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Chapter 1 

INTRODUCTION 

The northern Andes mountain belt in Colombia is a complex tectonic region close to the 

triple junction of the continental plate of South America with the Caribbean and the Nazca 

oceanic plates. In this complex region, the South Caribbean tectonic evolution reflects the 

interaction between the Caribbean plate and the Northwestern border of South America 

since Late Cretaceous times (Cortes et al, 2005). The Mesozoic tectonic evolution of the 

NW Andes has been related to the accretion of several tectonostratigraphic terranes of 

both oceanic and continental origin (Barrero, D; 1979, Etayo, F; 1983, Toussaint, F y 

Restrepo, J; 1989). The Eastern Cordillera (EC) is a Mesozoic rift inverted since Miocene; 

as well as the EC is a regional curved thrust belt with regional change in the strike of local 

structures (faults and folds). By considering the regional strike of EC, this thrust belt can 

be defined by three domains. (1) In the southern zone the NS strike domain, (2) the central 

zone the NE strike domain and  (3) to the north the NW strike domain. Those changes in 

strike could be related to rotations of blocks in the younger phases of shortening or to 

accommodation of the deformation in the shortening phases, controlled by faults in the 

Jurassic and early Cretaceous basement, likely related to the rift phase.  At least two 

hypotheses can explain the curved shape of the EC: (1) orocline hypothesis or (2) non-

rotational chain with rift structures controlling the subsurface to surface geometry. 	  

	  

In order to gain insights in some of these problems, a detail structural, paleomagnetism,  

anisotropy of magnetic susceptibility (AMS) and analog modeling study will be carried out. 

Paleomagnetism and AMS technics were focus on the EC, Bucaramanga Fan, Santa 

Marta Massif. Analog modeling technic was used to explore the tectonic inversion into the 

brittle and ductile regimens under oblique convergence.   

The paleomagnetism is the main technique allowing a quantification of rotation and 
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translation of blocks

magnetic field. The anisotropy of magnetic susceptibility (AMS) is considered an important 

proxy for the strain characterizing a rock. Sediments have a magnetic foliation sub-parallel 

to bedding.  Deformation phases modify primary fabrics developing magnetic lineation, 

and this lineation can be related with strain ellipsoids and major tectonic structures. AMS is 

very sensitive to the pristine tectonic phases occurring early after diagenesis. Therefore 

the AMS study of sediments of different age may provide the evidence for different tectonic 

episodes developing synchronous with the geologic history of an orogen. A model - either 

analog or numerical - is a simplified scaled representation of nature, though on a more 

convenient geometric and temporal scale (smaller and faster). The purpose of models is 

not simply to reproduce natural observation, but primary to test by controlled experiments 

hypotheses as to the driving mechanisms of tectonic processes. The main advantage of 

analogue modeling lies in the fact that a correctly constructed model passes through an 

evolution, which is the physical response of the system to the applied experimental 

conditions. These advantages of laboratory models make this methodology a valid tool for 

the advancement of our understanding of structural and geodynamic processes. 

 

This work was focus in four topics: the spatial evolution of the EC, the Bucaramanga Fault, 

Santa Marta Fault and rift inversion. Each topic is presented in the next chapters. Chapter 

2 shows the paleomagnetic and AMS results of Cretaceous to Cenozoic units of the EC 

and Cucuta zone. 23 sites reveal no rotation of the EC range with respect to stable South 

America. Magnetic lineations from AMS analysis do not trend parallel to the chain, but are 

oblique to the main orogenic trend. By also considering GPS evidence of a ~1 cm/yr ENE 

displacement of central-western Colombia accommodated by the EC, we suggest that the 

Miocene-recent deformation event of this belt arises from ENE oblique convergence 

reactivating a NNE rift zone. Oblique shortening was likely partitioned in pure dip-slip 
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shear characterizing thick-skinned frontal thrust sheets. Finally, the 35°±9° clockwise 

rotation observed in four post-Miocene magnetically overprinted sites from the Cucuta 

zone reflects late Cenozoic and ongoing right-lateral strike-slip displacement occurring 

along buried faults parallel to the Boconó fault system.  

Chapter 3 shows a paleomagnetic investigation of a continental alluvial, Bucaramanga fan 

juxtaposed to the Bucaramanga Fault, and horizontally displaced by 2.5 km with respect to 

its feeding river. Nine reliable paleomagnetic directions define a succession of six different 

magnetic polarity zones that, lacking additional age constraints, can be correlated with 

several tracks of the Plio-Pleistocene magnetic polarity time scale. The Bucaramanga Fan 

can be reasonably dated at 0.8 Ma (Brunhes-Matuyama chron transition), translating into a 

maximum 3 mm/yr slip rate for the Bucaramanga Fault. Older age models would obviously 

yield smaller slip rates. Paleomagnetic sites, located at 4-10 km from the fault, do not 

show significant rotations, implying weak fault coupling and/or ductile upper crust behavior 

adjacent to the Bucaramanga Fault.  

Chapter 4 shows structural and AMS results of Cretaceous metamorphic and Paleogene 

intrusive rocks. Foliations, lineations, faults and AMS reveal ductile and brittle regimens. 

Foliations and lineations in Metamorphic and granitic rocks shows ductile deformation 

related to NE extension during the Paleogene. Brittle deformation is related to regional 

wrench faults as the Santa Marta and Oca faults. AMS and faults kinematic solutions show 

a NW-SE (aprox) compression vector. Finally, chapter 5 shows the results for experiment 

in sand box for brittle and ductile-brittle regimens. Rift inversion mechanism was evaluated 

in 3D for brittle and ductile regimen in oblique convergence for 0º, 15º, 30º and 45º. The 

brittle experiments show a rift inversion located in the principal normal fault plane.  During 

the 45º experiment, rift inversion reveals strike-slip component. On the other hand the 

ductile-brittle experiments reveal a positive flower for all experiments, as well as, in 30º 

and 45º convergence develop a strike-slip component. 
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Overall the results of the four chapters highlight the importance of the basin geometry, 

structures related and dextral strike-slip component to explain the non-rotational curved 

thrust belt. Deformation related to the strike-slip Bucaramanga Fault occurs with low slip 

rate during the last 0.8 ma. The Cretaceous metamorphic rocks in the Santa Marta Massif, 

records NE-SW extensional structures related to Paleogene intrusions. The strike-slip 

Santa Marta Fault deforms the intrusive rocks in brittle regimens with a normal component. 

Finally ductile layers in normal to oblique convergence develop a positive flower during rift 

inversion 
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Chapter 2 

 

Paleomagnetism and magnetic fabric of the Eastern Cordillera of Colombia: 

Evidence for oblique convergence and non-rotational reactivation of a Mesozoic 

intra-continental rift. 

 

Abstract  

 

We report on the paleomagnetic and anisotropy of magnetic susceptibility (AMS) 

investigation of 58 sites from Cretaceous to Miocene marine and continental strata 

gathered in the Eastern Cordillera (EC) and the Cucuta zone, at the junction between the 

Santander Massif and the Merida Andes of Colombia. The EC, widely investigated in the 

past for hydrocarbon exploration, is a NNE-trending double vergent intra-continental thick-

skinned range inverting a Triassic-early Cretaceous rift zone. Twenty-three sites reveal no 

rotation (on average) of the EC range with respect to stable South America. Our data show 

that the EC inverted a NNE-oriented rift zone, and that the locations of the Mesozoic rift 

and the mountain chain roughly correspond. Surprisingly, magnetic lineations from AMS 

analysis do not trend parallel to the chain, but are oblique to the main orogenic trend. By 

also considering GPS evidence of a ~1 cm/yr ENE displacement of central-western 

Colombia accommodated by the EC, we suggest that the Miocene-recent deformation 

event of this belt arises from ENE oblique convergence reactivating a NNE rift zone. 

Oblique shortening was likely partitioned in pure dip-slip shear characterizing thick-skinned 

frontal thrust sheets (well-known along both chain fronts), and by range-parallel right-

lateral strike-slip fault(s), which have not been identified yet and likely occur in the axial 

part of the EC. Finally, the 35°±9° clockwise rotation observed in four post-Miocene 

magnetically overprinted sites from the Cucuta zone reflects late Cenozoic and ongoing 
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right-lateral strike-slip displacement occurring along buried faults parallel to the Boconó 

fault system, possibly connected with the right-lateral faults inferred along the axial part of 

the EC. 

  

1.0 Introduction 

 

The NW corner of South America is characterized by a system of mountain chains, 

spreading northward in Colombia and Venezuela from the complex Andean belt observed 

at equatorial latitudes (Fig. 1).  

 

Figure 1. Major tectonic and structural features of the NW margin of South America. Plate velocity vectors 

with respect to stable South America are from Trenkamp et al. (2002). WC = Western Cordillera, CC = 

Central Cordillera, EC = Eastern Cordillera, SM = Santander Massif, SSM = Santa Marta Massif, PR = Perijá 

Range, MA = Merida Andes, ECTF = Eastern Cordillera thrust front, RSZ = Romeral suture zone, IF = Ibagie 

Fault, BSF = Bucaramanga-Santa Marta Fault, OF = Oca Fault, BF = Boconó Fault. 
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The narrow Andean chain of Ecuador evolves northward into three distinct mountain 

chains (Western, Central, and Eastern Cordillera). Farther north, the Western Cordillera 

turns westward and is connected with the Panama Arc, while the Eastern Cordillera (EC) 

terminates northward with the triangular-shaped Maracaibo block, bounded at its three 

sides by strike-slip faults and associated orogenic belt systems (Santander Massif (SM), 

Santa Marta Massif and Mérida Andes). 

The orogenic complexity of NW South America is the result of the interaction between the 

Nazca, Caribbean, and South American plates, further complicated by the eastward 

indentation of the Panama-Chocó block since Oligocene (Farris et al., 2011) to mid-

Miocene times (Pindell et al., 1988; Taboada et al., 2000; Cortés et al., 2005). Relative 

plate velocities with respect to South America are fairly well constrained with GPS 

observations (Trenkamp et al., 2002). The fast eastward Nazca motion at 6 cm/yr is largely 

accommodated at the oceanic trench west of South America, while the 2-3 cm/yr E-ESE 

drift of the Panama Arc and the Caribbean plate seems to be progressively absorbed by 

both the South Caribbean accretionary wedge and other chain systems of NW South 

America.  

Unraveling the genesis and evolution of such a complicated belt should take advantage of 

several different data sets, such as plate motion reconstructions during the geological past 

(Pindell et al., 1988), geology and tectonics of the chain (Montes et al., 2005; Cortés et al., 

2005, Sarmiento-Rojas et al., 2006, Bayona et al., 2008, Mora et al., 2008, 2010, Parra et 

al., 2012), present-day deformation given by geodesy and seismicity (Trenkamp et al., 

2002, Taboada et al., 2000), and deep chain structure documented by seismic reflection 

profiles (Colletta et al., 1990; Dengo and Covey., 1993, Cooper et al., 1995). However, 

previous studies have not addressed so far the causes of for the along strike changes in 

the structural trends Eastern Cordillera, from N-S, south of Bogotá, to NE, north of Bogotá, 

and finally to NNW to the north of the Eastern Cordillera and SM.  
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In this framework, paleomagnetism and anisotropy of magnetic susceptibility (AMS) are 

expected to give a significant contribution, as they can document rotations and bending of 

given portions of mountain belts, and provide valuable strain proxies for different rock 

units. These analyses have contributed to understand the setting and evolution of several 

mountain chains such as the Apennines (Mattei et al., 1995; Speranza et al., 1997; Muttoni 

et al., 1998), the Pyrenees (Larrasoaña et al., 2003; Pueyo et al., 2003), the Rocky 

Mountains (Eldredge and Van der Voo, 1988; Jolly and Sheriff, 1992), and the Andes 

(Arriagada et al., 2000, 2003, 2006; Butler et al., 1995; Maffione et al., 2009; McFadden et 

al., 1995; Rapalini et al., 2001; Randall et al., 1996, 2001; Roperch et al., 1992, 1999, 

2000; Somoza et al., 2002; Taylor et al., 2005, among many others).  

 

By considering vertical-axis rotations and orogenic trends (e.g. Carey (1955), Marshak 

(1988), Macedo and Marshak (1999) Sussman et al., (2004), Weil and Sussman (2004), 

Cifelli et al., (2008)) arcs, which do not undergo vertical-axis rotations are primary arcs; the 

paleomagnetic declinations remain parallel along the arc, and do not correlate with 

changes in thrust and fold-axis trend (Fig. 2a). Former rectilinear belts subsequently bent 

hrust 

and fold-axis trend with a perfect correlation (Fig. 2b). Progressive curves are those where 

rotations and thrusting occur simultaneously (Fig. 2c).  
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Figure 2. Scheme of the distribution of paleomagnetic declinations as a function of the structural trend in (a) 

a primary arc, (b) an orocline and (c) a progressive arc (modified from (Cifelli et al. 2008)). (See text for 

details).  

 

In this paper we report the results of an extensive paleomagnetic investigation of the 

Eastern Cordillera of Colombia. The Eastern Cordillera is an intra-continental orogen 

extending from southern Colombia to the southern vertex of the Maracaibo block. When 

considering also the Santander Massif (Fig. 3), the Eastern Cordillera might resemble an 

orogenic salient encircling the Magdalena salient to the west and the Cocuy salient to the 

east (Fig. 1). Thus the initial aim of our paleomagnetic investigation was to address the 

non-rotational vs. oroclinal nature of the Eastern Cordillera (Fig.2), to better constrain 

orogenic displacements and paleogeography. Since there is wide evidence that the 

Eastern Cordillera inverted a Triassic-Cretaceous rift system (Colletta et al., 1990; Cooper 

et al., 1995; Sarmiento-Rojas, 2001; Mora et al., 2006; Mora et al., 2009), our investigation 

was also addressed to try to constrain the location of the chain with respect to the original 

rift basin. 
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Figure 3. Geological map of the Eastern Cordillera and adjacent zones (see Figure 1 for location). Black 

double arrows represent the site-mean magnetic lineation directions (numbers are site codes, see Table 2), 

white arrows are plate velocity vectors with respect to South America (Trenkamp et. al, 2002). B Fault = 

Boyacá Faut, S-P Fault = Soapága-Pesca Fault.. Cross section A- a et al.,2008)). 

Meso-Cenozoic stratigraphy of the Eastern Cordillera and Cucuta area 

 

2. 0 Setting and evolution of NW South America and the Colombian cordilleras 

 

 While the subduction of the Farallon plate beneath South America has been continuously 

occurring since Late Paleozoic to early Mesozoic times (Case et al., 1990; Restrepo-Pace, 

1995), the accretion of oceanic terranes of the Western Cordillera along the Romeral fault 

system occurred since Maastrichtian Early Paleocene (Barrero, 1979). Eastward 
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subduction of the Caribbean plate (Bayona et al., 2012) and oceanic terrane accretion 

caused the onset of uplift of the continental margin (Central Cordillera-Santa Marta Massif; 

Gomez et al., 2003; Bayona et al., 2011), and intraplate deformation and volcanism 

encompassing from the Magdalena Valley to the present Llanos basin due to the 

reactivation of basement structures in a transpressive setting (Montes et al., 2003; Cortés 

et al., 2006; Bayona et al., 2012). A late Paleocene- middle Eocene unconformity in the 

Eastern Cordillera has been associated with the accretion of the San Jacinto Terrane in 

northern Colombia (Taboada et al., 2000), and the relative shift from eastward to 

northward movement of the Caribbean plate (Bayona et al., 2012). The regional tectonic 

setting of the South Caribbean region changed in Miocene times (25 Ma), as the Farallón 

plate broke up and formed the Nazca and Cocos plates (Hey, 1977). As a result of plate 

reorganization, the convergence direction between Nazca and South America changed 

abruptly, from SW NE to W E (Pilger, 1983). The middle to Late Miocene collision of the 

Panama arc with NW Colombia has been related with the main Andean tectonic phase of 

shortening in the Eastern Cordillera (Duque-Caro, 1990; Taboada et al., 2000). 

 

2.1 Structure, shortening estimates, and evolution of the Eastern Cordillera of 

Colombia. 

 

The Eastern Cordillera of Colombia is a double-verging mountain system inverting a 

Mesozoic rift, and bounded by major reverse faults that locally involve crystalline and 

metamorphic Precambrian Lower Paleozoic basement rocks, as well as Upper Paleozoic

Cenozoic sedimentary and volcanic sequences (Colletta et al., 1990, Cooper et al., 1995; 

Mora et al., 2009). To the north, the Eastern Cordillera terminates against the Maracaibo 

block (Fig. 1), and it is split into the Santander Massif (adjacent to the left-lateral 

Bucaramanga strike-slip fault), and the Merida Andes. The Merida Andes grew since 
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Oligocene times (Bermúdez et al., 2010), and are considered the result of strain 

partitioning and tectonic escape mainly related to the right-lateral shear occurring along 

the Boconó fault, well documented by both GPS (Trenkamp et al., 2002) and focal 

mechanisms of shallow earthquakes (Audemard et al., 2005; Monod et al., 2010). The 

interaction between the Boconó fault and the Eastern Cordillera thrust front is defined as a 

basement structural high, called Pamplona indenter (Boinet et al., 1985). The Santander 

Massif is characterized by Precambrian and Paleozoic metamorphic rocks, which are 

intruded by Triassic-Jurassic igneous rocks. Locally, sedimentary rocks of Late Paleozoic 

to Early Cretaceous age are also exposed, while a Cenozoic sequence occurs in the 

flanks of the massif (Ward et al., 1973; Evans, 1977). Fabre (1987) and Ayala-Calvo et al., 

(2012) suggested that uplift occurred since Paleocene time, whereas fission-track 

analyses indicate kilometer-scale (3.5 km) erosion from early Miocene to Pliocene (Ross 

et al., 2009).   

 

The first tectono-stratigraphic events characterizing the Eastern Cordillera-Santander 

massif date back to Triassic-Early Cretaceous times, when continental rifting originated the 

Tablazo-Magdalena rift to the west and the Cocuy half-rift to the east, separated by the 

Floresta-Santander high (Fabre, 1987; Cooper et al., 1995). A back-arc setting and 

tectonic subsidence dominated during the Early Cretaceous (Hebrard, 1985; Fabre, 1987; 

Sarmiento-Rojas et al., 2006).  

The Syn-rift sequence is dominated by continental red beds in the Tablazo-Magdalena 

basin (Giron-Cumbre formations) and by shallow-marine sediments in the Cocuy basin 

(Caqueza Group) (Fig. 3). The Rosa Blanca Formation marks the change between 

continental to marine sedimentation (Cooper et al., 1995). The syn-rift sequence finished 

with the restricted marginal marine mudstones (Paja Formation) (Fig.3). 

The Late Cretaceous was a period of thermal subsidence, and continuous subduction of 
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the Farallon plate beneath the western margin of South America (Cooper et al., 1995; 

Sarmiento-Rojas et al., 2006). Mountain building and deformation started in the 

Maastrichtian to Early Paleocene in the Western and Central Cordillera (Gomez et al., 

2003). The post-rift sequence or back-arc sequence (Copper et al., 1995) in the Tablazo 

sub-basin is dominated by organic-rich marine mudstones, limestones and sandstones 

(Tablazo and San Gil formations) (Fig. 3). In the Cocuy sub-basin, deposition was 

characterized by shallow-marine sands (Fomeque Formation) (Cooper et al., 1995). A 

regional transgression is represented by muddy and marine mudstones with subordinate 

thin carbonates (San Gil Formation) and shallow-marine silici-clastic shelf over a wide 

area, including the Santander high (Une Formation) (Fig. 3). The marine sequence 

continued with mudstones, cherts, and phosphates (La luna-Churuvita-Conejo, Gacheta 

and Chipaque formations) (Fig. 3).  According to Cooper et al., (1995), a fall in relative sea 

level deposited high energy, quartz-rich, shoreface sandstones (Guadaupe Formation).  

Mountain building and deformation started in the Maastrichtian to Early Paleocene in the 

Western and Central Cordillera (Gomez et al., 2003). At that time, the domain of the 

present-day Eastern Cordillera was a foreland basin segmented by minor uplifts (Bayona 

et al., 2008; Parra et al., 2012). Finally, post-early Oligocene shortening (increasing in 

Miocene time during the Andean tectonic phase) caused positive tectonic inversion of pre-

existing normal faults on both flanks of the Eastern Cordillera (Colletta et al., 1990; Cooper 

et al., 1995, Mora et al., 2006, 2008, 2010a), uplift of the Santander Massif (Ross et al., 

2009) and Merida Andes (Bermudez et al., 2010).  

Pre-inversion to inversion sequences are represented by continental paralic to fluvial 

interbedded sandstone and shales. According to Bayona et al., (2008), five sequences can 

be identified. The first sequence corresponds to late Maastrichtian Paleocene composed 

by amalgamated quartzarenites that abruptly grade upward to organic-rich fine-grained 

beds (Guaduas Formation) and black shales and mudstones (Catatumbo Formation). The 
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second is the Lower to upper Paleocene sequence; correspond to light-colored mudstones 

interbedded with litharenites (Cacho, Bogotá, Lower and Upper Socha, Barco and 

Cuervos) (Fig. 3). The third sequence corresponds to conglomeratic quartzes sandstones 

deposited during early to middle Eocene time (Regadera, Picacho and Mirador) (Fig. 3). 

The fourth sequence corresponds to Upper Eocene to Middle Miocene. The sequence 

vary laterally from laminated dark-gray mudstone with thin seams of coal and bioturbated 

fine-grained sandstones, in the axial zone of the Eastern Cordillera (Usme and 

Concentración formations) to  amalgamated sandstones in the Llanos Basin (Carbonera 

Formation) (Fig. 3). Finally the fifth sequence from Middle Miocene to Pliocene. The 

sequence consists of dark-colored laminated mudstone and shale (Leon Formation) and 

varicolored mudstone, lithic-bearing sandstone, and conglomerates (Guayabo Formation). 

Neogene units are restricted to the synclinal inliers within the orogen (Tilatá Formation), 

but much more extensive in the foreland (Mora et al., 2008) (Fig.3). 

 The Eastern Cordillera is characterized by shallow thrust-type earthquakes at both 

range fronts, while a few strike-slip events have been recorded at the axial-western part of 

the chain, ~100 km north of Bogota (Fajardo-Peña, 1998 and Taboada et al., 2000). A well-

known nest of deep seismicity at 100-200 km depth below the Bucaramanga town (Zarifi et 

al., 2007) has been mostly interpreted as occurring within the subducting Caribbean plate 

(Taboada et al., 2000; Cortés et al., 2005). GPS data show that most of the 6 cm/yr 

eastward motion of the Nazca plate is absorbed at the oceanic trench, but that central-

western Colombia still drifts ENE-ward with respect to South America at a rate exceeding 1 

cm/yr (Fig. 3; Trenkamp et al., 2002).  

Shortening estimates proposed for the Eastern Cordillera by authors interpreting seismic 

reflection profiles and cross sections vary from 58 km (Mora et al., 2008) (Fig. 3), to 170 

km (Roeder and Chamberlain, 1995), while the intermediate values of 68, 105, and 140 

km were proposed by (Cooper et al., 1995), Colletta et al., (1990), and Dengo and Covey 
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(1993), respectively. Sarmiento-Rojas et al., (2001) proposed a southward decrease of 

regional shortening, in agreement with the evidence that the Eastern Cordillera fades out 

towards the south and connects to the Andes of Ecuador (Fig. 1). 

Concerning the geodynamics of the Eastern Cordillera, several hypotheses have been 

proposed. Colletta et al., (1990) suggested a continental subduction below the axial zone 

of the chain to explain its double vergence. The continental slab below the axial zone of 

the Eastern Cordillera would have produced a mechanical anisotropy yielding a double-

verging system. 

Dengo and Covey (1993) proposed that the Eastern Cordillera is a predominant east-

verging structure formed during two main tectonic phases. The first phase induced a thin-

skinned style that created east-verging thrust faults penetrating into Cretaceous and 

Paleogene sequences. In this model, the low-angle faults are rooted in the Central 

Cordillera, and a mid-crustal detachment links the Eastern Cordillera to the Nazca 

subduction zone. Roeder and Chamberlain (1995) inferred a structural style of low-angle 

faults penetrating the basement, with dominant east-verging tectonic transport. 

Montes et al., (2005), based on structural data, proposed a dextral transpressive 

deformation of the southern Eastern Cordillera and Magdalena Valley SW of Bogota. Major 

transpressive systems generating en echelon type structures along both Eastern 

Cordillera flanks and its SE margin were also postulated by Kammer (1999) and Velandia 

et al., (2005), respectively. 

Taboada et al., (2000) proposed a geodynamic model for Colombia characterized by the 

North Andean Block, a deformable wedge moving E-SE and bounded by the Ibague Fault 

in the south and the Bucaramanga Fault in the northeast (Fig. 1). According to this model, 

the block progressive indentation would be absorbed along reverse faults located in the 

foothills of the Eastern Cordillera. Taboada et al., (2000) assumed this block to be dragged 

at depth by a remnant of the Caribbean Plate. Cortés et al., (2005), relying on paleostress 
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directions, identified an E-W to WSW-ENE stress regimes from late Cretaceous to late 

Paleocene, subsequently evolving to NW-SE, and finally WNW-ESE during the main 

Miocene Andean tectonic phase. They also assumed that the Eastern Cordillera is the 

consequence of the subduction of the Caribbean plate beneath South America. 

 

2.2 Previous Paleomagnetic data from the northern Andes. 

 

First paleomagnetic works in Colombia were focused on La Guajira (MacDonald and 

Opdike, 1972), the Bucaramanga zone (Creer, 1970), the Santander Massif (Hargraves et 

al., 1984), the Perijá Range (Maze and Hargraves, 1984), and the Santa Marta Massif of 

the Maracaibo block (MacDonald and Opdyke, 1984) (Figs. 1, 3 and Table 1). These works 

addressed Jurassic-Cretaceous sediments and volcanics, and evidenced rotations of 

variable magnitude and sign with respect to stable South America. A 30º counterclockwise 

(CCW) rotation was reported by a paleomagnetic study of Late Tertiary igneous rocks from 

the Romeral Fault zone (MacDonald et al., 1996). Paleomagnetic studies carried out in the 

Maracaibo block indicate no rotation of the Merida Andes (Castillo et al., 1991), 17°±12º 

CW rotation of the Santa Marta Massif (Bayona et al., 2010) and a post-Eocene ~40-50° 

clockwise (CW) rotation of the Perija Range as documented in the eastern flank by Gose 

et al., (2003) and in the western flank by Nova et al., (2011).  Ayala-Calvo et al., (2005) 

and Bayona et al., (2006a, 2010) showed a post-late Jurassic translation of blocks from 

southern latitudes of several crustal domains assembled presently in the Eastern 

Cordillera and Maracaibo block. Bayona et al., (2010) also documented a (Maracaibo 

Block), while Jiménez et al., (2012) documented moderate CW rotations in the southern 

Upper Magdalena Valley. Finally, a widespread magnetic overprint in Cretaceous and 

Paleogene strata from the Merida Andes and Eastern Cordillera was reported by Bayona 

et al., (2006b).  
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Table 1. Previous paleomagnetic results from Colombia 

 

 

3. Sampling strategy and Methods 

Our study was focused on lower to upper Cretaceous marine sediments and 

Maastrichtian-Cenozoic transitional to continental sedimentary successions from both the 

Eastern Cordillera and an area named the Cucuta zone, at the junction between the 
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Merida Andes and the Santander Massif (Tables 2 and 3). Marine Cretaceous strata 

sampled in the Eastern Cordillera include black shales, limestones, mudstones and fine to 

medium-grained sandstones. The continental deposits collected in the Eastern Cordillera 

include claystones, fine-grained quartzarenites, and local volcanoclastic layers of 

Maastrichtian to Miocene age. Three areas were sampled in the Eastern Cordillera: the 

first area is to the south of Bogotá, the second is in the hanging-wall of the Boyacá Fault, 

and the third is in the hanging-wall and footwall of the Soapága-Pesca fault system (Fig. 

3). Structural trend is N-S in the first area, NE in the second areas, while in the third the 

strike changes northward from NE to N-S.  Strata sampled in the Cucuta zone include 

upper Cretaceous marine black shales, Paleocene continental mudstones and fine-grained 

sandstones, Eocene to Oligocene quartzarenites and mudstones, and Miocene claystones 

and fine-grained sandstones (Fig. 3). 

We collected lower Cretaceous to Miocene rocks in 58 localities (715 cores), using a 

petrol-powered portable drill cooled by water. At each site we collected 6 16 cores (12 on 

average), spaced in at least two outcrops in order to try to average out secular variation of 

the geomagnetic field. All samples were oriented in situ using a magnetic compass, 

corrected to account for the local magnetic field declination value at the sampling area 

(from -6º to -

http://www.ngdc.noaa.gov). 

Cores were cut into standard cylindrical specimens of 22 mm height, and magnetic fabric, 

rock magnetic and paleomagnetic measurements were done in the shielded room of the 

paleomagnetic laboratory of the Istituto Nazionale di Geofisica e Vulcanologia (Roma, 

Italy). We first measured the low-field anisotropy of magnetic susceptibility (AMS) of a 

specimen per core by a spinner Multi-Function Kappabridge (MFK1-FA, AGICO) using the 

spinning method. For each sample the measurements allowed to reconstruct the AMS 

tensor, defined by three eigenvalues (i.e. the maximum, intermediate and minimum 
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both the specimen and the site levels were evaluated using Jelinek statistics (Jelinek, 

1977, 1978). 

Afterwards, all samples were thermally demagnetized through 11 12 steps up to 680°C by 

a shielded oven, and the natural remanent magnetization (NRM) of the specimens was 

measured after each step with a DC- SQUID cryogenic magnetometer (2G Enterprises, 

USA). On a set of selected specimens, magnetic mineralogy analyses were carried out to 

identify and characterize the main magnetic carriers using the thermal demagnetization of 

a three-component isothermal remanent magnetization (IRM) imparted on the specimen 

axes, according to the method of Lowrie (1990). Fields of 2.7, 0.6, and 0.12 T were 

successively imparted on the z, y, and x sample axes (respectively) with a pulse 

magnetizer (Model 660, 2G Enterprises).  Thermal demagnetization data were plotted on 

orthogonal diagrams (Zijderveld, 1967), and the magnetization components were isolated 

by principal component analysis (Kirschvink, 1980).  The site-mean directions were 

 

 

4. Results 

 

4. 1. Anisotropy of magnetic susceptibility 

 

Only 35 out of 58 sites (mostly from clayey layers) gave interpretable AMS results (Fig. 3 

and Table 2), while 23 sandy-silty sites did not give a clear magnetic fabric (Table 2). The 

AMS parameters are reported in Table 2. The site-mean susceptibility values range from 

13 to 1640 × 10-6 SI (197 × 10-6 SI, on average). The low susceptibility values (below 200 

x 10-6 SI on average) suggest the predominant contribution of the paramagnetic clayey 

matrix on both the low-field susceptibility and AMS (e.g., Rochette, 1987; Averbuch et al., 
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1995; Sagnotti et al., 1998; Speranza et al., 1999). 

 

Figure 4. Schmidt equal-area projections, lower hemisphere, of the (in situ coordinates) principal axes of the 

AMS ellipsoid and their respective 95% confidence ellipses, for some representative sites (see Table 2). 

Bedding planes are also projected. 

 

 

The shape of the AMS ellipsoid is predominantly oblate, with an average value of the 

shape factor (T) of 0.373, suggesting a prevailing sedimentary fabric (Hrouda and Janàk, 

1976). Only in six Cretaceous-Paleocene sites, the AMS ellipsoid is prolate (T comprised 

between -0.015 and -

(1.007 1.12) confirm that the studied sediments underwent only mild deformation. 

Magnetic foliations are generally sub-parallel to layer attitudes measured in the respective 
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sites, confirming again the predominantly sedimentary-compaction magnetic fabric. At site 

C125, kmin directions are scattered along a plane orthogonal to Kmax (Fig. 4), indicating a 

- -0.282) typical for stronger compressive tectonic 

deformation (Hrouda, 1982). At site C17, both magnetic foliation and lineation are 

orthogonal to bedding. This is a typical case for inverse magnetic fabric (e.g. Rochette et 

al., 1992), testifying the occurrence of some given magnetic minerals (typically single-

domain magnetite and several Fe carbonates) whose magnetic fabric does not correlate 

with mineral fabric. Site-mean susceptibility value of site C17 is low (252 x 10-6 SI, Table 

2), thus excluding that, its susceptibility and AMS is controlled by ferromagnetic (sensu 

lato) minerals.  

 

Table 2. Anisotropy of magnetic susceptibility results from Colombia.  

 

 

We conclude that the inverse magnetic fabric of site C17 is due to peculiar minerals 

contained in its paramagnetic matrix, likely siderite or other Fe carbonates. 

By selecting 20° as cut-off value of the e12 angle (semi-angle of the 95% confidence 

ellipse around the mean Kmax axis in the Kmax-Kint plane), we find that magnetic 

lineation is well defined for 19 out of 35 sites (Table 2 and Figs. 3 and 4). Magnetic 
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lineations frequently show significant dip values, reaching as high as ca. 60º for two sites 

from the Cucuta area. This may either imply non-cylindrical deformation, complex folding 

or be the result of extensional tectonics (e.g. Mattei et al., 1997). However, an extensional 

magnetic fabric can be excluded by both the lack of a significant extensional Cenozoic 

tectonics documented in the Eastern Cordillera, and the prolate AMS ellipsoid observed in 

six sites, which is definitely the result of compressive tectonics (Parés et al., 1999) or in a 

complex folding setting. 

 

4. 2 Magnetic Mineralogy 

 

The thermal demagnetization of a three-component IRM shows that for most of the 

samples both the medium coercivity and the hard fractions are demagnetized between 600 

and 680°C (Fig. 5), pointing to hematite as the main magnetic carrier of our samples. A 

demagnetization of the hard fraction between room temperature and 200ºC in the samples 

P21 and C18 suggests the occurrence of goethite, besides hematite. In the sample C124, 

all coercivity components are demagnetized between 450 and 550°C (Fig. 5), indicating 

the presence of maghemite. Finally, the soft component of the sample E133 is 

demagnetized at ca. 400°C, suggesting the accessory occurrence of iron sulphides (likely 

pyrrhotite) besides hematite. 
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Figure 5. Thermal demagnetization of a three-component IRM according to the method of Lowrie (1990) for 

four representative specimens. 

 

4. 3 Paleomagnetic Directions 

 

Only 32 (out of 58) sites yielded reproducible paleomagnetic directions during cleaning, 

while the remaining 26 sites (Table 3) showed scattered demagnetization diagrams (Figure 

6 and Table 3). From the 32 reliable sites, 25 were sampled in the Eastern Cordillera and 7 

in the Cucuta zone. For most of the sites, a characteristic magnetization component 

(ChRM) was isolated between 550 and 680°C, confirming that hematite represents the 

main magnetic carrier.  
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Figure 6. Orthogonal vector diagrams of typical demagnetization data, in situ coordinates for some 

representative sites (see Table 2). Solid and open dots represent projections on the horizontal and vertical 

planes, respectively. Demagnetization step values are in °C. 

 

 

A ChRM is isolated between 380 and 680°C for about 10% of the samples, suggesting the 

coexistence of hematite and maghemite. Mean paleomagnetic directions are reasonably 

well constrained, the a95 values being comprised between 3.2° and 19.5° (9.8 on average, 

Fig. 7 and Table 3). The majority of the sites from the Eastern Cordillera (16 out of 25) 
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have reverse polarity, while 6 out of 7 sites from the Cucuta zone have normal polarity. The 

rotation and flattening values with respect to stable South America were evaluated 

according to Demarest (1983), using the reference South America paleopoles listed by 

Torsvik et al., (2007), (Table 3).  

 

Figure 7. Equal-area projections of the site-mean paleomagnetic directions from the study area. Solid (open) 

symbols represent projection onto the lower (upper) hemisphere. Open ellipses (dashed for remagnetized 

and subsequently non-rotated sites) are the projections of the a95 cones about the mean directions. The star 

represents the normal polarity geocentric axial dipole (GAD) field direction (D=0°, I=14°) calculated for the 

Bucaramanga latitude (7.1° N). (A) Sites from the Eastern Cordillera, (B) sites from the Cucuta zone. 
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Considering the age window of our sampled sites, South America has not undergone 

significant rotations (Fig. 8). Paleolatitudes of Colombia were similar to present latitude 

during early Cretaceous, followed by a southward drift until ca. 3.25°S at the Eocene, and 

by a rather continuous northward drift until Present (Fig. 8). Flattening values are mostly 

<10° (Table 3), suggesting in general a primary origin of the observed ChRMs. 

For the Eastern Cordillera, we discarded site C125 taken in lower Cretaceous rocks, 

characterized by relatively high inclination values (24.0° and 29.9°), negative flattening 

values (up to -25.9°), and in-situ directions close to the GAD field direction (Fig. 7 and 

Table 3).  

 

Figure 8. Expected declination and inclination values expected at Bucaramanga (7.1° N, 73.1° W) since 150 

Ma considering South America paleomagnetic poles listed by Torsvik et al. (2007). Error bars for declination 

data are the respective a95 /cos(I) values; error bars for inclination data are the respective a95 values. 
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For the Eocene site E111 and Miocene site M117 from the Cucuta zone, flattening is 

negative and exceeds a -40° value, and the in-situ paleomagnetic directions are close to 

the geocentric axial dipole (GAD) field direction for the study area. Thus we infer that these 

sites (along with site M105, close to the GAD field direction in situ, and yielding very 

different rotation value than the other close sites) were magnetically overprinted, and 

discard them from further consideration. The McFadden, (1990) fold test was separately 

applied to reliable sites from the Eastern Cordillera and the Cucuta zone. The fold test is 

positive for the Eastern Cordillera (n=24; SCOS in situ=6.257; SCOS unfolded=0.642; 

95% critical value SCOS95%=5.702), while it is negative for the Cucuta zone (n=4; SCOS 

in situ=0.225; SCOS unfolded=3.379; 95% critical value SCOS95%=2.335). The reversal 

test (according to McFadden and McElhinny, (1990)), solely performed on data from the 

Eastern Cordillera, was positive of Class C. 

 

In summary, the results from the fold and reversal tests indicate that 24 sites from the 

Eastern Cordillera host a pre-tilting (and likely primary) remanent magnetization, and 

document on average a null rotation with respect to South America (R=4.04°±7.16°) (Table 

3). Conversely, in the Cucuta zone a complex overprint occurred after Miocene times. Four 

sites were overprinted, and subsequently rotated CW by 20°-40° (34.8°±9.4° on average), 

while three sites were remagnetized more recently, and they did not subsequently rotate 

(Table 3). 
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Table 3. Paleomagnetic results from Colombia. 

 

 

4. 4 Oroclinal Test 

 

al., 1985; Hirt and Lowrie, 1988) on our paleomagnetic data, to verify whether in the 

Eastern Cordillera a statistical

exists at sites characterized by different structural attitude.  

In Fig. 9 we compare the site mean paleomagnetic declinations (in tilt- corrected 

coordinates) to the local bed strikes, considered as proxies of structural directions. D0 = 0° 

and S0 = 40° were adopted as reference paleodeclination and structural direction values, 

respectively (reference values are trivial for the test result). The slope of the best-fit line 

attests the degree of correlation between paleomagnetic declinations and structural trends.  
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Figure 9. Paleomagnetic declination deviations versus relative bed strike deviation (e.g. Schwartz and Van 

der Voo, 1983). D is the observed paleomagnetic declination at a site, and D0 is the reference declination 

value. S is the observed bed strike at a site, and S0 is the reference bedding strike. Error bars for declination 

data are the respective a95 /cos(I) values. 

 

A zero slope and a unitary slope of the best fit line imply that structural trend variability is 

not and is (respectively) related to paleomagnetic rotations. The statistical t test (according 

to Hirt and Lowrie, (1988)) is used to assess whether the slope values of the best-fit line 

calculated from our data set are significantly different from zero (indicating no 

paleomagnetic versus structural correlation). The t test on the slope of the regression line 

compared to zero slope gives t = 0.04. This value is smaller than the critical t value at the 

99% significance level (t99 = 3.792), implying that the best-fit line is statistically 

indistinguishable from zero slope. The result of the oroclinal test indicates that local 

rotations observed in the Eastern Cordillera (as apparent in Fig. 10) are not due to 

oroclinal bending mechanisms, but are likely to be related to paleomagnetic data scatter 

and/or rotations arising from different local mechanisms (i.e. rotations occurring before 

orogen formation, rotations related to strike-slip fault activity). 
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Figure 10. Same Geological map and plate velocity vectors of Fig. 3. Black arrows represent paleomagnetic 

site-mean rotations from this study calculated with respect to stable South America (numbers are site codes, 

see Table 3). S-P Fault = Soapága-Pesca  Fault.  
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5.0 Discussion 

 

Our paleomagnetic data demonstrate that the Eastern Cordillera of Colombia is a purely 

non-rotational belt and is defined as a primary arc. From a paleogeographic point of view, 

paleomagnetism documents that the chain lies above (and is subparallel to) a NNE 

Mesozoic rift basin inverted during the Miocene Andean tectonic phase. Therefore, our 

data support that shortening is relatively low, and thrust sheets are not transported from a 

long distance. 

Conversely, the Cucuta zone, at the junction of the Santander massif with the Merida 

Andes, underwent a post-Miocene 30°-40° CW rotation. This rotation is consistent with the 

right-lateral displacement characterizing the Merida Andes and the Boconó fault, as 

recorded by geological, seismological, and GPS 

., 2010, Bezada et al., 2010). Several studies have 

proven that right-lateral strike-slip faults yield significant CW rotations at fault walls; that 

rotations generally fade out at a distance comprised between few km and 20-30 km from 

the strike-slip fault, depending on displacement, crust rheology, and coupling between fault 

walls (Sonder et al., 1994; Piper et al., 1997; Randall et al., 2011; Kimura et al., 2011). But 

the Cucuta zone sites are located ca. 60-70 km from the supposed termination of the 

Boconó Fault (Fig. 10), thus their CW rotation cannot be the consequence of right-lateral 

displacement occurring along that fault. We conclude that right-lateral strike-slip shear is 

not solely concentrated along the Boconó fault, but characterizes also the external thrust 

fronts of the whole Merida Andes and Santander massif chain.  

While the interpretation of paleomagnetic data from the Eastern Cordillera is relatively 

straightforward, the AMS results are rather puzzling, when compared to results normally 

obtained on orogens. In fact, magnetic lineation directions are considered a proxy for the 
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generally trend sub-parallel to fold axes and thrust sheet directions, and in general to the 

main orogenic trend (e.g. Mattei et al., 1995; Sagnotti et al., 1998). But the pattern of 

magnetic lineation directions observed in the Eastern Cordillera (Fig. 3) is clearly different 

from that expected in a thrust-fold belt. 

Magnetic lineations trend obliquely with respect to both local and regional orogenic trends 

south of Bogota as well as in the hanging-wall of the Soapága-Pesca   fault (Fig. 3). On 

the other hand, in the hanging-wall of the Boyaca fault, several lineations seem to follow 

the general Eastern Cordillera trend, but two lineations (sites C14 and C125; Figs. 3 and 

4) are almost orthogonal to the orogen (we remind that lineation of site C17 arises from 

inverse magnetic fabric, thus cannot be used for tectonic interpretations). It may be argued 

that lineation orthogonal to the orogenic trend arise from extensional tectonics, as several 

studies have proven that in an extensional tectonic regime magnetic lineation align 

orthogonal to normal faults (e.g. Mattei et al., 1995; 1999). However, we exclude here this 

possibility, as there is no evidence of main normal faults close to the sampling sites, and 

site C125 has a prolate magnetic fabric (negative T value, Table 2), definitely typical for 

compressive tectonics. 

The sites yielding oblique magnetic lineations (and valuable paleomagnetic information) 

are not CW rotated (Figs. 3 and 10), whereas CW rotations would be expected in a right-

lateral strike-slip zone. This suggests that right-lateral strike-slip displacement is 

accommodated along discrete shear zone, which are located far from our sampling sites 

(rotations may vanish in few km from a strike-slip fault, (e.g. Kimura et al., 2011). On the 

other hand, we note that four sites all located within ~20 km west of the Soapága-Pesca   

fault (C136, P01, E133, M02, Table 3 and Fig. 10), unfortunately do not yielding a reliable 

magnetic fabric, show significant (from 13° to 40°) CW rotations. The result of the oroclinal 

test (Fig. 9) shows that this rotation is not related to oroclinal bending, but most likely to 

strike-slip tectonics. Consequently, we suggest that further geological investigation should 
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ascertain whether the area west of the Soapága-Pesca   fault is characterized by major 

right-lateral strike-slip fault(s).  

Finally, four of the five reliable magnetic lineations gathered from the Cucuta zone are NE-

directed (Fig. 3), consistent with the hypothesis derived by paleomagnetic data that the 

Cucuta zone is cut by NE-trending right-lateral strike-slip faults. In fact, the e1 axis of the 

strain ellipsoid, as well as magnetic lineation, are expected to become parallel to the fault 

trend, when located adjacent to the fault and/or located in the fault damage zone. The high 

inclination (reaching as high as ca. 60°, Table 2) of magnetic lineations confirms that this is 

a non-cylindrical fabric, incompatible with the magnetic fabric generally observed at 

external thrust fronts of the chains (Sagnotti et al., 1998; Speranza et al., 1999). 

Summing up, paleomagnetic and structural data reveal some evidence that should be 

considered to unravel the tectonic scenario of the Eastern Cordillera: (i) the Eastern 

Cordillera is a non-rotational chain, whereas local clockwise rotations are limited to the 

vicinity of the Soapága-Pesca Fault (sites C136, P01, E133 and M02) and the Cucuta 

zone. (ii) The magnetic lineations are oblique to main fault and fold trend; in most cases 

those lineations have a significant plunge. (iii) Strain markers along faults show variability 

of the compressive strain field around E-W, in agreement with what may be inferred from 

present-day geodetic displacements (Trenkamp et al., 2002). 

Two possible scenarios, schematically illustrated on Figure 11, may explain this structural 

setting: oblique/transpressional deformation and strain partitioning model. 

The oblique/transpressional model (Fig. 11a) could be a viable solution to explain the non-

rotational pattern and the E-W/WNW-ESE shortening direction as inferred from AMS. This 

model would imply an oblique re-activation at depth of the main thrust faults.  

The strain-partitioning model (Fig. 11b) would imply an almost dip-slip motion on the 

external thrust belt and a strike-slip motion on the inner side of belt, as also apparent in 

some analogue models (Zweigel, 1998). This model could further explain the local 
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paleomagnetic CW rotations, possibly associated to the inferred Soapága-Pesca   dextral 

strike-slip. Re-folding during strike slip could also explain the plunge of the fold axes as 

recorded by AMS.  

 

Figure 11. Schematic block diagram in map-view showing three possible models for evolution of the Eastern 

Cordillera. A) Oblique model; B) Strain partitioning model. (See text for more details). 

 

In addition, the strain-partitioning model is supported by dip-slip thrust fronts (Colleta et al., 

1990; Dengo and Covey, 1993; Cooper et al., 1995; Branquet et al., 2002; Cortés et al., 

2006), and thrust sheet-type focal mechanisms for shallow earthquakes observed at both 

margins of the Eastern Cordillera (Taboada et al., 2000). Few focal mechanisms are 

available from the axial part of the Eastern Cordillera; two mechanisms reported by 

Taboada et al., (2000), however, show strike-slip shear compatible with the occurrence of 

N to NE right-lateral faults. Other studies propose the occurrence of right-lateral strike-slip 

faults in several Eastern Cordillera sectors; in the axial zone (Fajardo-Peña, 1998), and to 
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the southwest (Montes et al., 2005) and the South (Velandia et al., 2005) of our study 

area. Mora et al., (2010a) showed that some inverted faults as the Servitá Fault can 

absorb and focus transpressional deformation. 

 Therefore our data can support the occurrence in the axial zone of the Eastern Cordillera 

of structures with similar behavior that the Servitá Fault. In addition, Mora et al,. (2010b) 

suggested that if the Soapaga and Boyacá faults are the horsetail terminations of the 

Bucaramanga strike-slip fault, part of wrench deformation maybe focused around those 

faults. 

Further structural data are necessary to validate the best solution for the Eastern 

Cordillera. Our preferred scenario implies an overall strain partitioning of the belt (Fig. 

11b). Preliminary survey in the Santander massif indeed shows the presence of large-

scale strike slip fault zones cross-cutting previous thrust faults parallel to the belt. Those 

strike-slip fault zone are expected to be well expressed in the inner/higher portion of the 

belt during its late-stage phases of evolution and orogenic build up. 

 

6.0 Conclusions 

 

Paleomagnetism of Cretaceous to Miocene sediments shows that the Eastern Cordillera of 

Colombia is a non-rotational chain to be classified as a primary arc. Thus, we conclude 

that the orogen inverted a Mesozoic rift zone sharing the same orogenic N40° trend 

observed today. The curved orogenic shape apparent when considering also the 

Santander Massif to the north is not linked to any oroclinal bending mechanism. This in 

turn implies that shortening along different Eastern Cordillera transects remains rather 

constant, and does not increase significantly moving towards the north, i.e. towards the 

apex of this primary arc, unless the orogen is segmented by ~E-W strike-slip faults. 
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The magnetic lineation of the studied sediments unexpectedly trends NNE to NW, i.e. 

oblique to the Eastern Cordillera orogenic trend, while in other orogens it is routinely 

parallel to the chain direction. Since the observed magnetic fabric is rather consistent with 

the GPS evidence for a >1 cm/yr ENE shortening accommodated along the Eastern 

Cordillera, we infer that oblique convergence is partitioned in dip-slip thrust-sheet 

emplacement and right-lateral strike-slip shear along fault(s) subparallel to the chain, 

possibly located within its internal zone. Four CW rotated sites (C136, P01, E133 and 

M02) sampled west of the Soapága-Pesca faults (Fig. 10) yield the candidate area for 

strike-slip fault location. Strain partitioning is related to the obliquity between ENE 

convergence and NNE trend of the Mesozoic rift zone (Fig. 11), representing a 

mechanically weak zone of the crust, and reactivated by thick-skinned thrust fronts. 

NE-trending right-lateral fault(s) within the Eastern Cordillera could be connected 

southward with the right-lateral Ibague fault (Montes et al., 2005; Fig. 1), and northward 

with the right-lateral system of the Boconó fault and Merida Andes (Schubert, 1981; 

Bermúdez et al., 2010). Here four sites in the Cucuta zone yielded a 30°-40° CW rotation 

that we relate to right-lateral shear occurring even along the more external NE-trending 

fronts of the Merida Andes. In our tectonic model, the right-lateral fault system of the 

Eastern Cordillera crosscuts the southern end of the Bucaramanga fault (Figs. 1 and 3), 

classically assumed to be an active left-lateral fault with significant displacement rate 

(Acosta et al., 2004; Cediel et al., 2003; Montes et al., 2005). Our data and model, as well 

as the lack of a significant shallow crustal seismicity associated with the fault (e.g. 

Taboada et al., 2000), imply minimal present-day relevance (if any existing, is necessary 

more data to accent this point) of the Bucaramanga fault within the tectonic puzzle of 

Colombian orogens. 
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Chapter 3 

Magnetic stratigraphy of the Bucaramanga alluvial Fan: Evidence for 

slip rate for the Bucaramanga-Santa Marta Fault, Colombia 

 

Abstract 

The 550 km long Bucaramanga-Santa Marta Fault is one of the main active tectonic 

features of NW South America. It is a left-lateral strike-slip fault bounding the Maracaibo 

block, and straddling northern Colombia from the Caribbean Sea to the Eastern Cordillera, 

where it crosses the Bucaramanga town. Variable total displacement values (from 40 to 

110 km), and present-day slip rates (from 0.01 to 10 mm/yr) have been proposed so far for 

the Bucaramanga Fault. Here we report on the paleomagnetic investigation of a Plio-

Pleistocene (?) continental alluvial fan juxtaposed to the Bucaramanga Fault, and 

horizontally displaced by 2.5 km with respect to its feeding river. Nine (out of fourteen) 

reliable paleomagnetic directions define a succession of six different magnetic polarity 

zones that, lacking additional age constraints, can be correlated with several tracks of the 

Plio-Pleistocene magnetic polarity time scale. If the youngest age model is considered, 

most recent sediments of the fan can be reasonably dated at 0.8 Ma (Brunhes-Matuyama 

chron transition), translating into a maximum 3 mm/yr slip rate for the Bucaramanga Fault. 

Older age models would obviously yield smaller slip rates. A 3 mm/yr slip rate is in rough 

agreement (although at the upper boundary of inferred magnitude) with previous estimates 

from paleoseismological evidence, documenting eight main seismic events in the last 8 ka, 

and earthquake sizes in the 6.5-7.0 M range. Our paleomagnetic sites, located at 4-10 km 

from the fault, do not show significant rotations, implying weak fault coupling and/or ductile 

upper crust behavior adjacent to the Bucaramanga Fault. 

 

Keywords: Paleomagnetism, Bucaramanga Fan, Bucaramanga Fault, Slip rate.  
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1.0 Introduction 

 

The NW margin of South America is characterized by a complex pattern of mountain 

ranges (Western, Central, and Eastern Cordillera of Colombia, Fig. 1), and by a puzzle of 

crustal blocks undergoing independent movements (Kellogg et al., 1982; Taboada et al., 

2000; Trenkamp et al., 2002). The eastward subduction of the Nazca Plate beneath South 

America at a rate of 6 cm/yr is well documented (Trenkamp et al., 2002), while the 

existence of an ESE-ward directed subduction of the Caribbean plate is debated (Pindell 

et al., 1988), although a well-developed accretionary wedge (Fig. 1) is exposed at the 

boundary between the Caribbean and South American plate (e.g., Flinch et al., 2003). 

The Maracaibo block, the biggest semi-rigid block of the Colombian tectonic puzzle, is 

bounded by three major wrench faults: the dextral Boconó and Oca faults, and the sinistral 

Bucaramanga-Santa Marta Fault (Fig. 1). The relevance, age, and displacement rate of 

these major strike-slip faults have been widely discussed in the past (Irving, 1971; Toro, 

1990; Ujueta, 2003; Mora and Garcia, 2006; Lopez et al., 2008), and a consensus on the 

whole block and fault kinematics has not been reached so far. 

 

The Bucaramanga-Santa Marta Fault system juxtaposes basement rocks to the east and 

sedimentary Jurassic to Cenozoic rocks to the west.  This fault system extends for a 

distance of 550 km from the Caribbean coast to the Eastern Cordillera (Fig. 1), where it 

crosses the Bucaramanga town (ca. 500,000 inhabitants). It can be divided along strike 

into three major zones (Northern, Central and Southern zone), where it bounds several 

distinct geological provinces. The Northern zone, or Santa Marta section (Paris, 2000; 

Ingeominas, 2001a), corresponds to a 140 km long topographic lineament juxtaposing old 

crystalline rocks of the Santa Marta Massif to Neogene deposits of the Lower Magdalena 

Valley basin (Fig. 1). The 100 km long Central zone is covered by alluvial deposits of the 
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Lower Magdalena Valley basin (Ariguani graben) and Cesar Valley basin (Mora and 

García, 2006; Fig.1).  

 

Figure 1. Major tectonic and structural features of the NW margin of South America. Plate velocity vectors 

with respect to stable South America are from Trenkamp et al. (2002). WC = Western Cordillera, CC = 

Central Cordillera, EC = Eastern Cordillera. 

 

The Southern zone corresponds to Bucaramanga section (Paris, 2000; Ingeominas, 

2001a), a 310 km long outstanding linear topographic feature separating the Santander 

Massif from the Middle Magdalena Valley basin (Fig. 1). At the Bucaramanga town, the 

fault clearly left-laterally displaces a 10-15 km wide continental alluvial fan of presumable 
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Plio-Pleistocene age, produced by debris carried by the Suratá river from the adjacent 

Santander Massif (Fig. 2). The zone is well known for the high seismic activity of the 

deep (from 100 to 200 km), thus they should not be related to the activity of the 

Bucaramanga Fault. 

 

In this paper we report on a paleomagnetic investigation of the Bucaramanga Fan to 

constrain its age by magnetic stratigraphy, one of the few viable method to date those 

gravel-size alluvial fan deposits. The results will allow the documentation of when fan 

displacement occurred, and unravel recent and present-day slip rate of the Bucaramanga 

Fault. The Bucaramanga town has not been struck by devastating earthquakes since when 

historical accounts are available (XVII century AD), thus it is unclear whether we are living 

a recurrence interval preceding a future strong earthquake, or in fact there is no significant 

present-day activity of the Bucaramanga Fault, as GPS data of Trenkamp et al. (2002) 

might suggest (Fig. 1). 

 

2.0 Characteristics of the Bucaramanga-Santa Marta Fault 

 

Previous work around the Bucaramanga town has been done in the frame of regional and 

local cartography projects (Servicio Geológico Nacional, 1977; Ingeominas, 2001b; Diedrix 

et al., 2009; Fig. 2). In the Santander Massif, which is bounded to the west by the 

Bucaramanga Fault system, Pre-Cambrian, Paleozoic, and Mesozoic intrusive and 

metamorphic rocks (schists and gneisses) are exposed. According to Cediel et al. (2003), 

the Bucaramanga-Santa Marta Fault was active during the Pre-Cambrian Grenville - 

Orinoco continental collision, and reactivated in the Aptian-Albian times. Pindell et al. 

(1988) proposed that the Bucaramanga  Santa Marta fault is the western limit of the 
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Maracaibo Block since Miocene times. Ross et al. (2009) using Apatite fission track (AFT) 

analysis of Precambrian to Neogene rocks from the Santander Massif and Middle 

Magdalena Valley proposed three paleothermal episodes (interpreted as erosional phases) 

in the Paleocene (65 to 60 Ma), Early Miocene (20 to 18 Ma) and Middle Miocene (12 to 9 

Ma). This evidence provides age clues for the uplift of the Santander Massif with respect to 

the adjacent Magdalena Valley that likely occurred along the Bucaramanga Fault.  

 

As the Bucaramanga Fault is a recent geomorphological feature, it is more likely that acted 

in the last phase of deformation of late Miocene age, as suggested by AFTA data. 

Paleocene movements may be related to other structures in the Cobardes Anticline (Parra 

et al, 2012, Fig. 1).  Provenance analysis indicates that the Santander Massif, and its 

sedimentary cover, was uplifted since Paleogene time, (Ayala et al, 2012). The 

Bucaramanga Fault bounds a thick deposition of upper Jurassic and Cretaceous rocks to 

the south and west (Kammer and Sanchez, 2006), whereas to the north and east 

deposition of Jurassic rocks is thinner than in the other block of the fault and in some 

areas lowermost Cretaceous strata is absent (Ward et al, 1973) 

 

Reported total displacement values of the Bucaramanga  Santa Marta fault vary from 45 

to 110 km. Toro (1990) using structural reconstructions proposed for the southern fault 

portion a displacement of 45 km. According to Campbell (1968), the total displacement is 

more than 100 km, relying on a regional scale correlation between rocks from the Central 

Cordillera and the Santa Marta Massif. Other authors (Irving, 1971; Tschantz, 1974) 

proposed 110 km of displacement after the analysis of samples drilled in oil wells. Montes 

et al. (2010) and Bayona et al (2010) used the Bucaramanga-Santa Marta Fault systems 

as boundary of clockwise rotation of the Maracaibo block during the Cenozoic.  Reported 

values for the fault slip rate range between 0.01-0.2 mm/yr, calculated on the basis of 
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geomorphic offset features (Paris, 2000; Ingeominas, 2001a), to 10 mm/yr, evaluated after 

regional geology considerations (Rivera, 1989). 

López et al., (2008) reported the occurrence of Pseudotachylite associated to cataclasites 

in the southern sector of the Bucaramanga Fault, that they interpreted as an evidence for 

paleoseismicity along the fault. Diedrix et al. (2009) using paleoseismological investigation 

and radiocarbon dating of paleosoils trenched adjacent to the fault proposed eight 

Holocene seismic events during the last 8300 years and magnitudes in the order of 6.5-

7.0, associated to the Bucaramanga Fault activity. 

 

Ujueta (2003) made an extensive review of the previous works on the Bucaramanga Santa 

Marta Fault available since 1933, and observed that some authors consider the 

Bucaramanga Santa Marta fault as a reverse fault, others as left lateral strike-slip fault, 

while few works propose two different and independent faults. About the activity of the 

Bucaramanga Fault, a late Mesozoic, Paleocene, Eocene or Pliocene-Quaternary age are 

proposed (Diedrix et al, 2009).	  

Finally, using seismic profiles, he discussed the continuity of the fault Central zone, and 

proposed two different but related faults, with absence of connection between the southern 

and the northern zone. Mora and García (2006) using extensive seismic profile analysis 

and well data, proposed that the Bucaramanga-Santa Marta Fault in the Central zone was 

responsible for the intense structural deformation that affected pre-Oligocene units, 

indicating that it was an active boundary between the Lower Magdalena Valley and Cesar 

basins during the late Eocene-early Oligocene. They also suggested that fault activity 

ended after Oligocene, as the Lower Magdalena Valley and Cesar basins have been 

connected without tectonic disturbances. 
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Figure 2. Geological map of the Bucaramanga Fan (modified from Ingeominas, 2001b and Servicio 

Geológico Nacional, 1977) with the location of the 14 paleomagnetic sites (see Figure 1 for location).	  
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2.1 The Bucaramanga Fan 

 

The Bucaramanga Fan is limited to the east by the Santander Massif and the 

Bucaramanga Fault, and to the west by the Suárez Fault (Fig. 2).  The Suárez Fault is a 

west-dipping reverse fault with sinistral displacement and quaternary activity (Page, 1986; 

Paris et al., 2000; Ingeominas, 2001a) that terminates northward against the 

Bucaramanga Fault. In the study area, the Suárez Fault places in contact Jurassic and 

Cretaceous strata against the Bucaramanga Fault. Locally, the Bucaramanga Fan is folded 

with vertical to overturned beds by the effect of the Suárez Fault (Ingeominas, 2008).  

 

De Porta (1958) defined the Bucaramanga Fan as a sedimentary deposit of Quaternary 

age with an alluvial fan morphological shape (Fig. 2). According to Ingeominas (2001b) the 

thickness of the Bucaramanga Fan increases from east to west with an average thickness 

of 250 m, and it was divided into, from base to top, the Organos, Finos, Gravoso, and 

Limos Rojos member (Fig. 2). 

The Organos Member was defined by Hubach (1952), and according to Bueno and Solarte 

(1994) is a monotonous sequence of conglomerates with intercalations of fine sandstones. 

Conglomerate clasts are 10 - 30 cm in diameter (and in some cases more than 1 m) and 

includes gneisses and schists fragments. This member is clast supported, contains a clay 

matrix (Ingeominas, 2001b), and crops out to the west of the study area with a maximum 

thickness of 180 m (Mancera and Salamanca, 1994). The Finos Member (Hubach, 1952) 

is a continuous sub-horizontal 15 m thick bed overlying the Organos member along a net 

discontinuity, and it consists of clays evolving upsection into fine-grained sandstone beds 

(Ingeominas, 2001b). The Gravoso Member (Vargas and Niño, 1992) is an 8 to 30 m thick, 

matrix supported level of gravel-size clasts overlying the Finos Member along a net 

contact. The clasts are on average 15 cm in diameter (cobble size), and the matrix 
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includes a mixture of clay- and sand-size fragments. Finally, the Gravoso Member 

transitionally passes upward into the 15 m thick Limos Rojos Member (Julivert, 1963); this 

unit consists of argillaceous sandstones and conglomeratic sandstones, interbeded with 

layers of siltstones. Locally, block fragments (meter scale in diameter) of sandstone texture 

are supported by the red silty matrix (Ingeominas, 2001b). 

The Bucaramanga Fan is generally inferred of Plio-Pleistocene in age (Ingeominas, 

2001b), although no conclusive age constraints were gathered from the continental 

succession so far.  

 

 

2.2 The deep seismicity of the Bucaramanga Nest 

 

No significant shallow crustal seismicity has been recorded along the Santa Marta-

Bucaramanga Fault (Fig. 3), but at depth a remarkable cluster of subcrustal earthquakes in 

the 100-200 km depth interval is observed in the so-

at 7°N 73°W. It differs from other worldwide nests by its high rate of activity in a volume 

much smaller than the other nests at similar intermediate depths (Schneider et al., 1987; 

Zarifi and Harsco, 2003; Prieto et al., 2012). The Bucaramanga nest has been mostly 

related to tectonic processes occurring in the oceanic subducting plates beneath Colombia 

(Zarifi and Havskov, 2003). Taboada et al. (2000) proposed that the Bucaramanga Nest is 

due to the interaction between the subducting Nazca and a remnant of the paleo-

Caribbean plates, while Zarifi et al. (2007) suggested a simultaneous subduction process 

and collision between two subducted slabs. Alternatively, Cediel et al. (2003) propose that 

the seismic activity recorded in the Bucaramanga Nest represents a zone of tectonic 

detachment associated with NW-ward migration of the Maracaibo subplate, while Rivera 

(1989) proposed that there is a relationship between the Bucaramanga Fault and Nest. 
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Figure 3. Seismicity in NW South American Plate recorded during 2006-2009 by the Red Sismica Nacional 

de Colombia (RSNC)-Ingeominas.  

 

3.0 Sampling and Methods 

We collected sandy-silty samples for paleomagnetic analysis in fourteen sites (154 cores, 

Table 1) from the Bucaramanga Fan, using a petrol-powered portable drill cooled by water. 

Ten sites were gathered in the Organos Member, two in the Finos Member, and two in the 

Gravoso Member (Figure 2 and Table 1). At each site we collected 6 12 cores (11 on 

average), spaced in at least two outcrops in order to try to average out secular variation of 

the geomagnetic field. All samples were oriented using a magnetic compass, corrected to 

account for the local magnetic field declination value at the sampling area (about 7º W) 
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Cores were cut into standard cylindrical specimens of 22 mm height, and rock magnetic 

and paleomagnetic measurements were done in the shielded room of the paleomagnetic 

laboratory of the Istituto Nazionale di Geofisica e Vulcanologia (Roma, Italy). All samples 

were thermally demagnetized through 11 12 steps up to 680°C by a shielded oven, and 

the natural remanent magnetization (NRM) of the specimens was measured after each 

step with a DC- SQUID cryogenic magnetometer (2G Enterprises, USA).  Thermal 

demagnetization data were plotted on orthogonal diagrams (Zijderveld, 1967), and the 

magnetization components were isolated by principal component analysis (Kirschvink, 

1980).  The site-  

On a set of selected specimens, magnetic mineralogy analyses were carried out to identify 

and characterize the main magnetic carriers using the thermal demagnetization of a three-

component isothermal remanent magnetization (IRM) imparted on the specimen axes, 

according to the method of Lowrie (1990). Fields of 2.7, 0.6, and 0.12 T were successively 

imparted on the z, y, and x sample axes (respectively) with a pulse magnetizer (Model 660, 

2G Enterprises). 

 

4.0 Results 

4.1 Magnetic Mineralogy 

The thermal demagnetization of a three-component IRM shows that for most of the 

samples both the medium coercivity and the hard fractions are demagnetized between 600 

and 680°C (Fig. 4), pointing to hematite as the main magnetic carrier of our samples. In 

almost all sites, a drop of the medium coercivity and hard fraction occurring before 100º 

shows that a small amount of goethite is also associated to hematite 

 

For most of the sites, a characteristic magnetization component (ChRM) was isolated 
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between 550 and 680°C, confirming that hematite represents the main magnetic carrier. 

For about 10% of the samples, a ChRM is isolated between 380 and 680°C, suggesting 

the coexistence of hematite and magnetite 

 

Figure 4. Thermal demagnetization of a three-component IRM according to the method of Lowrie (1990) for 

six representative specimens. 

 

 

4.2 Paleomagnetism 

 

Only 9 (out of 14) sites yielded reproducible paleomagnetic directions during cleaning, 

while the remaining 5 sites showed scattered demagnetization diagrams (Figure 5 and 

Table 1). Mean paleomagnetic directions are reasonably well constrained, the a95 values 

being comprised between 8.4° and 22.4° for all sites but one has a value of 48.2 (Fig. 6 

and Table 1,). Three sites are of normal polarity (mean value) and the other six are of 

reverse polarity (mean value), the reversal test (according to McFadden and McElhinny 
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Table 1. Paleomagnetic results 	  

	  

	  
Figure 5. Orthogonal vector diagrams of typical demagnetization data, in situ coordinates. Solid and open 

dots represent projections on the horizontal and vertical planes, respectively. Demagnetization step values 

are in °C. 
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The fact that our results yielded reversal directions indicate that the Bucaramanga Fan 

should be older than the Bruhnhes polariry chron (0 to  0.8 Ma) 

When plotted according to their stratigraphic position, the sites from the Bucaramanga Fan 

yield a succession of three normal- and three reverse-polarity magnetozones (Fig. 7). 	  

	  
Figure 6. Equal-area projections of the site-mean paleomagnetic directions from the study area. Solid (open) 

symbols represent projection onto the lower (upper) hemisphere. Open ellipses are the projections of the a95 

cones about the mean directions. The star represents the normal polarity geocentric axial dipole (GAD) field 

direction (D=0°, I=14°) calculated for the Bucaramanga latitude (7.1° N).	  
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Figure 7. Stratigraphic column of the Bucaramanga Fan, and stratigraphic variation of magnetic polarity 

zones. Magnetic polarity zones are progressively numbered from the section bottom. Uncertain polarity 

intervals are grey and cross-hatched. The crosses indicate failed sites.	  
	  

Each magnetozone is defined by one paleomagnetic direction, except the youngest 

magnetozone R3, which is corroborated by four different site results. As the age of the 

Bucaramanga Fan is vaguely inferred to be Plio-Pleistocene, several different correlations 

with the global magnetic polarity time scale (GPTS, Cande and Kent, 1995) are possible 
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(Fig. 8). 	  

	  

If we assign the youngest possible age to the succession (Fig. 8a), R3 correlates with 

upper Matuyama polarity chron C1r.1r, and N3, N2, and N1 with the Jaramillo, Olduvai, 

and Gauss chron, respectively. In a slightly older age model (Fig. 8b), R3 correlates with 

the mid Matuyama chron (C1r.2r), N3 with Olduvai chron, and N2 and N1 fall both within 

the Gauss chron. It is not possible at present to indicate a preferred age model using 

calculated sedimentation rates. In fact in this kind of deposits the sedimentation is 

expected to be highly irregular and discontinuous, and the thickness of some 

magnetozones (such as N3) is poorly constrained due to the occurrence of several failed 

sites located below and above it (Fig. 7). Hopefully, some further age constraints from the 

continental succession will enable in the future a safer match of our paleomagnetic data 

with the GPTS, and a careful age model for the Bucaramanga Fan.	  

 

Figure 8. Stratigraphic distance versus age correlation plots. Magnetic polarity zones are correlated to 

polarity chrons from the GPTS (Cande and Kent, 1995). Sloping lines are average sediment accumulation 

rates. Two different possible correlations are shown (see text for explanation). 

5.0 Discussion and Conclusions 
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The slip rate of the Bucaramanga fault can be in principle calculated by dividing its along-

fault displacement by the age of the displaced rocks. Left-lateral displacement is well-

known, and equates the 2.5 km distance from the mouth of the Suratá river to the apex of 

the Bucaramanga Fan (Figs. 9 and 10). Conversely, the age of the displaced sediments is 

not firmly constrained, as several different age models can equally fit the magnetozone 

succession gathered from the Bucaramanga Fan (Fig. 7). 

 

Figure 9. Geomorphological context of the zone, convergence between the Suárez and Bucaramanga faults.   

Details in locations and distance between the Bucaramanga Fan apex and the Suratá River (aprox 2.5 Km).  
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Figure 10. Scheme showing the displacement of the Bucaramanga Fan apex from its feeding Suratá River 

along the Bucaramanga Fault. 

 

However, a maximum possible slip rate can be calculated assigning the youngest possible 

age of the succession, i.e. inferring that magnetozone R3 corresponds to the top of the 

Matuyama polarity chron (Fig. 8a). In this case, a 0.8 Ma age (Brunhes-Matuyama 

boundary, Cande and Kent, 1995) can be reasonably assigned to the youngest sediments 

of the Bucaramanga Fan, by considering that: 1) we did not reach the normal-polarity 

magnetozone above R3, thus the youngest sampled sediments (site GJ192) might fall in 

the lower-medium part of chron C1r.1r, and be 0.9-1 Ma old; 2) the upper member of the 

Bucaramanga Fan is the Limos Rojos Member, but the youngest paleomagnetic directions 

were obtained in the underlying Gravoso Member; 3) the Limos Rojos Member is only 15 

m thick, and shares the same fan morphology with the underlying Finos-Gravoso members 
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(Fig. 2). This suggests that the Limos Rojos Member was rapidly emplaced, and that no 

significant time gap (and displacement of the fan feeding source) occurred with respect to 

the Gravoso Member. 

A 0.8 Ma age of the top of the Bucaramanga Fan translates into a maximum slip rate of 3 

mm/yr for the Bucaramanga Fault. Obviously, progressively smaller slip rates would arise 

by considering progressively older age models for the Bucaramanga Fan. Our slip rate 

estimate is in rough agreement with conclusions by Diedrix et al. (2009), who documented 

by paleosismology eight main earthquakes in the last 8300 years, with 400 to 1300 years 

recurrence intervals, and estimated magnitude values of 6.5 to 7.0. Average recurrence 

interval documented by Diedrix et al. (2009) is 1000 years, which would translate into an 

accumulated displacement of 3 m, if our 3 mm/yr spreading rate is considered. A 3 m 

displacement along a seismogenic fault is expected to be associated with 7-7.5 M 

earthquakes (Wells and Coppersmith, 1994), slightly greater than Diederix et al. (2009) 

estimates. We note however that older age models for the Bucaramanga Fan would give 

smaller slip rates, thus better agreement with Diedrix et al. (2009) calculated values. 

Considering that the Bucaramanga town has a documented history of 390 years without 

any catastrophic earthquake occurrence, a minimum 1.2 m displacement has been 

accumulated since then, when the 3 mm/yr slip rate is considered. 

Sediments of the Bucaramanga Fan have been clearly displaced by left-lateral fault shear, 

thus counterclockwise rotations are expected at fault walls, as already observed in several 

strike-slip fault settings (Sonder et al., 1994; Kimura et al., 2011). On the other hand, our 

sites from the Bucaramanga Fan, located at 4-10 km from the fault, do not show significant 

rotations (Fig. 6). 

Using the power law rheology model (England et al., 1985), in which the relation between 

distance from a fault trace y (km) and vertical-axis relative rotation  (rad.) is expressed as: 
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=arctan (((4Ds    

 

Ds (km) is the displacement in one side of the fault, L/2 (km) is the length of the fault, and 

n is the stress exponent and describes the average mechanical behavior of the lithosphere 

(Sonder and England, 1986). Clearly, the lack of observed rotations may imply that 1) fault 

locking is extremely weak, whereas fault walls are extremely rigid and undergo minimal 

internal deformation, and/or 2) the upper crust west of the Bucaramanga Fault has a 

ductile behavior. Additional geophysical data (e.g. a dense GPS network) would be needed 

to fully understand this issue, and better constrain the seismic hazard assessment related 

to the Bucaramanga Fault activity. 
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Chapter 4 

Emplacement of the Paleocene-Eocene Santa Marta Batholith (Santa Marta Massif-

Northern Colombia): Constraining the Cenozoic tectonic evolution of the Caribbean 

arc.   

 

1.0 Introduction 

Mesozoic metamorphic rocks, Paleogene intrusives and Cenozoic sedimentary basins 

record the different stages of subduction evolution or arc-continent collision between the 

Caribbean plate and the NW margin South American plate (Sisson et al., 1997; Smith et 

al., 1999; Pindell et al., 1988, 2005, 2006, Weber et al., 2010). Evidences of this 

interaction are the Santa Marta Massif and surrounded areas. The Santa Marta Massif is 

an isolated and uplifted block of pre Cambrian and Mesozoic crystalline rocks with a 

mountain peak at 5800 m above sea level. The Santa Marta Massif has similar lithologies 

to those that crop-out in the Central Cordillera of Colombia (Villagomez, 2010). The Santa 

Marta Massif is limited by two major wrench fault Systems, northern the right-lateral Oca 

Fault displaces the continental Guajira block during the Cenozoic (Macellari, 1995; 

Cardona et al., 2009). Western the left-lateral Santa Marta-Bucaramanga Fault limits and 

separates the crystalline rocks of the Santa Marta Massif from the sedimentary Lower 

Magdalena Basin (Schantz et al, 1969, Ingeominas, 2007a; Ingeominas 2007b and 

Montes et al., 2010) (Fig 1). The Cesar lineament is the southeastern limit of the Santa 

Marta Massif, were the Cesar-Rancheria basin is exposed (Bayona et al., 2007). The 

Northwest margin of the Santa Marta Massif is composed by Late Cretaceous 

metamorphous rocks (Tschanz et al., 1969, 1974; Doolan, 1970, Cardona et al., 2010a) an 

divided into four units, Rodadero, Cinto, Punta Betin and Concha (Doolan, 1970, 

Bustamante et al., 2009, Cardona et al., 2010a), intruded by Paleogene granitic rocks 

(Cardona, et al. 2009, 2010a, 2010b and Duque, 2009). 	  
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Figure 1. Major tectonic and structural features of the NW margin of South America. WC = Western 

Cordillera, CC = Central Cordillera, EC = Eastern Cordillera, SM = Santander Massif, SSM = Santa Marta 

Massif, PR = Perijá Range, MA = Merida Andes, ECTF = Eastern Cordillera thrust front, CB = Cesar Basin, 

LMVB = Lower Magdalena Valley Basin, MMVB = Middle Magdalena Valley Basin,  BSF = Bucaramanga-

Santa Marta Fault, OF = Oca Fault, BF = Boconó Fault. 

 

The metamorphic sequence is related to volcanic-sedimentary protolite with an oceanic 

and continental affinity and variations from green schits facies to high anfibilite facies. 

(Bustamante et al, 2009) propose a metamorphism related to a collisional setting, and 

report P-T conditions for the  Punta Betin and Concha units, between 3 to 5 Kbar and 

temperatures range from 300-500 ºC. For the Rodadero unit, the P-T conditions are 

between 7,6 to 9,5 Kbar and temperatures range from 565 to 665 ºC. According to (Duque, 

2009), the arc-related granitoids are an extensive magmatic body composed by 

granodiorites and tonalites rocks with almost three different magmatic facies. The 
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magmatism takes place in 8 Ma, between 50-58 Ma into two major phases; At 55 Ma and 

50 Ma, with a magmatic migration to NE (Duque, 2009). Cardona et al, (2011) propose for 

the Eocene granitoids, pressures between 4.9±0.6kbar and 6.4±0.6kbar with at least, 14.7-

19.2 km of unroofing took place since 56-50Ma in the northwestern Santa Marta Massif. As 

well as propose three exhumation phases, the Late Eocene (ca. 45-40Ma), Late Oligocene 

(ca. 25Ma) and Miocene (ca. 15Ma), Villagomez et al., (2011), report for the NW belt an 

exhumation phases during 30-25 Ma and 25-16 Ma. The Paleogene magmatism in the 

Santa Marta Massif has been studied for detail mapping, geochonology, AFT, petrography 

and geochemistry data in previous works (Stchanz, 1969, Bustamante, et al, 2009, 

Cardona et al, 2009, 2010a, 2010b, Duque, 2009, Ingeominas, 2007a, 2007b and 

Villagomez et al., 2011). Montes et al., (2009), propose a translation- and vertical-axis 

clockwise rotation model for the Santa Marta Massif, starting during the Late Eocene. This 

model explains the opening at western of the Santa Marta Massif into the Lower 

Magdalena Valley (Plato-San Jorge Basin), the shortening into the Cesar-Rancheria and 

displacements of Santa Marta and Oca faults.  

We report new Anisotropy of magnetic susceptibility (AMS) in Paleogene granitoids and 

structural data around the Oca and Santa Marta faults systems, showing ductile to brittle 

deformation and a reologic profile for metamorphic and intrusive rocks in the NW margin of 

the Santa Marta Massif. The goal of this work is propose a tectonic model for Paleogene-

Eocene magmatic intrusions in the NW accreted belt of the Santa Marta Massif, integrating 

the available works and our new AMS and structural data.  

 

2.0 Geological framework  

Ages and lithologies let to divide the Santa Marta Massif into three tectonostratigraphic 

belts (Tschanz et al. 1969; 1974, Ingeominas, 2007a, 2007b; Villagomez et al., 2011 and 

Cardona et al. 2008a, 2010a, 2010b) (Fig. 2). At the southeastern zone of the Santa Marta 
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Massif crops out the first belt named Sierra Nevada Province (Tschanz, 1969; Villagomez 

et al., 2011). The Sierra Nevada Province is composed by the Proterozoic granulites, 

anorthosites and gneisses (Cordani et al., 2005; Cardona et al., 2006), intruded by 

Jurassic granites (Fig. 2). The Sierra Nevada Province is related to the Grenvillian 

province and could be correlated with rocks of the Garzón and Santander Massifs 

(Restrepo-Pace et al, 1997, Ordoñez-Carmona et al., 2006) (Fig. 2). The second belt, 

named Sevilla Province, located in the northwestern margin of the Santa Mart Massif. The 

Sevilla Province is composed of Paleozoic orthogneisses and schists, intruded by Permian 

to Late Triassic syntectonic granitoids (Cardona et al., 2006) and the Paleogene Buritaca 

granite (Tschanz et al., 1974; Ingeominas, 2007a). The Sevilla Province is correlated with 

the Macuira Schist Belt in the Guajira Peninsula (Cardona et al., 2006) (Fig. 2). The third 

belt named the Santa Marta Province is composed by Upper Cretaceous low-grade 

metamorphic rocks and is exposed in two bands, the inner-eastern band and the outer-

western band, (Tschanz et al., 1974) (Fig. 2). The Santa Marta Province is overthrusted by 

the Sevilla Province and intruded by Paleogene granitoids called the Santa Marta Batholith 

(Fig. 2).  

 

According to Cardona, et al (2010b) the trace element of the Santa Marta province are 

characterized by primitive island arc and MORB, with protoliths formed within a back-arc 

setting or at the transition between the intra-oceanic arc and the Caribbean oceanic crust. 

In samples of the inner band, Zuluaga and Stowell (2012) report a pressure increase of 1.5 

kb and propose a subduction setting for the metamorphism. 

 

Ages for the Santa Marta Batholith are reported in K/Ar of 58 44 Ma, (Tschanz et al., 

1974) and in zircon U Pb ages of 57-50 Ma, (Cardona et al., 2008).  Cardona et al., 

(2010b) report in U-Pb  ages, two major peaks of magmatic activity, at 65 Ma and 58 50 
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Ma.	  

 

Figure 2. Geological map of the Santa Marta Massif and adjacent zones, (see Figure 1 for location). Sites 

sampled locations for AMS, structural data and control points. 

 

Villagomez et al (2011), using AFT analyses report four pulses and exhumation rates, the 

Sierra Nevada Province exhumed at ele -58 Ma with 

-40 Ma. At 40-

proximal to the Santa Marta Bucaramanga Fault. The northern regions of the Sierra 

Nevada Province exhumed rapidly during 26-29 Ma (~0.7 Km/My). The Santa Marta 

Province is exhumed during 30-25 Ma and 25-16 Ma. According to Villagomez et al (2011), 

after 16 Ma the exhumation is not-recorded. Clockwise rotations (17º±13°C) and latitude 

translations are reported in Middle Late Jurassic and Early Cretaceous rocks (Bayona et 
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al., 2006, 2010), Montes et al. (2009) propose 30º clockwise rotations in the Santa Marta 

Massif and suggest that it´s an rigid block migrating, this block rotation-translation model is 

propose to explain contemporary extension, shortening and wrench displacements in 

basins and margins adjacent to Santa Marta Massif.  

 

Vertical displacement of ~12 km over a lateral distance of ~50 km is proposed by (Cediel 

et al. 2003). Elevation and relief is testament to extensive surface and rock-uplift, which 

was probably driven by dextral and sinistral displacements of 50-100 km (Tschanz et al., 

1974) along the Oca and Santa Marta faults. High positive gravity anomaly (+180 mGal) is 

reported for the Santa Marta Massif, which suggests that the summit is not isostatically 

compensated but is flexurally supported in place by the subducting slab (Kellogg and 

Bonini, 1982). 

 

3.0 Sampling strategy and Methods 

 

Fieldwork was carried out around of Santa Marta, El Rodadero town and Tayrona Park 

covering the northern and western margins of the Santa Marta Massif, in the interactions 

between the Santa Marta and Oca faults (Figure 1 and 2). The sampling and measures 

were focus on Upper Cretaceous metamorphic and Paleogene granitic rocks. Detail works 

and descriptions in Paleogene plutonic rocks (Duque, 2009), reports compositions of 

amphibole (90%) with plagioclase and dark minerals, locally, in the Latal plutonic body 

there are clinopiroxenes and olivine. According to Duque (2009), Late Paleocene to Early 

Eocene magmatic rocks are represented by the Santa Marta Batholith and related rocks 

as Buritaca, Toribio and Latal plutonic bodies. The magmatic body has a homogeneous 

composition from tonalite to granodiorite. (Duque, 2009) propose for the Santa Marta 

Batholith, a calcium-alkaline magmatic composition, with variations in SiO2, from 47 to 75 
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% in weight and identify three main groups 1) rocks with low silica values (47 a 57 % in 

weight), 2) Medium silica values from (57 a 70 % in weight), composed by tonalites and 

granodiorites and the third (>70 % in weight) related to late dikes. 

We collected Late Paleocene to Early Eocene granodiorites rocks in 25 localities (312 

cores), using a petrol-powered portable drill cooled by water for AMS analyses. At each 

site we collected 9 19 cores (13 on average). All samples were oriented in situ using a 

magnetic compass, corrected to account for the local magnetic field declination value at 

the sampling area (from - eophysical Data 

Center, http://www.ngdc.noaa.gov). Cores were cut into standard cylindrical specimens of 

22 mm height, and magnetic fabric were done in the shielded room of the paleomagnetic 

laboratory of the Istituto Nazionale di Geofisica e Vulcanologia (Roma, Italy). We 

measured the low-field anisotropy of magnetic susceptibility (AMS) of a specimen per core 

by a spinner Multi-Function Kappabridge (MFK1-FA, AGICO) using the spinning method. 

For each sample the measurements allowed to reconstruct the AMS tensor, defined by 

three eigenvalues (i.e. the maximum, intermediate and minimum susceptibilities) indicated 

site levels were evaluated using Jelinek statistics (Jelinek, 1977, 1978). 

We measured striated fault planes and if present, the relative kinematic indicators, from 

late Cretaceous schist and Paleogene granitoids, around the Oca and Santa Marta faults. 

For each fault plane we recorded the dip and strike, the direction and pitch of the 

slickensides, and the sense of slip (if recognizable). As well as we measured the foliation 

and lineations in Cretaceous schits and locally in Paleozoic rocks. We measured and 

combined data in order to obtain a significant foliation and/or fault population.  Results of 

fault planes and the relative slickensides were plotted using the free software Faultkin 5.2. 

Results of foliation-lineation were plotted using the free software Stereonet 7. All data were 

hemisphere equal-area projection.  
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4.0 Results 

4. 1Anisotropy of magnetic susceptibility 

Using a 20° as cut-off value of the e12 angle (semi-angle of the 95% confidence ellipse 

around the mean Kmax axis in the Kmax-Kint plane and the Kmin axis in the Kmin-Kint 

plane), we find that 21 out of 25 sites gave interpretable AMS results (Fig. 3 and Table 1), 

while 4 did not give a clear magnetic fabric, AMS parameters are reported in Table 1. In the 

15 interpretable sites, the site-mean susceptibility values have a range from 1.39 × 10-2 to 

3.23 × 10-5 SI. The shape of the AMS ellipsoid in twelve sites is oblate, with range values 

of the shape factor (T) of between (0.233 to 0.942). 

 

Table 1. Anisotropy of magnetic susceptibility results from Santa Marta Massif  

	  
 

 In nine sites, the AMS ellipsoid is prolate (T comprised between -0.04 and -0.807, Table 

1.189) are present in 17 sites (Table 1). Four 

sites have High values of the P' parameter (1.206-1.275) (Table 1). Magnetic lineations in 

17 sites is well defined (Fig 3), in most of the cases the lineations are N-NE. Four sites 

(GJ208, GJ233, GJ238 and GJ246) show vertical lineations with inclinations > to 65º (Fig 

3 and Table 1). In one site (GJ229) the magnetic lineation shows a NW direction (Fig 3 and 



86	  
	  

Table 1). Three sites show a well defined magnetic foliation (GJ234, GJ241 and GJ245) 

 

Two sites shows low inclinations values (12.2  12.7), seven sites shows moderate 

inclination values (21.3  39.5) and six sites shows high inclinations values (54.4  81.1), 

(Fig. 3 and Table 1).	  

 

Figure 3. Geological map of the NW margin of Santa Marta Massif and adjacent zones (see Figure 2 for 

location). With schmidt equal-area projections, lower hemisphere, magnetic fabric projections of K1, K2 and 

K3. Lineation and foliation are defined for samples of the Santa Marta batholith. For all parameters values, 

see Table 1.  

 

 

 

 

 



87	  
	  

4. 2 Foliations and Lineations  

Around the Santa Marta Fault the foliation strikes is NE to EW in the Cretaceous 

metamorphic sequence. Foliation into and in the granitic borders is NW. Dips values are 

randomly, mostly moderately to high. The trend lineation in different localities shows SW 

stretching directions, in one locality is defined by NE direction, locally the sites 56 and 256 

shows lineations with a NW and SSE directions (Fig. 4). Foliation around the Oca Fault in 

the Cretaceous metamorphic rocks is NE, in the Paleozoic rocks is variable and disperse 

in three directions, NE, NW and EW. Foliations measured into the granitic rocks shows 

strikes EW. Dips values are lower to moderate, in the Paleozoic locality dips are randomly 

and disperse as the foliation strike. 	  

 

Figure 4. Structural map of the NW margin of Santa Marta Massif and adjacent zones (see Figure 2 for 

location). Schmidt equal-area projections, lower hemisphere, with poles of foliation. Blue arrows represent 

stretching lineations. (Blue pints and numbers are site codes, see Table 1).  
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4. 3 Faults  

177 fault planes where measured around the Santa Marta and Oca Faults, in some cases 

sites were combined to obtain acceptable population for the fault plane solution, showing 

the P-T axis  (Fig. 5). Fault plane solutions around the Santa Marta fault were plotted ten 

localities. Northern localities into the metamorphous sequence show a NW-SE 

compressive vector and tension vector sub-vertical (Fig. 5). 	  

 

Figure 5. Geological map of the NW margin of Santa Marta Massif and adjacent zones (see Figure 2 for 

location) with schmidt equal-area projections, lower hemisphere, of fault populations and fault plane 

solutions, arrows represent fault kinematic. (Blue pints and numbers are site codes, see Table 1).  

 

Southern the compressive vector is vertical and the tension vector sub-horizontal to E-W 

SW-NE. In three localities into the granitoids fault plane solutions, shows variations 

southern, from NS compression with sub-horizontal extension vector to sub-horizontal 
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extension vector SW-NE. For the Oca fault and related faults were plotted eight localities 

(Fig 5). Four localities show a horizontal compressive vector NNW-SSE with a vertical 

extension vector (Fig. 5).  The other four localities around the Oca Fault, shows a NS 

compression vector with a subhorzontal EW extension vector.   

 

 

5.0 Discussion and conclusions 

 The magnetic lineations obtained from AMS data, show magmatic fabrics with tectonic 

fabric modifications. In 17 of 25 sites are well defined magnetic lineations with direction N-

NE, and vertical lineations >65º are in the most inner part of the intrusive body (Fig 3, 

Table 1).  

Magnetic foliation is well defined only in four sites, in two sites (GJ204 and GJ241), around 

Santa Marta Fault the foliation plane is low-moderate. In other two sites (GJ234) at the 

inner zone of the intrusive and (GJ245) around the Oca Fault, the foliation planes are 

vertical (Fig. 3). 

 

Foliation measured in the Cretaceous metamorphic sequence is coherent with a pattern 

NE of the Santa Marta belt and well correlated to foliations reported in detail maps 

(Ingeominas, 2007). These foliations develop a zonation around Paleogene granitoids with 

stretching lineations parallel to strike foliation NE (Fig. 4). Brittle deformation recorded in 

striated faults shows faults solutions in different localities around the Santa Marta and Oca 

faults (Fig 5). Striated faults measured in the Cretaceous metamorphic sequence have 

NW-SW compressive vector, coherent to the master wrench left-lateral Santa Marta Fault 

and right-lateral Oca Fault. Southern localities related to Santa Marta Fault develop a sub-

horizontal extension vector at SSW-NNE direction (Fig. 5).  In general fault localities 

measured around the Oca Fault show a NW-SE compression vector.  
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Our field data shows almost two deformation phases, first one a ductile deformation 

related to the emplacement of the granitoid cutting the Cretaceous metamorphic sequence 

in a tectonic setting of extension in a SW-NE directions, developing stretching lineations in 

the host rocks, parallels to the NE strike foliation (Fig. 3 and Fig 4). During this phase the 

intrusion develop a magmatic fabric vertical magnetic lineations in the inner zone of the 

intrusive body, NE magnetic and structural lineations are coherent at outer borders (Fig. 3) 

as well as magnetic foliation are tectonic modified and tend to be higher at the inner zone 

and lower at borders. The second phase is developed in a brittle deformation setting, 

related to wrench faulting of the Santa Marta and Oca faults (Fig. 5) with a constant NW-

SE shortening direction.  According to our field data and AMS distribution let us to propose 

a NE-SW extensional setting in a ductile regime for the Late Paleocene to Early Eocene 

granitoid (Cardona et al, 2008 and Duque, 2009). The intrusion deformation involves the 

host rock printing a well defined NE foliation with a SW stretching (Fig. 6). 	  

 

Figure 6. Schematic out scale graphic showing the intrusion-evolution from ductile to brittle regimens for the 

Santa Marta Batholith.   
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Our data is well correlated with an extensional phase recorded in the stratigraphic 

sequence in the Plato-San Jorge Basin (Lower Magdalena Valley) (Montes et al., 2009). 

Montes et al., (2009) propose the beginning of this extension during the Late Eocene with 

normal faults related with structural trend NNW-NW (Fig. 6).  
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Chapter 5 

Rift inversion during oblique convergence insight from analog modeling   

 

1.0 Introduction 

Extensional sedimentary basins become reactivated during compression, in a convergent 

plate margins setting in response to horizontal compression. Tectonic inversion describes 

basins that have been initially controlled by extensional faults and later reactivated with a 

reverse movement during a tectonic compression (Cooper and Williams, 1989). Previous 

works related to the evolution of thrust belts and rift inversion process has been deep 

developed analog models. First works focus to orthogonal compression of elementary 

extensional fault patterns such as simple listric normal fault or tilted blocks (e.g., Koopman 

et al., 1987; McClay, 1989; Buchanan and McClay, 1991; McClay and Buchanan, 1992). 

Basin inversion experiments in oblique setting have been performed (Brun and Nalpas, 

1996; Keep and McClay, 1997 and Dubois et al., 2002). According to Brun and Nalpas 

(1996) and Gartrell et al.,  (2005) inversion along high-angle normal structures in brittle 

system a non-coaxial angle between the compressive and extensive stresses is required, 

the optimum angle for inversion close to 15º (Brun and Nalpas, 1996). Inversion can be 

occurred with higher angles even with orthogonal compression, using ductile silicone basal 

layers (Brun et al., 1994; Corti et al., 2003; Del Ventisette et al., 2006). 

 

There are nature examples where extension has been followed by tectonic inversion. In 

the northern Andean subduction margin the classic example of this process is well know in 

the Eastern Cordillera of Colombia. The evolution of this mountain chain can be 

summarize as a Jurassic to Early Cretaceous back arc basin, Late Cretaceous passive 

margin to Paleogene foreland basin which underwent tectonic inversion during Miocene 
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(Cooper et al., 1995; Sarmiento-Rojas, 2001; Cortés et al, 2006 and Mora et al., 2008; ). 

Inversion, in these cases, occurred during major changes of plate dynamics that resulted 

in modification of the stress regime affecting the continental margin (Cortés et al, 2006 and 

Montes et al, 2005). The aim in this paper is to understand and explore the mechanisms 

involved during the inversion of crustal-scale grabens in different scenarios (orthogonal to 

oblique), focus in the map-view geometry evolution (Fig .1 and 2).  

 

 

Figure 1. Diagram of the experimental sand box. The thickness of the sand and sand-silicone pack is 3 cm. 

The two glass side walls were positioned at a constant distance of 58 cm each other for all the experiments. 

 

2.0 Methods 

2.1 set up 

The modeling set up are similar to previous experiments on brittle-ductile systems 

(e.g.,Faugbre and Brun, 1984; Vendevilleet al., 1987; Davy and Cobbold, 1991) (Fig 2 and 

Fig 2). Brittle basement and sedimentary cover are represented by sandwich layering with 

a mean friction coefficient ß of 0.6 (Table 1). Ductile behavior is represented by Newtonian 

silicone putty with a viscosity of 1.90 E 5 Pa-S (Table 1). 
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Table 1. Experimental parameters for brittle and ductile materials.  

	  

Eight different scenarios in normal to oblique convergence where analyzed. Four 

experiments in brittle and four experiments in ductile regime. For every regime 

convergence variation was 0º, 15º, 30º and 45º with a constant velocity of 5 cm/h (Table 1) 

 

Figure 2. Set up experiments showing the top view and side view set up in two scenarios, Brittle and ductile. 
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In top view are the four rifts from normal to oblique (0º, 15º, 30º and 45º). Side view showing homogenous 
layering in brittle experiments and silicone-sand layering in ductile experiments.  
 

3.0 Results 

3.1 Brittle-ductile 0º 

Following the parameters reported in (Table 1) the 0º experiments in brittle regimen can be 

summarized in a homogeneous rift with two major normal faults. Red sand marker used 

during rifting (Fig. 3) let us to see that the inversion in the 0º brittle experiment is focused 

on the major normal fault. Experiments in ductile regimen shows an extensive deformation 

area around the rift zone, normal fault are more developed (Fig 3). During the compression 

the silicone (ductile layer) created a positive flower in the rift zone in a synchronous way. 	  

 

Figure 3. Brittle-Ductile experiments for 0º parallel extension-compression setting. Top view of final rifting and 

final top view of compression, cross section A-A' showing the structures after rift inversion.  

 

3.2 Brittle-ductile 15º 

The 15º experiments in brittle regimen are a continuous homogeneous rift with two major 
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normal faults (Fig. 3). Rift inversion in the 15º brittle experiment is focused on the major 

normal fault during the inversion. Ductile experiments shows an extensive deformation 

area around the rift zone, normal fault are more developed (Fig 4). During the rift inversion 

the ductile layer develop a positive flower in the rift zone, and exhumed the red sand 

market. The rift inversion occurred in synchronous phases. 	  

 

Figure 4. Brittle-Ductile experiments for 15º oblique extension-compression setting. Top view of final rifting 

and final top view of compression, cross section A-A' showing the structures after rift inversion.  

 

3.3 Brittle-ductile 30º 

The 30º brittle experiments are a homogeneous rift with two major normal faults (Fig. 5). 

Rift inversion in the 30º brittle experiment is focused on the major normal fault, but the 

inversion is divided by panels or in oblique structures, causing a diachronous inversion 

(Fig 5). Ductile 30º experiments show the extensive deformation area around the rift zone, 

with normal oblique faults (Fig 4). Rift inversion is diachronous with oblique structures 
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developing panels (Fig 5), during the oblique convergences the panel's inversion start with 

dextral strike slip component, compression and the inversion migrate to next panel (Fig. 5). 

In cross section the ductile layer develop a positive flower in the rift zone, foreland verging. 	  

 

Figure 5. Brittle-Ductile experiments for 30º oblique extension-compression setting. Top view of final rifting 

and final top view of compression, cross section A-A' showing the structures after rift inversion 

 

3.4 Brittle-ductile 45º 

The 45º brittle experiments are a constant homogeneous rift with the common two major 

normal faults (Fig. 6). Rift inversion in the 45º brittle experiment is a complex combination 

between oblique convergence and dextral strike -slip component. During the brittle 

inversion the 45º experiment develop almost three panels and in the same process that in 

the 30º experiments the inversion diachronous and after every panel inversion, migrate to 

next one (Fig 6).  

Ductile 45º experiments develop clearly oblique extensional faults around the rift zone (Fig 
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6). Rift inversion in ductile regimen develop panels (Fig 6), during the oblique 

convergences the panel's inversion start with dextral strike-slip component is diachronous 

and more evident that after every  panel inversion  the inversion migrate to next panel (Fig. 

6). In cross section the ductile layer develop the typical positive flower in the rift zone.	  

 

Figure 6. Brittle-Ductile experiments for 45º oblique extension-compression setting. Top view of final rifting 

and final top view of compression, cross section A-A' showing the structures after rift inversion.  
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