Journal of South American Earth Sciences 111 (2021) 103440

Contents lists available at ScienceDirect

Journal of South American Earth Sciences

ELSEVIER journal homepage: www.elsevier.com/locate/jsames

Check for

Evolution of a fluvial-dominated delta during the Oligocene of the | e
Colombian Caribbean: Sedimentological and ichnological signatures in
well-cores

Sergio A. Celis™"", Francisco J. Rodriguez-Tovar ", Carlos A. Giraldo-Villegas ",
Andrés Pardo-Trujillo ®¢
2 Instituto de Investigaciones en Estratigrafia-IIES, Universidad de Caldas, Calle 65 N° 26 - 10, Manizales, 275, Colombia

b Departamento de Estratigrafia y Paleontologia, Universidad de Granada, Avda. Severo Ochoa S/n, 18002, Granada, Spain
¢ Departamento de Ciencias Geoldgicas, Universidad de Caldas, Calle 65 N° 26 - 10, Manizales, 275, Colombia

ARTICLE INFO ABSTRACT
Keywords: Basin analysis from Colombian Caribbean is particularly important given the interest in finding hydrocarbon
Trace fossils reservoirs, but their complex geological evolution, and the frequent lateral and vertical variation of facies

Palaeoecological and depositional conditions

Deltai difficult a conclusive characterization, highlights the need for detailed sedimentological and ichnological studies.
eltaic system

The study succession corresponds to an interval of a well core drilled in the south of the Sinii-San Jacinto Basin

Well-
H;drtig;:bon exploration (Colombian Caribbean), with 1069 ft (~326 m) thick of an Oligocene siliciclastic succession, interpreted in
Oligocene general terms, as deposited in a deltaic system. The integrated sedimentological/ichnological analysis allows the

Colombia differentiation of dominant facies, with predominant lithologies such as conglomerates, sandstones, mudrocks,
bioclastic sediments, as well as coal beds. The ichnological assemblage is low in abundance and moderately
diverse, composed by Conichnus, Cylindrichnus, Dactyloidites, Macaronichnus, Ophiomorpha, Phycosiphon, Skolithos,
Taenidium, Teichichnus, and Thalassinoides, as well as rhizoliths.

The complexity of the sedimentary system is reflected in its evolution throughout the Oligocene. A type
succession with coarsening-upward trend was identified and it is repeated through the succession studied. It
presents a general trend from bioclastic sediments (bioclastic conglomerates, sandstones and mudrocks) that pass
into horizontal lamination and massive mudrocks occasionally bioturbated by Phycosiphon, and interbedded by
mudrocks and sandstones with lenticular bedding, and the occurrence of Teichichnus. Above, bioturbated muddy
sandstones with Ophiomorpha, Taenidium, Thalassinoides, and rarely Teichichnus, muddy sandstones with planar
cross-lamination, and horizontal lamination sandstones with Dactyloidites, Ophiomorpha, Skolithos, and Tha-
lassinoides are registered. Transition to carbonaceous mudrocks with Teichichnus, coal medium beds, and fine-to
coarse-grained sandstones sometimes with Macaronichnus and/or Ophiomorpha is observed. Towards the top, are
observed mudrocks with rhizoliths. This succession is interrupted by massive and horizontal lamination sand-
stones with low bioturbation index generated by the ichnological assemblage and/or by the exclusive occurrence
of Ophiomorpha and/or Taenidium. Massive sandstones with erosive bases, asymmetrical ripples, and high content
of organic debris are occasionally recorded. This succession reflects a progradational trend similar to those of
fluvial-dominated deltaic sequences.

Detailed analysis revealed that even the fluvial processes were dominant in the deltaic system; however, local
tidal and wave influence is recorded. Moreover, integration of sedimentological and ichnological information
allows characterizing the evolution of the different sub-environments of the deltaic system, as prodelta bay, distal
delta front, proximal delta front, distributary channels, mouth bars, and lower delta plain, and this is essential for
areas of economic interest.
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1. Introduction

Deltaic environments are complex settings determined by the in-
teractions of fluvial and marine hydrodynamic processes, as well as by
the geometry of the receiving basin, and type and amount of sediments
delivered from the river (Tonkin, 2012). In this sense, deltas generate
variable coastal morphologies depending on their genesis and fluvial,
tidal and/or wave interactions (Dalrymple et al., 1992).

Deltas present diagnostic facies trends as the fluvial system incor-
porated into the sedimentary basin supplies a greater sediment load than
can be redistributed outside the mouth bar by the dominant wave and/
or tidal processes, and significantly influence associated coastal envi-
ronments such as coastal plains and tidal flats (Galloway, 1975; Boyd
et al., 1992; Orton and Reading, 1993; Bhattacharya and Giosan, 2003;
Bhattacharya, 2006). These trends are observed in outcrops and cores,
being generally recognized as coarsening upward successions (Tonkin,
2012). These are progradational, and sometimes retrogradational, sili-
ciclastic sequences associated with the dynamic of the relative sea level
(regressive and transgressive phases), according to the supply of sedi-
ment, redistribution capacity, the morphology of the basin, and the
coastline (Bhattacharya and Walker, 1992; Dalrymple et al., 1992;
Dalrymple and Choi, 2007; Ainsworth et al., 2008, 2011, 2011; Tonkin,
2012).

The study of deltaic deposits has been based, fundamentally, on the
analysis of sedimentary features (e.g., sedimentary structures, textures),
together with paleontological and geochemical information (MacEach-
ern et al., 2005). In most researches, the presence of biogenic sedi-
mentary structures is indicated, which, according to the growth of
ichnology in recent years, determined the integration of ichnological
studies as an essential tool for the analysis of deltaic systems (Pemberton
and Wightman, 1992; MacEachern et al., 2005; Gani et al., 2007;
MacEachern and Bann, 2008, 2020; Dashtgard et al., 2011; Buatois
et al., 2012; Tonkin, 2012; Shchepetkina et al., 2019; Bayet-Goll and
Neto de Carvalho, 2020; Canale et al., 2020; Moyano Paz et al., 2020).
Coastal systems with deltaic influence are characterized by receiving
fluvial discharges that, depending on the capacity of marine processes
(waves or tides) to redistribute sediment and the fresh water provided by
rivers, generate significant fluctuations in the physical-chemical condi-
tions, determining a stressful environment (Collins et al., 2019). Thus,
the trace makers, as responding to these environmental changes
(ecological and depositional), provides ichnological evidences (i.e.,
morphology and size of the structures, degree of bioturbation, distri-
bution, ichnodiversity, ichnodisparity, tiering) which contribute to the
detail characterization of delta settings (Ekdale et al., 1984; Bromley,
1990; Buatois et al., 2005, 2012, 2012; MacEachern et al., 2005; Hansen
and MacEachern, 2007; Bann et al., 2008; Collins et al., 2019). On this
basis, the integration of sedimentology and ichnology reveals essential
for the interpretation of deltaic environments, and the associated
physicochemical parameters such as salinity, hydrodynamics, sedi-
mentation rate, oxygenation, substrate consistency, turbidity, light, or
temperature, allowing evaluation of the importance of fluvial, tidal
and/or wave processes during delta development (Bhattacharya and
Giosan, 2003; MacEachern et al., 2005, 2007a, 2007a; Gani et al., 2007;
Buatois and Mangano, 2011).

The Sind-San Jacinto (SSJB) and Lower Magdalena Valley (LMV)
basins of the Colombian Caribbean have currently a particular economic
importance, based on the existence of numerous oil and gas seeps, as
well as boreholes with evidence of hydrocarbon (Bernal- Olaya et al.,
2015; Osorno and Rangel, 2015). Particularly, the SSJB shows evidence
of the existence of an active petroleum system, being one of the basins
with more petroleum seeps in Colombia, and within which have been
tested Upper Cretaceous sequences as hydrocarbon source rocks (Osorno
and Rangel, 2015). These characteristics make this basin an ideal area
for hydrocarbon exploration.

For this purpose, the National Hydrocarbons Agency (ANH) has
drilled several cores of exploratory wells in order to know and
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understand in detail the petroleum systems of the Colombian Caribbean,
because its stratigraphic and structural complexity difficult to under-
stand the geologic evolution of the basin (e.g., Taboada et al., 2000;
Cediel et al., 2003; Pindell et al., 2005; Escalona and Mann, 2011;
Cardona et al., 2012; Rosello and Cossey, 2012; Alfaro and Holz, 2014;
Mora et al., 2017, 2018; Silva— Tamayo et al., 2017; Montes et al., 2019).
The stratigraphic studies involving the geological evolution of the SSJB
show the difficulty for the establishment of the elements of the petro-
leum system given the continuous variation of facies both lateral and
vertically (Duque- Caro, 1991; Guzman et al., 2004; Guzman, 2007;
Bermudez et al., 2009; Bermidez, 2016; Mora et al.,, 2017, 2018;
Osorio-Granada et al., 2020; Manco- Garc € s et al., 2020).

In 2015, the National Hydrocarbons Agency (ANH) drilled the ANH-
SSJ-Nueva Esperanza-1X stratigraphic well, which is located close to the
Monteria-Planeta Rica road (coordinates 8°31'42,68''N/
75°40'31,93"”"W) reaching a total depth of ~2266 ft (~691 m) (Fig. 1). A
well core interval drilled a sedimentary succession of Oligocene age
associated with Ciénaga de Oro Formation (Fig. 1) that, according to its
lithological characteristics, have been considered as a potential reservoir
within the system (Flinch, 2003; Marin et al., 2010). However, its
complex lateral variation of facies within the basin prevents the proposal
of a definitive model. On this base, the aim of the present research is the
detailed integrative ichnological and sedimentological analysis of a
sedimentary succession drilled in the SSJB in order to improve the un-
derstanding vertical variations, and characterization of the dynamics of
deltaic environments developed in the Colombian Caribbean during the
Oligocene.

2. Geological setting

The NW corner of South America is influenced by the interaction
between Nazca, Caribbean and South America plates (Montes et al.,
2019; Mora-Paez et al., 2019). This complex interaction has controlled
the filling of the sedimentary basins from the Upper Cretaceous to the
Recent (Mora et al., 2017, 2018, 2018; Montes et al., 2019; Pardo-
Trujillo et al., 2020).

Into the onshore sedimentary basins at the north of Colombia, the
SSJB and LMV are considered forearc basins, geologically separated by
the Romeral Fault System (Bernal- Olaya et al., 2015; Mora et al., 2018;
Montes et al., 2019). The SSJB is located on an igneous oceanic base-
ment of Cretaceous age (Geotec, 2003; Guzman, 2007; Bermtdez et al.,
2009; Silva— Arias et al., 2016; Mora et al., 2017). Its sedimentary fill
includes rocks from Upper Cretaceous to Recent (Fig. 2), linked to the
northeastern migration of the Caribbean Plate (Mora et al., 2017, 2018;
Montes et al., 2019; Pardo- Trujillo et al., 2020). Limestones, mudrocks,
cherts and sandstones, from the Cansona Formation of Campanian —
Maastrichtian age overlay the basement (Duque-Caro, 1968, 1972;
Guzman, 2007; Bermtdez et al., 2009; Duenas and Gomez, 2011; Ber-
mudez, 2016). Subsequently, the collision of the Caribbean Plateau
against the northern South American margin produced a tectonic event,
recognized by a lower Paleocene unconformity-LPU (Guzman et al.,
2004; Mora et al., 2017). Upper Paleocene — lower Eocene conglomer-
ates, sandstones and mudrocks from the San Cayetano Formation
overlay the Upper Cretaceous rocks (Duque-Caro, 1972; Guzman, 2007;
Bermddez et al., 2009; Bermuidez, 2016; Mora et al., 2017). In the early
to middle Eocene, the increase in morphotectonic activity generated
another unconformity: lower middle Eocene unconformity-LMEU
(Guzman et al., 2004; Mora et al., 2017). The Chalan/Chengue/Tolu-
viejo formations, composed of conglomerates, sandstones, limestones
and mudrocks of middle - late Eocene age overlay the San Cayetano
Formation, and are overlaid by the Carmen/San Jacinto formations of
late Eocene — early Oligocene age (Duque-Caro, 1972; Guzman, 2007;
Bermudez et al., 2009; Bermtdez, 2016; Mora et al., 2017, 2018). Later,
sandstones and siltstones with coal beds associated with the Ciénaga de
Oro Formation (Oligocene - early Miocene age) were deposited
(Duque-Caro, 1972; Guzman, 2007; Bermtdez et al., 2009; Bermtdez,
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Fig. 1. Location map. A. Location of Colombia in South America. B. Location of the Sint-San Jacinto Basin (SSJB) and Lower Magdalena Valley Basin (LMV) in the
Colombian Caribbean (WC Western Cordillera; CC Central Cordillera; EC Eastern Cordillera). C. Sint-San Jacinto Basin (SSJB). Monteria-Planeta Rica road. Geology
is only indicated in the SSJB (Source: WGS-1984 coordinate system; CIOH, SRTM, NOAA elevation and ocean models; geology of Gomez et al., 2015).

2016; Mora et al., 2017, 2018; Manco- Garc € s et al., 2020). A regional
early Miocene tectonic event generated the lower Miocene
unconformity-LMU (Mora et al., 2018). In the middle to late Miocene,
were deposited siltstones and in minor proportion sandstones corre-
spond to the Porquero Formation (Duque-Caro, 1972; Guzman, 2007;
Bermtdez et al., 2009; Bermtdez, 2016). Upper Miocene — Pliocene
sandstones, siltstones and carbonaceous levels associated with the El

Descanso, El Cerrito and Tubara Formation were registered above
(Duque-Caro, 1972; Guzman, 2007; Molinares et al., 2012). Finally,
Pliocene and Quaternary sandstones, siltstones, conglomerates and
limestones from the Sincelejo, Morroa and La Popa Formation were
deposited (Duque-Caro, 1972; Guzman, 2007; Molinares et al., 2012).
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Fig. 2. Schematic chronostratigraphic chart of the Sint-San Jacinto Basin
(modified from Mora et al., 2017, 2018; Osorio-Granada et al., 2020). Note:
LPU: lower Paleocene unconformity; LMEU: lower-middle Eocene unconfor-
mity; LMU: lower Miocene unconformity.
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2.1. Ciénaga de Oro Formation

During the Oligocene — early Miocene, thick shallow marine and
deltaic deposits accumulated in the southern part of the SSJB corre-
sponding to the Ciénaga de Oro Formation (Duenas and Duque-Caro,
1981; Duenas, 1986; Guzman et al., 2004; Bermudez et al., 2009; Ber-
mudez, 2016; Manco- Garc é s et al., 2020). Duque-Caro (1972) in the
stratigraphic sections of Arroyo Alférez and Carmen-Zambrano defined
the Carmen Group that includes from base to top, Ciénaga de Oro,
Porquero and Cerrito formations. Subsequently, Duque-Caro (1973)
used the term Ciénaga de Oro to designate the succession of sandstones
and mudrocks outcropping on the Monteria-Planeta Rica road. The term
Ciénaga de Oro Formation is derived from unpublished Intercol oil
company reports that use it in the Monterfa-Planeta Rica and Ciénaga de
Oro-La Ye regions (Duenas and Duque-Caro, 1981). Based on palyno-
logical, stratigraphic and seismic studies carried out in the Ciénaga de
Oro Formation, an Eocene (?) — Oligocene to lower Miocene age is
assigned (Duenas, 1980, 1983, 1986, 1983; Duenas and Duque-Caro,
1981; Guzman et al., 2004; Bermudez et al., 2009; Mora et al., 2018).
The thickness of this unit was measured on the Monteria-Planeta Rica
road, and corresponds to at least 2500 m of a domain of sandy facies
with intercalations of calcareous gray mudrocks, carbonaceous
mudrocks and coal (Duenas and Duque-Caro, 1981).

Duenas and Duque-Caro (1981) and Mora et al. (2018) divide the
Ciénaga de Oro Formation into two segments: lower and upper. The
analyzes of planktonic foraminifera in well-cores and outcrops reported
by Mora et al. (2018) assign an Oligocene to lower Miocene age for the
lower segment. This unit is limited towards the top by a regional un-
conformity that puts it in contact with the upper segment (Mora et al.,
2018), which has a lower to middle Miocene age (Duenas and Duque
Caro, 1981; Mora et al., 2018).

3. Material and methods

In the last years, the National Hydrocarbons Agency (ANH) has
drilled several stratigraphic wells in the Colombian Caribbean area in
order to characterize the evolution and hydrocarbon potential of the
basins. The study succession corresponds to an interval of the ANH-SSJ-
Nueva Esperanza-1X stratigraphic well, drilled in the south of the SSJB.
The study interval is between 2013 ft-946 ft (~614 m-~288 m) from
the top. The well-core was described in detail in the Colombian core
repository (Litoteca Nacional-Piedecuesta, Colombia). The Oligocene
age data were taken from the biostratigraphic study developed by the
Universidad de Caldas for the ANH and Minciencias based mainly on
palynomorphs, foraminifera, and calcareous nanofossils (Project Con-
trato RC 494, 2017) and other previous works in the Ciénaga de Oro
Formation (e.g., Duenas, 1980). A detailed stratigraphic log (scale 1:1)
was carried out taking into account the lithology (texture, composition),
sedimentary structures, contact types, and paleontological contents
(fossils, and biogenic sedimentary structures). The thicknesses of the
beds are described following the nomenclature of Nichols (2009): very
thin beds (<1 cm), thin beds (1-10 cm), medium beds (10-30 cm), thick
beds (30-100 cm), very thick beds (>100 cm). Special attention was
paid to the detailed ichnological characterization, including ichno-
logical features such as size of trace fossils, type of fill, orientation,
relationship with the facies and stratigraphic surfaces, and tiering, as
well as ichnodiversity, distribution and abundance (Bioturbation Index,
BI, sensu Taylor and Goldring, 1993) of the structures. Ichnotax-
onomical assignation is based on the recognition of ichnotaxobases as
observed in cores (Knaust, 2017). The facies codes were assigned from
the terminology used by Collinson and Mountney (2019).
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4. Sedimentology and ichnology mudrocks - Fig. 4, conglomerates - Figs. 3-4, bioclastic sediments -
Figs. 3-4, and coal levels - Fig. 4), as well as the definition of sedi-

4.1. Facies mentary facies (Table 1; Figs. 3 and 4).
The study interval is formed mainly by thin, medium and thick
The well-core segment studied corresponds to a siliciclastic succes- sandstone beds from very fine-medium to coarse-slightly conglomeratic
sion approximately 1069 ft (~326 m) thick. Five lithological groups sizes, gray and yellowish gray. Also, the grain-selection is variable from
were differentiated in the study succession (sandstones - Fig. 3, poor to well sorted. Internally and throughout the well-core, massive

Fig. 3. Main sedimentary structures identified in the sandstones of the study succession. Scale bar: 2 cm. In parentheses, location of the photograph in the well (feet -
meters from the top). A. Massive sandstone (Sm; 1506 ft - ~459 m). B. Horizontal lamination sandstone (Sh; 1053 ft - ~321 m). C. Low angle cross-bedding
sandstone (Sa; 1884 ft - ~574 m). D. Planar cross-bedding sandstone (Sp; 1089 ft - ~332 m). E. Hummocky cross-stratification (HCS; 1895 ft - ~578 m); F.
Convolute lamination sandstone (Sc; 1935 ft - ~590 m). G. Asymmetrical ripples in sandstone (Sr; 1681 ft - ~512 m). H. Symmetrical ripples in sandstone (Sw), and
load casts (Slc; 1948 ft - ~594 m). I. Trough cross-bedding sandstone (St; 1783 ft - ~543 m). J. Normal gradation of coarse-grained sandstone to medium fine-grained
sandstone (Sng; 1776 ft - ~541 m). K. Inverse gradation of medium-grained sandstone to coarse-grained sandstone (Sig; 1619 ft - ~493 m). L. Massive bioclastic
sandstone (Sb; 1153 ft - ~351 m). M. Load casts (Slc; 1092 ft - ~333 m).



S.A. Celis et al.

Journal of South American Earth Sciences 111 (2021) 103440

Fig. 4. Main sedimentary structures identified in the sandstones and mudrock interbedded, mudrocks, conglomerates, and coal beds of the study succession. Scale
bar: 2 cm. In parentheses, location of the photograph in the well (feet - meters from the top). A. Flaser bedding (Htf; 1894 ft - ~577 m). B. Wavy bedding (Htw; 1299
ft - ~396 m). C. Lenticular bedding (Htl; 1934 ft - ~589 m). D. Massive mudrock (Mm; 1916 ft - ~584 m). E. Horizontal lamination mudrock (Mh; 999 ft - ~304 m);
F. Syneresis cracks (Ms; 1397 ft - ~426 m). G. Massive bioclastic mudrock (Mb; 1923 ft - ~586 m). H. Massive polymictic matrix-supported conglomerates (Gmm;
1586 ft - ~483 m). I. Massive polymictic clast-supported conglomerates (Gem; 971 ft - ~296 m). J. Normal gradation of granule-sized conglomerate to medium-
grained sandstones (Gng; 1583 ft - ~482 m). K. Inverse gradation of medium coarse-grained sandstone to granule-sized conglomerate (Gig; 1191 ft - ~363 m).
L. Massive oligomictic clast-supported conglomerates (Goc; 965 ft - ~294 m). M. Massive bioclastic conglomerate (Gb; 1980 ft - ~603 m). N. Massive coal (Co; 1842

ft - ~561 m).

structure (Sm; Fig. 3A), horizontal lamination (Sh; Fig. 3B), low-angle
cross-bedding (Sa; Fig. 3C), planar cross-bedding (Sp; Fig. 3D), and
trough cross-bedding are present (St; Table 1; Figs. 31 and 5). Sandstones
and mudrocks intercalations are observed, showing flaser (Htf; Fig. 4A),
wavy (Htw; Fig. 4B) and lenticular bedding (Htl; Fig. 4C), where the
occurrence of mud-drapes is also common (Table 1; Fig. 5). In addition,
in some intervals hummocky cross-stratification (HCS; Fig. 3E) is

observed, as well as convolute lamination (Sc) (Fig. 3F), flame structure,
load casts (Sf, Slc; Fig. 3H-M), and asymmetrical (Sr; Fig. 3G) and
symmetrical ripples (Sw; Fig. 3H; Table 1; Fig. 5). Some massive sand-
stones (Sm) have rhizoliths. In some intervals, there are medium-to
coarse-grained sandstones with fragments of organic matter, erosive
bases and tops with normal gradation (Sng; Fig. 3J) to fine and very fine-
grained sandstones. Occasionally, inverse gradation (Sig; Fig. 3K) to
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Table 1
Sedimentary facies and hydrodynamic interpretation.
Lithological group Sedimentary structure Facies Hydrodynamic processes References
Code

Sandstones Massive structure Sm Rapid deposition, most probably through the deceleration of a Collinson et al. (2006),
heavily sediment-laden current. Destruction of depositional Collinson and Mountney
lamination can come about through intense reworking of (2019)
sediment.

Horizontal lamination Sh High velocity currents, probably associated with upper flow Collinson and Mountney
regime in fine- to medium-grained sandstones and that it is not (2019),
very micaceous. Heldreich et al. (2017)
Low-angle cross-bedding Sa Washed-out dunes that occur between subcritical flow regimes. Picard and High (1973),
Deposited by traction from relatively weak currents that approach ~ Heldreich et al. (2017)
upper flow regime conditions for the size of sediment being
deposited.
Planar cross-bedding Sp Unidirectional migration of 2D straight-crested ripples and Heldreich et al. (2017),
thalweg bars in high-energy fluvial channels, under lower flow Collinson and Mountney
regime. (2019)
Hummocky cross-stratification HCS Deposition during high-energy oscillatory or combined flows. Collinson and Mountney
Strong and complex wave activity, mainly in areas below fair- (2019)
weather wave base.
Convolute lamination Sc Plastic deformation of partially liquefied sediment, usually Collinson and Mountney
occurring soon after deposition. (2019)
Asymmetrical ripples Sr Result from currents flowing in one direction only Collinson and Mountney
(unidirectional). (2019)
Symmetrical ripples Sw Bidirectional, oscillatory wave motion creates straight-crested Heldreich et al. (2017),
symmetrical wave ripples. Represents deposition under wave Collinson and Mountney
action or in shallow water with stable flow conditions. (2019)
Trough cross-bedding St Produced during unidirectional migration of sinuous to linguoid- ~ Collinson and Mountney
crested ripples or dunes (depending of the scale) in high to (2019)
moderate energy.
Normal gradation (Medium- to coarse- grained Sng This suggests a decelerating current from suspension of sediments, ~ Collinson and Mountney
sandstones to fine and very fine-grained with coarsest particles falling to the bed first. (2019)
sandstones)
Sandstones and Inverse gradation (Medium- to coarse- grained Sig Dispersive pressure caused by mutual impacts of grains behaving  Reading (1996), Hand
conglomerates sandstones to conglomeratic sandstones and inertially within a rapidly shearing layer. (1997), Collinson et al.
granule-sized matrix-supported conglomerate) (2006)
Bioclastic Massive bioclastic sandstones Sb Rapid deposition, most probably through the deceleration of a Collinson et al. (2006)
sandstones heavily sediment-laden current. Destruction of depositional
lamination can come about through intense reworking of
sediment.
Sandstones and Load casts and flame structures Sle, Sf Differences in density between the beds. Collinson and Mountney
mudrocks (2019)
Flaser bedding Htf Water movement over a sand bed, as unidirectional currents, Collinson et al. (2006).
Wavy bedding Htw oscillatory waves or combination of both. The variation in mud
Lenticular bedding Htl and sand content is the result of increasing/decreasing in current
speed.

Mudrocks Massive Mm Vertical settling by weak suspension currents, intense Shanmugam (1997),
bioturbation, high viscosity sediment - water flows under low Potter et al. (2005)
energy conditions or in standing bodies of water (mudflows).

Horizontal lamination Mh Vertical settling by weak suspension currents in very low energy Potter et al. (2005)
conditions.
Syneresis cracks Ms They are produced by the expulsion of liquid that generates the Astin and Rogers
spontaneous contraction experienced by a recently deposited clay, ~ (1991), Pratt (1998),
in contact with a saline solution. This subaqueous shrinkage in Tanner (2003)
argillaceous sediments can also be caused by earthquake-induced
dewatering.
Bioclastic Massive bioclastic mudrocks Mb Vertical settling by weak suspension currents, intense Shanmugam (1997),
mudrocks bioturbation, dense mudflows along the bottom. Potter et al. (2005)

Conglomerates Massive polymictic matrix-supported Gmm Transport and deposition of such hyper-concentrated sediments Collinson and Mountney

occur in high-energy flow conditions. (2019)
Massive polymictic clast-supported Gem Transport and deposition of such hyper-concentrated sediments Collinson and Mountney
occur in high-energy flow conditions. (2019)
Normal gradation (Granule-sized and a lesser Gng Deceleration of the flow with coarsest particles falling to the bed =~ Lowe (1976), Collinson
extent, pebble matrix-supported conglomerates first. and Mountney (2019)
to medium- to coarse- grained sandstones)
Inverse gradation (Medium- to coarse- grained Gig Dispersive pressures operated, the density-modified grain flow. Todd (1989), Nemec
sandstones to conglomeratic sandstones and Inverse grading may also result from growth of low-relief bars and Postma (1993)
granule-sized matrix-supported conglomerate) though a clast-supported fabric is then more likely.
Massive oligomictic clast-supported Goc Transport and deposition of such sediments occur in high-energy,  Collinson and Mountney
but some of the clasts originated from within the basin of (2019)
deposition and were eroded from penecontemporaneous
sediments.
Bioclastic Massive bioclastic conglomerates Gb Rapid deposition, most probably through the deceleration of a Collinson et al. (2006)
conglomerates heavily sediment-laden current. Destruction of depositional
lamination can come about through intense reworking of
sediment.
Coal Massive coal Co Calm hydrodynamic conditions that allow the preservation of Collinson and Mountney

organic matter suggests low oxygen conditions.

(2019)
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Fig. 5. Stratigraphic log of the studied interval (scale 1:2000), including sedimentological (lithology, contact type, grain size, sedimentary structures-facies) and
paleontological (fossils, ichnofossils and Bioturbation Index) features. For facies codes see Table 1.
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conglomeratic sandstones and granule-sized matrix-supported con-
glomerates, and then normal gradation to coarse and medium-grained
sandstones is registered (Table 1; Fig. 5). Bioturbation index in sand-
stones range from 0 to 5. Massive sandstones (Sm) generally exhibit the
highest values of BI = 4-5 (Table 1; Fig. 5).

Thin, medium and thick light gray to dark/black mudrock beds are
common in the study succession (Table 1; Fig. 5). They occur mainly
with lenticular bedding (Htl; Fig. 4C) and, occasionally, massive struc-
ture (Mm; Fig. 4D), and horizontal lamination (Mh; Fig. 4E), with a
variable but low bioturbation index (BI = 0 and 2; Table 1; Fig. 5). Some
syneresis cracks (Ms; Fig. 4F), iron and siderite nodules and, occasion-
ally, accompanied by rhizoliths are also observed (Table 1; Fig. 5). The
micropaleontological analysis reveals the presence of mudrocks levels
with few calcareous nanofossils, foraminifera (benthic and planktonic),
and marine palynomorphs (dinoflagellates), and in a higher proportion
pollen and spores (Project Contrato RC 494, 2017).

Throughout the study interval, thin, medium and thick beds of gray
and yellowish gray polymictic granule-sized matrix- and clast-supported
conglomerates (Gmm, Gem; Fig. 4H and I) associated with sandstones.
To a lesser extent, pebbles-sized conglomerates are observed (Table 1;
Fig. 5). Their clasts are subangular to subrounded, moderately to well
sorted. Change to sandstones beds can be gradational (Gng, Gig; Fig. 4J
and K), erosive or net (Table 1; Fig. 5). Rarely, pebble-sized oligomictic
clast-supported conglomerates (Goc; Fig. 4L) are observed consisting of
mudrocks clasts (Table 1; Fig. 5). Woody fragments are also common.
Biogenic sedimentary structures in the conglomerates are scarce,
although in the variations from medium to coarse sandstones to
conglomeratic sandstones and to granule-sized matrix-supported con-
glomerates, traces of Ophiomorpha and bioturbation index between
0 and 2 are observed (Table 1; Fig. 5).

Frequently, medium to thick bioclastic sandstones beds (Sb; Fig. 3L)
with indeterminate shell fragments, bivalves and gastropods fragments
occur (Table 1; Fig. 5). They show slight variations to granule-sized
bioclastic matrix-supported conglomerates (Gb; Table 1; Fig. 4M;
Fig. 5). Thin and medium bioclastic mudrock beds (Mb) with slight
variations to bioclastic sandstones (Sb; Fig. 4G) are also locally recog-
nized, with, bivalves, and gastropods and indeterminate shell fragments
(Table 1; Fig. 5). On some occasions, granule-sized bioclastic matrix-
supported conglomerates (Gb; Fig. 4M) are observed in net contact on
the sandstones or medium coal beds (Co; Table 1; Fig. 5). The bioclastic
content of the conglomerates consists of indeterminate shell fragments,
as well as bivalves and gastropods. Bioturbation index in bioclastic
sediments range from O to 2.

Very thin, thin, and medium coal beds (Co; Fig. 4N) are also observed
in the study interval (Fig. 4), with a variable relationship with the other
lithologies (Table 1; Fig. 5). The base usually presents net contacts with
other lithologies and occasionally transitional contacts from carbona-
ceous mudrocks. The top of these coal beds shows transitional change to
mudrocks, and/or erosive contacts with bioclastic sediments (bioclastic
sandstones (Sb) and/or bioclastic conglomerates (Gb)), and to a lesser
extent to massive sandstones (Sm; Table 1; Fig. 5). Bioturbation index
3-4 characterize the top of some of these coal beds (Table 1; Fig. 5).

4.2. Trace fossils

Trace fossil assemblage in the studied succession is low abundant and
moderately diverse. Ten ichnogenera have been recognized, including
Conichnus, Cylindrichnus, Dactyloidites, Macaronichnus, Ophiomorpha,
Phycosiphon, Skolithos, Taenidium, Teichichnus, Thalassinoides, as well as
undifferentiated rhizoliths. The bioturbation index ranges from 0 (no
traces) to 4-5 (intense bioturbation to almost completely disturbed
bedding). In numerous intervals Ophiomorpha is the only trace fossil
present. In other cases, Conichnus, Cylindrichnus, Dactyloidites, Maca-
ronichnus, Phycosiphon, Skolithos, Taenidium, Teichichnus, and Thalassi-
noides are also registered as exclusive traces. Furthermore, the
associations  Ophiomorpha-Conichnus, = Ophiomorpha-Thalassinoides,
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Conichnus-Dactyloidites-Ophiomorpha are recognized.

Conichnus (Fig. 6A), is a relatively large conical burrow with sub-
circular cross section and subvertical orientation. The passive filling
may include a thin lining along the wall of the burrow (Frey and
Howard, 1981). Internally, Conichnus often show downward deviated
blades determining a chevron appearance, primarily in response to the
vertical adjustment of the producer (Knaust, 2017). The recognized
specimens have approximately a cross section ~8 cm long and ~2 cm
wide. The thin lining along the wall of the burrow is observed, as well as
the deviation of the sediment sheets downwards (Fig. 6A). Specimens
are found in medium-grained sandstones with incipient horizontal
lamination (Sh), and massive sandstones (Sm), sometimes together with
Ophiomorpha (Fig. 6A). Conichnus is a common element of shallow ma-
rine and, nearshore environments where occur high-energy sedimentary
processes, high sediment supply, and frequently mobilized substrate (e.
g., Abad et al., 2006). It also occurs in shallow intertidal to subtidal
environments, and can be associated with wave structures, dunes and
megaripples (e.g., Savrda, 2002).

Cylindrichnus (Fig. 6B), includes arc-shaped or U-shaped burrows
with a passive fill and a concentric laminated lining (Ekdale and Har-
ding, 2015). They are usually unbranched, although branching has been
documented (Knaust, 2017). Observed Cylindrichnus burrows have
subvertical shapes with a slight arc shape with sizes between ~4 and 6
cm long, and ~1 cm wide. Displaying the diagnostic thick lining high-
lighted by sheets of organic matter enclosing a thin central to eccentric
tube (Fig. 6B). This trace fossil is found mainly in massive medium-to
fine-grained sandstones with a high content of organic matter (Sm).
Cylindrichnus is characteristic of high-energy deposits, including storm
deposits, sand dunes, and sandbanks, where vertical forms predominate
(e.g., Howard, 1966; Pemberton and Frey, 1984; Frey, 1990; Knaust,
2017). It is a common component of marine and estuarine environments
with brackish conditions (e.g., Netto and Rossetti, 2003; MacEachern
and Gingras, 2007; Buatois and Mangano, 2011; Gingras and
MacEachern, 2012) and occurs in association with delta front and pro-
delta deposits (e.g., Tonkin, 2012). In addition, this trace fossil has been
frequently reported in moderate to low energy deposits from the shelf to
the lower shoreface where horizontal morphologies predominate (e.g.,
Fii rsich, 1974; Belatistegui and de Gibert, 2013).

Dactyloidites (Fig. 6C) is a fan-shaped rosette trace formed by radial
elements and a vertical central tube. The radial elements, sub-horizontal
or inclined with respect to the bedding plane, arise from the vertical
tube, and present protrusive connections (spreite) generated by the
downward movement of the tube (Fiirsich and Bromley, 1985). Radial
elements can be sub-horizontal or inclined with respect to the bedding
plane (Fiirsich and Bromley, 1985). In the study succession, Dactyloidites
is locally recognized as circular to subcircular sections, occasionally
elongated, associated with the terminations of the rosette with a better
selected filling and with a lighter coloration than the host rock (Fig. 6C).
They have average diameters of ~0.5 cm and appear isolated and/or
grouped, but no overlap is observed. Sometimes it appears as an
exclusive trace or associated with Ophiomorpha and always into massive
medium-to fine-grained sandstones (Sm), or low angle cross-bedding
medium-to fine-grained sandstones (Sa) or horizontal lamination
medium-to fine-grained sandstones (Sh) (Fig. 6C). Observed specimens
show similarities with those described in cores by de Gibert et al. (1995).
However, given that the vertical central tube is not observed in the study
specimens, its assignment to the ichnogenus is tentative ?Dactyloidites.
This ichnogenus is common in high energy shallow marine environ-
ments, and usually present in conditions of warm climates (de Gibert
et al., 1995). Furthermore, it has been described in fluvial-dominated
deltas (Gilbert type and mouth bar type; Agirrezabala and de Gibert,
2004), in environments with a high contribution of organic debris (e.g.,
Boyd and Mcllroy, 2016), and in lower shorefaces influenced by storms
(e.g., Lazo et al., 2008). Particularly are associated with sediments in the
last stages of sedimentary courtship at high sea level (highstand system
tract; Uchman and Pervesler, 2007).
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Fig. 6. Ichnogenus and rhizoliths recognized in the study succession. A. Conichnus (Co) and Ophiomorpha (Op) (1875 ft - ~572 m). B. Cylindrichnus (Cy) (1608 ft -
~490 m). C. Dactyloidites (Da) (1045 ft - ~319 m). D. Macaronichnus (Ma) (1231 ft - ~375 m). E. Ophiomorpha (Op) (1186 ft - ~361 m). F - G. Phycosiphon (Ph) (1438
ft - ~438 m). H. Skolithos (Sk) (1043.5 ft - ~318 m). I. Taenidium (Ta) (1578 ft - ~481 m). J. Teichichnus (Te) (1551 ft - ~472,7 m). K. Ophiomorpha (Op) and
Thalassinoides (Th) (1541 ft - ~470 m). L. Rhizoliths (R) (1775 ft - ~541 m). Scale bar: 3 cm. In parentheses, location of photograph in well (feet - meters).

Macaronichnus (Fig. 6D) includes predominantly horizontal, cylin-
drical burrows, with a straight, sinuous, meandering or spiral-shaped
morphology, although oblique and vertical forms can also occur (Clif-
ton and Thompson, 1978; Knaust, 2017). Burrows are characterized by
an active fill of sand lighter than that of the embedded sediment and a
rim composed of dark mineral grains (mica or heavy minerals) that
commonly occur in high density (Clifton and Thompson, 1978; Knaust,
2017). Here Macaronichnus is scarce (2 intervals), consisting of cylin-
drical burrows with elongated, elliptical and circular sections (Fig. 6D).
The diameter ranges from 0.1 cm to 0.4 cm and its length can be at least

10

2 cm. The burrow fill contrasts with the surrounding sediment by its pale
colour, and the halo of dark minerals is recognizable. It is registered
either as some scattered specimens (Fig. 6D) or with a high density in a
completely bioturbated interval (~1 m), in massive medium-to fine--
grained sandstones (Sm), flaser bedding (Htf), or fine sandstones with
planar cross-bedding (Sp), and horizontal lamination (Sh). Maca-
ronichnus is typically associated with sandy unconsolidated substrates
(Knaust, 2017). M. segregatis is a shallow marine trace, very common in
beach, shoreface, and delta front deposits, as well as in shallow intertidal
and subtidal deposits (e.g., Nara and Seike, 2004; Seike, 2007; Bromley



S.A. Celis et al.

etal., 2009; Quiroz et al., 2010, 2019; Uchman et al., 2016). M. segregatis
degiberti is also occasionally recorded in deeper environments (e.g.,
Rodri guez — Tovar and Aguirre, 2014; Knaust, 2017; Giannetti et al.,
2018; Miguez- Salas et al., 2020; Dorador et al., 2021).

Ophiomorpha (Fig. 6A-E-K), consists of burrows showing a horizontal
frame with vertical axes, and circular to elliptical in cross section. The
branch is Y- and T-shaped, typically with enlargement of the junctions.
Passive filling is common, although some segments of the burrow may
have a meniscal filling (Knaust, 2017). Burrow lining is diagnostic of
Ophiomorpha, consisting of sand and/or mud granules along the wall or
pellets (Frey et al., 1978). Ophiomorpha is abundant in the studied suc-
cession, both as an exclusive trace or associated with other ones
(Fig. 6A-K). It is recorded in massive sandstones (Sm), massive
conglomeratic sandstones (Sm; Fig. 6E), and massive polymictic
matrix-supported granule-sized conglomerates (Gmm; Fig. 6E). The
diameter of the burrows varies between ~0.5 cm and ~3 cm, and the
longitudinal sections between ~3 cm and ~12 cm (Fig. 6E). The pres-
ence of pellets in the wall is characteristic in all the observed specimens.
Ophiomorpha is found in a wide variety of paleoenvironments, being,
although not exclusively, a typical component of high-energy environ-
ments. Originally considered as a significant element of shallow marine
facies (Frey et al., 1978; Pollard et al., 1993), various ichnospecies of
Ophiomorpha are also characteristic of deep-sea deposits (Uchman,
2009), and their relationship in different facies is discussed (Monaco
et al., 2009). Occasionally, Ophiomorpha is documented in continental
environments, mainly in Permian sediments associated with the first
records of crustaceans (e.g., Baucon et al., 2014), although these bur-
rows can also be produced by other organisms and assigned to different
ichnotaxa (Goldring and Pollard, 1995).

Phycosiphon (Fig. 6F and G) is a small burrow consisting of repeated
narrow U-shaped, or hooked lobes, each of which encloses a spreite of
millimeter to centimeter scale and branches regularly or irregularly
from an axial spreite of similar width (Wetzel and Bromley, 1994). The
study specimens have been recognized in a 60 cm-thick interval of
massive muddy sediments (Mm) with slight variations to massive very
fine sandstones (Sm), distributed in patches, showing various lobe ori-
entations, resulting in a chaotic arrangement. Burrow length varies be-
tween ~0.1 cm and ~0.5 cm and rarely reach 1 cm (Fig. 6F and G).
Phycosiphon is a characteristic component of offshore-platform to lower
shoreface deposits, commonly occurring as exclusive trace or in higher
ichnodiversity siliciclastic successions (Goldring et al., 1991), as well as
in deltaic environments (e.g., Rodri guez — Tovar et al., 2014). It also
occurs in slope deposits (e.g., Naruse and Nifuku, 2008), and is common
in deep marine environments (e.g., Celis et al., 2018). Phycosiphon
producers are among the first bioturbators of event deposits such as
storms, turbidity currents, and bottom current (e.g., Goldring et al.,
1991; Wetzel, 2008; Rodri guez — Tovar et al., 2014).

Skolithos (Fig. 6H) consist of a subvertical cylindrical tube with or
without a liner, and passive filling (Alpert, 1974). A funnel-shaped
opening can be developed or preserved at the top (Knaust, 2017).
Throughout the study succession, Skolithos specimens correspond to
vertical/subvertical straight lined burrows, arranged perpendicular to
the horizontal lamination of fine-to medium-grained sandstones (Sh).
Longitudinal section generally has a millimeter thickness (~0.2 cm on
average) and a length between ~4 cm and ~10 cm (Fig. 6H). They are
also observed in massive medium-to fine-grained sandstones (Sm), and
flaser bedding (Htf). Skolithos is a common indicator of relatively high
energy, shallow water, and nearshore to marginal marine environments
(Knaust, 2017). However, some authors record it as a common compo-
nent of fluvial and other continental deposits (e.g., Hasiotis, 2010).

Taenidium (Fig. 6]) is a meniscate cylindrical burrow, predominantly
sub-horizontal but can also be subvertical. Burrows have not lining or it
is very thin and they are not branched (D’ Alessandro and Bromley,
1987). The meniscate filling is usually widely spaced with little contrast
in lithology (D’ Alessandro and Bromley, 1987). Observed specimens
occur in sandy-silty and sandy sediment (Sm), as sub-horizontal (Sa) or
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inclined (~45°) structures (Sp), respectively, diameter of ~1 cm and
variable presence of meniscus (Fig. 6I). Taenidium has been recorded
from a wide variety of environments. It is commonly found in marginal
alluvial, fluvial and lake environments (Savrda et al., 2000; Hasiotis,
2010; Melchor et al., 2012). Taenidium is also of special interest,
particularly in the transition zone between terrestrial and terrestrial
aquatic environments (e.g., Rodri guez — Tovar et al., 2016). It is also
common in transitional environments (e.g., fluvial-tidal transition; Di ez
— Canseco et al., 2015), but it also belongs to the Cruziana ichnofacies in
the offshore zone. Taenidium is also in shallow and deep marine deposits
(e.g., D’ Alessandro and Bromley, 1987; Miguez— Salas and Rodr { guez —
Tovar, 2019). Recently Taenidium, has been registered linked to hyper-
pycnal systems (Garcia-Garcia et al., 2021).

Teichichnus (Fig. 6J) is a spreite burrow with a subvertical wall and a
straight or curved plan arrangement containing stacked lamellae and a
causative burrow with passive fill (Knaust, 2018). In vertical sections
Teichichnus usually appear as groups of vertical to highly inclined
spreiten, which can pile up one on top of the other due to different
sedimentation events (Knaust, 2017). In the studied section Teichichnus
is observed showing a subvertical disposition, where the spreite is easily
recognized due to the contrast with the hosting sediment that varies
between massive siltstone (Mm) and very fine sandstone (Sm). They are
~1 cm wide, and ~3 cm long (Fig. 6J). Teichichnus is typically in sili-
ciclastic systems, occurring frequently into deltaic deposits (e.g., Ton-
kin, 2012). Its producers can be considered as euryhaline organisms
capable of adapting to a wide range of salinity; it has often been
recognized in reduced salinity settings (Knaust, 2018). Such conditions
are common in marginal marine environments (e.g., inlets-bays, estu-
aries, lagoons), where Teichichnus is widespread (Knaust, 2017).
Furthermore, it is frequently present in tidal deposits including dunes
and bars in brackish environments (Desjardins et al., 2012) and hyper-
pycnal flow deposits (e.g., Buatois et al., 2011). In contrast to such
marginal marine occurrences with low ichnodiversity, Teichichnus is
characteristic of lower shoreface to offshore-platform deposits, in high
diverse assemblages (Knaust, 2018). Teichichnus has been used in
sequence stratigraphy analysis as an indicator of flood events, being
characteristic of transgressive system tracts (Pemberton et al., 1992;
Taylor et al., 2003).

Thalassinoides (Fig. 6K) consists of burrows horizontal, variable,
frames with vertical axes, similar to Ophiomorpha (Knaust, 2017). Bur-
rows are circular to elliptical in cross section, unlined, and branching is
Y- and T-shaped, typically with bulbous enlargement of the junctions
(Knaust, 2017). Passive filling is common, although burrow elements
can be actively filled (Knaust, 2017). Thalassinoides is abundant
throughout the studied section, as circular and elliptical cross-sections,
with an average diameter ~1 cm (Fig. 6K) and, occasionally, with ver-
tical axes. The passive fill, mainly sandy, in most cases contrasts with the
embedded sediment. They are recorded in coal levels (Co), and in
massive sandstones (Sm). Thalassinoides are more common in shallow
marine environments such as shoreface, and deltas (Knaust, 2017), but it
is found in a wide range of marine environments, from marginal to deep
(e.g., Rodri guez — Tovar et al., 2008; Rodri guez — Tovar et al., 2017;
Monaco et al., 2009). Given the producer can tolerate fluctuations in
salinity, Thalassinoides can be found in brackish environments (e.g.,
estuaries and delta fans) (Knaust, 2017). Thalassinoides is often associ-
ated with firm substrates, associated with the Glossifungites ichnofacies
(MacEachern et al., 2007b).

Rhizoliths (Fig. 6L). Root structures found in the study succession
range in diameter from ~1 mm to ~10 cm. They have irregularly
distributed, and unbranched. Their fill is carbonaceous, sandy, or sand-
filled with a thin carbonaceous lining (Fig. 6L). They occur mainly in
massive sandstones (Sm; Fig. 6L), and massive clayey siltstones (Mm).
Plants commonly colonize terrestrial and aquatic environments in con-
tinental settings, such as alluvial, fluvial, lacustrine, and aeolian de-
posits (e.g., Hasiotis, 2010; Knaust, 2015, 2017; see recent review in
Esperante et al., 2021). Mangroves deposits and other rooted deposits
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are also found in marginal marine environments, including swamps,
lagoons, and tidal flats (e.g., Whybrow and McClure, 1980; Knaust,
2009). Transitional zones (marine to continental sequences) that present
rhizoliths indicate subaerial exposure (Husinec and Read, 2011; Knaust,
2017).

4.3. Distribution of facies and trace fossils

4.3.1. Study interval

Throughout the study interval, we recognized seven repetitive suc-
cessions of different thickness, showing slight variations, but being
common the upward increase in grain size (coarsening upward trend), as
well as the upward decrease in trace fossils diversity, shell fragments
(Fig. 5) and marine calcareous microfossils. The successions have
thicknesses from ~50 ft (~15 m) to ~160 ft (~49 m), and a succession
in the intermediate part of the study interval, which presents a thickness
of ~285 ft (~87 m) (Fig. 5).

4.3.2. Succession type

The sedimentological analysis, and the ichnological assemblage of
these repetitive successions allowed us to identify the common patterns
between them. These can be divided into three parts (Fig. 7). The lower
part begins with massive bioclastic mudrocks (Mb), bioclastic sand-
stones (Sb) or bioclastic conglomerates (Gb) and thicknesses between
~3 ft (~0,9 m) and ~10 ft (~3 m). These vary transitionally to massive
(Mm) or horizontal lamination mudrocks (Mh) occasionally bioturbated
by Phycosiphon (BI = 0-5) but with punctual record (Fig. 7). These
mudrocks exhibit lenticular bedding (Htl) and the occurrence of Tei-
chichnus (BI = 1-2). Moreover, syneresis cracks (Ms) and iron and
siderite nodules are observed (Fig. 7). Thicknesses vary between ~20 ft
(~6 m) and ~90 ft (~27 m). However, there is a typical succession
where the thickness of this lithology is greater than the others ~200 ft
(~61 m). At the middle part, the succession changes progressively to
massive (Sm) and horizontal lamination silty sandstones (Sh) with thin
and medium beds of bioturbated mudrocks by Ophiomorpha, Taenidium,
Thalassinoides, and rarely Teichichnus (BI = 2-4). These facies exhibit
massive structure (Sm), horizontal lamination (Sh), wavy bedding
(Htw), as well as planar cross-bedding (Sp), and asymmetrical ripples
(Sr) (Fig. 7). The thicknesses of this part of the succession vary between
~10 ft (~3 m) and ~25 ft (~8 m). Sometimes and less frequently, there
is also some hummocky cross-stratification (HCS), convolute lamination
(Sc), and symmetrical ripples (Sw; Fig. 7). Then, the succession passes
upward to massive medium/fine sandstones (Sm), and sometimes
coarse-grained, with organic matter fragments, and the ichnological
assemblage of Dactyloidites, Ophiomorpha, Skolithos, and Thalassinoides
(BI = 2-4) or with punctual record of Macaronichnus and/or Ophio-
morpha (Fig. 7). Occasionally and with punctual record the ichnoas-
semblage consisting of Conichnus, Cylindrichnus, Dactyloidites,
Ophiomorpha, Skolithos and Thalassinoides (BI = 2-5) is also observed.
They present horizontal lamination (Sh), planar cross-bedding (Sp),
trough cross-bedding (St), flaser (Htf) and wavy bedding (Htw), asym-
metrical ripples (Sr) and, to a lesser extent, symmetrical ripples (Sw)
(Fig. 7), and thicknesses between ~10 ft (~3 m) and ~25 ft (~8 m). At
the upper part, the succession passes upward to medium/fine-grained
bioturbated sandstones with massive structure (Sm), horizontal lami-
nation (Sh), and low angle cross-bedding sandstones (Sa) (Fig. 7).
Likewise, this upper part can be characterized by mudrocks with
massive structure (Mm), horizontal lamination (Mh), and lenticular
bedding (Htl) bioturbated by Teichichnus (BI = 1-2), as well as coal thin
beds (Co), and massive (Sm) and horizontal lamination (Sh) fine-to
coarse-grained sandstones sometimes with a punctual record of Maca-
ronichnus and/or Ophiomorpha (Bl = 2-4). These sandstones present
variations to mudrocks and carbonaceous mudrocks with the presence of
rhizoliths (Fig. 7). The upper part of the succession presents thicknesses
between ~10 ft (~3 m) and ~20 ft (~6 m).

This repetitive coarsening upward succession type is interrupted by
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massive medium-to coarse-grained sandstones (Sm), massive conglom-
eratic sandstones (Sm) and/or massive polymictic granule-sized matrix-
supported conglomerates (Gmm) with a high content of organic matter
fragments, and erosive bases, as well as load casts (Slc), flame structures
(Sf), and bioturbated by Ophiomorpha and Taenidium (BI = 1-2) (Fig. 7).
Sometimes, normal gradation from granule-sized matrix-supported
conglomerates (Gng), and conglomeratic sandstones to medium-, fine-
grained sandstones occur (Fig. 7). At other times there is a bigrada-
tional trend: inverse gradation from fine/medium-grained sandstones
(Sig) to conglomeratic sandstones and granule-sized matrix-supported
conglomerates, and again normal gradation (Sng) to medium/coarse-
grained sandstones. Occasionally, rhizoliths towards the top are
observed. The most common thicknesses of these are between ~1 ft
(~0,3 m) and ~10 ft (~3 m).

5. Interpretation and discussion
5.1. Depositional environment: fluvial-dominated deltaic system

The registered sedimentological features, as the frequent prograda-
tional trend (coarsening upward), the presence of sandstones and con-
glomerates (Sm, Gmm, Gcm) with erosive bases, the predominance of
unidirectional structures such as asymmetric ripples (Sr), medium beds
of sandstones with normal gradation (Sng, Gng) are associated with the
development of channels (MacEachern et al., 2005; Coates and
MacEachern, 2007). The previous facies association, together with the
occurrence of coal beds (Co), the high content of organic debris, as well
as the occurrence of massive sandstones (Sm) and massive mudrocks
(Mm) with rhizoliths, together with the ichnological information,
including composition, diversity and abundance of ichnoassemblages,
allow the interpretation of a transitional system, more specifically a
deltaic system (MacEachern et al.,, 2005; Bhattacharya, 2006).
Furthermore, the dominance in time of these characteristics throughout
the succession allows us to interpret a fluvial-dominated deltaic setting,
characterized by variations in the coastline with continuous shallowing
up sequences (Johnson and Dashtgard, 2014; Dalrymple et al., 2015;
Dashtgard and La Croix, 2015; Ainsworth et al., 2017; Shchepetkina
et al., 2019; Maselli et al., 2020) (Fig. 8).

The occurrence of some beds with flaser (Htf) and wavy bedding
(Htw) and mud drapes associated, as well as hummocky cross-
stratification (HCS) associated with interbedded sandy and muddy de-
posits, allows us to interpret local tidal influence on the system with
sporadic storms (Dalrymple et al., 1990, 1992; Dashtgard et al., 2009;
Desjardins et al., 2012; Shchepetkina et al., 2019). The punctual record
of symmetrical ripples (Sw) could be associated with wave processes
(Dalrymple et al., 1990, 1992; Bann et al., 2008). The presence of
convolute lamination (Sc) at some intervals and occasional associated
hummocky cross-stratification (HCS) and symmetrical ripples (Sw), also
reflect sudden episodes of storms (Arnott and Southard, 1990; Frey,
1990; Bann et al., 2008). In this context, bioclastic deposits (Gb, Sb, Mb)
could be related to rapid and short-time transgressive pulses (Savrda
et al., 1993; Cattaneo and Steel, 2003; Buatois et al., 2012; Di ez —
Canseco et al., 2015; Schultz et al., 2020). After the short-time trans-
gressive phase, the sedimentary environment usually returns to the
previous conditions quickly. Conditions of a deeper/distal marine
environment are not maintained over time but locally registered (e.g.,
1833 ft-1811 ft; ~558.7 m—~552 m) (Fig. 5). However, at some in-
tervals, the bioclastic deposits change progressively to laminated
mudrocks (Mh) with few calcareous microfossils and low bioturbation,
which could be related to a flooding phase in a confined interdistribu-
tary bay-type context and/or stagnant waters (Buatois et al., 2012; Di ez
— Canseco et al., 2015) (e.g., 1442 ft-1246 ft; ~439.5 m—~379.8 m;
Fig. 5). In some intervals, medium beds of fine-to medium-grained
sandstones with horizontal lamination (Sh) and low-angle cross-bedding
(Sa), and bioturbation associated with Macaronichnus, and/or Ophio-
morpha (BI = 3-4), typically occur twice at the top of the progradational
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cycle, could be related to high-energy conditions on the beach-like en-
vironments (Pemberton et al., 2001; Buatois et al., 2012).

The interpreted generalized fluvial-dominated deltaic system, with
the secondary, minor, tidal and wave influence, is supported by the
ichnological record. The low abundant and moderate diverse trace fossil
assemblage could be related to a stressful environment for macrobenthic
trace maker communities (Buatois et al., 1997; MacEachern and Ging-
ras, 2007), favouring the preservation of physical sedimentary struc-
tures (MacEachern et al., 2005; Buatois and Mangano, 2011). Some
levels that register a higher abundance and diversity of traces (where
Conichnus, Cylindrichnus, Dactyloidites, Ophiomorpha, Skolithos, Tei-
chichnus, Thalassinoides can be recognized) (e.g., 1226 ft-1223 ft;
~373.7 m—~372.8 m) (Fig. 5) could be associated with mixed delta
conditions where the fluvial domain decreases, and the tidal-wave in-
fluence increases (Bhattacharya and Giosan, 2003; Buatois et al., 2005;
Bayet-Goll and Neto de Carvalho, 2020; Moyano Paz et al., 2020).
However, these conditions do not last over time and are interrupted by
the establishment of conditions with fluvial domain.

The presence of a high organic debris content, low bioturbation
index (Ophiomorpha and/or Taenidium), together with deposits showing
erosive bases and mainly normal gradations (Sng, Gng) with a thickness
between ~0,5 ft and 3 ft, and bigradational trends, could be associated
with the influence of multiple distributary channels providing hypo-
pychnic feathers during normal fluvial discharges, and hyperpychnic
during extraordinary river discharges (Mulder et al., 2003; MacEachern
et al., 2005; Bhattacharya and MacEachern, 2009; Buatois et al., 2011,
2019; Zavala et al., 2011; Di ez — Canseco et al., 2015; Zavala and Pan,
2018). In this context, an increase in the input of fresh water into the
environment is envisaged, determining a considerable decrease in
salinity, and then significant variations in a brackish setting (Buatois
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et al., 2005). This fact, together with the increase in both turbidity and
sedimentation rate, would have negatively affected the development of
benthic communities (Gingras et al., 1998; MacEachern et al., 2005),
evidencing the dominant incidence of fluvial processes in the ecological
and depositional environment, and the secondary, minor, tidal and wave
influence (Bhattacharya and Giosan, 2003; Buatois et al., 2005;
Bayet-Goll and Neto de Carvalho, 2020; Moyano Paz et al., 2020). The
punctual record of massive oligomictic clast-supported conglomerates
(Goc) show transport and deposition of sediments in these high-energy
environments, but some of the clasts originated from within the basin
of deposition and were eroded from penecontemporaneous sediments
(Collinson and Mountney, 2019).

5.2. Sub-environments into the fluvial-dominated deltaic system

In this generalized deltaic system with fluvial domain interpreted for
the study interval, facies association and ichnological analysis allow
recognition of different sub-environments, as prodelta-bay, distal delta
front, proximal delta front (subaqueous distributary channels, distribu-
tary mouth bars), lower delta plain-interdistributary bays, lower delta
plain-floodplain, swamps, beach-like, lower delta plain-crevasse splays,
channel, bars (Fig. 8). These different sub-environments are replaced
several times through the studied interval (Fig. 8).

5.2.1. Facies association 1 - prodelta - bay (FA1)

Description. Characterized by massive mudrocks (Mm), and hori-
zontal lamination mudrocks (Mh), with the exclusive presence of Phy-
cosiphon in the first centimeters after the occurrence of bioclastic
sediments (Mb, Sb, Gb), together with a moderate to low occurrence of
marine calcareous microfossils (Project Contrato RC 494, 2017). The
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bioturbation indexes are 0 and when the specific occurrence of Phyco-
siphon occurs it is between 4 and 5. At the top of these facies, there is the
occurrence of a) lenticular bedding (Htl) occasionally with Teichichnus
(BI = 1-2), asymmetrical and symmetrical ripples (Sr, Sw), syneresis
cracks (Ms), and siderite nodules and/or b) massive sandstones (Sm)
with erosional base truncating the succession.

Interpretation. Bioclastic sediments could represent singles epi-
sodes of transgressive lags (Gingras et al., 1999, 2012a; MacEachern
et al., 1999; Cattaneo and Steel, 2003). The subsequent conditions with
the unique occurrence of calcareous marine microfossils throughout the
succession, domain of mudrocks, and the presence of Phycosiphon, could
be associated with the punctual record of sediments deposited under the
most marine conditions of the system related to prodelta environments
(Fig. 8). Low bioturbation index and low diversity in this scenario,
represent the influence of the fluvial system (MacEachern et al., 2005;
Buatois et al., 2012). The occurrence of Phycosiphon also could be linked
to the opportunistic character of the producer organism in an environ-
ment with food availability (Wetzel, 2010; Rodri guez — Tovar et al.,
2014; Celis et al., 2018), which would be related to high inputs of
organic matter from the fluvial system. Towards the top, the facies as-
sociation described in a) could represent quiet hydrodynamic situations
in bay conditions because the conditions of the prodelta are not main-
tained over time due to the fact that the flood is not representative
(Bhattacharya, 2006). There is an overall shallowing-upward facies
succession, associated with a trend from more marine to more non-
marine facies, but commonly without the deposition of thick sands
(Bhattacharya, 2006) represented by the local occurrence of lenticular
bedding (Htl), and symmetrical ripples (Sw) in this case, that would
show the tidal and wave influence. However, the dominance of the
fluvial system is represented by the continuous occurrence of asym-
metrical ripples (Sw) associated with unidirectional currents, and the
low bioturbation indexes associated with stressful conditions. Moreover,
syneresis cracks (Ms), and siderite nodules reveal salinity fluctuations in
the system (MacEachern et al., 2005; Buatois et al., 2012; Gingras et al.,
2012a; Di ez — Canseco et al., 2015). The sequence is sometimes inter-
rupted by the succession described in b) related to distributary channels
(Bhattacharya, 2006). The overall shallowing-upward facies succession
from massive or laminated mudrocks (Mm, Mh) with Phycosiphon to
lenticular bedding (Htl) with Teichichnus represents the transition from
prodelta to bay environments (Bhattacharya and Walker, 1991; Bhat-
tacharya, 2006).

5.2.2. Facies association 2 - distal delta front (FA2)

Description. Characterized by mudrocks, muddy sandstones, and
fine-grained sandstones with planar cross-bedding (Sp), massive struc-
ture (Mm, Sm), wavy bedding (Htw), horizontal lamination (Sh),
asymmetrical ripples (Sr), moderate bioturbation indexes (2-4), and the
record of Ophiomorpha, Taenidium, and Thalassinoides. Occasionally
there are the occurrence of an association of facies characterized by
symmetrical ripples (Sw), convolute lamination (Sc), and hummocky
cross-stratification (HCS).

Interpretation. The fine-grain size sediment domain, muddy sand-
stones with planar cross-bedding (Sp), and the absence of dwelling struc-
tures of suspension feeding organisms, suggests distal environments within
the deltaic system (MacEachern et al., 2005; Gingras et al., 2011; Buatois
et al., 2012; Moyano Paz et al., 2020). However, the variable concentration
of organic matter, together with the low ichnodiversity, shows the fluvial
domain on the succession (Buatois et al., 2005; MacEachern et al., 2005;
Bhattacharya, 2006) (Fig. 8). This succession is overlying the characteristic
facies of the prodelta-bay or transgressive lag deposits, and towards the top,
it transitionally changes to coarser sandstones from the proximal deltaic
front (Fig. 8). The facies association described could correspond with the
record of the influence of waves and storms (Arnott and Southard, 1990;
Frey, 1990; MacEachern et al., 2005; Coates and MacEachern, 2007; Bann
et al., 2008; Buatois et al., 2012; Solérzano et al., 2017; Moyano Paz et al.,
2020).
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5.2.3. Facies association 3 - proximal delta front (FA3)

Description. It is characterized by well-selected fine-to medium
grained sandstones, with asymmetrical ripples (Sr), trough cross-
bedding (St), horizontal lamination (Sh), wavy (Htw) and flaser
bedding (Htf), diffuse planar cross-bedding (Sp), and organic debris, as
well as bioturbation indexes between 2 and 3, and the occurrence of the
assemblage or exclusive ichnogenus such as Ophiomorpha, Skolithos and/
or Thalassinoides. The occurrence of wavy (Htw), flaser bedding (Htf),
and from paired mud drapes within cross-beds, sometimes with Ophio-
morpha, occurs as punctual record, as well as the occurrence of sym-
metrical ripples (Sw), and hummocky cross-stratification (HCS).

Interpretation. According to the sedimentological and ichnological
characteristics raised in the distal delta front and those evidenced in this
facies association, a prograding trend can be interpreted. The most
proximal conditions are reflected in the low indexes of bioturbation
together with the dominance of sandy sediments with sedimentary
structures of unidirectional currents that reveal an environment with
high-energy conditions, and well oxygenated waters associated with
river discharge (Gingras et al., 1998; Moslow and Pemberton, 1988;
MacEachern et al., 2005; Coates and MacEachern, 2007; Buatois and
Mangano, 2011; Solérzano et al., 2017; Moyano Paz et al., 2020)
(Fig. 8). The interbedded of bioturbated sandstones and mudrocks (Htw,
Htf), and mud drapes supports the interpretation of tidal influence
(Dalrymple and Choi, 2007; Buatois et al., 2012; Di ez — Canseco et al.,
2015). The occurrence of symmetrical ripples (Sw), and hummocky
cross-stratification (HCS) reveals the local influence of waves and/or
storms (Arnott and Southard, 1990; Frey, 1990; Coates and MacEachern,
2007; Bann et al., 2008). This association of facies is sometimes inter-
rupted by distributary mouth bar and, subaqueous distributary channels
deposits.

5.2.3.1. Facies association 3.1 - distributary mouth bars. Description. It
consists of medium-to fine-grained sandstones with massive structure
(Sm), horizontal lamination (Sh), and planar cross-bedding (Sp).
Coarsening-upward trends from the sandstones to granule-sized matrix-
supported conglomerate (Gmm) is recorded. The bioturbation index
varies between 2 and 4, and it is characterized by the ichnological as-
sociation or by the exclusive occurrence of Dactyloidites, Macaronichnus,
Ophiomorpha, Skolithos and/or Thalassinoides.

Interpretation. The sedimentary structures identified are typical of
high energy environments with sheet flows, and migration of two-
dimensional dunes where the underlying succession presents the sedi-
mentological and ichnological characteristics of the subaqueous dis-
tributary channels (Buatois et al., 2005, 2012, 2012; MacEachern et al.,
2005; Coates and MacEachern, 2007) (Fig. 8). The coarsening-upward
trend indicates continuous progradational succession.

5.2.3.2. Facies association 3.2 - subaqueous distributary channels.
Description. It is represented by massive medium-to coarse-grained
sandstones (Sm) with variations to conglomeratic sandstones (Sig), and
granule-sized matrix-supported conglomerates with normal and inverse
gradation (Gng, Gig) -bigradational trend, asymmetrical ripples (Sr), as
well as erosive bases, organic matter debris and bioturbation indexes
between 0 and 2 with the exclusive presence of Ophiomorpha or Taeni-
dium. Ophiomorpha present smaller sizes (~0.5-1 cm in diameter, and
3-4 cm long). Furthermore, some associated flame structures (Sf), and
load casts (Slc) are recognized. The punctual flaser bedding (Htf), and
interbedded mud-drapes record are also given.

Interpretation. These lithological and ichnological characteristics
suggest deposition in a brackish to marine environment, with episodic
sedimentation of currents with high-water-turbidity in a fluvial-
dominated delta front environment, probably associated with col-
lapses of the channel bar deposits, or high-density hyperpychnic flows
(Mulder and Syvitski, 1995; Bhattacharya, 2006; Buatois et al., 2011;
Zavala and Pan, 2018; Moyano Paz et al., 2020) (Fig. 8). The absence of
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dwelling structures of suspension-feeders, together with the low di-
versity, is characteristic. Stressful environmental conditions limit the
development of a stable, diverse and abundant macrobenthic commu-
nity, determining low indexes of bioturbation (BI = 0-2) generated
mainly by deposit-feeders organisms (Gingras et al., 1998; Moslow and
Pemberton, 1988; MacEachern et al., 2005; Coates and MacEachern,
2007; Buatois and Mangano, 2011). The small sizes exhibited by
Ophiomorpha may indicate fluctuations in salinity conditions
(MacEachern et al., 2005; Coates and MacEachern, 2007; Gingras et al.,
2011). The sporadic record of flaser bedding (Htf), as well as the occa-
sional occurrence of interbedded mud-drapes, reveals the local tidal
influence on the system (Dalrymple and Choi, 2007).

5.2.4. Facies association 4 - lower delta plain

5.2.4.1. Facies association 4.1 - lower delta plain: interdistributary bays
with tidal and wave influence (FA4.1). Description. It is characterized by
massive mudrocks (Mm), horizontal lamination mudrocks (Mh), and
lenticular bedding (Htl), with occasional bivalves and gastropods frag-
ments, and undifferentiated shells, and to a lesser extent wavy bedding
(Htw), as well as asymmetrical ripples (Sr), symmetrical ripples (Sw),
syneresis cracks (Ms), and siderite nodules. Bioturbation indexes are
very low (BI = 0-2) and only the ichnogenus Teichichnus can be recog-
nized. Calcareous microfossils are near absent, except for a few benthic
foraminifera (Project Contrato RC 494, 2017).

Interpretation. Syneresis cracks (Ms), and siderite nodules reveal
salinity fluctuations in the system (MacEachern et al., 2005; Buatois
et al., 2012; Gingras et al., 2012a; Di ez — Canseco et al., 2015). These
ichnological and lithological features can be associated with deposits of
muddy and mixed plains, accumulated in interdistributary bays that
take place after transgression episodes (transgressive lags) and under
quiet conditions and low turbidity, but with a high content of organic
matter (Gingras et al., 1999, 2012a; MacEachern et al., 1999; Cattaneo
and Steel, 2003; Buatois et al., 2012) (Fig. 8). The influence of unidi-
rectional currents is evidenced in Sr. The tidal influence in these systems
is associated with lenticular bedding (Htl) and mudrocks dominance
(Buatois et al., 2012; Gingras et al., 2012; Di ez — Canseco et al., 2015),
and the wave influence may be associated with the symmetrical ripples
(Buatois et al., 2012).

5.2.4.2. Facies association 4.2 - lower delta plain: floodplain, swamp,
beach-like (FA4.2). Description. The previous facies association, linked
to interdistributary bays, together with the occurrence of very fine- and
fine-grained horizontal lamination sandstones (Sh), massive sandstones
(Sm) with rhizoliths, massive mudstones (Mm), massive carbonaceous
mudrocks (Mm), horizontal lamination mudrocks (Mh), and coal beds
(Co), represent this sub-environment. In some rare cases, thin and me-
dium beds of fine-medium-grained sandstones with low angle cross-
bedding (Sa) and horizontal lamination (Sh) with intense bioturbation
(BI = 4-5) associated with Macaronichnus and/or Ophiomorpha typically
occur at the top of the progradational cycle.

Interpretation. Variations from fine-grained sediments (Mm, Mh) to
coal beds (Co) particularly indicate the development of peat bogs in
swampy areas constantly waterlogged, enabling the accumulation and
preservation of organic matter (Retallack, 2001; Buatois et al., 2012)
(Fig. 8). However, in this same environment and far from these swampy
areas, the occurrence of fine-grained deposits with root traces fossils
indicates low energy traction currents developed in the subaerial delta
plain (MacEachern et al., 2005, 2007b, 2007b; Bhattacharya, 2006;
Buatois et al., 2012). Fine-grained sandstones and mudrocks are inter-
preted to represent thin sheet sands and distal portions of splays
deposited during river flood conditions (Heldreich et al., 2017). The
record of Sh and Sa with the trace fossils Macaronichnus and/or Ophio-
morpha, even if it is very scarce, could reveal beach-like environments
(Pemberton et al., 2001; Buatois et al., 2012).
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5.2.4.3. Facies association 4.3 - lower delta plain: crevasse splays, channel,
bars (FA4.3). Description. It is associated with the described facies of
the lower delta plain; there are also fine-to coarse-grained massive
sandstones (Sm), planar cross-bedding (Sp), low-angle cross-bedding
(Sa), asymmetrical ripples (Sr), and to a lesser extent, some thin hori-
zontal lamination mudrocks beds (Mh). Settings with root trace fossils
are also present.

Interpretation. High and low-angle cross-bedding is common in
sandy crevasse-splay deposits, but there is also evidence for the cessa-
tion of current discharge, in the form of mudrock and sandstones beds
with rhizoliths (Bridge, 2006). Overbank crevasse splay deposits closest
to the main channel can be confused with upper channel-bar deposits
displaying a progressive decrease in grain size with increasing distance
from the channel margin (Bridge, 2006; Heldreich et al., 2017). The
current structures generated in the sandstones (Sr) could show the in-
fluence of channels in this area (Dalrymple and Choi, 2007; Johnson and
Dashtgard, 2014; Dalrymple et al., 2015; Dashtgard and La Croix, 2015).
The Sa facies could register the down current migration of point and
longitudinal bars deposited by traction from relatively weak currents
that approach upper-flow regime conditions for the size of sediment
being deposited (Picard and High, 1973). This makes it difficult to
interpret this sub-environment, so we consider that it represents a
crevasse splay adjacent to fluvial and distributary channel bodies.

5.3. Wave and tidal influenced: the ichnological record

Bioclastic-rich sediments (Gb, Sb, Mb) with approximate thicknesses
between ~3 ft (~0,9 m) and ~10 ft (~3 m), associated with trans-
gressive pulses, on some occasions change progressively to muddy and
fine sandy sediments with horizontal lamination (Sh), symmetrical rip-
ples (Sw), and locally hummocky cross-stratification (HCS). Its partic-
ular characteristic is a higher ichnodiversity (Ophiomorpha, Teichichnus,
Thalassinoides) and abundance of trace fossils (BI = 3-5) than are
observed in other intervals. Then a coarsening-upward to medium-fine
sandstones, flaser bedding (Htf) with mud drapes is registered,
showing an ichnoassemblage consisting of Conichnus, Cylindrichnus,
Dactyloidites, Ophiomorpha, Skolithos and Thalassinoides. In particular,
the intervals that present these characteristics are few and these con-
ditions do not last over time, being rapidly interrupted by a) medium-to
fine-grained sandstones with horizontal lamination (Sh), and planar
cross-bedding (Sp), and BI = 2-4 with the ichnological association or the
exclusive occurrence of Macaronichnus, Ophiomorpha, and/or Skolithos,
characteristics of the mouth bar; and/or b) medium to fine sandstones
with normal and inverse gradation (Sng, Sig), as well as erosive bases,
organic matter debris and bioturbation indexes between 0 and 2 with the
exclusive presence of Ophiomorpha or Taenidium characteristics of the
distributary channels. Thus, the dominant ichnological and lithological
features contrast with those previously described.

These punctual records can probably be associated with episodes
where fluvial control decreases, allowing the development of a delta
front under mixed conditions (Bhattacharya and Giosan, 2003;
MacEachern et al., 2005; Bhattacharya, 2006; Coates and MacEachern,
2007; Bann et al., 2008; Buatois et al., 2012; Bayet-Goll and Neto de
Carvalho, 2020; Canale et al., 2020; Moyano Paz et al., 2020) (Fig. 8).
The association of facies interpreted as beach-like conditions is not
related to this mixed environment, since the previous facies to these
deposits are associated with the distributary channel and the later facies
with the lower delta plain. Therefore, beach-like environments are not
directly considered a deposit associated with wave processes.

The associated environmental conditions favour the establishment of
a more diverse and abundant macrobenthic trace maker community as
reflected in the ichnological record. However, the next progradation of
the deltaic system through the mouth bar/distributary channels, pre-
vents maintenance of these conditions.

The contact surfaces separating these two scenarios (deltaic systems
fluvial-dominated vs mixed) could represent regressive surfaces
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(MacEachern et al., 2007b; Moyano Paz et al., 2020), but a more
detailed analysis is needed before any conclusive interpretation.

Similar examples have been recognized in tropical deltas (Buatois
et al., 2012). Sequences that vary along the coastline but also vertically
have been identified and characterized as fluvial deltas dominated with
tidal and wave influence. Even, storm dominated successions inter-
rupting the river sequence has been identified (Buatois et al., 2012). In
this alternation of conditions, each one of them persists over time and
these variations are observed along the coastline, which gives rise to the
establishment of ecological niches and stable palaeoenvironmental
conditions at each stage. In our case study, low abundance and moderate
diversity of trace fossils, as well as unidirectional structures, and erosive
bases predominate throughout the entire succession and therefore, in
general terms the fluvial domain has been interpreted.

5.4. Prospective considerations

The deposits associated with the fluvial-marine transition zone are of
particular interest as hydrocarbon reservoirs (Whateley and Pickering,
1989; Shields and Strobl, 2010). However, depending on the position
within this zone, fluvial, tidal and/or wave conditions may dominate,
which determines variations in the facies association (Dalrymple and
Choi, 2007; Howell et al., 2008). In this sense, the internal architecture
and the heterogeneity of the facies, not only lateral but also vertical, are
primary factors of great importance in the quality of the reservoir (Miall,
1988; Slatt, 2006).

Our detailed analysis suggests that the studied succession drilled by
the ANH-SSJ-Nueva Esperanza-1X stratigraphic well, was deposited in a
fluvio-dominated delta setting during part of the Oligocene. Obtained
data are in agreement with the general deltaic environment previously
interpreted for the Ciénaga de Oro Formation (Duque-Caro, 1972;
Duenas, 1983; Guzman, 2007; Bermtdez et al., 2009; Mora et al., 2017,
2018; Osorio-Granada et al., 2020; Manco— Garc é s et al., 2020).
However, due to the study succession obeys a highly dynamic deposi-
tional context where lateral and vertical variations of facies are evident
and frequent, it is necessary to conduct high-resolution sedimentological
and ichnological studies to evaluate the continuity, and therefore, the
prospectivity of the successions with the same chronostratigraphic range
because not all the interpreted sub-environments represent ideal con-
ditions as reservoirs.

6. Conclusions

Sedimentological and ichnological analysis of a core drilled in the
Oligocene deposits of the SintG-San Jacinto Basin (SSJB) (Colombian
Caribbean) allows interpret the development of a fluvial-dominated
delta. The studied interval corresponds to a siliciclastic succession
with approximately 1069 ft (~326 m) thick. The sedimentological
analysis allows the differentiation of dominant facies, with predominant
lithologies such as conglomerates, sandstones, mudrocks, bioclastic
sediments, as well as coal beds. Ichnological analysis reveals a low
abundant, and moderately diverse trace fossil assemblage, consisting of
ten ichnogenera Conichnus, Cylindrichnus, Dactyloidites, Macaronichnus,
Ophiomorpha, Phycosiphon, Skolithos, Taenidium, Teichichnus, and Tha-
lassinoides, together with rhizoliths. The interval studied presents mul-
tiple coarsening upward metric successions with a regular order of facies
and ichnological assemblage that allows establishing a succession type.

Integration of sedimentological and ichnological information allows
us to interpret the complexity of the fluvial-dominated deltaic system as
reflected in its evolution over time, and in the different sub-
environments characterized: prodelta bay, distal delta front, proximal
delta front, mouth bars, distributary channels, and lower delta plain.
Thus, even the fluvial processes were dominant in the deltaic system;
this was affected by the tidal and wave influence. Throughout the suc-
cession, the fluvial-dominated deltaic system was punctuated by the
episodic development of a mixed deltaic system.
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The detailed ichnological analysis conducted shows the usefulness of
ichnology for the characterization of complex environments, such as
deltaic ones, given the response of tracemakers to stressful and highly
variable conditions in these environments. This reveals special interest
due to the economic importance of the studied area.
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