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Abstract: A stratigraphic section in the San Jacinto fold and thrust belt located at
northwestern Colombia was studied. This section displays part of the Oligocene-
Early Miocene Ciénaga de Oro Formation (COF). This work analyses the sediments
provenance using a multi-tool approach which include: (I) conglomerate and sandstone
counting clast with mesh, (II) heavy minerals assemblages, (III) paleocurrents and
(IV) U/Pb detrital zircon ages. The sedimentary sequence was deposited in deltaic
to transitional environment deposition, with reduction in the waves and tidal effect,
and increase in the dominance of transitional river processes upward the section. Two
main source areas have been identified from a dissected arc province: a main granitic
to pegmatitic and a secondary basic igneous source rocks, located to the east and
southwest of the current position. Detrital zircon U-Pb geochronology analysis display
four age populations: (I) Devonian-Permian, (II) Permian-Triassic, (III) Jurassic and
(IV) Cretaceous, with maximum deposition ages of 75.240.9 Ma in the lower part
of the section, 68.940.6 Ma in the middle and 74.5+£0.7 Ma for the upper part. It is
proposed that COF was sediment-supplied by a south-to-north fluvial system, which
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drained exposed basement blocks and their late Cretaceous to Paleogene sedimentary
cover during the Oligocene. This fluvial system carried sediments from late Cretaceous
plutons like the Antioquefio Batholith and mafic/ ultramafic rocks, which make up the
basement of the Western and Central Cordilleras.

Keywords: Ciénaga de Oro Formation, San Jacinto Fold Belt, Provenance, Heavy
minerals, Paleocurrents, Northern South America plate.

Resumen: Se realizé el estudio de una seccion estratigréfica en el Cinturén Plegado y
de Cabalgamiento de San Jacinto, localizado en el noroccidente de Colombia. En esta
seccion aflora parte de la Formacion Ciénaga de Oro del Oligoceno-Mioceno temprano.
Este trabajo analiza la procedencia de los sedimentos, utilizando un enfoque de multiples
herramientas que incluye: (I) conteo de clastos de areniscas y conglomerados con malla,
(IT) minerales pesados, y (III) paleocorrientes y (IV) edades U-Pb de circones detriticos.
La secuencia sedimentaria fue depositada en un ambiente deltaico a transicional, con
reduccion del efecto del oleaje y la marea junto con el incremento de la dominancia delos
procesos transicionales de rio hacia el tope de la seccién. Se identificé dos 4reas fuentes de
una provincia de arco disectado: principalmente un drea fuente de composicién granitica
a pegmatitica y un 4rea fuente secundaria de composicion ignea a bdsica, localizadas
al este y suroeste de la posicién actual de la secuencia. El andlisis geocronolégico de
circones detriticos muestra cuatro poblaciones de edades: (I) Devénico-Pérmico, (II)
Pérmico-Tridsico, (III) Jurésico y (IV) Cretécico. Las edades maximas de depositaciéon
corresponden a 75,240,9 Ma en la parte mds baja de la seccién, 68,940,6 Ma en
el medio y 74,5+0,7 Ma para la parte superior de la seccién. Se propone que el
material depositado en COF fue suministrado desde sistemas fluviales del sur hacia
el norte, que erosionaron bloques de basamento expuesto y su cobertura sedimentaria
(Cretécico tardio a Palegena) durante el Oligoceno. Este sistema fluvial transportd
sedimentos desde plutones tipo Batolito Antioquenio del Cretdcico Tardio y rocas
méficas/ ultraméficas, como las encontradas en las Cordillera Central y Occidental.
Palabras clave: Formacién Ciénaga de Oro, Cinturén Plegado San Jacinto,
Proveniencia, Minerales pesados, Paleocorrientes, Norte de la placa suramericana.

Introduction

Previous studies in the Caribbean province, located in the North Andean
Block at northwestern South America, have been mainly focused on Late
Cretaceous to Early Oligocene tectonostratigraphic sequences of the San
Jacinto Fold Belt (SJFB), linking the Caribbean-South America plate
boundary evolution to the Caribbean Plateau collision (e.g. Cardona ez
al., 2012; Mora et al., 2017b; Osorio-Granada e al., 2020) (Figure 1).

The Caribbean-South American convergent margin has shown
different pulses of deformation since Late Cretaceous, period in which is
suggested a subduction erosion after an accretionary event (Mora ez 4L,
2017b, 2018). An Oligocene—Early Miocene stratigraphic section in the
SJEB was studied, which is part of the Ciénaga de Oro Formation (COF)
and represents the first episode of sedimentation above the Oligocene
unconformity (Arminio ez al., 2011).

Some uncertainties still prevail about the sediment source areas of
Oligocene—Early Miocene rocks deposited along the SJFB area, and their
relationship with the tectonic setting. This study strive to contribute to
enhance the understanding of this complex issue by using a multi-tool
approach throughout: 1) clastscounting in sandstones and conglomerates
with mesh, 2) heavy minerals assemblages, 3) paleocurrents, and 4) U-Pb
detrital zircon ages.
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Figure 1
Geological map of the San Jacinto Fault Belt, the Sint Fold Belt and Lower Magdalena
Valley Basin. The location of previous studies on the Late Cretaceous — Eocene (Mora et
al., 2017b), Late Paleocene — Late Eocene (Cardona ez 4/., 2012), Early Eocene — Oligocene
(Osorio-Granada ez 4l., 2020) sediments and the stratigraphic section are also included.

Geological setting

The San Jacinto Fold Belt (SJFB) is part of the Caribbean Terranes
province (sensu Cediel ez al, 2011) (Figure 2). The SJFB is limited by
the Caribbean sea to the NW, the Lower Magdalena Valley Basin to the
east, and the Western Cordillera to the south (Barrero ez a/., 2007; Cediel
et al., 2011; Cardona ez al., 2012). A dextral transpressive deformation,
which generates a series of reverse west—vergent faults, and elongated
folds that are oblique to the faults trend, has been proposed along the
SJFB (Bermudez et al., 2009; Cediel et al., 2011). The Sinti Fold Belt
(SEB) is located to the west of the SJFB, and faulted against it along the
Sint fault (corresponding to the Sint lineament at surface e. ¢. Aguilera,
2011). Gravimetric data in the SJFB reveal that it is a sedimentary basin
formed by two depocenters in the northern and southern areas separated
by a paleo-high (Alfaro and Holz, 2014a). The Central Continental Sub-
Plate is located to the east of the Caribbean Terranes (Figure 2) and
formed by a heterogeneous lithotectonic domain in which the Lower
Magdalena Valley Basin (LMVB) is located (Aguilera, 2011; Alfaro and
Holz, 2014a).
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The LMVB has been described as a transtensionaltriangular shape
basin (Reyes ¢t al., 2004; Barrero e al., 2007) limited by the SJFB to
the west, the metamorphic and igneous complex of Central Cordillera
and the Serrania de San Lucas to the south and southeast, and the
Bucaramanga-Santa Marta fault system to the east (Barrero et al., 2007;
Arminio ez al., 2011) (Figure 2). A basement high (Magangué-Cicuco
High) divides the LMVB into El Plato and San Jorge sub-basins to
the north and south, respectively, and controlled the sedimentation in
these two depocenters from Eocene to Late Miocene (INGEOMINAS,
2003; Barrero et al., 2007; Silva-Arias e al., 2016). The LMVB has been
classified as a Paleogene to Recent multiphase forearc and back-arc basin
related to multiple tectonic phases (Arminio ez 4/, 2011; Mora et al.,
2018).
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Figure 2
The North Andean Block with the Caribbean Province Basins (SJFB and LMVB),
regional faults and the stratigraphic section location (modified after Cediel et al., 2003;
Cortés and Angelier, 2005; Villagémez and Spikings, 2013; Caballero ez 4/., 2016).

The LMVB and the SJFB show correlative stratigraphy since the
Oligocene (Figure 3), with shallower environments in the SJFB than in
the San Jorge and Plato sub-basins. During the Paleocene and Eocene, the
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SJFB is interpreted as a more restricted basin, controlled by faults to the
cast, where the area of the LMVB could be emerged (Arminio et al.,2011;
Rosero ez al., 2014; Mora-Bohorquez, 2018).
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Figure 3
Chrono-lithostratigraphic distribution of Ciénaga de Oro Formation along San
Jacinto Fold Belt (SJFB) and Lower Magdalena Valley Basin (LMVB). San Jacinto
Formation, Chengue Formation, San Cayetano Formation, Cansona Formation
and Cretaceous basement are also included (modified after Mora et al., 2017b).

Stratigraphic section

The Ciénaga de Oro Formation (COF), is part of the Oligocene—Early
Miocene section of SJFB and the LMVB, between the older Eocene
(?) Toluviejo and the younger mid-Miocene (?) Porquero formations.
Arminio e al. (2011) proposed that Ciénaga de Oro Formation is
an Oligocene transgressive succession that marks the first episode of
sedimentation above the Oligocene unconformity. Furthermore, COF
has been correlated chronostratigraphically with El Carmen and El Floral
Formations (Barrero et al., 2007; Bermudez et al., 2009; Rosero et al.,
2014).

The lithological,  paleoenvironmental —and  paleontological
characteristics of the El Floral and the COF formations allow their
integration as a single sedimentation event, from continental to
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transitional nature, which took place in deltaic to shallow marine
environments (Guzmadn ez 4l., 2009; Bermudez et 4l., 2009).

The COF has been divided into two members, differentiated by their
grain size and corresponding to environments deposited at different
depths (Duenas and Duque-Caro, 1981; Guzmén ez al., 2009; Bermtidez
et al., 2009). The Lower Member of COF is characterized by Oligocene
marine sediments with shales, fossiliferous sandstones, glauconitic
sandstones and claystones, whereas the Upper Member includes Early
Miocene deltaic transitional successions of conglomeratic fine sandstones
(with igneous and sedimentary clasts), siltstones, coal, grey shales and
calcareous-carbonaceous shales (e.g. Duenas and Duque-Caro, 1981;
Guzman et al.,2009; Rosero et al., 2014; Alfaro and Holz, 2014b; Osorno
and Rangel, 2015).

Samples and methods

The study area is a stratigraphic section of the COF along the
Monterfa-Plancta Rica highway opened during the 2016 (Figure 4).
The geographical coordinates for this section are 8°32'33.18"N -
75°41'14.15"W to the base and 8°31°52.67”N - 75°40732.64”W to the

top.
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Figure 4

Data and samples collection control points for the stratigraphic section, geologic
province of the Sint-San Jacinto Basin and Lower Magdalena Valley Basin.

Most of the road is closely normal to the structural trend, which
allowed to measure, describe and collect samples from a stratigraphic
section of 384 m for the COF with minor corrections (Figures 5 and 6).
To identify the sediment provenance of the COF, the following methods
were applied: 1) counting of clasts with mesh, 2) a heavy mineral, 3)
paleocurrents and 4) detrital zircons U-Pb geochronology.
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Figure 5
Photographic record of the study section at the data collection control points: A and B from
001 control point to 003 control point. C and D from 004 control point to 006 control point.

Along of the 384 m-thick studied stratigraphic section, 18 sedimentary
cycles were interpreted, and different data were collected: I) fossiliferous
content (mainly gastropods and bivalves), II) sedimentary structures,
III) textural and compositional description, IV) clasts counting, and V)
paleoflow measurements (Figure 6).

Conglomeratic sandstone and Sandy conglomerate counting with mesh

Clast composition and its proportion from conglomeratic sandstones
help elucidating sediment sources, as these particles tend to suffer less
transport it is expected that their source would not have been far
from the depocenter. Direct measurements were made on the beds of
conglomerate sandstones and sandy conglomerates at the stratigraphic
section, simulating the count of framework grains made in a thin
section at the microscopic level. This allows to identify and describe the
characteristics of the clasts and their estimated amount in each bed (¢be
Gazzi-Dickinson point counting method (Ingersoll ez al., 1984)).

This statistical method was applied in conglomeratic sandstones and
sandy conglomerates, where a 20x20 ¢cm mesh with subdivisions of 1 cm
was used. Counting of 400 clasts per bed was made for 10 beds along
the section, for a total of 4000 counted clasts. Clasts of quartz, feldspar
and lithic fragments were discriminated; sedimentological characteristics
such as grain size, matrix composition, sorting and roundness of clasts,
grain contacts were identified, and physical characteristics of clasts were
described.

Subsequently, a statistical analysis of the data was carried out by
determining the mineral percentages in each sample, which helped to
identify their possible tectonic source by following tectoprovenance
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Figure 6

Integrated stratigraphic section with samples location, bed
attitude and paleocurrent directions. Supplementary material.

Heavy minerals assemblages

Nature of heavy minerals and their relative abundance in samples may
be diagnostic of the sediment source rock composition, therefore their
identification and statistic analysis are useful in sediment provenance
analyses. Heavy minerals are characterized as accessory components of
sedimentary rocks, which density is above 2.82 g/cm3 (Mange and
Maurer, 1992) and they facilitate the identification and discrimination
of sediment source associations (Mange and Maurer, 1992; Mange and
Wright, 2007).

Ten samples of conglomeratic sandstones and sandy conglomerates
were taken from the same beds where clast counting was made. The
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heavy mineral preparation and optical analyses were carried out at EAFIT
University.

The samples were disaggregated at the time of collection, and dry sieved
with 18, 120 and 200 meshes whose apertures are 1 mm, 125 um and
75 um, respectively, separating very coarse, coarse to fine, and very fine
sandstone grain sizes. Afterward, a pan was used to wash out the clay
content from the 200 mesh, and then the sample was dried in an oven
(Mange and Maurer, 1992; Mange and Wright, 2007). Heavy minerals
content was concentrated with the pan to assemble minerals on a slide
and slide cover with epoxy resins (Araldi LM-36A and LM-36B).

A line counting method of 300 grains was performed by using a
reflected and transmitted light microscope. This study identified stable,
ultra-stable and opaque mineral species of each heavy minerals assembly,
for a total of 3000 counted grains. Subsequently, a statistical analysis of
the data was carried out to determine the heavy minerals percentages,
possible tectonic source, and natural association from each sample.

Paleocurrent andlisis Paleocurrent andlisis

Some sedimentary structures as planar and trough cross stratification, or
some tool marks may record the flow direction during the sedimentation.
Multiple paleocurrent analyses allow determining directions of flow and
the vector of the sediment source (Tucker, 2003; Boggs, 2009).

Paleoflow structures —trough and planar cross bedding— were
measured from 9 beds of sandstone beds along the stratigraphic section
(DeCelles ez al., 1983; Tucker, 2003). These data were corrected for
the structural attitude of the beds by using the software Stereonet 9.8.3
(Allmendinger et al, 2013). Then, the results were plotted in rose
diagrams to show their preferential directions. Different paleocurrent
sets along the stratigraphic section were defined based on changes in
direction patterns and were associated with depositional environments
or/and paleoflow directions.

U-Pb geochronology in detrital zircon

Detrital zircon geochronology resolves the crystallization age of the
analyzed grains in order to associate them to their source rocks and
tectonic setting (e.g.  Cawood ez al, 2012; Beltran-Trivifio ef al,
2013; 2016). Detrital zircon separation followed standard procedures
was performed at the Department of Earth Sciences at EAFIT
University. Rock samples were crushed with a conventional jaw crusher,
and the dense mineral fraction was separated from the 400-63 um
fraction by panning. Zircons were hand-picked from the heavy mineral
concentrates in a random manner. After mounting in epoxy, zircon
grains were polished, and carbon coated at ETH Zirich. Zircon
cathodoluminescence (CL) was made using a Vega 3 (Tescan, Brno,
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Czech Republic) scanning electron microscope at the scientific center for
optical and electron microscopy (ScopeM) at ETH Ziirich.

Zircon U-Pb geochronology was performed through laser ablation
inductively coupled mass spectrometry (LA-ICP-MS) at the Institute
of Geochemistry and Petrology at ETH Zurich. Laser ablation spots
(19 microns) were selected in both cores and rims when it was
possible. Analytical parameters and specification can be found in the
Supplementary material.

Results
Conglomeratic sandstone and Sandy conglomerate counting

Clast-counting was performed on seven locations of sandy conglomerates
(three locations) and conglomeratic sandstones (four locations) beds
along the stratigraphic section (Table 1, Figure 7A and 7B).

Counting from conglomeratic sandstones show mean gravel size
between 2 and 4 millimeters, moderately to well-sorted, with subrounded
to subangular clasts and reddish to white color. Quartz, feldspar, and
lithic fragments (generally chert and a green rock) mainly have subangular
to subrounded shape that suggest a moderate to low transport. The
amount of quartz clasts increases from base to top, while the feldspar
content tends to decrease. The content of lithic fragments remains
relatively low. Furthermore, the roundness and sorting of the clasts tends
to increase along the section, evidencing changes of coloration that could
be associated with changes in the source’s proximity.

Table 1
Results of conglomerate and sandstone counting analysis.

Sample Q F FL Q% F% FL%
AMC-0001 132 220 48 33.00 55.00 12.00
AMC-1201 102 246 52 25.50 61.50 13.00
AMC-1801 148 202 50 37.00 50.50 12.50
AMC-1901 116 236 48 2000 59.00 12.00
AMC-1302 121 233 46 3025 58.25 11.50
AMC-3402 152 196 52 38.00 4000 13.00
AMC-0206 144 206 50 36.00 51.50 12.50
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Figure 7
A. Sandstone provenance and tectonic setting for the stratigraphic section (modified

from Dickinson (1985) in Boggs (2009)), and B. Sandstone classification (Folk, 1980).

Sandy conglomerates showed an average grain size between 8 to 9
millimeters. Clasts features include moderate sorting, subrounding and a
floating to tangential grain contacts that suggest low transport.

These rocks have reddish sandy matrix with calcareous content,
with moderately sorted and subangular grains of quartz, feldspar, and
lithic fragments (chert). The amount of quartz clast and feldspar varies
along the section, and the content of lithic fragments remains low.
Furthermore, the roundness and sorting of the clasts tends to increase
from base to top of the section.

Tectonic provenance discrimination (Dickinson, 1985) and sandstone
classification (Folk, 1980) diagrams show that beds of conglomeratic

sandstone and sandy conglomerate are plotted in the dissected arc field

and classified as arkoses (Figures 7A and 7B).
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Heavy minerals andlisis

The normalized percentage distribution of heavy minerals was obtained
for ten samples that were also normalized without mica, to better
differentiate the proportion of less frequent minerals (Figure 8A and 8B)
(Van Loon and Pisarska-Jamrozy, 2017; Nyobe et al., 2018; Garzanti
and Ando, 2019). In general, heavy minerals include ultrastable (zircon
and tourmaline), diverse opaque minerals (mainly oxides), a significant
amount of micas (muscovite > biotite), and several metastable minerals
of igneous and metamorphic origin (Table 2). Prismatic crystals of zircon
are more common that the amorphous ones in all the samples (Figure 9).
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Figure 8

Heavy minerals concentration in the collected samples. A. Normalized
distribution with micas. B. Normalized distribution without micas.
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Table 2
Heavy minerals percentages.
Opaques Mica Ultrastable I Metastable

(%) (%) (%) (%)

v e - 5 s 2 -3
Sample E % g % % g £ % g g .Té E ‘E E 'EE Ig E E §.
$ E £ g 5 §%*is N 3 5 FE2 ¥ S s

= £ B “ = =
AMD-0201 000 1033 933 1867 200 000 3833 800 233 000 400 000 267 000 433 000
AMD-1201 000 033 000 1267 633 000 6167 1567 000 033 000 033 000 000 267 000
AMD-1401 3.67 200 267 17.00 2.00 000 4433 1533 033 000 133 000 267 000 067 200
AMD-1201 000 000 000 1033 367 000 7933 433 000 000 167 067 000 000 000 000
AMD-3401 000 000 000 19.67 1167 000 4633 1633 000 000 367 167 000 033 033 000
AMD-0302 000 033 000 2200 1067 000 4700 1567 000 000 167 067 000 000 100 100
AMD-1202 000 100 000 1B33 833 000 4133 3500 000 033 200 033 000 000 133 200
AMD-2902 3.00 300 367 10.67 833 000 51.00 1233 033 100 267 000 300 067 033 000
AMD-3302 000 333 000 2400 1200 000 4633 900 000 000 067 133 000 200 000 133
AMD-0105 067 233 000 3067 767 000 3300 2133 000 167 067 067 133 000 000 000

The distribution of sulphide minerals tends to decrease from base to
top, while the content of oxides, mainly hematite, increases with the
ultrastable minerals content (e.g. zircon) along the section. Additionally,
metastable minerals such as olivine, augite and chlorite increase their
content from base to top, despite cassiterite, hornblende, calcite, and
gypsum decrease.

The decrease of sulphides and increase of oxides could indicate change
in the depositional environment or climatic conditions (e.¢. Nichols,
2009; Lara et al., 2018) while the increase of ultrastable minerals with
prismatic crystals such as zircon can indicate proximity of the source area.
On the other hand, the increase of metastable minerals (such as olivine
and augite) and the proportions of white mica could be related with the
compositional change of the source area.
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Figure 9
Ultrastable (AMD-0302, AMD-0105), metastable (AMD-0901, AMD-1201,
AMD-0302) and opaque minerals (AMD- 1401). Cal= Calcite, Gp= Gypsum,
Hem= Hematite, Lm= Limonite, Ms= Muscovite, Op= Opaque and Zrn= Zircon.

Paleocurrent andlisis

Results of paleocurrent analysis based on measurements of trough and
planar cross bedding are shown in three different sets, identifying the
mean flow vector and its dispersion along the stratigraphic section (Figure
10): Set 1 show means vectors and dispersion of the first meters in the
section, from the base to 130 m; Set 2 from 130 to 280 m, Set 3 from
295 to 380 m (Table 3A and 3B Supplementary material). Each set is
differentiated by their dominant direction quadrants in the rose diagrams
and their stratigraphic position along the section.

The first set of paleocurrents (S1) shows a unimodal pattern directed to
the SE in the first structure measure; a bimodal oblique pattern directed
to the NEE-ESE; a polymodal pattern directed to SE-SW-WNW, and
a unimodal pattern directed to the W in the last measure from this
segment (Figure 10). This set consists of 23 measurements (17 trough
cross bedding and 6 planar cross bedding).

The second set of paleocurrents (S2) shows unimodal patterns directed
to the N, SWW and NW, consisting of 18 measurements (7 trough cross
bedding and 11 planar cross bedding). The third set of paleocurrents
(S3) has 8 measurements of planar cross bedding, and shows unimodal

patterns directed to the W and WNW.
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Figure 10

Paleocurrents patterns along the section. P= Planar cross bedding,

T= Trough Cross bedding, S1= Set 1, S2= Set 2, S3= Set 3.

U-Pb detrital zircon geochronology

Three (3) medium-grained sandstone samples (AM0901, AM1201
and AM2902) (Figure 6) were chosen for U-Pb detrital zircon
geochronology. Onchundred and ninety-seven (197) detrital zircons
were dated for the three samples. In general, the sandstones show two
dominant groups of ages, Late Cretaceous (ca. 75 Ma) and Early Triassic
(ca.240 Ma) (Figure 11). Furthermore, a population of Permian ages can
be identified (250-300 Ma). The lowermost sandstones (AM0901 and
AM1201) also display minor populations at Late Jurassic (ca. 150-160
Ma) and Early Carboniferous (ca. 340 Ma). In the lowermost sandstone
(AMO0901) is remarkable the presence of some zircons dated at 100 and
140 Ma (Cretaceous). The maximum depositional ages for the lowermost
part (AM0901) of the section is 75.240.9 Ma, for the middle (AM1201)
is 68.940.6 Ma and for the uppermost part (AM2902) of the section is
74.510.7 Ma.
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Figure 11
Age frequency histograms of U-Pb detrital zircons geochronology. Note
peaks of Late Cretaceous (75 Ma) and Early Triassic (240 Ma) age.

Discussion

Provenance interpretation, heavy minerals assemblages, and U-Pb detrital
zircon geochronology

Provenance discrimination diagrams from conglomeratic sandstone and
sandy conglomerate samples show dissected arc affinity because of a
mixture of volcanic-derived rock fragments, plagioclase, K-feldspar and
quartz from igneous bodies (andesitic to basaltic) (Boggs, 2009) (Figure
7). It indicates a moderate influence of climate and minimal effects of
transport. A petrographic analysis from Osorio-Granada ez a/. (2020)
for the Ciénaga de Oro Formation (COF) rocks, stratigraphically higher
than our study section, reported quartzarenites and sublitharenites, while
a restricted proportion comprises subarkoses.
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According to Dickinson (1985) and Boggs (2009), magmatic arcs are
belts of positive relief composed of volcanic and plutonic igneous rocks
produced by subduction along arc-trench systems, and dissected arcs
expose deep seated plutonic rocks with higher proportion of plutonic
detritus. Derived sandstones and conglomerates from dissected arcs
show less volcano lithic fragments than those from undissected arcs.
Additionally, arkoses are related to deposition under a semi-arid climate,
fluvial systems environment and granitic-gneisses sources (Folk, 1980;
Tucker, 2003; Worden and Burley, 2003; Boggs, 2009).

The general high content of heavy minerals along the section, such
as muscovite (48.9%), hornblende (0.6%), cassiterite (1.8%), zircon
(14.3%) and tourmaline (0.3%) suggest an acid igneous to granite
pegmatite composition as the principal source rock (Figure 12). Also,
the high proportion of white mica suggests metapelitic source rocks. On
the other hand, the minor heavy minerals contents of magnetite (0.7%),
limonite (7.9%), augite (1.0%) and olivine (0.3%), suggest a basic igneous
secondary source (Figure 12).

The subangular to subrounded shape of lithic fragments (mostly chert
than igneous and metamorphic), feldspar and quartz, the conglomeratic
and sandy-conglomeratic textures, and the preservation of metastable
material (hornblende, biotite and cassiterite) suggest that the sediment
source could have been proximal from the deposition place.

& Tlmenite o Pyrite: Hematits

m Leucoxene m hica (Museovite = Biote) mZircon

m Olivine m Cassiterite mHomblende (Amp)

= Chilorite 2 Calcite Crypsum
Figure 12

Total heavy minerals percentage in the stratigraphic section.

U-Pb detrital zircon geochronology ages linked with paleocurrents
directions allow to propose some specific sources areas based on
the geochronological database available for the Central and Western
Cordilleras and/ or the lack of sources with younger ages. The most
plausible source areas are: Triassic (250-228 Ma) plutons from the
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Central Cordillera (Pueblito Diorite and Amaga Stock; Vinasco et al.,
2006; Leal-Mejia, 2011), the Late Cretaceous Antioquenio Batholith
(94 Ma - 56 Ma; Correa et al., 2006; Ordénez et al., 2007; Restrepo-
Moreno ez al., 2009; Leal-Mejia, 2011; Villagdmez ez al., 2011). Potential
Late Cretaceous plutonic source rocks from the Western Cordillera are
the Sabanalarga Batholith-Santa Fe de Antioquia and the Altamira and
Buriticd plutons (100 Ma-88 Ma; Ordéfiez et al., 2007; Weber et al.,
2015; Zapata- Villada ez al., 2017).

Provenance szgnzﬁmnce in sedimenmry Environments

According to the paleogeographic maps of Villamil (1999) and
Escalona and Mann (2011), the COF was located in a shore-deltaic
environment and fluvial to deltaic environment during the Oligocene and
Miocene, respectively (Figure 13). Detailed macroscopic and microscopic
lithological descriptions, facies analysis, and a paleoenvironmental
reconstruction (ca. 130 m-thick section, Figure 4) was analyzed by
Castillo- Guerra and Soto-Lépez (2017). They proposed deltaic to shore/
foreshore transitional environments, suggesting an auto—cyclic deltaic
system rather than an eustatic main control during the deposition.

Middle Oligocene (~30 Ma) Middle Miocene (~14 Ma)

‘aribbean plate

BOPOW Romeral fault suture zone 75°0W  B0°0W . : 750w
@ Stratigraphic section B carbonate platform e et SR AP R T m::ﬂ:g :;:'::"
[ oceaic basins (Caribben and atanticy [_] Aceretionary prism - Nommal fault 4 Allovial fin

— Sirke-slip sense

- Grear Arc — Aves Ridge l:l Fluvial to deltaic-coastal ,—D Main source Area
D Forearc basin — Tobago Trough [ niddle-Outer shelf B Secondary source Area

Figure 13

Regional paleogeographic maps for Middle Oligocene and Middle Miocene, stratigraphic

section location and potentials sources areas (modified after Escalona and Mann, 2011).
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Set 1 (S1) of paleocurrents may be related to shore, foreshore and
delta plain transition environments (Castillo-Guerra and Soto-Lépez,
2017), which might suggest that the high dispersion in the paleocurrent
directions is related to the migration of delta channels (Tucker, 2003).
The unimodal patterns of set 2 (S2) and set 3 (S3) may be interpreted
as the transitional flow direction of deltaic to fluvial channels, which
dispersion reflects river sinuosity. The different directions of unimodal
patterns of the second and third paleocurrent set (S2 and S3) suggest
a lobate to elongate delta system with a reduced wave and tidal effect,
and the dominance of transitional river processes (Tucker, 2003; Boggs,
2009). According to these results, the main sediment transport direction
is from east-southeast to west-northwest, which means that the sediment
source was located to the eastsoutheast from the deposition area.

Most of the U-Pb detrital zircons ages are Late Cretaceous (aprox.
75 Ma) and Early Triassic (aprox. 250 Ma) suggesting predominant
sediment source rocks of these ages, such sediments were deposited
during the Oligocene (34-24 Ma) as proposed by Duefias and Duque-
Caro (1981), Jaramillo e 4/, (2011) and Osorio-Granada ez /., (2020).
The study from Osorio-Granada ez 4/, (2020) indicates that sediments
of the COF were deposited in tropical coastal and shallow marine
environments, where the sediments were transported by short rivers from
the crystalline massifs of the Lower Magdalena Valley and the northern
Central Cordillera basements, while distal transport of sediments may
have occurred along longer rivers, which brought sediments from
southern regions located between the Central and Western Cordilleras.

Tectonostmtzgmphic events

The interaction between the Caribbean and South American plate has
been explained by two tectonic models: I) the allochthonous model that
suggests a pacific origin of the Caribbean plate by Late Cretaceous and the
later north-northeast migration (Pindell ez 4/, 2005; Kerr and Tarney,
2005; Escalona and Mann, 2011) and II) the autochthonous model, which
proposes a Caribbean plate origin from the separation among North and
South American plates since a Triassic to Jurassic intracontinental rifting
(James, 2009b), indicating a polyphase rifting in San Jacinto Basin (e.g.
Alfaro and Holz, 2014b).

Consequently, the Sinti-San Jacinto Fold Belts (SSJFB) has been
interpreted in different ways: I) as an accretionary arc system deformed
by the Caribbean and South America convergence, which contrasts
with the constitution of the Andean Cordillera (Flinch, 2003; Vallejo
et al., 2006; Bustamante et al., 2011; Cardona et al., 2012); II) as an
accretionary prism with Cenozoic low-angle thrust imbricates, linked
with the interaction between the oceanic Caribbean plate and the South
America plate (Kellogg et al., 2005; Vinnels ez al., 2010; Arminio ez
al., 2011; Cediel e al., 2011; Bernal-Olaya ez al., 2015; Mora et al.,
2017a, 2017b), and III) as an accommodation space related to an
intracontinental rifting result of the Caribbean plate formation (James,
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2009a, 2009b; Alfaro and Holz, 2014b). The results of this study
show evidence of lithological and mineral assemblage associated with
an igneous acid (granitic to pegmatitic composition) sediment source
rocks from a dissected arc, and in minor proportions, an igneous basic
source rocks. It concurs with a collisional interaction between Caribbean
and South America, generating a magmatic arc and subsequent erosional
process.

In the study area—the SJFB—at the western of the Romeral Fault
System, there is still debate about the nature of the basement; according
to Mantilla-Pimiento (2007) and Bermudez et al. (2009), the area has
a pre- Upper Cretaceous igneous-metamorphic continental basement.
However, an oceanic Upper Cretaceous basement has been proposed
by some other authors (Duefias and Duque-Caro, 1981; Flinch, 2003;
Vallejo ez al., 2006; Guzmén ez al., 2009; Cardona ez al., 2012). For the
LMVB, Permo-Triassic migmatites, granulites, amphibolites and biotitic
gneisses have been reported as the eastern basement of the basin (Flinch,
2003; Mora et al., 2017a). Furthermore, the Upper Cretaceous oceanic
crust found near Sind-San Jacinto Fold Belt (SSJFB) are related with
accretional process result of the oblique collision of Caribbean plate and
northern South America plate, and both basins (the LMVB and SJFB)
basement have continental or transitional crust affinity (e.¢. Montes ez al.,
2010; Mora et al., 2017a).

Recent provenance studies of Paleogene conglomerates in the San
Jacinto Basin have suggested sedimentary sources related to Late
Cretaceous Intra-Oceanic arc mixed with Permo-Triassic Continental
basement (Cardona er al., 2012), as found in the Western Cordillera,
Santa Marta and Guajira regions. The analyzed geochemical data of
magmatic clast, from the same study, show affinity of an intraoceanic calc-
alkaline magmatic arc with a high proportion of igneous-metamorphic
lithics, indicating a volcanoplutonic of intermediate to mafic character
for the main source area. Also, it suggests that the SSJFB are related to a
forearc type or a transcurrent accreted terrane, which were the result of a
Late Cretaceous arccontinent collision (~75-73 Ma). Mantilla-Pimiento
et al. (2009), based on a 3D density model, proposed an offscraping
mechanism for emplacement of ultramafic and mafic rocks in the San
Jacinto Belt over continental rocks of a tectonic wedge during subduction
of the Caribbean plate. Both models link the SSJFB to a transient arc—
continental collision.

Arminio ef al. (2011) and Mora ez al (2017a, 2017b) suggest a
Central Cordillera source for SJFB Basin sediments —Late Cretaceous
volcano-plutonic rocks of the northern part of Central Cordillera,
which occupied the area now covered by LMVB (Aguilera, 2011)—. In
addition, Aguilera (2011) proposes that the provenance for Paleogene
sediments in the LMVB from volcanic rocks to the south, related to the
Central Cordillera, based on geochemical data thatlink emplacement and
metamorphism ages around 61 Ma with Central Cordillera Orogenesis
(Andean Orogenia). According to Mora ez al. (2017b) the detrital zircon
U-Pb geochronology suggests Upper Cretaceous and Permo-Triassic
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basement block sources for the Upper Paleocene to the Lower Oligocene
sediments of the SJFB.

The results of paleocurrent and petrographic analyses suggest an E-
SE location of the source area, and two main sediment sources: an acid
igneous rock as principal one, and a basic igneous rock as a secondary
source (Figures 7 and 10); hence that supports the idea of the Central
Cordillera as the main potential source area, being located to the east and
southeast of the COF during the Oligocene and Early-Miocene (Figure
13). Furthermore, Late Cretaceous granitoids in the LMVB (Mora ez 4L,
2017a) may have been sediment source for the COF in the SJFB, as these
plutonic rocks might have been exposed by late Oligocene-Early Miocene.
Restricted mafic and ultramafic Cretaceous igneous bodies (e.g. Planeta
Rica Peridotite, Montelibano Peridotite, Nuevo Paraiso basalts) in the
SJFB could supply a minor proportion of sediments during the deposition
of the COF (e.g. Bernal-Olaya ez al., 2015; Silva-Arias e al., 2016; Mora
et al., 2017a; Mora- Bohérquez, 2018).

Conclusions

Provenance analysis of sedimentary rocks undergird the understanding of
basement configuration and paleoenvironmental evolution for the Late
Oligocene- Early Miocene of northwestern Colombia and tectonic events
related to their depositional process. These findings agree better with
the para-autochthonous model for Caribbean and South America plates
interaction in which the presence of Late Cretaceous magmatic arcs is
suggested, and accretional prism model for the Sind-San Jacinto Fold
Belts basin.

The petrographic and paleocurrent analyses suggest granitic to
pegmatitic rocks of the Central Cordillera as the main source area, and
possibly other Late Cretaceous granitoids bodies in the LMVB (Mora e#
al., 2017a).

Detrital zircon geochronology analysis identifies four age populations:
(I) Permian, (II) Early Triassic, (III) Late Jurassic and (IV) Late
Cretaceous, with maximum depositional ages of 75.24+0.9 Ma in the
lower part of the section, 68.940.6 Ma in the middle and 74.5+0.7
Ma for the upper part of the section. A south-north oriented fluvial
system carried sediments from late Cretaceous plutons like Antioqueno
Batholith and mafic/ultramafic rocks to Sintd, San Jacinto and Lower
Magdalena Valley basins, and depict the basement of the Central and
Western Cordilleras.
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