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ABSTRACT 

 
The Llanos foreland basin (LFB) of Colombia is the country's most prolific oil producer, 

with most known oil fields found in anticlines bounded by normal faults. The objective of 

the study is to assess the reservoir potential of the Late Eocene-Oligocene Carbonera 

Formation, a 400-1800m-thick reservoir unit of fluvial deposits with many areas of 

unexplored stratigraphic traps related to unfaulted, sand-filled fluvial channels. We 

integrated 700 km2 of 3D seismic data volumes with 9 wells in the eastern Casanare 

province near the Jordan oil field, and additional 2D lines tied to 32 wells in a 17 168 

km2 area near the Rubiales field.  Interpretation of reservoir distribution including a 

gamma-ray facies analysis of wells were combined with interpretation of multiple 3D 

attributes including coherence, curvature, and spectral decomposition. Well analysis 

shows that of the eight members of the Carbonera Formation, two members, C7 and C1, 

are clean, well-sorted fluvial sandstones with porosities up to 20%. Mineralogy, plant 

debris, and coals indicate floodplain aggradation in members C8, C6, and C4 with 

brackish water indicating fluvial connectivity to the Caribbean Sea to the northeast. 

Correlations between wells and attribute maps show that the Carbonera Formation 

represents tidally influenced fluvial deposits within straight to meandering channel belts 

seen as strong, high-amplitude, concave reflections on seismic data. Well logs record two 

regressive- transgressive cycles with higher preservation of lowstand deposits.  On 

seismic time slices, channel belts exhibit: 1) moderate width to depth (W/D) ratio and 

high sinuosity for the main drainage; 2) low to moderate width to depth (W/D) ratio and 

low sinuosity for the tributary channels; 3) a decrease of sand content in the middle 
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members of the formation; and 4) wider channels with thicker floodplain deposits and 

localized sandstone bodies in members C5 and C3.  Well subsidence curves from this 

area of the LFB show an increase of total subsidence due to the rapid uplift of the Eastern 

Cordillera in Oligocene time and eastward widening of the LFB. The clastic source area 

for the LFB shifted from the Guyana Shield to the east (represented by the members C7 

and C5) to a source area produced by the uplift and erosion of the Eastern Cordillera to 

the west (represented by the members C3 and C1).  Flattened  time  slices  show  changes  

in paleoflow directions of rivers from southwest to northeast, controlled by the eastward 

migration of the flexural high of the LFB in the Late Eocene–Early Oligocene, to a NW 

to  SE  direction  of  flow  in  the  Middle  Oligocene  that  likely  corresponds  to  the 

development of tributaries feeding a larger axial fluvial system. Increases in short-lived 

accommodation of the LFB led to large embayments produced by the ingress of brackish 

waters up the main fluvial system from the Caribbean Sea. 
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1.  History of this master’s project 

Following my graduation in 2008 with a B.S. degree in geology from the 

Universidad Nacional de Colombia in Bogota, I worked for AIP Ltda. and Hocol S.A. for 

several different exploration projects including offshore areas of Los Cayos basin, and 

the Pacific forearc basin, along with projects on the Upper Magdalena, and Llanos basins. 

From this previous work experience, I learned that even in such a prolific hydrocarbon 

basin like the Llanos basin, there is still much work to be done in the area of finding new 

stratigraphic traps. After my acceptance on the master’s program in geology at the 

Department of Earth and Atmospheric Sciences at the University of Houston in fall 2011, 

I arrived with the goal of working on the topic of improving methods for finding 

stratigraphic traps in Colombian basins. 

 

In the spring of 2011, Dr. Janok Bhattacharya, whose main interests include 

sequence stratigraphy, fluvial and deltaic systems, agreed to supervise my MS study on 

this topic provided I could obtain subsurface data. 

 

During the summer of 2011, I went back to Colombia to acquire a 3D seismic and 

well subsurface data set in the Casanare area of the northeastern Llanos basin. I 

approached Mr. Jesus Aboud, Mr. David Izquierdo, and Mr. Rafael Lopez from the oil 

company Petromagdalena whom kindly provided the data I needed, and were very 

helpful in getting me started on the project. 
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By the summer of 2011, Dr. Paul Mann and his Caribbean Basins, Tectonics and 

Hydrocarbons (CBTH) consortium arrived to the University of Houston from the 

University of Texas at Austin. His interest in Latin-America, specifically Colombia, and 

his knowledge about regional tectonics and petroleum systems encouraged me to become 

part of his group, although I was not financially supported as a research assistant of the 

CBTH project. I was allowed to have access to the CBTH database including papers, 

reports, thesis, presentations, geologic and paleogeographic maps, as well as being 

provided with a work space for developing my thesis for the remainder of fall of 2011 to 

the present time, and the opportunity to travel to the AAPG Convention at Long Beach, 

California in May of 2012 to present my results at the AAPG student poster session. 

 

In the summer of 2012, I had a 3-month student internship with Shell at the Wood 

Creek office in west Houston where I worked with their Latin-American onshore group. 

My main objective was to integrate 2D seismic data, well logs, image logs, and side wall 

cores to describe the depositional model for each unit of the Carbonera section in the 

heavy oil area of blocks CPE2, and CPE4 blocks. I worked closely with my supervisor 

Mr. Pablo Buenafama, my mentor Mr. Jaap Veldkamp, along with Mr. Bench Esquito 

and Dr. Ramon Loosveld, and geology disciplinary advisors Dr. Brad Prather and Mr. 

Chris Gonzalves. By the end of the summer, I was allowed by Shell to include the results 

of my internship in this thesis which helped developing the final results of the thesis. In 

the thesis, the area Casanare area is called the “western study area” and the Shell heavy 

oil area is called the “eastern study area”. 

 



3 
 

2.   Introduction 

 
In recent years, a wide variety of geophysical techniques have been developed to 

image plan views of depositional environment and other geological features extracted 

from 3D seismic volumes.   These methods have developed into a rapidly evolving 

discipline known as seismic geomorphology that has also become an important oil and 

gas exploration method (Davies et al., 2007). The generation of time slices and horizon 

slices from 3D volumes can be studied using different seismic attributes, such as 

coherence, opacity, curvature, and roughness. These attributes enhance discontinuities 

within the 3D seismic cube that may then be interpreted as subsurface depositional 

systems, geomorphologic features, faults and fracture patterns, and ultimately be used to 

estimate lithologies (Davies et al., 2007). Thus, seismic geomorphology provides 

interpreters with a tool that allows them to visualize preserved subsurface landscapes and 

their evolution through time and space. 

 

The use of seismic geomorphology, combined with the development of a 

depositional model aids the explorationist in the process of reservoir characterization. 

Part of the success of the oil companies in the study area of the northern Llanos foreland 

basin (LFB) (Fig. 1) is based on many years of acquired knowledge of the geologic 

clastic depositional system, and the most common trap type, typically a four-way closure 

structure associated with a normal fault (Ecopetrol, 1995). Stratigraphic traps are not 

common in the LFB because few previous 3D seismic stratigraphic studies have been 

carried out in order to identify paleochannels in the subsurface. The electric and seismic 
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response of these stratigraphic features provides other tools to potentially discriminate 

between favorable and nonfavorable lithologies for hydrocarbon accumulation as whether 

fluids are present in the rocks, in order to reduce the drilling risk in less explored areas or 

in the absence of a sealing fault. Several other reasons that account for well failure may 

include the absence of structural traps, common pullup structures due to velocity 

anomalies associated with a “fault’s shadow”, low velocities in certain formations, and 

long distance migration and biodegradation. 

 

The study area is located at the northern and eastern portion of the foreland 

Llanos basin, Colombia as shown in Figure 1. 

 

The 1.1-km-thick section in the study area is composed of a succession of 

siliciclastic sediments deposited throughout the Cenozoic era. During the Campanian, the 

accretion of the Western Cordillera to northwestern South America resulted in a change 

of the depositional environment from shallow marine to transitional-fluvial conditions 

(Cooper et at., 1995) (Fig. 2). These non-marine conditions prevailed until the Oligocene, 

represented by the Carbonera Formation which is the main reservoir in this area of the 

basin (Fig. 3). 

 

The subsurface rocks in the study area of the Llanos foreland basin (LFB) were 

analyzed using 3D seismic data, and closely spaced well data in order to interpret their 

stratigraphic evolution in time and space based on identification of features such as 

channel belts, floodplains, interfluves, incised valley fills, as well as their migration 
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patterns, and the tectonic effects on reservoir distribution (Fig. 2). Moreover, the 3D data 

were used in combination with well data in order to establish criteria for recognizing and 

predicting sand versus mud-filled channel belts in potentially hydrocarbon-rich fluvial 

deposits from the Oligocene and ultimately predict reservoir properties in unexplored 

interwell areas (Escalona and Mann, 2006). By joining these tools with previous geologic 

models and their correlation to well data, the results will help make drilling paleochannel 

stratigraphic traps more successful in the northern LFB 

 

3. Regional setting of the Llanos foreland basin 

 

The LFB, covering approximately 194,000 km2 of northeastern Colombia, is a 

sub-Andean basin formed during series of Late Cretaceous to recent tectonic events 

(Moreno et al., 2011; Nie and Horton, 2012; Fig. 2). The LFB is considered one of the 

most prolific hydrocarbon basins along the eastern flank of the Andes in South America 

(Barrero et al., 2007). Exploration in the LFB has been mainly focused on structural-type 

traps consisting of gentle dipping monoclines associated with antithetic faults.  There is 

little published work on stratigraphic traps (Osorio et al., 2008). 

 

The LFB exhibits a typical configuration of foreland basins: an asymmetric 

sedimentary wedge deposited on top of the gently westward dipping surface of the 

Guayana shield; clastic sedimentary rocks onlap and eventually pinch-out against the 

eastern boundary of the LFB (Fig 4). The LFB is deeper along its western, fault-bounded 

side adjacent to the fold-thrustbelt of the Eastern Cordillera. Towards the south, the LFB  
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is bounded by two ranges of exposed Precambrian and Cretaceous rocks, the Serrania de 

la Macarena and the Vaupes arch respectively (Restrepo-Pace and Cediel, 2010). These 

highs separate the LFB from the Putumayo foreland basin of southern Colombia (Barrero 

et al., 2007) (Fig. 1A). The Arauca arch, a subtle structural boundary, constitutes the 

basin’s boundary in the north (Fig. 1A). 

 

During the Triassic–Early Cretaceous, rift basins developed as a result of the 

separation of North and South America as the Caribbean Sea opened (Cooper et. al., 

1995). A back-arc megasequence of alluvial, deltaic, and basal transgressive strata with 

interbedded shales was deposited during Early Cretaceous time. This sequence is 

represented by three units: the central Gacheta Formation shale enclosed by the 

sandstones of the Une Formation, deposited during a marine transgression with 

continuous subsidence, and the shallow marine regressive sandstone of the Guadalupe 

Formation (Cooper et al., 1995, Figure 2). 

 

By late Cretaceous and early Cenozoic, the basin evolved into a foreland basin 

adjacent to the topographic load added by the accretion of the Central Cordillera of 

western Colombia (Moreno et al., 2011; Nie and Horton, 2012; Gomez et al., 2005) (Fig. 

2). Accretion of the Western Cordillera during Campanian and Maastrichtian time 

resulted in a change in the depositional environment of the LFB from shallow marine to 

transitional-non marine. The Barco Formation and Los Cuervos Formation, consisting of 

estuarine basal sandstone deposits, are  overlain  by  a  shaly  sequence  deposited  during  

the  Paleocene  (Cooper  et  al., 1995).  
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            The Mirador Formation has been defined as a massive coarse- to medium-grained 

sandstone, resting unconformably on top of the Paleocene sediments over a wide area of 

the basin constituting the main reservoir rocks of the Llanos basin (Villegas et al., 1994). 

Well data indicate that the Barco Formation, Cuervos Formation and the Mirador 

Formation are missing in the study area as the units eventually pinch-out against the 

eastern flank of the basin. By middle-late Eocene, braided fluvial systems prevailed in the 

Llanos basin represented by the Mirador Formation and the La Paz formation in the 

Middle Magdalena valley (Moreno et al., 2011, Figure 2). 

 

The Oligocene epoch marks a time of major changes in the paleogeography of 

Colombia (Fig. 3). A large section of the Central Cordillera subsided, especially in the 

Magdalena Valley, Lower Magdalena Valley, Llanos basin, and Llanos foothills 

(Villamil, 1999) combined with sedimentary loading of the Eastern Cordillera (Gomez et 

al., 2005) allowing an increase in accommodation space. This rapid subsidence pulse has 

been described by Campos (2011) as the “maximum tectonic flexure area” that affected 

the study area in the Casanare Province of the northern LFB (Fig. 4). Large river systems 

flowing parallel to the eastern flank of the Eastern Cordillera were developed with an 

Oligocene paleoflow direction to the northeast (Fig. 3). The clastic sediment supply was 

mainly from the eastern Guayana Shield with lesser sources from the Eastern Cordillera 

to the west (Fig. 3). This fluvial system has also been defined as the “Proto-Orinoco 
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river system” (Villamil, 1999) even though the modern Orinoco River did not acquire its 

present course until the Miocene (Pestman et al., 1994). For the purpose of this study, this 

fluvial system will be referred as the “Main axial fluvial system”. 

 

The Late-Eocene Oligocene Carbonera Formation (Palinologic zones 22 – 25, 

Muller et al., 1987) is a thick succession of interbedded regressive sandstone members 

(C1, C3, C5, and C7 members) and transgressive mud members (C2, C4, C6, and C8 

members) of coastal plains with clastic sediment coming from the Guyana Shield 

(Cooper et al., 1995) (Fig. 4B). The Carbonera Formation records an eastward migration 

of foreland-basin-related subsidence with a thickening, and a gradual increase in sand 

percentage and amount of continental clastic rocks from east to west (Fig. 4A). Due to its 

relatively broad distribution across the basin, the Carbonera Member 2 is considered an 

intraformational regional seal (Ecopetrol, 1995; Cooper et al., 1995). The sandier units, 

particularly the Carbonera 1 and Carbonera 7 members, are considered the main reservoir 

in this part of the LFB, whereas the Mirador Formation is considered the main reservoir 

in parts of the LFB to the southwest (Fig. 4B). 

 

Conformably overlying the Carbonera Formation, the shaly Leon Formation was 

deposited  during  the  Middle  Miocene  over  a  wide  area  of  the  Llanos  basin  under 

enclosed, quiescent, lagoonal conditions (Bayona et al., 2008) (Fig. 4B).  Provenance and 

drainage areas of the fluvial deposits in the Middle Magdalena basin and Llanos basin 

became separated during during the Oligocene as a result of the uplift of the Eastern 
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Cordillera (Fig. 2). After the uplift of the Eastern Cordillera, the Llanos basin became 

separated completely from the Middle Magdalena Basin, and both basins acquired their 

present shape and extent (Nie and Horton, 2012, Figure 2). Deposition of a thick fluvial 

sequence, referred to as the Guayabo Formation took place from the upper Miocene until  

the Pleistocene (Fig. 4B). These rocks are discordantly overlain by Quaternary alluvial 

sediments  composed  of  unconsolidated  gravels  of  variable  thickness  (Cooper  et  al., 

1995). 

  

4. Seismic and well data used in this study 

 

The subsurface data used for this study comprises a total of three, post-stacked 

migrated 3D seismic surveys and nine wells covering an area of approximately 580 km2 

of the Cubiro block located in the Casanare Province, referred as “Eastern study area” in 

this thesis (Fig. 1). The three seismic surveys are referred to as “Survey A”, “Survey B”, 

and “Survey C’ (Fig. 1C). This data was acquired for exploration purposes by company 

Petromagdalena and provided by fall of 2011.  

 

The average vertical resolution for “Survey A” and “Survey B” is 20 meters; 

horizontal resolution is 25 meters. The dominant frequency is 35 Hz. In the case of 

“Survey C” the dominant frequency is 45 Hz with a vertical resolution of 15 meters and a 

horizontal resolution of 20 meters. The Carbonera Formation ranges between 1.2 s and 

1.8 s in the eastern study area with an average seismic velocity of 1,750 m/s calculated 

from well data. 
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Additionally, around seventy 2D lines and well data from 32 wells from a 17 168 

km2 area of the eastern blocks CPE (heavy oil exploration blocks) were provided by Shell 

during a summer internship in 2012, along with some legacy data from ANH. The two 

study areas are separated by 57 km. Well data included well logs, drilling reports, side 

wall core descriptions, biostratigraphy and palynology studies, and boreholes images. 

The data provided by Shell was used with permission in this thesis. The results from the 

targeted internship in the LFB are shown in this project. 

 

Lastly, access to complimentary data including reports, thesis, presentations, 

paleogeographic and geologic maps, was obtained through the database of the Caribbean 

Basins, Tectonics and Hydrocarbons Consortium (CBTH). 

 

5. Methodology 

 

A major advantage of 3D seismic technology is that it allows seismic data to be 

displayed in horizontal or “map” form. For this study, a series of attributes (coherence, 

curvature and spectral decomposition) at a sampling interval of 2 milliseconds (ms) were 

calculated in order to estimate seismic character variations that produce sharp 

discontinuities, such as faults and/or stratigraphic boundaries like fluvial channel belts 

(Davies et al., 2007).  Moreover, flattened time slices for the three (3) seismic cubes were 

extracted from the attributes cubes in order to map and observe the seismic 

geomorphology of these deposits, along with the effects of faults and folds. The horizon 
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interpolation was done at the top of four sandy and potential reservoir members of the 

Carbonera Formation: Carbonera Member 1, Carbonera Member 3, Carbonera Member 5 

and Carbonera Member 7 (Fig. 4B).  

 

Along with the attribute interpretations, seismic and gamma ray facies analysis 

were conducted to improve the interpretation of depositional facies.  The seismic and 

gamma ray facies analysis is based on recognizing seismic lapout terminations that are 

confined to a unit with a seismic character different from the adjacent units at a 

determined seismic sampling rate (Zeng, 2004). The identification of possible major 

flooding surfaces, sequence boundarie(s), and the extent of marine influence was carried 

out using seismic geomorphology, well data and previous paleogeographic 

reconstructions. Slope, channel sinuosity, and width/depth calculations were also done to 

determine the architecture of fluvial channels. 

 

Finally,  in  order  to  understand  the  effects  of  tectonics  in  fluvial  migration 

patterns, subsidence curves were calculated from well data and compared to previously 

proposed basement flexural models (Gomez et al., 2005; Bayona et al., 2008; Campos, 

2011). 
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6. Seismic interpretation of the study area 

 

Seismic horizon interpretation was conducted for each of the 3D volumes in the 

study area based on seismic-to-well ties (Fig. 1B).   The horizons interpreted correspond 

to the top of the four sandy members of the Carbonera Formation and are shown on 

Figure 5.  All of the inlines and crosslines of the volumes were interpreted in order to 

extract horizon-flattened time slices for further geomorphological interpretation that is 

discussed in section 8 of this thesis. In the case of the eastern study area shown on Figure 

1B, the seismic interpretation and well top picking were provided by Shell and used with 

permission in this thesis. 

 

An interpreted seismic section crossing all three seismic cubes over a distance of 

20 km in the western study area shows slight westward sediment thickening characteristic 

of a LFB (Fig. 5). High-angle, normal faults penetrate to basement, cut across the whole 

sedimentary succession, and form broad monoclinal and anticlinal structures that are 

potential structural traps in the area.   On Figure 5B, fluvial channels were highlighted of 

the Carbonera Formation in yellow. 

 

Paleozoic rocks, commonly referred in articles on the LFB as “economic 

basement”, is seen as a strong, irregular reflection at the base of the Tertiary - Cretaceous 

sedimentary sequence. Overlying Cretaceous sedimentary rocks are mostly seen as 

homogeneous reflections throughout the western study area.   
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A regional unconformity formed between Cretaceous and Late Eocene strata is 

seen as a strong reflection with top-lap terminations against the top of the Guadalupe 

Formation (green horizon shown on Figure 5B). 

 

The seismic character within the Carbonera Formation includes reflection 

terminations, variations in continuity and shape, changes in seismic reflectivity, changes 

in amplitude anomalies, and low-dipping reflections with locally-onlapping truncations 

are related to intraformational and lithologic heterogeneity. Channel belts within this unit 

are easily seen in seismic section and are highlighted in yellow (Fig. 5B). 

 

The overlying Leon Formation, a wide spread regional seal of Middle Miocene 

age, is characterized by continuous, wavy reflections with little thickness variations 

throughout the basin.  

 

6.1 Seismic facies analysis 

 

Seismic facies analysis is a useful tool used for interpretation of the distribution of 

depositional environments in space and time and overall basin evolution (Mitchum et al., 

1977 in Yu, 2006). Based on the seismic wave character, amplitude, reflectivity and 

reflection terminations, nine different seismic facies association were identified within 

the study area: five characteristic of the Casanare Province and four for the Eastern 

Llanos area (Figure 6). The interpretation of each seismic facies was supported by well 

data. 
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Seismic Facies Casanare 1 (SFC1):  Low-amplitude, laterally semi-continuous, low 

reflectivity, locally wavy; facies corresponds to lacustrine facies from the overlying Leon 

Formation of Middle Miocene age (Fig. 6). 

 

Seismic Facies Casanare 2 (SFC2): High to moderate amplitude, moderate reflectivity, 

plane parallel, laterally continuous reflections; well data shows this unit is quartz-rich, 

fine - to  medium-grained, subrounded sandstone with glauconite inclusions. This facies 

is interpreted as shoreface sandstone of the underlying Guadalupe Formation of Late 

Cretaceous age (Fig. 6).  

 

Seismic  Facies  Casanare  3  (SFC3):  High  to  low  amplitude,  high  to  moderate 

reflectivity, parallel to wavy, laterally discontinuous reflection: well data shows quartz-

rich, very fine – to  medium-grained sandstone, carbonaceous, with pyrite and glauconite 

inclusions. This facies is interpreted as mudstone-sandstone inter                         

gcalations in a transitional-shoreface environment corresponding to the Late Cretaceous 

units (Une Formation, Gacheta Formation and Guadalupe Formation). 

 

Seismic Facies Casanare 4 (SFC4):   Concave, v-shaped, strong, high-amplitude and 

high reflectivity reflections with erosional truncation at the base; facies corresponds to 

incised fluvial channels. The depth of the channel fill varies from 35 to 40 m (Fig. 6). 
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Seismic Facies Casanare 5 (SFC5): Straight, high-amplitude, moderate-reflectivity, 

laterally-confined reflections; facies corresponds to isolated channel belts within 

Carbonera Member 3. Around the channels, moderate to low amplitude, wavy, low 

reflectivity is interpreted as floodplain muds within Carbonera Members 5 and 3 (Fig. 6). 

 

Seismic Facies Eastern Llanos (SFE1): Low-amplitude, low-reflectivity, chaotic 

reflections; facies corresponds to sand-rich, incised valley deposits within Carbonera 

Member 7 (also referred as “Basal Sands” by Ecopetrol (1995) (Fig. 6). This seismic 

facies correlates to GRF1.  

 

Seismic Facies Eastern Llanos (SFE2):  Low-amplitude, moderate to low reflectivity, 

wavy to chaotic reflections; facies corresponds to sand-rich, amalgamated channel belts 

within Carbonera Member 5 and near the base of Carbonera Member 3 (Fig. 6).  

 

Seismic Facies Eastern Llanos 3 (SFE3): Prograding, downlapping reflections and 

clinoforms; facies corresponds to bayhead deltas (river mouth deposits) within Carbonera 

Member 5 (Fig. 6). 

 

Seismic Facies Eastern Llanos 4 (SFE4): Continuous to semi-continuous, onlapping 

reflections; facies corresponds to the unit’s pinchout against underlying Cretaceous  

deposits in the Casanare study area and Paleozoic rocks of the Eastern Llanos basin (Fig. 

6). 
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6.2 Gamma-ray facies analysis of well logs 

 

Based on gamma-ray log values, log shape tied to well cuttings, ten gamma-ray 

facies associations were identified for both study areas (Fig. 7) and the depositional 

environments associated with these facies.  

 

Gamma-ray Facies 1 (GRF1):  Blocky patterns with sharp base; facies corresponds to 

thick sand bodies interpreted as aggraded, amalgamated fluvial channels and incised 

valley fills. (Fig. 7). 

  

Gamma-ray  Facies  2  (GRF2):  Finning-upwards  trend  with  sharp  bottom  with  an 

overall “bell shape”; facies corresponds to point bar deposits identified within Carbonera 

members 7 and 1 in the western study area and within Carbonera members 3 and 5 in the 

eastern study area (Fig. 7).  

 

Gamma-ray Facies 3 (GRF3): Funnel-shape pattern with coarsening upwards at the 

bottom and high and sharp gamma ray peak at the top; facies corresponds to crevasse 

splay deposits (Fig. 7). Lack of foraminifera in well cuttings indicates continental 

provenance. 

 

Gamma-ray Facies 4 (GRF4): Single gamma-ray peak; facies corresponds to poorly 

preserved floodplain deposits characteristic of Carbonera Member 7 in the western study 
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area and Carbonera Members 7 and 5 in the eastern study area with both deposits 

interpreted as the result of lower accommodation  (Fig. 7). 

 

Gamma-ray Facies 5 (GRF5): Serrated/ sawtooth patterns with an irregular gamma-ray 

trend with a lack of character; facies corresponds to mudstone and very fine-grained 

sandstone interpreted as aggrading floodplain deposits within the Carbonera Member 6 

up to the Carbonera  Member 3 in the western area and Carbonera Member 3 in the 

eastern area (Fig. 7). 

 

Gamma-ray Facies 6 (GRF6): Serrated regular patterns with higher gamma-ray values 

than GRF6; facies corresponds to prodelta mud aggradation due to marine transgressions 

during the deposition of Carbonera Members 8 and 2 in the western area. This facies is 

only present in Carbonera Member 2 in the eastern area (Fig. 7). 

 

Gamma-ray Facies 7 (GRF7): Sharp, inverted bow trend pattern; facies corresponds to 

mud plugs within the Carbonera 3 in the eastern study area (Fig. 7). 

 

Gamma-ray Facies 8 (GRF8): Succession of thickening, coarsening-upwards gamma-

ray trends; facies corresponds to sand progradation on a delta plain (Fig. 7). 

 

Gamma-ray Facies 9 (GRF9): Mixed blocky and coarsening-upwards successions in a 

sand-rich interval; facies corresponds to distributary channels and proximal channel- 

mouth bar facies, particularly in the eastern study area (Fig. 7). 
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Gamma-ray Facies 10 (GRF10): Multiple, thin, erratically coarsening-upwards sand 

units in a sand-rich interval; facies interpreted as channel mouth bars/ strand-plain facies 

within Carbonera Members 5 in the western study area and Carbonera Member 3 at both 

western and eastern study areas (Fig. 7). 

 

Gamma-ray Facies 11 (GRF11): Thick, blocky, single sand unit with no floodplain 

preservation; facies corresponds to incised valley fills. Thickness of this facies is greater 

than GRF1 (Fig. 7).  
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7.   Sequence stratigraphy 

 

Based on the interpretation of major flooding surfaces, sequence boundarie(s), 

and extent of marine influence on well logs (Figs. 8, 9) and seismic data (Fig. 10), 

combined with terminations in seismic sections, it was determined that the Carbonera 

Formation recorded two transgressive-regressive cycles. The conventional marine 

sequence stratigraphy model (Posamentier and Vail, 1998) was applied to this largely 

enclosed-sea, continental setting, where the sequences were influences by short-lived 

eustatic  marine transgressions (Haq, 1987), tectonics and subsidence, as well as sediment 

discharge from source areas to the west and east of the basin (Blum and Tornqvist, 2000) 

(Fig. 3). 

 

Four   distinctive   stratigraphic   key   surfaces   were   identified:   the   Sequence 

Boundary (SB), the Transgressive Surface (TS), and the Transgressive Surface of Erosion 

(TSE) locally in the eastern study area and the Maximum Flooding Surface (MFS) (Figs. 

8, 9). 

 

The definition of the datum based on the identification of a Maximum Flooding 

Surface (MFS) at base of the Leon Formation which can be seismically seen as a thin, 

strong, continuous reflection throughout the study area enclosed within low amplitude 

seismic characters, typical of this tabular, mud-rich regional sealing unit.  
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This surface represents the maximum flooding during the transgression of the “Leon 

lake” in the Early Miocene (Bayona et al., 2008) and is clearly recognizable in well logs 

with the highest gamma ray value close to the base of the Leon Formation marked by 

coal, siderite and dolomite-rich layers (Bayona et al., 2008).  Major components of the 

seismic stratigraphy of the study area are described below: 

 

a. In the western study area, a thin amount of the Transgressive Carbonera 

Member 8 was preserved (Fig. 9). The base of this unit is a Transgressive 

Surface separating Cretaceous and Tertiary deposits. This unconformity surface, 

TS1, overlies Late Eocene sedimentary rocks of the Mirador Formation ~ 20 km 

to the west. 

 

b. Sequence Boundary 1 (SB1) is defined within Member C7 as the first sharp, 

low gamma-ray peak that marks an overall progradation sequence. Carbonera 

Member 8  may be occasionally eroded by the Carbonera Member 7, therefore 

the SB1  also  coincides  with  a  lacuna  between  the  Carbonera  Formation  

and underlying Tertiary deposits further west (Bayona et al., 2008). Overall, the 

Carbonera Formation uncomformably overlies Paleocene and Late Cretaceous 

beds in the central Llanos area, and Late Cretaceous and Paleozoic beds in the 

eastern and southern Llanos basin. Deposition of the Carbonera Formation was 

younger northward and eastward, thus the SB represents a diachronous surface 

separating non-conformable successions of marine transgression (Carbonera  

Member 8), marine regressions further east (Guadalupe Formation) and fluvial 
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progradation (Carbonera Member 7) of different channel belts. This 

unconformity is recognizable in seismic sections as thick, high amplitude strong 

reflection (see SFC2 Fig. 6) with toplap truncated reflections of the underlying 

Guadalupe Formation and may also comprise the TS1 (Fig. 10).  

 

c. Transgressive Surfaces (TS) records a regional transgression with a sharp high 

gamma-ray peak where marine-influenced muds overlie fluvial and/or coastal 

plain deposits overlying Cretaceous Guadalupe Formation, and Carbonera 

Members 3 and 1 (Fig. 8, Fig. 9). Mud deposits of Carbonera Members 4 and 6 

exhibits fining to coarsening-upward patterns indicating floodplain progradation 

and aggradation with some possible tidal fluctuations, but show no evidence for 

major marine transgressions. The fine-grained strata corresponding to the 

Carbonera member 6 only shows evidence of eastward migration of coastal-plain 

environments (Bayona et al., 2007). Thus, the contact between the Carbonera 

member 7 and member 6 would not mark a transgressive surface.  

 

d. Member 2 of the Carbonera Formation is widely distributed across the LFB 

and its wide extent may be attributed to an early Miocene eustatic sea level rise at 

approximately 25 Ma (Haq, 1987). This surface is characterized by a distinct 

basinward migration of facies and a gamma ray bow trend that separates pro-

delta marine muds from fluvial plain deposits. Towards the east, this surface is 

represented by a clear lithologic change at the top of the Carbonera Member 2 

Member, where a diachronous ravinement surface (TSE) has been preserved in 
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the eastern study area (TS2 in Fig. 9), whereas in the  western area the event 

occurs within Carbonera Member 3 (TS2 in Fig. 8). Therefore, the TS2 at the 

western study area is slightly younger that in the eastern study area. In seismic 

sections, Carbonera Member 2 is observed as a low-amplitude, muddy marine 

facies (TS2 in Fig. 10) that also suggests that this unit records a Highstand 

System Tract (HST). 

 

e. Sequence Boundary 2 (SB2) is manifested by a sharp, low-gamma-ray peak 

correlating with sand-rich, fluvial erosive deposits at the base of Carbonera 

Member 1 and unconformably overlying marine muds of Carbonera Member 2. 

Unlike Sequence Boundary 1 (SB1), this boundary reflects a major change in the 

sequence architecture, i.e. the initiation of the LST. Maximum Flooding surfaces 

(MFS1 & MFS2) are defined within Carbonera Member 2 and Carbonera 

Member 8  as  maximum  gamma  ray  high  peaks  that  separate  retrogradation  

and progradation successions and mark the maximum transgression of the 

shoreline. The MFS1 may not be completely preserved or may be below well 

resolution of the seismic data (Fig. 10). 

 

In summary, the Carbonera Formation is represented by two regressive- transgressive 

system tract cycles, starting from the base with deposition of Carbonera member 8 within 

a Transgressive System Tract (TST).  The onset of Lowstand System Tract (LST) is 

marked by progradation of fluvial sediments of the Carbonera Member 7 with conditions  
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of relative lowstand sea level due to high sediment supply; development of estuarine 

valley fills (Malagon, 1997) and incised valley fills (Rubiales field, Ecopetrol, 1995) 

along the southwest and southeastern   margins   of   the   LFB.   Lowstand   conditions   

prevailed   during deposition of Carbonera Member 6 to Carbonera Member 3 (Torres et 

al., 2001) as accommodation  increased, aggradation increased, as a eustatic drop of sea 

level defined by Haq (1987) took place. The muddier Carbonera Member 6 and 

Carbonera Member 4 are interpreted as floodplain aggradation related to small, 

tectonically-triggered transgressions produced  by  accommodation  and  lowering  of  the   

slope of  the  LFB  that allowed partial flooding of the basin even though global sea level 

was relatively low. 

 

By Late Oligocene, continued increase in accommodation and low relief of the LFB, 

combined with a short-lived global sea-level rise defined by Hag (1987) at ~25 Ma 

marked the initiation of the Transgressive System Tract (TST) within the Carbonera 

Member 3 in the study area and at the base of the Carbonera Member 2 in the eastern 

study area. These events were followed by a less preserved Highstand System Tract 

(HST) at the top of the Carbonera Member 2. The progradation of the Carbonera Member 

1 fluvial sandstones marks the end of these two cycles related to the LST. 

 

Systems tracts, particularly the HST, may be absent or poorly represented in the unit 

in a fluvial-dominated setting. The TST is represented in a small part of the unit and is 

barely distinguishable in seismic sections, whereas the LST contains the thick and easily 

recognizable deposits. 
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8. Multi-attribute analysis to characterize fluvial deposits 

 

8.1 Application of coherence attribute 

 

Coherence,  also  known  as  similarity,  is  a  post-stack  seismic  attribute  that 

measures the continuity between seismic traces in a specified window along a picked 

horizon (Bahoric, 1995). An estimate of 3D seismic coherence is done by calculating 

localized waveform similarities in the inline and crossline directions. The lateral seismic 

character variations may result in a sharp discontinuity with low coherence along faults 

and/or stratigraphic boundaries. For this study, a coherence cube was generated for every 

3D seismic survey shown in Figure 1 and flattened time slices along the Carbonera 

Member 7, 5, 3 and 1 were extracted in order to map variations in channel belts 

morphology in two-way travel  time (see Figure 11). Faults are distinguishable from 

sedimentary features by their linearity and crosscutting effects. 

 

The image quality of the coherence attribute depends of the signal-to-noise ratio 

and errors in static corrections, velocity analysis and time-based migration (Chopra, 

2007). For example, the acquisition and processing parameters used for Block A were 

superior to parameters used for Blocks B and C. Carbonera Member 7 lacks major 

channel systems in comparison to Carbonera Member 3, even though in well section 

(Figs. 8, 9) Carbonera Member 7 is composed mainly of channel base deposits.   This 

means that the coherence for the data frequency windows (~8– 80 Hz) is not effective for  
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identifying stratigraphic features identification below ~1.7 seconds two-way time. 

Therefore, the amount of channels highlighted in the surveys depends strongly on the 

interval of the extracted time slice and seismic resolution and reprocessing inherent to the 

3D seismic cube used. 

 

8.2 Application of spectral decomposition 

 

Spectral decomposition is a common geophysical method for imaging and 

mapping bed thickness and geological discontinuities in 3D seismic volumes (Partyka et 

al., 1999). This attribute is based on conversion of seismic data to frequency domain 

within different bands in order to delineate variability in bed thickness and to identify 

stratigraphic features such as channels and structurally faulted complex areas. For each of 

the 3D volumes used in this study, ten different bands were calculated (banding based on 

an octave scale) in a frequency window of ~8 -85 Hz. The objective of conducting 

spectral decomposition was to highlight stratigraphic features that coherence could not 

resolve and to test that idea that detailed reservoir characterization could benefit from 

using different attributes. 

 

In Figure 12A, the channel indicated by the green arrow and delineated by the 

coherence attribute is interpreted as a single, narrow, highly entrenched, mud-filled 

channel. However, compared to the time slice through the frequency cube (Fig. 12B), the 

thinner scrolls (indicated by the purple arrows) are now prominent and can be re-

interpreted as a wider channel belt with point bar deposits. Using spectral decomposition,   
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Figure 12. Time slices extracted at 1.376 seconds TWT within Carbonera member 3 in 3D 
seismic survey box B using: A. Coherence attribute cube; green arrow points at an apparent 
single channel; and B. Spectral decomposition cube at sub-band of 46.3 – 55.9 Hz; purple 
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mic boxes and area shown in Figures A and B. 
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It  was  concluded  that  most  of  the  channel  belts  of  the  Carbonera Formation,  

particularly  Carbonera  Member  3,  show  evidence  of  lateral  accretion of point  bars. 

 

8.3 Application of curvature attributes 

 

The curvature attribute is a measurement of the bending of seismic reflections and 

is independent of the frequency at which the seismic volume was acquired (Marfurt and 

Chopra, 2012). Most positive curvature attributes emphasize the greatest positive values 

and will show “positive” features such as mounds, fold and flexures, (Marfurt and 

Chopra, 2012). Negative values of this attribute emphasize bowl-shaped features like 

synclines. 

 

Features that have undergone differential compaction can also be enhanced by 

curvature measurements. The lateral changes accompanying the loss of rock volume as it 

lithifies depends on the type of lithology and the overlying deformation. In general, 

shales compact easier and reduce pore space faster than sand, so channels that are filled 

with sand cutting through a shale matrix may resemble “structural” highs, i.e. seen as 

ridges in the curvature cube (Chopra et al., 2007). Channels that are filled with shale and 

separated by sandier interfluves will appear as structural lows, whereas incised valley 

fills eroding previously compacted rocks, would appear as low, regardless of their type of 

fill. 

As seen in Figure 13, the curvature attributes for 3D survey A highlights a 

channel at the top of the Carbonera Member 3. The most-positive curvature defines the 
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C.Figure 13. Chair display of survey A at 1.530 seconds TWT through 
Carbonera member 3 showing a vertical slice through seismic ampli-
tude and: A. Coherence attribute cube; and B. most negative curvature 
attribute (blue) co-rendered with most positive curvature attribute (red) 
where moderate curvatures are rendered transparent. Blue and yellow 
arrows indicate edges and axis of the shallower channel respectively. 
White and green arrows indicate edges and axis of the deeper channel 
respectively. C. Location map of 3D seismic boxes and area shown in 
Figures A and B.
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flanks of the  channels  as  potential  levees  and  over-bank  deposits,  while  the  most-

negative curvature defines the channel axis filled with a finer lithology. 

 

In the case of the shallow valley overlying Carbonera Member 3 in Survey B (Fig. 

14), the combination of curvature attributes with coherence allowed the definition of the 

internal architecture of the valley. While coherence only shows a single channel with 

apparent constant width, the curvature image reveals several channel belts of variable 

width within a shallow valley (Fig. 14C); point bar deposits are highlighted by the most 

negative curvature attribute (Figure 14A); and where more positive curvature is 

delineated along the valley’s edges (Figure 14B). Differential compaction is also seen in 

the seismic amplitude section at the top of the shallow valley re-inforcing the idea of a 

mud-dominated valley (Reijenstein et al., 2008) capped with marine mudstones. 

Intermediate values within this valley colored as light blue; white and light red colors 

may be the results of the effectiveness of the curvature attributes in the cube and not 

necessarily indicate a homogeneous lithologic compaction. On the other hand, coherence 

is not sensitive to structural deformation of the surface; rather it defines areas of the 

channel flank based on lateral change in the waveform (Chopra and Marfurt, 2007). 

  

8.4 Application of acoustic impedance crossplot 

 

Another useful method for lithologic discrimination to assist in sedimentary 

interpretations is the calculation of acoustic impedance from well data. Acoustic  
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Figure 14. Time slice extracted at 1.430 seconds TWT within Carbonera Member 3 in 3D seismic survey box B 
through, A. most negative curvature attribute cube, B. most positive curvature attribute, c) re-interpreted valley 
morphology on coherence cube, D. seismic display of shallow valley, and E. schematic reconstruction of shallow 
valley formation (Modified from Posamentier in Reijenstein et al., 2008).  
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impedance varies with rock properties including lithology, porosity,  formation fluid, 

fluid pressure and compaction (Escalona, 2003).  Impedance curves calculated for the 

Carbonera Formation from four different wells show similar trends to the general curve 

shown in Figure 15B. 

 

In general, clean sandstones were visually differentiated from shale deposits by 

acoustic impedance highlighted in the colored polygons on Figure 15A. Overall, the 

lowest values of acoustic impedance and higher density values are associated with shale- 

prone lithologies. Intermediate with high density and resistivity values correspond to 

sandstones with hydrocarbons. 

 

9.  Discussion 

 

The migration of the foreland axis of the LFB and basinal flexure related to 

regional shortening had a significant control on the flow direction and alignment of 

fluvial channel belts in a SW-NW trend by Late Eocene – Middle Oligocene time as 

recorded in the directions of paleochannels from Carbonera Member 7 to the Carbonera 

Member 3 (Fig. 3). The orientation of these channel belts is the same as the numerous, 

flexure-related normal faults trending parallel to the ENE axis of the LFB but not in an 

EW direction as has been described in the literature (Osorio et al., 2008). The normal 

faults exhibit an en echelon pattern in map view with elongated and sinuous fault systems 

that lack an oblique-slip component (Corredor, 2012). 
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diachronity of the major bounding surfaces, i.e. the trangressive surface and sequence 

boundary. 

 

Widening of the LFB allowed the Carbonera Formation to expand towards the 

eastern flank of the basin, whereas earlier Eocene deposits (Mirador, Los Cuervos, and 

Barco formations) are not present in the eastern area. A shift of the main paleoflow 

direction of rivers started in the Early Oligocene during deposition of the upper part of 

Carbonera Member 3. This  shift  included  an  eastward  migration  of  the  fluvial  axial  

system  (Fig.  3), as transverse tributaries from the western flank of the basin developed 

and lengthened, as well as pronounced thickening towards the western flank from source 

by the uplifting Eastern Cordillera (Fig. 2). Deposits from Carbonera Member 3 and 

Carbonera Member 1 recorded the shiftsin paleochannel directions to the NW-SE. 

 

9.1 Tectonic effects on changing fluvial style of the Carbonera Formation 

 

For years, in the eastern study area, the Guyana Shield has been defined as the 

main provenance area for Oligocene fluvial sediments, where channels had an E-W 

paleoflow direction (Ecopetrol, 1995, Osorio et al., 2008).  However, new orientations 

observed with seismic attributes and variations of the Carbonera Formation channel’s 

paleoflow direction at central- eastern LFB (Fig. 17), and locally at western study area 

(Fig. 18) has been observed in each of the Carbonera Members. Farther northwest, 

towards the foothills area, there is fewer occurrences of these channels (Carvajal, 2007).  
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Figure 17. Paleoflow direction and changing fluvial style of 
reservoir members of the Carbonera Formation in the study 
area: A. Carbonera 7; B. Carbonera 5; C. Carbonera 3; D. 
Carbonera 2; and E. Carbonera 1 at study area (black 
square) and additional study area from Shell in the eastern 
Llanos basin (red rectangles).

46



47 
 

This interpretation has important implications in key concept as to a better 

understanding of the basin, its geometry, sediment provenance and interpreted 

depositional environments (Osorio et al., 2008). 

 

Carbonera 8: This unit was deposited during a marine transgression due to global sea 

level rise around 35 Ma following deposition of Eocene sediments. The thickness of the 

unit expands westward: in the study area only a few meters of the unit is preserved, 

whereas in the eastern study area this unit was not deposited or has been eroded.  The unit 

also shows major thickening in the Medina and Cuisiana areas (northwestern LFB close 

to Llanos foothills) that could be related to crustal flexure (Casero et al., 1997). Pre – 

Oligocene faulting and deformation in the northern Eastern Cordillera has also been 

described by Corredor (2012). 

 

Carbonera 7: Fluvial paleoflow direction from east to west was part of a greater fluvial 

system that started to develop during the Late Eocene as the initial uplift of the Eastern 

Cordillera added a tectonic load and flexure of the lithosphere allowed eastward widening 

of the LFB. Early workers (Van der Hammen, 1961; Dengo and Covey, 1993; Cooper et 

al., 1995, Jimenez and Van der Hammen, 2007) linked the appearance of Late Miocene to 

Pliocene fluvial facies in LFB to the onset of uplift in the Eastern Cordillera.  However, 

more recent provenance studies (Gomez et al., 2005, Moreno et al, 2010, Nie and Horton, 

2012) provide evidence for an earlier Eastern Cordillera uplift in Paleogene time (Fig. 2).  

By Late Eocene time, the Llanos basin was connected to the Maracaibo basin 
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 (Ayala et al., 2012) and may have served as a marine pathway to the Caribbean Sea but 

this passage had closed by Oligocene time (Gomez et al., 2005; Hoorn et al., 1995). The 

main source area for Member 7 is the Guayana Shield.  Lithic-rich sandstones are 

common in the eastern study area and clean sands are characteristic in the western study 

area.  

 

Carbonera 5: The Eastern Cordillera was not fully uplifted at this time (Fig. 3) but 

localized uplifts provided areas of positive relief and new source areas for the LFB. Part 

of the Santander Massif and Los Cobardes Anticline (Moreno et al., 2011) already 

formed a positive source area by Early Oligocene time. The predominance of floodplain 

deposits in the eastern study area indicates that accommodation was higher than sediment 

supply. The Guayana Shield remains the main source area with some slight influence 

from the uplifting Eastern Cordillera. 

 

Carbonera members 4 and 6:  These members were deposited under conditions of 

increased accommodation in a low relief plain. This setting combined relative sea level 

rise with floodplain and lagoonal facies aggradation. Moderate sediment supply did not 

exceed the effects of accommodation. 

 

Carbonera 3: In the Middle Oligocene, small tributaries developed and merged into a 

main fluvial axial system (Fig. 3). By this time, mountain building in the Eastern 

Cordillera not only generated a major tectonic load with renewed accommodation, but  
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also  increased  rainfall  along  its  eastern  flank (Mora et al., 2010),  resulting  in  

erosion  and  increase  in sediment supply. This pronounced increase in sediment 

accumulation rate (ca. 600m/my) has been documented by Parra et al., (2010). 

 

These factors produced an increase in channel belts at the top of Carbonera 

Member 3 as observed in the seismic data (Fig. 18). By this time, the Magdalena Basin to 

the west started developing as a hinterland basin (Saylor et al., 2012) and the fluvial 

system that prevailed during the Paleocene and Eocene - represented by Cuervo, Barcos 

and Mirador Formations - started to flow independently from the newly developed fluvial 

system of the LFB (Nie and Horton, 2012). As a result, the connection between the 

Magdalena and Llanos basins was closed. Both the Guyana Shield and the Eastern 

Cordillera remained source areas for this member. 

 

Carbonera 2: A marine transgression coincided with a global sea-level rise and a low 

relief was recorded by transgressive deposits with occurrences of fish scales, shark teeth, 

and microfossils of marine affinity (Bayona et al., 2008) (Figure 17E). 

 

Carbonera 1: By Late Oligocene, the fluvial morphology of the Carbonera Member 1 

recorded the maximum, eastward migration of the main axial fluvial system as a result of 

the initiation of the most important uplift phase of the Eastern Cordillera (Figs. 17, 18D).  

In the proximal Llanos basin detrital geochronology also documents the appearance of 

clasts and zircons coming from sources in the Eastern Cordillera since the Latest  
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Member 7; B. Carbonera Member 5; C. Carbonera Member 3; and D. Carbonera Member 1.
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Oligocene (Horton et al., 2010). This confirms that active deformation and advance of the 

Eastern Cordillera started by the Latest Oligocene (Mora et al., 2010), and the rotation of 

the fluvial system in a clockwise migration direction (Gamero, 1995). 

 

The combination of temporary inundations of a ramp-type and low-lying fluvial 

plain with widespread flooding accompanying flexural-related subsidence allowed a 

tabular lithology to spread over a wide area and produce a “layer cake” stratigraphy in the 

Carbonera Formation that is evident in seismic sections.  River channels reworking 

sediments of the fluvial plains also contributed to the widespread aerial distribution of the 

sandier members. 

 

9.2 Paleogeography of LFB during the period of Late Eocene to Late Oligocene 

 

An open question is whether the shalier members of the Carbonera Formation are 

purely the result of a marine transgression or were formed by floodplain aggradation 

(Fig.3). If in fact these are marine transgressions, there is still a debate about the location 

sea pathway and the discharge area of the sediments (Bayona et al., 2008, Villamil, 

1999). 

 

Santos et al., (2008) conducted a study of salinity conditions for the Late Eocene 

units of the LFB including the Mirador Formation and the base of the Carbonera 

Formation in the eastern study area where higher salinity values indicated marine  
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incursions into the area. Furthermore, the presence of glauconite in the well cuttings, a 

mineral diagnostic of shallow marine settings, indicates marine influence in the muddier 

members as well as in floodplain deposits from the sandier members. 

 

As  previously  discussed,  this  event  may  have  been  a  small  marine incursion 

produced by a combination of tidal influence and a steady increase of accommodation 

space in the LFB. The concept of tidal influence was introduced by Hoorn et al. (1995).  

Plant debris found in the Carbonera Formation has been interpreted as vegetated tidal flat 

and low diversity assemblages of Skolithos ichnofacies described by Malagon (1997) 

have been associated to tidal environments. The presence of glauconite, a mineral 

restricted  to  shallow  marine  settings,  in  Carbonera  Members  8,  6,  4  and  2, along 

with a Skolithos ichnofacies assemblage, supports the hypothesis of tidal influence in the 

study area during this time. Additionally, in the eastern study area, cross bedding 

directions observed in borehole images for the shaly Carbonera members showed 

opposite flow directions cross bedding from the sandy members and support the tidal 

hypothesis further in the eastern area. 

 

A recent palynological study by Ochoa et al., (2012) observed that the similarity 

in floras of the Late Eocene Usme and Concentracion Formations (Carbonera Formation 

in LFB) in the Central Llanos Foothills and Llanos Basin, respectively, indicated that 

these depositional systems were still connected by Late Eocene – Early Oligocene time. 

As suggested by Gomez et al., (2005), Saylor et al., (2012) and Hoorn et al., (2010) the 

connection between the large depositional systems of the LFB and Eastern Cordillera 
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probably started to break during the Early to Middle Oligocene, i.e. around the deposition 

of Carbonera 5 in the eastern study area, and not during the Early Miocene as proposed 

by Cooper et al (1995). Westward increase in thickness of the LFB records the onset of  

the major pulse of uplift for the Cordillera Oriental. Moreover, the similarity between 

depositional environments of the Magdalena Valley basins, Eastern Cordillera and LFB 

remained strong until Late Eocene – Early Oligocene (Parra et al., 2009). This supports 

the idea of a fragmentation of a single foreland basin (Hoorn et al., 2010, Ochoa et al., 

2012) with onset of exhumation pulses by Early Oligocene (Delgado et al. 2012) , which 

isolated the LFB from the Magdalena Basin around Middle to Late Oligocene (Gomez, 

2005; Saylor et al., 2012; Nie and Horton, 2012). 

 

In addition, a major pulse of uplift of the Eastern Cordillera at Early to Middle 

Miocene increased Oligocene accommodation and deposited the Leon formation which 

has been described as an enclosed lake or lacustrine environment, hence the wide 

distribution of this unit, its homogeneous seismic character, and its relatively small 

thickness variations. The Merida Andes (Mann and Escalona, 2006) uplifted as well, 

closing the connection to open sea in northern Venezuela by the Middle Miocene. 

 

Another possible connection between the LFB and the paleo-Amazonas River in 

Oligocene time has been proposed by Hoorn et al., (1995), where the paleo-Amazonas 

River was marked by fluvio-lacustrine and estuarine systems that where still partially 

connected to the main fluvial system observed in the study area (Hoorn et al., 2010). 
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The paleo-Amazonas was dominated by palm and tropical low-land vegetation 

with presence of marine palynomorphs (dinoflagellates and foraminifera) indicating  

 

episodic marine incursions. Moreover, Hoorn et al. (2010) proposed the existence of a  

Sub-Andean river system connected to the Atlantic Ocean by a series of coastal seas in 

the Oligocene that connected the Llanos basin with the current drainage area of the 

Orinoco River and not through the current location of the Maracaibo basin as suggested 

earlier by Hoorn et al. (1995), Gomez et al., (2005), and Villamil (1999). However, this 

southern Llanos seaway crossing the Andes to the Pacific Ocean has not been widely 

explored yet, so the question remains whether this was also a source for marine fossils 

with shallow marine affinity (Bayona et. al, 2008). There was also no apparent 

connection between the Llanos and Putumayo foreland basin by Oligocene time, due to 

the presence of pre-existing Paleozoic highs that acted as sediment barriers, e.g. Melon 

basement high at the southern Llanos Basin. 

 

 

10. Fluvial architecture of the Carbonera Formation 

 

The Carbonera Formation shows a predominance of meandering channel belts 

deposits with variable sinuosity, and depth (D) and width (W) ratio, within an average 

slope of ~0.02 degrees (Table 1) calculated from flattened slice from the biggest channel 

at top of Carbonera Member 3. Width measurements were also made from flattened time 
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slices from coherence curves, so the width/depth ratio would be higher. The parameters 

for defining the sediment type are based on Miall (2006) and Rosgen (1994)(Fig. 19). 

 
UNIT  WIDTH (m)  AVERAGE 

DEPTH (m) 
W/D Ratio  AVERAGE 

SINUOSITY 
CARBONERA7       200‐350  25  16  1.16 

CARBONERA 5      200‐500  25  20  1.2 

CARBONERA 3      400‐1100  36  14  1.04 

CARBONERA 1      200‐850  30  12  1.43 

 
Table 1. Width (m), depth (m) and sinuosity values for the channel belts of Carbonera 

Member 7, 5, 3 and 1. 
 
 
Carbonera 7: This member exhibits channels that are narrow, deep, low sinuosity, and 

sand to mixed load dominated with meandering channels and lateral pointbar accretion. 

In the eastern study area, this unit is dominated by coarse - to- medium-grained 

sandstones within incised valley fills with no preservation of the underlying Carbonera 

Member 8.  Primary porosity reduction takes place as a result of precipitation of 

diagenetic cement from lithic leaching due to the proximity of the source area (i.e. the 

Guyana Shield).  

 

Carbonera 5: This member exhibits isolated channel belts dominated by floodplain and 

interfluve aggradation, combined with lagoon deposits and rapid sedimentation rate due 

to lowering of the slope of the LFB. The slight increase of sinuosity also marks a higher 

avulsion frequency with more probabilities for preservation of shale-prone channel 
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abandonment facies (Slingerland and Smith, 2004; Lynds and Hajek, 2006). In the 

eastern area, this member exhibits a series of medium grained, amalgamated fluvial 

sandstones.  

 

Carbonera 3: The presence of wider, slightly more sinuous channels in this member was 

observed at the base of this member, whereas narrower, low sinuosity channels occur 

higher in the member.   The widest and deepest small-scale valley fill seen at top of 

Carbonera Member 3 is eroding into Carbonera Member 5 and showed an absence of  

tributary channels within the valley system, which indicates that the shelf has not been 

fully exposed in order to create and migrate a knickpoint (Posamentier and Allen, 1999). 

This feature may not result in sand-rich channel deposits, but rather a mud-dominated 

channel due to the effect of sea level rise.  i.e.  deposition  of  Carbonera  Member 2  

during  a  time  of  high  sediment  supply. Therefore, coarse-grained, sand-rich, bed load 

sediment is expected mainly at the base of these wide channels. In the eastern study area, 

delta mouth sand bar deposits were identified at the top of this member, might also 

account for development of relatively good quality and continuous reservoir sand. 

 

Carbonera 1: Wide, slightly sinuous meandering channels with abandoned loops form 

oxbow lakes at the top of this unit. These smaller features may be filled by silts and clay 

during the Early Miocene major transgression (Leon Formation) and form effective 

barriers to lateral hydrocarbon flow. 
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11. Conclusions 

 

1) The Carbonera Formation shows a predominance of meandering channel belts deposits 

with low sinuosity and variable W/D ratio morphologically controlled by the combination 

of tectonic effects related to the longterm Cenozoic uplift of the Eastern Cordillera and 

short-lived transgressions due to eustatic sea level rises at a low-lying alluvial plain 

(slope of ~0.02 degrees) during the Late Eocene- Oligocene in a ramp-type shelf setting. 

 

2) Migration of the foreland axis of the LFB controlled the flow direction of the fluvial 

channel belts along a SW-NW trend as recorded in Carbonera Members 7 to 3. Changes 

in the paleoflow direction are interpreted as eastward migration of the forebulge flexure; 

transverse tributaries of the main axial system are recorded in Carbonera Member 1.  

 

3) The broad extension of the Carbonera Member 2 recorded a short-lived eustatic sea 

level rise at ~25 Ma defined by Haq (1987). The presence of glauconite, a mineral 

restricted  to  shallow  marine  settings,  in  Carbonera  Members  8,  6,  4,  and  2, along 

with a Skolithos ichnofacies assemblage, supports the hypothesis of tidal influence in the 

study area during this time. Overall, the unit records two regressive-transgressive cycles 

with higher preservation of lowstand deposits. 

 

4) The presence of pyrite, siderite, and iron minerals in well cuttings, particularly in 

floodplain deposits, indicate swampy, brackish conditions. Plants debris suggests 
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vegetated tidal flats. The setting included a reducing minerals depositional environment 

with restricted water circulation to an open sea. 

 

5)  Shallow valley fill observed in time slice at the top of te Carbonera Member 3 showed 

an absence of tributary channels indicative of an unincised valley rather than incised 

valley; the unincised valley may indicate a short-lived sea-level fall where the shelf was 

not exposed (Posamentier et al., 1999). 

 

6) Carbonera Members 7 and 1 have better reservoir quality in the eastern study are than 

localized sand bodies within Carbonera Member 3. In the eastern study area,  coarse- to  

medium-grained  sandstone  deposits  with  good  quality  reservoir occurred at 

Carbonera Members 7, 5, and 3, but exhibit poor intraformational seal preservation. 

 

7) Recommendations include coring, biostratigraphy, and palynology studies for the 

western area of study, and well coring and 3D seismic acquisition for the eastern area of 

study. 
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