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1.1 LOCATION

The Llanos Orientales Basin (LlAB) is the eastern sub-Andean 
foreland of the Eastern Cordillera Basin (ECB). It is bounded to the 
west by the latter mountain range, to the east by the Guyana Shield, 
and to the south by the Macarena Range and the Vaupes basement 
arch (Figs. 1 and 2). The basin continues north into Venezuela as the 
Apure Occidental and Barinas Basins, which have been separated 
from the LlAB since the Early Cenozoic by the Arauca arch.

1.2 EXPLORATION HISTORY

Over seven decades of exploration for oil and gas in the LlAB, 
undertaken by many international and national companies of diverse 
sizes and skills, provided vast amounts of valuable technical data and 
developed important exploration concepts that were fundamental 
to discover the large petroleum resources known in the basin.  
The following summary describes various landmark events in the 
exploration history of the basin, as well as the key players and their 
major E&P achievements (Fig. 3).

Shell Condor carried out the first seismic exploration program 
in the LlAB during mid-1940s. During an 8-year exploration program 
that included 13 exploratory wells, Shell Condor drilled the San 
Martin-1 well in the Ariari-Apiay Block, which was abandoned as 
dry, as well as the first non-commercial discovery Voragine-1 (IHS, 
2009).

In the late 1950s, Shell and Intercol acquired extensive 2D 
seismic data and five years later Intercol drilled six stratigraphic 
wells in the east-central part of the basin (IHS, 2009).

In 1960, Texas Petroleum made the first oil discovery in the 
Guavio-1 well, in the ECB foothills, with 0.5 Million Barrels Oil 
Equivalent (MBOE). In the early 1960s three additional exploratory 
wells were abandoned with oil shows. In the late 1960s Ecopetrol, 
Chevron, Texaco and BP re-started seismic acquisition programs. 
Exploration drilling was resumed in 1969, when Shell and Chevron 
made the first two commercial oil discoveries: Castilla with 201 
MBOE and Chichimene with 25 MBOE (IHS, 2009).
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Figure 1. Location map of the LlAB.
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Figure 2. Geological map of the LlAB. (Modified from Geotec, 2000)
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After these discoveries were made, exploration interest in the 
basin and in its foothills increased. In the early 1970s seismic acquisition 
reached a peak with approximately 50 surveys, activity that decreased in 
the late 1970s. Elf, Intercol, Conoco, Superior, BP and Ecopetrol developed 
drilling programs. Between 1971 and 1975 after 22 wildcats drilled, only 
Trinidad, a medium size field, was discovered by Elf in 1975. Because of 
this low success rate, exploration activity declined in the late 1970s with 
only 7 exploratory wells and the medium-sized Caño Garza discovery, an 
extension of the Mirador play fairway of the Trinidad field (IHS, 2009).

In the 1980s as a result of the success attained by Elf, high oil prices 
and changes in fiscal terms, exploration activity increased dramatically.  
While in the mid-1980s over 10000 km of 2D seismic were acquired per year, 
in the late 1980s, seismic acquisition declined. Nevertheless, over 47000 
km of 2D seismic were acquired during these years. In the 1980 decade, 
exploration drilling strongly increased, reaching 172 wildcats. Ecopetrol, Elf 
Aquitaine and Occidental were the most active operators with 35, 34 and 
32 exploratory wells, respectively (IHS, 2009). In 1981 Provincia Petroleum 
(an Exxon subsidiary company) found Rubiales, a heavy oil field with 200 
MBOE located in the central-eastern part of the basin; until 1993 Exxon 
drilled 17 wells, the field was then acquired in 1994 by Coplex Resources 
who drilled 5 additional wells by 1997, due to financial problems the field 
was shut in until Tethys acquired it in 2000 and production re-started in 
2001. In 2002 Rubiales Holdings acquired Tethys and drilled 14 wells. In 
2004 Meta Petroleum (a Pacific Rubiales subsidiary company) became the 
operator (RPS, 2011). In 1981 Ecopetrol found the Apiay field with 125 

MBOE in the Ariari-Apiay Block. In 1983, Occidental discovered the giant 
(1001 MBOE) Caño Limon field on a regional high (Arauca arch) that had 
been previously missed probably due to a data gap around the Colombia-
Venezuela border. Because of this success, exploration drilling increased, 
leading to the discovery of the 127 MBOE Redondo-Caño Verde field and 
53 small fields with reserves below 5 MBOE per field (IHS, 2009).

Between 1990 and 1997, approximately 12000 km of 2D seismic were 
acquired, with activity peaking in the early 1990s and decreasing steadily 
until 1997.  Although exploration drilling decreased in the 1990s, this decade 
was prolific in reserves addition. Out of 60 exploration wells drilled, 5 giant 
fields were discovered in the thrust front of the LlAB foothills: Cusiana in 
1992 with 2258 MBOE, Cupiagua in 1993 with 750 MBOE, Volcanera in 1993 
with 1083 MBOE, Pauto Sur B-1 in 1995 with 767 MBOE and Floreña A-1 in 
1995 with 817 MBOE. Cusiana is one of the largest oil fields discovered in 
Latin America within the past 25 years (IHS, 2009).   

In the 2000’s the exploration activity increased in the Central LlAB 
area as result of the new Exploration and Production contract model 
enforced by the newly formed Agencia Nacional de Hidrocarburos (ANH). 
Many small, foreign and Colombian companies acquired new 3D seismic 
that allow the better definition of the faulted traps in this area resulting in 
the discovery of many small fields.

Table 1 shows the wells reported by ANH (2011) as “producers” or in 
production tests since 2005.

# Year Operator Contract Well STATUS

1 2005 Perenco Garcero-C Candalay 1 Drilled. Producer 

2 2005 Harken Los Hatos Hatos 1 Drilled. Producer

3 2005 Perenco Corocora Remache Norte Drilled. Producer 

4 2005 Occidental Rondon Rondón B Drilled. Producer pending production tests

5 2005 Petrocolombia Mapuiro Toruno-1 Drilled. Producer

6 2005 Emerald Campo Rico Vigía 1 Drilled. Producer

7 2006 Emmerald Campo Rico Centauro Sur-1 Drilled. Producer (600 BPD)

8 2006 Harken Rio Verde Tilodiran -2 Drilled. Producer (708 BPD)

9 2006 Hupecol Caracara Caracara Sur 1A Drilled. Producer (1400 BPD)

10 2006 Hupecol Caracara Caracara Sur B1 Drilled. Producer (337 BPD)

11 2006 Hupecol Caracara Caracara Sur C1 Drilled. Producer

Table 1. Exploratory A3 wells in the LlAB declared by ANH (2011) as “producers” or in production tests for the period 2005 - 2011.
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12 2006 Lukoil Condor El Condor 1 Drilled. Producer

13 2006 Oxy Cosecha Cosecha Y Drilled. Producer

14 2006 Perenco Colombia Limited Garcero Jorcán-1 Drilled. Producer (70 BPD)

15 2006 Solana Las Gaviotas Yalea 1 Drilled. Producer (340 BPD)

16 2006 Hupecol Cabiona Cabiona 4A Producer

17 2006 Hupecol Cabiona Cabiona 8 Producer

18 2006 Montecz Cubiro Careto-1 Producer

19 2006 Petropuli Morichito Morichito-2 Producer. temporally suspended

20 2007 Conequipos Oropendola Ocumo-2 Producer In extended production tests

21 2007 Hocol Guarrojo Ocelote-1 Producer In extended production tests

22 2007 Hupecol Caracara Toro Sentado-2 Producer In extended production tests

23 2007 Hupecol Leona Leona A-1 Producer In extended production tests

24 2007 Integral De Servicios Cravo Viejo Bastidas-1 Producer In extended production tests

25 2007 Integral De Servicios Cravo Viejo Carrizales Producer In extended production tests

26 2007 Integral De Servicios Cravo Viejo Matemarrano-1 Producer In extended production tests

27 2007 Manzarovar Nare Moriche Sur 1 Producer In extended production tests

28 2007 Montecz Cubiro Careto-2 Producer In extended production tests

29 2007 Montecz Cubiro Arauco-1 Producer In extended production tests

30 2007 Petrominerales Corcel Corcel-1 Producer In extended production tests

31 2007 U.T. Moriche Moriche Mauritía Nte. 1 Producer In extended production tests

32 2007 Winchester Yamu Carupana-3 Producer In extended production tests

33 2007 Petrominerales Joropo Ojo de Tigre-2 ST Producer pending extended production tests

34 2007 Hupecol Caracara Rancho Quemado D-1 Producer suspended

35 2007 Hupecol Dorotea Dorotea B-2 Producer suspended

36 2007 Repsol Capachos Capachos Sur-1 Producer In extended production tests

37 2008 Petrominerales Corcel Corcel A4 Producer in production

38 2008 Petrotesting La punta La Punta-2 Producer in production

39 2008 Conequipos Oropéndola Oropéndola-2 Producer in extended production tests

40 2008 Harken Río Verde Boral-1 Producer in extended production tests

41 2008 Hupecol Dorotea Dorotea C-1 Producer in extended production tests

Table 1. Exploratory A3 wells in the LlAB declared by ANH (2011) as “producers” or in production tests for the period 2005 - 2011.

# Year Operator Contract Well STATUS
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42 2008 Hupecol Leona Leona B1 Producer in extended production tests

43 2008 Integral De Servicios Cravo viejo Bastidas Norte -1 Producer in extended production tests

44 2008 Integral De Servicios Cravo viejo Bastidas Sur -1 Producer in extended production tests

45 2008 Integral De Servicios Cravo viejo Gemar-1 ST Producer in extended production tests

46 2008 Occidental Cosecha Cosecha-Z Producer in extended production tests

47 2008 Perenco Colombia Limited Corocora Caño Guandul-06 Producer in extended production tests

48 2008 Petrominerales Corcel Corcel C-1 Producer in extended production tests

49 2008 Petrominerales Corcel Corcel D-1 Producer in extended production tests

50 2008 Petrominerales Mapache Mapache-1 Producer in extended production tests

51 2008 Petrominerales Mapache Mirasol-1 Producer in extended production tests

52 2008 Sogomi Nashira Nashira-1 Producer in extended production tests

53 2008 Solana Guachiría Los Aceites Producer in extended production tests

54 2008 Hocol Guarrojo Ocelote-SW-01 Producer, pending comerciality declaration

55 2008 Hupecol Cabiona Cabiona 7D Producer, pending comerciality declaration

56 2008 Ecopetrol Apiay Pachaquiaro Norte-1 Producer, pending extended production tests

57 2008 Occidental Cosecha Cosecha-Y Norte Producer, pending extended production tests

58 2008 Pacific Rubiales Energy Quifa Quifa-5 Producer, pending extended production tests

59 2008 Parko Services Pajaro Pinto Catartes-1 Producer, pending extended production tests

60 2008 Winchester Yamu Yamu-1 Producer, pending extended production tests

61 2008 Hupecol Cabiona Dorotea A-1 Producer suspended

62 2008 Hupecol Las Garzas Las Garzas Doradas-B1 Producer suspended

63 2008 Hupecol Leona Leona A2 Producer suspended

64 2008 Ramshorn Cachicamo Ciriguello-1 Producer suspended

65 2008 Ramshorn Cachicamo Hoatzin-1 Producer suspended

66 2009 Petrominerales Colombia Ltd Sucursal Colombia Corcel Boa-1 Producer in extended production tests

67 2009 Cepcolsa Caracara Caracara Sur E-1 Producer in extended production tests

68 2009 Ramshorn International Limited Cachicamo Cirigüelo Sur-1ST Producer in extended production tests

69 2009 Petrominerales Colombia Ltd Sucursal Colombia Corcel Corcel D3 Producer in extended production tests

70 2009 Petrominerales Colombia Ltd Sucursal Colombia Corcel Corcel E1 ST Producer in extended production tests

71 2009 Hupecol Llanos Llc La Cuerva Cuerva-1 Producer in extended production tests

Table 1. Exploratory A3 wells in the LlAB declared by ANH (2011) as “producers” or in production tests for the period 2005 - 2011.

# Year Operator Contract Well STATUS
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72 2009 Hupecol Llanos Llc La Cuerva Cuerva-7 Producer in extended production tests

73 2009 Cepcolsa Caracara Jaguar SW-1 Producer in extended production tests

74 2009 Hupecol Operating Co Llc Leona Leona-A3 Producer in extended production tests

75 2009 Sogomi Energy Sa Nashira Nashira-2 Producer in extended production tests

76 2009 Columbus Energy Sucursal Colombia Oropéndola Oropéndola-5 Producer in extended production tests

77 2009 Petrominerales Colombia Ltd Sucursal Colombia Corcel Petiso-1 Producer in extended production tests

78 2009 Meta Petroleum Corp Quifa Quifa-7 Producer in extended production tests

79 2009 Meta Petroleum Corp Quifa Quifa-8 Producer in extended production tests

80 2009 Meta Petroleum Corp Quifa Quifa-9 Producer in extended production tests

81 2009 Petrominerales Colombia Ltd Sucursal Colombia Río Ariari Rio Ariari -1 Producer in extended production tests

82 2009 Cepcolsa Caracara Toro Sentado West-1 Producer in extended production tests

83 2009 Cepcolsa Caracara Unuma-1 Producer in extended production tests

84 2009 Hocol Sa Niscota Huron-1ST Producer suspended

85 2009 Great North Energy Colombia Inc Arrendajo Mirla Negra-1D Producer suspended

86 2009 Petrominerales Colombia Ltd Sucursal Colombia Guatiquía Percheron-1 Producer suspended

87 2009 Columbus Energy Sucursal Colombia Oropéndola Vireo-1 Producer suspended

88 2009 Petrominerales Colombia Ltd Sucursal Colombia Guatiquía Candelilla-1 producer in initial  production tests

89 2009 Hupecol Operating Co Llc Leona Leona B3 producer in initial  production tests

90 2009 Ecopetrol Sa Rancho Hermoso Rancho Hermoso 5ST producer in initial  production tests

91 2009 Cepcolsa Caracara Barbuquejo-1 In producltion tests or pending production 
tests

92 2009 Cepcolsa Caracara Becerrero-1 In producltion tests or pending production 
tests

93 2009 Petrominerales Colombia Ltd Sucursal Colombia Chigüiro Oeste Chigüiro Oeste-1 ST-1 In producltion tests or pending production 
tests

94 2009 Hupecol Llanos Llc Dorotea Dorotea C-3 In producltion tests or pending production 
tests

95 2010 Ecopetrol Sa CPO-09 Akacias-1 Producer suspended

96 2010 Interoil Colombia Exploracion Y Produccion Altair Altair-1 Producer suspended

97 2010 Ramshorn International Limited Cachicamo Andarrios-1 Producer suspended

98 2010 Petrominerales Colombia Ltd Sucursal Colombia Corcel Arion-1 Producer suspended

99 2010 Petrominerales Colombia Ltd Sucursal Colombia Chiguiro Oeste Avellana-1 Producer suspended

Table 1. Exploratory A3 wells in the LlAB declared by ANH (2011) as “producers” or in production tests for the period 2005 - 2011.

# Year Operator Contract Well STATUS
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100 2010 Petrobras Colombia Limited Balay Balay -1 Producer in extended production tests

101 2010 Alange Corp Colombia Cubiro Barranquero-1 Producer in extended production tests

102 2010 Consorcio Canaguaro Canaguaro Canaguay-1 In production tests or pending production 
tests

103 2010 Petrominerales Colombia Ltd Sucursal Colombia Guatiquia Candelilla-4 In production tests or pending production 
tests

104 2010 Petrominerales Colombia Ltd Sucursal Colombia Castor Capybara-1 Producer suspended

105 2010 Winchester Oil And Gas Sa Yamu Carupana-7 Producer in initial  production tests

106 2010 Petrominerales Colombia Ltd Sucursal Colombia Casanare Este Cerillo-1 Producer suspended

107 2010 Cepsa Colombia Sa - Cepcolsa El Eden Chiriguaro-1 Producer, pending extended production tests

108 2010 Parex Resources Colombia Ltd Sucursal LLA-20 Conoto-1 Producer suspended

109 2010 Alange Corp Colombia Cubiro Copa-1 Producer in extended production tests

110 2010 Perenco Colombia Limited Corocora Coren-1 Producer in extended production tests

111 2010 Hupecol Caracara Llc La Cuerva Cuerva-5 Producer suspended

112 2010 Hupecol Caracara Llc La Cuerva Cuerva-6 Producer suspended

113 2010 Hupecol Caracara Llc La Cuerva Cuerva-8 Producer suspended

114 2010 Ramshorn International Limited Cachicamo Guacharaca-1 Producer suspended

115 2010 Ramshorn International Limited Cachicamo Hoatzin Norte-1 Producer, pending extended production tests

116 2010 Ramshorn International Limited Cachicamo IVF-1 Producer suspended

117 2010 Cepsa Colombia Sa - Cepcolsa Garibay Jilguero-1 Producer in extended production tests

118 2010 Parex Resources Colombia Ltd Sucursal LLA-16 Kona-1 Producer suspended

119 2010 Parex Resources Colombia Ltd Sucursal LLA-16 kona-2A Producer, pending extended production tests

120 2010 Hupecol Llanos Llc Las Garzas Las Garzas Doradas B3 Producer suspended

121 2010 Emerald Energy Plc Sucursal Colombia Campo Rico Los Potros-1 Producer in extended production tests

122 2010 Petrominerales Colombia Ltd Sucursal Colombia Mapache Manzanillo-1 Producer suspended

123 2010 Pacific Stratus Energy Colombia Corp Moriche Mauritia Este-1 Producer in extended production tests

124 2010 Petrominerales Colombia Ltd Sucursal Colombia Rio Ariari Mochelo-1 Producer suspended

125 2010 Petropuli Ltda Morichito Morichito-5 Producer suspended

126 2010 Meta Petroleum Corp Quifa Quifa-6 Producer suspended

127 2010 Maurel&Prom Colombia Bv Sabanero Sabanero-1 Producer suspended

128 2010 Lewis Energy Colombia Inc Guachiria Sur Tulipan-1 Producer, pending extended production tests

Table 1. Exploratory A3 wells in the LlAB declared by ANH (2011) as “producers” or in production tests for the period 2005 - 2011.

# Year Operator Contract Well STATUS
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129 2010 Cepsa Colombia Sa - Cepcolsa Caracara Unuma-2 Producer in extended production tests

130 2010 Petrominerales Colombia Ltd Sucursal Colombia Casimena Yenac-1 Producer in extended production tests

131 2010 Petrominerales Colombia Ltd Sucursal Colombia Casimena Mantis-1 producer in initial  production tests

132 2010 Petrominerales Colombia Ltd Sucursal Colombia Casimena Yenac-2 Producer in extended production tests

133 2010 Petrominerales Colombia Ltd Sucursal Colombia Rio Ariari Asarina-1 Producer suspended

134 2010 Emerald Energy Plc Sucursal Colombia Campo Rico Acacias-2 Producer in extended production tests

135 2010 Petrominerales Colombia Ltd Sucursal Colombia Corcel Caruto-1 Producer in extended production tests

136 2010 Hupecol Caracara Llc La Cuerva Cuerva-9 Producer suspended

137 2010 Petrominerales Colombia Ltd Sucursal Colombia Guatiquia Yatay-1 Producer in extended production tests

138 2010 Petrominerales Colombia Ltd Sucursal Colombia Rio Ariari Borugo-1 Producer suspended

139 2011 Petrominerales Colombia Ltd Sucursal Colombia Guatiquia Azalea-1 Producer

140 2011 Petrominerales Colombia Ltd Sucursal Colombia Guatiquia Candelilla-5 Producer

141 2011 Petrominerales Colombia Ltd Sucursal Colombia Castor Capybara-2 Producer

142 2011 Petrominerales Colombia Ltd Sucursal Colombia Corcel Cardenal-1 Producer

143 2011 Perenco Colombia Limited Corocora Corocora Sur-1 Producer

144 2011 Hupecol Caracara Llc La Cuerva Cuerva 13 Producer

145 2011 Hupecol Caracara Llc La Cuerva Cuerva-10A Producer

146 2011 Hupecol Caracara Llc La Cuerva Cuerva-12 Producer

147 2011 Hupecol Caracara Llc La Cuerva Cuerva-2 Producer

148 2011 Petrominerales Colombia Ltd Sucursal Colombia Casimena Yenac 3 Producer

149 2011 Petrominerales Colombia Ltd Sucursal Colombia Rio Ariari Acanto-1 in production tests

150 2011 Sogomi Energy Corp Nashira Alape in production tests

151 2011 Petrominerales Colombia Ltd Sucursal Colombia Rio Ariari Anturio-1 in production tests

152 2011 Petrominerales Colombia Ltd Sucursal Colombia Chiguiro Este Azulejo-1 in production tests

153 2011 Grupo C&C Energia Barbados Sucursal Colombia Cravoviejo Bastidas Sur 3  ST 1 in production tests

154 2011 Grupo C&C Energia Barbados Sucursal Colombia Cravoviejo Cucaracha-1 in production tests

155 2011 Petrominerales Colombia Ltd Sucursal Colombia Mapache Disa-1 in production tests

156 2011 Petrominerales Colombia Ltd Sucursal Colombia Corcel Guatin-1 in production tests

157 2011 Grupo C&C Energia Barbados Sucursal Colombia Cravoviejo Heredia-1 in production tests

158 2011 Cepsa Colombia Sa - Cepcolsa Tiple Jilguero Sur-1 in production tests

Table 1. Exploratory A3 wells in the LlAB declared by ANH (2011) as “producers” or in production tests for the period 2005 - 2011.

# Year Operator Contract Well STATUS
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Table 2. Number of exploratory A3 wells in the LlAB and number of successful 
wells declared by ANH (2011) as “producers” for the period 2005 - 2011. For this 
period the calculated exploratory success rate is 45%. 

Year Total A3 
Wells

Successful A3 
exploration 

wells
% Success

2005 11 6  
2006 47 13  
2007 39 17  
2008 55 29  
2009 47 25  
2010 74 42  

2011 (May 
31) 43 10  

Total 316 142 45%

Data from  ANH (2011)

In the 2011 a total of 140 wildcats are being programmed in the LlAB 
and 5979 km2 of 3D seismic are also being acquired in Colombia most of 
them in the LlAB. Of a total of 56 exploratory (A3) wells drilled in Colombia 
by midyear, 43 wells are in the LlAB (76%). Of these wells, Petrominerales’ 
Azalea-1, Candileja-5, Capybara-2, Cardenal-1 and Yenac-3, have been 
reported by ANH as “producers”. Perenco drilled Corocora Sur-1 reported 
as producer. The company Hupecol Caracara LLC drilled 4 wells in La Cuerva 
area also reported as producers. At May 31 2011, 19 of these wells were 
under production tests (ANH, 2011).

For the period of time 2005-2011 (up to 31 of May 2011), out of 
316 exploratory A3 wells drilled, 142 have been declared by ANH (2011) 
as producers (Table 1), which give an exploration success rate of 44.94% 
(Table 2). This high success ratio in the central LlAB foreland is the result 
of 3D seismic imaging, and a better understanding of the structure trends. 
However, field sizes tend to be small (3-5 MBOE).

159 2011 Parex Resources Colombia Ltd Sucursal LLA-16 Kona-3 in production tests

160 2011 Parex Resources Colombia Ltd Sucursal LLA-16 Kona-4 in production tests

161 2011 Parex Resources Colombia Ltd Sucursal LLA-16 Kona-6 in production tests

162 2011 Petrominerales Colombia Ltd Sucursal Colombia Corcel Macapay-1 in production tests

163 2011 Ecopetrol Sa Caño Sur Mito-1 in production tests

164 2011 Petropuli Ltda Morichito Morichito-5B in production tests

165 2011 Ecopetrol Sa Caño Sur Pinocho-1 in production tests

166 2011 Winchester Oil And Gas Sa Yamu Yamu-2 in production tests

167 2011 Grupo C&C Energia Barbados Sucursal Colombia Cravoviejo Zopilote-1 in production tests

Table 1. Exploratory A3 wells in the LlAB declared by ANH (2011) as “producers” or in production tests for the period 2005 - 2011.

# Year Operator Contract Well STATUS
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Figure 3. Exploration history of the LlAB.





2. TECTONIC SETTING
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At present, the LlAB is the sub-Andean foreland basin located East of the 
ECB (Figs. 1 and 2). The LlAB’s composite history began in the Paleozoic, and 
evolved in close linkage to the adjacent ECB through the Meso-Cenozoic 
(Fig. 4, see Sarmiento-Rojas 2011, this volume, for a full discussion). A 
short summary of the basin’s history is presented below.

2.1 PALEOZOIC HISTORY

It is generally accepted that the basin started as a relatively shallow 
epicontinental sea during the Paleozoic. During the Early Paleozoic, clastic 
sediments were deposited in extensional grabens developed on Pre-
Cambrian crystalline basement (Ecopetrol and Ecopetrol and Beicip, 1995) 
(Lower and Upper Paleozoic paleofacies maps in Volume 1). The Paleozoic 
history of the basin is poorly known, as few wells have penetrated this 
interval. According to Ecopetrol and Ecopetrol and Beicip (1995), however, 
two sedimentary cycles followed by deformation events of variable 
intensity are Cambro-Ordovician and Devonian-Carboniferous-Permian in 
age (Fig. 4). 

2.2 MESOZOIC HISTORY

During the Triassic to Early Cretaceous, the area west of the LlAB 
corresponded to an extensional rift basin, probably first related to the 
break-up of Pangea, and later to backarc extension. The northern sector 
of the extensional basin was probably an aulacogen related to separation 
between North and South America during the break-up of Pangaea. The 
portion in front of the magmatic arc can be interpreted as a back-arc basin 
behind a subduction-related magmatic arc.  Plutonic bodies, of the Central 
Cordillera are remnants of the Jurassic-Early Cretaceous subduction arc.   
Most of the LlAB is devoid of Jurassic and early Cretaceous sedimentary 
rocks. The rift basin west of the LlAB area would eventually provide the 
foundation for today’s ECB, and ultimately impacting the petroleum 
geology of NW South America.

Triassic and Jurassic, continental sedimentary rocks (red beds) have 
only been reported in three wells drilled in the Arauca Graben. These 
wellbores demonstrate that -at least locally- some extensional systems 
developed until the Jurassic (Ecopetrol and Ecopetrol and Beicip, 1995).

Absence of Early Cretaceous strata portrays the LlAB as a low 
elevation area with no sedimentation. Meanwhile, west of the LlAB syn-
rift marine facies were accumulated in an extensional basin in the place of 
the present-day ECB (Fig. 4).

 During the Late Cretaceous, post-rift thermal subsidence generated 
a regional sag basin covering the area of the present day MMB, ECB 
and LlAB Basins.  The LlAB was the eastern part of this sag basin located 
cratonward of the  ECB. During the Late Cretaceous the accretion of an 

Figure 4. Tectonic evolution of the LlAB. After Horton et al.  (2010a). 

oceanic plateau in western Colombia (Nivia, 1987) drove extensive rock 
uplift and exhumation in the indenting and buttressing rocks of the 
Central Cordillera (Villagomez and Spikings, 2010) starting an orogenic 
compressional deformation front in this mountain range. This started a 
compressional regime in the regional MMB-ECB-LlAB sag basin (Fig. 4).  

Since the end of the Cretaceous, a compressional regime was 
established in the basin (Ecopetrol and Ecopetrol and Beicip, 1995). During 
the Late Cretaceous and Paleocene, regional flexural thermal subsidence 
(following early Cretaceous rifting in the ECB area), and water loading due 
to increased palaeo-water depths (produced by high sea-level) generated 
accommodation space for shallow marine sedimentation (Sarmiento-
Rojas, 2001). Based on thickness changes across the Cusiana-Támara fault 
system, Cooper et al. (1995) suggested that normal fault movement took 
place during the Campanian (73 to 80 Ma) and possibly earlier. Some 
authors (e.g. Kluth et al., 1997) recognized or suggested normal faulting in 
the LlAB during the latest Cretaceous and Paleocene.
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While the Cretaceous maximum flooding surface in the ECB is the 
Cenomanian-Turonian boundary (Villamil and Arango, 1998), it is Campanian 
in the LlAB (Fajardo et al., 1993; Cooper et al., 1995). If subduction of the 
thick and buoyant Caribbean lithosphere (Caribbean Oceanic Plateau, Nivia, 
1987) under South America was inhibited, it probably exerted horizontal 
stresses on the northwestern margin of South America. Horizontal stresses 
can locally induce flexural lithosphere bending, which is greatest where the 
lithosphere is weakest (Cloetingh, 1988; Cloetingh and Kooi, 1992). This 
process probably enhanced relative sea-level rise, creating a maximum 
Cenomanian-Turonian marine flooding surface in the depocenter of the EC, 
characterized by weak lithosphere due to Early Crataceous stretching and 
heating. In contrast, during the Late Cretaceous horizontal stress produced 
a shallow submarine bulge in the LLA, which partially compensated the 
maximum eustatic signal (Sarmiento-Rojas, 2001).

2.3 CENOZOIC HISTORY

During the Paleocene through the middle Eocene, compressional 
deformation and uplift of the Central Cordillera generated a regional foreland 
basin covering the area of the present day Magdalena Valley (MMB), ECB 
and LlAB basins (Cooper at al., 1995, Horton et al., 2010). This deformation 
generated east-verging deformation in the area of the present day MMB 
and local west-verging deformation in the area of the present day western 
foothills of the ECB as demonstrated by Restrepo-Pace et al. (2004). The LlAB 
was therefore the eastern part of a regional foreland basin.

During the Late Eocene to early Oligocene, the orogenic front initiated 
in the Central Cordillera migrated east producing local inversion of Mesozoic 
extensional grabens in the area of the ECB and fragmentation of the initial 
regional foreland basin into smaller compartments, one of which was the LlAB.

An early Eocene unconformity represents a period of no deposition in the 
LlAB (Figs. 4, 5 and Fig. 7 in page ??).  From the Late Eocene to the Early Miocene, 
incipient inversion of the formerly extensional basin that resulted in today’s ECB 
generated flexural subsidence in the LlAB where marginal marine to continental 
sediments accumulated. Residual thermal subsidence also contributed to 
generating additional accommodation space in the LlAB (Sarmiento-Rojas, 
2001).

Since the Late Oligocene and mainly during the Neogene, increasing shortening 
rates generated total inversion of the ECB Mesozoic extensional basin, which was 
uplifted as a mountain range separating the MMB and the LlAB Basins. The LlAB was 
the foreland basin resulting from the tectonic load generated by the ECB.

During the Middle Miocene to Pliocene, complete tectonic inversion of the 
Mesozoic extensional basin generated flexural subsidence. Marine Middle Miocene 
and Late Mocene to Pliocene continental sediments derived from erosion of the ECB 
accumulated in this subsiding foreland (Sarmiento-Rojas, 2001, Figs. 4 and 5).

Figure 5. Cartoon of Maastrichtian–early Oligocene evolution of the 
foreland basin system in response to uplift of the Central (CC) and 
Eastern (EC) Cordilleras of the Colombian Andes. SMMVB: southern 
MMB. From Parra et al. (2009). These authors reported sedimentological 
data and palynological ages that link an Oligocene to early Miocene 
syntectonic wedge containing rapid facies changes with an episode of 
fast tectonic subsidence starting at ca. 31 Ma. (Early Oligocene).  This 
record may represent evidence of topographic loading generated by slip 
along principal basement-bounding thrusts in the ECB to the southwest 
of the basin. Zircon fission-track ages and paleocurrent analysis reveal 
the location of these thrust loads and illustrate a time lag between the 
sedimentary signal of topographic loading and the timing of exhumation 
(ca. 18 Ma). This lag may reflect the period between the onset of range 
uplift and significant removal of overburden (Parra et al., 2009).
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Figure 6. 2D models of flexure produced by the present day topographic load of the ECB. Basement deflection and topography are in meters. Dots represent 
observed thickness of Middle Miocene to Recent deposits in meters. From Sarmiento-Rojas (2001). These models suggest that Neogene subsidence and generation 

of accommodation space of the LlAB (and MMB) may be explained as the result of the topographic load generated by the Eastern Cordillera. 







3. STRATIGRAPHY                          
AND FACIES
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Sedimentary strata in the LlAB encompass a large portion of 
the Phanerozoic, from the Cambro-Ordovician through the Plio-
Pleistocene.  The following paragraphs contain a chronological tale 
of the sedimentary environments that occupied the basin over time, 
and a description of the stratigraphic record furnished by successive 
sedimentary events.

3.1 PALEOZOIC SEDIMENTATION

Paleozoic rocks in the neighboring Quetame Massif (within the 
ECB) and the Macarena Range include (Fig 3 in page 27):  

A Cambro-Ordovician megasequence (Quetame Gp. and Guejar 
Gp.): metasediments including dolomitic limestones, graywackes, 
violet and green mudstones, calcareous mudstones, quartzites, 
conglomerates, pillow lavas and diabasic sills intruded by granites. 
In the Quetame Massif this unit has been locally dated as Middle 
Cambrian. Towards the top Arenigian graptolites have been reported 
(Ecopetrol and Beicip, 1995).  In the Macarena Range the Guejar Gp. is 
dominantly composed of mudstone and locally limestone containing 
Cambrian-Arenigian/Llanvirnian fossils (Baldis, 1988). These 
sediments have been interpreted as deposited in an epicontinental 
sea connected to the proto-Pacific ocean (Fig. 4 in page 30 and Fig. 
7).  At the end of the Ordovician compressive deformation, low-grade 
metamorphism and localized intrusions generated uplift. This event 
has been correlated to the Caledonian orogeny. After this event, 
erosion and peneplanization generated an extensive disconformity 
(Ecopetrol and Beicip, 1995).

A Devonian-Permian megasequence (Farallones Gp) include 
sedimentary rocks distributed in two sequences: a Silurian-Devonian 
and a Carboniferous-Permian (Fig. 7). During the late Paleozoic an 
extensional regime generated grabens and N-S oriented arches 
(Geotec, 1986 in Ecopetrol and Beicip, 1995). At the end of the 
Paleozoic a regional tectonic uplift and sea withdrawal has been 
correlated to the Hercinian orogeny (Ecopetrol and Beicip, 1995).

During the Paleozoic, clastic sediments were deposited in 
grabens developed on crystalline basement (Ecopetrol and Beicip, 
1995).  Cambro-Ordovician rocks may reach up to 24.000 ft in 
thickness, in the Arauca Graben (Ecopetrol and Beicip, 1995). 

Several wells in the LlAB, mainly drilled in the western margin, 
penetrated Paleozoic metasediments: Humadea-1, Chichimene-1, 
Candilejas-1, Uribe-1, Apiay-4P, Centellas-1, La Victoria-1X, Caño 
Verde-1, Apure 1 and 2 and Agua Linda in Venezuela. These 
metasediments are probably correlatable with the Cambro-Ordovician 
megasequence of the Quetame Massif and the Macarena Range. 

In addition, a Cambro-Ordovician sedimentary sequence has been 
drilled by several wells distributed over 70% of the LlAB. These wells 
sampled gray to black marine fossiliferous mudstones with sandstone 
and siltstone interbeds, such as the Chiguiro-1 well which penetrated 
more than 1000 m of Ordovician mudstones. In the Chaviva-1 and 
Trinidad-1 wells sedimentary red beds were reported. In the Negritos-1 
and La Heliera-1 wells, black mudstones containing Tremadocian 
trilobites and graptolites have been named the Negritos Fm. (Ulloa et 
al., 1982; Baldis, 1988). This unit has been followed seismically from 
near the Colombia-Venezuela border up to 250 km north of the La 
Macarena range (Baldis, 1988).

In the LlAB (Ecopetrol and Beicip, 1995) suggested a Devonian-
Carboniferous sequence by the presence of Devonian rocks in the Maria-1, 
Surimena-1, SM-4 and Balastrera-1 wells. However, Carboniferous rocks 
have not been reported in the LlAB. These rocks are probably correlatable 
with the Farallones Gp. of the ECB.  

Based on limited data Ecopetrol and Beicip (1995) suggested that a 
shallow sea shelf covered most of the LlAB during the Cambrian-Ordovician 
with a depocenter located in the Arauca graben (Lower Paleozoic paleofacies 
map in Volume 1). Fine-grained clastics were deposited on most of the area 
except for the SE part, where littoral clastics from the Guyana shield were 
deposited (Lower Paleozoic paleofacies map in Volume 1). Lower Paleozoic 
paleofacies map is modified from Cediel et al. (2003). According to that 
study, most of the basin was emerged during the Silurian-Devonian, and 
marine deposits were restricted to the NW part of the LlAB. These rocks 
are mainly mudstones with slight imput of coarse clastics (Lower Paleozoic 
paleofacies map in Volume 1). During the Carboniferous-Permian, most of 
the LlAB area was an emerged or eroded area and sedimentation only took 
place in the area of the ECB. However, the paleogeographic interpretation 
by Cediel et al. (2003) includes coastal intertidal swamp deposition in the 
NW LlAB areas near the foothills (Upper Paleozoic paleofacies map in 
Volume 1).

Little is known about the Paleozoic sequences in the basin, as data 
come from relatively few wells.  Despite this data shortage Ecopetrol and 
Beicip (1995) recognized different Paleozoic rock units in seismic data from 
three areas of the LlAB (Figs. 20 and 23 in pages 50 and 52 in Structure 
Chapter and Figs. 40 to 46 and 48 to 61 in Seismic Interpretation Chapter): 
the southern Meta area, the central Casanare area and the northern 
Arauca area (Ecopetrol and Beicip, 1995).

Southern Meta: three N-S trending basement arches are recognized. 
From west to east they are the Macarena, Candilejas and Voragine arches. 
A thick Paleozoic sequence (aprox 1 sec TWT) is seismically visible. Its top 
is a well-developed angular unconformity and its base is generally well 
defined except in the western foredeep.
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Seismically two minor sequences are recognizable:

A lower sequence with two units: a basal unit with a geometry that 
can be interpreted as a small Cambrian carbonate shelf (fringing reefal 
complex) along the southern area of the Voragine paleohigh, and a highly 
deformed upper unit (fold belt) located to the SW of the Voragine paleo-
high, dated as Cambro-Ordovician in the Camoa-1 well. North of the 
Voragine paleo-high N-S trending strike-slip faults are distinctive (Ecopetrol 
and Beicip, 1995).

A slightly deformed upper sequence overlying the Cambro-
Ordovician sequence on an unconformity characterized by truncations and 
onlapping stratal terminations, interpreted as Devonian by Ecopetrol and 
Beicip (1995).

Casanare: a seismically defined, relatively thin (0 to 500 msec TWT), 
slightly deformed sequence with distinct base and top is recognizable.  
This sequence has been dated as Cambro-Ordovician in several wells. In 
central Casanare, seismic reflections below the basement reflector have 
been interpreted as Eocambrian. 

Eastward, in the Vichada area, the Paleozoic paleo-topography 
shows deep channels. Farther east this section pinches-out (Ecopetrol and 
Beicip, 1995).

In the Casanare north central zone, seismic geometries may be 
interpreted as a carbonate shelf with reefal build-ups. However, without 
a proper seismic calibration, an alternative interpretation of important 
erosive intra-paleozoic paleo-topography cannot be disregarded (Ecopetrol 
and Beicip, 1995). 

Arauca: near the Colombia - Venezuela border, gravity, magnetic, 
seismic and a few well data indicate the existence of a graben filled with 
a thick, deformed Paleozoic section (8 km of Cambro-Ordovician, Mc 
Collough and Padfeld, 1985) known as the Arauca graben. This ENE-WSW 
trending graben extends into the Barinas-Apure basin in Venezuela. The 
top of this sequence is well defined, but its bottom cannot be identified 
seismically, except in the southern graben flank.

Three sequences are recognizable in seismic data (Ecopetrol and 
Beicip, 1995):

A lower syn-rift sequence interpreted as Cambrian, characterized 
by strong, continuous reflections suggesting strong lithologic contrasts; 
an intermediate sequence with a relatively transparent seismic character 
suggesting homogeneous lithology (mudstone in Chiguiro-1 well), highly 
deformed in the south, displaying progradations, dated as Cambro-

Ordovician; and an upper sequence unconformably overlying the Cambro-
Ordovician sequence, and dated as Silurian in the Caño Cumare well 
(correlatable with the Farallones Gp).

3.2 TRIASSIC AND JURASSIC SEDIMENTATION

Triassic and Jurassic continental sedimentary rocks (red beds) have 
only been reported in three wells located in the Araruca Graben area 
(Arauquita-1, Matanegra-5 and Guafita-5X). Palynological analyses from 
the Arauquita-1 well indicate a Rhaethian age (204-201.6 Ma). These 
data demonstrate that, at least locally, some extensional systems were 
developed until Jurassic time. This sequence shows a low energy seismic 
character. Its top and bottom are angular unconformities with truncations 
and slight onlap stratal terminations (Ecopetrol and Beicip, 1995).

3.3 CRETACEOUS SEDIMENTATION

During the Late Cretaceous, the sea flooded the LlAB during a 
global sea-level rise. In the late Albian- Cenomanian, littoral to deltaic 
sandstones were deposited (Une Fm or Areniscas Inferiores) in the ECB 
and westernmost LlAB. During Turonian-Coniacian time the present day 
LlAB foothills were flooded (Cooper et al., 1995) but not so the entire 
LlAB area (Figs. 7, 8 and 9). During the Cenomanian through Coniacian, 
braided fluvial sandstones grading upwards to nearshore and estuarine 
quartz-rich sandstones were deposited in the LlAB (Figs. 7 and 10, Fajardo 
et al., 2000). While the maximum flooding surface for the Cretaceous 
sediments of the ECB is the Cenomanian-Turonian boundary (Villamil and 
Arango, 1998), it is Campanian in the LlAB (Fajardo et al., 1993; Cooper et 
al., 1995). During the Campanian, shallow marine inner shelf mudstones 
and siltstones with some sandstone interbeds were deposited (Figs. 7, 11 
and 12, Gacheta Fm).

During the late Campanian and Maastrichtian a general regression 
and progradation were recorded by sandstone facies corresponding to 
channels and estuarine fills in its lower and upper part, and shoreface 
or deltaic and shelf sandstones and mudstones in the middle part 
(Fajardo et al., 2000, Guadalupe Fm, in the LlAB, Figs. 7, 8, 13 and 
14). The Guadalupe Fm sandstones represent two cycles of westward 
shoreline progradation, aggradation and retrogradation, dominated by 
high energy quartz-rich shoreface sandstones derived from the Guyana 
Shield (Cooper et al., 1995). Regression did not occur continuously but 
was rather made up of minor transgressive events recorded by fine-
grained siliceous and phosphatic facies (Föllmi et al., 1992). During early 
(?) Maastrichtian time the eastern part of the basin was filled by the 
littoral quartz sands of the Arenisca Tierna Fm (Fabre, 1985a). According 
to Cooper et al. (1995) the latter represents the transgressive systems 
tract of the next sequence. 
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Figure 7. Regional stratigraphic Wheeler diagram of the ECB and MMB and LlAB neighboring Basins.  Horizontal axis represents horizontal distance 
and vertical axis represents geologic time in million years. Modified after Etayo (1985a, 1994), Geotec (1992), Cooper et al. (1995), Ecopetrol and 
Beicip (1995), Geotec (2000), Gomez (2001), Sarmiento-Rojas (2001) and Mora et al. (2010). Paleozoic sedimentary record includes (1) a Cambro-
Ordovician megasequence (correlatable to the Quetame and Guejar Gps.) (2) a Devonian-Permian megasequence (correlatable to the Farallones Gp.) 
including sedimentary rocks distributed in two sequences: a Silurian-Devonian and a Carboniferous-Permian. These two sequences consist of sandstone, 
shale and some limestone deposited in an epicontinental sea.            
Triassic and Jurassic continental sedimentary rocks (red beds) have only been reported locally in three wells drilled in the Arauca Graben area. 
Early Cretaceous sedimentation was confined to an extensional basin located west of the LlAB in the area of the ECB. No sedimentary record of this 
age exists in the LlAB.                 
Late Cretaceous sedimentation in the LlAB is a general transgression-regression cycle that started with continental deposits followed by a marine 
transgression, which reached its maximum extent during Coniacian times. Minor eustatic tectonic stratigraphic cycles occur within this major cycle. 
Main petroleum source rocks are fine-grained pelagic shales deposited during the Coniacian (Gacheta Fm.). Main reservoir rocks are continental to 
littoral, quartz-rich sandstones of the Cenomanian-Turonian (Areniscas Inferiores or LlAB Une Fm.) and the Guadalupe Gp. deposited at the end of 
the Cretaceous. Late Cretaceous sandstones are productive reservoirs.           
Maastrichtian to early Paleocene sedimentary record is absent in the LlAB.           
During late Paleocene time fluvial sandstones (Barco Fm.) and coastal plain and estuarine mudstones (Cuervos Fm.) were deposited in the western 
part of the basin. Late Paleocene sandstones are productive reservoirs. During the early and middle Eocene sandstone-rich fluvial and coastal plain 
sedimentation occurred in the LlAB foothills area and in the western part of the flat LlAB area (Mirador Fm.), followed by four sandstone mudstone cycles 
of marine influenced, lower coastal plain deposition during the late Eocene to middle Miocene (Carbonera Fm.). Mirador and Carbonera Fms sandstones of 
the LlAB are productive hydrocarbon reservoirs. During the Middle Miocene, marine mudstones were deposited (Leon Fm.). During the Late Miocene to 
Pliocene coarse-grained synorogenic continental sedimentation occurred (Guayabo Gp.).
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Figure 8. Maps illustrating the paleo-facies distribution during Late Cretaceous times, without palinpastic restoration. From Sarmiento-Rojas (2001). 
Late Cretaceous sedimentation of regional extent took place during a post-rift thermal subsidence phase, enhanced by a maximum eustatic sea level.
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Figure 9. Three litho-stratigraphic sections of the LlAB. From Geotec (1994, in-house files). Note the systematic reduction of thickness eastward 
towards the craton, which is characteristic of a foreland basin. This increase in thickness is greater in the synorogenic upper unit (Guayabo Gp.) 
deposited during uplift of the ECB.
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This proximal Late Cretaceous transgressive-regressive cycle in the 
LlAB is the eastern lateral extension of the more distal cycle in the ECB. 
The extent of the Late Cretaceous transgressive-regressive cycle decreases 
eastward gradually.  This decrease is consistent with a degradation of 
organic matter richness and source rock quality of the Gacheta Fm. due to 
more proximal and oxygenated environments.  It is als 

3.4 CENOZOIC SEDIMENTATION

Cenozoic sequences are of fundamental importance for the petroleum 
geology of the LlAB, as they contain Colombia’s largest oil reserves known 
to date. In the LlAB and its western Foothills area, upper Maastrichtian-
lowermost Paleocene rocks are not present (Cooper et al., 1995). 

3.4.1 UPPER MAASTRICHTIAN AND CENOZOIC TECTONO-  
          STRATIGRAPHIC SEQUENCES

Bayona et al. (2008) described the restored basin geometry and 
internal features of syntectonic units (stratal architecture, thickness, 
sandstone composition) and modeled the flexural behavior of the 
lithosphere to constrain the evolution of the LlAB. They explain the flexural 
history as a response to orogenic growth of the adjacent ECB’s (Figs. 35 
to 37 in Structure Chapter) spatio/temporal loading configuration. They 
identified five tectono-stratigraphic sequences in the foreland basin on 
two restored cross sections of the ECB and western part of the LlAB. The 
lower two sequences (1) Upper Maastrichtian to Lower-Lower Paleocene 
(Upper Guadalupe-Guaduas Fms), present in the ECB but not in the LlAB 
foreland), and (2) Upper-Lower Paleocene to Upper Paleocene (Lower 
Socha and Upper Socha Fms. in the ECB and Barco and Cuervos Fms in 
the western LlAB) correspond to late Maastrichtian–Paleocene flexural 
events and recorded the eastward migration of both tectonic loading and 
the depositional zero in the LlAB. The third sequence (3) Lower to Middle 
Eocene (Picacho Fm in the ECB, Mirador Fm and basal part of Carbonera 
Fm. in the LlAB) recorded approximately15 M.y. of slow subsidence in the 
LlAB and foothills during early to middle Eocene time, while shortening 
was taking place farther west in the MMB. Oil producing sandstones 
from the Mirador Fm. in the foothills are contained in this sequence. The 
fourth sequence (4) Upper Eocene to Middle Miocene (Concentracion 
Fm in the ECB and Carbonera Fm in the LlAB), recorded a new episode 
of eastward tectonic load migration in the ECB. This sequence contains 
thick fine-grained strata to the west (distal basin), whereas to the east 
(proximal) in the LlAB, amalgamated quartzarenites unconformably 
overlie Cretaceous and older rocks interpreted as a former flexural 
forebulge. The fifth sequence (5) Middle Miocene to Pliocene (Leon 
and Guayabo Fms) recorded post–middle Miocene uplift of the ECB and 
initiated with regional flooding of the foreland basin, followed by coarse-
grained alluvial and fluvial detrital sediments in the foredeep, which 
were derived from the ECB.

Bayona et al. (2008) claimed that the geometry of tectonic loads, 
constrained by flexural models, indicates shortening events of greater 
magnitude for the upper two sequences than for pre–middle Eocene 
sequences. According to these authors, tectonic loads for the late 
Maastrichtian–middle Eocene phases of shortening were less than 3 
km high and 100 km wide. For the late Eocene–middle Miocene phase, 
tectonic loads changed southward from 6 km to less than 4 km, and 
loads were wider to the north.  Strong Andean inversion formed today’s 
structural ECB configuration and represented equivalent tectonic 
loads of 10–11 km. However, the physical meaning of these tectonic 
loads is not explained, and their magnitudes are not consistent with 
paleotopographic loads.  

3.4.2 PALEOCENE TO EARLY EOCENE SEDIMENTATION

During late Paleocene time, sedimentation started after a period 
of erosion in the LlAB and ECB region (Figs. 7 and 15, Sarmiento, 1993). 
In the LLAB foothills, near Paz de Ariporo, the unconformity has been 
locally described as angular (Vanegas and Arango, 1994). Upper Paleocene 
deposits form a sequence bounded by unconformities. The upper boundary 
is an unconformity that represents the early–middle? Eocene recognized 
in Eastern Colombia (Fig. 7). In the LlAB this sequence extends farther east, 
possibly due to transgression and early flexural loading of the Central and 
Western Cordilleras (Cooper et al., 1995). The lower basal transgressive 
system tract is represented in the LlAB by mature, sandstone-rich, fluvial 
and estuarine deposits (Barco Fm, Upper Lower Paleocene Cooper et al., 
1995: Fajardo et al., 2000, Fig. 16). Marine influence was strong in the 
LlAB foothills (Cooper et al., 1995). In the LlAB, the transgressive system 
tract is represented by the transition from estuarine deposits, and the 
highstand system tract is represented by an upward transition to coastal 
(lower Los Cuervos Fm Upper Paleocene, Fig. 16) and alluvial plain mud-
rich deposits (Cooper et al., 1995). Sandstone deposition ended when a 
relative tectono-eustatic level highstand was established (Cooper et al., 
1995). Coarse clastics appear to have bypassed the LlAB foothills. For the 
LlAB area, Fajardo et al. (1993) proposed that this unconformity-bounded 
sequence represents incised valley fills deposited during a base-level rise 
formed by four smaller base-level cycles. The lower part consists of fluvial 
sandstones (Barco Fm Upper Lower Paleocene) overlain by transitional 
deltaic (?) varying to fluvial deposits eastward (Los Cuervos Fm Upper 
Paleocene).

Thickness variations within this sequence were interpreted by 
Cooper et al. (1995) to result from extension on the Cusiana-Támara fault 
system in the LlAB foothills.

In the LlAB including its foothills, Eocene rocks are bounded at the 
base by an Upper Paleocene to Lower Eocene regional unconformity (ages 
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according to palynological data by Jaramillo et al., 2006). In some places 
the unconformity has been described as a paraconformity, and elsewhere 
as an angular unconformity (e.g. locally in the LlAB foothills (Aguaclara 
area) the base of the Lower Eocene Mirador Fm corresponds to an angular 
unconformity on the Upper Paleocene Cuervos Fm., Barrientos and Torres, 
1994). Initial deposition consisted of marine-influenced, sandstone-rich, 
fluvial grading upward to estuarine valley fill deposits, and continued as 
muddier coastal plain sediments (Fig. 7), Pulhamn, 1994; Cooper et al., 1995; 
Fajardo, 1995). Coarse and often pebbly, fluvial and alluvial fan sandstones 
are the dominant sediments deposited over the LlAB foothills area.  (Lower 
Eocene Mirador Fm, Fig. 17). Continued transgression eventually drowned 
the alluvial plain and established a shallow marine shelf across the Cusiana 
area (Cooper et al., 1995). The upper part comprises heavily bioturbated 
estuarine parasequences punctuated by sandstone-rich, estuarine valley 
fill deposits (Cooper et al., 1995). In the Cusiana oil field, major flooding 
ended sand deposition (Fajardo et al., 1993; Fajardo, 1995; Cooper et al., 
1995). Productive sandstones in the LlAB foreland (i.e. in Casanare), which 

the oil industry traditionally called “Mirador Fm” are Upper Eocene, and 
therefore younger than the oil-productive Mirador Fm sandstones of the 
foothills.

3.4.3 LATE EOCENE TO MIDDLE MIOCENE SEDIMENTATION

In the LlAB and foothills, four cycles of marine influenced, lower coastal 
plain deposits accumulated oil productive Mirador Fm sandstones in the LlAB 
foreland and Upper Eocene to Middle Miocene Carbonera Fm. (Figs, 7, 10, 17 
to 19), ages according to palynological data by Jaramillo et al., 2006). The unit 
contains fluvial and estuarine channels, floodplain, lacustrine, bay and estuarine 
facies (Fajardo et al., 2000). The proximal eastern facies include amalgamated 
quartzarenites, which become more continental approaching the Guyana 
Shield. These sandstones unconformably overlie Cretaceous and older rocks 
believed to overlay a former flexural forebulge (Bayona et al., 2008). Based on 
the above description, these oil-producing sandstones apparently correspond 

Figure 10. Isochore map of the Une Fm. From Fajardo et al. (2000). 
The map shows maximum thickness of Une Fm. in the Arauca 
and Apiay areas. This unit is 3500 feet thick in the Medina-1 well. 
Contours were not extended to this area for scale reasons.
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Figure 11. Isochore map of the Gacheta Fm. From Fajardo et al. (2000). Note 
gradual thickness increase toward the NW. Maximum thickness is in the foothills 
near the Meta area. Irregular contours in the eastern part are the result of erosion 

occurred after deposition of the Gacheta Fm.

Figure 12. Detailed stratigraphic correlation of the Gacheta Fm. in the central 
Casanare area. From Fajardo et al. (2000). Note different progradational units of 
marine shelf mudstones and shoreface sandstones that represent high frequency 
stratigraphic cycles. Toward the NE the relative amount of shoreface sandstones 

increases and the relative amount of marine shelf mudstones decreases. This 
high-resolution stratigraphy is important to understand reservoir geometry and 

behavior in producing fields.
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Figure 13. Isochore map of the Guadalupe Fm. From Fajardo et al. (2000). 
According to those authors this unit is limited at its top and bottom by irregular 
unconformity surfaces in the eastern part. Maximum thickness of this unit occurs 
in the Arauca foothills. Biostratigraphic data indicate that this is the only part of 
the basin where the early Maastrichtian has been preserved.

Figure 14. Detailed stratigraphic correlation of the Guadalupe Fm. in the central Casanare area. From Fajardo et al. (2000). The lower low frequency stratigraphic cycle 
(Kg0) corresponds to incised valley fills. This cycle is onlapping on the unconformity surface at the top of Gacheta Fm. In the low-frequency hemi-cycle of decreasing 
accommodation space / sediment supply ratio (A/S) (Kg1) facies are shallow marine and deltaic in the upper low frequency cycle, defining several progradational bodies. 
In the hemicyle of increasing A/S ratio of the low upper frequency cycle (Kg1) facies are mainly estuarine, its lowermost part contains agradational estuarine channels and 
its uppermost part contains shallow marine shelf mudstones.



46
»»

PE
TR

O
LE

U
M

 G
EO

LO
GY

 O
F 

CO
LO

M
BI

A
CHAPTER 3 - STRATIGRAPHY AND FACIES

Figure 15.  Maps illustrating the ECB paleo-facies distribution during Paleogene time, without palinspastic restoration. CC: Central Cordillera; ECB: Eastern 
Cordillera; FB: Floresta Basin; LlAB Llanos Basin; MMB: Middle Magdalena Valley; NM: Nuevo Mundo syncline. Notes:

1) Coeval craton-sourced detrital zircons (Nie et al., 2010; Saylor et al., 2010) 
2) Coeval Central Cordillera-sourced detrital zircons (Nie et al., 2010; Saylor et al., 2010) 

3) Eastward paleocurrents (Moreno, 2010; Saylor et al., 2010) 
4) Craton sourced quartz-rich sandstones (Cooper et al., 1995) 

5) Wedgetop basin inferred from the Cantagallo sandstone informal unit (La Paz Fm. in the subsurface of the MMB, Gomez et al., 2005) 
6) Forebulge based on 7, 8, 9 and 10 

7) Northward paleocurrents (Saylor et al., 2010) 
8) Westward (Mirador Fm.) and northeastward (Carbonera Fm.) paleocurrents (Cooper et al., 1995; Parra et al., 2009, a) 

9) Central Cordillera sourced detrital zircons in Regadera and Picacho Fms. (Horton et al., 2010a, b) 
10) Absence of Central Cordillera-sourced detrital zircons in the Mirador Fm. (Horton et al., 2010a, b)
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11) Paleo-Magdalena River based on upsection shift from westward to northward paleocurrents (Gomez etl al., 2005) and arrival of ECB-sourced detritus in the MMB 
(Nie et al., 2010) 
12) Craton-sourced deritl zircons (Bande, 2010; Horton et al., 2010b) 
13) ECB-sourced detrital zircons and sedimentary lithic rich sandstones (Saylor et al., 2010) 
14) Deformation of the Usme syncline, Villeta and Arcabuco(?) anticlines since Eocene (Gomez, 2001, see Fig. 13) and uplift of the Villeta anticlinorium since mid-
late Oligocene (Gomez et al., 2003). From Saylor et al. (2010). The Eastern Colombia foreland basin, east of the Central Cordillera, became a broken foreland since 
late Eocene(?)-early Oligocene time by tectonic inversion of the old Mesozoic extensional basin in the area of the ECB. 

During the early Paleocene, fluvial mud-dominated sedimentation prevailed in the MMB with detrital supply from the Central Cordillera, eastern ECB area and 
eastern LlAB area. In the area of the ECB and northwestern MMB coastal plain sedimentation prevailed, and marine sedimentation occurred in the northern part of the 
ECB area. At locations labeled with number 1 in Figure 9, Nie et al. (2010) and Saylor et al. (2010) reported coeval craton-sourced detrital zircons.  The boundary that 
divided areas of the basin sourced by the Central Cordillera from those sourced by the craton was probably located west of these locations. These data confirm that the 
basin was a single foreland basin in the dawn of the Cenozoic (Saylor et el., 2010).

During the late Paleocene, active uplift of the Central Cordillera sourced alluvial fan deposition in the western border of the MMB area. East of the Central 
Cordillera, a fringe of fluvial, sand-dominated sedimentation in the MMB area was followed by fluvial, mud-dominated sedimentation in the southeastern ECB area. 
In the eastern and northern ECB and the westernmost LlAB, coastal/alluvial plain sedimentation prevailed, and lagoonal/estuarine sedimentation occurred in the 
more distal LlAB foothills area. Meanwhile, marine sedimentation occurred in the Maracaibo basin.  Nie at al (2010) and Saylor et al. (2010) reported coeval Central 
Cordillera sourced detrital zircons at locations labeled with number 2 in Figure 9. At locations labeled with number 3, Moreno (2010) and Saylor et al. (2010) reported 
eastward paleo-currents, while at locations with number 4 Cooper et al. (1995) reported craton-sourced quartz-rich sandstones.  According to these studies the basin 
axis limiting areas dominated by eastern and western detrital sources was located approximately in the eastern border of the ECB (Saylor et al., 2010).

During the middle Eocene, active uplift and deformation of the Central Cordillera orogenic front advanced eastward in the MMB area. This orogenic front sourced 
alluvial fans in the MMB area and a small basin limited by the Cantagallo fault where the Cantagallo sandstone was deposited. East of Cantagallo, in most of the basin 
including the MMB, ECB and westernmost LlAB areas, fluvial sand-dominated sedimentation prevailed. However this interpretation includes an emerged forebulge 
area (number 6) of non-deposition located at the eastern border of the ECB, which compartmentalized the basin. This forebulge divided areas dominated by eastern 
and western detrital sources. At location 7 in Figure 9, Saylor et al. (2010) reported northward paleo-curents. At locations with number 9 Horton et al. (2010b) and 
Saylor et al. (2010) reported Central Cordillera-sourced detrital zircons in the Regadera and Picacho Fms. At location 8 Cooper et al. (1985) and Parra et al. (2009a) 
reported eastward and northeastward paleo-currents. At location 10 Horton et al. (2010a,b) report absence of Central Cordillera sourced detrital zircons in the Mirador 
Fm.  Northward, in each of the two basin compartments, distal sedimentation was represented by coastal/alluvial plain facies. In the northern LlAB foothills lagoonal 
estuarine facies were probably connected to marine facies in the Maracaibo basin area. Based on AFTA data from samples collected in growth strata, Gómez (2001) 
interpreted active deformation in the Villeta and Arcabuco anticlines, the Usme and Fusagasuga Synclines, and exhumation in the Santander Massif during this time.  
These data suggest that the regional foreland basin started to break apart at this time (Saylor et al., 2010). 

During the Early Oligocene, sedimentation in the MMB onlapped an area previously uplifted. Alluvial fan and fluvial deposition sourced from the Central Cordillera 
occurred in the western border of the MMB.  Location 11 contains sedimentary evidence of an up-section shift from westward to northward paleo-currents (Gomez et 
al., 2005).  Arrival of ECB-sourced detritus into the MMB (Nie et al., 2010) suggests an active uplift area in the western flank of the -ECB.  Gómez (2001) interpreted 
simultaneous deformation in the Villeta (loctlion wlth number 14), Provincia, Lisama, Los Cobardes anticlines and Nuevo Mundo syncline based on growth strata 
AFTA data.  This interpretation assumes that the active uplift area separated the basin into (a) a western compartment (MMB area) of regional, fluvial, mud-dominated 
sedimentation as well as local, fluvial, sand-dominated sedimentation sourced by both the Central Cordillera and ECB; and (b) an eastern compartment  (Central 
Sabana de Bogota-Tunja-Sogamoso axial region, eastern flank of the ECB and LlAB areas), dominated by a succession of fluvial, mud-dominated, coastal/alluvial 
plain and lagoonal/estuarine facies.  At location 12 in the LlAB foothills Bande (2010) and Horton et al. (2010b) reported craton-sourced detrital zircons. At location 
13 in the Floresta area, Saylor et al. (2010) reported ECB-sourced detrital zircons and sedimentary lithic-rich sandstones. The basin axis limiting areas dominated by 
eastern craton detrital sources and western ECB detrital sources was located in the LlAB foothills area (Saylor et el., 2010).
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Figure 16. Isochore map of the Barco and Los Cuervos Fms. From 
Fajardo et al. (2000). These authors interpreted these units as incised 

valley fills. Maximum thickness is in the Meta area close to the foothills.

Figure 17. Isochore map of the Mirador Fm. From Fajardo et al. (2000). These 
authors interpreted NW to WNW paleo-valleys. Thickness increases in this direction, 

except in the Arauca area where thickness increases to the north.

Figure 18. Isochore map of the Carbonera Fm. From Fajardo et al. 
(2000). Note increase thickenning toward the WNW and 9000 ft 

maximum thickness in the Meta area 

Figure 19. Semi-detailed stratigraphic correlation of the Carbonera Fm. in the 
central Casanare area. From Fajardo et al. (2000). Note facies distribution within 
the low frequency stratigraphic cycles. Near the base of the C7 and C1 members, 
belts of amalgamated, fluvial or estuarine channels are productive reservoirs with 

good lateral continuity, that require a structural component to form hydrocarbon 
traps. The Remache Norte-1 well encountered channels in the lowermost part of 

the C5 member. These channels are potential stratigraphic traps.
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LlAB foothills (near Nunchia).

Seismic lines across the LlAB foothills show indications of 
severe thrusting of post-Leon age overlain by Guayabo beds (Casero 
et al., 1995, 1997). Seismic and well data indicate gradual westward 
thickening of the Guayabo Gp. to a maximum in the thrust faults 
defining the eastern boundary of the EC, and a virtually undeformed 
Neogene section on most of the LlAB area (Fig. 20). However, in 
the south-western LlAB, NE of Serranía de La Macarena, seismic 
lines show the upper part of the Neogene section (Guayabo Fm) 
partially eroded, which explains the decrease in preserved thickness 
in this part of the basin. Ecopetrol and Ecopetrol and Beicip (1995) 
interpreted some flower structures in this area, probably related 
to Andean deformation (Figs. 62 to 64 in Seismic Interpretation 
Chapter). Wrench faulting in the LlAB has also been proposed by 
Cediel (1982). Vásquez (1988) interpreted a strike-slip component in 
several faults in the LlAB. Development of local rock-uplift associated 
with positive flower structures may explain the observed erosion of 
the Guayabo Fm in this area.

Detrital source areas. Clast composition of the Guayabo 
Fm conglomerates changes upward. The lower section contains 
mudstone clasts (one of which was dated as Oligocene based on its 
palynological content) and muddy sandstones with coal fragments 
derived from the Carbonera Fm. The upper section contains clasts 
of chert or glauconite-chert derived from Cretaceous rocks of 
the ECB (Moreno and Velazquez, 1993). The coarsening upward 
trend reported for the Guayabo Fm (Ecopetrol and Ecopetrol and 
Beicip, 1995) might have traced the growing topography of the ECB 
mountain chain.

to a diachronous lithostratigraphic unit.  Considering the traditional use of the 
“Mirador Fm” name by the oil industry, I suggest to keep the name Mirador for 
this lithostratigraphic unit, despite its heterochronous nature.

These westward-thickening sequences recorded the progressive 
eastward migration of foreland basin subsidence, which culminated with the 
onset of ECB deformation (Cooper et al., 1995).. Cooper et al. (1995) suggested 
that continued episodic normal displacement on the Cusiana fault system 
took place during this time. Each sequence consists of a thin, forced regression 
systems tract, a sand prone transgressive systems tract, a maximum flooding 
surface and a mud-dominated highstand system tract (Cooper et al., 1995).

In the Medina area, Parra et al. (2009) interpreted rapid accumulation 
of fluvial and lacustrine sediments at rates of up to 500 mm/y during the 
Miocene. Provenance data based on gravel petrography and paleocurrents 
reveal that these Miocene fluvial systems were sourced from Upper 
Cretaceous and Paleocene sedimentary units exposed in the ECB to the 
west. Peak sediment-accumulation rates in the upper Carbonera Formation 
and the Guayabo Group correlate with episodes of coarse-grained facies 
progradation in the early and late Miocene proximal foredeep. Parra et al. 
(2009) interpreted this positive correlation as the direct consequence of 
thrust activity along the Servita and Lengupa faults. 

According to Cooper et al. (1995), a global tectono-eustatic base-level 
rise during the Middle Miocene coincided with the first significant deformation 
in the EC. Evidence for emergence –partial at least- of the ECB is the greater 
abundance of sand in the western foothills relative to the east (Cooper et al., 
1995). In the LlAB foothills a moderate compressional tectonic phase occurred 
during the Middle Miocene, ending the previous monotony in sedimentation 
(Casero et al., 1995, 1997). The resultant tectonic loading enhanced the 
highstand system tract and resulted in deposition of the Middle Miocene Leon 
Fm (Figs. 7, 20 and 21, Cooper et al., 1995), consisting of green to dark grey 
shales with iron nodules and locally organic-rich shales deposited in anoxic 
conditions (Moreno and Velázquez, 1993). In the upper section, a visible 
color change upward from grey to red has been interpreted as indicative of 
transition from marine to continental deposition (Cooper et al., 1995).

3.4.4 LATE MIOCENE TO RECENT SEDIMENTATION

Later (since Late Miocene?) coarse synorogenic continental 
clastic deposits of the Guayabo Fm Late Miocene were deposited 
in the LlAB (Figs. 7 and 20). According to Moreno and Velazquez, 
(1993) clasts of Cretaceous rocks (mudstones, cherts) in these 
sediments were derived from erosion of the ECB, thus recording 
its exhumation. They also recognized an erosional unconformity 
between the lower and middle portions of the Guayabo Fm. in the 
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Figure 20. Middle Miocene and Late Miocene paleo-facies map of the ECB and neighboring LlAB and MMB basins without palinspastic restoration. a) Middle 
Miocene paleo-facies map. Deformation and uplift of the ECB took place.  Absence of sedimentary record of this age in the mountain range, and coincidence of 

maximum thickness of Jurassic and Cretaceous rocks in the area of the ECB suggest that this mountain range was generated by inversion of the Mesozoic extensional 
basin. Deformation and uplift of the ECB compartmentalized the previous Paleogene broken foreland basin into the MMB and the LlABs. Fluvial and alluvial fan 

sedimentation prevailed in the MMB while shallow marine mudstone sedimentation (Leon Fm.) prevailed in the LlAB. b) Late Miocene paleo-facies map (modified 
from Geotec, 1992; Cooper et al., 1995). From Sarmiento-Rojas (2001). 

Figure 21. Isochore map of the Leon Fm. From Fajardo et al. (2000). Note WNW-ward 
thickenning and 2400 ft maximum thickness in the Casanare area. 







4. STRUCTURE
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Seismic data reveal important deformation events that affected 
Paleozoic sedimentary rocks (Figs. 22 to 26). According to Ecopetrol 
and Beicip (1995), based on limited seismic data, an extensional regime 
prevailed during the Early Paleozoic, which resulted in development of 
grabens (Fig. 26 upper part). During the Late Ordovician and Silurian (?) a 
compressional regime appears to have affected the Arauca and Meta areas 
(Figs. 24 and 26 lower part). This compressional event can be correlated 
to the Caledonian orogeny. During the Devonian and late Paleozoic an 
extensional tectonic regime prevailed resulting in N-S oriented grabens 
(Geotec, 1986, in Ecopetrol and Beicip, 1995).  At the end of the Paleozoic 
regional uplift of the LlAB has been correlated to the Hercinian orogeny 
(Ecopetrol and Beicip, 1995). 

During the Triassic and Jurassic, extensional or transtensional tectonic 
regimes have been recognized in the Arauca and Meta areas and in the ECB 
foothills (Ecopetrol and Beicip, 1995). Early Cretaceous extensional faults 
have also been documented in the foothills area (Ecopetrol and Beicip, 
1995). 

From north to south the following structural elements are 
recognizable:

Arauca arch: is a west-dipping E-W subsurface high that separates 
the LlAB of Colombia from the Barinas Basin of Venezuela. 

Arauca graben: ENE-WSW oriented depression found between the 
Mantecal and Achagua faults, filled with more than 8 km of mainly Cambro-
Ordovician sediments (Fig. 26 upper part, Mc Collough, 1985,  Ecopetrol 
and Beicip, 1995).

Casanare platform zone: extensive west-dipping homocline.

Voragine paleohigh (Figs. 25 and 26 lower part): N-S oriented high 
separating the Casanare domain to the north from the Meta domain to the 
south, evident in the Paleozoic and Cretaceous isopachs.

Candilejas or Chafurray paleohigh: N-S oriented, seismically defined 
basement high located between the La Macarena Range and the Voragine 
paleohigh, which controlled the Cretaceous paleogeography.

Macarena range with Basement and Cretaceous outcrops. It is the 
southern boundary of the LlAB. It is a structural high that separates the 
LlAB to the north and the Caguan-Putumayo Basin to the south. 

Andean foothills: area between 300 and 1500 m. of elevation above 
sea level. It contains compressional or transpressional reverse and thrust 
faults, and folds. Its structural strike is NNE-SSW.

The following structural domains (Fig. 22) are characterized by their 
stratigraphy, structural styles and deformation ages:

4.1 ARAUCA DOMAIN 

This domain (Figs. 22, 26 upper part, and Figs. 43 to 49 in Seismic 
Interpretation Chapter) is characterized by ENE-WSW-trending strike-slip 
faults and a thick (> 8 km) Paleozoic sedimentary section. The Mantecal 
and Achagua faults are the N and S boundaries of the graben with vertical 
displacements between 0.2 and 2 km at the basement level and very 
small throw at the top of the Paleozoic. Cambrian synsedimentary normal 
faults can be traced in the southern border. These faults seem to have 
been tectonically inverted at the end of Ordovician and slightly reactivated 
during the Cenozoic. High angle reverse faults border the graben to the 
north. The Cenozoic (late Oligocene Miocene) compression generated 
reactivation of ENE-WSW dextral strike-slip faults. Within the graben, there 
are ENE-WSW trending folds associated to reverse faults. Their orientation 
suggests that the Mantecal and Achagua faults were sinistral strike-slip 
faults during Paleozoic.

4.2 CASANARE DOMAIN 

This domain (Figs. 22, 23 central part, Figs. 50 to 55 and 70 right part 
in Seismic Interpretation Chapter) is an extensive west-dipping homocline 
with normal faults.  This domain is characterized by a thin Paleozoic 
sedimentary section, which thickens towards the west and two families 
of normal faults (N-S and ENE-WSW trending), which affect the entire 
sedimentary section.  The majority of these faults are antithetic (frequently 
referred to as “up-to-the-basin” faults) but there are also synthetic normal 
faults with associated roll-over folds. Proper seismic mapping of this 
type of traps is problematic, as the low-velocity Leon Fm induces velocity 
artifacts known as the “fault shadow effect”, which can create ghost 
structures and often mislead interpreters (Chermak et al., 2009). Because 
most of these faults affect the upper sedimentary section, they probably 
reflect Miocene reactivation of Paleozoic faults due to flexural forebulge 
migration during the Andean orogeny. In the western part of this domain, 
Andean compressional deformation reactivated some of these faults as 
strike-slip faults, with dextral displacement in the ENE-WSW faults and 
sinistral displacement in the N-S faults. Some synsedimentary faults were 
active during deposition of the basal part of Carbonera Fm. In the foredeep, 
disharmonic folds associated to reverse faults affected the Carbonera Fm.

4.3 META DOMAIN 

This domain (Figs. 22, 24, 25, 26 lower part, and Figs. 56 to 65 in 
Seismic Interpretation Chapter) includes from east to west the Voragine, 
Candilejas and Macarena paleohighs. In contrast to the Casanare domain, 
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Figure 22. Structural domains of the LlAB. 
The Arauca domain in the northern part of the flat foreland LlAB is characterized by a NE-SW trending early Paleozoic graben with a thick fill of Paleozoic 
sedimentary rocks. Normal faults of this graben were reactivated by strike-slip and slight contractional deformation during late Paleozoic and Cenozoic 
deformation events.  
The Casanare domain in the central flat foreland LlAB is characterized by an extensive, west-dipping monoclinal with normal faults and a thin Paleozoic 
sedimentary record. Antithetic normal faults and associated rollover anticlines form the main traps of producing fields.
The Meta domain located in the southern flat foreland LlAB is characterized by normal faults, some of them slightly inverted close to the ECB and NE-SE 
and N-S trending strike-slip faults and a thick Paleozoic sedimentary record affected by folds and thrust faults. 
The Vichada domain located in the eastern flat foreland LlAB is characterized by a thin sedimentary section onlapping the basement, normal faults and drape 
structures.
The foothills domain is located in the western part of the basin adjacent to the ECB. It corresponds to an external zone of the ECB where both Cretaceous 
and Cenozoic (Paleogene and Neogene) sedimentary rocks are cropping out characterized by low-angle thrust and fold belt. From the eastern, less deformed 
zones to the western, more deformed zone it is possible to recognize (1) inverted (former normal) Cretaceous or Paleozoic faults, that are now reverse faults, (2) 
imbricate thrust faults, and (3) local triangle zones with duplexes. These types of structures are potential structural traps (and many of them are productive traps) 
where Late Cretaceous and Paleogene reservoirs and seals are involved. 
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Figure 23. Schematic cross section through the LlAB illustrating structural 
inheritance and reactivation. From Ecopetrol and Beicip (1995). In the foothills 

domain strong compressional deformation originated both thick and thin skin 
thrusts and sub-thrust structural inversion. In the foredeep, structural inversion 
of original normal Cretaceous and Paleozoic faults and compressive structures 

gradually decrease to the east in the Casanare domain. In addition, some old 
faults were reactivated as strike slip faults. Migration of flexural forebulge 

generated or reactivated normal faults. In the Vichada domain, the degree of 
normal fault reactivation decreases. 

Figure 24. Structural cross section interpreted from seismic data in the western 
Meta domain where compressional structures affect Cambro-Ordovician 

sedimentary rocks. From Ecopetrol and Beicip (1995). This Paleozoic 
deformation front is located NW of the Voragine paleo-high, and is affected 

by normal faulting.  Seismic lines suggest a triangle zone wedge in this 
compressional front. This Paleozoic deformation front was affected by Jurassic-
early Cretaceous normal faults, slight folds and reverse faults during the Andean 

orogeny (Ecopetrol and Beicip, 1995).

Figure 25. E-W and a S-N structural cross sections trough the eastern part of 
the Voragine paleohigh basement uplift affected by high angle reverse faults and 

normal faults where lower Paleozoic sediments are absent or onlapping with 
reduced thickness. Complexity of the fault pattern suggests strike-slip faulting. 

From Ecopetrol and Beicip (1995).

Figure 26. Schematic cross sections through the Arauca and Meta domains. 
From Ecopetrol and Beicip (1995). The Arauca section shows the Arauca 

graben, a Cambro-Ordovician depocenter limited by normal faults later 
affected by strike-slip and compressional reactivation. The Meta Domain 
shows the Voragine paleohigh affected by normal and high-angle reverse 
faults and strike-slip faults. To the west a Paleozoic compressional front 

affected Cambro-Ordovician rocks.
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Figure 27. Regional cross-section (Las Juntas – LlAB) in current state (top) and restored state (bottom). From Branquet et al. (2002). Restored state was obtained by 
flattening the top of shallow-marine Une Formation (Cenomanian to Turonian) and assuming that deformation was in plane of section. Rapid thickness variations, 
eastward stratigraphic thickening in the Macanal shales and olistotromes or slumps in the Guavio Formation, all provide evidence for synsedimentary slip along 
Early Cretaceous, basin-bounding westward-dipping master faults,such as the Tesalia fault. During Andean deformation, the Tesalia fault reactivated in compression, 
uplifting the eastern front of the CO. The Quetame Massif and adjacent overturned sequence resemble the ‘fault-propagation folding with fault breakthrough’ model, 
developed by Mitra (1993) for inversion structures (Branquet et al, 2002).
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it is characterized by a thick Paleozoic sedimentary section.  Its western 
part shows a N-S oriented compressionally deformed Cambro-Ordovician 
fold belt (Caledonian orogeny).  The deformation front corresponds to the 
NW flank of the Voragine paleohigh, where several seismic lines show a 
triangular zone. This Paleozoic orogenic belt was affected by Jurassic-Lower 
Cretaceous normal faulting, and may also contain folds and reverse faults 
generated during the Andean orogeny.  A complex N-S normal or reverse 
fault pattern, which can be interpreted as either negative or positive flower 
structures generated during strike-slip deformation, is evident across the 
eastern part of the belt.

4.4 VICHADA DOMAIN 

This domain (Figs. 22, 23 right side, and Figs. 66 to 68 in Seismic 
Interpretation Chapter) is the easternmost west-dipping homocline, with 
very shallow basement and a thin cover of Cenozoic to recent sediments. 
It is slightly deformed by synthetic or antithetic normal faults of small 
displacement that affect the whole sedimentary section. Some faults are 
evidence of early Paleozoic extension with Cenozoic reactivation.  Cenozoic 
sediments drape on Paleozoic or basement paleohighs. 

4.5 LLAB FOOTHILLS DOMAIN 

This domain (Figs. 22, 23 left side, 27 to 33 and Figs. 69 to 90 in 
Seismic Interpretation Chapter) makes up the eastern border of the ECB 
orogen; from the high angle reverse faults to the easternmost thrust faults. 
This domain displays the following structural styles:

Figure 29. Sequential restoration of a cross-section in the overthrust ‘‘duplex’’ 
area of the LlAB foothills. From Martinez (2006). Reservoir section is 

represented in green. Early structure and syndeposition during latest Eocene 
and Oligocene times, followed by duplex structures changing from passive (no 

surface expression of the thrust system) to active with development of the Yopal 
fault at the surface. 

Figure 28. Schematic cross section representing different structural styles of the 
LlAB foothills. From Martinez (2006). From right to left: frontal fault (Cusiana 

field structure linked to the Cusiana Fault possibly rooted at depth as an inverted 
normal fault), imbricate thrust faults, (transitional Cupiagua field structure) and a 

triangle zone filled with duplex structure (overthrust sructures of the Volcanera, 
Pauto and Floreña fields).
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Thick skin deformation: involves Paleozoic and Precambrian 
basement (i.e. Santa Maria and Lengupa faults). This style occurs in the 
southern part of the foothills adjacent to the Quetame massif (Fig. 27).

Disharmonic folds locally developed in ductile sediments of the 
Carbonera and Leon Fms.

Transversal or oblique tear relief faults (lateral ramps) to the 
deformation front (Fig. 2 in page 18). Locally wrench faults.

Tectonic inversion: resulting from reverse reactivation of old normal 
faults (i.e. Cumaral and Chaparral faults), with a thicker sedimentary 
section in the western block (Figs. 27, 36, 37, and Figs. 72 to 74 and Figs. 
78 in Seismic Interpretation Chapter). Fragile deformation appears to be 
concentrated via footwall shortcuts or inversion faults. During Cenozoic 
contraction in the orogen, the reactivation of these structures was highly 
selective. Structural analysis indicates that only those faults oblique to the 
compressional stresses were reactivated in contraction, creating relief in 
the developing mountain range and passively transporting non-reactivated 
faults (Sarmiento-Rojas, 2001; Mora et al., 2006). Locally, some normal 
faults have been transported on passive synclines (Fig. 80 in Seismic 
Interpretation Chapter).

Reactivated normal faults, such as the more external Servitá fault, 
uplifted the eastern flank of the ECB. In addition, these structures are 

Figure 30. Structural cross-section across the Cusiana field. Low relief anticline 
with surface expression. Reservoir section represented in green and blue. From 
Martinez (2006).

Figure 31. Structural cross-section across the Cupiagua field. High relief 
anticline with a very complex front limb. Structure formed by multiple 
deformation stages. From Martinez (2006).

Figure 32. Structural cross-section across the overthrust triangular zone in the 
LlAB foothills. Structural interpretations from early exploration (early 1990s). 
Model based on thick-skinned, basement-involved, and tectonic inversion 
concepts. This model requires thin-skinned thrusting followed by out-of-
sequence inversion. From Martinez (2006).
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Figure 34. Chart of tectonic deformation events that affected 
the structural domains of the LlAB at different times. From 

Ecopetrol and Beicip (1995).

Figure 33. Structural cross-section across the overthrust triangular 
zone. Structural interpretations from the late 1990s. Model based on 

duplex stack concepts. Characterized by short back limb with less 
shortening than previous model. Model implies small kitchen areas 

on the back limb and some structures not in communication with the 
trap anticline. From Martinez (2006).
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adjacent and intimately linked to the development of thin-skinned faults 
farther east (Mora et al., 2006). 

Thin skin deformation: characterized by thrusts or low angle reverse 
faults (i.e. Aguaclara and Yopal faults) only involving the sedimentary 
section (Figs. 28 to 33, 36, 37, and Figs. 71 to 80 and 85 to 90 in Seismic 
Interpretation Chapter). This deformational style mainly generates fault 
propagation folds (i.e. Aysisi), flexure fault folds (i.e. west of Nunchia 
syncline: Fig 75 in Seismic Interpretation Chapter), passive synclines (i.e. 
Nunchia and Zamaricote Figs. 29, 30, 32, 33, 36, and Figs. 71, 72, 74, 80 
and 87 to 90 in Seismic Interpretation Chapter), imbricate thrusts (i.e. 
Floreña, Pauto and Volcanera, Fig. 28, and Figs. 78, 79, 85 and 86 in Seismic 
Interpretation Chapter), triangular zones (i.e. Floreña, Niscota, Figs. 28, 29, 
32, 33 and Figs. 72, 75, 76 and 88 to 90 in Seismic Interpretation Chapter) 
and duplexes (i.e. Floreña, Pauto and Volcanera Figs. 28, 29, 32, 33 and 
Figs. 72, 75 and 88 to 90 in Seismic Interpretation Chapter). Fault-related 
folds in the ECB are restricted to the foothills area (Teson et al., 2011).

The structural style and complexity of this fold-and-thrust belt 
changes across the trend from (1) structures in the frontal trend, which 
have large amplitude and low relief, were the latest to form (i.e., Cusiana, 
Martinez, 2006, Figs. 28 right part, 30 and Fig. 85 in Seismic Interpretation 
Chapter), and include emergent thrusts (Fig. 30 and Figs. 69 to 76, 78, 79 
and 81 to 90 in Seismic Interpretation Chapter) or partially emergent and 
partially blind thrusts (Fig. 83 in Seismic Interpretation Chapter); (2) an 
intermediate zone to the north and west characterized by single, tight, 
high relief structures (i.e., Cupiagua, Figs. 28 central part, 29, 31 to 33 
and Fig. 87 in Seismic Interpretation Chapter); and (3) the most complex 
area toward the inner trend of deformation. This overthrust duplex trend 
defined by a triangle zone formed by the main mountain thrust front, the 
foreland syncline, and the projected regional level is characterized by a 
series of up to five stacked thrust sheets (Figs. 28 left part, 32, 33 and Figs. 
72, 75 and 88 to 90 in Seismic Interpretation Chapter, Martinez, 2006).

Main detachment levels are within the mudstones of the Leon and 
Carbonera Fms. Additional detachment levels are within the mudstones of 
the Gacheta Fm and the Cambrian Ordovician section.

Ecopetrol and Beicip (1995) has recognized forward-breaking 
sequence faults (i.e. Aguaclara fault deformed by the Guavio fault Fig 77 
in Seismic Interpretation Chapter), break-back sequence faults between 
the Cusiana, Cupiagua and Yopal faults and out of sequence faults (i.e. 
Guaicaramo fault). 

4.6 STRUCTURAL INHERITANCE

Deformation of the LlAB foothills has been apparently predisposed 

by earlier structures: (1) Imbricate thrusts are concentrated on the Arauca 
paleohigh, while passive synclines only developed north and south of it. 
(2) The foothills are widest over the Arauca graben; (3) Lateral ramps in the 
northern part (i.e. Bojaba fault) have similar orientations to the Paleozoic 
Mantecal fault. (4) Several Paleozoic faults have been clearly reactivated 
(Fig. 23, and Figs. 78 and 83 in Seismic Interpretation Chapter); and (5) 
tectonic inversion of Cretaceous normal faults is frequent (Figs, 23, 27, 36, 
37 and Figs. 72, and 74 in Seismic Interpretation Chapter, i.e. Cusiana fault). 

Structural inheritance is the result of very weak long-lived anisotropies, 
such as Paleozoic or Cretaceous normal faults (among others), which 
are predisposed to failure, therefore these structures were reactivated 
accommodating deformation. In the ECB orogen high denudation rates 
do not prevent deformation to migrate to lower elevations into the LlAB 
foothills. Deformation appears to migrate only after the preexistent 
inherited anisotropies created relief. This favors the creation of new low 
amplitude thrusts and footwall shortcuts in the LlAB foothills. Salients and 
recesses in this pattern of deformation migration are related to changes in 
thickness of the LlAB foreland basin (Mora et al., 2006: Mora et al., 2010). 

4.7 TIMING OF DEFORMATION

Deformation of the foothills occurred in multiple stages that controlled 
the modern geometry, reservoir quality, and fluid distribution. Three main 
phases may be distinguished (Fig 29): (1), an early phase during deposition 
of the Lower Carbonera (C8–C6) sediments involved local variations of 
the basin associated with incipient active structures (piggyback basin). 
Early folds began to trap hydrocarbons that were successively generated 
in local kitchens and continued to grow during the next two periods. (2), 
an intermediate phase that extended from Carbonera C5 time (29 Ma) 
to Guayabo Formation time (7–5 Ma) included steady subsidence with 
increasing rates near the end of the period. (3), the latest phase, associated 
with the main Andean orogeny, started around 7–5 Ma, depending on the 
position of the structure with respect to the deformation front. At this 
time, the biggest uplift of the area occurred (Martinez, 2006). 

Fission track ages and restored structural interpretations suggest that 
east-verging fold-and-thrust deformation along the eastern boundary of 
the ECB with the LlAB foreland basin was underway by the late Oligocene 
and early Miocene (Mora et al., 2010). Slip-generated topographic loading 
along the principal basement-bounding thrusts in the ECB to the southwest 
of the basin generated an episode of fast tectonic subsidence starting at ca. 
31 Ma. that created accommodation space for an eastward-thinning, early 
Oligocene to early Miocene syntectonic sedimentary wedge as indicated 
by sedimentological data and palynological ages reported by Parra et 
al. (2009). Zircon fission-track ages and paleo-current analysis reveal 
the location of these thrust loads and illustrate a time lag between the 
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sedimentary signal of topographic loading and the timing of exhumation 
(ca. 18 Ma). This lag may reflect the period between the onset of the ECB 
range uplift and significant removal of overburden. Vitrinite reflectance 
data document northward along-strike propagation of the deformation 
front and folding of the Oligocene syntectonic wedge. 

During the late Miocene–Pliocene, in the ECB, deformation migrated 
from inverted master normal faults to low- elevation, low-amplitude 
structures in the foreland. However, this shift in the locus of deformation 
was not spatially uniform. The deformation front is wider in a northern 
sector of the Cordilleran foothills, where sedimentary units are thicker, and 
shortening is perpendicular to the structures. This shortening direction is 
identical to the direction of the greatest horizontal stress SHmax as seen in 
borehole breakouts. During the late Miocene– Pliocene, basement ranges 
were passively uplifted by younger, more frontal thrusts (Mora et al., 2010).

The replacement of basement-controlled inversion faults by low-
elevation, low- amplitude thrust faults as active structures in the younger 
phase of orogenic evolution is significant, as thermochronology documents 
fast exhumation of basement rocks. Apatite fission-track data records 
sustained high denudation rates in the hinterland basement ranges of 
the adjacent ECB during the last 3 Ma. The majority of these basement 
ranges ceased to be actively uplifted by their principal bounding reverse 
faults. Instead, they were passively uplifted by the younger, more frontal 
thrusts. This is documented by structural reconstructions and tectonically 
overprinted landforms, such as fluvial terraces, pediments, and alluvial 
fans that reflect the southward growth of thin-skinned thrust sheets (Mora 
et al., 2007).

4.8 STRUCTURAL CROSS SECTIONS

The regional aspect and distribution of different structural domains 
discussed above are illustrated through several regional cross sections 
taken from the literature (Figs. 35 to 37), complemented with regional 
interpreted seismic lines. Figs. 43, 50, 51, 52, 57 and 70 in Seismic 
Interpretation Chapter). 

Figure 35 from Bayona et al. (2008a) shows the location of two 
regional balanced cross sections through the LlAB (except its easternmost 
part) and eastern flank of the ECB. 

Figure 36 from Bayona et al. (2008a) (A) Northern and (B) central 
balanced and restored cross sections. Description of these cross sections 
has been largely taken from Bayona et al. (2008)

Structure of the Northern Cross Section. This cross section 
“traverses the Pamplona indenter”: a basement structural high. This cross 

section, located at “the recess of the Guaicaramo fault system (where the 
Guaicaramo fault system is displaced to the west to become the Cobugon 
fault)”, starts at the western flank of the Santander massif, passes through 
the northern LlAB foothills, and ends at the Caño Limon oil field in the 
northern LlAB. 

Structural domains in the ECB and LlAB foothills of this section 
involve basement rocks. To the south, the NW-trending Chucarima fault 
places more than 3 km of lower Cretaceous rocks in the upthrown block 
over NNW-trending folds of upper Cretaceous and Paleogene strata in 
the downthrown block. In the latter block, the maximum thickness of the 
lower Cretaceous rocks is 1.2 km.  

Bayona et al. (2008a) reported a total shortening of 30.5 km from 

Figure 35. Location of two regional balanced cross sections through the LlAB 
(except its easternmost part) and eastern flank of the ECB. From Bayona et al. 

(2008). Note the location of the main faults mentioned in the text.
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Figure 36. (A) Northern and (B) central balanced and restored cross sections through the LlAB (except its easternmost part) and the eastern flank of the ECB. 
From Bayona et al. (2008). See description of these cross sections in the text.
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Figure 37. Kinematic forward model for the central cross section through the LlAB (except its easternmost part) and the eastern flank of the 
ECB since the late Maastrichtian. From Bayona et al. (2008). 
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structural balance. West-dipping basement-involved faults transfer 
displacement eastward through an imbricated fold-and-thrust belt in the 
LlAB foothills. The greatest “displacements occurred along faults exposed 
in the Santander massif area (domains DN1&2)” Bayona et al. (2008a). 
The authors inferred out- of-sequence deformation along the Cobugon 
and Samore faults from the crosscutting relation between fault surfaces 
and footwall structures (domain DN3). Growth-strata patterns identified 
in the syncline bounded by the Samore fault suggest a late Oligocene– 
early Miocene phase of east-verging deformation (Cortés et al., 2006). 
Two structural styles are defined in both extremes of the northern LlAB 
(domain DN4). In the western extreme, strata were folded in a compressive 
anticline (well A1&3), and upper Oligocene–lower Miocene strata thin 
at the crest of the fold, suggesting stratigraphic growth. At the eastern 
side (well CL1), upper Oligocene–lower Miocene strata document normal 
faulting during sedimentation. This configuration apparently resulted from 
flexural deformation associated with a forebulge (Cortés et al., 2006).

“The geometry of the frontal thrust belt recess, north of the 
transversal Chucarima fault, suggests that: (1) the transverse Chucarima 
fault was an E-W transfer fault in a N-S system of normal faults during 
Mesozoic rifting; and (2) the recess and salient geometries of the frontal 
thrust belt across the Chucarima fault are controlled by a lateral thickness 
change of the lower Cretaceous” Bayona et al. (2008a). 

Structure of the Central Cross Section. This section “traverses the area 
where the Guaicaramo fault system advances the most into the foreland 
basin, and the ECB reaches its maximum NW-SE width. The west end of the 
section is on the hanging wall of the east-verging Pesca fault, the southern 
equivalent of the basement-rooted Soapaga fault system to the north”. No 
basement rocks are exposed along this cross section. “Farther south along the 
LlAB foothills, the Quetame massif plunges northward, and the Guaicaramo 
fault is displaced west to become the Servita fault. These elements are aligned 
with the Sabanalarga transverse zone. Bayona et al. (2008a) interpreted 
this transverse zone as a buried E-W transfer fault system composed of 
Mesozoic normal faults”, as suggested by Sarmiento-Rojas et al. (2006) for 
this area as well as farther south in the Nazareth transfer zone. Despite the 
lack of basement exposures along the section between the Chucarima and 
Sabanalarga transverse zones, Bayona et al. (2008a) interpreted basement-
rooted faults as the boundaries between structural domains in the ECB 
and LlAB foothills. “These basement- rooted faults (domains DC1&2) are 
interpreted as inverted normal faults due to the contrasting stratigraphic 
thickness changes of Paleozoic-Mesozoic units” across fault blocks (Mora et 
al., 2006; Kammer and Sanchez, 2006). The LlAB foothills area includes the 
east-verging Guaicaramo fault, overturned Neogene beds in the adjacent 
syncline (i.e. Nazareth and Nunchia synclines), and low-angle thrust faults 
at the leading edge of the deformation front. “The Guaicaramo fault system 
includes a symmetrical syncline in the hanging wall (domain DC3). Eastward, 

Ordovician, upper Cretaceous, and Cenozoic sedimentary units are involved 
in east-verging low-angle thrust fault systems (domain DC4; Martinez, 2006), 
which affect the eastern flank of wide synclines.  Both frontal faults and 
synclines form an en echelon array along the eastern boundary of the LlAB 
foothills, suggesting a strike-slip component of compressional deformation. 
In the LlAB (domain DC5), upper Cretaceous and Cenozoic strata dip gently 
westward and overlie Paleozoic and basement crystalline rocks. Basement 
faults locally displace sedimentary units. The total shortening estimated 
for this cross section is 43 km. Basement-involved faults transfer their 
displacement eastward into a dominantly east-verging fold-and- thrust belt 
with décollement surfaces at several levels within Cretaceous and Oligocene 
strata. West-verging fault systems in the axial zone of the ECB are interpreted 
as back thrusts that deform the footwall of the Pesca fault (domain DC1). 
The east-verging basement-cored anticline-syncline pair in the LlAB foothills 
is interpreted as an overturned and displaced fault-propagation fold 
because: (1) beds in the hanging wall and footwall of the Guaicaramo fault 
system are overturned and dip at high-angles, and (2) the Guaicaramo fault 
system displaced overturned beds of the eastern flank of the anticline. Out-
of-sequence reactivation is inferred from fold axes offsets across the east-
verging Chameza fault and from the irregular hanging wall and footwall 
cutoff patterns of the Guaicaramo fault system” Bayona et al. (2008a).

Kinematic forward model for the central cross section since the late 
Maastrichtian. (Figure 37 from Bayona et al., 2008a) Basin geometry and 
localized tectonic activity are constrained by geodynamic flexural modeling, 
thermochronology, geochronology, growth structures, provenance and 
paleocurrent data. Descriptions of this model have been taken literally 
from Bayona et al. (2008a). According to these authors “the first shortening 
in this area occurred during latest Cretaceous to late Paleocene time, 
earlier than in the northern cross section. Flexural loads were located 
west of the Pesca-Soapaga fault system; they advanced eastward to 
involve rocks of the eastern flank of the ECB during the late Paleocene. 
These pulses explain the eastward thinning of Maastrichtian-Paleocene 
sequences one and two, which are bounded at the base by sandstones 
and conglomerates and, at the top, by fine-grained strata. Flexural uplift 
related to the Maastrichtian phase of deformation explains the presence 
of quartzose sandstone and conglomerate beds in the LlAB foothills, which 
were supplied mainly from uplifted cratonic sources. Flexural extension 
at the border of the forebulge in the LlAB foothills explains the presence 
of faults in the Paleocene (65 Ma), as indicated by micas filling vein-wall 
rocks. During the Paleocene, upper Cretaceous strata were eroded in the 
eastern LlAB foothills and LlAB, and synorogenic deposition of the Barco-
Cuervos succession migrated eastward. Unstable lithic fragments indicate 
that uplifted areas were less than 100 km from the LlAB foothills, Bogotá, 
and Tunja areas, and those uplifts controlled the northward dispersal of 
detritus, as indicated by paleocurrent data.
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During the early and middle Eocene, tectonic loads were located 
in the MMB, as indicated by the angular unconformity underlying 
Eocene strata and strike-slip deformation. Farther to the east, a period of 
westward-increasing subsidence took place in the axial zone of the ECB. 
The amalgamation of fluvial channels of the Mirador Formation indicates 
low rates of subsidence during this episode of deformation. The presence 
of lithic fragments and fragments of Cretaceous foraminifera in the axial 
zone of the ECB indicates that minor uplifts continued to supply detritus to 
the adjacent basin.” (Bayona et al., 2008a)

“Late Eocene to middle Miocene shortening emplaced loads less 
than 4 km high in the area between the axial zone of the ECB and the 
eastern LlAB foothills. Exhumation of this area, bounded by the Chameza 
fault to the east, is supported by AFTA data. At this time, a fold-and-
thrust belt advanced eastward to the present position of the western LlAB 
foothills, and the salient-recess geometry of the thrust belt began to form. 
Deposition in the eastern LlAB foothills was mostly accommodated by 
increasing flexural subsidence toward the ECB, as indicated by the abrupt 
change in thickness of Oligocene and lower Miocene strata, and it was less 
affected by growth of incipient structures. The dominance of sublitharenite 
and subarkose supports the interpretation that nearby structures in the 
eastern LlAB foothills were not exposed to supply detritus to the basin.” 
Bayona et al. (2008a).

“Strong basin inversion took place during middle Miocene to Pliocene 
time and gave rise to today’s ECB structural configuration. Equivalent 
tectonic loads along the eastern flank of the ECB were 10–11 km high, 
and they advanced eastward to the eastern boundary of the LlAB foothills. 
The onset of Andean-scale deformation created a regional and nearly 
simultaneous flooding event that is recorded in most of the sub-Andean 
foreland basins in the middle Miocene. The rapid uplift and consequent 
basin filling caused abrupt eastward migration of the forebulge and fluvial-
alluvial depositional systems originating from the ECB.” (Bayona et al., 
2008a)

“The most active fault during this latter tectonic phase was the 
Guaicaramo fault system, which allowed exhumation of the Quetame 
massif and basal Cretaceous strata. It was only at this time that strong 
surface uplift took place between 6 and 3 Ma, as documented by the 
change of paleobotanical associations and the generation of an orographic 
barrier that accelerated deformation on the eastern flank of the ECB. Out-
of-sequence deformation along the Guaicaramo fault system was coeval 
with the different phases of exhumation documented by AFTA data for the 
Garzon and Quetame massifs.” (Bayona et al., 2008a)

The structure of the flat LlAB is characterized by a gentle, west dipping 
homocline that resulted from flexural subsidence, as it is characteristic of 

foreland basins (Figs. 43, 50, 51, 52, 57 and 70 in Seismic Interpretation 
Chapter). In the northern LlAB the Paleozoic Arauca graben is clearly 
visible in seismic sections (Fig. 43 in Seismic Interpretation Chapter). The 
Upper Cretaceous thermal sag sequence is relatively thin and pinches 
out to the east. Paleogene sequences also thin eastward. Normal 
faults, probably resulting from flexure, slightly displace Cretaceous and 
Paleogene sequences. Some normal faults resulted from reactivation of 
earlier Paleozoic faults (Figs. 51 and 52 in Seismic Interpretation Chapter). 
Locally (e.g. in the southern Meta domain, Fig. 57 in Seismic Interpretation 
Chapter) some normal faults were inverted. Strike-slip reactivation of 
old Paleozoic faults formed local flower structures (Fig. 70 in Seismic 
Interpretation Chapter). Finally, Neogene units related to uplift of the ECB 
are thick and also thin gradually eastward. Cratonward thinning and pinch-
out of units is typical of foreland basins: sequences get thicker toward the 
foredeep, and thinner toward the forebulge (DeCelles and Giles 1996).







5. GRAVIMETRIC AND 
MAGNETOMETRIC INTERPRETATION 
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A planned effort to map the gravimetric and magnetic field of 
Colombia’s main sedimentary basins has been undertaken by the Agencia 
Nacional de Hidrocarburos (ANH) over the last few years.  As a result, 
airborne gravity and magnetic digital databases, in addition to observed 
and interpretive anomaly maps are available for the LlAB and other basins. 
Figures 38 to 41 show the results of acquisition and interpretation of aerial 
gravimetric and magnetometric data by Carson Helicopters Inc. (Aerogravity 
Division) over a portion of the LlAB performed for ANH. Geophysical data 
were acquired at an average flight elevation of 1280 meters above sea 
level (Graterol and Vargas, 1997; Graterol and Carson-Aerogravity 2008; 
Graterol and Rey, 2009).

Graterol and Rey (2009) processed and interpreted the final gravity 
and magnetic signals. Data interpretation included mesh spacing of grid 
points every 2000 meters and was aimed at mapping the tops of the Pre-
Cambrian basement and Paleozoic. Interpretation combined gravity and 
magnetic data with depths to the interfaces from wells and 2D seismic 
interpretation (Graterol and Vargas, 1997; Graterol, 2009; Graterol and 
Rey, 2009). Output maps define the location and map view extension of 
density contrasts caused by buried structures.  Major basement trends, 
regional structures and local faults were identified.

5.1 BASEMENT MAP

Structural maps to the top of the Paleozoic (Fig. 40) and gravimetric 
inversion for the top of the Precambrian crystalline basement (Fig. 41) show 
normal faults and a gradual thinning of sedimentary sequences toward 
the southeast. In the map of the crystalline Precambrian basement the 
NNE Arauca graben is characterized by a deep basement (> 2000 m up to 
4000 m in its SW part close to the ECB, green and blue in the map).  In the 
Arauca graben, the sedimentary pile ranges between 1000 and 3000 m. 
Another Paleozoic depocenter is a NWN elongated rift located to the east 
of the Voragine paleohigh. There, the crystalline basement is below 2800 
m (blue in the map) with a 7800 m deepest point in its NW termination 
near Chaparral-1 well. These two lows are not recognizable in the map to 
the top of Paleozoic. Map to the top of crystalline Precambrian basement 
and map to the top of Paleozoic are similar. Structural highs and lows are 
interpreted as NWN oriented grabens and horst, limited by normal faults 
with this preferential orientation, appear in the eastern part of the basin. 
According to Graterol and Rey (2009) these normal faults intersect older 
north-south alignments.  Southeast of the Voragine High and east of the 
Rubiales field, the Precambrian basement is very shallow (300 m. or less) 
and crops out near the Orinoco River (Mitu Migmatitic Complex).

Figure 39. Total, reduced to pole, magnetic intensity map of the LlAB. From 
Graterol and Rey (2009). 

Figure 38. Bouger gravity anomaly map of the LlAB. From Graterol 
and Rey (2009). 



71
»»

PE
TR

O
LE

U
M

 G
EO

LO
GY

 O
F 

CO
LO

M
BI

A

• LLANOS BASIN

Figure 41. Precambrian basement top map of the LlAB calculated inverting 
gravity and magnetic data. From Graterol and Rey (2009). 

Figure 40. Paleozoic top map of the LlAB calculated inverting gravity and 
magnetic data. From Graterol and Rey (2009).





 6. SEISMIC INTERPRETATION
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Operating companies that explored the LlAB over the last decades 
have applied a vast range of geophysical technology and have consequently 
left a rich legacy of 2D and 3D seismic data and technical knowledge.  The 
examples below are a small sample of the large and diverse wealth of 
seismic information acquired across the basin by many operators. Figures 
42 to 90 show typical seismic lines for the structural domains recognized 
in the LlAB.

Figure 42 shows the location of seismic lines in figures 43 through 90 
and structural domains of the LlAB

Figure 43 from Ecopetrol et al. (1998) is an interpreted seismic line 
from the Arauca graben and represents the structure of the LlAB northern 
foreland. Note the normal fault pattern defining grabens below the sub-
Cretaceous unconformity (dark green reflector labeled 4) and the top of 
basement reflector at 3.65 seconds at the left border of the section. This 
high amplitude reflector defines grabens with differential thickness of 
Paleozoic sedimentary fill. The Upper Cretaceous thermal sag sequence as 
well as the Paleogene sequence both thins gradually eastward. Notice the 
normal faults displacing Cretaceous and Paleogene sequences. Neogene 
foreland units related to ECB uplift are thick, but also get gradually thinner 
eastward. Figure 42. Structural domains of the ECB and location of seismic lines shown in 

figures 43 to 90.

Figure 43. Interpreted seismic line from the Arauca graben and structure of the flat foreland LlAB in its northern part. From Ecopetrol et al. (1998). 
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Figure 44 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line from the Arauca domain. Note the Cambro-Ordovician sequence 
between the red and yellow reflectors and the Devonian sequence 
between the yellow and purple reflector.

Figure 45 from Ecopetrol et al. (1998) is an interpreted seismic line 
from the northern Arauca graben. Folding seems to be related to reverse 
reactivation of a Paleozoic fault affecting up to the lower Carbonera Fm. 

Figure 46 from Ecopetrol et al. (1998) is an interpreted seismic line 
from the northern Arauca graben. Note the seismic expression of dextral 
strike-slip faults that were active during deposition of the Carbonera and 
Leon Fms.

Figure 47 from Ecopetrol et al. (1998) is an interpreted seismic line 
from the southern Arauca graben. Note the Paleozoic normal fault with 
roll-over, possibly (?) reactivated as an reverse fault. 

Figure 48 from Ecopetrol et al. (1998) is an interpreted seismic line 
from the Arauca graben. Note normal fault and Cambro-Ordovician syn-
rift sequence.

Figure 49 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line from the southern Arauca graben. Note top of Paleozoic (purple) and 
top of basement (red) reflectors. Note Cenozoic reactivation of Paleozoic 
faults.

Figure 44. Interpreted seismic line from the Arauca domain. Modified from 
Ecopetrol and Beicip (1995).

Figure 45. Interpreted seismic line from the northern part of the Arauca graben. 
From Ecopetrol et al. (1998).

Figure 46. Interpreted seismic line from the northern part of the Arauca 
graben. Dextral strike-slip faults were active during deposition of the 
Carbonera and Leon Fms.
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como 46

Figure 49. Interpreted seismic line from the southern part of the 
Arauca graben. Modified from Ecopetrol and Beicip (1995). 

Figure 50. Interpreted seismic line from the Casanare domain, 
representative of the structure of the flat, central LlAB foreland basin. 

From Ecopetrol et al. (1998). Note the monocline structure and normal 
faults with small displacement. 

Figure 47. Interpreted seismic line from the southern part of the Arauca 
graben. Paleozoic normal fault with roll-over, possibly (?) reactivated as a 

reverse fault. 

Figure 48. Interpreted seismic line from the Arauca graben. Note normal 
fault and Cambro-Ordovician syn-rift sequence.
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Figure 51. Interpreted seismic line from the Casanare domain. From Ecopetrol et al. (1998). 

Figure 52. Interpreted seismic line from the Casanare domain. From Ecopetrol et al. (1998). 
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Figure 50 from Ecopetrol et al. (1998) is an interpreted seismic line 
from the Casanare domain. Note the homocline structure and normal 
faults with small displacement. 

Figure 51 from Ecopetrol et al. (1998) is an interpreted seismic line 
from the Casanare domain. Note the sub-Cambrian unconformity (dark 
blue reflector with number 1), and normal faults displacing rocks as old as 
Paleozoic.

Figure 52 from Ecopetrol et al. (1998) is an interpreted seismic 
line from the Casanare domain. Note the sub-Cambrian unconformity 
(dark blue reflector with number 1), the Paleozoic normal faults and the 
reactivation of some of them during Cenozoic time.

Figure 53 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line from the Casanare domain. Note reflectors indicating the basement 
(red) and Paleozoic (purple) tops, and the relatively thin Paleozoic 
sequence. Also note the intra-Paleozoic (dark blue) reflector with a 
geometry suggestive of carbonate reef build-ups.

Figure 54 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line from the Casanare domain. Note normal faults within the Paleozoic 
and synthetic normal fault associated with a slight rollover fold at the 
Mirador Fm level.  

Figure 55 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line from the western foredeep area of the Casanare domain. Note faulting 
pattern interpreted as a negative flower structure, indicative of Cenozoic 
strike-slip deformation.

Figure 56 from Ecopetrol et al. (1998) is an interpreted seismic line 
from the Meta domain. Note the rift filled with Cambrian rocks on the right 
and an inverted Paleozoic normal fault at Candilejas-1 well on the left.

Figure 57 from Ecopetrol et al. (1998) are two interpreted seismic 
lines from the Meta domain. Note normal faults, some of which were 
tectonically inverted.

Figure 58 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line form the Meta domain south of the Voragine paleo-high. Note the 
top of basement (red) and top of Paleozoic (purple) reflectors and the 
relatively thick Paleozoic sequence. Also note the intra-Paleozoic (blue) 
reflector with a geometry suggested by Ecopetrol and Beicip (1995) as 
carbonate reef build-ups.

Figure 59 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line form the Meta domain south of the Voragine paleo-high. Note the 
thick Paleozoic sequence.

como 51

como 52

Figure 53. Interpreted seismic line from the Casanare domain. Modified 
from Ecopetrol and Beicip (1995). 

Figure 54. Interpreted seismic line from the Casanare domain. Modified 
from Ecopetrol and Beicip (1995). 
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Figure 56. Interpreted seismic line from the Meta domain. From Ecopetrol et al. (1998). See explanation in the text.

Figure 60 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line form the Meta domain west of the Voragine paleo-high. Note the 
interpreted Paleozoic deformation front and a triangular zone.  

Figure 61 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line form the Meta domain near Granada. Note the reverse fault possibly 
resulting from Cenozoic reactivation of a Paleozoic fault. 

Figure 62 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line form the Meta domain. Note vertical faults interpreted as N-S trending 
strike-slip faults with apparent normal displacement. 

Figure 63 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line form the Meta domain. Strike-slip reverse faults trending N-S.

Figure 64 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line form the Meta domain. Note the fault pattern interpreted as a negative 
flower structure.

Figure 65 from Ecopetrol et al. (1998) is an interpreted seismic line 
form the Meta domain. Note the normal Paleozoic fault pattern.

Figure 66 from Ecopetrol and Beicip (1995) is an interpreted seismic line 
from the Vichada domain. Note the thin Paleozoic section (between the red and 
purple reflectors) pinching-out and onlapping the normal faulted basement. Figure 55. IInterpreted seismic line from the western 

foredeep area of the Casanare domain. Modified from 
Ecopetrol and Beicip (1995). 
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Figure 57. Two interpreted seismic lines from the Meta domain. 56. From Ecopetrol et al. (1998). Note normal faults, some of them tectonically inverted.
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Figure 58. Interpreted seismic line from the Meta domain south of the 
Voragine paleo-high. Modified from Ecopetrol and Beicip (1995).

Figure 67 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line from the Vichada domain. Note also normal faults.

Figure 68 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line from the Vichada domain. Paleozoic normal faults may have been 
reactivated during the Cenozoic.

Figure 69 from Ecopetrol et al. (1998) is an interpreted seismic 
line from the LlAB foothills (left side) and Arauca domains. Note the 
compressional reverse fault in the foothills and the inverted Cretaceous 
graben recognizable by increased thickness of the Cretaceous sediments 
between the sub-Cretaceous (dark green reflector with number 4) and 
sub-Eocene unconformities (orange reflector with number 9).

Figure 70 from Ecopetrol et al. (1998) is an interpreted seismic 
line from the LlAB foothills (left side) and Arauca domains. Note the 
compressional imbricate reverse fault pattern in the foothills and the 
normal faults in the Arauca domain. The Tame-1 structure is interpreted 
as a positive flower structure generated by strike-slip reactivation of a 
Paleozoic normal fault of the Arauca graben.

Figure 71 from Ecopetrol et al. (1998) is an interpreted seismic line 
from the LlAB foothills domain. Note (1) normal faults below the frontal 
emerging thrust fault, (2) frontal syncline, and subjacent (3) stacked thrust 
sheets forming a duplex in a triangle zone between the frontal syncline 
and the reverse fault. Lower Cretaceous sediments in the hanging wall are 
not visible in the section.

Figure 72 from Ecopetrol et al. (1998) are two interpreted seismic lines 
from the LlAB foothills domain. Note: (1) normal faults below the frontal 
emerging thrust fault. On the right, note a normal fault and significant 
increase in thickness in the hanging wall between the sub-Ordovician 
unconformity (dark blue reflector with number 1) and the sub-Eocene 
unconformity (orange reflector with number 9). Note that at sub-Eocene 
unconformity level, this fault has been slightly inverted. (2) Imbricate 
thrust faults below the frontal syncline folds and (3) stacked thrust sheets 
forming a duplex below the syncline, and westernmost reverse fault with 
lower Cretaceous sediments on the hanging wall.

Figure 73 from Ecopetrol et al. (1998) is an interpreted seismic line 
from the LlAB foothills domain. Note the emergent frontal thrust. 

Figure 74 from Ecopetrol et al. (1998) is an interpreted seismic line 
from the LlAB foothills domain. Note that the frontal emerging thrust 
fault is rooted in an inverted normal fault as indicated by lateral increase 
of Cretaceous thickness in the western fault block (between the sub-
Cretaceous unconformity (dark green reflector with number 4) and the 
sub-Eocene unconformity (orange reflector with number 9)).

Figure 75 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line from the LlAB foothills domain. Note fault bend fold in a duplex filling 
a triangle zone.

Figure 76 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line from the LlAB foothills domain.

Figure 77 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line from the LlAB foothills domain. According to Ecopetrol and Beicip, the 
thrust sequence was forward breaking: first the Aguaclara fault then the 
Guavio fault.

Figure 78 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line from the LlAB foothills domain. Note: (1) normal faults below the 
frontal emerging thrust fault. Note a partially inverted Paleozoic normal 
fault and increase in thickness in Paleozoic stratigraphic section in the 
hanging wall between the bottom (red reflector) and top (purple reflector) 
of Paleozoic, (2) emerging imbricate fontal thrust faults and (3) syncline. 

Figure 79 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line from the LlAB foothills domain. Note the Paleozoic fault, reactivated as 
normal during the Cretaceous, and inverted during the Cenozoic.
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Figure 61. Interpreted seismic line from the Meta domain near Granada. . 
Modified from Ecopetrol and Beicip (1995). . 

Figure 62. Interpreted seismic line from the Meta domain. Modified from 
Ecopetrol and Beicip (1995). Note vertical faults interpreted as N-S striking 

normal faults. 

Figure 60. Interpreted seismic line from the Meta domain west of the 
Voragine paleo-high. Modified from Ecopetrol and Beicip (1995). 

Figure 59. Interpreted seismic line form the Meta domain south of the Voragine 
paleo-high. Modified from Ecopetrol and Beicip (1995). Note the Paleozoic 

sequence.
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Figure 63. Interpreted seismic line from the Meta domain. Modified from 
Ecopetrol and Beicip (1995). Note strike-slip (with reverse component) faults 
trending N-S.

Figure 64. Interpreted seismic line from the Meta domain. Modified from 
Ecopetrol and Beicip (1995). Note the fault pattern interpreted as a negative 
flower structure.

Figure 65. Interpreted seismic line from the Meta domain. Modified from Ecopetrol and Beicip (1995).
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Figure 80 from Ecopetrol and Beicip (1995) is an interpreted seismic 
line from the LlAB foothills domain. Note a transported normal fault near 
the axis of the Nunchia syncline.

Figure 81 from Mora et al. (2007) is an interpreted seismic line from 
the LlAB foothills. 

Figure 82 from Mora et al. (2007) is an interpreted seismic line from 
the LlAB foothills (left side) and Meta domains. Note the Chichimene 
anticline formed by inversion of a Cretaceous normal fault. Note the 
increase in thickness of the Cretaceous to late Eocene units in the hanging 
wall of the fault.  

Figure 83 from Mora et al. (2007) is an interpreted seismic line from 
the LlAB foothills. Note that the Plio-Pleistocene sedimentary units are 
involved in the folding without growth strata, suggesting that the structure 
is younger than the uppermost sedimentary units preserved.

Figure 84 from Mora et al. (2007) is an interpreted seismic line from 
the LlAB foothills. Note the La Florida anticline and associated Cusiana 
fault. Tilting in the backlimb of the anticline should be young, as the Plio-
Pleistocene sedimentary units are involved in the deformation without 
significant growth strata. 

Figure 68. Interpreted seismic line from the Vichada domain. Modified from 
Ecopetrol and Beicip (1995). Paleozoic normal faults reactivated during the 

Cenozoic.

Figure 67. Interpreted seismic line from the Vichada domain. Modified from 
Ecopetrol and Beicip (1995). Note normal faults.

Figure 66. Interpreted seismic line from the Vichada domain. Modified from 
Ecoperol and Beicip (1995). 



85
»»

PE
TR

O
LE

U
M

 G
EO

LO
GY

 O
F 

CO
LO

M
BI

A

• LLANOS BASIN

Figure 69. Interpreted seismic line from the LlAB foothills (left side) and Arauca domains. From Ecopetrol et al. (1998). 

Figure 70. Interpreted seismic line from the LlAB foothills (left side) and Arauca domains. From Ecopetrol et al. (1998). 
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Figure 71. Interpreted seismic line from the LlAB foothills domain. From Ecopetrol et al. (1998). 
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Figure 72. Interpreted seismic line from the LlAB 
foothills domain. From Ecopetrol et al. (1998). 



88
»»

PE
TR

O
LE

U
M

 G
EO

LO
GY

 O
F 

CO
LO

M
BI

A
CHAPTER 6 - SEISMIC INTERPRETATION

Figure 74. Interpreted seismic line from the LlAB foothills domain. From Ecopetrol et al. (1998). 

Figure 73. Interpreted seismic line from the LlAB foothills domain. From Ecopetrol et al. (1998). Note the emergent frontal thrust. 
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Figure 75. Interpreted seismic line from the LlAB foothills domain. 
Modified from Ecopetrol and Beicip (1995). Note fault-bend-fold in a 
duplex filling a triangle zone.

Figure 76. Interpreted seismic line from the LlAB foothills domain. Modified 
from Ecopetrol and Beicip (1995). 

Figure 77. Interpreted seismic line from the LlAB foothills domain. Modified 
from Ecopetrol and Beicip (1995).

Figure 78. Interpreted seismic line from the LlAB foothills domain. Modified 
from Ecopetrol and Beicip (1995).
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Figure 81. Interpreted seismic line from the LlAB foothills. Modified from Mora 
et al. (2007). 

Figure 82. Interpreted seismic line from the LlAB foothills (left side) and Meta 
domains. Modified from Mora et al. (2007). 

Figure 80. Interpreted seismic line from the LlAB foothills domain. Modified 
from Ecopetrol and Beicip (1995). Transported normal fault in the Nunchia 

syncline.

Figure 79. Interpreted seismic line from the LlAB foothills domain. Modified 
from Ecopetrol and Beicip (1995). 
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Figure 83. Interpreted seismic line from the LlAB foothills. Modified from Mora 
et al. (2007). 

Figure 84. Interpreted seismic line from the LlAB foothills. Modified from 
Mora et al. (2007). 

Figure 85. Interpreted seismic line from the Cusiana field in the LlAB foothills 
domain. Location map is in figure 113. Modified from Cazier et al. (1995). 
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Figure 88. Interpreted seismic line from the Floreña area in the LlAB foothills 
domain. Modified from Rojas (2002). 

Figure 89. Interpreted seismic line from the Niscota area in the LlAB foothills 
domain. Modified from Rojas (2002). 

Figure 86. Interpreted seismic line from the Cusiana area in the LlAB foothills 
domain. Modified from Rojas (2002).

Figure 87. Interpreted seismic line from the Cupiagua area in the LlAB foothills 
domain. Modified from Rojas (2002).. 
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Figure 90. Interpreted seismic line from the LlAB foothills domain. Modified 
from Rojas (2002). 

Figure 85 from Cazier et al. (1995) shows interpreted seismic lines 
from the Cusiana field in the LlAB foothills domain. Note (1) the frontal 
Cusiana fault, which has been interpreted as rooted in an inverted pre-
Cenozoic normal fault. (2) The frontal emerging imbricate thrust faults. See 
figure 114 in page 126 for location.

Figure 86 from Rojas (2002) is an interpreted seismic line from the 
Cusiana area in the LlAB foothills domain. 

Figure 87 from Rojas (2002) is an interpreted seismic line from the 
Cupiagua area in the LlAB foothills domain. Note: (1) the frontal Yopal 
emerging thrust fault; (2) the Nunchia syncline sitting on a detachment 
thrust at the C7 member of the Carbonera Fm. (3) tight thrust structures 
below the syncline.

Figure 88 from Rojas (2002) is an interpreted seismic line from the 
Floreña area in the LlAB foothills domain. Note: (1) a normal fault below 
the frontal Yopal thrust fault. (2) the Nunchia syncline. (3) Stacked thrust 
sheets forming a duplex between the frontal syncline and the western 
reverse fault. 

Figure 89 from Rojas (2002) is an interpreted seismic line from the 
Niscota area in the LlAB foothills domain. Note: (1) Imbricate frontal thrust 
faults, (2) the Nunchia syncline and (3) Stacked thrust sheets filling a 
triangle zone between the frontal syncline and the western reverse fault.

Figure 90 from Rojas (2002) is an interpreted seismic line from the 
LlAB foothills domain. Note: (1) Imbricate frontal thrust faults, (2) the 
Nunchia syncline and (3) Stacked thrust sheets forming a duplex.

6.1 STRUCTURAL MAPS

The simple, homoclinal geometry of the LlAB foreland contrasts with 
the complex, overthrust structure of the adjacent foothills.  While mapping 
subtle foreland traps requires attention to detail and seismic velocity 
effects, mapping the foothills warrants call for participation of structural 
geologists skilled in poly-historic fold-and-thrust terrains. Figures 91 to 93 
show structural maps from available reports. 

Figure 91 from Hernandez et al. (1997) is a structural contour map 
at the top of the Paleozoic, which corresponds to a homoclinal surface.  
The Paleozoic deepens gradually towards the WNW down to a maximum 
depth of more than 20.000 feet near the Arauca foothills. Paleozoic rocks 
are absent in the area of the Stella-1, Las Guamas-1 and El Miedo wells, as 
well as southeast of the Arauca graben.   

Figure 92 from Bohorquez et al. (1990) is a structural contour map 

at the top of the Cretaceous.  According to this map the Cretaceous top is 
a homoclinal surface dipping to the WMW.  The Cretaceous is relatively 
shallow towards the SE, and gradually deepens towards the WNW to a 
maximum depth of 24.000 feet near the Arauca foothills.  In the northern 
part of the basin, Cretaceous rocks are present over a wide zone.  To the 
south the width of preserved Cretaceous decreases as a consequence of 
the erosional truncation that took place before deposition of Cenozoic 
rocks. Notice the pattern of normal faults affecting the top of Cretaceous.

Figure 93 from Bohorquez et al. (1990) is a structural contour map 
at the base of the Cenozoic. Comparison with Figure 92 demonstrates 
that Cenozoic deposits extend much farther east than Cretaceous rocks, 
onlapping successively -from west to east- Cretaceous, Paleozoic and 
Precambrian rocks.  
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Figure 91. Structural contour map of the top of the Paleozoic. From 
Hernandez et al. (1997). 

Figure 92. Structural contour map of the top of the Cretaceous. From 
Bohorquez et al. (1990). 

Figure 93. Structural contour map of the base of the Cenozoic. From 
Bohorquez et al. (1990). See explanation in the text.
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7.1 PETROLEUM SYSTEMS

The large variety in API gravities (from extra-heavy to very light oil 
and condensate), field sizes (from less than 0.5 MBOE up to 2000 MBOE), 
effective reservoir ages (from Cretaceous to Paleogene), and trap types 
(from pure structural to hydrodynamic) seen across the LlAB justifies an 
in-depth understanding of the basin’s petroleum systems.  The discussion 
below summarizes the main elements known to date. Figure 94 after Etayo 
(1985a, 1994), Geotec (1992), Cooper et al. (1995), Gomez (1999) and 
Sarmiento-Rojas (2001) shows a regional stratigraphic cross section of the 
ECB and neighboring MMB and LlAB basins, highlighting the petroleum 
system elements. 

Major marine oil-prone source rocks (dark blue in Fig. 94) are 
organic-rich, fine-grained, pelagic limestone and shale units deposited 
during the Aptian-Albian (not present in the LlAB) and Cenomanian-
Turonian (Villeta Gp. and Chipaque and La Frontera Fms. in the ECB and 
their lateral equivalents, not well represented in the LlAB due to organic-
poor, proximal, detrital facies). These intervals approximately coincide 
with two global anoxic events.  A third marine source rock interval is the 
Coniacian to Santonian (Gacheta Fm. in the LlAB, upper La Luna Fm. in the 
MMB, Conejo Fm. in the ECB and lateral equivalents).

Minor hydrocarbon (mainly gas-prone) source rocks are Cenozoic, 
coastal plain, estuarine or paralic, organic rich mudstones (Los Cuervos Fm. 
in the LlAB) and possibly mudstones of the middle Mirador and Carbonera 
Fms. Paleozoic shales may have hydrocarbon source potential.

The red line of Figure 94 indicates the top of the over-mature zone; 
rocks below this line are over-mature today, but were mature sometime in the 
past. The green line is the top of the mature zone; rocks between the green 
and red lines are in the oil generation and expulsion window at present time. 
The yellow horizontal line at the top of the section is the top of the immature 
zone; rocks between the yellow and green lines are immature at present time.

Major productive or potential reservoir rocks (yellow in Fig. 94) are 
Paleogene sandstones of the Mirador and Barco Fms., and odd-numbered 
members of the Carbonera Fms.  Other productive or potential reservoirs 
are Upper Cretaceous, shallow shelf, deltaic, littoral or estuarine, quartz-
rich sandstones of the Guadalupe Gp. in the ECB and LlAB (Santonian 
to Maastrichtian), the Gacheta Fm in the LlAB (Coniacian) and the 
heterochronous Une Fm (which is Albian in the ECB but Cenomanian-
Turonian (basal sandstones) in the LlAB).  

Potential reservoirs include Paleozoic sandstones such as those found 
in the Chiquito-1, Rio Ele-1 and Santa Maria-1 wells, as well as hypothetic 
reef limestones inferred from seismic interpretations.

Major top-seal rocks are mudstone intervals above productive or 
potential reservoir rocks. Cenozoic seal rocks are coastal plain, lacustrine, 
estuarine or fluvial floodplain mudstones of the Los Cuervos Fm., even-
numbered members of the Carbonera Fm. and middle Mirador Fm. in 
the LlAB, and Guaduas, Concentracion and Bogota Fms. in the ECB. The 
regional top seal rocks are mudstones of the León Fm. 

Cretaceous top-seal rocks are marine shales (Gacheta Fm. in the 
LlAB, Chipaque Fm in the ECB) or coastal plain mudstones (Guaduas Fm. 
in the ECB). 

In summary 1) the main proven petroleum source rocks of the LlAB 
are the Upper Cretaceous shales of the Gacheta Fm. while potential source 
rocks include Cretaceous (Une Fm.), Cenozoic (Cuervos, middle Mirador 
and Carbonera Fms.) and Paleozoic mudstones, 2) the main proven 
reservoirs are sandstones of the Mirador Fm. Other productive reservoirs 
are Cenozoic (Barco, Carbonera Fms.) and Cretaceous (Guadalupe, Une 
Fms.) sandstones. Potential reservoirs include Paleozoic sandstones.

Therefore, Gacheta-Mirador (!) represents the main petroleum 
system in the LlAB, in addition to Mirador Fm. Reservoirs. Other reservoirs 
of this system are in the Une, Guadalupe, Barco, Los Cuervos and 
Carbonera Fms. Source rock oil geochemical correlations support this 
known petroleum system (see chapter 9 for details). This system can be 
defined as a normally charged/undercharged, laterally drained and low 
impedance system. Figures 59 and 96 from Hernandez et al. (1997) show 
the distribution map and events chart for this particular system. Figure 
120 (from Gems Ltda., see Petroleum Systems Chapter) shows the events 
chart with the elements and processes of petroleum systems of the Llanos 
Basin.

In addition geochemical data from LlAB oils suggest two main source 
rock facies: a marine distal facies probably located in the ECB (Chipaque 
Fm.) and a marine proximal facies probably located east of the former in 
the LlAB (Gacheta Fm., Hernandez et al., 1997), therefore the Chipaque-
Mirador (!) is another petroleum system of the adjacent ECB and LlAB 
basins.

Secondary petroleum systems are the Cuervos-Mirador (.) and 
Carbonera-Mirador (?), in addition to a speculative Paleozoic (?) petroleum 
system.
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Figure 94. Regional stratigraphic cross section of the ECB and neighboring MMB and LlAB. Petroleum system elements have been highlighted in different colors. 
After Etayo (1985a, 1994), Geotec (1992), Cooper et al. (1995), Ecopetrol and Beicip (1995), Geotec (2000), Gomez (2001), Sarmiento-Rojas (2001) and Mora et al. 
(2010). 
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7.2 SOURCE ROCKS AND HYDROCARBON CHARGE

7.2.1 SOURCE ROCKS

The main petroleum source rocks are the marine shales of the 
Gacheta and Chipaque Fms of the ECB (lateral equivalents of the La Luna 
Fm.).  Secondary source rocks are shales or mudstones contained within 
the Une, Cuervos, Mirador and Carbonera Fms. Lower Cretaceous shales 
(Paja-Caqueza) from the ECB may have contributed additional hydrocarbon 
charge to the LlAB. Lastly, marine Paleozoic shales also have source rock 
potential to charge deeper LlAB reservoirs.  Some of these units are 
discussed below.

Gacheta and Chipaque Fms. 

Marine shales of these units in the ECB and LlAB foothills contain 
mixed kerogen (50% marine, type II and 50% continental, type III, 
hydrogen index between 33 and 650 mgH/gr TOC) with 0.5 to 2.5% 
of total organic carbon (locally from 0.32% up to 3.58% TOC), and 
effective average thickness of 100 to 350 feet. The Gacheta Formation 
contains Total Organic Carbon (% TOC) fractions of less than 2% in most 
samples but may locally reach values up to 14%. The geochemical data 
for Gacheta Fm. indicate a change in the type of organic matter at 
different locations within the Basin: type II kerogen (marine) mainly in 
the region of foothills and type III kerogen (continental) in the foreland, 
with hydrogen index values (HI) ranging from 27 to 500 mg HC / g TOC, 
with oil and gas generating capacity.

Geochemical data from LlAB oils suggest two main source rock 
facies: a marine distal facies probably located in the ECB (Chipaque 
Fm) and western LlAB (Gacheta Fm), and a continental proximal facies 
probably located east of the former (Gacheta Fm). Gacheta Formation 
in the foreland area, is largely immature, with maximum pyrolysis 
temperatures (Tmax), close to 435 º and vitrinite reflectance (% Ro) 
below 0.6. In the Foothills, organic maturity increases reaching the 
oil and gas generation windows. An active mature source rock pod 
was defined by Hernandez et al, (1997) limited by the 0.7% and 1.0% 
vitrinite reflectance contours (Hernandez et al., 1997).

Une, Cuervos, Mirador and Carbonera Fms.

Locally, geochemical data indicates that mudstones contained 
within the Mirador, Los Cuervos and Carbonera Fms. have source 
rock potential in the central part of the foothills (Cusiana area). The 
Paleocene sequence (Barco and Los Cuervos Fms.), records TOC values 
in the range of 0.1 % to 8 %, with most values below 1 %, , but no 
intervals of greater organic richness have been reported. A secondary 

source rock of the Carbonera Fm. contains a mixture of marine and 
continental kerogen and TOC values of 1 up to 3%. The Barco, Los 
Cuervos and Carbonera Formations record hydrogen indices (HI) in 
the range of 50 to 250 mg HC / g TOC corresponding to type III kerogen 
with gas generation capacity.

Paleocene rocks reached maturity values in the range of immature 
to mature, with about 55% of the analyzed Tmax data above 435 °, 
corresponding to the beginning of the oil generation window.

Paleozoic

Wells that penetrated the Paleozoic do not allow a precise source 
rock potential characterization, where both continental and marine 
kerogens have been recognized. Marine organic matter is more common 
in the northern LlAB (80% in the Chiguiro-1 well) while continental organic 
matter predominates in the southern LlAB (>80% in the Candijelas-1 
well). Average total organic carbon varies between 0.5 and 2% and rarely 
climbs above 2%.  Ro maturity indices are above 1% in the western LlAB, 
near the oil window (0.1%>Ro>0.7%) in the central LlAB, and below 0.7% 
(Ro< 0.7%) in the eastern LlAB (Ecopetrol and Beicip, 1995). Total organic 
carbon values vary from very low (< 0.5%) to very high (> 2%). Pyrolysis 
hydrogen index data vary between 19 mgHC/gr TOC to 776 mgHC/gr TOC 
indicative of all kerogens types from IV (kerogen without any hydrocarbon 
generation potential), continental, marine up to lacustrine kerogen with 
the best potential of liquid hydrocarbon generation (Table 3). In addition, 
geochemical data suggest that -at least partially- some oils have been 

Geochemical total organic carbon and pyrolisis parameters of LLAB lithostratigraphic 
units

Formation TOC (%) Tmax (deg C) Hydrogen Index (mgHC/g TOC)
Paleozoic 0.25 to 3.20 416 to 457 19 to 776

Une 0.32 to 5.60 425 to 444 53 to 357
Gacheta 0.32 to 3.58 419 to 443 33 to 650

Guadalupe 0.19 to 3.17 424 to 455 38 to 249
Barco 0.22 to 9.49 432 to 451 32 to 180

Los Cuervos 0.35 to 1.75 429 to 442 42 to 229
Mirador 0.26 to 3.71 424 to 451 31 to 656

Carbonnera 0.15 to 2.89 421 to 456 40 to 140

Leon 0.20 to 2.32 421 to 448 25 to 157

Table 3. Total organic carbon and pyrolysis rock-eval analysis source 
rock geochemical parameters for lithostratigraphic units of the LlAB. 
From Hernandez et al. (1997).

Note: decimal separator is a dot
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sourced from Paleozoic rocks (i. e. Caño Limon oils Cesar Mora, personal 
communication).  

 Table 3 from Hernandez et al. (1997) shows source rock geochemical 
parameters for these units from total organic carbon and pyrolysis rock-
eval analysis. 

 Hydrocarbon generation and expulsion. 

Generation and expulsion occurred at different times in the following 
regions, which supplied hydrocarbon charge to the LlAB (Ecopetrol and 
Beicip, 1995).

  Proto-ECB 

 Based on geochemical modeling, Ecopetrol and Beicip (1995) suggest 
that in the Eastern proto-Cordillera Oriental expulsion of marine oil started 
at 38 Ma (late Eocene), expulsion of condensate and light hydrocarbon 
began at 30 m.a.,(late Oligocene) and expulsion of gas started during the 
early Miocene. This expulsion event occurred before the main uplift of the 
ECB, and has been further corroborated in modeling performed by Ecopetrol 
(1996 in Hernandez et al., 1997) in the Tunja syncline, Cormichoque-1 well 
and the Támara - 1 prospect (Hernandez et al., 1997).

 LlAB Foothills

 In the foothills, Ecopetrol and Beicip (1995) proposed that oil 
expulsion began at the end of the Middle Miocene (10 m.a.), expulsion of 
light hydrocarbons and condensate during the late Miocene (6 m.a.) and 
expulsion of gas in the Pliocene.

 Paleo- depths of expulsion before the main uplift of the ECB varied 
between 16,000 and 20,000 feet (Ecopetrol and Beicip, 1995).

 Geochemical modeling of the Medina-1 well suggests that the 
Une Fm entered the oil window at 18 Ma., the Gachetá Fm reached the 
beginning of the oil window at 10 Ma., (in agreement with Ecopetrol and 
Beicip’s models), but generation was suspended with the main uplift of 
the ECB  approximately 4 Ma. ago. However, other organic facies of the 
Gacheta Fm, apparently with low potential for expulsion, are currently 
entering the oil window in the area of the Medina-1 well (Hernandez et 
al., 1997). 

LlAB foreland

In the westernmost LlAB foreland, oil expulsion began at the end of the 
late Miocene (6 - 5 m.a.) under a thick overburden that included the entire 

stratigraphic column, including the Guayabo Gp, during and after the main 
uplift of the ECB. Expulsion of condensate and light hydrocarbons occurred 
at the beginning of the Pleistocene (2 m.a.) and expulsion of gas, at the end 
of the Pleistocene (Ecopetrol and Beicip, 1995: Hernandez et al., 1997).

 Depth to the oil window varies between 10,000 and 14,000 feet 
depending on the sector and oil expulsion takes place at depths between 
13.000 and 14.500 feet (Ecopetrol and Beicip 1995).

 The second pulse of light crude and gas occurred over the last 4 m.a. 
during which the Cordillera was deforming faster than ever. 

7.2.2 HYDROCARBON GENERATION AND EXPULSION

 Biomarker analyses indicate a mixture of oils for at least two 
pulses of migration: one before, and the other one during and after 
the main uplift of the ECB. Biomarker C29 BB/BB+aa relations suggest 
migration from the west (Hernandez et al., 1997).

First expulsed oils, on their route of migration from the west, 
first filled existing traps at that time (since 38 Ma.) (probably large, 
low amplitude folds) and later filled existing structures in the LlAB 
foreland, probably through the basal Cenozoic sandstones of the 
Mirador Fm.  These first oils, thermally poorly evolved, are locally 
and intensely biodegraded (heavy oils). Volumes of early expulsed 
hydrocarbons were probably huge.  Although big Paleogene traps 
may have been filled by this early charge, later deformation probably 
destroyed or modified early traps, and forced remigration of these 
oils into new structures.

Oils expulsed during the last 4 Ma. filled many tight structures 
already in place. These light oils, characterized by their high thermal 
evolution in contrast with their precursor oils, probably mixed with 
early oils.  Volumes of hydrocarbons expulsed were probably smaller 
than the first oils, if one takes into account the smaller net volume 
of unexhausted source rock available for this second generation and 
expulsion event. 

Migration of hydrocarbons to the LlAB foothills fields happened 
simultaneously with deformation.  Consequently, the final distribution, 
amount, and composition of oils are heavily controlled by the structural 
evolution of the area. (Martinez, 2004)

Locally, mudstone members of the Carbonera Fm., without porosity 
and permeability, behaved as migration barriers, favoring eastward 
migration through younger units.
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7.2.3 HYDROCARBON MIGRATION AND ACCUMULATION

Biomarker analyses indicate a mixture of oils for at least two pulses 
of migration: one before, and the other one during and after the main 
uplift of the ECB. Biomarker C29 BB/BB+aa relations suggest migration 
from the west (Hernandez et al., 1997).

 First expulsed oils, on their route of migration from the west, 
first filled existing traps at that time (since 38 Ma.) (probably large, low 
amplitude folds) and later filled existing structures in the LlAB foreland, 
probably through the basal Cenozoic sandstones of the Mirador Fm. (Fig. 
97).  These first oils, thermally poorly evolved, are locally and intensely 
biodegraded (heavy oils). Volumes of early expulsed hydrocarbons were 
probably huge.  Although big Paleogene traps may have been filled by 
this early charge, later deformation probably destroyed or modified early 
traps, and forced remigration of these oils into new structures.

Oils expulsed during the last 4 Ma. filled many tight structures already 
in place. These light oils, characterized by their high thermal evolution in 
contrast with their precursor oils, probably mixed with early oils.  Volumes 
of hydrocarbons expulsed were probably smaller than the first oils, if one 
takes into account the smaller net volume of unexhausted source rock 
available for this second generation and expulsion event. 

Migration of hydrocarbons to the LlAB foothills fields happened 
simultaneously with deformation.  Consequently, the final distribution, 
amount, and composition of oils are heavily controlled by the structural 
evolution of the area. (Martinez, 2004)

Locally, mudstone members of the Carbonera Fm., without porosity 
and permeability, behaved as migration barriers, favoring eastward 
migration through younger units.

7.2.4. HYDROCARBON PRESERVATION  

Most crude oils are mixtures of at least two pulses of expulsion and 
migration. The joint presence of n-alkanes and demethilated hopanes 
suggests mixture of biodegraded and non- biodegraded oils. Wells Gaván-1 
and Castilla Norte-1 contain evidence of a second pulse of biodegradation 
(Hernandez et al., 1997).

 Oils from the southern and eastern Castilla, Apiay, Valdivia, Rubiales, 
Rancho Quemado, Guarilaque, Caño Duya, Corocora, El Miedo and other 
LlAB fields are affected by severe biodegradation. Maturity-based esterane 
C29aBB/aBB+aaa indices suggest migration from the west.  The existence 
of a heavy oil belt in the eastern part of the basin (of which Rubiales and 
Quifa are examples, Fig. 104 in page ??), derived from the first pulse of 

generation and expulsion, confirms the positive correlation between oil 
density and migration distance observed in the sub-Andean basins of 
Venezuela, Colombia, Ecuador and Peru.

7.3 RESERVOIR ROCKS AND PETROPHYSICAL EVALUATION

Reservoir units in the LlAB foothills are sandstones of the Upper 
Cretaceous Une Fm, Gacheta Fm., and Guadalupe Fm., late Paleocene Barco 
Fm., Eocene Mirador Fm. and Carbonera Fm.. In the foothills, reservoirs with 
porosities of <5% and permeabilities between <0.5 to 1 Darcy are productive, 
while for the foreland, porosities should exceed 10% and permeabilities 
range between 20 and 300 mD (Ecopetrol and Beicip 1995).

Major reservoir rocks in the eastern LlAB and foothills are sandstones 
of the Mirador, Barco, Guadalupe, Gachetá and Une Fms, and the C-7, C-5, 
C-3, and occasionally C-4 and C-2 members of the Carbonera Formation, 
(Figs. 98 to 102, table 4 from Caro et al., 2004). Except for the Carbonera 
Fm. sanstones reservoirs present good lateral continuity.

Production from Cretaceous reservoirs in the foreland comes primarily 
from the Apiay field and isolated areas in western Casanare, between the 
Cusiana and Cravo Sur rivers. In Arauca, Cretaceous production is restricted 
to the Caño Rondon-1 well. In the foothills, the Cretaceous Guadalupe Fm. 
produces light hydrocarbons in the Cusiana field (Figs. 103 to 105).

Porosity variation along the central Llanos foothillls

Field or area
Average porosity (%)

Guadaupe 
Fm. Barco Fm. Mirador Fm.

Coporo  12,76 10,25
Medina Field   5 to 10

Western Medina outcrops 16  8 to 16
Guavio Field 7,96  16,07

Southern foothills outcrops 11,21 8,6 8,45
Cusiana-Buenos Aires-Chitamena 15 8 10

Floreña N2F

No data < 5

4

Volcanera C 2Z 5,2

Pauto Sur B1 5

Pauto Sur C2 2,1

Floreña A5 4,6
Tame 5 6  

Tocoragua  10  

Note: decimal separator is a dot

Table 4. Variations of average porosity for the Guadalupe, Barco and 
Mirador Fms. sandstones along the central LlAB foothills. From Caro et al. 
(2004).
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 Paleocene reservoirs only produce in the foothills (Floreña and 
Cusiana fields), and in a narrow foreland strip near the foothills thrust front 
(Tocaria-1 and Arauca wells) (Fig. 106).

 Mirador reservoirs produce to the south and east of the Apiay field 
in southern Meta, in the western central area of Casanare, and and the 
Caño Limon field in Arauca. In the foothills, Mirador sandstones produce 
in several fields (i.e. Cusiana) (Fig. 107).

Carbonera reservoirs production is mainly concentrated in central 
and eastern Casanare, beginning from west to east with the C-7 member 
which produces in the largest number of fields, then with the C-5 member 
in a narrow strip that includes the Los Toros wells and the area immediately 
to the east, following with the C-3 member up to the El Miedo field, which 
produces oil from the C-2 member as well. In Arauca, there is production 
from the C-7 and C-5 members in the Caño Limon field, and in Meta, the 
Rubiales heavy oil field produces from the C-7 member (Figs. 108 to 113).

The following summary has been taken from Mesa (1997), who 
studied the petrology and petrophysics of reservoir units in the Cusiana 
Field and Mesa (1999) in the Tocoragua-1 well. 

Evolution of diagenetic porosity and permeability was principally 
controlled by the depositional environment, and by the burial, thermal 
and deformational history of the foreland basin. Main diagenetic events 
controlling porosity are quartz cementation, compaction and dissolution 
of chert.

7.3.1 UNE FM. 

Includes predominantly quartz-rich sandstones and some 
mudstones interbeds in the upper section. Depositional environments 
are fluvial channels at the base to estuarine channels or bay deposits 
and marine shelf deposits in the upper part of the unit (Fajardo et al., 
2000).  This Formation consists of medium to coarse grained, moderately 
to poorly sorted and moderately compact quartz sandstones, and 
represents an excellent reservoir even at great depths of burial. In the 
Tocoragua-1 well Mesa (1999) recognized slightly feldspathic sandtones 
(Quartz 70%, Feldspar 5%, Phosphate 7%), fine to very fine-grained, 
slightly feldspathic sandstones with glauconite (quartz 85%, feldspar 5%, 
plagioclase 1%, glauconite 1-3%), fine-grained sandstone with glauconite 
and clay-siliceous matrix (quartz 86%, feldspar 0-10%, phosphate traces, 
glauconite 4%), fine to medium grained kaolinitic sandstones (quartz 90%, 
feldspar (0-4%) and quartz sandstones with framework grains supported 
by carbonate cement (quartz 30-50%, feldspar 0-2%, glauconite 0-1%, 
phosphate traces). 

Diagenetic evolution of Une sandstones. The early presence of clay-
siliceous cement may have helped preserve porosity. Later, dissolution of 
other components such as glauconite, muscovite and kaolinite increased 
porosity. According to homogenization temperatures of fluid inclusions 
(around 130 °C) in quartz cement, this mineral would have precipitated 
at high depths of burial. Finally a mild event of calcite cementation may 
have occurred. Porosity values estimated from petrographic analyses 
vary between 12 and 17% in the Tocoragua-1 well drilled in the LlAB 
foothills (Mesa, 1999), and averages 8.5 % in the Medina-1 well. In the 
LlAB foreland, maximum porosity values of 25.6% were found in the 
Coral-1 well in Arauca, and the San Joaquin-1 well in Casanare near the 
Meta river.  In Arauca, Une sandstone porosity is consistently greater 
than 10% while in Casanare these values are only attained east of the Rio 
Verde-1 well (Ecopetrol and Beicip, 1995). 

7.3.2 GACHETA FM. 

Contains inner shelf sandstone reservoirs interbedded with 
mudstones. Basal sandstones reach up to 100 m thick, and interbedded 
sandstones are 3 to 10 m thick. Although these rocks have not been studied 
in detail, they are petrograhically similar to the Une and Guadalupe Fm 
sandstones. Sandstones are clean of clay, but commonly contain glauconite 
and calcite cement. These rocks are poorly cemented in the foreland, but 
heavily cemented near the foothills. In the foreland, porosity values are 
around 20 %, while in the foothills porosity decreases to less than 10% 
(Ecopetrol and Beicip, 1995)  

7.3.3 GUADALUPE FM. 

This formation includes estuarine to marine sandstones and 
mudstones. Depositional environments include lower shoreface, estuarine 
channels, tidal to wave-influenced marine channels and bars, and fluvial 
with estuarine influence. Tidal and wave-influenced sandstones are 
composed of well-rounded, predominantly medium-grained, moderately 
to well-sorted quartz grains, and intrabasinal fragments (phosphates and 
glauconite). 

Sandstones are quartzarenites according to the Folk (1980) 
classification. Due to their high content of intrabasinal grains, Mesa (1997) 
used the sandstone classification scheme proposed by Garzanti (1991) 
where NCI represents non-carbonate intrabasinal grains (glauconite, 
greensand, phosphate and chert), CI represents intrabasinal carbonate 
grains (oolites, bioclasts, intraclast or pellets) and NCE represents non-
carbonate extrabasinal grains. According to this classification, Guadalupe 
sandstones are hybrid sandstones to NCI-bearing hybrid sandstones with 
NCI > 30% and CI = 0. 
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Diagenetic evolution of Guadalupe sandstones. Eodiagenesis 
(early diagenesis) depends on the chemistry of depositional pore-water. 
Mesodiagenesis starts when sediment is sealed from surface water until 
metamorphism or uplift. The diagenetic study of Mesa (1997) revealed 
that temporary filling of pores by chert took place during eodiagenesis 
and prevented further irreversible destructive diagenesis. Chert varies 
from argillaceous to highly siliceous. During mesodiagenesis, argillaceous 
chert altered to clay minerals (chlorite and kaolinite), and was partially 
dissolved creating secondary porosity. Mesa (1997) concluded that tidal 
marine influenced sandstones are the best reservoirs, even though 
they are compositionally less mature. In contrast, estuarine influenced 
fluvial sandstones are more quartzose, grain size is coarser, sorting is 
poorer than the tidal and wave-influenced sandstones and were not 
cemented by early chert. In consequence, the porosity and permeability 
of these estuarine-influenced fluvial sandstones are lower in spite of their 
greater compositional maturity (Mesa, 1997). Fig. 92 shows porosity and 
permeability of different Guadalupe Fm facies. Fig. 95 (lower part) shows 
porosity and permeability measurements from conventional core plugs of 
Guadalupe Fm samples. Average porosity from several fields in the LlAB 
foothills vary between 5 and 16%, but most commonly lies below 10% 
(Table 4, Caro et al., 2004). In the easternmost LlAB, average porosity in 
the Tortuga-1 well is 30% (Ecopetrol and Beicip, 1995). 

7.3.4 BARCO FM

This unit is made up of estuarine sandstones, siltstones, and 
mudstones. Barco depositional environments are sand bar, sand flat, 
mixed flat, and mud flat. Sand flat sandstones are clean, predominantly 
fine to medium-grained, well-sorted and preserved high porosities even at 
large depths of burial (Mesa 1997). According to the classification scheme 
of Folk (1980), these sandstones are predominantly quartzarenites varying 
to sublitharenites towards the top of the succession.

Diagenetic evolution of Barco sandstones. Mesa (1997) revealed 
that during mesodiagenesis these sandstones were intensively flushed 
by circulating fluids resulting in a more extensive quartz cementation 
than sand bar sandstones. Mesa (1997) further concluded that in spite of 
occlusion of the pores, sand flat sandstones constitute the best reservoirs 
due to the scarcity of clay minerals. Sand bar sandstones in contrast, 
are coarser and poorly sorted.  In addition, clay infiltration caused 
total or partial occlusion of pores, and favored pressure-solution and 
compaction (Mesa, 1997). Figure 99 shows porosity and permeability of 
various Barco Fm facies. Figures 101 (upper part) and 102 show porosity 
and permeability measurements from conventional core plugs from 
Barco Fm samples. Average porosity values from several fields in the 
LlAB foothills vary between 3 and 13% (Table , Caro et al., 2004). In the 
LlAB foothills, porosities decrease from south to north. In the foreland 

LlAB, porosity values increase toward the east. Average porosity reaches 
almost 25% in eastern wells such as Caño Bravo-1 (24,7%) and Joropo-1 
(23,8%) (Ecopetrol and Beicip, 1995). 

7.3.5 MIRADOR FM 

The Mirador Fm. includes a lower section with major fluvial influence 
and an upper section with major marine influence. The lower Mirador 
is coarser-grained and more poorly sorted, and contains a significant 
amount of detrital chert varying from argillaceous to highly siliceous. Chert 
gradually decreases towards the upper Mirador (Mesa, 1997). Chert was 
probably derived from Upper Cretaceous rocks, which due to rapid erosion, 
deposition and burial preserved the original composition. According to Folk 
classification (1980) sandstones vary from predominantly sublitharenites 
in the lower Mirador to quartzarenites in the upper Mirador. 

Diagenetic evolution of Mirador sandstones. Mesa (1997) observed 
that during subsequent advanced mesodiagenesis these cherts followed 
the same diagenetic path as the chert cement of the Guadalupe Fm and 
concluded that fluvial sandstones are better reservoirs in spite of being less 
mature than those from the upper Mirador formation, because chert and 
polycrystalline quartz inhibited extensive quartz cementation. In addition, 
dissolution of lithics during mesodiagenesis created late secondary 
porosity in Mirador fluvial sandstones (Mesa, 1997).

Fig 100 shows porosity and permeability of various Mirador Fm 
facies. Fig. 101 (upper part) and 102 shows porosity and permeability 
measurements from conventional core plugs of Mirador Fm samples. 
Average porosities from several fields in the LlAB foothills vary between 2 
and 16%, but are commonly less than 10% (Table , Caro et al., 2004). In the 
LlAB foreland, porosities reach up to 30% in the Tortuga-1 well located in 
the eastern part (Ecopetrol and Beicip, 1995). 

7.3.6 CARBONERA FM.

This unit contains fluvial and estuarine channel sandstones, with 
reservoir potential. The proximal eastern facies include amalgamated 
quartzarenites, which are reservoirs in the Rubiales field. The sand-rich 
members: C-7, C-5, C-3, and occasionally the sand-poor C-4 and C-2 
members of the Carbonera Fm. contain effective reservoir rocks, (Fig. 94 
in page 103).

A sandstone sample of the C-3 member from the Saltarin-1 well 
described by Bayona et al. (2008) is a medium to coarse grained, poorly 
sorted subarkose, composed predominantly by monocrystalline (82.5%) 
and polycrystalline quartz (total quartz: 92.9%), potassium feldspar 
(6.6%) and traces of lithic fragments (0.5%). A sample from the basal part 
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Figure 95. Map of the Gacheta-Mirador (.) petroleum system, showing: (1) producing hydrocarbon fields believed to be sourced by the Gacheta 
Fm. where the main reservoir unit is the Mirador Fm. (2) location of the Gacheta Fm. pod (colored areas), green area represents the active mature 
source rock with normal burial, orange area represents the active mature source rock with normal burial or burial below thrust sheets, yellow area 
represents overmature source rock active in the past but not generating or expelling hydrocarbons today. (3) Maximum extent of the Mirador Fm. 
reservoir. From Hernandez et al. (1997) 
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Figure 96. Event chart for the Gacheta-Mirador (.) petroleum system of the LlAB. The original chart assumes mainly a Neogene hydrocarbon charge.  However for trap 
formation the chart assumes mainly a Neogene phase. New data from petroleum system models of the ECB suggest that volumetrically, the main period of hydrocarbon 

generation and expulsion occurred during Paleogene time (38 M.a for the eastern flank of the ECB and 10 M.a. for the LlAB foothills, hydrocarbon charge bar with 
question mark in the figure added by the author) and probably in part since the late Cretaceous. New data from growth strata, thermo-chronology and other tools show 

that deformation and structural trap formation started since Paleogene time (Trap formation bar with question mark in the figure added by the author). Therefore, accurate 
reconstruction of hydrocarbon charge and trap formation timing is essential as an exploration tool for the LlAB. Modified from Hernandez et al. (1997).
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Figure 97. Schematic cross section of the ECB showing the tectonic evolution of the area since Mesozoic time. . Neogene and Cretaceous sections are balanced and 
restored sections from Colletta et al. (1990); however, sections are not balanced at depth. Cretaceous shortening estimated from Cretaceous extension factors, Palaeogene 
shortening estimated from kinematic modeling and Neogene shortening from Colletta et al. (1990).  During the Jurassic and early Cretaceous the area of the ECB was an 
extensional rift basin. Toward the north the extensional basin probably was an aulacogen related to the separation between North and South America during the break-up 
of Pangaea. During the Jurassic the basin was a narrow rift, which widened in the early Cretaceous as suggested by lithospheric stretching factors from tectonic subsidence 
curves. During the Paleogene (Late Eocene to early Oligocene) the orogenic front initiated in the Central Cordillera migrated eastward producing local inversion of 
Mesozoic extensional grabens in the area of the ECB, breaking the initial regional foreland basin into smaller compartments. Since the Late Oligocene (mainly Neogene) 
increasing shortening rates generated total inversion of the Mesozoic extensional basin of the ECB, which was ultimately uplifted as a mountain range separating the 
MMB and LlAB. During the Paleogene large low-amplitude folds were probably formed in the ECB. If hydrocarbon expulsion occurred as suggested by petroleum system 
modeling (expulsion in the eastern flank of the ECB started at 38 M.a. according to Hernandez et al., 1997), this hydrocarbon charge probably filled these early traps. 
The volume of this early hydrocarbon charge was massive to fill these big traps. Later, during the Neogene, more intense and rapid deformation destroyed or modified 
early traps or produced remigration of oils into new structures or migrated toward the external Magdalena Valley and LlABs. First oils, thermaly immature, are intensely 
biodegraded (heavy oils). Neogene deformation and exhumation seem to have contributed more to destroy these early traps, than to generate new ones.  . Only smaller 
hydrocarbon charge expelled during Neogene time (expulsion in the LlAB foothills ocurred at 10 M.a. according to petroleum system modeling results, Hernandez et al., 
1997) was available to fill new Neogene traps. Any Paleogene traps still preserved would be the most interesting plays of the ECB and their eastern and western foothills. 
From Sarmiento-Rojas (2001)  
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Figure 98. Porosity/permeability plots for different reservoir facies of the Guadalupe Gp. in the foothills area. From Mesa (1977).

Figure 99. Porosity/permeability plots for different reservoir facies of the Barco Fm. in the foothills area. From Mesa (1977).
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Figure 100. Porosity/permeability plots for different reservoir facies of the Mirador Fm. in the foothills area. From Mesa (1977).

Figure 101. Histograms of porosity measurements from conventional core plugs from the Mirador and Barco Fms, (upper part) and Guadalupe Gp. (lower part) in the 
foothills area. From Cazier et al. (1995). Mirador and Barco sandstones are heavily cemented quartzarenites with relatively low porosities. Cazier et al. (1995) used a 
porosity cutoff of 4%, which corresponds to a permeability of 0.1 mD. Porosities and permeabilities below this threshold do not provide an economic reservoir in the 
Cusiana field. Guadalupe sandstones show a bi-modal distribution: quartzarenites with relatively low porosities similar to those of Barco and Mirador sandstones, and 
a phosphatic litharenite with higher porosities. 
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of the C-1 member from the same well is a medium to coarse grained, 
conglomeratic, poorly sorted sandstone, composed by monocrystalline 
(94.5%) and polycrystalline (5.5%) quartz, accessory opaque minerals and 
organic matter. Two samples from the same member are fine to medium 
grained, poorly sorted subarkoses, composed by quartz (monocrystalline 
86.3 and 94.5%, total quartz 92.3 -93.2%), potassium feldspar (6.8-7.1%) 
and traces of lithic fragments (0-.5%). (Bayona et al., 2008). 

Carbonera C-7 member net sand thickness reaches 213 feet in the 
Caño Garza-1 well. Elsewhere, sand thickness of this member is less than 
100 feet. Maximum porosity in the eastern Dorotea-1 well is 31.3%, and 
minimum values in the western part are 8.5 % in the Tame-1 well (Ecopetrol 
and Beicip, 1995).

Carbonera C-5 member net sand thickness reaches 291 feet in the 
Cumaral-1 well and more than 100 feet to the NE near the Colombia-
Venezuela border and the Meta river. Average porosity values are more 
than 30% in the easternmost part of the basin (33% in the SV-5 well, and 
33.4% in the Clara-1 well) and less than 10% near the foothills (Ecopetrol 
and Beicip, 1995).

The C-3 Carbonera member has an average net reservoir thickness 
between 25 and 30 feet. Average porosity is 30.2% in the eastern Clara-1 
well and 10.4% in the Western Cusiana -1 well (Ecopetrol and Beicip, 1995).

The C-1 Carbonera member reaches more than 200 feet of net 
reservoir thickness near the Apiay field. Porosity values range from 30% 

in the eastern part of the basin to less than 10% in the foothills (Ecopetrol 
and Beicip, 1995).

7.3.7 GEOGRAPHICAL TRENDS IN PETROPHYSICAL PROPERTIES OF 
MESOZOIC AND CENOZOIC RESERVOIRS

Petrophysical properties of sandstones are seen to vary spatially across 
geographic regions within the basin. Porosity decreases and clay content 
increases westward towards the foothills. Sandstone porosity and permeability 
in the LlAB foothills are in general lower than in the LlAB foreland.

In the foothills porosity values vary between 2 and 16 %. However, 
average values are commonly less than 10% for the Guadalupe, Barco 
and Mirador reservoirs in the foothills. In the Cusiana and Cupiagua area, 
average porosities of these formations are between 3 and 9 %. In the 
Volcanera and Floreña fields, porosities are generally less than 5%. Within 
the LlAB foothills, petrophysical values decrease to the north due to 
increased compaction in this direction. Low porosity values in the foothills 
are the result of compaction and structural deformation, especially in 
deeper reservoirs. However, microfracturing tends to increase secondary 
porosity and permeability (Mesa, 1997, 1999; Caro et al., 2004).

In the foreland area, petrophysical values are consistently better 
than in the foothills.  Porosity values reach up to 20-25% for most 
reservoir intervals, and their values increase eastward where reservoirs 
are shallower than in the west. Good reservoir quality is related to low 
quartz cementation and creation of secondary porosity by dissolution 
(Mesa, 1997, 1999; Caro et al., 2004). 

Figure 102. Porosity and permeability plot of Mirador 
and Barco Fms. sandstones. From Cazier et al. (1995). 

Barco Fm. sandstones have porosity values between 
1 and 13 % and permeability values between 0.1 and 

2000 mD. Mirador Fm. sandstones have porosity values 
between 3 and 12 % and permeability values between 

0.2 and 900 mD. These sandstones have similar porosity 
permeability relationships with other quartzarenites, but 
very different from other non-quartzarenite sandstones. 

The model curve shows porosity permeability 
relationships for quartz grains that have undergone 
porosity reduction solely by compaction and quartz 

cementation.
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7.3.8 POTENTIAL PALEOZOIC RESERVOIRS

Few data have been reported on potential Paleozoic reservoirs. 
According to Ecopetrol and Beicip (1995), Paleozoic net sand thickness is 
reduced in the western part of the LlAB. However, in the eastern LlAB (east 
of the line connecting the SA-10 and Rio Ele-1 wells) reservoir intervals 
near the top of the Paleozoic exhibit porosities greater than 10%. Net sand 
thickness in the Rio Ele-1 well is more than 190 feet and more than 88 feet 
in the Santa Maria-1 well. In southern Meta, sand intervals are present but 
less developed (Ecopetrol and Beicip, 1995).  The SV-5 well drilled Paleozoic 
sandstones with average porosity up to 25%. In the Arauca graben, the 
Chiquire-1 well penetrated more than 3500 feet of Paleozoic mudstones 
(Ecopetrol and Beicip, 1995). 

7.4 SEAL ROCKS 

The main regional top seal rock rocks are mudstones of the 
Leon Fm. In many oil-producing fields, local top seals are shales or 
mudstone interbeds contained within the Gacheta, Los Cuervos, and 
Carbonera Fms.

 Even-numbered (C-2, C-4 and C-6) Carbonera Fm members are 
shalier and therefore more effective seals than their odd counterparts 
(C-1, C-3, C-5, and C-7). Hernandez et al. (1977) described the 
following lateral variations in seal quality: (1) The Carbonera Fm C-2 
member is an effective seal to the west of the El Miedo field; (2) the 
C-4 member is not an efficient seal in the vicinity of the El Miedo field 
or in the central part of the basin from Yopal to Paz de Ariporo; (3) 
the C-6 member is not a good seal in Arauca and east of Dorotea-Las 
Guarnas wells and (4) mainly the C-8 member presents problems of 
seal from the central Casanare area to the eastern LlAB (Hernandez 
et al., 1997).

7.5 TRAPS

The following information about trap types was taken from Ecopetrol 
and Beicip (1995). 

7.5.1 ARAUCA STRUCTURAL DOMAIN 

In the northernmost area of this particular domain, hydrocarbon 
traps are produced by N-S, and ENE-WSW reverse faults and slight pop-up 
folds (Fig. 45 in Seismic Interpretation Chapter), while in the northern edge 
of the Arauca graben trapping is due to strike-slip faults and folds (Fig. 
46 in Seismic Interpretation Chapter).  Folds are imaged in the Paleozoic 
section of the graben.  

On the southern flank of the graben, traps correspond to horsts in 
the Cambrian, folds (Fig. 47 in Seismic Interpretation Chapter) and normal 
faults reactivated during the Cenozoic in the Cambro-Ordovician (Fig. 49 in 
Seismic Interpretation Chapter), and normal (or strike-slip?) faults in the 
Cretaceous and Cenozoic.

Inversion of Cambrian normal faults probably occurred at the end 
of the Ordovician, and these faults were slightly reactivated as strike-slip 
during the late Oligocene-Miocene. 

7.5.2 CASANARE STRUCTURAL DOMAIN 

 Antithetic (often referred to as “up-to-the-basin”) normal faults 
form the main trap type in producing fields.  Folds are often associated 
with the upthrown side of the fault. If a fold is not present, then the 
fault acts as the lateral seal. There are also traps of the trap door type 
at the intersection of N-S and ENE-WSW faults, as well as synthetic 
faults. Due to the Andean compression, all of these faults may have a 
strike-slip component (sinistral in N-S faults and dextral in ENE-OSO 
faults) and slight drag folds may be associated. These faults probably 
represent Miocene reactivation of Paleozoic fault trends as a result of 
foreland forebulge migration. 

7.5.3 VICHADA STRUCTURAL DOMAIN

 In addition to draping, traps are similar to those of the Casanare 
domain. However, they are generally gentler and less abundant. Some 
faults probably resulted from reactivation of Paleozoic extensional 
faults.

 7.5.4 META STRUCTURAL DOMAIN 

 The thick Paleozoic section shows folds and thrust faults, probably 
originated during the Paleozoic and correlatable with the Caledonian 
orogeny. In the west, traps are reverse NNE-SSW trending faults and 
associated folds, normal faults of similar orientation and NE-SO trending 
dextral strike-slip faults with possible drag folds. The eastern part presents 
N-S trending strike-slip faults with drag folds and structural inversions. 
Normal faults probably originated during the Jurassic or Early Cretaceous, 
but were reactivated during Andean deformation.

7.5.5 FOOTHILLS STRUCTURAL DOMAIN 

Along the LlAB foothills, from hinterland to foreland, similar 
type traps are distributed:

Shallow anticlines (i.e. Guavio)
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Triangular zones, internal to the Zamaricote and Nunchia 
synclines, with large fault bend folds (i.e.Volcanera, Floreña)

Folds and duplexes under the central passive synclines area 
(i.e. Cupiagua)

Folds under the outer synclines zone (i.e. Cusiana, Fig. 114)

Sub-thrust structural inversions (i.e. Cumaral and Vanguardia)

Slight structural inversions in the foredeep (i.e. Chaparral and 
San Pedro)

Slight folds in the foredeep (i.e. Arauca and Fortul)

Slight relay folds due to Andean reactivation of ancient NS 
trending faults with strike-slip component (i.e. Tame)

Three-way closures against normal and reverse faults, which 
impose added geological risk due to the need of lateral fault seal.

Based on data from the chronology of deformation of the ECB 
(growth strata, fission track data) Corredor (2003), Parra et al., 
(2009), and Mora et al. (2010) determined that deformation in the 
mountain range has been continuous since the late Oligocene to 
the Recent, but rates accelerated exponentially in the last 4 million 
years. According to these studies, the first traps were likely formed 
during the Late Oligocene. These traps were probably open folds 
in the ECB and LlAB foothills, and were later modified by Miocene 
and Pliocene deformation, which also generated new, more complex 
structures.

7.5.6 POTENTIAL STRATIGRAPHIC TRAPS

The sedimentary history of the basin includes significant variations in 
water-depths, detrital sources, paleoflow directions and catchment areas 
over geologic time.  As a result, stratigraphic trap potential exists across 
the entire sedimentary sequence, as described below.

Palaeozoic

 In the foreland basin, long-lived basement arches have largely focused 
oil migration, and could hold the necessary stratigraphic and structural 
conditions for petroleum entrapment.  Among potential stratigraphic plays 
in the Paleozoic are reefs (fringing reefs), to the south of the Voragine 
paleo-high and to the north of Casanare domain; and possible normal 
faulted tilted blocks or internal stratigraphic traps (channels in fans at the 

toe of normal faults), in the southern border of the Arauca rift graben and 
north of the Voragine high.

 Une Fm.

The following stratigraphic trap-concepts may be defined in the Une Fm.:

•	 Pinch-outs on paleohighs. In those paleohighs where the Mirador 
Fm is absent (i.e. Candilejas) Cretaceous reservoirs may be sealed 
by mudstones of the Carbonera Fm.

•	 Eastern updip truncation of the reservoir under the pre-Eocene 
unconformity. This conceptual trap requires a top seal.

•	 Channels and paleo-valleys fills incised in the Paleozoic or 
basement

 Gacheta and Guadalupe Fms.

 The late Cretaceous Gacheta and Guadalupe Fm are of widespread 
extent over the LlAB.  The following stratigraphic concepts apply to these 
units:

•	 Pinch-outs on paleohighs in the Meta domain.

•	 Eastern truncation of the reservoirs under the pre-Eocene 
unconformity. In the absence of Mirador sandstones, reservoirs can be 
sealed by mudstones of the Carbonera Fm. (e.g. in the Candilejas arch).

•	 Other potential stratigraphic traps are isolated coastal bar sand bodies 
encased in mudstone, in the western part of the basin. This play is 
most likely effective for the Gacheta Fm., because amalgamated 
sandstones in the Guadalupe Fm make this situation less likely. 

Barco Fm.

 The eastern truncation of reservoirs under the pre-Eocene 
unconformity represents an interesting opportunity for exploration of the 
Barco Fm. This Arauca play, at its westernmost part is a valid concept if the 
top Los Cuervos seal would exist.

 Mirador Fm.

 In addition to the productive structural traps of the Mirador Fm., the 
following stratigraphic opportunities exist:
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•	 Pinch-outs in the eastern edge of the basin and on the paleohighs 
of the Meta domain.

•	 Sedimentary fills of channels and paleo-valleys, cut in the Paleozoic 
or basement rocks.

 Carbonera Fm.

Evolution of sedimentary environments during Carbonera deposition 
included the transition from marine to fluvial conditions.  As a result, 
significant opportunities exist for future discoveries in stratigraphic traps.  
Examples of these opportunities are:

•	 Pinch-outs of sands on the Pre-Eocene unconformity.

•	 Pinch-outs of sands on the Pre-Eocene unconformity.

•	 Bars and mounds common in the eastern part of the Casanare 
domain. Fills of paleo-valleys cut in the Paleozoic or basement 
rocks.

•	 Intra C-3, and C-5 channel-fills.

Fluvial or estuarine channel fills are common in the high-stand systems 
tract (HST) of the Carbonera Fm. upper members, mainly in the eastern parts 
of the Casanare and Vichada domains. Rubiales is an example of a large, heavy 
oil accumulation (417 MBO reserves according to RPS, 2010) in a continuous, 
homogeneous, homocline without visible structural closure (Fig. 115). Several 
hypotheses have been postulated to explain the trapping mechanism of this 
field.  These include hydrodynamic trapping related to active flow of low 
temperature meteoric water, which may also explain the highly biodegraded 
heavy oil. A study conducted by Schlumberger (2006) proposed that the basal, 
fluvial, isolated and stacked channel fill sandstones of the Carbonera Fm. 
form a stratigraphic trap via lateral facies changes, channels and sand bodies 
cross-cutting into underlying shaly successions. Another study conducted by 
RPS Scotia (2007, in RPS, 2010 available on the Pacific Rubiales’s web page) 
proposed a hydrodynamic trap with oil confined under a broad, subtle, 
structural nose at the top of the fluvial-alluvial “Arenas Basales” informal unit 
by NW-ward (basin-ward) water flow. According to RPS (2010) this model is 
supported by a tilted oil-water contact, reservoir pressure data, facies log 
analyses and regional geology. However, the pure hydrodynamic model fails to 
predict oil outside the current producing area. RPS (2010) therefore suggested 
that a more complex stratigraphic and hydrodynamic trapping mechanism 
might be responsible for this accumulation. Additional trapping control may 
be the effect of tar mats (very heavy, immobile oil) sealing the shallowest part 
of productive fluvial channel reservoirs. Consequently, it is likely that complex 
combinations of stratigraphic and hydrodynamic trapping elements are 
involved, and have yet to be fully understood (RPS, 2010).

The increased application of 3D-seismic technology is likely to reveal 
the presence and architecture of stratigraphic traps. In particular, the rigorous 
use of seismic attributes can deliver positive results, as many of these traps 
are expected to be associated to subtle features only resolvable through 
quantitative analysis of high-frequency seismic data. Future 3-D surveys 
need to be acquired with higher resolution and must be processed with 
more exigent parameters to allow imaging of smaller and subtler features.

7.6 PLAYS

The following low-risk, proven play types, as demonstrated by 
discoveries, are recognized within the basin (Ecopetrol and Beicip, 1995, 
Olshansky et al., 2007):

- Mirador and lower Carbonera sandstones in up-to-the basin fault 
blocks in the Casanare structural domain. Sandstone reservoirs are sealed by 
overlying C-6 shales and sourced from the Gachetá and Chipaque (?) Fms.

- Carbonera wrench play, in the Arauca domain. The Carbonera 
C-3, C-5, and C-7 reservoirs are sealed by C-6, C-4 and C-2 members, and 
charged by the Gacheta and Chipaque (?) Fms.

- Cretaceous-Eocene fold plays, in the Meta domain. The Cretaceous 
and Cenozoic reservoirs are charged by the Gachetá and Chipaque(?) Fms.

Medium risk plays, that have proven oil potential, are (1) Foothills 
domain: Guadalupe, Barco and Mirador thrust related fold plays and structural 
inversion plays.  (2) Carbonera sandstone channels, sandstone paleo-valley fill 
play, prospective in the Eastern Casanare and Vichada domains.

High risk unproven play types in the foreland:

-Cretaceous and Cenozoic, stratigraphic plays are present on the 
eastern flank of the basin. Locally, these traps may be enhanced by structural, 
differential compaction or draping components. These play types are: 

Carbonera bar play, prospective in the central and western Casanare domain.

Regional onlap stratal termination or erosional truncation plays. 
Frequent leakage of heavy oil suggests a critical seal risk. Some of these 
two latter plays may also be present in isolated sandstones of the Leon Fm.

Carbonera depositional hingeline play: prospective in the Foothills 
domain and foredeep area, where local turbidites may act as stratigraphic 
traps. Critical factors are hydrocarbon charge and trap. 

-Paleozoic plays (Fig. 116): their critical factor is hydrocarbon charge, 
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although a petroleum system seems to be demonstrated by oil found in 
the Almagro-1 (22 API oil) and Rancho Hermoso 2P wells: 

Anticlines in the Meta and Arauca domains 

Normal fault closures in the Casanare domain 

Possible reefal carbonates in the south Voragine paleohigh and north 
Casanare domain

Rift plays, both structural and stratigraphic 

Paleo-highs or borders of sandstone paleo-valleys (or fractured 
crystalline basement) top-sealed by mudstones of the overlying post-
Paleozoic units.  The critical factor is top seal.

Figure 117 shows a plays map from Hernandez et al. (1997). One 
strategy in the definition of petroleum systems is the complementary play 
concept (Magoon and Beaumont, 2009) based on regional analysis and 
the distribution of producing fields. Hernandez et al. (1997) defined six 
complementary macro-level plays, which are shown in figure 118. These 
complementary plays are:

 1 The Arauca graben, with possible existence of structural fold traps 
and stratigraphic traps in the Paleozoic. 

2 Heavy crude oil belt, East of the 20˚ API contour. Wedging and 
structural conditions favorable to the accumulation of hydrocarbons have 
been identified in this area. The LlAB and Putumayo basins yield access to 
a heavy oil belt that runs from Venezuela through Colombia into Ecuador 
(Fig. 115 in page 127). Typical reservoirs are 2,000 to 4,000 ft in depth with 
porosity in excess of 20% and permeability greater than 1 Darcy. Crude 
quality ranges between 11°-15°.

3. Thrust-related Cretaceous play in the foothills: only the upper 
section has been explored (Guadalupe Fm.), and found to contain 
important accumulations (Cusiana field). However the Gacheta and Une 
Fms may represent thick (although petrophysically limited) hydrocarbon 
reservoirs. 

4. Channels in the Carbonera Fm. this play may be defined in the 
southern and and eastern LlAB, and holds potential to accumulate 
significant volumes of hydrocarbons due to their large size and ideal 
petrophysical properties.

5. Onlap of the Carbonera Fm. C7 to C3 members against the 
crystalline basement or Paleozoic rocks in the eastern LlAB. 

 6 Paleozoic of the LlAB. Thrust related structural traps with a strike-
slip component are prospective in the southern LlAB. In the central LlAB, 
possibilities include normal fault traps and wedging. In the northern LlAB, 
traps may be related to tectonic inversion of the Arauca graben.
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Figure 103. Play Map for the Une Fm. sandstones. From Hernandez et al. (1997).
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Figure 104. Play Map for the Gacheta Fm. sandstones.  From Hernandez et al. (1997).
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Figure 105. Play Map for the Guadalupe Fm. sandstones. From Hernandez et al. (1997). 
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Figure 106. Play Map for the Barco Fm. sandstones. From Hernandez et al. (1997). 
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Figure 107. Play Map for the Mirador Fm. sandstones. From Hernandez et al. (1997). 
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Figure 108. Play Map for the C8 member of the Carbonera Fm. From Hernandez et al. (1997).
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Figure 109. Play Map for the C7 member of the Carbonera Fm. From Hernandez et al. (1997)
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Figure 110. Play Map for the C6 member of the Carbonera Fm. From Hernandez et al. (1997).
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Figure 111. Play Map for the C5 member of the Carbonera Fm. From Hernandez et al. (1997).
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Figure 112. Play Map for the C4 member of the Carbonera Fm. From Hernandez et al. (1997).
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Figure 113. Play Map for the Cretaceous and Cenozoic units of the Basin. Each color represents prospective areas for different reservoir units. 
The structural and stratigraphic plays are differentiated with different letters. From Hernandez et al. (1997).
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Figure 114. Top of the Mirador depth-structure map, 
Cusiana field. From Cazier et al. (1995). Contour 

interval for this map is 500 ft below sea level. Fault 
A is the Cusiana fault, which defines the southeastern 

limit of the field. Fault B is the Tauramena fault, a 
reverse fault that juxtaposes the Mirador Formation 

reservoir in the hanging wall, with the Carbonera 
Formation in the footwall. Throw on this fault dies 

out to the north, allowing fluid leakage between 
this block and the rest of the field. Well names: 

BA = Buenos Aires, CUS = Cusiana, RCH = Rio 
Chitamena, T = Tauramena.
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Figure 115. The Rubiales heavy oil field as an example of the sub-Andean heavy oil bet in Colombia (from RPS, 2010). 
a) Sub-Andean heavy oil belt in Colombia and discovered fields in this belt (from Canacol & TPH in Pickering, Holt & Co. International, LLP, 2011)
b) Location of the Rubiales field and the Quifa block (from RPS, 2010).
c) Oil production from the Rubiales field from 1P, 2P and 3P reserve category for the time period 2010 to 2016 (prediction, from RPS, 2010).
d) Structural contour map at the top of the productive “Arenas Basales” informal unit. Wells in red produce oil from the “Arenas Basales”. Wells in blue are 
water productive. Note absence of structural closure.  More importantly, note that limits of the trap are not defined in any direction (from RPS, 2010).
e) West to East structural cross section of the Rubiales Field. Note the top of “Arenas Basales” unit in red, Paleozoic-Cenozoic unconformity in brown and tilted 
oil-water contact in light blue (from RPS, 2010).
f)  3D facies distribution model for the Rubiales Field. Yellow: Crevasse channel facies; Light orange: isolated fluvial channel facies; Intense orange: stacked 
fluvial channel facies; light gray: crevasse splay facies; Dark gray: overbank facies (from RPS, 2010).
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Figure 116. Modified from (Ecopetrol and Beicip, 1995) shows a map of Paleozoic plays for the LlAB.
Cambro-Ordovician (Quetame-Guejar Gps. lateral equivalents)
	 •	Reservoir	Rock

LLower seismic sequence: Arauca: basal syn-rift sandstones and prograding sandstones. Casanare and Meta: Possibly reef limestones associated to a carbonate shelf. Upper 
seismic sequence: Fluvial or littoral sandstones filling incised valleys. Littoral prograding sandstones.

	 •	Reservoir	Risk
Interpretations based on seismic images. Absence of good well and core data allows other interpretations. Highly variable petrophysical properties of potential reservoirs. 
Unknown or unreliable porosity and permeability values. Porosity and permeability destruction by diagenesis. North Arauca: Uncertain reservoir. Central Arauca: Poor 
reservoir in the Chiguiro Area improving toward the east (Palma Real well). South Arauca: Syn-rift sandstones. Casanare: sandstones. North Casanare and Voragine: 
carbonate shelf. Untested shallow shelf limestones. Western Meta: Probably poor reservoir.

	 •	Seal	Rock
Cambro-Ordovician marine shales. 

	 •	Seal	Risk
Absence of good borehole and core data allows alternative geologic interpretations. Seal rock likely fractured. Arauca graben: thick synrift and post rift mudstones. 
Casanare: mudstones in Ordovician upper sequence 2.

	 •	Source	Rock
Organic rich (?) Cambro-Ordovician mudstones of upper sequence 2 (the Ordovician is probably a better source rock). Petroleum charge from Cretaceous source rocks (?).

	 •	Hydrocarbon	charge	risk
Absence of good geochemical data make source rock potential uncertain. Some wells in western Meta and western Casanare had hydrocarbon shows. High hydrocarbon 
charge risk.Only the top of the Paleozoic section has been drilled and sampled. . High maturation gradient may suggest that most of the Paleozoic section may be 
overmature (gas generation?), but structural inversion in some areas could favor lower maturation stages.

Devonian-Carboniferous (Farallones Gp. lateral equivalents)
	 •	Reservoir	Rock

Sandstone.
	 •	Reservoir	Risk	

Unknown reservoir facies. Absence of good well and core data allows other geologic interpretations. Unknown or unreliable porosity and permeability values. Porosity and 
permeability destruction by diagenesis.

	 •	Seal	Rock
Marine shales

	 •	Seal	Risk
Absence of good borehole and core data allows other geologic interpretations. Seal rock likely fractured. Arauca graben: thick synrift and post rift mudstones. Strong hiatus 
at the end of Paleozoic may favor erosion of top seal.

	 •	Source	Rock
Organic rich (?) mudstones (Devonian mudstones in Casanare and Meta). Petroleum charge from Cretaceous source rocks (?).

	 •	Hydrocarbon	charge	risk
Absence of good geochemical data makes source rock potential uncertain. Some wells in western Meta and western Casanare had hydrocarbon shows. High hydrocarbon 
charge risk. Only the top of the Paleozoic section has been drilled and sampled.  High maturation gradient may suggest that most Paleozoic section may be overmature (gas 
generation?), but structural inversion in some areas could favor lower maturation. Strong hiatus at the end of the Paleozoic may favor hydrocarbon destruction or paleo-
biodegradation.
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Figure 117. Plays Map for the LIAB. From Hernandez et al. (1997)
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Figure 118. Complementary Play Map for the Cretaceous and Cenozoic units of the Basin. See text for explanation. From Hernandez et al. (1997).





 8. PETROLEUM SYSTEMS              
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This chapter succinctly identifies and characterizes the basin’s 
principal petroleum system elements and processes. Due to the diverse 
and complex stratigraphic nomenclature used by various authors, the 
most adequate for this exercise has been adopted. 

It is important to emphasize that the site chosen for 1-D 
geochemical modeling (in deep areas of the basin) represents 
hydrocarbon generation and expulsion conditions that are only valid 
for source rocks at that particular site. Extending these results beyond 
this site, or building general conclusions based on this site alone, is 
therefore inappropriate.

The Eastern Llanos Basin is considered a mature basin from the 
exploration point of view. About 1730 wells in 86 fields have been drilled. 
These include gigant fields like Caño Limón, Cusiana-Cupiagua, and 
Rubiales (Figure 119).

The geochemical evaluation of its crude oils, extracts, and rocks, and 
the integration with  structural and stratigraphic information, allows to  
identify the elements and processes needed in support of the presence of 
petroleum systems in the Basin.

Figure 119. Localition of wells, fields, and geochemical data for the 
Eastern Llanos Basin.

8.1 ELEMENTS AND PROCESSES

8.1.1 SOURCE ROCKS 

Dark gray to black mudstones and calcareous mudstones of the 
Cenomanian-Santonian Gachetá Formation constitute the main source 
rock of the Basin. The unit contains kerogens type II and III with an oil 
and gas generation capacity. On the other hand, the mudstones of the 
Carbonera Formation contain some  intervals with good characteristics as 
possible source rocks, Conversely, in the central part of the Basin foothills, 
mudstones in the Paleogene  Barco, and Los Cuervos Formations also show 
good source rock characteristics. 

8.1.2 RESERVOIR ROCKS 

The main reservoirs of the Basin correspond to the sandstones 
of the Eocene Mirador, Barco, the Santonian-Maastrichtian Guadalupe, 
Gachetá, and the Albian-lower Cenomanian Une Formations, and the 
C-7, C-5, and C3 units of the Oligocene-Miocene Carbonera Formation. 
Porosities and permeabilities are higher in the plataform zone than 
towards the foothills.

8.1.3 SEAL ROCKS

The regional seal unit corresponds to the mudstones of the middle 
Miocene León Formation, and the C-8 y C-2 units of the Carbonera Formation. 
Furthermore, local and intra-formational seal rocks are contained in the  
Gachetá, and the upper Paleocene – lower Eocene Cuervos Formations, 
and some mudstone levels of the Carbonera Formation (Mojica, 2009).

8.1.4 TRAPS

The Eastern Llanos Basin has six main trap styles:

Fault propagating folds, and fault bend folding located in the foothill 
province. These involve the reservoirs of the Guadalupe, Barco, Mirador, 
and Carbonera Formations. These traps are middle Miocene in age.

Folds related to triangular zones, which are located in the inner belt 
of the foothills and involve the reservoirs of the  Guadalupe, Barco, and 
Mirador Formations.

Anticlines related to reverse faults, which are located between the 
foothills and the savanna (llanos). They involve the reservoirs of the Une, 
Gachetá, Guadalupe, Barco, and Mirador Formations, and are middle 
Miocene in age.

Figure 119. Localition of wells, fields, and geochemical data for the Eastern 
Llanos Basin.
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Folds in wrench  fault systems, which are located north of the Basin. 
They involve late Cretaceous reservoirs, and the Cenozoic Carbonera and 
Mirador Formations.

Folds related to antithectic faults, which are located in the central 
part of the Llanos, and involve reservoirs of the Gachetá, Guadalupe, 
Mirador, and Carbonera Formations.

Stratigraphic traps located west of the Basin and related to pinch outs 
of the Carbonera Formation. Within the Formation there are a number of 
vertical and lateral seal intervals.

Aditionally, it has been proposed that the Paleozoic succession in 
Colombia could have developed good  hydrocarbon reservoirs and traps 
(Pinilla, Castro, and Araque, 2006). In the Meta Sub-Basin, this might be 
the case of the westward transpression of the Pachiaquiaro Fault, which 
show evidences of extensive tectonics at the east. 

8.1.5 OVERBURDEN ROCKS

Bearing in mind that the Gachetá Formation is the main source rock 
in the Basin, the overburden rocks include the Guadalupe, Barco, Los 
Cuervos, Mirador, Carbonera, León, and Guayabo Formations (Hernandez 
et al., 1997).

8.1.6 HYDROCARBON GENERATION AND EXPULSION PROCESSES

For the site modelled in the Basin, the hydrocarbon generation and 
expulsión processes have occurred mainly since the early Miocene until 
the recent. The critical moment occurred towards the late Miocene and 
the early Pliocene.

8.2 EVENTS CHART

Figure 120 depicts the elements and processes of the petroleum 
systems of the Eastern Llanos Basin.

Figure 120. Events Chart of the petroleum systems of the Eastern 
Llanos Basin.

8.3 SOURCE ROCK PROPERTIES

8.3.1 ORGANIC MATTER CONTENT

The Gachetá Formation has total organic carbon (%TOC) values 
lower than 2% in most samples. However, locally TOC values can be as 
high as 14%.

The Paleocene succession, i.e. Barco and Los Cuervos Formations, 
have TOC values in the 0.1 to 8% range, mostly under 1%. This qualifies the 
unit as a regular source rock. However, unpublished reports indicate the 
existence of intervals with a higher organic matter content.

Figure 120. Events Chart of the petroleum systems of the Eastern Llanos Basin.

8.3.2 ORGANIC MATTER QUALITY

Geochemical data for the Gachetá Formation evidence variations 
in the organic matter type for different localities in the Basin. i.e. a 
predominant kerogen type II, of marine origin, for the foothills region, and 
a kerogen type III, of continental origin, for the foreland region. Hydrogen 
index (HI) values are in the 27 to 500 mgHC/gTOC range, which have an oil 
and gas generation capacity (Figure 121).

On the other hand, the Paleocene succession, and the Carbonera 
Formation contain a type III kerogen and HI values in the 50 to 250 mgHC/
gTOC range, which has a gas generation capacity.

Figure 121. Modified Van Krevelen diagram for the Easrtern 
Llanos Basin. Note that the dominant organic matter is of type II and III 
kerogens.

8.3.3 THERMAL MATURATION OF ORGANIC MATTER

The Gachetá Formation, in the foreland region, is mostly inmature 
with maximum temperature (Tmax) values close to 435º and a vitrinite 
reflectance (%Ro) under 0.6%. In the foothills region thermal maturation 



136
»»

PE
TR

O
LE

U
M

 G
EO

LO
GY

 O
F 

CO
LO

M
BI

A
CHAPTER 8 - PETROLEUM SYSTEMS OF THE LLANOS BASIN

increases reaching values corresponding to the oil and gas generation 
windows (Figure 122). Paleocene rocks reach maturation values in the 
inmature to mature range, with about 55% of the analyzed data above 
435º, which correspond to the beginning of the oil generation window. 

studies point to the  existence of levels with a very good generation potential, 
including the Carbonera Formation. The best geochemical properties are 
found north of the Basin, where the thickest muddy facies occur, reaching 
an average of 100 feet. This is opposite to what occurs in the central region, 
where the quality of the geochemical parameters diminishes. There the 
thickness of the muddy facies is larger than 250 feet (Jiménez et al., 2008).

Figure 123. Total organic carbon (TOC) vs generation potential (GP) 
diagram for the Eastern Llanos Basin. Note that the Gachetá Formation 
values are within the good to excellent potential category.

Figure 122. Tmax vs hydrogen index (HI) diagram for the Eastern 
Llanos Basin. 

8.3.4 HYDROCARBON GENERATION POTENTIAL

The Gachetá Formation has locally a generation  potential in the 
favorable to excellent range, with values that can reach the 90 mg HC/g 
rock. However, for most samples is generation potential is lower than 10 
mg HC/g rock (Figure 123). 

The analyzed samples of the Paleocene succession show generation 
potential values in the favorable to good range. However, unpublished 

Figure 121. Modified Van Krevelen diagram for the Easrtern Llanos 

Figure 122. Tmax vs hydrogen index (HI) diagram for the Eastern Llanos Basin. 

Figure 123. Total organic carbon (TOC) vs generation potential (GP) diagram 
for the Eastern Llanos Basin. Note that the Gachetá Formation values are within 

the good to excellent potential category.
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Figure 124  depicts a synthesis of the main geochemical characteristics 
of the Cretaceous Gachetá Formation, the  Paleocene units, and  the 
Carbonera Formation as source rocks.

Figure 124. Synthesis of the geochemical properties of the source 
rocks of the Eastern Llanos Basin, Note that the Gachetá Formation exhibits 
the best characteristics as a source rock unit. 

Figure 124. Synthesis of the geochemical properties of the source rocks of 
the Eastern Llanos Basin, Note that the Gachetá Formation exhibits the best 
characteristics as a source rock unit. 

8.4 CRUDE OIL PROPERTIES 

The crude oils of the Basin show a wide API gravity variation, from 
very heavy, i.e. 7ºAPI, to condensates with 56ºAPI values. The sulphur 
content varies between 0 and 2.3%, with dominant values lower than 1% 
(Figure 125).

Figure 125. API gravity vs Sulphur % for crude oils of the Eastern 
Llanos Basin. Note the great variability in the quality of crude oils, from 
very heavy to condensates.

The crude oils show as average proportions, 52.6% of  Saturates, 
28.2% of Aromatics, and 17.2% of  Resines+Asphaltenes, which indicates 
the dominance of paraffinic crudes (Figure 126).

Figure 126. Ternary diagram of the SARA fraction for crude oils of the Eastern 
Llanos Basin. Note how the saturate fraction show values larger than 40%.

Figure 125. API gravity vs Sulphur % for crude oils of the Eastern Llanos 
Basin. Note the great variability in the quality of crude oils, from very heavy to 
condensates.

Figure 126. Ternary diagram of the SARA fraction for crude oils of the Eastern 
Llanos Basin. Note how the saturate fraction show values larger than 40%.
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Ratios between the main analyzed biomarkers for these crude oils, 
allow their correlation with source rocks accumulated in deltaic to shallow-
middle marine depositional environments (Figure 127). The mixture of 
crude oils coming from different facies is more common in the central and 
southern parts of the Basin.

Figure 127. Ternary diagram of normal Esteranes of crude oils 
of the Eastern Llanos Basin. Note that crude oils present deltaic facies 
characteristics evidenced by high % C29 values.

Cuervos Formation is possibly the source rock of some Cenozoic 
crude oils.  

Table 5. Synthesis of geochemical properties of the crude oils 
of the Eastern Llanos Basin. The Gachetá Formation is considered the 
main source rock, whereas Los Cuervos and Carbonera Formations are 
presumed to be the source rock of some Cenozoic crude oils. Paleozoic 
source rocks might exist towards the north of the Basin.

Figure 127 Ternary diagram of normal Esteranes of crude oils of the Eastern 
Llanos Basin. Note that crude oils present deltaic facies characteristics evidenced 

by high % C29 values.

The high Pristane / Phytane and Oleanane / CHopane ratios suggest 
the existence of Cenozoic source rocks accumulated in deltaic marine 
depositional environments (Figure 128).

Figure 128. Pristane/Phytane vs Oleanane/C30 Hopane diagram for 
the crude oils of the Eastern Llanos Basin. Note the dominance of deltaic 
marine facies of Cenozoic age. 

8.4.1 CRUDE OILS PROPERTIES SYNTHESIS 

Table 5 summarizes some of the main properties obtain from 
the geochemical data of the crude oils of the Basin. Because of its 
lithology and geochemical characteristics, it is assumed that Los 

Figure 128. Pristane/Phytane vs Oleanane/C30 Hopane diagram for the crude 
oils of the Eastern Llanos Basin. Note the dominance of deltaic marine facies of 

Cenozoic age. 

Table 5. Synthesis of geochemical properties of the crude oils of the Eastern 
Llanos Basin

8.4.2 CRUDE OIL FAMILIES 

The basic composition and geochemical parameters of the crude oils 
of the Basin, such as the API gravity, sulphur content, the nickel/vanadium 
ratio, the Pristane/Phytane (Pr/Phy) ratio, and other biomarker ratios, point 
to the existence of at least four crude oil families in the Basin. These are:
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Family LLAO 1

This family includes crude oils of a good quality, which are the product 
of the mixture of biodegraded crudes with excellent quality crudes. This 
family is  correlated with source rocks accumulated in a siliciclastic marine 
to deltaic depositional environments.  

Family LLAO 2

This family includes crude oils of a regular quality, which are the 
product of the mixture between biodegraded crudes and crudes affected 
by a secondary biodegradation processes. They  are correlated with source 
rocks accumulated in a carbonate marine environment with a mixture of 
marine deltaic facies. 

Family LLAO 3

This family includes crude oils of a regular quality affected by 
biodegradation. They are the product of a mixture of source rocks 
accumulated in a siliciclastic marine to deltaic depositional environment.

Family LLAO 4

This family includes crude oils of good quality, but affected by 
biodegradation. They are correlated with source rocks accumulated in an 
anoxic, siliciclastic depositional environment.

Figure 129. C35/C34H vs Ts/Tm diagram for crude oils of the Eastern 
Llanos Basin. Note the main crude oil families of the Basin.

Figure 129. C35/C34H vs Ts/Tm diagram for crude oils of the Eastern Llanos 
Basin. Note the main crude oil families of the Basin.

8.4.3 CRUDE OIL – ROCK CORRELATIONS

According to the biomarker ratios, the crude oils of the Basin are 
correlated with organic facies accumulated mostly in a marine siliciclastic 
to deltaic environment. This latter is evidenced by the increase in the  C29 
Esteranes, which is an indicator of a proximal source of organic matter of 
continental origin, i.e. in the LLAO1 and LLAO3 crude oil families (Figure 
129). In some sectors, like the southern part of the Basin, these facies are 
mixed with carbonate facies of the LLAO2 crude oil family.

Geochemical data, i.e. the high Pristane/Phytane, and moderate Ni/
Va ratios and sulphur content, point to indicate a dominant oxic, proximal 
marine, environment. This is associated to Cretaceous rocks based on 
the very low Oleanane values and the   C35/C34 ratio larger than 1. Sub-
oxic conditions would correspond to the depositional environment of the  
Gachetá Formation (Figure 130).

Similarly, crude oils with low sulphur content, Pristane/Phytane ratios 
of about 3, low content of tricyclic Terpanes, abundant Oleananes, and the 
dominance of C29 Esteranes and Diasteranes indicate the existence of a 
Cenozoic component in these crude oils, which are probably derived from 
muddy and carbonaceous facies of Paleocene or Oligocene age.

Figure 130. C29 Esteranes vs C27 Esteranes diagram for the 
crude oils of the Eastern Llanos Basin. Note the high influence of 
deltaic facies.

Figure 130. C29 Esteranes vs C27 Esteranes diagram for the crude oils of 
the Eastern Llanos Basin. Note the high influence of deltaic facies.
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Figure 131. Profile of the seismic line TAU-1985-07ª where the 
pseudo-well is located.

Figure 132. Maximum burial depth curve for the Eastern Llanos Basin. Note that 
the maximum depth was reached during the  Pliocene.

8.5 PETROLEUM SYSTEMS MODELING

The simulation of generation and expulsion processes in the Eastern 
Llanos Basin was done from a pseudo-well located on the seismic line TAU-
1985-07A, in a sector where the Basin is deeper (Figure 131).

Figure 131. Profile of the seismic line TAU-1985-07ª where the 
pseudo-well is located.

According to the geological evolution model for this sector of the 
Basin, the base of the Cenomanian sedimentary succession reached a 
maximum burial depth of 22500 feet during the late Pliocene, and a 
maximum temperature of 350°F (Figure 132). 

Figure 132. Maximum burial depth curve for the Eastern Llanos 
Basin. Note that the maximum depth was reached during the  Pliocene.

A variable heat flux history from 55 mw/m2 for the  Albian 
interval to 45 mw/m2 for the present was used. Based on geochemical 
information of the regional and local source rocks, two generation 
intervals were included in the model. These  correspond to the 
Gachetá and Cuervos Formations. Results of the simulation indicate 
that these generation intervals reached maturation levels in the 
late range of the oil generation window  (%Ro=1.28, Los Cuervos 
Formation), and the dry gas window (% Ro>1.35, Gachetá Formation, 
Figure 133). Expulsion of hydrocarbons for both units occurred in 
the late Miocene, associated to the accumulation of the Guayabo 
Formation (5–3 Ma; Figure 134). 

Figure 133. Vitrinite reflectance (%Ro) profile through time for 
the sedimentary succession of the Eastern Llanos Basin. Note that the 
evaluated succession reached the oil generation window.

Figure 134. Hydrocarbon expulsion processes for Los Cuervos 
and Gachetá Formations. Note that this was reached during the  
Miocene.

Figure 133. Vitrinite reflectance (%Ro) profile through time for the sedimentary 
succession of the Eastern Llanos Basin. Note that the evaluated succession 

reached the oil generation window.
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8.6 PETROLEUM SYSTEMS DEFINITION

The integration of the geological, and geochemical information, and 
the modeling of the Basin allows to define various petroleum systems. 
They are evidenced by the migration of hydrocarbons towards the surface 
(oil seeps), and oil fields in the foothills and savanna regions (Figure 134).

The petroleum systems in the Eastern Llanos Basin  are (cf. Magoon 
& Dow, 1994 definition):

•	 Gachetá-Mirador (!). Bearing in mind that the crude oil generated 
by the Gachetá Formation also occurs in the Une, Guadalupe, 
Barco-Cuervos, and Carbonera Formations. 

•	 Cuervos-Mirador (.).
•	 Carbonera-Mirador (?).

Up-to-date studies try to establish whether or not there is a possible 
Paleozoic petroleum system in the  Basin.

Figure 135 shows the geographic distribution of the petroleum 
systems of the Eastern Llanos Basin, and the location of seismic line used 
in the modeling exercise. 

Figure 134. Hydrocarbon expulsion processes for Los Cuervos and Gachetá 
Formations. Note that this was reached during the  Miocene.

Figure 135. Petroleum systems map of the Eastern Llanos Basin. Note 
the depocenter at the top of the basement, the oil fields, oil seeps, and the 
hypothetical area of influence of the petroleum systems.

Figure 135. Petroleum systems map of the Eastern Llanos Basin. 
Note the depocenter at the top of the basement, the oil fields, oil seeps, 
and the hypothetical area of influence of the petroleum systems.

•	 Mojica, J., 2009. Basins Catatumbo, Cesar-Ranchería, Cordillera 
Oriental, Llanos Orientales, Valle Medio y Superior del Magdalena: 
Open Round Colombia 2010 – ANH.





•	9. FINAL STATEMENTS
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The LlAB is a prolific oil and gas basin in Colombia, and delivers most 
of Colombia’s current oil production. The flat LlAB foreland, in particular, 
contains multiple (164 fields according to HIS, 2009) producing fields. The 
basin’s high success rate implies low geological exploration risk, perhaps 
the lowest in Colombia.  However, except for the Caño Limon, Apiay 
and Rubiales fields most of the producing fields in the LlAB foreland are 
relatively small. 

The foothills of the LlAB are proven to have high exploration potential 
for light hydrocarbons, favored by large structures, presence of stacked 
reservoir rocks, proximity to the main oil kitchen and effective migration 
and charge. Examples of producing fields in the LlAB foothills include 
the Cusiana, Cupiagua, Pauto Sur, Volcanera, and Floreña. Although the 
volumes of discovered hydrocarbons and structures are large, the LlAB 
foothills entail higher exploration risks than the flat foreland area, due to 
difficulties in seismic imaging, greater structural complexity, and important 
risks associated with petroleum migration and trap generation timing as 
well as diagenetic destructive effects on the quality of reservoirs. 

The LlAB contains a good to fair marine Upper Cretaceous petroleum 
source rock, but its quality decreases eastward. This source rock is mature 
only in the westernmost part of the basin. Some secondary Cenozoic 
source rocks are also restricted to the western basin. Therefore, low risk 
of source rock presence and maturity is limited to the westernmost basin, 
including the foothills. Everywhere else in the LlAB, supply of hydrocarbon 
charge to available traps required lateral eastward migration from mature 
source rocks in the west, or from better quality –but more distal- marine 
source rocks from the ECB. Important volumes of hydrocarbons found in 
the LlAB were probably sourced from the ECB. Consequently, the risk of 
hydrocarbon charge in the western part of the basin is low, and increases 
eastward. Understanding the paleo-structure of carrier beds during 
migration is important to reveal areas where migration charge was focused 
or dispersed. This exercise may explain why some areas of the flat LlAB 
foreland involve numerous fields (i.e. Central Casanare) while other areas 
are lacking (i.e. northern Casanare and southern Arauca). 

A critical factor for hydrocarbon charge in the LlAB foothills stems 
from the uncertain availability of structures in the adjacent ECB able to 
trap hydrocarbons during migration. Despite the regional understanding 
of hydrocarbon generation, expulsion and migration timing as well as 
current age constraints on trap-forming tectonic events, the chronology 
of origin and growth of specific traps in the foothills is typically unknown 
or uncertain, therefore carrying high timing risk. A local understanding 
of structural deformation and trap formation geochronology, as well as 
generation, expulsion and migration times is necessary to reduce this risk 
on any specific trap.

Several producing reservoir rock units are available in the LlAB. 
Their petrophysical properties are good in the eastern flat foreland area, 
characterized by proximal detrital sand facies. However, reservoir quality 
decreases westward in the LlAB foothills due to more intense, diagenetic, 
burial-derived processes. In the foothills area, exploration of a specific 
prospect implies a relatively high probability of reduction in porosity and 
permeability. . Accurate prediction of reservoir petrophysical properties 
requires detailed understanding of diagenetic history and its timing. 

In the LlAB reservoir rocks are commonly overlain by shales or 
mudstone intervals that provide vertical seal rocks. Therefore, risk 
associated to the presence of a vertical seal rock is usually low. However, 
in the easternmost part of the basin, top seal rock thickness is reduced 
or absent, due to the proximal nature of detrital sand facies with few 
mudstone interbeds and the presence of sandstone units separated by 
onlap or unconformity surfaces (i.e. Mirador / Guadalupe sand on sand). 
This implies that the risk of vertical seal rock is low in the western part 
of the basin but increases to the east. On the other hand, structural 
deformation and exhumation processes that affected the foothills may 
have fractured potential seal rocks, reducing their sealing quality and 
augmenting exploration risk. 

Most producing fields in the LlAB flat foreland are anticlines or 
gentle three-way closures against antithetic, up-to-the-basin normal 
faults, often with low structural relief. Therefore, exploration of this 
type of subtle structural traps calls for accurate seismic velocity control 
to avoid false structures created by velocity pull-up anomalies. In recent 
years, widespread use of 3D seismic data has demonstrated remarkable 
improvements to accurately map traps, not only structural but also 
stratigraphic ones, which may represent important hydrocarbon resources 
for the whole basin. Other types of accumulations are hydrodynamic or 
combined stratigraphic-hydrodynamic traps. The Rubiales field is a good 
example of this kind of accumulation, and probably very important volumes 
of hydrocarbons remain to be discovered in stratigraphic and hydrodynamic 
traps. Preservation of trapping mechanisms, influx of meteoric waters 
and biodegradation of hydrocarbons are important issues to consider in 
shallow traps. Acquisition of high-resolution 3D seismic surveys is likely 
to reveal subtler traps. Modern processing and interpretation technology, 
such as AVO as well as pre- and post-stack attributes will probably enhance 
operators’ abilities to map gentle structures as well as properly discriminate 
lithology and fluids prior to drilling.

In the LlAB foothills, in exploration of specific prospects it is important 
to understand the structural deformation history, as some events may 
contribute to improve traps while others may destroy or reduce traps’ 
integrity. Another issue in trap definition in the foothills, is the recurring 
difficulty to obtain good seismic images, due to the rough topography and 
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variable  (frequently steep) dips. Therefore, trap definition usually involves 
a high degree of uncertainty and risk. Detailed geological fieldwork, where 
possible, always helps to reduce this risk. 

A long known exploration frontier in the LlAB is the Paleozoic, as 
indicated by limited geochemical data suggesting that - partially at 
least - some oils have been sourced from Paleozoic rocks (i. e. Caño 
Limon oils). Several wells that penetrated Paleozoic marine shales 
supplied limited TOC and pyrolysis data (table 3) that suggest some 
of these units could be effective source rocks.  Moreover, data 
from few wells that penetrated Paleozoic rocks indicate porosity 
values up to 25% (i.e. SV-5 well). However these rocks are poorly 
known and further geochemical, petrophysical, and stratigraphic 
studies are necessary to define their source and reservoir rock 
potential, thickness, areal distribution and age. Therefore, the 
Paleozoic sedimentary section of the LlAB remains as a frontier, 
high-risk, exploration play. Analogous Paleozoic units, however, 
have produced important volumes of hydrocarbons in other sub-
Andean basins of South America.
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