complicated by the presence of the accretionary prism. The slope 

does not transition into the basin floor as is typical of most continental margins but is 

instead flanked by the BAP and the eastern boundary of the slope is defined by a 

relatively low displacement southeast verging thrust fault of the prism (Fig. 3.11). The 

geologic structures on the slope include moderate folding of the Paleogene through early 

Pleistocene stratigraphy with low displacement thrust faults affecting the Pliocene and 

older succession in some places (Fig. 3.7). The shortening increases towards the east as 

broader folds in the western slope are replaced by with more defined uplift structures and 

blind thrust faults which form topographic highs on the seafloor (Fig. 3.11). Some folded 

thrust uplifts are cored by deformed, diapiric shale with expulsion through mud volcano 

cones on the seafloor [Sullivan et al., 2004; De Landro Clarke, 2010; Barboza, 2011]. 

These diapirs either form positive structures on the seafloor or are identified at depth on 

seismic reflection lines as narrow, vertically elongated regions of transparent to chaotic 

reflections which may be cored by faults that connect multiple structures in places (Figs. 

3.2A, 3.7, 3.13, 3.14).  

There are a number of complex, approximately east–west oriented displacement 

structures (Fig. 3.4E–F) which show evidence of contraction and folding in the lower 
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stratigraphic section and normal displacement in the upper section (Fig. 3.13) interpreted 

as flower structures indicative of oblique-slip to strike-slip displacement. These structures 

have been interpreted by Gibson et al. [2012] to be dextral strike-slip faults which 

connect to approximately north–south oriented anticlinal structures of the prism. These 

structures are aligned with a series of short (~1–2 km long) closely spaced, NW–SE 

oriented en-echelon faults; mapped on 3-D seismic data [Garciacaro et al., 2011b], 

which disrupt Pleistocene and upper Pliocene surfaces (Fig. 3.4E–F). The orientation and 

spatial relationship between the east–west oriented faults and the NW–SE oriented en-

echelon faults are consistent with the orientation of extensional structures formed in 

association with a right-lateral master strike-slip fault predicted by the strain ellipse for 

shear or strike-slip systems [Wilcox et al., 1973; Twiss and Moores, 1992], and is 

analogous to the structures observed in global examples described by Wilcox et al. [1973] 

and Harding [1985]. These strike-slip faults accommodate the termination of the BAP 

thrusts observed in the zones of initial accretion and stabilization. Prism thrusts transition 

laterally from higher displacement (>0.5–1 second at the seafloor), north–south oriented, 

east verging thrusts to the north of 11°N, to lower displacement NE–SW oriented, 

southeast verging thrusts, to approximately east–west oriented folds with minimal 

expression at the seafloor which are cored by the east–west oriented strike-slip faults 

(Figs. 3.4E–F, 3.11, 3.13) which terminate near the COB. 

Darien sub-basin 

The Darien Basin is a sub-basin which has been semi-isolated since the late 

Pliocene to Pleistocene from the main Columbus Basin slope by an ~east-west trending, 

fault-cored, folded anticlinal structure that accommodates the western termination of the 

prism (Figs. 3.6A–C, 3.13). This sub-basin is separated from the Darien Ridge to the west 



 90 

by a large-throw extensional fault approximately aligned with the COB and its eastern 

boundary is defined by the most proximal backthrust of the BAP (Fig. 3.8). The basement 

and the top Cretaceous surface beneath the Darien Basin are relatively depressed 

compared to the transitional crust beneath the Darien Ridge to the west and the oceanic 

crust beneath the prism to the east (Figs. 3.4, 3.13). The middle Miocene through 

Pliocene sedimentary succession in this basin is interpreted to thicken towards the west 

against the bounding extensional fault. This thickening is interpreted to be due to a 

combination of shortening and folding which deformed Miocene through Pliocene 

sedimentary deposits and Pleistocene syndepositional extension (Figs. 3.6D, 3.8). Based 

on the east to west subdivision of the BAP into discrete zones by Brown and Westbrook 

[1987], the Darien Basin is located in the lateral position that is occupied by the zone of 

supra-complex basins; specifically the Barbados Basin as observed in sections to the 

north (Figs. 3.4E–F, 3.8). The structure and morphology of the Darien Basin is not 

consistent with this being a piggy-back basin but rather part of the thin-skinned foreland 

basin system which was subsequently shortened between the BAP provinces to the east 

and the collision associated with the Darien Ridge and plate boundary fault zone.  

Galera Tear Fault 

The location of the transition from subduction to collision is defined by a zone of 

tear faulting; approximately aligned with the COB, which accommodates lateral 

differences in contractional displacement between the accretion provinces to the northeast 

of the fault zone and the collision and foreland province on the southwestern side of the 

tear. Tear faults are steeply dipping, strike-slip faults which accommodate differential 

displacement of strata between adjacent allochthonous and/or autochthonous blocks and 

are typically associated with; though are subsidiary to folds, normal or thrust faults 
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[Twiss and Moores, 1992]. The Galera Tear fault zone has a subtle and laterally variable 

expression in subsurface data and is interpreted to be a right-lateral NW–SE trending 

fault system from the northeastern boundary of the Darien Ridge, to the frontal thrust of 

the BAP located at ~9.7°N (Fig. 3.2).  

In the northern section of the tear fault the elongate southern Barbados sub-basin 

Basin terminates against the Northern Range and Darien Ridge structures, and the Galera 

tear is recognized as an oblique slip fault system characterized by components of down-

to-the-east extension and right-lateral slip based on a discrepancy in the thickness and 

stratigraphic relationships at the western margin of the sub-basin (Fig. 3.10B). The 

Galera tear separates southeast verging thrusts of the Darien Ridge from ~northwest 

verging thrusts at the southern boundary of the Barbados Basin to the east of the transfer 

fault (Fig. 3.6D–F). The north–south elongation of the Barbados sub-basin (Fig. 3.6) 

which is inferred to be induced by tear faulting, records ~30 km of lateral offset since the 

Pliocene producing a rate of displacement consistent with GPS measured plate boundary 

motion.   

Within the Darien sub-basin and the Columbus Basin slope we identify the tear 

fault as an anticlinal flower structure with shale-cored contractional structures in the 

Miocene to lower Pliocene succession, and normal fault displacement in the upper 

Pliocene to Pleistocene section (Figs. 3.13, 3.14). The change in character of the tear fault 

is attributed to the lateral change in rock-type to the west of the fault from Northern 

Range metamorphic rocks to clastic sediments in the Darien Ridge and Columbus Basin. 

Surface maps based on 3-D seismic data [Garciacaro et al., 2011b] show that these 

structures are accompanied by dense clusters of closely spaced, short (~1–2 km long) 

NNW–SSE striking extensional faults identified in the middle to late Pleistocene section, 

which are aligned with the flower-structures (Fig. 3.4E–F). The Galera fault system is 
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defined as a discontinuous fault system as opposed to one continuous fault based on the 

observed changes from north to south, in the fault plane and top-to-base style of 

deformation associated with the fault zone. 

There is a distinct change in deformation style affecting the provinces across this 

fault zone; to the east there are the subduction and accretion provinces and to the west 

there are the collision provinces which show different styles of shortening as described 

above (Figs. 3.4E–F, 3.7, 3.8). The ~ENE–WSW anticlines and strike-slip fault in the 

slope province terminate abruptly in the vicinity of the fault zone which also defines a 

boundary between a dense concentration of shale diapiric structures to the east as 

described above and few to absent mobile shale structures immediately west of the 

lineation (Fig. 3.4E–F). To the east of the Galera fault zone, the deformation thrust front 

of the BAP is located ~100 km south of the thrust front of collision zone to the west of 

the Galera fault zone (Figs. 3.2B, 3.20). We interpret that the sediments to the east of this 

fault zone have been translated by thrusting farther south than adjacent sediments on the 

western side of the fault zone and the right-lateral Galera tear fault accommodates this 

differential motion.  

The Galera fault is a thin-skinned fault zone which affects and accommodates 

displacement stratigraphy above the décollement at the base of the BAP and in the 

Columbus Basin shelf to slope provinces (Fig. 3.14). Below the detachment we interpret 

displacement of the basement across the COB/paleo fracture zone which has been 

reactivated in the Neogene to facilitate the difference in north to northwest flexure of 

oceanic lithosphere which dips at 44°–65° as it subducts to the north beneath the 

Caribbean plate and transitional continental lithosphere to the west which bends at 24°–

44° as it is overthrusted by Caribbean terranes as discussed in Chapter 1 (Fig. 3.4). We 

propose that the Neogene activity on the lineation coincident with the COB is partitioned 
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with respect to the type and style deformation observed above and beneath the 

detachment (Figs. 3.7, 3.14). 

 

DISCUSSION 

Regional correlation of tectono-stratigraphic provinces around the curved margin 
of the southeastern Caribbean 

The continental margin in this SSST zone differs from passive margin 

counterparts and defies the continuous correlation of structural trends, provinces, basins, 

and depositional systems from shelf to abyssal plain across the margin (Figs. 3.15, 3.16). 

A 30-km-wide transition zone associated with the NW–SE oriented COB/tear fault 

separates higher elevation (940 m ASL) potentially basement-involved contractional 

structures and terranes of the ~100-km-wide collision zone, from the lower depth (~1,200 

m BSL) thin-skinned shortened structures of the ~300-km-wide subduction and accretion 

zone (Figs. 3.15, 3.16).  

Influence of basement type and dip on crustal provinces 

The basement and lithosphere configuration between the Caribbean and South 

American plates exert an influence on the location and geometry of basins and structures 

observed within the ~300-km-wide SSST zone. The transitional lithosphere; with its 

greater thickness (5–30 km), higher buoyancy and shallower dip (~24°–44°) beneath the 

Caribbean plate resists subduction as it is structurally thickened to support a higher 

elevation fold and thrust belt and inhibits the southward propagation of the Trinidad fold-

thrust belt resulting in a narrower but higher elevation zone of basement-involved 

contractional deformation with an adjacent ~15-km-deep foreland basin (Fig. 3.15). The 

presence of the continent to the south of the collision zone may also contribute to the 
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backstop effect resisting the southward translation of the thrust belt. The thinner (~5-km-

thick), denser and more steeply-dipping (44°–64°) oceanic lithosphere which is being 

subducted exerts less resistance against the advancing Caribbean plate. These 

characteristics in combination with the absence of continental lithosphere to the south 

provides a free surface that accommodates the southeast propagation of shortening of the 

sedimentary succession above the décollement to produce a broader contractional zone 

and a frontal thrust 100 km to the southeast of the collision zone frontal thrust (Fig. 3.17).  

Basin evolution: timing of basin formation and sediment distribution 

The northern South American margin is characterized by the presence of a series 

of time-transgressive uplifts and sedimentary basins extending from the Paleogene 

Maracaibo Basin in the west to the Pliocene–Pleistocene Columbus Basin in the east 

which record the eastward movement of the Caribbean plate and the conversion of the 

South American passive margin into a tectonically active margin with a complex 

evolution of structural deformation [Escalona and Mann, 2011] (Fig. 3.1). The Trinidad 

and surrounding offshore area is the site of the youngest basins along the margin where 

we can observe the youngest stages of the oblique collision between the leading edge of 

the Caribbean plate and the South American continent (Fig. 3.1).   

Pre-middle Miocene 

Based on tectonic and paleogeographic reconstructions of the margin [Pindell and 

Dewey, 1982; Pindell and Kennan, 2009; Escalona and Norton, 2010; Escalona and 

Mann, 2011] the location of the continent-ocean boundary (Fig. 3.2) of the northeastern 

South American margin has remained stationary since the early Cretaceous. During the 

Jurassic there was displacement across the Guyana and Demerara fracture zones 

associated with the opening of the proto-Caribbean seaway [Pindell and Kennan, 2001a]. 
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The Cretaceous passive continental margin was characterized by a broad, north-to-

northeast facing shelf (Fig. 3.4C) with laterally extensive organic-rich shales and 

carbonates [Rohr, 1990; Pindell and Kennan, 2001a]. Late Cretaceous through Paleogene 

sediments are interpreted to fill basement depressions east of the platform and onlap 

towards the west onto the dipping platform slope (Figs. 3.5A, 3.7).  

On the Caribbean/proto-Caribbean oceanic basement to the east of the island arc, 

Paleogene sediments which include deepwater marls and volcanogenic sediments were 

deposited in the restricted, NE–SW-oriented Tobago forearc basin bounded by the 

subduction zone to the east. This basin progressively grows in size through the Paleogene 

into the early Miocene [Chaderton, 2009; Aitken et al., 2011] (Fig. 3.6B–C). On the 

eastern side of the subduction trench Paleogene deepwater turbidite and channel-levee 

deposits (equivalent to the Scotland formation) [Torrini et al., 1985; Speed, 1994; Punch, 

2004; Chaderton, 2009] were deposited on the Atlantic abyssal plain. Through the mid to 

late Paleogene, this succession is progressively shortened, accreted and incorporated into 

the growing prism above Atlantic basement and in front of the Caribbean plate at a 

location northwest of the study area (Figs. 3.1, 3.5B, 3.12).    

To the north of 12°N the rate of sedimentation is inferred to exceed the rate of 

uplift of the western prism so that by the middle Miocene the Tobago forearc basin is 

linked to the Atlantic ocean across the subduction trace as sediments drape the emerging 

prism structure forming a continuous and extensive depositional surface from the eastern 

flank of the island arc Chaderton [2009]. To the south of ~12°N onlap patterns suggest, 

that the rate of uplift of the Tobago High structure exceeds that of sedimentation from the 

early Miocene and the emerging high presents a barrier to open communication between 

the forearc basin and the prism basins to the east (Figs. 3.8, 3.10). 
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Middle Miocene 

The arrival of the Caribbean plate in the Trinidad area in the middle Miocene time 

initiated the segmentation of the uniformly-dipping, continental-to-open marine South 

American margin into an intensely deformed margin with a complex system of uplifts 

and sub-basins (Figs. 3.4, 3.6). The allochthonous Northern Range is exhumed to become 

an elevated ridge as it is thrusted and emplaced above the northward dipping South 

American lithosphere, and middle Miocene strata onlap onto this metamorphic basement 

in the North Coast Basin [Punnette, 2010] (Figs. 3.5, 3.15). As this structure is exhumed 

eroded sediments including conglomerates and coarse sands are shed into the North Coast 

Basin to the north and the Northern/Caroni Basin to the south [Robertson and Burke, 

1989; Babb and Mann, 1999]. To the south of the metamorphic ridge Cretaceous through 

middle Miocene sediments which were initially deposited on the north-facing South 

American margin are shortened in the plate boundary zone by stacked and imbricated 

south to southeast verging thrusts to form the core of the Central Range/Darien Ridge and 

Southern Range structures. The asymmetrical foreland basin system (Southern 

Basin/Columbus Basin) forms to the south of the fold and thrust belt (Fig. 3.4D) as a 

result of the northward flexure of the South American plate [Garciacaro et al., 2011a] in 

response to the combined load of the advancing Caribbean plate and the attached oceanic 

slab which descending into the mantle (Figs. 3.15, 3.16).  

On the Caribbean plate, the broad Tobago forearc basin is segmented by the uplift 

of the allochthonous metamorphic Tobago terrane above the subduction trace and 

deformed Paleogene sediments of the juvenile prism are shortened and sutured against 

the Tobago High to form the backstop [Byrne et al., 1993] of the prism (Figs. 3.5, 

3.10A). At the eastern margin of the Tobago forearc basin the Caribbean igneous 

basement is uplifted and rotated against the deeper section of the metamorphic Tobago 
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Terrane [Snoke et al., 2001] (Fig. 3.5). To the south of 12°N onlap patterns onto the 

Tobago High suggest that this structure becomes an emergent to shallow marine 

topographic high isolating the deeper marine southern Tobago Basin, and the Barbados 

Basin which is established above the oldest accreted Paleogene prism sediments east of 

the Tobago High (Figs. 3.6, 3.8, 3.12E–F). Onlap patterns onto the Barbados Ridge to the 

north of 12°N suggests that there was a continuous depositional surface across the 

Tobago and Barbados Basins through the middle to late Miocene [Chaderton, 2009].  

Late Miocene – Pliocene 

By the late Miocene there is a change in the dominant structural style in the 

Trinidad shelf area from collision expressed by south-verging thrusts and fold belts to 

predominantly right-lateral, strike-slip displacement between the two plates. Right-lateral 

strike slip faults became the dominant structures which include the east-west oriented 

HLFZ and the NCFZ to the north of Trinidad [Punnette, 2010] , the NE–SW-oriented 

CRFZ which traverses central Trinidad and extends offshore in the core of the Darien 

Ridge and accounts for the majority of the plate boundary motion at the present-day 

[Weber et al., 2001b]. The strike-slip faults in the Trinidad area; particularly those which 

have a different orientation from the east-west plate boundary have some component of 

oblique slip so that there are segments of transpression or transtension along the 

respective faults and consequently juxtaposed areas of extension and contraction 

associated with strike-slip faulting in the area [Babb and Mann, 1999; Soto et al., 2007].  

On the northern margin of the Columbus Basin the upper Miocene succession laps 

onto south-verging thrusts and have been progressively incorporated into contractional 

structures in places following the middle Miocene (Fig. 3.15) [Garciacaro et al., 2011a]. 

Upper Miocene deposits in the Columbus foreland basin are inferred to have been 
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deposited in a deepwater slope to abyssal plain environment based on their geometry and 

character, (Figs. 3.5, 3.7) along with relationships with the equivalent succession on the 

Amacuro shelf to the south characterized by slope fan and lowstand prograding wedge 

deposits [Di Croce et al., 1999]. Sediments were derived locally from eroded sediments 

shed off the Central Range and Darien Ridge structures in addition to sediments supplied 

from the South American continent via the Cruse delta system which developed in the 

easternmost Venezuela, Gulf of Paria and southern Trinidad area [Diaz de Gamero, 1996; 

Geetan and Archie, 2006; Santiago et al., 2006; Winter, 2006; Steel et al., 2007; Vincent, 

2008]. The Pliocene succession represents the older regressive component of the second 

order sequence [Di Croce et al., 1999] deposited within the framework of high amplitude 

and high frequency changes in eustatic sea-level compared to the preceding Paleogene 

passive margin section [Miller et al., 1987; Miller et al., 1991]. At the beginning of the 

Pliocene the shelf-edge was located in the Columbus Channel; ~150 km west of its 

present-day location [Gibson et al., 2012] as the shoaling-upward deltaic succession of 

the Cruse, Forest and Gros Morne formations were deposited in the Trinidad Southern 

Basin [Steel et al., 2007]. The shelf became progressively wider along with the associated 

eastward migration of the shelf edge due to the repeated and cyclic eastward progradation 

of the Orinoco Delta system from the inner shelf to the shelf edge which resulted in a 

succession of upward thickening and coarsening 3rd and/or 4th order progradational 

wedges [Di Croce et al., 1999; Wood, 2000; Sydow et al., 2003; Gibson et al., 2012].  

Gravitationally-driven, NW–SE striking, extensional listric faults are initiated 

under the influence of variable basement flexure as the South American lithosphere bends 

towards the north. These faults create accommodation resulting in fault-bounded pods of 

thick, sand-rich delta plain to delta-front sediments on the shelf, as well as the structural 

thinning and in some places removal of the underlying sediments above the Cretaceous 
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(Figs. 3.7, 3.15). To the east of the counter-regional fault there are linked NW–SE 

contractional structures on the slope. The Darien sub-basin was segmented though not 

completely isolated from the main slope of the Columbus Basin by end Pliocene by an 

~east–west oriented strike-slip cored anticlinal structure (Figs. 3.4E–F, 3.13) that is part 

of the northeast striking thrust fault family described by Garciacaro et al. [2011a]. The 

active NE–SW oriented thrust faults within the prism created asymmetric mini-basins 

which trapped Pliocene sediments between growing thrust structures (Fig. 3.15) [Huyghe 

et al., 1999; Boettcher et al., 2003; Deville et al., 2006; Callec et al., 2010]. 

Episodes of contraction are recorded by transpressional fault-cored anticlines 

including the Galeota Ridge, Poui and SEG Highs, which deform late Miocene to 

Pleistocene strata on the Darien Ridge and northern Columbus Basin (Figs. 3.7, 3.9). 

Synchronous with and following these contractional episodes, there is extension on a 

series of down-to-the northwest normal faults above the suture zone and within the 

allochthonous Northern Range terrane (Fig. 3.9A) associated with gravitational 

reorganization of the exhumed and obducted terranes above the northward bending South 

American lithosphere. Weber [2005] identifies a broad region of tectonic sinking of 

uplifted terranes that extends from Tobago, to the islands of Aruba, Bonaire and Curacao 

off the northern coast of western Venezuela. This subsidence trend may be an eastward-

stepping response to basement flexure and slab tearing processes in the lithosphere. 

By late Miocene; the Northern Range and Tobago High are emplaced as elevated 

subaerial to shallow submarine structures which segment the elongate and curving basins 

in the Trinidad area (Figs. 3.5B, C, 3.6). Late Miocene stratigraphy progressively laps 

onto the Northern Range metamorphic basement as the area of sedimentation which was 

previously confined to the Tobago Basin, expands to the south to include the North Coast 

Basin and the area to the south of the HLFZ, with a southeastward shift of the depocenter 
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[Punnette, 2010] (Figs. 3.5, 3.6). By the end of the Pliocene the North Coast Basin is 

filled with prograding deltaic sediments and the North Coast High is draped with 

sediments while a very thin (~300 ms thick) uniform succession is deposited in the 

Tobago Basin (Figs. 3.5, 3.6). The HLFZ composed of discrete anastomosing strands 

[Punnette, 2010] became an active structure exerting its influence on sediment 

distribution during the late Miocene to early Pliocene. Ongoing extension on the 

transtensional segment adjacent to the Tobago High [Punnette, 2010] is responsible for 4 

seconds of down-to-the-northwest displacement of the metamorphic Tobago terrane 

basement (Figs. 3.10, 3.15).  

The upper Miocene and Pliocene successions are thin to almost absent (<200 ms) 

over most areas in the Barbados Basin which contrasts with ~2 seconds of equivalent 

sedimentary fill in the Tobago Basin depocenter (Figs. 3.6, 3.10). Uplift on the eastern 

Tobago High and shortening in the prism elevated the depositional surface and decreased 

accommodation in the Barbados Basin so the thin upper Miocene succession was 

deposited in a confined shallow-marine environment. The prism continued to expand and 

advance eastward by the progressive formation of forward-breaking thrusts towards the 

southeast; the deformation front was located as far south as 10.5°N by the end of the 

Pliocene (Fig. 3.15). The Barbados Basin was progressively segmented by west-verging 

back thrusts at its eastern margin. 

Pleistocene 

In the Columbus Basin the deposition of progradational deltaic packages 

continues as the depositional center steps eastward as controlled by the location of the 

most active regional and counter-regional listric fault pair (Figs. 3.6, 3.7) along with the 

progressive eastward step of the shelf edge. Clastic sediments are transferred to the 
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deeper water environments by: (1) bypass channel systems within the broad syncline 

between the Galeota Ridge and SEG High [Alvarez, 2008] which transfer significant 

volumes of sand-rich sediments from the low accommodation shelf to large paleo-

canyons on the slope and basin floor [Moscardelli et al., 2012]; (2) catastrophic mass 

failure of the delta-front succession at the shelf-edge to upper slope environment in the 

form of slumps, slides and debris flows [Brami et al., 2000; Moscardelli et al., 2006]; (3) 

turbidite systems which include unconfined sheets and confined channel complexes 

including straight, braided, meandering and multi-channel distributary systems, fed by 

connected incised channel systems from the Orinoco River to slope canyons and the 

cannibalization of the shelf and shelf-edge sediments [Faugères et al., 1993; Huyghe et 

al., 1999; Brami et al., 2000; Gonthier et al., 2002; Callec et al., 2010].  

The form and geometry of the deep marine Pleistocene depositional system is 

controlled by the active structures disturbing the seafloor including mud volcanoes and 

BAP fold and thrust structures which are obstacles and barriers that influence sediment 

transport pathways and the location of depocenters [Moscardelli et al., 2005; Callec et 

al., 2010]. The folds and thrusts of the prism isolate channel segments within footwall 

blocks and segment the deep marine area into a number of smaller elongate, asymmetric 

piggyback basins [Faugères et al., 1997; Huyghe et al., 1999; Callec et al., 2010] (Fig. 

3.6C–F). In the southern prism area, closest to the supply of sediments from the South 

American continent piggyback basins are filled to overfilled as sediments spill over the 

uplifting hanging wall ridges of the respective thrusts (Figs. 3.8, 3.12). The 

southeastward migration of the deformation front and the respective prism provinces 

results in a southward shift of the deepwater channel and turbidite sediment transport 

systems and depocenters (Fig. 3.6). As the deformation front steps to the southeast the 

~NE–SW trending, elongate Pliocene depocenter between 10.5°N–11°N (Figs. 3.4E–F, 
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3.12, 3.15) becomes an area of out-of-sequence thrusting associated with the zone of 

stabilization. As this area is elevated to become the highest section of the prism in the 

upper Pleistocene there are numerous, small, structurally isolated near-circular piggyback 

basins at this location (Figs. 3.6, 3.8). The location of the continuous elongate NE–SW 

depocenter has shifted to the southeast to ~10°N–11.5°N along with the zone of initial 

accretion as the flow of sediments in the deep basin is diverted around the zone of 

stabilization which now forms a barrier (Figs. 3.6, 3.8, 3.15).      

Extension continues on the easternmost segment of the HLFZ and associated NE–

SW trending normal faults which cut the basement structure [Punnette, 2010] (Fig. 

3.10B) and disturbs the sediments onlapping Tobago Terrane basement within the 

southern Barbados Basin (Fig. 3.10). Pleistocene activity on the HLFZ and the NCFZ has 

gently uplifted and rotated Pliocene and Pleistocene succession in the North Coast Basin 

[Robertson and Burke, 1989]. There is increased sedimentation in the Barbados Basin as 

an extensive and continuous NE–SW oriented depocenter is established (Fig. 3.6C–D). 

The NE–SW trending, northwest-verging thrust which uplifts the southeastern boundary 

of the Barbados Basin encroaches on and reduces extent of the main basin (Figs. 3.6E–F, 

3.12F). The narrow ~north–south oriented southern Barbados sub-basin is established at 

the end of the Pliocene due to transtensional fault activity on the eastern side of the 

metamorphic Tobago and Northern Range terranes (Fig. 3.10) and may be associated 

with structural reorganization recorded by the late Pliocene unconformity. The southern 

Barbados Basin may be a pull-apart structure formed as a result of the difference in the 

amount of contractional displacement across the Galera tear fault as BAP sediments 

propagate southeast relative to the metamorphic blocks in the collision province. 
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Implications of tear faulting on the evolution of the northern South American 
margin 

The Galera tear is the youngest of a systematic development of NW–SE oriented 

tear faults along the northern South American margin (Fig. 3.1); including the Burro 

Negro, Urica, Los Bajos among others which have been described by Escalona and 

Mann [2006]. The concept of NW–SE trending, right-lateral tear faults which 

compensate for differential shortening in provinces on either side the fault zone, and 

which typically form above pre-existing basement transitions and fractures, with 

associated reentrants or steps along the northern South American margin was first 

proposed by Rod [1959] in the interpretation of the Urica fault. Subsequent recognition of 

the series of relatively parallel NW–SE trending lineations which dextrally offset 

stratigraphy in progressively younger basins from west to east (Fig. 3.1) has been 

documented by various authors [Perez and Aggarwal, 1981; Munro and Smith, 1984; 

Mann et al., 1990; Pindell et al., 1991; Erlich and Barrett, 1992; Russo et al., 1993; 

Parnaud et al., 1995; Babb and Mann, 1999; Escalona and Mann, 2006; Pindell and 

Kennan, 2007; 2009]. The respective tear faults are formed over zones of pre-existing 

basement weakness; in most cases, Jurassic age fracture zones [George and Sams, 1993; 

Pindell et al., 1998]. These fracture zones in addition to providing a lineation of 

weakness may also juxtapose South American basement of varying thickness, type and 

physical properties across the fault. Tear faults accommodate differential displacement 

between shelf deposits in contractional and foreland basin provinces to the southwest and 

deeper marine fold and thrust provinces with associated mud diapirs to the northeast. 

The difference in the physical properties of the basement and lithosphere across 

the Jurassic fracture zones influence the style and rate of flexure of the South American 

lithosphere when subjected to an emplaced load such as the leading edge of the eastward 
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transiting Caribbean plate. Variation in the flexural response of the South American 

lithosphere across the fracture zone produces different shapes and distribution of 

accommodation for basin-scale structures above the basement. This is manifested in the 

difference in the style of contractional deformation observed across the tear fault, and the 

southward-step of the deformation front which we observe above thinner and more 

steeply dipping oceanic basement on the eastern side of the Galera tear fault and across 

the other identified tear faults along northern South America (Figs. 3.15, 3.16).    

Characterizing basins and structures within the SSST zone 

The transitional plate boundary establishes conditions and geometries that result 

in basin styles and structural associations (Table 1) including: (1) basins which combine 

foreland geometries with extensional pull-apart components in the orthogonal direction to 

foreland shortening, in the vicinity of basement province transitions such as the 

Columbus Basins (Figs. 3.7, 3.15); (2) transitional zones which are contemporaneously 

affected by different structural domains or stress components such as the subduction to 

collision zone affected by two different orientations of contraction as well as tear faulting 

that accommodates the lateral variation in shortening (Figs. 3.14, 3.15); (3) complex 

superimposed structures as the orientation and amount of stress changes through time; 

initial collision recorded in the form of contractional structures at a given location may be 

later replaced by extensional structures such as the Gulf of Paria and Darien Ridge sag 

basins which ride above older contractional structures (Figs. 3.9, 3.15); (4) reactivated 

structures such as the El Pilar fault zone [Clark et al., 2008] and adjacent parallel 

structures which accommodated shortening and thrust emplacement of Caribbean 

terranes above South American basement as the leading edge of the Caribbean plate 

encounters a given segment of the South American margin, but have been reactivated as 
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extensional faults in response to lithospheric reorganization including flexure of the 

South American lithosphere and STEP processes discussed in Chapter 1 (Figs. 3.9, 3.15); 

(5) unusual curved geometries such as accretion thrusts which terminate as orthogonally 

oriented strike-slip faults (Figs. 3.11, 3.16). 

Petroleum implications 

The northern South American margin is recognized as a prolific hydrocarbon 

province which contains in excess of 300 billion barrels (bbls) of crude oil reserves and 6 

trillion standard cubic meters (tcm) of natural gas reserves [Organization of the 

Petroleum Exporting Countries, 2013]. The majority of these reserves are contained in 

foreland basins formed to the south of uplifted approximately south-verging fold and 

thrust terranes, and were generated from organic rich Cretaceous La 

Luna/Querequal/Naparima Hill formations and their lateral equivalents [Escalona and 

Mann, 2011]. In the Trinidad area there are four producing hydrocarbon provinces which 

are all located to the west of the COB/Galera Tear Fault feature and with the exception of 

the North Coast Basin, above South American continental to transitional basement 

[Ministry of Energy and Energy Industries, 2009] (Fig. 3.16).  

To the northeast of the COB/Galera Tear there are to date no commercial 

quantities of hydrocarbons in the BAP which is underlain by oceanic crust, with the 

exception of the island of Barbados where >10 million barrels of oil have been produced 

from sediments as old as the Eocene [Dolan et al., 2004; Hill and Schenk, 2005; 

Barbados National Oil Company Limited, 2011]. The deep-water provinces adjacent to 

the prolific (>710 billion tcm of gas reserves [Ministry of Energy and Energy Industries, 

2009]) and well-studied Columbus Basin shelf province are underexplored, however well 

penetrations confirm the presence of reservoir quality sands within turbiditic depositional 
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systems and mass transport complexes as well as structural closures within the 

transitional Darien Basin province [de la Bastide, 2000; Rajnauth and Boodoo, 2004].  

The findings of this study suggest that there are differences in the hydrocarbon 

habitat to the northeast of the COB compared with the established petroleum provinces to 

the west with respect to reservoir type, trapping mechanisms, basin type, loading and 

maturation history. The difference in basement type and depth to basement across the 

COB has implications for the burial history and heat flow which influences maturation. 

While the Cretaceous succession has not been penetrated in the area, the geometry and 

seismic character suggest that the composition and facies east of the COB may differ 

from its more proximal equivalent [Persad, 1985; Speed, 1985; Pindell et al., 1991]. 

Hydrocarbon accumulations on the Columbus Basin shelf are contained in stacked, 

deltaic to shallow marine clastics and trapped within listric fault controlled structural 

closures [Leonard, 1983; Wood, 2000]. East of the COB potential reservoirs include deep 

marine turbiditic deposits with and the traps are anticipated to be defined by contractional 

thrust faults and folded structures [de la Bastide, 2000; Rajnauth and Boodoo, 2004]. The 

assessment of a working petroleum system east of the COB requires consideration of: (1) 

the thickness of kerogen-rich sediments above the oceanic crust; (2) burial and thermal 

history and the timing of the hydrocarbon window; (3) timing of trap creation with 

respect to thermal maturation, and the integrity of structures active at the present-day; and 

(4) impact of accretionary shortening on porosity and permeability of reservoir units.  

 

CONCLUSIONS 

(1) The deep crustal and lithospheric scale structures associated with the strongly 

curved SSST plate boundary between the Caribbean and South American plates control 
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the shallow basin-scale structures and the location, geometry and size of depositional 

centers formed since the middle Miocene (Fig. 3.17).   

(2) The transition from subduction to collision is accommodated in the curving 

and deformed elongate basinal belts by a right-lateral, tear fault zone; which 

accommodates the ~southeast translation of the thrust blocks within the terminal zones of 

the BAP, relative to the collision and foreland provinces to the west of the fault. 

Analogous but older tear faults west of the Trinidad area may have shaped the serrated 

northern South American margin (Figs. 3.15–3.17).  

(3) The orthogonally oriented NE–SW trending and southeast-verging folds and 

the NW–SE oriented down-to-the-east listric faults which have approximately 

contemporaneous activity in the foreland basin are controlled by the plate boundary 

interactions between the Caribbean and South American plates. Shortening is driven by 

oblique collision between the two plates while extension occurs on thin-skinned 

gravitational structures formed in response to the distinct change in the dip of the 

basement across the COB, due to the differential northward flexure of the South 

American lithosphere beneath the Caribbean plate (Figs. 3.7, 3.16).    

 (4) The Tobago High and Northern Range metamorphic provinces were exhumed 

due to oblique collision to become topographically-elevated structures that influenced the 

depositional surface from around the middle Miocene. These structures are reactivated in 

the late Miocene to Pliocene with extensional slip, most likely in response to lithospheric 

flexure of the South American plate at depth.   

(5) Subduction to strike slip transition zones are characterized by a complex suite 

of deformed basins with superimposed structural styles that differ from basins formed by 

single phases of deformation in pure strike-slip or convergent plate boundary margins. 
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CHAPTER FOUR: ALONG-STRIKE, CURRENT-DRIVEN, 
SEDIMENT TRANSPORT SYSTEMS: AN UNDERAPPRECIATED 

CONTROL ON SEDIMENTATION OFFSHORE EAST COAST 
TRINIDAD 

ABSTRACT 

The present-day northeast South American margin is one of a few locations in the 

world where a strong and persistent current flows along the shelf for considerable 

distances and plays a significant role in sediment distribution along the margin. The north 

to northwest directed Guyana Current is responsible for transporting sediments up to 

~1,600 km along the margin from as far south as the Amazon River mouth to Caribbean 

Basins. This work will show that the current is responsible for approximately strike-

parallel, incisional features on the shelf to the east and south of Trinidad, and is partially 

responsible for movement of sediments around the island. In this work, we describe the 

late Pleistocene depositional systems of the Columbus Basin using a sequence 

stratigraphic framework to characterize sediment distribution, bedforms and depositional 

framework over the last ~500,000 years. We use ~10,000 km2 of 3-D seismic reflection 

data combined with well penetrations and bathymetry data to identify sediment transport 

pathways including submarine channel systems and examine the role of dip-parallel 

versus strike-parallel sediment transport systems. We propose that during sea level high 

stand conditions, along-strike, current-driven systems influence sediment distribution 

along the margin while during low stand sea level conditions the margin is dominated by 

downdip sediment transport, sediment bypass of the inner shelf environments, and 

deposition of sand-rich facies at the shelf edge, and sandy turbidite facies on the slope 

and basin floor. Our results have implications for understanding sand distribution in 

current-influenced clastic shelf depositional systems.   
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INTRODUCTION 

Only three percent [Reading and Collinson, 1996] of the world’s continental 

shelves are characterized by strong and persistent unidirectional current flow (Fig. 4.1). 

Where these flows do occur, elongate sand-rich sedimentary morphologies (ie., bars, 

waves, channel fills) have been broadly documented [Flemming, 1981; Trincardi and 

Normark, 1988; Lantzsch et al., 2014]. The northeastern South American continental 

margin is one such region of the world’s oceans. A portion of this region, the eastern 

shelf off the island of Trinidad is an area where modern and ancient currents collide with 

seaward directed flows originating in the Orinoco River and delta.  This region provides 

insight into the habitat and influence of a shelf-based, unidirectional current along a 

tectonically active margin where the complex interaction of active structures set up a 

temporally and spatially irregular depositional surface.  

Historical publications in the stratigraphic architecture and sedimentary processes 

of the eastern Trinidad shelf area, focus on  sediment transport in the down-dip, basin-

ward direction [Leonard, 1983; Di Croce et al., 1999; Wood, 2000; Warne et al., 2002a; 

Sydow et al., 2003; Steel et al., 2007; Carvajal et al., 2009; Wood and Mize-Spansky, 

2009; Garciacaro et al., 2011b; Gibson et al., 2012]. These studies discuss the 

progradational/retrogradational cycles of the Orinoco Delta system including proximal to 

distal facies transitions, and the processes involved in moving terrigenous clastics from 

the coast and inner shelf environments to the outer shelf, slope and deep-water 

environments; up to 300 km east of the shelf edge [Leonard, 1983; Di Croce et al., 1999; 

Brami et al., 2000; Ercilla et al., 2000; Wood, 2000; Sydow et al., 2003; Steel et al., 

2007; Wood and Mize-Spansky, 2009; Callec et al., 2010; Garciacaro et al., 2011b; 
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Gibson et al., 2012; Moscardelli et al., 2012]. Although van Andel [1967], and Warne et 

al. [2002b] noted the importance of the Guyana Current and its influence on the region, 

Moscardelli et al. [2012] was the first study to discuss the influence of shelf currents on 

the depositional system of the Columbus Basin. Using modern 3D seismic data, 

geotechnical information collected to mitigate drilling hazards and abundant shelf water 

depth well penetrations data, Moscardelli et al. [2012]  describes elongate stratigraphic 

units with their main axis aligned parallel to the shelf break, which have been formed by 

the alongstrike redistribution of sediments trapped to the west of the counter regional 

faults. Further, Moscardelli et al. [2012] note the lack of a continuous sedimentary 

conduit between the inner shelf and upper slope regions and suggest that the sediments 

were supplied to the slope area in part by current-controlled sediment-transport 

mechanisms. On the northeastern South American continental shelf; the Guyana current 

is responsible for moving significant volumes of sediment, water and nutrients derived 

from the margins of Brazil, Suriname, Guyana and the Orinoco coast to the Trinidad 

offshore area and northward into the Caribbean Sea [van Andel, 1967; Warne et al., 

2002a; Warne et al., 2002b; Gyory et al., 2003]. There are narrow zones of 100-km-long 

coast parallel, mudcapes and northwest migrating mudbanks along the Orinoco and 

Guiana margin which have been formed by the accretion of fine grained, dominantly 

Amazon River-derived sediments under the influence of northwest directed currents [van 

Andel, 1967; Allison et al., 2000; Warne et al., 2002b]. In this study, we identify 5–10 

km-wide, approximately depositional strike-parallel scours on the seafloor and near 

seafloor depositional surfaces, which suggest the movement of sediment and water in 

orientations orthogonal to the well-documented southwest-to-northeast sediment transport 

systems of the Tertiary and modern shelf [Leonard, 1983; Di Croce et al., 1999; Wood, 

2000; Sydow et al., 2003; Steel et al., 2007; Gibson et al., 2012]. We will show that these 
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scours and fills are associated with the strong and persistent flow of the Guyana current. 

This process plays a significant role in inhibiting the transfer of sediments across the 

shelf to deeper marine environments immediately east of the Trinidad shelf [van Andel, 

1967; Warne et al., 2002b]. Instead, these sediments are moved northward along the 

shelf; with relatively higher concentrations of suspended sediments on the inner shelf 

[Emel'yanov and Kharin, 1974], and are then directed towards the west to be deposited in 

Caribbean Basins [van Andel, 1967; Bowles and Fleischer, 1985; Warne et al., 2002b] 

(Fig. 4.1). We infer that the sediment transport, dispersal and depositional system that 

operates at the present day is enabled by the prevailing high sea-level stand conditions 

which facilitate the presence and northward flow of the North Brazil and Guyana currents 

along the northeastern South American margin. Based on observations in the sedimentary 

record of the shallowest late Pleistocene of the Columbus Basin, we propose two 

depositional system end-members for the eastern offshore Trinidad area that alternate 

based on sea level conditions. During low sea-level stand conditions sediments move and 

are deposited in a traditional dip-oriented depositional model in which significant 

volumes of terrigenous sediments are transported basin-ward. In contrast, under high-

stand sea-level conditions sediments are contained on the shelf under the influence of the 

persistent and unidirectional currents and are shunted north and westward to end up in 

depocenters of the Caribbean Basin. 

 

REGIONAL SETTING, STRUCTURE AND SEDIMENT SOURCES 

The Columbus Basin, located offshore eastern Trinidad, is the foreland basin 

formed as a result of the loading and flexure of the South American lithosphere. The 

Columbus Basin is bounded to the north by the Darien Ridge fold and thrust belt, to the 
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west by Trinidad and extends to the westernmost down-to-the-east listric fault south of 

Trinidad. It shallows towards the south onto the Amacuro shelf; away from the plate 

boundary and the imposed tectonic load, and it widens and opens to the east where it 

faces the Barbados Accretionary Prism and the Atlantic Ocean [Leonard, 1983; Wood, 

2000; Gibson et al., 2012]. The southeast-directed shortening is recorded in the basin by a 

series of NE–SW oriented, broad anticlinal and adjacent synclinal structures. This paper 

focuses around two of these structures, the Galeota Ridge and South-East Galeota (SEG) 

High features, which have deformed Paleogene through Pleistocene stratigraphy (Fig. 

4.2). Contemporaneous with the southeast-directed shortening, there is gravitational 

extension in the down-dip, northeast-ward direction which is orthogonal to the direction 

of shortening. This extension is accommodated by a series of down-to-the-east synthetic 

and down-to-the-west antithetic, NW–SE oriented listric normal faults, which generally 

young towards the east [Leonard, 1983; Wood, 2000] (Fig. 4.2).   

The majority of sediments contained in the Columbus Basin have been supplied 

by the Orinoco River and indirectly by current-transported sediments from the Amazon 

River. Approximately 50% of the sediments deposited on the Orinoco coast, are 

transported by the North Brazil and Guyana Currents from the Amazon River ~1,600 km 

along the northeast South American shelf to the Amacuro Shelf and Orinoco coastal area 

[Eisma et al., 1978; Warne et al., 2002b]. The sediments observed in the present day 

Orinoco Delta have been described as dominantly fine grained and include well sorted 

fine to medium sand at the bottom of major channel distributaries, silt, mud and peat in 

the inter-distributary basin, a dominance of silt along with clay and fine sand within 

levees and a dominance of sand at river mouth bars [van Andel, 1967; Warne et al., 

2002b]. Under sea level falling and lowstand conditions, the delta progrades, and incising 

braided and meandering channel complexes extend eastward on the continental shelf with 
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the majority of sediments transported basinward to form a thick delta front succession at 

the shelf edge [Warne et al., 2002a; Sydow et al., 2003]. 

The Plio-Pleistocene stratigraphic fill on the eastern shelf of Trinidad; up to 15-

km thick in places (Fig. 4.2), records repeated cycles of progradation as the delta 

traversed the shelf to occupy a shelf-edge position. Subsequent transgressive conditions 

are marked by low aggradation on the shelf when the delta retreats to an inner-shelf 

position [Di Croce et al., 1999; Wood, 2000; Warne et al., 2002a; Sydow et al., 2003; 

Steel et al., 2007]. Active structures complicate the classic progradational-aggradational 

profile as there is a complex interaction of contractional, extensional and strike-slip 

faulting associated with the transitional subduction to strike-slip Caribbean–South 

American plate boundary. The submarine folded and thrusted uplifts of the Galeota and 

Darien Ridges present barriers or obstacles on the seafloor to current movement and delta 

progradation along and across the margin. Syn-depositionally active listric faults create 

accommodation on the downthrown fault blocks resulting in a thick hanging-wall 

sediment accumulation. These thicknesses can reach up to >5 times the thickness of 

equivalent sections to the south [Di Croce et al., 1999] due to the occurrence of active 

synthetic and antithetic fault pairs on the northern side of the basin [Gibson et al., 2012]. 

The most recent shelf edge delta in the basin, formed approximately 18–15 Ka, contains 

aggrading delta topset facies which are ~130 meters thick and delta front clinoforms that 

have ~200 meters of vertical relief [Sydow et al., 2003]. This incredible thickness sets up 

a deltaic profile which differs from that of passive margin delta systems with respect to 

geometry, thickness proportions and significantly higher aggradation/progradation ratios 

[Carvajal et al., 2009].  
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The Guyana Current 

The Guyana current; is a strong and persistent unidirectional current which flows 

towards the northwest along the continental margin of northeastern South America 

[Gyory et al., 2003] and is driven and sustained by the global meridional overturning 

circulation system of surface and deep currents which move water, heat, marine life, 

sediments, chemicals and other substances over great distances [Schmittner et al., 2007]. 

It originates as a thread that splits from the North Brazil Current (NBC) in the vicinity of 

French Guiana (~5°N) and flows towards the Orinoco Delta and southeast Trinidad area 

where it splits into two segments: (1) a southern stream which flows into the Columbus 

Channel and Gulf of Paria before entering the Caribbean Sea; and (2) a northward 

flowing segment which flows along Trinidad’s east coast before flowing west into the 

Caribbean area [Boisvert, 1967; van Andel, 1967; Eisma et al., 1978; Bowles and 

Fleischer, 1985; IMA, 1996] (Figs. 4.1, 4.4).  

On the shelf the current travels at 10–216 cm s-1 as it transports ~150–200x106 

tons of sediments annually, from the mouth of the Amazon River up to 1,600 km along 

the northeast South American coast [van Andel, 1967; Eisma et al., 1978; Wells and 

Coleman, 1981; Nittrouer et al., 1986; Nittrouer et al., 1995; Warne et al., 2002b; Niko 

Resources Ltd, 2011]. Based on sediment cores down to 12 meters below the seafloor 

(>268,000 B.P.), Amazon and Orinoco sediments are transported into Caribbean Basins 

as far as the Aves Ridge and eastern Venezuelan Basin [Bowles and Fleischer, 1985]. 

Bowles and Fleischer [1985] have determined that while the Amazon River out-supplies 

the Orinoco River with respect to sediments moved from the Orinoco Delta area into the 

Caribbean, there is a substantial reduction in the volume of Amazon sediments deposited 

in the eastern Caribbean during glacial periods compared with the relative proportion of 

Orinoco sediments. This suggests a distinct change in the sediment supply and 



 115 

distribution system along the margin which is driven by sea level stand and the 

consequent presence or absence of an along-shore current along northeastern South 

America [Bowles and Fleischer, 1985; Warne et al., 2002a]. 

 

DATA, METHODOLOGY AND APPROACH 

The data for this study consists of multiple surveys comprising ~10,000 sq km of 

3D seismic data that extends to a two way travel time depth of 1 second (Fig. 4.5). 

Gamma-ray and resistivity logs, and biostratigraphic information from ~15 boreholes 

which were tied to the seismic volumes using checkshot data or time-depth conversion 

tables. The seismic lines were used to interpret the seafloor surface and several 

stratigraphic surfaces across the study area as well as map primary structures (folds and 

faults) (Fig. 4.5). The interval of interest was subdivided using the approach of Mitchum 

et al. [1977b] and Mitchum et al. [1977a] into a number of seismic sequences bounded by 

unconformities and their correlative conformities. Numerous faults were mapped.  These 

were interpreted in areas of the seismic data that exhibited steeply dipping to near-vertical 

discontinuity of reflectors, whose orientation dissects and disturbs the horizontal to near-

horizontal reflections.  

The mapped seismic reflector surfaces and the stratigraphic packages which they 

bound are characterized using seismic facies analysis techniques; including the evaluation 

of seismic reflection parameters; amplitude, frequency, configuration and continuity as 

described by Mitchum et al. [1977b] in order to make lithofacies and environmental 

interpretations. The primary surfaces formed the framework for seismic 

geomorphological analysis following methodology described by Posamentier [2004]; 

Zeng [2004]; 2007], Posamentier et al. [2007]. The mapped faults and horizons were 
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used to generate two-way-time (TWT) structure maps for the respective stratigraphic 

surfaces, isopach maps for each respective stratigraphic package. These isopach maps 

were used to characterize the pattern of lateral sediment distribution including the 

location and timing of active sedimentation through the late Pleistocene. 

  

STRATIGRAPHIC APPROACH 

Topography of modern seafloor 

Observations 

The seafloor reflector is a positive seismic amplitude or peak; following American 

polarity [Brown, 2004]. Bathymetry ranges from 0 – ~500 meters and slopes dip towards 

the northeast over most of the shelf at <1° degrees (Fig. 4.7A). However dips increase 

near the shelf edge up to ~5° degrees. There is also an increase in the elevation of the 

seafloor towards the north over the uplifted Galeota and Darien Ridge structures (Figs. 

4.6, 4.7A). The seafloor bathymetry map and dip-oriented, cross-section profiles of the 

bathymetry reveal details and complexities on the seafloor surface that are not evident 

from the seismic data (Fig. 4.8). The profile of the shelf is not entirely smoothly dipping 

towards the east but is characterized by vertical displacements due to fault activity and 

incisional features on the sea floor (Figs. 4.8, 4.9). The slope map of the bathymetry; 

which is an expression of the change in gradient on the seafloor surface, shows the 

presence of laterally continuous, linear to meandering features parallel to the continental 

margin which correlate to indentations observed on cross-sectional profiles of the shelf 

bathymetry (Fig. 4.8). These indentations are ~5–>10 meters deep and <1–10 km wide 

and are observed to extend from ~9°N to the southern coast of Trinidad and the southern 

margin of the Galeota Ridge (Figs. 4.8, 4.9A). Seismic amplitude maps on the seafloor 
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are generally characterless over most of the shelf due to the low quality and continuity of 

the seafloor reflection, particularly in the middle shelf area, however at the western and 

eastern margins of the surface where the reflection is strongest, a number of linear 

features have been identified.  

Interpretations 

The margin-parallel indentations are interpreted to be channel features formed 

under the influence of the Guyana Current as the observed pattern is consistent with the 

identification of continuous meanders in the core of the current based on hydrographic 

studies and ship surveys  [Fukoka, 1971; Febres-Ortega, 1974]. To the east of the shelf 

edge, on the continental slope the suite of approximately northeast-oriented lineations 

observed on amplitude maps have been interpreted to be slope channels located downdip 

of shelf edge faulting [Maher, 2007]. 

Upper Pleistocene stratigraphy 

The upper Pleistocene is divided into five packages which are each capped by a 

horizon identified as a sequence boundary surface following the framework defined in 

Alvarez [2008]. The packages are all thinnest towards the west over the inner shelf and 

have a doubly divergent character as they thin and onlap onto the Galeota and Darien 

Ridge structures to the north and the SEG High structure to the south, with the greatest 

thickness in the outer shelf to shelf edge area (Figs. 4.6, 4.10). The horizons are extensive 

surfaces with a general dip towards the east and they have been cut by a number of NW–

SE oriented down-to-the east synthetic and down-to-the west antithetic listric faults (Fig. 

4.6). There is an increase in the amount of displacement recorded across the respective 

faults with depth, and wedge-shaped packages of divergent reflections on the 

downthrown side of the faults are indicative of syn-depositional motion on the faults. The 
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most displacement in the study area is observed on Fault G, located just west of the shelf 

edge (Fig. 4.6).        

A–B Package 

This package is bounded by the seafloor and the B horizon. The package is 

subdivided based on reflection character into two units; a lower unit that is confined to 

the shelf edge and is defined by moderate-to-high-amplitude prograding clinoforms, and 

a laterally extensive upper unit characterized by continuous, parallel, near-horizonal 

seismic reflections. The lower unit is interpreted to be a lowstand wedge deposited above 

the B Horizon while the upper unit is the rising stage to highstand package. The seafloor 

surface and upper unit of this package is cut and disrupted by strike-parallel channel 

features which have created incisional features with associated lateral accretion surfaces 

as discussed below.  

B–C  Package 

The B–C package is bounded by the B and C horizons at its top and base 

respectively. The B horizon is defined by a strong continuous high to moderate amplitude 

reflector which is concordant with the underlying reflections. In the vicinity of the shelf-

edge this horizon is identified as a downlap and onlap surface; in the terminology 

Mitchum et al. [1977a] (Figs. 4.6C, 4.11D). The foresets of the underlying package abut 

the B horizon which forms a toplap surface which may be indicative of truncation and 

erosion of the foresets by the B surface (Fig. 4.11); a characteristic associated with forced 

regression [Posamentier et al., 1992; Walker and Wiseman, 1995]. There are a series of 

NE–SW oriented lineations observed on amplitude maps which are aligned with the 

location of locally discordant, wavy, undulating seismic reflectors which are interpreted 

to be dip-oriented channels (Fig. 4.11B). The package is subdivided into three units; a 
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lower unit characterized by inclined prograding reflections confined to the shelf edge and 

upper slope area (Fig. 4.11D); a middle unit characterized by continuous, parallel 

reflections, and an upper unit that is generally parallel and concordant with the B horizon 

but is disrupted by inclined, discontinuous, irregular and in some places chaotic reflection 

character (Figs. 4.6, 4.11B).  

The B horizon is considered a type I sequence boundary; as defined by 

[Posamentier and Vail, 1988; Posamentier and Allen, 1993]., associated with the last late 

Pleistocene glacial maximum (20,000–16,0000  years ago) [Warne et al., 2002a]. The B–

C package is interpreted to be the deposits of a transgressive–regressive cycle and is 

comprised of a basal lowstand prograding wedge, a transgressive to highstand middle unit 

and an upper falling-stage to lowstand upper unit characterized by a basin-ward step of 

deltaic environments with a series of dip oriented channels that cut into the B horizon and 

upper layers which are discussed below (Fig. 4.11).      

C–D Package 

The C–D package is bounded at the top and base by the C and D horizons 

respectively. The C horizon is a distinct, high amplitude, relatively continuous reflection 

except in places where it is displaced by normal faulting. At the shelf edge, the C horizon 

dips relatively steeply towards the east as it takes on a clinoformal geometry and is a 

composite onlap–downlap surface for overlying prograding reflections (Fig. 4.6C). The 

package is subdivided into two units; a lower unit composed of generally parallel, 

continuous reflections and an upper unit which consists of sub-parallel to divergent-

inclined prograding reflections at the shelf edge. NE–SW oriented linear features are 

identified on the amplitude extraction map of the C horizon and underlying succession 

which correspond to a locally disrupted irregular to wavy and discordant reflection 
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character in the uppermost layers of the package (Fig. 4.12). The top of the lower unit is 

defined by a continuous reflector which is disrupted, on the downthrown side of the G 

fault by discontinuous and irregular reflections that correspond to NW–SE oriented linear 

features.  

The C horizon is characteristic of a type 1 sequence boundary [Posamentier and 

Vail, 1988; Posamentier and Allen, 1993] and the C–D package is interpreted to be the 

deposits of a transgressive–regressive cycle composed of a lower transgressive to high 

stand phase that is capped by a maximum flooding surface and an upper unit that contains 

the deposits of the falling stage to lowstand conditions. The linear features associated 

with locally irregular seismic character are interpreted to be channel features.   

D–E Package 

This package is bounded by the D and E horizons at the top and base respectively. 

The D horizon extends further to the north than the overlying horizons which onlap onto 

it however this surface eventually terminates to the north where it is truncated near the 

top of the southern flank of the Darien Ridge structure (Figs. 4.6, 4.7). This horizon 

shows greater deformation than the overlying B and C horizons as it has been 

incorporated in the southeast-directed shortening responsible for the anticlinal Galeota 

Ridge and SEG High structures at the northern and southern margins of the study area 

respectively, with a broad syncline between the two structures (Figs. 4.6, 4.7C). The 

reflectors of the D–E package are generally parallel and continuous and the package is 

subdivided into two units on the shelf (Fig. 4.6). The upper unit has a disrupted character 

in places, particularly on the downthrown side of the E fault within the Columbus 

Syncline where there is a broad ~10-km-wide zone of discontinuous, high amplitude 

reflections that correspond with the location of linear NE–SW oriented linear features 
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identified on semblance maps (Fig. 4.13). Semblance maps of the top of the lower unit 

show a surface devoid of linear features. The upper unit of the D–E package is interpreted 

to be the falling stage to lowstand package which is capped by the D horizon sequence 

boundary surface that has been subject to NE–SW oriented channelization as the delta 

prograded across the shelf.  

E–F Package 

The E–F package is bounded at its top and base by the E and F horizons 

respectively (Fig. 4.6). The E horizon is an extensive surface over the study area with a 

generally moderate to strong amplitude over most of the study area (Figs. 4.6, 4.7D). E 

horizon is highest towards the north where it drapes over the Galeota Ridge and onlaps 

onto the southern flank of the Darien Ridge structure and is deepest towards the east (Fig. 

4.6). The reflections of the E–F package are generally parallel and continuous with the 

exception of the hanging wall wedges. Within the Columbus Syncline and on the 

northern flanks of the SEG High, the seismic reflections at this horizon and in the upper 

section of the package have a wavy to undulating character and these irregularities 

correspond to the location of 20–30 km long, approximately northeast trending linear 

features observed on semblance maps on the E horizon and the upper E–F package (Fig. 

4.14). The E horizon is interpreted as a sequence boundary characterized by down-dip 

oriented channelization and erosion on the inner and middle shelf; particularly within the 

deepest Columbus Syncline area. The upper unit of the E–F package is interpreted to be a 

falling-stage to lowstand unit of a transgressive–regressive succession. 

Shelf Incisions 

Two distinct classes of incisions can be found in the shelf environment deposits of 

the eastern Trinidad shelf: (1) incisions that are roughly parallel to the regional dip of the 
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shelf, are oriented east-northeast to west-southwest; and (2) incisions that are roughly 

perpendicular to the regional dip of the shelf, oriented east-southeast to north-northwest.  

These two classes are discussed below.   

Dip-oriented channel systems 

The dip-oriented channel system of the upper Pleistocene include <100–~1,500 

meter-wide linear channels and ~150–600-meter-wide meandering channels have been 

identified on numerous surfaces and are best defined on the identified sequence 

boundaries. On the B and C horizons there are ~100–300-meter-wide NE–SW oriented 

linear channels which are most strongly developed on the interpreted middle to outer 

shelf. These channels are interpreted to be associated with channel erosion in a delta plain 

environment during the falling to lowstand sea level phase as sediments bypass the 

subaerial and delta plain environments on the shelf to be deposited as prograding delta-

front clinoforms at the shelf edge or be transferred to deeper environments (Figs. 4.6C, 

4.11D) [Di Croce et al., 1999; Wood, 2000; Warne et al., 2002a; Sydow et al., 2003]. 

There is a broad NE–SW oriented concave-up feature just beneath the D surface, formed 

on the downthrown side of the E-fault, near the crest of the SEG High (Fig. 4.13). This 

concave up feature is characterized on seismic cross-sections by wavy, discontinuous and 

irregular reflections and is interpreted to be a 600–1,500-meter-wide broad channel 

complex of low sinuosity braided channels formed in a delta plain environment. The 

complex is flanked by generally continuous and parallel reflections on either side (Fig. 

4.13). These channel features are similar in scale and geometry to channel complexes 

observed on the present-day Orinoco [Warne et al., 2002b]. 

There are approximately NE–SW to east–west oriented lineations which cut into 

the E surface and the uppermost section of the E-F package. These lineations are ~100–
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500 meters wide, extend laterally for a distance of 15–30 km and are interpreted to be 

basin-ward flowing channels associated with the E horizon sequence boundary (Fig. 

4.14). The channels are meandering in form and at least four individual channels appear 

to have been directed from the western inner shelf as well as from the elevated SEG High 

to flow towards the broad Columbus Syncline where they converge to become a single 

broad channel feature (Fig. 4.14). There are short wedge shaped reflections that narrow 

away from the channel features (Fig. 4.14B) which are identified as levees and overbank 

deposits, as well as point-bar formation on the inner (concave) banks of the meandering 

channels and a crevasse-splay on an outer (convex) meander bank of the channel (Fig. 

4.14A) [Coleman and Prior, 1982; Bhattacharya and Walker, 1992; Miall, 1992; 

Collinson, 1996; Reading and Collinson, 1996]. The channels and associated bank 

deposits are similar in scale to the depositional systems associated with the overbank and 

interdistributary areas of the present day Orinoco Delta plain [Warne et al., 2002b]. 

Strike-parallel channel systems 

On the seafloor surface two major, 1–3 km wide concave features with a margin-

parallel trend occur, and appear to bifurcate from a main trunk in the vicinity of the 

southern boundary of the Orinoco Delta (Fig. 4.8). There are numerous smaller, narrower 

concave upward features which in some cases connect with the larger features. We 

interpret these concave features to be incised channels. The western-most feature; 

Channel I, is approximately parallel to the eastern Venezuelan coastline and is located on 

the offshore inner shelf ~20–60 km from the coast. It is positioned in the vicinity of the 

transition from the seaward extent of the present-day prodelta deposits of the Orinoco 

Delta and the older Pleistocene relict coastal plains [Warne et al., 2002b]. Channel I has 

low sinuosity as it wraps around from a NW–SE orientation near the mouth of the 
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Orinoco River to an approximately east–west orientation in the Columbus Channel 

between Trinidad and Venezuela (Fig. 4.8). The depth of this feature based on the 

bathymetry cross-sectional profiles, is shallower (~5 meters) to the south and increases to 

~10 meters in the Columbus Channel area. In seismic cross-section there is a distinct V-

shaped incision at the seafloor that cuts into and disrupts the near horizontal underlying 

seismic reflections which corresponds to the location of the channel feature on the 

bathymetry profile (Figs. 4.8, 4.9A). To the south of Galeota Point; at the southeastern tip 

of Trinidad, there is a shorter meandering feature; Channel II, which appears to branch 

off of the main western channel feature (Figs. 4.8, 4.9B). The seafloor of the southeastern 

Trinidad coast is blanketed by sandy sediments however the location of Channel II 

coincides with a location of thin to absent sediments and the submarine exposure of relict 

coral and older formations as described by Ganesh and Gopaul [2013]. The absence of 

sediments along the path of a channel feature identified from the seafloor dip map, along 

with the observation of a concave feature at the seafloor (Figs. 8, 9A, B) may be a 

consequence of erosion and scouring driven by the flow of the current as it is focused 

within the relatively narrow Columbus Channel. 

Towards the middle of the shelf Channel III has a meandering planform that 

parallels the shelf strike and appears to terminate to the south of the Galeota Ridge (Fig. 

4.9) where there is a NE–SW trending accumulation of coarse sand at the base of the 

southern limb of the Galeota Ridge (Fig. 4.4) [Repsol E&P T&T Limited, 2013]. On the 

Amacuro Shelf, Channel III has a distinct V-shaped profile (Fig. 4.8A, B) however 

towards the north in the Columbus Basin area the system is characterized by a wider 

valley form with the main channel located on the downthrown side of an active down-to-

the-east listric fault (Fig. 4.8A, C). On seismic section the location of this channel 

corresponds to a subtle change in dip at the seafloor, that forms a broad 1–2 km wide 
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depression adjacent to a down-to-the-east listric fault (Fig. 4.9C, D). Just beneath the 

depressed seafloor reflector, we identify ~60-ms-thick zone of near parallel, inclined, 

high amplitude reflections which are dipping towards the west (landward) adjacent to a 

down-to-the-east listric fault (Fig. 4.9C). These reflections are interpreted to be lateral 

accretion surfaces similar to those described by Posamentier [2004]; Kolla et al. [2007] 

as they are developed on the eastern bank of the channel; which is coincident with the 

inner concave bank of the meander (Fig. 4.8), where there may be the development of 

point bar deposits formed as a result of progressive lateral (westward) migration of 

channel meanders [Coleman and Prior, 1982; Miall, 1992].  

We identify Channels I and II on the profile in Figure 9D which crosses the 

southern flank of the Galeota Ridge structure, however there are no indentation or 

incisional features on the seafloor profile across the Ridge that corresponds to Channel 

III. We infer that the relatively northward trending channel features extend up to the base 

of the topographically elevated Galeota Ridge which acts as a barrier or obstacle to the 

continued northward flow of Channel III (Figs. 4.2, 4.6B). It is possible that on 

encountering the elevated seafloor surface on approach to the Galeota Ridge, the 

suspended sediments transported by current are either suspended shallower within the 

water column or they are diverted or dispersed within smaller channel systems which 

flow along the southern margin of the Galeota Ridge either to the west where it joins the 

flow of Channels I and II or to the east where it joins channel IV and other flow systems 

along the shelf-edge (Fig. 4.8).  

 Within the C–D package, the surface identified as the maximum flooding surface 

has been locally disrupted by a ~3-km-wide NW–SE oriented channel feature (Fig. 

4.12C, E) which can be traced laterally for approximately 30 km. This channel appears to 

be oriented along strike and there are well-developed banks, levees and lateral accretion 
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surfaces associated with the channel. This channel and associated facies is contained 

within the transgressive unit of the package that is capped by the maximum flooding 

surface. It is located on the downthrown hanging wall block of Fault-G, and appears to 

flow parallel to the trend of the fault (Fig. 12C). This channel feature is very similar to 

the along-strike channels observed on the present-day seafloor with respect to its seismic 

character, stratigraphic position within the sequence and location relative to an active 

listric fault.  

 

DISCUSSION 

Influence of unidirectional currents on shelf sedimentation 

The nature, character and properties of ocean surface currents are well studied 

from a hydrographic perspective, and by extension their influence on marine life, 

sediments, micro-organisms, chemicals and heat among others. However, there is very 

limited work examining their role in: (1) modifying and shaping the depositional surface; 

and (2) influencing the character, shape, form and extent of sedimentary deposits and 

bedforms.  

Flemming [1981] examined the powerful Agulhas Current, located on the 

southeast African margin. This powerful geostrophic current; with a velocity of 250 cm s-

1, seasonally migrates onto and flows along the narrow (~10–40-km-wide) shelf. It plays 

a significant role in the transport and deposition of sediments derived primarily from 

fluvial sources [Flemming, 1981]. A series of elongate, approximately shelf-parallel 

sandstreams; including large sandwaves, sand ribbons and sand streamers [Flemming, 

1981], are formed on the shelf by the energy of the Agulhas Current. In some places the 

current detaches from the shelf and flows towards the basin, where it deposits sands in 
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deeper, off-shelf locations [Flemming, 1981; Johnson and Baldwin, 1996]. This current-

dominated, shelf-bound sediment transport and depositional system is only applicable 

during high sea level stand conditions when the current is able to flow along the 

continental shelf [Flemming, 1981].    

A second example comes from the South American margin, on the broad (130–

200-km-wide), southeastern South American continental margin in the vicinity of the La 

Plata Estuary. In this locality, there are two major ocean currents flowing in opposite 

directions on the shelf; the cold, northward flowing Sub-Antarctic Shelf waters and the 

warm, southward flowing Sub-Tropical Shelf waters [Piola et al., 2000]. These two 

strong and persistent currents move late Quaternary-age sediments along the modern 

shelf and are responsible for the along-shelf distribution of coarse-grained sediments 

originating from the more southward Argentine margin [Lantzsch et al., 2014]. 

Additionally, the current moves fine-grained clastic sediments derived from the high-

sediment supply La Plata River which drains the continent [Lantzsch et al., 2014]. 

Deposits include extensive strike-elongate, sandy regressive shoreface deposits on the 

middle and outer slope, smaller segmented, transgressive-shelf sand bodies on the inner 

shelf, late-rising stage to highstand, muddy fills and drapes over older wavy topography 

on the outer shelf and persistent, contourite drift deposits on the slope as described and 

defined by Lantzsch et al. [2014].       

The current driven processes on the margins documented and described by the 

respective authors as discussed in the preceding paragraphs are similar to processes active 

along the Trinidad margin. However there are some differences which include: (1) The 

regions around Trinidad have significantly higher sediment volumes derived from the 

Orinoco River; (2) the presence of active tectonic structures on the shelf in the Trinidad 

area; including the elevated fold and thrust belt and foreland basin development, which 



 128 

set up significant vertical changes in the topography over short distances and highly 

variable dip profiles along the strike of the margin. The active tectonics produce a 

depositional surface that is more complex and spatially variable compared to passive 

margins; and (3) incisional scour features observed at and near the seafloor which are 

interpreted to be associated with the flow of the persistent, unidirectional current.    

There are elongate, approximately coast-parallel sandy strandplain and barrier 

beaches, bars and shoreface deposits along the Trinidad shoreline and shallow shelf 

which are sculpted and redistributed by waves, tides, storms, long-shore currents and 

wind processes [Environmental Management Authority of Trinidad & Tobago, 2011; 

Darsan, 2013]. The northward flow of the Guyana current around Trinidad plays a 

significant role in directing the plume of sediments (Figs. 4.1A, 4.4); which is dominated 

by easily-suspendible fine-grained sediments including clays, silts, and fine sands 

towards the Caribbean. The bypass of these sediments along the northeastern South 

American and Trinidad coastline is facilitated by the hydrodynamics and intensity of the 

Guyana current which keeps sediments in suspension in the form of: (1) turbid 

suspensions (100–1,000 mg l-1) close to the coast; and (2) less concentrated volumes on 

the middle shelf [Eisma et al., 1991; Nittrouer et al., 1995; Warne et al., 2002b] and 

thereby prevents or inhibits the escape of suspended sediments basin-ward and off the 

northeastern South America/eastern Trinidad continental margin.   

The Trinidad landmass as well as the uplifted NE–SW trending Galeota and 

Darien Ridge structures characterized by an irregular seafloor surface of distinct banks, 

ridges and isolated rock outcrops [Niko Resources Ltd, 2011] form barriers or sediment 

traps which deflect and interfere with the flow of the current and contain the sediments 

(Fig. 4.4). The strike-parallel channel features on the shelf identified on the seafloor slope 

map divert around the southern coast of Trinidad and Channel III terminates and appears 
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to become dispersive in the vicinity of the southern boundary of the offshore ridges (Fig. 

4.8). A linear band of coarse sediments; characterized by sand ripples and steep sided 

banks along the southern boundary of these offshore ridges [Repsol E&P T&T Limited, 

2013], may include some sediments dumped from the current and or redistributed as it 

encounters the elevated structures (Figs. 4.4, 4.8). The presence of active elevated 

structures along the margin which are responsible for the distinct irregularity of the 

seafloor surface can influence sediment distribution and bedform geometries along the 

margin that is different from the elongate shelf-parallel sandstreams, sand bars and 

sandwaves observed on current-influenced passive margins.   

On the northeastern South American margin there are approximately strike-

parallel, laterally extensive, incisional and erosive channel features on the seafloor which 

we interpret to have been generated and influenced by the unidirectional current system 

Figs. 4.8, 4.9). Similar incisional features have been described on the northeastern 

Tyrrhenian shelf where a northwest-directed coast-parallel current with an average 

velocity of 10–20 cm s-1 flows along the margin [Trincardi and Normark, 1988]. This 

current is responsible for transporting sediments supplied by the Tiber River along strike 

and depositing them in the form of sediment waves on the prodelta, as well as for the 

incision and scouring of the seabed to form shallow, margin-parallel gullies in the 

vicinity of the shelf edge [Trincardi and Normark, 1988].  

On the Columbus Basin shelf, the strike-parallel scoured channel features are 

identified throughout the shelf. The more pronounced incisions show the development of 

lateral accretion surfaces which suggest that these features are well-established over a 

significant period of time. This type of current-driven incisional feature; which appears to 

be a unique occurrence, may be related to the strength and speed of the Guyana current 

which facilitates its erosive interaction with the seabed. The active extensional faults 
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which deform the seafloor surface with fault scarp geometries at the seabed in the 

Columbus Basin area (Figs. 4.2, 4.6, 4.7) may be a critical agent in facilitating current-

driven scouring along a pre-existing pathway. Channel III which flows along the middle 

shelf is observed to flow approximately parallel to the E-Fault before it terminates to the 

south of the Darien Ridge uplift (Figs. 4.8, 4.9). It appears that the channel may be taking 

advantage of the fault scarp which focuses the current’s northward flow. The lateral 

accretion surfaces identified at or near the seafloor in the shallowest A–B stratigraphic 

package, in the hanging-wall of the E-Fault suggest that there was lateral migration of the 

channel towards the fault plane in the west (Fig. 4.9C). It is possible that the lateral 

migration of the channel may have been driven by the progressive tilting of the 

depositional surface towards the west under the influence of fault-driven subsidence 

which focused the current flow towards the western bank. The linear, approximately 

coast-parallel Channel I (Fig. 4.8) located at the seaward extent of the submarine Orinoco 

prodelta may also be focused along a pre-existing gradient on the seabed defined by a 

paleo-shoreline that is associated with the submerged relict coastal plain, as discussed by 

Warne et al. [2002b].  

How do we recognize strike-parallel channels in the stratigraphic record? 

Strike-parallel, channel systems (SPCs) accommodated on the downthrown side 

of extensional faults may be present in the pre-Quaternary strata of the Columbus Basin, 

but they may be difficult to recognize in vertical seismic profiles and on stratigraphic 

slices due to seismic imaging quality. Likewise, their presence may be obscured and/or 

overprinted by extensive channels trending in the dip direction of the shelf, formed 

during the subsequent basinward falls in shoreline. The C–D package contains a potential 

SPC identified in seismic reflection data on the crest of the Southeast Galeota High (Fig. 
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4.15). In seismic stratigraphic slices, this feature is an approximate NW–SE oriented 

lineation that persists in the data for over 50 ms time-depth. In well data, the surface 

coincident with the top of the SPC is interpreted as a maximum flooding surface (Fig. 

4.15). The stratigraphic position is typical, as these strike-parallel channels (SPC) are 

developed within the later stages of the transgressive systems tract of the shelf sequences 

[Van Wagoner et al., 1990; Posamentier and Allen, 1997]. Although there are no direct 

well penetrations of these SPCs, we expect these features; based upon the lateral 

accretion that we see in their scours, to be filled with a mix of sands and shale drapes that 

likely reflect the waxing and waning of these currents. We postulate that these SPCs will 

have an overall fining upward (upward increase in gamma ray value) or blocky 

parasequence pattern which are typically associated with channel deposits with lateral 

accretion.  

Sediment transport regimes 

This study concludes that there are two energy systems active during the 

Quaternary-age cycles of rising and falling shorelines along the eastern shelf of Trinidad. 

These two energy systems; basin-ward directed energy systems and strike-parallel 

directed energy systems, generate different directions of sediment transport, orientations 

of erosional features, and resultantly different play opportunities and production scenarios 

for related reservoirs.   

Basin-ward directed energy systems 

The last late Pleistocene glacial/lowstand event in the Trinidad area was a time of 

exposure of the entire continental shelf, including the Gulf of Paria area to the west of 

Trinidad and the eastern offshore area [Warne et al., 2002a] (Fig. 4.16A) and a time 

dominated by basinward-directed energy systems. The last fall in sea level during the late 



 132 

Pleistocene resulted in a basin-ward step in facies so that the shelf generally became a 

low accommodation, sediment by-pass zone, with the development of bypass-type 

shoreface parasequence sets which are characterized sharp-based and sharp-topped 

shoreface sands that have limited thicknesses [Wood, 2000]. During times of falling 

shorelines, braided-to-loosely-meandering, subaerial-to-brackish-water channels on the 

shelf transfer sediments to the outer shelf and shelf edge. These, roughly west-southwest 

to east-northeast oriented channel systems feed delta-front clinoforms (Figs. 4.6C, 

4.16A). In eastern offshore Trinidad, these clinoforms aggrade at rates of >2,450 m My-

1, prograde basin-ward at rates of 16 km My-1 [Carvajal et al., 2009] and can have 200 

meters of vertical relief [Sydow et al., 2003]. These particular clinoforms are developed 

where active faulting on the synthetic-antithetic listric fault pair at the shelf edge 

increases the available accommodation for aggradation of the margin in addition to the 

progradation of the shelf-edge (Figs. 4.2, 4.6C).  

South American-derived terrigenous clastics which bypass the shelf are delivered 

to the deep-water environment; through canyons, through well-developed leveed slope 

channel complexes, through mass transport debrite events and associated turbidites or 

through contour-current reworking and redistribution downslope (Fig. 4.16A) [Faugères 

et al., 1993; Brami et al., 2000; Moscardelli et al., 2006; Moscardelli et al., 2012]. The 

150-km-progradation of the continental margin in the Columbus Basin area since the late 

Miocene [Gibson et al., 2012], as well as the delivery of coarse-grained clastic sediments 

including smectite-poor sands derived from the Orinoco and Trinidad shelf to the abyssal 

plain mainly during sea-level lowstands [Faugères et al., 1993; Callec et al., 2010] are 

indicative of an efficient basin-ward directed energy system. 
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Strike-parallel directed energy systems 

While significant emphasis has been placed on falling stage or lowstand sediment 

transport that parallels shelf dip direction, the morphology of the present-day seafloor as 

well as the fill composition of mini-basins and depositional centers to the north of the 

Columbus Basin suggest that there is an energy system and associated sediment transport 

mechanism that runs strike-parallel to the modern shoreline (Fig. 4.16B). This transport 

energy regime and associated sediment transport processes dominate during the periods 

of sea level transgression and highstand. Higher sea level conditions facilitate the flow of 

currents along the northeastern South American shelf, as part of the global ocean 

circulation system. Given the distinct similarity between the trend of the SPCs on the 

seafloor and the hydrodynamics or flowlines of the Guyana current system (Figs. 4.4, 4.8) 

we interpret that the shelf parallel channel system along the northeastern South American 

and eastern Trinidad shelf were formed and is driven by the Guyana current’s energy. 

The geomorphology of the seafloor at this time of sea level highstand; which is 

characterized by a few approximately strike-parallel channel systems, is distinctly 

different from the geomorphological features; including numerous dip-oriented channels 

observed on amplitude extraction and semblance maps of the upper Pleistocene sequence 

boundaries representative of lowered sea level conditions (Fig. 4.16).  

During highstand conditions sediments are transported within the flow of the 

current along the east coast Trinidad shelf to the structurally separated sedimentary basins 

north of the Columbus Basin including the Darien sub-basin, the Barbados Basin and 

wedge top basins of the Darien Ridge (Figs. 4.3, 4.4). Faugères et al. [1993] analyzed the 

structure, texture and mineralogy of sediments from cores taken off the Orinoco Delta 

and to the northeast of Trinidad and determined that the component similarities between 

the samples suggest a common fluvial origin from the Orinoco for the sandy terrigenous 
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sediments along the Trinidad and northeastern Venezuela coast. The sediments which are 

not trapped in these accommodation sinks along the Trinidad east coast or within the Gulf 

of Paria Basin to the west of Trinidad are interpreted to be shed into the Caribbean Basins 

in the west [van Andel, 1967; Bowles and Fleischer, 1985].   

During the Holocene high sea level conditions the sediment flux to the deep 

marine basins to the east of the shelf-edge is described as low (1.7–3.7 g cm-2 10-3 yrs) 

and the deposits are determined to be fine-grained sediments derived in equal parts from 

terrigenous sources and biogenic calcareous sources [Faugères et al., 1991]. This is in 

contrast to the high sediment flux (8.5–19 g cm-2 10-3 yrs) during the last glacial 

maximum, sea level lowstand event when a significant proportion of the deep sea 

sediments were derived from the Orinoco River and Delta system [Faugères et al., 1991; 

Faugères et al., 1993; Massé et al., 1995; Callec et al., 2010]. The inner shelf position of 

the Orinoco Delta and the high accommodation on the shelf during the Holocene presents 

a significant challenge for the transfer of terrigenous sediments to the shelf edge and 

deeper marine environments. However there are modern deltas which have prograded 

through the Holocene transgression such as the Godavari Delta [Nageswara Rao et al., 

2012] and the Acheloos Delta [Brückner et al., 2005]. High sediment supply can enable 

delta progradation across the shelf to deliver terrigenous clastics to the shelf edge and 

deeper environments in spite of high sea level conditions [Carvajal et al., 2009]. van 

Andel [1967] highlighted the contrast between: (1) the Mississippi Delta characterized by 

a broad progradational sediment wedge with dip elongate lobes that extend radially from 

the river mouths; and (2) the coast parallel orientation of the depositional systems of the 

present-day Orinoco Delta. The seaward geomorphology and the limited seaward extent 

of the Orinoco Delta have been attributed in part to the flow of the Guyana current, as 

well as the influence of waves on the margin [van Andel, 1967; Warne et al., 2002b]. The 
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shelf-contained northwest flowing current system is interpreted to play a role in 

containing terrigenous sediments on the shelf by forming an effective barrier to sediment 

progradation and the transfer of large volumes towards the shelf edge. 

The current-driven incisional features on the Columbus Basin shelf are identified 

and described as channels given the lateral extent, and evidence of continued and 

persistent incision of the seabed to form a confined pathway for flow. The term scour 

tends to be associated with smaller scale bedforms such as a hole or depression formed 

when sediment is removed or washed away from a river or basal surface and is typically 

associated with an ephemeral, high energy event such as a flood [American Geological 

Institute, 2014; Warren, 2014]. Channel is generally used to describe subaerial and 

submarine morphology in which there is a linear, concave-based depression or hollow 

bed which accommodates the flow of water and sediment, and into which sediments can 

be deposited in the form of elongate bodies [Schlumberger Limited, 2014] which more 

aptly defines the observed features on the Columbus Basin shelf.  

Implications of strike parallel energy and sediment transport systems for reservoir 
distribution and risk assessment 

The observations along the Trinidad margin would suggest that the highstand is 

not a period of quiescence with respect to sediment transport and distribution at this 

margin. Highstand conditions have been described as periods of low sediment transport 

due to sediments being sequestered at the shoreline, within estuaries and river valleys, 

however there are studies of modern and ancient systems [Brückner et al., 2005; Carvajal 

et al., 2009; Nageswara Rao et al., 2012] which demonstrate that shoreline progradation 

occurs during highstand conditions when there is sufficient sediment supply. An 

understanding of the form and orientation of depositional systems is important for 

hydrocarbon-industry reservoir assessment and field development. The existence of an 
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alternating, eustatically driven, dual sediment transport regime system has implications 

for locating and defining sand-rich successions in the older stratigraphic record. 

Reservoir quality clastic sediments are more likely to be supplied to the deeper marine 

environments during glacial lowstand events with relative starvation during the 

interglacial highstand periods. This is due to sediments being confined to the shelf and 

moved northward to Caribbean Basins by the strong, persistent Guyana current which 

occupies the shelf during the highstand. In chasing reservoirs associated with channel 

features on the shelf it is important to understand lateral and vertical facies relationships 

in order to determine the dominant sediment transport regime and most-likely orientation 

of bedforms and depositional systems which has implications for quantification of 

resources and plans for development.    

 

CONCLUSIONS 

(1) The strong and persistent strike-parallel, unidirectional current driven by the 

global ocean circulations system which flows along the northeastern South American 

margin, plays a significant role in the supply, transport and distribution of sediments 

along an >1,600 km segment of the continental margin. 

(2) The current contributes to the bedforms generated on shelf including a number 

of large scale (>50 km long, >1 km wide) incisional features (ie., strike-parallel channels 

– SPCs); across the inner to outer shelf. These SPCs are eroded into the seabed or near 

seabed strata, and exhibit lateral accretion surfaces typical of laterally migrating channels.  

(3) Active extensional listric faults which cause vertical displacements on the 

seafloor as well as relict coast plain features may focus the flow and path of highstand 
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time marine currents along zones of sharp gradient changes on the sea floor such as the 

down-thrown side of the faults or a paleo shoreline terrace (Fig. 4.16).      

 (4) We propose that the margin has been shaped by two alternating energy 

regimes and associated sediment transport systems; dip-oriented energy and sediment 

transport systems, in which the inner shelf is subaerially exposed and the delta progrades 

to the shelf edge delivering significant volumes of terrigenous clastic sediments to the 

deeper marine environments during lowstand conditions, or shelf parallel energy regimes 

and sediment transport systems in which; during highstand-time, unidirectional currents 

occupy the shelf and move large volumes of sediments along the shelf to the northern 

sub-basins along the margin and to the west into Caribbean Basins. 

 (5) Active structures associated with the Caribbean-South American plate 

boundary processes are responsible for an irregular depositional surface which influences 

sediment transport systems along the margin by setting up barriers, which inhibit current 

energy and result in sediment shedding from the current, or features which confine flows 

producing conduits to the movement of sediments along and across the continental 

margin. This results in a stratigraphic record that deviates from the depositional systems 

and facies relationships predicted by eustatic driven models based on passive margins 

[Mitchum et al., 1977a; Posamentier and Vail, 1988; Van Wagoner et al., 1990; Mitchum 

et al., 1993]. 
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Figure 2.1: (A) Topography and bathymetry map of the leading edge of the Caribbean 
and northern South America [GEBCO, 2009; ASTER GDEM, 2011] 
illustrating the key tectonic provinces and features discussed in this chapter. 
(B) Satellite free air gravity map [Sandwell and Smith, 2009] map. The rate 
and direction of motion of the Caribbean plate relative to South America is 
shown by the black arrow [Perez et al., 2001; Weber et al., 2001b]. Bold 
black lines illustrate major plate boundary faults and the dashed black line 
represents the subduction trace. Orange dashed line illustrates the proposed 
location of future STEP faulting. Magnetic isochrons [Mueller et al., 1997] 
are illustrated by the white lines and the associated number gives the 
magnetic anomaly number. The key SSST zone crustal provinces and their 
respective thicknesses are indicated by the bold red labels. Dashed red lines 
illustrate major fracture zones which accommodate strike slip faulting. 
Coastline and political boundaries are represented by thin black lines. EPFZ 
= El Pilar fault zone, CRFZ = Central Range fault zone, LBFZ = Los Bajos 
fault zone, NCFZ = North Coast fault zone, HLFZ = Hinge Line fault zone, 
WSFZ = Warm Spring fault zone. 
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Figure 2.2 continued next page 
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Figure 2.2: Map of the eastern Caribbean and northeastern South America [GEBCO, 
2009; ASTER GDEM, 2011] showing key structures, basins and provinces 
based on CBTH data [Mann and Escalona, 2011]. Bold black lines represent 
major plate boundary faults, pink arrows represent GPS vectors relative to a 
fixed South American plate [Perez et al., 2001; Weber et al., 2001b]. Rust 
colored polygons represent mud/shale diapirs, shale cored structures and 
mud volcanoes [Sullivan et al., 2004; Mann and Escalona, 2011], colored 
circles correspond to locations identified in Fig. 9A and red lines with labels 
show the location of sections described in Fig. 9B–D. ECFZ = El Coche 
Fault Zone, NCFZ = North Coast Fault Zone, HLFZ = Hinge Line Fault 
Zone, EPFZ = El Pilar Fault Zone, WSFZ = Warm Springs Fault Zone, 
CRFZ = Central Range Fault Zone, LBFZ = Los Bajos Fault Zone, GOP = 
Gulf of Paria, GR = Galeota Ridge, DR = Darien Ridge, NR = Northern 
Range, NCB = North Coast Basin, TT = Tobago Terrane, SdI = Serrania del 
Interior, VdC = Villa de Cura. Pink triangles represents the locations of 
Deep Sea Drilling Program (DSDP) wells 14-144 and 14-143 [Hayes et al., 
1972]. 
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Figure 2.3: Block diagrams of tectonic models proposed to explain the position and 
orientation of the subducted slab at the SSST zone and the significance of 
the Paria earthquake cluster. (A) A near vertical tear; a Subduction 
Transform Edge Propagator (STEP) fault, parallels the El Pilar fault zone 
and extends from the surface to 110 km modified after Molnar and Sykes 
[1969]; Clark et al. [2008]. (B) The STEP fault model of A. which invokes 
the formation of pull-apart basins between the STEP fault in eastern 
Venezuela and the deformation front to the southeast of Trinidad. (C) The 
detachment of north dipping oceanic crust from the northern South America 
margin which was subsequently over-ridden by northern America and has 
sunk beneath the continent, modified after Russo et al. [1996]; VanDecar et 
al. [2003]. (D) The El Pilar Fault Zone defines the termination of Atlantic 
oceanic subduction, south of the El Pilar there is detachment and partial 
removal of continental South American lithosphere which subducts towards 
the west along with the oceanic slab, modified after Bezada et al. [2010]. 
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Figure 2.4 continued next page
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Figure 2.4: Gravity base map [Sandwell and Smith, 2009] illustrating the seismicity 
[International Seismological Centre, 2011] at the leading edge of the 
Caribbean plate margin. Bold white lines with numbers define the depth 
contours of the subducted slab as defined by Wadge and Shepherd [1984]. 
Thin white lines define coastline and political boundaries, bold black lines 
represent major plate boundary faults, thin black lines represent other faults. 
The locations of gravity modeled cross-sections of Fig. 2.10 are shown by 
the red lines and the white box shows the extent of seismic tomography 
models. 
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Figure 2.5: Gravity base map [Sandwell and Smith, 2009]of the southeastern Caribbean 
SSST zone showing select earthquake events and their respective focal 
mechanism solutions [International Seismological Centre, 2011] grouped by 
province associations.  Numbers within the beachballs represent the focal 
depth in kilometers of the respective events.  Lines connecting the beachball 
to the epicenter location are color-coded with respect to tectonic province; 
yellow = onshore Trinidad, red = Columbus Basin shelf, brown = Jurassic 
oceanic crust, blue = North Coast Basin and Tobago Terranes, white = 
Forearc province, purple = Carupano Basin, orange = Paria/Northern Range 
Terranes and Gulf of Paria provinces. Grey lines with numbers represent the 
subducted slab contours and coastlines and political boundaries are 
illustrated by thin white lines. Major plate boundary faults are defined by 
bold black lines and minor faults by thin black lines. Pink lines define basins 
and structural terranes discussed in text. 
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Figure 2.6: Synthetic tests of the spatial inversion of the attenuation and travel-time 
inversions. (A) Checkerboard used for the resolution of the attenuation 
inversion model; there are two contrasting Qc

-1 values; 0.02 and 0.002. (B) 
Inversion of the synthetic model of (a) which illustrates that the central 
region of the model has been well-resolved based on attenuation contrasts 
down to a depth of 110 km. (C) Resolution Diagonal Elements (RDE) map 
in which higher values indicate zones which are efficiently solved. (D) The 
initial configuration of the checkerboard used for the resolution of the 
travel-time inversion model, includes two contrasting values of P-wave (vP) 
velocity; -5 and 5. (E) Inversion of the synthetic model of D which 
illustrates that the central region of the model is best resolved and 
reconstructed. (F) Parameterization nodes which are installed based on ray 
distribution are illustrated by the red dots. In locations where there are no 
rays present, no nodes are generated. Based on the node distribution the 
central section of the model is resolved. For the attenuation and the travel-
time tomography models, the crust and upper mantle within the SSST zone 
between ~63°W and ~59.5°W and the area south of 13.5°N between the 
subduction trace and the island arc are well resolved.  
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Figure 2.7: Maps of  inversion at (A) 30 km, (B) 50 km and (C) 70 km depth.  Maps 
of p-wave velocity anomaly at (D) 30 km, (E) 50 km, (F) 70 km.  
Tomographic solutions of the attenuation and travel-time image the crust 
and upper mantle of the southeastern Caribbean SSST zone and illustrate 
variations consistent with tectonic features and provinces. Fracture zones are 
defined by negative p-wave velocity anomaly and attenuation values and 
there is a strong negative p-wave velocity response in the vicinity of the 
Gulf of Paria and the STEP fault. Bold black lines illustrate major plate 
margin faults; dashed black line represents the subduction trace. Green 
dashed lines show the location of vertical sections shown in Fig. 2.8. LTSB 
= Lithospheric trace of subduction, PP = Paria Peninsula, GOP = Gulf of 
Paria, NB = Northern Range, NB = Northern Basin, SB = Southern Basin, 
CC = Columbus Channel, CB = Columbus Basin, DR = Darien Ridge, DB = 
Darien Basin, NCB = North Coast Basin, BB = Barbados Basin, EPFZ = El 
Pilar fault zone, CRFZ = Central Range fault zone, HLFZ = Hinge Line 
fault zone.  

1
cQ−



 151 

 

Figure 2.8 continued next page 



 152 

Figure 2.8: Vertical cross-sections along lines shown in Fig. 2.7F, through p-wave 
velocity percent perturbation models; perturbations are with respect to the 
reference (input) velocity model.  Black dots: earthquakes within ± 60km of 
each depth section.  Grey dashed line defines the interpreted top of the 
subducted or under-thrusted slab.  In the north, a dipping high-velocity 
anomaly located just east of the volcanic island arc is interpreted to be the 
subducted South American Atlantic oceanic crust beneath the Caribbean 
plate.  In the SSST zone to the south a near horizontal high-velocity 
anomaly is interpreted as under-thrusted South American crust which has 
been over-ridden by autochthonous and allochthonous SSST zone terranes. 
TT-NR = Tobago Terrane-Northern Range. Red and white line = axis of 
flexure. 
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Figure 2.9: (A) Plot of depth to basement as a function of age with the models of 
Parsons and Sclater [1977] illustrated by the grey curve and Stein and Stein 
[1992] illustrated by the black curve. The sediment corrected depths for 
seven points in the study area; locations shown in Fig. 2.2, are illustrated by 
the respective dashed lines. (B-D) show the sediment corrected depth profile 
at three locations within the SSST zone; locations shown in Fig. 2.2, 
compared with the universal flexural profile as defined by Turcotte and 
Schubert [2002]  
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Figure 2.10: Comparison of tomographic maps with gravity and magnetic observations.  
(A) Satellite free air gravity map [Sandwell and Smith, 2009] of the 
southeast Caribbean SSST zone.  (B) Magnetic susceptibility map [Maus et 
al., 2009]. (C) Map of p-wave velocity anomaly at 50 km depth. (D) Map of 
attenuation tomography at 50 km depth. Bold black lines represent key plate 
boundary faults, thin black lines represent other faults. Thin grey lines 
define the coastline and political boundaries. LTSB = Lithospheric trace of 
subduction, PP = Paria Peninsula, GOP = Gulf of Paria, CB = Columbus 
Basin, DR = Darien Ridge, DB = Darien Basin, BB = Barbados Basin, 
EPFZ = El Pilar fault zone, CRFZ =  Central Range fault zone, HLFZ = 
Hinge Line fault zone. 
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Figure 2.11: Gravity modeling of three lines across the SSST zone margin; locations 
shown on Fig. 4. Dotted black line represents the observed satellite derived 
gravity values and the solid black line represents the calculated gravity 
values from the model. Red line defines the positive or negative error 
relative to the blue zero error line, black dots represent earthquakes.  
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Figure 2.12: (A) South American basement map; and (B) Caribbean basement based on 
interpretation of seismic reflection lines within the SSST zone, bold black 
lines illustrate major plate margin faults; dashed black line represents the 
subduction trace.  Dashed red line defines the location of the COB/Guyana 
fracture zone.  Contour depths are given in milliseconds and dashed grey 
lines show the locations of vertical cross-sections shown in Fig. 2.13. LTSB 
= Lithospheric trace of subduction, EPFZ = El Pilar fault zone, CRFZ = 
Central Range fault zone, HLFZ = Hinge Line fault zone, LBFZ = Los 
Bajos fault zone. 
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Figure 2.13: (A) Uninterpreted and interpreted seismic section across the subduction 
trace within the SSST zone. (B) Uninterpreted and interpreted seismic 
sections showing the transition from the transpressional structures associated 
with the active Central Range plate boundary fault and the shortening 
associated with the accretionary prism. (C) Uninterpreted and interpreted 
seismic section showing the South American provinces and transitions 
across the COB. (D) Uninterpreted and interpreted seismic section across 
the suture zone between the Caribbean and South American plates. (E) 
Uninterpreted and interpreted seismic section across the plate boundary 
structures in the vicinity of the STEP fault. Bold black lines represent major 
faults, narrow black lines represent smaller faults and dashed black line 
represents inferred thrust faults. Blue vertical lines with blue letters indicate 
the locations of wells. Location of lines shown on Fig. 2.12. 



 163 

 

Figure 2.14 continued next page  



 164 

Figure 2.14: Interpretation of the lithospheric configuration across the southeastern 
Caribbean – South American plate boundary and comparison of the 
subduction zone in different positions along the SSST zone. (A) Section 
across the subduction margin just north of the SSST zone. (B) Section 
across central Trinidad; South American crust dips beneath the island of 
Trinidad and is interpreted to be overlain by autochthonous and 
allochthonous terranes. (C) Section west of Trinidad in the Gulf of Paria; 
South American crust dips steeply beneath the Caribbean mantle to 
accommodate lithospheric tearing of the slab and associated mantle flow to 
the west. Location of sections shown on Fig. 2.10. 
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Figure 2.15:  3D diagram illustrating the interpreted crustal configuration and key 
structures which accommodate the transition from pure westward directed 
subduction at the leading eastern boundary of the Caribbean plate, to the 
east-west strike-slip plate boundary at the El Pilar fault between the 
Caribbean and South American plates in the Southeastern Caribbean – 
Northeastern South American area.  Grey lines illustrate sections shown in 
Figs. 2.8 and 2.14. 
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Tectonic 
Setting Basin Type Description

S.E. Caribbean 
Example Global Example

Convergent Trenches Trough formed at subduction zone Chile Trench

Trench-slope basins Local depressions developed on subduction complexes Central American Trench
Forearc basins Basins within arc-trench gaps Tobago Basin Offshore Sumatra

Intraarc basins
Basins along intraoceanic or continental arc platforms, 
which include superposed and overlapping volcanoes Falcon, Bonaire Basins Izu Bonin arc

Backarc basins Basins behind continental or intraoceanic magmatic arcs Grenado Basin Marianas backarc

Foreland basins

Basins formed on the over-riding or subducting plate in 
response to flexural loading of the lithosphere by thrust 
sheets Maturin Basin Andes foothills

Wedgetop 
(Piggyback) basins Basins formed and carried on moving thrust sheets

Barbados Accretionary 
Prism Peshawar basin (Pakistan)

Hinterland basins 
Basins formed on continental crust behind foreland 
foldthrust belts Altiplano Plateau (Bolivia)

Strike-slip Transtensional basins
Basins formed by extension along strike-slip releasing 
bends and steps Gulf of Paria Dead Sea

Transpressional 
basins

Basins formed by shortening anlong strike-slip 
constraining bends and steps Central Range Santa Barbara Basin

Transrotational 
basins

Basins formed by rotation of crustal blocks about vertical 
axes within strike-slip fault systems Western Aleutian forearc (?)

SSST 
Pull-apart foreland 
basins

Basins formed in response to flexural loading with 
contemporaneous gravitational extension in the 
direction orthognal to  foreland shortening Columbus Basin

Lorca Basin Alboran Sea 
(Spain)?

Wedge-top sag basins
Basins formed above thrust sheets in response to 
extensional reactivation of structures

Darien Ridge wedge 
top basin Central Appenines (Italy)

Foreland-wedge 
basins

Basins  formed in the plate boundary transition zone 
response to flexural loading, with accretion-driven 
shortening in the direction orthogonal to foreland 
shortening Darien Basin S.E. Carpathians (?)

Strike-slip forearc 
basins

Basins formed within arc trench gaps which are subject 
to extension and shortening driven by strike-slip 
displacement

North Coast Shelf - 
Carupano Basin Ryukyu Forearc (Taiwan)

Transtensional 
Piggyback basins

Basins formed above moving thrust sheets with 
extension associated with tear faulting

Southern Barbados sub-
basin Latakia Basin (Syria)
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Table 3.1: Basin classification after Ingersoll [2011] for subduction, strike-slip and subduction to strike-slip transition plate 
boundaries with global and southeast Caribbean examples. 
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Figure 3.1:   Satellite free air gravity map [Sandwell and Smith, 2009] showing key geographic features and tectonic 
provinces of the greater Caribbean and northern South American area based on CBTH data [Mann and Escalona, 
2011]. A = Burro Negro tear fault, B, C and D = Cordillera de la Costa tear faults, E = Urica tear fault, F = San 
Francisco tear fault, G = El Soldado tear fault, H = Los Bajos tear fault and I = Galera tear fault. Dashed red lines 
define fracture zones which accommodated strike-slip faulting associated with the rifting of the South American 
and African continents and the opening of the Atlantic Ocean. Major plate boundary faults are illustrated by bold 
black lines. Coastline and political boundaries are represented by thin black lines.  
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Figure 3.2: (A) Satellite free air gravity basemap [Sandwell and Smith, 2009] and (B) 
Topography and bathymetry map [GEBCO, 2008] illustrating the key 
tectonic provinces, structures and basins of the study area. Bold black lines 
represent major plate boundary faults. GPS vectors from Perez et al. [2001]; 
Weber et al. [2001b], shale diapirs after Sullivan et al. [2004]; [Mann and 
Escalona, 2011], turbidite system Callec et al. [2010]. CRFZ = Central 
Range Fault Zone, ECFZ = El Coche Fault Zone, EPFZ = El Pilar Fault 
Zone, GTFZ = Galera Tear Fault Zone, HLFZ = Hinge Line Fault Zone, 
LBFZ = Los Bajos Fault Zone, NCFZ = North Coast Fault Zone, WSFZ = 
Warm Springs Fault Zone, COB/GFZ = Continent-Ocean boundary/Guyana 
Fracture Zone, CR = Central Range, DB = Darien Basin,  DR = Darien 
Ridge, GOP = Gulf of Paria, GR = Galeota Ridge, NCB = North Coast 
Basin, NB = Northern Basin, NR = Northern Range, PR = Poui Ridge, PT = 
Paria Terrane, SB = Southern Basin, SH = SEG High, TT = Tobago Terrane.   
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Figure 3.3: Chart showing the seismic reflection character of the various provinces and the correlation of key surfaces and 
tectono-stratigraphic sequences across the study area. Red vertical lines indicate well locations and short 
horizontal lines across the well profile indicate surface picks interpreted from well data and tied to the seismic 
sections. Inset map [GEBCO, 2008] shows data used in this study; purple lines = seismic lines used in the 
interpretation, pink line = seismic sections from published sources, pink dots = wells used in this study.  
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Figure 3.4: Structure maps of key surfaces based on seismic reflection interpretation; 
(A) Top South American basement; bold black lines = major plate boundary 
faults, grey lines = normal faults, dark blue lines = depth contours of the 
subducting slab; (B) Structure map of the top Caribbean basement 
superimposed above the top South American basement map;  dashed blue 
line = location of the transition zone between Caribbean igneous island arc 
basement to the west and the meta-sedimentary Tobago and Paria Basement 
Terranes to east; (C) Top Cretaceous surface; (D) Middle Miocene surface; 
(E) Top Pliocene surface; (D) Intra Pleistocene surface. Dashed black line = 
subduction trace, brown polygons = shale diapirs and mud volcano features. 
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Figure 3.5: Un-interpreted seismic lines and interpreted seismic lines showing: (A) 
South American basement and overlying tectonostratigraphic unit; (B) 
Basement and tectonostratigraphic units across the subduction trace 
including Caribbean and accretionary prism provinces; (C) Basement and 
tectonostratigraphic sequences across the east-west oriented South American 
to Caribbean plate strike-slip boundary, as well as the basement structure 
and the stratigraphic fill of the southern Tobago Basin and North Coast 
Basin. Boxes on the seismic sections show the location of zoomed insets.  
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Figure 3.6: Isochron maps illustrating depo-center locations of; (A) Cretaceous; (B) 
Paleogene through middle Miocene; pink line illustrates the transition 
between the zones of accretion and stabilization in the accretionary prism; 
(C) Late Miocene through Pliocene; (D) Pleistocene. Purple polygons = 
Columbus Basin depocenter, rust polygons = depocenters on the Caribbean 
plate, pink polygons = Barbados Basin and blue polygons = location of 
mini-basins in the accretionary prism province.  
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Figure 3.7: Dip (Line 3) and strike (Line 4) seismic sections illustrating the key 
structural features across and adjacent to the Columbus Basin shelf, slope 
and transition to the accretionary prism. 
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Figure 3.8: Seismic reflection lines across the accretionary prism which illustrate: (A) Line 5: Accretionary prism provinces 
transitioning to the Barbados Ridge and forearc basin to the north and Line 6: Accretionary prism provinces, 
transitioning to the Darien Basin and collision provinces to the south; (B) Bathymetric cross-sections across the 
accretionary prism illustrating the north–south variations in the morphology of the prism.  (A–B) approximately 
east–west sections across the northern and central accretionary prism area, after Westbrook [1982]; (C–D) 
sections across the southern transitional to terminal prism area. BR = Barracuda Ridge, TR = Tiburon Rise 
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Figure 3.9: (A) Seismic reflection line illustrating the middle Miocene and top Pliocene 
unconformity surfaces on the Darien Ridge and the eastern offshore 
extension of the Northern Range metamorphic terrane. (B) Seismic 
reflection line illustrating the middle Miocene, top Miocene and top 
Pliocene unconformity surfaces on the Darien Ridge structure.   
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Figure 3.10: Intersecting seismic cross-sections across the: (A) central core area of the Barbados Basin; and (B) the southern 
terminal section of the Barbados Basin, referred to as the Southern Barbados Basin (SBB). The pink box shows 
the location of the zoomed-in inset section 
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Figure 3.11: Intersecting seismic sections illustrate the structures affecting the basement 
through recent stratigraphy at the southern termination of the accretionary 
prism.  
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Figure 3.12: Interpreted and un-interpreted seismic lines comparing prism structure and 
stratigraphy between two cross-sections across: the central section of the 
prism after [Chaderton, 2009], and the southern near-terminal cross-section 
of the accretionary prism. (A) Zone of initial accretion in the central prism 
area; (B) Zone of initial accretion in the near-terminal prism section; (C) 
Zone of stabilization in the central prism area; (D) Zone of stabilization in 
the near terminal prism section; (E) Zone of supra-complex basins in the 
central prism area (F) Zone of supra-complex basins in the near-terminal 
prism section. 
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Figure 3.13: Seismic section illustrating the stratigraphic succession and structures of the 
Darien sub-basin and the structural relationship with the main Columbus 
Basin as well as the Darien Ridge and Accretionary prism provinces.  Pink 
box shows the location of the zoomed inset section.   
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Figure 3.14: Series of seismic cross-sections across the transitional zone between the Columbus Basin slope which is 
characterized by ~NW–SE oriented folds and the inner provinces of the BAP which is characterized by shortened 
structures; folds and thrusts with a curved NE–SW to almost east–west orientation. Flower structures are 
superimposed on the folded structures which define the Galera tear fault zone (GFZ).   
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Figure 3.15: Sections illustrating and comparing the crustal structures and sedimentary 
basin characteristics formed above; (1) the active collisional plate boundary 
zone region formed above continental to transitional continental South 
American lithosphere to the west (Line 19) and (2) the active subduction 
zone which involved oceanic South American lithosphere to the east (Line 
20). 
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Figure 3.16: Map of the southeast Caribbean and northeast South American margin illustrating the crustal to basin scale 
provinces and tectonostratigraphic transitions within the zone of transition from subduction east of the COB to 
collision west of the COB. Dashed pink line is the transition zone between the accretionary prism and the 
Columbus Basin Slope.  Dashed red lines represent fracture zones, dashed white line is the lithospheric trace of 
subduction.  Brown polygons show the location of mobile shale features, green and red polygons represent oil and 
gas fields respectively.  Bold black lines illustrate major plate boundary faults and light black lines represent 
smaller faults. 
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Figure 3.17: Tectonostratigraphic province map superimposed on a volume illustrating 
the lithospheric configuration and structures associated with the Caribbean–
South American plate boundary interaction. Deeper lithospheric structures 
and changes in crustal type can be related to basin configurations and 
shallower basin-scale structures. The paleo-fracture zone associated with the 
late Jurassic opening of the Atlantic Ocean which also defines the transition 
from thicker continental to thinner oceanic type lithosphere is coincident 
with the location of the zone of tear faulting (Galera fault zone) which 
accommodates the transition from shortened structures associated with the 
accretionary prism which extends to ~10°N, to the gravitational extensional 
to shortened structures of the Columbus Basin.  
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Figure 4.1: (A) Image of the northeastern South America and Trinidad margin 
illustrating the plume of sediments transported to the north from the Orinoco 
River mouth and the east-facing continental shelf to the Caribbean Basins 
along northern South America, (B) Topographic and bathymetric base map 
[GEBCO, 2008] illustrating key geographic features, basins and provinces 
of the southeastern Caribbean and northeastern South American area. 
Yellow polygon and green lineations in the BAP area represent the deep 
marine turbidite system Callec et al. [2010]. Pink box shows the location of 
the area shown in Figures 5. COB = Continent-Ocean boundary. CRFZ = 
Central Range Fault Zone, EPFZ = El Pilar Fault Zone, HLFZ = Hinge Line 
Fault Zone, LBFZ = Los Bajos Fault Zone, NCFZ = North Coast Fault 
Zone, WSFZ = Warm Springs Fault Zone, GR = Galeota Ridge.  
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Figure 4.2: Regional cross sections across the eastern Trinidad area showing the main 
structures and Cretaceous through recent stratigraphic fill of the east coast 
Trinidad shelf including the foreland Columbus Basin and the uplifted fold 
and thrust belt structures located to the north of the basin which are related 
to plate boundary interaction in the Neogene. 
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Figure 4.3: Structure maps of; (A) lower Pleistocene and (B) upper Pleistocene showing 
the depositional centers over the eastern and northern Trinidad area. The 
largest depocenter is the Columbus Basin shelf to upper slope area.   
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Figure 4.4: Map of the northeastern South American and southern Caribbean area showing the path of the Guyana current 
[van Andel, 1967] and the distribution of sediments transported by the Guyana current derived from the Orinoco 
Delta and the mouth of the Amazon River to the south [van Andel, 1967; Warne et al., 2002b; Repsol E&P T&T 
Limited, 2013].
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Figure 4.5: (A) Map of the study area showing the location of the seismic data set and 
wells used in this study. (B) Chart showing the key surfaces and 
stratigraphic packages mapped and defined in this study and the relationship 
of the respective packages with the eustatic sea level fluctuations over the 
last ~500,000 years [Waelbroeck et al., 2002]. 
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Figure 4.6: Seismic cross-sections on the Columbus Basin shelf showing the main structures of the basin, key stratigraphic 
surfaces and packages mapped in this study.  (A) NW–SE oriented strike-line in the middle shelf area; (B) Strike 
line in the outer shelf, shelf edge area; (C) NE–SW oriented dip line showing displacement across the NW–SE 
oriented syndepositional extensional listric faults, as well as the prograding clinoforms at the shelf edge. Cross-
section locations are shown on Figure 4.5. 
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Figure 4.7: Structure maps of key surfaces mapped in this study. We observe the 
elevated Darien Ridge and Galeota Ridge structures to the north of the 
Columbus Basin and the SEG High on the southwestern margin of the basin.  
NW–SE oriented extensional listric faults show activity at the shallowest B 
Horizon indicating present-day activity on some faults.
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Figure 4.8: (A) Map of the slope extraction from the sea floor bathymetry grid. The map 
highlights the location of channel features on the shelf along the path of the 
Guyana current. (B-D) Cross-sections of the bathymetric profile of the 
continental shelf along eastern Venezuela and Trinidad. Depression features 
on the profiles coincide with the location of the channels identified on the 
slope extraction map. Green lines lettered E-H indicate the location of 
seismic sections of Figure 4.9. 
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Figure 4.9: Seismic reflection lines across channel features on the sea floor observed on 
the slope extraction map of the continental shelf. The channel features 
coincide with (A-B), incisions on the seafloor and (C-D) subtle depression 
of the seafloor associated with inclined reflections which are interpreted to 
be channel features with lateral accretion surfaces that are indicative of point 
bar formation. Location of the seismic lines shown on Figure 4.8. 
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Figure 4.10: Isopach maps of the respective packages mapped and described in this 
study.  The greatest thickness is observed in the shelf-edge area where 
accommodation created between the active synthetic and antithetic Fault-G 
and Fault-J is filled by prograding clinoforms. The packages are also 
relatively thicker within the Columbus Syncline located between the 
elevated structures of the Darien Ridge to the north and the SEG High to the 
south.  
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Figure 4.11: (A) Amplitude map at the B Horizon showing the presence of channel 
features at the B surface. (B-C) Interpreted and un-interpreted seismic 
sections showing the cross-sectional profile of the channel features observed 
on the amplitude map. (D) Interpreted and un-interpreted seismic sections 
showing the most recent prograding clinoforms of the falling-stage of the B-
C sequence and the lowstand wedge above the B Horizon sequence 
boundary surface. 
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Figure 4.12: (A) Inset map. (B) Amplitude map at the C Horizon sequence boundary 
showing the presence of channel features at the C surface. (C) Amplitude 
map at the C-D package MFS showing the presence of channel features. (D) 
Interpreted and un-interpreted seismic section showing an approximately 15 
km wide channel complex on the down-thrown side of Fault-E. (E) 
Interpreted and un-interpreted strike-oriented seismic sections showing the 
cross-sectional profile of the channel features observed in the vicinity of the 
maximum flooding surface within the C-D stratigraphic package. 
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Figure 4.13: Coherence map at the D Horizon showing the presence of channel features.  
(B) Seismic sections showing the cross-sectional profile of an ~12 km wide 
channel complex observed on the down-thrown side of Fault-E the 
amplitude map.  (C) Zoomed inset of the area shown in the pink box of (B), 
showing channel features within the complex. 
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Figure 4.14: (A) Coherence map at the E Horizon showing the presence of channel 
features at the E surface.  Five individual channels converge within the 
Columbus Syncline to become a single broad channel feature on the 
western, upthrown side of Fault-E. (B) Composite seismic sections across a 
meandering channel just beneath the E Horizon, the channel is identified as 
a high amplitude, high frequency character. (C) Broad ~8 km wide channel 
complex on the downthrown side of the Fault-E. (D) Section across a linear 
segment of one of the channels located within the Columbus Syncline.  (E) 
Seismic section across a meandering segment of a channel which abuts 
against an extensional fault. 
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Figure 4.15: Dip and strike oriented seismic sections showing the cross-sectional profile of a strike-parallel channel in the 
older basin fill located at the MFS within the C-D package. We observe the typical log character associated with a 
transgressive-regressive package in the SEQB well on the upthrown side of Fault-G. 
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Figure 4.16: Block models of the two sediment transport and depositional system end-
members defined in this study.  (A) Lowstand sediment transport system in 
which sediments are directed basinward. (B) Highstand sediment transport 
system when the strike-parallel unidirectional, northward directed current 
system transports significant volumes of sediments to the north of the 
Columbus Basin and into Caribbean Basins. 
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