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ABSTRACT

We decipher the geometry, timing, and 
kinematics of deformation of a region in the 
eastern foothills of the Eastern Cor dillera 
of Colombia. We assess the infl uence of in-
herited structural fabrics, changes in basin 
geometry, erosional denudation, and the 
characteristics of the tectonic stress fi eld 
with respect to the evolution of the structural 
styles of the deformation front in the East-
ern Cordillera. Detailed structural and geo-
morphic mapping of an area of ~5000 km2, 
analysis of seismic-refl ection profi les, cross-
section balancing, tectonic stress-fi eld indi-
cators, and new apatite fi ssion-track data 
are used to characterize the partitioning of 
Late Cenozoic deformation in the eastern 
foothills of the Eastern Cordillera of Colom-
bia. During the late Miocene–Pliocene, in the 
Eastern Cordillera, deformation migrated 
from inverted master normal faults to low-
elevation, low-amplitude structures in the 
foreland. However, this shift in the locus of 
deformation was not spatially uniform. The 
deformation front is wider in a northern sec-
tor of the Cordilleran foothills, where sedi-
mentary units are thicker, and shortening is 
perpendicular to the structures. This short-
ening direction is identical to the direction of 
the greatest horizontal stress SHmax as seen in 
borehole breakouts. During the late  Miocene–
Pliocene, basement ranges are passively up-
lifted by younger, more frontal thrusts. The 
eastern foothills of the Eastern Cordillera 
thus reveal a complex combination of factors 
responsible for the structural styles and par-
titioning of active deformation in an inversion 
orogen. Over time, the most important factor 
changes, from the role of inherited structural 
fabrics to the geometries of basin fi lls.

INTRODUCTION

Information on the geometry and kinematics 
of deformation during the evolution of orogenic 
forelands ideally includes data on the intrinsic 
factors controlling the direction and timing of 
thrust-sheet propagation. This involves under-
standing factors that infl uence deformation-front 
width and the differentiation of the orogenic 
front into seismotectonic segments, as well as an 
assessment of the rates of thrust-front advance. 
One of the key issues in unraveling the deforma-
tion history involves temporal constraints on the 
evolution of the far-fi eld tectonic stress vector. 
This is important because rotations of the tec-
tonic stress fi eld or a permutation of the principal 
stresses may cause a kinematic reorganization 
and the reactivation of existing structures. During 
such a reorganization new structures may thus 
form that are obliquely oriented to the previously 
generated structural framework, resulting in 
complex tectonic landscapes. Signifi cant differ-
ences may furthermore arise from variations in 
the thickness and geometry of pre-deformational  
sedimentary wedges (basin-controlled orogens 
sensu Marshak, 2004).

In a geometrically simple thrust belt, oro-
genic wedges may grow vertically or laterally 
according to the critical taper theory (Davis 
et al., 1983; Dahlen et al., 1984). In this case, 
the angle between the basal detachment and 
the average topographic slope prompts self-
similar growth and propagation of deforma-
tion toward the foreland. Along similar lines, 
Boyer (1995) demonstrated that a sedimentary 
wedge tapering toward the foreland with a 
higher hindward basement dip facilitates mi-
gration of the deformation front. Thus, along-
strike changes in basement dip exert a control 
on the location of salients and recesses along 
the deformation front. However, the infl uence 
of all of the above factors can be signifi cantly 
reduced, if long-lasting crustal anisotropies 

focus  deformation and uplift in a spatially and 
temporally disparate manner (Hilley et al., 
2005). In addition to these intrinsic factors 
of mountain building, surface processes may 
also play a decisive role in modifying the 
spatiotemporal patterns of deformation dur-
ing orogenesis. In such a scenario, localized 
erosional unloading may change the distribu-
tion of stresses in the orogen, which will in 
turn infl uence the kinematic behavior of faults 
(Dahlen et al., 1984; Hoth et al., 2005). Thus, 
a full assessment of spatiotemporal deforma-
tion patterns in orogens ideally includes the 
evaluation of all of these variables, a condition, 
which may be satisfi ed in tectonically active 
orogens, such as the Eastern Cordillera of Co-
lombia (Fig. 1): (1) the Eastern Cordillera is an 
active foreland fold-and-thrust belt in the north-
ern Andes, which has evolved on a complexly 
structured crust deformed during Paleozoic and 
earlier contractional deformation (e.g., Alemán 
and Ramos, 2000) and Early Cretaceous rifting 
(e.g., Mora et al., 2006; Mora and Parra, 2008; 
Mora et al., 2009); (2) a change in the XY ori-
entation of the regional tectonic stress fi eld has 
apparently occurred synchronously with the in-
version of these extensional structures from the 
Late Cretaceous onward (Cortés et al., 2005); 
and (3) pronounced rainfall gradients across the 
Eastern Cordillera have resulted in focused ero-
sion on the windward, eastern side of the orogen, 
whereas the effi ciency of erosive processes is 
diminished on the western leeward fl ank of the 
orogen (Mora et al., 2008). However, it is not 
known whether enhanced erosional denudation 
also controls the evolution of along-strike struc-
tural geometries. In this context of different fac-
tors potentially determining orogenic processes, 
it is important to know whether climate-driven 
processes indeed infl uence the locus of active 
deformation in this orogen or the reactivation of 
long-lasting crustal anisotropies and basin geom-
etry may have played a more important role.
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In this study we attempt to unravel the roles of 
tectonic and climatic forcing in foreland defor-
mation. We focus on the humid, eastern side of 
the Eastern Cordillera, where inherited struc-
tures have been deeply exhumed and the role of 
erosional denudation can be assessed. Seismic-
refl ection profi les made available for this inves-
tigation allow an evaluation of lateral changes in 
basin geometry and the role of in herited struc-
tures in guiding deformation. We thus combine 
structural observations, new apatite fi ssion-track 
thermochronology, and geomorphologic obser-
vations with borehole-breakout data in order to 

decipher the different infl uences determining 
mountain-front segmentation and the lateral 
growth of the active Eastern Cordillera inver-
sion orogen.

GEOLOGICAL CONTEXT

The terrain of the northern Andes has been 
interpreted to be part of a semi-independent 
crustal block with respect to the South Ameri-
can plate (Freymueller et al., 1993; Kellogg and 
Vega, 1995; Trenkamp et al., 2002). This tec-
tonic domain is deforming under the infl uence 

of compression generated by the interaction 
between the Caribbean and Nazca plates to the 
west and north, and the South American plate to 
the east (Cediel et al., 2003). However, Montes 
et al. (2003) pointed out that the distinct rheolo-
gies in the northern Andean realm may cause 
variable patterns in crustal deformation. This is 
particularly true in the Eastern Cordillera of Co-
lombia, the easternmost range of the northern 
Andes, where our study is focused. This range 
constitutes an internally deformed fold belt ad-
jacent to less deformed basement ranges of the 
Santander and Garzón massifs (Figs. 1–3) and 
the crystalline basement of the Guyana shield in 
the Llanos foreland to the east (Cordani et al., 
2005). Therefore, the Eastern Cordillera can be 
considered to be a mechanically weak crustal 
domain. The boundaries of the rigid Garzón 
and Santander massifs are the Algeciras (Fig. 1) 
and Santa Marta–Bucaramanga faults, respec-
tively. These faults accommodate active strike-
slip deformation, interpreted to result from 
their obliquity with respect to the convergence 
direction (Velandia et al., 2005). If this is in-
deed true, then the structural grain in the weak 
domain likely refl ects the response to crustal 
stress determined by the convergence direction, 
whereas the rigid basement blocks remain un-
deformed and are uplifted along inherited struc-
tures. For example, south of 4°N the Algeciras 
fault (Fig. 1) bounds the topographically high 
crystalline basement of the Garzón Massif and 
has therefore been considered as the western 
limit of the Guyana shield (Kroonenberg, 1982; 
Chorowicz et al., 1996; Velandia et al., 2005). 
The NE-SW strike of the Algeciras fault is re-
markable when compared to the N-S–striking 
basement thrusts to the east and west (Fig. 1). 
It is therefore possible that the Algeciras fault 
is a major reactivated inherited basement 
anisotropy  that constitutes a rigid backstop 
for the adjacent oblique structures. Structures 
in the Eastern Cordillera thus appear to follow 
patterns that are compatible with the effects of 
an indenter (e.g., Marshak et al., 1992).

The behavior of the Eastern Cordillera as a 
weak block appears to be conditioned by struc-
tures that coincide with a normal fault–bounded 
Neocomian depocenter (Sarmiento-Rojas, 2001; 
Mora et al., 2006; Sarmiento-Rojas et al., 2006). 
It is thus conceivable that the thinned and frac-
tured crust in the former rift depocenter guided 
subsequent regional-scale contraction during 
the Cenozoic Andean orogeny (e.g., Montes 
et al., 2003). This is similar to observations in 
the eastern foothills of Colombia between 4° 
and 5.5°N (Mora et al., 2006; Mora et al., 2009; 
Fig. 2) and geologically similar regions in the 
broken foreland of northwestern Argentina (e.g., 
Jordan and Allmendinger, 1986).
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Figure 1. Topography and structural setting of the southern part of the Eastern Cordillera 
of Colombia. Inset shows regional tectonic setting of the northern Andes. Note the NE-SW–
striking Algeciras dextral-strike slip fault as one of the principal regional structures and 
its obliquity with respect to the orientation of major folds and faults. White box denotes 
study area.
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Figure 2. Structural map of the study area with principal structures, grid of seismic-refl ection profi les, and well locations used in this study. 
Approximate boundaries of the main three seismotectonic domains discussed in text are outlined by the thick discontinuous bars. Apatite 
fi ssion-track sample locations and corresponding ages are also shown; notice consistently young (Pliocene or younger) apatite fi ssion-track 
ages in all three seismotectonic domains.
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STRATIGRAPHY

The Eastern Cordillera exposes a more than 
4-km-thick section of phyllitic basement, cov-
ered by ~3 km of upper Paleozoic unmetamor-
phosed sandstones and shales. Upper Paleozoic 
sequences have never been reported in wells 
in the Llanos foreland close to the mountain 
front south of 5°N. Precambrian Guyana shield 
gneissic and granulitic rocks replace phyllitic 
Andean basement in the foreland (Forero-
Suarez , 1990; Dueñas, 2002). Cretaceous sedi-
mentary rocks within the Eastern Cordillera 
are ~7 km thick (Mora and Kammer, 1999); 
they attain  a maximum thickness of 2 km in 
the Llanos  foreland and progressively taper 
to the east (Figs. 3–5). Cenozoic strata have 
mostly been removed by erosion in the princi-
pal basement ranges of the eastern foothills of 
the Eastern Cordillera. However, in the foothills 
to the east, 600 m of Paleocene–Eocene con-
tinental sandstone and shale units are exposed 
(Barco, Los Cuervos, and Mirador formations). 
These strata are superseded by a ~3-km-thick 
sequence of Oligocene–lower Miocene del-
taic to marginal marine sandstones and shales 
(Carbonera Formation). Above this unit the 
mid-Miocene shaly León Formation constitutes 
a 500-m-thick continuous horizon, refl ecting 
the last marine depositional event in the area 
(Cooper  et al., 1995; Rochat et al., 2003; Bayona 
et al., 2006). The León Formation is covered by 
a continuous succession of continental sandy 
and conglomeratic strata grouped into the upper 
Miocene Guayabo Formation, which locally at-
tains 3 km thickness (Parra et al., 2009a). In the 
proximal parts of the thrust front of the eastern 
foothills, the Lower Guayabo Formation is lat-
erally equivalent with the coarse conglomeratic 
Corneta Formation, whose age is debated (e.g., 
Kammer, 2003). Finally, Pliocene to Recent 
conglomerates and sandstones are included 
in the Upper Guayabo Formation and reach a 
maximum thickness of 3.5 km.

METHODS

We use a variety of techniques to analyze the 
structural evolution of the Eastern Cordillera re-
garding the role of structural inheritance, chang-
ing tectonic stress fi elds, and factors determined 
by exhumation and basin geometry. First, we 
review the results of 5000 km2 of detailed fi eld-
based structural mapping in the eastern foot-
hills of the Eastern Cordillera (Fig. 3). We use 
published biostratigraphic data (Silva, 2006) to 
constrain the chronology of deformation. Com-
bined, this allows us to evaluate many hitherto 
unclear structural relationships in this part of the 
Andes. Second, outcrop data (e.g., Fig. 6) were 

combined with ~4000 km of industry seismic-
refl ection profi les and well-log information 
(e.g., Figs. 2, 4, 5, 7–9) to constrain basin geom-
etries and sedimentary thickness changes and 
to better characterize deformation styles. This 
enabled us to correlate exposed units precisely 
to seismic lines. In addition, the lateral continu-
ity of key refl ectors was analyzed in order to 
detect thickness changes and to delineate the 
most important subsurface structures. We used 
the 2DMove section-restoration program to 
construct six serial balanced cross sections. Sec-
tions were balanced along seismic profi les that 
are most representative of the regional defor-
ma tion style (Fig. 4). Third, our database on 
the exhumation history of the basement ranges 
(e.g., Mora et al., 2008; Parra et al., 2009a; Parra 
et al., 2009b) was expanded with four new apa-
tite fi ssion-track ages. Analytical methods are 
described in Table 2. The new thermo chronol-
ogy samples were collected along strike of pre-
viously published exhumation data (Mora et al., 
2008) to test if exhumation history in this area 
can potentially be used as a proxy for the ac-
tivity of basement thrusts. Fourth, in order to 
characterize the nature of the youngest tectonic 
evolution, we mapped tectonically overprinted 
landforms, such as alluvial fans and fl uvial ter-
races. Finally, we determined the present-day 
tectonic stress fi eld using borehole breakout 
data from petroleum wells. These data help de-
tect variations in thrust-belt segmentation due to 
spatial or temporal changes in the evolution of 
the tectonic stress fi eld. We used four-arm dip-
meter logs provided by the Agencia Nacional de 
Hidrocarburos of Colombia (ANH). SHmax was 
established using data from seven wells in the 
southern part and from fi ve wells in the northern 
part of the study area. Data analysis followed 
common quality criteria, such as the minimum 
length of breakouts and the number of breakout 
zones, etc. (e.g., Plumb and Hickman, 1985). 
Taken together, the compilation of different 
data sets provides a powerful basis to evaluate 
long-term Cenozoic regional structural trends 
and their relationship with the youngest tectonic 
features and the present-day stress fi eld.

STRUCTURAL CHARACTERISTICS

Major Long-Lived Basement Anisotropies 
and Shortcut Structures Bounding the 
Eastern Cordillera

Structural data reveal that the boundaries 
of Mesozoic and older depositional domains 
coincide with the Servitá fault, presently a 
major reverse fault (Figs. 3 and 6), which was 
originally an Early Cretaceous extensional 
master fault (Mora et al., 2006). This struc-

ture constitutes the northern prolongation of 
the Altamira fault, a branch of the Algeciras 
fault (Fig. 1). The hanging-wall block of the 
Servitá fault includes the highest topographic 
elevations in the eastern foothills compared to 
the lower-elevation  hanging-wall areas of the 
Manzanares, Mirador-Agualinda, Boa, and 
Monserrate basement thrusts (Figs. 3 and 6). 
Eastward, inverted structures such as the Chi-
chimene anticline (Figs. 3, 6, and 7), a low-
amplitude , hanging-wall inversion anticline 
above a partially inverted normal fault, contrast 
with the high-amplitude Farallones anticline, 
which is associated with pronounced inversion 
of the Servitá fault to the west.

The Algeciras fault apparently does not merge 
with the marginal thrusts of the Eastern Cor-
dillera north of 4°N. Instead, the prolongation 
of the Algeciras fault separates the active allu-
vial plain of the Llanos foreland from the plains 
to the east (Fig. 1). Furthermore, petroleum-well 
data documents that this boundary coincides 
with the pinchout of Cretaceous and early 
Paleo gene sedimentary units (Bayona et al., 
2006), underscoring the nature of the Algeciras 
fault as a multi-phased, long-lived structure.

An important relay of the Servitá fault lies 
north of the Naranjal dextral tear fault, where 
the trace of the major paleogeographic bound-
ary, as well as a pronounced topographic break, 
are located in a more easterly position (Figs. 3 
and 6). South of this relay, four thick-skinned 
thrust sheets east of the Servitá fault (i.e., the 
Manzanares, Mirador-Agualinda, Boa, and 
Monserrate thrusts) have uplifted basement and 
a condensed Cretaceous sedimentary sequence, 
similar to that found in the Llanos foreland. The 
presence of uplifted pieces of the Llanos fore-
land block east of the inverted Early Cretaceous 
basin-bounding fault characterizes these as foot-
wall shortcuts (Figs. 3 and 6). Interestingly, the 
number of basement-thrust sheets and therefore 
the width of the shortcut zone east of the Servitá 
fault and north of this relay is reduced. Thirty 
kilometers north of this relay, the thick-skinned 
thrust belt is reduced to two closely spaced base-
ment faults, the Servitá and Tesalia faults (Figs. 
3 and 6) and the hanging-wall anticline associ-
ated with the Servitá fault (Farallones anticline).

The Guaicaramo Thin-Skinned 
Thrust Sheet

Thirty-fi ve kilometers north of the relay 
zone of the Servitá fault (Fig. 3), this structure 
con tinues as a single major basement thrust, 
creating an important topographic break. East 
of the Servitá fault is the Guaicaramo thrust, 
a thin-skinned thrust sheet, dipping less than 
30° (Figs. 3–5). Our interpretations of seismic 
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profi les  (Fig. 4) show that the Guaicaramo thrust 
never merges with the shortcuts at surface to 
the east of the Servitá fault (Manzanares, Boa, 
and Mirador basement shortcuts), but it grows 
as an independent thin-skinned thrust. How-
ever, shortening along the Guaicaramo thrust 
increases northward until it reaches a depth of 
~13 km ( Table 1), in the area where the Guavio  
fault-bend fold occupies its hanging wall 
(Fig. 4). Including the shortening associated 
with subthrust structures in the footwall of the 
Guicaramo thrust, our geologic cross sections re-
veal that the degree of shortening is only ~4 km 
higher than the amount accommodated by the 
thick-skinned shortcuts to the south. Thus, most 
of the thick-skinned shortening there is progres-
sively taken up by the Guaicaramo thin-skinned 
thrust in a northward direction. In contrast, the 
Servitá fault always maintains its character as 
a high-angle structure and accounts for the 

creation of important relief (Fig. 4;  Table 1). 
North of this area the Guaicaramo thrust 
changes to a basement involved fault (Fig. 4), 
presumably and inverted master rift fault as 
documented by Mora et al. (2006). This change 
represents that the Guaicaramo fault trace prob-
ably results from two fault segments of different 
origin which later merged into a single one.

Surface geological mapping and subsurface 
data obtained from the dense grid of wells and 
seismic-refl ection profi les shows that a zone, 
roughly parallel to the Naranjal transverse fault, 
delineates a sector where the exposed Creta-
ceous sequence is only 2 km thick to the south, 
compared to 6 km north of this area (Figs. 2–6). 
The thicker sequence is fully exposed in the 
steeply dipping to overturned forelimb of the 
Santa María anticline, located in the hanging 
wall of the Tesalia fault (Fig. 3). The thick Cre-
taceous sequence (Fig. 5) continues in the sub-

surface along the core of the Nazareth syncline 
(Fig. 3). Refl ections disappear in the footwall of 
the Guaicaramo thrust, where the Apiay wells 
(Fig. 2) demonstrate that a condensed Creta-
ceous sequence exists, similar to that outcrop-
ping in the hanging wall of the Boa, Agualinda, 
and Manzanares basement thrusts (Fig. 10). The 
interpreted seismic-refl ection lines summarized 
in our serial cross sections (Fig. 4) reveal that 
the detachment of the Guaicaramo thrust is 
rooted at the base of the Cenozoic sequence near 
its southern tip, whereas it is at greater depth to 
the north. However, a junction of the Tesalia-
Servitá faults and the Guaicaramo fault at depth 
is not evident from these data.

In the footwall at the southern termination 
of the Guaicaramo thrust, there are also low-
elevation , low-amplitude, thin-skinned struc-
tures, such as the Cabuyarito fault-propagation 
fold (see seismic line CO-4 in Fig. 8). However, 
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to the north the Florida anticline and structures in 
the Upía oilfi eld are related to shallowly dipping 
basement-involved thrust sheets in the footwall 
of the Guaicaramo fault (Fig. 9). Each of these 
records less than 3 km of shortening (Table 1), 
and uplift in the hinge zone of the associated 
ramp anticlines reaches no more than 1.5 km.

PRESENT-DAY STRESS FIELD

Borehole breakout data from petroleum wells 
close to 4°N and south of this latitude defi ne an 
E-W– to WNW-ESE–oriented SHmax (Apiay-1, 
Apiay-2, La Libertad, Reforma, Vanguardia, 
Guatiquía, and Pompeya wells; Figs. 2 and 11). 
This is compatible with the N-S–striking contrac-
tional structures near 4°N, but it is oblique to the 
NE-SW strike of the inherited structures (Figs. 
6 and 11). In contrast, north of ~4°N, SHmax is 
oriented NW-SE (Metica-1, Rancho Quemado, 
Bengala, Medina-1, and Upia wells; Figs. 2 and 
11). At this latitude, contractional structures are 

perpendicular to the present-day stress fi eld and 
parallel to the inherited anisotropies (Fig. 11). 
Therefore, we infer two different stress-fi eld 
domains in this area that lead to different fault 
kinematics north and south of 4°N, respectively. 
As the orientation of the main Cenozoic contrac-
tional structures and the present-day stress fi eld 
correlate in the different domains, we deduce 
that the orientation of the tectonic stress fi eld has 
remained relatively constant since the onset of 
Cenozoic orogenesis. These results are broadly 
compatible with earlier studies of borehole 
breakouts by Torres (1992).

Our stress-fi eld data support conclusions 
drawn from our structural mapping that the 
rectilinear segments of the Servitá fault are a 
prolongation of the transpressional zone of the 
Algeciras-Altamira structures (Fig. 1). South of 
4°N, preexisting anisotropies are oblique to the 
orientation of the tectonic stress fi eld (Figs. 1, 3, 
and 11), while to the north, compression is per-
pendicular to the preexisting anisotropies.

APATITE FISSION-TRACK DATA 
AND TIMING OF MAJOR BASEMENT 
INVOLVED DEFORMATION

Apatite fi ssion-track (AFT) data (e.g., Mora 
et al., 2008) show that exhumation during 
the past 3 Ma has been concentrated in the 
Farallones  anticline, in the hanging wall of 
the Servitá fault (Fig. 3). Pliocene–Pleistocene  
exhumation cannot be explained without syn-
chronous shortening along the principal base-
ment thrusts near 4°N in the eastern foothills 
(Mora et al., 2008). In order to examine 
whether this observation can be extended along 
strike, we analyzed two additional pairs of AFT 
samples. (Fig. 2 and Table 2).

Two samples were collected from the Santa 
María anticline, south of 5°N, which is bounded 
to the east by the Lengupá and Tesalia faults 
(Figs. 2 and 3). These structures are located along 
strike of the Servitá fault and the Farallones anti-
cline (Figs. 2 and 3). The northernmost sample 
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(MA18; 800 m) is from Lower Cretaceous 
sedimentary strata; the southernmost (MA16C 
825 m) is from the upper Paleozoic unit imme-
diately below the unconformity with Lower Cre-
taceous strata. The former sample has an age of 
1.7 ± 0.4 Ma and the latter sample yields an age 
of 2.2 ± 0.4 Ma (Fig. 2 and Table 2); both sam-
ples pass the chi squared test (Galbraith, 1981; 
Green, 1981). The closure temperature for apa-
tite depends on the kinetic characteristics of the 
crystals and the denudation rate (Ketcham et al., 
1999). The former parameter can be character-
ized by the etch pit diameter, Dpar (Ketcham 
et al., 1999). These two samples have calibrated 
Dpar values (Sobel and Seward, 2006) close to 
that for Fish Canyon Tuff apatites (Table 3). As 
shown by Mora et al. (2008), denudation rates 
between 10° and 100 °C/Ma have been calculated 
for an area 80 km south and along strike of this 

location. Based on modeling results, anneal-
ing temperatures between 128 and 148 °C have 
been estimated for these samples (Mora et al., 
2008). Mora et al. (2008) estimated a Neogene 
geothermal gradient of 30 ± 2 °C/km in this 
region. Calculations using the same geothermal 
gradient suggest that the Santa María anticline 
experienced 4–5 km of exhumation during the 
past 4 Ma. Therefore, the adjacent Lengupá and 
Tesalia faults apparently exhumed the Santa 
María anticline during the past 4 Ma (Figs. 2 
and 3). Similarly, motion along the Servitá fault 
and Mirador shortcut drove exhumation of the 
Farallones  anti cline (Mora et al., 2008).

Two AFT samples were collected from 
~1000 m in the hanging wall of the Boa anticline 
in the southern part of the study area, south of 
4°N (Figs. 2 and 10). These samples are from 
basement units 10 m below the Cretaceous/

basement  unconformity. The two ages are 1.7 ± 
0.3 Ma (BV-286) and 1.9 ± 0.8 Ma (BV-291); 
the former fails the chi squared test while the 
latter  passes. These ages are slightly younger 
than those obtained from the Mirador shortcut, 
which range between 2.6 ± 0.3 and 3.0 ± 0.4 Ma 
(see Mora et al., 2008 and the two easternmost 
ages for samples collected northward along strike 
close to Villavicencio in Fig. 2). Unfortunately, 
these two samples have too few tracks to measure  
Dpar values. Therefore, we assume a range of 
annealing temperatures between 107 and 148 °C 
(Ketcham et al., 1999). Vitrinite-refl ectance 
data from these locations of more than 1% sug-
gest maximum paleo temperatures of ~130 °C 
(e.g., Burnham and Sweeney, 1989). This, and 
the observation that these two AFT samples are 
younger than the totally reset ages in the Mira-
dor shortcut 20 km to the north imply that the 
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new samples were also completely reset prior to 
exhumation. At least 3 km of section overlying 
the basal Cretaceous units in the Boa thrust must 
have been eroded during the past 2 m.y. This 
amount roughly equals the total vertical throw 
of the Boa thrust (see southernmost section in 
Figs. 4 and 10), which is less than the offset at the 
Mirador thrust 20 km to the north. Assuming a 
similar or even lower elevation of this thrust sheet 
~3 m.y. ago, 3 km of exhumation has occurred 
related to a similar amount of vertical rock uplift 
in ~2 Ma. This equals the vertical component of 

movement along the Boa thrust. Consequently, 
the total displacement along the Boa thrust 
should be younger than 3 Ma (Fig. 10).

TIMING OF THE LOW-AMPLITUDE 
STRUCTURES IN THE FORELAND AND 
THE GUAICARAMO THRUST SHEET

In the following sections we use several 
approaches to assess the timing of the low-
amplitude  structures east of the main basement 
uplifts. As most of the information is based on 

outcrop data and seismic stratigraphy, we fi rst 
describe key marker seismic horizons that we 
used in our evaluation.

Seismic line ME-94-1230 (Fig. 5) shows 
several key refl ections that have been tied to 
the surface units; their lateral continuity has 
been established in adjacent seismic lines and 
well-logs in order to check along-strike thick-
ness variations. The most pronounced seismic 
units are the high-amplitude, long-wavelength 
refl ectors, approximately equivalent to the top 
of the late Eocene Mirador Formation. Second, 
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we mapped the continuous high-amplitude 
refl ectors that roughly mark the top of the 
Oligocene units. Finally, the low-amplitude 
refl ections of the León Formation can be iden-
tifi ed. This unit defi nes a rather continuous 
 basin-wide shale marker horizon of low acous-
tic impedance. This horizon coincides with a 
mid-Miocene lacustrine horizon with marine 
infl uence, which contrasts with the discontinu-
ous refl ections of the Guayabo and Corneta 
fl uvial units (Fig. 5).

Parra et al. (2009a) show that exhuma-
tion along the Servitá and Tesalia thrusts be-
gan as early as late Eocene–early Oligocene 
(Fig. 3). During the Miocene, the Carbonera 
and Guayabo synkinematic sequences adja-
cent to the Servitá-Lengupá thrust were folded 
by a fault-propagation fold associated with the 
Tesalia thrust, documenting that deformation 

propagated toward the foreland (Parra et al., 
2009a; Fig. 3). In the Nazareth syncline, ad-
jacent to the Tesalia thrust (Fig. 3), the folded 
strata are overlain by the sandy to conglomeratic 
Guayabo Formation that grades upward into the 
coarse gravelly Corneta Formation. This unit in-
cludes strata with intraformational unconformi-
ties observed in the Nazareth syncline. Careful 
subsurface extrapolation of the refl ections typi-
cal of the León and Corneta formations shows 
that all the coarse-grained units above the León 
Formation, and even ~3 km above the Corneta 
Formation, are concordant in other parts of the 
study area to the east and away from the Tesalia 
thrust (seismic lines CO-4 and CO-22 in Figs. 8 
and 9). Palynological data constrain the age of 
the Corneta Formation to be Miocene–Pliocene 
(Silva, 2006). Therefore, deformation between 
early Oligocene and Miocene–Pliocene time 

was focused on the Servitá and Tesalia faults. 
There is no evidence of deformation during 
this time in the low-amplitude structures east of 
the Servitá and Tesalia faults. The sole excep-
tion to this is the Chichimene oilfi eld structure 
(seismic line MG-2010; Fig. 7), where thinning 
of the early Oligocene sequence in the crest of 
the anticline can be interpreted from the seismic 
sections. The Cabuyarito (Fig. 8), La Florida 
(Fig. 9), and Apiay anticlines (Fig. 3), and prob-
ably part of the growth strata of the Chichi mene 
structure (Fig. 7), are therefore much younger 
than Miocene–Pliocene. However, it is worth 
noting that the main fault-related fold in the 
study area, the Guavio anticline in the hanging 
wall of the Guaicaramo sheet, has no preserved 
growth strata directly demonstrating whether its 
own growth is previous, synchronous, or post-
dates the Corneta units (Figs. 3 and 4). Strata 
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younger than the Corneta Formation in the foot-
wall of the Guaicaramo thrust are ~3 km thick 
(Figs. 4, 8, and 9). Even if these strata were 
only deposited over the course of the past 5 Ma, 
their thickness is much greater than that of the 
units corresponding to the entire  Oligocene–
Miocene interval (Parra et al., 2009a). We in-
terpret this to indicate accelerated subsidence 
in the footwall of the Guaicaramo fault, partly 
due to loading by the Guavio ramp anticline 
as part of the Guaicaramo thrust after 5 Ma. 
This interpretation is compatible with the basic 
principles of lateral-shortening consistency, if 
no lateral ramps and tear faults occur between 
two structural domains (e.g., Dahlstrom, 1969). 
The Mirador shortcut has absorbed ~13.5 km of 
displacement in the past 3 Ma, as deduced from 
structural and AFT data. Approximately 13 km 
of along-strike shortening at the Guaicaramo 
thrust should have been partially synchronous, 
if lateral-shortening consistency is assumed 
(Figs. 3 and 4 and Table 1). Furthermore, the 
lower-amplitude structures affecting the post-
Corneta deposits should be even younger (e.g., 
Cabuyarito and La Florida anticlines), because 
they fold coarse-grained deposits that we sug-
gest to be synchronous with deformation of the 
Guavio anticline (e.g., Figs. 8 and 9).

In summary, the low-angle faults in the 
north that have generated low-elevation, low-
amplitude structures are all young and postdate 
the late Miocene–Pliocene Corneta Formation. 
However, this deformation was synchronous 
with the major part of shortening observed in 
the basement rocks in the southern segment.

TECTONIC GEOMORPHOLOGY

The deformation patterns associated with the 
regional structures are also refl ected in the tec-
tonic overprint of the youngest landforms. Based 
on the degree of uplift and tilting of fl uvial ter-
races, we delineate from south to north three 
distinct seismotectonic segments in the active 
eastern deformation front of the Eastern Cor-
dillera. Locations discussed in text are shown in 
Figure 2. These segments are characterized by 
different styles of deformation that depend on 
the number of active thrust sheets, whether they 
are basement involved or basement detached, 
and the width of the active deformation zone.

Southern Seismotectonic Segment: 
Basement-Involved Thrust Sheets within 
a Narrow Deformation Zone

This segment includes the region between 
the Boa and Monserrate thrusts and the south-
ern tip of the Guaicaramo thrust sheet (Figs. 
6, 12, and 13). Lineaments visible on satellite 
imagery mark the boundaries of fl exural scarps 
(pronounced scarps formed by fl exural bending 
rather than faulting) in fl uvial terraces and docu-
ment that the eastern side of the Chichimene and 
Apiay inversion structures are actively growing 
(Fig. 6). Deformed Quaternary sediments strad-
dle the outline of the Mirador, Boa, and Mon-
serrate basement uplifts (López, 2005; Fig. 6). 
A lineament marking the southern trace of the 
Naranjal dextral fault suggests that this fault is 
probably active (Fig. 6). Northwest of the city 

of Villavicencio, a pronounced lineament that 
coincides with a zone of cataclastic deformation 
along the Servitá fault marks the surface trace 
of this active fault (Fig. 6). The Guatiquía and 
Guacavía rivers cross the Servitá fault and are 
dextrally offset (Figs. 12 and 13). In addition, 
NNE-SSW–trending fold axes north and south 
of this fault (Figs. 3 and 6) may also indicate 
a dextral component of displacement along 
this structure. The active partitioning of defor-
mation suggested by the displacement of the 
Naranjal and Servitá faults is incompatible 
with NW-SE–oriented compression perpen-
dicular to the Servitá and Tesalia faults (Fig. 6). 
Instead, in agreement with our borehole break-
out results, this pattern rather suggests that 
compression in this southern segment is ori-
ented E-W, and thus oblique to the Servitá, 
Chichimene , and Castilla inversion structures. 
In this transpressional regime deformation is 
focused on thick-skinned structures.

Central Seismotectonic Segment: 
Basement-Cored Faults and Low-Angle 
Thin-Skinned Thrust Sheets

The southern part of the Tesalia fault between 
the Upín and Gazaunta rivers (Figs. 3, 12, and 
13) coincides with clusters of landslide deposits. 
Since identical rock types occur north of here, 
the occurrence of landslides may suggest recent 
fault activity. Eastward-tilted alluvial fans, some 
faulted and vertically offset, document a reverse 
dip-slip component of faulting (Fig. 13). Radio-
carbon data from offset alluvial fans near the 
Upín River (Fig. 13) suggest Quaternary uplift 
rates of 11 mm/yr (Robertson, 2005). Farther 
east, different terrace levels can be identifi ed in 
the hanging wall of the Guaicaramo thrust along 
the Humea River (Fig. 13). The oldest T0 and 
T1 terrace levels contain abundant Carbonifer-
ous redbed clasts but lack the granodiorite clasts 
that are ubiquitous in the youngest T2 terrace 
level and the active alluvial plains of the Humea 
River. These granodiorite clasts are derived from 
the Paleozoic Granodiorita de La Mina unit. 

TABLE 1. SHORTENING ESTIMATES ALONG THE MAIN STRUCTURES

Cross section FA SA TSF CF GT GSb BS Total (%)
53234415.20410A
146343103610B
044205.4700102C
045.325.11381D
23125.31505.2E

F 13915.212.63.0
Note: FA—Farallones anticline; SA—Santa Maria anticline; TSF—Tesalia and Servitá faults; CF—Cusiana fault; 

GT—Guaicaramo thrust; GSb—Guaicaramo subthrust; BS—basement shortcuts.

TABLE 2. APATITE FISSION-TRACK DATA

Sample Lithology Stratigraphic age Elevation XI Rho-S NS Rho-I NI P(χ2) Rho-D ND Pooled age U (ppm)
MA16C Conglomerate Paleozoic 800 21 3.34E+07 38 3.82E+09 4349 13.8 1.378 5557 2.2 ± 0.4 34.7
MA18 Conglomerate Lower Cretaceous 825 24 2.34E+04 15 3.32E+06 2132 9.5 1.36 5557 1.7 ± 0.4 30.5
BV-291 Metatuff Cambrian 650 22 2.23E+07 6 2.49E+09 671 48 1193.000 4926 1.9 ± 0.8 26.1
BV-286 Sandstone Cambrian 690 49 4.82E+07 30 6.57E+09 4088 3.1 1.251 5089 1.7 ± 0.3 65.7

Note: Apatites used for apatite fi ssion-track analysis were separated from whole rocks following conventional heavy liquid and magnetic methods. The separates were 
mounted on thin sections and polished to expose the internal surfaces of the grains and then etched for 20 s in 5.5 N nitric acid at 21 °C, to reveal fossil tracks. Samples were 
irradiated at Oregon State University TRIGA reactor, and neutron fl uxes were monitored with the CN5 standard glass. Induced tracks in muscovite external detectors were 
revealed by etching at 21 °C in 40% HF acid. Fission tracks were counted with a Leica DMRM microscope with drawing tube located above a digitizing tablet and a Kinetec 
computer-controlled stage driven by the FT Stage program (Dumitru, 1993). Fission-track ages were determined by measuring the mean track density and U concentration of 
the sample using the external detector method (Gleadow, 2001). Ages were calculated using the zeta calibration method (Hurford and Green, 1983). Samples were counted 
by Andrés Mora using a zeta value of 362 ± 7. XI—Number of apatite crystals counted; Rho-S—Spontaneous tracks per square centimeter; NS—Number of spontaneous 
tracks; Rho-I—Induced tracks per square centimeter; NI—Number of induced tracks; P(χ2)—Probability of chi square; Rho-D—Tracks per square centimeter in the dosimetry 
glass; ND—Tracks counted in the dosimetry glass.
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The emergent active southern tip of the Guai-
caramo thrust is clearly marked by several ter-
race levels uplifted on top of its backlimb, with 
progressively higher dip angles (see Fig. 13) 
indicating progressive backlimb rotation (e.g., 
Novoa et al., 2000).

A conspicuous lineament bounding terrace 
level T2 corresponds to the trace of an active 
backthrust near the southern tip of the Guai-
caramo thrust (Fig. 13). Northward, the T2 ter-
races dip to the SW and mimic the shape of the 
termination of the Guavio anticline. This mor-
phology thus documents active southward mi-
gration of the Guaicaramo fault and the Guavio 
anticline (Fig. 13). Consequently, the central seg-
ment is characterized by dominant dip-slip fault-
ing and therefore is already part of the stress-fi eld 
domain, where the borehole-breakout data indi-
cate compression perpendicular to the structures.

Northern Seismotectonic Segment: 
Frontal Low-Elevation, Low-Amplitude 
Thrust Sheets

The Rio Gazaunta separates two segments 
in the region north of the southern tip of the 
Guaicaramo thrust (Figs. 12 and 13). In contrast 
to the central segment, a steeply east-dipping 
to overturned panel of Cretaceous and Ter-
tiary units constitutes the hanging wall of the 
Tesalia  fault in the northern segment west of 
the Guaicaramo thrust (Figs. 2–4 and 13). We 
therefore interpret the Tesalia thrust in the north-
ern segment to be an emergent thrust associated 
with a fault-propagation fold. There is no geo-
morphic evidence of Quaternary deformation 
along this portion of the fault trace, although 
fewer fl uvial terraces are preserved in this seg-
ment compared to the segments to the south.

North of the Gazaunta River, between the 
Tesalia and Guaicaramo faults, the Pliocene–
Pleistocene units and younger terraces are more 
highly dissected than similar features farther 
south (Figs. 12 and 13). The geomorphic obser-
vations, coupled with seismic data north of the 
Gazaunta River, indicate that in the areas where 
the Guaicaramo fault is rooted in a deeper de-
tachment due to a shallow lateral ramp (compare 
serial cross sections in Fig. 4 and locations in 
Figures 2, 3, and 13), the hanging wall of the 
Guaicaramo fault is incised. This occurs because 
of the increasing amplitude and wavelength of 
the Guavio hanging-wall anticline (Fig. 13). 
Thus, deeper detachments create higher ampli-
tude and more deeply dissected folds in this envi-
ronment. In addition, terraces with clasts sourced 
in the presently exposed units are not tilted but 
uplifted without tilting to similar elevations in 
the hanging and footwalls of the Tesalia and 
Lengupá faults above local base level (~50 m). 
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Therefore, it appears that the Guaicaramo  fault 
north of the Gazaunta River is uplifting its 
hanging-wall rocks and the hanging walls of the 
Tesalia and Servitá faults as a single block.

Active deformation can also be observed in 
the footwall block of the Guaicaramo thrust, 
where Quaternary pediments are tilted eastward 
(Fig. 12). These tilted surfaces refl ect growth of 
an anticline in the subthrust footwall of this struc-
ture. This is well documented in cross section 
B–B′ (Fig. 4) and by the shape of the Cabuyarito 
structure in seismic line CO-4 (Fig. 8). These 
anti clines are active fault-propagation folds 
(seismic lines MVI-94-1230 in Fig. 5 and CO-4 
in Fig. 8) without emergent thrusts at the surface. 
The thrust sheet forming the Cabuyarito anti-
cline branches from the Guaicaramo thrust and 
constitutes the easternmost active structure at 
this latitude. However, toward the northwest, the 
La Florida anticline, which is clearly visible on 
seismic lines (Fig. 9), is expressed at the surface 
by tilted gravel-covered pediments (Fig. 12). 
Seismic line CO-22 documents that these struc-
tures are rooted in the basement. The younger 
age of the Florida anticline than the Guaicaramo 
thrust, is underscored by the observation that 
terraces on top of the Florida anticline have 
the same dip angle as the entire Cretaceous to 
Cenozoic sequence (Fig. 9), whereas slip along 
the Guaicaramo thrust resulted in progressive 
rotation of successive terrace levels (Fig. 13). 
Furthermore, the oldest deposits exposed in 
terrace levels are in angular unconformity with 
bedrock; clearly, terraces do not document the 
entire growth process of the Guaicarmo thrust. 
Therefore, the northern segment is character-
ized by recent fault activity focused on the low-
elevation, low-amplitude structures, such as the 
Guaicaramo thrust, whereas basement thrusts, 
such as the Tesalia and Lengupá faults, do not 
record recent deformation.

STRUCTURAL MODELING OF 
THE INTERACTION BETWEEN 
THE GUAICARAMO AND 
TESALIA-SERVITÁ FAULTS

Structural modeling and balancing improve 
the usefulness of geologic cross sections as 
predictive tools in areas of poor or incomplete 

structural data coverage. The geomorphic ob-
servations and fi ssion-track data are apparently 
contradictory in light of the recent exhumation 
of the Farallones and Santa María anticlines 
and the associated inactive Tesalia and Lengupá 
bounding faults. Because both faults appear 
to be inactive, there are apparently no active 
bounding faults responsible for exhuming the 
basement ranges. The resolution of subsurface 
data is insuffi cient to unambiguously resolve 
fault interactions at depth and thereby unravel 
this apparent contradiction without structural 
modeling. Using seismic sections the fault plane 
of the Guaicaramo fault can be confi dently ex-

trapolated downward to a depth corresponding 
to ~12 km (e.g., Fig. 14 seismic line MVI-97-
1655). Based on geomorphic observations, we 
infer that most of the shortening and active 
deformation north of the Gazaunta River (see 
northern seismotectonic segment in Fig. 2) has 
been and is being transferred from the Servitá 
and Tesalia faults to the Guaicaramo thrust 
sheet. This is compatible with progressive par-
tial transfer of shortening from the southern re-
verse faults to the Guaicaramo fault in the north 
that can be deduced from our balanced cross 
sections (Table 1). Faults systems, transferring 
shortening along strike to different structures, 
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Figure 12. Generalized geomorphic and structural map of the central part of the study area. 
Note the location of the Gazaunta River at the periclinal termination of the Guavio anti-
cline as seen in Figure 3. NF—Naranjal fault; SF—Servitá fault; MzT—Manzanares thrust; 
MAT—Mirador Agualinda thrust; BT—Boa thrust; MoT—Monserate thrust; ChA—
Chichimene  anticline; AA—Apiay anticline; FA—Farallones anticline; GT—Guaicaramo 
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syncline; LF—Lengupá fault; SA—Santa Maria anticline.

TABLE 3. DPAR MEASUREMENTS

Sample

Sample 
fi eld 

name Dpar n
Standard 
deviation

Corrected 
Dpar*

1 MA-16c 2.76 28 0.26 2.45
2 MA-18 2.64 36 0.33 2.35

Note: Samples were corrected to values equivalent 
to those measured by Ray Donelick using the method 
of Sobel and Seward (2006). *Dpar—longest diameter 
of the etch pit.
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while preserving the bulk amount of shortening, 
should merge at depth (Dahlstrom, 1969). These 
observations suggest that the Guaicaramo and 
Tesalia and Servita faults merge into a single 
plane at depth (Fig. 4). Using information from 
the seismic lines, we modeled the Guavio anti-
cline in section 1655 as a fault-bend fold located 
on top of the Guaicaramo thrust (Fig. 14). We ex-
tended this fault until it merged with the Tesalia 

and Lengupá fault planes (Fig. 14). The deepest 
segment of the fault plane was drawn according 
to the criterion that restoration has to remove a 
regional westward-dipping panel and matching 
the best constrained hanging and footwall cut-
offs, using the fault-parallel fl ow algorithm of 
the 2DMove software, which allows creation 
of fold shapes in response to underlying fault 
traces. Thus, the top of the horizon representing 

the retrodeformed, laterally continuous shales of 
the León Formation must match in the hanging 
and footwalls of the Guicaramo thrust. Plane 
strain can be assumed as the relations between 
stress fi eld and strike of the principal structures 
exclude out-of-the-plane, strike-slip deforma-
tion at the location of the profi le. The surfi cial 
traces of the Lengupá and Tesalia thrusts (Figs. 
2 and 3 for section location) suggest that these 
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structures are younger break-through faults 
branching from the original tip-line fold (e.g., 
Fischer et al., 1992).

The dips of the Tesalia and Lengupá-Servitá 
faults can be deduced from the dips of the 
steeply dipping to overturned panel of the asso-
ciated fault-propagation fold (Fig. 14); accord-
ingly, the emergent thrusts and the under lying 
faults should have a shallower dip than the 
outcropping strata in the forelimb in order to 
cut stratigraphically upwards in the sequence. 
Allmendinger et al. (2004) show that many 
basement uplifts with vertical to overturned 
forelimbs and dip angles decreasing upwards 
can be modeled as trishear fault propaga-
tion folds. Thus, the fi rst-order features of the 
Santa María anticline resemble trishear fault-
propagation  folds (Erslev, 1991; Hardy and 
Ford, 1997; Allmendinger, 1998), although 
no pronounced thickening of the outcropping 
units is observed in the forelimb, as would be 
expected if strata were deformed according to a 
trishear  model. However, we use trishear models 

to reproduce the fi rst-order features of the Santa 
Maria anticline (e.g., Allmendinger et al., 2004). 
Modeling details are shown in Figure 14. Thus, 
crosscutting relations, template constraints from 
section balancing (i.e., the match between hang-
ing and footwall ramps and fl ats), and trishear 
fault-propagation fold models allow us to model 
the subsurface geometry of the faults in areas 
with poor seismic resolution, such as in the sub-
thrust of the Tesalia fault (Fig. 14). Using these 
principles in our cross sections, the total short-
ening of ~17 km along the Guaicaramo thrust 
and subthrust structures (Table 1) would cor-
respond to 4 ± 1 km of passive vertical uplift 
of the Tesalia and Lengupá faults and the Santa 
María anticline, above the Guaicaramo thrust 
during the Pliocene–Pleistocene (Fig. 14). Thus, 
if surface elevation is assumed to be constant in 
the Pliocene–Pleistocene (e.g., Hooghiemstra 
et al., 2006), ~4 km of exhumation in the hang-
ing wall of the Tesalia and Lengupá fault can 
be explained by passive transport on top of the 
Guaicaramo thrust. Consequently there is no 

need for signifi cant out-of-sequence reactivation 
of the Tesalia and Lengupá faults synchronous 
with motion along the Guaicaramo thrust sheet 
in order to exhume more than 4 km of rocks on 
top of the Santa Maria anticline, as suggested by 
the AFT data.

DISCUSSION AND CONCLUSIONS

Pliocene Migration of Deformation 
from Master Inversion Faults to 
Footwall Shortcuts

One of the most important questions that 
emerges from our study is why deformation 
only began to migrate toward the foreland 
during the Pliocene. Parra et al. (2009a) docu-
mented that uplift and deformation was focused 
in the eastern foothills along the principal in-
version faults (e.g., Servitá fault) beginning in 
the Oligocene. Interestingly, during the Early 
Cretaceous this fault had also preferentially fo-
cused extensional deformation compared with 

0

–4 km

4

NW SE

0

4

–4 km

0

–4 km

4

GF
TF

LF
B B′

Pre-Cretaceous Basement

Lower Cretaceous 

Paleocene-Eocene

Upper Cretaceous 

Oligocene–Middle Miocene

Neogene molasse

Figure 14. Different steps in 
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from Midland Valley, 2DMove 
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tion in the hanging wall and 
fl attens the top of the León For-
mation matching the top of the 
same unit in the hanging and 
footwall of the Guaicaramo 
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other extensional faults (Mora et al., 2006). 
From this observation and our new data, the 
Servitá fault corresponds to a weak crustal 
anisotropy  that initially absorbed contractional 
deformation for ~27 Ma. Importantly, the pre-
disposition of this fault to accommodating 
deformation is so pronounced that even the 
10-km-thick Mesozoic–Cenozoic sedimentary 
wedge pinching out toward the foreland to the 
east remained undeformed between the early 
Oligocene and Pliocene. The Servitá fault is 
thus a long-lasting anisotropy that has focused 
deformation, independent of wedge mechanics, 
and is different from other Cenozoic foreland 
fold and thrust belts.

However, the conditions that promoted fo-
cused deformation along the Servitá fault must 
have changed with the onset of deformation mi-
grating eastwards during the Pliocene. Neither 
published data (Cortés et al., 2005) nor our com-
parison between the trend of fold axes and the 
orientation of borehole-breakout data points a 
change in the tectonic stress fi eld. A hypo thetical 
related change in kinematics is thus not a viable 
reason for a sudden migration of an otherwise 
stationary deformation front. Mora et al. (2008) 
document that pronounced erosion has affected 
the hanging wall of the Servita fault since the 
Pliocene. A possible effect of focused erosion 
could have been that deformation was also fo-
cused along this structure (e.g., Hoth et al., 
2005). However, this has not been observed. 
Deformation began migrating eastward when 
maximum elevations were reached in the Eastern 
Cordillera, between 6 and 3 Ma (Hooghiemstra  
et al., 2006). Mora et al. (2008) documented 
that elevated topography in the Eastern Cor-
dillera was created by slip along the inverted 
Servita and Tesalia faults. We hypothesize that 
deformation was subsequently forced to migrate 
to low-elevation areas, as a consequence of in-
creased stresses created by the newly created 
topography along the principal inverted faults. 
This is a scenario similar to that proposed by 
Hilley et al. (2005) in foreland areas infl uenced 
by inherited structure. Consequently, the tectonic 
forces responsible for creating topography were 
probably stronger than erosive processes down-
wearing relief and ultimately promoted a fore-
landward shift of the deformation to low-angle, 
low-amplitude  structures.

The Role of Sediment Thickness and Basin 
Geometry in Footwall Shortcut Geometries 
and Active Tectonics

Once deformation started migrating toward  
low-elevation, low-amplitude shortcuts dur-
ing the Pliocene, the geometries of the lower-
amplitude  structures began to be characterized 

by pronounced along-strike changes. We de-
scribe these changes according to the seismo-
tectonic domains defi ned in section 9 (Fig. 2). 
In the southern seismotectonic domain, Plio-
cene basement-involved footwall shortcuts 
dominate in a narrow deformation front. Thin-
skinned thrust sheets progressively replace the 
 basement-involved thrust sheets toward the 
central and northern seismotectonic domains, 
where the defor ma tion front is wider. Interest-
ingly, the northern region, which is dominated 
by thin-skinned structures, coincides with 
thicker Cretaceous and Cenozoic strata, simi-
lar to the structures of the sub-Andean  fold-
and-thrust belt of the southern central Andes  
(e.g., All mendinger et al., 1997). Accordingly, 
the Guaicaramo thrust sheet grew during the 
Pliocene from a Cretaceous and Ceno zoic depo-
center toward areas where the basin fi ll pro-
gressively tapers to the SW and SE, without any 
inherited bounding structure in that direction. 
Boyer (1995) and Hinsch et al. (2002) docu-
mented that the higher taper angle along the 
hindward dip of such a sedimentary sequence is 
a fundamental element that determines the width 
of a deformation front. Higher taper angles favor  
a migration of the deformation toward  the fore-
land (Boyer, 1995), whereas lower taper angles 
favor internal deformation in order to build an 
orogenic wedge before migrations starts. The 
situa tion in Eastern Colombia during the Plio-
cene can be explained in similar ways. For ex-
ample, it appears that lower taper angles to the 
south are associated with thick-skinned growth 
of the deformation front along a narrower defor-
mation zone, whereas higher taper angles are 
associated with thin-skinned deformation within 
a wider deformation zone (Fig. 4).

In addition, the active tectonics in the study area 
also appears to be conditioned by the thickness of 
the pre-tectonic Cretaceous and Cenozoic units. 
We documented that the southern hanging-wall 
region of the Guaicaramo thrust is at the intersec-
tion of active north and southward-propagating  
fault arrays. The northward-propagating  domain 
corresponds with the southern seismo tectonic 
segment (Fig. 2). Here, active tectonics is 
still dominated by thick-skinned, foreland-
directed fault growth, as shown by the activ-
ity of the Manzanares, Agualinda, and Boa 
shortcuts, synchronous with active slip along 
the Servitá fault (Figs. 3 and 6). In contrast, 
in the southward-propagating domain, corre-
sponding with the northern seismotectonic seg-
ment, the basement ranges are being actively 
exhumed, but the Servita and Tesalia faults 
bounding these structures show no signs of sig-
nifi cant active shortening. Rather, active tecton-
ics is focused in the east along the thin-skinned 
Guaicaramo thrust sheet and associated struc-

tures, similar to the situation during the Pliocene 
and Pleistocene. This, together with evidence 
from seismic-refl ection data and geometric 
modeling, shows that rock-uplift–driven exhu-
mation of the basement ranges is not caused 
by slip along the adjacent basement-involved 
Servita and Tesalia faults. Instead, these base-
ment ranges are passively uplifted and exhumed 
on top of the frontal thin-skinned Guaicaramo 
thrust sheet. The central seismotectonic seg-
ment corresponds to a transition zone between 
the southward- and northward-propagating do-
mains. Geomorphic observations from these 
two areas depict two competing patterns of 
fault growth. However, southward propagation 
of thin-skinned deformation in the Guaicaramo 
and Guavio structures appears to be progres-
sively absorbing all faulting along the present 
deformation front. This scenario is analogous to 
the propagation of linked normal faults, where 
structures grow along strike with increasing dis-
placements, causing the abandonment of other 
structures (Cowie et al., 2000).

We posit that the thicker sedimentary wedge 
and a low frictional detachment in the hang-
ing wall of the Guaicaramo thrust constitute 
the decisive mechanical boundary condition 
that causes this fault to absorb active deforma-
tion, rather than the inversion faults bounding 
the basement ranges to the west (Servitá and 
Tesalia faults). If true, the Guaicaramo fault 
would eventually stop growing southward upon 
reaching the sector of the foreland where sedi-
mentary wedge is absent, i.e., south of the 
Guaicarmo fault tip.

Orientation of Tectonic Far-Field Stresses 
and Deformation-Front Geometries

In the section Present-Day stress fi eld, we 
differentiated two domains where the far-fi eld 
stresses are different (Fig. 11) along the eastern 
foothills of the Eastern Cordillera and Llanos 
foreland. Thus, the southern seismotectonic seg-
ment is currently subjected to different far-fi eld 
stresses compared to the central and northern 
seismotectonic segments. For example,  borehole-
breakout data show a change in the direc-
tion of SHmax from E-W to NW-SE south and 
north of ~4°N, respectively (Fig. 11). Simi-
larly, the orientation of folds changes north of a 
 northwest-southeast–oriented zone between 4°N 
and 5°N. This zone also includes the southern tip 
of the Guaicaramo thrust sheet (Fig. 11). To the 
south there is a pronounced obliquity between 
NE-striking Early Cretaceous structures and 
north-striking Cenozoic contractional faults. In 
contrast, north of this zone, Cenozoic folds and 
Early Cretaceous inherited structures are paral-
lel to each other. The latter area coincides with 
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the region where SHmax and the shortening direc-
tion are perpendicular to inherited anisotropies. 
The width of the deformation front is narrower 
south of 4°N compared to the area north of 4°N. 
According to Marshak (2004) mountain belts 
with oblique convergence directions tend to be 
narrower than those where convergence is paral-
lel (Marshak et al., 1992; Macedo and Marshak, 
1999). However, this may not be necessarily re-
lated with the degree of basement involvement 
or basement-detached deformation. Certainly, 
the presence or absence of basement-detached 
deformation depends on the presence of a low-
friction basal detachment (e.g., Wiltschko and 
Chapple, 1977). In our case, a lower basal fric-
tion along the northern zone compared to the 
south is achieved due to the presence of thick 
Cretaceous shale units that are lacking to the 
south, where basement involvement is stronger . 
However, a weaker detachment level and a 
thicker sedimentary sequence coinciding with 
the broader deformation zone of the Guaicaramo 
thrust to the north also infl uences the width of 
deformation zones, as we explained above.

Apparent Bidimensional Amounts of 
Shortening and the Tectonic Stress Field

The documented spatiotemporal pattern of 
deformation and the results of cross-section 
balancing imply that the amount of shortening 
increases northward along strike. However, to 
understand the mechanics of this process, it 
is necessary to examine the kinematics of the 
Eastern Cordillera, where the different factors 
infl uencing deformation have changed through 
time. Long-lived, multi-phased weak faults 
dominated at fi rst. However, as these structures 
accrued offset and built topography, the pres-
ence of thick sedimentary sequences tapering 
to the SW and SE became more important than 
the capacity of the inherited structures to ac-
cumulate slip. Deformation consequently mi-
grated toward low-elevation areas. During the 
fi rst stage, the amount of shortening by reac-
tivation of the inversion faults was greater in 
the southern kinematic domain, whereas fault-
propagation  folding dominated northward. 
Mora et al. (2009) showed that this is due to 
weaker rift master faults in the south, having 
less cohesion and friction along the reactivated 
fault planes. However, the absolute values or 
percentages of shortening along pre-Pliocene 
structures are higher to the north (Table 1; 
compare Farallones and Santa Maria anticline 
values versus Tesalia and Servita faults values). 
In the Pliocene, during the subsequent stage, 
the low-elevation structures focused deforma-
tion, but there was also a northward shorten-
ing gradient (Table 1). Because this northward 

shortening gradient is consistent through time, 
we conclude that the conditions closer to 
plain strain that we documented here toward 
the north may be persistent through time, and 
a consequent bidimensional concentration of 
deformation is the reason why shortening values 
in balanced cross sections are higher north-
ward. In contrast, transpressional conditions in 
the southern domain probably caused out-of-
the-plane escape of material, probably toward 
the northern segment. During the second stage, 
with low-elevation shortcuts dominating the 
deformation regime, wedge mechanics rather 
than inherited structure leads the deformation 
pattern. Thus a weaker detachment and thicker 
sedimentary wedge facilitates the propagation 
of the thrust sheets in the northern segments 
of the study area, without prompting greater 
shortening itself. Our study area thus shows in 
its second stage the typical behavior of what 
Macedo and Marshak (1999) termed a “spoon 
shaped basin with basin controlled salients.”

Finally, it is worth noting that late Miocene 
to present-day high denudation rates appear to 
be subordinate in forcing tectonic processes, 
when compared to other factors conditioning 
deformation-front geometry. Thus, in this re-
gion erosional processes appear to be instru-
mental for rates (Mora et al., 2008) but not for 
geometries. We propose that in the early stages 
of thrust-belt development between Oligocene 
and late Miocene time the compressional reacti-
vation of inherited, weak structures predisposed 
for failure led to the overall characteristics of 
the mountain belt. Despite the importance of 
surface processes, the following phase of oro-
genic evolution was signifi cantly infl uenced by 
the principles of tectonic wedge mechanics and 
the geometry of sedimentary basins that guided 
deformation at shallower crustal levels. Thus, 
tectonic inheritance and wedge mechanics have 
interchanged their degree of importance over 
time in this environment, and surface processes 
have played a more subordinate role in the 
Eastern Cordillera of Colombia.
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