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A B S T R A C T   

The Sinu fold belt, located in northwestern Colombia, is the southwesternmost part of the South Caribbean 
Deformed Belt, which has been interpreted as an accretionary wedge resulting from the subduction of the 
Caribbean Plate under the South American Plate. The geological interpretation of 2D seismic surveys and 
bathymetric maps, with the aid of a few exploration wells, has been the basis to construct a structural map and 
several geological sections to illustrate the offshore part of the Sinu Fold Belt and the portion of the Colombian 
Basin adjacent to the belt. Their analysis has allowed us to characterize different structural styles (thrusts and 
related folds in the outer part of the belt, and normal faults and shale diapirs in the inner one), the timing of the 
structures, as well as the kinematic evolution from a Cretaceous-Paleocene extensional event responsible for the 
Colombian Basin structure to the Pliocene-Quaternary contractional event which caused the Sinu Fold Belt.   

1. Introduction 

The South Caribbean Deformed Belt has been interpreted as an 
accretionary wedge formed at the boundary between subducting 
oceanic rocks in the Colombia and Venezuela basins and arc terranes 
along the northern edge of the South American continent (e.g. Ladd and 
Truchan, 1983; Ladd et al., 1984) (Fig. 1a). The southwestern part of the 
South Caribbean Deformed Belt is known as Sinu-San Jacinto Fold Belt. 
The San Jacinto Fold Belt is the easternmost part of the belt located 
onshore Colombia, whereas the Sinu Fold Belt (SFB) is the westernmost 
part mostly located offshore (e.g. Duque-Caro, 1979; Case et al., 1990) 
(Fig. 1b). The area studied here is the offshore portion of the SFB and the 
adjacent part of the Colombian Basin. Our study includes a geological 
interpretation of a high-density grid of seismic profiles with the help of 
well-log data from some exploration wells, as well as a geological 
interpretation of bathymetric data. Although this is a well-studied re-
gion, there are still interesting stratigraphic and structural aspects to 
address and several regional controversies as briefly described below. 

The comparison between large-spaced, serial geological sections (e. 
g. Toto and Kellogg, 1992; Bernal-Olaya et al., 2015b), and the con-
struction of structural maps of the whole offshore belt (e.g. Vitali et al., 

1985; Cediel and Cáceres, 2000; Flinch et al., 2003b; Cediel, 2011; 
Martínez et al., 2015), of some offshore areas (e.g. Aristizábal et al., 
2009) and of some particular structures such as those with topographic 
expression (e.g. Romero-Otero, 2009; Vinnels et al., 2010), show that 
the SFB structural style varies in both transverse and longitudinal di-
rections. However, few studies focus on the analysis of these variations. 
To address this issue, we have constructed a detailed geological map of 
the whole offshore SFB which includes all interpreted structures from 
seismic reflection data and their dip and strike variations. 

In the regional studies including lithospheric transects from the 
Colombian Basin, across the Sinu-San Jacinto belt, to the San Jorge 
basin, to the mountain range (Central and Eastern Cordillera) (e.g. 
Flinch et al., 2003a; Mantilla-Pimiento, 2007; Bernal-Olaya et al., 
2015a; Flinch and Castillo, 2015; Mora et al., 2017) (Fig. 1c), or even to 
the foreland basin developed eastwards of the mountain range (e.g. 
Vargas and Mann, 2013), the SFB is interpreted as the frontal part of an 
accretionary wedge resulting from eastwards, low-angle subduction of 
the Caribbean Plate under the South American Plate. Despite the 
consensus about the nature and origin of this tectonic unit, two alter-
native origins have been proposed: a) Moreno et al. (2009) suggested 
that the SFB resulted from gravitational tectonics such as that 
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documented in western Africa and in the Gulf of Mexico, and b) ac-
cording to Rossello and Cossey (2012) it resulted from a 
Mesozoic-Cenozoic extensional passive margin, where the continental 
platform prograded onto the oceanic plate, that suffered transpressional 
inversion because of oblique convergence. The arguments put forward 
by Moreno et al. (2009) are the presence of a thick shale sequence 
which, due to sediment overburden, acted as a detachment where all the 
structures would root, and that the normal faults close to the coast and 
onshore dip seawards, whereas the offshore reverse faults dip land-
wards. Rossello and Cossey (2012) argue that the very low convergence 
rates, the lack of seismicity and the sub-horizontal dip of the oceanic 
crust top, the absence of a trench and an adjacent cordillera, and the lack 
of middle-high metamorphic rocks and calc-alkaline magmatism are 
incompatible with subduction. The analysis of the variations of the 
contractional and extensional structural styles from the distal to the 
proximal parts of the belt have been an essential tool to delve into the 
origin of the SFB. 

The main features of the stratigraphic succession (e.g. Duque-Caro 
et al., 1990; Guzman, 2007; Bermúdez et al., 2009), as well as the 
seismic-stratigraphy and the tectono-stratigraphy (e.g. Alfaro and Holz, 
2014a), of this area have been already established, however, many as-
pects are still unknown due to the low frequence of wells drilled in this 

area. To overcome this drawback, an exhaustive geological interpreta-
tion of the available dense seismic network has been carried out in order 
to trace stratigraphic horizons away from the wells. This has allowed us 
to determine the timing of the structures, and link the thickness varia-
tions of the stratigraphic succession to the variations of the structural 
styles along and across strike in the offshore part of the SFB and in the 
adjacent part of the Colombian Basin. 

The SFB is slightly convex in map view towards the offshore and is 
made up of a recess and two salients (e.g. Vitali et al., 1985; Cediel and 
Cáceres, 2000; Flinch et al., 2003b) (Fig. 1b). This geometry has been 
attributed to: a) along-strike differences in structural regimes with more 
thrusting to the south and more transpression to the north (Duque-Caro, 
1984; Ruiz et al., 2000), b) differences in the timing of the structures 
with more recent deformation concentrated in the northern part (in 
Bernal-Olaya et al., 2015b), and c) compartmentalization by younger 
NW-SE strike-slip faults crosscutting the pre-existing belt (Vernette 
et al., 1992). The two main questions that arise in curved fold and thrust 
belts, such as the SFB, are the curvature timing and its causes. There are 
three different situations in terms of timing and origin: a) the curvature 
took place during the formation of the belt because of inherited char-
acteristics of the region where the belt originated, such as the original 
shape of the sedimentary basin and wedge thickness variations, or 

Fig. 1. a) Satellite image of the Caribbean region showing the main tectonic elements and the region enlarged in b) (red rectangle). b) Satellite image of the 
Caribbean margin of northwest Colombia showing the major structural units and faults, as well as the study area covered by the time seismic surveys (red dashed 
polygon), the cross sections constructed using both depth-converted and time seismic profiles depicted in Fig. 6 and 13 (white lines), the wells (yellow circles), the 
location of the section depicted in c) (green line), and the plate motion vectors obtained using GPS measurements (blue and white arrows) (Freymueller et al., 1993; 
Kellogg and Vega, 1995; Trenkamp et al., 2002). The position of the seismic lines is not shown on the map in figure b) due to confidentiality agreements with the 
owner companies. Figures a) and b) modified from Case and Holcombe (1980) and Cediel et al. (2003), and base maps from GEBCO Digital Atlas by GIS map services. 
c) Vertically exaggerated crustal section illustrating the Sinu and San Jacinto fold belts and the location of the study area (red dashed rectangle). SJFB: San Jacinto 
Fold Belt, SJB: San Jorge Basin (modified from Mantilla-Pimiento, 2007). (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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because of features inherent to the belt itself, such as variations of 
shortening along strike; b) the curvature took place after the formation 
of the belt due to structures developed after the belt; and c) the curva-
ture resulted from a combination of both possibilities. The study of the 
along-strike variations of the SFB structures, together with the analysis 
of the stratigraphic and structural characteristics of the undeformed 
Colombian Basin adjacent to the SFB deformation front, has allowed us 
to clarify to what extent the characteristics of this region prior to the 
formation of the SFB, the belt development and/or younger structures 
influenced its curvature and their timing. 

A major E-W trending fault named Canoas Fault (Duque-Caro, 1979; 
Vernette et al., 1992; Ruiz et al., 2000; Cediel et al., 2003), or a series of 
minor E-W trending faults (Martínez et al., 2015), located to the south of 
the Magdalena Fan, acted as a dextral fault zone so that its northern 
block moved to the east and created the accommodation space filled in 
by the Magdalena Fan (Ruiz et al., 2000) (Fig. 1b). Some authors suggest 
that the Canoas Fault is the north boundary of the SFB and it does not 
continue in the north fault block (e.g. Vernette et al., 1992; Ruiz et al., 
2000), whereas others consider that the SFB, offset by the Canoas Fault, 
would continue north of the Magdalena Fan (e.g. Duque-Caro 1984; 
Flinch et al., 2003a; Alfaro and Holz, 2014b; Martínez et al., 2015; 
Ortiz-Karpf et al., 2018). Moreover, some authors such as Breen (1989) 
and Lu and McMillen (1982) proposed that the continent-derived high 
sedimentation of the Magdalena River inhibited the development of the 
SFB under the Magdalena Fan, whereas other such as Flinch et al. 
(2003a) suggest that the high sedimentation caused a change of the SFB 
structural style under the Magdalena Fan, developing a sort of triangular 
zone. Thus, special attention has been paid to the features of the struc-
tures oblique to the main trend in the north part of the SFB to check 
whether the amount of displacement accommodated by these faults is 
enough to create the accommodation space for the Magdalena Fan, 
whether the Canoas Fault is a single structure or it consists of a broader 
deformation zone made up by several faults, and whether the SFB con-
tinues to the north of this fault. 

Some published works establish the relative motion sense of the 
Caribbean and South American plates from Cretaceous to present-day 
using different methods (e.g. Lugo and Mann, 1995; Acosta et al., 
2004; Higgs, 2009; Ardila and Diaz, 2015; Flinch and Castillo, 2015) and 
some of them estimate not only the sense but the current amount of 
motion in this region using GPS measurements (e.g. Freymueller et al., 
1993; Kellogg and Vega, 1995; Trenkamp et al., 2002). These studies, 
together with those that analyze the structures present in the South 
Caribbean Deformed belt, suggest a transition from a compressional 
regime in western Colombia to a strike-slip regime in northern Colombia 
and Venezuela, through a transfer zone formed in a transpressional 
regime (e.g. Flinch and Castillo, 2015). We have used the mapped 
structures to estimate the present-day and paleotectonic transport vector 
of the SFB and compare the results with the previously proposed vectors. 
These data have helped us to ascertain whether the northern part of the 
SFB corresponds to a transpressional region located in between the 
western Colombia contractional regime and the north-Colombia and 
Venezuela strike-slip regime. 

Summarizing, the large amount and good quality of the available 
data allow the SFB to be taken as an exceptional example in order to gain 
insight into the origin and evolution of accretionary wedges. Moreover, 
the studied area has a strategic position in the South Caribbean 
Deformed Belt since it includes a south region where plate convergence 
is perpendicular to the plate boundary and a north region where oblique 
convergence occurs. In addition, this region is a target for hydrocarbon 
exploration. Thus, determining the features of individual structures, the 
associations of structures giving rise to different structural styles in 
different parts of the belt, their relationships with the stratigraphic 
succession and their temporal evolution is essential not only from the 
regional point of view, but also from the exploratory point of view. 

2. Geological setting 

The study area encompasses the offshore portion of the SFB and an 
adjacent strip that belongs to the Colombian Basin. These units are 
placed on two different tectonic plates: the SFB is located in the South 
American Plate whereas the Colombian Basin belongs to the Caribbean 
Plate. Thus, the study area is a boundary between two plates, although 
the Nazca Plate, the Coconuts Plate and the Panama Microplate are also 
involved in the geological history of this region to a certain extent 
(Fig. 1a). According to the most accepted hypotheses, the Caribbean 
Plate is an independent portion of lithosphere originated in the Pacific 
region (Burke, 1988; Pindell et al., 1988; Mann, 1999; Higgs, 2009; 
Pindell and Kennan, 2009; Escalona and Mann, 2011) whose actual 
configuration results from a complex history of collision, subduction, 
accretion and transpression with the surrounding plates. The accre-
tionary prism formed in front of the Colombian and Venezuelan coasts, 
that runs along the convergent margin between the Caribbean and South 
American plates, is known as South Caribbean Deformed Belt. Relative 
motion of the Caribbean Plate since Late Miocene time towards the ESE 
(Minster and Jordan, 1978; Pindell and Kennan, 2007; Trenkamp et al., 
2002) has caused different styles of deformation depending on the 
configuration of the South American coast. Motion almost parallel to the 
coastline in northern Colombia and Venezuela resulted in large defor-
mation with major strike-slip component. However, motion mainly 
orthogonal to the northwestern Colombian coast produced a compres-
sional setting. In this last case, the South Caribbean Deformed Belt 
consists of a slightly arcuate, NE-SW trending belt, known as the 
Sinu-San Jacinto Fold Belt (Fig. 1b). 

The Sinu-San Jacinto Fold Belt resulted from a two-stage develop-
ment (e.g. Galindo and Lonegan, 2013). The San Jacinto Fold Belt is the 
innermost and oldest portion of the accretionary belt caused by 
dextral-transpressional collision/accretion between the Caribbean and 
South American plates from Upper Cretaceous to Oligocene (e.g. Flinch, 
2003; Cardona et al., 2012). The SFB is the outermost portion of the 
accretionary belt and resulted from a younger compressive stage related 
to the orogeny that took place since Late Miocene to recent times (e.g. 
Duque-Caro, 1979; Ruiz et al., 2000). The principal structures that 
interact with the Sinu-San Jacinto Fold Belt accretionary prism are 
(Fig. 1b and c); 1) the N–S to NW-SE trending Uramita Fault (Lehner 
et al., 1983; Duque-Caro, 1990; Vernette et al., 1992) bounds the 
offshore portion of the SFB to the southwest and separates it from the 
North Panama Fold Belt, 2) the Western Cordillera is the south limit of 
the onshore portion of the Sinu-San Jacinto Fold Belt, 3) the NE-SW 
trending Romeral Fault Zone is the east boundary of the San Jacinto 
Fold Belt and separates it from the San Jorge and Plato basins, 4) the 
Miocene-Pleistocene Magdalena Fan separates the Sinu Fold Belt from 
the north continuation of the South Caribbean Deformed Belt, 5) the 
NNW-SSE trending Santa Marta-Bucaramanga Fault is the northeast 
boundary of the San Jacinto Fold Belt and separates it from the Santa 
Marta Massif, 6) the NE-SW trending deformation front is the west 
boundary of the offshore portion of the SFB and separates it from the 
Colombian Basin, and 7) the NE-SW trending Sinu Fault Zone separates 
the SFB and the San Jacinto Fold Belt. 

The SFB, developed over a subducting Mesozoic basement (e.g. Toto 
and Kellogg, 1992; Ruiz et al., 2000; Alfaro and Holz, 2014a), involves a 
Cenozoic sedimentary sequence mainly composed of shales with spo-
radic cherts, sandstones, conglomerates and limestones (Duque-Caro, 
1979). A NW-directed imbricate thrust system and related folds, as well 
as basins filled in with a thick sequence of syn-tectonic sediments, are 
the most common structures found in this area (Kolla et al., 1984; Toto 
and Kellogg, 1992; Flinch et al., 2003a; Vinnels et al., 2010) (Fig. 1c). 
The main detachment is located within Oligocene shales, which are the 
source for shale diapirism observed along the Colombian coast and are 
responsible for additional deformation of the surrounding sediments 
(Ramirez, 1969; Duque-Caro, 1979, 1984; Vernette, 1986; Briceño and 
Vernette, 1992; Vernette et al., 1992; Ruiz et al., 2000). In addition, 
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normal faulting has been recognized in the trailing part of the belt 
(Mantilla-Pimiento, 2007; Flinch et al., 2003a). 

3. Data and Methodology 

The study presented here is based on the geological interpretation of 
seventy-eight 2D seismic lines acquired during nine surveys by the 
companies BP-Amoco, BP Exploration, Intercol, Ion, Ecopetrol and Gulf 
Oil Corporation from 1967 to 2004 (Fig. 1b). This dataset, licensed by 
the ANH and supplied to us by the company Repsol Exploración, forms a 
grid offshore Colombia that covers 17000 km2. All these lines are time- 
migrated and six long lines are also depth-converted. The seismic lines 
exhibit two predominant directions: NW-SE (approximately perpendic-
ular to the SFB), and NE-SW (approximately parallel to the SFB). The 
length of the time seismic sections ranges from 23 km to more than 400 
km, although most of them range from 150 to 50 km, they reach two- 
way travel times from 6 to 8 s, and the spacing between them ranges 
from 5 km to 1.5 km. The four NW-SE depth-converted lines have an 
average length of 100 km, reach a depth of around 22 km, and the 

spacing between them is from 35 km to 60 km. The two NE-SW depth- 
converted lines are more than 800 km long, but we have interpreted 
around 250 km, reach a depth of 22 km, and the spacing between them 
ranges from 30 to 70 km. 

Data from six wells has been also integrated into this study (Fig. 1b). 
One of the wells is the Ocean Drilling Project (ODP) Site 999 (Sigurdsson 
et al., 1997) located in the Caribbean Sea approximately 400 km to the 
northwest away from the SFB deformation front. This well, drilled in the 
Colombian Basin, penetrates more than 1 km section of rocks. The other 
five wells were acquired by the companies Colombian Gulf Oil, Pro-
vincia Petroleum, Citco Colombia Petroleum Corporation and Phillips 
Petroleum between 1969 and 1979, and were supplied to us by Repsol 
Exploración. They are located along the continental shelf about 20 km 
from the Colombian coast in the SFB and penetrate up to 4.5 km 
sediments. 

The well reports, where the wells are placed on pieces of time seismic 
profiles, have been used to correlate the stratigraphic boundaries iden-
tified in the wells to the seismic reflections, but the complex structural 
framework makes horizon correlation a difficult task. Eleven horizons 

Fig. 2. Structural map of the offshore portion of the 
SFB superimposed on a bathymetric map showing the 
figures included in this article (pink lines). For the 
sake of clarity, folds have only been represented on 
the eastern part of the map, since their trace is very 
close to that of the faults in the rest of the map. The 
bathymetric base map has been constructed using 
data from GIS map services (1 km Global Bathyme-
try), Vinnels et al. (2010) and our own bathymetry. 
See Fig. 1b for location. (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the Web version of this article.)   

I. Rodríguez et al.                                                                                                                                                                                                                               



Marine and Petroleum Geology 125 (2021) 104862

5

and up to eight stratigraphic units have been defined on the seismic 
lines. The software Petrel E&P (Schlumberger), Kingdom Suite (IHS 
Markit) and Move (Midland Valley-Petroleum Exploration Experts) have 
been used to carry out the geological interpretation on both time- 
migrated and depth-converted seismic profiles. 

The upper tip lines of the faults, the fold axes, and other structural 
data interpreted on the seismic profiles, were projected vertically on 
three types of bathymetric data: a) a satellite image from GIS map ser-
vices (1 km Global Bathymetry), b) a high-resolution map taken from 
Vinnels et al. (2010), and c) a bathymetric map constructed by ourselves 
by digitizing the seafloor displayed in the 2D time seismic lines, con-
verting it to depth and contouring the resulting data. Since the structures 
located in the western-northwestern part of the SFB caused seafloor ir-
regularities, such as elongated bathymetric highs produced by anticlines 
and elongated bathymetric depressions produced by synclines, their 
expression on the bathymetric map as well as the similarity between the 
features of the structures in adjacent seismic lines allowed us to correlate 
the structures along strike, and thus, construct a structural map (Fig. 2). 
A thick sequence deposited in the eastern-southeastern part of the belt 
buried the structures and made the geological mapping of the structures 
only possible using seismic data. The detailed structural map con-
structed shows both, buried and emergent structures affecting the sea 
bottom. 

4. Stratigraphy 

4.1. Stratigraphic units 

The stratigraphic succession from Cretaceous to present-day in the 
SFB is mainly siliciclastic and represents an overall coarsening upwards 
succession, from shales in the lower part (i.e. Cretaceous and Paleogene) 
to shales, sandstones and some conglomerates in the upper part (i.e. 
upper Neogene and Quaternary), as well as shallowing upwards, passing 
from deep water sediments to shallow water/transitional environments 
in recent times (Fig. 3). As discussed below, the stratigraphic sequence 
involved in SFB has been divided into two major sequences: a lower, pre- 
Pliocene, pre-contractional sequence and an upper, Pliocene- 
Quaternary, syn-to post-contractional one. 

These stratigraphic units are present throughout the studied region 
except for the Eocene and Oligocene units, which are absent in small 
regions. The thickness of the overall Cretaceous-Miocene sequence 

increases in NW-SE direction, i.e. approximately perpendicular to the 
coast, from less than 1 km/more than 3 km offshore (Colombian Basin) 
to 5 km/almost 6 km near the coast (continental shelf-SFB) (Fig. 4). In 
the Colombian Basin and in the leading part of the belt, the thickness of 
the Cretaceous-Miocene sequence varies in NE-SW direction, i.e. 
approximately parallel to the coast, increasing from the center-south 
part of the study area, where it is relatively thin, towards the north-
east and southwest. In the trailing part of the SFB, it reaches its 
maximum thickness in the center-south part of the SFB and decreases 
laterally. The bases and tops of the Jurassic to the Miocene stratigraphic 
units are generally low-angle unconformities that become para-
conformities laterally (Fig. 5). The angular unconformities are clearly 
identified in those areas where the reflectors under the unconformities 
are truncated and/or the unconformities are onlapped by overlying 
reflectors. 

The Pliocene and the Pleistocene-Holocene successions grade later-
ally from a transitional-shallow marine sedimentary environment in the 
SFB to deep-water sediments in the Colombian Basin (Fig. 3). Although 
the thickness of the Pliocene-Quaternary sequence is quite variable, it 
thickens from northwest, where it reaches approximately 1–2 km, to 
southeast, where it almost reaches 3–4 km, i.e. approximately perpen-
dicular to the coast similarly to the pre-Miocene sequence (Fig. 4). In NE- 
SW direction, i.e. parallel to the coast, the Pliocene-Quaternary suc-
cession also varies from relatively small thicknesses in the central-south 
part of the study area to much higher thicknesses both to the northeast 
and to the southwest. Similarly to the pre-Pliocene sequence, the bases 
and tops of the Pliocene and Quaternary stratigraphic units are un-
conformities, that may truncate the underlying reflectors and/or be 
onlapped by the overlying reflectors, and may become paraconformities 
at the hinge of the synformal basins (Fig. 5). These sediments exhibit 
internal angular unconformities, truncations, onlaps and offlaps. 

4.2. Seismic stratigraphy 

The seismic characteristics of the different stratigraphic units vary 
both in NW-SE and in NE-SW direction, however, their most common 
main features are briefly described below (Fig. 3). The Jurassic sequence 
is formed by intermediate-frequency and high-amplitude, discontinuous 
reflectors, and the Cretaceous succession consists of intermediate- 
frequency and high-amplitude, continuous reflectors. The Paleocene 
succession is represented by reflectors that exhibit intermediate 

Fig. 3. Stratigraphic column of the study area including additional information on the seismic stratigraphy and tectonics-sedimentation relationships. Ages, li-
thologies and sedimentary environments taken from the ODP well log (Sigurdsson et al., 1997), five wells within the SFB, an idealized stratigraphic column con-
structed by Alfaro and Holz (2014a) based on various studies (Duque-Caro, 1978, 1980; 1984, 1990; Duque-Caro et al., 1996; Aleman, 1983; Guzman, 2007), and 
Vinnels et al. (2010) geological interpretation. 
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frequency and low amplitude, the Eocene reflectors display low fre-
quency and high amplitude, and the Oligocene and Miocene reflectors 
show high frequency and intermediate amplitudes. The Pliocene- 
Pleistocene-Holocene sequence consists of high-frequency, continuous 
reflectors. The mass transfer complexes of Miocene and Pliocene age are 
made up of chaotic and imbricated reflectors that resulted from depo-
sitional processes. Where shales form diapirs, reflectors become almost 
transparent. The Jurassic succession is considered to be the acoustic 
basement, whereas the overlying sediments constitute the cover. 

4.3. Tectonics-sedimentation relationships 

Several sequences have been defined regarding the tectonics- 
sedimentation relationships in the Colombian Basin, where normal 
faults predominate, and in the SFB, where thrusts, folds, normal faults 
and shale diapirs are the main structures (Fig. 3). The temporal re-
lationships between sediments and structures may be complex in those 
regions where different types of structures have been active simulta-
neously, where the structures underwent pulses, and where some 
structures have been reactivated. These relationships are described 
below in chronological order from the oldest to the youngest ones. 

The temporal relationships between the stratigraphic units and 
structures are well imaged in the Colombian Basin, except for those 
concerning the Jurassic rocks. The Cretaceous and Paleocene succes-
sions in the hangingwall of some normal faults developed in the 
Colombian Basin exhibit greater thickness than in the footwall, a wedge- 

shaped geometry progressively increasing their thickness as they 
approach the fault surfaces, and a progressive dip decreasing upsection 
indicating that they are syn-tectonic sediments with respect to the 
normal faults, i.e. they are syn-rift sediments, while the Eocene base lays 
above some faults and is not offset by them (Figs. 3 and 5a). A few of 
these normal faults cut and offset Eocene, Oligocene and Miocene sed-
iments, which exhibit small thickness variations in some places, and 
occasionally, some normal faults cut and offset younger sediments 
suggesting that they propagated up section and were reactivated. The 
uppermost Pliocene and Quaternary sediments deposited synchronously 
with respect to the reactivation because they are thicker in the hang-
ingwalls than in the footwalls of these normal faults. 

The Paleocene, Eocene, Oligocene and Miocene sediments involved 
in the SFB show gradual thickness variations at regional scale, however, 
they maintain approximately constant thickness at the scale of indi-
vidual structures suggesting their pre-tectonic character with respect to 
thrusts, folds and diapirs, i.e. they are pre-growth strata. The Pliocene 
and Quaternary sediments exhibit a number of features diagnostic of 
syn-tectonic deposition associated with these structures, and therefore, 
they are growth strata (Figs. 3 and 5c). Their main characteristics are: a) 
their thickness is small above the crest of the anticlines, increases in the 
fold limbs and acquire their maximum thickness in the syncline hinges, 
b) the dip of the sediments located in fold limbs decreases up section, c) 
they display onlaps and offlaps in the fold limbs, d) they exhibit pro-
gressive unconformities in the fold limbs, e) they include angular un-
conformities such as erosional surfaces that may erode both fold limbs 

Fig. 4. Stratigraphic correlation panel showing the thickness variations of the stratigraphic units in a) the Colombian Basin, b) the deformation front and c) the 
continental shelf. The stratigraphic sections have been measured in the four depth converted seismic profiles approximately perpendicular to the SFB. 
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and fold crests, and f) the seafloor displays highs and depressions 
consistent with the underlying anticlines and synclines respectively. 
Pliocene-Quaternary growth-strata usually fill in synclinal basins 
located in between the anticlines and thrusts; they have been interpreted 
as piggy-back basins. Nevertheless, the whole Pliocene-Quaternary 
succession is not syn-tectonic with respect to all the structures. Thus, 
the stratigraphic positions of the boundaries between pre-growth and 
growth strata, and between growth and post-growth strata vary from 
one structure to another because the thrusts, folds and diapirs are dia-
chronous throughout the SFB. 

Apart from the relationships described above, part of the Pliocene 
and Pleistocene sediments located in the hangingwalls of normal faults 
developed in the internal portion of the SFB, exhibit features which 
evidence their syn-tectonic nature with respect to normal faults, i.e. they 
belong to a syn-extension succession: a) they are thicker in the hang-
ingwall blocks than their equivalent sediments in the fault footwalls, b) 
their thickness increases towards the fault surfaces and c) their dip de-
creases progressively upsection giving rise to a wedge-shaped geometry. 
The upper part of the succession is syn-inversion in some places because 
they exhibit thicker sequences in the footwall than in the hangingwall of 
some reverse faults resulting from reactivation of these normal faults. 
Recent beds are syn-extension in some places because the seafloor dis-
plays a step consistent with the sunken fault block and the uplifted block 
of the underlying normal faults. 

5. SFB structure 

The SFB, developed mostly in the continental shelf and in the con-
tinental slope offshore northwest Colombia, is a NE-SW trending fold 
and thrust belt more than 200 km long and around 130 km wide in its 
widest part (Figs. 1b and 2). This belt is convex to the northwest in map 
view (seawards) and is slightly asymmetric because its maximum width 
occurs in the central-north part and displays a minor recess and salient 
towards the south. The SFB is buried towards the northeast under the 
Magdalena Fan, and terminates against the NNW-SSE trending Uramita 
Fault towards the southwest. An approximately NE-SW trending fault 
steeply-dipping to the ESE, called Sinu Fault Zone, separates the SFB 
trailing part from the San Jacinto Fold Belt (Fig. 1b and c and 2). The 
leading part of the belt and the Colombian Basin are separated by the 
deformation front; this is the tectonic element that best reflects the belt 
convexity in map view, although a few faults cut and offset this front, 
giving rise to a stepped morphology along strike. 

The SFB exhibits a wedge shape in profile view bounded by a sub-
marine topography gently inclined to the NW in the upper part and by a 
basal detachment gentle dipping to the SE in the lower part (Figs. 1c and 
6). The wedge thins to the northwest and thickens to the southeast, 
where it reaches more than 10 km of vertical thickness in some areas. 
The SFB includes ductile structures, such as folds and shale diapirs, and 
fragile structures apparently developed under contractional (thrusts), 
extensional (normal faults) and strike-slip (strike-slip faults) tectonic 
settings (Figs. 2 and 6). The SFB structures have been grouped into two 

Fig. 5. Geological interpretation of time seismic profiles perpendicular to the SFB (a and c) and parallel to it (b). a) Cretaceous and Paleocene units whose thickness 
is controlled by normal faulting, Paleocene beds onlapped by Eocene, Oligocene and Miocene beds, and subparallel Eocene to present-day beds whose thickness 
increases to the southeast in the SFB deformation front and Colombian Basin region in the central-south part of the belt. b) NE-dipping Jurassic reflectors truncated by 
an angular unconformity covered by sub-horizontal Cretaceous, Paleocene, Eocene, Oligocene and Miocene parallel units in the central-north part of the Colombian 
Basin. c) Pre-, syn- and post-growth strata with respect to folds related to thrusts, as well as thickness variations, onlaps, truncations and angular unconformities in 
the upper continental slope in the central-north part of the belt. See Fig. 2 for location. 
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different types depending on the angle between their strike and that of 
the belt: a) longitudinal structures such as thrusts, folds, shale diapirs 
and some normal faults, and b) transverse structures, perpendicular or 
oblique with respect to the belt, such as tear faults and strike-slip faults. 
These structures are described below. 

5.1. Thrusts and related folds 

5.1.1. Thrust systems: imbricates, triangular zones and pop-ups 
Thrusts, together with folds, are the most abundant longitudinal 

structures present in the SFB. Their strike bends from approximately N–S 
direction in the south portion of the SFB to NE-SW in the north (Fig. 2). 
Thrust traces are approximately parallel to each other in map view, 
except for a few of them when they branch together. The longest thrusts 
reach lengths of almost 100 km along strike, although most thrusts are 
shorter because they are cut by faults. The displacement along the thrust 
surfaces in cross-sectional view may reach several kilometers (Fig. 6). 
While NW-directed thrusts have been mapped everywhere within the 
belt, only a few SE-directed thrusts, i.e. backthrusts, occur and are more 
common in the central and north portions of the SFB deformation front 
(Fig. 7). Although the deep part of the seismic profiles is usually poorly 
imaged, many thrust surfaces seem to be listric in profile view. 

Most thrusts emanate from a common basal detachment forming an 
imbricate thrust system, which constitutes the whole SFB (Figs. 2 and 6). 
In general, the thrust dip seems to decrease slightly from the trailing part 
of the imbricate thrust system towards the leading part, while there is no 
clear dip variation pattern along strike. The present-day thrust spacing, 
measured using the vertical projection of the thrust tips on a map, varies 
both across and along strike. The average thrust spacing in the conti-
nental slope appears to be relatively homogeneous, from values higher 
than 4 km near the SFB deformation front, to values slightly less than 2 
km around the shelf break. The spacing between thrusts changes 
abruptly in the shelf break, from relatively low values in the continental 
slope to high values in the continental shelf (Fig. 2). 

Two different kinds of thrust systems occur in those regions where 
thrusts and backthrusts coexist: triangular zones and pop-ups. Trian-
gular zones have been identified only in the deformation front, whereas 

pop-ups have been mapped both in the SFB deformation front (Fig. 7) 
and also within the belt. Neither triangular zones nor pop-ups are 
continuous along the entire deformation front; triangular zones occur 
for up to 30 km length along strike within blocks bounded by faults, 
whereas the along-strike continuity of pop-ups is much shorter. The 
deformation front in the central part of the belt is a triangular zone 
(Fig. 7b) that changes towards the north, because only one steep back-
thrust with a pop-up occurs (Fig. 7a), and disappears towards the south 
where an imbricate thrust system makes up the deformation front 
(Fig. 7c). 

5.1.2. Basal detachment 
The basal detachment of the imbricate thrust system is located 

within Paleocene sediments (Fig. 6). Its dip varies both across and along 
strike from 1◦ to 4◦ and its strike is approximately NE-SW deduced from 
the detachment depth map (Fig. 8). Its depth varies across strike from 
approximately 5.4 km–7.6 km in the deformation front, to values 
comprised between 8.7 km and 10.1 km beneath the shelf break. The 
depth to detachment also varies along strike decreasing from the north 
and south edges of the belt towards the center beneath the deformation 
front, whereas it decreases from the north part of the belt to the south 
beneath the shelf break. The difference between the depth to detach-
ment in the deformation front and the depth to detachment in the shelf 
break decreases from the central part of the SFB towards the north and 
particularly to the south edge. 

5.1.3. Oblique ramp 
A fault oblique to the trend of the longitudinal structures has been 

identified in the northern part of the SFB (Fig. 2). This approximately E- 
W trending and S-dipping fault, named Canoas Fault by Vernette et al. 
(1992) and Ruiz et al. (2000), is several kilometers long and exhibits an 
approximately straight trace on the map. According to the apparent 
offset suffered by the SFB deformation front on the map it might be 
interpreted as a right-lateral, strike-slip fault. However, the geometry of 
the structures in the south fault block is different from that of the 
structures in the north fault block. In addition, the south fault block 
consists of a large number of thrusts and folds, whereas the north fault 

Fig. 6. Geological interpretation of four time seismic profiles (A-A′, B–B′, C–C′ and D-D′) across the SFB from the Colombian Basin to the Continental Shelf showing 
different structural styles across strike in the a) north part, b) central-north part, c) central-south part and d) south part. The position of the wells as well as the pin 
and loose lines employed to measure shortening in the depth-converted profiles is displayed. See Fig. 1b for location. 
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block is made up of the Magdalena Fan and a few thrusts and folds. Thus, 
the sea bottom in some locations in the south fault block is approxi-
mately 1 km above the sea bottom in the north fault block because the 
structures in the south fault block created a submarine structural relief, 
and consequently a shallower area, whereas in the north fault block 
almost no structures developed, and therefore, the sea bottom is deeper. 
Moreover, the fault-related folds developed near the fault in the south 
fault block bend and become approximately parallel to the fault (Fig. 2). 
All these features suggest that this fault is an oblique thrust ramp, so that 
the SFB continues north of this fault although its deformation front is 
closer to the continent, similarly to Flinch et al. (2003a) interpretation. 
The fact that the seafloor topography is affected by this structure in-
dicates that it developed during recent times. 

5.1.4. Folds 
Folds, together with thrusts, are the most important longitudinal 

structures. They exhibit a N–S trend in the south portion of the SFB 
bending progressively to a NE-SW trend in the north (Fig. 2). 

Several types of anticlines have been recognized within the SFB 
based on their morphology in the pre-growth beds (Figs. 5c and 6): 
single-hinge anticlines, box-fold type anticlines and anticlinal mono-
clines. Single-hinge anticlines display a southeast longer limb (back-
limb) and a northwest shorter limb (forelimb); box anticlines exhibit a 
southeast longer limb (backlimb), a sub-horizontal crest and a northwest 
shorter limb (forelimb); and anticlinal monoclines have a southeast long 
limb (backlimb) and a sub-horizontal crest. According to their interlimb 
angle, they are open to gentle folds. The anticlines width varies from 
approximately 1.5 to 5 km and the structural relief ranges from slightly 

Fig. 7. Geological interpretation of three time seismic profiles across the SFB deformation front showing different structural styles along strike in a) the north part, b) 
the central part and c) the south part of the SFB. See Fig. 2 for location. 
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less than 1 km–1.5 km. The axial surfaces of single-hinge anticlines dip 
from 65◦ to 80◦ to the SE. The axial surfaces that separate the crests from 
the limbs in box and monoclonal anticlines dip from 55◦ to 80◦ to the 
NW (trailing axial surfaces) and to the SE (leading axial surfaces). The 
anticlines are generally asymmetrical and NW-vergent, although some 
symmetrical anticlines also occur. They usually exhibit rounded hinges, 
however, angular hinges have also been recognized. The spacing be-
tween anticlines follows approximately the same tendency as the thrust 
spacing, i.e. it is higher in the anticlines developed in the continental 
shelf. 

The synclines exhibit a northwest long limb common with the anti-
clines and a southeast short limb (Figs. 5c and 6). They are open 
structures. The synclines width varies from approximately 2 km–5 km. 
Their axial surfaces range from vertical to SE-dipping and usually 
exhibit rounded hinges. 

Some folds located in the deformation front exhibit different char-
acteristics than the folds described above. These particularities are 
briefly described below.  

a) In the most external part of the deformation front, a few anticlines 
and synclines similar to those described above exhibit opposite 
vergences to the general trend, i.e. they are SE-vergent (Fig. 6a, b, 6c 
and 7). In these folds, the NW-dipping limb is the backlimb, whereas 
the SE-dipping limb is the forelimb.  

b) In the south part of the SFB, a large anticline that constitutes the 
deformation front is separated from another large anticline by a 
syncline (Fig. 6d). Their width is greater than 10 km and their 
structural relief is almost 3 km. The southeast limbs are longer and 
steeper than the northwest limbs. They are open folds and their axial 
surfaces range from vertical to steeply dipping to the SE and to the 
NW. They are slightly asymmetrical folds, with an approximately 
rounded single hinge and a complex internal structure. 

5.1.5. Folds/thrusts interaction 
There are clear spatial, geometrical and kinematical relationships 

between most folds and thrusts developed within the SFB:  

a) The traces of both thrusts and folds follow the same trend on the 
structural map (Fig. 2).  

b) In general, the forelimbs of the anticlines are cut by underlying thrust 
surfaces, their backlimbs (common limb between the anticlines and 
synclines) are parallel or sub-parallel to the underlying thrust faults, 
and the other limbs of the synclines are cut by overlying thrust faults 
(Fig. 6). There are all sort of angular relationships between thrusts 
and folded bedding: hangingwall ramps over both footwall flats and 
ramps, and hangingwall flats over both footwall ramps and flats.  

c) The anticlines located in the hangingwall of NW-directed thrusts are 
NW-vergent, whereas the anticlines located in the hangingwall of SE- 
directed thrusts are SE-vergent (Figs. 6 and 7). 

All these observations suggest a genetic relationship between folds 
and thrusts, and they are interpreted as thrust-related folds, in partic-
ular, as ramp folds (Figs. 6a, b, 6c and 7). The monoclinal anticlines 
developed in the thrusts hangingwall, with the trailing axial surfaces 
dipping in opposite sense to that of the thrust surfaces and terminating 
down section against them, suggest that they may be interpreted as 
fault-bend folds related to ramp-flat thrusts. Alternatively, the geometry 
of the single-hinge anticlines developed in the thrusts hangingwall 
whose core axial surfaces terminate down section against the thrusts 
may be indicative of fault-propagation folding. Structures similar to 
those described here have been interpreted as simple shear fault-bend 
folds in the south part of the study area (Corredor et al., 2005). 

Regarding the large folds developed in the southern part of the SFB, 
their trend is the same as that of the thrusts, but there are some par-
ticularities with respect to the folds described above, which suggests that 
they should be interpreted as detachment folds (Fig. 6d).  

a) Although these large folds are cut and offset by SE-dipping thrusts, 
the displacement along the thrusts is small and not enough to be 
responsible for the fold formation, and therefore, they do not seem to 
be ramp folds. 

b) The lowermost sediments in the inner core of the anticlines are ab-
sent in the outer part of the syncline hinges so that younger sedi-
ments in the syncline hinges lay on top of the basal detachment. This 
suggests particle migration from synclines to anticlines. This phe-
nomenon, known as floating regional, usually occurs in detachment 
folds (e.g. Wiltschko and Groshong, 2012). 

c) In addition, the fold length along strike is small compared to its di-
mensions (structural relief and width) in cross-sectional view, and 
this is a feature that happens in some detachment folds. 

5.1.6. Sequence of thrust/fold propagation 
The development of the imbricate thrust system and related folds 

followed a roughly forward propagation sequence (piggy-back) both at 
the scale of a few structures and at the scale of the whole SFB similarly to 
other accretionary wedges. The basins developed above synclines, filled 
in with growth strata and located in between one thrust and the adjacent 
thrust are piggy-back basins related to growth fault-related folds 
(Figs. 5c, 6 and 7). Deformation propagated from southeast to northwest 
and the development of the thrusts and related folds has been a 
continuous process from Pliocene and is still active today. Three 
different types of criteria have been used to decipher relative and ab-
solute timing of thrusts and related folds: growth strata, seafloor ge-
ometry and deformation of structures.  

a) In some regions, horizontal strata located above a thrust-related 
anticline, i.e. post-tectonic strata with respect to this first anticline, 
exhibit thickness and dip variations consistent with the amplification 
of an adjacent anticline located farther northwest, indicating that 

Fig. 8. Depth map of the basal detachment located beneath the continental 
slope of the SFB constructed interpolating values measured in the four seismic 
profiles converted to depth. The different NE-SW color stripes show the general 
strike of the detachment. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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these beds are growth strata with respect to this second anticline 
(Fig. 9a). In turn, post-tectonic strata with respect to this second 
anticline are growth strata with respect to an adjacent, third anticline 
located farther northwest. It is usually difficult to decipher whether 
the initiation of the tectonic activity of these different structures also 
followed a forward propagation sequence as the tectonic activity 
cease, or whether they initiated almost simultaneously (Fig. 9b). The 
age of the growth strata and post-growth strata is Pliocene to 
Quaternary. 

b) The seafloor above some anticlines display upward-convex geome-
tries indicating that their activity ended during Quaternary or they 
are still active, whereas some anticlines located farther southeast do 
not exhibit seafloor undulations above them suggesting that their 
activity ended in older times (Fig. 9a). For instance, in many sections 
across the central part of the SFB, the anticlines located in the SFB 
deformation front, in the lower continental slope and in the west-
ernmost portion of the upper continental slope deform the seafloor, 
whereas the anticlines located in the easternmost portion of the 
upper continental slope and in the continental shelf are buried.  

c) In those regions where the thrust spacing is small, the dip of the 
thrusts located in the hangingwall of other thrusts is greater than that 
of the thrusts located below (Fig. 7c). This indicates that the trailing 
thrusts were deformed by the leading ones as they climbed up the 
footwall ramps related to the lower thrusts. 

Although most structures followed a forward propagation sequence, 
some out-of-sequence thrusts are recognized in some localities such as, 
for example, in the transition from the upper continental slope to the 
lower continental slope (Fig. 6). Three criteria have been used to 
determine their relative and absolute age. a) Out-of-sequence thrusts cut 
and offset sub-horizontal sediments deposited over thrusts located in 

their footwalls; b) continental-slope normal faults (described below), 
whose tip is located at the frontal part of the hangingwall folds related to 
the out-of-sequence thrusts, cut and offset thrusts located in the footwall 
of the out-of-sequence thrusts; and c) the positive submarine relief 
caused by out-of-sequence thrusts and their related hangingwall folds is 
greater than the bathymetric relief produced by thrusts and related folds 
located in the footwall of the out-of-sequence thrusts. 

5.2. Tear faults 

Several faults, sub-perpendicular to the longitudinal structures, i.e. 
transverse structures, have been mapped, mostly in the continental slope 
(Fig. 2). Almost no faults have been mapped in the continental shelf 
because they do not occur or because they are more difficult to identify 
since the seafloor is sub-horizontal. These faults are well developed in 
the south and central portion of the SFB and sporadically in the north 
portion, and are responsible for the segmentation of the deformation 
front in the central part of the belt. Their strike ranges from WNW-ESE in 
the south part of the belt to NW-SE towards the north part and they are 
usually sub-vertical (Fig. 6). Some of these faults include minor fault 
splays. While the strike of the thrusts and related folds bounded by these 
faults is approximately the same in both fault blocks, the number, 
spacing and geometry of the thrusts and related folds are different in 
both fault blocks suggesting that these faults are approximately coeval to 
the thrusts and related folds. The angular relationships and relative 
timing of these faults with respect to thrusts and related folds lead us to 
interpret them as tear faults. Some of these tear faults might correspond 
to reactivated basement faults displaced along the basal detachment. 

Although some tear faults display flat reflectors above them sug-
gesting that their activity ended before the deposition of the younger-
most sediments, many tear faults interrupt the continuity of bathymetric 

Fig. 9. a) Geological interpretation of a time seismic profile across the SFB located in the continental slope in the central part of the belt showing three anticlines 
related to thrusts, and b) time versus horizontal distance graph illustrating the timing of the three structures depicted in the seismic profile. See Fig. 2 for location. 
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highs (emerging thrusts and related anticlines) causing steps on the 
seafloor (Fig. 2) suggesting that they were active in recent times. 

5.3. Continental-slope normal faults and toe thrusts 

Faults developed within shallow sediments are common in the lower 
continental slope throughout the entire SFB. They usually occur above 
northwest, steep, short limbs (forelimbs) of anticlines that show 
bathymetric expression and on top of the underlying thrusts responsible 
for the anticlines, although sometimes they are developed on the 
southeast, gentler, long limbs (backlimbs) of the anticlines (Fig. 6b, c, 
7a, 9a and 10). They are longitudinal structures that exhibit lineal or 
winding traces on map view. They usually dip from gently to moderately 
to the NW, although the faults developed on the backlimb of the anti-
clines dip to the SE. These faults are listric in profile view, their length is 
variable reaching several kilometers, and they can involve sediments 
from a few hundred meters below the seafloor up to 1 km depth 
approximately. These faults are usually NW-directed (except for those 
developed on the backlimbs of the anticlines that are SE-directed), their 
maximum displacement reaches approximately 500 m and offset mainly 
Pliocene, Pleistocene and Holocene sediments, albeit larger faults may 
involve the uppermost Miocene horizons. The sediments located in the 
hangingwall of the normal faults often display a chaotic internal struc-
ture. Some of these normal faults are emergent, whereas others are 
buried; emergent faults are in general smaller and involve recent sedi-
ments, whereas buried faults are usually larger and involve older sedi-
ments (Figs. 7b and 10). Synthetic, second order normal faults may 
develop in the uppermost part of the hangingwall of the larger and 
deeper normal faults mentioned above. 

In some regions, sets of sub-parallel, listric normal faults branch at 
depth with the trailing part of an approximately planar and gently NW- 
dipping detachment, which may be the Bottom Simulating Reflector 
(BSR), i.e. the base of the gas hydrate stability zone (Shipley et al., 
1979), forming imbricate normal fault systems. Sub-parallel, listric 
thrusts emanate from the leading edge of the detachment forming 

imbricate toe thrust systems (Fig. 10). The thrust surfaces strike NE-SW, 
dip gently to moderately to the SE, and have hectometer dimensions. 
Like the normal faults, these thrusts are NW-directed and offset mainly 
Pliocene, Pleistocene and Holocene sediments. The dip of the thrusts 
increases progressively from the leading thrust (lower one) to the 
trailing one (upper one) in some imbricated systems, indicating that 
younger thrusts deformed older thrusts located in their hangingwalls, 
and therefore, that the toe thrust propagation sequence was forward or 
piggy-back. 

The superficial normal faults responsible for fault scarps and seafloor 
steps in the continental slope developed in recent times, whereas the 
deeper, buried normal faults are older, but younger than the thrusts and 
related folds to whom they are related (Figs. 9a and 10). 

5.4. Shale domes/diapirs 

Shale diapirism has been recognized mainly in the continental shelf 
and less frequently in the upper continental slope (e.g. Shepard et al., 
1968; Ramirez, 1969; Shepard, 1973; Duque-Caro, 1979; 1984; Ver-
nette, 1986; Flinch, 2003) (Figs. 1, 2, 6, 11,12a and 12b). Diapirs are 
large in the central part of the SFB continental shelf, whereas they 
appear as small, isolated bodies in the north and south parts of the SFB. 
Diapirs are considered here longitudinal structures. The continuous re-
flectors located outside the diapirs become interrupted against the di-
apirs whose internal structure consists of transparent and chaotic 
reflections. 

In the continental shelf, both the overburden sediments located on 
the shale diapir crests and the sediments pierced by the diapirs exhibit 
narrow anticline geometries in cross-sectional view resulting from the 
diapirs intrusion (Figs. 11, 12a and 12b). Gentle synclines, several ki-
lometers wide, occur in between shale-cored anticlines. They may be 
interpreted as rim synclines developed around the shale diapirs. Some 
diapirs are developed in the core of the hangingwall anticlines related to 
thrusts described above. Other shale diapirs are located near the foot-
wall ramp of listric normal faults with related rollover anticlines 

Fig. 10. a) Uninterpreted portion of a depth-converted seismic profile across the SFB located in the lower continental slope in the central-north part of the belt, and 
b) geological interpretation of the seismic profile illustrated in a) showing shallow normal faults and toe thrusts. See Fig. 2 for location. 
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described below. 
Short normal faults developed in the anticline hinges above or near 

the crest of the shale diapirs (Fig. 11). They exhibit small displacements 
and give rise to graben-like structures. They are interpreted as normal 
faults caused by shale-diapir crestal collapse. 

Several mud volcanoes documented in the continental shelf and 
onshore indicate that the shale diapir development took place in recent 
times (Duque-Caro, 1984; Vernette et al., 1992; Toto and Kellogg, 1992; 
Aristizábal et al., 2009). Some shale diapirs pierce almost the whole 
sedimentary succession but do not reach the seafloor, which exhibits an 
anticline shape and/or is cut and offset by crestal-collapse normal faults 
related to the diapirs, supporting their recent time emplacement 
(Figs. 11, 12a and 12b). On the contrary, some shale diapirs are rela-
tively deep and neither their crestal anticlinal shape nor their crestal 
normal faults reach the top of the stratigraphic succession, making it 
difficult the determination of their precise timing. With respect to the 
relative age of the shale diapirs, they are developed in both the hang-
ingwall and footwall of thrusts, so that they initiated probably slightly 
before or synchronously to the thrusts and related folds and evolved in 
pulses (Fig. 12c). 

5.5. Continental-shelf normal faults, reverse and normal reactivation 

Normal faults, interpreted as longitudinal structures because they 
are sub-parallel to the SFB main structures, have been identified in the 

continental shelf. They coexist with shale diapirs and their related 
structures, as well as with thrusts and related folds (Figs. 2, 6 and 12). 
The presence of normal faults in the continental shelf has been previ-
ously documented in the study area (e.g. Flinch, 2003; Flinch et al., 
2003a; Mantilla Pimiento et al., 2009), in other accretionary prisms (e.g. 
Nielsen et al., 2004; Grando and McClay, 2007; Morley et al., 2008; 
2011; Maurin and Rangin, 2009) and in theoretical models of wedges (e. 
g. Davis et al., 1983; Platt, 1986). These faults occur mainly in the 
central area and in the north edge of the belt, and have not been 
recognized in the south salient. However, the available data in the 
southern part of the studied area covers only the outermost portion of 
the belt, and therefore, it is possible that these normal faults occur in the 
south salient farther southeast. Their average strike ranges from 
NNE-SSW to NE-SW. The fault surfaces are usually listric in profile view, 
dipping both to the NW and to the SE. The length of these faults in-
creases from south to north but, as we mentioned above, no data 
regarding these structures in the south portion of the study area are 
available. Gentle anticlines, interpreted as rollover folds resulting from 
normal displacement along these faults, occur in the hangingwall of 
some of these listric faults (Fig. 12a and b). The limbs of these rollover 
anticlines exhibit wedges of layers that thicken as we approach the main 
fault and whose dip decreases up section; they correspond to 
half-grabens. Sets of antithetic normal faults with small lengths and 
displacements occur in the hangingwall of some main faults. 

Two types of continental-shelf normal faults have been distinguished 

Fig. 11. a) Uninterpreted portion of a time seismic profile across the SFB located in the continental shelf in the central-south part of the belt; and b) geological 
interpretation of the seismic profile illustrated in a) showing shale diapirs, and related crestal-collapse normal faults, intruded along anticline hinges. See Fig. 2 
for location. 
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according to the sediments they involve (Fig. 12a and b).  

a) Deep faults that involve most of the SFB stratigraphic succession, i.e. 
from the Paleogene to the Quaternary. These faults usually dip to the 
SE and root into the basal detachment. Some of these faults may 
result from normal reactivation of previous thrusts. 

b) Shallower normal faults that involve the upper part of the strati-
graphic succession from the Neogene to the Quaternary. These faults 
usually dip to the NW, horizontalize within the Miocene or Pliocene 
sediments and become NW-directed toe thrusts represented by 
imbricated thrusts with related small-size folds. Some of these 

normal faults cut and offset previous structures, and in some cases 
the toe thrusts result from the reactivation of portions of previous 
thrusts. 

Once formed, some of the continental-shelf normal faults were 
reactivated as reverse faults, remained inactive during a period of time, 
were reactivated again but this time as normal faults, and so on. Thus, 
their tectonic activity is discontinuous in pulses (Fig. 12c). 

The absolute and relative timing of these faults over time is complex 
since some of these normal faults acted simultaneously and after the 
development of shale diapirs and/or thrusts and related folds (Fig. 12). 

Fig. 12. a) Uninterpreted portion of a time seismic profile across the SFB trend located in the continental shelf in the north part of the belt; b) geological inter-
pretation of a portion of the seismic profile illustrated in a) showing thrusts, folds related and unrelated to thrusts, normal faults, reactivated normal faults and shale 
diapirs; and c) time versus horizontal distance graph illustrating the timing of the structures depicted in the seismic profile. See Fig. 2 for location. 
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The normal faults developed approximately during deposition of middle 
Pliocene sediments as indicated by the geometry of these sediments in 
their fault hangingwalls. The reverse and normal reactivation of some of 
these normal faults took place during deposition of Pliocene and Pleis-
tocene sediments since they display geometries consistent with syn- 
tectonic deposition. Some reactivations took place during recent times 
since the seafloor is offset by the faults. 

5.6. Strike-slip fault 

The Rosario Fault (Vernette et al., 1992; Ruiz et al., 2000) is a fault 
oblique to the trend of the longitudinal structures developed in the north 
part of the SFB and in part of the Colombian Basin (Fig. 2). It is a steep 
fault, whose average strike is approximately E-W, that exhibits a straight 
trace tens of kilometers long on the map. This fault cuts and offsets 
thrusts and related folds, as well as a tear fault. It displays right-lateral, 
strike-slip motion according to its apparent displacement on the map. 
The horizontal separation along this fault measured on the structural 
map is approximately 10 km using a tear fault in the central portion of 
the SFB deformation front as a reference marker. The map fault length 
required by this structure to decrease its horizontal separation from 10 
km, in the SFB deformation front, to 0 km, at its eastern termination in 
the north part of the SFB, is about 75 km. Assuming a similar fault 
behavior towards the west, these observations suggest that the Rosario 
Fault extends tens of kilometers within the Colombian Basin. The south 
block of the Rosario Fault is shallower than the north block; thus, the sea 
bottom in some localities of the south fault block is approximately 500 m 
above the sea bottom in the north fault block. Since this fault is mainly 
developed in the continental slope and in the abyssal plain, its 
right-lateral motion caused that shallower areas in the continental slope 
in the south fault block came into contact with deeper areas in the 
continental slope and even with the abyssal plain in the north fault 
block. Alternatively, this could be interpreted as a result of oblique 
motion along the Rosario Fault resulting from a strike-slip component 
plus a dip slip component that would cause the sinking of the north fault 
block. 

Two main observations constrain the relative and absolute age of the 
Rosario Fault (Fig. 2): a) this fault is reflected by a seafloor lineament 
indicating that its movement occurred in recent times; and b) the 
Rosario Fault activity is relatively young since it cuts and offsets thrusts 
and related folds, as well as a tear fault, all of them located in the SFB 
deformation front and developed in recent times. 

5.7. Relationships between thrusting, normal faulting and shale diapirism 

5.7.1. Continental-slope normal faults and toe thrusts 
The location of these normal faults and their related toe thrusts 

above the limbs and hinges of anticlines related to thrusts, their listric 
and imbricate geometry, their sub-parallel orientation with respect to 
the thrusts and related folds, their kilometer-scale dimensions, their 
down-slope sense of motion, their shallow nature affecting recent sedi-
ments, and their position in the lower continental slope (Fig. 6b, c, 7a, 
7c, 9a and 10) suggest that they may be interpreted as gravity-driven 
faults resulting from the down-slope sliding of sediments. The angular 
cross-cutting relationships with underlying thrusts and related folds 
point out that the normal faults and toe thrusts probably developed once 
the fold limbs attained relatively moderate dips which allowed gravi-
tational collapse. The occurrence of different generations of normal 
faults and toe thrusts in the same locality indicates that it was a “pro-
gressive” process coeval to later with respect to fold amplification. These 
structures, together with erosion, would have contributed to reducing 
the relief of the SFB prism and keeping it stable, and therefore reducing 
the critical taper. 

5.7.2. Shale diapirs 
Since Pliocene, a considerable amount of fluid-charged shale 

intruded the SFB sedimentary succession and extruded to the surface in 
some localities (Figs. 2, 6, 11 and 12). The shale diapirs are more 
frequent and larger in the SFB continental shelf than anywhere else, and 
their distribution shows a close spatial and temporal association with 
other tectonic structures such as thrusts and related folds as well as 
normal faults. A large number of driving mechanisms and conditions 
that a region must meet for shale diapirs to develop have been proposed 
in the literature (Shnyukov et al., 1971; Higgins and Saunders, 1974; 
Hedberg, 1974; Barber et al., 1986; Henry et al., 1990; Milkov, 2000; 
Delisle, 2004; Duerto and McClay, 2011 and many others). We will only 
discuss below those requirements and processes responsible for the 
fluidization of shales and ascent in the form of shale diapirs for which we 
have some evidence in the SFB.  

a) Although only a few wells are available in the continental shelf and 
they do not reach very deep horizons, well logs indicate that shales 
are the most predominant lithological types (Fig. 3). Thus, the ex-
istence of plastic shales in the subsurface is highly probable.  

b) A thick Paleocene to Miocene terrigenous sedimentary succession 
from approximately 4.5 to 5 km, that reaches from more than 6 to 
more than 8 km in Quaternary times, occurs in the continental shelf 
(Fig. 4). The thickness of this succession, much higher than the 
deformation front succession (from more than 2 to almost 6 km of 
Paleocene-Quaternary sediments) and in the Colombian Basin (from 
1.5 to more than 4.5 km of Paleocene-Quaternary sediments), may 
have favored shale diapirism.  

c) The average sedimentation rates during Pliocene and Quaternary, 
when the shale diapirs developed, estimated without decompacting 
the sediments, are 300 m/Ma in the Colombian Basin, 370 m/Ma in 
the SFB deformation front and 540 m/Ma in the SFB continental 
shelf. Thus, the sedimentation rate in the continental shelf during the 
period in which the shale diapirs were developed was approximately 
1.5 times higher than in other regions. The fast sedimentation rates 
because of the huge Magdalena Fan deposition caused a considerably 
sedimentary load during Pliocene and Quaternary giving rise to 
rapid burial of pre-Pliocene shales, especially in the continental 
shelf. If these fine-grain sediments were under-compacted, fluids 
were not expelled causing overpressure; this vertical compaction 
might have caused shale fluidization and density decreasing (density 
inversion) turning it into a mobile layer. 

d) The thrusts and related folds, developed during Pliocene and Qua-
ternary, caused tectonic thickening that led to tectonic overloading, 
and therefore, produced an extra-compaction of the sediments. This 
vertical tectonic compaction, together with the vertical sedimentary 
compaction, probably contributed to shale fluidization.  

e) The shortening values (from 14 to 24 km) estimated for Pliocene- 
Quaternary times (5.3 Ma) in the SFB imply high average short-
ening rates from more than 2.5 to almost 5 mm/a. These rates 
probably involved rapid sub-horizontal contraction that might have 
contributed to shale overpressure as well. 

f) The high sedimentation rates of growth strata in the basins devel-
oped above the synclines adjacent to thrust-related anticlines, caused 
high lithostatic pressure in the synclines and differential load. This 
forced the shale to move towards the anticline hinges where the 
lithostatic pressure was lower as they had much less growth strata 
deposited on top. The shale may have taken advantage of the tectonic 
and/or hydraulic pressure fractures formed in the hinge zone of the 
anticlines. The intrusion of some shale diapirs along the core of 
thrust-related anticlines (Figs. 6, 11 and 12) indicates that they 
provided structural geometries that favored an ascent path for shale 
upwelling. The diapirs unrelated to thrusts formed anticlines as they 
intruded, and generated adjacent synclinal basins in which growth 
sediments were deposited. Their load exerted a strong lithostatic 
pressure in the synclines which helped to feed back the diapirs.  

g) Some listric normal faults may have resulted from the sliding of the 
host rocks along the diapir walls as we will discuss below. The 
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growth strata associated with these normal faults, deposited above 
the hangingwall rollovers, also produced overweight and favored the 
continuity of the diapirism that had previously been initiated. In the 
case of normal faults unrelated to diapirs, their growth sequences 
also would have exerted overweight facilitating the growth of 
diapirs.  

h) Shallow earthquakes, less than 30 km depth, took place in the north 
and central part of the continental shelf according to the earthquake 
catalog from 1610 to 2014 (Arcila Rivera, 2018). Although not many 
earthquakes have been detected, seismic shaking might have also 
been responsible for shale fluidization.  

i) The occurrence of bottom simulating reflectors (BSR) in the seismic 
sections across the SFB (Fig. 10) points out the existence of wide-
spread gas hydrates. Gas hydrates are likely to reduce permeability in 
the superficial levels and slow down fluid expulsion, favoring over-
pressure in deeper horizons. 

5.7.3. Continental-shelf normal faults 
The normal faults mapped occur in the continental shelf where 

thrusts, folds and shale diapirs are also developed, their strike is sub-
parallel to that of the SFB main structures and their motion direction is 
similar to that of the thrusts (Figs. 2, 6 and 12). 

Four possible causes for normal faulting have been considered.  

a) Normal faults are restricted to regions where shale diapirs also occur 
(Figs. 2, 6a, 6b, 6c and 12). Both the normal faults that emanate from 
the basal detachment, as well as the shallower ones, developed after 
the onset of formation of thrusts and/or mobilization of the shales 
that gave rise to shale diapirs. These spatial and temporal relation-
ships suggest that slippage between host rocks and shale diapir, on 
one or both flanks of the diapir as it grew, could be a possible 
explanation for the development of many normal faults. Thus, the 
boundary between host rocks and shale would act as a fault surface, 
separating sediments with different densities, so that the host rocks 
would become hangingwall rocks and the shale diapirs footwall 
rocks. Gravity-gliding would be the mechanism of formation of the 
normal faults. If this hypothesis were correct, the causes responsible 
for the formation of diapirs would also explain the development of 
normal faults and their position within the belt.  

b) Another possible explanation for the development of normal faults 
restricted to the continental shelf, could be the existence of an 
extended area as a consequence of distinct motion velocities within 
the South American Plate during some time intervals. Thus, the 
leading part of the SFB might have slid over the subducting plate at a 
faster rate than the trailing part. The different motion rate of these 
two regions of the belt would have resulted in local extension in the 
continental shelf accommodated by normal faulting. The develop-
ment of continental-shelf normal faults in the central and north parts 
of the belt and their possible absence in the south part might be 
explained in terms of differences of sedimentary and wedge vertical 
thickness between the leading and trailing part of the SFB. Thus, the 
greatest differences between the thickness of the stratigraphic suc-
cessions (Fig. 4) and also between the vertical thickness of the wedge 
(resulting from the stratigraphic thickness plus the thrust sheet 
stacking and fold development) (Fig. 6) measured in the deformation 
front and those measured in the shelf break occur in the central and 
north parts of the SFB. On the contrary, the similarity between the 
sedimentary and wedge vertical thicknesses in the front and rear 
portions of the belt in the southern sector of the SFB might have not 
caused differential motion rates.  

c) Normal faults could develop as a consequence of an extensional 
collapse to decrease the wedge height, and therefore the critical 
taper, during those time intervals in which the wedge was no longer 
in equilibrium (Davis et al., 1983). This may not be the most 
appropriate hypothesis since not many thrusts and large thrust 
stacking occur in the continental shelf area, although the high 

sedimentation rates and the progradation of the deltaic sediments 
coming from the Magdalena River may have favored a critical taper 
increase. In any case, the instability may respond to underplating, 
but the poor imaging of the deep portion of the seismic profiles 
prevent us from verifying this hypothesis.  

d) According to Moreno et al. (2009) the SFB was caused only by 
gravitational tectonics with no tectonic compression involved, pretty 
much like in many passive margins. Thus, the normal faults in the 
continental shelf would constitute the trailing part of the gravita-
tional system, while the thrusts and related folds in the continental 
slope would be toe thrusts developed in the leading part. According 
to this hypothesis, the continental shelf would be made up by normal 
faults and other extensional structures solely, however, our data 
indicate that continental-shelf normal faults coexist with thrusts and 
related folds and some normal faults were even reactivated as reverse 
faults in recent times (Figs. 2, 6 and 12). In addition, our seismic lines 
show that many normal faults exhibit landward dips and that some 
normal faults would be intimately related to the development of 
shale diapirs; these observations are not consistent with Moreno 
et al. (2009) hypothesis either. 

6. Structure of the Colombian basin 

The studied portion of the Colombian Basin consists mainly of sub- 
horizontal Cenozoic sediments on top of Cretaceous and Jurassic 
rocks, affected by some faults and dipping from horizontal to gentle to 
the SE under the SFB. A kilometer-scale basement high, called Uraba 
Ridge (Cediel et al., 2003) and interpreted as a volcanic ridge (Reuber 
et al., 2019), occurs in front of the central-south part of the SFB. Cediel 
et al. (2003) and Reuber et al. (2019) depicted this igneous high as a 
NW-SE trending feature based on seismic and gravimetric data. 

6.1. NE-SW normal faults 

Planar faults striking NE-SW and dipping from moderately to steeply 
(approximately from 60◦ to 80◦) both to the SE and to the NW occur in 
mainly in the south portion of the Colombian Basin and underneath the 
SFB (Figs. 5a, 6, 13 and 14). These faults exhibit a kilometer-scale 
spacing forming horsts and grabens, bounded by faults of up to 40 km 
length along strike. The displacement along these faults may reach 
hundreds of meters up to 1 km and usually decreases up section. A thick 
pre-Pliocene succession occurs within some grabens, while part of this 
succession is missing in the uplifted adjacent horsts. 

These normal faults were active during Cretaceous and Paleocene 
times, as shown by the geometry and greater thickness of these sedi-
ments in the hangingwalls blocks, and because the tips of some faults are 
located within the Paleocene section and do not reach upper strati-
graphic units. However, some normal faults also cut and offset Eocene, 
Oligocene and part of the Miocene sediments, whereas the Pliocene base 
is not affected by the faults suggesting that they were active before 
Pliocene times. It is unclear whether these faults were active during 
Jurassic times as well due to the lack of well calibration. 

The occurrence of abundant normal faults with a noticeable 
displacement in the south portion of the Colombian Basin would suggest 
a rift zone developed during Cretaceous and Paleocene time. The ac-
tivity of some normal faults with much less intensity during the Eocene, 
Oligocene and Miocene suggests that the rift aborted and, perhaps, a 
thermal subsidence period took place. 

6.2. Normal reactivation of NE-SW normal faults 

Some of the normal faults described above propagated up section 
through younger sediments (Pliocene and Quaternary) because they 
were reactivated as normal faults (Figs. 13 and 14). Locally, we have 
also mapped some shallow normal faults, whose depth in cross-sectional 
view is around 1 km, usually offset Pliocene and Quaternary sediments 
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solely, and are not linked to deeper faults. The strike of both the reac-
tivated faults and the new faults is approximately NE-SW, i.e. sub- 
parallel to the main SFB trend, their dip is usually moderate to steep 
both to the NW and SE, and they display fault displacements of tens of 
meters. The small amount of displacement along these faults, as well as 
their small number, means that the total amount of extension is reduced. 

Both the normal faults reactivated as normal faults, as well as the 
new faults, were active in recent times. Thus, the sediments just below 
the seafloor are thicker in the fault hangingwalls and some of these faults 
seem to give rise to seafloor fault scarps. In general, in the south portion 
of the Colombian Basin, the more to the northwest the younger the fault 
activity termination. 

The strike of the reactivated and new normal faults subparallel to the 
SFB, their position within the Colombian Basin relatively close to the 
SFB deformation front, their recent times timing approximately coinci-
dent with the timing of the SFB frontal structures, their small number, 
and their small magnitude of displacement, suggest a possible origin 
linked to local extension in the outer part of a gentle lithospheric flexure 
of the lower Caribbean Plate just in front of the South America over-
riding Plate. This flexure would have been induced by the weight 
exerted by the SFB wedge as it advanced seawards and the lower plate 
subducted with a low subduction angle. Thus, this part of the Colombian 
Basin could be interpreted as a foredeep in front of the SFB accretionary 
wedge resulting from flat slab subduction. These observations do not 
seem to be in agreement with Rossello and Cossey (2012) hypothesis 
regarding the origin of the SFB. 

6.3. Deep folds and faults 

The lower resolution and signal in the deeper part of the seismic 
sections make it difficult to decipher the features of the structures 
involving the lowermost part of the stratigraphic succession both in the 
Colombian Basin and underneath the SFB. The angle between the 
Jurassic reflectors and the overlying unconformity varies from 0◦ to 
gentle, so that the Jurassic reflectors can dip in the same direction as the 
overlying unconformity or in the opposite direction (Fig. 5a and b and 
13). The attitude of the Jurassic reflectors, eroded by the overlying 
unconformity in some localities, and the occurrence of some faults 
suggest fault-bounded tilted blocks. Since the disposition of the Jurassic 
section is not consistent with that of the overlying sediments, the 
structures that deform the Jurassic sequence were active during its 
sedimentation and/or after its sedimentation but before the overlying 
unconformity. 

7. Average tectonic transport vector and tectonic regime of the 
SFB 

Several types of structures developed within the SFB have been used 
to estimate the average orientation of the tectonic transport vector 

responsible for the formation of the SFB: three different types of longi-
tudinal structures (thrusts, shale diapirs and continental-shelf normal 
faults) and three different types of transverse structures (oblique thrust 
ramp, tear faults and strike-slip fault) (Fig. 2). Below is a brief descrip-
tion of the methods employed to estimate the tectonic transport vector 
using each of these types of structures (Fig. 15).  

a) Since the SFB thrusts developed in the continental slope have an 
arched morphology on map view, the bow and arrow rule (Elliott, 
1976) has been applied. The tectonic transport direction, obtained by 
measuring the direction of a line drawn at right angle to the straight 
line joining the ends of a curved thrust trace, is N115E.  

b) The approximate strike of the Canoas oblique thrust ramp is N094E. 
The range of possible tectonic transport directions obtained from this 
ramp ranges from greater than N094E, assuming that it was a lateral 
thrust ramp, to less than N184E, assuming that it was a frontal thrust 
ramp.  

c) The tear faults strike is slightly variable throughout the SFB from 
N104E to N129E. Assuming that the tear faults strike is parallel to the 
tectonic transport direction, the average strike of the tear faults could 
supply the tectonic transport direction, which is N117E.  

d) Many shale diapirs display a pseudo-elliptic shape on map view and 
their axes of maximum elongation oscillate between the N005E and 
N035E direction. Assuming that this morphology resulted from 
shortening suffered during their intrusion and that the direction 
perpendicular to their maximum elongation axes would supply the 
tectonic transport direction, this direction would vary from N095E to 
N125E, being N110E an average value.  

e) The strike of the continental-shelf normal faults ranges from N024E 
to N037E. Assuming that they are frontal structures, the normal to 
their average strike, which is N120E, would be the average value of 
the tectonic transport vector.  

f) The direction of the maximum stress axis (σ1) responsible for the 
Rosario Fault motion, a N075E trending right-lateral fault, would 
range from more than N075E to less than N165E. Considering that 
the principal axis of maximum stress always bisects the acute angle 
between conjugate fault surfaces and assuming that the maximum 
stress axis is parallel to the tectonic transport vector, then the di-
rection of the SFB tectonic transport supplied by this fault would lay 
within the range N075E and N120E. 

The results obtained from the analysis of different types of longitu-
dinal and transverse structures are almost coincident and point out that 
the average direction of the tectonic transport vector is comprised be-
tween approximately N110E and N120E, i.e. WNW-ESE. This average 
direction is in accordance with the present-day, WNW-ESE motion of the 
Caribbean Plate obtained using GPS measurements (Freymueller et al., 
1993; Kellogg and Vega, 1995; Trenkamp et al., 2002). 

The angle between the strike of the main longitudinal structures in 

Fig. 13. Geological interpretation of time seismic profile E-E′ across the Colombian Basin approximately parallel to the SFB trend showing normal faults and a 
basement high. The Mesozoic, moderately NE-dipping reflectors in the right part of the profile oblique to the overlying Mesozoic, gently NE-dipping reflectors 
correspond to Jurassic beds unconformably overlain by Cretaceous sediments. See Fig. 1b for location. 
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Fig. 14. Structural map shown in Fig. 2 including normal faults and reactivated normal faults in a rifted region within the Colombian Basin adjacent to the central- 
south part of the SFB. 
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the northernmost part of the SFB and the average tectonic transport 
vector ranges from approximately 65◦–75◦. This observation would be 
in accordance with the hypothesis that the north part of the SFB could 
correspond to a transpressional zone in between the pure compressional 
regime in the south part of the SFB and the strike-slip regime in northern 
Colombia and Venezuela as suggested by others authors (e.g. Ruiz et al., 
2000; Flinch and Castillo, 2015). 

8. SFB arched shape 

The seawards-convex arched shape of the SFB is well recognized in 
the deformation front, in the boundary between the upper and the lower 
continental slope and in the trace of the thrusts and folds developed 
within the continental slope. However, the shelf break has an approxi-
mately rectilinear shape (Figs. 2, 8, 14 and 15). Thus, the arched shape 
mainly consists of a change in the continental slope width so that it is 
wider in the central part of the SFB than in its northeast and southwest 
edges. The following issues listed below must be considered to under-
stand the slightly salient-like shape of the SFB.  

a) Shortening has been measured in the four depth-converted seismic 
profiles sub-perpendicular to the SFB trend as the length of the 
Pliocene base, a well-imaged and continuous pre-contraction 
reflector, minus the cross-section length in between sub-vertical 
pin and loose lines located in the Colombian Basin and in the con-
tinental shelf respectively (Fig. 6). The apparent shortening values 
obtained have been converted to true shortening values using Cooper 
(1983) equations and taking into account the angle between the di-
rection of the seismic lines and the tectonic transport vector. Thus, 

the true shortening measured in the continental slope and in the 
western part of the continental shelf vary from minimum values of 
13.82 ± 0.71 km in the south part of the belt, to higher values from 
15.66 ± 0.38 km to 23.9 ± 0.53 km in the central part, to lower 
values around 18.99 ± 0.4 km in the north, i.e. from almost 19%– 
30% shortening. These shortening values are approximate because 
neither strain nor possible errors made in their measurement, in the 
geological interpretation of the seismic data and in the depth con-
version have been accounted for. However, these shortening varia-
tions along strike agree with a belt arched shape, wider in the central 
portion than in the north and south edges. In addition, these short-
ening variations may be responsible for development of tear faults 
simultaneous to thrust emplacement giving rise to a non-rectilinear 
belt along strike but controlled by fault block compartmentalization.  

b) The Magdalena Fan, resulting from an extremely high sediment 
supply provided by the Magdalena River (Kolla et al., 1984), may 
have induced the formation of the Canoas Oblique Ramp and caused 
a lesser seawards advance of the SFB deformation front under the 
Magdalena Fan (Fig. 2). In addition, the right-lateral motion along 
the Rosario Fault in the north portion of the SFB caused a relative 
displacement of the north fault block to the east. These two phe-
nomena may be responsible for the arched shape of the northern part 
of the SFB. The most important structures large enough to influence 
the curved geometry of the south portion of the SFB are a basement 
uplift and a rifted region, both developed within the Colombian 
Basin previously to the SFB development. The large high, oblique to 
the belt, together with the rifted region, intersect with the belt in its 
south and central-south part, and may have prevented farther 

Fig. 15. Tectonic transport vector obtained using different methods based on the analysis of longitudinal (thrusts, shale diapirs and continental-shelf normal faults) 
and transverse (tear faults, lateral ramp and strike-slip fault) structures, superimposed on the structural map shown in Fig. 2. 
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advance of the deformation front towards the interior of the 
Colombian Basin, contributing to an arched belt shape in the south.  

c) According to physical experiments, faulting propagates farther into 
the foreland when the thickness of the sediments being deformed is 
greater (e.g. Marshak et al., 1992), and according to numerical 
models higher rates of syn-tectonic sedimentation would lead to a 
greater advance of the deformation front, although there would be a 
certain time offset between both phenomena (e.g. Simpson, 2010; 
Fillon et al., 2013). The thicknesses of both the pre-contractional 
(approximately Paleocene-Miocene) and the syn-contractional 
(approximately Pliocene-Quaternary) stratigraphic sequences, 
measured in the continental slope and in the Colombian Basin, are 
greater in the northern and southern edges of the SFB than in the 
central part of the SFB (Fig. 4). The ratio between the thickness of the 
syn-contractional sediments divided by the thickness of the 
pre-contractional sediments in the north and south ends of the SFB is 
much lower (it ranges between 0.6 and 0.8) than in the central part of 
the SFB (it reaches values of almost 2.5 and 1.5 in the Colombian 

Basin and in the deformation front respectively). This might suggest 
that the thickness of the pre-contractional sediments exerts more 
influence in the north and south edges of the belt where the ratio is 
smaller, whereas the thickness of the syn-contractional sediments 
would be more important in the central part of the belt where the 
ratio is larger. In any case, according to both the pre- and 
syn-contractional sediment thickness and the physical and numerical 
models, the morphology of the SFB continental slope on map view 
should be a recess instead of a salient, with the deformation front 
more advanced in the north and south ends than in the central part. 
This contradiction could be explained if we consider the arched ge-
ometry of the SFB continental slope more influenced by the 
along-strike shortening variations, the Magdalena Fan/Canoas 
Oblique Ramp and the basement uplift/rifted region than by the 
sediment thickness.  

d) No late structures consistent with belt arching after its development, 
such as large-scale folds, have been recognized. 

Fig. 16. Simplified tectonic evolution of the SFB and adjacent Colombian Basin from the Jurassic to present-day.  
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Some issues discussed above, such as the shortening variations and 
development of tear faults, are inherent to the belt development itself, 
whereas others such as the Magdalena Fan, the Canoas Oblique Ramp, 
the Rosario Fault and the subduction of the basement high and the rifted 
region resulted from elements external to the belt or inherited config-
urations. In any case, the SFB arched shape can be explained without 
requiring a variation of the orientation of the tectonic transport vector 
both in the space and/or in time. A tectonic transport vector with a 
constant orientation throughout the belt irrespective of the different 
orientations of the structures in the southern, central and northern part 
of the belt, is in accordance with a north part of the SFB resulting from a 
transpressional regime between the compressional regime in the south 
portion of the SFB and the strike-slip regime in northern Colombia and 
Venezuela. 

9. Geodynamic evolution 

The oldest tectonic event recorded in the study area took place 
during the Jurassic and it might have consisted of faulting and tilting 
and/or folding (Fig. 16). The upper part of these structures was trun-
cated by an erosional unconformity, so that some submarine topography 
remained and was onlapped by Cretaceous sediments. Some time during 
the Jurassic and/or Cretaceous a magmatic event caused a basement 
high. 

A relatively thin Cretaceous succession and a thick Paleocene 
sequence were deposited under deep-water conditions. A tectonic event 
of extensional nature, initiated during Cretaceous and extended to the 
Paleocene, led to the formation of normal faults (Fig. 16). Localized 
extension led to the development of rifted regions where thick Creta-
ceous and Paleocene sequences were deposited in grabens. Un-
conformities were developed in the fault blocks of the horsts and 
grabens in between Cretaceous and Paleocene rocks, and above Paleo-
cene sediments. 

A moderately thick Eocene sequence, that was deposited in a deep- 
water environment, onlapped onto the underlying rifted sequences. 
These conditions evolved to a pro-delta environment recorded by a 
moderate thickness Oligocene sequence and a thin Miocene succession. 
The Eocene, Oligocene and Miocene successions thicken towards the 
southeast. Although the Cretaceous-Paleocene rift aborted, some normal 
faults formed during Cretaceous-Paleocene time still grew during 
Eocene, Oligocene and Miocene sedimentation, however, their activity 
was much less intense. Local unconformities developed between the 
Eocene, Oligocene and Miocene successions. This period, in which low- 
intensity normal faulting took place, is interpreted as resulting from 
thermal subsidence subsequent to the rifting event. 

Relative motion towards the ESE of the oceanic-affinity Caribbean 
Plate caused its subduction under the continental South American Plate 
(Fig. 16). The most noticeable manifestation of this plate convergence in 
the study area was an important Pliocene-Quaternary contractional 
event that led to the formation of the SFB, i.e. the frontal part of the 
accretionary prism known as South Caribbean Deformed Belt, thrusted 
over the Colombian Basin. A large-scale imbricate thrust system, that 
emanates from a basal detachment located within the Paleocene shales, 
developed. The thrusts and related folds that constitute this thrust sys-
tem followed a seawards-directed, forward propagation sequence 
(piggy-back sequence). Nevertheless, a few structures, such as the 
thrusts that separate the lower and upper continental slope, acted out of 
sequence. As the thrusts propagated seawards, tear faults in the external 
part of the belt, approximately normal to the thrust front, acted as lateral 
boundaries segmenting the belt into different fault blocks. In turn, some 
superficial normal faults, induced by gravity and developed mainly at 
the hinge and forelimbs of some anticlines related to thrusts, caused the 
down-slope sliding of the youngest sediments along the topographic 
slope of the SFB wedge. Some of these normal faults became thrusts 
downhill forming toe thrusts. Vertical compaction and horizontal 
contraction in the trailing part of the belt caused overpressure on the 

deepest shale beds. Differential loading due to high sedimentation above 
synclines triggered shale diapirism leading to shale-cored anticlines 
with crestal collapse normal faults, some of which reached the subma-
rine surface. These shale diapirs were intruded into the cores of thrust- 
related anticlines and also caused anticlines unrelated to faults. The 
competence contrast between the shales that formed the diapirs and the 
host rocks might have caused the development of normal faults along 
the contact between both types of rocks from mid-Pliocene to present- 
day. Alternatively, the trailing part of the belt might have slipped at a 
slower rate over the subducting plate with respect to that of the leading 
region. The different motion rate of these two belt regions might have 
resulted in local extension in the continental shelf accommodated by 
normal faulting. It is also possible that some listric normal faults were 
generated as a result of a prism imbalance in order to decrease the 
topographic surface height, i.e. to reduce the critical taper. As the SFB 
advanced and the shale diapirism continued being active, some of these 
normal faults were reactivated as reverse faults during some periods, 
remained inactive during other periods and were reactivated again as 
normal faults. 

Pliocene and Quaternary sediments were deposited as the structures 
developed within the SFB. The sedimentary environment in the 
Colombian Basin remained consistent from the Miocene to the Quater-
nary, while during the Pliocene-Quaternary in the SFB shallower water 
conditions were present. While these sediments were continuous in the 
Colombian Basin, they were deposited in piggy-back basins separated by 
thrust-related anticlines in the external part of the SFB, and in basins 
bounded by normal faults, some of them reactivated as reverse faults, 
thrusts, and diapirs in the internal part of the belt. Due to the syn- 
tectonic character of the Pliocene-Quaternary sediments, various inter-
nal unconformities were formed, accompanied by truncations, onlaps, 
offlaps and slumps generated by instabilities. 

The advance of the SFB deformation front onto the Colombian Basin 
during Pliocene and Quaternary was not uniform along strike resulting 
in a continental slope with a seawards convex shape, and an entrance 
and salient in its southern part due to the concomitant effect of various 
processes. The abundant sediment supply provided by the Magdalena 
River gave rise to the Magdalena Fan, who induced the formation of the 
Canoas Oblique Ramp and slowed down the development of structures 
farther north. The SFB overthrusting above a basement uplift in the 
Colombian Basin, oblique to the SFB deformation front, as well as above 
a rifted region, slowed down the seawards translation of the SFB 
southern edge. Meanwhile, the central part of the SFB moved seawards 
farther than the edges and accommodated a greater amount of short-
ening than the edges. The number of active structures located in the 
outer zone of the belt increases as we move northwards due, perhaps, to 
a slight clockwise rotation of the subducting Caribbean Plate. 

The Rosario Dextral Fault developed in the northern part of the study 
area in recent times accentuating the arched belt morphology (Fig. 16). 
This fault probably resulted from the accommodation of the deformation 
in a transpressional region located between a mainly contractional 
regime towards the south (the SFB) and a strike-slip regime farther north 
in north Colombia and Venezuela. 

The weight exerted by the SFB wedge on the Colombian Basin and 
the subduction of the Caribbean Plate under the South American Plate 
was responsible for a gentle flexure of the lower plate lithosphere and 
normal reactivation of old Cretaceous-Paleocene normal faults, as well 
as development of a few new normal faults. The motion along these 
normal faults, located in the outer arc of the lithosphere flexure in the 
portion of the Colombian Basin just in front of the SFB, took place while 
thrusts and backthrusts with related folds, as well as tear faults, were 
active in the SFB deformation front. As the SFB deformation front was 
advancing offshore, the normal faults closest to the deformation front 
ceased their activity, so that only those farthest away remained active. 

Thus, the growth of the SFB wedge in terms of uplift and horizontal 
displacement was controlled by different types of contractional, exten-
sional, strike-slip and diapiric structures, some of them reactivated in 
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different periods, and also by syn-tectonic sedimentation in piggy-back 
basins and coeval erosion, who all of them contributed to maintain 
the wedge stable. 

10. Conclusions 

The SFB is the westernmost leading part of the South Caribbean 
Deformed Belt. In the study area, the SFB initiated its development by 
the beginning of the Pliocene and continues being active today. The SFB 
overthrusted the Colombian Basin who recorded an extensional rifting 
event of Cretaceous-Paleocene age, followed by a thermal subsidence 
event of Eocene-Miocene age, and a lithosphere gentle flexure caused by 
the SFB loading during Pliocene-Quaternary. At this state, normal 
faulting developed as a result of the flexural extension. The architecture 
of the outer part of the SFB (continental slope), where the sedimentary 
pile is thinner, consists of thrusts and related folds, carrying piggy-back 
basins, filled in with syn-contractional sediments, located in between 
anticlines. Tear faults bounding fault-related folds and piggy-back ba-
sins are common in this area. Differently, the inner portion of the belt 
(continental shelf), where the sedimentary succession is thicker, consists 
of much fewer thrusts and related folds, shale diapirs, and normal faults 
all of them bounding basins filled in with syn-tectonic deposits. The 
arched shape of the belt from approximately N–S structures in the south 
and NW-SE structures in the north resulted from causes inherent to the 
belt evolution, such as variations in the amount of shortening and 
development of tear faults, and external causes, such as development of 
the Magdalena Fan, the Canoas Oblique Ramp and the Rosario Fault to 
the north and the subduction of a basement high and a rifted region to 
the south. The Canoas Oblique Ramp is a single structure that controls 
the northern part of the belt, so that the amount of longitudinal struc-
tures decreases dramatically to the north of this fault where high sedi-
mentation occurs due to the Magdalena fan. The north part of the SFB is 
a transpressive transitional region between the almost pure contrac-
tional SFB and the strike-slip regime in northern Colombia and 
Venezuela, partially accommodated by the Rosario Dextral Fault. The 
belt structural framework is in accordance with an accretionary prism 
due to the ESE subduction of the Caribbean Plate under the South 
American Plate, rather than with gravitational tectonics or with an 
extensional passive margin whose continental platform prograded onto 
the oceanic plate and suffered transpressional inversion because of 
oblique convergence. 

The characterization of the different types of growth structures 
developed within the SFB and determination of the belt evolution from 
Mesozoic to present-day is important not only from the purely scientific 
point of view but also from the oil and gas industry point of view. Thus, 
it may help to identify potential structural and stratigraphic traps, as 
well as possible migration paths, and check whether the timings of trap 
formation and hydrocarbon generation are appropriate, and therefore, it 
may be a valuable tool to improve the exploration and exploitation of 
hydrocarbons in this region. In addition, the structural architecture and 
history of the SFB presented here may serve as an analogue to under-
stand other submarine accretionary wedges, whose available data are 
scarcer or of poorer quality. 
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Cooper, M.A., 1983. The calculation of bulk strain in oblique and inclined balanced 

sections. J. Struct. Geol. 5 (2), 161–165. 
Corredor, F., Villamil, T., Shaw, J.H., 2005. Imbricate fault-related folding, South 

Caribbean basin, Colombia. In: Shaw, J.H., Connors, C., Suppe, J. (Eds.), Seismic 
Interpretation of Contractional Fault-Related Folds: an American Association of 
Petroleum Geologists Seismic Atlas, vol. 53. American Association of Petroleum 
Geologists Studies in Geology, pp. 126–130. 

Davis, D.M., Suppe, J., Dahlen, F.A., 1983. Mechanics of fold-and-thrust belts and 
accretionary wedges. J. Geophys. Res. 88 (B2), 1153–1172. 

Delisle, G., 2004. The mud volcanoes of Pakistan. Environ. Geol. 46, 1024–1029. 
Duerto, L., McClay, K., 2011. Role of the shale tectonics on the evolution of the 

Venezuelan Cenozoic thrust and fold belt. Mar. Petrol. Geol. 28, 81–108. 
Duque-Caro, H., 1978. Geotectonica y evolucion de la region noroccidental Colombiana. 

Instituto Nacional de Investigaciones geologicas mineras, pp. 1–65. 
Duque-Caro, H., 1979. Major structural elements and evolution of northwestern 

Colombia. Geological and geophysical investigations of continental margins. In: 
Watkins, J.S., Montadert, L., Dickerson, P.W. (Eds.), Geological and Geophysical 
Investigations of Continental Margins. American Association of Petroleum Geologist 
Memoir, vol. 29, pp. 239–351. 

Duque-Caro, H., 1980. Geotectonica y evolucion de la Region Noroccidental Colombiana. 
Boletin Geológico del Ingeominas 23 (3), 4–37. 

Duque-Caro, H., 1984. Structural style, diapirism and accretionary episodes of Sinú-San 
Jacinto terrane, south western Caribbean border. In: Bonini, W., Hargraves, R.B., 
Shagam, R. (Eds.), The Caribbean-South American Plate Boundary and Regional 
Tectonics. Geological Society of America Memoir, vol. 162, pp. 303–316. 

Duque-Caro, H., 1990. The Chocol Block in the northwestern corner of South America: 
structural, tectonostratigraphy and paleogeographic implications. J. S. Am. Earth 
Sci. 3 (1), 71–84. 

Duque-Caro, H., Guzmán, G., Hernández, R., 1996. Mapa geológico de la plancha 38 
Carmen de Bolivar, Escala 1:100.000. Instituto Colombiano de Geología y Minería. 

Elliott, D., 1976. A Discussion on natural strain and geological structure-The energy 
balance and deformation mechanisms of thrust sheets. Phil. Trans. Roy. Soc. Lond. 
283 (1312), 289–312. 

Escalona, A., Mann, P., 2011. Tectonics, basin subsidence mechanisms, and 
paleogeography of the Caribbean -South American plate boundary zone. Mar. Petrol. 
Geol. 28 (1), 8–39. 

Fillon, C., Huismans, R.S., van der Beek, P., 2013. Syntectonic sedimentation effects on 
the growth of fold-and-thrust belts. Geology 41 (1), 83–86. 

Flinch, J., 2003. Structural evolution of the Sinu-Lower Magdalena Area (Northern 
Colombia). The circum-Gulf of Mexico and the Caribbean: hydrocarbon habitats, 
basin formation, and plate tectonics. In: Bartolini, C., Buffler, R.T., Blickwede, J. 
(Eds.), The Circum-Gulf of Mexico and the Caribbean: Hydrocarbon Habitats, Basin 
Formation, and Plate Tectonics, vol. 79. American Association of Petroleum 
Geologists Memoir, pp. 776–796. 

Flinch, J., Castillo, V., 2015. Record and constraints of the eastward advance of the 
Caribbean plate in northern South America. In: Bartolini, C., Mann, P. (Eds.), 
Petroleum Geology and Potential of the Colombian Caribbean Margin, vol. 108. 
American Association of Petroleum Geologists Memoir, pp. 1–10. 

Flinch, J., Amaral, J., Doulcet, A., Mouly, B., Osorio, C., Pince, J., 2003a. Structure of the 
offshore Sinu accretionary wedge. Northern Colombia. In: 8th Simposio Bolivariano- 
Exploracion Petrolera en las Cuencas Subandinas, pp. 76–83. Cartagena (Colombia).  

Flinch, J., Amaral, J., Doulcet, A., Mouly, B., Osorio, C., Pince, J., 2003b. Onshore- 
offshore structure of the northern Colombia accretionary complex. In: American 
Association of Petroleum Geologists International Conference and Exhibition, p. 5. 
Barcelona.  

Freymueller, J.T., Kellogg, J.N., Vega, V., 1993. Plate motions in the north Andean 
region. J. Geophys. Res. 98 (B12), 21853–21863. 

Galindo, P., Lonegan, L., 2013. Evolution of the Bahia basin: evidence for vertical -axis 
block rotation and basin inversion at the Caribbean Plate margin offshore northern 

Colombia. In: American Association of Petroleum Geologists International 
Conference and Exhibition. Cartagena (Colombia).  

Grando, G., McClay, K., 2007. Morphotectonics domains and structural styles in the 
Makran accretionary prism, offshore Iran. Sediment. Geol. 196 (1), 157–179. 

Guzmán, O.G., 2007. Stratigraphy and Sedimentary Environment and Implications in the 
Plato Basin and the San Jacinto Belt Northwestern Colombia. PhD Thesis. 
Universidad de Liege, p. 275. 

Hedberg, H.D., 1974. Relation of methane generation to under compacted shales, shale 
diapirs, and mud volcanoes. AAPG (Am. Assoc. Pet. Geol.) Bull. 58 (4), 661–673. 

Henry, P., Le Pichon, X., Lallemant, S., Foucher, J.-P., Westbrook, G., Hobart, M., 1990. 
Mud volcano field seaward of the Barbados accretionary complex: a deep-towed side 
scan sonar survey. J. Geophys. Res. 95 (B), 8917–8929. 

Higgins, G., Saunders, J.B., 1974. Mud volcanoes-their nature and origin. In: Jung, P., 
Bolli, H., Panchaud, R., Saunders, J., Schaefer, H., Wiedenmayer, F. (Eds.), 
Contributions to the geology and paleobiology of the Caribbean and adjacent areas. 
Verhandlungen der Naturforschenden Gesellschaft, vol. 84, pp. 101–152, 1.  

Higgs, R., 2009. Caribbean-South America oblique collision model revised. In: James, K. 
H., Lorente, M.A., Pindell, J.L. (Eds.), The Origin and Evolution of the Caribbean 
Plate. Geological Society of London, Special Publications, vol. 328, pp. 613–657. 

Kellogg, J.N., Vega, V., 1995. Tectonic development of Panama, Costa Rica, and the 
Colombian Andes: constraints from global positioning system geodetic studies and 
gravity. In: Mann, P. (Ed.), Geologic and Tectonic Development of the Caribbean 
Plate Boundary in Southern Central America. Geological Society of America Special 
Paper, vol. 295, pp. 75–90. 

Kolla, V., Buffler, R.T., Ladd, J.W., 1984. Seismic stratigraphy and sedimentation of the 
Magdalena fan, southern Colombia basin, Caribbean Sea. AAPG (Am. Assoc. Pet. 
Geol.) Bull. 68 (3), 316–332. 

Ladd, J.W., Truchan, M., 1983. Compressional features across the Caribbean margin of 
Columbia. In: Bally, A.W. (Ed.), Seismic Expression of Structural Styles. American 
Association of Petroleum Geologists Studies in Geology, pp. 163–166. 

Ladd, J.W., Truchan, M., Talwani, M., Stoffa, P.L., Buhl, P., Houtz, R., Maufiret, A., 
Westbrook, G., 1984. Seismic reflection profiles across the southern margin of the 
Caribbean. In: Bonini, W., Hargraves, R.B., Shagam, R. (Eds.), The Caribbean-South 
American Plate Boundary and Regional Tectonics. Geological Society of America 
Memoirs, vol. 162, pp. 153–159. 

Lehner, P., Bakker, D.H., Allenbach, A., Gueneau, J., 1983. Active Caribbean margin of 
south America. Am. Assoc. Pet. Geol. Stud. Geol. 15, 342111–342128. 

Lu, R.S., McMillen, K.J., 1982. Multichannel seismic survey of the Colombia Basin and 
adjacent margins. In: Watkins, J.S., Drake, C.L. (Eds.), Studies in Continental Margin 
Geology, vol. 34. American Association of Petroleum Geologists Memoir, 
pp. 395–410. 

Lugo, J., Mann, P., 1995. Jurassic-Eocene tectonic evolution of Maracaibo basin, 
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