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Abstract

Cenozoic structural evolution of the eastern margin of the Middle
Magdalena Valley basin, Colombia: Integration of structural
restorations, low-temperature thermochronology, and sandstone
petrography

Carlos Javier Sánchez, M.S.Geo.Sci.
The University of Texas at Austin, 2011

Supervisor: Brian K. Horton

Structural analysis of surface and subsurface data from the Middle Magdalena
Valley basin and Eastern Cordillera fold-thrust belt to construct a kinematic model for
its Cenozoic structural and stratigraphic evolution. The La Salina west-vergent thrust
system marks the boundary between the Paleogene foreland basin of the Middle
Magdalena basin and the Eastern Cordillera fold-thrust belt. New low-temperature
thermochonological and sandstone petrographic analyses provide constraints on ages
v

of thrust deformation and sediment dispersal. Apatite fission track (AFT) and UTh/He thermochronological results show the timing of three structural events along
the La Salina fault system: (1) late Eocene-early Oligocene (~43–35 Ma) initial
hanging wall exhumation; (2) continued middle Miocene (~15 Ma) exhumation; and
(3) continued but more rapid late Miocene (~12–3 Ma) hanging wall exhumation.
Vitrinite reflectance results provide estimates of maximum burial depths for the
hanging wall of the La Salina fault ranging from 4 to 6 km., this depth of burial
estimates constrain the basin geometry during its late Eocene to late Miocene
evolution.
The eastern hanging wall of the La Salina fault displays a broad anticlinesyncline pair affecting Cretaceous to Eocene strata with no significant faulting,
whereas the western footwall contains a complex series of tight, thrust-related folds in
Eocene-Quaternary strata. For foreland basin province, a proposed triangle zone
accommodates a small amount of east-west shortening (< 1000 m) along the frontal
thrust system by east-vergent backthrusting within a broader passive-roof duplex.
East-west shortening in the Cenozoic stratigraphic section was also accommodated by
detachment folding, which produced localized areas of steep dips. In the proposed
kinematic restoration, the most recent phase of deformation represents out-ofsequence reactivation of the La Salina fault that is consistent with irregular
crosscutting relationships of some footwall structures.
Earliest exhumation by ~45–30 Ma in the Eastern Cordillera fold-thrust belt
province matches (1) an increased proportion of sedimentary lithic fragments; and (2)
a high degree of compositional maturity (Q88F4Lf8). Exhumation since ~15 Ma in the

vi

foreland province coincides with (1) the highest accumulation rates observed for the
upper Miocene Real Group; and (2) a decrease in compositional maturity (Q55F8Lf36).
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Introduction
Along the eastern margin of the Andes of western South America, structural
styles and kinematic histories vary along strike. The central Andes of Chile and Peru are
characterized by a thin-skinned style with larger amount of shortening (240-330 km)
(Kley et al., 1999; McQuarrie et al., 2005). In contrast, the northern Andes in Colombia
displays basement-involved faults controlled by reactivation of preexisting normal faults
(Mora et al., 2006; Sarmiento et al., 2006), controlling an smaller amount of shortening
(58-150 km). (Colleta et al., 1990; Cortés et al., 2006).
The northern Andes also shows transpressional deformation not observed in the
central Andes (Cediel et al., 2003; Horton et al., 2010b). Evidence for transpression is
observed at both a mesoscopic scale in structures recording multiple deformation events
within different stresses fields (Acosta, 2002; Cortés et al., 2005) and at a regional scale
(Bayona et al., 2003; Restrepo et al., 2004; Montes et al., 2003, 2005)
The Magdalena Valley of Colombia is a north-trending intermontane basin
located in the northwestern corner of South America (Figure 1B). It is bounded by the
Central Cordillera to the west and the Eastern Cordillera to the east, and has been
traditionally subdivided into three physiographic regions: the Lower, Middle and Upper
Magdalena Valley. The Middle Magdalena Valley, the focus of this study, covers an area
of about 28,000 km2, has a northeast-southwest length of ~450 km and is bounded to the
west and south by two right-lateral, strike-slip faults known as the Palestina (Cediel et al.,
2003; Acosta et al., 2007) and Ibague faults (Montes et al., 2003, 2005), respectively.
Along the northeastern margin, the Middle Magdalena Valley is bounded by the
Santander Massif and the Bucaramanga-Santa Marta fault system (Acosta, 2002) (Figure
1B). The Middle Magdalena Valley varies in width from approximately 30 to 35 km wide
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in the north and south to about 120 km wide in its central part. The Eastern Cordillera
(EC), the other zone of interest in this study, is an elongate NNE-SSW-trending range
(around 600 km long and 200-230 km wide), forming the eastern margin of the Middle
Magdalena Valley. The former Cretaceous-Paleogene basin now constitutes the EC
mountain range with remarkably high topographic relief (maximum elevation > 5000 m)
because of surface uplift and exhumation driven by Cenozoic deformation. The EC
separates two, flanking hydrocarbon-producing basins: the Llanos basin to the east and
the Magdalena Valley basin to the west (Figure 1B). Various Cretaceous-Paleogene subbasins have been recognized in the Middle Magdalena and EC basins, based on basement
highs and local depocenters (Fabre, 1983; Sarmiento 2001).
Although numerous efforts have addressed the uplift history of the Eastern
Cordillera (EC) fold-thrust belt (Shagam et al., 1984; Toro, 1990; Mora et al., 2006,
2010a; Parra et al., 2009; Horton et al., 2010a), the relationships between the generation
and growth of structures and the timing and magnitude of exhumation are not well
understood, especially in the western EC. The adjacent intermontane foreland basin to the
west, the Magdalena Valley basin, records the Cenozoic exhumation history of the EC;
the structural style of the eastern part of the MMVB consists of a fold-thrust belt directly
responsible for the uplift of the EC (Restrepo-Pace et al., 2004; Gómez et al., 2005a,
2005b; Sassi et al., 2007); some studies have proposed exhumation scenarios based on
analyses of the Cenozoic stratigraphic section, using sedimentologic and petrographic
techniques (Gómez et al., 2005a; Caballero, 2010; Moreno, 2010) as well as isotopic
dating methods (Nie et al., 2010). Other studies have included field mapping and
structural analyses to establish temporal relationships between structures and sedimentary
units (Acosta, 2002; Restrepo-Pace et al., 2004) (Figure 2). The purpose of this study is
to evaluate the structural configuration of a zone that includes the western flank of the EC
3

and the eastern part of the Middle Magdalena Valley basin (MMVB), in order to
constrain the timing of the fold-thrust kinematic evolution and its connection to the
exhumation history of the EC, as uncertainty still prevail concerning to the influence of
EC exhumation and surface uplift patterns on the western foreland province (MMVB)
generation and growth of structures. Structural analyses and construction of sequentially
restored structural cross sections, based on field mapping and interpretation of several 2D seismic lines focused in the eastern MMVB province, help document and validate the
evolving geometry of the fold-thrust belt.
Recent geochonological and themochonological analyses have suggested the
onset of uplift and exhumation in the late Oligocene (~23-26 Ma) along the eastern flank
of the EC (Horton et al., 2010a) and between the middle Eocene and late Oligocene for
the western flank of the EC (Gómez et al., 2005a; Nie et al., 2010). Most evidence
supports the idea of the EC as an orogen that has experienced episodic exhumation events
(Bayona et al., 2008; Parra et al., 2009; Mora et al.,2010a), possibly influenced by the
inversion of preexisting early Mesozoic normal faults, which concentrated most of the
deformation along the inverted fold-thrust belt (Mora et al., 2006; Sarmiento et al., 2006).
Stratigraphic and structural studies have documented Cenozoic tectonic inversion of these
Mesozoic normal faults (Roeder and Chamberlain, 1995; Casero et al., 1997; Blanquet et
al., 2002; Kammer and Sánchez, 2006; Mora et al., 2009).
Change in plate kinematics interacting with crust anisotropies inherited from
Mesozoic rifting, focused the deformation along these features. The orientation of
Mesozoic faults in the axial part of EC, could promote an early exhumation in this area,
as the reactivation of oblique faults related to the compression direction results easier
than reactivation of faults orthogonally-trended to it; this could be the case of horse-tail
fault system in the southern termination of the Santa Marta-Bucaramanga fault
4
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(Sylvester, 1988; Mora et al., 2010). In addition, crustal weaknesses, caused by
rifting, reduce strength to compression and favor thrusting (Beaumont et al., 2000).
Therefore, contrasting weakness zones along the Mesozoic rift could have affected the
timing of the inversion, exhumation and uplift of the EC. On the other hand, different
tectonics events, affecting the western margin of South America since middle Paleocene
could influence the non-systematic inversion of the prior rift basin in the position of the
present EC (Figure 2). A presumably late Eocene-early Oligocene deformation event in
the eastern EC, causing growth of NW-SE trend structures, denotes a different
compression orientation; contrasting with the orientation associated with the main NESW trend of the EC (Corredor, 2003), this late Eocene-Oligocene regional event may be
associated with the Caribbean arc overthrusting on the northwestern south American
plate producing a widespread unconformity, which is well-recognized in the axial part of
the Middle Magdalena valley as well as in Llanos and Maracaibo basins (Mann et al.,
2006).
Given the scenario of episodic uplift controlled by ancient rift-faults and several
Cenozoic tectonic events, lateral variability in exhumation along the trend of the EC
continues being an issue, the present study complements this regional evaluation with the
interpretation of new thermochronological data, including apatite fission track (AFT) and
(U-Th)/He ages for apatite and zircon, which are used to perform thermal modeling; as
well as petrographic data, utilized to conduct provenance analysis that helps document
unroofing of the principal sediment source areas and constrain the timing of thrustinduced exhumation (e.g., Moreno, 2010; Caballero, 2010). These methods allow the
linkage of exhumation events to thrust-inducing denudation along the western front of the
EC and eastern part of the MMVB.

7

A

74°W

B

73°30'W

EPOCH

Pliocene

OS

FT

UNIT

5

Mesa

Miocene

LSF

OA

6°30'N

6°30'N

±

Ma

Oligocene

AS
Eocene

CA

Paleocene

Late Cretaceous

CF

Real

15
23
32
35
43
65

Colorado
Mugrosa
Esmeralda
La Paz
Lisama
Umir

80
95

La Luna

Simiti

VS
Early Cretaceous

108

74°W

73°30'W

5 km

Modified from Teson and Castellanos (ICP), 2010

8

115
125
135
140

6°N

6°N

0

Tablazo

Late
Jurassic
1000 m

Paja
Rosablanca
Cumbre

Arcabuco/
Giron

Modified from Rolon, 2004

The region chosen for this study includes an area of around 4300 km2. This area
contains part of the EC western foothills and the adjacent MMVB (Figure 3A). There is a
noticeable difference in topography between these two provinces; the EC western
foothills have topographic relief ranging from 500 to 3000 m, whereas the relief in the
Middle Magdalena Valley is between 100 and 400 m. This contrast defines the trace of
the east-dipping La Salina thrust fault system, which is the most important structural
feature in the area (Figure 3A).
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Chapter 1: Regional Geological Setting
Complex tectonic interactions among the South American, Caribbean, and Nazca
plates have created the Cenozoic framework for the structural evolution of the northern
Andes (Figure 1A). The modern northern Andean fold-thrust belts are the outcome of
subduction, obduction, and accretion of oceanic terranes along the western and
northwestern margins of Ecuador and Colombia since the Paleozoic (Etayo-Serna et al.,
1983; McCourt et al., 1984; Duque-Caro, 1990). However, eastward indentation of the
Baudo-Panama block during the late Miocene is considered to be a major factor that
helps define the current morphotectonic configuration and drive accelerated deformation
and uplift involving tectonic inversion of Mezosoic rift basins within the present Eastern
Cordillera (Duque-Caro, 1990; Taboada et al., 2000). Marshak (2004) reviewed controls
on the curved patterns of thrust-fold belts in map view, one of these are related to
hinterland collision of an indenter that causes differential shortening along the length of
irregular margin, and the characteristics of the curvature of the fold-thrust belt depend on
the shape of the indenter and the direction of the convergence; the Baudo-Panama block
could have acted as a rigid indenter during an oblique convergence between south
American and Caribbean plates, providing strain partitioning along the Andean block
(shortening perpendicular and sub-parallel to the Andean margin) (Acosta et al., 2004).
The northern Andean orogen has been generated by plate interactions along the
western boundary of South America during the Cenozoic and is composed of three NNEtrending ranges, separated from each other by an intermontane basin (Figure 1). These
ranges include (1) the Western Cordillera, which contains fragments of Pacific oceanic
plateaus, aseismic ridges, intraoceanic island arcs, and ophiolitic oceanic crust terranes.
These fragments are allochthonous to South America and developed on oceanic basement
(Cediel et al., 2003). Most of the Western Cordillera was accreted to South America
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during the Paleogene (Cooper et al., 1995). This allochthonous terrane may be derived at
least partially from the southern segment of the great arc of the Antilles Caribbean
plateau during its east-northeastward drifting and oblique convergence with south
American plate (Spikigs et al., 2001, 2005), (2) The Central Cordillera, which has been
considered a Mesozoic to recent magmatic arc, was created by latest CretaceousPaleogene shortening and accretion of the Western Cordillera. Subsequent exhumation of
the Central Cordillera is constrained by zircon (ZFT) and apatite fission track (AFT) ages
of ~78 and ~32 Ma, respectively (Gómez et al., 2003; Parra et al., 2009). In addition,
studies of paleoflow indicators, sandstone and gravel composition, and sedimentary
facies have shown the existence of positive topography in the Central Cordillera in the
latest Cretaceous (Gómez et al., 2003), (3) The Eastern Cordillera (EC) is a bivergent
mountain range composed of thrust belts with opposite vergence (Dengo and Covey,
1993; Cooper et al., 1995). During the Mesozoic, the EC was a broad rift system
developed during a period of late Jurassic-Early Cretaceous extension (Sarmiento, 2001;
Sarmiento et al., 2006).
The process of thrust-induced exhumation for the EC can be associated with an
eastward advance of the Central Cordillera, induced by the oblique convergence of the
Great Arc of the Caribbean during the Late Cretaceous (Pindell and Tabbutt, 1995;
Spikings et al., 2005; Mann et al., 2006). The thrusting associated with arc collision
continued in the region of the Magdalena Valley basin (which is bordered to the east and
west by the Eastern and Central Cordilleras, respectively), as shown by a subsurface
angular unconformity that constrains this deformation event between 56 and 43 Ma
(Villamil, 1999; Gómez et al., 2003; Corredor, 2003). Similarly, to the south of the
Middle Magdalena Valley basin (MMVB), AFT ages suggest a 50–35 Ma cooling event
(Gómez et al., 2003; Parra et al., 2009). In the axial part of the EC, thermal modeling
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limits the onset of cooling to middle Eocene-early Oligocene (~45–30 Ma) time (Parra et
al., 2009). This timing is also supported by reported middle Eocene-Oligocene (Usme
and Regadera Formations) growth strata in the Bogota plateau (Usme syncline) (Julivert,
1963; Gómez et al., 2005b) (Figure 1B). However, for the eastern margin of the EC,
exhumation along the major inverted faults (Servita and Tesalia faults) (Figure 1B) began
at ~20 Ma and was propagated eastward through footwall short-cut faults, which are less
steep branches of the main basement-involved inverted faults, shallowly detached and
propagated toward the foreland (Huyghe and Mugnier, 1992), after ~5 Ma (Mora, 2007).
Consistent with the eastward orogen advance that began in the Late Cretaceous,
the Magdalena Valley basin has evolved from different types of basins throughout its
history, depending on the prevailing tectonic configuration of the area.
Several interpretations have been proposed for the pre-Cretaceous evolution of
northern Andes. Options for the Triassic and Jurassic include: (1) intracontinental rifting
related to the breakup of Pangea beginning by middle Jurassic (~165 Ma), with spreading
between North America and South America; the generation of an extensive rift in the late
Jurassic in northwestern South America is characterized by deposition of the Girón
Fortmartion. The rifting process continued through Early Cretaceous (Pindell and Dewey,
1982; Cediel et al., 2003). This scenario is most appropriate for the northern part of
Colombia and Venezuela (Sarmiento, 2001); or (2) backarc extension associated with a
magmatic arc (Central Cordillera) and subduction along the western margin of South
America (Pindell and Tabbutt, 1995), during Triassic and middle Jurassic associated with
a subduction zone roll-back process.
Aforementioned evidence concurs with a extensional setting consisting of rifting
during the Triassic-Jurassic in the position of current MMVB and EC, however
uncertainty still prevail concerning to if the Triassic-Jurassic magmatism represents a
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continental-arc associated with a back-arc basin or intercontinental magmatism. Works
on structural cross section restorations (Colleta et al., 1990; Dengo and Covey, 1993;
Cooper et al., 1995) have considerate the model of Triassic-Jurassic backarc basin as
regional setting for the EC during this period, which does not have major influence in the
kinematic modeling, as it is concentrated in the Cenozoic compressional deformation.
Sarmiento (2001) associated high subsidence rates during Triassic to Cretaceous with
reduced magmatic activity, interpreting this as roll-back increase due to subduction rates
exceeding convergence rates.
There are also several possibilities for the Cretaceous tectonic setting: (1) backarc
extension (Fabre, 1983; Cooper et al., 1995; Meschede and Frisch, 1998), which explains
the existence of a subduction-related magmatic arc, based on plutonism concentrated
along the western flank of the ancestral Central Cordillera (McCourt et al., 1984); (2)
passive margin (Pindell and Tabbutt, 1995; Mann et al., 2006), a hypothesis that implies
that the Central Cordillera magmatic arc may have been located farther south during the
Cretaceous, or the Central Cordillera as a remnant arc passive margin after Triassicmiddle Jurassic plutonism; and (3) intracontinental rifting related to the opening of the
Caribbean (Cediel et al., 2003), which culminated in the Early Cretaceous, bimodal
alkali-tholeiitic mafic magmatism is evidence of this rifting event.
During the Cenozoic, variations in convergence rates and modification of the
plate tectonic configuration caused by division of the Farallon plate into the Cocos and
Nazca plates by late Oligocene-early Miocene (~27-23 Ma) (Mattson, 1984; Lonsdale,
2005) and accretion of the Baudo-Panama block by ~15 Ma (Duque-Caro, 1990)
generated changes in the stress field from a WSW-ENE to NE-SW (principal horizontal
stress SH) during the early Eocene. Subsequent variations in the stress field shifted SH to
an approximately E-W to ESE-WNW direction from the late Oligocene-early Miocene
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(~25 Ma) to present (Taboada et al., 2000; Corredor, 2003; Cortés et al., 2005). These
temporal changes in the stress field linked to plate kinematics produced variations in
shortening directions (Figure 2), which controlled the structural configuration in the
eastern foothills of the Magdalena Valley basin, imparting a strike-slip component to the
deformed contractional belt (Acosta et al., 2007, Acosta et al., 2004). Likewise,
sedimentary conditions in the basin, such as accommodation space and sediment supply,
were controlled by lithospheric flexure in response to crustal loads of the Central
Cordillera and Eastern Cordillera (Gómez et al., 2005). These conditions produced
complex distributions of sedimentary thicknesses, unconformities, facies, and
provenance.
The sedimentary section in the MMVB consists of an eastward-thickening
sedimentary wedge with 2–10 km of Cenozoic and Mesozoic strata deposited on
Proterozoic to lower Paleozoic basement (Cediel et al., 2003). Along the western basin
margin, a major angular unconformity shows a period of non-deposition or erosion
during late Paleocene-early Eocene time (Schamel, 1990; Rolon, 2004; Gómez, 2003,
2005a). This depositional gap represents a limited time (< 5 Ma) in the eastern part of the
basin (Pardo-Trujillo et al., 2003), but increases to the west where the upper Oligocenelower Miocene Colorado Formation overlies Cretaceous rocks, recording that the
exhumation event due to eastward propagation of fold-thrust deformation of Central
Cordillera exposed the western MMVB to erosion/no-sedimentation for a longer period
than the eastern MMVB (Figure 4). In addition, other minor unconformities record the
local growth of several structures in the eastern part of the MMVB (Gómez et al., 2003;
2005a, Restrepo-Pace et al., 2004).
The sedimentary record in the MMVB (Figure 3B and 4) consists of: (1) Jurassic
and Lower Cretaceous (Berriasian) volcano-sedimentary rocks deposited in tectonically
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controlled fluvial systems (Girón and Arcabuco-Los Santos Formations), which are
overlain by Lower Cretaceous calcareous and siliciclastic sedimentary rocks deposited on
a shallow marine platform that was wider than the present Middle Magdalena Valley
(Basal Lime Group consisting of the Cumbre, Rosablanca, Paja, and Tablazo Formations)
(Rolon, 2004); (2) Albian through Maastrichtian shallow-to-deep marine sedimentary
rocks that accumulated on a platform affected by eustatic sea-level changes (Simití, and
La Luna Formations) overlain by Upper Cretaceous to Paleocene deep-marine
siliciclastic to nonmarine paludal rocks (Umir and Lisama Formations) deposited in a
transgressive-regressive cycle during the first stages of Cenozoic compression (Villamil,
1999). In the southern part of the basin, coarser lithologies in the upper Cretaceous and
Paleocene succession are associated with fluvial and possible alluvial fan deposition
(Cimarrona, Seca, Hoyon Formations) (Gómez et al., 2003); (3) Cenozoic fluvial and
lacustrine clastic rocks (La Paz, Esmeraldas, Mugrosa, Colorado, and Real Formations)
deposited during the progressive uplift of the Central and Eastern Cordilleras (Dengo and
Covey, 1993; Cooper et al., 1995; Rolon, 2004) consist of interstratified sandstone,
conglomerate, and mudstone (Gómez et al., 2003, 2005a).
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Chapter 2: Structural Geology

Figure 5. Different structural models for the Colombian Eastern Cordillera showing
different cross-sectional geometries and estimated amounts of shortening (modified from
Roeder and Chamberlain, 1995 and Mora et al., 2008).
The structural configuration of the western flank of the Eastern Cordillera (EC)
and eastern part of the Middle Magdalena Valley basin (MMVB) characterizes several
key elements of the Colombian fold-thrust belt. This belt is the product of Cenozoic
shortening of a former extensional basin late Jurassic rift where contractional stresses,
inherited basin configuration, and rock rheology influenced the geometric and kinematic
evolution of shortening deformation. Other potential factors may also control the
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morphology and kinematics of thrust belts, including erosional processes resulting from
interactions among climate, topography, and exposed lithology (Horton, 1999; Hilley and
Strecker, 2004) and sediment accumulation promoting the formation of local piggy-back
basins that, in turn, influence the thrusting process (Nemcok et al., 2005; Sobel et al.,
2003)
STRUCTURAL STYLES
Most models proposed to explain the current structural configuration of the
Eastern Cordillera (EC) suggest the reactivation of preexisting Mesozoic pre-existing
Jurassic normal faults during the Cenozoic (Cooper et al., 1995; Dengo and Covey,
1993). However, diverse interpretations about the interaction and distribution in time and
space of different structural styles have resulted in discrepancies concerning the
kinematic history, as reflected in controversial values of shortening calculated for this
bivergent orogen (Figure 5).
Basement-involved (thick-skinned) faulting associated with tectonic inversion
of a Mesozoic rift basin is a structural style proposed by several models for the main fault
systems along both flanks of the EC (Colleta et al., 1990; Cooper et al., 1995; Mora et al.,
2006, 2008). However, the structural configuration and evolution of the axial part of the
EC has led to further uncertainties
A series of structural highs have been defined on the basis of stratigraphic studies
of possible Cenozoic sub-basins (Fabre, 1983; Bayona et al, 2008). In addition, thermal
and thermochronological evaluations have constrained the exhumation of these highs,
likely driven by the reactivation of ancestral normal faults, consisting of a thick-skinned
structural style (Mora et al., 2010b; Parra et al., 2009). On the other hand, the existence of
several detachment levels in the Cretaceous section (Colleta et al., 1990; Dengo and
Covey, 1993; Corredor, 2003; Restrepo-Pace et al., 2004; Cortés et al, 2006) supports a
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thin-skinned style of shortening. The competing models differ in geometry and
magnitude of shortening attributed to the various structures.
Dengo and Covey (1993) propose that thin-skinned thrusting was an initial event
during the Miocene that produced significant east-west shortening. This initial thrusting
was subsequently overprinted by Pliocene thick-skinned thrusting, resulting in ~150 km
of total shortening (Figure 5B). In contrast, Mora et al. (2006, 2007, 2010b) propose that
the thin-skinned style is a late Miocene process that occurred along both flanks of EC,
constituting more-frontal thrusting than the main inverted faults, resulting in a lesser
amount of total shortening (~58 km) (Figure 5D). This scenario of thin-skinned
deformation followed high-displacement inversion of major normal faults involves
alternate buckling and buttress folding. Cortés et al. (2006) suggest that the thin-skinned
style is significant not only along the flanks of the EC but also in the axial part,
calculating ~70 km of total shortening. This calculation is similar to that of Cooper et al.
(1995), who obtained ~68 km of shortening, emphasizing the importance of inversion of
inherited faults and footwall shortcuts along both flanks of EC. Using similar concepts
combining thick-and-thin- skinned styles with the inversion of ancestral normal faults,
Colleta et al. (1990) calculated ~105 km of shortening based on surface data (Figure 5A).
However, Roeder and Chamberlain (1995) formulated a unique endmember model based
on lithospheric-scale ramp-flat thrusting and obtained ~230 km of shortening (Figure
5C). The table 1 presents a summary of main structural models proposed for the EC.
Several tectonic models proposing oblique components of shortening (Acosta et
al., 2004, 2007; Montes et al., 2003, 2005; Kammer, 1999) are supported by field
measurements and structural mapping that indicate strike-slip faulting and transpressive
deformation. Along the southern boundary of the MMVB, the transpression has a rightlateral component (Montes et al, 2003 2005). Conversely, north of the basin where the
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Bucaramanga-Santa Marta fault system plays an important role, the transpressive
component for the main fault systems is left-lateral (Acosta, 2002; Acosta et al, 2004).
Cortés et al. (2006) also identify NW-striking faults in the axial EC with a general leftlateral strike-slip displacement, possibly associated with inherited features, influencing
lateral ramps and transfer zones during Andean orogenesis. These transpressive models
are commonly linked with oblique convergence between the Caribbean and South
America plate, and eastward indentation generated by accretion of the Choco block (an

Table 1. Summary of structural models (styles and amount of shortening) for the EC
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exotic oceanic terrane with no affinity with South America) during the middle MiocenePliocene (Duque-Caro, 1990). This model of an indenter collision (Marshak, 2004)
predicts the salient geometry seen in the EC at ~6°N and the shear component of
deformation along the western flank of the EC, which is dextral to south of ~5°N and
sinistral to north of ~5°N (Montes et al., 2003, 2005; Acosta et al., 2004).
An alternative model proposed by Jones (1995) states that the geometries on the
western flank of the EC and eastern MMVB were the result of superficial gravity-driven
tectonics controlled by a west-dipping listric normal fault. Such geometries consist of
triangular zones and blind thrusting. This model also highlights the importance of the
Bucaramanga strike-slip fault which has a normal dip-slip component, where its western
block is down-thrown. This normal displacement (~10 km) may be accommodated along
the western front of the EC by a series of oblique lateral ramps.
Gravity modeling (Toro, 1990) shows a negative anomaly associated with
crustal thickening (38–39 km of thickness). The thickness of the sedimentary section in
the foreland basin (MMVB) is around 10 km; in the hanging wall of the LSF, the
thickness of the sedimentary cover generally tends to decreases eastward, with the
basement becoming shallower and cropping out in parts of the axial EC. Another gravity
model (Dengo and Covey, 1993) showed that an asymmetric positive anomaly along the
western flank of the EC potentially represents a relict Jurassic basin and basement high.
A negative anomaly in the westernmost EC suggests the preservation of a more-complete
Cretaceous section and a possible thrust repetition linked to the La Salina fault. These
models indicate a thick-skinned structural style for the western flank of the EC, which
could coexist with a thin-skinned style where the Cretaceous sedimentary cover is
thicker.
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METHODS
The structural geology component of this study included the following methods:
-

Geologic field mapping:

Field checking of the existing geological surface

mapping (ICP-Ecopetrol), collection of structural data, and documentation of
meso-scale structures (study area: 4300 km2, scale of mapping: 1:100000 and
1:25000). To complement the field work, a radar image (RadarSat, ~30 m spatial
resolution) was interpreted for additional structural control on inaccessible or
poorly exposed areas.
-

Subsurface interpretation: Mapping, construction of cross sections in two-way
time based on seismic reflection profiles and well data (all data provided courtesy
from ICP-Ecopetrol) using Petrel software (49 seismic lines, 8 wells).

-

Integration and construction of structural cross sections: Time-depth conversion
of cross sections interpreted with sub-surface data; subsequent integration with
surface data by construction of structural cross sections using Move software
2009.2 (4 regional cross sections and 4 additional local sections focused on the
seismic coverage).

-

Geometric restoration of cross sections: Evaluation of the viability of several
admissible structural cross sections by restoring (using Move software) to obtain
the most appropriate structural model.

RESULTS
FIELD GEOLOGY
The La Salina fault system is the most conspicuous structural feature, which
separates two structural provinces: the Middle Magdalena Valley basin in the footwall
and the Eastern Cordillera in the hanging wall. Whereas the footwall of the La Salina
fault (LSF) is characterized by a complex series of tight fault-related folds, the hanging
23

Figure 6. Radar image (30 m spatial resolution), displaying main lineaments associated with structural features; red lines denote fault
traces and yellow lines indicate fold axis.
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wall displays gentler folding and little surface expression of significant faulting (Figures
3A and 6).
The La Salina fault (LSF) trace is revealed by its topographic faults scarp with
400 m relief over l km of lateral distance (Figure 6). In the study area, the LSF defines
two morphotectonic provinces: (1) The footwall province is characterized by steep (5080°) to overturned stratal dips (Figure 7A, B), which conform to the faulted Opon
anticline and the tight overturned Opon syncline, both of which plunge to the NE (~10°).
The radar image (RadarSat) shows a linear surface feature which can be associated with a
west-vergent thrust at the deformation front along the basin margin. Moreover, some
possible growth strata patterns can be correlated with the development of the structural
plunge (Figures 2 and 6); (2) in the hanging-wall province, the entire Cretaceous and part
of the Jurassic section are exposed. The gentle, symmetric Armas syncline (~30°dip on
limbs) exposes the Paleocene (Lisama Formation) and part of the Eocene (La Paz
Formation) section (Figure 8A). In the shaly Cretaceous section, local faulting and
folding are characteristic and structures show penetrative foliation or cleavage
development (Figure 8B, C, G) that may represent some degree of dutility. Folding
appears mechanically influenced by rock layering which controls shear along bedding
and parallel folding that exhibits non-significant changes in limb thickness (Figure 8D)
(Suppe, 1985; Twiss and Moores, 2007). However, patterns of cleavage (phacoidal
cleavage) has been documented in shear zones developed in shaly rocks under relatively
low confining pressures and temperatures, this process of disruption of layered rocks by
micro- and mesoscopic shearing has been called structural slicing (Bosworth, 1984).
To the east, a regional anticlinal structure (Los Cobardes anticline) plunges
southward with an asymmetric geometry. Its western flank is less steep than the eastern
flank, consistent with an eastward transport direction (Figure 8E).
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In the southern part of the area (SW of the Figure 3A), a footwall synclinal
structure with a steep eastern flank (~50-70°) exposes the Cenozoic section from the
Paleocene Lisama Formation to the upper Miocene Real Group. In the hanging wall of
the LSF a regional anticlinal structure (Portones Anticline) plunges northward with a
western flank steeper than the eastern one, suggesting a westward transport direction
(Figure 8F).
In the hanging-wall province, two regional anticlines (Los Cobardes and Portones
anticlines) show a relay pattern, potentially associated with an inherited rift configuration
documented in other areas of the EC (Mora et al, 2006; Acosta, 2002; Kammer and
Sánchez, 2006; Bayona et al., 2003). On the other hand, in the footwall province, the
westernmost (frontal) thrust identified as a lineament in the radar image (Figure 6 called
as FT in the Figure 3A) shows a slight orientation change, which may be related to a
hanging-wall relay, thus suggesting that the structural influence of the ancestral rift basin
may also have affected the MMVB.
Subsurface interpretation
Subsurface mapping was completed by using 2D reflection seismic data, well
information, and field surface control to determine the position of the different units
(Figure 9). A subsurface interpretation of the different unit tops identified in the
geological mapping was performed using Petrel software (Schlumberger, version
2009.1). Interpreted units include: upper Miocene Real group, lower Miocene Colorado
Formation, Oligocene Mugrosa Formation, upper Eocene Esmeraldas Formation, middle
Eocene La Paz Formation, Paleocene Lisama formation, Upper Cretaceous Umir
formation (in the La Salina fault hanging wall), and undefined upper Cretaceous (in the
La Salina fault footwall). The mapping and subsurface interpretation indicates a triangle
zone in the footwall of the LSF (Figure 10). This triangle zone is constituted by an east28

Figure 9. Geologic map showing location of subsurface data (2D seismic lines and
wells (green dots)) in the study region along the boundary between Middle Magdalena
Valley basin and Eastern Cordillera.
vergent backthrusts system that forms the roof fault of a passive-duplex system and a
west-vergent thrust associated with the La Salina fault system, which appears to control a
possible detachment-folding component in the Opon syncline. This west-vergent thrust is
cut by one of the east-vergent roof faults (Figure 10).
The subsurface geometry of the La Salina fault is interpreted as a ramp in the
upper segment; beneath, there is a less steep segment, a possible flat that may control the
geometry of the overlying Armas syncline. Below this segment, however, the seismic
resolution is not sufficient to clearly constrain the geometry of the lower fault segments;
it may be as interpreted another deeper ramp that cuts through basement. The geometry
of the symmetric Armas syncline is well defined in seismic profiles; this structure seems
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to be controlled by a backthrust system, which crops out to the east of this syncline
(Figure 10).
In the footwall province, SW-vergent faults are oblique (Figure 11) to the main
NW-vergent trend associated with the La Salina fault system. Seismic reflection lines
make it possible to identify two of these faults; one crops out (Cimitarra fault) along the

Table 2. Seismic velocities (based on functions obtained from check-shots, and
seismic migration velocities) used to convert the interpretation from travel time to
depth.
a
The replacement velocity is applied from the seismic datum (~1200 m) to ground
surface.
southern limit of the Opon Anticline; the other fault controls the steep stratal dips farther
to the south. These faults appear to exhibit detachment levels to the north along the
Cretaceous section, and ramp geometries to the south.
After the subsurface mapping, several cross sections were constructed in time
and restored preliminarily in time; this permitted assessment of the admissibility and
viability of the interpretations. Each cross section was converted to depth by using the
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velocities provided by check-shot logs from some wells and the migration velocities
(RMS velocities (root mean squared velocities, calculated during the migration process))
from some seismic profiles. This operation was performed in Move software (Midland
Valley, version 2009.2) (Table 2). Although, there is certain degree of uncertainty when
faults cannot be directly imaged at depth, the conversion to depth using velocity data
offers an estimation of fault geometries which can be later refined during the restoration,
for instance, after the conversion to depth the main thrust, La Salina fault, shows in
general 5 dip segments for the three northernmost sections: upper ~35°, <10° detachment
and ~30° dip through Cretaceous section, a lower ~40° dip segment through preCretaceous section and a <5° mid-crustal detachment section (~ 25 km deep). Whereas,
the southernmost section shows a simpler geometry with decreasing dip with depth
(listric geometry), where 4 segments of 55°, 40°, 30° and <5° can be defined.
Integration and construction of structural cross sections in depth
In the study area, contrasting mechanical behaviors have been identified at the
outcrop scale. First, predominantly brittle deformation characterized by fracturing and
faulting observed in the Cenozoic section and in calcareous levels of the Cretaceous
section (Figure 7C, D, F, G). Second, less competent mechanical behavior associated
with zones of penetrative foliation and folding, as observed throughout the Cretaceous
section (Figure 8B, C, D, G). These two rheological behaviors have been documented in
the MMVB and EC (Colleta et al., 1990; Restrepo-Pace et al., 2004). The shaly units
serve as detachments in the lower and upper parts of the Cretaceous section. Shaly levels
in the Cenozoic also became local detachments (Figure 12).
The cross sections constructed based on subsurface data were constrained with
surface geological information. Moreover, they were extended to produce a complete
structural configuration of the study area (Figure 12).
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Figure 12. Four structural cross-section integrating surface and subsurface information, where seismic
profiles that supported the interpretation are displayed at top of each figure (unintepreted and interpreted
profiles to the left and right respectively) and the location of the seismic profile is shown as a dashed
rectangle. These cross sections illustrate the main characteristics of the structural model: principal
displacement along the LSF (~16-17 km); minor deformation along the frontal thrust (FT) accommodated by
a passive roof duplex in the LSF footwall; basement-involved deformation; and possible inverted structures
(Los Cobardes (CA) and Portones (PA) anticlines) to the east. Notice the change of fault-geometry in the
southernmost section, inferred by the lack of gentle syncline and presence of a Jurassic cored anticline (PA)
in the frontal hanging wall. (AS) Armas syncline, (LB) lower backthrust, (OA) Opon anticline, (OS) Opon
syncline, (UB) lower backthrust.
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The regional cross sections show a basement-involved (thick-skinned) faulting, in
which the LSF is the main feature with significant displacement (~16 –17 km); and a
lower (basal) detachment at ~20-25 km (compatible with the proposed mid-crustal
detachment for the EC; Taboada et al., 2000; Mora et al., 2006, 2008). The frontal thrust,
which cuts across the Pliocene section into the MMVB, displays limited displacement
(~200-300 m), implying that the exhumation of the Cretaceous and Cenozoic section in
the basin was accommodated by some other mechanism. A proposed solution based on
field and seismic profile observations is a passive roof duplex system, where the main
east-dipping thrust generates tectonic wedging by west-dipping backthrusting. The
preferred model consists of two backthrusts, one detached in the Oligocene section (UB)
and the other in the Upper Cretaceous section (LB); part of the Cenozoic section is
situated between these two backthrusts (Figure 12 section A and B).
The hanging wall of the LSF basically consists of an unfaulted block whose
structural relief is significantly higher than the footwall (~12 km). A system of
backthrusts in the eastern backlimb of the Armas syncline (AS), which is mainly
constituted by detachment segments within the Upper Cretaceous Umir and La Luna
Formations, is interpreted from field mapping and seismic profiles. To the east, the
regionally continuous Los Cobardes anticline (CA) shows slight asymmetry in which its
eastern limb is steeper than the western limb.
South of the area (Figure 12D), the absence of a gentle syncline in the hangingwall province suggests a change in the geometry of the LSF, in which the flat fault
segment in the Cretaceous section is absent and instead consists of a ramp cutting through
basement. In the footwall province, the steep eastern flank of a syncline is controlled by
the backthrust of a tectonic wedge; to the west, the frontal thrust has a limited
displacement and generates a subtle anticline structure.
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The presence of anticlines cored by Jurassic rocks in the hanging wall of the LSF
suggests two possibilities: (1) a detachment level beneath the Jurassic section, which
could imply substantial shortening, this scenario would not be supported by the
shortening calculation showed in this study; or (2) basement-rooted faulting that could
agree with models of Mesozoic rift-block inversion with less shortening (Cooper et al,
1995; Sarmiento, 2001; Mora et al., 2006, 2008).
Geometric restoration of cross sections
Four of the most complete cross sections were restored, following the technique
of line-length balancing (e.g., Dahlstrom, 1969; Hossack, 1979) using Move software
(Midland valley, version 2009.2) (Figure 13). These restorations tested the viability of the
admissible cross sections. The magnitude of shortening for the four different sections
from north to south were; 28, 25, 22 and 25 %, respectively. The similarity in percent
shortening points out the consistency of the structural model along the strike. However,
the slight southward reduction for the three northern sections and the volume
incompatibility in the restoration (Figure 13C) close to the trace of the oblique fault
(Cimitarra fault) can be associated with an oblique shortening component.
Shortening by tectonic wedging was restored by using a fault-parallel flow
algorithm, which utilizes mechanisms of flexure and shear parallel to a fault plane and is
commonly used to simulate hanging-wall transport in thrust belts (Suppe, 1985). Adding
a passive fault as a backthrust that originates at the upper end of the active fault creates
an intact block bounded by two conjugate, oppositely verging faults. The Figure 14
shows a simple model of an active fault that merges with a backthrust creating a wedge,
displacement along the fault does not reach surface but is accommodated by the
backthust; the system evolves with the generation of a second backthust (Figure 14d) and
finally with an out of sequence thrust (Figure 14f), resulting in a triangle zone geometry .
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Section A
Figure 13 (continued). Restoration of the four cross sections
(Figure 12), showing relatively similar shortening values. A
southward decrease in the magnitude of shortening for the three
northern sections may be related to out-of-section (non-plane
strain) deformation. Section C shows an inconsistency in area
conservation (pink area) possibly associated with an oblique
component of shortening along a transverse fault (Cimitarra fault).
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Section D
Figure 13 (continued)
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Deformation not associated with this fault geometry was restored using the
flexural slip algorithm, which controls the unfolding of beds by shear parallel to bedding.
The rift geometry inferred to the east of the cross sections is based on the
assumption that the regional anticline structures in the hanging wall of the LSF (Los
Cobardes and Portones anticlines) are the result of Mesozoic fault inversion (Dengo and
Covey, 1993; Cooper et al, 1995; Sarmiento, 2001). Evidence for this inversion includes:
(1) eastward transport of the Los Cobardes anticline, conflicting with the regional
westward transport within the main thrust system, (2) a Jurassic rift section, consisting of
red beds facies (Girón formation) associated with fluvial and lacustrine depositional
settings characteristic of graben systems (Sarmiento et al., 2006; Kammer and Sanchez,
2006), exposed in the core of these anticlines suggesting that they are controlled by
deeply rooted faults beneath the Cretaceous-Cenozoic cover (~5-15 km thick), (3) a relay
zone between the Los Cobardes and Portones anticlines and change in transport direction
to the east in the Los Portones anticline possibly due to an inherited basement rift
configuration, (4) Correlation between high topography and pre-Cretaceous exposures
indicates significant uplift facilitated by the reactivation of pre-existing normal faults in
the basement as these present low frictional resistance in the crust (Zhou et ., 2006).
Irregular crosscutting relationships (Figure 3A) between the LSF and some
footwall structures suggest out-of-sequence deformation during the most recent
shortening. In addition, cutting of the upper Miocene-Pliocene Mesa Formation in the
footwall provides evidence for forward (westward) propagation of the deformation front
during Pliocene-upper Miocene shortening.
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Figure 14. Simple forward model illustrating the process of tectonic wedging, where most
of the deformation is accommodated backwards by passive backthrusts (generation of
passive-roof duplex structures), ending with the development of a triangle zone due to an
out of sequence thrust.
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Chapter 3: Thermochronology
The timing of deformation and uplift of the Eastern Cordillera (EC) in the
northern Andes of Colombia has been better constrained by recent themochronological
and geochronological results. These approaches make it possible to link thrust-induced
denudation along the western front of the Eastern Cordillera fold-thrust belt to
deformation in the eastern part of the Middle Magdalena Valley basin.
New fission track data for apatite (AFT) and zircon (ZFT), and U-TH/He
thermochronological results for apatite (AHe) and zircon (ZHe) contribute to unraveling
the exhumation history of the EC and proximal (eastern) Middle Magdalena valley basin.
Additionally, new and published vitrinite reflectance (Ro) data provide estimates of
maximum paleotemperature and burial depth for the sedimentary section in selected
areas.
Fission-track dating of apatite is based on the fission decay of

238

U (Fleischer et

al., 1975). Apatite fission tracks can be partially or totally annealed at higher
temperatures. Annealing reduces track lengths and calculated ages. The range of
temperatures at which fission tracks are progressively shortened defines the partial
annealing zone (PAZ). For apatite, it commonly corresponds to ~60 to 110–140°C
(Ketcham et al., 1999). The total annealing temperature, which corresponds to the upper
temperature limit of the PAZ, depends on the chemical composition of the apatites
(Green et al., 1986) and correlates with the etching parameter Dpar (Ketcham et al., 1999;
Donelick et al., 2005). The Dpar parameter, which is the arithmetic mean fission-track
etch figure diameter parallel to the crystallographic c-axis, can indicate the annealing
kinetics of the apatite and is positively correlated with the amount of Cl and OH but
negatively correlated with the amount of F in apatite (Donelick et al., 2005). Apatites
grains with low values of Dpar (≤1.75 μm) are less resistant to annealing than grains with
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high Dpar (≥1.75 μm); commonly, chlorine-rich apatites have larger Dpar, and anneal at
higher temperatures. In contrast with apatite, the zircon fission-track system has a total
annealing temperature of 250°C ± 40°C (Bernet and Garver, 2005), making it more
sensitive to deeper exhumation processes.
(U-Th)/He dating is based on the alpha decay of

235

U,

238

U, and

232

Th. The

existence of a partial retention zone for He in apatite (HePRZ) has been tested by several
studies using well-bore temperatures (Wolf et al, 1998; Warnock et al., 1997; House et
al., 1999) and by AFT data calibration (Stockli, 2000). Early, laboratory results
describing He diffusion characteristics indicate that He is completely expelled from
Durango apatite standard above ~80°C and almost totally retained below ~40°C (Wolf et
al., 1998) over geologic time scale. Diffusion experiments also suggest that Durango
apatite has a (U-Th)/He closure temperature of ~65–75°C, assuming a constant cooling
rate of 10°C/ Myr (Farley, 2000, 2002). Helium diffusion rates in apatite are related to
grain radius; the overall variation in closure temperature for samples with grain radii of
50–150 μm is only 5°C (Farley, 2000; Crowhurst et al, 2002). However, a recent study
using a new kinetic model (radiation damage accumulation and annealing model)
(Flowers et al., 2009), shows that (U-Th)/He ages are sensitive to the U and Th
concentration and the temperature history, predicting that closure temperature can vary
from 50°C to >110°C based on the amount of retained radiation damage for a cooling rate
of 10 °C/Ma in 28 ppm eU and 60 lm radius apatite. This closure temperature increases
with the decreasing of cooling rate. On the other hand, He diffusion in zircon seems to be
more erratic, possibly associated with radiation damage in the zircon; the closure
temperature of this system ranges between 140 and 210°C (Reiners and Brandon, 2006)
depending on the cooling rate.
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The process most likely to promote significant thermal cooling in a thrust-belt
province is erosional exhumation driven by fault activity, where hanging-wall uplift
creates pronounced relief that enhances erosion. In different tectonic settings, other
processes can induced cooling, such as normal faulting driving exhumation in extensional
settings (e.g., Tagami and Shimada, 1996), or post-magmatic cooling in arc or rift
provinces (e.g., Ring et al., 1999). The purpose of utilizing these techniques is to identify
the timing of thrusting events and constrain the generation of shortening-related
structures in both the thrust-belt (EC) and foreland (MMVB) provinces.
METHODS
New thermochonological results reported in this study consist of 20 apatite fission
track (AFT), 8 apatite U-Th/He (AHe), 5 zircon U-Th/He (ZHe), and 2 zircon fission
track (ZFT) analyses. Additionally, 7 new vitrinite reflectance results are also reported.
Several of these analyses were performed on the same samples (Figure 15), thus
enhancing the exhumation record for particular localities and/or horizons. AFT ages were
determined by Apatite to Zircon Inc. using the LA-ICP-MS method, and U-TH/He ages
for apatite and zircon were obtained by the (U-Th)/He laboratory at the University of
Kansas. Vitrinite reflectance results were generated by the laboratory of the Instituto
Colombiano del Petroleo (ICP).
AFT and ZFT samples were classified as single- or multi-kinetic population based
on their individual grain age distributions according to the chi-square (χ2) test: P[χ2] >
5% supports there being a single population, but a P[γ2]< 5% suggests multiple
populations. The age dispersion of a multi-population sample indicates that the annealing
properties of the mineral were likely not sufficiently homogeneous or that there was
differing inheritance. Because pooled age of multi-population samples are not reliable, in
such ages, sample grains were divided into populations based on similarities in the Dpar
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parameter. The age of the population encompassing the maximum number of grains was
chosen to represent the sample age (last column of the Table 4).
Four analyses were conducted on most AHe and ZHe samples. Those which have
a relatively low (< 0.6) Ft (alpha ejection correction (Farley et al, 1996)), or an
inconsistent age value according to the geological context or cooling constraints given by
AFT analyses were discarded. Sample results are reported as the sample mean and 1σ
standard deviation.
Vitrinite reflectance (Ro) for samples in both the hanging and footwall of the LSF
represent measurements of Ro on randomly oriented vitrinite (Rorand), which need to be
converted to values of maximum reflectance (Romax) using the relation of Zhang and
Davis (1993), where Romax = (1.2005 x Rorand) - 0.0903. Subsequently, Ro values were
converted to paleotemperature using the kinetic model of Burnham and Sweeney (1990),
assuming a normal heating rate of 1°C/Myr. Then, based on geothermal gradient
calculated from maximum paleotemperature trends, a maximum paleo-burial depth was
obtained and integrated with the thermal modeling and the kinematic restorations.
Possible positions of the partial annealing zone (PAZ) for AFT and partial
retention zone (PRZ) for AHe can be inferred by comparing cooling and depositional
ages, evaluating the burial depth based on vitrinite reflectance (Ro) data, reviewing the
variations in track length (in the case of AFT) and age distribution relative to
stratigraphic position (Brandon et al., 1998; O’Sullivan and Wallace, 2002), or doing
thermal modeling (Ketcham et al., 2007b). Therefore, it is possible to identify (1)
thermally reset samples (higher heating than the total annealing or diffusion temperature
for AFT or AHe, respectively), (2) partially reset samples (slightly cooler or equal to the
total annealing or diffusion temperature), (3) non-reset samples (cooler than the lower
temperature values of the PAZ or PRZ). The value of recognizing the different types of
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samples is to know what they may show and represent, for the above mentioned sample
types: (1) samples that indicate last exhumation event which clear transported the rock
from a depth beneath the total annealing or retention isotherm with a short time through
the PAZ or PRZ, (2) samples that provide additional information previous to the last
exhumation event, these are appropriate to perform thermal modeling, (3) samples that
may show the detrital history (source area events), useful in provenance evaluations.
Eight samples were modeled following the annealing model of Ketcham et al.
(2007b), using the HeFTy v.1.6.7 software (Ketcham, 2005), in order to interpret the ages
provided by the partially reset samples, and to determine a thermal history that integrates
different thermochronometers and vitrinite reflectance (Ro) data, to establish exhumation
patterns.
RESULTS
Vitrinite reflectance (Ro)
Samples of the hanging-wall of the La Salina fault (LSF) taken from Paleocene,
Upper Cretaceous, and Lower Cretaceous units (Figure 16) show increased Ro index,
maximum paleotemperature, and burial depth with lower stratigraphic positions. The
geothermal gradient calculated from maximum paleotemperature for these samples is
~30°C/km, obtained from the slope of a linear trend on the graphic: maximum
paleotemperature vs. thickness for hanging wall units (Lisama, Umir, La Luna).
Paleotemperature ranges between 120 and 200°C, and maximum burial depths ranges
between 4 and 6 km. A sample from the Lower Cretaceous Paja Formation departs
considerably from the trend of Paleocene and Upper Cretaceous samples, suggesting that
the Lower Cretaceous sample may have been in a different structural block that
underwent less burial than the structural block containing the other samples.
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Table 3. Vitrinite reflectance (Ro) results.
a
Paleothemperature was obtained by using the kinetic model of Burnham and Sweeney
(1990)
b
Burial depth was calculated applying geothermal gradients of 25°C/km and 30°C/km
for the Cenozoic and Cretaceous sections, respectively.
Ro data from several samples of the Cenozoic section (from Eocene La Paz
Formation to Miocene Colorado Formation) in the footwall of the LSF, from a well
(courtesy from Ecopetrol) in the Middle Magdalena Valley basin (MMVB) make it
possible to calculate a paleotemperature of 50-115°C, a geothermal gradient of
~25°C/km (by the linear trend slope of the paleothemperature vs thickness graph); and
maximum burial depth of 1.2 - 3.7 km. A break in the trend between the Eocene and
Paleocene levels could represent a missing section due to the documented Eocene
unconformity in the MMVB (Gómez et al., 2003, 2005a; Rolon, 2004) (Figure 16, Table
3).
Thermochronology
Samples in the hanging wall of the LSF province generally show cooling ages
significantly younger than depositional ages (Figure 17, Tables 4 and 5). This indicates
that these samples were beneath the isotherms of total annealing and total diffusion (for
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Figure 16. Graph of vitrinite reflectance (Ro) vs thickness and stratigraphic
position, values of Ro show a downward increasing trend associated with
burial of the stratigraphic section (first column). By calculating the maximum
burial temperature (using Burnham and Sweeney (1990) kinetic model,
assuming a heating rate of 1°C/my) (second column) and maximum burial
depth (using the geothermal gradients provided by the paleotemperature,
25°C/km and 30°C/km for the Cenozoic
and Cretaceous sections,
respectively) (third column), some breaks in the trend can be related to the
regional Eocene unconformity (red wavy line) or different structural
compartments (brown dashed lines).
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Table 4.
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Table 4. (Continued)

Table 4. (Continued) Results for apatite fission track (AFT) thermochronology analyzed
with Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS); all
errors are 1σ.
a) Dpar= mean maximum diameter of fission-track etch figures parallel to the
crystallographic c axis
b) Dper= mean maximum diameter of fission-track etch figures perpendicular to the
crystallographic c axis
c) Ns= number of spontaneous fission tracks counted over area Ω (area analized)
d ) Σ(PΩ)= Sum of PΩ for all grains evaluated; P= (238U/43Ca) for an apatite grain; Ω=area
over which NS and P are evaluated.
f ) ᵹ ms= calibration factor based on LA-ICP-MS of fission-track age standards.
g) P(χ2)= chi-squared probability; higher than 5% are considered to represent a single
population of ages
h) Ages after dividing age population, in the cases of samples with chi-square probability
lower than 5%, using Dpar parameter
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Table 4b. ZFT results. a) sum Ns = sum of spontaneous fission tracks, b) sum Rho = sum
of track density (× 105 tracks/cm2).

AFT and AHe respectively) prior to cooling and thus fully reset samples. Six of these
samples (samples: 15, 14, QA-05-19, 28, 29, 30) have AFT ages that range between 5
and 20 Ma, which can be associated with one or more Neogene cooling episodes. One
sample (31) from the base of the Eocene La Paz Formation shows a cooling age around
35 Ma, which is close to the depositional age. This indicates a partially reset AFT age and
a partial annealing zone in the hanging-wall province, consistent with vitrinite reflectance
(Ro) data for a sample (27) at this stratigraphic level, a maximum paleotemperature
around 110°C suggests that the sample could be close to the total annealing temperature;
thus, interpretations of an early cooling event for the hanging-wall province may be able
to successfully utilize should be based on thermal modeling. The cooling ages reported
by these two thermochonometers (AFT and AHe) are relatively close to each other (2-8
Ma age difference), implying relatively rapid cooling rates.
Samples in the footwall of the LSF (17, 18) show AFT cooling ages for the
Eocene Esmeraldas Formation and Oligocene Mugrosa Formation close to depositional
ages (Figure 17, Tables 4 and 5), which suggests that these samples may be partially reset
and represent a partial annealing zone (PAZ). Samples (16, 20, 22, 23, 24, 26) for the
overlying section (Colorado Formation, Real Group, and Mesa Formation) show ages
older than depositional ages, consistent with non-reset samples. According to the
maximum values of paleotemperature calculated from vitrinite reflectance (Ro) data, the
PAZ for AFT should be in the Oligocene-Eocene section in the footwall of LSF. AHe
cooling ages of samples in the footwall province appear to be younger than depositional
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ages below the middle Real Group, providing evidence of a cooling episode younger than
6 Ma, consistent with the cooling event suggested by the samples in the hanging-wall
province. AHe cooling ages above the middle Real Group are close to the depositional
ages, which may indicate the presence of a partial retention zone (PRZ) in the Real Group
situated above the PAZ in the footwall province.
The high dispersion of the Dpar values in the Miocene Real Group (Figure 17)
could indicate more than one sediment source for apatite grains. Beneath the Miocene
section, Dpar values are generally smaller, indicating a possible difference in the type of
source rock. Fast and slow annealing apatites (≤1.75 μm and ≥1.75 μm, respectively)
within the Oligocene to Upper Cretaceous section may cause the dispersion in AFT
cooling ages; thus, thermal modeling is required in order to better constrain actual
cooling. The mean track lengths for AFT results show a slightly increasing trend up
section from the upper Eocene, suggesting less heated samples and a transition from a
PAZ in the Oligocene-Eocene section to an overlying non-reset zone.
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Table 5. Results for U-Th/He in apatite (AHe) thermochronology
a Alpha ejection correction (Farley et al., 2000)
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Table 6. Results for U-Th/He in zircon (ZHe) thermochronology

Figure 17. AFT and AHe ages for the different stratigraphic units in the footwall or
hanging-wall of the LSF. The relationships between the depositional age (black line) and
the AFT and AHe ages suggests possible partial annealing zones (PAZ) for AFT in both
blocks and partial retention zone (PRZ) for AHe in the footwall. Dpar parameter for AFT
tends to be higher in the Miocene section, possibly indicating a different provenance (see
text for details). FT mean length shows an upsection increase from PAZ in the footwall.
ZHe results for the hanging wall of the LSF reveal cooling ages significantly
older than depositional ages, indicating that these are non-reset samples (detrital ages). It
agrees with Ro results that show maximum paleotemperatures less than the closure
temperatures for the ZHe system (~180°C). Similarly, ZFT (sample 112) samples
showing cooling ages older than depositional ages (Table 4b) in agreement with Ro
results constrain the burial depth reached by the Jurassic section in the Los Cobardes
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Figure 18

Figure 18. (a) Topography and (b) cross section showing the projection of the
thermochronological and vitrinite reflectance (Ro) data for the different units. (c) Profile
of ages vs. horizontal position in the section, where the blue line represents the
stratigraphic age of exposed units along the section; the ages from the different
thermochronmeters illustrate that AFT samples are reset in the LSF hanging wall and
possibly partially reset in most of the footwall, AHe ages are generally reset in the
footwall, but possibly partially reset in the west (upper Real Group, Mesa Formation),
ZHe and ZFT shown to be non-reset and therefore represent detrital ages.
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ananticline. In addition, a sample with few apatite grains recovered (which make it not
possible to establish if it is a single- or multi- population sample) suggests an AFT
cooling age (sample 114) of 6.7±1.6 Ma for this structure (Figure 18 and Table 6).
Thermal modeling
Four samples in the hanging wall of the LSF were modeled integrating AFT data
(FT ages, track lengths, Dpar values), AHe, ZHe, and Ro information, according to the
available data for each sample. Additional geological constraints are used in this
modeling, such as the depositional age of the sample, the burial history estimated from
the stratigraphic record (which delimits the appropriate heating rate for the model,
normally between 1 and 5 °C/Myr ), a broad predepositional history guided by the
cooling age of ZHe, and present surface temperature of 20°C (Figure 19, Table 7).
For samples in the hanging-wall province: (1) sample 14 (Figure 19A) from the
Upper Cretaceous Umir Formation indicates exhumation from depths below the total
annealing isotherm of AFT. This reset sample shows an initiation of cooling at ~12-6 Ma,
and a rapid cooling rate of ~13-25°C/Myr; (2) sample 28 (Figure 19A) from the Upper
Cretaceous Umir Formation shows an onset of exhumation from below the total
annealing isoterm, at ~15-7 Ma and a cooling rate of ~8-17°C/Myr; (3) sample 29
(Figure 19C) from the Paleocene Lisama Formation along eastern flank of the Armas
syncline indicates a reset AFT sample with a cooling event at ~23-8 Ma and exhumation
rate of ~5-12°C/Myr; (4) a possibly partially reset (for AFT) sample 31 (Figure 19D) in
the Paleocene Lisama Formation from the western flank of the Armas syncline shows
initial cooling at ~43-35 Ma and a slow cooling rate of ~2-3°C/Myr.
For samples in the footwall province: (1) sample 17 (Figure 19E) from the
Oligocene Mugrosa Formation on the eastern flank of the Opon syncline was exhumed
from depths above the total annealing isotherm for AFT; this partially reset sample
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records a cooling onset at ~18-10 Ma and a cooling rate of ~5-8°C/Myr; (2) sample 18
(Figure 19F) from the Eocene Esmeraldas Formation along the western flank of the Opon
syncline is partially reset and shows initial cooling at ~11-3 Ma and an exhumation rate
of ~6-20°C/Myr; (3) sample 20 (Figure 19G) from the Miocene Colorado Formation on
the western flank of the faulted Opon anticline indicates a gentle thermal history with a
wide range of possible cooling onset between ~16-3 Ma and cooling rate of ~316°C/Myr; (4) sample 26 (Figure 19H) from the Miocene Colorado Formation exposed in
a different fault block (western flank of Opon syncline) than sample 20 indicates that it
was not buried sufficiently to reach the lower isotherm of AFT partial annealing zone,
showing disperse values of cooling age below than 60°C.
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Figure 19
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Figure 19. (Continued)

68

Figure 19. (Continued)
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Figure 19. (Continued)
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Figure 19 (continued). Thermal modeling results for eight samples using HeFTy, four in
the hanging wall of the LSF, including AFT, Ro, and AHe data: (a, b, c) Eastern flank of
the Armas syncline (d) western flank of the Armas syncline. And four in the footwall: (e)
eastern flank of the Opon syncline, (f, h) western flank of the Opon syncline, (g) western
flank of the Opon anticline . Thermal histories are constrained by “boxes”, through which
the time-temperature histories will be forced to pass, and segments which connect the
“boxes” specifying how random paths between them were posed: the first number indicates
how many times each path segment was halved to allow variations in heating or cooling
rate; the letter code indicates how suddenly rates could change (G = gradual; I =
intermediate; E = episodic). A completed inversion model shows purple paths (“good” fits:
measured and modeled data fit or exceeds statistical expectation) and green paths
(“acceptable” fits: do not fail a 95% confidence test). Black lines show the best-fit solution
for each model. The diagrams to the right of each thermal history show histograms of
fission track length (models with stacked histograms indicate simultaneous modeling of
multiple apatite kinetic populations), as well as concentration of He vs grain radius graphs
in cases when AHe data was used. In addition, other parameters and outputs of the model
are shown: measured and modeled values for AFT, AHe and Ro%, N=number of fissiontrack ages and lengths, GOF= goodness of fit between measured and modeled data
(Ketcham, 2005), “good” and “acceptable” fits have GOF greater than 0.5 and 0.05,
respectively, Old= the age of the oldest fission track that has not fully annealed.
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Table 7. Results of the thermal modeling. (see Figure 19 caption for
explanation of parameters)
*grain populations based on Dpar parameter

Chapter 4: Sandstone Petrography
The detrital modal signature of sedimentary basin fill is largely a function of
provenance controlled by the tectonic setting of the sediment source areas (Dickinson and
Suczek, 1979); Secondary factors that also influence siliciclastic sediment compositions
are relief, climate, transporting mechanism, depositional environments, and diagenesis
(Folk, 1980).
Dickinson and Suczek (1979) classified sandstone suites into three main
provenance groups: Continental block, magmatic arc, and recycled orogen. Garzanti et al.
(2007) proposed a modification to this classification by defining five primary types of
sediment provenance in term of tectonic setting: magmatic arc, ophiolite, axial belt,
continental block, clastic wedge (recycled-orogen derived). Both provenance
classification systems show similar classes but there are some differences; the first tries
to interpret provenance at a very regional scale (continent and ocean basin scale) and the
second one tries to explain provenance in structures of single orogenic belts.
Both western and eastern sediment source areas have been established for the
Cenozoic in the Middle Magdalena Valley basin (MMVB) (Gómez et al, 2005a;
Caballero, 2010; Moreno, 2010). The western source is the Central Cordillera, as a
mountain range uplifted since the Late Cretaceous (Villamil, 1999; Gómez et al., 2005b)
with magmatic arc characteristics as well as some metamorphic assemblages (McCourt et
al., 1984). Therefore, significant proportions of volcanic and metamorphic (mainly schist
and metapelites) rock fragments are expected in sediment supplied from the Central
Cordillera. Any sedimentary cover in the Central Cordillera was likely eroded during
Paleocene-early Eocene time (up to 7-13 km) (Gómez et al., 2005a). The eastern source
area, the Eastern Cordillera (EC), is an inversion orogen, uplifted during the Cenozoic
(starting in the middle-late Eocene-early Oligocene; Nie et al., 2010), and potentially
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supplied recycled sedimentary rock fragments from an extensive Mesozoic basin system
(Caballero, 2010). In addition basement highs such as the Santander massif could also be
important source of metamorphic rock fragments (schist, quarzite, gneiss) since the
initiation of uplift around ~14-29 Ma (Shagam et al., 1984; Parra et al., 2009).
The purpose of this provenance evaluation is to find detrital signals that
indicate the initiation of sediment supplied from the EC, as well as the uplift of proximal
areas in the foreland. In addition, it seeks to assess the relative contribution from the
Central Cordillera and the Eastern Cordillera source areas.

Figure 20. Geologic map
showing location of the
sandstone
petrography
samples in the study region
along the boundary between
Middle Magdalena Valley
basin and Eastern Cordillera.
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METHODS
Fine-to coarse-grained sandstones (34 samples) were collected mainly from the
Cenozoic section in the footwall of the La Salina fault (LSF) (Figure 20): 2 samples from
the upper Miocene-Pliocene Mesa fm., 9 from the Miocene Real Group, 10 from the
lower Miocene Colorado fm., 5 from the Oligocene Mugrosa fm., 4 from the Eocene
Esmeraldas fm and 2 from the Eocene La Paz fm. Two samples are from the Eocene La
Paz fm. in the hanging wall (Armas syncline) of the LSF. Standard petrographic thin
sections were prepared at the laboratory of the Instituto Colombiano del Petroleo (ICP);
each thin section was injected with blue dye and stained for interpretation of plagioclase
and potassium feldspar.

Table 8. Parameters for sandstone point counting
Modal sandstone composition data were collected from each sample, following
the standard Gazzi-Dickinson counting method (Ingersoll et al., 1984), where at least 450
points per thin section were counted. This is the most common technique used in
provenance analysis because it provides reliable modal compositions that are independent
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Table 9. Modal sandstone point-count data
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Table 9. (Continued)
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of grain size, depositional environment, and/or distance from the sediment source area.
During the point counting process, matrix was not counted and an attempt was made to
estimate the original underlying mineral and distinguish it from any potential authigenic
mineral. The possible loss of feldspar due to diagenesis processes is difficult to assess
and cannot be reliably evaluated with this method (Milliken, 1988). Petrographic
counting parameters are shown in Table 8 and modal point-count data are recorded in
Table 9.
Using modal compositions for all 34 samples, petrographical classifications for
each unit were estimated based on ternary diagrams (Q, F, Lf) according to Folk (1980).
Other ternary diagrams (Dickinson and Suczek, 1979; Dickinson et al., 1983; Garzanti et
al., 2007) that illustrate the major component relationships in sandstone composition
were also used to evaluate the provenance.
RESULTS
The Eocene La Paz Formation (4 samples) contains an average composition of
Q73F12Lf15, defining a feldspathic-litharenite to sublitharenite composition according to
Folk (1980) (Figure 21a). The proportion of plagioclase is less than the potassium
feldspar (Qm84P5K11). Sedimentary rock fragments comprise 7% of total rock fragments
(metamorphic (MRF), volcanic (VRF) and sedimentary (SRF) rock fragents). Samples in
the hanging wall of LSF show lower proportions of metamorphic rock fragments
(Lm27Lv70Ls3) relative to the footwall province (Lm48Lv41Ls11). All samples show a
similar proportion of polycrystalline quartz (Qp). Volumetric proportions according to
Dickinson and Suczek (1979) are Qt73F11L16 and Qm60F12Lt28.
The late Eocene-early Oligocene Esmeraldas Formation (4 samples) has an
average composition of Q79F9Lf12, which straddles the subarkose, lithic arkose and
sublitharenite fields of Folk (1980) (Figure 21a). The Esmeraldas Formation has a
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Mesa Fm.

Mugrosa Fm.

Real Gr.

Esmeraldas Fm.

Colorado Fm.

La Paz Fm.

Figure 21. Ternary diagrams illustrating the
modal sandstone compositions for 34
sandstone samples in the study region.
Compositional fields: (a) Q-F-Lf from Folk
(1980); (b) Qt-F-L and (c) Qm-F-Lt from
Dickinson et al. (1983).
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slightly lower proportion of feldspar than the La Paz Formation, but similar ratios of
plagioclase to potassium feldspar (Qm88P6K6). The proportion of sedimentary rock
fragments is 5% of the total of rock fragments. Samples in the northern footwall province
have slightly less MRF (Lm71Lv23Ls6) than samples in the southern footwall
(Lm85Lv10Ls5); however, the ratio of these fragments is higher than the La Paz
Formation. Volumetric proportions based on Dickinson and Suczek (1979) are Qt77F9L14
and Qm68F9Lt23.
The Oligocene Mugrosa Formation (5 samples) has an average composition of
Q88F4Lf8, which falls in Folk’s (1980) sublitharenite field (Figure 21a). The amount of
feldspar in this unit is very low (Qm95P2K3). This unit has a higher proportion of
sedimentary rock fragments (an average of 60% of the total of rock fragments) than the
underlying units. However; a change in composition of rock fragments is expressed by a
marked abundance in SRF (Lm6Lv15Ls79) close to the base of this unit, and increased
MRF in the middle of the unit (Lm56Lv12Ls32). The amount of polycrystalline quartz (Qp)
is higher than in the La Paz and Esmeraldas Formations. Volumetric proportions
according to Dickinson and Suczek (1979) are Qt88F4L8 and Qm77F4Lt19.
The early-middle Miocene Colorado Formation (10 samples) shows an average
composition of Q80F6Lf14, which includes mainly the subarkose and sublitharenite fields
of Folk (1980) (Figure 21a). This unit shows a change in the proportions of rock
fragments: on the western flank of the Opon syncline the sedimentary rock fragments are
more abundant (Lm2Lv31Ls67), whereas on the western flank of the Opon anticline (other
structural block), showed increased metamorphic rock fragments in lower levels
(Lm64Lv8Ls28); but more sedimentary rock fragments predominate in upper levels
(Lm2Lv34Ls64). The only sample collected in the southern part of the area also shows a
high proportion of metamorphic rock fragments (Lm62Lv8Ls30). In general, samples with
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significant amounts of metamorphic rock fragments also have a slightly higher proportion
of feldspar. The predominant sedimentary rock fragments are mudstones and siltstones,
and there is a noticeable presence of fragments rich in foraminifera in some samples of
the lower Miocene Colorado and upper Miocene Real Formations. Volumetric
proportions based on Dickinson and Suczek (1979) are Qt80F6L14 and Qm76F6Lt22.
The upper Miocene Real Group (9 samples) has an average composition of
Q55F8Lf36, consisting of a litharenite (some samples are feldspathic litharenite) according
to Folk (1980) (Figure 21a). In general, this unit, has similar proportions of metamorphic,
volcanic, and sedimentary rock fragments (Lm33Lv34Ls33). Plagioclase is the predominant
feldspar (Qm85P10K5). Most samples, especially in the upper part of the unit, are rich in
amphibole (possibly hornblende). All samples show a similar proportion of
polycrystalline quartz (Qp), which is slightly lower than Qp in the underlying units.
Volumetric proportions according to Dickinson and Suczek (1979) are Qt55F8L37 and
Qm45F8Lt47.
Samples of the Pliocene Mesa Formation (2 samples) plot in the feldspathic
litharenite field (Folk, 1980), with an average of Q41F25Lf34 (Figure 21a). This unit has a
particularly high proportion of volcanic rock fragments (Lm12Lv69Ls19). The proportion
of polycrystalline quartz (Qp) is similar to the proportion in the Real Group. Plagioclase
is the dominant feldspar (Qm59P33K8). Volumetric proportions based on Dickinson and
Suczek (1979) are Qt41F23L36 and Qm33F23Lt44.
INTERPRETATION
The compositional ternary diagrams for each unit (Figure 21) and a compositional
stratigraphic profile (Figure 22) show the principal components of the Cenozoic
sandstones and suggest some important compositional changes that can be associated
with shifts in provenance. The major interpretations are as follows.
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(1) A marked increase in the proportion of sedimentary rock fragments after
deposition since the Oligocene Mugrosa Formation can be related to initial or enhanced
sediment supply from the Eastern Cordillera (EC). This increase indicates that uplift of
the EC was underway by late Eocene-early Oligocene time. The low amount of
sedimentary rock fragments in the Eocene Esmeraldas and La Paz Formations suggests
limited contributions from sedimentary sources, which may be associated with crystalline

Figure 22. Major modal
sandstone petrographic
components within the
stratigraphic section

(igneous/metamorphic) sources from erosional unroofing of the Central Cordillera or
sporadic supply from the Middle Magdalena Valley basin (MMVB) basement highs (e.g.,
La Cira high). The presence of fragments rich in foraminifera in some samples of the
lower Miocene Colorado and upper Miocene Real Formations, indicates an unroofing
from the marine Cretaceous section of the EC.
82

(2) An increase in compositional maturity in the Oligocene Mugrosa and lowermiddle Miocene Colorado Formations may represent an initial recycling of sedimentary
rocks from the EC, where unstable lithic fragments and feldspar could have disintegrated
during transport. Low proportions of VRF and MRF also may indicate a limited supply
from the Central Cordillera or Middle Magdalena basement highs in relation with the
supply from the EC. This increase in SRF agrees with paleocurrent and facies analysis
reported by Caballero (2010) and Moreno (2010) in the Nuevo Mundo syncline area
(approximately 90 km to the north).
(3) A striking decrease in compositional maturity from lower-middle Miocene
Colorado Formation to upper Miocene Real Group may indicated proximity of the EC
sediment source or possible recycling from easternmost MMVB. The rise in the
sedimentation rates might be associated with large-magnitude deformation during the
Miocene-Pliocene, which would generate enhanced accommodation space in the basin
due to rapid uplift and loading along its margins (Folk, 1980).
(4) The high proportion of volcanic rock fragments and feldspar during the past 5
Myr suggests a possible additional (renewed) volcaniclastic supply from the Central
Cordillera that overprints the EC and foreland uplift provenance. This trend agrees with
reports of volcaniclastic sections correlative to this period in the southern part of the
Magdalena Valley basin (Wellman, 1970; Gómez et al.; 2003)
Overall, all Cenozoic stratigraphic units correspond to the recycled orogen
provenance suite according to the fields of Dickinson and Suczek (1979) and Dickinson
et al. (1983). However, the upper Miocene-Pliocene Mesa Formation straddles the
dissected arc and recycled orogen fields (Figure 21b, c). These data indicate that most
sediments were derived from the result of orogenic processes. A pronounced volcanic arc
provenance is shown in the Mesa Formation and in most part of the Real group; however,
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the proportions of volcanic components in units such as the La Paz formation and in
minor proportion in the Esmeraldas, Mugrosa and Colorado indicate the signature of a
Central Cordillera volcanic arc provenance.
Intense weathering and diagenetic processes may have affected to some degree
the sandstone compositions by degrading unstable lithic fragments and minerals such as
feldspars and volcanic fragments, with the result that some samples may show slightly
more quartz-rich compositions than the original deposits.
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Chapter 5: Kinematic Restoration
The timing of thrusting can be well constrained when pre-, syn- and post-tectonic
sequences are preserved (Nemcok et al, 2005). However when the record of these
sequences is scarce or absent, there are alternative approaches to reconstruct the history
of thrusting. For example, provenance studies seek to find sedimentary evidence for
changes in aerial exposure of resistant rock in an eroding region generated by thrusting
(e.g.,

Lonergan

and

Mange,

1994;

Qayyum

et

al.,

2001).

In

addition,

thermochronological techniques make it possible to estimate deformation ages, duration
of thrusting and exhumation rates, associating them with thrust advance rates (e.g.,
Sinclair and Allen, 1992). Thrusting rates from low-temperature thermochronology are
constrained by tracking the cooling/exhumation paths of rock samples over a fault ramp;
thus, samples on the leading edge record the initiation of thrusting and samples on the
trailing edge record a later stage of thrusting (e.g., Huerta and Rodgers, 2006). On the
other hand, vitrinite reflectance (Ro) data indicate the pre-thrusting temperature and may
be used for reconstruction of the thrust sheet geometry prior to faulting (e.g., Ohmori et
al., 1997).
Integration of the results of this study (structural analysis, thermochronology,
vitrinite reflectance, and sandstone petrography) offers temporal constraints that make it
possible to reconstruct a history of the geometric configuration of different structures in
the area as well as estimate rates of faults displacement and thrusting (e.g., McQuarrie et
al., 2005; Mora et al., 2008, 2010a, 2010b).

A sequentially restored cross section

summarizes the integration of the various datasets and suggests a viable scenario for the
Cenozoic structural evolution that documents the shortening deformation in the western
part of the Eastern Cordillera (EC) thrust belt.
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METHODS
Based on the geometric restoration (chapter 2), a plane-strain cross section
lacking a component of oblique shortening was selected. Thermochronology, vitrinite
reflectance, and sandstone petrographic data were projected onto this section (Figure 18)
and the previous geometric restoration was modified accordingly to match the sequence
of thrusting and paleotemperature constraints.
Exhumation patterns were defined in both the hanging wall and footwall of the La
Salina fault (LSF). Thermal modeling was used to help define the sequence of thrusting
and timing of the deformation. Vitrinite reflectance (Ro) data were used to establish the
geometry of the hanging wall and to calculate the overburden thickness. Sandstone
petrography also provided evidence about the exhumational timing of some structural
blocks and supported the thermochronological results.
RESULTS
Exhumation patterns inferred from thermal modeling (samples: 14, 28, 29, 31, 17,
18, 20 and 26) display an early exhumation (~35-43 Ma) in the hanging-wall province of
the LSF close to the fault (forelimb of the Armas syncline) (Figures 19D and 23) and a
Paleocene section situated in the partial annealing zone (PAZ) for apatite fission track
(AFT). However, the backlimb of the Armas syncline (AS) (Figures 19B, C and 23)
shows later exhumation (~8-15 Ma) and a deeper burial in which the Paleocene section
was beneath the PAZ for AFT. Scarce and low-quality AFT and zircon fission track
(ZFT) samples for the Los Cobardes anticline (CA) area (easternmost section) (Figure
18) show that the Jurassic Girón-Arcabuco Formation was not beneath the closure
temperature for ZFT (~250°C) (sample 112). This may suggest exhumation and initial
growth of Los Cobardes anticline by Paleocene-Eocene time, thus precluding a thick
overburden in this part of the basin. AFT ages (sample 114) for the Los Cobardes
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Figure 23. Thermal models projected on a cross section (Figure 12B), showing exhumation patterns related to the structure. Notice contrasting patterns and burial temperatures between
the footwall and hanging wall of the La Salina fault (LSF), but also differences for structures into these same provinces. (OA) Opon anticline , (OS) Opon syncline , (AS) Armas syncline.
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structure show progressive exhumation and growth of the anticline with the Jurassic
section cooling below the AFT closure temperature around 6.7±1.6 Ma.
Patterns of exhumation for the footwall province display slight differences on the
flanks of the Opon syncline (OS). Whereas 10-18 Ma cooling affected the Oligocene
section in the backlimb (close to the LSF) (Figures 19E and 23), younger (~3-11 Ma)
cooling of the upper Eocene section in the forelimb of this structure indicates a shallower
burial (Figures 19F and 23). However, the Miocene section in the Opon syncline shows a
modest cooling of rocks that did not reach the lower temperature of the PAZ (Figures
19H and 23). The equivalent Miocene section on the western flank of the Opon anticline
(a lower structural block) (Figures 19G and 23) shows deeper burial and an onset of
cooling around 3-16 Ma.
A possible explanation for these exhumation patterns, temperature constraints
from vitrinite reflectance (Ro) data, and sandstone compositional results is presented by
considering the structural evolution of the western part of the EC thrust belt and its link to
footwall deformation in the Middle Magdalena Valley basin (MMVB). An eight-stage,
incrementally restored cross section provides a sequential reconstruction for Cenozoic
deformation in the region (Figure 24).
Late Cretaceous (~65 Ma). This stage shows the geometry of a Mesozoic rift
basin, constructed on the basis of Ro information, where sample 30 east of the section
indicates maximum burial depth of around 6 km (~190°C) for the Lower Cretaceous, a
similar depth to sample 24 for the Upper Cretaceous (~5.4 km depth); around ~4 km
thickness of stratigraphic section exists between the samples 30 and 24, therefore the
similar burial depth for these samples suggest that they underwent different overburden,
possibly controlled by the presence of structural blocks in the LSF hanging-wall
province, acting before these samples reached their maximum burial in the Eocene88

Oligocene, probably related to Cretaceous rift stage , where the easternmost part of the
section, where the sample 24 is located, represents a higher block of a broad rift system.
Another piece of evidence is the thinner Upper Cretaceous section to the east (eastern
flank of the Los Cobardes anticline) constrained by surface mapping, suggesting less
accommodation space in this area that may be associated also with a higher block. This
scenario agrees with regional interpretations for the Late Cretaceous (Cooper, et al.,
1995; Villamil, 1999, Gómez et al., 2003; 2005b). Evidence of the LSF as an ancestral
normal fault is not seen in this section; however in the southernmost section (Figure
12D), a Jurassic-cored anticline in the hanging wall close to LSF is associated with an
inversion structure.
Prior to the middle Eocene (~45 Ma), the maximum burial temperature in the
hanging-wall province indicates a basin geometry with shortening of ~2 km (2%) and
maximum burial depths from Ro data of ~3-4 km (110-130°C) for the Paleocene section
in the western hanging wall, ~4-5 km (160-180°C) for the Upper Cretaceous section in
the central hanging wall and ~5-6 km (180-220°C) for the Lower Cretaceous section in
the eastern hanging wall. Both Ro and thermochronology data indicate an eroded section
around 3.5 to 4 km thick that originally capped the Paleocene in the frontal part (leading
edge) of the LSF hanging wall.
Middle Eocene-Oligocene (~45-30 Ma). Shortening of 10 km (9%) is shown for
this period. Partially reset AFT sample 31 indicates a possible middle Eocene-Oligocene
onset of cooling, which would likely be controlled by initiation of thrusting along the
LSF, producing uplift in the most-frontal (westernmost) position of the hanging wall.
Additionally, the marked increase in sedimentary rock fragments in the Oligocene
Mugrosa Formation suggests a potential supply of sediments from the Eastern Cordillera
(EC), and thus its initial exhumation. To the east, the Los Cobardes anticline could be
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growing by this time, as suggested by the non-reset ZFT sample 112, implying an
insufficient overburden to induce thermal resetting.
Oligocene-early Miocene (~25 Ma). Shortening of ~11 km (10%) occurred during
continued thrusting along the LSF and growth of the Los Cobardes anticline, while
sedimentary burial prevailed in the footwall province with deposition of the Mugrosa
Formation.
In the Middle Miocene (~15 Ma), shortening of ~12 km (11%) shows a
diminished deformation rate between 25 and 15 Ma (~1 km of shortening). Possible
thrusting and splay faulting of the LSF could control the differential exhumation patterns
observed in the Opon syncline, where the forelimb (western flank) showed less
overburden thickness during the Oligocene-late Miocene and a late onset of exhumation
(~8-3 Ma) for sample 18 from the upper Eocene Esmeraldas Formation. In contrast, the
backlimb (western flank) displays a greater Oligocene-lower Miocene overburden and an
early initiation of exhumation (~20-10 Ma) for sample 17 from the Oligonene Mugrosa
Formation. Greater burial of the eastern flank of the Opon syncline could be explained by
the propagation (displacement and breakup) of a west-vergent splay fault of the LSF that
precluded the leading edge to be deeply buried; however, sedimentation may have
exceeded the fault propagation rate until late Miocene time. The earlier exhumation in the
eastern flank could be associated with LSF displacement, suggesting that the tight and
overturned eastern flank of the Opon syncline may have been influenced by footwall drag
due to LSF thrusting.
Late Miocene (~10 Ma). Shortening of ~15 km (14%) in the late Miocene
produced continued LSF splay thrusting with an exhumation difference inferred from the
thermal model of footwall sample 20 from the lower Colorado Formation, which displays
a slight burial (heated ~60-70°C, reaching presumably the upper part of the partial
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annealing zone), which contrasts with hanging-wall sample 26 from the same unit, which
is non-reset (heated <50°C). In addition, growth of the backlimb of the Opon syncline
may have also occurred by this time as indicated in the cooling range given by sample 17.
In the LSF hanging-wall, exhumation in the backlimb of the Armas syncline (eastern
flank) suggested by the cooling pattern of samples 28 and 29 may imply east-vergent
backthrusting accommodating the displacement along a west-vergent thrust, as result of
thrust-front propagation which may have affected the Cretaceous section by a tectonicwedging process.
In the period of ~10-6 Ma, with shortening of ~16 km (15%), the thermal
modeling of sample 20 indicates potential exhumation since ~10 Ma. This could be
associated with the east-vergent backthrust in the footwall province affecting the
Oligocene and Neogene section, as is observed in the surface mapping and in seismic
profiles. This backthust could be induced as a mechanism to accommodate westward
propagation of the thrust-belt toward the basin, causing exhumation of the Miocene
section along the western flank of the Opon anticline and decreased compositional
maturity, possibly indicating the incorporation of recycled basin fill as a sediment source.
Pliocene-late Miocene (~6-3 Ma). Continued shortening of ~20 km (18%) was
induced by general exhumation inferred in the easternmost part (Los Cobardes anticline)
on the basis of sample 114 which indicates an AFT age around 6 Ma, in addition to the
LSF hanging wall (sample 14 cooling by ~12-6 Ma) and in the MMVB (sample 18
cooling by ~8-3 Ma). These events would represent active uplift of the EC, possibly
associated with inversion of structures and the development of a passive-roof duplex
system along the western margin of the EC involving pre-Cretaceous to Neogene section.
Pliocene (~3-0 Ma). Latest Cenozoic deformation culminated with a total
shortening of ~27 km (25%), which represents a high rate of deformation (>2 km/Myr).
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The major shortening may have consisted of an out-of-sequence event along the LSF that
produced the final structural relief in the area (~12 km). However, the propagation of
deformation along the already existing faults may have continued, in addition to crosscutting of the Pliocene section by the most-frontal (small-displacement) thrust which
serves as evidence for continued forward propagation of the EC thrust belt.
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Figure
24.
Eight-stage
sequential kinematic restoration
depicting Late Cretaceous to
Pliocene
deformation,
for
section B, (Figure 12 and 13).
Samples shown in the sections
(thermochonology=orange dots,
Ro=black
dots)
provided
evidence to constrain the timing
(see text for more details).
Notice
the
accumulative
shortening value for the
different
stages
and
the
incorporation of faults during
the
kinematic
evolution
(appearing as red lines)
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Figure 24 (continued)

In summary, shortening rates calculated for the different stages of the restoration
(Figure 25) show a rapid deformation (~1.5–2 km/Myr) since the late Miocene (~7 Ma),
which is in agreement with the reported climax of the late Miocene-Pliocene Andean
orogeny (Cooper et al, 1995; Dengo and Covey, 1993; Cediel et al., 2003; Villamil,
1999; Mora et al., 2008). In general, lower shortening rates were calculated from Late
Cretaceous to middle Miocene, revealing a period of slowest deformation (~0.1 km/Myr)
during the Oligocene-middle Miocene, and another episode with moderate shortening
rate (~0.5 km/Myr) during the Eocene, which coincides with the proposed initiation of
exhumation and surface uplift along the western margin of the EC.
Figure 25. Plot of shortening
through time calculated from the
kinematic restoration, showing
an
initiation
of
rapid
deformation by the last ~5 Ma.
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Discussion
In this section, the results of this study are discussed with regard to: (1) the
configuration and evolution of the basin and (2) the structural styles and timing for the
eastern and western margins of the MMVB and EC.
BASIN CONFIGURATION AND EVOLUTION
Mesozoic rifting was expressed as a series of local disconnected extensional
basins evolving by linkage of smaller faults during the Middle to Late Cretaceous into a
broader basin controlled by thermal subsidence (Sarmiento et al., 2006; Mora et al, 2009;
Horton et al., 2010b). This Mesozoic extensional configuration could have influenced
Cenozoic tectonic inversion of the Eastern Cordillera orogen (Cooper et al,. 1995; Mora
et al., 2006, 2008, 2010a; Rolon, 2004; Cortés et al., 2006), with fluctuations in thrustbelt geometries and propagation depending on the inherited configuration. Consequently,
the Paleocene basin configuration has been interpreted as either a continuous foreland
basin (Cooper et al., 1995; Villamil, 1999) or a foreland basin partitioned due to
transverse structural highs (Sarmiento, 2001; Bayona et al., 2003; Restrepo-Pace et al.,
2004; Cortés et al., 2006). In the latter case, several transverse zones have been proposed
to explain relay relationships along the margins of the EC (Bayona et al., 2008;
Sarmiento et al., 2006), which consist of oblique faults (~E-W strike) with associated
thickness and facies changes in the Paleozoic-Mesozoic sections that may be interpreted
as basement-involved, inverted normal faults. The eastward stepping, en-echelon pattern
common in the syncline-anticline pairs along the eastern flank of the MMVB may be
explained as distributed Mesozoic normal faults reactivated (inverted) during the
Miocene (Schamel, 1989). The study area could exemplify how the Cenozoic structural
development could be controlled by the prior (Mesozoic) basin configuration. The Los
Cobardes and Portones anticlines, plunging to the south and north, respectively, may be
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controlled by a basement relay zone coinciding with a transverse fault (Cimitarra fault) in
the footwall of the La Salina fault. This boundary represents the southern termination of
the tight Opon anticline and syncline structures, suggesting a possible ancestral structural
configuration affecting both hanging-wall and footwall structures.
Late Cretaceous exhumation and surface uplift of the Central Cordillera
influenced Paleocene basin configuration. Likewise, this exhumation and uplift event
caused significant erosion during lower-middle Eocene recorded by a regional
unconformity (Gómez et al., 2003, 2005b; Rolon, 2004; Schamel, 1989). Steep faults
beneath this unconformity suggesting strike-slip deformation (Gómez et al., 2005a) may
have controlled some structural highs into the Middle Magdalena Valley basin, as La Cira
and Cachira highs. Such regional unconformity was not clearly observed in the study
area, but a subtle dip difference between the base and top of Paleocene Lisama Formation
displayed in the westernmost part of constructed cross sections (Figure 12), indicates
some tilting of the basin. Therefore, non-significant structure growth in the easternmost
margin of the MMVB is proposed before the middle Miocene. If a restoration of the
regional unconformity were performed in the axial and western part of the MMVB,
Paleocene structural configuration provided by eastward propagation of the Central
Cordillera could be revealed. This Cretaceous-Eocene episode of deformation has special
interest for hydrocarbon exploration because of the potential for early trap generation.
Vitrinite reflectance (Ro) and thermochonology results in the western flank of the EC
make it possible to estimate the eroded section thickness that overlaid the Paleocene
succession, which is around 3.5-4 km. This erosion could be caused by the thrust-induced
exhumation along the La Salina fault, but also in some minor degree (possibly shown
only in AFT results for sample 31) caused by the event that generated the regional
unconformity by the early-middle Eocene.
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Changes during the Cenozoic plate tectonic convergence (Daly, 1989) in the
northwestern part of South America induced a period of high shortening during the
earliest and middle Eocene across the current Middle Magdalena Valley and western
margin of the EC (Cooper et al., 1995; Gómez et al., 2005b), causing a regional
unconformity in most of these provinces. Afterward, a period of quiescence in the lowest
Oligocene (~34 Ma) induced high subsidence and regional extension (Cooper et al.,
1995); similarly, geohistorical analyses performed in the north and south part of the
MMVB (Gómez et al., 2005b) suggest a continuous subsidence in the basin since the
middle Eocene. Subsequently, increased convergence induced by changes in plate
configuration during the late Oligocene (~27 Ma) produced higher deformation in the
Magdalena Valley basin (Mattson, 1984; Acosta, 2002) as well as the documented leftlateral displacement in the Bucaramanga-Santa Marta fault (Villamil, 1999; Gómez et al.,
2005a). However, this event of increased deformation is not suggested by subsidence
analyses (Gómez et al., 2005b). The rates of shortening inferred in this study (Figure 24)
show episodes of rapid shortening during the Eocene in agreement with the reported high
deformation period, and during late Miocene-Pliocene, coinciding with the major Andean
orogeny uplift-pulse. However, the slow shortening rates inferred during the Oligocene to
middle Miocene in this study do not fix with the Oligocene (~27 Ma) high deformation
period, conversely it appears to be better associated with subsidence analyses (Gómez et
al., 2005b) that show relatively constant subsidence in the MMVB.
STRUCTURAL STYLES AND TIMING
Restrepo-Pace et al. (2004) showed by field mapping (for an area in the
MMBV around 60 km to the south from this study), structures concealed by an early
Eocene unconformity, providing evidence of a Paleocene deformation event in the
western flank of the Eastern Cordillera. In addition, tectonic wedging during the late
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Miocene was also reported. This evidence attests at least two Cenozoic deformation
episodes, where the fault system equivalent to La Salina fault (LSF) is a basementinvolved feature that accommodates most of the deformation. Magnitude of shortening
ranges between 15 and 20 km (48 - 62 %). Likewise, Sassi et al. (2007), proposed a
kinematic model for this same area involving around 50 km of shortening, where 15 km
are accommodated by the main thrust system (equivalent to LSF). This model uses the
concept of a passive-roof duplex as mechanism to transfer the deformation from the EC
to the MMVB, and two alternative timings are suggested; (1) an early structure growth
postdating Oligocene in the Magdalena Valley province; (2) a late structure growth by
the late Miocene (implying high backthrust displacement). In addition, Cortés et al.
(2006) restored a cross section in the south part of eastern margin of the MMVB, which
is characterized by the presence of imbricated west-verging thrust sheets; this section
implies a minimum tectonic shortening of 17 km (30%). In summary, all these models
present similarities with the model proposed in this study, including the basementinvolved faulting, the geometry of the main thrust which displays a detachment level into
the Cretaceous section, and the mechanism of tectonic wedging used to accommodate
part of the deformation and uplift. However, discrepancies in the magnitude of shortening
could be provoked by the depth of basal detachment, the dip angle of the main thrust and
significant displacement along other faults (different than the equivalent thrusts to LSF)
involved in the models. An alternative structural model that could explain the
accommodation of deformation in the foreland with small displacement along the frontal
thrust is fault-propagation folding, where the deformation is gradually accommodated by
folding in the upper faulted section (Vann et al., 1986). However, the characteristics of a
possible detachment folding where the Cenozoic section appears steeply folded while the
Cretaceous seems to be more gently folded, in addition to the presence of several
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backthrusts in the area, may make the passive-roof duplex model more viable as a
mechanism to transmit deformation from thrust belt to foreland (Banks et al., 1986).
Duerto et al. (2006), identified triangular configuration of seismic reflectors in the
Maracaibo mountain fronts (Merida Andes and Sierra de Perija), several detachment level
along the stratigraphic Cretaceous and Cenozoic section, and a basin-ward monocline
structure at surface that presents almost lack of faulting. On the basis of these
observations, a triangle zone was proposed, which shows similar elements as the model
proposed in this study: (1) a lower zone of imbricate basement-involved thrusting, (2) an
upper zone of backthusts dipping basin-ward mainly localized in the upper Cretaceous,
(3) shortening is accommodated by steep dipping, inverted normal faults inherited from
the late Jurassic rift.
A left-lateral displacement component in some main faults in the eastern margin
of the MMVB has been attributed to a transpressive deformation regime (Acosta, 2002;
Acosta et al., 2004) imparted by the oblique convergence of the Nazca and Caribbean
plates with South America plate (Ego, 1996). The La Salina fault shows a left-lateral
displacement component acting by middle to late Miocene. This displacement style is
superimposed on a previous dip-slip component. In addition, oblique-reverse faults and
the reactivation of NW-SE-trending basement faults are also reported and attributed to a
transpressive kinematics (Acosta et al, 2004). On the other hand, in the south of the
MMVB, a right-lateral transpressive deformation regime is suggested by testing nonplane strain in cross-section restoration (Montes et al., 2003, 2005). The transverse
reverse faulting observed in this study, which may cause area inconsistencies in cross
section restoration (Figure 13C) because of its inverse displacement out of the plane of
the section (non-planar strain).In addition, possible growth strata (suggested by apparent
change in thickness) interpreted from the radar image in the northern part of the area
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(Opon anticline) and in the southern part (Figure 26) may suggest that they are recording
the timing of oblique faults. Growth strata, defined in the Miocene Real Group at surface,
and also suggested in the lower Miocene Colorado Formation to the north in some
seismic profiles (Figure 27) may indicate that the timing for the oblique faulting might be
constrained to Miocene or later (> 23 Ma). This coincides with the period of the structure
generation in the footwall of the LSF (Figure 24), which makes it possible to suggest a
possible transpressive regime for the eastern part of the MMBV.

Figure 26. Map-view evidence of
potential growth strata from radar images
in the Real Group, possibly associated
with the plunge of some fold-thrust
structures.
Initiation of exhumation and surface uplift along the western margin of the EC
has been documented by different data sets (Figure 2). (1) Growth strata display evidence
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of Eocene syntectonic deposition to the south (Guaduas syncline), as well as to the north
(Nuevo Mundo syncline) (Gómez, 2003, 2005a; Moreno, 2010), whereas in the middle
(Rio Horta area, ~60 km to the south from of this study) Paleocene deformation is
suggested

by

mapping

relationships

(Restrepo-Pace

et

al.,

2004).

(2)

Thermochronological results to the south (Guaduas syncline), in the Magdalena Valley
basin province, show an initial cooling event ranging between 50 and 35 Ma (Parra et al.,
2009) in agreement with growth strata patterns (Gómez et al., 2003) in this area; another
younger event in the southern MMVB is also identified by 15 -5 Ma (Gómez et al.,
2003); and in the EC province (hanging wall of the main thrust) reset ZFT and AFT ages
of ~24-19 Ma and 10 -7 Ma, respectively (Parra et al., 2009) may be showing a
continuous exhumation driven by the reactivation of the main fault (equivalent to LSF).
On the other hand, to the north (Nuevo Mundo syncline), two periods of exhumation are
proposed at 80-30Ma and 5 Ma (Gómez et al., 2005a), which fix with growth strata
pattern; (3) Detrital zircon U-Pb ages in the Nuevo Mundo syncline area show signatures
linked to the EC uplift between middle-late Eocene to Oligocene (Nie et al, 2010). (4)
Petrographical and paleoflow analyses suggest exhumation of the western flank of the EC
by the middle-late Eocene (Moreno, 2010; Caballero, 2010) in the Nuevo Mundo
syncline and late Eocene-Oligocene in the Guaduas syncline (Gómez et al., 2003).
According with this evidence and the results obtained in this study, an onset of
exhumation for the western flank of the EC between the middle Eocene and early
Oligocene is the most likely scenario. A second significant exhumation event by middle
Miocene-Pliocene (Gómez et al., 2005a), inferred also with the thermal modeling in this
work, may have caused a high surface uplift which could be associated with the ECbasement provenance reported by Caballero (2010), and the increase in sedimentation
rates and proximity of the source area suggested in this study, in addition to the absent of
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Magmatic signature in the middle Miocene-Pliocene section in the Llanos foreland
(Horton et al., 2010b) which may attest an affective topographic barrier that precluded
any provenance from the Central Cordillera.
Finally, Implications for petroleum systems in the eastern part of the Middle

Figure 27. Seismic reflection evidence of growth strata, with slight thickness changes
in the Real Group and in the Colorado Formation toward the axis of the anticline
structure.
Magdalena Valley basin (proximal foreland) consist of issues about the timing for the
proper accumulation in structures. This study proposes an initial period for the
development of structures in the foreland basin by ~20-15 Ma, although significant
structure growth could not have taken place until ~5-10 Ma. This late development of
potential traps might imply not charge during early hydrocarbon generation. The values
of Ro in the HW of the LSF indicate that the Cretaceous section was overmature for oil
expulsion (> 1.3 Ro%) before the initiation of thrusting in the western margin of EC.
However, toward the west the Cretaceous section may be shallower, and thus more
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favorable for oil expulsion; this also implies that potential oil “kitchen” can exist in the
footwall of the LSF. The transverse faulting provides possible trap configuration
associated with the convergence between these faults and the La Salina fault system. The
possible presence of sub-thrust structures could constitute an exploratory potential for the
basin, however, they would be risky because of poor resolution of the 2D seismic to
define trap geometries clearly and the possible over-maturity of the traps (Sassy et al.,
2007)
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Conclusions
1.

The eastern part of the Middle Magdalena Valley basin (MMVB) is a

proximal foreland controlled by limited (~22-31 km) overthrusting of the thrust belt,
bounding the western edge of the Eastern Cordillera. A proposed model suggests that the
deformation in the Cretaceous and Cenozoic section in the foreland was accommodated
by backthrusting in a passive-roof duplex system with a possible detachment fold in the
Cenozoic section (Figure 12).
2.

The shortening measured across the study area from restoration of 4 cross

sections ranges between 22 and 28 %, and is accommodated by thick-skinned
reactivation of inherited normal faults (Figure 13). Non-planar strain condition related to
area inconsistencies during the restoration (Figure 13C) could indicate an oblique
direction of shortening, influenced by thrusting along the transverse NW-SE trending
fault (Cimitarra fault; Figure 3A), which cannot be quantized with the built sections.
Thus the total shortening may exceed in some minor degree the reported values.
3.

Los Cobardes and Portones anticlines along the western margin of the EC,

which are cored by exposed Jurassic section and separated by a NW-SE trend relay zone
to be folds overlying partially inverted normal faults that once bounded a late Jurassic rift
basin underlying the area (Figure 24).
4.

Thermochronology results indicate three main pulses of cooling onset during

the Cenozoic; (1) ~35-43 Ma (middle Eocene-early Oligocene), associated with the
initial thrusting along the La Salina fault (LSF), (2) ~10-18 Ma (early -late Miocene),
representing the initiation of structures propagating into the foreland basin (MMBV), (3)
~3-12 Ma (late Miocene-Pliocene) is the most recent and rapid period of thrusting along
the LSF that resulted in out-of sequence thrusts. (Figures 24 and 25)
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5.

Partial annealing zone (PAZ) for apatite fission track and partial retention

zone (PRZ) for U-Th/He in apatite is located in the Eocene Esmeraldas-Oligocene
Mugrosa Formations and in the middle of the Miocene Real Group respectively for the
footwall of the La Salina fault (LSF); The PAZ for the hanging-wall of the LSF is located
in the Eocene La Paz Formation (Figure 17).
6.

Vitrinite reflectance results of 11 samples support the results given by

thermocrhonology and also provide information about the configuration of the basin
before the thrust propagation, suggesting that during the Paleocene-Eocene the upper
Cretaceous section in LSF hanging-wall should have been at a burial depth of around 4 5 km, overlain by

a succession correlative to Lisama, La Paz and Esmeraldas

Formations; likewise, in the eastern part of the area may have existed another structural
block with less burial ( ~5-6 km for the lower Cretaceous section).
7.

The increase in proportion of sedimentary rock fragments since Late Eocene-

early Oligocene suggests the existence of topographic relief in the Eastern cordillera,
becoming a potential source of sediments since that time. The decrease in compositional
maturity during the Miocene-Pliocene may indicate the proximity of the Eastern
Cordillera source area, possibly involving also recycling from the easternmost margin of
the Middle Magdalena Valley basin. Moreover, this compositional change could
represent large magnitude of deformation in the margin of the basin.
8.

Structural reconstructions show that the western flank of the Eastern

Cordillera La Salina fault is the main fault along which exhumation of the EC has
occurred during the period of ~35-43 Ma (middle Eocene-early Oligocene). On the other
hand, in the MMVB, the tectonic-wedging and backthrusting induced exhumation since
~10-18 Ma (Figure 24).
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