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ABSTRACT

The integration and interpretation of 2D and 3B3set data, well information, geological maps
and public information was used to identify theustaral configuration of the outer Nunchia
Foothills, to define the structural style and t@lexte the hydrocarbon prospectivity in terms of
the structural configuration. A stack of hinterlagigping monocline to imbricate structures
were recognized. Based on the lower detachmenisleine outer Nunchia foothills were divided
into three sub-divisions. The basal structureshwdetachment in Gacheta Formation and
involves Cretaceous rocks to Ledn Formation. Therinediate structures, with detachment
level in Lower to Middle Carbonera, which involvescks of Carbonera and Ledn Formations;
and the upper to surface structures, where the rlaketachment is located in the Upper
Carbonera and involves the younger rocks. In thierddunchia foothills, the reservoir units are
involved only in the basal structures, where thattsern structure was tested by the Tangara-1
well. The area is therefore classified to be of lloydrocarbon potential in terms of structural

traps.
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INTRODUCTION

Structural models in the eastern foothills of the Eastern Cordillera of Colombia

The foothills are one of the areas most studiettiénmountain belts because (1) they record the
uplift history of the mountain belt, (2) they acamwodate the regional shortening that create the
mountain chains (Duerto et al., 2006), and (3hi&st areas the structures are highly prospective
for hydrocarbons accumulations. However, the fdistlaire also well known for their structural
complexity. The harsh topography and steeply digpgiedding generate several problems in
seismic acquisition and processing. Therefore,intkerpreted structural models of these areas

have high uncertainty and there is high potentiahfissing hydrocarbon accumulations.

The eastern foothills of the Eastern CordilleraCalombia (EFEC) are considered one of the
principal petroleum basins of Colombia (FigureThis basin has eight oil fields with more than
3000 MMBL of initial reserves, where the largedtfalds are Cusiana, and Cupiagua. During
the last five decades of exploration, the basin besn studied by 2D seismic data, surface
geological mapping campaigns, and exploratory wél3 seismic is generally acquired when
the operator makes a discovery, and only few 33nsiei cubes are acquired during the

exploration phase.

Supported by the identification of some transvemabes and changes in structural styles,
Bayona et al. (2008); Cortés et al. (2006) and &oet al. (2009) divided the EFEC in three
areas: North Llanos Foothills, Central Llanos Fdisttand South Llanos Foothills (figure 1).

The majority of the oil fields in the basin aredted in the southern part of the Central Foothills.
As a consequence, this area has more public intawmancluding: the geometry and kinematic

analysis of structures, (Amaya and Galindo, 200&;i€} et al., 1995; Cediel et al., 1998; Cortés



et al., 2009; Linares et al., 2009; Martinez, 2003)6b; Rochat et al., 2003), the configuration
of oil fields using pseudo-3D structural models l{itg and Kellogg, 2012; Martinez, 2006a;

Rathke and Coral, 1997), and 3D models to predictdire patterns (Richards et al., 2006).

Based on the structural styles, Martinez (2003,6BQlivided the area in three zones: (1)
Overthrust trend (i.e. Florefia, Pauto, Dele, andcafwera oil fields), (2) transition zone with

isolated structures (i.e. Cupiagua oil fields) &Bdfrontal structures (i.e. Cusiana oil field).

The Nunchia Foothills, 22km to the ENE of the Fi@eail field, consist of two main regions:
internal and external structure (Rochat et al.,3}00here, two operators tried to extrapolate the
Cupiagua play. However, they did not find the reserpredicted by the structural model.
Instead, they found a thicker sequence of the awvddn rocks. The Aysisi-1 well (1993), drilled
a sequence of the Ledn Formation that is 2.2 titheker than the foreland thickness and the
Tangara-1 well (2004) drilled 3490m of a faultedjsence of the Carbonera Formation. This

thickness is 4.1 times thicker than the correspdridesland thickness.

The seismic data over this area together with médion from the Aysisi-1 and Tangara-1 wells,
surface geological maps and topographic data d&lailavere used: (1) to identify which
structures of the outer Nunchia foothills involves treservoir rocks; (2) to define the structural
geometry and the sequence of thrusting of outexr af¢he Nunchia foothills; (3) to identify the
structural style in the Nunchia foothills, and; {d)identify the variability of the structures atpn

the strike.

The surface analysis was done in ArcGis, the stl@seirinterpretation in Petrel and the
evaluation of the 3D structural model in Move. TWwerk was developed in time domain,

because there are too few wells in the area torgena consistent velocity model.
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Figure 1. General location of Northern Andes, the &stern foothills of the Eastern Cordillera and thelocation of the study area.



The mountain front of the Nunchia area is dividedwo principle regions, the higher foothills
and lower foothills. They are separated by the Gar@mo fault system. At the same time, the
lower foothills are divided in two areas, the inmatiformal stack and outer imbricate zone,

which is the focus of this study.

The outer imbricate zone of the Nunchia foothiischaracterized by thin-skinned deformation.
It is a stacked monocline to imbricate structuréhveeparate detachment levels. Based on the
identified geometry, the imbricate structures aakfbackward sequence with separated
detachment level is proposed. The outer Nunchiahitsoare divided into three sub-divions,
based on the detachment level: (1) basal structuefined as having a detachment in the
Gacheta Formation; (2) intermediate structured) wétachments in both C-8 (Lower Carbonera
Formation) and C-6 (Middle Carbonera Formationy;a8) upper to surface structures with a

detachment level in C-2 (Upper Carbonera Formation)

Along strike, the Outer Nuchia Foothills becomepireto the north and the distance between

the inner antiformal stack and outer imbricate sagvidens.

Although, to understand the real configurationhef Nunchia foothills it is necessary to integrate
the outer and inner regions, the inner region igeruly confidential due to oil exploration
activity. Future studies that are able to integrtese areas would allow for a better

understanding of the geometry and kinematic arctite of the Nunchia foothills.

The contribution of this research will both aid tlegional understanding of the EFEC and will

evaluate the hydrocarbon prospectivity of the amg¢arms of the structural configuration.



GEOLOGICAL SETTING

Regional tectonic setting

In Colombia, the Andes mountain belt is dividedhree cordilleras: Western Cordillera, Central
Cordillera and Eastern Cordillera. They are sepdraly two inter-mountain valleys: The Cauca

Valley and Magdalena Valley.

In the Triassic to Early Cretaceous, the MagdaMabey, the Eastern Cordillera and Llanos
foreland of Colombia were part of an asymmetriaalbgn related to a back-arc basin (Etayo-
Serna et al., 1976; Fabre, 1983; Sarmiento-Roj&§1;2 Sarmiento-Rojas et al., 2006).
Sarmiento-Rojas et al. (op cit) recognized fivefeddnt extensional pulses: three events are

related to Triassic-Jurassic and two to the CretageeBerriasian-Hauterivian and Aptian-Albian.

Bayona et al. (2008); Colleta et al. (1990); Coagteal. (1995); Dengo and Covey (1993); Mora
et al. (2008); Restrepo-Pace et al. (2004); RestRgre and Villamil (1997); Roeder and
Chamberlain (1995) Teson et al. (2013) and Tow.€R004) have proposed different models to
explain the uplift of the EC. The models vary betweectonic inversion and major super-crustal
low angle thrusting that loads the cratonic fordlaffFigure 2). The same authors and
Kroonenberg et al. (1990) proposed that the mafordetion is related to the Miocene to
Holocene Andean orogeny, with a principal deforovagpulse in the Upper Miocene-Pliocene.
However, some authors (Bayona et al., 2008; Catéd., 2006; Cortés et al., 2009; Restrepo-
Pace and Villamil, 1997) suggest that some defoamgulses started in the Late Cretaceous-

Paleocene to Oligocene, related to pre-Andean ohefioon.
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The eastern foothills of the Eastern CordilleraEEIf present variations in structural style along
strike. Even though no basement rocks are expdisext transverse zones allow the division of
the EFEC in the South Llanos Foothills, Centralnids Foothills and North Llanos Foothills

(Bayona et al., 2008) (figures 1 and 3). Teson.g2@13) determined that the EFEC has today
two stress regimes: transpressional in the Sou#mdd Foothills and compressional in the

Central and North Llanos Foothills.

The South Llanos Foothills are limited to the sobyhthe Nazareth transverse zone and to the
north by the Sabanalarga transverse zone. It hagdominant along strike NNE orientation,
with around 147 km length and variable width of tbt430km. The studies by Casero et al.
(1995); Mora et al. (2010); Parra et al. (2009) Rogvan and Linares (2000, 2005) show that the
structures of the South Llanos Foothills are highRuenced by pre-existing structures. In the
southern part, the structures comprise of floweucstires and anticlines generated by the
Algeciras transpressional fault. To the north, #teuctures are related with thick-skinned

deformation in the inner part and thin-skinned defation basinward (Mora et al., 2010)

The North Llanos Foothills are located betweenQeharima transverse zone and the Bocono
Fault. This zone has a boomerang shape with a piedat along strike N20W orientation, a
length of 81km and width of 40km. Bayona et al.Q&Q Cortés et al. (2006); Cortés et al.
(2009) and Corredor (2003) proposed thin-skinnddrd®tion with an inversion structure in the

frontal fault.

The Central Llanos Foothills (CLF) are located ledw the Sabanalarga and the Chucarima
transverse zones and is the principal zone of @stein this study. In this zone, the Eastern
Cordillera changes gradually in direction from NN& NNW. This is the longest zone with

270km length and large, variable width along stiikgure 3 and 4). In the southern part, the



CLF has a width of 22km that decreases progressiteebkm around Yopal city, to the north.
From Yopal, it becomes gradually wider again, r@agt36km to the north. The CLF holds the
largest number and biggest oil fields in the EFBE.a consequence, hundreds of wells have
been drilled and thousands of km of seismic infdromahave been acquired to develop these
resources.

W E 7AW 72w

T_
N\ e

Northern Llanos
o |Foothills

Savreena

(1) Gibraltar Area T KA : / contrat Lianas| "

ther L]
fiee o nos. *on

- Foothills ~f 4N
e

2 Mo~ e, META
g

(2c) Florena-Pauto-

- Ot et
Volcanera-Dele L B & 2o,
Fields - — ;
(2b) Cupiagua
field 5km
_— LEGEND
(2a) Cusiana
field Pliocene- - Lower
W E middle Miocene Cretaceous
- Middle Miocene- - Jurassic-
upper Eocene Triassic
| middle Eocene- Pro-Mezosoic
Paleocene
lower Paleocene- Cretaceous
. Upper Cretaceous undifferentiated

(3) Medina Area

Figure 3. Cross sections showing the lateral varian along strike of the eastern foothills of the Estern Cordillera. 1)
North Llanos Foothills (Bayona et al., 2008), 2) Gudral Llanos Foothills (Martinez, 2006b) and 3) Soth Llanos Foothills
(Rowan and Linares, 2000)



F R TR Y

6) Seismic line Paz Ariporo area

3) Seismic line Volcanera, Pauto, Florefa,
w Dele Fields £

i i
5) Seismic line Pore area

e‘& 3 fmr ’Ic‘*{. :

1045000 1070000 1095000 1000000 1120000

Miocene I Gas
= Oligocene Bl Poor Condensate Research
——— [ Rich Condensate Area
1) Seismic line Cusiana Field Late Cretacenus: ooy st

Eocene

4) Seismic line Nunchia and Chaparrera
Syncline

Figure 4. Seismic interpretation and structural syles along strike in the Central Llanos FoothillsAdapted from Cediel et al. (1998); Martinez (20032006b) and Linares
et al. (2009)



Although the traps in the CLF are essentially cacttonal fault-related folds (Rochat et al.,
2003), during the last 60 years the structural rsdaerpretations have varied from thin-
skinned to inversion tectonics (Martinez, 2003, &80 In the region between Cusiana to the
Huron oil fields, Martinez (op. cit.) divided theea into three deformation zones from west to
east (figures 3): Overthrust (antiformal stack keget al. (2009)), transitional and frontal. The
overthrust zone is characterized by a series ofedep in a triangular zone, with elongated
backlimbs and tight to overturned frontlimbs (Pawomplex, which is cmposed for the
Volcanera, Dele, Pauto, Florefia and Huron oil §eldhe transitional zone is a low relief, high
amplitude, tight asymetric structure (Cupiaguai@if). Finally, the frontal zone is described by

large, asymetrical hanging wall structures (Cusiaihgeld).

Tectono-stratigraphic setting

In the EFEC a Cretaceous — Cenozoic sedimentanyeseg with multiple unconformities that
overlay in unconformable contact a sequence of Wecam shales have been reported by wells
in the area (Amaya et al., 2006; Barrero et alQ72@Cazier et al., 1995; De'Ath, 1995; O'Leary
et al., 1997; Ramon and Fajardo, 2006) . Two tyjeteposits have been identified post-rift and
foreland (figure 5). The post-rift deposits areresented by the Une and Gacheta formations,
while the foreland deposits are represented byGhadalupe, Barco, Los Cuervos, Mirador,
Carbonera, Ledn and Guayabo formations. The fodetlgposits are grouped in five tectono-

stratigraphic sequences (Bayona et al., 2008).
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Foreland deposits

Guadalupe Formation
This Formation is divided in two units; a lower u(l22 to 152m thick) which consists of a
package of shallow marine shelf sandstone witlreatations of phosphatic-rich sandstones and

the upper unit, which is comprised of a sequencdayfstones intercalated with siltstones.

The sandstones of the Guadalupe Formation areotier Ireservoir targets in the EFEC. These
sandstones are lithoarenites with porosities betwkéo 20% and were deposited during the

Santonian to Campanian.

Barco Formation
The Barco Formation is a progradational estuaring composed of sandstones with some
intercalations of marine claystones. This unitng of the reservoirs in the EFEC with porosities

between 2 to 12.5% and a thickness of 80 to 130m.

Los Cuervos Formation

The top seal for this unit is represented by thatinental claystones and siltstones of Los

Cuervos Formation. This unit has a thickness 6hi4

Mirador Formation

The Mirador Formation is a succession of of quaremites deposited in the Late Miocene
(thickness of 130 to 160m). This Formation is ded into Lower Mirador and Upper Mirador

units.

This Formation is the principal reservoir unit retEFEC. It contains more than 50% of the oil
reserves tested in the basin (Amaya et al., 20@@ieCet al., 1995). The porosities vary from 2-
12.5% with permeabilities up to 1 darcy (O'Learpalet1997).
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Carbonera Formation

This Formation is a succession of claystones andstanes that are divided into eight units,
where the C-1, C-3, C-5 and C-7 represent the wental rich sandstones units and the C-2, C-4,
C-6 and C-8 the claystones deposits. These depesiisded the initial uplift of the EC (Parra et
al., 2009). Across the area, these units varyicktiess. They are thicker and coarser to the west
and thinner to the foreland. The lower Unit, C-8he seal rock for the principal reservoir in the

basin.

Leon Formation

The Ledn Formation is a dark laminate claystonerandstone with marine fauna, molluscs and
foraminifera. It has a thickness of between 506306m. This unit was deposited in the Middle

Miocene.

Guayabo Formation

The Guayabo Formation represents the molasse dempdshe uplift of the Eastern Cordillera.
In the EFEC the Guayabo Formation can reach manme th6km in thickness and is divided in
two units. The lower unit is an intercalation ofickh bed sandstones with claystones. The

Guayabo Formation was deposited from Middle to IMimcene to Pleistocene.
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DATA

This research is based on 3D seismic, 2D seismiw,exploratory wells and three geological
maps (figure 6). This information was kindly prosaiby the Colombian Hydrocarbon National
Agency (ANH) to the author, to improve the regionaderstanding of the area and to re-

evaluate its hydrocarbon prospectivity in termshef structural configuration.

Seismic data

The research was focused on the interpretatioheteismic information available in the area.
The Tangara-3D seismic cube has dimensions of 40kh5km, and an area of 533,5krfhis
was the first exploratory 3D seismic with sparssigie in the EFEC area. Table 1 shows the
principal information and the parameters of the séilsmic survey. Additionally, 511km of 2D
seismic, represented by 24 seismic lines complezdethe information of the study area. These
were gathered in four vintages acquired from 19891993 (table 2). Figure 7 shows a
comparison between the 3D and 2D seismic survdys.Thngara-3D survey and the 2D seismic
available can be classified as fair to poor. Pagismsic quality is the result of geological
complexity and technical issues, which are disalisstow.

Table 1. Parameters of the 3D seismic available

i Time | Sample
Vintage Km Process Length recorded | interval
Tangara area PSTM 39.8km 7s 4
IL XL
Rotation
Number interval Length from Number |interval
north
798|50m 20km 128.3 801 25
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Sample

Vintage Number lines [Km Array type interval

Pauto tamara-1989 2 17.8|Symetric 4
Pauto-1990 2 35.8|Symetric 4
Pauto-1992 3 60.4|Symetric 4
Piedemonte-1993 17 40(Symetric 4

Table 2. Seismic vintages and parameters of the Z@ismic used

Geological complexity

1- Dips: High structural dips (35 to 75 degrees) in thefam@ and in the subsurface
forelimbs.

2- Depositional system: The stratigraphic sequences have contain a higteptge of
continental deposits. These deposits are charaeteby low continuity and thickness
variations in all directions.

3- Structural complexity: The foothills exhibit a series of imbricate stuwrets. These
structures have high dip and complex geometry ¢chanot be well illuminated in the
seismic.

4- Lateral or oblique ramps: These discontinuities along the strike can créab dips
and sharp changes in the structure’s geometrigsatausually not well defined in the
seismic.

Technical issues

1- Acquisition parameters: Theoretically the sparse 3D seismic increasesitimber of

channels and uses wider receiver line spacing t@irobthe same result than a
conventional 3D seismic (Estrada and Jaramillo320Due to the small number of shots,

this design is recommended during the exploratioasp. Although, the study does not
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compare the two methods, the overall results atlmvseismic to be classified as poor to
acceptable. However, during the study, some anesialong strike were found.

Noise and static attenuation: Several advances have been made to reduce the nois
and static problem generated by the topographylidmalogy. However, they are not
perfect and the processor, if using aggressiverifily techniques can remove important
information during processing.

Taking into account that the seismic was proce&se&2D03, it could still be improved
using leading edge process technology.

Seismic fold: Although the seismic processing report was noflabdle, it is highly
recognized that the boundaries of the seismic dudbee a problem of seismic fold.
Additionally, the high dips in the forelimbs andckalimbs of the structures required
longer receiver cables to acquire the signal. Tdrarpeters of the Tangara-3D may have
not been enough to capture all of the reflectioamfthe steep subsurface structures.

Velocity control: The seismic data available is a post stack timeratian (PSTM)

survey that was controlled by two wells. These svelte located in the middle of the
seismic cube and are separated by 3.4km followregdip direction. Thus, the low
velocity control makes it difficult to generate aocurate velocity model and therefore,
an accurate seismic image.

Migration 2D line: Although the 2D seismic lines are longer and réageflection with

high dips, these seismic lines contain severakctfin out of the plane, increasing the

noise and reducing the seismic quality
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Well data

Two exploratory wells were used in the 3D strudtunadel: Aysisi-1 and Tangara-1 (table 3).
The information available from these wells wereontq directional surveys, check shots or VSP

logs, and well tops information.

The Aysisi-1 well was drilled by Occidental of Coibia in 1993 with a total depth (TD) of
2143m (7032ft). The well targeted the Eocene sandsbf the Mirador Formation. However,
the well only penetrated rocks of the Guayabo tpeapCarbonera Formations. The Tangara-1
well started in 2004 and was abandoned in 2006 686 days of work. The objective was the
sandstones of the Mirador and Barco Formation$ydiead in an imbricate thrust sequence of the
Piedemonte fault system. This well has four mearside tracks (Tangara-ST1, ST4 and
ST5) and two geological side tracks (ST-2 and ST8g well encountered mainly rocks from
the Guayabo and Carbonera Formations that excemitgdal prognosis. The reservoirs rocks
were reached by the sidetracks ST-1 and ST-2seygaence below the Piedemonte fault system.

These reservoirs were water bearing.

Well Operator Year GL RTE - 1D Tt ST type
Aysisi-1 Occidental 1993 2143| 7032
Tangara-1 Hocol 2004-2006 1140.91 1774.5 Mechanic
Tangara-1ST Hocol 2004-2007 1140.91 1774.5 5564| 18254
Tangara-1ST2 Hocol 2004-2008 1140.91 1774.5 5794| 19010|Geologic
Tangara-1ST3 Hocol 2004-2009 1140.91 1774.5 4952| 16247|Geologic
Tangara-1ST4 Hocol 2004-2010 1140.91 1774.5 5224] 17140|Mechanic
Tangara-1ST5 Hocol 2004-2011 1140.91 1774.5 5097| 16724 Mechanic

Table 3. Wells include into this research.

The well tops of Corocito-1, Pore-1 and Tamara-1lsweere included for the analysis of the
stratigraphic thickness (see observation chaptdrse wells drilled the Ledn, Carbonera and

Mirador formations in the foreland area.
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Well top uncertainty

The basin contains a 4km thickness of continengalinsents and around 0.6km of marine
sediments. They are easily distinguished basechein lithological properties. Some of these
Formations are divided internally into units due dipong contrasting lithologies, e.g. The
Carbonera Formation, which is divided into eighitsinUsually during drilling in imbricate
zones, the operator uses palynolaggitu andlogging while drilling (LWD) to help identify the

top of a formation.

The definition of the units in the Carbonera Foiiorais one of the most critical aspects of well
operations. In these units different casings ateasd the last unit, C-8, is the top seal of the
principal reservoir. The recognition of these tgpsritical as to not damage the reservoir and to
take the right decision when changing the drillbigor setting the casing. However, the low

lateral continuity, thickness changes and severdtdd zones makes this work very challenging.

The palynological zonation for the Llanos Basiraisital tool to solve stratigraphic problems,
test structural models and to identify lithologicatits (Jaramillo and Rueda, 2004; Jaramillo et
al., 2011; Jaramillo et al., 2006). However, theotation of the palynological zones has a range
between 2 to 10 million of years, which gives asidarable measure of uncertainty in dating.
Additionally, the re-working of the units and thaving during drilling can contaminate the
samples, increasing the uncertainty of the samatmgl and therefore, the identification of the

stratigraphic tops.
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Surface geological maps

Three versions of geological maps and key pubboati(Bande et al., 2012; Ramirez-Arias et al.,
2012; Teson et al., 2013) allowed identificatiorddferent lithological contacts and faults on the

surface.
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METHODOLOGY

This research is divides into two sections, surtataysis and subsurface analysis.

Surface analysis

The surface analysis is based on the examinatica difjital elevation model (DEM) of 30m

resolution, existing geological maps and publioinfation. This work was carried out in ArcGis
with the objective of identifying the direction amelationships of the principal structures and
faults. Additionally, it allowed the identificationof changes in the mountain front and the

recognition of western boundary of the forelandibas

Subsurface analysis

The subsurface analysis was based on stratigr@phielation and seismic interpretation of the

data available. This data was tied to the surfamdogical map during the seismic interpretation.

Stratigraphic correlation

The stratigraphic correlation is supported by thalygsis of the well data and surface information
available in the foothills and foreland areas. ta foothills area the stratigraphic sequence is
represented by the Tangara-1, Aysisi-1 and thesregkosed in the Nunchia syncline (Ramirez-
Arias et al., 2012). Whereas, the foreland aresepsesented by the Pore-1, Corocito-1A and

Tamara-1 wells, and the study of Delgado et all220

This correlation concentrated on the identificatmithickness variability in the stratigraphic
sequence, the identification of the regional stradt level's depth, and seismic facies

recognition for the foreland sequence.
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No e-logs were available, only the reported wefistovere included in this analysis. The well
tops are shown in measured depth (MD) and truéceédepth subsea (TVDss). In the study, the
thickness of the units and formations were caledlatsing the TVDss value; because this value
is the closer measurement to the real true stegdfge thickness (TST). The values from TVDss
are displayed with the negative symbol (-) to ftatié the differentiation between the MD and

TVD values.

Subsurface structure

Taking into account that the principal source n€ertainty in a balanced cross section is the
shape and thickness of the initial stratigraphidgesinvolved in the deformation (Allmendinger
and Judge, 2014), this research had an ambition®figenerating a 3D structural model using

the 3D seismic cube, Tangara 3D.

The model had three steps: 1) integration of thiéase and subsurface data, 2) generation of a

structural framework and 3) populate with the ggraphic framework.

Integration of the surface and subsurface data

The seismic, well and surface geological data veemapiled and interpreted using Petrel. To
avoid distortion in the geometry of the 3D seisrdata, the study was set to the original
coordinate system of the seismic (Colombia Bogatard zone). Additionally, the research uses
the same unit convention established for the dilgtry in Colombia, where the surface distance
is in meters, the depth in feet, and velocity ietfgecond. The seismic reference datum was set at

6561ft (2000m).

The 3D seismic has high amplitude. Therefore, tprove the seismic image or identify the

discontinuities, seismic attribute analyses wengliag in Petrel. Table 5 and figure 8 show the
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attributes tested and the principal characteristicthem. In summary, the interpretation was
conducted in the cube generated with graphic exprahttribute. This attribute improved the

seismic image decreasing the frequency from naggg. dAlthough, the attributes: variance, edge
enhancement, chaos and ant track allowed to rexegrsiome structural features in the Nunchia

syncline, these attributes do not work in the ircdwe zone.

Seismic attribute Operation Objective
Enhance edge detectiobn by
3D Edge Enhancement [emphasizing larger and planer Identify most frontal fault
features
Reveals discontinuities in seismic
. Extract faults from pre-processed data either related to
Antitrack L . . N
sesimicvolumes. stratigraphic terminations or

structural lineaments

. Uses the Sobel filter to isolate areas .
Amplitude contrast . . . L Identify faults
with amplitude discontinuities.

Maps the “chaoticness” of the local
Chaos seismic signal from statistical Identify faults

analysis of dip/azimuth estimate.

. . Fault lineament detection, in
Describes how bentacurve is at a . L
. . particular in dip saturated data.
particular point. Enables the

3D Curvature . Helps indentifying upthrown and
detection of subtle structural .
downthrown sides of a fault

changes in dip-saturated data.

Signal coherency analysis: Estimates [Fault detection from continuous

) trace to trace variance (1- variance response.
Variance . . . .
semblance). Amplitude Invariant Gas chimney mapping
(but not orientation invariant)
Highlights structural geology with the
Dip ilumination use of lighting and dip field Faultidentification
estimation
An edge enhancement method taht
Edge ) & o Kind bands identification
is based on statistical methods
Seismic data bandwidth filtering :
Applies a bandwidth filter with Reduce frequencies from noisy
Graphic equalizer frequency indexed weighting as per |seismic

defined in the equalizer

Table 4. Seismic attributes tested in this work tadentify the discontinuities (faults) and improve te quality of the seismic
image. Information extracted from Petrel® softwareand manuals.
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a) Original
Tangara -3D
seismic display

b) Graphic
Equalizer

c) 3D Curvature

d) 3D Edge
Enhancement

e) Amplitude
Contrast
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f) Ant Tracking

g) Chaos

h) Dip illumination

i) Edge Evidence

j) Variance

Figure 8. Examples of the seismic attributes testett improve the interpretation of the structural framework.
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During the subsurface interpretation, the workfldescribed by Tearpock and Bischke (2003,

chapter 9) and the terminology described by McQ1®@1) was applied.

Structural framework

Taking into account the interpretation was madeirme domain, an approximation of 1:1 in
vertical exaggeration was generated. In this, ¢thsevelocity was calculated from the deeper

well, Tangara-1ST.
Therefore:

~d_ SRD+TD(inTVD)  7012m
V=T T 1IWT second from SRD ~ 1.9412s

= 3612.4m/s

This relation was used to calculate the verticalesin the seismic profiles, e.g. for a horizontal

scale of 1:50000, the vertical scale was calculaged.8s/in.
Knowing that in 1second represent 3612.4 meters, so

1cm lin

VE = 3612.4m * <o * e aem

= 2.8in

On the other hand, to identify the fault planes thiork used the techniques descripted by Shaw
et al. (2005). In this methodology, the fault idéed in the dip line (figure 9) is confirmed and
interpreted through the crossing points of the aiia lines, generating fault planes. Finally, the
interpretation of fault is completed continuing te@me methodology along the strike of the

fault.

Stratigraphic framework

The initial methodology was to generate a full stuwal framework for the whole area, which
must be filled with the stratigraphic successioaspecting the lateral thickness change.

However, during the development of the researah niethodology had to be modified.
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Figure 9. Methodology to identify the fault surfacein 3D. Red points show the extreme point of the €dt identified in an
aerial view. Adapted from Tearpock and Bischke (208) figure 9-18.

Modification of methodology

Starting from the area where the wells are locateal interpretation of the dip lines was done
every kilometre. In this case, the structural amdtigraphic framework was interpreted in every
line before move to the next section. To do theapdlation of the faults, the methodology
explained was followed (figure 9). If any inconsisties were found in the structural framework,

a control line between the two lines was generated.

Because of the structural complexity and relatiwergyuality of the seismic, the model assumed

constant bed thickness and flexural slip defornmatio
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3D Model consistency analysis

To check the inconsistency of the interpretationaaalysis of fault displacement was conducted
and random cross-sections were generated with Mo¥evare. This method calculates the

cutoffs of the fault in the hanging and footwall.

The cutoffs permitted calculation of the throw bé tfaults and with recognizing the principal

orientations, displacements and other statistidakimation from the study area.
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DESCRIPTION OF THE MOST FRONTAL PART OF THE NUNCHIA FOOTHILLS

Surface geology

The geological map shows that the axis of EC chaungéirection from NE to NNE in this area
(figure 10). This change does not affect the wmoteintain. The biggest directional changes are
located in the central part of the Cordillera (N38EN13E), and it decreases progressively

towards the foreland, where the structures keepstlthe same direction (N40E).

Geologically, the mountain front exposes rocks frGnetaceous to Pleistocene (figures 11). A
marked change in topographic expression highlighesdivision between the lower and upper
regions. The higher region is composed principhifyBerriasian to Cenomanian sedimentary
rocks, where the Une and Lutitas de Macanal foonatirepresent the largest portion. Three
principal faults were recognized, from east to wedanta Maria, Paya-Pajarito fault and
Guaicaramo fault systems. The structures are lontjleve an angular relationship with the

faults of 10°.

The lower region, where is located the study aiseapmposed mainly of Cenozoic deposits of
the Guayabo, Ledn and Carbonera formations. Founcipal structures can be recognized:

Nunchia syncline, Zamaricote syncline Chaparrerelgye and Cardenalito monocline.

The southern structure is the Nunchia synclines Hound to the west by the Guaicaramo Fault
and to the east by the Yopal Fault. In the norththef study area, the Nunchia syncline is
replaced by the Zamaricote syncline (figure 12)e Nunchia syncline is around 105km long

and dies to the north of the study area, whewergplaced by the Zamaricote syncline.
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Figure 10: Surface geology of the mountain front inthe Nunchia foothills area. Left image (a) showthe different regions in the mountain front. Rightimage (b)
geological map of the study area which shows thergttures and fault in the study area Green color reresent Cretaceous rocks and yellow colors the Cenoic deposits;
north rotated 40° anticlockwise. The number showshe names of the faults and the letters the name dhe structures. A-1= Aysisi-1; T-1= Tangara-1.
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Based on its characteristics and axial surfacetioe changes, the syncline can be segmented in
three areas: (1) In the south, asymmetric structutte a axial surface direction of N50°E, 12km
width and dips of between 20° to 30° in the eadtank and 40° to 60° in the western flank. The
flanks expose rocks from the middle Carbonera tay@bo formations. (2) Near to the inflexion
point of the Guaicaramo Fault, with a axial surfaeection of N40°E, 8km width and dips
between 40° to 50° in the eastern flank and 4@5%in the western flank. The flanks expose
rocks from the upper Carbonera to Guayabo formatig8) Near to the Tocaria Fault, the
structure reaches a width of 11.1km and becomesngyrital with dips around 40° in the flanks.
However, to the north of this point, the axial sigd of the structure change to N20°E and the
hinge line rises up.

The Zamaricote syncline is bound to the west byGhaicaramo fault system, to the east by the
Piedemonte fault system, and to the south by ariodault, which has a hinterland-vergent
thrust. The structure has a 120km length and besgmnegressively wider until it reaches a
maximum width of 32km. Differing from the Nunchigreline, the Zamaricote syncline exposes
rocks from the Corneta Formation (younger) in tkis af the syncline, representing an increase

in space of accommodation.

The Chaparrera syncline is located to the soutthefstudy area. This is a small symmetric
syncline with N45°E direction, 14.5km length ananaximum width of 5.4km. The syncline
exposes principally rocks of Guayabo Formation andhe eastern flank, rocks of the Leon

Formation. The hinge line rises up near the Aysisiell.

The Cardenalito monocline structure is the moshtab structure. It is a hinterland-dipping

structure that starts near to the Aysisi-1 well phuhges to the north until it becomes the eastern

32



flank of the Zamaricote structure. In the soutle, structure exposes rocks of the Leén Formation

and involves rocks of the Guayabo Formation tonibreh.

Finally, the foreland basin is represented by quary flat deposits. This region is bounded to

the west by the Yopal Fault or by the Piedemontdtfgystem.

It is important to highlight that in the area wheie EC changes direction, it affects the lower
region. (1) The Nunchia syncline is narrower, iha&bs are steeper and the axial surface changes
in direction, (2) the hinge axis of the Chaparreses up and it becomes the Cardenalito

monocline, (3) a sinistral strike-slip fault, Payecuts the western flank of the Nunchia.

Subsurface geology of the Nunchia foothills

Stratigraphic correlation

There are only two wells located in the study afleemgara-1 and Aysisi-1. These wells drilled
through a repeated sequence of continental saredstord claystones of the Carbonera and Leon

formations.

The Aysisi-1 well reached a total depth (TD) 214@f032ft). It has an average inclination of
5.2° with a SE direction. The tops reported shomeHaults located in the Le6n Formation. In
this well, only the units C-1 and C-2 of the Carb@n Formation were drilled. They have an

average drilled thickness of 282m and 103m resgsgti

The Tangara well has five sidetracks, two of thara tb changes in the geological target (ST2
and ST3). The Tangara-1 and Tangara-1ST reach&laf $571m (18278ft). These wells have
a predominant direction of 127° in azimuth. ThelWwangara-1 has an average inclination of
20°, while the Tangara-1ST has an inclination ot téat drop to 4° in the last 840m. The

Tangara-1ST2 is a geological sidetrack that treedetach the Mirador Formation in a higher
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position. The ST has a direction of 134° in azimwitlh 36° of inclination. The Tangara-1ST3 is
a geological sidetrack that was planned to pereettla¢ Mirador Formation present in the
hanging wall of the Pardillo Fault. Finally the Sddd ST5 were mechanical sidetracks. The last

ST was abandoned due to mechanical problems.

Some anomalies were found in the Tangara-1 welk.tofhese anomalies are related to
inconsistences in the unit thickness or possibkrtowmned sections (figure 11 and 13). Therefore,
the wells tops were gathered in different package¥ined by faults or in the tops where the
well does not follow the normal stratigraphic swssgien. This method was invented to organise

the well tops and to allow for easier correlati@veen the sidetrack wells.

The most outstanding anomaly in Tangara-1 and $Sdcated between the packages VI to IX
(figure 11). The package VI starts in the C-3 amitl follows the normal stratigraphic succession
until the C-8 unit, where the top of the C-7 ulNb faults were recognized. The stratigraphic
succession continues in reverse sequence repdanen@-6 unit (Package VII). After that, the

well found the C-7 unit in a normal succession Kaae VIII). Finally, the sequence is faulted to
the C-1 unit. The packages IX contain the C-1 t@ Gnrits. However, entire package is only

84m.

The same anomalies were found in the Tangara-18@2langara-1ST3, ST4 and ST5 (figure
12). In the Tangara-1ST2, this section is repoaed normal package (IV) 730m of the C-4, C-5
and C-6 units, where the C-6 has an anomalousrtégskof 536m. On the other hand, in the
Tangara-1ST3, ST4 and ST5 the section is recorgéd.bto C5 units in a normal stratigraphic

succession but has an anomalous thickness of 955m.
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Figure 11.Stratigraphic column reported in the wellreport for the Tangara-1 and Tangara-1ST wells.
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Figure 12. Stratigraphic column reported in the wel report for the Tangara-1ST2, Tangara-1ST3, Tangaa-1ST4 and
Tangara-1ST5 wells.

Thickness from Tangara-1 wells and Asisi-1 well

The thickness of each unit and Formation was cafedl|from the units that are not faulted (table
8). These values were calculated in TVDss, whicthésclosest to the TST. Table 8 shows the
thickness of the Ledn, Mirador, Los Cuervos andcBdormations and highlights the differences

in thickness in the units of the Carbonera Fornmatio

The Table 8 shows that the C-2, C-3, C-5, C-6 andidlts, and Mirador, Guadalupe and Barco

formations are thicker to the west; whereas, the@hkit has a similar thickness.
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Upper Guayabo

Lower Guayabo

Leon -782.1 -782.1

C2 -127.5[-176.0| -129.3| -114.8 -76.8 -124.9 -76.8 -176.0
C4 -27.4| -23.3] -27.5 -31.7] -29.2 -27.8 -23.3 -31.7|
C6 -203.0 -127.3| -114.0 -148.1 -114.0 -203.0
C8 -86.2] -74.3 -80.2 -74.3 -86.2
Mirador -14.5] -5.2 -9.9 -5.2 -14.5
Los Cuervos -27.0] -22.9 -25.0 -22.9 -27.0
Barco -144.5| -97.1 -120.8 -97.1 -144.5
Guadalupe

Gacheta

Lower Sand

Table 5. Thickness values extracted from the Tangarl wells. Negative are used to show that values neegenerated from
TVDss measurements.

Well Correlation

The stratigraphic sequences reported in the Ayseid Tangara-1 well have high variability in
thickness. It could be caused by faulting, the aligamn of the well, difficulties in the recognition

of the unit (based on lithological and palynology) simply, actual changes in thickness.

Therefore, a correlation between the Tangara-1gdi@l1ST wells and the Aysisi-1 well was
generated (figure 13). It shows at least six stmes: (1)Gavilan. This structure is represented

by the gathering of the package X in the three sideks of Tangara-1 well. This is the only

structure that includes the reservoir rocks in teformation. (2)Tangara. It consists of

packages VI in Tangara-1ST3, ST4, and ST5; theggekVI, VII, VIII and IX of the Tangara-

1&ST; the package VI in Tangara-1ST2; and the pgeld in Aysisi-1 well. This structure is

related to the Pardillo fault.
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Although the Tangara-1ST reports a reverse stegilgc sequence in this zone, the Tangara-
1ST3, ST4 and ST5, drilled in the back-limb of 8teucture do not support it. Instead, it only
shows a thick sequence of the C-6 Unit. A3isi. It is related to the Jilgero Fault and it is
represented by the packages V and VI in Tangaré&81ST4 and ST5, IV and V in Tangara-
1&ST; and the package Il in Aysisi-1 well. (Zpche It is generated for the aggregation of
packages lll in Tangara-1&ST and Il in Aysisi-1 Wwélhis structure is associated to the Manitas
Fault. (5)Cardenalito. This structure is related to the packages Ihim Tangara-1 and | in the
Aysisi-1 well. This structure is related to the &ur Fault and its surface expression is a
hinterland-dipping monocline. (yunchia. This structure is represented by the packagehef

Tangara-1 well. This well drilled the eastern flasfkhe Nunchia syncline.

Furthermore, to observe the lateral changes betwleeNunchia foothills and the foreland,

results from the study by Ramirez-Arias et al. 120

from the Nunchia syncline were integrated in thalgtas well as formation thicknesses reported

in some well of the foreland basin.

Foreland sequence

The Formation and Unit thicknesses were extractaa the well top of the Corocito-1A, Pore-1
and Tamara-1 wells (Table 6). The northern well@snara-1, located 48km to the North. The
Corocito-1A well is located 34.8km to the NNE ahe Pauto-1 37.8km to the NNE (figure 6).
The well Corocito-1A has a repetition of the Guay&wormation. Therefore, the rocks located in

the hanging wall were removed from the analysistaed/alues used are in TVDss.
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Foothills Foreland
Formation Ramirez etal |Tangara-1|Aysisi-1 [Corocito-]Pauto-2 |Tamara-1
m TVDss TVDss TVDss TVDss
Upper Guayabo 680 -1505.7 -3968.2
Lower Guayabo 760 -714.1 -1542.3
Ledn 640 -782.1 -517.2 -376.4 -469.1
C1 180 -416.4 -282 -30.8 -166.1 -216.1
C2 300 -124.9 -103 -72.8 -67.1 -76.8
C3 80 -48.9 -52.4 -48.8 -54.3
Cc4 120 -27.8 -95.7 -76.2 -22.9
C5 220 -182.9 -95.7 -79.9 -184.4
C6 240 -148.1 -84.7 -101.5 -24.7
C7 260 -101.8 -79.2 -88.4 -94.8
C8 260 -80.2 -57.9 -44.2 -158.8
Mirador -9.9 -48.7 -57.9 -81.7
Los Cuervos -25.0 -23.8 -12.8
Barco -120.8 -82.9 -48.2
Guadalupe -111.3
Gacheta -164.3
Lower Sand -39.3

Table 6. Thickness correlation between the foothal and foreland areas. Negative values are used tagyhlight that values
correspond to TVDss measurements.

Foothills sequence

The foothill sequence is based on the average rtbgk calculated from the Tangara-1 and
Aysisi-1 wells (table 5) and the unit thicknespaged in the Nunchia Syncline by (Ramirez-
Arias et al., 2012) (figure 5). They report a segeethat starts in the Middle Guayabo and

finalized in the C-8 Unit of the Carbonera Format{table 6).

Foothills -Foreland Correlation

Table 6 shows the units extracted from the welld #re surface. The values used for the

Tangara-1 well are related with the average thiskmalculated in table 5.
The following observations can be extracted fromttble:

1- The Guayabo Formation is thicker to the west antiéanorth
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2

The Ledn Formation and the Units of Carbonera Faonare thicker to the west.

3- The Mirador has a thicker section to the nortthimforeland area.

4

The Mirador Formation has a thinner thickness valueangara-1.

5- Los Cuervos and Barco formation are thinner toNbgh.

Seismic interpretation

Foothills and foreland correlation

Two regions have been recognized: The Nunchia fil®tb the west and the Llanos foreland to
the east. In the study area the nearest well Iddatéhe foreland is the Tocaria-2 well (figure 6).
However, no well information or seismic imaging wagailable in this area to identify the
foreland deposits. A solution was to merge anrjpmegation made in the foreland by Delgado et
al. (2012) with a seismic line available for thisidy, as shown in figure 14. It permitted the
identification and tie of the different formations the foreland. Additionally, it allowed

identifying for every formation, the seismic chasacdepth and seismic thickness.

Taking as reference the seismic reference datutheoforoject (2000m), the top of the Ledn
Formation was detected at 3125ms, Carbonera Farmati3515ms and Mirador Formation at
4050ms. Therefore, the thickness of the Ledn antbd@e&ra formations is 390ms and 535ms

respectively. These values are in two-way-time (TWT

Table 11 and figure 13 show the seismic faciessaismic patters for the different formations in
the foreland deposits. Although, the 3D seismicharacterized by high amplitude reflections,

the patterns and seismic facies can be recogniz2D iand 3D seismic data.
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Figure 14. Seismic correlation between the study aa and the foreland basin. Right image figure 5 bypelgado et al.
(2012) and left image 2D seismic section over th&udy area. (A) figure correlation without interpretation (B) section
interpreted and extrapolated to the study area. Thdeft image used a different color bar to show thdifferent seismic
character of every Formation. See figures 6 or 1btlocation of the correlation.
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Figure 15. Seismic facies identified for the forelad in the study area.

FORMATION CONTINUITY |AMPLITUDE[{FREQUENCY|PATTERN
Guayabo Discontinuous |High Medium Subparallel
Ledn Continuous Low High Almost free
Carbonera Medium Medium Medium Subparallel
Mirador and Continuous High Low Subparallel
Cretaceous

Table 7. Characteristics of the seismic facies idéfied for the foreland in the study area.

On the other hand, in the foothills zone, thestepas can be recognized only in the Nunchia and
Chaparrera syncline. There, the Ledn Formatiapackage almost free of reflections with low
amplitude and high frequency; and the Upper Can@oi@rmation is characterized by strong

reflections with high amplitude and low frequency.
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Below these surface structures, it is not possibleecognize seismic patterns. This zone is
characterized by reflections with high amplituded dow continuity in the N-S and E-W
directions. However, three thin packages of higigdiency and medium continuity could be

documented. They are related to the C-1 unit,t€@-5 interval and C-7 unit.

Below the deformation zone, a non-deformed packétestrong reflections, low frequency and

high amplitude is easily recognized. This packaag a thickness of around 4000ms.

General Configuration

The subsurface structural configuration of the nezsttern part of EFEC was defined through
the interpretation of the Tangara-3D seismic surarg some 2D lines within the study area
(figure 17). The Yopal Foothills area is locatedkm5to the east from the southern part of the
study area (figure 17). In this zone are locatedRhuto -Florefia, Dele and Volcanera oil fields,
where different authors have proposed triangularegoMartinez, 2003, 2006b) or antiformal

stack structural configurations (Egbue and Kelld&f#fl2; Linares et al., 2009).

A southern 2D seismic line was interpreted schevalyi in this area (figure 18). It can be
interpreted as an antiformal stack with active-rdoplex. This zone has a foreland-vergent
thrust system where the structures have a predostigke direction of 40° in azimuth direction

(figure 18)
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Figure 16. Location of cross sections located in ¢hstudy area. X-X' shows the regional configuratiorof the Nunchia
foothills; the section Y-Y’ a correlation with the foreland basin; and the sections A-A’ to F-F’ the sucture configuration
of the east area of the Nunchia foothills.
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Figure 17. Section Z-Z' showing the general configation of the Yopal foothills region. Two areas ae defined: West area and Nunchia syncline.
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Nunchia foothills

The west limit of the Nunchia foothills is the Goaiamo fault system and in the east, the un-
deformed section of the foreland area. A 2D seidmé&was schematically interpreted to define
the configuration of the Nunchia foothills (figui®). It is characterized as a hinterland dipping
duplex, foreland-vergent thrusts with flat and rangpectory. Geometrically, it can be divided in

two areas: inner and outer, where the Nunchia sy located between them.

Although, this work is focussed in the outer atba,2D seismic line allows seeing that the inner
zone follows the antiformal stack configuration ctésed in the Yopal Foothills (figures 18 and
19). The deformation in this area includes uppée lGretaceous to Oligocene rocks, which are
confirmed by the results of Niscota-E1, Huron-1y&tu2 and Huron-3 wells (De Freitas, 2010)
This area has confidential restrictions due toesibloration works. Therefore, it will not be

interpreted in the seismic sections

The outer zone represents the most frontal defeemabne of the EFEC in the Nunchia region.
It is characterized as stacked imbricate structwitts active roof duplex. Eleven structures were
interpreted in the study area (figure 19). Theyfardt-related structures in a foreland vergent
thrust system that generates monoclines or asynualeanticlines with hinterland-dipping and
small frontal limbs. Additionally, two structureslated to a normal fault were identified in the
north of the study area. Based on the detachmealslethe structures were classified as basal,
intermediate and upper to surface structures. énstiuth, the outer zone has 9.5km width, that
increases to the north to around 12km (sections fgA--F’, figure 20 to 39). Two wells have
been drilled in this area: the Tangara-1 and Ag¢si$he results of these wells are described in

the stratigraphic correlation section.
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Figure 18. Section X-X' showing the general configation of the Nunchia foothills region. Three area are defined: West area, Nunchia syncline and Eaatea

48



Cardenalito

Yopal fault structure

™~

Nunchia
Syncline

N

Sural fault

Manitas fault

Tocaria fault

Yopal fault /

Nunchia
syncline

Syncline

(N Sural fault

system system
(a) (b) Cardenalito
monocline
Toche Maute
structure monocline

Zamaricote

——

Cravo Sur fault
(9)

Orocue fault
(c) (d)
Upper to surficial structures
Tangara Aysisi
structure structure
Pardillo fault Jilgero fault
(e) (f)
Intermediate structures
Gavilan ! Copeton
structure Tingua

structure

Pauto fault
(h)

Basal structures

Figure 19. Sketch of structures interpreted in theouter zone of the Nunchia Foothills. The basal steiures involves
reservoir rocks (yellow) , the intermediate structues only Carbonera and Ledn Formation (Orange) andhe upper to
surface structures, rocks from upper Carbonera, Lea and Guayabo formations.
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Stratigraphic levels of thrust detachments

The outer zone of the Nunchia foothills is chamaegel by a stacked imbricate structures with
different detachment levels. The faults presentat dnd ramp thrust trajectory where basal
detachments are related to the Gacheta Formatitimeaunits of the Carbonera Formation. The
upper detachment is in the Ledn Formation. The @exd and Aysisi-1 wells show several
repetitions in the Carbonera and Ledén Formatiosge@ally in the clay to silty units C-2, C-6
and C-8 (figures 11 to 13). It is confirmed by ttress section A-A’ to F-F’ (figures 21 to 29)

where the flats are related to claystone unithefGarbonera Formations and Ledn Formation.

The basal and intermediate structures increase shkreictural elevation to the north, reaching
maximum structural elevation around the TangaradlAysisi-1 wells (section D-D’, figures 26

and 27). In this area, the Pardillo and Jilgerdt&gjoin the faults of the upper structures arel ar
exposed at the surface (figures 10). These faohgocse the Piedemonte fault system, which is

the eastern limit of the Nunchia foothills.

The Table 8 shows the structures, the faults rtlatel their detachments level.

Detachment
Surface
Structure Fault .
Basal Upper expresion
Gavilan Cravo Sur|Gacheta? Ledn No
Tangara Pardillo |C-8 Ledn Yes
Aysisi Jilgero |C-6 Ledn Yes
Maute Orocue |C-2 - Yes
Toche Manitas |C-2 - Yes
Cardenalito |Sural C-2 - Yes
Nunchia Yopal C-2 - Yes

Table 8. Detachment levels identified for every fdtiin the seismic interpretation.
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Subsurface structure

In order to explain the variation in the structugglometry along strike of the east area of the
outer zone of Nunchia Foothills, nine sections wexgacted from the seismic interpretation
(figures 18 to 26). The sections A-A to H-H’ repeasseismic lines in dip direction from south
to north respectively; while the section I-I' shoasseismic section along strike. The sections
were interpreted with a horizontal scale of 1:40@0d vertical scale of 3.5 s/in to generate and
approximate 1:1 relationship. Therefore, the anglescribed are approximates. The faults
interpreted in the sections are foreland-vergenisth with exceptions of Payero (strike-slip

fault), Tocaria (back-thrust fault) and Pauto (naffault)

The sections are described from depth to surfaceyubke structures and fault names shown in
the figure 20. The structural relief is calculatesing the lower unit involved in each respective

structure.

Section A-A’

Section A-A’ (figures 20 and 21) is located in gwuthern part of the Nunchia foothills, exactly

3km to the north of the fault with an E-W directitiat bounded the Chaparral syncline (figure
16). The deeper structures have small structuligf.r@hey are represented by the Cravo Sur,
Pardillo and Jilgero faults, which generates hlatet-dipping monoclines (Gavilan, Tangara

and Aysisi respectively). The fault ramps are gtraiwith dips between 20° to 25°. The

monoclines have 1 to 2km length with dips of 10188. The faults are covered by the Guayabo
Formation generating an angular unconformity. Tip@eu structures are represented for the
Yopal and Sural faults which generate the Nunclmid @haparral synclines respectively. The
Yopal Fault was controlled using a 2D line, becatigeseismic quality in the firsts 1.8 seconds

is poor (figure 7a). The Gavilan structure is thelyoone to contain reservoirs units.
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Figure 21. Cross section A-A’ with interpretation.In letters are shown the name of the structures: (@Nunchia; ( b1) Chaparral; (e)Tangara; (f) Aysisi;and (g) Gavilan.
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Section B-B’

Section B-B’ (figures 22 and 23) is located 5.3kif &f the previous section. The basal structure
is a hinterland-dipping asymmetrical anticline waimall structural relief. The back-limb has a
3.4 km length with 15° dip and the fault footwalhrp of 30°. The intermediate structures are the
Tangara and Aysisi hinterland-dipping monoclineke Trangara structure is a break-backward
imbricate structure with common lower detachmerthis C-8 unit. The lower monocline have a
dip of 20° while the upper monocline 25°. The Jibgd-ault cuts the Tangara structure,
generating an Aysisi monocline, which has a limigte of 6km with a dip of 25°. The upper
structures are the hinterland-dipping monocline heoand the asymmetrical anticline Maute.
The Toche’s limb has a 3km length with a dip of,3@ile the back-limb of Maute structure has
2km length and 35° dip. The Orocue Fault showsgermediate footwall flat that generates the
base of the Chaparral syncline. The surface strestare Chaparrera and Nunchia synclines. The
Yopal Fault generates the eastern flank of the Niangyncline, which has an approximate dip of
60°. The eastern and western flanks of the Nurgynaline are cut by two faults. Based on the
geological map and the time-slice interpretatioguffe 30 and 31), they are left-lateral strike slip
faults with a normal component. The Chaparrera Isy@ds generated by the interaction of
Orocue-Manitas faults and the Sural | fault. Thesraee image in the first second is poor,
consequently, the Sural Fault was instead conttdiie the geological map and the Orocue-

Manitas faults are not recognized on surface.

The basal structure includes rocks from Cretaceoushe Ledn Formation; The Tangara
structure from the C-8 unit to the Ledn Formatitme Aysisi structure from the C-6 unit to
Leén Formation; the Toche and Maute structures filoenC-4 unit to Le6n Formation and the

Chaparrera and Nunchia synclines from the C-2 umit Guayabo Formation.
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Section C-C’

This cross section (figures 24 and 25) is locat&km to the north of section B-B’. The basal
structure, Gavilan, is a hinterland-dipping asymiuoat anticline with a back-limb of 6,8 km
length and 15° of dip. The forelimb has 450m lengitih 25° dip. In this section, the structure
reached a structural relief of 250ms TWT (~900nt)e Btratigraphic wedges involved in the
deformation are Cretaceous rocks to Ledn Formafitwe. intermediate structures are Tangara
and Aysisi. The Tangara is a break-backward imtgicructure with common detachment in
the C-8 unit. The upper thrust sheet is a hinteHdipping monocline 4.5km in length with 35°
dip, while the back-limb of the lower thrust sheas a 3.2km length with 30° dip. The Tangara
structure reaches in this point 0.6 second TWT 8l¢th): The Aysisi structure covers the
Tangara structure. It is a hinterland-dipping mdimecwith a long footwall flat in the C-2 unit.
Superimposing on this structure are the hinterldipging monoclines of the Toche, Maute, and
Cardenalito structures. The units involved are ugjsbonera and Ledn Formation. In this area
the Chaparral syncline is replaced by the Cardenalionocline. The Nunchia syncline is

asymmetric with steep dips in the west flank, whereut by the Payero fault.

Section D-D’

In section D-D’ are located the two wells availablghe study, Tangara-1 and Aysisi-1 (figures
26 and 27). The Tangara-1ST and Tangara-1ST2 dirile reservoir rocks located in the
Gavilan structure; while the Aysisi well drilled lgrthe Ledn Formation and the upper part of
the Carbonera Formation. In this region, the Cr&wr structure is a hinterland-dipping

monocline, with a limb of 5km length and a struaturelief of 326ms TWT (~1.2m).
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Figure 24. Cross section C-C’ without interpretatio
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Figure 25. Cross section C-C’ with interpretation.In letters are shown the name of the structures: (aNunchia; ( b1) Chaparral; (e)Tangara; (f) Aysisi;and (g) Gavilan.
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Figure 26. Cross section D-D’ without interpretatio
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Figure 27. Cross section D-D’ with interpretation.In letters are shown the name of the structures: (aNunchia; ( b1) Chaparral; (e)Tangara; (f) Aysisi;and (g) Gavilan.
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The Tangara structure is cut by two faults, Pavdilland 1ll, where the Pardillo Il fault reaches
the surface generating a steep hinterland-dippiegatiines with a structural relief of 1,16s
TWT (~2km).

The Pardillo 11l fault is the western fault of th@angara structure. It cuts the structure where the
wells are located. No evidence of overturned folds observed. The Aysisi structure is a steep
hinterland-dipping monocline with a lower detachinenthe C-6 unit and upper detachment in
the Leon Formation. This fault joins the upper faxgar to the surface. The faults Manitas and
Sural generate hinterland-dipping monoclines withsdbetween 45 to 50° dip. The units

involved are C-2 to Guayabo Formation.

Section E-E’

This section (figures 28 and 29) is located 4.3&rthe north of the previous section. In this The
Cravo Sur fault has a sub-thrust structure thatement the footwall ramp to 35° inclination.
Although, the ramp is steeper, the Gavilan strectdecreases the structural level to 290ms
(~520m). The Cafo Sur structure decrease the staliaelief; whereas, the Tangara structure
reaches his maximum structural relief reachingdcl1®oreover, the Tnagara | fault has a new
branch, Tangara Il-a fault, with small displacemeifhe Tangara structure keeps its
characteristics of the previous section. Howevanga splay of the Pardillo | Fault is formed.
The structure related to Aysisi Fault is a hintedilipping monocline of 4km that involves
rocks form Mirador Formation in the west to LedrrRation if the east. The Manitas, Sural and
Yopal Fault generate an imbricate structure witmemn detachment in the C-2 unit. The fault
ramps increase the dip angle from east (40°) tot &3°). Some thickness changes are

recognized in the west flank of Nunchia synclindjickh are related to a strike-slip fault.
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Figure 28. Cross section E-E’ without interpretatio
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Figure 29. Cross section E-E’ with interpretation.In letters are shown the name of the structures: (aNunchia; ( b1l) Chaparral; (e)Tangara; (f) Aysisi;and (g) Gavilan.
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Section F-F’
The section is located 2.8km to the north of thevigus cross section. This section presents a
drastic change in the structural style. The basattire is a normal fault that contains rocks of

Mirador and Carbonera formations (figure 30-31).

The hanging-wall generates the hinterland-dippiregnocline, Tingua structure, which involves
the reservoir rocks; while the footwall generatedoeeland-dipping monocline structure,
Copeton. The back-limbs of the Tangara structueetr@nsported to the foreland by the Pardillo
Il and Il fault. The ramps of these faults haveip around 45° and back-limbs parallel to the
fault. The Aysisi structure is a monocline withang local detachment in the C-6 unit. This
structural sheet involves reservoir rocks in thestwie Leon Formation in east. The Manitas and
Sural faults generate the Toche and Cardenaliteettémd-dipping monocline that involves in
the deformation, rocks from C-2 unit to GuayabotsuniThe Yopal is the steepest fault and

generates the western flank of the Nunchia syncline

Section G-G’

This section (figure 32-33) is located 4.3km to tweth of the previous section. In general, the
structures are similar to the F-F section. Theab&asult increases the displacement, while the
Tangara structure decreases in structural relieé Western limb moves towards the foreland,
generating a small compartment between the Pardlilad Il faults. The Aysisi structure has
the same behaviour as in the previous section. Maaitas Fault involves the Mirador
Formation to the west and reaches the surfaceetedbkt. While the Sural fault splays in Sural |
and Sural Il faults and involves rocks from C-2Goayabo Formation. A new back-thrust,

Tocaria Fault, is interpreted. It decapitated (sfosts) the Nunchia structure.
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Figure 30. Cross section F-F’ without interpretation
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Figure 31. Cross section F-F’ with interpretation.In letters are shown the name of the structures: (aNunchia; ( b1) Chaparral; (€)Tangara; (f) Aysisi;and (g) Gavilan.
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Figure 33. Cross section G-G’ with interpretation.In letters are shown the name of the structures: (aNunchia; ( b1l) Chaparral; (e)Tangara; (f) Aysisi;and (g) Gavilan.
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Section H-H’
Section H-H’ is located 5.3km to the north of threpous section. In this region the structures

are broader than in the previous section.

The Tangara structure is reducing in structuralefednd the Pardillo Il fault disappears
altogether. In this area the Asysis structurebseak-backward imbricate structure with common
detachment level. The structure is transported tdsvahe foreland reaching a maximum
structural relief of 900ms TWT (1.6km). It genesatan asymmetrical hinterland-dipping
anticline, where the back-limb has 5.3km length 2@@lto 25° dips. The Jilgero Il Fault cut the
backlimb generating a monocline. In this area,Alsisi structure involves rocks from Mirador
in the west to Leon in the east. This structursuigerimposed by the Manitas, Sural I, Sural 1l
and Sural Ill faults. These have a common detachinghe C-2 unit and generate an imbricate
of hinterland-dipping monoclines with dips betwe&$? to 30°. In this area, the Nunchia syncline

has a 6km width and the Zamaricote, an 8km width.

Section I-I'

The section I-I' is a strike section over the stadga. It shows the variation and the interaction
of the different structures along strike. The araa be divided in three zones, basal, intermediate
and upper to surface structures. In the south #salbstructure is represented by the Gavilan
structure and in the north by the Tingua structUiteey are separated by a lateral ramp that
changes the structural style of the basal zonep fiwusting to normal fault. The intermediate
structures are Tangara and Aysisi. They are wiéaspbracross the whole area. The lower
structure, Tangara reaches the highest region drthenTangara-1 well. After that, the structure
plunges to the north progressively. The Aysisi dtite involves rock from C-6 to the Ledn

Formation in the south; in the central area ingslvwocks form C-2 to the Ledn Formation and to
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the north, involves rocks from C-6 unit to the Ld@rmation. The upper structures superimpose
the Aysisi structures, involving rocks from C-2 utd the Guayabo Formation. To the north of
the G-G’ section, all structures are deepenintpéontorth and a new fault, the Tocaria Fault, with

back-thrust direction cross-cuts the Yopal fautttsgn.

71



Figure 34. Cross section H-H’ without interpretatian
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Figure 35. Cross section G-G’ with interpretation In letters are shown the name of the structures: (@Nunchia; ( b1) Chaparral; (e)Tangara; (f) Aysisi;and (g) Gavilan

73



-7 A-A

Cc-C

X-X

D-D’

G-G’

5.0~

Figure 36. Cross section I-I" without interpretation
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Time-Slice interpretation

Although, several seismic attributes were appliedhte Tangara-3D seismic cube, the poor
quality of the data did not allow produce a goosutefor the outer imbricate zone. However,
some attributes showed structural features in tbacNia syncline (figure 39). The attribute,

Variance, shows the best seismic image for strattaterpretation.

As a result, the interpretation of structural featuin the Nunchia syncline was generated using
the Variance attribute. It aided the interpretatdnone family of faults (blue), two lineaments
(green and orange), and the hinge line for the Niansyncline (yellow) (figure 40). The fault
family has N8OE-W80S direction with left-lateralsglacement. The family is composed for
three faults, where the second fault correspondbadPayero Fault, which is identified in the
geological map. Fault (3) disappears at time-sid8416ms and Fault (1) disappears at time-slice
-2432ms. Two green lineaments were interpretechéonorth of the Nunchia syncline. These
lineaments have a N5°W-S5°E to N10°W-S10°E oriématthe lineament (1) is interpreted in
all time-slices, while the lineament (2) is recamd only at time-slice -2432ms, which had an
observed orientation of N65°E-S65°W. Finally, thede line of the Nunchia syncline was
interpreted. In the south, the hinge line has aation of N30°E. It changes after the Payero

Fault (fault (2)) to N25°E and near to the greeediment (1) reaches a new direction of N15°E.

The direction of structures, the fault directiordanovement, and some lineaments (green) may
be analogous to those expected in a strike-slipngetHowever, the low number of faults
identified is not sufficient enough to evaluatehé area is influenced by strike-slip movement.
Therefore, the faults are interpreted to have farmoeaccommodate the displacement generated

by the bend in the EC.
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Figure 38. Best time-slice section (-2316ms) of tHangara-3D. It shows a comparison between the beishagines obtained
in in the seismic attributes
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Subsurface maps

The interpretation allowed for the generation afates at different stratigraphic levels. Firstly,
they were used to create the pseudo-3D model argknerate structural maps in TWT, to
evaluate the geometry and lateral continuity ofgtmactures. Secondly, these maps were used to
identify the location of the reservoir units, iretbasal structures and verify their absence from
intermediate structures. Five maps are displayeshtmv the configuration of Gavilan, Tingua,

Copeton, Tangara and Aysisi structures.

Gavilan, Tingua and Copetén Structures

These are the only basal structures observed t@iooime reservoir rocks in the outer Nunchia
foothills (figure 41). The Gavilan structure is &ed in the south. This is an asymmetrical
hinterland-dipping faulted anticline, with a gentlpping back-limb. The structure is generated
by the Cravo Sur Fault and is bound to the south raorth by lateral or oblique ramps. This
structure was tested by the Tangara-1ST and Taidgra wells. In this zone, the structure is
cross-cut in the lower Carbonera level by the Mardifault (figure 42). The Tingua and

Copeton structures are located to the north. Theyeaated to a normal fault, Pauto, which dips
to the hinterland. Tingua structure is small fadilnticline located in the footwall of Pauto

Fault; while the Copeton structure is located ia tlanging-wall. It is a 3-way closure anticline
with a length of 10km. The figure 41 shows the tietabetween the Gavilan structure and the

foreland deposits; and the configuration of theglienand Copetdn structures.

Tangara imbricate structure

The Tangara structure is located across the whaolty sarea (figures 43 to 46). Two different
structural levels, C-7 and C-5, are displayed towslthe movement and configuration of the
structural sheets as well as a comparison betweetwo units.
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Figure 41. TWT Structural map near top C-7 unit in the Gavilan structure. It shows the are where thetsucture is
decapitated by the Pardillo faults.

The imbricate structure is a hinterland-dipping wdime that is cut by three faults, Pardillo I-a,
Pardillo 1l and Pardillo Il (figures 43 and 45).h@ upper structural sheets generate steep
monoclines, where the maximum structural reliefoisated in the location of the Tangara and
Aysisi wells. The general configuration of the inglte structure does not have any significant
geometrical variability between the different lev@ligures 44 and 46). However, three aspects
can be highlighted: (1) the frontal part of thed#&r | fault in the C-5 level, is located around
4km from the C-7 unit in the direction of the faetl. (2) The maximum structural relief is
reached by the C-7 level related to the PardillBdult. (3) The faults’ strike in the C-5 level is
straighter than the C-7 level. This is more cleafigures 44 and 46, where each structural sheet
is shown individually. The Tangara | compartmenthe C-7 level is small and has a “snake”
form, while the C-5 level present a faulted antielwvith long back-limb in the south area. In the
north, the back limb is decapitated.
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The Tangara Il compartment is located to the noftthe study area. Here it is possible to see
that the displacement in the upper units is movwinthe foreland. The Tangara Il compartment
shows a steep hinterland-dipping monocline wittsgmificant changes. Finally, the Tangara IV

is the longest structural sheet, and in this dasdardillo 11l fault has a straighter shape.

Aysisi structure

This structure superimposes the Tangara imbric¢atetare. Figure 46 shows that in the C-3 unit
of the Carbonera Formation the structure is a éduéinticline that has the maximum structural
relief between the cross section F-F' to G-G’. Bstw the sections C-C’ and E-E’ the fault has a

sigmoidal shape.

Summary of observations for the structural configuration of the east zone of the

lower Nunchia foothills

In the east zone of the lower Nunchia foothillg tbllowing characteristics were extracted from

the seismic interpretation, well correlation andsuface maps

1- The faults have a flat-ramp trajectory with rampsazen 25° to 30°.

2- The faults do not present evidence of bending.

3- The structures have different base detachmentde@cheta, C-8, C-6, C-4 and the
Ledn Formation.

4- The faults do not join in a common upper detachrierdl

5- The upper imbricates do not shows evidence of logndiie to lower structures

6- Two Lateral ramps changes the change the structtyla and configuration of the area.
In the south, the structure is a thrust that ingslCretaceous rocks to Oligocene rocks,

while in the north is a normal fault, the Pautolfgenerated during the Oligocene.
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7- The lower duplex involves the lower Carbonera Fdioma while the upper structural
sheets comprise the upper Carbonera unit and the Eermation.

8- In the south, the outer Nunchia foothills are narpthan in the north.

9- In the south, the lower structures are associat#id tiwe Tangara fault system and the
Cravo Sur fault; while the upper structures amesited to the faults: Aysisi, Orocue,
Manitas, Sural | and the Yopal fault system

10-In the north, lower structures are associated & Rhuto fault, Tangara fault system,
Aysisi and Manotas faults. The upper structuresratated to the Sural fault system,
Yopal fault, and Tocaria back-thrust.

11- In the area where the EC changes in direction|a¥er structures reach the maximum
structural relief and a series of left-lateralksrslip faults accommodate the shortening in

the Nunchia syncline.
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3D structural model of the outer Nunchia foothills

To verify the interpretation, the fault and surfde®izons were exported to Move to check the
consistency of the model (figure 47). To verify theterpretation, six cross sections were
extracted from the model (figures 48 to 51) andspldcement analysis of the basal and lower

structures was generated (figure 52).

Figure 47 shows the structural framework for thedband intermediate structures in the outer
Nunchia foothills, while figure 48 shows the locattiof the cross sections generated. The cross
sections highlight three types of error: interptieta (red cicles), continuity of surfaces (blue)
and inconsistencies in traced fault tip extent, dgample between 2D seismic lines where it

could not be interpreted (green) (figures 48 ta 52)

< Jilgero Fault

e Pardillo Faults

Pauto Fault
Cravo Sur Fault

\

Figure 47. Structural framework model for the basaland intermediate structures of the outer Nunchia Bothills
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Figure 48. Location of the random cross sections gerates to check the consistence of the structuraiodel.

The interpretation errors in section 1 are relatethe merging of the C-5 and C-7 units (figure
49, Section l1la) and due to a local flat on the €i+face that increases the displacement. In
section 2 (figure 49), error is related to the ngf the C-7 ramp; and in section 5, with the faul

displacement, in this case the displacement reptesenormal fault.

The same types of errors were found in the disphecg analysis (figure 52). The principal error
is related to the termination of the faults. Intetption errors are associated to the Pardillalk fa

in the C-7 level, where the displacement changddexly to reverse form.
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Discussion

Configuration and structural style

Three studies in this area show the structuraéstyediel et al., (1998) and Rochat et al. (2003)
to be thin-skinned, while Teson, et al. (2013) shawthick-skinned to inversion tectonic

structural style (figure 53).

In this study the Nunchia foothills are dividedtio areas: outer and inner. The outer area
follows the structural style identified in the Pawbmplex, antiformal stack, while the outer area
show an stacked of hinterland-dipping imbricateictires. The detachment level allows the
distinguishing between the structures: Basal direst intermediate structures and upper to
surface structures (figure 19). The basal strusthi@ve a detachment in the Gachet4 Formation
and are the only structures that involve the reserecks into the deformation; the intermediate
structures have the lower detachment in the Lowévitldle Carbonera Formation (C-8 and C-
6); and, the detachment for the upper to surfgtialctures is the Upper Carbonera (C-4? And C-
2). The compressional structures are hinterlangtdgp monoclines or asymmetrical anticlines
characterized by long back-limbs and gentle diper&fore, a thin-skinned structural tectonic
style is proposed for this area. It supports therpretations of Cediel et al., (1998) and Rochat

et al. (2003).

Teson, et al. (2013) shows that the structuresespanding to the Outer Nunchia Foothills are
related to inversion structures (figure 53 C). Mapal and Piedemonte fault system are faults
with steep ramps that involve basement rocks imeodeformation. Although, this interpretation
is more prospective in term of hydrocarbon explorgtit does not match with the result of the

Tangara-1 well and the seismic responses of thgarar8D.
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Figure 53. Structural styles proposed in the studyrea, Thin-skinned proposed by Cediel et al., (1998a) and Rochat et
al. (2003) (b) and thick-skinned by Teson et al.2013) (C). (Compiled from Cediel et al., 1998; Rbat et al. 2003; Teson
etal., 2013)
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Structural configuration and structures of the Outer Nunchia Foothills

The Nunchia foothills are divided into inner andesustructures (internal and external structure
for Rochat et al., (2003)). The inner structures arprolongation of the antiformal stacked
documented in the Pauto, Florefia, Dele, and Voleaneca (Linares et al., 2009; Martinez,
2003, 2006b; Rochat et al., 2003), while the oatarctures comprise of stacked monoclines to
imbricate structures. Figure 54 proposes a modeltHis region, where the reservoir rocks,

represented by the yellow layer are located pradbipn the inner structures.

W E

Figure 54. Model to explain the configuration of tle Nunchia Footthills. (a) hinterland-dipping antiformal stack; (b)
foreland-dipping antiformal stack.
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The region is affected by the change of directibthe EC. It generates a change in the geometry
of the Nunchia syncline, the generation of somikestlip fault (Payero fault) and the increase
of the structural relief in the intermediate stures of the outer Nunchia foothills. The model
shown in figure 54-b explain the changes generatethe Nunchia syncline and the outer

Nunchia Foothills area.

Therefore, taking into account the configuratioriref lower foothills and the structural style, the
Nunchia foothills is a combination of the overthr@isner zone) and frontal structures (outer

zone) proposed by Martinez (2003, 2006b).

The stratigraphic correlation and seismic integien allowed separation of the structures in
three zones, based on the lower detachment. Tred bmactures are the only structures that
contain the reservoirs in the deformation. Thermeliate structures, with lower detachment in
the C-8 or C-6 unit involves the Carbonera to L&@nmations into the structures. Finally, the

upper to surface structures, involves rocks frorpétCarbonera to Gauyabo Formation.

The stratigraphic correlation show lateral variatto the north and to the west directions. The
Carbonera units become thicker to the west, whiah pepresent the source of the syn-
deformation units in the basin. This matches wiith Martinez (2003. 2006b) interpretation. He
proposes that the two initial deformation evenfscifthe lower Carbonera (C-6 toC-8 units) and

middle Carbonera (C-5 unit) to Guayabo Formation.

The structures plunge to the north. It is recoghilzg the deposit of a Corneta Formation in the
axial surface of the Zamaricote syncline. In thesavay, the correlation shows that the units
becoming thicker to the north. It implies that thegion has a major space of accommodation.

This extra space of accommodation is interpretadasdatic result of the uplift of the EC. To the
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north, the EC reaches the highest elevation, tege&&Nevada del Cocuy. This area is composed

of 21 picks with elevations between 5000m (RitacBlzanco pick) to 4800m (Portales pick).

Sequence of deformation of the structures in the outer Nunchia foothills

The seismic sections interpreted show that thetdahhve a flat-ramp trajectory with ramps
between 25° to 30°. The faults do not present emee of bending. Additionally, the structures
have different detachment levels, Gacheta, C-8, C-8 and Ledn Formations. Based on the
geometry, the imbricate structures involved in steck are break-backward stacks separated by
detachment levels are proposed. The monoclinegeldda the upper structures represent the
end-member of the Nunchia Foothills. Therefore, iiedel proposed by Egbue and Kellogg,

2012, where the EFEC has an active-roof duplexlisiated in this research.

Future works

Although the research allowed the generation oftractural model for the outer Nunchia
Foothills, it has some inconsistencies. An upddtéhe seismic interpretation and structural

restoration would improve the structural model.

Additionally, the study should involve the innemeg to evaluate the complete configuration of

the Nunchia foothills.

A research focus on the quality of the seismic datiat be done to evaluate if the sparse design
can be acquired in the EFEC. If positive resulesfaund, it would be used by operators in the

area as a cost-effective method of acquiring 3Brsiei.
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CONCLUSION

1. The outer Nunchia foothills are comprised of stackenterland-dipping monoclines to
imbricate structures, developed in a thin-skinrteacsural style.

2. The structures can be classified based on the lodetachment level as basal,
intermediate or upper to surface structures.

3. The imbricate structures located in the intermediatructures are break-backward
sequence with common detachment levels.

4. The end-member of the Nunchia foothills is an actiwof duplex, which is represented
for the upper to surface structures in the outemdkiia foothills

5. At least two lateral ramps affect the structurahfaguration of the lower Nunchia
foothills.

6. The Carbonera, Leon and Guayabo formations arelsformation deposits, with lateral
thickness variation, increasing to west and tomort

7. The hydrocarbon prospectivity in the outer Nundbthills is low because the reservoir
rocks are involved only in the basal structuresthim south, this structure was tested by
the Tangara-1ST2 wells and Tangara-1ST2 wells.

8. The current seismic quality of the Tangara-3D amel geological complexity prevent

construction of a consistent 3D model. Only, a geeBD model can be generated.
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