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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. Ferromagnetic minerals record the ancient direction of the earth’s
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°t9° 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 Bocon6 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 0°, 15°, 30° and 45°. The
brittle experiments show a rift inversion located in the principal normal fault plane. During
the 45° 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 30°

and 45° 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



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°t+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 Bocond
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).
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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 = Perija
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 = Boconé 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-Chocé 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 Bogot4, to NE, north of Bogota,

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 (Larrasoana 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
are called “oroclines”; the paleomagnetic declinations change following changes in thrust
and fold-axis trend with a perfect correlation (Fig. 2b). Progressive curves are those where

rotations and thrusting occur simultaneously (Fig. 2c).



S, Reference strike

D, Reference direction

S,-S Deviation in regional strike from reference strike

D,-D Deviation in declination from reference direction
- |deal slope = 1 expected for a perfect orocline

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 =
Boyaca Faut, S-P Fault = Soapaga-Pesca Fault.. Cross section A-A’ (modified from (Mora 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 Farallén
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 (Bermudez et al.,, 2010), and are considered the result of strain
partitioning and tectonic escape mainly related to the right-lateral shear occurring along
the Bocond 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 Bocon6 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, Bogota, 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
Concentracion 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 (Tilatd 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-Pefia, 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 Perija 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 30° 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°£12°
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

Geographic coodinates In situ tilt-corrected
Area Unit Longitude Latitude Age D (deg) | (deg) k a9s D (deg) | (deg) k a95 Rotation
[Bayona et al, 2010)
Guatapuri 73.7 10.1  Triassic-Jurassic 8.2 1.9 25.68 13.5 8.8 8.3 24.71 13.7 12+ 143
Santa Marta massif  Gyatapuri -Los )
B, 729 10.9  Jurassic 244 -5.3 33.02 6.1 204 -18.2 46.9 5.1 17 +12.8
(Bayona et al.. 2006a]
Jordan 73.15 7.25  Jurassic 151 -5.2 10.7 133 353.6 =271 15.0 1.1
Bucaramanga
Giron 73.07 6.97  Jurassic-Cretaceous 9.0 13.3 293 144 1.7 218 291 14.4
Floresta massif Girén-Tibasosa 72.79 6.06  Jurassic-Cretaceous 353.1 -14.8 128 222 352.6 14.8 33.0 13.5
Saldana 75.41 3.84  Triassic-Jurassic 175.2 15.2 16.0 14.3 178.9 203 145 15.1
Upper Magdalena :
Yavi 74.96 3.46  Aptian 55 -5.4 346 104 52 6.2 40.2 96
[Bayona et al., 2006b]
Cerrejon mine Hato Nuevo-Manantia  72.80 11.00 Cretaceous-Paleocene 357.7 26.9 413 8.7 86 456 343 96
. Mito Juan-
Rio Loro catatumbo-Mirador 71.85 8.41  Cretaceous-Paleocene  359.3 281 228 74 359.9 -18.1 14.1 71
Lower and Upper 3
Cosgua Socha- Cocentracién 72.78 5.95 Paleocene 359.7 17 66.9 45 21 21.6 337 6.4
[Castillo et al., 1991]
La Quinta 7.8 8.1 Jurassic 172.8 -15.2 38.7 56 182.8 -17.4 36.2 5.8
i La Quinta 718 8.1 Jurassic 352.1 16.1 39.1 6.4 3516 0.1 51.7 5.6
Mérida Andes
La Quinta 75 78 Jurassic 356.2 -49.7 356 6.5 31 59 41.9 6
Rio Negro 75 7.8 Cretaceous 172.9 -7.9 744 6.5 170.4 -20.5 743 6.5
[Gose et al. 2003]
Perija range several units 72.70 10.50 Jurassic-Paleocene 474 26.1 146 124 50 + 12
[Jiménez et al., 2011]
e 193 37 17.34 1.9 285 348  19.04 14 317:144
Upper Magdalena Saldana 251 75.57 2 336.4 -1.52 534 176 12 28.9 16 95 152:114
Jurassic 8.1 6.3 614 138 13.8 =27 614 1.8
[MacDonald et al, 1996]
Ingruma Andesite 13.0 -24.6 124 19.8
p Clavijo Andesite 3.0 83.7 9.7 259
Western Cordillera 54 -75.6  Neogene 30.0
Intrusive? 327.0 0.0
Intrusive? 355.0 14
[MacDonald and Opdyke, 1984]
Guatapuri 73.7 10.1  Triassic-Jurassic 24 36.4 208 76 47.2 26.7
Santa Marta massif
Los Clavos 734 10.4  Jurassic 3446 347 291 351.2 413 211
[MacDonald and Opdyke, 1972]
290 -3.1 47 39.6 2736 -5,2 70,2 8.1
87.8 -11.3 175.6 7.0 89,6 7.8 169.1 71
238.9 26.7 1.9 79.2 2479 279 598.7 31
2433 294 143 198.3 2324 10,1 15,9 173
Ilgsgure—La Totm 71.86 11.78  Jurassic
295.9 -5.8 816 75 2915 -157 823 74
2479 -18.5 1.9 68.1 268,1 -2,0 765.4 28
2457 <248 434 10.3 2494 -214 3528 36
2483 216 24 55.7 2424 -28 16,5 19,4
315.6 458 1.8 57.6 3375 61.8 238 379
Guaii Siapana Diorita 2336 534 1.2 262.5 531 21 511
uajira
’ 71.32 12.08 Paleozoic-Early-Triassic  359.9 436 14 251.2 69.2 21 53.1
300.8 -8.3 27 38.7 264.2 -38.2 4.2 30.8
Siapana dikes
289.1 28.3 15 74.3 2451 -62.6 3.1 376
1.5 276 6.2 263 329.7 444 5.3 28.7
Parashi diorite
241.0 28.3 14.5 16.4 239.3 281 236 12.6
3238 23.8 3.2 306 297.6 40.6 123 13.5
71.68 12.25 Eocene 256 36.6 47 26.5 264.3 443 7.2 20.5
Parashi dikes 466 33.6 52.5 6.7 56.8 339 27 94
103.7 13.7 9.9 18.5 91.1 57.2 121 16.6
18.0 286 20.7 15.1 3454 375 55.2 9.1
[Maze and Hargraves,, 1984]
La Quinta 725 10.3  Jurassic 323 -2 284 319 9 35.9
Perija range La Quinta 725 10.3  Jurassic 3N 0 36.1 309 3 35.7
La Quinta 725 10.3  Jurassic 354 36 104 6 27 16

The geographic coordinates are referred to WGS84 datum. D and I, in situ and ttilt-corrected declination and inclination values respectively. K and a95 statistical parameters.

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 Bogota, the second is in the hanging-wall of the Boyaca Fault,
and the third is in the hanging-wall and footwall of the Soapaga-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 -6° to -8° during 2010 according to NOAA's National Geophysical Data Center,
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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susceptibilities) indicated as kmax = kint = kmin (or k1= k2= k3). The AMS parameters at
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

evaluated by Fisher’s (1953) statistics.

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 x 10-6 Sl (197 x 10-6 Sl, on average). The low susceptibility values (below 200
x 10-6 Sl 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).

Eastern Cordillera

180 180

0 270 90 270 90

180 180

N Cucuta N N
|}
270 90 270 ™ 0

kmax @ kit A Kmin @

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 Janak,
1976). Only in six Cretaceous-Paleocene sites, the AMS ellipsoid is prolate (T comprised
between -0.015 and -0.353, Table 2). In addition, the low values of the P’ parameter
(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
“‘pencil-like” magnetic fabric (T= -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 S, 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.

Kmax Kmin
Site Formation Tongitude "W _Latitude "N Aze Bedding (deg) N Km T [ T > D) ) <12 () D) () 12 ()
Eastern Cordillera

Mo4 Tilata 73342689 5.530168 Miocene 38126 i 133 1003 1.015 0.682 L019 1024 1S 436 738 207
cn Rosa Blanca 32 7 16.1 Lo12 1.017 0.168 1030 162 104 9.5 65.6 138
ci4 Rosa Blanca 818 90.7 1,003 1.016 0.694 1020 1526 08 157 856 58
cis 505 152 1014 1.039 0476 1055 415 129 153 75.9 233
c16 Paja m 1260 1028 1.055 0317 1.087 30.1 58 37 525 12
c7* 5/5 2520 Lo13 1.006 0.353 1020 3210 417 72 418 104
cis Paja 6/6 2560 1.007 1.005 0.183 L012 1986 44 5.1 59.0 150
P20 Guaduas i 130.0 Lo1s 1.017 0.024 1.036 3504 129 10.1 343 144
24 Bogoti 915 4.517505 Lowe 247 1010 5440 1032 1.042 0132 1076 3593 9.0 57 27 90
30 Lodolitas de Fusagasuga 4411320 3 1212 1910 1012 1.012 0.015 1025 198.2 126 59 69.6 140
ci21 Rosa Blanca 6888979 Low s 32522 10410 1520 1.007 1.007 0.025 Lo14 305.1 17 321 79.9 382
c12 San Gil 6.021034 30025 1010 89.0 1.003 L018 0.724 1.023 3342 1.5 69.3 772 39.6
C123 San Gil 6.021034 300125 5/5 737 Lon 1.037 0.530 1051 262.6 135 355 69.2 17.9
c124 San Gil 6015778 25 1313 1280 1015 1.052 0547 L071 2159 357 70.1 170
c12s Churuvita 6046642 213 1212 1440 1016 1.009 -0.282 1.026 148.1 108 264 352
c127 Fomeque 5.49 3 1415 259.0 1012 1.030 0432 1043 162 1.1 633 65
cis Fomeque 1314 2350 1033 1.044 0.140 1078 92 69 512 65
c129 10110 463 1,008 1.027 0526 1037 1829 467 586 198
c130 2901489 9/10 130.0 1012 1.050 0.587 1067 195.6 65 642 95
P131 Guaduas 555 682 1.021 1.009 -0.408 1031 219.6 174 60.4 27.0
C134 10110 752 1.003 1.032 0.808 1.039 49.7 420 785 156
c13s 1313 517 1.002 1.014 0.699 L018 352.9 468 55.6 158
€137 99 606 1019 1.042 0378 1.063 2136 457 752 202
E138 1414 420 1.003 1.004 0240 1.007 199.0 358 36.6 226
P139 i 963 1,005 1017 0504 1023 326.6 215 419 16.1
c1s2 93317 s 57 6/6 328 1.006 1.046 0.780 1.056 2304 326 349 83
Cucuta

clo2 Catatumbo 72681961 7905744 s 9533 1213 