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Abstract Tumaco is a forearc basin that contains insights into the Cenozoic geologic
evolution of SW Colombia. In this region, the subduction of the Farallon and Nazca
Plates beneath the South American Plate have controlled subsidence and magmatic
activity during the Oligocene to recent times. A synthesis of seismic, stratigraphic,
petrographic, geochronologic, and biostratigraphic data from outcrops and wells is
presented. The Tumaco onshore basin has a trough-shaped symmetric geometry lim-
ited to the east by the Western Cordillera and to the west by the Remolino Grande-
Gorgona Structural High. ca. 8000 m of sediments were accumulated in its depocenter
during the Cenozoic. The sedimentites are composed of mudrocks, sandstones, and
conglomerates, which vary in their proportions over time, and were mainly accumu-
lated in open marine and deltaic environments. Calcareous nannofossils, foraminifera,
and palynomorphs allowed assignment of the depositional time of the sedimentary
units; however, the low abundance, preservation, and reworking of microfossils in
some intervals require the use of multi-tools to determine the age of the deposits.
Sandstones are mainly litharenites and feldspathic litharenites, are texturally imma-
ture, and are composed of cherts fragments, basic to intermediate volcanic fragments,
and crystals such as feldspars (Na and K), pyroxene, amphibole, and biotite, which can
be associated with basic-intermediate volcanic, plutonic, and sedimentary rocks of the
current basement of Western Cordillera. Sediment provenance analysis (detrital zircon
and heavy minerals) suggests continuous volcanism from late Oligocene to Pleistocene
times, the activity of which has increased since the middle Miocene. The presence
of low percentages of pre-Cenozoic zircons and metamorphic rock fragments in the
Miocene units are related to reworking of ancient sedimentary units or to a partial
connection with the Central Cordillera basement. The study of Miocene - Pliocene
outcrops and well cores allows the interpretation of a shallowing of the basin during
the Messinian - Zanclean times. Volcanoclastic fans, as well as fluvial and coastal
sediments, associated with the current Patia and Mira Rivers are partially covering the
Miocene - Pliocene deposits.
Keywords: Tumaco Basin, sedimentary provenance, biostratigraphy, Colombian Pacific,
Cenozoic.
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Resumen Tumaco es una cuenca de frente de arco que guarda informacion sobre la
evolucion geologica cenozoica del SW de Colombia. En esta region, la subduccion de las
placas de Farallon y de Nazca bajo la Placa de Suramérica ha controlado la subsidencia y
actividad magmatica durante el Oligoceno al reciente. Se presenta una sintesis de datos
sismicos, estratigraficos, petrograficos, geocronologicos y bioestratigraficos obtenidos
a partir de afloramientos y pozos. La Cuenca Tumaco costa adentro tiene una geome-
tria de artesa simétrica limitada al este por la cordillera Occidental y al oeste por el

IIES Alto Estructural Remolino Grande—Gorgona. Alrededor de 8000 m de sedimentos fueron
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acumulados en su depocentro durante el Cenozoico. Las sedimentitas corresponden a
lodolitas, arenitas y conglomerados, que varian en su proporcion a través del tiempo,
y fueron principalmente acumuladas en ambientes marinos abiertos y deltaicos. Los
nanofosiles calcareos, foraminiferos y palinomorfos permitieron controlar la edad de
acumulacion de las unidades sedimentarias; sin embargo, debido a su baja abundancia
y preservacion y al retrabajamiento de microfosiles en algunos intervalos, se requiere el

IIES uso de herramientas multiples para determinar la edad de los depositos.
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Las arenitas son principalmente litoarenitas y litoarenitas feldespaticas, texturalmen-
te inmaduras y compuestas por fragmentos de chert, fragmentos volcanicos basicos
a intermedios y cristales, tales como feldespato (Na y K), piroxeno, anfibol y biotita,
los cuales pueden asociarse con las rocas volcanicas basicas—intermedias, plutonicas

IES y sedimentarias del actual basamento de la cordillera Occidental. El analisis de proce-
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1. Introduction

The Tumaco Basin is part of a series of forearc basins located
in the Pacific margin of the northern Andes (SW Colombia),
where the Nazca and South American Plates have interacted at
least since the Miocene (Aleman & Ramos, 2000; Barrero et al.,
2007; Borrero et al., 2012; Hall & Wood, 1985; Lopez—Ramos,
2009; Ramos, 1999). The basin axis has an ~N30°E orientation,
which is parallel to the current arc system and the Colombian
Pacific subduction zone (Figure 1). Tumaco Basin is divided by
the Remolino Grande—Gorgona Structural High into onshore
and offshore basins (Figure 1), also called the Manglares Ba-
sin by some authors (e.g., Lopez—Ramos, 2009; Marcaillou &
Collot, 2008). This region is characterized by a low relief and
dense rain forest that has prevented the performance of system-
atic geological studies; thus, its geological history has remained
poorly understood. The available geological maps are mainly
based on geomorphology and scarce field and chronologic con-
trol (e.g., Nivia et al., 2003). In addition, most of the sedimen-
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dencia (circones detriticos y minerales densos) sugiere vulcanismo continuo desde el
Oligoceno tardio al Pleistoceno, con incremento en la actividad desde el Mioceno medio.
La presencia de bajos porcentajes de circones precenozoicos y fragmentos de rocas me-
tamorficas en las unidades del Mioceno puede estar relacionada con el retrabajamiento
de unidades sedimentarias antiguas o con una conexion parcial con el basamento de la
cordillera Central. El estudio de afloramientos del Mioceno—Plioceno y nlcleos de pozo
permite interpretar una somerizacion de la cuenca durante el Mesiniano—Zancliano.
Abanicos volcanoclasticos, asi como sedimentos fluviales y costeros, asociados a los rios
Patia y Mira se encuentran cubriendo parcialmente los depdsitos miocenos—pliocenos.
Palabras clave: Cuenca Tumaco, procedencia sedimentaria, bioestratigrafia, Pacifico

tary deposits of the basin are below the surface. Therefore, the
spatial and temporal relationships of the stratigraphic units are
not well known. The presence of hydrocarbon shows within
wells and outcrops indicates the existence of an active petro-
leum system (Barrero et al., 2007). Thus, oil exploration studies
are the major source of information for the geology of the basin
(e.g., Lopez—Ramos, 2009; Sudrez, 1990, 2007). Nevertheless,
much of this information remains private and unpublished.
The basement of the Tumaco Basin is composed of Cre-
taceous basic igneous and sedimentary rocks, formed in the
eastern Pacific and accreted to the continental margin of South
America during the Late Cretaceous — Paleogene (Echeverri et
al.,2015a; Spikings & Simpson, 2014; Villagémez et al., 2011).
It is uncomfortably covered by siliciclastic and volcanoclastic
rocks deposited from Eocene to Pliocene times (Barrero et al.,
2007; Borrero et al., 2012; Echeverri, 2012; Lopez—Ramos,
2009; Marin—Cerén & Sierra, 2011; Sudrez, 1990, 2007). These
Cenozoic rocks can reach more than 8000 m in the depocenter
of the basin (Agencia Nacional de Hidrocarburos & Universi-
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Figure 1. Location of the Tumaco Basin (yellow color) and studied localities mentioned in the text.

dad de Caldas, 2011a; Suérez, 1990, 2007). Neogene units are
characterized by thick fluvial and deltaic siliciclastic deposits,
which have been particularly considered for hydrocarbon ex-
plorations (Agencia Nacional de Hidrocarburos & Antek, 2013;
Cediel et al., 2009; Echeverri, 2012; Garcia, 2012; Lépez—Ra-
mos, 2009; Suarez, 1990, 2007).

Due to scarce information from the Pacific basins, in 2008,
the Agencia Nacional de Hidrocarburos (ANH) initiated a cam-
paign to drill wells in different sectors of these basins (e.g.,
ANH-Tumaco 1-ST-S and 1-ST—P wells and Buenaventura
1-ST-P) to investigate their petroleum systems. New geological
information from wells and outcrops collected in recent multi-
disciplinary studies carried out by the Universidad de Caldas and
the ANH (Agencia Nacional de Hidrocarburos & Universidad
de Caldas, 2011a,2011b) shed light on the geological history of
the basin. A total of 1544 analyses were performed, including
biostratigraphy (palynology, foraminifera, and calcareous nan-
nofossils), petrography, and geochronology (U/Pb, Ar/Ar, and K/
Ar methods). The integration of these results along with unpub-
lished reports and published data (Bedoya et al., 2013; Borrero
et al., 2012; Echeverri et al., 2015a, 2015b, 2016) allowed an

age model to be established and the provenance and paleoenvi-
ronment for the sedimentary rocks of the basin to be illustrated.

2. Stratigraphy of the Tumaco Basin

Different stratigraphic nomenclatures have been proposed for
the sedimentary rocks of the Tumaco Basin (Figure 2). Region-
al studies of the Servicio Geolégico Colombiano (Arango &
Ponce, 1980) used the stratigraphic model established by van
der Hammen (1958), which was based on previous descriptions
made by Oppenheim (1949). van der Hammen (1958) reported
that the Guapi Formation (Pliocene) uncomfortably overlays
the Miocene Naya Formation (Figure 2). Later, using main-
ly seismic and well information, Sudrez (1990) proposed four
lithostratigraphic units that have served as references for recent
studies (e.g., Agencia Nacional de Hidrocarbuos & Universidad
de Caldas, 2011a; Borrero et al., 2012; Escovar et al., 1992).
This author compared the sedimentary record of the Tumaco
Basin to the neighboring Borbén Basin in Ecuador, defining
several units from base to top: (i) 1 Sur Unit Formation (Oligo-
cene); (ii) Cayapas, Viche, and Angostura Formations (lower
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— middle Miocene); (iii) Chagiii and San Agustin Formations
(middle/upper Miocene — lower Pliocene); and (iv) Guapi For-
mation (Pliocene). Subsequently, Nivia et al. (2003) separated
the youngest alluvial and deltaic deposits from the Guapi For-
mation, defining as Cascajal and Curay Members those under-
lying Pliocene and Miocene sedimentary deposits in the Narifio
Department. Echeverri et al. (2016) proposed the term Cascajal
Formation for the volcanoclastic rocks of the Messinian — Zan-
clean age reported by Nivia et al. (2003) (Figure 2). In contrast,
in the northern part of the Tumaco Basin, Aspden (1984) and
Aspden & Nivia (1985) proposed to divide the Neogene sedi-
mentary cover into two formations: (i) Mayorquin Formation,
composed mainly of mudrocks, and (ii) Raposo Formation, with
conglomerates and sandstones. The stratigraphic and chronos-
tratigraphic relationships of these units are unclear due to the
low-biostratigraphic resolution and the absence of continuous
outcrops. This has caused difficulties in performing regional
correlations between southern and northern units (Gonzalez,
2008; Instituto Colombiano de Geologia y Mineria & Instituto
Geografico Agustin Codazzi, 2005; Lépez—Ramos, 2009; Ni-
via et al., 2003). Although Borrero et al. (2012) followed the
stratigraphic nomenclature proposed by Sudrez (1990), they
grouped the sedimentary record into two megasequences, the
Oligocene — middle Miocene sedimentary megasequence and
the late Miocene — Holocene volcaniclastic megasequence.
Finally, Agencia Nacional de Hidrocarburos & Antek (2013)
informally proposed the names Tumaco and Tangareal del Mira
Formations for upper Oligocene and Neogene deltaic deposits
associated with the paleo—Patia and Mira Rivers (Figure 2).
In this chapter, we will use the nomenclature of Borrero et al.
(2012), Echeverri et al. (2011), and Echeverri et al. (2016).

3. Materials and Methods
3.1. Stratigraphy and Seismic Data

The stratigraphic information was obtained from electrical logs,
ditch cutting, and core samples from the Remolino Grande-1
(total depth (TD) 9080°-2767 m), Majagua—1 (TD 14 280°—
4352 m), and Tumaco 1-ST-S (TD 1899.6’-579 m) wells. This
information was also integrated with data from outcrops located
in the Tumaco Bay (e.g., Echeverri et al., 2016), with previous
results reported by Sudrez (1990) and Lépez—Ramos (2009) and
data from the ANH Tumaco 1-ST-P well (Agencia Nacional
de Hidrocarburos & Antek, 2013). The well cores and cuttings
are stored at the national core repository of Colombia (Litoteca
Nacional, Piedecuesta, Santander).

Two regional seismic profiles were analyzed (Figure 3): (i)
Perpendicular to the basin (dip lines) and composed of three
seismic lines and (ii) more or less parallel to the strike of the
basin (strike lines) and composed of two seismic lines (Fig-
ures 1, 3). These data were processed with GeoGraphix, where

the main seismic reflectors and structures were identified (e.g.,
faults, folds, onlaps, toplaps, progradations). These reflectors
were tied with the stratigraphic information of the Remolino
Grande—1, Majagua—1, and Tumaco 1-ST-P wells. Addition-
ally, as far as possible, the reflectors were tied with the surface
geology map of Gémez et al. (2015). Subsequently, five hori-
zons that represent chronostratigraphic boundaries were iden-
tified: (i) Cretaceous/Paleogene, (ii) Paleogene/lower Miocene,
(iii) lower/middle Miocene, (iv) middle/upper Miocene, and
(v) upper Miocene — Pliocene. Lower Miocene includes the
Aquitanian and Burdigalian Stages; the middle Miocene, the
Langian — Serravalian; and the upper Miocene, the Tortonian
— Messinian.

3.2. Biostratigraphy

Biostratigraphic interpretations are based on distribution pat-
terns and semiquantitative analyses of calcareous nannofossils
and planktonic foraminifera reported for Majagua—1, Remo-
lino Grande—1, Tumaco 1-ST-S, and Tumaco 1-ST-P wells
(Agencia Nacional de Hidrocarburos & Antek, 2013; Agencia
Nacional de Hidrocarburos & Universidad de Caldas, 2011a;
Robertson Research inc. & Empresa Colombiana de Petréleos,
1981a, 1981b). The quality of the microfossil record was eval-
uated, and a composite section was built in which assemblages
and age-indicative taxa were indicated. Biostratigraphic mod-
els were constructed using the standard biozones proposed by
Blow (1969) and Berggren et al. (1995) for planktonic fora-
minifera and by Martini (1971) and Okada & Bukry (1980)
for calcareous nannofossils. The biochronology of calcareous
microfossil events follows the integrated scales of Agnini et al.
(2014), Backman et al. (2012), Lourens et al. (2004), Raffi et
al. (2006), and Wade et al. (2011). Taxonomical and biostrati-
graphic information described by Aubry (2014, 2015), Kennett
& Srinivasan (1983), and Perch—Nielsen (1985) were also con-
sidered in the biostratigraphic interpretations. Biochronology
of calcareous microfossil events follows the integrated scales
of Agnini et al. (2014), Backman et al. (2012), Lourens et al.
(2004), Raffi et al. (2006), and Wade et al. (2011). Taxonomi-
cal and biostratigraphic information described by Aubry (2014,
2015), Kennett & Srinivasan (1983), and Perch—Nielsen (1985)
were also considered in the biostratigraphic models.

Most micropaleontological results were obtained from cut-
ting samples, which in some cases (e.g., Remolino Grande-1)
were collected at very large spacing, making its biostratigraphic
interpretation difficult. Nevertheless, by integrating both cal-
careous nannofossils and planktonic foraminifera, it was pos-
sible to constrain the age from most of the wells. To achieve a
more accurate age model, some considerations were taken in
account. (i) Since the examined wells are composed of cuttings
and cores that showed very abundant reworked microfossils,
biostratigraphic analyses did not include specimens whose oc-
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currence was very discontinuous or was observed in only one
sample. (ii) Acmes or paracmes, which are regularly used as
bioevents in studies of deep—sea sections, were not considered
in our results. The fine—grained matrix regularly recorded in the
material provokes a dilution, preventing the quantitative signal
(Bedoya et al., 2013). (iii) Those stratigraphic intervals lacking
biostratigraphic markers but bracketed by confirmed biozones
were illustrated as intervals of indeterminate age because there
was no micropaleontological support.

3.3. Sediment Provenance Analyses

A total of 30 grams of dried well cuttings was collected for pe-
trographic analyses. This represents a 10—feet interval (3048 m)
for the Majagua—1 well and intervals of 10°,20’, and 30’ for the
Remolino Grande—1 well. Wet cutting samples were washed to
remove contamination from the drilling process. Subsequently,
a selection of very—fine sand to coarse—sand particles from cut-
tings was collected and mounted on glass slides and cover slips
using balsam of Canada for petrographic analyses. A total of 82
thin sections were studied for petrography using ditch cutting
samples: 26 from the well Remolino Grande—1, 38 from the
well Majagua—1, and 18 from the well Chagiii—1. On average,
250 and 300 grains per slide were identified and counted. These
data are represented in bar diagrams showing the relative per-
centages of the main components. Subsequently, the sandstones
with a framework higher than 50% were selected to count their
individual particles and to quantify the composition and are
represented in Qt—F-L and Qm-F-Lt triangles of Folk (1974).

For heavy minerals and U/Pb geochronologic analyses,
samples of ca. 1000 gr of dried cuttings were collected along
tens to hundreds of feet and integrated in a single sample. The
fraction > 63 < 250 ym was concentrated with sodium poly-
tungstate (density of 2.89 g/cm?) for heavy mineral analyses.
In each sample, a thin section was made using a resin with a
refraction index similar to balsam of Canada (1.539). A count
of ca. 400 grains per slide was performed following the Rib-
bon—Counting method (Mange & Maurer, 1992). Mineralogical
identification was based on Mange & Maurer (1992). The data
obtained are represented in bar and triangular diagrams.

U/Pb geochronology was performed using the laser ablation
inductively coupled plasma mass spectrometry (LA-ICPMS)
method at a Washington State University Lab (USA). The
samples were crushed and sieved (ca. 400—um mesh). Zircon
concentration was initially made following the gravitational
methods on a Wifley table, passed through a Frantz magnetic
separator and finally separated using methylene iodide. Ap-
proximately 100 grains per sample were analyzed in agreement
with Gehrels et al. (2006). Separated zircons were mounted
on an epoxy resin, manually polished and randomly studied.
The maximum depositional U/Pb ages in detrital zircons were
performed using the method described by Dickinson & Gehrels

(2009). This age was acquired from the average of at least three
grains of zircons with concordant ages (Kochelek et al., 2011).
These results were plotted in relative probability diagrams us-
ing Isoplot 3.00 (Ludwing, 2003). 2*Pb/?*8U ages were used
for grains less than 1000 Ma, and **Pb/*"Pb ages were used
for grains greater than 1000 Ma. Grains with more than 10%
of discordance were not considered in the statistical analysis.

4, Results

The seismic lines show that the Tumaco onshore basin has
a symmetric through shape limited to the E by the Western
Cordillera and to the W by the Remolino Grande—Gorgona
Structural High. Subhorizontal seismic reflectors indicate lit-
tle deformation of the sedimentary sequence. However, in the
southern sector of the basin, there is a structure at least 10 km
wide that truncates the Paleogene and Neogene strata that has
been interpreted as a mud diapir (Figure 3b; Cediel et al., 2009).
In the depocenter, a thickness of 6805’ (2074 m) is estimated
for the Paleogene beds; 5713’ (2546 m), for the lower — middle
Miocene; and 11986 (3653.3 m), for the upper Miocene — Plio-
cene (Figure 3a, 3b). Calcareous microfossils are moderately
to poorly preserved. Even though the sedimentary record was
highly discontinuous, Majagua—1, Remolino Grande-1, and
Tumaco 1-ST-P wells covered the largest stratigraphic record
(Figures 4, 5). Calcareous microfossils suggest ages spanning
from Bartonian (middle Eocene) in the Remolino Grande-1
well up to Pleistocene in the Tumaco 1-ST-P samples (Figures
4,5). Miocene is the most common interval drilled by the wells,
allowing the definition and correlation of different biostrati-
graphic intervals along the basin (Figures 4, 5). According to
the biostratigraphic data in wells and seismic lines, the Tumaco
Basin was divided into six chronostratigraphic sequences (Fig-
ure 3): (i) Upper Cretaceous, (ii) Paleogene (including Eocene
and Oligocene beds), (iii) lower Miocene, (iv) middle Miocene,
(v) upper Miocene — Pliocene, and (vi) Pliocene — Quaternary.

4.1. Upper Cretaceous

This series includes the volcano—sedimentary succession of Re-
molino Grande (Turonian — Campanian) (5630-9080°; 1716—
2767 m) (Figure 3). This succession may be divided into two
segments: (i) the lower segment, composed of mudrocks and fine
sandstones interbedded with basalts and microgabbros, and (ii)
the upper segment, formed by layers of basalts and microgabbros.
Robertson Research inc. & Empresa Colombiana de Petrdleos
(1981b) provided a radiometric age in the interval 72507260’
(2209-2212 m) of 82.2 + 8.1 Ma (K/Ar in total rock). New Ar/
Ar geochronological data (Agencia Nacional de Hidrocarburos
& Universidad de Caldas, 2011a; Echeverri et al., 2015a) yield
ages of 82.9 + 4.8 Ma (6540-6550° or 1993-1996 m) and 76.2
+ 1.4 Ma (5680-5690’, or 1731-1734 m) (Figure 4). These ages
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cional de Hidrocarburos & Universidad de Caldas (2011a) and Agencia Nacional de Hidrocarburos & Antek (2013).

Figure 4. Chronostratigraphic correlation among the Remolino Grande-1, Majagua—1, and Tumaco 1-ST-P wells. Based on Agencia Na-
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can be correlated with the 98—60 Ma ages obtained from Gorgona
Island by Serrano et al. (2011) and from the north of Ecuador
by Vallejo et al. (2009). These rocks have been correlated by
other authors with the Diabdsico Group (sensu Nelson, 1962),
the Volcénica Formation (sensu Aspden, 1984), and the Dagua/
Pifién Formation (Lépez—Ramos, 2009), located in the Western
Cordillera of Colombia and Ecuador (Figure 2).

4.2. Paleogene
4.2.1. Seismic Lines

The Paleogene deposits were accumulated over a relative-
ly smooth surface of the igneous Cretaceous basement. They
onlap onto this basement to the east (Figure 3a). Paleogene
deposits outcrop on the western border of the Western Cordil-
lera (Figure 3a; Gémez et al., 2015). To the west, Paleogene
reflectors can be identified over the Remolino Grande—Gorgona
Structural High, where they become thinner and affected by
normal faults. In the Tumaco offshore basin, Paleogene reflec-
tors increase in thickness and are affected by thrust faults (Fig-
ure 3a). Paleogene deposits become thickened to the south of
the basin, and their reflectors locally downlap the Cretaceous
basement (Figure 3b).

4.2.2. Lithology

In the Remolino Grande-1 well, the Paleogene is mainly consti-
tuted by mudrocks and sandy siltstones interbedded with some
sandstone beds (Figure 4). This unit can be correlated with the
Lutitas de Remolino Grande Formation or 1 Sur Unit (Echeve-
rri et al., 2015a; Sudrez 1990, 2007), as well as the lower part of
the Tumaco Formation of Agencia Nacional de Hidrocarburos
& Antek (2013) (Figure 2). The Tumaco 1-ST-P well reached
mudrocks, sublitharenites, and litharenites, interpreted as late
Oligocene (Chattian) shelf—prodelta to delta front deposits.
Benthic foraminifera such as Osangularia sp., Gyroidinoides
broeckhiana, Discorbinella sp., Anomalinoides cicatricose,
and Anomalinoides semicribata suggest sedimentation in the
upper—-middle part of the continental slope (Agencia Nacional
de Hidrocarburos & Antek, 2013).

4.2.3. Biostratigraphy

The lowest sample with calcareous microfossil recovery in
Remolino Grande—1 well yielded Reticulofenestra bisecta, Re-
ticulofenestra reticulata, and Paleocene and Eocene reworked
species (Sphenolithus anarrhopus and Sphenolithus primus,
Nannotetrina spp.). The young assemblage suggests the biozones
NP16 and NP19 (Bartonian — Priabonian; Agnini et al., 2014;
Perch—Nielsen, 1985). For the Oligocene, diagnostic species of
planktonic foraminifera were not identified; however, calcareous
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nannofossils such as Cyclicargolithus abisectus, Sphenolithus
ciperoensis, and Sphenolithus distentus were recorded in some
samples. Oligocene/Miocene boundary markers were not found
at the Remolino Grande-1 well (Figure 5). Nevertheless, plank-
tonic foraminifera bioevents such as the last occurrence of the
Paragloborotalia opima at 27.30 Ma in the biozone O6 and the
first occurrence of Paragloborotalia kugleri at 23.73 Ma in the
biozone M1a according to Wade et al. (2011) support the Pa-
leogene/Neogene boundary near 10 740’ at the Tumaco 1-ST-P
well (Figure 5). This interpretation indicates that Paleogene cal-
careous nannofossils reported in shallower levels correspond to
reworked species. Due to the lack of diagnostic microfossils, this
boundary was unclear in the Remolino Grande—1 well; therefore,
it was placed at 4500’ after seismic correlation with the Tumaco
1-ST-P well (Figures 3, 4, 5). Even though Paleocene deposits
were not found in the Remolino Grande—1 well, lower Paleocene
deposits have been recently reported in outcrops of the Gorgona
Island 85 km to the NE (Bermudez et al., 2016). In Figure 5, the
correlation of the lower part of the Remolino Grande—1 and Tu-
maco 1-ST-P wells with the calcareous nannofossils and plank-
tonic foraminifera standard zones is shown. This interval ranges
between NP19-NP25 and P16-P22, respectively.

4.2.4. Petrography

In the Remolino Grande-1 well, two ditch cutting samples were
used for petrographic analyses. They have abundant grains of
sedimentary rocks (27-80 %, siltstones, sandy siltstones, and
chert; Figure 6). Plagioclase, mono— and polycrystalline quartz,
pyroxene, biotite, hornblende, glauconite, and opaque minerals
are present in lower proportions. Some algae and foraminifera
are observed. Sandstone grains were selected to know their
framework composition. They were classified as poorly sorted
subarkoses, with fine to coarse angular to subrounded grains.
They are composed of monocrystalline (32—44 %) and poly-
crystalline (21-30 %) quartz, plagioclase (10-23 %), interme-
diate volcanic rocks (5-6 %), chert (4-15 %), biotite (1-2 %),
muscovite (1%), and chlorite (3%). Mud matrix and calcareous
cement are common.

4.2.5. Heavy Minerals

The analyzed samples present higher abundances of unstable
compared to stable phases. Stable phases include zircon (2-7
%) and tourmaline (1%). Unstable phases correspond to apatite
(4-25 %), clinopyroxene (10-52 %), orthopyroxene (1-12 %),
hornblende (1-13 %), and minerals of the epidote group (25-40
%). Olivine, oxyhornblende, and biotite are present at 1% each.
In the Tumaco 1-ST-P well, the samples contain mainly unsta-
ble phases with abundant amphibole, pyroxene and, in lower
proportions, epidote, apatite, clinopyroxene, and orthopyrox-
ene. In this interval, detrital zircons were not obtained.
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Figure 6. Stratigraphic log of the Remolino Grande-1 well, and bar diagrams representing the composition of the ditch cuttings and
heavy minerals. Allochemicals include calcareous fossil remains (mainly foraminifera, bivalves, and gastropods).

4.3. Lower Miocene (Aquitanian - Burdigalian)

This interval has been identified in the Remolino Grande-1
(3200-4500), Majagua—1 (14280-11220), and Tumaco 1-
ST-P (8480-10740") wells.

4.3.1. Seismic Lines

The lower Miocene reflectors onlap onto the Paleogene deposits
towards the E of the basin (Figure 3a). Westward, they become
thinner and pinch—out in the Remolino Grande—Gorgona Struc-
tural High. In the offshore Tumaco Basin, the lower Miocene
reflectors are concordant with Paleogene and middle Miocene

reflectors and seem to be in toplap against the Pliocene reflec-
tors in the westernmost part of the seismic line (Figure 3a). In
the Remolino Grande—Gorgona Structural High, the lower Mio-
cene beds seem to fill some valleys dissected in the Paleogene
deposits. In the strike line, the lower Miocene reflectors become
thinner to the north, but they are concordant with the Paleogene
and middle Miocene sequences.

4.3.2. Lithology
In the Remolino Grande—1 well, there is a dominance of clay-

stones and sandy siltstones interbedded with some sandstone
beds, which change abruptly to conglomerates and sandstones
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in the upper part of the succession (Figure 4). This interval
has abundant fossils of bivalves, gastropods, foraminifera,
and carbonized organic matter. In the Majagua—1 well, lower
Miocene deposits are composed of mudrocks interbedded with
fine-medium sandstones and sandy mudstones. Foraminifera
and mollusk shells are abundant. In the Tumaco 1-ST-P, the
rocks of this period are characterized by an alternation of highly
bioturbated mudrocks, massive and laminated sublitharenites,
feldspathic litharenites, litharenites, and some beds of polymic-
tic conglomerates. Paleontological content includes shark teeth
(Agencia Nacional de Hidrocarburos & Antek, 2013).

4.3.3. Biostratigraphy

Calcareous nannofossil events are the most efficient biostrati-
graphic indicator at the Tumaco 1-ST-P and Majagua—1 wells
in the lower Miocene deposits. The appearances of Discoaster
druggi, Heliscoaphaera ampliaperta, and Sphenolithus hetero-
morphus and the extinction of Triquetrorhabdulus carinatus in
these wells mark the beginning of the Miocene (Aubry, 2014,
2015; Backman et al., 2012; Perch—Nielsen, 1985). This is in
agreement with the recovery of the short-lived Sphenolithus
belemnos in the Majagua—1 well. For this interval, the Remoli-
no Grande-1 well is characterized by the last occurrence of H.
ampliaperta and S. heteromorphus and the occurrence of Globi-
gerinoides diminutus, whose biostratigraphic range is described
for the late Burdigalian — Langhian (Aubry, 2014; Backman et
al., 2012; Kennett & Srinivasan, 1983). This indicates that Re-
molino Grande—1 encompasses a long—lasting gap (ca. 5 Ma),
which includes the Aquitanian and the lower—middle part of the
Burdigalian. In Figure 5, the stratigraphic equivalence of the
Remolino Grande-1, Majagua—1, and Tumaco 1-ST-P wells
with the calcareous nannofossils and planktonic foraminifera
standard zones is represented. This portion represents an inter-
val between NN2 to NN6 and N4 to N12, respectively.

4.3.4. Petrography

The ditch cutting samples from the Majagua—1 and Remoli-
no Grande-1 wells are composed mainly of sedimentary rocks
(56-90 %; mudrocks, cherts, calcite, sandy shales, sandstones)
and, in lower proportions, plagioclase, volcanic and plutonic
lithics. Fragments of quartz (mono— and polycrystalline), bio-
tite, hornblende, pyroxene, glauconite, and bioclasts (foramin-
ifera, algae, echinoderms) occur in lower proportions.

The sandstone grains of the Majagua—1 (Figure 7) and Re-
molino Grande—1 wells were selected to study the composition
of their framework. They are classified as feldspathic lithar-
enites and arkoses (Figures 8, 9). The sandstones are poorly
sorted, fine to medium size, with rounded to subangular grains.
They have a high content of plagioclase (34-68 %), with low-
er proportions of quartz (3—32 % monocrystalline and 2-21
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% polycrystalline) and lithic fragments (1-39 %). Lithic frag-
ments are mainly volcanic of intermediate composition (6—39
%), chert (2—15 %), and low proportions of plutonic rocks,
sandstones, micaceous and graphitic schists (< 1%) (Figures 7,
9). The accessory minerals are composed of hornblende (5%),
epidote (2-3 %), glauconite (1%), biotite (1-3 %), chlorite
(2-6 %), and muscovite (< 1%). In the Tumaco 1-ST-P well,
the sandstones include litharenites and lithic greywackes, with
angular fragments of sedimentary, volcanic, and metamorphic
rocks (Agencia Nacional de Hidrocarburos & Antek, 2013).

4.3.5. Heavy Minerals

Two samples from the Remolino Grande—1 well and four from
the Majagua—1 well were analyzed (Figures 6, 7, 10). In the
Remolino Grande—1 well, stable phases are almost absent,
with only 1% zircon. Unstable phases include apatite (47%),
clinopyroxene (4—10 %), hornblende (2-5 %), and minerals of
the epidote group (3674 %). Oxyhornblende, actinolite, and
chlorite are present in low proportions (< 1%). A higher pro-
portion of unstable with respect to the ultrastable phases was
found in the Majagua—1 well (Figures 7, 10). Ultrastable phases
include zircon (4-26 %) and traces of tourmaline (< 1%). Un-
stable phases include apatite (51-75 %), minerals of the epi-
dote group (1-12 %), biotite (24 %), clinopyroxene (2—10
%), ortopyroxene (< 1%), chlorite (< 2%), hornblende (< 2%),
and traces of oxyhornblende and glauconite (Figures 7, 10).
In the Tumaco 1-ST-P well, a greater proportion of unstable
minerals compared to stable ones was also observed (Agencia
Nacional de Hidrocarburos & Antek, 2013). Ultrastable phases
include zircon and tourmaline (< 1%). Unstable phases include
hornblende (31-56 %), minerals of the epidote group (1-41
%), apatite (< 1-3 %), clinopyroxene (628 %), biotite (< 3%),
chlorite (1-2 %), sphene (< 1%), and garnet (< 1-4 %).

4.3.6. Detrital Geochronology

In the Majagua—1 well, the sample M1MP-014 (depth 11660—
11900°) was analyzed (Figure 11). A maximum depositional age
of 16.1 Ma (Burdigalian) was found. This sample shows four
main zircon populations: (i) 18.9 Ma, (ii) 45.0 Ma, (iii) 51.3 Ma,
and (iv) 20.7 Ma. Oligocene (28.6 Ma), Late Cretaceous (68.6
Ma, 744 Ma, 749 Ma, 749 Ma, 76.9 Ma, and 83.2 Ma), and
Precambrian (556.7 Ma, 557 4 Ma, 844.4 Ma, and 1657.0 Ma)
zircons are present, but they are not abundant enough to form a
population.

4.4. Middle Miocene (Langhian - Serravallian)
Rocks of this period were identified in the Remolino Grande—1

(1450-3200’), Majagua—1 (10500-11400’), and Tumaco 1-
ST-P (7000-8480’) wells.
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Figure 7. Stratigraphic log of the Majagua—1 well, and bar diagrams representing the composition of the dish cuttings and heavy minerals.
Allochemicals include calcareous fossil remains (mainly foraminifera, bivalves, and gastropods).
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Figure 8. Classification of sandstones (Folk, 1974) in cores from the Tumaco 1-ST-S and Tumaco 1-ST-P wells, and sandstone fragments
of the ditch cuttings from the Majagua—1, Remolino Grande—1, and Tumaco 1-ST-P wells. Based on Cortés et al. (2019), and Agencia

Nacional de Hidrocarburos & Universidad de Caldas (2011a, 2011b).

4.4.1. Seismic Lines

The middle Miocene reflectors onlap onto the lower Miocene
deposits towards the E of the basin (Figure 3a). They became
thinner in the Remolino Grande—Gorgona Structural High to
the west. In the Tumaco offshore basin, the middle Miocene
reflectors are in toplap against Pliocene reflectors (Figure 3a).
In the strike seismic line, they are conformable with the lower
and upper Miocene reflectors (Figure 3b). It is not clear that
the middle Miocene reflectors were affected by the mud diapir;
therefore, they are marked with a dotted line.

4.4.2. Lithology

In the Remolino Grande-1 well, the middle Miocene deposits
consist of amalgamated sandstones interbedded with conglom-
erates; in lower proportions, sandy siltstones and calcareous
sandstones are present. In the Majagua—1 well, they mainly
consist of sandstones and conglomerates interbedded with
mudrocks (Figure 4), with abundant foraminifera and mollusk
shells. These rocks are interpreted as delta front deposits prob-
ably related to a relative shallowing of the depositional environ-
ment (Agencia Nacional de Hidrocarburos & Universidad de
Caldas, 2011a). In the Tumaco 1-ST-P well, middle Miocene
rocks are composed of mudrocks, sublitharenites, feldspathic
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litharenites, litharenites, and conglomerates. Fossils of scapho-
pods, pelecypods, ambulacres, gastropods, and echinoderms are
present in this interval. This succession is interpreted as accu-
mulated in different environments of a deltaic system (prodelta,
estuarine bars, river mouth bars, and lagoons; Agencia Nacional
de Hidrocarburos & Antek, 2013).

4.4.3. Biostratigraphy

The Remolino Grande—1 well contains useful biostratigraphic
events such as the last occurrences of Globorotalia peripher-
oronda, H. ampliaperta, and S. heteromorphus, which were
found together with sporadic abundances of Fohsella fohsi, Glo-
bigerinoides sicanus, and Orbulina universa. Microfossils of
this well do not support an age younger than the nanoplankton
biozone NN6 (late Serravallian at 1990°, Figure 5). Neverthe-
less, this information linked to the 11.5 Ma maximum depo-
sitional age of detrital zircon at ca. 1450’ allows the location
of the middle — upper Miocene limit between ca. 1450-1990°
(Figures 4, 5). Biostratigraphic records of Tumaco 1-ST-P and
Majagua—1 wells have discontinuous abundance patterns of mi-
crofossils and very abundant reworked assemblages (Figure 5).
In the case of the Tumaco 1-ST—P well, reworked species of
Cyclicargolithus floridanus and S. heteromorphus were report-
ed within younger microfossils of Discoaster kugleri. Figure 5
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Figure 9. Microphotographs of the Majagua—1 well. (a) Sample MIPP-01: Feldspathic litharenite with plagioclase, volcanic lithic, pyroxene,
and calcareous cement. Crossed nicols. (b) MIPP-13: Feldspathic litharenite with volcanic fragments, plagioclase (zoned and twined),
quartz, oxyhornblende, and foraminifera. Crossed nicols. (c) MIPP-18: Feldspathic litharenite with plagioclase, volcanic and sedimentary
lithics. Crossed nicols. (d) MIPP-28: Feldspathic litharenites with volcanic fragments, plagioclase, quartz, chert, and calcareous cement.
Crossed nicols. Abbreviations: (Lv) volcanic lithic; (Ls) sedimentary lithic; (Ch) chert; (Pl) plagioclase; (Qz) quartz; (Qzp) polycrystalline
quartz; (Qzm) monocrystalline quartz; (Hb) hornblende; (OxHb) oxyhornblende; (Px) pyroxene; (Fo) foraminifera.

shows the stratigraphic equivalence of the Remolino Grande—1,
Majagua—1, and Tumaco 1-ST-P wells, with the calcareous
nannofossils and planktonic foraminifera standard biozones.
This range covers the interval between zones NN4 to NN6 and
N8 to N12, respectively.

4.4.4. Petrography

Ditch cutting samples from the Majagua—1 and Remolino
Grande—1 wells are composed mainly by siltstones, sandy
siltstones, sandstones, volcanic rocks, chert, and plagioclase
(Figures 7, 8), with lower proportions of quartz grains (mono—
and polycrystalline), plutonic rocks, potassium feldspar, lime-

stones, amphibole, biotite, chlorite, pyroxene, glauconite,
opaque, and bioclasts (foraminifera). The sandstone grains of
the Majagua—1 and Remolino Grande—1 wells are classified
as lithic arkoses, arkoses, and lower proportions of feldspathic
litharenites (Figures 7, 8) and are composed of fine to coarse,
angular to rounded grains, with a high content of plagioclase
(23-68 %), rock fragments (8—47 %), and a minor proportion
of quartz (2-23 %). The lithic fragments are mainly volcanic
of intermediate composition (8-39 %), sandstones (2-3 %),
shales (1%), chert (3-8 %), and graphite schists (1-2 %) (Fig-
ure 7). Accessory minerals as oxyhornblende and hornblende
(1-5 %), epidote (1-3 %), muscovite (< 1%), biotite (1-3
%), and chlorite (1-2 %) are present. In the Tumaco 1-ST-P
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Figure 10. Some heavy minerals found in the sandstones of the Tumaco Basin. (a) Zircon. (b) Apatite. (c) Green tourmaline. (d) Epidote.
(e) Augite. (F) Hypersthene. (g) Hornblende. (h) Oxyhornblende. (i) Biotite. (j) Association of ultrastable and unstable phases: (Tur)
Tourmaline + (Ap) Apatite + (Bt) Biotite + (Ep) epidote + (OxHb) Oxyhornblende. (k) Triangular diagram with groups of heavy minerals
and their source rocks.
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well, sandstones are mainly litharenites and lithic greywackes.
Rock fragments are mainly sedimentary, metamorphic, volca-
nic and plutonic mafic and felsic (Agencia Nacional de Hidro-
carburos & Antek, 2013).

4.4.5. Heavy Minerals

Two samples from the Remolino Grande—1 well and three
from the Majagua—1 well were analyzed (Figures 6, 7). In the
Remolino Grande—1, stable phases are almost absent, with
only 1% zircon. The unstable phases include apatite (13-23
%), clinopyroxene (12 %), orthopyroxene (1-2 %), horn-
blende (2-9 %), and minerals of the epidote group (59-61 %).
Oxyhornblende, biotite, chlorite, and olivine are present in
low proportions (< 2%). In the Majagua—1 well, a higher pro-
portion of unstable with respect to the ultrastable phases was
found (Figure 7). The ultrastable phases include zircon (7-21
%) and traces of tourmaline (< 1%). The unstable phases in-
clude apatite (29-75 %), minerals of the epidote group (6-29
%), biotite (2-5 %), clinopyroxene (1-25 %), chlorite (1-3
%), hornblende (< 1%), actinolite (< 1%), and traces of oxy-
hornblende and ortopyroxene. The unstable phases such as
apatite, pyroxene, and epidote are dominating and increase
with respect to the Oligocene beds in the Tumaco 1-ST-P
well (Agencia Nacional de Hidrocarburos & Antek, 2013).
In the Tumaco 1-ST-P well, a greater proportion of unstable
phases compared to stable was also observed. The ultrastable
phases include zircon (1%) and traces of tourmaline (< 1%).
The unstable phases include hornblende (48—68 %), minerals
of the epidote group (6-26 %), apatite (< 1-4 %), clinopyrox-
ene (2-28 %), ortopyroxene (< 1-18 %), chlorite (1-3 %), and
garnet (< 1-2 %).

4.4.6. Detrital Geochronology

Two samples from the Remolino Grande—1 well were ana-
lyzed (RG-MP-007: depth 2640-2760’; RG-MP-006: depth
2140-2380’). These samples have maximum depositional
ages of 13.3 Ma and 13.1 Ma (Serravallian), respectively.
They show similar patterns of zircon distributions: the most
abundant population is 12—14 Ma, followed by 22—-24 Ma and
45 Ma. Very low percentages of Late Cretaceous, Triassic,
early Paleozoic, and Precambrian zircons were recognized
(Figure 12).

4.5. Upper Miocene - Pliocene
This time interval has been partially identified in the Remo-
lino Grande—1 (0-1990°), Majagua—1 (0?-10500’), Tumaco

1-ST-P (32-7000’), Tumaco 1-ST-S (07-1899.6’), and Tu-
maco Bay outcrops.
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4.5.1. Seismic Lines

To the east of the basin, the upper Miocene reflectors onlap over
the lower — middle Miocene and the basement rocks (Figure
3a). Towards the west of the basin, some reflectors come to
the surface in the Remolino Grande—Gorgona Structural High,
forming gentle hills, which are currently subject to erosion. In
the offshore basin, the upper Miocene reflectors toplap against
the Pliocene (Figure 3a). On the strike line, both the upper Mio-
cene and the Pliocene reflectors become thinner towards the
south of the studied area (Figure 3b).

Pliocene reflectors can be divided into three sets. (i) The
lower set rests on the Cretaceous basement to the east, and on-
lap onto the Paleogene (Figure 3a). Towards the west, it de-
creases in thickness, and is truncated by the reflectors of the
middle set. (ii) The middle set shows a clear progradation of
the eastern and western reflectors towards the depocenter of
the basin showing downlap over the set 1 (red arrows in Fig-
ure 3a) and a decrease in their thickness in the same direction.
(iii) The upper set truncates the reflectors of the middle set and
pinches out towards the E and W borders of the basin (Figure
3a). In the Tumaco offshore basin, Pliocene beds are covering
the middle and upper deposits, forming an erosional truncation
(toplap) (Figure 3a). In the Remolino Grande—1 well, there is
no Pliocene record, probably related to erosion or no deposition
during the Remolino Grande—Gorgona Structural High uplift.

4.5.2. Lithology

In the Remolino Grande—1 well, upper Miocene beds are com-
posed by thick beds of sandstones and sandy siltstones inter-
layed with thin beds of mudrocks. Above 760°, mudrocks with
thin sandstone beds are dominant (Figure 4). In the Majagua—1
well, the lower part of the beds is composed of sandstones inter-
bedded with sandy mudstones, mudrocks and, in lower propor-
tions, conglomerates. In the upper part (above ca. 8000”), there
is a sudden increase in thick sandstone beds (Chagiii Formation;
Figures 2, 4). The sandstones in some cases can be calcareous.
Remnants of mollusks and carbonized organic matter are local-
ly abundant. The thickness and frequency of sandstones vs. fine
grained sedimentites change through the time; for this reason,
several units have been proposed (e.g., Angostura, Chagiif, and
San Agustin Formations; Agencia Nacional de Hidrocarburos
& Universidad de Caldas, 2011a; Sudrez, 1990). These deposits
can be associated with deltaic systems. Good exposures of these
rocks can be studied in the coastal cliffs of the Tumaco Bay
(Figure 13). Normal faults, slumped beds, and clastic dykes
are common in these units (Figure 13). In the Tumaco 1-ST-P
well, mudrocks, calcareous mudrocks, laminated sandstones,
and matrix—supported conglomerates can be observed; they are
generally bioturbated. An increase upward in volcanic materi-
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als is notorious. They were interpreted as fluvial and deltaic
deposits (Agencia Nacional de Hidrocarburos & Antek, 2013).

During the latest Miocene — Pliocene (Messinian — Zanclean),
in the southern part of Tumaco Basin, more than 1300’ (400 m) of
thick lenticular layers of sandstones and conglomerates, with an
important volcanic input (Cascajal Formation of Echeverri et al.,
2016), were accumulated and interlayered with some mudrocks
and muddy sandstone beds. Locally, bivalves, gastropods, fora-

minifera, echinoderms, crustaceans, and well-preserved plant re-
mains were found. The unit was accumulated in a deltaic system
influenced by volcanism (Echeverri et al., 2016).

4.5.3. Biostratigraphy

Tumaco 1-ST-P and Majagua—1 are the only wells from which
middle Miocene microfossils were recovered. However, our in-
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Figure 13. Panoramic pictures of Tumaco Basin outcrops (San Agustin Formation, Tortonian — Messinian). (a) Curay. (b) La Chorrera.
The facies are mainly mudrocks interbedded with sandstone beds. Notice the presence of slumped beds and clastic dykes (see Figure

1for location).

terpretation suggests that these wells record Tortonian sedimen-
tation. This is supported by the occurrence of Catinaster coalitus,
Discoaster bellus, and D. hamatus in both sites. Detailed studies
conducted on the Tumaco 1-ST—P well have demonstrated that
this assemblage is very abundant and highly resistant to disso-
Iution, making them useful in biostratigraphy. The Serravallian/
Tortonian (middle/upper Miocene) boundary was placed at 7000’
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in the Tumaco 1-ST-P well according to the last occurrence of
E. kugleri (Figure 5). After this, we observed several bioevents of
the calcareous nannofossils C. coalitus, D. hamatus, and plank-
tonic foraminifera Neogloboquadrina acostaensis and Paraglo-
borotalia mayeri, as well as sporadic nannofossils D. bellus, D.
bollii, D. brouweri, and S. abies. An increase of the accumulation
rate is inferred during the Tortonian at Tumaco 1-ST-P well, as
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these taxa are characterized by a short life span and they were
found successively in the well. Alternatively, the last consistent
biostratigraphic marker in the Majagua—1 well was the last oc-
currence of C. coalitus at 8820°.

As shown in Figure 5, in the Majagua—1 and Tumaco 1-
ST-P wells, the equivalence with the calcareous nannofossils
and planktonic foraminifera standard zones represents an inter-
val from NN7 to NN10 and N14 to N16, respectively.

Diagnostic species such as D. neohamatus, D. berggrenii, D.
quingueramus, D. asymmetricus, and Globorotalia tumida were
identified in the upper part of the Tumaco 1-ST-P and Maja-
gua—1 wells, occasionally associated with abundant reworked
microfossils (mainly Cretaceous and Paleogene). Although it
is difficult to identify a succession of standard zonations, the
microfossil assemblages allow the designation of a Messinian —
Piacenzian age. Palynological data in the Tumaco 1-ST—P well
show the first occurrence of Cyatheacidites annulatus at 3950’
(ditch cutting sample) (Figure 5), considered a late Miocene
biostratigraphic marker in the Llanos Basin (first occurrence
datum at 7.1 Ma) (Jaramillo et al., 2011).

4.5.4. Petrography

Upper Miocene ditch cutting samples from the Majagua—1 and
Remolino Grande—1 wells (upper Viche and Angostura Forma-
tions) are mainly composed of mudrocks, volcanic rocks, and
plagioclase. Chert, quartz (mono and polycrystalline), potas-
sium feldspar, amphibole, biotite, pyroxene, chlorite, glauco-
nite, and bioclasts (foraminifera, algae, bivalves) are present
in a lower proportion. In the middle part (Chagiii Formation),
the samples have mainly volcanic fragments and plagioclase,
as well as sedimentary rocks (shales, sandstones, and cherts)
(Figure 7). In some levels, pyroxene, amphibole, and biotite
are frequent. In addition, plutonic grains, potassium feldspar,
quartz (mono and polycrystalline), tourmaline, apatite, calcite,
chlorite, epidote, glauconite, and foraminifera are present in
lower proportions. In the top of the Majagua—1 well, the sam-
ples mainly have volcanic grains, plagioclase, and sedimentary
rock fragments (chert, shale, limestone, and bioclasts). In lower
proportions, schists, intermediate plutonics, potassic feldspars,
quartz (mono— and polycrystalline), pyroxenes, amphibole,
tourmaline, chlorite, epidote, glauconite, and bioclasts (fora-
minifera) were identified.

Sandstone grains of the Majagua—1 well are classified as
lithic arkoses and feldspathic litharenites (Figure 8). They
are fine—grained, poorly sorted, and with angular to round-
ed grains (Figures 7, 8), composed mainly by plagioclase
(12-54 %), quartz (1-25 %), and intermediate volcanic rock
fragments (4—54 %). Sedimentary lithics are composed by
sandstones (1-8 %), mudrocks (1-14 %), and cherts (1-5 %)
(Figure 7). Among accessory minerals were identified oxy-
hornblende and hornblende (1-16 %), pyroxene (1-5 %),

glauconite (1-2 %), biotite (1-6 %), chlorite (1-4 %), and
epidote (1-6 %). In the Tumaco 1-ST-P well, sandstones are
litharenites, feldspathic litharenites, and lower proportions
of lithic arkose. Constituents are mostly volcanic. Lithics are
mainly mudrocks, andesites, and diorites (Agencia Nacional
de Hidrocarburos & Antek, 2013).

4.5.5. Heavy Minerals

Five samples from the Remolino Grande—1 well and ten from
the Majagua—1 well were analyzed (Figures 6, 7). In the Remo-
lino Grande—1, stable phases are scarce with tourmaline (2—10
%) and zircon (1%). The unstable phases are dominant and
include apatite (3—20 %), clinopyroxene (9-33 %), orthopy-
roxene (1-4 %), hornblende (1-9 %), oxyhornblende (1-3 %),
biotite (1-10 %), and minerals of the epidote group (31-81 %).
Chlorite, olivine, and actinolite are present in low proportions
(= 1%). In the Majagua—1 well, a higher proportion of unstable
with respect to the ultrastable phases was found (Figure 7).
The ultrastable phases include zircon (1-23 %) and tourmaline
(1-33 %). The unstable phases include apatite (4-69 %), min-
erals of the epidote group (4-38 %), biotite (2—-6 %), musco-
vite (1 %), clinopyroxene (2-19 %), ortopyroxene (< 1-5 %),
olivine (1%), chlorite (1-3 %), oxyhornblende (< 1-7 %), and
hornblende (1-19 %). In the Tumaco 1-ST-P well, a greater
proportion of unstable phases compared to stable phases was
also observed (Agencia Nacional de Hidrocarburos & Antek,
2013). The ultrastable phases only include zircon (1%), while
unstable phases are dominant and include hornblende (9-72 %),
minerals of the epidote group (< 1-19 %), apatite (< 1-3 %),
clinopyroxene (4-3 6%), ortopyroxene (4-63 %), biotite (1-3
%), chlorite (< 1%), and garnet (1%).

4.5.6. Detrital Geochronology

Two samples for the Remolino Grande—1 well (RG-MP-004;
depth 1210-1450" and RG-MP-001; depth 84-300’) were an-
alyzed. They have 10.4 Ma and 11.5 Ma of maximum deposi-
tional ages, respectively. These data allow the lower — middle
Miocene boundary to be constrained between ca. 1450-1990°
depth based on geochronologic and biostratigraphic data (Fig-
ure 5). They show similar patterns of zircon distributions: The
most abundant population is 12—-14 Ma, followed by 22-24 Ma
and 45 Ma. Very low percentages of Late Cretaceous, Trias-
sic, early Paleozoic, and Precambrian zircons were recognized
(Figure 12).

In the Majagua—1 well, four samples (M1MP-009, depth
9100-9320"; M1MP-003, depth 3430-3950’; M1MP-002,
depth 2830-3210’; and M1MP-001, depth 110-800°) were
analyzed. They have 9.3 Ma, 7.6 Ma, 7.5 Ma, and 6.6 Ma max-
imum depositional ages, respectively. Three main populations
of zircons are recognized: 7-12 Ma, 16-25 Ma (especially to
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the top of the well), and 45-50 Ma (Figure 11). In lower propor-
tions are late Oligocene — Miocene, Paleocene, and Late Creta-
ceous and Jurassic zircons, which are not abundant enough to
constitute a population.

Two samples from the Tumaco 1-ST-S well, two from out-
crops of the Tumaco Bay, three in the Pleistocene fans and one
in recent sedimentites were also analyzed. In the Pliocene beds,
similar populations of detrital zircons ages are observed: the most
abundant is 4.1-7.6 Ma, followed by 6.5-7.6 Ma, 9.0-13.0 Ma,
and 19.0-23.0 Ma. Very low percentages of Late Cretaceous, Tri-
assic, early Paleozoic, and Precambrian zircons were recognized.
The maximum depositional ages in two samples of the Tumaco
1-ST-S well were 6.5 Ma (1257°) and 4.1 Ma (400°) (Figure 5).

4.6. Pliocene - Holocene

Pliocene — Holocene volcaniclastic fans were identified in the
eastern border of the basin (Figure 14). The volcanic source
probably came from an old Cumbal Volcano and from the Azu-
fral volcanic activity in the Western Cordillera. Three alluvial
fans can be differentiated, which prograde in the basin through
time (Figure 14): (i) The oldest fan (Pliocene?), 1560 km?, is
strongly dissected and controlled by the Junin Sambian{ Fault,
and it is formed by lahar and debris flow deposits mainly com-
posed of dacitic and andesitic rock fragments. (ii) A younger
fan, 160 km?, formed by lahar and debris flow deposits, is main-
ly composed of andesitic rock fragments. (iii) The youngest fan
covers 2030 km?. It is formed by lahar, debris flow, and stream
flow deposits and is mainly composed of dacitic pumice frag-
ments. This deposit partially overlays the Cascajal Formation
in unconformity, and they are interlayered with recent littoral
sediments along the Pacific coast.

The youngest volcanoclastic fan has 2.04 Ma as its max-
imum depositional age (Figure 14). In the Pleistocene fans
and the recent sediments, detrital zircon populations of 26-20
Ma, 14-11 Ma, 9-6 Ma, and 4-3 Ma were identified. These
detrital populations are in concordance with those present in
the underlying stratigraphic sequence. However, there is a sig-
nificant presence of zircons between 3—1.5 Ma, which records
the most recent activity of the magmatic arc (Figure 14). In
the Tumaco Bay outcrops, five samples were analyzed in the
Pliocene — Pleistocene deposits (Figure 1). In general, stable
phases occur in minor proportions compared with unstable
ones. The stable phases are constituted by zircon (10-21 %),
tourmaline (5-9 %), and rutile (2%). The unstable phases are
dominant and include apatite (3—7 %), pyroxene (10-16 %),
hornblende (24-33 %), biotite (24-29 %), and olivine (3-5
%). Chlorite and minerals of the epidote group are present in
very low proportions (< 1%).

Holocene deposits are mainly composed by coastal and flu-
vial sediments from the Patia and Mira Rivers. To the upper part
of the Tumaco 1-ST-S well, an unconsolidated sedimentary
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sequence of (ca. 32’; 9.8 m) sands and muds was identified.
There were two “C AMS ages in organic sediments, 4360 + 30
BP and 4150 + 30 BP (Holocene). These sediments belong to
the deltaic plain of the Mira River (Lépez et al., 2012).

5. Interpretation
5.1. Cretaceous - Paleogene

The Upper Cretaceous volcano—sedimentary succession
of Remolino Grande probably originated in an oceanic arc
during the Late Cretaceous (Echeverri et al., 2015a). This
unit and its basement collided obliquely against the western
margin of Ecuador and Colombia during the Late Cretaceous
— Paleogene, which generated thrusting, folding, and clastic
sedimentation (Barrero et al., 2006; Moreno—Sanchez & Par-
do—Trujillo, 2003; Pindell & Kennan, 2009; Villagémez et al.,
2011). The sedimentary record of the Remolino Grande—1 well
shows a Upper Cretaceous (Maastrichtian) — Eocene (ca. 20
Ma) unconformity, which could be associated with this tectonic
event. In northern Ecuador, the accretion of the Pifion—Naran-
jal Terrane occurred at ca. 58 Ma (Paleocene) (Jaillard et al.,
2009). The presence of Eocene plutonic and volcanic rocks in
the Western Cordillera (Agencia Nacional de Hidrocarburos
& Geologia Regional y Prospeccion, 2011; Barbosa—Espitia et
al.,2016) suggests that an Eocene volcanic arc was developed
after the collision of the Tumaco Basin basement with the con-
tinental margin (Arco de Ricaute of Spadea & Espinosa, 1996).
Over these rocks, upper Eocene — lower Miocene fine—grained
clastic sedimentary successions were discordantly accumulat-
ed in shelf and prodelta environments (Lutitas de Remolino
Grande Formation or 1 Sur Unit; Figure 2).

5.2, Early - Middle Miocene

The facies recorded in the wells suggest sedimentation in shelf,
prodelta, and deltaic environments (Angostura, Viche, and Ca-
yapas Formations; Figure 2; Agencia Nacional de Hidrocarburos
& Universidad de Caldas, 2011a; Agencia Nacional de Hidro-
carburos & Antek, 2013). The common presence of muddy ma-
trix and the angularity and poor sorting of grains in sandstones
and conglomerates suggest first—cycle sedimentation and rapid
burial. During the early Miocene, an ca. 5 Ma unconformity
was identified in the Remolino Grande—1 well (Figure 5). This
unconformity could be related to an exhumation pulse of the
Western Cordillera and the Remolino Grande—Gorgona Struc-
tural High, linked to an increase in the orthogonal convergence
rates of the Nazca—South American Plates (cf. Pardo—Casas &
Molnar, 1987; Somoza & Ghidella, 2012). Based on thermo-
chronologic analyses of the Gorgona Island, the Tumaco Basin,
and the southern part of the Western Cordillera, Barbosa—Espitia
et al. (2013a) interpreted a progressive and generalized exhuma-
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tion cooling in the area between 24-22 and 20—-16 Ma. Thermo-
chronologic analyses of the Western and Eastern Cordilleras of
Ecuador also recorded an exhumation event between 25-22 Ma,
which suggests a regional event linked to plate—scale kinematic
changes (Spikings & Crowhurst, 2004; Spikings et al., 2005).
In Ecuador, a middle Miocene cooling event has been attributed
to the increase in compressive stress during the collision of the
Carnegie Ridge with the South American margin, which started
at ca. 15 Ma (Spikings et al., 2010). According to Lopez—Ramos
(2009) the division of the Tumaco Borb6n and Manglares (Tu-
maco offshore) Basins occurred in the middle Miocene time and
was related to the subduction of the young and hot Nazca Plate
and the decrease in the convergence rate.

Three compositional associations in lower — middle Miocene
sandstones are indicative of sediment sources: (i) Abundance of
plagioclase and intermediate volcanic fragments can be asso-
ciated with volcanic igneous rock sources. (ii) Olivine and py-
roxenes (mainly augite) are related to mafic—ultramafic igneous
rocks (Figure 10). (iii) Potassium feldspar, quartz, amphibole,
and occasionally biotite are related to acid and/or intermedi-
ate plutonic rocks. This can be compared to the present—day
basement of the Western Cordillera, where upper Eocene and
Oligocene granitoids intrude the Cretaceous oceanic sedimen-
tary and basic igneous rocks (Figure 15; Barbosa—Espitia et
al., 2016; Gémez et al., 2015). In the Majagua—1 well, there is
more than 50% sedimentary lithics with respect to igneous frag-
ments and feldspars. In contrast, the Remolino Grande—1 well
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shows an increasing tendency in the content of volcanic, pluton-
ic fragments, and feldspars in the middle Miocene (Figures 6,
7). The analysis of heavy minerals in the Remolino Grande-1
well shows a domain of unstable phases (mainly epidote, augite,
and hornblende), and the Majagua—1 well presents a domain of
ultrastable phases (mainly zircon and apatite). These compo-
sitional contrasts are probably related to different source areas
or disconnection in the paleo—drainage systems or may also be
influenced by the formation of topographic highs that controlled
the drainages and acted as sedimentation barriers.

The 24-18 Ma and 12-14 Ma most frequent populations
of detrital zircons indicate a magmatic activity during these
periods in the vicinity of the basin, which can be associated
with Western Cordillera plutonic bodies that intrude the Cre-
taceous oceanic sedimentary and basic igneous rocks of the
Western Cordillera (Agencia Nacional de Hidrocarburos &
Geologia Regional y Prospeccién, 2011; Barbosa—Espitia et
al., 2016; Echeverri et al., 2015b). Magmatic activity close to
the source is also consistent with the preservation of feldspars
and volcanic fragments and is associated with the erosion of
middle—upper crustal levels in orogenic zones with magmatic
activity. The occurrence of chert and other sedimentary lithics
in the sandstones, as well as Mesozoic, Paleozoic, and Pre-
cambrian detrital zircons, suggests reworking of pre—-Miocene
sedimentary sequences of the Western Cordillera or, alterna-
tively, a connection with the Central Cordillera basement. This
connection could explain the presence of metamorphic frag-
ments in very low percentages. Additionally, marine fossils
(mollusks and foraminifera) have been reported in the rocks
of the Cauca—Patia Basin for the Oligocene — Miocene inter-
val (Ledn et al., 1973). This basin is located to the east of the
Tumaco Basin between the Central and Western Cordilleras,
which could indicate that the Tumaco and Cauca—Patia Basins
were connected and that some sediments came directly from
erosion of the Central Cordillera basement.

5.3. Late Miocene - Pliocene

In general, the presence of sandstones and conglomerates in
the Majagua—1 and Remolino Grande—1 wells, as well as the
abundance of mollusks and carbonized organic matter, suggest
deposition in the delta plain and nearshore environments (San
Agustin and Chagtif Formations; Figure 2). Fine—grained inter-
vals with abundant mollusks and foraminifera could be asso-
ciated with the lower delta front—prodelta transition. Agencia
Nacional de Hidrocarburos & Antek (2013) proposed sedi-
mentary environments varying from fluvial channels, estuarine
and mouth bars, delta front and prodelta environments in the
Tumaco 1-ST-P well. During this period, an increase in the
sedimentation rate is notorious (Figures 5, 15).

The late Miocene increase in the sedimentation rate may
be related to high subsidence in the basin (Echeverri, 2012;
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Lépez—Ramos, 2009) and to the increase in the volcanic ac-
tivity of the magmatic arc. Lépez—Ramos (2009) suggests that
the considerable sediment accumulation in the Tumaco Basin
would have resulted from crustal buckling due to horizon-
tal stress transfer into the overriding plate and the erosion of
the Western Cordillera. He also indicates that the Remolino
Grande Gorgona High was uplifted and allowed sediments
to dam in the Tumaco onshore basin. Late Miocene — Plio-
cene uplift pulses (ca. 14—10 and ca. 64 Ma) recognized in
southwestern Colombia (Barbosa—Espitia et al., 2013b) could
be related to the following: (i) Subduction of the young oce-
anic crust with change in the subduction angle between Naz-
ca and the South American Plate (Echeverri et al., 2015b),
(ii) orthogonal convergence of the Nazca Plate (Pardo—Casas
& Molnar, 1987; Somoza, 1998), or (iii) the collision of a
buoyant slab segment, derived from the Nazca Plate, such
as a small ridge or seamount, similar to, or being part of, the
Carnegie Ridge, and (iv) the collision of the Panamd—Choc6
Block (Barbosa—Espitia et al., 2013a).

Loépez—Ramos (2009) indicated a upper Miocene (Torto-
nian) unconformity (called U2) based on seismic reflectors in
the Tumaco Basin. It can be associated with a facies change
in the Majagua—1 (8000’; base of the Chagiii Formation) and
the Tumaco 1-ST-P wells (ca. 5400’; base of the Tangareal
del Mira Formation of Agencia Nacional de Hidrocarburos &
Antek, 2013) (Figure 5). This unconformity can be related with
an eustatic sea level drop (10.5 Ma; Hagq et al., 1987; Lépez—
Ramos, 2009). Based on thermochronological constraints,
Barbosa—Espitia et al. (2013b) proposed that the Remolino
Grande—Gorgona Structural High was uplifted between 14—10
Ma. This is also supported by the common presence of early
Miocene reworked microfossils (Figure 15).

During the late Miocene, the upward increase in the pro-
portion of unstable minerals such as plagioclase, pyroxene,
oxyhornblende, hornblende, and volcanic fragments indicates
an intensification of magmatic activity (Figure 7). This is in
agreement with a dominant 12—8 Ma zircon population. The
presence of microcline and biotite, as well as the occurrence of
the 25-18 Ma and 50-30 Ma zircon populations, suggest the
onset of the erosion of granitoids (Figures 6, 7), which could
be associated with the Western Cordillera basement (e.g., Pie-
drancha Granodiotrite, Nulpi Gabronorite, and ca. 44 Ma dikes
intruding the Timbiqui Formation; Figure 15; Agencia Nacional
de Hidrocarburos & Geologia Regional y Prospeccion, 2011a;
Agencia Nacional de Hidrocarburos & Universidad de Caldas,
2011a; Barbosa—Espitia et al., 2016; Echeverri et al., 2015b).
The presence of chert, sandstone, and shale fragments, as well
as Mesozoic, Paleozoic, and Precambrian zircons, suggests
reworking of the pre-Miocene sedimentary cover or partial
connection with the Central Cordillera basement. The good
preservation of plagioclase and volcanic lithics suggests short
transport, rapid burial, and negligible diagenesis effects.
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The Miocene — Pliocene boundary is difficult to locate
with the available information. Based on paleontological data,
Agencia Nacional de Hidrocarburos & Antek (2013) indicat-
ed the First Appearance Datum (FAD) of Cyatheacidites an-
nulatus in the Tumaco 1-ST-P well at 3950’ (ditch cutting
sample). The FAD of this species is located approximately at
the Tortonian — Messinian boundary (7.1 Ma, Jaramillo et al.,
2011). The correlation of seismic reflectors with the Maja-
gua—1 well (Figure 3b) allowed the establishment of a depth
of ca. 6000’ for this boundary. A 4.1 Ma (Zanclean) mini-
mal age of detrital zircons from the Tumaco 1-ST-S at 400’
indicates that the Miocene — Pliocene boundary is between
3950-400’ (Figure 5). These difficulties show the importance
of using multi—tools for chronostratigraphic interpretation, as
well as the need to acquire more geological information in
other places of the basin.

5.4. Pliocene - Pleistocene

During the Pliocene — Pleistocene, volcaniclastic fans were
identified at the SE border of the basin (Figure 14). A pro-
gradation of seismic reflectors to the west (Figure 3a) can
probably be associated with the increase in the erosion rates
and/or the volcanic activity. Seismic information (e.g., onlap
surfaces and eastward prograding reflectors in the western
border of the onshore basin) also shows an influence of the
Remolino Grande—Gorgona Structural High in the sedimen-
tation (Figures 3a, 15).

Lépez—Ramos (2009) identified an important Pliocene (Zan-
clean) unconformity (U3) marked by a deep erosional surface
and an abrupt facies change (sandstones and conglomerates of
the Cascajal Formation; Echeverri et al., 2016) and probably
related to a regional Andean orogenic event (e.g., van der Ham-
men et al., 1973). Thermochronological data obtained for the
Western Cordillera (Piedrancha Pluton) and in the sedimentary
fill of the Tumaco Basin recorded an ca. 4 Ma exhumation event
(Barbosa—Espitia et al., 2013a). This time period also coincides
with a marine eustatic drop (Haq et al., 1987).

6. Conclusions

The Tumaco Basin has a through symmetric shape with ca. 26
000’ (ca. 8000 m) of sediments in its depocenter. These deposits
accumulated as a response to the subduction of the Farallon and
Nazca Plates beneath the South American Plate, controlling sub-
sidence, magmatic activity, and sedimentation rates.

The sedimentary fill is mainly composed of mudrocks,
sandstones, and conglomerates that varied in proportion
through time and accumulated in open marine to deltaic envi-
ronments. The integration of biostratigraphic data obtained by
the analysis of calcareous nannofossils, planktonic foramin-
ifera, palynology, and detrital zircons allows us to produce an
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age model of the sedimentary deposits. The sequence starts
in the Paleogene (NP19 and P16), and the upper part of the
record is consistent with a Messinian — Piacenzian age. The
information to establish the age of the upper Miocene — Plio-
cene deposits is still limited.

The Neogene sandstones of the Tumaco Basin are main-
ly related to nearby intermediate to mafic magmatic sources
similar to the present—day Western Cordillera basement. Eo-
cene and Cretaceous zircon populations can be related to the
erosion of the Western Cordillera plutonic and volcanic rocks.
The presence of Jurassic and older sources would be linked to
the reworking coming from units of the Western Cordillera,
although it is possible that in some areas, a direct connection
with the Central Cordillera basement existed. Differences in
petrography and heavy mineral associations for sediments ac-
cumulated at the same time could be related to different source
areas or disconnection in the paleo—drainage systems related
to topographic highs.

Detrital zircons and petrographic data indicate that sedimen-
tation was contemporary with magmatic activity, which started
at ca. 26 Ma (late Oligocene) until today, and recorded an in-
creasing activity since the middle Miocene.

The seismic, biostratigraphic, and geochronological data
enabled the identification and quantification of the duration of
some unconformities in the Tumaco Basin (e.g., Late Creta-
ceous — Eocene, early Miocene), which seem to be related to
regional and global tectonic processes, such as changes in the
direction and convergence rates of tectonic plates, subduction
of seamounts, and eustasy.
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