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Abstract Collision with and subduction of an oceanic plateau is a rare and transient process that usually
leaves an indirect imprint only. Through a tectonostratigraphic analysis of pre-Oligocene sequences in the
San Jacinto fold belt of northern Colombia, we show the Late Cretaceous to Eocene tectonic evolution of
northwestern South America upon collision and ongoing subduction with the Caribbean Plate. We linked the
deposition of four fore-arc basin sequences to specific collision/subduction stages and related their
bounding unconformities to major tectonic episodes. The Upper Cretaceous Cansona sequence was
deposited in a marine fore-arc setting in which the Caribbean Plate was being subducted beneath
northwestern South America, producing contemporaneous magmatism in the present-day Lower Magdalena
Valley basin. Coeval strike-slip faulting by the Romeral wrench fault system accommodated right-lateral
displacement due to oblique convergence. In latest Cretaceous times, the Caribbean Plateau collided with
South America marking a change to more terrestrially influenced marine environments characteristic of the
upper Paleocene to lower Eocene San Cayetano sequence, also deposited in a fore-arc setting with an
active volcanic arc. A lower to middle Eocene angular 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 subduction of the thick and buoyant Caribbean Plateau
beneath South America, which occurred 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.

1. Introduction

The northwestern margin of South America has experienced a complex Cretaceous to Recent tectonic history
that involves subduction of the Caribbean Plate and later collision of the Caribbean oceanic plateau, causing
accretion of oceanic terranes in some areas or the subduction of the plateau in others (Bayona et al.,, 2012;
Cediel et al., 2003; Mora et al, 2017; Restrepo et al., 2009; Spikings et al, 2015; Villagémez, Spikings,
Magna, et al.,, 2011). While oceanic terrane accretion and later subduction of the Farallén and Nazca Plates
has been better studied in central western Colombia (Chiarabba et al., 2015; Pennington, 1981; Syracuse
etal, 2016; Taboada et al., 2000; Van der Hilst & Mann, 1994; Vargas & Mann, 2013; Zarifi et al., 2007), collision,
accretion, and subduction of the Caribbean Plateau remain poorly understood in northwestern Colombia.
This is caused by the lack of good quality geological and geophysical information and by the low seismicity
of the area, which has made very difficult to image the lithospheric configuration of the NW Colombia
convergent margin.

In this study we present a tectonostratigraphic analysis of the San Jacinto fold belt of northwestern Colombia
and propose correlations of the interpreted tectonostratigraphic sequences and their bounding unconformi-
ties with specific tectonic and geodynamic settings, as deduced from the interpretation of reflection seismic,
earthquake, and seismicity data. The San Jacinto fold belt (Figures 1 and 2) is a west verging fold and thrust
belt in which an Upper Cretaceous to lower Eocene marine basin has been preserved (Duque-Caro, 1979,
1984, 1991; Flinch, 2003; Guzman, 2007), and it has remained poorly studied due to the structural complexity,
poor outcrops, few drill holes, and widely spaced and low-quality reflection seismic data. However, it is an
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Figure 1. Geological map of the San Jacinto fold belt, highlighting outcrops of Cretaceous to Eocene units and showing major structural and morphologic features.
RFS: Romeral Fault System; SJF: San Jerénimo Fault; SiL: Sinu Lineament; and EDF: El Dique Fault. Based on Gomez et al. (2007). Inset: Tectonic map of northwestern
South America with topography and bathymetry, showing the location of the Lower Magdalena Valley basin (LMV), the Sinu-San Jacinto fold belt (SSJFB), and
the active volcanoes. Present-day tectonic plate motions are shown in yellow (after Trenkamp et al., 2002). WC: Western Cordillera; CC: Central Cordillera; EC: Eastern
Cordillera; RFS: Romeral Fault System; PFS: Palestina Fault System; BF: Bucaramanga Fault; SMF: Santa Marta Fault; OF: Oca Fault; and BoF: Bocono Fault.

area of NW Colombia in which Cretaceous to Eocene sedimentary sequences are well preserved, hence its
importance for pre-Oligocene tectonostratigraphic and plate tectonic studies. Furthermore, in the past dec-
ade the National Hydrocarbons Agency of Colombia (ANH-Agencia Nacional de Hidrocarburos) made impor-
tant efforts to acquire new information in the San Jacinto fold belt by drilling stratigraphic boreholes and
acquiring new geophysical data, including air gravity (Bouguer anomaly), magnetics, and reflection seismic
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Figure 2. WNW-ESE trending chronostratigraphic chart of the Sind, San Jacinto, and Lower Magdalena areas, based on different sources (Hocol, 1993; ICP (Instituto
Colombiano del Petréleo), 2000; Guzman, 2007) 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), tectonic events are after Villagémez, Spikings, Mora, et al. (2011), Parra et al. (2012),

Saylor et al. (2012), Mora, Reyes-Harker, et al. (2013), Caballero, Mora, et al. (2013), Caballero, Parra, et al. (2013), Mora et al. (2015), and 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).

data. This has been complemented by new well and seismic data acquired by oil and gas companies doing
hydrocarbon exploration in the area.

Taking advantage of the recently acquired data in the area, we have revised and updated Upper Cretaceous
to Eocene tectonostratigraphic framework of the San Jacinto fold belt, which has been integrated to sur-
rounding basins in order to identify the main regional sequences and unconformities in northwest
Colombia. The tectonostratigraphic analysis included new seismic interpretations and maps, outcrop and
well log correlations, biostratigraphy, organic geochemistry, and sedimentary provenance analyses through
detrital zircon U-Pb geochronology and Hf isotope geochemistry. In order to look for correlations between
our defined sequences, unconformities, and major regional tectonic events such as collision/subduction of
the Caribbean oceanic plateau, we used reflection seismic, earthquake, and seismicity data, including our
own interpretations and maps and previous published work on lithospheric imaging of northwestern
South America. Based on previous studies and on the results of our new data and analyses, we also propose
a present-day geometric model of the lithospheric configuration of NW Colombia.

2. Geological Setting

The San Jacinto fold belt (SJFB) is located in northwestern South America, close to the northern end of the
western South American convergent margin (Figure 1). However, convergence in the study area does not
involve the Nazca Plate, but instead, it involves the Caribbean Plate, which is separated from the Cocos
and Nazca Plates by the Panama-Chocé block (inset in Figure 1). It has been proposed that this area is
characterized by the slow and flat slab subduction of the Caribbean oceanic plate beneath South America,
forming the Bucaramanga and Caribbean flat slabs imaged and described by several researchers (Bernal-
Olaya, Mann, & Vargas, 2015; Chiarabba et al,, 2015; Pennington, 1981; Syracuse et al., 2016; Taboada et al,,
2000; Van der Hilst & Mann, 1994). Slow and flat slab subduction would be the cause of the low seismicity
and of the lack of a magmatic arc in northwestern Colombia (inset in Figure 1).
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The SJFB is a SW-NE trending terrane that makes part of the subduction complex of northwestern Colombia
(Mantilla, 2007; Mantilla et al., 2009) and is located between an Oligocene to Recent fore-arc basin to the east
(Lower Magdalena Valley basin (LMV), Figure 1) and the Miocene to Recent accretionary prism to the west
(Sinu-Southern Caribbean deformed belt) (Bernal-Olaya, Mann, & Escalona, 2015; Duque-Caro, 1979, 1984;
Mantilla et al., 2009). According to Mantilla et al. (2009), the SJFB represents the fossilized part of the accre-
tionary prism of the northwest Colombia subduction complex, which today acts as dynamic backstop. It is
formed by three discontinuous ranges or anticlinoria, called by Duque-Caro (1979) from south to north,
San Jerénimo, San Jacinto, and Luruaco (Figure 1). Pre-Oligocene sedimentary units exposed in this fold belt
have been considered the northward extension of the Western Cordillera of Colombia (Barrero et al., 1969;
Cediel et al., 2003; Duque-Caro, 1979, 1984) and have been related to an oceanic-type basement. The
Romeral Fault System (RFS), which is also considered to continue from the south to form the eastern bound-
ary of the SJFB, appears to be separating 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., 2017). The RFS makes part of a ~2,000 km long tectonic suture that extends from
Ecuador (Peltetec Fault), and there is general consensus about the large-scale right-lateral strike-slip move-
ment that occurred along this fault zone during the Cretaceous, causing the juxtaposition of allochthonous
oceanic terranes against Central Cordillera basement blocks (Cediel et al., 2003; Spikings et al., 2015;
Villagémez, Spikings, Magna, et al., 2011). The northern extension of the RFS has also been an important
tectonostratigraphic feature as shown by the different stratigraphic successions preserved on both sides of
the fault system (Figure 2). In the SJFB, 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), which will be the focus of
the tectonostratigraphic analysis performed in this study.

2.1. The Basement of the San Jacinto Fold Belt (SJFB)

Basement information in the SJFB comes from localized outcrops located in the southernmost SJFB, close to
the northern Western Cordillera (WC), and from a couple of reports from old drill holes, which have a high
degree of uncertainty, suggesting the predominance of mafic and ultramafic rocks (Figure 2). These Upper
Cretaceous mafic and ultramafic rocks have been related to allochtonous, accreted oceanic terranes
(Cediel et al., 2003; Villagémez, Spikings, Magna, et al.,, 2011). From gravity modeling, the basement under
the SJFB is considered to be thinned continental to transitional, with localized mafic allochthonous blocks
(Bernal-Olaya, Mann, & Vargas, 2015; Ceroén et al., 2007; Mantilla et al., 2009). However, recent Hf isotope geo-
chemistry of a pluton in the western Lower Magdalena Valley (Bonga pluton, Mora et al., 2017) suggests that
it intruded a young crust of possible oceanic affinity, such as the Quebradagrande and related terranes that
have been studied farther south, within the RFS between the Central and Western Cordilleras.

2.2, Upper Cretaceous to Lower Oligocene Stratigraphic Units

Several researchers used the name “Cansona” to refer to the Upper Cretaceous strata that outcrops in the
“Cerro Cansona” area of the San Jacinto Anticlinoria (Figure 2; Duque-Caro, 1972; Duque-Caro et al., 1996;
Guzman et al., 2004). The Cretaceous strata in the SJFB consists of a volcano-sedimentary succession with
a predominantly volcanic lower part and an upper part consisting of organic-rich and calcareous mudstones,
limestones, and cherts with few quartzarenites (Aleman, 1983; Clavijo & Barrera, 1999; Guzman, 2007), depos-
ited in marine environments.

Upper Paleocene to lower Eocene rocks have been described in outcrops and drill holes all along the SJFB
(Guzman, 2007; Figure 2). They comprise a fining upward succession of polymictic conglomerates and lithar-
enites toward the base and gray siltstones and mudstones with minor chert and limestone interbeds
(Guzman, 2007; Guzman et al.,, 2004). Though several names have been proposed for this succession, the
most common name is “San Cayetano” (Figure 2, Chenevart, 1963; Guzman, 2007; Guzman et al.,, 2004).
Interpretations of its depositional environment range from deep marine turbiditic fans (Aleman, 1983;
Duque-Caro, 1972; Guzman, 2007), turbiditic to distal deltaic (Geosearch Ltda, 2006), and fan deltas (ATG-
ANH, 2009). The lower contact with the Upper Cretaceous Cansona sequence has been described as uncon-
formable (Duque-Caro, 1979; Guzman, 2007; Guzman et al., 2004).

An angular middle Eocene unconformity separates the upper Paleocene to lower Eocene San Cayetano
deposits from polymictic conglomerates, lithic sandstones, red algae limestones, and mudstones of middle
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due to confidentiality.

to upper Eocene age, which have received different names depending on the lithology and locality (Guzman,
2007; Guzman et al., 2004). For simplicity, the sedimentary succession of middle to upper Eocene age will be
called here Chengue (Figure 2, Guzman, 2007; Guzman et al., 2004). The conglomeratic facies were deposited
in fan deltas and related submarine slope deposits (Guzman, 2007), while the limestone facies were

deposited in shallow marine carbonate platforms (Guzman et al., 2004).
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Sandstones, conglomerates, and mudstones of upper Eocene to lower Oligocene age are locally preserved in
the SJFB and unconformably overlying the middle to upper Eocene rocks of the Chengue unit (Guzman, 2007;
Guzman et al.,, 2004). These clastic deposits have been called San Jacinto Formation (Figure 2) and were
deposited in proximal deltaic fans (Guzman, 2007; Guzman et al,, 2004), while upper Eocene carbonate
deposits that occur in the central and southern SJFB have been called the Toluviejo Formation (Guzman
et al., 2004). The lower and upper contacts of this unit are unconformities (Aleman, 1983; Guzman, 2007;
Guzman et al., 2004).

Upper Oligocene to Recent deep marine to deltaic and continental units have been partially eroded in the
SJFB but have been well preserved farther to the east, where they have filled the younger Lower
Magdalena Valley basin (Figures 2 and 4).

3. Methodology
3.1. Construction of the Tectonostratigraphic Framework

We interpreted in two-way time (TWT) more than 3,000 km of 2-D reflection seismic, which were tied to more
than 40 wells that have been drilled in the San Jacinto fold belt (Figure 3) and to the outcropping units. We
identified and defined four Upper Cretaceous to lower Oligocene tectonostratigraphic sequences separated
by major unconformities (Figures 2 and 4 and Text S1 in the supporting information), which according to
Catuneanu et al. (2009) correspond to “depositional sequences.” Sequence 1 comprises Upper Cretaceous
deposits of the Cansona unit, Sequence 2 consists of upper Paleocene to lower Eocene strata of the San
Cayetano unit, Sequence 3 comprises middle to upper Eocene rocks of the Chengue Group, and Sequence
4 consists of upper Eocene to lower Oligocene deposits of the San Jacinto unit. The lack of more detailed data
for this study makes very difficult the identification of sequence stratigraphic surfaces other than subaerial
unconformities and hampers the proposal of systems tracts (Catuneanu et al., 2009).

3.2. Detrital Zircon U-Pb Geochronology and Hf Isotope Geochemistry

In order to expand the geochronological data set for the pre-Oligocene strata in the SJFB and for correlations
with basement units in northern Colombia, samples (cuttings) for petrography and detrital zircon U-Pb and
Hf isotope analyses were recovered from two wells located in the northern half of the SJFB. 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
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(San Jacinto) were collected in the SamanEST-1 well, located farther south, close to the boundary between
the SJFB and the LMV (Figures 3 and 4). The SamanEST-1 well is located 50 km to the north of the Bonga-1
well, which found granitic basement of Coniacian to Campanian age (Mora et al., 2017). The U-Pb geochro-
nology and Hf isotope geochemistry detrital zircon analyses were done at the Arizona LaserChron
Laboratory, and the detailed methodology is presented in Text S2. The stratigraphic succession in both wells
was dated by Duque-Caro (2013a, 2013b).

3.3. Seismicity Data

We also compiled the available earthquake and seismicity data from the study area, not only to characterize
the main faults and structural features in terms of seismic activity and kinematics but also to try to image the
lithospheric structure of the subduction zone in the study area. Seismicity data from the study area were
downloaded from the Colombian Earthquake Network (Red Sismoldgica Nacional, http://seisan.sgc.gov.co/
RSNC/) and plotted both in map and section view, together with the seismic interpretation and maps. A total
of 14,081 events was obtained, corresponding to earthquakes with M, 1 to 9, recorded from 1 June 1993 to
26 November 2015. We interpreted and mapped the near top of the subducting oceanic plate under the SJFB,
which connects with a megathrust that can be imaged in some of the regional seismic lines, as shown in Mora
et al. (2017, their Figure S1). Using stacking processing velocities from reflection seismic data, we depth con-
verted the interpreted subduction megathrust and plotted it with the earthquake and seismicity data in cross
sections (Figure S1). Further procedures followed to construct our maps and plots are described in Text S3.

4. Results
4.1. Stratigraphic Framework

The general characteristics of the identified and studied tectonostratigraphic sequences are presented in
Table 1, and the detailed descriptions are found in Text S1. Though our tectonostratigraphic 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.

4.1.1. Sequence 1 (Cansona-Upper Cretaceous)

The oldest, second-order sequence is of Coniacian to Maastrichtian age (see Text S1) and comprises the bitu-
minous shales, cherts, and limestones of the Cansona unit. Biostratigraphic data compiled by Duque-Caro
(2000, 2001) and Guzman (2007) show an absence of lower Paleocene planktonic foraminiferal zones (P.0
to P.2) in the SJFB, indicating the existence of a regional unconformity that marks the upper limit of this
sequence (Figure 4). The Cansona sequence appears to show a general coarsening and shallowing upward
pattern (Guzman, 2007), similar to the pattern displayed in other Upper Cretaceous successions of northern
Colombia (Villamil, 1999), all of which are in agreement with the global eustatic curve of Haq et al. (1987,
Figure 2).

4.1.2. Sequence 2 (San Cayetano-Upper Paleocene to Lower Eocene)

This is also a second-order sequence that has been dated as upper Paleocene to lower Eocene (planktonic
foraminiferal zones P.3 to P.9, see Text S1). The late Paleocene was characterized by a high global sea level
(eustatic curves in Figure 2, Haq et al., 1987), which could have influenced the onset and extension of San
Cayetano sedimentation. Biostratigraphic data show 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 over-
lying sequence appears to be a disconformity (Figure 4 and Table 1).

4.1.3. Sequence 3 (Chengue-Middle to Upper Eocene)

A middle to upper Eocene, second-order sequence corresponds to the Chengue Group, defined by the P.10
to P.14 planktonic foraminiferal zones of middle to late Eocene age (Text S1). Biostratigraphy indicates that
the unconformity between Sequences 2 (San Cayetano) and 3 (Chengue) corresponds to the P.9 to P.10 for-
aminiferal zones, implying a time interval of 46 to 51 Ma that includes the limit between the lower and middle
Eocene. This syntectonic sequence has been eroded in the southern part of the SJFB and is more preserved in
the northern part (Figure 4).

4.1.4. Sequence 4 (San Jacinto-Upper Eocene to Lower Oligocene)

This locally preserved second-order sequence comprises the siliciclastic San Jacinto unit and the
calcareous Toluviejo unit (Figures 2 and 4), which according to biostratigraphic studies (Duque-Caro, 1979;
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Table 1
Main Characteristics of the Studied Upper Cretaceous to Eocene Tectonostratigraphic Sequences in the San Jacinto Fold Belt

Planktonic foram

Lithostratigraphic  zones (Berggren et al.,

Facies and depositional

Sequence unit 1995; Blow, 1969) Age Thickness and other characteristics environments
4 San Jacinto P.15 to P.20 Upper Eocene to  Highly variable facies and thicknesses, Exhibits clastic (San Jacinto) and
lower Oligocene  average thickness of 342 m but drilled calcareous (Toluviejo) facies
~1,000 m in the Saman stratigraphic
well
Unconformity Absence of P.14 Upper Eocene
toP.16
3 Chengue P.10 to P.14 Middle to upper  Highly variable facies and thicknesses;  Exhibits clastic syntectonic deposits
Eocene original syndepositional fabric (Maco, Pendales), and local with
comprises ESE-WNW and NNE-SSW- development of carbonates in
trending extensional faults; onlaps possible paleohighs (Arroyo de
the basement to the ESE; thicknesses Piedra)
range from 150 m in paleohighs
to >1,000 m in low areas
Unconformity Absence of P.9 Lower to middle
toP.10 Eocene
2 San Cayetano P3to P9 Upper Paleocene Original fabric comprises ESE-WNW General fining upward trend, but
to lower Eocene and NNE-SSW-trending extensional notorious lateral facies variations;
faults; thicknesses of >2,000 m in interpreted depositional
wells in the north and ~1,600 m in environments range from turbidites
stratigraphic sections in the north and south, to fan deltas
in the central part of the fold belt
Unconformity Absence of P.0 Lower Paleocene
toP.2
1 Cansona Coniacian to Original syndepositional fabric Shows a general coarsening and

Maastrichtian affected by west verging deformation
of the San Jacinto fold belt; thickness

uncertain but would be ~762 m in the
most complete stratigraphic section

(Cacao)

shallowing upward pattern, deep
marine environments interpreted;
seismic expression is not clear,
though locally presents high
amplitude, parallel and continuous
reflectors

Note. More information, detailed descriptions, and sources of biostratigraphic, petrographic, and organic geochemistry reports are found in Text S1.

Guzman, 2007; Guzman et al., 2004) are defined by the P.15 to P.20 planktonic foraminiferal zones of upper

Eocene to lower Oligocene age.

4.1. Detrital Zircon U-Pb Geochronology and Hf Isotope Geochemistry

The detrital zircon U-Pb geochronology of samples of upper Paleocene to Eocene samples (Sequences 2 to 4,
Figure 5) shows three clear provenance peaks, a main Upper Cretaceous (70-88 Ma, Coniacian-Maastrichtian)
peak, a secondary peak of Permo-Triassic age (230-250 Ma), which is less evident in the SamanEST-1 well, and
a minor Albian-Cenomanian peak (~100 Ma). However, the Paleocene to middle Eocene samples also
evidence both Lower Paleozoic and Proterozoic provenance. Therefore, detrital zircon U-Pb geochronology
indicates that the upper Paleocene to lower Oligocene sediments of Sequences 2 to 4 were mostly sourced

from Upper Cretaceous and Permo-Triassic basement blocks.

Hf isotopic data show that the three dated detrital zircon populations (Coniancian-Maastrichtian, Albian-
Cenomanian, and Permo-Triassic) are related to different magmatic sources (Figure 6). While the
Coniacian-Maastrichtian zircons would be related to a juvenile mantle source, the older Albian-
Cenomanian and Permo-Triassic zircons have much lower gHf(; values, indicating a much older crustal
source. Furthermore, in the SamanEST-1 well there are two subpopulations within the Upper Cretaceous
Coniancian-Maastrichtian population (Figure 6c), and both overlap quite well with the compositions of the
Bonga pluton (Mora et al., 2017), located 50 km to the south (Figure 3). The Permo-Triassic Hf isotopic com-
positions from the C-1 well also show a good match with the Hf compositions of the Permo-Triassic basement
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Figure 5. Results of detrital zircon U-Pb geochronology in samples of wells C-1 and SamanEST-1. Reference basement ages for possible source terranes were
compiled using the data of Cordani et al. (2005), Vinasco et al. (2006), Ibafiez-Mejia et al. (2015, 2011, 2007), Cardona, Chew, et al. (2010), Cardona, Valencia, et al.
(2010), Horton et al. (2010), Montes et al. (2010, 2015), Restrepo-Pace and Cediel (2010), Weber et al. (2010, 2015), Cardona et al. (2011), Villagémez, Spikings, Mora
et al. (2011), Bayona et al. (2012), Cardona et al. (2012, 2014), Cochrane et al. (2014), Spikings et al. (2015), Van der Lelij et al. (2016), and Mora et al. (2017).

in the HojarascaEST-1 and VIM15Est-2 wells (Mora et al.,, 2017) and with data from previous studies (Cardona
et al, 2012; Cochrane et al,, 2014).

4.2, Seismic Stratigraphy and Facies

Seismic characterization of each sequence is not an easy task considering the structural deformation, a not
very dense reflection seismic coverage with poor to locally fair quality, partial erosion and notorious along-
strike facies, and thickness changes of the sequences. Though the present-day SJFB is the result of at least
two contraction and inversion tectonic pulses, which have obscured the original Cretaceous to Eocene struc-
tural fabric (Figure 7), in this study we document two areas in which pre-Oligocene sequences have remained
deeply buried and in which their original structural fabric has been better preserved. The first area, in the
southeastern SJFB, is located between the San Jerénimo anticlinorium to the west and the SJF to the east
(section 3 and Figure 7), while the second area is the northernmost portion of the SJFB, located to the east
of the Luruaco anticlinorium (section 1 and Figure 7). In cross section it can be seen that Sequences 1 and
2 are mostly restricted to the western side of the RFS and would be limited to the east by the San
Jerénimo Fault (SJF). Sequences 3 and 4 extend farther to the east and probably into the LMV, where equiva-
lent deposits would be preserved in the hanging wall of major extensional faults and in the deepest part of
the Plato depocenter.

Reflection seismic imaging of the Upper Cretaceous Sequence 1 is very poor; hence, it is very difficult to char-
acterize it in terms of seismic facies and seismic stratigraphic relationships. The base of the sequence does
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Figure 6. Results of detrital zircon Hf isotope geochemistry in samples of wells C-1 and SamanEST-1. Good matches with
basement data from Mora et al. (2017), Cochrane et al. (2014), and Cardona et al. (2012) suggest a link between the
analyzed pre-Oligocene sedimentary units and the Permo-Triassic and Upper Cretaceous basement terranes in the LMV
and northern CC.

not have a clear expression in the seismic data (Figures 8 and 9), suggesting the absence of an acoustic
impedance contrast. This is in agreement with the few descriptions of the basal portion of the sequence
that report a transitional lower contact, which includes interbedded marine sediments and volcanic
deposits. Imaging is extremely poor at shallow levels in which seismic facies are mainly transparent, with
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Figure 7. NW-SE trending geoseismic cross sections in two-way time (TWT), showing the along strike variation in structure of the SJFB, LMV, and RFS and highlighting
tectonostratigraphic relationships among the studied sequences. The SJFB exhibits more contraction and shortening in the central and southern areas, whereas
in the north (section 1), where pre-Oligocene units are buried, it displays much less contraction. The activity of the RFS also decreases from south to north. SF: Sinu
Fault; SJF: San Jerénimo Fault; PFS: Palestina Fault System; and AF: Algarrobo Fault.
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Figure 8. TWT seismic lines showing the interpreted structure of the RFS and SJFB in the southern part of the study area and the seismic and outcrop expression
of the impressive, lower to middle Eocene unconformity above Sequences 1 and 2. The San Jerénimo Fault (SJF) in the southern SJFB appears to be responsible

for the presence of pre-Oligocene units toward the east, into the southern LMV. Location of the sections is shown in Figure 3 and uninterpreted versions of
the seismic lines are included as supporting information (Figure S2).

only local and discontinuous, east dipping, high-amplitude parallel reflectors that appear to form the steep
flanks of west verging thrust blocks (Figure 8). The upper contact with Sequence 2, which has been
described in outcrops as an unconformity, is very difficult to identify in the seismic data. However, in the
syncline located west of the San Jorge depocenter (Figure 8a), we interpret an angular unconformity that
may correspond to the contact between Sequences 1 and 2. Seismic data also suggest that Sequence 1
gets thinner to the east, either by erosion related to the lower to middle Eocene unconformity or by
stratigraphic thinning of the sequence probably toward more proximal areas.
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Figure 9. TWT seismic line showing the interpreted structure of the northern San Jacinto anticlinorium and of the northwestern LMV, highlighting the pre-Oligocene
tectonostratigraphic sequences. Thick deposits of Sequence 4, drilled by the SamanEST-1 well, have sealed the RFS, which would only be responsible for slight
folding. Main deformation of the SJFB is related to the activity of the Sinu Fault (SF) and other deeply rooted structures, which appear farther to the west, in the Sinu
fold belt. The location of the section is shown in Figure 3 and an uninterpreted version of the seismic line is included as supporting information (Figure S3).

A poor seismic imaging of Sequence 2 has been obtained in the southern SJFB (Figure 8b), where Sequences
1 and 2 appear as folded strata, which are separated from younger postlower Eocene sequences by an angu-
lar unconformity. Farther north, in the syncline preserved to the west of the San Jorge depocenter (Figure 8a),
Sequence 2 shows a divergent pattern with fanning toward the west and onlap toward the east, against the
underlying Sequence 1. Such geometry would be related to sedimentation in very inclined surfaces, typical of
slope deposits such as those interpreted in nearby outcrops. In the northern SJFB, Sequence 2 appears as a
series of ESE dipping high-amplitude and low-frequency reflectors that have been interpreted as extensional
rotated fault blocks (Figure 10b). Detailed mapping of such structures showed that they are forming two sets
of extensional faults, one with a SSW-NNE orientation and the second one with a WNW-ESE orientation (Mora,
De Freitas, et al., 2013). The upper contact of Sequence 2 is an angular unconformity, which has been imaged
in several seismic sections (Figures 7-10). Considering the age of Sequences 2 and 3, the approximate age of
the unconformity is marked by the planktonic zones P.9 to P.10, corresponding to the limit between the
lower and middle Eocene (Figures 2 and 4). As seen in the seismic cross sections (Figures 7-11), the activity
of the RFS, including the SJF, has been sealed by the lower to middle Eocene unconformity, and the eastward
tilting of the whole fold belt has been caused by a deeper and younger major fault that probably extends to
the deformation front of the accretionary prism, in offshore areas much farther to the west.

Sequence 3 is best preserved in the northern SJFB where it has also been well imaged by 2-D and 3-D seismic
data (Figure 10) and has been drilled by wells such as the C-1. This sequence has notorious lateral thickness
and facies changes. In the northern SJFB, Sequence 3 is also affected by extensional faults (Figure 10), which,
when mapped in detail with 3-D seismic, were found to have two main, probably inherited structural trends, a
SSW-NNE trend and a WNW-ESE trend (Mora, De Freitas, et al., 2013). The carbonates tend to be preserved in
areas interpreted as paleohighs, while conglomerates appear to occur in low areas (Figure 10). In the eastern
San Jacinto anticlinoria, seismic packages with medium- to high-amplitude frequency reflectors have fossi-
lized the RFS and are onlapping the basement toward the east (Figure 11a). Sequences 3 and 4 thus represent
the onset of landward stepping sedimentation in the area after the lower to middle Eocene tectonic, uplift,
and erosional event. The lower contact of Sequence 3 is a clearly imaged angular unconformity, while the
upper contact is also unconformable with upper Oligocene strata in the northern SJFB (Figure 10) and with
upper Eocene to lower Oligocene strata of Sequence 4 (Figure 11a).

MORA ET AL.

TECTONOSTRATIGRAPHY SAN JACINTO FOLD BELT 13



@ AG U Tectonics

10.1002/2017TC004612

™wT Wt

(mse:) topography
a.

Middle-Upper | |

1000 1000

Lower-Middle
carbonates

& sands

-2000 2000

Sequence 2

-3000 -3000

Sequence 17|

(msec)| _
0

Middle-Upper

4 | Lower to Middle
Miocene | \

Classic sandy turbidites in Sequence 2 in the
northern SJFB (Q. El Sastre section)

Eocene
unconformity

! Lower-Middle

f i |
carbonates '/ Upper Oligocene |
| / \

Sequence 2

units of
Bouma (1962)

E. pelagic
mudstones

D. laminated
silt-sand

C. cross- laminated

and convolute sand

(lower part of lower
flow regime)

B. laminated sand
(upper flow regime)

A. massive sand
(upper flow regime)

sharp, irregular base

Sequence 1?
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Sequence 4 exhibits high thicknesses in the axis of a syncline in which the T-2XP was drilled (cross-section 7 in
Figure 7). This sequence is also imaged in seismic data in the central eastern part of the San Jacinto anticli-
noria, where the Saman stratigraphic well was drilled (Figures 1 and 7/section 2 and Figure 11a). However,
in this area, Sequences 3 and 4 were deposited on top of the basement and show moderate to high-
amplitude, medium- to high-frequency reflectors, which are divergent toward the west and onlap older units
at low angles toward the ESE (Figures 9 and 11a). Seismic lines oriented parallel to the belt's strike
(Figures 11b and 11c) show that the clastic deposits of Sequence 4 are also affected by the WNW-ESE exten-
sional fault family that is affecting Sequence 3 in the north.
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Figure 11. (a) TWT seismic lines in the central to northern SJFB (eastern San Jacinto anticlinorium) showing the onlap of Sequences 3 and 4 against the basement to
the ESE, sealing the RFS. (b and c) The interpreted synextensional deposits of Sequence 4 preserved in extensional faults trending ESE-WNW. Location of the sections
is shown in Figure 3, and uninterpreted versions of the seismic lines are included as supporting information (Figure S5).
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Figure 12. Regional WNW-ESE trending cross section showing the configuration of the subducted Caribbean oceanic plate,
as interpreted from reflection seismic mapping for the shallowest part, intermediate-depth seismicity for the central part
and from published tomography data (Bezada et al., 2010) 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 (£15 km) in the horizontal and vertical measurements. This cross section is located farther to the north
of the cross section presented by Mora et al. (2017, their Figure 13). We highlight the end of the subducted slab at a depth
of ~600 km, which would have entered the trench in early to middle Eocene times, assuming convergence velocities
shown in Table 2. Further explanations in the text.

4.3. Seismicity Data and Paleotectonic Reconstructions

4.4. Present-Day Lithospheric Configuration of the Convergent Margin in NW South America

We used the publicly available seismicity data and data from previous research (e.g., Bezada et al., 2010) to
study the present-day geometry and configuration of the subduction zone of NW Colombia. We constructed
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 (Figures 12 and 13). The detailed
description of the construction of the map and cross section is included in Text S3 and Figure S1.

The study area is characterized by a low seismicity, with very few scattered, shallow (<70 km) and low
magnitude (<4 M,,) events (Mora et al., 2017), and there are no focal mechanism solutions in the San
Jacinto fold belt. Although it seems to be a seismically inactive area, some neotectonic fault activity has been
identified by Veloza et al. (2012) in the northern part of the belt.
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Figure 13. Integrated depth map in meters of the top of the oceanic Caribbean Plate (in colors) that has been subducted
under NW South America since early to 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. SCDB: South Caribbean deformed belt (red dashed
lines); RFS: Romeral Fault System; SMF: Santa Marta Fault; BMF: Bucaramanga fault; SNSM: Sierra Nevada de Santa Marta;
and CuF: Cuisa Fault. Further details about the construction of this map and the related cross section (Figure 12) are
found in supporting information Text S3 and in Figure S1.

The Caribbean Plate subducted beneath NW South America appears to be formed by three different slab
segments, separated by kinks or bends (Figure 12): a northwestern shallow and very flat slab segment, a
central intermediate-depth and flat slab segment (the “Caribbean” flat slab of Syracuse et al., 2016), and
a southeastern deep and very steep slab segment imaged by Bezada et al. (2010). The three slab segments
could have different geometries, thicknesses, and physical properties, as deduced from Deep Sea Drilling
Project, reflection seismic imaging, tomography data, and water depths in the Colombia and Venezuela
basins (Driscoll & Diebold, 1999; Kroehler et al., 2011; Leroy et al., 1996; Magnani et al., 2009; Mauffret &
Leroy, 1997). In general, the Colombian Basin to the west is composed of an oceanic plateau with thick-
nesses between 10 and 18 km (Bowland & Rosencrantz, 1988), while north of Colombia, in the area of
the Beata Ridge (Figure 13), the plateau appears to be thicker (Kroehler et al., 2011). Slab segments with
specific physical and chemical properties would then have specific buoyancy properties, which could
explain such changes in dip.

The previously described segmented slab geometry of the subducted Caribbean Plate does not seem to
continue to the north of the Oca-El Pilar-San Sebastian Fault System. In the Guajira Peninsula of
northernmost Colombia, seismic interpretations and gravity modeling (Londofio et al,, 2015 and this study)
show that the Caribbean Plate is being subducted at low angle beneath the Southern Caribbean deformed
belt. Farther to the east, in northern Venezuela, wide-angle reflection seismic and tomography data
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Figure 14. 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., 2010); according to our interpretation, there would be a slab tear or
STEP fault (subduction transform edge propagator, Govers & Wortel, 2005) in the Caribbean Plate, probably represented in the upper crust by the western tip of the
Oca-El Pilar-San Sebastian dextral fault system (OEPFS).

(Bezada et al., 2010; Magnani et al., 2009) show that the boundary between northern South America and
the southern Caribbean Plate is dominated by strike-slip tectonics related to the Oca-El-Pilar-San Sebastian
Fault System (OEPFS) and the Caribbean Plate is clearly imaged at shallow levels in the block to the north
of the fault system. Seismicity also changes abruptly from the southern block of the OEPFS, where the
Wadati-Benioff zone is clearly imaged by intermediate depth seismicity, to the northern block of the fault
system, where only isolated and shallow seismic events occur (Syracuse et al., 2016, and section 2 and
Figure S1).

Based on the steep descent of the Caribbean Plate under Maracaibo and the Mérida Andes, previous
researchers have proposed that there should be a tear in the Caribbean Plate (Bezada et al., 2010;
Levander et al.,, 2015; Masy et al.,, 2011), which would be separating the steeper dipping Caribbean slabs,
located 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 Perija Ridge
(Figure 13), we propose a new interpretation of the three-dimensional plate tectonic configuration of
northern Colombia and western Venezuela (Figure 14). 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 & Wortel, 2005) faults instead of only one. The difference is that the STEP
fault previously proposed by Govers and Wortel (2005) is tearing the Atlantic/South American Plate in the
area of the Paria seismicity cluster, at the eastern end of the OEPFS in northeastern Venezuela (Russo et al.,
1993), while the newly proposed STEP fault would be tearing the Caribbean Plate in an undefined area of
the western OEPFS, probably close to the Sierra Nevada de Santa Marta (SNSM, Figure 14). This means that
the Oca-San Sebastian-El Pilar dextral fault system is the tear fault that limits the Caribbean and South
American/Atlantic Plates at crustal and mantle levels. Our observations are in agreement with Levander
et al. (2015) who propose that the southern Caribbean Plate boundary is a complex strike-slip fault system
bounded by oppositely vergent subduction zones.
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Figure 15. Paleotectonic reconstructions at 75, 55, 45, and 35 Ma, illustrating the displacement of the Caribbean Plate relative to fixed South America and the major
change in convergence obliquity, which occurred between 55 and 45 Ma. The displacement vectors of the Caribbean Plate relative to South America are shown
in red arrows according to the model of Matthews et al. (2016, GPlates database) and in black dashed arrows according to Boschman et al. (2014). The plate
boundaries (spreading ridges in blue and subduction and transform zones in red) and continent polygons are from Matthews et al. (2016). The main fault zones of
NW South America are labeled and drawn in thick black lines when active. Yellow stars indicate active magmatic arcs in our studied area: 1. Bonga and Cicuco
plutons, 2. Antioquia batholith, 3. Santa Marta batholith and related plutons, 4. Parashi pluton, 5. Sonsén batholith, 6. El Bosque batholith (from ANH, 2011;
Cardona et al,, 2014, 2011; Bayona et al.,, 2012; Bustamante et al., 2017). The northwestward motion of allochthonous oceanic terranes (up to ~1077 km between
90 and 65 Ma, in Boschman et al., 2014), accreted to western Colombia along major suture zones such as the right-lateral RFS in Late Cretaceous to Paleogene times,
is not shown here. Since 50 Ma, approximately 1,000 km of Caribbean oceanic crust were subducted below South America. See the text for further discussion.

4.4.1. Upper Cretaceous to Eocene Paleotectonic Reconstructions

It is expected that the onset of subduction of the irregular Caribbean Plateau had an important effect on the
upper plate and that this effect should be recorded in the sedimentary basins in the area. We used the free
software package GPlates (version 2.0.0, www.gplates.org; Boyden et al.,, 2011) and two paleotectonic models
available for this area (Boschman et al.,, 2014, and Matthews et al., 2016, from the GPlates database) to
perform Late Cretaceous to Eocene paleotectonic reconstructions (Figure 15). Our reconstructions 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 Americas were driven by relatively fast, westward
motion of North and South America, while the Caribbean Plate has remained nearly stationary since the
Eocene (Miller et al., 1999).

Using average plate convergence velocities of the Caribbean Plate relative to South America over the last
45 Ma, we calculated for both models the geological time when each of the three subducted slab segments
of the Caribbean Plate imaged along cross section A-A’ (Figure 12) entered the trench (Table 2). The age of

MORA ET AL.

TECTONOSTRATIGRAPHY SAN JACINTO FOLD BELT 18


http://www.gplates.org

@AG U Tectonics 10.1002/2017TC004612

Table 2

Compilation of the Slab Segment Lengths, Convergence Velocities and Ages of Entrance in the Trench of Each Slab Segment Shown in Figure 12

Calculated age of slab entrance in the trench using mean plate velocities over the last 45 Ma

Slab segment Boschman et al., 2014 Matthews et al., 2016
length (km)

(+15 km error) 19 mm/yr 25 mm/yr
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 1,020-1,110 53.7-58.4 Ma 40.8-44.4 Ma

(56 + 2 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

velocities 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 ~1,000 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.

entrance in the trench of the whole Caribbean slab (total length of 1,065 + 15 km) ranges from lower Eocene
(circa 56 + 2 Ma) to middle Eocene (circa 43 £ 2 Ma) depending on the model used (Boschman et al., 2014,
and Matthews et al., 2016, respectively). 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 (also shown in
Figure 12) will be discussed in forthcoming sections.

5. Discussion

5.1. Late Cretaceous to Eocene Paleotectonic Reconstructions and Kinematics

In the debate about the origin and evolution of the Caribbean oceanic plate, two main models have been
proposed, an in situ model that implies a short migration of the Caribbean to its present position (James,
2006) and a Pacific model that proposes an eastern Pacific origin of the plate and a long-distance migration
(Boschman et al., 2014; Kennan & Pindell, 2009). The Pacific model appears to be the most robust and more
widely accepted, though the migration distances of the terranes in northwestern Colombia, which show an
oceanic affinity remain poorly constrained. Using the Gplates free software (Boyden et al., 2011) and the mod-
els of Boschman et al. (2014) and Matthews et al. (2016), we present modified paleotectonic reconstructions
for the most relevant time slices for this study (Figure 15). Based on the model by Boschman et al. (2014), we
calculated that the maximum northwestward displacement of the allochthonous oceanic (Caribbean) ter-
ranes west of the RFS was ~1077 km between 90 and 65 Ma, which can be subdivided into 691 km from
90 to 75 Ma and 386 km from 75 and 65 Ma. This means that most of the northwestward displacement of
the allochthonous Caribbean terranes occurred in Late Cretaceous times, along the RFS and PFS. We also cal-
culated the tectonic convergence velocity and obliquity curves for the Caribbean-South American margin
and plotted them with the identified tectonostratigraphic unconformities in the SJFB and with the main tec-
tonic events studied in the literature (Figure 16). The obliquity was calculated as the angle between the plate
displacement vector and the orthogonal to the strike of the SW-NE South American Plate boundary, as
defined by Philippon and Corti (2016).

Convergence obliquities were much higher in Late Cretaceous to early Eocene times, and they notoriously
decreased in middle Eocene times (50 to 40 Ma) in both models (Figure 16), while velocities decrease earlier
in the model by Matthews et al. (2016) and later (45 Ma) in the model by Boschman et al. (2014). The lower
Paleocene unconformity, which would be the expression of the collision of the Caribbean oceanic plateau,
appears to be related to a velocity reduction according to the model by Matthews et al. (2016). The lower
to middle Eocene unconformity fits with a significant decrease in convergence obliquity and velocity
(Boschman et al., 2014) and several major tectonic events, such as the end of the strike-slip activity of the
RFS and PFS, the cessation of arc magmatism in NW Colombia and the onset of strike-slip displacement of
the OEPFS (Gémez, 2001; Vence, 2008).
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Figure 16. Evolution of Late Cretaceous to present-day tectonic plate convergence velocity and obliquity compared with
major tectonic events and tectonostratigraphic unconformities. (top) The displacement vectors of the Caribbean Plate
relative to a fixed South American Plate, since 90 Ma, according to two different paleotectonic models (Boschman et al.,
2014, in black, B14; Matthews et al., 2016, in red, M16). (middle) The changes in plate convergence velocity and
obliquity with time for both models, compared with the (bottom) pre-Oligocene tectonostratigraphic sequences and
unconformities (vertical bars of brown shades) and major tectonic events (black horizontal bars). We calculated velocities
and obliquities in time steps of 5 Ma, hence the points in the graph represent the middle of each time interval. The
identified Paleogene unconformities correlate with major tectonic events such as the Late Cretaceous to early Paleocene
collision of the Caribbean Plateau and the Eocene onset of Caribbean flat slab subduction. See text for further discussion.
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5.2. Late Cretaceous Fore-Arc Basin (89 to 75 Ma, Coniacian to Campanian)

From the available information, it appears that during Late Cretaceous times, a fore-arc basin existed SW of
the study area, with an intracontinental, magmatic arc to the east (called the Magangué Arc by Silva et al.,
2017, Figure 15), formed by the east dipping subduction of a “normal” thickness, Caribbean oceanic plate
under South America (Villagémez, Spikings, Magna, et al., 2011). Magmatism affected both continental and
accreted oceanic crust (the Quebradagrande terrane or a younger, allochthonous intraoceanic arc) and sup-
plied abundant mafic and felsic, volcaniclastic material to the proximal parts of the basin. Recent petrography
analyses (see Text S1) support a Late Cretaceous magmatic arc setting in which there was also some sediment
supply from more distal and older terranes, such as the Tahami-Panzenu and Chibcha terranes of the eastern
LMV and northern CC (Mora et al., 2017). Gébmez et al. (2005), Restrepo et al. (2009), and Caballero, Parra, et al.
(2013) used apatite fission track thermochronology to propose that uplift of the CC and the San Lucas ridge
began since Late Cretaceous times (Campanian-Maastrichtian); consequently, these were potential source
areas, which provided sediments to surrounding basins such as the SJFB. However, according to
Boschman et al. (2014) paleotectonic reconstructions, at 90 Ma the SJFB would have been as far as
~1,077 km to the SW of its present location; hence, it would have been sourced by Permo-Triassic and
Cretaceous terranes located much farther south within the protocentral Cordillera. Nevertheless, several
researchers (e.g., Kennan & Pindell, 2009) have suggested that the Tahami-Panzenu terrane, located between
the RFS and the PFS, is para-autochthonous and that it also moved from the southwest along its limiting
dextral fault systems. This would mean that the sedimentary sources and the San Jacinto basin always moved
parallel to each other, thus explaining the good match we obtained in terms of provenance. Outcrop and the
very few well data show that sedimentation in the area of the present-day SJFB occurred in a marine shelf in
which proximal marine environments occurred in the central area (San Jacinto) while deeper marine environ-
ments occurred in the south.

5.3. Latest Cretaceous-Early Paleocene Collision of the Caribbean Oceanic Plateau

It has been proposed that in the latest Cretaceous to early Paleocene times, the Caribbean oceanic plateau
collided with northwestern South America (Bayona et al., 2012; Cediel et al., 2003; Pindell et al., 2005).
Paleotectonic reconstructions (Pindell & Kennan, 2009; Spikings et al.,, 2015) suggest that at this time, the
Caribbean Plate moved toward the NE relative to the North and South American Plates and started to occupy
space between them. Villagémez, Spikings, Mora, et al. (2011) and Caballero, Parra, et al. (2013) used apatite
fission track thermochronology to identify an exhumation pulse in the San Lucas ridge and southernmost
SNSM during early Paleocene times (Figure 15), which they relate to the collision of the Caribbean Plateau
with northwestern South America. We consider that the absence of lower Paleocene deposits in northwes-
tern Colombia (planktonic zones P.0 to P.2., 65 to 61 Ma) and the unconformity that has been reported in out-
crops between Sequence 1 (Cansona) and Sequence 2 (San Cayetano, Figure 16) are the expression of a
regional shortening event, which took place in latest Cretaceous to early Paleocene times and which would
be related to the collision of the Caribbean Plateau. The notorious decrease in convergence velocity between
75 and 70 Ma, according to Matthews et al. (2016), could also be related to this collision event.

5.4. Late Paleocene to Early Eocene Fore-Arc Basin

After the early Paleocene shortening episode, fore-arc extension and subsidence resumed, but it is not clear if
at that time the Caribbean Plateau was already being subducted under South America (Bayona et al., 2012;
Bustamante et al.,, 2017) or if early Paleogene magmatism is more related to the final subduction stage of
the normal thickness Caribbean Plate. For the deposition of Sequence 2, our integration of outcrop and well
data throughout the San Jacinto fold belt shows that mud-rich and mixed sand-mud, proximal turbidite
systems (in the sense of Richards, 2001) were predominant in the north and south, while sand- and gravel-
rich turbidite systems prevailed in the central part.

Reflection seismic data from the central and northern SJFB show that during sedimentation of Sequence 2
(late Paleocene to early Eocene), the area experienced WNW-ESE oriented extension (Mora, De Freitas,
et al, 2013; Mora et al., 2017). However, in the northern SJFB, reported lithologies are mainly fine grained
and no facies changes related to the activity of extensional faults have been documented. In the central part
of the fold belt, Sequence 2 shows onlap patterns toward the east and fanning toward the west, suggesting
sedimentation in steep slopes. We consider that the origin of the WNW-ESE trending faults that affect

MORA ET AL.

TECTONOSTRATIGRAPHY SAN JACINTO FOLD BELT 21



@AG U Tectonics 10.1002/2017TC004612

Sequence 2 relates to fore-arc extension due to oblique convergence between the Caribbean and South
American Plates, as proposed by Daly (1989) in the Ecuador forearc. However, Mora et al. (2017) suggested
that subduction erosion (Clift & Vannucchi, 2004) occurred in the margin in Late Cretaceous times; hence,
Late Cretaceous to Paleogene subsidence and extension in the forearc could have also been related to
subduction erosion.

New petrography data (Text S1) show that detrita of Sequence 2 come from similar tectonic regions that
sourced Sequence 1, including a magmatic arc and older continental basement blocks. Recent analyses of
drill hole samples in the San Jacinto fold belt (Sarmiento et al., 2016) provide more evidence of volcanic
activity during late Paleocene to early Eocene times. According to Cardona et al. (2011), the San Cayetano
sandstones fall within the transitional to dissected arc fields of Dickinson (1985), in agreement with
Ecopetrol/ICP (2014).

Our new U-Pb geochronology and Hf isotope geochemistry results clearly show a main provenance from
Upper Cretaceous magmatic arcs and a secondary provenance from Permo-Triassic igneous terranes such
as those documented in the Tahami-Panzenu terrane of the eastern LMV and northern CC (Mora et al,
2017). Furthermore, a very good match is seen between the Hf isotope geochemical compositions of the
detrital zircons in the C-1 well and the compositions of both the Coniacian-Campanian Bonga pluton
zircons and the Permo-Triassic metamorphic basement zircons from the Hojarasca and VIM15 wells
reported by Mora et al. (2017). This suggests that the upper Paleocene-lower Eocene sediments of
Sequence 2 were mainly sourced from Upper Cretaceous plutons of both oceanic (e.g., Bonga) and conti-
nental affinity (Magangué Arc, Silva et al, 2017; Antioquia Batholith) and from the Permo-Triassic
igneous-metamorphic terranes in the LMV and northern CC. Our paleotectonic reconstructions show that
after a considerable (~1,077 km) northwestward displacement of the Caribbean oceanic terranes in Late
Cretaceous times, such terranes including San Jacinto, had almost reached their current position, thus sup-
porting our provenance considerations.

These data also support a fore-arc basin setting in which both the oceanic and continental affinity, Upper
Cretaceous magmatic arcs were being eroded and providing sediment for the marine basin to the northwest.
Though evidence of Paleocene to early Eocene magmatism has not been yet found in the LMV and SJFB, it is
likely that plutons of such ages exist, considering that Paleocene to early Eocene magmatism has been docu-
mented in surrounding areas such as the northern CC (Paleocene Sonsén Batholith, Bayona et al., 2012;
Bustamante et al., 2017), the SNSM and the Guajira peninsula to the north (Cardona et al., 2014). If the
SNSM and the northern CC were connected, as interpreted by Montes et al. (2010) and Mora et al. (2017),
and if both the northern CC and the southern SNSM were being uplifted in the late Paleocene (Restrepo
et al, 2009; Villagémez, Spikings, Mora, et al,, 2011), then the most likely sources for the sediments of
Sequence 2 were the ancient northern CC and southern SNSM, located to the east and southeast of the
SJFB in early Eocene times. Furthermore, the presence of Permo-Triassic, Lower Paleozoic, and
Mesoproterozoic to Neoproterozoic detrital zircon ages (Figure 5b), in addition to a group of Cretaceous zir-
cons with initial eHF values <0, provide strong lines of evidence in favor of a sediment that was sourced from
older continental basement blocks. Although these older sources may well derive from the core of the CCand
SNSM also, it is also possible that these could be derived from farther removed sources of the Eastern and
Central Cordilleras and the Putumayo basement. A far-traveled component may have also contributed
reworked Cretaceous and/or Paleogene zircons (e.g., Horton et al., 2010; Nie et al,, 2012) to the SJFB, but
the Hf systematics of most zircons dated here and their resemblance to proximal basement sources indicate
that reworking of far-traveled Cretaceous and Paleocene sources is unlikely to represent a major component
(Figures 5 and 6).

Moreover, paleogeographic reconstructions of northern South America (e.g., Hoorn et al.,, 2010) do not sup-
port a connection between SJFB and LMV with old continental basement blocks such as the Eastern
Cordillera or the Putumayo basement. This fact restricts the sediment source areas to the Central Cordillera,
which was probably connected to the SNSM as suggested by Mora et al. (2017) and to the Western Cordillera.

5.5. Eocene Onset of Flat Subduction

The notorious lower to middle Eocene angular unconformity that marks the top of Sequence 2 (San
Cayetano) is the most important evidence of the final episode of activity of the Romeral Fault System and
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of a major shortening event in northern Colombia (Figures 7-11). This event also marks the end and fossiliza-
tion of the San Jacinto fore-arc basin and the birth of a new basin of middle Eocene to Recent age
(Lower Magdalena).

Several researchers have related this regional angular unconformity to the accretion of the San Jacinto ter-
rane from the south, along the RFS (Cediel et al., 2003; Duque-Caro, 1979). An equally dramatic angular
unconformity produced by a middle Eocene tectonic episode has been recognized in Colombia for many
years (e.g., Bayona et al., 2013; Duque-Caro, 1980; Forero, 1974; Hubach, 1957; Villamil, 1999), and it has also
been identified in reflection seismic data in surrounding basins such as the Cesar-Rancheria (Mora & Garcia,
2006) and the Middle Magdalena Valley basin (MMV, Gémez et al., 2005). The Santa Marta-Bucaramanga Fault
System, which is considered the northeastern boundary of the LMV against the Cesar-Rancheria basin, also
experienced a middle Eocene tectonic episode as revealed by reflection seismic data (Mora & Garcia, 2006).

Using apatite (U-Th)/He thermochronology, Restrepo et al. (2009) and Villagémez, Spikings, Mora, et al. (2011)
identified middle Eocene exhumation pulses in the northern CC (Antioquefio Plateau) and in the southern
SNSM. However, while Restrepo et al. (2009) related the middle Eocene exhumation of the northern CC to
a change in the rate of convergence between Nazca (Farallon) and South America, Villagémez, Spikings,
Mora, et al. (2011) relate it to underthrusting of the Caribbean Plate beneath northern South America.
Paleotectonic reconstructions (Boschman et al., 2014; Kroehler et al.,, 2011; Matthews et al.,, 2016; Miiller
etal, 1999; Pindell & Kennan, 2009; Ross & Scotese, 1988) show that between 56 and 45 Ma there was a major
readjustment in the configuration of the South American, Caribbean, and North American Plates (Figure 15).
The model by Boschman et al. (2014), in which there is a large decrease in both velocity and obliquity at
~ 48 Ma, correlates better with the identified lower to middle Eocene regional unconformity and with a
regional shortening event, in agreement with the proposed major change in convergence velocity and
obliquity between the Caribbean and South American Plates (Figure 16). Though the model by Matthews
et al. (2016) also shows a minor decrease in convergence velocity after 48 Ma, obliquity decreased earlier,
at ~58 Ma. Hence, correlations with the middle Eocene unconformity and the proposed major tectonic
readjustment are not as clear as with the model by Boschman et al. (2014).

Furthermore, the cessation of magmatism in northern Colombia would also be related to this plate tectonic
readjustment, which probably took place between 56 and 45 Ma. Previous studies in the Guajira peninsula
(Parashi intrusive, Cardona et al., 2014), in the SNSM (Santa Marta batholith, Mejia et al., 2008), and in the
northern Central Cordillera (ANH, 2011) concluded that subduction-related magmatism in northwestern
Colombia occurred only until early middle Eocene times (50-45 Ma, Bayona et al., 2012). Post-Eocene mag-
matism has been documented only in the central and southern Colombian Andes, where it is related to
the subduction of the Nazca (Farallén) Plate under western South America. It is then possible that arc mag-
matism ended due to an early to middle Eocene plate tectonic readjustment, consisting of a reduction in
both convergence velocity and obliquity, and its expression in the stratigraphic record would be the lower
to middle Eocene unconformity.

The lack of arc volcanism has been related to flat subduction of thickened and buoyant slabs (Gutscher et al.,
2000; Manea et al.,, 2017; Ramos & Folguera, 2009; Syracuse et al., 2016). Flat slab subduction of thick oceanic
crust results in surface uplift and exhumation of fore-arc basin strata and also inhibits subduction-related
magmatism adjacent to the fore-arc basin (Ridgway et al., 2012). This seems to be the case of northwestern
Colombia where the thick oceanic Caribbean Plateau is currently being subducted under the South American
Plate, in an area where there has been no magmatism since early to middle Eocene times. Taking into
account the present-day lithospheric and mantle geometry, as interpreted in Figure 12, we calculated that
the onset of subduction of the Caribbean Plate occurred in early to middle Eocene times, 56 to 43 Ma ago
(Table 2). Interestingly, this calculated time of onset of subduction of the Caribbean Plateau coincides with
the time of plate tectonic readjustment between the Caribbean and the Americas (Figure 16) and 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 the time of cessation of magmatism in northern Colombia
(50-45 Ma; Bayona et al., 2012). Though these calculations are very sensitive to slab angles, lengths, and con-
vergence rates, the slab length measurements by Van Benthem et al. (2013) are quite similar (900 km) and
hence are the obtained ages of plateau subduction (Table 2). Boschman et al. (2014) also estimated
850 km of subduction beneath Colombia since 50 Ma from their tectonic reconstructions. According to this,
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the onset of the low-angle subduction of the Caribbean Plateau would have occurred in early to middle
Eocene times, and it was also then when the rough geodynamic configuration that we have today in the
northwestern corner of South America was formed. It is thus probable that the middle Eocene uplift pulses
of the CC and SNSM (Restrepo et al., 2009; Villagémez, Spikings, Mora, et al., 2011) that produced unroofing
on the order of 2 km in the northern CC and the widespread deposition of coarse-grained molasses in north-
ern Colombia are also related to the inception of flat subduction.

To summarize (Figure 16), a major lower to middle Eocene plate tectonic readjustment, consisting of a notor-
ious decrease in both convergence velocity and obliquity in lower to middle Eocene times, seems to be the
most likely cause of (1) the onset of flat slab subduction in northwestern Colombia, (2) the cessation of mag-
matism in northern Colombia in the middle Eocene, (3) a major shortening event with the exhumation and
partial erosion of the Upper Cretaceous to lower Eocene San Jacinto fore-arc basin, (4) the end of the tectonic
activity of major Cretaceous fault systems such as Romeral and Palestina, and (5) the later onset of right-
lateral strike-slip displacement along the newly formed Oca-El Pilar Fault System (Boschman et al., 2014;
Miller et al., 1999; Pindell & Kennan, 2009). The imprint of such tectonic readjustment in the stratigraphic
record of the San Jacinto fold belt is the lower to middle Eocene unconformity, though the late Eocene
unconformity could also be related.

The previous interpretation implies that the onset of flat subduction, which we correlate with the cessation of
arc magmatism, occurred at lower to middle Eocene times, when convergence slowed down and became
more orthogonal. Though more perpendicular convergence could tend to favor subduction with arc magma-
tism, several studies suggest that convergence obliquity is not among the controlling parameters of flat sub-
duction. According to Espurt et al. (2008), two main causes have been proposed to explain the formation of
flat subduction zones in South America: (1) the fast movement of South America toward the trench in the hot
spot reference frame and (2) the subduction of buoyant anomalies such as oceanic plateaus. Both conditions
are occurring in NW Colombia, thus supporting the proposed flat slab subduction.

5.6. Middle to Late Eocene Renewed Fore-Arc Sedimentation

After the lower to middle Eocene plate tectonic readjustment and the onset of flat subduction, the San
Jacinto area experienced renewed fore-arc extension, subsidence, and sedimentation that comprised
coarse-grained clastics and shallow marine carbonates of Sequences 3 and 4 (Chengue and San Jacinto). In
middle Eocene times, the RFS and the northern Palestina Fault System both became inactive as seen in
the cross sections in Figure 7. Reflection seismic data (Figures 10 and 11) show that the deposits of
Sequence 3 and 4 are affected by SE-NW trending faults that have similar orientation as those related to
Sequence 2 (San Cayetano), and therefore, they would be older inherited features, which were reactivated.
Terrigenous rocks were classified as lithic arkoses to litharenites and were related to the dissected arc, transi-
tional arc, and lithic recycled orogen provenance terranes of Dickinson (1985).

Our U-Pb geochronology and Hf isotope geochemistry results show the same Late Cretaceous and Permo-
Triassic peaks as seen in samples from the sequence below (San Cayetano, Figure 5). Additionally, there
seems to be a reduction in Proterozoic and Paleozoic provenance for these samples, suggesting less erosion
of distant old massifs related and more erosion of younger basement massifs, though recycling of zircons is
also a possibility. Considering that the SJFB had already been accreted by late Eocene times, the predomi-
nance of Upper Cretaceous and Permo-Triassic terranes suggests that sediment supply was mostly coming
from the northern CC and SNSM in the SE and NE.

5.7. The Middle to Late Eocene Unconformity

The contact between Sequences 3 and 4 (Chengue and San Jacinto) is also an unconformity of middle to late
Eocene age (35-40 Ma), which has been recognized in the SJFB (Duque-Caro, 1984, 1991; Guzman, 2007) as
the expression of a third shortening phase, related to the plate tectonic readjustment and to the onset of flat
slab subduction. Van der Lelij et al. (2016) suggested that the Santa Marta-Bucaramanga Fault was active at
~40 Ma, that rapid exhumation at that time is well documented along the western margin of South America,
and that such widespread contractional phase could be related to an episode of accelerated convergence of
~15 cm/yr, between the South American margin and the Farallén Plate. However, much more data and
studies are required to understand the significance of this unconformity and its possible relationship with
major plate tectonic processes.
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5.8. Late Eocene to Oligocene

Sequence 4 (San Jacinto) was possibly also deposited in a shallow subduction fore-arc setting, in late Eocene
to early Oligocene times. It comprises shallow marine carbonate facies in the central and southern SJFB and
siliciclastic deposits (fan deltas) in the central eastern part. As shown by seismic data, these deposits are
affected by the same family of SE-NW trending extensional faults that affects Sequences 2 and 3.

Cardona et al. (2012) stated that the conglomerates deposited after the middle Eocene tectonism contain less
igneous and metamorphic rock fragments and more sedimentary rock fragments, quartz, and stable heavy
minerals compared to the pre-middle Eocene conglomerates of Sequence 2, suggesting a depletion of the
more proximal volcanic sources. Petrographic analyses (Ecopetrol/ICP, 2014) revealed that the origin of silici-
clastic samples of this sequence is related to transitional to quartzose recycled orogens, with few samples
related to a magmatic arc. Though such data suggest less supply from magmatic arc sources, our new
U-Pb geochronology and Hf isotope geochemistry results reveal that the upper Eocene to lower Oligocene
sediments in the SamanEst-1 well were mainly sourced from Upper Cretaceous (Coniacian-Maastrichtian)
plutons with a Hf isotopic composition very close to that of the Bonga pluton (Mora et al., 2017). The apparent
contradiction between petrography analyses suggesting recycled orogen provenance versus geochronology
suggesting magmatic arc provenance could also be related to zircon recycling from older sedimentary units.
However, the secondary magmatic arc signature from both petrography and geochronology still suggests
mixed source areas for the northern SJFB such as the present-day Magangué-Cicuco high and the northern
CC, located toward the SSE (Figure 3).

Figure 16 very clearly shows that the Caribbean-NW South America convergent margin became relatively
stable since Oligocene times, exhibiting low convergence velocities and obliquities. We relate this to the evo-
lution of the margin from a highly oblique convergent margin, possibly exhibiting subduction erosion (Clift &
Vannucchi, 2004) in Late Cretaceous to Eocene times, to a more orthogonal convergent margin, exhibiting
subduction accretion since early Miocene times, when the accretionary prism probably started forming.

6. Conclusions

In this study we have linked the Late Cretaceous to Eocene tectonostratigraphy of the San Jacinto fold belt of
NW Colombia with the plate tectonic evolution of northwestern South America, which experienced
Caribbean Plateau collision and flat subduction. Using a regional geology and geophysics database, we were
able to relate the deposition of four unconformity-bounded fore-arc basin sequences to specific
collision/subduction stages and to relate their bounding unconformities to major tectonic episodes. The
Upper Cretaceous Cansona sequence (Sequence 1) was deposited in a marine fore-arc environment in which
a normal thickness Caribbean Plate was being subducted beneath northwestern South America, producing
contemporaneous magmatism in the present-day northern Central Cordillera and Lower Magdalena Valley
basin. Coeval strike-slip faulting by the Romeral wrench fault system accommodated right-lateral displace-
ment due to strongly oblique convergence. In latest Cretaceous to early Paleocene times, the Caribbean
oceanic plateau collided with South America causing a major shortening event and marking a change to a
turbiditic marine sedimentation with abundant terrestrial input, which characterizes the upper Paleocene
to lower Eocene San Cayetano sequence (Sequence 2). This sequence was also deposited in a fore-arc setting
with an active volcanic arc that probably represents the final melting stage of the previously subducted nor-
mal thickness Caribbean slab. A lower to middle Eocene angular unconformity at the top of the San Cayetano
sequence, a second major shortening event, 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 subduction of the thick
and buoyant Caribbean oceanic plateau beneath South America, which occurred between 56 and 43 Ma.
Onset of low-angle subduction was probably caused by a major change in plate convergence angle and
velocity, as suggested by paleotectonic reconstructions. As low-angle subduction was gradually established,
coarse-grained clastics and carbonates of the Chengue sequence (Sequence 3) were deposited in the forearc
of a newly formed subduction complex. A middle to late Eocene unconformity also related to a contractional
event separates the Chengue from the San Jacinto sequence (Sequence 4), which comprises similar types of
terrigenous and calcareous deposits. Detrital zircon U-Pb geochronology and Hf-isotope geochemistry
suggest that the upper Paleocene to upper Eocene San Cayetano and Chengue/San Jacinto Sequences were
mostly sourced from Upper Cretaceous oceanic and continental-affinity magmatic arcs and from
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Permo-Triassic igneous-metamorphic basement blocks. Low-angle subduction of the Caribbean Plateau has
continued to the present and appears to be the main cause of the amagmatic post-Eocene deposition. Our
interpreted plate tectonic configuration of northern Colombia implies the existence of a tear or STEP fault in
the Caribbean Plate, located toward the western end of the Oca-San Sebastian-El Pilar Fault System.
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