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ABSTRACT

The reconstruction of the tectonic evolution of the oceanic crust, including the
recognition of ancient oceanic plumes and the differentiation between multiple and single
oceanic arcs, relies on the paleogeographic analysis of accreted oceanic fragments found
in orogenic belts. Here we present paleomagnetic and gravity data from Cretaceous
oceanic basaltic and gabbroic rocks, the continental metamorphic basement, and their
associated cover from northwestern Colombia. Based on regional scale tectonic
reconstructions and geochemical constraints, such rocks have been interpreted as
remnants of an oceanic large igneous province formed in southern latitudes, which was
accreted to the sialic continental margin during the Late Cretaceous. Gravity analyses
suggest the existence of a coherent high density segment separated by major suture zones
from a lower density material related to the continental crust and/or thick sedimentary
sequences trapped during collision. A characteristic paleomagnetic direction in Early and
Late Cretaceous oceanic volcano-plutonic rocks, revealing a southeastern declination (D)
and a negative inclination (I), may be interpreted in two different ways: (la primary
magnetization (tilt-corrected direction D = 130.3° [ = -23.3° k=234, ags =26.4°),
suggesting clockwise rotation around 130° and magnetization acquired in southern
latitudes (range of 4°S to 21°S); or (2) a remagnetization event during a reverse interval
of the Earth’s magnetic field in the Cenozoic (in situ direction D = 128.7°, I = —6.2°,
k=231, ags=26.1°), suggesting a counter-clockwise rotation around 50°. The first
scenario seems more plausible, as it is consistent with previous paleomagnetic studies at
other localities; it is compatible with a southern paleogeography for this block, and when
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integrated with other regional geological and paleomagnetic studies, supports a southern
Pacific origin of a major oceanic block, formed as a part of a broader Cretaceous plateau
that may have extended south or southwest of Galapagos. After its initial accretion, this
block was subsequently fragmented due to the oblique SW-NE approach to the continental
margin during the Late Cretaceous.

Keywords: paleomagnetism, gravimetry, Cretaceous, Western Colombia, Caribbean
Plate

1. INTRODUCTION

Continental margins are modified by the accretion of oceanic terranes, which include
island arcs, oceanic plateaus, and/or seamounts that commonly travel from an intra-
oceanic position to reach the continental margin and cause major orogenic events and
compositional modifications to the continental crust (Cawood et al., 2009).

Whereas some of these oceanic terranes are an expression of the long term plate
tectonic evolution of convergent and divergent plate boundaries (e.g., island arcs, mid-
ocean ridge basalt - MORB), other fragments may represent the vestiges of more
catastrophic processes that record deep mantle or core-mantle instabilities that end up in
the formation of mantle plumes that are emplaced into the surface as major volcanic
provinces (Hoernle et al., 2002).

To appropriately reconstruct the tectonic evolution of ancient orogens, evaluate plate
kinematic interactions, and hypothesize about the existence of non-standard plate tectonic
instabilities that modified the oceanic crust, it is necessary to recognize the tectonic setting
of the oceanic terranes, their paleogeography, and their history of accretion to the
continental margin (Hoernle et al., 2002; Safonova et al., 2009).

Geophysical data from the Caribbean sea have suggested that its oceanic crust is
thicker than normal oceanic crust, reaching values of ca. 18 km (Case et al., 1990,
Mauffret and Leroy, 1997; Diebold et al., 1999), whereas geochemical constraints from
deep sea recovered samples have indicated that it was formed in association with an
enriched mantle source. These two types of observations have been used to suggest that
the oceanic crust was formed as part of a large igneous province linked to a mantle plume
(Sinton et al., 1998).

Similarly, the Cretaceous oceanic volcanic rocks found in the Circum-Caribbean
margins, including the Leeward Antilles and the Greater Antilles, and those exposed in
the Western Cordillera of the Colombian and Ecuadorian Andes, seem to be related to the
Caribbean plate that collided with the margins of the Americas (Kerr et al., 1997; Vallejo
et al., 2006; Hastie et al., 2008; Villagomez et al., 2011; Wrigth and Wyld, 2011; Spikings
etal., 2015).

Due to the absence of earliest Aptian to earliest Campanian seafloor magnetic
anomalies that could be used to constrain plate tectonic reconstructions (Counil et al.,
1989; Acton, 2000), the paleogeography of the Caribbean plate has been the focus of an
extensive debate between two contrasting models (Fig. 1; Pindell and Keenan, 2009). One
model claims for an in-situ origin, in which the oceanic crust formed after the separation
of the Americas in the Late Jurassic-Early Cretaceous, and was subsequently covered and
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Fig. 1. Two contrasting models for the origin of the Caribbean Plate. a) In-situ model (James,
2006, 2009); b) allocthonous Pacific derived model. Modified after James (2006). © UB-ICTJA.

intruded by an oceanic plateau formed in the same position (Fig. 1a; James, 2006, 2009).
In contrast, an alternative model considers that the Caribbean plate is allochthonous and
was formed in a southwestern position associated with a Pacific plume that migrated to its
current location, consuming the former oceanic crust that separated the Americas (Fig. 1b;
Burke, 1988; Pindell and Barret, 1990; Kerr et al., 1997).

Based on the integration of geological evidence, including comparisons of the
geological record in the continental margins of the Americas and in the accreted oceanic
terranes, tomographic interpretations of a subducted Atlantic slab under the Caribbean,
and the history of the opening of the Cenozoic Cayman ridge, the allochthonous plate
tectonic model for the Caribbean plate has gained great acceptance (reviews in Pindell
and Keenan, 2009), and it has raised new questions concerning the location of the mantle
plume that formed the oceanic plate and its connection with the Galapagos hot spot
(Boschman et al., 2014).

Gravity surveys in the northwestern Colombian Andes suggest large density contrasts.
Positive Bouguer anomaly values (+75 mGal) exist at the western flank of the Western
Cordillera (Fig. 2); this anomaly was referred by Case et al. (1971) as the “West
Colombian high”, which decreases abruptly to the east, above the Central Cordillera
(Fig. 2). Bouguer anomalies keep decreasing toward the east, not as steeply as above the
Western Cordillera, but enough to reach negative values of —100 mGal on top of the
mountain range (Case at al., 1971; ANH, 2008). These gravity contrasts are strongly
influenced by geologic units, and could be related with juxtaposed high and low density
terranes that include the accreted remnants of the Caribbean plate.

In this contribution, we evaluate gravity data and paleomagnetic results from the
northwestern segment of the Western Cordillera of Colombia (Fig. 2), where oceanic
plateau related basaltic and gabbroic crust is discontinuously exposed (Nivia, 1996; Kerr
et al., 1997; Villagomez et al., 2011; Rodriguez and Arango, 2013; Spikings et al., 2015).
These igneous rocks are covered by major siliciclastic sequences and extensive
vegetation.

Our approach is used to: (1) elucidate the regional continuity of the high density
basaltic crust that formed western Colombia (Case et al., 1971), (2) evaluate the
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Fig. 2. Geological map from the northern segment of the Western Cordillera and the western

flank of the Central Cordillera of Colombia, NW Antioquia State (modified from Gonzalez, 2001).

A-A’ is the gravimetric profile. The numbers inside the triangles represent the paleomagnetic
sampling site: 1. B-01, 2. P-02, 3. G-01, 4. P-02, 5. S-01, and 6. P-04.

paleogeography and vertical-axis rotations of the accreted basic oceanic fragments in the
Cordillera, and (3) discuss their relations with the Caribbean plate tectonic
reconstructions.

Regional gravity can be used to evaluate the plausibility of the idea of juxtaposed
terranes. In previous works, gravity anomalies were used to describe the transitions among
different terranes, by estimating crustal thicknesses (e.g., Manalo et al., 2015), or by
delineating tectonic physiographic features such as trenches, paleo trenches, arches, etc.
(e.g., Franco and Abbot, 1999). In this approach, we use a density structure, constrained
by some laboratory measurements, to fit the gravity anomalies and test the idea of
different crustal blocks.

Former paleomagnetic constraints in western Ecuador, southern Colombia and Panama
have documented widespread block rotations and northern paleolatitudinal displacement
of Cretaceous oceanic rocks, which have supported the allochthonous tectonic model
(Roperch et al., 1987, MacDonald et al., 1997; Luzieux et al., 2006; Montes et al., 2012).
In this study, new paleomagnetic results from upper Cretaceous basic volcanic and
plutonic rocks of the Barroso Formation associated with oceanic plateau and arc
environments in the northern segment of the Western Cordillera of the Colombian Andes
(Figs 2b and 3) are used to test block translation and vertical-axis rotation. These results
are included in the discussion of the Caribbean paleogeographic model.
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2. GEOLOGICAL SETTINGS

The Colombian Andes include an extensive Cretaceous record within the three main
Cordilleras that form the Northwestern Andean chain (Fig. 2). Each cordillera has
a dominant tectonic terrane (see description below) limited by regional faults that extend
towards Ecuador (Fig. 2). Those faults are considered as boundaries of major terranes that
were juxtaposed to form a single block that includes the Late Cretaceous and the
Paleogene (Restrepo and Toussaint, 1988; Restrepo et al., 2009).

The Chibcha Terrane comprises the Eastern Cordillera, the Magdalena Valley and the
eastern flank of the Central Cordillera. This terrane is characterized by the record of an
Early Cretaceous extensional basin that evolved from a continental to a marine platform
environment until it reached a state of thermally controlled subsidence and tectonic
quiescence in the Late Cretaceous (Etayo-Serna, 1989; Villamil, 1999; Sarmiento-Rojas et
al., 2006). Paleomagnetic results on several localities of Jurassic and Cretaceous rocks
suggest that the Chibcha terrane formed at southern latitudes as a part of an Early to
Middle Jurassic magmatic arc, and achieved its current position near the eastern Colombia
Llanos region in the Late Jurassic-Early Cretaceous as a result of oblique subduction
(Bayona et al., 2000).

The Chibcha Terrane is separated from the Tahami Terrane, which forms the Central
Cordillera, by the Ota-Pericos fault (Restrepo and Toussaint, 1988). The Tahami Terrane
consists of Permian-Triassic and older metamorphic basement rocks and includes
micaceous schists, gneisses and amphibolites (Restrepo et al., 2011). This terrane was also
affected by Early Cretaceous extensional tectonics, and in the Late Cretaceous was
intruded by an extensive series of arc related plutons (Nivia et al., 2006; Villagémez et al.,
2011, Spkings et al., 2016).

The Calima Terrane includes the Western Cordillera (Fig. 2), and it is separated from
the Tahami Terrane by the Romeral fault system (Fig. 2; Restrepo and Toussaint, 1988).
This terrane is mostly made of basic Cretaceous volcanic rocks intruded by gabbroic and
tonalitic plutons of Cretaceous age, which have been assigned to intra-oceanic plateau and
arc-related settings (Kerr et al, 1997; Villagomez et al, 2011). Based on their
geochemical characteristics and temporal constraints, these units have been correlated
with rocks from Western Ecuador and the Circum-Caribbean realm, and they have been
considered to be part of a single Caribbean Large Igneous Province (CLIP). This province
was interpreted as originated in a mantle plume at southern latitudes (Kerr et al., 1997;
Luzieux et al., 20006), and reached its inter-American position during the Late Cretaceous
and the Cenozoic (Vallejo et al., 2006; Van der Lelij et al., 2010; Wright and Wyld, 2011,
Villagomez et al., 2011; Montes et al., 2012; Weber et al., 2015). As the CLIP approached
the northwestern margin of South America, the collision began at some time between the
Late Cretaceous and the Paleocene, causing the deformation and juxtaposition of the
oceanic terranes against the continental margin (Villamil, 1999). The selected area for our
paleomagnetic study is in this terrane (Figs 2 and 3).

Between the Calima and Tahami terranes (Central and Western Cordillera), and along
the Cauca Valley, there are several highly deformed Lower and Upper Cretaceous
volcano-sedimentary rocks with minor plutons, middle to high pressure metamorphic
rocks, and Triassic granitoids, which are all included in the Quebradagrande and Arquia
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Complexes (Maya and Gonzdlez, 1995; Vinasco et al., 2006; Cochrane et al., 2014).
These units have been interpreted as allocthonous slivers of the Cauca-Romeral fault
system (Restrepo et al., 2011), as they are also separated by some of the major faults of
this system, and their tectonic history may be associated with the Cretaceous extension
and collisional tectonics.

The western segment of the Western Cordillera and the Pacific coastal area form the
Cuna Terrane (Fig. 2; Restrepo and Toussaint, 1988; Restrepo et al., 2009). It is made of
Cenozoic volcanic and plutonic arc rocks, a narrow and deep Cenozoic basin (Atrato
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Fig.3. Geological maps of the paleomagnetic sites: a) the Northern region near to Giraldo town.
Temporal constraints for the paleomagnetic sites in this region include the 100 Ma Buritica pluton
(Weber et al., 2015), and Early Cretaceous fossils intercalated with the volcanic rocks of the Barroso
Formation (Gonzalez, 2001); b) the Central region near Altamira town, which is temporally
restricted by the intrusion of the Late Cretaceous Altamira Gabbro with ca. 87.6 Ma (Zapata et al.,
2017); ¢) the Southern region close to Salgar town. Temporal restrictions include the presence of
Upper Cretaceous siliciclastic rocks covering the Barroso Formation and associated sediments
(Gonzalez, 2001).
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Basin), and the volcanic rocks from the Serrania de Baudé (Duque-Caro, 1990) that
include basaltic rocks of oceanic plateau origin, which have yielded Ar-Ar ages between
72 and 77 Ma (Kerr et al, 1997). This terrane is considered to be part of the Panama
isthmus and was accreted to the continental margin during the Mio-Pliocene (Duque-
Caro, 1990; Montes et al., 2015).

3. REGIONAL GRAVITY

Available gravity data (Case at al., 1971; ANH, 2008) clearly show major contrasts in
the Bouguer anomalies at the northwestern Colombian Andes. Figure 4 illustrates
a Bouguer anomaly cross-section in a W-E direction at latitude 5.8°N, and shows that the
largest positive anomalies are found over Serrania de Baudd and the western flank of the
Western Cordillera in the Calima Terrane (Fig. 2). The gravity profile indicates a positive
plateau on top of the Serrania de Baudo, with a drop over the Atrato basin (Figs 2 and 4),
where the Bouguer anomaly can reach values as low as —20 mGal; to the east of the basin,
the anomaly becomes positive again in the western flank of the Western Cordillera
(Fig. 4; Case et al., 1971). The transition from the Western to the Central Cordillera is
characterized by a further increase in the negative gravity anomaly, reaching values of
nearly —60 mGal in the vicinities of the Romeral fault system (RFS, Fig. 4); from this
location to the east, gravity anomalies become slightly more negative, but their variations
are smoother than those at the western section of the profile (Fig. 4). This gravity structure
of the northwestern Andes can be clearly associated to major contrasts in crustal
composition and is consistent with the idea of juxtaposed continental and oceanic terranes
in the area.
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Fig.4. 'W-E gravity anomalies regional cross-section at 5.8°N latitude. The thick curve indicates
Bouguer anomaly values; dashed square shows the location of A-A’ cross-section; see Figs 6 and 7.
Lithogenetic terranes and their respective faulted boundaries are mentioned and localized in the
middle part of the figure; some physiographic features (bottom) serve as geographic reference in the
region. Stars correspond to the location of the At — Atrato and Ca — Cauca rivers. WCH — West
Colombian gravity Height, U-D — Uramita-Dabeiba Suture, RFS — Romeral fault system. Location
of the cross-section is shown in Fig. 2.
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Gravity structure shows roughly an inverse correlation with crustal thickness (Flueh et
al., 1981; Yarce et al., 2014; Poveda et al., 2015): the high anomalies of the Western
Cordillera are associated with thicknesses of about 30 km, whereas the relatively low
anomalies on top of the Central Cordillera correspond to a crustal thickness of nearly
45 km. These contrasts are consistent with the idea of two main domains in the area: an
oceanic one, characterized by high values in gravity anomaly, located west of the Romeral
fault system, and a continental domain to the east, at the Central Cordillera, which is
composed of metamorphic and plutonic rocks of lower density.

4. CRETACEOUS GEOLOGY OF THE WESTERN CORDILLERA

The Western Cordillera of the Colombian Andes is made of a series of Cretaceous
elongated belts of volcanic rocks interbedded with sedimentary rocks (Gonzdlez, 2001;
Nivia, 2001; Fig.2). Volcanic rocks are mainly basaltic in composition, including
predominantly lava flows and pillow lavas, with minor tuffs (4/varez and Gonzalez, 1979,
Rodriguez and Arango, 2013). Geochemical constraints have suggested that most of the
flows were formed in an oceanic plateau environment (Kerr et al., 1997; Villagomez et al.,
2011; Rodriguez and Arango, 2013), with more limited and not yet precisely defined
volcanic-arc rocks (Rodriguez and Arango, 2013). Several gabbroic and tonalitic bodies
intrude the volcanic units, which are also characterized by plateau and volcanic arc
signatures, with U-Pb zircon ages between 100 and 87 Ma (Ordoriez et al., 2003,
Villagomez et al., 2011; Weber et al., 2015; Zapata et al., 2017).

Absolute and relative age constraints for the volcanic activity are limited and
controversial. (1) Ar-Ar ages have yielded 150, 100, 84 and 81 Ma (Gonzdlez, 2010;
Rodriguez and Arango, 2013), (2) intrusive relations with ca. 98 Ma granitoids of plateau
origin have been identified, (3) the presence of ca. 88—86 Ma oceanic arc related
granitoids has also been documented, and (4) fossils found in sedimentary rocks
interbedded with the volcanic rocks have yielded Berrasian to Aptian ages (review in
Gonzalez, 2001; Figs 2 and 3). Ar-Ar ages have been difficult to interpret since basalts are
generally low-K; the ages have relatively high errors because they have probably been
compromised by excess and/or partial argon loss, and may have experienced formation of
new potassium bearing alteration phases that will become the main argon reservoir
(Villarraga et al., 2015).

The clastic belts of the Dagua Group and Penderisco Formation include a series of
interbedded sandstone and mudstone layers that change laterally to finer-grained
lithologies and chemical sedimentary rocks (Pardo-Trujillo et al., 2002) with a Turonian
to Maastrichtian fossiliferous record (Etayo et al., 1989; Gonzdlez, 2001). These
sequences are interpreted as turbiditic deposits, and the sandy units include abundant
quartz, metamorphic lithics, muscovite and volcanic fragments (Alvarez and Gonzdlez,
1979). This association of rock fragments in these turbiditic deposits may be considered as
the record of deposition after the accretion of volcanic rocks to the continental margin.

492 Stud. Geophys. Geod., 62 (2018)



Paleomagnetic and gravimetrical study of the Western Colombian Andes

5. METHODS

5.1. Bouguer gravity and density analysis

To evaluate regional gravity anomalies, data were digitized from Bouguer total
anomalies map for Colombia, scaled at 1:2 500 000, that is available online from the
Colombian Agencia Nacional de Hidrocarburos (National Hydrocarbon Agency).
A density of 2.67 gcm™ was used to compute the Bouguer Anomaly and the terrain
correction (ANH, 2008). We generated profiles with some plausible density distributions
to calculate predicted Bouguer gravity data, using the software GravMag (Burger et al.,
2006), so that we can build a density structure that explains a gravity anomaly profile
(Burger et al., 2006).

With the purpose of obtaining an approximation to the density structure of the crust in
the study area, we collected some relatively unweathered rock samples to measure bulk
density in the laboratory. For completeness, we included samples from rocks at both sides
of the Romeral fault system, which presumably constitutes the suture zone that separates
the continental terranes to the east and the accreted oceanic terranes to the west (Restrepo
and Toussaint, 1988). For density determination, rock samples were washed and dried at
a temperature of 120°C during 12 hours; subsequently, we determined their mass. After
this step, we covered the samples in wax, to prevent infiltrations when estimating their
weight while suspended and immersed in water. Finally, we calculated density for each
sample, so that a mean and a variance could be estimated. Table 1 shows the obtained
densities.

5.2. Paleomagnetism: sampling and laboratory tests

We sampled volcanic, plutonic and sedimentary rocks at the northern segment of the
Western Cordillera, west of Medellin; a total of 71 cores were obtained from 6 sites
(Figs 2 and 3). Paleomagnetic cores were collected with a portable gas-powered drill
cooled by water and oriented in situ using a corrected magnetic compass. Samples were
taken from three major units: 1) Basaltic and pillow lavas of the Barroso Formation
composed mainly of pyroxene and plagioclase that were sampled in 4 sites (Fig. 3); these
rocks have geochemical characteristics of plateau affinity and some of them have a few
vesicles and amygdales, as well as a weak alteration to epidote, chlorite, sericite and
prehnite, which may be related to ocean floor metamorphism during emplacement
(Rodriguez and Arango, 2013; Villarraga et al., 2015; Zapata et al., 2017; Fig. 5). 2) One
site in fine-grained gabbroic rocks of the Altamira gabbro, which have Upper Cretaceous,
ca. 87 Ma zircon ages, and are composed mostly of plagioclase and pyroxene (Zapata et
al., 2017). 3) One site in interbedded mudstones of the Upper Cretaceous Penderisco
Formation.

After field sampling, 71 cores were sliced into 2.2-cm long specimens with a diameter
of 2.4 cm. Measurements of the natural remnant magnetization (VRM) for paleomagnetic
analysis were conducted in a SQUID cryogenic magnetometer (2G enterprises), with
a sensitivity of about 1 x 1078 A m~!, and in an automatic double speed magnetometer
AGICO-JR-6A, in the Laboratorio de Palemagnetismo at Sao Paulo University
(USPmag).
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Table 1. Density values of the rock samples evaluated in this study. C.C. - Central Cordillera,
W.C. - Western Cordillera.

Lat. N |Long. W AVE | gt ey

Code a. one. Rock Type Lithologic Unit Density | =" "

[°] [°] _3.|[gem 3]

[gem™]

GLR-048 | 6.567 | 75.812 Schist-Mylonite Arquia Complex 2.734 | 0.0314
GLR-049 | 6.580 | 75.800 Metagabbro Arquia Complex 2.970 | 0.0092
GLR-035 | 5.909 | 75.888 Pillow basalt Barroso Formation 2.765 | 0.0414
GLR-036 | 5.900 | 75.897 Basalt Barroso Formation 2.984 | 0.0186
GLR-037 | 5.848 | 75.916 | Sedimentary rock Barroso Formation 2.628 | 0.0185
GLR-038 | 5.848 | 75.911 Basalt Barroso Formation 2.838 | 0.0213
GLR-046 | 6.214 | 75.868 Pillow basalt Barroso Formation 2.967 | 0.0122
GLR-047 | 6.332 | 75.859 Pillow basalt Barroso Formation 2.933 | 0.0311
GLR-051 | 6.684 | 75.937 Pillow basalt Barroso Formation 2.891 | 0.0157
GLR-087 | 6.449 | 75.744 Pillow basalt Barroso Formation 2.827 | 0.0040
GLR-088 | 6.275 | 75.441 Quartz Diorite C.C. Intrusive 2.747 | 0.0143
GLR-089 | 6.302 | 75.456 Granodiorite C.C. Intrusive 2.657 | 0.0146
GLR-090 | 6.323 | 75.467 Quartz Diorite C.C. Intrusive 2.741 | 0.0139
GLR-085 | 5.973 | 75.586 Schist Cajamarca Complex 2.638 | 0.0258
GLR-086 | 6.329 | 75.690 | Gneiss-Quartzite Cajamarca Complex 2.728 | 0.0064
GLR-091 | 6.329 | 75.479 Gneiss Cajamarca Complex 2.661 | 0.0240
GLR-092 | 6.330 | 75.485 |Quartzbiotite Gneiss Cajamarca Complex 2.945 | 0.0164
GLR-045 | 6.215 | 75.875 Gabbro W.C. Intrusive 2.924 | 0.0165
GLR-039 | 5.847 | 75.908 Gabbro W.C. Intrusive 2.980 | 0.0359
GLR-033 | 6.000 | 75.807 Basalt Quebradagrande Complex | 2.961 | 0.0245
GLR-050 | 6.594 | 75.779 Basalt Quebradagrande Complex | 2.934 | 0.0074
GLR-052 | 6.447 | 75.740 Basalt Quebradagrande Complex | 2.853 | 0.0293
GLR-053 | 6.362 | 75.720 Basalt Quebradagrande Complex | 2.883 | 0.0266
GLR-055 | 6.273 | 75.787 Basalt Quebradagrande Complex | 2.871 | 0.0299
GLR-056 | 6.207 | 75.711 Basalt Quebradagrande Complex | 2.872 | 0.0143
GLR-057 | 6.201 | 75.705 Basalt Quebradagrande Complex | 2.837 | 0.0094
GLR-080 | 5.861 | 75.570 Basalt Quebradagrande Complex | 2.684 | 0.0074
GLR-081 | 5.844 | 75.578 | Basalt-Microgabbro | Quebradagrande Complex | 2.636 | 0.0066
GLR-082 | 5.841 | 75.581 | Sedimentary rock | Quebradagrande Complex | 2.670 | 0.0100
GLR-083 | 5.804 | 75.584 Basalt Quebradagrande Complex | 2.633 | 0.0242
GLR-084 | 5.717 | 75.543 Gabbro Quebradagrande Complex | 2.880 | 0.0332

A total of 85% of the samples were demagnetized with the alternating field (AF)
method, with demagnetization up to 100 mT, using a demagnetizer Molspin Ltd. The
measurement of the NRM was conducted in an automatic double speed magnetometer
AGICO-JR-6A; the other 15% of the samples were passed through thermal
demagnetization, through 14—16 heating steps from 100 to 690°C, using a TD-48 oven of
ASC Scientific. AF and thermal demagnetization data were plotted on orthogonal vector
diagrams (Zijderveld, 1967), and the magnetization components were isolated by principal
component analysis (Kirschvink, 1980). The mean direction of each site was calculated

494 Stud. Geophys. Geod., 62 (2018)



Paleomagnetic and gravimetrical study of the Western Colombian Andes

Fig. 5. Some field outcrops of sampled paleomagnetic sites; a) basaltic-volcanic rocks (Altamira
region), b) basaltic and pillow lavas-volcanic rocks (Altamira region), ¢) pillow lavas-volcanic rocks
(Giraldo region). See Figs 2 and 3 for the corresponding locations.

using a statistical method on a single sphere (Fisher, 1953). The results should be reported
as follows: mean direction, a measure of dispersion K, and a5 confidence interval.

Thermal demagnetization of three- component isothermal remanent magnetization
(IRM) (Lowrie, 1990) was used to reveal the unblocking temperature of the magnetic
minerals. Three different fields were applied to x, y and z axis (0.12, 0.6 and 2.7 T,
respectively) in a 755-4K magnetizer (2G Enterprises). A representative core from each
site was used for identification of the main magnetic carriers. Low (6 samples) and high
temperature (6 samples) thermomagnetic curves were carried out in a CS3 furnace
coupled with a KLY-4S Kappabridge (AGICO); because magnetite or other minerals
could oxidize due to experimental heating, the process was carried out in an argon
atmosphere, later corrected for the susceptibility of the empty furnace.

6. RESULTS

6.1. Density structure and gravity signature
of the Western Cordillera

Results of laboratory density analysis yield a density range from 2.63 to 2.98 g cm™3.
Rocks from the Barroso Formation, which represent the bulk of the oceanic plateau that
has been related to the CLIP, are the ones that yield the highest density, with an average
value of ~2.86 gcm™3; rocks to the east of the Romeral Fault Zone, such as those
belonging to the Triassic and older metamorphic rocks of the Central Cordillera, and the
more recent intrusive bodies (Tahami Terrane), yield average bulk density values of
nearly 2.74 and 2.72 g cm™3, respectively (Table 1). The density of those rocks that
constitute the basement of the Calima and Tahami terranes decreases from west to east
across the study area. Rocks from the Arquia and Quebradagrande Complex, which are
closely associated with the Romeral Fault Zone, and might be considered as independent
terranes, also show average densities slightly lower than rocks from the Barroso
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Formation, with values of ~2.85 and ~2.81 g cm™3, respectively. Even though these
densities were measured in samples collected at the surface, they should constitute
reasonable estimates for the bulk density of the crust, as our obtained average values are
very similar to the mean crustal densities deduced by Christensen and Mooney (1995)
from seismic velocities.

Taking into account the measured densities, we built a W-E oriented cross-section in
which the crust is composed of 1 km wide vertical bars of a single plausible density
(Fig. 6, Section A-A’ from Figs 2 and 4), whose roots reach Moho depths. We constrained
crustal thicknesses using results from Poveda et al. (2015) and Flueh et al. (1981), trying
to fit the published Bouguer gravity anomalies (ANH, 2008). The predicted gravity was
calculated using the software GravMag (Burger et al., 2006); we forced the densities to be
within the interval of those measured in the laboratory, looking for a structure that fits the
data reasonably well; at both ends of the profile we also forced the gravity to be the
observed one, by assuming masses to the east and west of A-A’ with densities and
thicknesses similar to those included in the cross-section. For the calculations associated
with Fig. 6 we did not put any constraints on specific geological units or lithological
boundaries from previous maps; the represented configuration shows a density structure
that fits the data with a root mean square (RMS) of 0.53 mGal; the high density units are

Central Cordillera A

Observed ———

Calculated —«——
-45 \

Cauca river

A Western Cordillera

Bouguer Anomaly
[ mGal ]

0
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20 2.0 33500 8 S 81
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[ Ea— A E— |
0 10 20 30 40 km

Fig. 6. A-A’ profile at 5.8°N. Numbers between columns in the bottom part indicate bulk density

values in g em™3 for each block. Root mean square of the difference between the calculated and
observed Bouguer anomaly is 0.53 mGal. Location of the A-A’ cross-section is shown in Fig. 2.
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to the west of the Romeral fault system, and a lower density crust should exist to the east
of this feature. We should emphasize the fact that a crustal signal, with very realistic
densities and some Moho depth constraints, is enough to fit the airborne Bouguer gravity
data. At this latitude, there is no evidence of a high angle West to East subduction, and
seismological data supports the idea that in the study area such subduction should be flat
(Chiarabba et al., 2016; Syracuse et al., 2016), so the inhomogeneity that generates the
observed gravity anomalies should primarily be in the crust.

Figure 7 takes the same cross-section as in Fig. 6 (Section A-A’ from Figs 2 and 4)
and fits the gravity using densities similar to those determined in the laboratory, but
considering only five units of uniform density that correspond to the main geological units
that are thought to constitute the bulk of the crust. The approximate boundaries between
units were taken from available geologic maps (Hall et al., 1972; Gonzalez, 1980,
Gonzdlez, 2001). The boundary between the Barroso Formation and the Arquia Complex
is covered by a relatively thin sedimentary layer included in the Amaga and Combia
formations that may reach 2 km (Gonzdlez, 2001), so we infer an approximate limit from

i
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Fig. 7. Geological column-type model for A-A’ profile at latitude 5.8°N. Root mean square of the
difference between the calculated and observed Bouguer anomaly is 1.29 mGal. Location of the A-
A’ cross-section is shown in Fig. 2.
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a nearby latitude. It is noteworthy that the gravity anomaly can be fitted well (RMS of
1.29 mGal) with such a simple crustal structure, so the idea of juxtaposed terranes of
different nature in the northwestern Andes results a plausible hypothesis according to the
gravity signature.

6.2. Paleomagnetic results
Magnetic mineralogy

The IRM thermal demagnetization (Lowrie, 1990) gave variable results in the samples
analyzed from the six sites (Fig. 8). The soft fraction of the gabbro and basaltic rocks
reveals an unblocking temperature of 580°C, indicative of magnetite (Fig. 8a—e). The hard
and medium fractions of the basaltic rocks from sites B-01, P-01, P-02, and P-04 are
characterized by distinct unblocking temperatures, one about 350—400°C, which is
characteristic of maghemite or titanomagnetite, and the second one at 580°C, which
suggests magnetite. The soft fraction in the mudstones of site S-01 shows an initial
unblocking temperature of 400°C, that suggests the presence of maghemite, and a second
unblocking temperature of 570°C that can be associated to magnetite (Fig. 8f); the hard
and medium fractions in the same site show an unblocking temperature of 250°C,
suggestive of the range of titanomagnetite between 150 and 350°C and a second
temperature below 580°C, corresponding to magnetite (Fig. 8f).
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Fig. 8. Thermal demagnetization of the three-component /RM according to the method of Lowrie
(1990) for the specimens of each site: a)—d) volcanic rocks, e) gabbroic rock, f ) mudstone.
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Low-temperature susceptibility analyses in most of the sites show a dominant
ferromagnetic behavior, mainly magnetite as indicated by a well-defined Verwey
transition at around 120 K (Fig. 9). Sites B-01, P-04, and G-01 also show a weak
paramagnetic contribution (Fig. 9a,c,d). Site P-02 does not show the Verwey transition
(Fig. 9b). Thermomagnetic curves during heating up to 700°C were measured to complete
the magnetic mineralogy identification. The processes were conducted in a free oxygen
environment; new phases were formed at high temperatures (G-01 and P-02). The heating
curves show the main decay at around 600°C, confirming magnetite as the dominant
magnetic mineral (B-01 and P-04). In general cooling curves show irreversible curves due
to mineral changes produced by experimental heating.
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Fig.9. Temperature dependence of normalized (left) and absolute (right) values of magnetic
susceptibility (x) of four representative samples: a)—c) volcanic rocks, d) gabbroic rock.
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Paleomagnetic directions

The sedimentary site S-O1 is characterized by a chaotic behavior during the
demagnetizing steps, and therefore it is not possible to uncover a reliable paleomagnetic
direction. Paleomagnetic directions at the other five sites show two components (Fig. 10).
A weak paleomagnetic component between 0 to 10 mT (site G-01 in Fig. 10) was
considered a viscous magnetization and therefore was not used for analysis. The
characteristic magnetization component (ChRM) was isolated at 30—70 mT (Fig. 10)
showing good within-site consistency as indicated by the 95% confidence interval (Fisher,
1953) a5 values ranging between 8.3° and 14.3° (Table 2, Figs 10 and 11).

The three sites of the Altamira area (two lavas from the Barroso Formation and one
Gabbro from sites P-01, B-01 and G-01, Fig. 3b) yielded southeastern directions (in-situ
mean direction D = 128.7°, [ =—6.2°, k= 23.1, ay5 = 26.3°, where D means declination, /
is inclination, and k is the Fisher (1953) precision parameter) that after tilt correction
shows negative inclinations (tilt-corrected mean direction D = 130.3°, [=-23.3°
k=234, a95=26.1°). The tilt-correction test of the mean paleomagnetic direction of
these three sites is not significant to document the timing of magnetization (Fig. 11). The
weak variation in k and ays values after tilt correction together with the limited number of
reliable sites, do not allow to discriminate the timing of magnetization in relation with the
deformation.

Sites P-02 and P-04, from the Salgar and Giraldo regions, respectively, also show
southern directions, but differ significantly from the mean direction estimated in the
Altamira area. Since they are single sites from different areas we will not use them for
paleolatitudinal or rotation analyses. Furthermore, both sites are located near major fault
zones and may be affected by local tectonic disturbance.

Rotation values respect to the stable South America craton were evaluated according
to Demarest (1983), using the reference South America paleopoles listed in Torsvik et al.
(2008) (Table 2). The 90—-100 Ma age interval does not record significant rotations for the

Table 2. Paleomagnetic results of Late Cretaceous rocks from Western Cordillera. N: number of
samples measured for directions, n: total samples from the site. Bedding is determined using the dip-
direction/dip convention (* overturned strata). K: the Fisherian precision parameter, ags: the radius
of the cone at the 95% confidence level with respect to the mean direction (Fisher, 1953).

In-Situ Tilt

Lon§.W LaE.N Age | N |n |Bedding Corrected a9s
[’ [°] [°]
D 1 D 1
B-01| Barroso |75.8614(6.2192| >90 | 6|11| 94/24 (139.1 8.8 139.0] —8.3(25.50|13.5
P-01| Barroso |75.8623 (6.2150| >90 |10 (14| 160/15 |128.9] -10.3 [126.5(-23.0 |34.65| 8.3
P-02| Barroso |75.8869 [5.9087| >90 |11 (13|340/51*|236.9| 5.1(254.2|-13.3|13.08|13.1
P-04| Barroso |75.9411 (6.6863|>100| 9 (12| 7/11 |158.0] 23.9 |154.9| 33.4(13.96|14.3
G-01| Altamira |75.8798 |6.2117| 89.8 | 8|11| 94/24 (117.9|-16.8 |123.6|-38.3 [24.58|13.8
S-01 | Penderisco | 75.9406 |5.8235|70-80| 0 |10| 235/70

Pole 100 Ma (Torsvik et al., 2008): Longitude 312.7°E, Latitude —85.5°N, ag5 =4.1°

Site | Formation
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stable South America craton (Zorsvik et al., 2012), and the expected direction in the
Altamira area is D =358° and /=4.5°, which is very similar to the present-day dipole
direction: D =0.0° and /= 12.3° (Fig. 11).

7. DISCUSSION

7.1. Crustal structure

Variations in crustal thickness, with values around 30-35 km beneath the Western
Cordillera and greater than 42 km beneath the Central Cordillera (Flueh et al., 1981;
Poveda et al., 2015), together with a gravity signature characterized by a less dense
continental block to the east of the Romeral Fault Zone (Tahami Terrane) in the Central
Cordillera, and an oceanic, denser, terrane to the west, represented mainly by the Barroso
Formation (Calima Terrane) in the Western Cordillera, support the idea of different
tectonic terranes with different geological histories.

In Fig. 6 we proposed a density distribution with a Moho depth that fits the airborne
gravity anomalies. We did not intend to make an image of the crust, but to evaluate the
plausibility of different crustal blocks of distinct nature; the fact that the gravity data is
reasonably well reproduced by this density distribution supports the concept of accreted
terranes. The transition from the oceanic domain in the west to the continental one in the
east occurs across the Arquia and Quebradagrande Complex, which are relatively narrow
(less than 40 km wide) and clearly associated with the Romeral Fault Zone.

West of the study area (western locations of cross-section X-X’ in Figs 2 and 4), the
continuity of the positive gravity values between the Serrania de Baudé and the Western
Cordillera is disrupted by a low gravity anomaly over the Atrato Basin, that is related to
the presence of a thick sedimentary sequence (Case et al., 1971; Duque-Caro, 1990),
which may be associated with a suture zone (The Uramita Fault, associated to the Dabeiba
Suture) that separates the continental margin from the Panama block that was accreted in
the Late Neogene (Duque-Caro, 1990; Montes et al., 2015). This idea was proposed by
Restrepo and Toussaint (1988) using purely geological arguments, but we speculate that
the gravity low is directly related with such a suture.

The continuous character of the gravity high west of the Atrato Basin, where the
Barroso Formation is exposed along the axis and the eastern flank of the Western
Cordillera, also suggests that this block may represent a coherent tectonic fragment.

7.2. Paleogeographic constraints

Regional scale tectonic and paleogeographic reconstructions for the Northern Andes
and the Caribbean realm have suggested that most of the oceanic volcanic rocks that are
exposed in the western Andes of Colombia, Ecuador and the Antilles, as well as the
Caribbean oceanic plate, were formed as a single oceanic plateau (Fig. 12). Those
volcanic rocks grew either in-situ over the oceanic lithosphere formed by the separation of
the Americas in the Middle Mesozoic (James, 2006, 2009; Fig. 1a), or as a part of the
Pacific Plate that migrated from southern latitudes near Galapagos or further west to
achieve its current position in the Cenozoic (Pindell and Keenan, 2009; Fig. 1b). These
models have been reconstructed from the identification of a thick Caribbean oceanic crust,
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Fig. 12. Cretaceous Paleogeographic model for the Northern Andes and the Caribbean, including
the southern latitude obtained in this contribution (Boschman et al., 2014 and Weber et al., 2015);
paleolongitude is speculative. The star represents the mean direction found in this study at 100 Ma.
CLIP: Caribbean Large Igneous Province.

and the geochemical and temporal features of the volcanic rocks exposed at the bottom of
the Caribbean Sea and its margins (reviews in Pindell and Keenan, 2009).

Whether the origin of this volcanic province is linked to a plume or a plate tectonics
dominated scenario is a fundamental question (Hastie and Kerr, 2010; Serrano et al.,
2011). However, the major controversy on the origin of the Caribbean plate has been its
paleogeography (Pindell and Kennan, 2009). Currently most researchers considered the
allochthonous model as plausible, as it appropriately explains the contrast in the
geological record between the margin of the Americas and the accreted oceanic fragments
that limit the Caribbean oceanic crust (active vs passive margin or shallow vs deep marine
conditions), as well as the existence of geophysical evidence of a long Atlantic slab under
the Caribbean crust (Pindell and Kennan, 2009; Bezada et al., 2010, Boschman et al.,
2014).

Given the lack of sea floor magnetic anomalies to constrain plate tectonic
reconstructions, the paleogeography of the Caribbean Plate inevitably remains an open
question (Counil et al., 1989; Acton, 2000). Recent reviews compiling regional geological
data that try to fit the different magmatic, sedimentary and metamorphic record on the
Circum-Caribbean and Northern Andes, have suggested that the Caribbean plate was
formed farther south, but in a western position unrelated to the Galapagos hot spot
(Boschman et al., 2014).

We have obtained paleomagnetic results on three sites of volcanic and plutonic rocks
in the northern segment of the Western Cordillera of Colombia, which based on their
compositional characteristics, have been related to the Cretaceous oceanic plateau that
experienced the superposition of an intra-oceanic arc setting (Kerr et al., 1997; Rodriguez
and Arango, 2012; Zapata et al., 2017). Age constraints for the sampled sites, which
might be used for paleolatitudinal analysis include: 1) the 87 Ma crystallization ages of
the sampled gabbroic body (Fig.3b), 2) Berriasian to Albian fossil ages in the
interstratified sediments (Gonzalez, 2001; Pardo-Trujillo et al, 2002; Fig. 3a,c),
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and 3) a ca. 100 Ma age from a tonalitic intrusion in the northernmost sites. These three
pieces of evidence suggest that the sampled lavas are older than 87 Ma.

Taking into account that the tilt-correction tests do not allow to document the timing
of magnetization in relation with deformation, we discuss two possible scenarios for the
obtained paleomagnetic directions in the Altamira area: 1) the characteristic magnetization
component (ChRM) represents a primary magnetization acquired in southern
paleolatitudes during the Cretaceous normal superchron (83 to 126 Ma), expecting
a northern declination and a negative inclination; or 2), the CARM is related to a secondary
magnetization event in northern paleolatitudes in a reverse interval of the Earth’s
magnetic field in the Cenozoic, expecting a southern declination and negative shallow
inclination. As discussed below, we consider that the first scenario agrees with the Pacific
origin of the Caribbean plate.

For the first scenario, since primary magnetization must have been acquired during the
Cretaceous normal superchrom, negative inclinations found at the sites in Altamira is
consistent with magnetization recorded in southern latitudes. An allochtonous origin with
later accretion and additional dextral strike-slip deformation could then be responsible for
the negative inclinations with southern declinations (tilt-corrected direction D = 130.3°,
1=-23.3° k=234, ag5=26°). The calculated paleolatitudinal values varied between
21°S and 4°S, with a mean of 12°S, which is south of Galapagos, and therefore consistent
with a southern Pacific position of this block in the Late Cretaceous (Fig. 12).

Other paleomagnetic studies carried out in volcanic rocks of oceanic origin and related
to these oceanic accreted terranes have yielded similar conclusions. The formation of the
Caribbean plate in paleolatitudes to the south of its present position has been constrained
by previous paleomagnetic studies. 1) The Western Cordillera of Ecuador, in the
Pallatanga block, that is characterized by an oceanic plateau origin and a Caribbean plate
affinity (Roperch et al., 1987; Mourier et al., 1988; Luzieux et al., 2006; Vallejo et al.,
2000), 2) the southern segment of the Western Cordillera of Colombia, south of our
sampled localities (Estrada, 1995; MacDonald et al., 1997), 3) Panama (Montes et al.,
2012), 4) the Leeward Antilles (Stearns et al., 1981), and 5) in the Colombian basin
(Acton, 2000). Therefore, the hypothesis of the origin in southern paleolatitudes of basalts
and gabbros exposed in the northern segment of the Western Cordillera of Colombia
(Fig. 3b) is plausible, although a much larger paleomagnetic database is needed for
a conclusive answer.

Once the Caribbean oceanic plateau, including the Colombian basalts, was formed in
southern latitudes, a new subduction zone seems to be established at its margins, as
suggested by the presence of tonalitic bodies and gabbros (such as the Altamira Gabbro,
Buga and Sabanalarga Batholiths) with ages between 87 Ma and 80 Ma (Ordoriez et al.,
2011; Pindell and Kennan, 2009; Villagomez et al., 2011; Wrigth and Wyld, 2011; Weber
et al., 2015; Whattam and Stern, 2014; Zapata et al., 2017; Figs 13 and 14). This block
began its approach to the continental margin until it collided by 70—75 Ma, as suggested
by the exhumation history of the margin and the major changes in the sedimentary
patterns of the eastern basins of Colombia and Ecuador (Villamil, 1999; Vallejo et al.,
2006; Villagomez et al., 2011; Spikings et al., 2016; Zapata et al., 2017). During the
accretion, some remnants of the oceanic arc and plateau crust were extensively deformed,
forming a greenschist facies mylonitic belt (Guiral-Vega et al., 2015).
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Although our results are still limited, the paleolatitudinal record found in Caribbean
and Northern South American sites (Stearns et al., 1981; Estrada, 1995; Acton, 2000,
Luzieux et al., 2006, Montes et al., 2012; Boschman et al., 2014), the size of the thick
Caribbean plate and the accreted fragments in the Northern Andes and the Caribbean
Antilles is compatible existence of a broad plateau province. The apparent coherence of
the high-density block with lack of positive anomalies inferred from the gravimetric
results in the northern segment of the Western Cordillera of Colombia also suggest that
this fragments may be part of a single plateau unit.

7.3. Block rotation constraints

Paleomagnetic results also document major rotations, either 130° clockwise
(scenario 1) or 50° counter-clockwise rotations (scenario 2). In both scenarios, the rotation
pattern can be associated with the Romeral strike-slip Fault (Fig. 2), and the counter-
clockwise rotations patterns into a predominantly dextral shear can be explained by
a discontinuous model (Garcia and Jiménez, 2016). According to Hernandez-Moreno et
al. (2014), different geometric models have been proposed to explain the pattern of
deformation and vertical-axis rotation in strike-slip fault zones. Depending on block size
and shape, and the rotation pattern, models can be subdivided into three main groups,
called discontinuous, continuous, or quasi-continuous models (Hernandez-Moreno et al.,
2014).

The rotation pattern in the first scenario means rotations >90° (Fig. 13). In this
scenario, the clockwise rotations (approximately 130°) are related to a complex kinematic
setting associated to the accretion and additional dextral strike-slip deformation between
oceanic and continental crust. Deformation and vertical axis rotations are related to
a quasi-continuos model (Fig. 13a). Similar clockwise block rotations of ca. 90° and
northern translation have also been documented in the Western Cordillera of Ecuador
(Luzieux et al., 2006). MacDonald et al. (1996) documented 30° of clockwise rotation in
Late Miocene porphyritic intrusions in the Cauca valley within the Romeral fault system,
which are located immediately to the east of the sampled localities. Although a precise
timing of the suggested block rotation cannot be guaranteed, the more extensive rotation
recorded in the sampled Cretaceous rocks is compatible with the existence of pre-Miocene
events related to the plateau collision. In the alternative scenario, the counter-clockwise
rotations can be related to secondary faults formed in a discontinuous model during the
Cenozoic (Fig. 13b).

8. CONCLUSIONS

Gravimetric and preliminary paleomagnetic constraints from the northern segment of
the Western Cordillera of Colombia suggest the existence of a coherent high density block
of Early to Late Cretaceous that was formed at southern latitudes in the Pacific as part of
an oceanic plateau and intra-oceanic arc that was subsequently accreted, dismembered and
rotated along the continental margin. This block is part of a broader province that includes
the southern segments of the western Colombian and Ecuadorian Andes and formed
amajor Cretaceous large igneous province that can be related to the Caribbean plate,
whose inception between the Americas was responsible for the initiation of the Andean
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a) Hypothesis 1: b) Hypothesis 2:
Primary magnetization Remagnetization
with clockwise rotation with counter-clockwise rotation
N N
180° 180°
Quasi-Continuous Model Discontinuous Model

Fig. 13. Kinematic models of strike-slip fault or shear zones and the relationship with the sense
and amount of vertical rotations; a) quasi-continuous model: small-block model to explain
clockwise rotations (> 90°) (scenario 1), and b) discontinuous or discrete model: conjugate set of
bounding faults into a strike-slip domain to explain counter-clockwise rotations (scenario 2). In both
scenarios, rotations are related to the dextral strike slip Romeral Fault system. Arrows represent
rotations and dashed lines represent the unrotated magnetization direction. (Redrawn from
Hernandez-Moreno et al., 2014).

orogeny. Paleomagnetic data acquired in this study suggest that the Cretaceous of the
Western Colombian Andes has the potential of being evaluated with paleomagnetic
methods. A more detailed and systematic paleomagnetic study in structurally- and age-
constrained oceanic volcanic and sedimentary rocks in this region are necessary for
a more precise and reliable reconstruction.
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