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ABSTRACT

W
e modeled the kinematic evolution of two regional-scale transects through

the Eastern Cordillera fold and thrust belt of Colombia and then calculated

the conductive thermal state of key steps of the kinematic history using

ThrustpackR 4.0. The models were constrained by well, seismic, apatite fission-track,

and thermal-maturity data.

The main compressional structures in the Cordillera are controlled by Jurassic–Early

Cretaceous normal faults of the Bogotá, Cocuy, and the paleo-Magdalena basins. The

location of these Mesozoic extensional features strongly influenced thermal evolution.

Although shortening and basin inversion started in the early Tertiary, the bulk of the

deformation occurred during the Miocene to Holocene Andean orogeny.

Rocks in different structural positions in the thrust belt have distinct thermal and

maturation histories that determine the timing of hydrocarbon source rock maturation

and the quality of sandstone reservoirs. The internal part of the Cordillera had high heat

flow, with peak sedimentary burial and peak maturation during the Oligocene flexural

phase. Local structures formed during this time and were followed by major uplift and

denudation during the Andean orogeny. Hydrothermal circulation of basinal fluids,

5
Toro, J., F. Roure, N. Bordas-Le Floch, S. Le Cornec-Lance, and W. Sassi, 2004,

Thermal and kinematic evolution of the Eastern Cordillera fold and thrust
belt, Colombia, in R. Swennen, F. Roure, and J. W. Granath, eds., Deformation,
fluid flow, and reservoir appraisal in foreland fold and thrust belts: AAPG
Hedberg Series, no. 1, p. 79–115.

79

Copyright n2004 by The American Association of Petroleum Geologists.

DOI:10.1306/1025687H13114



which was probably expulsed at the onset of structural inversion, led to extensive

cementation of Albian reservoirs. In contrast, the Llanos foreland is characterized by

continued flexural subsidence and syntectonic sedimentation up to the present time.

Thermal maturation results from the combination of syntectonic sedimentation and

tectonic burial. Quartz cementation appears to be linked to the appearance of abundant

silica in the system from pressure solution during Andean shortening. The thermal

regime of the western flank of the Cordillera is cooler than the interior of the range,

whereas the structural history is more complex. Along our transect, an active kitchen is

located in the west-vergent thrust belt of the Eastern Cordillera. In the Magdalena

Valley, there are local kitchens only where a thick stratigraphic section is preserved. The

main limitations of our thermal models are (1) the lack of constraints on the thickness

and timing of deposition of the Eocene–Oligocene flexural deposits, which are sparsely

preserved in the Eastern Cordillera; (2) the paucity of good-quality thermochronologic

data to constrain the timing of erosion and rates of fault motion; and (3) the difficulty in

modeling the effects of fluid circulation over this large and structurally complex region.

INTRODUCTION

Understanding the thermal evolution of prospec-
tive areas in fold and thrust belts is critical in reducing
exploration risk. It is now evident that thermal matu-
ration of the source area controls hydrocarbon charge
history, and that tectonic and sedimentary events de-
termine the thermal history. However, it is less widely
appreciated that both thermal and tectonic processes
exert important controls on the cementation and disso-
lution processes in the reservoirs (Bordas-Le Floch, 1999;
Roure et al., 2003). Unfortunately, in areas with complex
geological histories, such as most fold and thrust belts, it
is difficult to make decisions early enough in the explo-
ration process, because a large body of data is required
to constrain the many geological parameters involved.

We integrated such a large geological data set,
including both surface and subsurface information pro-
vided by a consortium of oil companies, to evaluate the
links between the thermal history of the rocks and the
evolution of the sandstone reservoirs that are most
productive in the fold and thrust belts of the Eastern
Cordillera of Colombia. Our objective was to use this
specific case to draw general conclusions about the
evolution of the source rock and reservoirs to help guide
exploration here and in other similar settings.

The thermal history of rocks follow distinct paths
in different settings in a thrust belt determined by the
interaction of (1) variation of basal heat flow, (2) tec-
tonic and sedimentary burial, (3) erosion, and (4) fluid
flow. Both the timing of maturation of source rocks and
the quartz cementation history are very different in the
internal part of a fold and thrust belt relative to either
the foothill belts or the foreland.

To evaluate the effect of the first three factors listed
above (heat flow, burial, and erosion), we carried out

two-dimensional thermal and kinematic modeling of
two transects across the Eastern Cordillera of Colombia,
and we coupled this with petrographic, fluid inclusion,
and anisotropy of the magnetic fabric studies of
reservoir rocks collected both from cores and from
outcrop samples. The methodology we used evolved
from previous studies carried out in Venezuela (Roure
et al., 2003). Insights from regional thermal and kine-
matic modeling of the Colombian Andes are presented
in this chapter. Results from the reservoir studies are
also discussed in Roure et al. (2003).

REGIONAL FRAMEWORK

In southern Colombia, the Andes branch into three
ranges of different geological character and age (Figure 1).
The area west of the Romeral fault, including the Choco
block, the Western Cordillera, and part of the Central
Cordillera, is composed of accreted rocks of oceanic
affinity added to South America since the middle Cre-
taceous (Barrero, 1979; McCourt et al., 1984; Bourgois
et al., 1985). The bulk of the Central Cordillera, which is
the site of the modern volcanic arc, is mostly underlain
by Paleozoic metamorphic rocks and Mesozoic to
Cenozoic plutons. In contrast to the other branches of
the Colombian Andes, a large portion of the Eastern
Cordillera is made up of deformed but generally un-
metamorphosed Cretaceous marine sedimentary rocks
(Figure 2). This area of high topography resulted from
inversion of a Mesozoic extensional basin system culmi-
nating in the Andean orogeny that is still active today.

The evolution of the Andes of Colombia is deter-
mined by plate interactions at a triple junction located
at the northwest corner of South America (Burke et al.,
1984). This triple junction, which originated during the
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Triassic–Jurassic breakup of
Pangea, initially involved the
North American, Pacific, and
South American plates. The
extensive belt of arc-related
magmatic rocks of Mesozoic
to Holocene age that exists
in the Central Cordillera of
Colombia and in the north-
ern part of the Eastern Cor-
dillera attests to a long his-
tory of subduction along the
paleo-Pacific–South America
boundary. During the open-
ing of the North Atlantic, rift-
ing and intraplate extension
affected both the northern
margin of South America and
the paleo-Pacific back-arc
region, creating a system of
northeast-trending basins at
the site of the present-day
Eastern Cordillera, Magdalena
Basin, and the Merida Andes of Venezuela. The ori-
gin of these basins has been attributed either to a fail-
ed rift (Pindell and Dewey, 1982; Jaillard et al., 1990)
or to back-arc extension (McCourt et al., 1984; Pindell
and Tabbutt, 1995; Sarmiento, 2002), but with the
available data, it is difficult to choose between the two
hypotheses.

Accretion of terranes of oceanic affinity starting in
the middle Cretaceous along the paleo-Pacific margin
produced episodes of compressional and transpres-
sional deformation that propagated into the South
American plate, creating the Colombian and Venezue-
lan Andes (Suarez et al., 1983; Aspden and McCourt,
1986). Today, the northwest corner of South America is
a broad zone of dextral, transpressional deformation at
the junction between the Nazca, Caribbean, and South
American plates driven by convergence between South
America and the Nazca plate (Figure 1).

EVOLUTION OF THE
EASTERN CORDILLERA

The structure and evolution of the Eastern Cordillera
were the subject of several classic studies (i.e., Van der
Hammen, 1961; Campbell and Bürgl, 1965; Bürgl, 1967;

Julivert, 1970), but the discovery of major oil fields
during the last two decades caused a revival of interest
(Fabre, 1987; Colletta et al., 1990; Dengo and Covey,
1993; Cooper et al., 1995; Roeder and Chamberlain,
1995), culminating with recent regional syntheses (Villa-
mil, 1999; Taboada et al., 2000; Sarmiento, 2002).

Jurassic–Early Cretaceous Extension

Throughout the Eastern Cordillera and the Magda-
lena Valley, there are isolated exposures of Late Triassic–
Jurassic red beds, volcanoclastic and volcanic rocks
believed to have been deposited in elongated rift ba-
sins. The normal faults that bounded these rift basins
are sparsely preserved as such; instead, the faults were
inverted during the Tertiary–Holocene Andean com-
pressional deformation (Colletta et al., 1990; Cooper
et al., 1995). The existence of the main, basin-bounding
normal faults is documented by the distribution of the
synrift deposits. For example, in the central part of the
Eastern Cordillera (northern part of Figure 2), thick Ju-
rassic units (Arcabuco, La Rusia, Palermo, and Bata for-
mations) are exposed on the hanging wall of the Boyacá
thrust along the Arcabuco anticline, whereas directly
to the east, thin, Early Cretaceous rocks rest directly
on the Paleozoic basement of the Floresta massif.

FIGURE 1. Tectonic map of
the northern Andes, modi-
fied fromTaboada et al. (2000).
Shaded relief from U.S. Geolog-
ical Survey GTOPO30 DEM.
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Extension and rapid subsidence during the Neo-
comian led to the deposition of thick marine strata in
the large intracratonic Bogotá basin that covered most
of the area now occupied by the Eastern Cordillera and
the middle Magdalena Valley (Figure 3) (Fabre, 1987).
The northern part of the Bogotá basin was divided into
two rapidly subsiding subbasins separated by a basement
high (the Floresta–Santander massif) (Figure 2) (Fabre,
1987). The northeastern arm of the Bogotá basin known
as the Cocuy basin was bounded on the east by the paleo-
Guaicaramo system of normal faults, now inverted
(Fabre, 1987). Evidence for the paleo-Guaicaramo fault
is that in the eastern flank of the Cordillera, latest
Jurassic and Neocomian rocks (Macanal, Las Juntas,
Fómeque, and equivalent formations) are more than
5000 m (16,500 ft) thick, whereas in wells of the eastern
foothills, rocks of this age are absent. Normal faults in
the footwall of the Guaicaramo system have also been
recognized in seismic data (Linares, 1996; Sarmiento,
2002). Although good-quality seismic data is lacking
along the western margin of the Cocuy subbasin, it ap-
pears that the basin was a half graben, because Early Cre-
taceous subsidence rates were faster along the paleo-
Guicaramo system than in the vicinity of the Floresta
massif (Sarmiento, 2002). The Tablazo subbasin, which
formed the northwestern arm of the Bogotá basin, ex-

tended over much of the western flank of the Eastern
Cordillera and the Magdalena Valley. Southeast of Bo-
gotá, Neocomian strata decrease in thickness abruptly
across an east–west-trending lineament (Figures 2, 3).
Fabre (1987) has proposed that this transverse structure
(the paleo-Gutierrez fault) marked the southern bound-
ary of the Bogotá basin and extended to the Central
Cordillera in the west.

Rapid Early Cretaceous subsidence has been ex-
plained by the thinning of the lithosphere using the
model of McKenzie (1978). Fabre (1987) proposed that
a stretching factor (b) of 2 could account for the sub-
sidence of the Cocuy basin. More detailed subsidence
analysis and modeling based on more than 100 wells
and surface sections across the Eastern Cordillera shows
that crustal stretching for the Early Cretaceous event
ranged from about 1.1 to 3.0 (Sarmiento, 2002). Max-
imum stretching was concentrated in an elongated
trough parallel to the paleo-Guaicaramo fault system.
An important consequence of lithospheric thinning
is an increase of heat flow in the crust because of the
rise of the mantle isotherms. Numerous, small basaltic
intrusions that cut the Early Cretaceous units (Fabre
and Delaloye, 1982) and the high level of thermal ma-
turity of Early Cretaceous units are evidence of elevated
heat flow during that period.

FIGURE 2. Simplified geo-
logical map of the central
part of the Eastern Cordillera
compiled from the 1:100,000
Ingeominas quadrangles. See
Plate 1 for a color version and
complete references. Abbre-
viations: GF = Girardot fold
belt; GS = Guaduas syncline;
MS = Mariquita stock. Faults:
AlF = Algeciras; BiF = Bituma;
BqF = Boqueron; BoF = Boyacá;
CaF = Cambao; CuF = Cusiana;
EsF = Esmeraldas; FuF = Fusa;
GuF = Guaicaramo; HoF =
Honda; MaF = Magdalena;
PaF = Palestina; Sa = Salina;
SMF = Santa Maria; SoF = Soá-
paga; TeF = Tesalia; ViF = Villa-
vicencio; YoF = Yopal. Wells:
BO = Bolivar; CH = Chenche;
CO = Coporo; COR = Cormi-
choque; CR = Corrales; CU =
Cusiana; ES = Estratigrafico;
GU = Gualanday; LE = Leticia;
ME = Medina; MS = Matachines
Sur; TU = Tunja; MN = Mata-
chines Norte; Pz = Paleozoic.
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Late Cretaceous–Paleocene Subsidence

The Bogotá basin continued to subside through the
Cretaceous as the lithosphere returned to thermal equi-
librium. In this chapter, we treat this period, which ex-
tended from the Albian to the early Paleocene, as the
thermal subsidence phase of the basin (Figure 4), although
Sarmiento (2002) identified two localized episodes of
accelerated subsidence that may reflect renewed exten-
sional deformation during the Aptian–early Albian and
Cenomanian.

Sedimentation was characterized by a transgres-
sive-regressive megacycle that started with prograda-
tion of sandy deltaic and coastal facies of the Albian
Une, Caballos, and equivalent units (Figure 4). These
include some of the potential petroleum reservoir in-
tervals in the basin. During the Turonian, the basin
reached its maximum extent; even the basement high
that separated the Tablazo and Cocuy subbasins was
submerged, and sedimentation prograded into the
Llanos Basin to the east and the flank of the Central
Cordillera to the west (Etayo et al., 1969; Villamil et al.,
1999). The main source rock intervals of the petroleum
systems of northern South America were deposited
during this period as anoxic marine shales. These are
found in the La Luna, Villeta, Gachetá, and Chipaque
formations of mainly Cenomanian to Santonian age.
This sedimentary megacycle was closed by a relative
drop of sea level in the Campanian to Maastrichtian
that resulted in the deposition of sandstones of the
Guadalupe Group (Villamil, 1999), which are produc-
tive reservoirs both in the Llanos and in the upper
Magdalena Valley areas. Coal-bearing deltaic to conti-
nental deposits of the Guaduas Formation of Maas-
trichtian to Danian age mark the end of the thermal
subsidence phase. A regional unconformity caps the
thermal subsidence phase of the Bogotá basin and
signals the onset of compressional tectonics and ba-
sin inversion east of the Central Cordillera. A detailed
sequence-stratigraphic interpretation of the Late Creta-
ceous sedimentation in the Bogotá basin can be found
in Villamil (1999).

Early Tertiary Basin Inversion

During the Late Cretaceous–early Tertiary, the
Caribbean plate, characterized by anomalously thick
oceanic crust, separated from the Farallon plate, began
to move east relative to South America (Burke et al.,
1984), and was eventually subducted along the north-
ern margin of Colombia (Pennington, 1981; Taboada
et al., 2000). In addition, an oceanic terrane, perhaps
part of the Caribbean plate itself, was accreted to the
continental margin in the Western Cordillera of Colom-
bia (McCourt et al., 1984). South of the Caribbean–South
America–Farallon triple junction, active subduction ofF
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the Farallon plate continued along the paleo-Pacific
margin. As a result of these plate boundary interactions,
transpressional and compressional deformation led to
the tectonic uplift of the Central Cordillera and the
onset of inversion in the Bogotá basin.

Beginning in the Paleocene, continental sedimen-
tation established itself over most of the Eastern Cor-
dillera domain. Uplift and denudation of the Central
Cordillera and parts of the Santander massif are ev-
idenced by the appearance of chert and lithic fragments
in the upper Paleocene sandstones of the Cocuy basin
(Socha formation; Fabre, 1981), as well as in the early
Tertiary sandstones of the southern part of the Bogotá
basin (Hoyón formation; Sarmiento, 1989), and by the
progradation of coarse clastics to the east from the
Central Cordillera source area in the middle Magdalena
region, which have been interpreted as synflexural
series (Gómez, 2002). In the upper Magdalena Valley, a
major angular unconformity overlain by Eocene(?) con-
glomerates and sandstones of the Gualanday Group
truncates earlier folds and thrust faults. The clasts in
the Gualanday Group clearly point to a source in the
Central Cordillera (Guillande, 1988). This unconformity
is also recognized throughout the middle Magdalena
Valley and is thought to indicate major deformation in
the Central Cordillera before the middle Eocene (Gómez,
2002). Granodiorite of the Mariquita stock, located on
the flank of the Central Cordillera 110 km (70 mi) north
of our transect (Figure 2), yielded a 32 ± 6 Ma apatite

fission-track age, indicative
of late Eocene–early Oligo-
cene uplift and denudation
(Gómez, 2002).

In general, the Paleogene
sedimentary basin was asym-
metrical, with its depocenter
close to the Central Cordil-
lera, suggesting that it was a
flexural basin resulting from
tectonic loading in the Cen-
tral and Western Cordilleras
(Cooper et al., 1995). How-
ever, it appears that during
the early Tertiary, some struc-
tural relief also developed
in the Eastern Cordillera as
the result of the inversion of
Mesozoic normal faults (Van
Houten and Travis, 1968; Roe-

der and Chamberlain, 1995; Sarmiento, 2002), so the pre-
Andean basin may be more accurately described as a
broken foreland basin. Detailed flexural modeling shows
that the pattern of early Tertiary subsidence across the
Eastern Cordillera and Magdalena Valley requires both
thrust loading in the Central Cordillera and local loads in
the Eastern Cordillera attributed to the uplift of inverted
blocks (Sarmiento, 2002). In addition, areas thinned dur-
ing Mesozoic rifting underwent greater Neogene flexural
subsidence because the effective elastic thickness of the
lithosphere had also been reduced.

Isotopic and structural studies in the emerald de-
posits of the Eastern Cordillera provide some constraints
on the timing of deformation. Emerald mineralization
in the Eastern Cordillera was produced by hydrother-
mal activity associated with the expulsion of basinal
fluids (Cheilletz et al., 1994; Giuliani et al., 1995). Emer-
ald mines are located along the two flanks of the Eastern
Cordillera, close to the borders of the Early Cretaceous
Bogotá basin (Figure 2). Emeralds are found in calcite-
dolomite-pyrite veins in Lower Cretaceous shales (Mac-
anal and Paja formations). 40Ar/39Ar ages of micas from
the mineralized veins are 65 ± 3 Ma (Maastrichtian) in
the eastern-flank district (Cheilletz et al., 1997) and are
associated with extensional structures linked with the
dissolution of evaporites (Branquet et al., 1999). In con-
trast, the ages of the western-flank district are 32–38 Ma
(middle to late Eocene; Cheilletz et al., 1994) and oc-
cur in compressional structures (Branquet et al., 1999).

FIGURE 4. Chronostrati-
graphic diagram for the
southern cross section show-
ing the main sedimentary
sequences of the Eastern Cor-
dillera and adjacent basins.

84 Toro et al.



Expulsion of hydrothermal
fluids during the middle to
late Eocene mineralization
event probably occurred in re-
sponse to regional, compres-
sional deformation. The hy-
drothermal fluids reached a
temperature of 290–3608C
(Cheilletz et al., 1994) and
may have been an important
factor in the cementation of
the Albian sandstones, as dis-
cussed below. The radiomet-
ric ages from the emerald
deposits show that the his-
tory of fluid flow in the East-
ern Cordillera is complex and
may be associated with di-
verse tectonic regimes.

The Oligocene–early Miocene sedimentary records
of the Llanos Basin (Carbonera Formation) and the
northern part of the Eastern Cordillera (Concentración
Formation) attest to rapid subsidence and relative
tectonic quiescence. Subsidence during this period
can be attributed to continued tectonic loading in the
Central Cordillera (Cooper et al., 1995). However, there
is evidence of Oligocene deformation throughout the
region. In the upper Magdalena Valley, Oligocene sand-
stones (Doima formation) lie unconformably on folded
Jurassic to Eocene rocks. Reliable apatite fission-track
ages from the flanks of the Guaduas syncline, located in
the western foothills of the Eastern Cordillera (Figure 2),
are 26 ± 4 Ma, indicating relatively rapid cooling and
denudation during the middle Oligocene (Gómez, 2002).
In the central part of the Eastern Cordillera, north of
Tunja, the shaly Concentración Formation (Oligocene),
which is preserved only east of the Floresta massif, con-
tains in its lower part conglomeratic sandstone horizons
with fossiliferous limestone and chert clasts of Creta-
ceous age (Reyes and Valentino, 1974). This can be
taken as evidence that deep erosion had already oc-
curred in the Floresta massif or somewhere to the west
during the Oligocene, but the relief may date back to
Eocene time. Late Oligocene–early Miocene apatite
fission-track ages from the Floresta massif (Toro, 1990)
and southern Santander massif (Shagam et al., 1984)
suggest that uplift and deformation had already begun
by that time in the northern part of the Eastern Cor-
dillera. Seismic data from the Llanos foothills in the

Cusiana and Medina areas (Figure 2) show that minor
thrusting of basement blocks occurred prior to deposi-
tion of the Carbonera Formation (Linares, 1996; Rathke
and Coral, 1997).

The evidence presented above suggests that by
Oligocene time, inversion had already begun in the
Eastern Cordillera (Gómez, 2002; Sarmiento, 2002),
and a complex paleogeography is likely to have existed.
Because the Oligocene sedimentary record is very in-
complete in the Cordillera, it is difficult to reconstruct
the coeval basin geometry. Our thermal models, dis-
cussed below, show that the deepest part of this Oli-
gocene basin was located along the axis of the Eastern
Cordillera, instead of along the foothills of the Central
Cordillera, as was proposed by Cooper et al. (1995).

Andean Deformation

Major shortening and formation of the high topog-
raphy of the Eastern Cordillera began during the late
Miocene as a response to the accretion of the Panama
arc against the western margin of Colombia (Duque,
1990; Kellogg and Vega, 1995; Taboada et al., 2000). The
thinned crust of the Bogotá basin was a zone of weak-
ness in the South American plate, where a large amount
of shortening could be accommodated. The Early Cre-
taceous basin was inverted by the reactivation of the
old normal faults and by shortcuts on basement struc-
tures, producing the doubly vergent orogen that we see
today (Figure 5) (Colletta et al., 1990; Cooper et al., 1995).

FIGURE 5. Paleogeographic
map of the Early Cretaceous
Bogotá basin modified from
Fabre (1987). Present-day riv-
ers are shown for geographic
reference. Val = Valanginian.
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Thick synorogenic clastics (Guayabo Formation) filled
the new flexural basin of the Llanos and also the inter-
montane Magdalena Basin (Honda and Real formations).
Andean range front faults are still seismically active
(Taboada et al., 2000), and even the youngest sedimen-
tary units are involved in the deformation, thus attest-
ing to the youth of the mountain belt.

Several competing structural models have been
published recently for the Eastern Cordillera (Colletta
et al., 1990; Dengo and Covey, 1993; Cooper et al., 1995;
Roeder and Chamberlain, 1995). The main issue is
whether the deformation in the Cordillera was accom-
plished by motion on low-angle faults and the mag-
nitude of shortening is great or by high-angle faults,
which would require only moderate shortening to
achieve the same structural relief.

A wide range of shortening estimates have been
published for the Eastern Cordillera (Table 1). Two end-
member interpretations exist: one where the major thrust
faults are low-angle detachments that cut the entire crust
(Roeder and Chamberlain 1995) and one where the main
faults root into either reactivated Jurassic–Early Creta-
ceous normal faults or new thrust faults dipping ap-
proximately 308 (Cooper et al.,1995). Dengo and Covey
(1993) proposed a mixed model of the Cordillera, where
an early phase of thin-skinned deformation was followed
by crosscutting, high-angle reverse faults. To balance
the shortening in the cover and the basement, they
postulate the existence of a major detachment extend-
ing west beneath the Central Cordillera into the sub-
duction zone. However, the Bouguer gravity anomaly
associated with the Cordillera indicates that it has a
lower crustal root that must be accounted for in the
structural model (Colletta et al., 1990; Toro, 1990). We
prefer a simpler solution similar to that of Colletta et al.
(1990), where the shortening in the cover can be bal-
anced by local crustal thickening of the basement. Our
northern section requires 60 km (37 mi) of shortening
(30%) to restore the structures of the east-vergent half
of the Cordillera. Undoubtedly, there are multiple de-
tachment levels in the stratigraphic section of the Cor-
dillera as pointed out by Dengo and Covey (1993). This
leads to disharmonic folding at different structural
levels, but there is no need to propose large values of

displacement along these detachments. Our southern
section is located where the Eastern Cordillera has nar-
rowed to half the width found further north. Along that
transect, 50 km (31 mi) of total shortening (25%) is suf-
ficient to restore the structures. Details of the Andean
structures are discussed below in the context of our
structural transects.

KINEMATIC MODELING

Methods

The cross sections through the Eastern Cordillera
in this study (Plate 1; Figures 3, 6) were constructed on
the basis of the published geological maps of Ingeo-
minas at 1:100,000 scale locally supplemented by more
detailed unpublished maps. We also used stratigraphic
data derived both from wells and from the literature
and seismic sections provided by Ecopetrol and oil com-
panies belonging to the Subthrust Reservoir Appraisal
(SUBTRAP) consortium of Institut Français du Pétrole.
The seismic data provided valuable control on the struc-
ture of the Llanos and Magdalena foothills. However,
in the internal portion of the Cordillera, seismic cov-
erage is discontinuous, and the quality of the existing
lines is commonly poor. In particular, the deep archi-
tecture of the orogen remains speculative, because deep-
crustal seismic data is lacking. We used Bouguer gravity
data (Bermudez et al., 1985) to constrain the basement
and cover geometry where the seismic data was lacking.

A simplified version of the initial state of the
balanced cross sections was input into the software
ThrustpackR 4.0 to model the kinematic and thermal
history of the Cordillera. The modeling was an itera-
tive process where the Thrustpack 4.0 results lead to
modifications of the cross sections until we obtained
a good match to the present-day structures, a deforma-
tion history that fits all the timing constraints, and a
thermal history in agreement with the thermal-maturity
data. The deformation algorithm used in Thrustpack
4.0 (Sassi and Rudkiewicz, 1996) is based on the kink-
line method of Suppe (1983). Only foreland-verging
fold-bend folds could be modeled by Thrustpack 4.0.

TABLE 1. Comparison of shortenings proposed for cross sections of the Eastern Cordillera
through the Tunja area.

Authors Shortening (km) (L0�L1)/L0 (%)

Cooper et al. (1995) 68 14

Colletta et al. (1990) 105 30

This study (northern section) 60 (partial section) 30

Taboada et al. (2000) 120 33

Dengo and Covey (1993) 150 40

Roeder and Chamberlain (1995) 230 64
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PLATE 1. Geological map of the central Eastern Cordillera.
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Inversion structures, ductile deformation, fault-propa-
gation folds, and back thrusts were not possible with
that early version of the program. Additional limita-
tions were that faults could not cut each other, that
faults had to begin with a flat, and that faults steeper
than 308 were problematic. In the case of the Eastern
Cordillera, these restrictions proved not to be a major
obstacle, and a satisfactory fit to the hand-drawn cross
section could be obtained as long as the east-vergent and
the west-vergent flanks are modeled independently.
The limitations outlined above have been overcome in
more recent versions of Thrustpack (Sassi et al., 1998).

Structural Transects

The two transects described here characterize two
distinct areas of the Eastern Cordillera. The northern
transect is only a partial cross section located in the
northern part of the high plateau known as the Alti-
plano Cundiboyacese and extends from the Arcabuco
anticline in the west to the Llanos foreland in the east
(Figures 2, 6; Plate 1). It is located in the widest part of
the Cordillera in an area that, in terms of the Early Cre-
taceous paleogeography, corresponds to the southern
extremity of the Floresta paleohigh and to the Cocuy
subbasin. In contrast, the southern transect, which ex-
tends from the Magdalena Valley to the Llanos, is lo-
cated south of the southern boundary of the Bogotá
basin, where Early Cretaceous strata are relatively thin.

The Eastern Cordillera is a doubly vergent orogen,
with thrust faults directed toward both the Llanos Ba-
sin and the Magdalena Valley. However, the structure
is not symmetrical in cross section as is evident in the
southern transect (Figure 3; Plate 1). The greatest struc-
tural relief and largest horizontal displacement are
on the faults of the eastern foothills, which is on the
Guaicaramo system. On a map view, the system is com-
posed of a set of large en echelon, right-stepping thrust
faults (Figure 1). In the study area, these faults are the
Santa Maria, Tesalia, and Guavio–Guaicaramo faults.
These appear to be the master structures of the Eastern
Cordillera. The en echelon pattern of the frontal faults
is probably caused by a component of right-lateral shear
of the Andean deformation. Right-lateral transpres-
sional deformation is the result of the oblique angle
between the range-bounding faults and the direction
of convergence of the Nazca plate to South America
(Figure 1) (Colletta et al., 1990). This oblique angle is
inherited from the geometry of the Jurassic–Early Cre-
taceous rift system.

Northern Transect

The restoration of the northern transect (Figure 6;
Plate 1) shows that before the Andean deformation,
there were two subbasins bounded on the east byF
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normal faults and separated by the Floresta massif. We
show the basins as simple half grabens, but a more
complex geometry is possible. Each of the two basin-
bounding normal fault systems was inverted during the
Andean deformation. The geometry of the Arcabuco
anticline, which is located at the western end of the sec-
tion, suggests that the paleo-Boyacá fault was inverted
by a shortcut and not by direct reactivation of the
normal faults (Figure 6). At the location of our transect,
the Boyacá fault does not breach the surface. Instead, its
displacement is transferred to the Tunja and Cormi-
choque thrusts that are beautifully expressed in the
seismic data and have been drilled (Figure 7). These two
thrusts follow detachments in the shales of the
Chipaque and Tibasosa formations. The top of the
Paleozoic basement dips gently to the northwest over
most of the block comprised between the Boyacá and
Soápaga faults.

The Soápaga fault brings Paleozoic basement to the
surface in the core of the Floresta massif. This fault can
be traced to the north for more than 40 km (25 mi),
until it links to the Santa Marta–Bucaramanga left-
lateral strike-slip fault (Figure 1). The Soápaga and
Boyacá faults may be transferring a large component of
the strike-slip displacement of the Santa Marta–
Bucaramanga fault into shortening (Toro, 1990). In its
northern part, the Soápaga fault thrusts Paleozoic base-
ment over the Oligocene Concentración Formation. In
that area, there is a large, basement-cored, recumbent
anticline on the hanging wall paired with a recumbent
syncline (the Beteitiva syncline) in the footwall. This
geometry suggests that the Soápaga fault developed by
fault propagation and culminated with a synclinal break-
through (Toro, 1990). We have interpreted the Soápaga
fault as a moderate-angle thrust that joins the same

midcrustal detachment as the Boyacá fault. Some of the
displacement on the Soápaga fault is transferred for-
ward into a set of smaller thrust faults detached in the
middle Cretaceous shales that form complicated, short-
wavelength folds. Several back thrusts occur in this
area. However, in the regional context, the amount of
shortening represented by these west-vergent structures
is minor. Because of the limitations of the software, we
have neglected them in the kinematic modeling.

In our model, more than 24 km (15 mi) of hor-
izontal motion on the Guaicaramo fault are required
to produce the observed structural relief. As we have
already stated, the major ramps and flats of the Guai-
caramo fault are probably controlled by the location
of Early Cretaceous normal faults (Figure 6; Plate 1).
The hanging wall of the Guaicaramo fault is dominated
by a folded but generally continuous section of Lower
Cretaceous sedimentary rocks. In this area, we propose
several faults of lesser importance detached in the
Lower Cretaceous shales. Fifty kilometers along strike
to the south of our transect, the underlying Paleozoic
and Jurassic rocks crop out. These pre-Cretaceous block
is bounded on the west by the Esmeraldas fault, which
appears to be a Jurassic–Early Cretaceous normal fault
decapitated and transported to the east by the Guaicar-
amo fault.

We have presented a very simple interpretation of
the range front structures where most of the shortening
occurs on a single branch of the Guaicaramo fault. A
more complicated geometry probably exists, given the
along-strike variations of structures (Estrada et al., 1999),
but we lack the seismic data necessary to propose a
more accurate model. The Yopal and Cusiana faults are
at the present-day deformation front. To have a co-
herent kinematic model, we have linked the Yopal and

FIGURE 7. Seismic line in the internal part of the Eastern Cordillera located on the footwall of the Boyacá fault.
Abbreviations: Tb = Paleocene Bogotá Formation; TKg = Maastrichtian–Paleocene Guaduas Formation; Kg = Upper
Cretaceous Guadalupe Formation, Chipaque Formation; Kc = Upper Cretaceous Chipaque Formation; Ku = Albian Une
Formation; lKt = Aptian–Barremian Tibazoza Formation; Pz = Paleozoic sedimentary and metamorphic rocks.
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Cusiana faults back to the Guaicaramo system follow-
ing detachments in the lower Carbonera shales and in
the Paleozoic basement.

Timing of Deformation

The available constraints on the exact age of mo-
tion on the different fault systems of the Eastern Cor-
dillera are poor. This is one of the main sources of un-
certainty in the kinematic model. Apatite fission-track
data from the Floresta massif show that unroofing in
the core of the Cordillera began at 20–25 Ma (Toro,
1990). The track-length distributions suggest a slow
cooling rate; however, the mediocre quality of the data
does not permit an unambiguous interpretation. In
contrast, unpublished fission-track ages from the east-
ern flank and the foothills indicate rapid cooling be-
tween 10 and 5 Ma. The coarse clastic sediments of
Guayabo Formation (late Miocene–Pliocene) of the
Llanos foreland are thought to be associated with active
thrusting in the Eastern Cordillera. However, in the
Cusiana area, the Guayabo reflectors are parallel, gen-
erally isopachous, and are folded in the hanging walls
of the Cusiana and Yopal faults (Figure 8). No evidence
exists for syndepositional deformation in the Guayabo
Formation. Therefore, the frontal faults of the Cor-
dillera postdate the entire Guayabo section. Seismicity
along the Guaicaramo fault indicates that it remains
active today (Taboada et al., 2000). Paleobotanical data

coupled with radiometric ages of volcanic ashes from
the late Miocene–Holocene sediments of the Bogotá
area (Helmens, 1990) show that a tropical lowland en-
vironment persisted until the earliest Pliocene (about
5 Ma). The lowland floras were replaced by lower sub-
Andean forests and then by upper sub-Andean forests.
These paleoenvironmental changes were interpreted
as the result of uplift of the Bogotá region from less
than 500 m (1600 ft) above sea level at 5 Ma to more
than 2200 m (7300 ft) beginning at 3 Ma (Helmens,
1990).

In summary, deformation had begun in the Flo-
resta massif by 20 Ma, but the main pulse of shortening
and uplift occurred in the last 5 Ma. In the kinematic
model presented below, we introduce minor motion on
the Boyacá and Soápaga faults before 20 Ma, then the
deformation propagated eastward. The large displace-
ment of the Guaicaramo fault requires that it remains
active from 16 Ma to the present to maintain moderate
displacement rates. In our model, about 20 km (13 mi)
of total shortening had already occurred by 12 Ma. This
is difficult to reconcile with the paleobotanical data
from the Bogotá plateau but agrees with the apatite
fission-track constraints from the foothills. It must be
remembered that the paleoflora is first a paleoclimatic
indicator and only indirectly a measure of paleoeleva-
tion, and that we have control neither on the rates of
fault motion nor on the deep geometry of the faults. If
we assume higher fault velocities (which are possible)

FIGURE 8. Seismic line through the Cusiana field of the Llanos foothills located at the eastern end of our northern section
(Plate 2). Folding of the Guayabo Formation (Ng) without fanning of strata indicates that the Cusiana fault is late to
post-Neogene. See Cazier et al. (1995) for a complete description of the Cusiana field. Ng = Neogene Guyabo Formation;
Tl = Tertiary Leon Formation; Tc = Tertiary Carbonera Formation; Kg = Upper Cretaceous Guadalupe Formation.
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or steeper faults, it would be permissible to concentrate
more on the deformation in the Pliocene–Holocene
period.

Kinematic Model (Northern Transect)

To reduce computational problems in Thrustpack
4.0, we carried out the modeling of the northern sec-
tion in two segments: (1) an internal segment, in-
cluding all the faults comprised between the Boyacá
fault and the Guaicaramo fault in the east (Plate 2;
Table 2), and (2) a frontal segment, including only the
Chámeza, Guaicaramo, Cusiana, and Yopal faults (Plate 3;
Table 3). Below, we highlight the important features of
the kinematic model of the internal segment of the
cross section. The initial and final stages of the model
are shown in Figure 9. The complete model, as well as a
model of the frontal structures, is shown in Plate 3.

34 Ma: Initial state. The initial structure is character-
ized by the Cocuy and Tablazo Jurassic–Cretaceous rift
basins.
20 Ma: Early Carbonera deposition. We assume that
rocks of the Carbonera–Concentración Formation ex-
tended continuously over the Cordillera. Today, the
Concentración Formation is only preserved along a
narrow band on the footwall of the Soápaga fault, and
there is great uncertainty about its age range and orig-
inal thickness. Fission-track data from the Floresta mas-
sif indicate that denudation began at 25–20 Ma in that
area, so we activate the Soápaga and Tunja faults (faults 1
and 3) and begin to erode the highlands.
16 Ma: Late Carbonera–Leon deposition. In this
period, there is additional deposition of Carbonera-
equivalent rocks in the Cocuy basin. Motions on the
Soápaga and Boyacá fault systems (faults 1–3) continue
leading to more erosion of the highlands.
12 Ma: Early Guayabo deposition. Displacement con-
tinues on the Boyacá and Soápaga fault systems
(faults 1–5), and deformation propagates to the east
(faults 6–8). Rapid accumulation of Guayabo sediments
begins.
8 Ma: Middle Guayabo deposition. Motion ceases in
the Boyacá and Soápaga fault systems (faults 1–5). The
faults of the eastern part (faults 6–8) continue to be
active. Guayabo sedimentation continues, accompa-
nied by erosion of the highlands.
4 Ma: Late Guayabo deposition. Displacement con-
tinues on the eastern faults (faults 6–8) and is accom-
panied by erosion. Within the Cordillera, Tertiary rocks
are only preserved in the synclinoria. Rapid sedimen-
tation continues in the Llanos.
0 Ma: Holocene. Only the Guaicaramo fault (fault 8) is
active. erosion is present along the entire section. The
final geometry is a good match to the hand-drawn

structural cross section, but the uplift of the Arcabuco
anticline is not sufficient. The west-vergent fault sys-
tem of the Magdalena flank, which is neglected in this
model, is necessary to achieve the correct amount of
uplift of the internal part.

Southern Transect

Below, we describe the principal structures of the
southern transect from east to west. Unlike the north-
ern transect, there are two small basement-involved anti-
clines in the foreland east of the range front (Figure 3;
Plate 4). Both structures, which host the Chichimene
and Castilla oil fields, are bounded by high-angle re-
verse faults that cut the late Miocene–Pliocene strata.
In the Chichimene anticline, the Cretaceous units are
thicker in the hanging wall, suggesting that the struc-
ture formed by reactivation of a Cretaceous normal fault
(Kluth et al., 1997). The Castilla anticline is broader and
lacks clear evidence of tectonic inheritance. However,
the similarity in age, character, and setting between the
two structures suggests that they had similar origins.

The main frontal faults of the Eastern Cordillera
along the southern transect are the Villavicencio and
Santa Maria faults. Although the Santa Maria fault links
to the south with the Algeciras right-lateral strike-slip
fault (Figures 1, 2), seismic data from 30 km (19 mi)
north of the location of our transect (Figure 10) demon-
strate that it is relatively low-angle thrusts. In our ki-
nematic model, the Santa Maria and Villavicencio faults
have combined horizontal displacement of about 28 km
(18 mi); thus, these two faults account for about half
the total shortening along the southern section (Table 4).
The Lower Cretaceous units exposed in the hanging wall
of the Villavicencio fault (Caqueza Group) are much
thicker than in the foreland, confirming that the Andean
front is controlled by Early Cretaceous normal faults.

On the basis of surface geology (Cáceres et al., 1970),
the structure of the Quetame massif and the internal
part of the Cordillera appears to be rather simple. It is
a large block, tilted to the west by the Santa Maria–
Villavicencio faults, with a complete lower Paleozoic
to Paleocene stratigraphic section exposed at the higher
elevations (Figure 3; Plate 4). In contrast, the Magdalena
flank of the Cordillera is cut by numerous west-vergent
thrust faults. The most important ones are the Fusa,
Pandi, Quinini, Boquerón, and Magdalena faults (Figure 3;
Plate 4). The Fusa fault was not recognized by Cáceres
et al. (1970), but it is required in the seismic interpre-
tation (Figure 11). Generally, the west-vergent thrusts
that are imaged in the seismic lines are low angle, have
moderate displacements, and involve most of the Creta-
ceous sedimentary section (Figure 11). In our interpre-
tation, we have linked most of the faults into a single
detachment in pre-Cretaceous rocks at about 5 km
(3 mi) below sea level. This interpretation is speculative;
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in fact, we have not fully addressed the problem of the
interaction between the east-vergent master fault and
the west-vergent thrusts.

The distribution of pre-Cretaceous rocks is not
well known. Devonian and Carboniferous clastic rocks
underlie the Early Cretaceous Fómeque formation in
the Quetame massif but are not exposed further west
(Figure 2; Plate 1). In the Magdalena Valley, thick, rift-
related Jurassic red beds and felsic to intermediate vol-
canic rocks of the Saldaña Formation exist. In our in-
terpretation, we have used the conceptual model that
most ramps of the Andean faults are controlled by Ju-
rassic normal faults, but in general, we lack direct evi-
dence of this relationship. A notable exception is the
Espinal high, a large, symmetrical anticline located in
the middle of the Magdalena Valley, which has a ge-
ometry typical of inversion structures (Figure 3; Plate 4).

West of the Estratigrafico 1 well, there are some
irregularities in the thrust belt. The Quinini fault strikes
to the north-northwest, in contrast to the dominant
northeast strike of the rest of the structures (Figure 2;
Plate 1). This fault overrides the Cunday syncline almost

at 908 to the fold axis. The Quinini fault has a strong
component of motion out of the plane of the transect
(Figure 11). In the Thrustpack 4.0 model presented
below, we neglected the Quinini fault because the
software cannot deal with out-of-plane effects. Analog
model experiments suggest that oblique structures such
as these can form where the stratigraphic section
abruptly changes thickness parallel to the direction of
thrusting (B. Colletta, 1998, personal communication).
In this case, the oblique structures are located at the
southern limit of the Bogotá basin, where the Early Cre-
taceous strata thin over the paleo-Gutierrez fault.

The Magdalena range front is formed by a resistant
ridge of Guadalupe Formation thrusted over Miocene–
Pliocene sediments of the Honda Formation by the
Magdalena fault (Figure 12). However, the Magdalena
fault is also linked to a deeper triangle structure that
deforms and uplifts the Oligocene–Pliocene section of
the Magdalena Valley. This triangle zone is laterally
extensive and is productive in the Matachines Norte,
Matachines Sur, and Chenche fields, where the Gua-
dalupe Formation is preserved in the triangle zone.

PLATE 2. Structural cross section of the eastern flank of the Eastern Cordillera in the Tunja–Cusiana area. See Plate 1
for location.
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Additional compressional structures are exposed
west of the Espinal high. These folds have shorter wave-
lengths than most of the folds in the Cordillera, indi-
cating that they are caused by deformation on shallower
detachment levels. Along our transect, the Chusma fault
forms the range front of the Central Cordillera and the
western boundary of the Magdalena Basin. This east-
vergent thrust brings to the surface Paleozoic schists of
the Central Cordillera overlain by Triassic to Jurassic
rocks of the Luisa and Payande formations and intruded
by the Ibague batholith (Late Jurassic–Early Cretaceous).

Sequence of Deformation

The timing constraints along the southern transect
are consistent with those further north. As discussed
above, there is ample evidence for pre-Eocene defor-
mation in the Central Cordillera and Magdalena Ba-
sin. Notably, the thickness of the Guaduas Formation
(Maastrichtian–Paleocene) ranges between 1.8 and 0 km
(1.1 and 0 mi) below the pre-Eocene unconformity in
the wells of the Girardot subbasin. Apatite fission-track

ages from the Guaduas syncline (Gómez, 2002) and the
timing of mineralization in the emerald deposits of the
western flank of the Eastern Cordillera (Cheilletz et al.,
1994) indicate that early Tertiary shortening also affected
the Eastern Cordillera along the southern transect.

An additional deformational event is evidenced by
the development of the Espinal high (Figure 12), where
folded Jurassic through Eocene rocks are unconform-
ably overlain by coarse clastics of the Oligocene(?)
Doima formation. These rocks are in turn covered by
claystones and shales of the La Cira Formation that
signal a period of subsidence and relative tectonic quies-
cence. The Doima–La Cira interval is roughly equivalent
to the Carbonera Formation of the Llanos Basin.

Five good-quality apatite fission-track ages from
Tertiary and Cretaceous rocks in the flanks of the
Guaduas syncline, located north of our transect on the
hanging wall of the Cambao fault, cluster between 12
and 5 Ma (Gómez, 2002). These ages suggest that the
main cooling and denudation episode on the Magda-
lena flank of the Cordillera was late Miocene to Plio-
cene. This is consistent with apatite fission-track data

PLATE 2. (cont.).
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from the Garzon massif, which is located in the Eastern
Cordillera about 100 km (630 mi) to the south of our
transect. There, two episodes of uplift are recorded: one
at about 12 Ma (middle Miocene) and a second one
between 6 and 3 Ma (late Miocene–Pliocene; Van der
Wiel and Andriessen, 1991). Proprietary fission-track
data available to the SUBTRAP consortium along the
eastern flank of the Cordillera also support the con-
clusion that the main phase of Andean deformation
began during the middle Miocene and peaked during
the Pliocene to Holocene. In the Llanos foreland, the
Castilla and Chichimene anticlines fold even the
youngest strata of the Guayabo Formation. Likewise,
in the Magdalena Valley, the Honda Formation
(Miocene–Pliocene) is steeply folded in the footwall
of the Magdalena fault. Therefore, it is clear that the
deformation has been active until very recently.

Kinematic Model

We carried out the Thrustpack 4.0 modeling of the
east- and west-vergent parts of the southern transect
separately. The east-vergent segment includes the
faults of the Quetame massif and the Llanos foothills
(Plate 5; Figure 13), and the west-vergent segment in-
cludes faults of the western flank and the Magdalena
Basin (Plate 6).

Eastern Flank (Chichimene Section)

The Castilla and Chichimene faults are interpreted
as inversions of small normal faults in the foreland. The
dominant structures of the model are the Villavicencio
and Santa Maria faults. The fault displacements used in
this model are shown in Table 5.

34 Ma: Initial state. The model begins after the depo-
sition of the San Fernando formation (Mirador equiv-
alent). The Cretaceous units (mainly, the Une and
Villeta formations) thicken toward the center of the
Bogotá basin. We show an Early Cretaceous half graben
to account for the thickness of the Caqueza Group
present along the eastern flank but absent farther east.
Flexure during this stage is presumably caused by
tectonic loading in the Central Cordillera and Magda-
lena Valley.
16 Ma: Lower Carbonera deposition. Thermal-maturity
data of the Estratigrafico 1 well in the western flank of
the Cordillera require burial by thick Tertiary deposits.
We propose that Carbonera-equivalent rocks covered
the Cordillera domain.
12 Ma: Leon deposition. At this stage, deformation begins
with motion on the Santa Maria and Villavicencio faults.
8 Ma: Early Guayabo. Displacement continues on the
Santa Maria and Villavicencio faults. Deposition of the
syntectonic foreland sequence begins.T
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4 Ma: Late Guayabo. Further displace-
ment occurs on the Santa Maria and
Villavicencio faults and important
unroofing of the highlands as indi-
cated by apatite fission-track data.
0 Ma: Holocene. Deformation contin-
ues on the Santa Maria and Villavicencio
faults, and the inversion of the normal
faults in the foreland takes place, form-
ing the Castilla and Chichimene anti-
clines. The Paleozoic basement is un-
roofed in the Quetame massif.

Western Flank (Magdalena Section)

In this kinematic model (Figure 13;
Plate 6), we neglect the structures west
of the Espinal high, such as the Gua-
landay 1 anticline and parts of the Gi-
rardot fold belt. Fault displacements
for this model are shown in Table 5.

34 Ma: The kinematic model begins
afterdeposition of the Gualanday Group.
We do not model the pre-Eocene de-
formation, because it is unclear which
specific structures in the Cordillera were
active in that episode. In the initial
stage, we present a hypothetical set of
Jurassic grabens. In effect, the distri-
bution of the Saldaña Formation and
the structures associated with it are not
well known.
31 Ma: Inversion of Espinal high and
Doima deposition. To simulate the in-
version of a Jurassic graben in Thrust-
pack 4.0, we employed a ramp-flat
geometry linked to the regional detach-
ment (fault 5 in Table 5). This geometry
greatly exaggerates the horizontal
shortening at this stage of the model
and produces some uplift in the Cor-
dillera. Both effects could be regarded
as artifacts. To preserve the Gualanday
Group rocks on both flanks of the Es-
pinal high, the Doima formation

PLATE 3. Thrustpack 4.0 kinematic
model of a section of the Eastern Cor-
dillera in area between Tunja and the
Llanos foothills. See Plate 1 for loca-
tion, Table 2 for the fault displacement
model and the text for discussion of
each stage of the model. Both vertical
and horizontal scales in kilometers.
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must be deposited in the incised paleo-Magdalena
Valley.
20 Ma: La Cira–Carbonera deposition. To account for
the thermal maturity of the Villeta Formation in the
Estratigrafico 1 well of the western flank of the
Cordillera, we propose that Carbonera-equivalent rocks
covered the Cordillera domain. Because the thickness
of Oligocene rocks required by the thermal-maturity
data is greater in the Cordillera than in the Magdalena
Valley, it appears that the depocenter of the Oligocene
basin was located away from the Central Cordillera.
This can be explained either by the presence of local,
tectonic loads already in place in the Eastern Cordillera
or by the effect of zones of reduced flexural rigidity
inherited from the Early Cretaceous extensional event.
16 Ma: Upper Carbonera–Leon. Deposition continues
in the Eastern Cordillera–Llanos domain.
12 Ma: Lower Honda. West-vergent thrusting begins in
the interior of the Cordillera with motion on the Pandi
and Boqueron faults. The Honda Formation begins to
fill the Magdalena Basin.
8 Ma: Middle Honda. Displacement continues on the
Pandi and Boqueron faults and starts on the Magdalena
fault, accompanied by additional deposition of the
Honda Formation.
4 Ma: Upper Honda. The same pattern continues,
accompanied by erosion of the highlands.
0 Ma: Holocene. All the faults in the Cordillera remain
active, and a triangle zone develops under the Magda-
lena range front, uplifting the Honda beds (Figure 12).
Regional uplift and erosion are present.

Summary of Structural Framework

The main conclusions regarding the structural and
kinematic framework of the Eastern Cordillera can be
summarized as follows. The Andean structures are
strongly controlled by the Jurassic–Early Cretaceous
extensional features of the Bogotá basin and the paleo-
Magdalena Basin. This control is manifested both by

the inversion, commonly through shortcuts, of the
Jurassic–Cretaceous normal faults and by the deter-
minant role of the thickness and rheology of the Cre-
taceous stratigraphy on the structural style. The present-
day geometry can be satisfactorily modeled using mod-
erate amounts of shortening by considering the large
variations of stratigraphic thickness. Although the width
of the fold and thrust belt diminishes considerably from
north to south (Figure 2), the magnitude of strain is fairly
consistent. Along our northern transect, the shortening
of the section is 30%, whereas along the southern tran-
sect, it is 25%. The difference between these two values is
probably less than the uncertainty inherent in the cross
sections. The structure of the eastern flank of the Cor-
dillera along the northern transect is dominated by three
major fault blocks that involve basement. In contrast,
along the southern transect, the structure is dominated
by one major east-vergent fault system along which most
of the shortening is concentrated. The west-vergent faults
can be regarded as back thrusts that accommodate only a
lesser part of the overall shortening. Evidence exists for
three compressional tectonic events in the Eastern Cor-
dillera: (1) pre-Eocene, (2) pre-Oligocene, and (3) middle
Miocene to Holocene.

Thermal Modeling

Thermal History Constraints and
One-dimensional Models

We had available for this study an extensive
database of confidential thermal-maturity data from
surface and wells of the Eastern Cordillera and its
foothills. Although we cannot present the raw data in
detail, in this section, we describe the main features of
the thermal maturation pattern. Along the northern
transect, the Early Cretaceous rocks that are exposed
east of the Floresta massif and west of the Guaicaramo
fault system attained a very high level of maturity
(supermature range, vitrinite reflectance > 3.5) that is

TABLE 3. Kinematic model of the frontal section. Faults are labeled from left to right. See Plate 3.

Stage Time (Ma) Fault Displacements Sedimentation

Fault 1
Chameza

Fault

Fault 2
Guaicaramo

Fault

Fault 3
Yopal
Fault

Fault 4
Cusiana

Fault

km km/m.y. km km/m.y. km km/m.y. km km/m.y.

1 16–12 3 0.75 6 1.5 early Guayabo

2 12–8 3 0.75 6 1.5 middle Guayabo

3 8–4 6 1.5 late Guayabo

4 4–0 6 1.5 3 0.75 2 0.5 uplift and erosion

Total 6 24 3 2 total = 35 km
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also manifested in the degree of transformation of clay
minerals into phyllosilicates (Hébrard et al., 1987). In
contrast, Cenomanian rocks on both sides of the
Floresta massif are in the mature range, with vitrinite
reflectance of about 1.0 (i.e., in the Tunja well, Figure 14).
Even west of the Floresta massif, where the Early Cre-

taceous section is thin, there is rapid increase of the
thermal-maturity gradient in the Early Cretaceous units
relative to the overlying middle Cretaceous rocks. We
attribute this maturation pattern to the thermal effects
of active Early Cretaceous rifting in the Bogotá basin.
Simple models of rifting show that thinning of the

FIGURE 9. Three key stages of the kinematic model of the internal part of the northern section. See Plate 3 for the
complete model. Both vertical and horizontal scales in kilometers. (A) Initial state of the model (late Eocene) showing
the Jurassic–Early Cretaceous Cocuy and Tablazo rift basins buried in the foreland basin of the Central Cordillera.
(B) Middle Miocene state after thrusting in the Floresta massif had ceased, the internal part of the Cordillera was
undergoing erosion, thrusting had propagated to the frontal structures, and sedimentation had commenced in the
foreland basin of the Eastern Cordillera. (C) The final state where most of the deformation is concentrated along the
frontal thrusts, and erosion dominates the core of the Cordillera. The hinterland of the model does not show sufficient
uplift because of the missing west-vergent part of the Cordillera that lies to the southwest and the lack of isostatic uplift.
This model neglects the Yopal and Cusiana faults of the Llanos foothills, which were modeled independently. The
thermal histories of the four numbered points are shown in Figure 16 and discussed in the text.
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lithosphere leads to an increase in surface heat flow as a
function of the stretching factor (b), followed by expo-
nential decay of heat flow over the next 100 Ma or so
as the lithosphere reequilibrates thermally (McKenzie,
1978). We first estimated the value of lithospheric stretch-
ing (b) by applying a simple McKenzie (1978) model to
the backstripped subsidence pattern for each well or
section studied. The values of stretching during Early
Cretaceous rifting in the Tunja area ranged from 1.5
to 2.0. We then estimated the values of basal heat
flow in the internal part of the Cordillera using one-
dimensional thermal models carried out using the
Genex-GentectR software (Beicip-Franlab, 1995) and
constrained by the well and surface thermal-maturity
data. The best fitting models simulated a rifting event
using a modified McKenzie (1978) model that incor-
porates linear changes of heat flow during the rifting
event, followed by thermal decay during the thermal
subsidence phase (Figure 14A). The best fitting mod-
els using constant basal heat flow (no rifting) require
between 25 and 45 mW/m2 of basal heat flow, depend-
ing on the specific location.

Fluid inclusions in microcracks that cut both
quartz grains and cement in sandstone of the Albian
Une Formation in the vicinity of our northern transect
indicate that the trapped fluid equilibrated at tem-
peratures greater than 2358C (Bordas-Le Floch, 1999).

Our one-dimensional thermal models demonstrate
that the Une Formation could not achieve this high
temperature by sedimentary and tectonic burial alone
(Figure 14B); therefore, we hypothesize that hydrother-
mal circulation is responsible for these high tempera-
tures. The effects of hydrothermal circulation have
only been documented previously in the vicinity of the
emerald deposits of the flanks of the Eastern Cordillera
(e.g., Cheilletz et al., 1994). However, we believe that
hydrothermal circulation was regional in nature and
affected the entire basin. Paleothermometric data from
the emerald deposits reveal temperatures as high as
3008C in the Early Cretaceous host shales (Cheilletz
et al., 1994). Using Genex, we simulated a late Eocene
hydrothermal event by introducing a 3008C tempera-
ture spike in the Neocomian units during the period
38–32 Ma according to the timing of emerald min-
eralization in the western flank of the Cordillera
(Cheilletz et al., 1994). This is sufficient to elevate the
temperature of the overlying Une Formation to more
than 2508C purely by conduction (Figure 14D). Once
the hydrothermal event ceases, temperature returns
close to the normal burial temperature in a few million
years. This simplistic model shows that it is possible to
attain the temperatures recorded by the fluid inclu-
sions by a short period of hydrothermal circulation in
the underlying rocks.

PLATE 4. Structural cross section of the Girardot to Castilla area. See Plate 1 for location.
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The vitrinite reflectance profile of wells located on
the Llanos foothills (Medina 1, Chichimene 1, and
Coporo 1) can be satisfied with basal heat flow in the
range of 10–22.5 mW/m2 without incorporating a rifting
event. Likewise, wells in the Magdalena Valley in the
vicinity of our southern section (Chenche 1, Matachines
Norte 1, and Matachines Sur 1) were successfully mod-
eled using basal heat flow of less than 20 mW/m2.

In summary, it is clear from our one-dimensional
thermal models that the thermal regime in the central
part of the Bogotá basin, which corresponds to the in-
terior of the Eastern Cordillera, was hotter than in the
flanks. We will explore this further with two-dimensional
thermal models discussed below. One manifestation of
high heat flow in the internal part of the Cordillera is
late Miocene to Pliocene high-potassium rhyolitic plugs
that are found in the vicinity of the Laguna de Tota
(Figure 2). The age and composition of these igneous
bodies suggest that they are caused by melting of the
lower crust of the Cordillera, which was thickened dur-
ing Andean shortening.

While carrying out the thermal models of wells in
various settings in the Eastern Cordillera, it became
clear that the present-day temperature profile of many
of those wells could not be explained by simple,
conductive heating. In most cases, the geothermal
gradient implied by the thermal modeling constrained
by the maturation indicators is higher than the present-

day gradient observed in the wells. In some extreme
cases (Corrales 1), temperature actually decreases down-
hole. In other wells where a detailed temperature pro-
file is available (Coporo 1), there are inflections in the
slope of the thermal gradient that indicate that it is
in disequilibrium. It is clear that circulation of meteoric
water that was driven by the great topographic gradients
across the mountain range is an important factor in
determining the present-day subsurface temperature
and may have affected the maturation of hydrocarbons
in the past. Regional-scale hydrodynamics have also
been documented in the Llanos Basin (Bachu et al.,
1995). Despite this limitation, we can derive useful
insights from the conductive models discussed below.

Two-dimensional Thermal Models

Thrustpack 4.0 can be used to calculate the thermal
state of every stage in the kinematic model. The inputs
are the surface temperature profile, the basal heat-flow
profile, and the thermal properties of the materials that
make up the section (conductivity, heat capacity, po-
rosity, density, and radioactive content). Thrustpack
4.0 grids the section and solves the conductive heat
equation in two dimensions for each point of the grid.
Because we do not have direct measurements of the ther-
mal properties of the rocks of the Eastern Cordillera, we
used values for the average lithology of each stratigraphic

PLATE 4. (cont.).
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FIGURE 10. Seismic line through the Llanos foothills located 20 km (13 mi) north of the southern section. The
Villavicencio–Santa Maria fault is a moderate-angle thrust with more than 20 km (13 mi) of horizontal displacement.
It places Paleozoic metamorphic (Pzm) and sedimentary rocks (Pzs) and a thick section of Lower Cretaceous shales of
the Caqueza formation (LKc) on Pliocene and Tertiary strata of the Guayabo (Ng) and Leon–Carbonera (Tcl) formations.
Albian sandstone of the Une Formation (Ku) is present in the hanging wall and perhaps in half grabens in the footwall
of the frontal thrust. Kga = Upper Cretaceous Guaduas Formation; Kg = Upper Cretaceous Guadalupe Formation.

TABLE 4. Fault displacement model of the east-vergent segment of the southern section
(Chichimene section). Faults are numbered from west to east.

State Time (Ma) Fault Displacements Sedimentation

Fault 1
Sta. Maria

Fault 2
Villavicencio

Fault 3 Fault 4
Chichimene

Fault 5
Castilla

km km/
m.y.

km km/
m.y.

km km/
m.y.

km km/
m.y.

km km/
m.y.

1 34 after Mirador
Formation

2 34–16 Carbonera Formation

3 16–12 2 0.5 5 1.25 upper Carbonera
and Leon formations

4 12–8 2 0.5 5 1.25 lower Guayabo
Formation

5 8–4 1.6 0.4 5 1.25 middle Guayabo
Formation

6 4–0 3.2 0.8 5 1.25 1 0.25 1 0.25 1 0.25 upper Guayabo and
erosion

Total 8.8 20 1 1 1 total = 31.8 km
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unit that are consistent with those used in the one-
dimensional thermal modeling package Genex-Gentect
(Beicip-Franlab, 1995). The variation of porosity with
depth is calculated using empirical curves appropriate
for each lithology. Surface temperature was approxi-
mated as a linear function of elevation (208C near sea
level, 108C at 2500 m [8300 ft]). The basal heat flow
was adjusted to obtain a match to one-dimensional
thermal models of wells along the transect carried out

with Genex-Gentect, although the values of basal heat
flow that used Thrustpack 4.0 are higher, because to
facilitate the modeling, we did not incorporate radio-
genic heating into the crust in Thrustpack 4.0. All the
heat flow was imposed at the base of the crust. After the
temperature grid had been calculated for each stage of
the cross section, we also computed the maturity of the
organic matter for these successive stages. We had no
data on the kinetic parameters of the kerogen found in

FIGURE 11. Seismic line crossing the western flank of the Eastern Cordillera along the southern section. See Plate 4 for
approximate location. The motion of the Quinini fault is predominantly out of the plane of this section. Rocks below
the Caballos Formation (Kc) are probably Jurassic to late Paleozoic sedimentary rocks. Abbreviations: Tb = Paleocene
Bogotá Formation; TKg = Maastrichtian–Paleocene Guaduas Formation; Kg = Campanian–Maastrichtian Guadalupe
Formation; Kv = Albian–Cenomanian Villate Formation; Kc = Albian–Aptian Caballos Formation.

FIGURE 12. Interpreted seismic line across the Magdalena range front located 15 km (9 mi) south of the southern
section (Plate 4). The Magdalena fault is an out-of-sequence thrust that cuts the triangle zone that forms the actual
structural front. Abbreviations: Nh = Neogene Honda Formation; Td = Oligocene Doima formation; Tg = Eocene
Gualanday Formation; Kg = Late Cretaceous Guadalupe Formation; Kv = middle Cretaceous Villeta Formation; Kc =
Albian–Aptian Caballos Formation; Js = Jurassic Saldaña Formation.
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the Eastern Cordillera source rocks. In
our models, we used default parame-
ters typical of types II and III organic
matter and assigned these to the Creta-
ceous and Tertiary units, respectively.

The two-dimensional models are
most useful for understanding the
influence of sedimentation, defor-
mation, and erosion on the thermal
profile at the regional scale. We have
not attempted to account for the ef-
fect of hydrothermal circulation or
circulation of meteoric water.

Thermal Model, Northern Section,

Internal Segment

This set of thermal models was
carried out using a surface temper-
ature of 108C independent of eleva-
tion and heat flow at the base of the
model that varied from 35 mW/m2

under the foreland to 45 mW/m2 un-
der the Cordillera (Plate 7; Figure 15).

34 Ma: Initial state. The rocks in the
deep part of the Cocuy basin are al-
ready overmature at the beginning
of the model. The geothermal gra-
dient is higher in the Cocuy basin
than in the foreland. This results in
the upward deflection of the isotherms
and is caused by the combined effects
of the higher basal heat flow and
the blanketing effect of low conduc-
tivity of the shaly rocks that fill the
Cocuy basin.
20 Ma: Early Carbonera (Concentra-
ción) deposition. Deposition of the
Carbonera (Concentración) leads to
greater burial and higher temper-
atures for the source rocks of the
Cocuy basin. The Albian Une Forma-
tion enters the oil window in the
internal part.
16 Ma:LateCarbonera–Leon(Concen-
tración) deposition. Along most of
the section, the Chipaque Formation

PLATE 5. Thrustpack 4.0 kinematic
model of the east–west part of the
Eastern Cordillera along our southern
section. See Table 4 for fault displace-
ment and the text for the details about
each stage of the model. Vertical scale
in kilometers.
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remains in the oil window. The onset of erosion over
the Arcabuco and Floresta anticlines stops maturation.
The base of the Lower Cretaceous reaches tempera-
tures in excess of 2508C in the deep part of the Cocuy
basin.
12 Ma: Early Guayabo deposition. The beginning of
uplift on the Guaicaramo fault stops maturation of the
frontal anticline. Tectonic burial and rapid syntec-
tonic deposition cause maturation to increase in the
footwall of the Guaicaramo fault.
8 Ma: Middle Guayabo deposition. During the final
stages, erosion dominates the model except in the fron-
tal part, where tectonic and sedimentary burial continue.
4 Ma: Late Guayabo deposition. The same patterns
continue.
0 Ma: Holocene. In the present-day configuration,
most of the Cretaceous source rocks of the Cordillera
are overmature; however, areas that underwent uplift
during the early Miocene, for example, the hanging
wall of the Soápaga fault, retain some generating
potential. The Tertiary rocks (Guaduas Formation and
younger) are immature for the most part because of
the slower kinetics of type III kerogen.

Discussion of the Thermal History

of the Northern Section

Figure 16 shows the temperature and maturation
history of four points along the Tunja section. The
points are located in the Upper Cretaceous Gachetá
Formation, which is the main source rock in the area.
Point 1, located in the footwall of the Guaicaramo fault,
follows a path of increasing temperature because of
progressive sedimentary and tectonic burial. In con-
trast, the points that are within the Cordillera proper
(points 2–4) are heated during deposition of the
Carbonera–Concentración section, but with the onset
of deformation, temperature ceases to increase, and as
uplift and erosion dominate the system, the points
begin to cool. Following our hypothesis that thrusting
began in the vicinity of the Floresta massif and prop-
agated to the east, the most internal points (points 3
and 4) begin to cool earlier.

Maturation is also linked to burial by the Carbo-
nera–Concentración Formation, but the difference in
geothermal gradient in the interior of the Cordillera
relative to the foreland causes the more internal points

FIGURE 13. Three key stages of the kinematic model of the southern section. The east- and west-vergent parts of
the Cordillera were modeled independently, so the two fault systems are not fully coupled in this composite figure.
See Plates 5 and 6 for the complete models. Most of the basin fill in the initial state of the model (late Eocene)
(A) represents the thermal subsidence phase of the Bogotá basin, although there are Jurassic grabens in the Magdalena
Valley, and small Early Cretaceous half grabens along the basin boundary on the Llanos side. By the middle Miocene (B),
inversion of some Jurassic grabens had occurred in the Magdalena Basin and the uplift of the Cordillera. Through
the late Miocene to Holocene (C), thrusting in the Cordillera continued and was dominated by displacement on the
eastern range front to produce the structural fan observed today. The thermal histories of the points marked by crosses
are shown in Figure 19. Both vertical and horizontal scales in kilometers.
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(points 3 and 4) to enter the oil window first
(Figure 17). The exact timing of the matu-
ration depends largely on the hypothesis on
the thickness, age, and rate of sedimenta-
tion of the Tertiary units that is introduced
into the model. The timing of the onset of
deformation determines when maturation
will stop in the internal portion and wheth-
er some hydrocarbon potential still remains.
Oil seeps and shows in wells in the areas
surrounding the Floresta massif suggest that
pockets of active source rock are locally pre-
served. Because the Tertiary stratigraphy has
been largely eroded from the Cordillera, and
the paleontological dating of the preserved
section is poor, the uncertainty of the model
is great. However, the thermal histories
shown in Figure 16 characterize each struc-
tural region of the Cordillera, even if the
detailed timing may not be exact.

The two-dimensional thermal models
of the frontal segment of the northern tran-
sect (Figure 18) show that at the initial
stage, before significant inversion of the
Guaicaramo fault system, the deep part of
the Cocuy basin wasalready overmature. Any
hydrocarbon generated would have migrated
toward the Llanos foreland unimpeded. How-
ever, once the Guaicaramo system became
active, the foreland was isolated from the
Cordillera domain. Prospects in the Llanos
foothills are only viable if they are con-
nected to active hydrocarbon-generating
zones in the tails of the frontal thrust sheets
as shown in Figure 18.

THERMAL AND
MATURITY MODEL
OF THE SOUTHERN

TRANSECT

Eastern Flank

The thermal model of the eastern flank
(Figure 17; Plate 8) was done using heat flow
at the base of the model that varied from
40 mW/m2 under the foreland to 55 mW/m2

PLATE 6. Thrustpack 4.0 kinematic model
of the west–vergent portion of the Eastern
Cordillera along our southern section. See
Table 5 for the fault displacement model and
the text for details about each stage of the
model. Both vertical and horizontal scales in
kilometers.
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under the core of the Cordillera. These values were
calibrated by fitting the maturity profile of the Estrat-
igrafico 1 well in the Cordillera, the bottomhole tem-
peratures of the Chichimene well in the Llanos, and
limited vitrinite reflectance data in the Magdalena Val-
ley. Type II kerogen was assigned to the Lower and Up-
per Cretaceous, a type III to the Tertiary units.

34 Ma: Initial state. At the initial state, the entire sed-
imentary section of the Llanos is immature. Because of
the thicker Cretaceous stratigraphy and the higher
thermal gradient, the Early Cretaceous units are mature
in the Eastern Cordillera domain.
16 Ma: Lower Carbonera deposition. With the deposi-
tion of the Carbonera, the Upper Cretaceous rocks
become mature to overmature in the Cordillera domain.
12 Ma: Leon deposition. With the onset of deformation
and the coeval uplift and erosion, maturation in the
hanging wall of the Santa Maria fault is arrested. Tec-
tonic burial, coupled with burial by the syntectonic
sediments, causes the maturation front to migrate
toward the Llanos. The Chipaque–Villeta source rocks
enter the oil window in the hanging wall of the
Villavicencio fault and also in the footwall. At this
stage, the mature source rocks of the Cordillera are no
longer in communication with the Llanos.
8–4 Ma: Guayabo. The same patterns continue to
develop.

0 Ma: Holocene. In the final stage, there is a wedge of
mature source rock in the footwall of the Villavicencio
fault capable of feeding the Chichimene and Castilla
traps. The rocks in the Cordillera itself are mostly over-
mature and are isolated from the traps of the Llanos.

Western Flank

The thermal model of the Magdalena section was
carried out using a surface temperature of 208C. The heat
flow at the base of the model varied from 45 mW/m2

under the Magdalena Valley to 55 mW/m2 under the
core of the Cordillera in all the stages. Type II kerogen
was assigned to the Lower and Upper Cretaceous, a type
III to the Tertiary units (Figures 17, 18; Plate 9).

34 Ma: Initial state. The entire section is immature ex-
cept for the basal part of the Cretaceous in the Cor-
dillera domain.
31 Ma: Inversion of Espinal high and Doima deposi-
tion. Because almost the entire section is immature, the
inversion has little effect on the maturity.
20 Ma: La Cira–Carbonera deposition. Deposition of
the Oligocene sediments leads to rapid increase of the
maturity in the Cordillera domain.
16 Ma: Upper Carbonera–Leon. The same pattern con-
tinues. The lower Villeta Formation becomes overmature

TABLE 5. Fault displacement model of the Magdalena section. Faults are numbered from east
to west.

Stage Time
(Ma)

Fault Displacements Subsidence/
Uplift
(slope)

Sedimentation

Fault 1
Pandi
Fault

Fault 2
Boqueron

Fault

Fault 3
Magdalena

Fault

Fault 4
Triangle

Zone

Fault 5
Espinal

High

km km/
m.y.

km km/
m.y.

km km/
m.y.

km km/
m.y.

km km/
m.y.

1 34 Gualanday
Formation

2 34–31 4 1.3 Doima formation

3 31–20 �0.005 Carbonera–
La Cira–Barsaloza

4 20–16

5 16–12 1.0 0.25 1 0.25 lower Honda
Formation

6 12–8 1.6 0.4 1 0.25 1.0 0.25 0.002 middle Honda
Formation

7 8–4 2.4 0.6 1 0.25 1.6 0.4 0.006 upper Honda
Formation

8 4–0 0.8 0.2 1 0.25 2.4 0.6 1.2 0.3 0.005 uplift and erosion

Subtotal 5.8 4 5 1.2 total = 16 km
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in the Cordillera domain, but it is still immature in the
Magdalena Basin.
12 Ma: Lower Honda. With the beginning of the
deposition of the Honda Formation, the lower part of
the Villeta Formation enters the oil window in the
footwall of the Magdalena fault.

8 Ma: Middle Honda. Further sedimentation and tec-
tonic burial drive the maturation front toward the
Magdalena Basin.
4 Ma: Upper Honda. The same pattern continues.
0 Ma: Holocene. In the present stage, the Villeta For-
mation is within the oil window or overmature in all

FIGURE 14. One-dimensional conductive thermal models carried out using Genex-Gentect of a hypothetical well
located in the east of the Floresta massif (A and B) and the Tunja well (C and D). See Figure 2 or Plate 1 for the well
locations. The models are constrained by surface and well vitrinite and Tmax measurements. The vitrinite reflectance
profiles were calculated using a McKenzie-type rifting model, with rifting between 140 and 110 Ma and a stretching
factor of 2. IFP Ro and EASY Ro are two alternate kinetic models of vitrinite maturation (Beicip-Franlab, 1995). In the
hypothetical well (B), the maximum temperature at the level of the Albian Une sandstone is about 1608C. The models
shown in (D) attempt to account for the temperatures in excess of 2358C found in fluid inclusions in the quartz
cement of the Une Formation. A temperature spike of 3008C was introduced into the Neocomian rocks at 38–32 Ma,
and the overlying units heat up by conduction alone.
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the thrust-bounded blocks of the cross
section. In the Girardot fold belt, the
Villeta is mostly immature along the
transect.

Discussion of the
Thermal History of
the Southern Section

We have tracked the thermal
and maturation histories of eight
points across the southern transect
(Figures 17, 19). These points are lo-
cated approximately at the same strat-
igraphic level in the source rocks
of the Villeta–Gachetá formations.
Points 1 and 2, which are located in
the foreland, experienced continu-
ous burial and increasing tempera-
ture throughout the entire history
(Figure 19c). Point 2, located in the
footwall of the Villavicencio fault,
suffered greater tectonic and sedimen-
tary burial and reached the highest
present-day temperature. In contrast,
points 3 and 4, which are located on
the hanging wall of the frontal thrusts,
experienced an initial period of sed-
imentary burial by the pre-Andean
foreland basin units, followed by up-
lift and unroofing, leading to rapid
cooling (Figure 19c). The difference
in the initial temperatures between
point 4 (1208C at 35 Ma) and points
1–3 (less than 808C at 35 Ma) is caused
byboththe thickerCretaceous–Eocene
sedimentary section and the higher
basal heat flow of the Cordillera do-
main relative to the Llanos foreland.

The maturation history of these
points is also very characteristic of
their setting in the fold and thrust
belt (Figure 19d). Because of the pre-
vailing higher heat flow, the interior
of the Cordillera (point 4) matures

PLATE 7. Two-dimensional Thrust-
pack 4.0 thermal model of the inter-
nal part of our northern section of
the Eastern Cordillera. See Plate 1 for
location. The yellow crosses represent
points whose thermal histories are
tracked in Figure 17. Both vertical and
horizontal scales in kilometers.
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during the early Oligocene, before the main phase of
Andean deformation; however, with the onset of uplift
and erosion, maturation ceases in the Miocene. The
maturity of the footwall of the frontal faults is directly
linked to the onset of Andean deformation and the
deposition of the syntectonic series (Figure 18). The

maturation of point 2 is the most relevant to the hy-
drocarbon prospects of the Llanos, because it is the
active kitchen capable of feeding the Andean-age traps.
The foreland itself (point 1) is a relatively cold area,
where a large amount of burial is required to initiate the
maturation.

FIGURE 15. Three key stages of the two-dimensional thermal model of the internal part of the northern section. See
Plate 7 for the complete model and the text for details. (A) Initial state of the model (late Eocene) caused by the high
heat flow in the Cocuy basin and the thick sedimentary pile, Early Cretaceous units in the rift basins were already over-
mature before the main phase of Andean deformation. (B) Burial by Oligocene units of the pre-Andean foreland further
increased the maturity of Cretaceous rocks, but by the middle Miocene, this process was arrested by the onset of thrusting
and erosion in the core of the Cordillera. (C) Today, exhumation dominates the high part of the Cordillera, whereas
tectonic and sedimentary burial of the footwall of the Guaicaramo fault causes the wedge of mature source rock to
prograde toward the foreland. The thermal histories of the four numbered crosses are shown in Figure 17 and discussed
in the text. Both vertical and horizontal scales in kilometers.
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The differences in thermal histories of points in
the western flank of the Cordillera are more subtle
than in the eastern flank (curves 5–7 in Figure 19a),
and therefore, the model is very sensitive to the input
parameters. The timing of maturation depends on the

sedimentation of the Carbonera-equivalent units over
the Cordillera domain, yet these rocks have been com-
pletely stripped during Andean denudation. In general
terms, our model predicts that the maturation front
moved westward with time until the onset of uplift and

FIGURE 16. (A) Teperature and (B) maturation history of four points at the stratigraphic level of the Late Cretaceous
source rock of the northern section of the Eastern Cordillera. See Figures 9 and 15 for location of the points. Because
of higher heat flow and greater burial under the pre-Andean foreland basin deposits, points in the internal part of the
Cordillera (3 and 4) undergo earlier maturation relative to the foreland (points 1 and 2). However, the onset of thrusting
in the core of the range at about 20 Ma leads to denudation and stops the maturation process. The footwall of the frontal
thrust (point 1) undergoes continuous burial, whereas the hanging wall also undergoes denudation and cooling once
deformation propagates eastward in the Miocene. The exact timing of the maturation episodes is not well constrained
because of lack of accurate biostratigraphic and thermochronologic data, but the overall patterns are well defined.

FIGURE 17. Three key stages if the two-dimensional Thrustpack thermal model of our southern section calculated
using 45 mW/m2 of basal heat flow for the Magdalena and Llanos basins and 55 mW/m2 for the Cordillera. See
Plates 8 and 9 for the complete models. The eight numbered crosses represent thermal history points in the Late
Cretaceous Gachetá–Villeta source rock, which are plotted in Figure 16. Both vertical and horizontal scales in kilometers.
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erosion in the Cordillera. Because of the thinner stra-
tigraphy and lower heat flow in the Magdalena Valley,
maturation was lower in that area (curve 8 in Figure 19b).
The source rocks can only reach thermal maturity
through tectonic burial in the footwall of the Magda-
lena fault or in the depocenter of the Magdalena Basin,
where the Miocene to Holocene sections are thickest.

CONCLUSIONS

We differentiate four distinct structural settings in
the Eastern Cordillera fold and thrust belt that had
characteristic thermal histories. These thermal histo-
ries lead to different timing of maturation of source
rocks and different histories of cementation of the
sandstone reservoirs.

Eastern Cordillera Interior

The thermal evolution of the Cordillera was strongly
influenced by the location of Mesozoic extensional
basins. Thermal gradients were higher in the interior of
the Bogotá basin than in the flanks. During the Early
Cretaceous, high heat flow developed because of the

effects of ongoing rifting. Higher thermal gradient per-
sisted in the basin during the Tertiary because of the
long time required for thermal reequilibration of the
lithosphere plus the blanketing effect of the thick, low-
conductivity Cretaceous sedimentary pile. As a result,
the maturation values at equivalent depths are higher
in the interior of the Cordillera than in the margins of
the Llanos Basin. Peak sedimentary burial occurred in
the middle Tertiary during the pre-Andean foreland
basin stage, leading to an early phase of hydrocarbon
maturation and migration that predated the Andean
traps. In addition, the timing of mineral deposits and
high temperatures recorded by fluid inclusions in the
Albian sandstones record the expulsion of hot basinal
fluids probably at the onset of compressional deforma-
tion. Silica transported during this episode effectively
plugged some of the potential sandstone reservoirs.
Uplift and erosional denudation started at about Oli-
gocene time, arresting the maturation process. The sub-
sequent history has been of continued deformation,
uplift, and erosion. Some hydrocarbon kitchens were
preserved by early uplift. Exploration in the interior of
the Cordillera is risky because of the combined effects
of structural complexity, early hydrocarbon matura-
tion, and poor reservoir conditions.

FIGURE 18. Detail of the final stage of the maturation model of (A) the Llanos foothills and (B) the Magdalena foothills
of the Eastern Cordillera along the southern transect. The yellow crosses are located at the level of the Villeta–Gachetá
source rock. See Figure 17 for location within the full model. Maturation in the Llanos front is controlled by burial by
Tertiary units of the pre-Andean and the Andean foreland sequences. Fields in the Llanos foreland are fed by a wedge
of mature source that progrades to the east with progression of the thrust front. Reservoirs in that setting are affected
by cementation because of silica influx triggered by pressure solution driven by tectonic stresses linked to thrusting
episodes. Maturation in the Magdalena foothills (B) was initiated by burial by the Oligocene–early Miocene pre-Andean
foreland sequence sourced in the Central Cordillera. Prospects in the foothills require connection to the mature source
rock in the thrust sheets within the Cordillera or in deep parts of the Magdalena Basin (not present along this profile).
Both vertical and horizontal scales in kilometers.
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Llanos Foothills

The thermal evolution of this
area was characterized by continued
flexural subsidence and syntectonic
sedimentation through the Miocene
and Pliocene, until the onset of dis-
placement of the frontal thrusts. Be-
cause both the thermal gradient and
the thickness of pre-Miocene strat-
igraphic units were less than in the
central part of the Bogotá basin, ther-
mal maturity of the source rocks was
delayed relative to the interior of
the Cordillera. Burial of rocks on the
hanging wall of the frontal thrusts
(i.e., Cusiana, Yopal, and Guavio faults)
ceased when these faults became
active. Prospects in the foothills are
viable when connected to active kitch-
ens in the underthrust zone. The
combination of fluid-inclusion stud-
ies and thermal modeling indicates
that quartz cementation in the foot-
hills prospects is tied with the onset
of Andean deformation (Roure et al.,
2003). This is probably caused by the
influx of silica supplied by tecton-
ically driven pressure solution of
shale units that surround the reser-
voir (Roure et al., 2003). However, de-
tails of the cementation process are
complicated by local effects, such as
the petrography of the reservoirs and
the chemistry of the fluids present.

Llanos Foreland

As in the foothills, the thermal
regime has been cooler than in the
Cordillera. Today, the basin is at max-
imum burial; however, because the
thickness of the stratigraphic section
decreases rapidly away from the thrust

PLATE 8. Two-dimensional Thrust-
pack 4.0 thermal model of the Llanos
foothills along the southern section.
See Plate 1 for location. Only the
maturation of Cretaceous rocks was
computed. The yellow crosses repre-
sent points whose thermal histories
are tracked in Figure 19. Both vertical
and horizontal scales in kilometers.
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front, the source rocks are, for the
most part, immature. Traps in the
Llanos require long-distance mi-
gration, but they may preserve
the best reservoir conditions.

Magdalena Valley

The thermal regime of the
western flank of the Cordillera is
also cooler than the interior of
the range, but the structural his-
tory is more complex. Along our
southern transect, an active kitch-
en is located in the underthrust
zone of the west-vergent thrust
belt of the Cordillera Oriental. In
the Magdalena Valley, there are
local kitchens only where a thick
section of syntectonic units is
present in basin lows. The tim-
ing of hydrocarbon generation
is strongly influenced by local
conditions.

Although our models help us
understand the large-scale ther-
mal history of the Eastern Cor-
dillera fold and thrust belt and
make useful generalizations, it is
important to emphasize their lim-
itations. The critical parameters
controlling thermal maturation
of source rocks in the interior of
the Cordillera are the amount of
burial by middle Tertiary units
and the timing of erosional de-
nudation. Geological constraints
on these two parameters are very
poor. Middle Tertiary rocks have
been, for the most part, stripped
from the Cordillera, and where
they are preserved, their dating
is very poor. Further study of
these units using nonconven-
tional dating methods, such as

PLATE 9. Two-dimensional
Thrustpack 4.0 thermal model
of the Magdalena flank of the
southern section of the Eastern
Cordillera. Only the maturation of
Cretaceous rocks was computed.
The yellow crosses represent
points whose thermal histories are
tracked in Figure 17. Both vertical
and horizontal scales in kilometers.
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magnetostratigraphy and radiometric dating of ashes,
are critical in improving our understanding of the evo-
lution of the Eastern Cordillera. The thermochronologi-
cal data available in the Cordillera are also very sparse and
commonly of poor quality; therefore, we have very poor
control on the timing and rates of erosion and, con-
sequently, on rates of fault motion. In some areas, such as
the Magdalena flank of our southern section, the thermal
model is very sensitive to small changes in the initial
assumptions. New apatite fission-track data, coupled with
modern kinetic modeling of track-length distributions, or
U-Th-He thermochronology would be other important
contributions to future progress.
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1997, Datation K-Ar and 40Ar/39Ar à 65 M.a. des gise-
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Hébrard, F., M. Leikine, J. Bourgois, R. Ricateau, and P.
Charitat, 1987, Métamorphisme et diagenèse des
séries crétacées et tertiaires du versant est de la
Cordillère orientale de Colombie (abs.): Un exemple
d’évolution thermique liée à l’ouverture d’un bassin
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Reyes, I., and M. T. Valentino, 1974, Geologı́a del
yacimineto y variabilidad de las caracterı́sticas geo-
quı́micas del mineral de hierro en la región de Paz
Vieja (Municipio de Paz del Rı́o, Departamento de
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