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Abstract Using a regional geological and geophysical dataset, we reconstructed the 
stratigraphic evolution of the Lower Magdalena Valley Basin and San Jacinto fold belt 
of northwestern Colombia. Detailed interpretations of reflection seismic data and new 
geochronology analyses reveal that the basement of the Lower Magdalena Basin is the 
northward continuation of the basement terranes of the northern Central Cordillera 
and consists of Permian – Triassic metasedimentary rocks intruded by Upper Creta-
ceous granitoids. Structural analyses suggest that the NE–SW strike of faults in base-
ment rocks underlying the northeastern Lower Magdalena is inherited from a Jurassic 
rifting event, while the ESE–WNW striking faults in the western part originated from a 
Late Cretaceous to Eocene strike–slip and extensional episode. The Upper Cretaceous 
to lower Eocene sedimentary rocks preserved in the present–day San Jacinto fold belt 
were deposited in a submarine, forearc basin formed during the coeval oblique con-
vergence between the Caribbean and South American Plates. A lower to middle Eocene 
angular unconformity at the top of the upper Paleocene to lower Eocene San Cayetano 
Sequence, the termination of the activity of the Romeral Fault System, and the cessa-
tion of arc magmatism are all interpreted to indicate the onset of low–angle orthogonal 
subduction of the Caribbean Plateau beneath South America between 56 and 43 Ma. 
Flat subduction of the plateau has continued to the present and would be the main 
cause of amagmatic post–Eocene deposition and formation of the Lower Magdalena 
Valley forearc basin. Extensional reactivation of inherited, pre–Oligocene basement 
faults was crucial for the tectonic segmentation of the basin and the formation of its 
two depocenters (Plato and San Jorge). Late Oligocene to early Miocene fault–con-
trolled subsidence allowed initial infill of the Lower Magdalena, while uplift of Andean 
terranes made possible the connection of the Lower and Middle Magdalena Valleys, 
and the formation of the largest Colombian drainage system (Magdalena River system). 
This drainage system started delivering enormous amounts of sediments in middle 
Miocene times, as fault–controlled subsidence was gradually replaced by sedimentary 
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loading. Such dramatic increase in sedimentation and the huge volume of sediment 
being delivered to the trench caused the formation of forearc highs in San Jacinto and 
of an accretionary prism farther to the west. Our results highlight the fundamental role 
of plate kinematics, inherited basement structure, and sediment flux on the evolution 
of forearc basins such as the Lower Magdalena and San Jacinto.
Keywords: forearc basin, basement, flat–slab subduction, tectono–stratigraphy, Lower 
Magdalena, San Jacinto fold belt, Caribbean, subsidence, sedimentation.

Resumen Utilizando una base de datos regional de geología y geofísica reconstruimos 
la evolución estratigráfica de la Cuenca del Valle Inferior del Magdalena y del cinturón 
plegado de San Jacinto al noroeste de Colombia. Interpretaciones detalladas de sísmica 
de reflexión y nuevos análisis geocronológicos revelan que el basamento de la Cuenca 
del Magdalena Inferior es la continuación hacia el norte de terrenos de basamento del 
norte de la cordillera Central y consiste en rocas metasedimentarias del Pérmico–Triásico 
intruidas por granitoides del Cretácico Superior. Análisis estructurales sugieren que el 
patrón NE–SW de fallas de basamento en el noreste del Magdalena Inferior es hereda-
do de un evento de rifting jurásico, mientras que el patrón ESE–WNW de la parte oeste 
es heredado de un episodio Cretácico Tardío a Eoceno caracterizado por deformación 
de rumbo y extensión. Los sedimentos del Cretácico Superior a Eoceno inferior que se 
encuentran preservados en el actual cinturón de San Jacinto fueron depositados en una 
cuenca marina de antearco formada durante la convergencia oblicua entre las placas del 
Caribe y de Suramérica. Una discordancia angular del Eoceno inferior a medio al tope de 
la secuencia San Cayetano del Paleoceno–Eoceno inferior, la terminación de la actividad 
del Sistema de Fallas de Romeral y el cese del magmatismo de arco se interpretan como 
indicativos del comienzo de la subducción ortogonal y de bajo ángulo del Plateau del 
Caribe bajo Suramérica entre 56 y 43 Ma. La subducción plana del plateau ha continua-
do hasta el presente y sería la causa del depósito pos–Eoceno y la formación del Valle 
Inferior del Magdalena con ausencia de magmatismo. La reactivación extensional de 
fallas heredadas de basamento preoligocenas fue crucial para la segmentación tectónica 
de la cuenca y la formación de sus dos depocentros (Plato y San Jorge). La subsidencia 
controlada por fallas entre el Oligoceno Tardío y el Mioceno temprano permitió el llena-
do inicial del Magdalena Inferior, mientras que pulsos de levantamiento coetáneos en 
terrenos andinos posibilitaron la conexión de los valles Inferior y Medio del Magdalena, 
y la formación del sistema de drenaje más grande de Colombia (sistema del río Magdale-
na). Este sistema de drenaje comenzó a aportar grandes cantidades de sedimento en el 
Mioceno medio, a medida que la subsidencia controlada por fallas fue reemplazada por 
subsidencia debido a la carga sedimentaria incremental. Este dramático incremento en 
sedimentación y los grandes volúmenes de sedimento a la fosa causaron la formación 
de altos de antearco en San Jacinto y de un prisma de acreción más al oeste. Nuestros 
resultados resaltan el papel fundamental de la cinemática de placas, de la estructura 
heredada del basamento y del aporte de sedimentos en la evolución de cuencas de 
antearco como el Magdalena Inferior y San Jacinto.
Palabras clave: cuenca de antearco, basamento, subducción plana, tectonoestratigrafía, 
Magdalena Inferior, cinturón de San Jacinto, Caribe, subsidencia, sedimentación. 

1. Introduction

The formation and evolution of the Lower Magdalena Valley 
Basin (LMV) and San Jacinto fold belt (SJFB) of northwest-
ern Colombia (Figure 1) have not only been influenced by the 
interaction between the Caribbean and South American Plates 

and the Chocó–Panamá Block, but also by the uplift of differ-
ent provinces within the northern Andes and the evolution of 
related drainage systems. Though these provinces have been the 
focus of several previous, important research studies (Duque–
Caro, 1979, 1984, 1991; Reyes–Harker et al., 2000; Cerón et 
al., 2007; Mantilla–Pimiento, 2007; Mantilla–Pimiento et al., 
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2009; Bernal–Olaya et al., 2015a, 2015b, 2015c), there contin-
ues to be an active debate in certain fundamental aspects, such 
as the origin and classification of the basins (Cerón et al., 2007; 
Bernal–Olaya et al., 2015c). Hydrocarbon exploration, reflec-
tion–seismic, borehole drilling, and earthquake seismology 
and tomography in the LMV has led to a better understanding 
of its formation and evolution, whereas the San Jacinto fold 
belt has remained less understood due to intense deformation 
and scarcity of data. Several litho–tectonic provinces and ter-
ranes have been proposed in northern Colombia based on out-
crop studies (Etayo–Serna et al., 1983; Toussaint & Restrepo, 
1994; Cediel et al., 2003), but their extension and geometry 
beneath sedimentary basins such as the LMV and SJFB has 
remained speculative. Concerning the sedimentary succession, 
previous studies have described in some detail the stratigraphy 
and paleogeography of San Jacinto (e.g., Duque–Caro, 1979, 
1991; Guzmán, 2007; Guzmán et al., 2004) and the LMV (e.g., 
Reyes–Harker et al., 2000; Bernal–Olaya et al., 2015c), and 
though they discuss their possible origin, they do not link their 
stratigraphic and paleo–geographic models with plate tectonic 
kinematics and Andean uplift events in NW South America.

The main goal of this contribution is to characterize the LMV 
and San Jacinto Basins in terms of their mechanisms of forma-
tion, evolution, and present configuration, through the integration 
of a regional geological and geophysical database provided by 
Hocol S.A. (Figure 2). The basement underneath the LMV was 
characterized, based on the integration of a regional subsurface 
database, which included geochronologic analyses of borehole 
samples in combination with outcrop data from the literature 
(Figure 3; Mora et al., 2017a). Then, the tectono–stratigraphy of 
Upper Cretaceous to Eocene sequences in the forearc basin that 
today corresponds to the SJFB was studied, linking them with 
the plate tectonic kinematics (Mora et al., 2017b). Finally, the 
Oligocene to recent tectono–stratigraphic sequences in the LMV 
were studied, and the subsidence, extension, sedimentation, and 
paleo–geographic history of the basin was reconstructed, pro-
posing possible mechanisms controlling its evolution (Mora et 
al., 2018). It will be shown here that while Late Cretaceous to 
Eocene kinematics of the Caribbean and South American Plates 
controlled the evolution of the San Jacinto Forearc Basin and 
left a clear imprint on its stratigraphy, Oligocene to recent stra-
tigraphy and evolution of the Lower Magdalena forearc were 
apparently more influenced by changes in the hinterland, such as 
the uplift of the Andes and the formation of the proto–Magdalena 
and Cauca River systems. The influence of inherited basement 
faults, sediment flux, flat subduction, and underplating processes 
in forearc basin evolution will be discussed.

2. Geological Framework

The LMV and SJFB of northwestern Colombia are located in an 
area in which the Caribbean oceanic plate, including the Chocó–

Panamá Block, and the South American continental plate have 
been interacting throughout the Cenozoic (Figure 1). Though there 
has been some debate about the occurrence of flat–subduction of 
the Caribbean Plate under South America, beneath the LMV and 
SJFB (e.g., Rosello & Cossey, 2012), GPS data have shown (e.g., 
Müller et al., 1999; Trenkamp et al., 2002; Boschman et al., 2014; 
Matthews et al., 2016) that NW South America and the Carib-
bean are converging in a nearly orthogonal fashion (Symithe et 
al., 2015). Furthermore, seismicity data indicates the existence of 
a Benioff zone in the eastern LMV (Bernal–Olaya et al., 2015a; 
Syracuse et al., 2016; Mora et al., 2017a, 2017b), while geophysi-
cal studies including tomography data (Mantilla–Pimiento, 2007; 
Mantilla–Pimiento et al., 2009; Bernal–Olaya et al., 2015a), have 
provided new and more robust evidence supporting a flat–subduc-
tion geometry. Hence, there is agreement between the results and 
interpretations of this study and previous proposals (e.g., Mantil-
la–Pimiento et al., 2009), which consider the LMV as a forearc 
basin within a convergent margin where flat–slab subduction is 
operational (Bernal–Olaya et al., 2015a, 2015b, 2015c).

The present–day SJFB is a NNE–SSW–trending and WNW–
verging fold and thrust belt located between the LMV to the E 
and the Sinú accretionary prism to the W. The SJFB covers an 
area of 17 500 km2, it is ca. 370 km long, 40 to 57 km wide, and 
it is limited by the Romeral Fault System (RFS) to the E and by 
the Sinú Fault to the W. The LMV is a lozenge–shaped basin, 
covering an area of 42 000 km2, located between two major 
basement terranes, the northern Central Cordillera (CC) in the 
S and SE and the Sierra Nevada de Santa Marta (SNSM) in 
the NE (Figures 1–3). The Santa Marta left–lateral, strike–slip 
fault is separating the northeastern part of the basin from the 
SNSM, while the northern extension of the Romeral Fault Sys-
tem (RFS) is separating the Lower Magdalena from the SJFB 
to the west. Pre–Oligocene sedimentary units are exposed in the 
SJFB, which has been considered the northward extension of the 
Western Cordillera of Colombia (Barrero et al., 1969; Duque–
Caro, 1979, 1984; Cediel et al., 2003) and has been related to 
an oceanic to transitional–type basement. The RFS, which is 
also considered to continue from the south to form the west-
ern boundary of the LMV, separates the oceanic to transitional 
basement under the belt from the felsic continental basement 
of the South American crust, which floors the LMV in the east 
(Duque–Caro, 1979, 1984; Flinch, 2003; Mora et al., 2017a). In 
the SJFB, located west of the RFS, there are Upper Cretaceous 
to Eocene sedimentary units that are not preserved in the LMV 
to the east (Duque–Caro, 1979, 1984; Mora et al., 2017b). By 
contrast, Oligocene to recent units have been mostly eroded in 
the SJFB and are well preserved in the LMV (Figures 4 and 5).

3. Materials and Methods

This chapter summarizes the main results of previous work pre-
sented in recent publications (Mora et al., 2017a, 2017b, 2018). 
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Figure 1. (a) Tectonic map of northwestern South America with topography and bathymetry, showing the location of the Lower Mag-
dalena Valley Basin (LMV) and the Sinú–San Jacinto fold belt (SSJFB). Present–day tectonic plate motions are shown in yellow (after 
Trenkamp et al., 2002). (b) Geological map of the Lower Magdalena Valley Basin and San Jacinto fold belt (Gómez et al., 2015), showing 
major structural and morphologic features. (OF) Oca Fault; (SNSM) Sierra Nevada de Santa Marta; (SMF) Santa Marta Fault; (BoF) Boconó 
Fault; (PFS) Palestina Fault System; (WC) Western Cordillera; (CC) Central Cordillera; (MMV) Middle Magdalena Valley; (BF) Bucaramanga 
Fault; (EC) Eastern Cordillera; (RFS) Romeral Fault System; (CF) Cuisa Fault; (SiF) Sinú Fault; (UF) Uramita Fault.

Hocol S.A. provided the regional database that was used in this 
study, with reflection–seismic and drillhole data, for the inter-
pretation of the structure of the basement in the LMV and for 
the construction of the tectono–stratigraphic framework of the 
SJFB and LMV (Figures 2–5). Regional data of potential meth-
ods (Bouguer gravity and magnetics; Figure 6) was also used 
to constrain the basement depth and configuration, as well as 
publicly available seismicity data from the Red Sismológica Na-
cional (RSNC) of the Servicio Geológico Colombiano (https://
www.datos.gov.co/Minas-y-Energ-a/Estaciones-Red-Sismol-gi-
ca-Nacional-de-Colombia-Se/sefu-3xqc/data), to study the litho-
spheric configuration of NW Colombia. More than 30 000 km 
of 2D and more than 2000 km2 of 3D–reflection–seismic data 
were interpreted in two–way–time (TWT), all of which were tied 
to most of the ca. 400 wells that have been drilled in the basin. 
New zircon U–Pb geochronology and Hf isotope geochemistry 
results from basement and sedimentary borehole samples were 
integrated and analyzed. We have based our interpretations in the 
biostratigraphic data and charts that Duque–Caro (1979, 1984, 
1991, 2000, 2001, 2010, 2014) has constructed for the LMV and 
SJFB (Figures 4 and 5), based on previous planktonic foramin-
iferal zonations (Blow, 1969; Petters & Sarmiento, 1956).

Interpretation in TWT of the top of the acoustic basement, 
the main unconformities, and the tops of the main sequences 
in the LMV and SJFB, was done using Schlumberger’s Petrel 
seismic interpretation package, provided by Hocol S.A. After 
performing well–seismic ties, these horizons were mapped in 
TWT and depth–converted. In order to reconstruct the basin 
paleo–geography, seismic–stratigraphic analyses were carried 
out to define stratal stacking patterns, terminations, and contacts 
(Catuneanu et al., 2009), and integrate the well data (electrical 
logs, cores, and reports). Paleo–tectonic reconstructions from 
Late Cretaceous to recent were done using the open access soft-
ware package GPlates (version 2.0.0, www.gplates.org; Boyden 
et al., 2011) and two paleo–tectonic models available for this 
area (Boschman et al., 2014; Matthews et al., 2016 from the 
GPlates database). Based on such reconstructions, convergence 
velocities and obliquities were calculated at different time win-
dows, in order to correlate them with plate kinematics, sub-
sidence patterns, sedimentation rates, and the main regional 
Andean tectonic events.

In the LMV, 1D geohistory and subsidence analyses (Allen 
& Allen, 2005; Steckler & Watts, 1978; Watts & Ryan, 1976) 
were carried out with data from 32 representative wells in dif-

ferent parts of the basin, including the San Jacinto fold belt, and 
from 12 wells drilled in the Sinú onshore and offshore accre-
tionary prism (Mora et al., 2018). Three different approaches 
were followed in order to obtain well–supported extension es-
timates for the crust beneath the LMV (Mora et al., 2018). The 
first approach was to do a simple line–length calculation using 
a NNE–SSW–trending, depth–converted structural cross–sec-
tion, which we built in the Move software of Midland Valley. 
The second approach was a backstripping technique assuming 
an Airy isostasy model and using sediment thickness data from 
the drill holes, in order to construct the total versus tectonic 
subsidence curves and to obtain the stretching factor (β factor, 
McKenzie, 1978). The third approach was to compile crust-
al thickness and Moho depth data from NW Colombia (e.g., 
Bernal–Olaya et al., 2015a; Poveda et al., 2015) and use our 
basin floor (basement) depth map to obtain the crustal thick-
ness beneath the LMV, after removing the sedimentary infill. Of 
the three approaches, the third one implies less error, while the 
line–length balancing method considerably underestimates the 
amounts of extension. The calculation of the amount of stretch-
ing (β factor, McKenzie, 1978) is used in basins with a fast 
initial fault–related “synrift” subsidence, followed by a slow-
er thermal “post–rift” subsidence. Therefore, the application 
of this methodology to basins that show different subsidence 
curves, such as the LMV as will be discussed farther on, can 
lead to an overestimation of the amount of stretching.

4. Results

4.1. Potential Methods and Reflection Seismic

Initial analyses of the LMV and SJFB basement configura-
tion involved potential methods and the comparison with the 
depth–converted basement map obtained from regional reflec-
tion seismic data (Figures 2 and 3; Mora et al., 2017a). In the 
Total Bouguer gravity anomaly map (Figure 6a), the most no-
torious basement lows are marked by negative gravity anoma-
lies, while the most prominent positive gravity anomaly occurs 
in the SNSM, a very high (>5000 m) basement massif that is 
not in isostatic equilibrium (Case & MacDonald, 1973). While 
the gravity data provided a much broader image of the base-
ment morphology, the data from the total magnetic intensity 
reduced to the pole (TMIRP; Figure 6b) shows more localized 
concentrations of highly–magnetic rocks which correspond to 
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Figure 2. Reflection seismic and well database used for this study and provided by Hocol S.A. All wells are shown as small black crosses 
or circles with crosses, and relevant wells are highlighted: wells with red labels have basement U–Pb geochronological analyses, the two 
wells with white labels have detrital zircon U–Pb geochronological analyses, and wells with black labels have subsidence analyses (note 
Bonga–1 well has basement geochronology and subsidence analysis). Colors of seismic lines represent different seismic surveys. Topog-
raphy and main drainages are also shown, as well as the structural map in depth of the basement under the LMV, after Mora et al. (2017a).
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basement highs or to elongated features related to major fault 
zones. When comparing the Bouguer anomaly map with the 
depth–converted top basement map of the LMV (Figure 6a), 
a very good match can be seen in terms of basement config-
uration. The southeastern boundaries of the LMV are the Pa- 
lestina Fault System (PFS) and the basement outcrops of the 
northernmost CC, while the boundaries in the northeast are the 
Santa Marta Fault (SMF) and the SNSM. The western limit of 
the LMV has been considered the northward extension of the 
RFS (Duque–Caro, 1979, 1984), which would be separating the 
basin from the San Jacinto deformed belt to the west. However, 
based on reflection seismic data, an east–verging fault splay 
was interpreted in the southwestern LMV (Mora et al., 2017a), 
which correlates at surface with the San Jerónimo Fault (SJF; 
Figures 3 and 6) and appears to correspond to the southwestern 
limit of the continental affinity basement of the LMV. The main 
morphological features of the basement underneath the LMV 
are the Plato depocenter in the north, with depths in excess of 
7 km (23 000 feet), the Magangué–Cicuco High (MCH) in the 
center, and the San Jorge depocenter in the south, with depths 
of more than 5 km (17 000 feet).

4.2. Basement Fault Families

Detailed seismic mapping of the basement underneath the 
LMV showed that the fault pattern is much more complex 
than previously considered (Figure 7; Mora et al., 2017a). The 
basement faults were divided into four fault families accord-
ing mainly to their trend and to their age, and found that these 
families define two structural regions in the LMV: a western 
region with a dominant ESE–WNW–trending fault family and 
a northeastern region with a dominant NE–SW–trending fam-
ily (Figure 7). The oldest fault family (family 1, green traces in 
Figure 7) comprises normal faults trending NE–SW (40–60°) 
and includes the southern El Difícil Fault, the Pivijay Fault, 
and the fault that limits the Remolino–Ciénaga High to the 
south. The second fault family (family 2, red traces in Figure 7)  
comprises extensional faults which exhibit subtle strike–slip 
and inversion deformation affecting the sedimentary infill and 
which have an WNW–ESE–trend (265–320°). The third fault 
family (orange traces in Figure 7) trends NNW–SSE (330–
360°) and corresponds to the Algarrobo Fault, a trans–tensional 
strike–slip fault, and to the northern Apure Fault. The fourth 
family in the LMV (blue traces in Figure 7) comprises nor-
mal faults with subtle inversion and a NNE–SSW–orientation 
(0–30°), hence implying an ESE–WNW–oriented extensional 
component. Neogene to recent, E–W and SE–NW contraction 
has obscured the original Cretaceous to Paleogene structur-
al fabric in most of the San Jacinto fold belt, except for the 
northernmost area, where NW–SE–trending Eocene extension-
al features that influenced sedimentation have been recently 
interpreted (Figure 7; Mora et al., 2013a).

4.3. Basement Zircon U–Pb Geochronology and 
Hf Isotope Geochemistry

Mora et al. (2017a) selected eight samples from deep explor-
atory and stratigraphic wells that drilled through the basement 
to be processed for zircon U–Pb geochronology and Hf iso-
tope geochemistry. Three core samples were analyzed from the 
metamorphic basement drilled in the VIM15Est–2 stratigraphic 
well in the southeastern part of the basin (Figures 2 and 3). 
Five ditch cutting samples were analyzed from the basement in 
the HojarascaEst–1 stratigraphic well in the eastern part of the 
San Jorge depocenter, and from the Bonga–1 exploratory well, 
located in the western MCH. Detrital zircon U–Pb dates from 
low–grade metasedimentary rocks indicated a Middle to Late 
Triassic maximum depositional age for their sedimentary pro-
toliths, estimated to 234 ± 5 Ma (n = 4, MSWD = 0.7) for Ho-
jarasca and 233 ± 4 Ma for VIM15 (n= 4, MSWD= 0.7) based 
on the youngest group of at least three zircons that define an 
equivalent population within 2σ uncertainties (e.g., Dickinson 
& Gehrels, 2009). The age spectra retrieved for both localities 
was dominated by zircons with early Permian to Middle Trias-
sic crystallization ages, with subdued older populations in the 
early Paleozoic (Cambrian – Ordovician) and the Meso– and 
Neoproterozoic. A comparison with the known age distribu-
tions of pre–Jurassic basement domains in NW South America 
revealed that these DZ age populations are most similar to the 
igneous and detrital zircon U–Pb ages found in the basement 
of the CC and the SNSM (Mora et al., 2017a), thus suggesting 
a close paleo–geographic connection.

In the Bonga–1 well, located in the western part of the MCH 
(Figures 2 and 3), samples of a granitic basement were recov-
ered, yielding zircon U–Pb ages in the range of 76 to 89 Ma 
(Coniacian – Campanian). The results from the Bonga–1 well 
clearly indicated that magmatism in this portion of the LMV 
basement was ongoing for this time interval in the Late Cre-
taceous, as has been observed in other parts of the basin; for 
instance, a granite sample from the Cicuco Field in the MCH 
was dated as Santonian (Aleman, 1983 in Reyes–Harker et al., 
2000), while a recent study by Silva–Arias et al. (2016), provid-
ed a similar age (84.5 Ma, U–Pb in zircon) for the granodioritic 
basement in the Cicuco–22 well in the eastern MCH. Another 
Late Cretaceous age was reported in the Coral–9 well (74.5 
Ma, Silva–Arias et al., 2016). In addition to the new U–Pb re-
sults for the Bonga–1 well, the Hf isotopic compositions of 
the dated zircons also indicated a rather juvenile affinity for 
this portion of the LMV basement (Mora et al., 2017a). Sev-
eral analyses conducted in two of the Bonga samples yielded 
εHf(t) values in excess of +10 and up to +15, exceeding the 
values typical for arc–related crust (Dhuime et al., 2011) and 
overlapping with a depleted mantle–like composition (Vervoort 
& Blichert–Toft, 1999). In contrast, samples from the VIM15 
and Hojarasca wells discussed above yielded much lower  
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Figure 3. Geological map of the NW Colombia (modified after Gómez et al., 2007), highlighting basement terranes and pre–Tertiary 
sedimentary units, and integrating a subsurface basement map in depth (meters) of the LMV. Colored circles are wells that drilled into 
the basement and have basic rock descriptions; previous and new geochronological data from the basement is depicted. (OF) Oca Fault; 
(RFS) Romeral Fault System; (SL) Sevilla Lineament; (LMV) Lower Magdalena Valley; (CRB) Cesar–Ranchería Basin; (SP) serranía de Perijá; 
(MCH) Magangué–Cicuco High; (SJF) San Jerónimo Fault; (SM) Santander Massif; (CAF) Cauca–Almaguer Fault; (ESF) Espíritu Santo Fault; 
(PFS) Palestina Fault System; (CC) Central Cordillera; (WC) Western Cordillera; (MMV) Middle Magdalena Valley; (EC) Eastern Cordillera. 
Modified from Mora et al. (2017a). 

εHf(t) values, mostly ranging between +4 and –8, thus indicat-
ing a much older crustal source for the preceding magmas from 
which these detrital zircons crystalized.

4.4. Detrital Zircon U–Pb Geochronology and Hf 
Isotope Geochemistry of Pre–Oligocene Units

Samples (cuttings) for petrography and detrital zircon U–Pb 
and Hf isotope analyses were recovered from two wells lo-
cated in the northern half of the SJFB (Figure 2; Mora et al., 
2017b). Six samples from upper Paleocene to upper Eocene 
units (San Cayetano and Chengue) were collected in the C–1 
well, located in the northern San Jacinto fold belt, while two 
more samples from an upper Eocene to lower Oligocene unit 
(San Jacinto) were collected in the SamanEST–1 well, lo-
cated farther south, close to the boundary between the SJFB 
and the LMV (Figure 2). U–Pb dates of detrital zircon from 
samples of upper Paleocene to Eocene strata (Sequences 2 
to 4) showed three clear provenance peaks, namely a main 
Late Cretaceous (70–88 Ma, Coniacian – Maastrichtian) peak, 
a secondary peak of Permian – Triassic age (230–250 Ma) 
which is less evident in the SamanEST–1 well, and a minor 
Albian – Cenomanian peak (ca. 100 Ma; Mora et al., 2017b). 
However, the Paleocene to middle Eocene samples also ev-
idenced both early Paleozoic and Proterozoic provenance. 
Therefore, detrital zircon U–Pb geochronology indicated that 
the upper Paleocene to lower Oligocene sediments of Se-
quences 2 to 4 were mostly sourced from Upper Cretaceous 
and Permian – Triassic basement blocks.

Hf isotopic data showed that the three dated detrital zircon 
populations (Coniacian – Maastrichtian, Albian – Cenomanian, 
and Permian – Triassic) are related to different magmatic 
sources. While the Coniacian – Maastrichtian zircons would 
be related to a juvenile mantle source (i.e., positive εHf), the 
older Albian – Cenomanian and Permian – Triassic zircons 
have much lower εHf(t) values, indicating a much older crustal 
source. Furthermore, in the SamanEST–1 well there were two 
sub–populations within the Late Cretaceous Coniacian – Maas-
trichtian population, and both overlapped quite well with the 
compositions of the Bonga Pluton (Mora et al., 2017a), located 
50 km to the south (Figures 2 and 3). The Permian – Triassic Hf 
isotopic compositions from the C–1 well also showed a good 
match with the Hf compositions of the Permian – Triassic base-
ment in the HojarascaEST–1 and VIM15Est–2 wells (Mora et 

al., 2017a) and with data from previous studies (Cardona et al., 
2012; Cochrane et al., 2014).

4.5. Upper Cretaceous to Eocene Tectono–
Stratigraphy in the SJFB

Though this tectono–stratigraphic framework is mostly based 
on previous research, it was built after incorporating a great 
deal of recent regional drill hole, seismic, and outcrop data and 
interpretations (Figures 4 and 5). The same sequence definition 
and numbering proposed by Mora et al. (2017b) is used here. 
Upper Cretaceous to Eocene deposits are better preserved and 
exposed in the SJFB, while they are only locally preserved in 
the western portion of the LMV. The general characteristics 
of the identified and studied Upper Cretaceous to Eocene tec-
tono–stratigraphic sequences are presented in Table 1 of the 
Supplementary Information.

The oldest, 2nd–order sequence is of Coniacian to 
Maastrichtian age (Mora et al., 2017b) and comprises the 
bituminous shales, cherts, and limestones of the Cansona 
unit (Sequence 1 in Figures 4 and 5). Biostratigraphic data 
compiled by Duque–Caro (2000, 2001) and Guzmán (2007) 
showed an absence of lower Paleocene planktonic foramin-
iferal zones (P.0 to P.2) in the SJFB, indicating the existence 
of a regional unconformity which marks the upper limit of 
this sequence. Sequence 2, called San Cayetano, is also a 
2nd–order sequence which has been dated as late Paleocene 
to early Eocene (planktonic foraminiferal zones P.3 to P.9). 
The late Paleocene was characterized by a high global sea 
level (eustatic curves in Figure 4; Haq et al., 1987), which 
could have influenced the onset and extension of San Cayeta-
no sedimentation. Biostratigraphic data showed that there is a 
big hiatus in the center of the SJFB, where the lower Eocene 
is missing, while to the north the section is more complete 
and the contact with the overlying sequence appears to be a 
disconformity (Figures 4 and 5; Table 1 of the Supplementary 
Information). A middle to upper Eocene, 2nd–order sequence 
(Sequence 3) corresponds to the Chengue Group, defined by 
the P.10 to P.14 planktonic foraminiferal zones of middle to 
late Eocene age. Biostratigraphy indicated that the unconfor-
mity between Sequences 2 (San Cayetano) and 3 (Chengue) 
corresponds to the P.9 to P.10 foraminiferal zones, implying a 
time interval of 46 to 51 Ma which includes the limit between 
the early and middle Eocene. This syn–tectonic sequence has 
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been eroded in the southern part of the SJFB and is more pre-
served in the northern part (Figure 5). Sequence 4 is a locally 
preserved 2nd–order sequence comprising the siliciclastic San 
Jacinto unit and the calcareous Toluviejo unit (Figures 4 and 
5), which according to biostratigraphic studies (Duque–Caro, 
1979; Guzmán, 2007; Guzmán et al., 2004) are defined by the 
P.15 to P.20 planktonic foraminiferal zones of late Eocene to 
early Oligocene age.

4.6. Upper Oligocene to Recent Tectono–
Stratigraphy and Paleo–Geography in the  
LMV and SJFB

Due to Pliocene to recent uplift and erosion in the SJFB, Oli-
gocene to recent deposits are more preserved in the LMV. The 
general characteristics of the identified sequences are summa-
rized in Table 2 of the Supplementary Information and in Mora 
et al. (2018). Since there is seismic and well data in the LMV, it 
was possible to reconstruct the Oligocene to recent paleo–geog-
raphy of the LMV, which is depicted in Figures 8 to 10 for se-
lected time windows. The detrital zircon U–Pb geochronology 
of Montes et al. (2015) was also integrated, to better constrain 
the sediment provenance.

The Oligocene to lower Miocene deposits are interpreted 
as a transgressive, 2nd–order sequence (Sequence 5), which 
filled from NW to SE the lowest paleo–topographic areas 
formed by the basement of the LMV (Figure 8a; Mora et al., 
2018). This sequence, called “Lower Ciénaga de Oro”, was 
associated to the planktonic zones P.20 to N.6 (M.3), equiva-
lent to an early Oligocene to early Miocene age (Figure 4; Ta-
ble 2 of the Supplementary Information). Seismic data shows 
that the Oligocene to lower Miocene shallow marine deposits 
gradually filled the proto–San Jorge and Plato depocenters 
from the W and NW and that the main structural basement 
features, such as the Sucre, Mojana, and Pivijay Faults, were 
actively extending (Figure 8a).

Sequence 6, deposited after a regional early Miocene tec-
tonic event, records a major change in sedimentation in the 
basin. Biostratigraphic analyses indicate that it is a 3rd–order 
sequence of early to middle Miocene age (Burdigalian to Ser-
ravallian, zones N.7/M.4 to N.11/M.8) (Figure 4; Table 2 of 
the Supplementary Information; Mora et al., 2018). Deposition 
of this sequence, called “Upper Ciénaga de Oro” and “Lower 

Porquero”, extends farther to the E and SE and begins with ret-
rogradational, shallow marine, clastic sedimentation in low ar-
eas and carbonate deposition in high areas, which then changed 
to progradational deltaic sedimentation (Figures 8b and 9a).

Although Sequences 7 and 8 of middle to late Miocene age 
were partially eroded, they also continue to display a prograda-
tional pattern to the NW. These sequences represent 3rd–order 
cycles of middle to late Miocene age (Serravallian – Tortonian) 
and they are also limited by regional unconformities (Figure 
4; Duque–Caro, 1979; Duque–Caro et al., 1996;  Guzmán, 
2007; Hocol S.A., 1993; Reyes–Harker et al., 2000). The se-
quences, called “Middle and Upper Porquero”, exhibit mainly 
fine–grained facies with progradational stacking patterns, which 
are best preserved in the depocenters where erosion was less 
intense.

Sequence 9 is a 3rd–order sequence of late Miocene to ear-
ly Pliocene age (zones N.17/M.14 to PL2 zones, Tortonian to 
Zanclean; Figure 4; Table 2 of the Supplementary Information). 
Reflection–seismic data shows that this sequence, which is bet-
ter preserved in the Plato depocenter, is composed of low–angle 
(0.3–0.6°) and wide (100–200 km) sigmoidal clinoforms which 
advanced from SSE to NNW, representing the gradual advance 
of the proto–Magdalena River (Figure 9b).

Sequence 10 has been very poorly studied and comprises 
several higher order sequences, representing renewed subsid-
ence in the southern LMV, focused in the San Jorge Graben 
where the thickest deposits occur (Figure 10). It is well pre-
served in the southern LMV, south of the Magangué–Cicuco 
High, where it is called “Corpa”, while in the north it was 
mostly eroded. Taking into account the unconformities above 
the upper Miocene to lower Pliocene Tubará Sequence (9), 
and below the upper Pleistocene to recent deposits, we infer 
here a late Pliocene to early Pleistocene age for this sequence, 
spanning from 3 to 1.3 Ma (3rd– order cycle; Figure 4; Table 
2 of the Supplementary Information). The expression of the 
Corpa Sequence in reflection–seismic data consists of low–an-
gle clinoforms broadly prograding from south to north, which 
appear to represent the deposits of the paleo–Cauca drainage 
system, including fluvial channels, lakes, and swamps (Figure 
10). The internal seismic–stratigraphic architecture of the Corpa 
Sequence reveals the time when the SJFB started to be uplifted 
(Mora et al., 2018), which appears to be close to the boundary 
between the Pliocene and Pleistocene.

Figure 4. WNW–ESE–trending chronostratigraphic chart of the Sinú, San Jacinto, and Lower Magdalena areas, based on different sources 
(Guzmán, 2007; Hocol S.A., 1993; Instituto Colombiano del Petróleo, 2000) and adjusted with our recent analyses of well and outcrop 
samples. Biostratigraphy is based on numerous papers and industry reports by Duque–Caro (1979, 1984, 1991, 2000, 2001, 2010, 2014), 
tectonic events are after Villagómez et al. (2011), Parra et al. (2012), Saylor et al. (2012), Mora et al. (2013b), Caballero et al. (2013), Mora et 
al. (2015), De la Parra et al. (2015), while the eustatic curves are from Haq et al. (1987) and the climatic events from Zachos et al. (2001). 
Modified from Mora et al. (2017b).
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4.7. Seismicity Data and Present–Day 
Lithospheric Configuration of  
Northwestern Colombia

Using the publicly available seismicity data and data from 
previous research (e.g., Bezada et al., 2010b), the present–day 
geometry and configuration of the subduction zone of NW Co-
lombia was studied by Mora et al. (2017a, 2017b). A depth 
map of the top of the subducted oceanic slab beneath South 
America and a cross–section depicting its geometry and the 
configuration of the subduction zone of NW Colombia were 
constructed (Figure 11). The study area is characterized by a 
low seismicity, with very few scattered, shallow (<70 km), and 
low magnitude (<4 Mw) events (Mora et al., 2017a), and there 
are no available focal mechanism solutions in the area of the 
San Jacinto fold belt.

According to Mora et al. (2017b), the Caribbean Plate sub-
ducted beneath NW South America appears to be formed by 
three different slab segments, separated by kinks or bends (Fig-
ure 11): a northwestern shallow and very flat slab segment, a 
central intermediate–depth and flat–slab segment (the “Caribbe-
an” flat–slab of Syracuse et al., 2016), and a southeastern deep 
and very steep slab segment imaged by Bezada et al. (2010b). 
However, such segmented slab geometry of the subducted Ca-
ribbean Plate does not seem to continue to the north of the Oca–
El Pilar–San Sebastian Fault System (OEPFS) and seismicity 
changes abruptly from the southern to the northern block of the 
OEPFS (see Figure S1 in Mora et al., 2017b).

Based on the steep descent of the Caribbean Plate under Ma-
racaibo and the Mérida Andes, previous researchers have pro-
posed that there should be a tear in the Caribbean Plate (Bezada 
et al., 2010b; Masy et al., 2011; Levander et al., 2015), which 
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Figure 6. Airborne gravity and magnetics data from northern Colombia, acquired by Lithosphera Ltda. (2010) for Hocol S.A. and the 
Agencia Nacional de Hidrocarburos (ANH). (a) Total Bouguer anomaly, scale from –80 to 80 mGal. (b) Total magnetic intensity reduced 
to the pole (TMIRP) with scale from 33700 to 34200 nT. In the background we included the contours of the near top basement structural 
map in depth, after Mora et al. (2017a). (SNSM) Sierra Nevada de Santa Marta; (SMF) Santa Marta Fault; (CR) Cesar–Ranchería Basin; (MCH) 
Magangué–Cicuco High; (LMV) Lower Magdalena Valley Basin; (UF) Uramita Fault; (SiF) Sinú Fault; (SJF) San Jerónimo Fault; (CC) Central 
Cordillera; (RFS) Romeral Fault System; (PFS) Palestina Fault System; (MMV) Middle Magdalena Valley Basin; (WC) Western Cordillera. 
Modified after Mora et al. (2017a).

Figure 5. SSW–NNE–trending chronostratigraphic chart with wells and outcrops compiled along–strike (NE–SW) from the San Jacinto 
fold belt. Wells with new detrital zircon geochronological analyses are highlighted (green circles show approximate location of samples). 
Modified from Mora et al. (2017b).
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Figure 8. Interpreted late Oligocene (a) and early Miocene (b) paleogeography, based on seismic interpretation and well data, showing 
interpreted source areas (based on Mora et al., 2017a and others), active sedimentation areas, and proposed paleo–drainages in blue; 
thin red contours are thicknesses in meters of each sequence and the thick red contour represents the interpreted limit of deposition 
of each sequence. Detrital zircon U–Pb geochronology from Montes et al. (2015) is also plotted (purple circles with their respective his-
tograms), and it shows a greater influence in the SE of Permian – Triassic and older basement sources (black bars in histograms), while 
Cretaceous sources in the Western and Central Cordilleras are more important in the NW (green bars in histograms). The development 
of local paleo–highs (e.g., Betulia and Cibarco) in the present–day SJFB, as interpreted from seismic data, is also shown. (SNSM) Sierra 
Nevada de Santa Marta; (PvF) Pivijay Fault; (CR) Cesar Ranchería; (MoF) Mojana Fault; (SuF) Sucre Fault; (CC) Central Cordillera; (MMV) 
Middle Magdalena Valley Basin.
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would be separating the steeper dipping Caribbean slabs, locat-
ed to the south of the OEPFS, from the shallow Caribbean Plate 
that has been imaged north of the same fault system. Using data 
from previous research and our new depth map of the shallow 
subducted Caribbean oceanic segment under the San Jacinto 
fold belt, Lower Magdalena Valley Basin, and the serranía de 
Perijá (inset in Figure 11), Mora et al. (2017b) proposed a new 
interpretation of the three–dimensional plate tectonic configura-
tion of northern Colombia and western Venezuela (Figure 12). 
This interpretation implies that the boundary between northern 
South America and the Caribbean Plate consists of two tears or 
subduction–transform edge propagator (STEP, Govers & Wor-
tel, 2005) faults instead of only one. The Oca–San Sebastián–El 
Pilar dextral fault system would then be the surface expression 
of the tear fault that limits the Caribbean and South American/
Atlantic Plates at deeper crustal and mantle levels.

4.8. Cretaceous to Recent Paleo–Tectonic 
Reconstructions

Late Cretaceous to recent paleo–tectonic reconstructions were 
performed, using the free software package GPlates (Boyden 
et al., 2011) and two paleo–tectonic models available for this 
area (Boschman et al., 2014; Matthews et al., 2016, from the 
GPlates database) (Figure 13; Figures 1 and 2 of the Supple-
mentary Information; Mora et al., 2017b, 2018). The recon-
structions show the motion of the Caribbean Plate relative to a 
fixed South American Plate, but it is important to highlight that 
plate tectonic processes between the Caribbean and the Amer-
icas were driven by relatively fast, westward motion of North 
and South America, while the Caribbean Plate has remained 
nearly stationary since the Eocene (Müller et al., 1999). The 
constructed models were used to study the kinematic evolution 
of the tectonic plates, in order to relate them to the Upper Cre-
taceous to recent tectono–stratigraphy in the LMV and SJFB 
(Mora et al., 2017b, 2018).

Using average plate convergence velocities of the Caribbe-
an Plate relative to South America over the last 45 Ma, Mora 
et al. (2017b) calculated for both models the geological time 
when each of the three subducted slab segments of the Carib-
bean Plate imaged along cross–section A–A’ (Figure 11) entered 
the trench (Table 1). The age of entrance in the trench of the 

whole Caribbean slab (total length of 1065 ± 15 km) ranges 
from early Eocene (ca. 56 ± 2 Ma) to middle Eocene (ca. 43 
± 2 Ma) depending on the model used (Boschman et al., 2014 
or Matthews et al., 2016, respectively). Kroehler et al. (2011) 
estimated the age of the initiation of subduction of the Venezue-
lan Basin at the southern Caribbean deformed belt based on the 
wedge–shaped asymmetrical thickness of the sediments in the 
trench adjacent to the thrust zones. The beginning of tectonic 
wedging appears in a middle Eocene megasequence in the west 
and is younger towards the east (Kroehler et al., 2011).

Equivalence of the obtained age of entrance in the trench 
of the Caribbean slab with the identified unconformities in the 
stratigraphic succession in the SJFB, and with the convergence 
velocities and obliquities, as shown in Figure 14, will be dis-
cussed in forthcoming sections.

4.9. Cross–Section Structure of the SJFB  
and LMV

The present–day SJFB is a west–verging and NNE–SSW–
trending, fold and thrust belt that has been formed by Pliocene 
to recent contraction and inversion (Figure 15), but that expe-
rienced a complex pre–Oligocene tectonic history. Its structure 
has been influenced by the strike–slip activity of the Romeral 
Fault System (RFS), and by the contraction along the west–
verging Sinú Fault (SiF), which appears to be related to the 
Sinú accretionary prism (Mora et al., 2017a, 2017b). Such com-
plex deformation obscured the original Cretaceous to Eocene 
structural fabric, making seismic imaging very poor. However, 
Mora et al. (2017b) documented several areas in which pre–
Oligocene sequences have preserved their original extensional 
structural fabric, exhibiting extensional rotated fault blocks 
which are forming two sets of extensional faults, one with a 
SSW–NNE orientation and the second one with a WNW–ESE 
orientation (Mora et al., 2013a). Sequences 1 and 2 are mostly 
restricted to the western side of the RFS (Figure 15), and would 
be limited to the east by the San Jerónimo Fault (SJF), while 
Sequences 3 and 4 extend farther to the east, into the western 
LMV. Interpreted seismic cross–sections also showed that the 
activity of the RFS considerably decreases from the south, close 
to the outcrops between the Central and Western Cordilleras, to 
the north. In fact, the RFS has been sealed by the lower to mid-

Figure 9. Interpreted middle Miocene (a) and late Miocene to early Pliocene (b) paleogeography, based on seismic interpretation and 
well data, showing interpreted source areas, active sedimentation areas, and interpreted paleo–drainages in blue. Thin red contours 
are thicknesses in meters of each sequence and the thick red contour represents the interpreted limit of deposition of each sequence. 
Detrital zircon U–Pb geochronology from Montes et al. (2015) is also plotted (purple circles with their respective histograms) in the left 
panel, showing a greater influence in the SE and north (Plato and Magangué–Cicuco High) of Permian – Triassic and older basement 
sources (black bars in histograms); Cretaceous (green bars) and Eocene to middle Miocene (yellow–orange bars) sources are more im-
portant in the SW, suggesting a much greater influence of the Western and Central Cordilleras as source areas in middle Miocene times. 
The development of paleo–highs, as interpreted from seismic data, is also shown. (SNSM) Sierra Nevada de Santa Marta; (CR) Cesar 
Ranchería; (LMV) Lower Magdalena Valley; (MMV) Middle Magdalena Valley; (CC) Central Cordillera.
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Figure 10. Interpreted late Pliocene (a) and Pleistocene (b) paleogeography, based on seismic interpretation and well data, showing 
interpreted source areas (based in Mora et al., 2017a and others), active sedimentation areas, and interpreted paleo–drainages in blue; 
thin red contours are thicknesses in meters of each sequence. In late Pliocene times, when the Magdalena River system reached the 
present–day coastline, the Plato depocenter was already overfilled, whereas sedimentation continued in the western San Jorge dep-
ocenter, which continued subsiding. In the Pleistocene, while the Magdalena River delta shifted its position, uplift of the San Jacinto fold 
belt and of the Plato depocenter created a round depocenter, which continues to subside today. Letters A to D represent positions of 
the Magdalena deltas (from Romero–Otero et al., 2015), with A representing the current position. (SNSM) Sierra Nevada de Santa Marta; 
(CR) Cesar Ranchería; (CC) Central Cordillera.

Figure 11. Regional WNW–ESE–trending cross–section showing the lithospheric configuration of the convergent margin of NW Colom-
bia, as interpreted from reflection–seismic mapping for the shallowest part, intermediate–depth seismicity for the central, “Caribbean 
flat–slab” segment, and from published tomography data (Bezada et al., 2010b) for the deepest part of the cross–section. The top of the 
basement under the LMV from reflection–seismic mapping and the topography are also displayed. Gray squares represent the uncertainty 
in the horizontal and vertical measurements. Inset: Integrated depth map in meters of the top of the oceanic Caribbean Plate (in colors), 
which has been subducted under NW South America since middle Eocene times. Note the change in dip of the slab in the location of 
the Palestina Fault System (PFS) and how it changes its strike as it approaches the Oca Fault. The white contours are the depth structure 
of the basement below the LMV, SJFB, and Guajira Basins. (SiF) Sinú Fault; (RFS) Romeral Fault System; (LMV) Lower Magdalena Valley; 
(PFS) Palestina Fault System; (BMF) Bucaramanga Fault; (SCDB) South Caribbean deformed belt; (CuF) Cuisa Fault; (SNSM) Sierra Nevada 
de Santa Marta; (SMF) Santa Marta Fault; (SJFB) San Jacinto fold belt. Modified from Mora et al. (2017b).
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Figure 12. Proposed three–dimensional lithospheric configuration of NW South America, as interpreted from shallow reflection–seismic 
mapping, intermediate–depth seismicity, and deep tomographic imaging from previous studies (e.g., Bezada et al., 2010b); according to 
our interpretation, there would be a slab tear or STEP fault (subduction transform edge–propagator, Govers & Wortel, 2005) in the Carib-
bean Plate, probably represented in the upper crust by the western tip of the Oca–El Pilar–San Sebastián dextral fault system. (CuF) Cuisa 
Fault; (SNSM) Sierra Nevada de Santa Marta; (SJFB) San Jacinto fold belt; (RFS) Romeral Fault System; (LMV) Lower Magdalena Valley; (PFS) 
Palestina Fault System; (SMF) Santa Marta Fault; (BFS) Bucaramanga Fault System; (BoF) Boconó Fault. Modified from Mora et al. (2017b).

dle Eocene unconformity, except for local, later reactivations. 
The eastward tilting of the whole SJFB has been caused by a 
deeper and younger major fault that probably extends to the 
deformation front of the accretionary prism, located in offshore 
areas farther to the west.

The two main basement fault families defined by Mora et al. 
(2017a), trending ESE–WNW and ENE–WSW, are responsible 
for most of the extension in the LMV, and consist of nearly 
vertical extensional faults, which exhibit small heaves. Seis-
mic–stratigraphic analyses show that deposition of the upper 
Oligocene to lower Miocene sequences (Ciénaga de Oro and 
Lower Porquero) had fault control, and that after the early Mio-
cene, deposition was mainly due to sagging or non–fault related 
subsidence, giving rise to the classic Steer’s Head model of 
basin geometry (Miall, 2000). This is evident in the regional 
cross–section in depth along the LMV (Figure 16), where the 
majority of the extensional faults are displacing the upper Oli-
gocene to middle Miocene sequences, with related thickness 

changes across the major faults (Mora et al., 2018). By contrast, 
the upper Miocene to Pleistocene sequences filled broader dep-
ocenters in a uniform way, with only minor and localized fault 
displacements. The latest subsidence episode, which appears to 
continue active, is related to non–fault related subsidence of the 
San Jorge Graben that allowed the deposition of the very thick 
Pliocene to Pleistocene Sequence 10 (Corpa).

4.10. Sedimentation Rates and Subsidence in 
the LMV and San Jacinto Fold Belt

Thicknesses and ages from 32 wells drilled in the LMV and 
SJFB were compiled to calculate sedimentation rates and to 
carry out subsidence analyses of those provinces. Our analyses 
in the LMV indicate that after the lower Miocene unconformity 
there was an important increase in sedimentation and subsid-
ence rates (Figure 17a, 17b). Though sedimentation rates were 
not corrected for compaction, the rates calculated for Sequence 
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6 (lower to middle Miocene) are generally above 60 m/my and 
locally exceed 300 m/my. In spite of being locally eroded, mid-
dle Miocene to Pliocene sequences (7 to 9) exhibit values close 
to 150 m/my, while Sequence 10 (Corpa, Pliocene to Pleisto-
cene) displays high sedimentation rates, with an average of 530 
m/my (Mora et al., 2018). A major increase in sedimentation 
rates after middle Miocene times is also seen in the Sinú fold 

belt and other offshore areas (Figure 18), where rates in excess 
of 2000 m/my were calculated.

Estimates of corrected total and tectonic subsidence show 
important variations depending on the geographic location (Fig-
ure 19a; Mora et al., 2018). The highest subsidence estimates 
were obtained in the southern Plato depocenter where 4.8 km of 
total subsidence and 2.1 km of tectonic subsidence were calcu-

Slab segment length 
(km)

(±15 km error)

Calculated age of slab entrance in the trench using mean plate veloci-
ties over the last 45 Ma

Boschman et al. (2014) Matthews et al. (2016)

19 mm/y 25 mm/y

Western flat slab segment under SJFB and LMV 278–308 14.6–16.2 Ma 11.1–12.3 Ma

Central intermediate–depth flat slab segment 341–371 18–19.5 Ma 13.6–14.8 Ma

Eastern deepest and steepest slab segment 401–431 21.1–22.7 Ma 16–17.2 Ma

Western plus central flat slab segments 619–679 32.6–35.7 Ma 24.8–27.2 Ma

All three slab segments 1020–1110 53.7–58.4 Ma  
(56 ± 2 Ma)

40.8–44.4 Ma 
(43 ± 2 Ma)

Slab length by van Benthem et al. (2013)* 900 47.4 Ma 36 Ma

Note: We calculated average velocities over the last 45 Ma according to each of the two available models (Boschman et al., 2014; Matthews et al., 2016). Using such veloc-
ities and the measured lengths of each slab segment, we could calculate the time at which each segment entered the trench. From these calculations, we found that 
the ca. 1000 km long Caribbean slab entered the trench in early to middle Eocene times, coinciding with regional unconformities identified in the San Jacinto fold belt. 
* They interpret three slab segments, each one 300 km long.

Table 1. Compilation of the slab segment lengths, convergence velocities, and ages of entrance in the trench of each slab segment 
shown in Figure 11 (from Mora et al., 2017b).
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lated. In the San Jorge Graben, 3.7 km of total subsidence and 
1.8 km of tectonic subsidence were calculated. An increase in 
tectonic subsidence after 18 Ma is followed by a general de-
crease after 13 Ma, except for the wells located in the SW (La 
Esmeralda and Bonga), where there’s an increase in tectonic 
and total subsidence after 3 Ma.

4.11. Extension in the LMV

The simple line–length calculation along the SSW–NNE tran-
sect (Figure 16) showed that the basement of the LMV has been 
extended 40.7 km, which represents 12.1% of extension or a 
stretching factor of 1.13 (Mora et al., 2018). However, the Alga- 
rrobo pull–apart would be accounting for 7% of the total exten-
sion in the LMV. According to the tectonic subsidence curves, 
β values oscillate between 1.1 and 2 in most of the LMV, while 
in deep parts of the Plato depocenter, β values range from 2 to 
4, which are clearly overestimated. Compilation of the crustal 
thickness and Moho depth data from Poveda et al. (2015) and 
Bernal–Olaya et al. (2015a) showed that they range from 24 km 
in the northern LMV, to 50 km in the southeastern boundary of 
the basin against the northern Central Cordillera (Figure 19b–d). 
The basement beneath the LMV reaches depths of 8 km in the 
Plato depocenter and 6 to 7 km in the San Jorge Graben (Mora 
et al., 2017a). Removal of the sedimentary fill suggests that the 
crust is thinnest in the northwestern part of the basin and in the 
western San Jorge depocenter (ca. 20 km; Figure 19d).

Crustal thickness calculations in northern Colombia (Pove-
da et al., 2012) suggest that the continental crustal thickness 
in relatively undeformed areas such as the Middle Magdalena 
Valley Basin ranges from 40 to 45 km. Chulick et al. (2013) 
obtained a weighted average thickness of the continental South 
American of 38.17 km, while Assumpção et al. (2013) mea-
sured an average thickness of the crust in stable continental ar-
eas of Brasil of 39 ± 5 km and 35 km in sub–Andean foredeeps. 
Therefore, assuming an initial crustal thickness in the LMV 
area of 40 km and using the present–day crustal thickness map, 
crustal thinning would be >50% (β=2) in the Plato depocenter 
in the north, and around 50% in the Montería–San Jorge graben 
area, while in the rest of the basin there is much less crustal 
thinning (32–25 km, 20–38 % thinning). This means that the 
LMV experienced high extension in the two depocenters (Plato 
and San Jorge) and low extension in the rest of the basin. Table 
2 summarizes our extension estimates using the three different 
approaches previously described and the previous extension 
calculations by Montes et al. (2010).

4.12. Oligocene to Recent Paleo–Geography 
and Kinematics of the LMV

In this section, we present the results of the integration and 
analysis of all our seismic, well and outcrop data, which are 

the basis for proposing an Oligocene to recent kinematic and 
paleogeographic evolution of the LMV. Such evolution is il-
lustrated both in map view (Figures 8–10) and in cross–section 
view (Figures 20 and 21).

Seismic and well data shows that the LMV basin was ini-
tially filled by Oligocene, shallow–marine deposits of Sequence 
5, which filled the paleo–topographic lows, as the sea trans-
gressed from NW to SE (Figures 8a, 20, and 21). Fault–con-
trolled subsidence observed in the seismic indicates that there 
was an extensional, NE–SW and SE–NE–trending reactivation 
of pre–existing basement faults. After a lower Miocene uncon-
formity, basal deposits of Sequence 6 covered wider areas to 
the E, and correspond to shallow–marine clastic deposits in low 
areas and calcareous deposits in high areas (Figure 8b). Fault 
controlled subsidence continued, indicating similar extensional 
regime and trends as in the Oligocene. At least two important 
forearc highs (Betulia and Cibarco) are documented towards 
the western LMV, based on seismic onlap patterns. The upper 
part of the sequence starts displaying progradational patterns, 
which together with the occurrence of Cretaceous and Grenvil-
lian detrital zircons in the eastern San Jorge depocenter, suggest 
the onset of drainages from the S or SE.

In middle Miocene times (Figures 9a, 20, and 21), seismic 
and well data show that deposition became strongly prograda-
tional to the NW and N. Though the upper part of Sequence 6 
and Sequence 7 exhibit progradational patterns to the WNW 
(Figure 8), deep marine deposits prevail and the basin reached 
its maximum flooding at ca. 14 Ma, in agreement with a glob-
al sea–level rise (Figure 4). After such maximum flooding 
episode and in spite of continued basin subsidence and cre-
ation of accommodation space, progradational packages of 
Sequences 8 and 9 advance to the NW (Figure 9). We interpret 
the fact that progradation was able to overcome increasing 
subsidence and creation of accommodation space in middle 
to late Miocene times, as a clear indication of an increase in 
sediment supply from the SE.

Connection between the LMV and Middle Magdalena Val-
ley (MMV) is probable, and correlates well with thick progra-
dational packages filling the San Jorge depocenter in the south, 
and turbiditic and gravity–driven deposits filling the deep part 
of the Plato depocenter in the north. The main evidence for pro-
posing a connection between the eastern LMV and the northern 
MMV comes from the seismic, well data, and facies models, 
all of which show that at middle Miocene times, there was pro-
gradation of marine stratigraphic packages from the northern 
MMV towards the NW. Furthermore, while the geochronology 
data of Montes et al. (2015) shows a Mesoproterozoic (Grenvil-
lian) population of detrital zircons in samples from the eastern 
LMV, Gómez et al. (2005) and Caballero et al. (2013) proposed 
that a connection between the northern MMV and the north-
eastern LMV was established in earliest middle Miocene times, 
when the Colorado Formation covered the Cáchira Arch. 
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Figure 17. Integration of the subsidence (total vs. tectonic), sedimentation rate and Oligocene to present day, tectonic plate convergence 
velocity and obliquity, compared with major tectonic events and tectono–stratigraphic unconformities. Tectonic (continuous lines) and 
total (dashed lines) subsidence plots of representative wells in the LMV and San Jacinto are displayed in (a), and sedimentation rates in 
(b). (c) From top to bottom exhibits the changes in plate convergence velocity and obliquity with time, for two different paleo–tectonic 
models (Boschman et al., 2014 in black, B14; Matthews et al., 2016 in red, M16), compared with the Oligocene to Quaternary (Q) tecto-
no–stratigraphic sequences and unconformities (vertical bars with diagonal lines) and major tectonic events (black to grey horizontal 
bars in the lower panel). We calculated velocities and obliquities in time–steps of 5 Ma, hence the points in the convergence velocity 
and obliquity graph represent the middle of each time interval. (LMV) Lower Magdalena Valley; (SNSM) Sierra Nevada de Santa Marta; 
(CC) Central Cordillera.
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Figure 18. Comparison of Oligocene to recent, compacted sedimentation rates in the LMV and the accretionary prism (Sinú onshore 
and offshore) from well and seismic data. While there was partial erosion of middle and upper Miocene sequences in the LMV, very high 
sedimentation rates were measured in the accretionary prism for those sequences. The graph shows the proposed link between high 
sediment supply, sediment underplating, and uplift in San Jacinto with the formation of forearc highs. (LMV) Lower Magdalena Valley; 
(SJFB) San Jacinto fold belt.

In late Miocene to early Pliocene times (Sequence 9), the 
proto–Magdalena shelf clinoforms rapidly prograde to the NW 
and fill the Plato depocenter until they reach the current coastline, 
while the proto–Cauca and proto–San Jorge deposits also fill the 
southern LMV (Figures 9b, 20, and 21). Fault control ceased in 
the Plato depocenter, while the San Jorge Graben and the forearc 
highs experienced Pliocene, NE–SW and SE–NW–trending con-
traction, which was probably not coeval. Upper Pliocene deposits 
of Sequence 10 are poorly preserved in Plato, while they are well 
preserved in the San Jorge area, which is actively subsiding (Fig-
ure 10a). In the Pleistocene, the Plato area and the forearc highs 

are uplifted, while the San Jorge area continues to subside and ac-
cumulates thick fluvio–deltaic deposits in a round basin (Figures 
10b and 20). Digital elevation models from the study area show 
that today, the northern LMV (Plato) and the San Jacinto fold 
belt are positive relief areas, while the southern LMV (San Jorge) 
continues subsiding. These patterns suggest that SE–NW–trend-
ing contraction and NE–SW–trending extension have been active 
since late Pliocene times, in agreement with the displacement 
vector of the Caribbean Plate relative to fixed South America.

Thickness analyses of each sequence allowed us to study 
the development and migration of depocenters since late Oli-
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Figure 19. (a) Tectonic subsidence data plotted against the square root of the geological time (time since end of extension), in order to 
estimate stretching in the LMV (β–factor; McKenzie, 1978). Inset shows a comparison of our tectonic subsidence curves for the LMV and 
SJFB with data from other forearc basins compiled by Angevine et al. (1990), showing a good correlation with some basins. 1–Northern LMV 
(Plato); 2–Southern LMV (San Jorge); 3–Southern San Jacinto; 4–Northern San Jacinto. (b–d) Maps used to calculate extension in the LMV 
and SJFB. (b) Depth map of the Moho discontinuity, representing the crustal thickness, based on Poveda et al. (2015) and Bernal–Olaya et 
al. (2015a), showing that the crust thickness ranges from 22 km in the northern LMV to >30 km in the central and SW San Jacinto. Stations 
with measured values are depicted in black (values obtained from Bernal–Olaya et al. (2015a) were extrapolated as points from their 
regional gravity sections). (c) Basement map in depth (km) of the LMV, based on Mora et al. (2017a). (d) Crustal thickness map without 
sedimentary infill, obtained by subtracting the basement map in (c) from the crustal map in (b). It must be noted that the thinner crust 
(<20 km) in the NW of the LMV, where no thickness data is available, resulted from mapping extrapolation. (MCH) Magangué–Cicuco High; 
(SJFB) San Jacinto fold belt; (LMV) Lower Magdalena Valley.

gocene times. The detailed depocenter evolution and the pos-
sible reasons for depocenter migration are discussed in the 
following section.

5. Discussion

5.1. Structure and Age of the LMV Basement

5.1.1. Correlations with Outcropping 
Basement Terranes

The integration of potential methods, reflection seismic, 
and detrital zircon U–Pb geochronology and Hf isotope 
geochemistry allowed Mora et al. (2017a) to propose more 
robust correlations between the basement terranes in the 
surrounding massifs and the basement terranes identified in 
the LMV basement. These authors confirmed the extension 
of the Tahamí–Panzenú Terrane to the north into the LMV 
and proposed that an oceanic terrane, which could correspond 
to the Quebradagrande Complex or to a younger Late Creta-
ceous, allochthonous intra–oceanic arc, also extends in the 
western LMV, while the San Lucas (Chibcha) Terrane termi-
nates against the northeastern LMV (Figure 22a; Mora et al., 
2017a).

The data obtained from the Cicuco–22 well (Silva–Arias et 
al., 2016) and the new Coniacian – Campanian crystallization 
ages from the Bonga–1 granitoid confirmed the continuity to 
the north of the Late Cretaceous magmatic arc in the northern 

CC, which includes important plutons like the Antioquian Ba-
tholith (88–83 Ma, Ibañez–Mejia et al., 2007 and 93–87 Ma, 
Villagómez et al., 2011). Geochemical analyses of the Upper 
Cretaceous Cicuco intrusive suggested that this granitoid is 
related to a subduction environment and corresponds to calc–
alkaline magmas, interpreted to be emplaced in a continental 
Andean–type crust (Silva–Arias et al., 2016). However, the new 
Bonga Hf isotopic data indicate a clear juvenile component, 
with limited evidence for significant contamination with older 
continental crust. Furthermore, the highly positive Bonga εHf 
values obtained are in contrast with the less radiogenic values 
obtained for the Upper Cretaceous granitoids of the northern 
CC such as the Antioquian Batholith (Restrepo et al., 2007). 
Considering these observations, and taking into account the 
proximity of the Bonga granitoid to the Romeral Fault System, 
Mora et al. (2017a) considered that the Bonga Pluton intruded a 
previously accreted oceanic terrane possibly located within the 
Romeral System, which may correspond to the northern con-
tinuation of the Quebradagrande Complex (Nivia et al., 2006). 
The Quebradagrande Terrane was accreted to South America 
along the San Jerónimo Fault in Albian times (115 to 105 Ma, 
Villagómez & Spikings, 2013).

An alternative possibility contemplates that the Bonga Plu-
ton formed within an allochthonous intra–oceanic arc, which 
collided against the Permian – Triassic continental margin in 
latest Cretaceous to early Paleocene times (Bayona et al., 2011; 
Cardona et al., 2012). According to this interpretation, this plu-
ton would correspond to the Great Arc of the Caribbean (Al-

Table 2. Compilation of extension calculations in previous (e.g., Montes et al., 2010) and this study, according to the different methods 
that were used. Further explanation in the text.

Stretch factor Extension in LMV Comments

Line–length in cross–section 1.13 40.7 km (12.1%) only the Algarrobo Fault System has been extended 26.7 km 

Tectonic subsidence curves β = 1.1 to 4 β values very high in depocenters (overestimated)

Crustal thickness measurements β ≤ 2 maximum 50% in depocenters; 20–38 % elsewhere*

Montes et al. (2010) β = 1.1 to >4 86 to 115 km both extension calculations are overestimated

*Assuming initial crustal thickness of 40km.
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Figure 20. Simplified Oligocene to recent evolution of the LMV, shown in a NNE–SSW–trending regional section. Oligocene to middle 
Miocene fault–controlled subsidence, which affected Sequences 5 to 7, was replaced by non–fault related subsidence (sagging) during 
deposition of Sequences 8 to 10. After the middle Miocene, the two depocenters (Plato and San Jorge) started to experience different 
subsidence and uplift phases. Figure vertically not to scale. (EDH) El Difícil High; (AIPB) Algarrobo pull–apart basin.

tamira & Burke, 2015; Burke, 1988; Escalona & Mann, 2011; 
Kroehler et al., 2011; Villagómez & Spikings, 2013), a regional 
arc that appears to extend from Ecuador to the Lesser Antilles.

5.1.2. Formation of LMV Basement Fabric and 
Late Cretaceous Geodynamic Setting

The basement architecture of northwestern Colombia was built 
from Cretaceous to middle Eocene times and resulted in the 
formation of two major suture zones, the Romeral and the Pa- 
lestina Fault Systems (Cediel et al., 2003; Restrepo & Toussaint, 
1988). Based on previous studies and recent data and interpre-
tations, Mora et al. (2017a) proposed that the basement fabric 
in the LMV and San Jacinto fold belt was formed by two main, 
regional tectonic processes (Figure 22b): (i) Jurassic rifting and 
(ii) Late Cretaceous to middle Eocene oblique convergence of 
the Caribbean and South American Plates, producing large–
scale, dextral strike–slip displacement, arc–parallel extension 
due to displacement partitioning, and clockwise block rotation. 
The inherited pre–Oligocene basement fabric was later reacti-
vated during the late Oligocene and early Miocene, allowing the 
formation and infill of the LMV. The new results allowed the 
reconstruction of the Late Cretaceous geodynamic setting of the 
LMV and San Jacinto, consisting of an east–dipping subduction 
of the “normal” thickness oceanic plate beneath South America, 
generating intracontinental arc magmatism of the Bonga and 
Cicuco Plutons. The current proximity of the Bonga Pluton to 
the trench suggests that significant erosion of the older forearc 
occurred by subduction erosion (Clift & Vannucchi, 2004) and/
or by dextral strike–slip. However, there is also the possibility 
of formation of the Bonga Pluton in an intraoceanic arc, such 
as the Great Arc of the Caribbean (Altamira & Burke, 2015; 
Burke, 1988), which collided with northwestern South America 
in Late Cretaceous times (ca. 70 Ma, Luzieux et al., 2006).

5.2. San Jacinto: An Late Cretaceous to Early 
Eocene Marine Forearc Basin Formed in an 
Oblique Convergence Tectonic Setting

5.2.1. San Jacinto Late Cretaceous to Early 
Eocene Forearc Evolution

From the available information, it appears that during Late Cre-
taceous (Coniacian to Campanian) times, a forearc basin existed 
SW of the study area, with an intra–continental, magmatic arc 

to the east, formed by the east–dipping subduction of a “nor-
mal” thickness, Caribbean oceanic plate under South America 
(Mora et al., 2017a). Magmatism affected both continental and 
accreted oceanic crust (the Quebradagrande Terrane or a young-
er, allochthonous intra–oceanic arc) and supplied abundant maf-
ic and felsic, volcaniclastic material to the proximal parts of the 
basin. Abundant outcrop and the very few available well data 
show that sedimentation in the area of the present–day SJFB 
occurred in a marine shelf in which proximal marine environ-
ments occurred in the central area (San Jacinto) while deeper 
marine environments occurred in the south.

The absence of lower Paleocene deposits in northwestern 
Colombia (planktonic zones P.0 to P.2., 65 to 61 Ma) and the 
unconformity that has been reported in outcrops between Se-
quence 1 (Cansona) and Sequence 2 (San Cayetano) are the 
expression of a regional shortening event which took place in 
latest Cretaceous to early Paleocene times, and which would 
be related to a collision episode of the Caribbean Plateau. The 
abrupt decrease in convergence velocity between 75 and 70 
Ma, according to Matthews et al. (2016) could be related to this 
collision event (Figure 14). After the early Paleocene shortening 
episode, forearc extension, subsidence, and marine sedimenta-
tion resumed. New U–Pb geochronology and Hf isotope geo-
chemistry results (Mora et al., 2017b) suggest that the upper 
Paleocene – lower Eocene sedimentites of Sequence 2 were 
mainly sourced from Upper Cretaceous plutons of both oceanic 
(e.g., Bonga, Mora et al., 2017a) and continental affinity (Ma-
gangué Arc, Silva–Arias et al., 2016; Antioquian Batholith), 
and from the Permian – Triassic igneous–metamorphic terranes 
in the LMV and northern CC (Cochrane et al., 2014; Mora et 
al., 2017a). Paleo–tectonic reconstructions (Mora et al., 2017b) 
show that after a considerable (ca. 1077 km) northwestward dis-
placement of the Caribbean oceanic terranes in Late Cretaceous 
times, such terranes including San Jacinto, had almost reached 
their current position, thus supporting the previously mentioned 
provenance considerations. These data also support a forearc 
basin setting in which both the oceanic and continental affinity, 
Late Cretaceous to Paleocene magmatic arcs were being eroded 
and providing sediment for the marine basin to the northwest.

5.2.2. The Lower to Middle Eocene 
Unconformity and the Onset of Flat 
Subduction

The prominent lower to middle Eocene angular unconformity 
that marks the top of Sequence 2 (San Cayetano) is the most im-
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Figure 21. Simplified Oligocene to recent evolution of the LMV, shown in a SE–NW–trending regional section. After Eocene to middle 
Miocene, fault–controlled extension, connection with the Middle Magdalena caused sigmoidal progradation to the NW of Sequences 7 
to 9 in the Plato depocenter, until it became overfilled. Pleistocene to recent shortening was responsible for the inversion of previous 
extensional faults and intense erosion towards the area of the Algarrobo Fault (AlF). Figure vertically not to scale. (SiF) Sinú Fault; (RFS) 
Romeral Fault System; (SRH) Santa Rita High; (PiF) Pivijay Fault; (AlF) Algarrobo (Arjona) Fault; (SNSM) Sierra Nevada de Santa Marta; 
(AF) Algarrobo Fault.

portant evidence of the final episode of activity of the Romeral 
Fault System and of a major shortening event in northern Co-
lombia. Seismic data shows that this event also marks the end 
and fossilization of the San Jacinto Forearc Basin and the birth 
of a new basin of middle Eocene to recent age (Lower Magda-
lena, Mora et al., 2017b). Taking into account the present–day 
lithospheric and mantle geometry, as interpreted in Figure 11, 
the onset of subduction of the Caribbean Plate occurred in early 
to middle Eocene times, 56 to 43 Ma ago (Table 1; Mora et al., 
2017b). Interestingly, this calculated time of onset of subduc-
tion of the Caribbean Plateau coincides with the time of plate 
tectonic readjustment between the Caribbean and the Ameri-
cas (Figure 14), with the estimated age of the lower to middle 
Eocene unconformity in the San Jacinto fold belt (planktonic 
foram zones P.9 to P.10, 50.4 to 45.8 Ma) and with the time of 
cessation of magmatism in northern Colombia (50–45 Ma; Bay-
ona et al., 2012). Therefore, it appears that a major early to mid-
dle Eocene plate–tectonic readjustment, consisting of an abrupt 
decrease in both convergence velocity and obliquity in early to 
middle Eocene times, seems to be the most likely cause of: (i) 
the onset of flat–slab subduction in northwestern Colombia, (ii) 
the cessation of magmatism in northern Colombia in the mid-
dle Eocene, (iii) a major shortening event with the exhumation 
and partial erosion of the Late Cretaceous to early Eocene San 
Jacinto Forearc Basin, (iv) the end of the tectonic activity of 
major Cretaceous fault systems such as Romeral and Palestina, 
and (v) the later onset of right–lateral strike–slip displacement 
along the newly formed Oca–El Pilar Fault System (Boschman 
et al., 2014; Müller et al., 1999; Pindell & Kennan, 2009).

The imprint of such tectonic readjustment in the stratigraph-
ic record of the San Jacinto fold belt is the lower to middle 
Eocene unconformity, though the upper Eocene unconformity 
could also be related. These unconformities could also be the 
result of the early to middle Eocene, collision episode of the 
Great Arc of the Caribbean with South America, which caused a 
subduction polarity reversal (Escalona & Mann, 2011; Kroehler 
et al., 2011), as seen in other areas of active, arc–continent col-
lision. According to this interpretation, the previously described 
events would be collisional effects.

After the early to middle Eocene plate tectonic readjust-
ment (or collision with polarity reversal, according to Kro-
ehler et al., 2011) and the onset of flat subduction, the San 
Jacinto area experienced renewed forearc extension, subsid-
ence, and sedimentation which comprised coarse–grained 

clastics and shallow marine carbonates of Sequences 3 and 
4 (Chengue and San Jacinto). U–Pb geochronology and Hf 
isotope geochemistry results (Mora et al., 2017b) show the 
same Late Cretaceous and Permian – Triassic peaks as seen 
in samples from the sequence below (San Cayetano), hence 
sediment supply was mostly coming from the northern CC 
and SNSM in the SE and NE respectively. Figure 17c clear-
ly shows that the Caribbean–NW South America convergent 
margin became relatively stable since Oligocene times, exhib-
iting low convergence velocities and obliquities. The margin 
probably evolved from a highly oblique convergent margin, 
possibly exhibiting subduction erosion (Clift & Vannucchi, 
2004) in Late Cretaceous to Eocene times, to a more orthogo-
nal convergent margin, exhibiting subduction accretion since 
early Miocene times, when the accretionary prism probably 
started forming.

5.3. Lower Magdalena Valley: A Middle Eocene 
to Recent Amagmatic Forearc Basin, Formed  
in a Nearly–Orthogonal, Flat Subduction 
Tectonic Setting

5.3.1. Formation of the LMV

We consider that the formation of the LMV is related to the 
cooling of the Cretaceous to early Eocene, intra–continental 
magmatic arc of NW Colombia, and to the fault–controlled sub-
sidence at the initial subduction stages (Figure 23). Cooling 
caused the extensional reactivation of the main pre–Oligocene 
basement features such as the Mojana and Sucre Faults that 
limit the San Jorge Graben, and the Pivijay, Apure, Pijiño, and 
other faults of the Plato depocenter. Extensional reactivation 
of the main pre–Oligocene basement structures was crucial for 
the tectonic segmentation of the basin and for the formation 
of its two depocenters (Plato and San Jorge). However, it is 
also possible that initial subsidence could have been caused by 
crustal thinning due to possible Cretaceous to Eocene subduc-
tion erosion (Clift & Vannucchi, 2004), as suggested by Mora 
et al. (2017a, 2017b). Tectonic clockwise block rotation caused 
by Paleogene oblique convergence, and older than previously 
proposed block rotations (e.g., Montes et al., 2010; Reyes–Har-
ker et al.), could have also influenced the formation of the LMV. 
Bernal–Olaya et al. (2015c) proposed that the extension in the 
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Figure 22. (a) Interpreted basement terranes in the LMV and surrounding massifs (after Mora et al., 2017a). Chibcha Terrane is in pink, 
Tahamí–Panzenú in lavender, Quebradagrande Complex (QC) in blue, and Calima is white. Upper Cretaceous, low–grade metamorphic 
terranes in LMV (El Difícil and Algarrobo) and in the northwestern SNSM are colored in green. Correlation of the Tahamí–Panzenú Terrane 
towards the N (SNSM) is being revised to include new data from Piraquive (2017). Modified from Mora et al. (2017a). (b) Sketch illustrating 
the proposed mechanisms of formation of the basement architecture in the LMV and San Jacinto areas of northernwestern Colombia, 
which acted during Late Cretaceous to middle Eocene times. Modified from Mora et al. (2017a). (SL) Sevilla Lineament; (RFS) Romeral 
Fault System; (SNSM) Sierra Nevada de Santa Marta; (SiF) Sinú Fault; (SMF) Santa Marta Fault; (LMV) Lower Magdalena Valley; (SJF) San 
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displacement vector component normal to the plate margin.

LMV and formation of the two depocenters was related to the 
curvature of the margin. This could also be valid considering 
the oblique convergence model presented in Figure 22b, dis-
playing a curved margin.

Recent estimates of extension in the LMV (Table 2; Mora 
et al., 2018) show that the basin has been moderately extended 
(stretching factor from 1.1 to 1.5), except for local areas where 

the crust has been considerably thinned (western San Jorge de-
pocenter and northern LMV). The LMV thus appears to have 
a relatively thin crust, with thicknesses varying from 18 to 28 
km, whereas a thicker crust would occur in the central SJFB 
(30–34 km; Figure 19d). A relatively thin crust could be related 
to the location of the LMV close to the plate margin, and/or to 
the proposed pre–Oligocene subduction erosion (Mora et al., 
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(sensu Noda, 2016).
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LMV overfilled, terraced to shelved, deep marine
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LMV underfilled, sloped to ridge, shallow to deep
marine forearc basin; increase in sediment supply
and onset of underplating. 

Late Oligocene:
Magmatic–arc collapsed and LMV underfilled, 
mostly sloped, shallow marine forearc basin; 
low–angle, amagmatic subduction.

Late Cretaceous to early Eocene:
San Jacinto underfilled (?), deep–marine, sloped
forearc basin; subduction with active magmatic arc.
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Figure 23. Interpreted cross section evolution of the morphology of the Lower Magdalena Valley (LMV) and San Jacinto fold belt (SJFB), 
from an Upper Cretaceous to Eocene underfilled, sloped forearc basin (sensu Dickinson, 1995) with an active magmatic arc, to the current 
amagmatic and overfilled, benched continental forearc basin. Increased Miocene sediment flux, the inherited basement structure, and 
flat–slab subduction were the main controls on Oligocene to recent forearc basin evolution. 
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2017b). Such thinned crust would have made easier an exten-
sional reactivation of pre–existing features.

5.3.2. Oligocene to Recent Forearc Evolution

Eocene deposits are mostly preserved in the SJFB, though they 
could also be preserved at great depths in the footwall of ex-
tensional faults in the LMV. According to paleo–tectonic recon-
structions (Boschman et al., 2014; Müller et al., 1999; Pindell & 
Kennan, 2009) and to reconstructions using the GPlates software 
(Figure 13; Figures 1 and 2 of the Supplementary Information), 
the last 30 Ma were characterized by low convergence obliqui-
ties and relatively low velocities, which do not appear to show 
abrupt changes in their trend (Figure 17c), making difficult clear 
correlations with reported tectonic events such as subsidence or 
uplift pulses. In spite of the relative stability of the Oligocene to 
recent convergence between the Caribbean Plate and NW South 
America, the analyses carried out by Mora et al. (2018) indicate 
that after the early Miocene tectonic event, there was an increase 
in subsidence and sedimentation in the LMV, possibly related to 
the formation of the Magdalena fluvial system, when the eastern 
LMV was connected to the Middle Magdalena Valley (Anderson 
et al., 2016; Hoorn et al., 2010; Reyes–Harker et al., 2015).

Second–order processes such as flat–slab subduction of a 
buoyant oceanic plateau substantially modify the tectonic con-
figuration of the upper plate and produce modified forearc ba-
sins (Ridgway et al., 2012). This could be the case of the LMV, 
which according to Mora et al. (2017b), was formed during 
low–angle subduction of the Caribbean oceanic plateau be-
neath South America. Fault–controlled subsidence took place 
in the LMV from Oligocene to middle Miocene times (29–13 
Ma), spanning for 16 my, and then it was replaced by non–fault 
related subsidence (Mora et al., 2018). However, in the SW 
(San Jorge depocenter, Bonga and Esmeralda wells), there is 
an increase in tectonic subsidence after 3 Ma, related to the 
deposition of Sequence 10.

A dramatic increase in sedimentation at ca. 17 Ma, after an 
lower Miocene regional unconformity, would have influenced 
the change of fault–controlled subsidence to non–fault related 
subsidence, implying that sedimentary loading became the main 
subsidence mechanism since late Miocene times. A relatively 
thin and not very strong crust in the LMV would have made 
easier for sedimentary loading to become the main subsidence 
mechanism since middle Miocene times. The increased sed-
iment supply also strongly influenced the plate interface, by 
lubricating the subduction channel, thus affecting the transmis-
sion of stresses to the upper plate and producing underplating. 
Crustal thickening by tectonic underplating of subducted ma-
terials has been proposed as a cause of uplift in forearc coastal 
terranes such as the Chile Forearc (e.g., Clift & Hartley, 2007; 
Glodny et al., 2005), the Aleutians (Moore et al., 1991), the 

Hikurangi margin (Scherwath et al., 2010), and the Cascadia 
subduction zone (Calvert et al., 2011). In the Aleutians (Moore 
et al., 1991), layered reflectors beneath the Kodiak accretionary 
complex were interpreted as the result of underplating and may 
represent an antiformal stack of thrust sheets, such as those 
interpreted by Mora et al. (2017a, their Figure S1), based on 
deep seismic imaging. Therefore, uplift in the forearc high in 
the SJFB as seen in the western LMV and current San Jacinto 
fold belt, may be related to tectonic underplating. The occur-
rence of a deformed outer high to the W (San Jacinto fold belt) 
and an undeformed forearc basin behind it, to the E (LMV), is 
explained if the continental basement beneath the LMV acted as 
a static backstop, with geologically reasonable contrasts in me-
chanical properties compared to the sediments just trenchward 
of it (Byrne et al., 1993; Mantilla–Pimiento et al., 2009).

5.3.3. A Comment about the Connection of 
Panamá with the LMV

Based on a few U–Pb detrital zircon geochronology analyses 
in localized wells in the LMV, Montes et al. (2015) proposed 
a mixed provenance for middle Miocene strata including 
material derived from the old northwestern South American 
orogens and from the Panamá Arc. For such proposal they 
suggest the existence of fluvial channels flowing from the 
Panamá Arc in the SW to the NE, along more than 300 km, 
to reach areas such as the Apure High in the Plato depocen-
ter (BH3 in Montes et al., 2015). Our regional study, which 
includes thousands of kilometers of reflection–seismic data, 
hundreds of boreholes and outcrop data, does not support such 
interpretation: while seismic data allowed the mapping of the 
stratigraphic features (e.g., clinoforms) clearly prograding to 
the WNW in early Miocene to Pliocene times (Mora et al. 
2018), data from hundreds of wells indicate that middle to up-
per Miocene units (Sequences 6 to 8) consist of fine–grained, 
distal deltaic, shelf and even turbiditic deposits and that unam-
biguous fluvial facies only appear in Sequences 9 and 10, after 
7 Ma (late Miocene to Pliocene). Furthermore, the middle 
Miocene to recent forearc highs in the area of the present–day 
SJFB, proposed by Bernal–Olaya et al. (2015c) and Mora et 
al. (2018), would have acted as a barrier, making very difficult 
a sedimentary connection with the distant Panamá Arc in the 
SW. Such results show that the northern LMV was clearly 
not sourced from the Panamá Arc in Miocene times. We thus 
consider that geochronological analyses must be taken with 
extreme caution; they must be integrated with other types of 
methods and all the data together must be interpreted within a 
robust regional tectono–stratigraphic framework. In addition, 
researchers dealing with mixed provenance results should al-
ways propose several possible interpretations instead of as-
suming a single, unique interpretation.
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5.3.4. Tectonic Segmentation and Depocenter 
Evolution in the LMV

Based on the measured thicknesses of the tectono–stratigraph-
ic sequences, the Oligocene to recent depocenter evolution in 
the LMV was studied, and it was found that there was a dep-
ocenter landward migration and shifting from north to south. 
Landward migration of depocenters is a distinctive feature 
of compressional accretionary forearc basins (sensu Noda, 
2016), whereas the depocenter shifting from north to south 
indicates tectonic segmentation into differentially subsiding 

zones. Forearc basin segmentation has also been related to 
continental forearc basins formed in flat–slab subduction 
settings (Ridgway et al., 2012), where marked along–strike 
changes in basin configuration were related to insertion of 
wide fragments of thick crust. However, our results suggest 
that the pre–Oligocene basement fabric in the LMV, which is 
different beneath each depocenter (Figure 7), was the main 
cause of the tectonic segmentation of the basin, especially af-
ter 10 Ma, due to the differential response of each fault family 
to the stress regime. Uplift pulses in the forearc high could 
have also influenced depocenter migration.
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Trench RFS PFS
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(accretionary

prism)

San
Jacinto
(forearc 

high)

Lower Magdalena Valley

(Segmented forearc basin)
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Present day
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Figure 24. In the lower part we show a hypothetical cross section with the interpreted geodynamic setting at the Magangué–Cicuco 
High, in Late Cretaceous times (modified from Mora et al., 2017a). In the upper part, the interpreted present–day geodynamic and basin 
configuration of the Lower Magdalena Valley (LMV) and San Jacinto fold belt (SJFB). Though the present–day trench shown in the figure 
appears to be located farther to the east than the Cretaceous trench, it should really be located farther to the west in a mantle reference 
frame, considering that plate tectonic processes between the Caribbean and the Americas have been driven by relatively fast, westward 
motion of North and South America (Müller et al., 1999). In Late Cretaceous times, subduction was probably of a “normal” thickness plate 
while today, an oceanic plateau is being subducted. (RFS) Romeral Fault System; (PFS) Palestina Fault System; (CC) Central Cordillera.
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5.3.5. LMV Subsidence History and Trends

Global studies of basin subsidence history (Xie & Heller, 
2009) concluded that subsidence curves from forearc basins, 
as a group, have a diverse range of shapes, indicating that a 
variety of factors may contribute to basin subsidence. Accord-
ing to Dickinson (1995), there are four subsidence mechanisms 
in forearc basins: negative buoyancy of the descending slab, 
loading by the subduction (accretionary) complex, sediment 
or volcanic loading, and thermal subsidence of the arc mas-
sif. Results obtained by Mora et al. (2018) suggest that in the 
LMV, fault–controlled subsidence probably due to cooling of a 
pre–Oligocene arc was more important initially (late Oligocene 
to middle Miocene), and then it was  replaced by sedimentary 
loading as the main subsidence mechanism in the basin during 
the late Miocene. An exception would be an increase in tectonic 
subsidence in the SW at 3 Ma (Figure 17a), probably related to 
uplift in forearc highs to the west.

Comparison with subsidence curves from other forearc ba-
sins in the world shows a fair match (Angevine et al., 1990, 
inset in Figure 19a). However, as previously noted, the LMV 
curves show the opposite pattern compared to the passive rift 
basins considered in the stretching model of McKenzie (1978); 
therefore, they show that LMV is not suitable for applying the 
uniform stretching methodology by McKenzie (1978) and that 
extension using this methodology is overestimated in this basin, 
as previously shown by Montes et al. (2010) (Table 2). Data 
from the few wells in the northern SJFB show that the area 
experienced lower but constant subsidence rates compared to 
the LMV, and the SJFB curves show a similar trend to other 
forerarc basins in the world. The high sedimentation rates in 
the LMV, especially in the Miocene, suggest that there was an 
important influence of sediment load in the total basin subsid-
ence. Tectonic segmentation of both the LMV and the SJFB is 
also evident from the subsidence curves (inset in Figure 19a).

5.3.6. Proposed Mechanisms that Controlled 
LMV Evolution

Among all the mechanisms that control the evolution of forearc 
basins, Mora et al. (2018) suggest that three mechanisms strong-
ly controlled the evolution of the LMV. Such mechanisms are: 
sediment flux due to uplift and drainage evolution in hinterland 
areas, pre–existing basement fabric, and configuration of the 
subducting plate. The reconstruction of the extension, subsid-
ence, sedimentation, and paleogeographic history suggests that 
sediment flux in the LMV was the most important mechanism 
in controlling basin evolution because, (i) it supplied sediment 
to the trench and as a consequence, triggered underplating and 
uplift in forearc high areas, (ii) it rapidly filled the basin, pro-
viding sedimentary loads which kept the depocenters subsid-

ing, as previous subsidence mechanisms became less effective, 
and (iii) it defined the type and geometry of the basin. Due 
to the sediment flux, the LMV evolved from an underfilled, 
sloped, marine forearc basin to an overfilled, benched, terres-
trial forearc basin (sensu Dickinson, 1995, Figure 23). Con-
sidering the classification by Noda (2016), the whole margin 
evolved from an Oligocene extensional non–accretionary type 
to the present–day compressional accretionary type forearc ba-
sin, and such evolution was strongly controlled by changes in 
sediment flux.

The pre–existing basement fabric underneath the LMV was 
fundamental for the evolution of this basin and its tectonic seg-
mentation, because the different fault families identified under 
the two depocenters (Mora et al., 2017a), were probably reacti-
vated in different ways, according to the regional stress fields. 
Basement fabric and tectonic segmentation also controlled the 
distribution of sedimentary environments and facies.

Concerning the configuration of the subducting plate, the 
LMV evolution has also been controlled by the low–angle 
subduction of an irregular Caribbean oceanic plateau, which 
would have influenced the along–strike tectonic segmentation 
and stratigraphic variations observed in the LMV, as observed 
in other similar basins (Ridgway et al., 2012). The variations 
in geometry of the subducted Caribbean Plateau under the 
LMV, described by Mora et al. (2017b) could represent ir-
regularities, such as the Beata Ridge which separates the Co-
lombian Basin from the Venezuelan Basin, at the top of the 
plateau (Duque–Caro, 1979). Flat–slab subduction would also 
be responsible for the lack of a magmatic arc in the LMV, 
a condition that would otherwise have formed a completely 
different forearc basin.

The results of the studies by Mora et al. (2017a, 2017b, 
2018) allow the comparison of the geometry and configuration 
of the convergent margin of NW Colombia in Late Cretaceous 
times with the present–day geometry (Figure 24). The LMV 
basement and the SJFB where formed in a Late Cretaceous 
“normal” subduction margin, due to oblique convergence of the 
Caribbean relative to South America, with active dextral strike–
slip displacement and possible subduction erosion. The onset 
of more orthogonal, low–angle subduction of the oceanic Ca-
ribbean Plateau after Eocene times resulted in a major change 
in the convergent margin, causing the cessation of magmatism 
and the formation of an accretionary, tectonically segmented 
forearc basin in the LMV, and forearc highs in the SJFB (Fig-
ures 23 and 24). However, it is also possible that if the lower 
to middle Eocene unconformity is related to the collision of 
the Caribbean Arc, causing a subduction polarity reversal as 
proposed by Kroehler et al. (2011). Nevertheless, this is only 
one of the many issues that remains to be solved and that make 
necessary that we continue doing research in these basins of 
NW South America.
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6. Conclusions

Using a regional geological and geophysical dataset, the for-
mation and evolution of the Lower Magdalena Valley Basin 
(LMV) and San Jacinto fold belt (SJFB) of NW Colombia has 
been illustrated. Detailed interpretations of reflection seismic 
data and new geochronological analyses revealed that the base-
ment of the LMV is the northward continuation of the basement 
terranes of the northern Central Cordillera, and that it consists 
of Permian – Triassic metasedimentary rocks, which were sub-
sequently intruded by Upper Cretaceous granitoids. Structural 
analyses suggest that the NE–SW trend of basement faults in 
the northeastern LMV is inherited from a Jurassic rifting event, 
while the ESE–WNW trend in the western LMV is inherited 
from a Late Cretaceous to Eocene strike–slip and extension 
episode. The Upper Cretaceous to lower Eocene sedimentites 
preserved in the present–day SJFB were deposited in a forearc 
marine basin formed by the oblique convergence between the 
Caribbean Plateau and the South American Plate, with a related 
intracontinental magmatic arc. A lower to middle Eocene angu-
lar unconformity at the top of the San Cayetano Sequence, the 
termination of the activity of the Romeral Fault System and the 
cessation of arc magmatism are interpreted to indicate the onset 
of low–angle orthogonal subduction of the Caribbean Plateau 
beneath South America, which occurred between 56 and 43 
Ma. Flat subduction of the plateau has continued to the pres-
ent and would be the main cause of amagmatic post–Eocene 
deposition and formation of the LMV. After the collapse of a 
pre–Oligocene magmatic arc, late Oligocene to early Miocene 
fault–controlled subsidence allowed initial infill of the LMV. 
Extensional reactivation of inherited, pre–Oligocene base-
ment faults allowed tectonic segmentation and the formation 
of the two basin depocenters (Plato and San Jorge). Oligocene 
to early Miocene uplift of Andean terranes made possible the 
connection of the Lower and Middle Magdalena Valleys, and 
the formation of the most important Colombian drainage sys-
tem (Magdalena River system). The proto–Magdalena River in 
the north and the proto–Cauca River in the south both started 
delivering enormous amounts of sediment in middle Miocene 
times, as fault controlled subsidence was gradually replaced 
by non–fault related subsidence, due to increased sedimentary 
load. Such dramatic increase in sedimentation delivered huge 
amounts of sediments to the trench, causing the formation of an 
accretionary prism farther west of San Jacinto. This probably 
weakened the plate interface and caused underplating, with the 
development of forearc highs in the San Jacinto area. A stronger 
backstop under the Lower Magdalena would explain shorten-
ing in the forearc high and accretionary wedge areas to the W, 
while the Lower Magdalena remained essentially unaffected. 
Our results highlight the fundamental role of plate kinematics, 
inherited basement structure, and sediment flux on the evolution 
of forearc basins such as San Jacinto and the Lower Magdalena.
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