
The Geology of Colombia book provides an updated background 
of the geological knowledge of Colombia by integrating the most 
up–to–date research covering paleontology, biostratigraphy, sed-
imentary basin analysis, sedimentology, sequence stratigraphy, 
stratigraphy, geophysics, geochronology, geochemistry, thermo-
chronology, tectonics, structure, volcanology, petrology, environ-
mental science, climate change, and space geodesy.

Each chapter has a complete framework of a major branch of ge-
ology providing an invaluable resource for geologists interested in 
the geological history of Colombia.

The second volume has fourteen chapters presenting the geolog-
ical history of Permian – Triassic magmatic rocks of the northern 
Andes, Late Triassic – Jurassic magmatism, Jurassic magmatic arcs 
in northwestern Gondwana, the petrological nature of the Dunita 
de Medellín, oceanic tectonostratigraphic terranes in Colombia, 
evolution of the tropical biome, the Cretaceous back–arc basin, 
Barremian marine strata, plesiosaurs and palaeoenvironments of 
the Paja Formation Lagerstätte, and Cretaceous subduction events 
in the Central Cordillera.

Other volumes in The Geology of Colombia book
Volume 1: Proterozoic – Paleozoic
Volume 3: Paleogene – Neogene
Volume 4: Quaternary
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The Permian – Triassic History of Magmatic 
Rocks of the Northern Andes (Colombia  
and Ecuador): Supercontinent Assembly  
and Disassembly

Richard SPIKINGS1*  and Andre PAUL2 

Abstract Northwestern South America and its conjugate margins record the Permian 
assembly of Pangaea, its Triassic fragmentation and opening of the proto–Caribbean 
ocean, and the onset of the Andean cycle at ca. 209 Ma. We review Permian and Trias-
sic magmatic rocks exposed in the cordilleras and dispersed inliers in Colombia and 
Ecuador, and present a large geochronological, geochemical, isotopic, and thermochro-
nological database. These data are used to develop a model for the evolution of rocks 
within Colombia and Ecuador during the formation and destruction of Pangaea. Similar 
data has been assembled from studies of the southern North American and western 
Caribbean plates, as well as Venezuela and further south within South America, and a 
large–scale reconstruction for western Pangaea is provided. Permian magmatic rocks 
in Colombia and Ecuador (288–253 Ma) formed within a continental arc system which 
extended from at least southern North America to southern Perú. The Permian arc 
within northwestern South America was dismembered during Cenozoic interactions 
with the Caribbean Plate, causing some blocks to be transferred eastwards. Compres-
sion and regional metamorphism at ca. 250 Ma is best recorded in the Sierra Nevada 
de Santa Marta, and represents the final stages of amalgamation and thickening of 
western Pangaea. Continental rifting prevailed within southern North America and 
the entire western margin of South America during 245–216 Ma. Significant back–arc 
extension in northwestern South America leads to a rift–to–drift transition in Colombia 
and Ecuador, forming oceanic lithosphere of the proto–Caribbean. Rifting failed south 
of the Huancabamba Deflection, and is preserved as Triassic basins in Perú, western 
Argentina, and Chile. Triassic rifting represents the early fragmentation of western 
Pangaea, and the attenuation of its margin may be a prelude to complete separation 
by enhancing mantle upwelling, inducing a Large Igneous Province and weakening the 
crust within a tensile regime.
Keywords: Permian – Triassic, Pangaea, supercontinent, continental rift, anatexis.

Resumen El noroccidente de Suramérica y sus márgenes conjugados registran la for-
mación de Pangea durante el Pérmico, su fragmentación durante el Triásico y la aper-
tura del océano proto–Caribe, así como el comienzo del ciclo andino hace ca. 209 Ma. 
En este capítulo presentamos una revisión de las rocas magmáticas del Pérmico y Triá-

Citation: Spikings, R. & Paul, A. 2019. The Permian – Triassic history of magmatic rocks of the 
northern Andes (Colombia and Ecuador): Supercontinent assembly and disassembly. In: Gó-
mez, J. & Pinilla–Pachon, A.O. (editors), The Geology of Colombia, Volume 2 Mesozoic. Servicio 
Geológico Colombiano, Publicaciones Geológicas Especiales 36, p. 1–43. Bogotá. https://doi.
org/10.32685/pub.esp.36.2019.01
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1. Introduction

The northwestern South American Plate hosts a Rodinia–aged 
(ca. 1 Ga) and Ordovician basement, which was modified 
during the amalgamation and disassembly of Pangaea. Sub-
sequent active margin magmatism (209–115 Ma) within the 
proto–Caribbean and Pacific Wilson cycle occurred during a 
prolonged period of extension (Cochrane et al., 2014a; Spikings 
et al., 2015), which was interrupted by compression at ca. 115 
Ma (Spikings et al., 2015) and the collision of the voluminous 
Caribbean Large Igneous Province at ca. 75 Ma (Vallejo et al., 
2006), which added new crust to South America. This chapter 
is a review of crystalline and some sedimentary rocks exposed 
in Colombia and Ecuador that formed during the Permian and 
Triassic. These rocks record the period between the final as-
sembly of Pangaea in the early Permian, and its early disassem-
bly during the Triassic. Colombia and Ecuador are considered 
together because their Permian and Triassic rock records are 
extremely similar and complementary, and thus studying both 
countries increases our chances of observing poorly exposed 
sequences and obtaining an accurate geological model, and pro-
vides a means to identify plate margin trends. The studied units 
are mainly exposed in the Central Cordillera, Sierra Nevada de 
Santa Marta, and Santander Massif of Colombia, and the Cor-
dillera Real and Amotape Complex of Ecuador. We will also 

consider Permian and Triassic crystalline rocks exposed in Perú 
and other regions of South America, as well as the southernmost 
North American and western Caribbean plates, which were co-
eval with and probably formed in the same general tectonic 
setting as crystalline rocks in northwestern South America, fa-
cilitating reconstructions of western Pangaea.

The amalgamation of Pangaea in the Permian coincided 
with a drastic reduction in plate velocities and an almost com-
plete pause in continental drift during the late Permian – Early 
Jurassic (Vilas & Valencio, 1978). This relatively stationary pe-
riod was characterised by heat accumulation, the production of 
large volumes of magmas (e.g., Kay et al., 1989), and geograph-
ically extensive extension along western South America (e.g., 
Charrier et al., 2007; Spikings et al., 2015, 2016). Increased 
plate velocities in the earliest Jurassic (e.g., Ramos, 1988) were 
coeval with the disassembly of Pangaea, although the relation-
ship between Triassic extension and the rapid disassembly of 
Pangaea in the Early Jurassic is unclear.

This review presents geochronological (U–Pb zircon), geo-
chemical, isotopic (Hf, Pb, Sr, Nd, O), and thermochronological 
(U–Pb and 40Ar/39Ar) data from the Permian and Triassic mag-
matic rocks of the Central Cordillera of Colombia, and coeval 
magmatic and metasedimentary units of the Sierra Nevada de 
Santa Marta.  The same techniques have been applied to the Tres 
Lagunas Granite, Sabanilla Migmatite (Cordillera Real, Ecua-

sico que afloran como fragmentos dispersos en las cordilleras de Colombia y Ecuador; 
además, presentamos una amplia base de datos geocronológica, geoquímica, isotópica 
y termocronológica. Estos datos se utilizan para desarrollar un modelo de la evolución 
de las rocas en Colombia y Ecuador durante la formación y la separación de Pangea. 
Otros estudios en el sur de la Placa de Norteamérica y en el occidente de la Placa del 
Caribe, así como en Venezuela y más al sur dentro de Suramérica, han sido también 
tenidos en cuenta para este análisis. Adicionalmente, se preparó una reconstrucción a 
gran escala del occidente de Pangea. Las rocas magmáticas del Pérmico de Colombia y 
Ecuador (288–253 Ma) se formaron en un ambiente de arco continental que se extendió 
al menos desde el sur de Norteamérica hasta el sur de Perú. En el noroccidente de 
Suramérica, este arco pérmico se separó durante las interacciones con la Placa del 
Caribe en el Cenozoico, de forma que algunos bloques fueron transferidos hacia el 
oriente. La compresión y el metamorfismo regional que ocurrieron hace ca. 250 Ma se 
observan claramente en la Sierra Nevada de Santa Marta y representan los estados 
finales de la amalgamación y engrosamiento del occidente de Pangea. El rift conti-
nental continuó en el sur de Norteamérica y todo el margen occidental de Suramérica 
durante 245–216 Ma. La extensión en el retroarco en Suramérica fue muy importante y 
llevó a una transición rift–drift en Colombia y Ecuador, lo que causó la formación de la 
litósfera oceánica del proto–Caribe. El rift fue abortado al sur de la deflexión de Huan-
cabamba, pero se preservó como cuencas triásicas en Perú, el occidente de Argentina 
y Chile. Este rift triásico representa una separación temprana del occidente de Pangea 
y la atenuación de su margen podría ser el preludio de la separación completa de los 
continentes, ya que potencia el ascenso del manto y esto induce a la formación de una 
Gran Provincia Ígnea, debilitando la corteza en un régimen de extensión.
Palabras clave: Pérmico–Triásico, Pangea, supercontinente, rift continental, anatexis.
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dor), and the Moromoro Granite (Amotape Complex, Ecuador), 
along with Triassic mafic units in both countries. These data are 
used to develop a temporally constrained tectonic framework for 
the Permian – Triassic, culminating with rifting along western 
Pangaea (proto–Caribbean; Jaillard et al., 1990, 1995; Pindell, 
1985), and to investigate the relationship between initial Triassic 
rifting and the final disassembly of Pangaea.

2. Geological Framework  
and Previous Work
Phanerozoic rocks in the northern Andes (north of the Huan-
cabamba Deflection; at 5° S; Figure 1) can be separated into a 
relatively undifferentiated oceanic Upper Cretaceous sequence, 
which is faulted against older, differentiated continental crust. 
The Upper Cretaceous oceanic rocks form the basement to the 
Western Cordillera and the forearcs of Colombia (Calima and 
Chocó–Panamá Terranes; Figure 1; e.g., Kerr et al., 1997, 2002) 
and Ecuador (Pallatanga–Piñon Terrane; e.g., Vallejo et al., 
2009). Geochemical, isotopic, and geochronological data sug-
gests these laterally accreted ultramafic and mafic rocks formed 
in an oceanic hot–spot setting during 99–87 Ma (e.g., Kerr et al., 
1997; Vallejo et al., 2006; Villagómez et al., 2011), and that they 
are equivalent to the oceanic plateau rocks that form the Carib-
bean Plate (e.g., Sinton et al., 1998; van der Lelij et al., 2010). 
Field relationships and U–Pb zircon dates show that the oceanic 
plateau was intruded by an east–facing intra–oceanic arc prior 
to their collision with South America in the Campanian (e.g., 
Spikings et al., 2010; Vallejo et al., 2006, 2009), although this is 
not consistent with the plate reconstructions of Pindell & Ken-
nan (2009), who suggest that arcs at this time were west–facing 
and were intruding the continental margin of South America. 
The accretion of allochthons of the Caribbean Large Igneous 
Province added at least 5 × 106 – 1 × 107 km3 of new crust to the 
South American Plate (Cochrane et al., 2014a). These terranes 
are bound to the east by the Cauca–Almaguer Fault (Colombia; 
Figure 1), and the buried Ingapirca Fault (Ecuador).

The Early Cretaceous continental margin hosts linear belts 
that are exposed within the Central Cordillera and Sierra Ne-
vada de Santa Marta of Colombia, and the Cordillera Real and 
Amotape Complex of Ecuador (Figure 1). These belts mainly 
strike to the north, although they have been partially segmented 
and rotated, resulting in a NE (Sierra Nevada de Santa Marta, 
Colombia; Bayona et al., 2010) and E–W (Amotape Complex, 
Ecuador; Mitouard et al., 1990) strike. Traversing eastwards 
from the Campanian suture, these are M–HP/LT complexes 
of amphibolites, blueschists, and eclogites (e.g., Arquía and 
Barragán Complexes, Colombia; Raspas Complex, Ecuador; 
e.g., Bustamante et al., 2012; John et al., 2010; Spikings et al., 
2015), Cretaceous arc rocks of the Quebradagrande (Colombia; 
Nivia et al., 2006) and Alao sequences (Ecuador; Cochrane et 
al., 2014a; Spikings et al., 2015), poorly differentiated Paleozo-

ic rocks that contain isolated exposures of Ordovician gneisses 
(e.g., Martens et al., 2014; Villagómez et al., 2011; Vinasco 
et al., 2006), minor Permian intrusions and extensive Triassic 
anatectites (Cochrane et al., 2014a; Paul et al., 2018; Spikings 
et al., 2015), foliated Jurassic arc rocks that are best exposed in 
Ecuador, and large unfoliated Jurassic batholiths along the east-
ern flank of the Central Cordillera in Colombia, and Cordillera 
Real in Ecuador (Figure 1). McCourt et al. (1984), Aspden & 
McCourt (1986), Aspden & Litherland (1992), and Litherland 
et al. (1994) suggest that these belts are in tectonic contact, and 
the Triassic and younger belts were juxtaposed during compres-
sion at 140–120 Ma. Alternatively, Pratt et al. (2005) suggest 
that the contacts are intrusive, and the rock units within Ecuador 
are autochthonous, which is similar to the model proposed by 
Villagómez & Spikings (2013), Cochrane et al. (2014a), and 
Spikings et al. (2015) for Colombia and Ecuador. The Permian 
and Triassic rocks form the focus of this review.

Traversing further eastwards, the Eastern Cordillera of Co-
lombia has no equivalent topographic feature in Ecuador, and 
it includes the high plains of the Santander Massif in the north 
(Figure 1). The Santander Massif has an extensive metamorphic 
basement that is dominated by amphibolite grade Ordovician 
gneisses of the Bucaramanga Gneiss and Berlin Orthogneiss 
(van der Lelij et al., 2016). In contrast to the rocks exposed in the 
Central Cordillera, a significant magmatic hiatus exists between 
the Ordovician basement (500–415 Ma; van der Lelij et al., 
2016), and intruding late Triassic (209 Ma; van der Lelij et al., 
2016) and younger continental arc rocks of the Santander Plu-
tonic Group. Triassic anatexis, which is extensively preserved in 
the cordilleras, did not affect the Ordovician basement exposed 
in the Santander Massif, and the Permian is only recorded by a 
single rhyolite (251 ± 4 Ma; van der Lelij et al., 2016) along the 
western margin of the massif. The Permian Diamante, Tiburón, 
and the fossiliferous Bocas sedimentary Formations are sporadi-
cally exposed across the Santander Massif, although the tectonic 
environment in which they were deposited is undetermined. Co-
eval Permian sedimentary successions in the juxtaposed Mérida 
Andes of Venezuela (Palmarito Formation; Figure 1) are inter-
preted to have deposited in a foreland basin (Laya & Tucker, 
2012), which may have formed during the final stages of the 
Alleghanian Orogeny, culminating with the amalgamation of 
Pangaea by the early Permian (Hatcher, 2002).

The Sierra Nevada de Santa Marta resides within a triangu-
lar faulted block in northern Colombia (Figure 1). The northern 
margin of the Sierra Nevada de Santa Marta Block is truncat-
ed by the right–lateral Oca Fault, which is displacing Creta-
ceous and older continental crust of the Guajira Peninsula to 
the east (Figure 1). The western margin of the triangular block 
is defined by the Santa Marta–Bucaramanga Fault (Figure 1), 
which separates crystalline rocks in the east from the Oligocene 
– Miocene Plato–San Jorge Basin to the west, which is floored 
by Triassic rocks similar to those exposed in the Sierra Nevada 
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de Santa Marta (Montes et al., 2010). The Santa Marta–Bu-
caramanga Fault extends towards the SSE where it defines the 
western margin of the Santander Massif within the Colombian 
Eastern Cordillera (Figure 1). The present study follows the 
geological subdivisions of the Sierra Nevada de Santa Marta 
proposed by Tschanz et al. (1974), which were structurally re-
vised by Colmenares et al. (2007a, 2007b) and better temporal-
ly constrained by Cardona et al. (2010a, 2010b) and Piraquive 
(2017). The Inner Santa Marta Metamorphic Belt of the Sierra 
Nevada de Santa Marta consists of Paleozoic orthogneisses and 
schists, which were intruded by Permian – Triassic syntectonic 
granitoids (Piraquive, 2017) that are studied in this review. Pa-
laeomagnetic studies (Bayona et al., 2006, 2010) suggest that 
Jurassic rocks exposed along the southern border of the Sierra 
Nevada de Santa Marta rotated clockwise (17 ± 13°) between 
the Middle – Late Jurassic and Early Cretaceous, and thus it 
is likely that there is a genetic link between Permian – Trias-
sic magmatic rocks exposed in the Central Cordillera and the 
Sierra Nevada de Santa Marta. Similarly, Pindell et al. (1998) 
used palinspastic reconstructions to reach the same conclusion.

3. Historical Perspective and 
Occurrence of Permian – Triassic 
Igneous Rocks
Widely dispersed and variably deformed Permian and Trias-
sic meta–granitoids, ultra–mafic – mafic rocks, and metased-
imentary rocks occur within the northern Central Cordillera 
of Colombia (Figure 2). These rocks were initially described 
by Hall et al. (1972), Feininger et al. (1972), and González 
(1980), who considered them to be Permian – Triassic on the 
basis of K/Ar dates. Restrepo & Toussaint (1988) suggested 
the Permian – Triassic rocks defined the basement of the fault–
bounded Tahamí Terrane, and placed them within the Central 
Cordillera Polymetamorphic Complex (Restrepo & Toussaint, 
1982). The Tahamí Terrane of Restrepo & Toussaint (1988) is 
bound by the Otú–Pericos Fault to the east, which separates 
it from Grenvillian aged metamorphic basement of the postu-
lated Chibcha Terrane (e.g., Ordóñez–Carmona et al., 2006), 
and the San Jerónimo Fault to the west, which separates it 
from the Cretaceous Quebradagrande Arc (Figure 1). Maya & 
González (1995) and Villagómez et al. (2011) group the Tri-

assic metamorphosed igneous and sedimentary rocks into the 
Cajamarca Complex, which will be adopted in this manuscript. 
The geological map of Colombia (Gómez et al., 2007) reveals 
a paucity of Triassic lithologies within the Central Cordille-
ra south of the Ibagué Fault (Figure 2). Vinasco et al. (2006), 
Correa–Martínez (2007), Cardona et al. (2010a), Montes et al. 
(2010), Weber et al. (2010), Restrepo et al. (2011), Villagómez 
et al. (2011), Cochrane et al. (2014b), Martens et al. (2014), 
Spikings et al. (2015), Bustamante et al. (2017), and Paul et al. 
(2018) present a large quantity of geochemical data and concor-
dant zircon U–Pb dates (Figure 2; Table 1) from the Cajamarca 
unit, confirming the Permian – Triassic crystallisation gneisses 
of the Central Cordillera, which are faulted against Paleozoic 
(mainly Ordovician) metamorphic rocks such as La Miel unit 
(e.g., Martens et al., 2014; Restrepo et al., 1991; Villagómez 
et al., 2011). In contrast, anatexis of undifferentiated Upper 
Devonian – Carboniferous metasedimentary rocks forming the 
Triassic Sabanilla Migmatite can be observed in the Cordillera 
Real. Correa–Martínez (2007) reports a series of metagabbros 
and amphibolites in the northern Central Cordillera, which she 
attributes to a Triassic ophiolitic sequence, referred to as the 
Aburrá Ophiolite (Figure 2). Permian and/or Triassic igneous 
and metamorphic rocks have also been recognised in the Gua-
jira Peninsula, Sierra Nevada de Santa Marta (Figure 3), and at 
the base of boreholes drilled though the Plato–San Jorge Basin 
located north of the Central Cordillera (Figure 1; Cardona et 
al., 2010b; Montes et al., 2010; Piraquive, 2017; Weber et al., 
2010). Granites from the basement of the Plato–San Jorge Ba-
sin are mildly deformed, while the intrusions from the Sierra 
Nevada de Santa Marta are mylonitised.

Triassic rocks within the Cordillera Real and Amotape 
Terrane of Ecuador include granitoids of the Tres Lagunas 
and Moromoro units, migmatites of the Sabanilla unit, geo-
graphically scattered amphibolitic dykes and sills (Piedras and 
Monte Olivo units), and sedimentary rocks of the Piuntza unit 
(Figure 2). The granites were first described by Colony & 
Sinclair (1932). Mapping by the British Geological Survey 
during 1986–1993 linked these occurrences into a semi–con-
tinuous belt, and they were grouped into the Loja Terrane 
(Litherland et al., 1994) along with undifferentiated Paleo-
zoic metamorphic rocks of the Chiguinda and Agoyán units. 
The Loja Terrane of Litherland et al. (1994) is bound to the 

Figure 1. Digital elevation model for northwestern South America showing the cordilleras, terranes, main faults, and the exposure of 
Permian – Cretaceous magmatic rocks in Ecuador and Colombia. Small black box indicates the location of Figure 3. Inset shows the 
location of the Arequipa Terrane in southern Perú. Faults: (CAF) Cauca–Almaguer Fault; (GF) Garrapatas Fault; (IF) Ibagué Fault; (InF) In-
gapirca Fault; (OF) Oca Fault; (OPF) Otú–Pericos Fault; (PaF) Palestina Fault; (PF) Peltetec Fault; (PuF) Pujili Fault; (SJF) San Jerónimo Fault; 
(SMF) Santa Marta–Bucaramanga Fault. Other abbreviations: (CC) Central Cordillera; (EC) Eastern Cordillera; (CPV) Cauca–Patía valley; (CR) 
Cordillera Real; (EBM) El Baúl Massif; (GP) Guajira Peninsula; (IAD) Interandean Depression; (LB) Llanos Basin; (MA) Mérida Andes; (MMV) 
Middle Magdalena Valley Basin; (OB) Oriente Basin; (PP) Paraguaná Peninsula; (PSB) Plato–San Jorge Basin; (RC) Raspas Complex; (SM) 
Santander Massif; (SNSM) Sierra Nevada de Santa Marta; (SP) serranía de Perijá; (SZ) Sub–Andean Zone; (UMV) Upper Magdalena Valley 
Basin; (WC) Western Cordillera. Geology from Litherland et al. (1994) and Gómez et al. (2007).
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Figure 2. Geology of the Central Cordillera of Colombia and the Cordillera Real and Amotape Complex of Ecuador, showing the distri-
bution of Paleozoic, Permian – Triassic rocks. The Jurassic continental arc is also shown for reference. Concordant Permian and Triassic 
zircon U–Pb and plateau 40Ar/39Ar dates and their uncertainties (±2σ) obtained by various analytical methods (see Table 1) are shown 
(see references in Table 1). Cities: (I) Ibagué; (L) Loja; (M) Medellín; (P) Pasto; (Q) Quito. Faults: (BF) Baños Fault; (CAF) Cauca–Almaguer 
Fault; (SJF) San Jerónimo Fault; (IF) Ibagué Fault; (LF) Llanganates Fault; (OPF) Otú–Pericos Fault; (PF) Peltetec Fault. Map compiled from 
Litherland et al. (1994) and Gómez et al. (2007). Amphibolite occurrences: (CA) Cajamarca Amphibolites; (CS) Chinchina Stock; (MO) Monte 
Olivo; (SE) Santa Elena Amphibolites.
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The Permian – Triassic History of Magmatic Rocks of the Northern Andes (Colombia and Ecuador): Supercontinent Assembly and Disassembly
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Figure 3. Geological map of the northwestern corner of the Sierra Nevada de Santa Marta after Tschanz et al. (1974), Colmenares et al. 
(2007a, 2007b), and Piraquive (2017), showing the main structural belts of the Sierra Nevada, Sevilla, and Santa Marta provinces. Con-
cordant zircon U–Pb dates of Permian and Triassic rocks (Table 1) are shown (Cardona et al., 2010a; Piraquive, 2017). ISMMB: Inner Santa 
Marta Metamorphic Belt (after Piraquive, 2017).
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0 6 12 km

east by the Llanganates Fault and to the west by the Baños 
Fault (Figure 2). Triassic igneous and metamorphic lithologies 
are dominated by cordierite and garnet bearing monzogran-
ites and granodiorites (Tres Lagunas unit), and medium– to 
high–grade, sillimanite and kyanite bearing orthogneisses and 
migmatites (Sabanilla unit). Litherland et al. (1994), Noble et 
al. (1997), Riel et al. (2013), Cochrane et al. (2014b), Spikings 
et al. (2015), and Paul et al. (2018) present a large quantity 
of geochronological and geochemical data from the igneous 
and metamorphic rocks in Ecuador (Table 1). The Piuntza unit 
consists of metamorphosed and skarnified siliciclastic rocks, 
tuffs, and limestones that host Triassic bivalves (Litherland et 
al., 1994). The unit is exposed beyond the structural limits of 
the Loja Terrane of Litherland et al. (1994) along the eastern 
flank of the southern Cordillera Real (Figure 2), where it is 
surrounded by the Jurassic Zamora Batholith although the na-
ture of the contact is either unknown or unreported.

4. Geochronology of Permian  
and Triassic Magmatic Rocks
Early attempts to date the Permian – Triassic crystalline rocks 
utilised the K/Ar and Rb/Sr methods (e.g., Feininger et al., 1972; 
Hall et al., 1972; Litherland et al., 1994; McCourt et al., 1984; 
Ordóñez–Carmona & Pimentel, 2002; Restrepo et al., 1991), 
resulting in a large scatter of ages spanning between the Permian 
– Tertiary due to variable degrees of daughter isotope loss. This 
review of geochronological work is restricted to more accurate 
measurements of the crystallisation ages of granitoids and mafic 
intrusions, which have been provided by numerous concordant 
zircon and few monazite U–Pb dates (Table 1), obtained using 
TIMS, SHRIMP, and LA–ICP–MS. Unless otherwise stated, the 
LA–ICP–MS and SHRIMP dates that are reported here were 
obtained from the rims of zircons, and are considered to date 
either the most recent phase of magmatic crystallisation or the 
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most recent metamorphic event that crystallised zircon. Most 
of these dates have been peer reviewed, with the exception of 
several data points from PhD theses (e.g., Piraquive, 2017).

4.1. Permian

Permian magmatic rocks in the cordilleras of the northern An-
des are sparse compared to the exposure of Triassic rocks. Six 
granitoids in the central and northern Central Cordillera yield 
dates spanning between 278 and 253 Ma (Figures 2, 4; Table 
1; Bustamante et al., 2017; Cochrane et al., 2014b; Paul et al., 
2018; Vinasco et al., 2006). These Permian intrusions are tenta-
tively assigned the name Rovira Complex, referring to the local-
ity (close to the town of Ibagué) where Cochrane et al. (2014b) 
sampled and dated two Permian granites (Table 1). El Encanto 
Orthogneiss forms the crystalline basement of the Inner Santa 
Marta Metamorphic Belt of the Sierra Nevada de Santa Marta, 
and yields a zircon U–Pb age of 274.8 ± 2.1 Ma (Figure 3), which 
is considered to be the time of initial magmatic crystallisation 
(Piraquive, 2017). These are overlain by paraschists of the 2000 
m thick Gaira Amphibolite sequence, which yields a large range 
of concordant zircon U–Pb dates (2235–261 Ma), reflecting their 
sedimentary protoliths. Two schists yield youngest concordant 
age clusters with U–Pb ages of 283.7 ± 6.2 Ma and 261.5 ± 2.6 
Ma (Piraquive, 2017) from laser spots within zircons, constrain-
ing their maximum stratigraphic ages. Cardona et al. (2010a) 
obtained zircon U–Pb concordia ages ranging between 288–265 
Ma from mylonitised gneisses within the northern Inner San-
ta Marta Metamorphic Belt (Figure 3). A migmatite exposed in 
the southern Cordillera Real is the only Permian magmatic rock 
identified in Ecuador, and yields a zircon U–Pb age of 282.7 ± 3.9 
Ma (Figure 2; Table 1; Paul et al., 2018). The Permian leucosome 
(rock 13AP38) was previously mapped as part of the Sabanilla 
Migmatite unit (Litherland et al., 1994). The Sabanilla Migma-
tite is defined on geochemical and geochronological grounds as 
Triassic (Spikings et al., 2015), and thus we tentatively assign 
the Permian leucosome to the newly named Malacatos Complex, 
referring to the nearest town to the sampled location.

4.2. Triassic

Triassic felsic magmatic rocks are abundant in Colombia and 
Ecuador, and this review includes new data obtained from Paul 
et al. (2018), and the recent PhD study of Piraquive (2017). 
Twenty five gneissic granites and pegmatites exposed in the 
Central Cordillera, the basement of the Plato–San Jorge Basin, 
the Sierra Nevada de Santa Marta, and the Guajira Peninsula 
yield zircon U–Pb concordia ages ranging between 247.6 ± 4.1 
Ma and 222 ± 10 Ma (Figures 2, 4; Table 1; Bustamante et al., 
2017; Cardona et al., 2010a; Cochrane et al., 2014b; Martens et 
al., 2014; Montes et al., 2010; Piraquive, 2017; Villagómez et 
al., 2011; Vinasco et al., 2006; Restrepo et al., 2011; Weber et al., 

2010). La Secreta Mylonites form part of the Inner Santa Marta 
Metamorphic Belt within the Sierra Nevada de Santa Marta, 
and overthrust the Permian El Encanto Orthogneiss and Gaira 
Schists (Figure 3; Piraquive, 2017). A peraluminous gabbro from 
the mylonitic sequence yields a zircon U–Pb date of 237.4 ± 1.1 
Ma (Piraquive, 2017), while a mylonite hosts detrital zircons 
that yield concordant U–Pb dates from cores and rims spanning 
between 1300–224 Ma, and yields a concordant youngest age 
cluster of 224.6 ± 2.6 Ma, overlapping with dates from Trias-
sic intrusions (Piraquive, 2017). These dates from Colombian 
rocks overlap with concordant zircon and monazite U–Pb ages 
from twenty nine granites and leucosomes of the Tres Lagu-
nas Granite and Sabanilla Migmatite (Cordillera Real), and the 
Moromoro Granite (Amotape Complex), which range between 
249.9 ± 1.8 Ma and 207.6 ± 9.2 Ma (Figure 4; Table 1; Aspden 
et al., 1995; Chew et al., 2008; Cochrane et al., 2014b; Lither-
land et al., 1994; Paul et al., 2018; Riel et al., 2013; Spikings et 
al., 2015).

Multi–phase, plateau 40Ar/39Ar dates (Table 1) from Triassic 
granites and migmatites in Colombia and Ecuador (Cochrane 
et al., 2014b; Paul et al., 2018; Spikings et al., 2001; Vinasco et 
al., 2006) are younger than the U–Pb dates obtained from the 
same rocks, reflecting various degrees of Ar loss. Triassic dates 
span between 243 ± 4 Ma and 213.7 ± 0.9 Ma and are restricted 
to the northern Central Cordillera (Table 1). However, Triassic 
magmatic rocks from the Cordillera Real yield younger plateau 
muscovite 40Ar/39Ar dates that span between 164.8 ± 0.9 Ma and 
70.7 ± 0.4 Ma (Table 1; Paul et al., 2018). These reflect the time 
of cooling of each rock through ~450–400 ºC (Harrison et al., 
2009) subsequent to crystallisation and metamorphic retrogres-
sion, and the difference in dates between northern (Colombia) 
and southern (Ecuador) latitudes reveals trench–parallel differ-
ences in their thermal histories (see section 7).

A majority of U–Pb dates of zircons extracted from gran-
ites and migmatites in Colombia and Ecuador range between 
240–230 Ma (Figure 4a), and a comparison with latitude (Figure 
4d) does not reveal any trench–parallel trends in Triassic crystal-
lisation. Permian ages are mainly found in Colombia, and are re-
stricted to exposures in the Inner Santa Marta Metamorphic Belt 
of the Sierra Nevada de Santa Marta, and faulted blocks in the 
region of the Ibagué Fault (Figures 2, 3). This may reflect expo-
sure, the approximate primary distribution of Permian magmatic 
intrusions, or the extent of reworking during Triassic anatexis. 

Concordant zircon U–Pb dates of amphibolites and a pla-
giogranite from the Cordilleras Central (Colombia) and Real 
(Ecuador) range between 243 ± 4 Ma and 216.6 ± 0.4 Ma (Fig-
ure 2; Bustamante et al., 2017; Cochrane et al., 2014b; Co- 
rrea–Martínez, 2007; Noble et al., 1997; Spikings et al., 2015; 
Vinasco et al., 2006). Within Ecuador, these are exposed as 
dykes and sills (e.g., the Piedras and Monte Olivo units; see 
Figure 2), whereas they are more massive in the northern Cen-
tral Cordillera. The youngest of these ages was obtained from a 
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Figure 4. (a) Histogram of zircon 206Pb/238U concordia (crystallisation) ages for Permian and Triassic magmatism and metamorphic zircon 
growth for variably foliated granites and migmatites (leucosomes) in Ecuador and Colombia (see Table 1 for references). (b) 206Pb/238U 
(concordant) age histogram for Permian and Triassic granites and migmatites (leucosomes) from Colombia and Ecuador. Ages are single 
spot zircon ages determined using LA–ICP–MS and SIMS. (c) 206Pb/238U age histogram for detrital zircons from the Paleozoic Chiguinda 
and Isimanchi metasedimentary units of the Cordillera Real of Ecuador (Chew et al., 2008). (d) A comparison of Permian and Triassic 
concordant zircon and monazite U–Pb dates with latitude along the Central Cordillera, Guajira Peninsula, and the Sierra Nevada de Santa 
Marta of Colombia, and the Cordillera Real and Amotape Complex of Ecuador. The ranges of concordant zircon U–Pb dates obtained 
from granitoid intrusions and volcano–sedimentary rocks from Venezuela (van der Lelij et al., 2016), the Eastern Cordillera of Perú 
(Mišković et al., 2009; Spikings et al., 2016), and various regions of the southern North American and western Caribbean Plate (Ducea et 
al., 2004; Elías–Herrera & Ortega–Gutiérrez, 2002; Helbig et al., 2012; Keppie et al., 2004, 2006; Kirsch et al., 2012; Ortega–Obregón et al., 
2014; Ratschbacher et al., 2009; Solari et al., 2001, 2011; Weber et al., 2005, 2007; Yañez et al., 1991) are shown for comparison. Data and 
citations are presented in Table 1. Abbreviations: (A) Amotape Complex; (CC) Central Cordillera; (CR) Cordillera Real; (EBM) El Baúl Massif; 
(GP) Guajira Peninsula; (MA) Mérida Andes; (PP) Paraguaná Peninsula; (SNSM) Sierra Nevada de Santa Marta.

plagiogranite that formed by magmatic fractionation within the 
Aburrá Ophiolite in northern Colombia, and thus is a minimum 
age for the ophiolite (Correa–Martínez, 2007).

4.3. Zircons Inherited by Permian  
and Triassic Magmas

Many concordant zircon U/Pb dates determined by in–situ meth-
ods were obtained from the cores of zircon grains that were 
identified using cathodoluminescence. A frequency analysis 
of the distribution of these older concordant laser–spot dates 
from the granitoids and migmatitic leucosomes in Colombia 
and Ecuador yields broad 206Pb/238U age peaks at 580–420 Ma 
and 1200–950 Ma (Figure 4b), which are the ages of protolith 
rocks and inherited grains. These age peaks are typical of the 
distribution of dates obtained from detrital zircons from most 
Paleozoic rocks distributed along western South America (e.g., 
Chew et al., 2007). The younger age group broadly corresponds 
with the age of the Famatinian arc, the Brasiliano Orogeny, and 
the timing of rifting during the fragmentation of Rodinia and the 
opening of the Iapetus Ocean. The Famatinian arc (ca. 510–415 
Ma; see zircon U–Pb ages presented in Bahlburg et al., 2009; 
Cardona et al., 2007; Chew et al., 2007; Mišković et al., 2009; 
Pankhurst et al., 2000; Spikings et al., 2016; Villagómez et al., 
2011; van der Lelij et al., 2016) formed during the subduction of 
Iapetus lithosphere beneath western South America subsequent 
to the fragmentation of Rodinia, and has been recorded in Ven-
ezuela, Colombia, Perú, and Argentina (see previous citations). 
Inherited zircons with U–Pb dates spanning 650–450 Ma also 
occur in Cretaceous and Tertiary sedimentary rocks of the Ori-
ente (Amazon retro–foreland; see Figure 1) Basin in Ecuador 
(Martin–Gombojav & Winkler, 2008). Similarly, Horton et al. 
(2010) present a large database of U–Pb dates obtained from 
detrital zircons in the Eastern Cordillera and the western margin 
of the Llanos Basin in Colombia, which reveal a peak at 520–
420 Ma. No Ordovician intrusions of the Famatinian arc have 
been recorded in Ecuador. However, within Colombia they are 
recorded within the northern Central Cordillera (470–440 Ma; 

La Miel Orthogneiss; Martens et al., 2014; Villagómez et al., 
2011), Quetame and Floresta Massifs (Horton et al., 2010), and 
a majority of the exposed crystalline basement of the Santander 
Massif (Figure 1; van der Lelij et al., 2016) yields Ordovician 
dates ranging between 500 and 415 Ma.

Triassic field relationships are clearly exposed in Ecuador 
(e.g., Litherland et al., 1994), and indicate that the protoliths 
of the Triassic migmatites and S–type granites within Ecua-
dor were sedimentary rocks of the Paleozoic, fossil bearing 
Chiguinda and Isimanchi units that are exposed in the Cordille-
ra Real (Figure 2). These sparsely studied sequences yield a de-
trital zircon U–Pb age spectrum that has the same age peaks as 
the Triassic anatectites (Figure 4c; Chew et al., 2008), although 
the tectonic setting within which these potentially Devonian 
(minimum zircon U–Pb date of 360 ± 2 Ma; Chew et al., 2007) 
sequences were deposited is undetermined.

The Brasiliano metamorphic belts (Cordani et al., 2003) 
formed during the late Neoproterozoic amalgamation of Gond-
wana, and may have supplied some detritus to western South 
America. However, these belts are located in eastern South 
America, and a lack of evidence for detritus being sourced 
from the intervening Amazonia Craton suggests the Brasiliano 
Orogenic belts were not a major source region (Chew et al., 
2008). Finally, most magmatism associated with Neoproterozo-
ic extension is mafic (e.g., the Puncoviscana fold belt in north-
western Argentina; Omarini et al., 1999), which led Chew et al. 
(2008) to suggest that it is unlikely that these rocks were a ma-
jor contributor of zircons to Paleozoic sequences along western 
South America. However, Neoproterozoic rift related dacites 
occur along the margin of the central Andes (Ramos, 2009), 
and may have supplied sedimentary detritus towards the west.

4.4. Comparison with the Ages of Permian  
and Triassic Rocks in Venezuela, Perú,  
Northern Chile, and Argentina

Rhyolites and granites of El Baúl Massif in Venezuela yield 
zircon U–Pb dates that span between 291.1 ± 3.1 Ma and 283.3 
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± 2.5 Ma (Viscarret et al., 2009), and a zircon U–Pb age of 
272.2 ± 2.6 Ma was obtained from a granitic intrusion in the 
Paraguaná Peninsula (van der Lelij et al., 2016). van der Lelij et 
al. (2016) report concordant zircon U–Pb dates (LA–ICP–MS) 
from four granitoid intrusions and a dacitic lava from the Méri-
da Andes of Venezuela (Figure 1). These dates range between 
202.0 ± 1.8 Ma (La Quinta Formation) and 243.5 ± 3.4 Ma, 
and overlap with dates obtained from Colombia and Ecuador 
(Figure 4d). No Permian concordant zircon U–Pb dates have 
been reported from the Mérida Andes.

Voluminous, partly migmatised middle Permian – Triassic 
magmatic intrusions are exposed throughout the southern and 
central Eastern Cordillera of Perú (Mišković et al., 2009; Spik-
ings et al., 2016). Zircon U–Pb dates range between 293–223 
Ma (Figures 4d, 5; Mišković et al., 2009; Reitsma, 2012; Spik-
ings et al., 2016), with a peak at 245–225 Ma. The crystalli-
sation ages show a southward younging trend, and the oldest 
plutons south of 13° S are younger than ca. 245 Ma (Spikings 
et al., 2016). The Mitu Group of the central and southern East-
ern Cordillera of Perú hosts abundant Triassic sedimentary and 
volcanic sequences. Volcanic tuffs and lavas of the Mitu Group 
yield concordant zircon U–Pb (LA–ICP–MS) dates ranging be-
tween 238.7 ± 1.8 Ma and 219.7 ± 1.8 Ma (Chew et al., 2008; 
Mišković et al., 2009; Spikings et al., 2016). Detrital zircons 
extracted from oxidised terrigenous sedimentary rocks of the 
Mitu Group yield minimum dates ranging between 255.4 ± 3.2 
Ma and 223.5 ± 7.5 Ma, which constrain their maximum strati-
graphic ages (Spikings et al., 2016). Several authors propose 
that the Mitu Group was deposited within a rift (Laubacher, 
1978; Mégard, 1978; Reitsma, 2012; Spikings et al., 2016), 
which was active during 245–220 Ma (Spikings et al., 2016). 
This time period precisely overlaps with the majority of Triassic 
intrusions in Colombia and Ecuador (Figure 5a). Romero et 
al. (2013) recently published a concordant zircon U–Pb age of 
243 ± 0.1 Ma from a basalt exposed in Macabí Island offshore 
northern Perú (~8° S), although these zircons are probably xe-
nocrystic.

Further south, a series of Middle – Late Triassic rift systems 
and sinistral pull–apart basins with a NNW–SSE trend in north-
ern and central Chile and Argentina propagated along the hang-
ing wall of previous sutures that separate Paleozoic terranes 
(e.g., Ramos, 1994; Ramos & Kay, 1991). U–Pb dates of tuffs 
from the Cuyo Basin span between 246–230 Ma (Potrerillos 
Formation; Barredo et al., 2012; Spalletti et al., 2008), and a 
tuff from the rift–related Ischigualasto Formation (Ischigualas-
to–Villa Unión Basin) yields a sanidine 40Ar/39Ar date of 231.4 
± 0.3 Ma (Martínez et al., 2011; recalibration of the 227.8 ± 0.3 
Ma age of Rogers et al., 1993). Similarly, ignimbrites within the 
Los Menucos depocenter yield zircon U–Pb ages of 257–248 
Ma (Luppo et al., 2018). Maksaev et al. (2014) compile and 
present new zircon U–Pb dates from volcanic rocks in northern 
Chile, which reveals a peak in activity between 240–210 Ma, 

temporally overlapping with the peak in magmatic activity in 
Colombia, Ecuador, and Perú.

4.5. Comparison with the Ages of Permian and 
Triassic Magmatic Rocks in the Southernmost 
North American and Western Caribbean Plates

Permian – Triassic intrusive rocks occur along most of the length 
of México and Central America (e.g., Ortega–Obregón et al., 
2014; Weber et al., 2007), and Centeno–García & Keppie (1999), 
Torres et al. (1999), and Dickinson & Lawton (2001) suggest-
ed they are a continuation of exposures in northwestern South 
America. A plethora of K–Ar dates range between 287–232 Ma 
(see the review of Torres et al., 1999, and references therein) 
although interpreting these are crystallisation ages is problematic 
due to the propensity for Ar loss. Yañez et al. (1991), Solari et 
al. (2001), Elías–Herrera & Ortega–Gutiérrez (2002), and Ducea 
et al. (2004) present concordant zircon U–Pb dates from acidic 
intrusions in southern México (Oaxacan, Xolapa, and Acatlán 
Complexes; Figures 4d, 5b) ranging between 287–272 Ma. Kep-
pie et al. (2004), Kirsch et al. (2012), and Ortega–Obregón et al. 
(2014) report Permian concordant zircon U–Pb dates (ID–TIMS) 
of 298–255 Ma from acidic plutons and dykes within the Acatlán 
and Oaxacan Complexes, all of which are interpreted as crystalli-
sation ages. Ratschbacher et al. (2009) obtained a concordant U–
Pb date of 268.0 ± 0.6 Ma from rounded zircon cores extracted 
from a migmatitic gneiss of the Rabinal Complex (Maya Block, 
southern Guatemala). Orthogneisses within the Chiapas Massif 
of the Maya Block, yield zircon U–Pb discordia intercepts at ca. 
251 Ma (Weber et al., 2005), while in–situ dates reveal a Perm-
ian U–Pb date of 272 ± 3 Ma from magmatic zones, with meta-
morphic zircon overgrowths at 254 ± 2 Ma (Weber et al., 2007), 
which precisely overlaps with anatexis of sedimentary rocks in 
the same region at 254 ± 2 Ma (Weber et al., 2007). Arvizu et al. 
(2009) present zircon U–Pb ages (LA–MC–ICP–MS) from mon-
zogranites, granites, and granodiorites ranging between 275–258 
Ma from northern México, which intrude crust of the Yavapai 
Province. Summarising, Permian magmatism intruded large re-
gions of the far southern Northern American Plate, and is also 
preserved in the Chortis Block (Caribbean Plate). Most zircons 
formed within magmatic intrusions, although zircon growth and 
recrystallisation during the latest Permian was associated with 
metamorphic processes.

Triassic magmatism is scarce in southern North America, 
and reliable, concordant Triassic zircon U–Pb dates of igneous 
rocks are mainly exposed in the Chaucús Metamorphic Com-
plex (Guatemala; Maya Block), where they range between 
249–226 Ma (Figures 4d, 5b; Solari et al., 2011) and are inter-
preted as the crystallisation ages of intrusions with a peak at 
ca. 226 Ma. Ratschbacher et al. (2009) report a single Triassic 
rim (215.9 ± 0.2 Ma) surrounding a Permian zircon core in the 
Rabinal Complex (Maya Block). Helbig et al. (2012) obtained a 
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Figure 5. Weighted mean zircon 206Pb/238U (concordant) age histogram for Permian and Triassic magmatism and metamorphic zircon 
growth for variably foliated granites and migmatites (leucosomes) in (a) the Eastern Cordillera of Perú (Mišković et al., 2009; Spikings 
et al., 2016), and (b) various regions of the southern North American and western Caribbean Plate (references in caption for Figure 4). 
Concordant 206Pb/238U zircon dates are also shown for Colombia and Ecuador.
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concordant zircon U–Pb age of 244 ± 4 Ma from a granitic dyke 
within the Ayú Complex, and inherited zircons that yield dates 
between 242–209 Ma. A migmatite from the Ayú Complex 
yields inherited zircons with U–Pb dates of 239–225 Ma (Hel-
big et al., 2012). These overlap with Triassic ages for migma-
tites and plutons in northwestern South America (Figures 4, 5b). 
Keppie et al. (2006) present discordant zircon U–Pb dates from 
migmatitic gneisses of the Francisco Gneiss (Guerrero com-
posite terrane) that span between 216 and 197 Ma. These are 
not reliable estimates of the timing of crystallisation, although 
Keppie et al. (2006) suggest they record crystallisation at ca. 
206 Ma. If accurate, these would be younger than the timing of 
anatexis in northwestern South America.

The Chortis Block currently forms part of the western Ca-
ribbean Plate, and several Permian and Triassic zircon U–Pb 
dates have been obtained from intrusions that must be account-
ed for when reconstructing western Pangaea. Ratschbacher et 
al. (2009) report U–Pb dates of 272.8 ± 2.8 Ma and 244.8 ± 
2.3 Ma from zircon cores in Eocene granitic gneisses of Las 
Ovejas Complex (northwestern Honduras; Figures 4d, 5b). The 
Permian cores yield magmatic Th/U ratios (~0.7), while the 
Triassic group yields Th/U ratios of ~0.04, which is typical of 
metamorphic, sub–solidus growth.

5. Geochemistry

5.1. Granites and Migmatites: Central 
Cordillera of Colombia and the Cordillera  
Real of Ecuador

Major oxide, trace element, and rare earth element (REE) 
abundances and oxygen isotope compositions (Table 1) have 
been obtained from Permian and Triassic granites and migma-
titic leucosomes from Colombia (Cardona et al., 2010a; Co- 
rrea–Martínez, 2007; Piraquive, 2017; Spikings et al., 2015; 
Vinasco et al., 2006) and Ecuador (Cochrane et al., 2014b; 
Litherland et al., 1994; Paul et al., 2018; Spikings et al., 2015). 
Both Permian and Triassic granodiorites, monzogranites, and 
syenogranites (Figure 6a) span the boundaries of calcic to al-
kali–calcic differentiation trends on the modified alkali–lime 
index of Peacock (1931) (Figure 6b), with a compositional 
range of 77–59 (Permian) and 78–65 wt % SiO2 (Triassic). 
The Triassic acidic rocks plot within the high–K calc–alka-
line and calc–alkaline fields when comparing SiO2 with K2O 
(Figure 7a).

The Triassic anatectites have strongly peraluminous alumin-
ium saturation indices (ASI 1.05–2.38; calculated using Maniar 
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& Piccoli, 1989; Figure 6c), while the Permian granitoids tend to 
cluster at slightly lower peraluminous and mildly metaluminous 
values (ASI 0.92–1.73, with a majority <1.1).  The Triassic ana-
tectites yield elevated δ18O quartz (Figure 6d), which along with 
their high ASI places these granites and leucosomes within the 
“S–type granite” field of Chappell & White (1974) and Harris 
et al. (1997). Normal mid–ocean ridge basalts (N–MORB) nor-
malized trace element abundances of Triassic granitoids from 
Ecuador and Colombia are identical (Figure 6e), suggesting 
there are no significant along–strike changes in the fractionation 
and assimilation history of these high–SiO2 melts. Trace ele-
ments in both the Permian and Triassic granitoids are enriched 
in light–ion lithophile elements (LILE), and negative Nb, Ta, 
and Ti anomalies are present (Figure 6f), suggesting that a sub-
duction–derived component was incorporated into these rocks 
and it is likely that they formed within a continental arc. The 
Triassic granitoids yield slight negative N–MORB normalized 
Ba, Eu, Sr, and Ti anomalies, which suggests that plagioclase 
and Fe–Ti oxides have fractionated, and a positive Pb anomaly 
that may be derived from a protolith within the continental crust.  
In contrast, most of the Permian granites do not yield Ba, Eu, 
and Sr anomalies, although they do have negative Ti anomalies, 
and positive Pb anomalies are less pronounced, suggesting they 
evolved via a different fractionation scheme.

Trace element concentrations of Triassic rocks normalized 
to the composition of average upper continental crust (Taylor 
& McLennan, 1995) plot close to unity, corroborating the S–
type character of these rocks (Figure 6g), whereas a majority of 
Permian rocks plot slightly above unity. REE abundances in the 
Triassic granites and leucosomes normalized to N–MORB re-
veal light–REE enrichment (Figure 6h) with (La/Yb)n ranging 
between 2.3–19.8 (Figure 6i), with a mildly positive correlation 
with 206Pb–238U crystallisation age. (La/Yb)n ratios from Perm-
ian granites yield values of 23.09–16.1, and the REE concentra-
tions have a larger range to lower values relative to N–MORB, 
compared to the Triassic rocks (Figure 6h).

5.2. Amphibolites: Central Cordillera of 
Colombia and the Cordillera Real of Ecuador 

A comparison of the abundance of K2O and SiO2 (Figure 7a) in 
all of the Triassic magmatic rocks reveals the bimodal nature 
of Triassic magmatism within northwestern South America as 
part of Pangaea between 243 ± 4 Ma and 216.6 ± 0.4 Ma (Ta-
ble 1). In contrast, Permian intrusions reveal a more continuous 
spread in SiO2 abundance (Figure 6a, 6b), and a bimodal char-
acter is not evident. Here we review the geochemical charac-
teristics of the mafic intrusions in Colombia and Ecuador, all 
of which are Triassic.

Amphibolitic dykes and massive metagabbros from the 
Central Cordillera of Colombia (Chinchina, Santa Elena, Pa- 
dua, and Aburrá; Figure 2), and the Cordillera Real and 

Amotape Complex of Ecuador (Monte Olivo and Piedras units) 
yield low K2O (<0.5 wt %) relative to SiO2 (46–55 wt %), plac-
ing them within the tholeiitic field of Peccerillo & Taylor (1976) 
(Figure 7a). However, a comparison of the immobile elements 
Th and Co (Figure 7b) suggests that amphibolitic dykes strad-
dle the tholeiite and calc–alkaline fields, while the massive 
metagabbros of the Aburrá Ophiolite plot in the tholeiite field. 
These discrepancies suggest the amphibolitic dykes may be par-
tially altered. The amphibolites and metagabbros have Zr/TiO2 
that are lower than 0.01 (Figure 7c), placing them within the 
sub–alkaline basalt field, implying that the tholeiitic nature is 
primary. The amphibolitic dykes are enriched in Ti relative to 
V (Figure 7d), and plot in the MORB or back–arc basin basalt 
(BABB) field of Shervais (1982). The massive metagabbros of 
the Aburrá Ophiolite (El Picacho Metagabbros) that yield very 
low K2O abundances of 0.02–0.12 wt % (Figure 7a), plot closer 
to the arc field. LILE abundances within the amphibolitic dykes 
from Colombia and Ecuador (Figure 7e) are enriched (up to 
~100 times) relative to N–MORB and lack significant Nb and 
Ta anomalies. The high field strength elements (HFSE) plot 
close to parity with N–MORB, which is consistent with the 
tectonic discrimination plots. Similarly, N–MORB normalised 
REE plots (Figure 7f) for the amphibolitic dykes plot close to 
MORB compositions, although the LREE are slightly enriched 
with (La/Yb)n ratios varying between 3.16–0.59, while the 
massive metagabbros of the Aburrá Ophiolite yield approxi-
mately flat REE patterns that are slightly depleted relative to 
N–MORB. N–MORB normalised La/Yb ratios from all of these 
rock sequences show a progressive reduction with crystallisa-
tion age from 243 ± 4 Ma to 216.6 ± 0.4 Ma (Figure 7g). Final-
ly, whole–rock εNdi values for the amphibolitic dykes and the 
metagabbros range between 10.18 and 3.40, and become more 
juvenile with younger crystallisation ages (Figure 7h). The most 
juvenile rocks are characteristic of MORB and back–arc basin 
basalts (BABB) isotopic compositions.

A single amphibolite from the Monte Olivo unit in the Cor-
dillera Real of Ecuador yields a whole–rock 87Sr/86Sri of 0.7147 
(Figure 7i), which is extremely high relative to its 143Nd/144Ndi 
of 0.5126 and low La/Yb ratio of 1.71 (Cochrane et al., 2014b). 
This is consistent with low temperature alteration, which has 
preferentially mobilized the LILE but had a minimal effect on 
the REE.

5.3. Comparison with Permian  
and Triassic Rocks in Perú

Permian granitoids within the Eastern Cordillera of Perú that 
crystallised during 293–254 Ma are alkali–calcic to calc–al-
kaline high–SiO2 monzo–, syeno–, and alkali granites (Figure 
8a, 8b), which are mildly metaluminous to peraluminous (ASI 
1.0–1.1; Figure 8c) and yield K2O/Na2O ratios that mainly 
range between 0.8 and 1.2 (Mišković et al., 2009). N–MORB 
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normalized multi–element plots reveal negative Nb, Ta, and 
Ti anomalies (Figure 8d), and resemble the composition of 
Permian intrusions from Colombia and Ecuador. The Permian 
intrusions in Perú have high SiO2 (>69 wt %) and do not re-
veal a bimodal composition (Figure 8a), which is also the case 
in Colombia and Ecuador. Mišković et al. (2009) combined 
major element characteristics with iron oxide number, SiO2 
(e.g., Frost et al., 2001), and trace element abundances, to 
classify the Permian plutons of the Eastern Cordillera of Perú 
as late– to post–orogenic.

Triassic intrusions are mainly located in the southern East-
ern Cordillera of Perú (Cordillera de Carabaya), and similar 
to the case of Colombia and Ecuador, they are geochemically 
distinct from the Permian intrusions (e.g., Mišković et al., 
2009; Spikings et al., 2016). Triassic alkali–calcic to calc–
alkaline granodiorites, monzo–, syeno–, and alkali granites 
in Perú (Figure 8e, 8f) are strongly peraluminous (ASI 0.98–
1.42; Figure 8g), and yield anomalously high whole–rock 
K2O/Na2O ratios (0.55–2.22, with a majority >1.20; Miškov-
ić et al., 2009). N–MORB normalized multi–element plots 
(Figure 8h) reveal negative Nb, Ta, and Ti anomalies, and a 
positive Pb anomaly, suggesting the anatectites derived from 
source rocks with a subduction signature. Geochemically, the 
Triassic migmatites and granites of the Cordillera Real of 
Ecuador and the Central Cordillera of Colombia (K2O/Na2O 
0.77–2.93; ASI 0.92–2.38) resemble the Triassic granites of 
the Eastern Cordillera of Perú. The Triassic anatectites in 
Perú were coeval with alkali olivine gabbro to syenitic lavas 
(Figure 8e) that intercalate oxidised terrigenous sedimentary 
rocks. Collectively these are referred to as the Mitu Group, 
which was deposited in a continental rift during 245–220 Ma 
(Spikings et al., 2016). 

5.4. Comparison with Permian and  
Triassic Rocks in the Southernmost  
North American Plate

Permian intrusions in the Acatlán Complex, Oaxacan Complex, 
Chiapas Massif, and Yavapai Province of México are domi-
nated by tonalites, diorites, and granodiorites (Figure 8a) with 
calcic to alkali–calcic differentiation trends (Figure 8b), while 
some upper Permian quartz monzogranites and quartz syenites 
are exposed in the Chiapas Massif. All of these rocks are mildy 
peraluminous to metaluminous (ASI 0.83–1.14; Figure 8c). 
All Permian rocks yield N–MORB normalized trace element 
plots (Figure 8d) with enriched LILE, and negative Nb, Ta, and 
Ti anomalies, although diorites and tonalites of the Oaxacan 
Complex are more enriched, while granodiorites of the Aca-tlán 
Complex are the most depleted. These characteristics gener-
ally resemble the Permian intrusions of Colombia, Ecuador, 
and Perú, suggesting they may have all formed within different 
regions of the same east–dipping subduction zone along the 

western margin of Pangaea (e.g., Dickinson & Lawton, 2001; 
Kirsch et al., 2012; Ortega–Obregón et al., 2014; Solari et al., 
2001; Torres et al., 1999).

Triassic intrusions in México and Central America are 
sparse (see section 4.5) and thus comparisons with regions 
within South America are not statistically robust. Neverthe-
less, orthogneisses in the Chaucús Metamorphic Complex of 
Guatemala are alkali–calcic, gabbros to monzogranites with 
mildly peraluminous compositions, and yield N–MORB nor-
malized trace element compositions (Figure 8e–h; Solari et al., 
2011) that are very similar to coeval Triassic rocks exposed in 
Colombia, Ecuador, and Perú. Solari et al. (2011) tentatively 
suggest these formed in an arc formed by east–dipping sub-
duction of the Pacific lithosphere, and are a temporal extension 
of the Permian arc rocks found elsewhere in México. Keppie 
et al. (2006) suggest the Francisco Gneiss, which is exposed 
within the core of a Tertiary core complex in the Guerrero 
composite arc terrane is Late Triassic. The magmatic assem-
blage is bimodal (Figure 8e), and the acidic end–member is 
moderately peraluminous and calc alkaline rhyolites (Figure 
8f, 8g). The mafic end member amphibolites are alkali to sub–
alkali basalts with within–plate characteristics (Figure 7b–d) 
that intruded continental crust. These characteristics closely 
resemble the Triassic igneous assemblage in Colombia and 
Ecuador although the accuracy of their crystallisation ages is 
questionable (see section 4.5). 

6. Isotope Geochemistry

Cochrane et al. (2014b) and Paul et al. (2018) report Hf (zir-
con) and Pb (feldspars) isotopic compositions from thirty seven 
Triassic migmatitic leucosomes, massive granitoids, and am-
phibolitic dykes exposed throughout the Central Cordillera of 
Colombia and the Cordillera Real and Amotape Complex of 
Ecuador (Table 1).  The zircons, which have been dated by LA–
ICP–MS (U–Pb), yield a large range of weighted mean (average 
of several zircon grains) εHfi values of +15 and –20 (Figure 9; 
Table 1), which is consistent with the Pb isotopes (Figure 10; 
Table 1), and suggests that isotopically juvenile material was 
added to the continental crust during the Triassic, which also 
introduced heat and recycled continental crust via anatexis, gen-
erating the acidic end–member (Cochrane et al., 2014b; Collins 
et al., 2011; Spikings et al., 2015).

6.1. Zircon Hf: Granites and Migmatitic 
Leucosomes

Single Triassic leucosomes of migmatites and peraluminous 
granites generally yield high, intra–sample variations (e.g., 
εHfi +3 to –11; Figure 9a) within coeval magmatic rims that 
surround variably aged xenocrystic cores (Cochrane et al., 
2014b), and within samples that lack older cores. These varia-
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Figure 9. (a) Hf (zircon) isotope data (Cochrane et al., 2014b) acquired from rims and xenocrystic cores (single spots) of Permian and Tri-
assic peraluminous granitoids, migmatitic leucosomes, and amphibolitic dykes and sills of the Central Cordillera, Cordillera Real, and the 
Amotape Complex. εHfi was determined using zircon crystallisation dates found using LA–ICP–MS, and the CHUR composition (176Lu/177Hf 
= 0.0336, 176Hf/177Hf = 0.282785; Bouvier et al., 2008). (b) Variation in εHfi (zircon) of the amphibolites with zircon crystallisation date and 
whole–rock (La/Yb)n (N–MORB), showing a trend towards depleted mantle isotopic and geochemical signatures, with time. (c) Representa-
tive cathodoluminescence images for amphibolite 10RC39A (Central Cordillera; Table 1) show that juvenile εHfi values (7.4 to 10) are yielded 
by patchy or unzoned zircons, whereas less juvenile values (–3.6 to –4.8) are obtained from oscillatory zoned zircons. (d) εHfi (zircon) data 
from Permian – Triassic granitoids of the Eastern Cordillera of Perú (rims and cores; Mišković et al., 2009; Spikings et al., 2016), and the 
Mérida Andes (mean values; van der Lelij et al., 2016).

tions are too large for magmatic zircons that crystallised from 
a single, well–mixed source (e.g., Gerdes et al., 2002), and 
Cochrane et al. (2014b) conclude that they are mainly derived 
from multiple crustal sources. A small proportion of granites 
yield εHfi (zircon) values that statistically define a single 
population, suggesting that they were derived from a distinct, 

homogeneous source. No correlation is found between the 
εHfi values obtained from the rims of xenocryst bearing and 
xenocryst free zircons, and crystallisation age, which is not 
surprising given the heterogeneous nature of the source rocks 
within the crust. εHfi values obtained from xenocrystic zircon 
cores (Figure 9a) span a large range and are representative of 
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the sedimentary protoliths that melted to form the anatectites. 
The large heterogeneity in εHfi corroborates the large range 
in 238U/206Pb dates of the protoliths.

6.2. Zircon Hf: Amphibolites

Cochrane et al. (2014b) report εHfi (zircon) values from four 
amphibolites which show a negative correlation with crystallisa-
tion age (Figure 9b). The two older amphibolitic dykes (240–232 
Ma) yield a large range in εHfi, with juvenile values (7.4 to 
10) obtained from patchy or unzoned (cathodoluminescence) 
zircons, and crustal compositions (–3.6 to –4.8) from zircons 
that exhibit oscillatory zoning, similar to the zircons extracted 
from the anatectites (Figure 9c). The two youngest amphibo-
lites (225–223 Ma) define single populations of εHfi (13.3–15.0) 
from unzoned zircons, which approach the depleted mantle ar-
ray. Crustal contamination of the mafic melts during emplace-
ment was an important process in the petrogenesis of the older 
amphibolites prior to ca. 225 Ma. However, there is no evidence 
for the assimilation of significant continental crust after ca. 225 
Ma. This interpretation is supported by a negative correlation 
between (i) εHfi (zircon) and (La/Yb)n, (Figure 9b), and (ii) 
crystallisation age and eNd (whole–rock; Figure 7h; Table 1), 
suggesting that the mafic dykes trend towards MORB composi-
tions with a depleted mantle source, during 240–223 Ma.

6.3. Feldspar Pb: Granites and Migmatitic 
Leucosomes

Cochrane et al. (2014c) and Paul et al. (2018) present Pb iso-
topic compositions (measured by ID–TIMS) of a combination 
of calcic and potassium feldspars (Figure 10; Table 1) extract-

ed from Triassic leucosomes and anatectites of the Cordilleras 
Central and Real. These data show that the Triassic monzogran-
ites of the Cajamarca Complex (Colombia) and Tres Lagunas 
Granite (Ecuador) are the most radiogenic suite amongst the 
Triassic igneous units in the northern Andes (e.g., 206Pb/204Pb 
18.94–18.59), while the Triassic amphibolitized mafic in-
trusions yield the least radiogenic compositions (206Pb/204Pb 
18.53–18.51) and reveal progressive mixing and contamination 
with continental crust. Leucosomes of the Sabanilla Migmatite 
(Ecuador) are slightly less radiogenic than the Tres Lagunas 
Granite with respect to Pb, and plot between the fields defined 
by the juvenile mafic intrusions and the Tres Lagunas Granite 
(Figure 10). This trend corroborates the εHfi (zircon) values of 
the amphibolites (Cochrane et al., 2014b) that define a mixing 
array between the Tres Lagunas Granite end member and de-
pleted mantle during 239.7 ± 2.4 Ma and 216.6 ± 0.4 Ma. These 
mixing trends are interpreted to reflect progressive contamina-
tion of continental crust with juvenile magmas that were em-
placed during extensional decompression. Leucosomes of the 
Sabanilla Migmatite represent incipient melting and moderate 
crustal contamination of juvenile magmas. Plutons of the Tres 
Lagunas Granite and Cajamarca Complex are interpreted to be 
the product of accumulation of leucosomal melts.

6.4. Comparison with Zircon Hf Isotope 
Compositions in Perú 

Hf isotopic compositions obtained from Permian and Triassic 
peraluminous granitoids of the Eastern Cordillera of Perú yield 
no clear trends with time, and εHft values range between +6 
and –8 (Figure 9d; Mišković & Schaltegger, 2009; Spikings et 
al., 2016). This range overlaps with that obtained from Triassic 

Figure 10. (a) and (b) 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb compositions of feldspar (mixed plagioclase and K–feldspar) extracted from 
granites and leucosomes of the Cajamarca Complex, Tres Lagunas Granite, and the Sabanilla Migmatite. Data from the Monte Olivo Am-
phibolites (Figure 2) is also shown. The Stacey & Kramers (1975) two–stage crustal evolution line is drawn as a reference. The data reveal 
mixing between a mafic end–member defined by amphibolites of the Monte Olivo unit, and the most radiogenic, highly peraluminous 
melts represented by the Tres Lagunas Granite.

15.3

15.5

15.7

15.9

500 Ma
750 Ma

250 Ma

20
7

20
4

P
b/

P
b

206 204
Pb/ Pb

17.25 18.25 19.25

500 Ma

250 Ma

39.5

36.5

37.5

38.5

20
8

20
4

P
b/

P
b

17.5 18.5 19.5

Present day

206 204
Pb/ Pb

a b

Tres Lagunas

Anatectites

Amphibolites

Cajamarca Complex

Monte Olivo

Sabanilla Migmatite



23

The Permian – Triassic History of Magmatic Rocks of the Northern Andes (Colombia and Ecuador): Supercontinent Assembly and Disassembly

P
er

m
ia

n
Tr

ia
ss

ic

granitoids of Ecuador and Colombia, and individual, intra–grain 
spot analyses show a large spread, reflecting the heterogeneity 
of the source rocks. Mean zircon εHfi values from the Early 
and Late Triassic of 0.02 ± 1.56 and –1.96 ± 1.56 suggest that 
this period was characterised by the addition of isotopically 
juvenile, mantle derived magmas, which were underplating pre-
viously attenuated continental crust (Mišković & Schaltegger, 
2009; Spikings et al., 2016).

7. Thermochronology

Numerous K/Ar dates have been obtained from Paleozoic and 
Triassic magmatic rocks in the Central Cordillera of Colombia 
(Aspden et al., 1987; Feininger et al., 1972; Hall et al., 1972; 
McCourt et al., 1984) and the Cordillera Real of Ecuador (Lith-
erland et al., 1994). Within Ecuador, muscovite, biotite, and 
whole–rock K/Ar dates of the Tres Lagunas Granite and Saba-
nilla unit (migmatites) range between 100–50 Ma (Litherland et 
al., 1994), revealing a clear disturbance to the isotopic system. 
Unfortunately, we cannot extract useful time–Temperature (t–
T) information from these data because the degree of daughter 
isotope loss cannot be quantified. Nevertheless, McCourt et al. 
(1984) and Litherland et al. (1994) interpret these data to reflect 
continental collision at ca. 120 and 65–55 Ma.

Spikings et al. (2000, 2001, 2010) and Villagómez & 
Spikings (2013) present 40Ar/39Ar (white mica, biotite, alkali 
feldspar) and fission track (zircon, apatite) data from Triassic 
magmatic rocks in Colombia and Ecuador, which were used to 
construct time(t)–Temperature(T) paths. However, the collision 
of the Caribbean Large Igneous Province with South America 
at ca. 75 Ma drove more than 350 ºC of cooling via exhumation 
(Spikings et al., 2010), and Triassic thermal histories are not 
preserved in the isotopic systems.

Recently, Cochrane et al. (2014c) and Paul et al. (2018) 
published apatite U–Pb data from the Triassic Cajamarca Com-
plex, Sabanilla Migmatite, and Tres Lagunas Granite (Figure 
11; Table 1). The authors demonstrate that Pb was lost from 
the apatite grains by thermally activated diffusion, and thus the 
dates can be combined with grain sizes and the diffusion prop-
erties of Pb in apatite to generate a series of plausible t–T paths 
at temperatures >380 ºC (Figure 11) using a computed Monte 
Carlo algorithm. Apatite 238U–206Pb dates from the Cajamar-
ca Complex in the northern Central Cordillera are 10–20 my 
younger than their zircon U–Pb dates (Figure 11a), reflecting 
rapid cooling through 550–380 °C in the latest Triassic (Figure 
11b), and no subsequent re–heating to temperatures >380 °C. 
In contrast, a majority of 238U–206Pb dates from Triassic ana-
tectites in the southern Cordillera Real are younger than 100 
Ma (Figure 11a). Numerical modelling suggests these rocks 
also cooled rapidly through 550–380 °C in the latest Triassic, 
although the rocks were re–heated to >380 °C in the Cretaceous 
(Figure 11c). 40Ar/39Ar muscovite plateau dates and low tem-

perature thermochronometers (Spikings et al., 2010) support the 
accuracy of the t–T paths (Table 1).

Rapid cooling from anatectic temperatures to less than ~380 
°C during the Triassic is probably mainly a consequence of 
thermal relaxation subsequent to the removal of the heat source 
at a local geographic scale. Some component of cooling may 
also be a consequence of exhumation during Triassic extension 
(see section 8.2).

8. Interpretation

8.1. Permian: Arc Magmatism and 
Metamorphism along Western Pangaea

8.1.1. Arc Magmatism

The exposure of Permian granitoids within the northern Andes 
(Figure 2) is restricted to the Sierra Nevada de Santa Marta (ca. 
288–264 Ma), the central Central Cordillera (ca. 278–253 Ma), 
and a single rock located in the far southern Cordillera Real 
(ca. 283 Ma), close to the Peruvian border. Mylonitic gran-
ites and orthogneisses from the Sierra Nevada de Santa Marta 
yield dates spanning between ca. 288–264 Ma, while detrital 
zircons in metasedimentary rocks have maximum depositional 
ages of ca. 284–261 Ma. The aluminium saturation index of the 
Permian alkali–calcic to calcic granites straddles the peralumi-
nous and metaluminous fields, while the δ18O values (quartz) of 
14–17 ‰ suggests that some of these syenogranites formed by 
partial melting of sedimentary rocks. Zircons yield magmatic 
Th/U ratios of 0.26–1.27 suggesting that they crystallised from 
magmas, and have not undergone sub–solidus metamorphic 
recrystallisation (Figures 12a, 13; Table 1). This is consistent 
with a high Y content (550–7750 ppm) and negative Eu anom-
alies in zircons of El Encanto Orthogneiss (Sierra Nevada de 
Santa Marta; Piraquive, 2017), which is corresponds to with a 
magmatic origin. The whole–rock trace element abundances are 
characteristic of subduction related magmatism. Magmatism 
during this period was not bimodal and thus not accompanied 
by a mafic end–member, and all rocks yield >58 wt % SiO2 

(Figure 6a, 6b). The Permian granites within the Sierra Nevada 
de Santa Marta (Cardona et al., 2010a; Piraquive, 2017) and 
the Central Cordillera of Colombia (Cochrane et al., 2014b; 
Villagómez et al., 2011) are interpreted to have formed with-
in a continental arc above an east dipping Pacific subduction 
zone beneath western Pangaea during 288–255 Ma (Figures 13, 
14). U–Pb dates of detrital zircons from two metasedimentary 
schists of the Gaira Schists (Sierra Nevada de Santa Marta) 
yield maximum depositional ages of ca. 284 and ca. 261 Ma 
(Piraquive, 2017), and thus these sedimentary rocks were co-
eval with and probably sourced from the continental arc. 

Inherited early Neoproterozoic and Ordovician zircon 
cores are common in Permian intrusions in Colombia and  
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Figure 11. (a) Along strike variations of 238U/206Pb dates (apatite, titanite, and rutile; ID–TIMS) and plateau 40Ar/39Ar dates (biotite and mus-
covite) from Triassic lithologies (Cajamarca Complex, Tres Lagunas Granite, Sabanilla Migmatite, and various amphibolites). Bars indicate 
the range of 238U/206Pb dates obtained from grains with radii of ~50 (youngest date) and 100 mm (oldest date). The larger grains yield older 
dates than the smaller grains supporting the premise that Pb has been lost by thermally activated volume diffusion, and thus the data can 
be used to extract time(t)–Temperature(T) paths. The grey bar represents the timing of the collision and accretion of the Caribbean Large 
Igneous Province (CLIP), determined using various low–T thermochronometers, sedimentological and palaeomagnetic evidence (Luzieux 
et al., 2006; Spikings et al., 2001, 2010; Vallejo et al., 2006). 238U/206Pb and 40Ar/39Ar dates clearly younger towards the south, with the oldest 
dates in northern Colombia. Time (t)–Temperature (T) solutions to the apatite 238U/206Pb data are shown for (b) a Triassic granite of the Caja-
marca Complex (10RC43), and (c) a Triassic leucosome of the Sabanilla Migmatite (09RC42) of the southern Cordillera Real, and the northern 
Central Cordillera, respectively (locations shown in Figure 2). Data and t–T models are obtained from Cochrane et al. (2014c) and Spikings et 
al. (2015). 40Ar/39Ar muscovite plateau dates are also shown, with the closure temperature range determined from the diffusion parameters 
presented in Harrison et al. (2009). The t–T paths are determined using a computed Monte Carlo algorithm constrained by the diffusivity 
and activation energy of diffusion of Pb in apatite (Cherniak et al., 1991), apatite grain size and 238U/206Pb date (data shown in (b). Models are 
only constrained using low–T thermochronological data (Spikings et al., 2010). The thick blue line yields the best fit between measured and 
predicted data. The red dashed line has not been computed, and only serves to illustrate heating of a Paleozoic sedimentary protolith during 
anatexis. APbPRZ: Apatite Lead Partial Retention Zone.

Ecuador, and thus the Permian continental arc recycled Sunsas 
and Famatinian–aged crust (see section 4.3), which is consis-
tent with the mildly peraluminous and calc–alkaline compo-
sitions. Cathodoluminescence images show that many detrital 
zircons from the Gaira Schists (Sierra Nevada de Santa Marta) 
consist of Ordovician cores (Piraquive, 2017) with Permian 
rims, which suggests that anatexis of the crust accompanied 
arc magmatism during the middle part of the Permian. This is 
consistent with the high δ18O values (quartz), and thus could 
be described as a high–temperature metamorphic event at 
some time between 288 and 264 Ma (Figure 13). Vinasco et 
al. (2006), suggest that zircon U–Pb (SHRIMP) dates of ca. 
275 Ma obtained from the Abejorral granitic gneiss record 
a metamorphic event, although no evidence is presented for 
the metamorphic nature of the zircons. Similarly, Piraquive 
(2017) refers to anatexis at ca. 278 Ma in the Sierra Nevada 
de Santa Marta as a regional metamorphic event, although 
evidence for Barrovian metamorphism at that time is lacking, 
and the Th/U values of zircons is ~1 (Figure 12), suggesting 
they crystallised in a magmatic environment.

Remnants of Permian magmatism have also been found 
within the serranía de Perijá (Figure 1; Dasch, 1982), Para-
guaná Peninsula (272.2 ± 2.6 Ma; van der Lelij et al., 2016), 
and El Baúl Massif (294.1 ± 3.1 – 283.3 ± 2.5 Ma) in Ven-
ezuela (Figure 4d; Viscarret et al., 2009). The geochemical 
composition of these rocks is also typical of a calc–alkaline 
continental arc (e.g., van der Lelij et al., 2016). These dates 
and geochemical characteristics overlap with Permian intru-
sions in the Central Cordillera, and the Sierra Nevada de Santa 
Marta, and thus it is not unrealistic to suggest they all formed 
within the same subduction zone. However, these Permian 
intrusions are currently located up to ~500 km to the east of 
the Sierra Nevada de Santa Marta and the Central Cordillera 
(Figure 1), whereas there is a magmatic gap between 415–
209 Ma in the Santander Massif (van der Lelij et al., 2016), 
which is only located 200–150 km east of the Central Cordil-

lera (Figure 1). El Baúl Massif may have been closer to the 
continental margin before north–eastward movement of the 
Maracaibo Block during the Cenozoic (Figure 14; Pindell & 
Dewey, 1982). These translations would place the rocks of El 
Baúl Massif in a similar palinspastic position as the Permian 
rocks of the Sierra Nevada de Santa Marta. We suggest that 
the basement of the Santander Massif was located east of 
the Permian arc axis (Figure 14), and the poorly studied sed-
imentary rocks of the Tiburón and Bocas Formations, which 
overly its basement, may host detritus shed from the arc into 
its back–arc.

Permian granitoids in Colombia, Ecuador, and Venezuela 
that intruded during 294–255 Ma, were coeval and share the 
same geochemical characteristics to those found in the south-
ern North American and western Caribbean plates. Permian 
intrusive magmatism in the Chiapas Massif, the Xolapa, Aca- 
tlán, and Oaxacan Complexes, and the Yavapai Province was 
not bimodal, alkali–calcic to calcic, mildly metaluminous 
to peraluminous, magmatic (zircon Th/U > 0.1; Figure 12) 
and includes components derived from subducted oceanic 
lithosphere (Figure 8). Hf (zircon) isotopic compositions of 
Permian intrusions in the Acatlán and Oaxacan Complexes 
suggest that arc magmatism recycled continental crust (Orte-
ga–Obregón et al., 2014). These observations are consistent 
with previous suggestions that the Permian intrusions in Lau-
rentia and Gondwana formed within a continental arc above 
the same east–dipping subduction zone along the western 
margin of Pangaea (Figure 14; e.g., Centeno–García & Kep-
pie, 1999; Dickinson & Lawton, 2001; Kirsch et al., 2012; 
Ortega–Obregón et al., 2014; Torres et al., 1999; Ratschbach-
er et al., 2009; Solari et al., 2001).

Using the same logic, the close geochemical similarities 
between Permian arc intrusions in southern North America, 
Colombia, Ecuador, and Venezuela with calc–alkaline Perm-
ian intrusions in the Eastern Cordillera of Perú (Figure 8; e.g., 
Mišković et al., 2009) that are older than ca. 260 Ma suggests 
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Figure 12. Variations in Th/U ratios with 206Pb/238U crystallization age of individual zircons extracted from Permian and Triassic granites and 
migmatitic leucosomes from (a) the Sierra Nevada de Santa Marta, Central Cordillera, and Cordillera Real of Colombia and Ecuador, and (b) 
various regions in the southern North American and western Caribbean plates. The zircon Th/U ratios show a significant reduction in some 
zircons at ca. 250 Ma in Colombia, Ecuador, the Chiapas Massif (southern Maya Block), the juxtaposing Acatlán and Ayú Complexes (Mixteca 
Terrane), and the Ovejas Complex (Chortis Block). These are attributed to (i) metamorphic zircon growth during regional metamorphism 
and crustal thickening (e.g., Weber et al., 2007), and (ii) metamorphic zircon growth, which accompanied anatexis during increased fluid 
expulsion and geothermal gradients during basaltic underplating (240–223 Ma). Metamorphic and magmatic zircon fields after Hartmann 
& Santos (2004). Uncertainties of the 206Pb/238U ages are ±1 – 2%. Data from Colombia: Cardona et al. (2010a); Cochrane et al. (2014c); Pira-
quive (2017). Data from Ecuador: Cochrane et al. (2014b), Paul et al. (2018). Other data: Weber et al. (2007; Chiapas Massif), Ratschbacher et 
al. (2009; Ovejas Complex, Rabinal Complex), Solari et al. (2001, 2011; Chaucús Complex and Oaxacan Complex), Kirsch et al. (2012; Acatlán 
Complex), Helbig et al. (2012; Ayú Complex), Ortega–Obregón et al. (2014; Oaxacan Complex), Mišković et al. (2009; Perú, Eastern Cordillera).
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the arc was geographically extensive and Pacific subduction be-
neath Pangaea continued towards southern Perú. The shift from 
a well characterised, calc–alkaline Carboniferous arc in Perú to 
Permian post–tectonic alkali granites (Mišković et al., 2009) and 

ultimately Triassic alkaline bimodal intrusions (see below) and 
volcanic rocks of the Mitu Group is characteristic of lithospheric 
thinning (e.g., Spikings et al., 2016; Xu et al., 2007). Miškov-
ić et al. (2009) suggest that the Permian granitoids of southern 
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Figure 13. Geochronological and geochemical summary of data from Permian and Triassic granites and leucosomes, tholeiitic basaltic 
sills and dykes, and the Aburrá Ophiolite. These data define (i) Permian continental arc magmatism, (ii) bimodal magmatism during 
lithospheric thinning and continental rifting (240–223 Ma), and (iii) a passive margin stage during which oceanic lithosphere was form-
ing (223–209 Ma). Active margin magmatism commences in the Santander Massif at ca. 209 Ma (Spikings et al., 2015; van der Lelij et 
al., 2016). Regional metamorphism is shown at ca. 275 Ma although this is poorly defined (see 2: 1: 8.1.1). Metamorphism at ca. 250 Ma 
is obtained from Weber et al. (2007) and Piraquive (2017; see section 8.1.2). Data are from Vinasco et al. (2006), Cochrane et al. (2014b), 
and Piraquive (2017).
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Figure 14. (a–c) Tectonic reconstructions for the Permian and Triassic, modified after Dickinson & Lawton (2001), Elías–Herrera & Orte-
ga–Gutiérrez (2002), and Weber et al. (2007). Africa is not shown. (d) Schematic cross sections showing the Triassic rift to drift transition 
(Payandé Rift), failed rift (Mitu Rift), and early disassembly of Pangaea. Abbreviations: (F) Florida; (D) Delicias; (Y) Yucatán; (M) Maya Block; 
(EBM) El Baúl Massif; (SNSM) Sierra Nevada de Santa Marta; (SM) Santander Massif; (Ox) Oaxaquia; (CC) Central Cordillera; (Ac) Acatlán 
Block; (CR) Cordillera Real; (Ch) Chortis Block; (ECP) Eastern Cordillera of Perú.
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Perú formed within an extensional regime during extensive slab 
retreat, which thermally weakened the subducted slab, leading 
to slab–break–off by ca. 270–260 Ma (Figure 14). Alternatively, 
orogenic collapse could also be responsible for the switch from 
a normal magmatic arc to generalised extension, e.g., collapse of 
the late Paleozoic arc in Chile and Argentina (e.g., Hervé et al., 
2014). Rocks of the southern Eastern Cordillera of Perú were 
deformed by the poorly temporally constrained middle Permian 
Tardihercynian deformation phase, giving rise to folding and an 
angular unconformity between Permian – Carboniferous rocks 
and the overlying Triassic Mitu Group (Laubacher, 1978; Rosas 
et al., 2007; Spikings et al., 2016).

Any model which includes a Permian arc spanning from 
North to South America must account for the relatively low 
volume of Permian arc rocks in Colombia and only a single 
exposed location in Ecuador, compared to substantial volumes 
preserved in México and Perú. Most reconstructions (e.g., 
Dickinson & Lawton, 2001; Elías–Herrera & Ortega–Gutiér-
rez, 2002) place various Mexican and Central American crustal 
blocks (Maya, Acatlán–Mixteca, Oaxaquia, Chortis; Figure 14) 
outboard of the northwestern corner of South America within 
Pangaea, and therefore it is likely that with the exception of 
the Inner Santa Marta Metamorphic Belt (Figure 3), a majori-
ty of Colombia and Ecuador existed in the Permian back–arc, 
and most of the Permian arc was displaced northwards during 
the fragmentation of Pangaea in the Triassic (Spikings et al., 
2015). Other blocks, for example the Paraguana Peninsula, El 
Baúl Massif, and perhaps the Inner Santa Marta Metamorphic 
Belt were displaced eastwards during the Cenozoic (Pindell & 
Dewey, 1982).

8.1.2. Latest Permian – Early Triassic 
Metamorphism

Garnet amphibolites of La Secreta Mylonites of the Inner Santa 
Marta Metamorphic Belt record prograde metamorphism with 
peak metamorphic conditions of ~770–830 °C and ~11.5–14 
kb (hbl–grt; hbl–plag–qtz), followed by retrogression to 530 °C 
and 5.5 kb (Piraquive, 2017). Piraquive (2017) identifies sub–
solidus metamorphic zircon cores that were coeval with garnet 
growth at ca. 250 Ma and suggests these date peak metamor-
phism (Figure 13), while retrogression continued through the 
Triassic (Spikings et al., 2015). Cardona et al. (2010a) describe 
kinked plagioclase in mylonitic Permian intrusions (288–264 
Ma) of the Sierra Nevada de Santa Marta, which they interpret 
as a high temperature (>450 °C) deformational event. The same 
authors interpret amphibole K–Ar dates of ca. 250 Ma (Mac-
Donald & Hurley, 1969) obtained from a gneissic clast located 
proximal to the mylonites to be the result of a thermal distur-
bance at ca. 250 Ma, and further suggest that the same thermal 
event may be responsible for the high–temperature deformation 
and mylonitisation of the Permian intrusions. The Th/U content 

of zircons at ca. 250 Ma approaches 0.1 (Figure 12a), corrob-
orating sub–solidus zircon growth and a metamorphic event at 
that time (Figure 13).

Weber et al. (2007) report concordant zircon U–Pb dates 
from migmatites of the Chiapas Massif of 254.0 ± 2.3 Ma – 
251.8 ± 3.8 (Figures 4d, 5b). These dates are derived from the 
rims of zircons which yield Th/U ratios <0.1 (Figure 12b), and 
they are interpreted to be a result of medium pressure–high 
temperature (MP–HT) metamorphism during compression, 
and stacking within an orogenic wedge. Similarly, Ratsch-
bacher et al. (2009) also report zircon rims in Permian intru-
sions at ca. 250–245 Ma from the Chortis Block of Central 
America, which yield metamorphic Th/U ratios of ~0.04 (Fig-
ure 12b). These dates overlap with, and perhaps add credence 
to suggestions for latest Permian – earliest metamorphism in 
Colombia (Figure 13). However, quantitative evidence for the 
precise timing of a high–temperature metamorphic event in 
Colombia at ca. 250 Ma is weak, and there is a requirement 
for further studies to directly date deformation and meta-
morphism during the Permian and earliest Triassic. Weber et 
al. (2007) attribute metamorphism in the Chiapas Massif to 
compression that closed marginal basins, previously formed 
during extension that accompanied Permian arc magmatism 
(Figures 13, 14). The cause of compression has been attribut-
ed to either terrane accretion, subduction of thickened, topo-
graphically prominent and buoyant oceanic lithosphere (e.g., 
Weber et al., 2007), or increased plate coupling during the 
waning stages of the amalgamation of Pangaea (Cardona et 
al., 2010a). The collision event post–dates the early amalga-
mation of Pangaea by ca. 50 Ma, which is recorded along the 
diachronous Ouachita–Marathon Suture (Figure 14) that had 
formed by the early Permian.

Geochemical and isotopic evidence from Permian – Triassic 
intrusions in Perú provides no clear evidence for compression 
at ca. 250 Ma (Figure 12; Mišković et al., 2009; U/Th zircons > 
0.1). However, rocks of the southern Eastern Cordillera of Perú 
were deformed by the poorly temporally constrained middle 
Permian Tardihercynian deformation phase, giving rise to fold-
ing and an angular unconformity between Permian – Carbonif-
erous rocks and the overlying Triassic Mitu Group (Laubacher, 
1978; Rosas et al., 2007; Spikings et al., 2016). Therefore, it 
is likely that compression may have also affected the Peruvian 
margin, although this is not clearly expressed in the compo-
sition of magmatic rocks, suggesting that compression may 
have been less intense to the south of Colombia and Ecuador. 
A southward waning of compression during the Permian would 
spatially correlate with the location of continental lithosphere 
outboard of the Triassic margins of Colombian and Ecua-
dorian crust within South America, and was perhaps lacking 
outboard of Perú (Figure 14). This supports a hypothesis that 
compression at ca. 250 Ma was a consequence of the collision 
of terranes that now form the basement of México and Central 
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America. Alternatively, varying stress regimes may be a con-
sequence of varied displacement at the ocean–continent plate 
interface to the north and south of the Huancabamba Deflection. 

8.2. Triassic: Rift to Drift Transition and the 
Early Disassembly of Pangaea

8.2.1. The Magmatic Record

The Triassic crustal anatectites of the Sierra Nevada de Santa 
Marta and Central Cordillera of Colombia, and the Amotape 
Complex and Cordillera Real of Ecuador that formed during 
240–225 Ma yield lower whole–rock (La/Yb)n, lower zircon 
Th/U (Figures 12a, 13), and are significantly more peralumi-
nous than the Permian granitoids in Colombia and Ecuador 
(Figure 6c), the Eastern Cordillera of Perú (Mišković et al., 
2009), and the southwestern North American Plate (Figure 8). 
These corroborate upper continental crust normalised trace el-
ement concentrations close to unity (Figure 6g), and are indic-
ative of increased partial melting of pelitic rocks after ca. 240 
Ma, forming metamorphic zircon within the anatectites, and 
perhaps an overall greater volume of magmatism compared to 
the Permian, which is reflected by a peak in the quantity of 
dated samples during 240–225 Ma (Figure 4a). This period was 
characterised by bimodal magmatism (Figures 7a, 8e), and Co-
chrane et al. (2014a) suggest that mafic underplating elevated 
the geothermal gradient, driving fluid expulsion from the pelitic 
protoliths and lowering their solidus.

The trace element content of the Triassic amphibolitised 
tholeiitic dykes is characteristic of a back–arc basin or MORB 
setting (Figure 7d), and the progressive trend in isotopic com-
positions towards the depleted mantle (Figure 13), combined 
with progressive depletions in incompatible elements during 
240–225 Ma (Figure 7g) suggests they were emplaced within a 
lithosphere that was thinning. Hafnium isotopic compositions 
in zircons show that mantle derived tholeiites emplaced during 
240–232 Ma assimilated isotopically evolved continental crust 
(Figure 9), whereas there is little evidence of the assimilation of 
significant crust after 225 Ma, when εHfi approaches depleted 
mantle compositions. Pb isotopes in feldspars (Figure 10) also 
reveal mixing between a highly radiogenic component that is 
compatible with upper continental crust, with a juvenile source 
that approaches the depleted mantle and is represented by the 
mafic end member rocks.

The geographically widespread occurrence of coeval, 
Triassic tholeiitic, amphibolitised dykes and crustal anatec-
tites within Colombia and Ecuador (Figure 4a) supports an 
extensional setting, which probably formed within a region 
of increased heat flow that is characteristic of an attenuated 
back–arc basin (e.g., Collins & Richards, 2008). Cochrane et 
al. (2014b), and Spikings et al. (2015, 2016) suggest that the 
period between 240–225 Ma was dominated by progressive 

thinning of the continental lithosphere during rifting and the 
disassembly of western Pangaea (Figure 14c). Mafic under-
plating and anatexis occurred because of doming and decom-
pression of the asthenosphere during extension (Figure 14d), 
and heat convection during the intrusion of mafic magmas into 
the crust. Within Colombia, this interpretation is supported by 
the identification of rapid extension and subsidence located 
between the present Central and Eastern Cordilleras, resulting 
in the deposition of red beds of the Luisa and Payandé For-
mations, and the Chicalá Member of the Saldaña Formation 
during the Middle – Late Triassic (Mojica & Kammer, 1995; 
Mojica & Prinz–Grimm, 2000; Senff, 1995). Within Ecuador, 
Triassic rifting is supported by (i) the tentatively mapped Tri-
assic Zumba Ophiolite in the southernmost Cordillera Real 
of Ecuador, although its Triassic age is assumed based on its 
structural position (Figure 2; Litherland et al., 1994), and (ii) 
late Middle to Upper Triassic continental and marine volca-
no–sedimentary rocks of the Piuntza unit (southern Cordillera 
Real) that were deposited in rift grabens (Figure 2; Litherland 
et al., 1994). Spikings et al. (2016) refer to this rift as the 
Payandé Rift (w), which was also used by Senff (1995) to 
describe the tectonic setting of Triassic, red siliciclastic rocks 
of the Payandé Formation in northern Colombia.

A majority of crustal anatectites are older than 225 Ma, 
and the basaltic amphibolites that formed during and after 225 
Ma yield N–MORB isotopic and geochemical signatures (Fig-
ure 13). Cochrane et al. (2014a) suggest that the continental 
crust was either extremely thin or absent after 225 Ma (Figure 
14d). Correa–Martínez (2007) documents a series of metagab-
bros, amphibolites, and plagiogranites from the northern Cen-
tral Cordillera, and utilizes petrological observations, isotopic 
and geochemical analyses, and field mapping to conclude that 
they are part of an ophiolitic sequence (the Aburrá Ophiolite; 
Figure 2) that formed within a back–arc basin. U–Pb dating 
of magmatic zircons from the plagiogranite yields an age of 
ca. 216 Ma (Table 1) suggesting that seafloor spreading start-
ed between ca. 225 and ca. 216 Ma. The youngest plateau 
40Ar/39Ar date of 213.7 ± 0.9 Ma (muscovite; Figure 2; Table 
1) obtained from an anatectite in Colombia, combined with 
apatite U–Pb dates of 232–198 Ma (Figure 11) records cooling 
below ~380 °C as the margin drifted further from the source of 
elevated heat flow, and possibly exhumation during continued 
extension. Some regions of the continental margin remained 
at temperatures that were sufficiently high to form metamor-
phic zircon rims until ca. 207 Ma (Figures 4d, 12a; Table 1; 
Cochrane et al., 2014b). The rift and transition to drift oc-
curred over a period of ca. 20–25 my (Figures 13, 14), which 
is comparable with the duration of other examples of rifting 
and the transition to a drift phase, including the Lau–Havre–
Taupo system (south Pacific; Parson & Wright, 1996), and the 
west Iberian – Newfoundland conjugate margins (Russell & 
Whitmarsh, 2003).
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Rifting starting at ca. 240 Ma is consistent with the geo-
chronology and geochemistry of bimodal, highly peralumi-
nous granites, alkaline intra–plate basalts, and volcanic tuffs 
in the central and southern Eastern Cordillera of Perú. Miškov-
ić et al. (2009) suggest that decompression melting generat-
ed basaltic magmas at the base of the lower crust, resulting 
in crustal melting during 260–200 Ma, ultimately giving rise 
to the bimodal Mitu Group within a continental rift. The age 
of the Mitu Group (245–240 to 220 Ma; Spikings et al., 2016) 
closely overlaps with the timing of rifting within Colom-
bia and Ecuador. However, unlike the case of Colombia and  
Ecuador, Spikings et al. (2016) demonstrate that the rift formed 
in the absence of subduction, either above an arrested slab or a 
slab that was detached (e.g., Franzese & Spalletti, 2001; Kay, 
1993). Alternatively, Noble et al. (1978) and Reitsma (2012) 
suggested that extension occurred in a back–arc setting, and the 
Triassic arc was obliterated by Cenozoic tectonic erosion (e.g., 
Clift & Hartley, 2007). There is no evidence for the formation 
of Triassic oceanic lithosphere within the Eastern Cordillera 
of Perú, and the rift foundered during ca. 220–190 Ma, result-
ing in the deposition of limestones of the Pucará Group during 
thermal sag (Rosas et al., 2007). Extensive tracts of continental 
Precambrian – Triassic continental crust, including the Arequi-
pa Terrane (Figure 1), lie outboard of the Mitu Group, and it is 
likely that the rift failed to advance to a drift phase (Figure 14c). 
In contrast, no Triassic continental crust is found outboard of 
the Triassic anatectites within Colombia and Ecuador (Figure 
2), and this region advanced to the drift phase. The recent dis-
covery of Triassic xenocrystic zircons in basalt offshore north-
ern Perú (8° S; Romero et al., 2013) suggests this may also be 
a product of extension of the continental crust. These rocks 
are exposed along the Outer Shelf High (Romero et al., 2013), 
and no continental crust has been found to the west, suggesting 
the Mexican and Central American conjugate margin may have 
extended into Perú, within Pangaea.

Triassic U–Pb dates obtained from the amphibolites and 
crustal anatectites from northern Colombia to southernmost  
Ecuador reveal no trend with latitude (Figure 4d), suggesting 
that extension and rifting was not diachronous within the north-
ern Andes. Similarly, Spikings et al. (2016) compare U–Pb dates 
of detrital zircons within the Mitu Group along the strike of the 
Eastern Cordillera in central and southern Perú, and conclude 
that the basal strata were coeval everywhere, although Triassic 
plutons young from central towards southern Perú (Mišković 
et al., 2009). Rifting along western Pangaea commenced at ca. 
240 Ma and affected >2500 km of the Gondwanan margin. Fur-
thermore, Middle to Late Triassic extensional basins are dis-
persed throughout central and southern Chile, western Argentina 
(Franzese & Spalletti, 2001), and southern Brazil (Zerfass et 
al., 2004), suggesting that western Gondwana was placed under 
tension (e.g., Ramos, 2009) at ca. 240 Ma, culminating in the 
fragmentation of western Pangaea by ca. 195–180 Ma.

The Pacific margin of northwestern Gondwana remained 
passive until ca. 209 Ma, after which a prolonged period of lat-
est Triassic – Early Cretaceous magmatism modified the margin 
of Colombia and Ecuador, and southernmost Perú (Figure 13; 
Spikings et al., 2015).

8.2.2. Conjugate Margins to Gondwana

Triassic rifting within Colombia and Ecuador is considered 
to have occurred within a back–arc (Cochrane et al., 2014b; 
Spikings et al., 2015, 2016). Reconstructions of Pangaea 
based on Atlantic seafloor magnetic anomalies show that 
northwestern South America lay close to Laurentia during 
the Permian and Triassic, and overlapped half of present 
day México (Dickinson & Lawton, 2001; Pindell & Barrett, 
1990). Consequently, it is logical that the rifted margins cur-
rently form part of Central America, southern North Ameri-
ca, and perhaps parts of the Caribbean Plate. Several lines of 
evidence suggest that the basement to Mexican and Central 
American terranes, including the Mixteca Terrane (e.g., the 
Acatlán and Ayú Complexes), Oaxaquia (including the Oaxa-
can Complex), the Maya Block (including the Chiapas Mas-
sif and Rabinal Complex), and, controversially, the Chortis 
Block (including the Ovejas Complex) may have been part of 
Gondwana and were the rifted Triassic conjugate margin to 
northwestern Gondwana (Figure 14). Other evidence includes 
(i) Grenville–aged granulite belts with similar Pb isotope sig-
natures (Restrepo–Pace et al., 1997; Ruiz et al., 1999; Weber 
& Köhler, 1999), (ii) anorthosite complexes (Restrepo–Pace 
& Cediel, 2010), and (iii) similar Cambrian fauna (Cocks & 
Torsvik, 2002; Restrepo–Pace & Cediel, 2010).

Triassic igneous rocks are sporadically exposed in (i) the 
Chaucús Complex (intrusions), (ii) the Chortis Block (Ovejas 
Complex, zircon inheritance in Eocene intrusions; Figures 5b, 
8d), (iii) the Rabinal Complex (intrusions; Maya Block), and 
(iv) the Ayú Complex (granitic dykes; currently part of the 
Mixteca Terrane and juxtaposed against the Acatlán Complex). 
Concordant zircon U–Pb dates from these primary and inher-
ited zircons span between 245–215 Ma, overlapping with the 
timing of rifting in Colombia and Ecuador. Keppie et al. (2006) 
present discordant zircon U–Pb dates from migmatitic gneisses 
of the Francisco Gneiss (northern Guerrero composite terrane, 
northern México) that span between 216 and 197 Ma, although 
they interpret these are recording crystallisation at ca. 206 Ma. 
Their coeval association with mafic amphibolites, combined 
with intra–plate geochemical characteristics led Keppie et al. 
(2006) to propose that they formed in a rift located in a conti-
nental back–arc. Zircon Th/U values from Triassic zircons in 
the Chaucús Metamorphic Complex and the Rabinal Complex 
support an igneous origin (Figure 12b), although zircon Th/U 
values <0.01 from inherited zircons in the Chortis Block (Ove-
jas Complex) suggest these may have formed in a sub–solidus, 
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metamorphic environment (Ratschbacher et al., 2009). Similar-
ly, Th/U (zircon) ratios in the Acatlán Complex and juxtaposed 
Ayú Complex show a gradual reduction from the Permian to 
the end of the Triassic (Figure 12). Robust geochemical and 
isotopic analyses of the Triassic igneous rocks are lacking (e.g., 
Figure 8), and it is possible that some Triassic rocks formed 
along an arc axis, whereas others may have formed in the back–
arc and resemble the Triassic monzogranites of Colombia and 
Ecuador. Poorly dated Late Triassic (216–197 Ma) rhyolites and 
tholeiitic basalts in the Guerrero composite terrane of México 
are interpreted to have formed in a continental rift (Keppie et 
al., 2006), and the same authors attribute Upper Triassic rocks 
of the Oaxaquia Terrane to a back–arc setting. Similarly, Helbig 
et al. (2012) suggest that Upper Triassic volcanic rocks with E–
MORB to MORB characteristics within the Acatlán Complex 
(Ayú Complex; Figure 5b) formed within a back–arc.

Triassic roll–back of the east–dipping Pacific slab drove 
widespread extension along most of western Gondwana, re-
sulting in complete rifting of continental crust in the region of 
northwestern South America. Further south, tensile forces failed 
to form oceanic lithosphere in Perú (Mitu Rift; Figure 14), 
western Argentina, and Chile (Cuyo and Ischigualasto–Villa 
Unión Basins; Spikings et al., 2016), and these regions remain 
as failed rifts. Perhaps the orthogonal component of roll–back 
was less severe in these regions, or the continental crust was 
stronger. The Middle – Late Triassic rifts in Chile and western 
Argentina, and associated magmatic units are collectively con-
sidered to have formed subsequent to slab–detachment, giving 
rise to intense crustal melting under extensional tectonic con-
ditions during a period of arrested subduction (e.g., Kay et al., 
1989; Parada et al., 2007; Spalletti et al., 2008). Consequent-
ly, the origin of extension may differ compared to the case of 
Colombia and Ecuador, where subduction is thought to have 
continued throughout the Triassic.

9. The Triassic – Jurassic Transition, 
and the Separation of Pangaea
The magmatic and sedimentary rocks associated with Triassic 
(240–225 Ma) rifting in Colombia and Ecuador (e.g., Sabanilla 
Migmatite, Tres Lagunas Granite, and the Cajamarca Complex) 
are mainly in faulted contact with the younger Late Triassic – 
Jurassic continental arc, which commenced at ca. 209 Ma in 
the Santander Massif (Figure 13; Spikings et al., 2015; van der 
Lelij et al., 2016), and had migrated westwards to the region of 
the Cordilleras Central and Real by ca. 189 Ma (Spikings et al., 
2015). Jurassic extension north of the Huancabamba Deflection 
(Figure 1) had multiple effects, including (i) trenchward migra-
tion of the Jurassic arc (189–145 Ma; Cochrane et al., 2014a; 
Spikings et al., 2015), (ii) graben formation (e.g., Uribante and 
Espina grabens; Bartok, 1993), (iii) carbonate (Jaillard et al., 
1990; Toussaint & Restrepo, 1994) and red–bed deposition 

(e.g., La Quinta Formation; van der Lelij et al., 2016), (iv) the 
extrusion of the Central Atlantic Magmatic Province during 
202–201 Ma (e.g., Davies et al., 2017), and (v) the separation 
of North America, Yucatán and South America at 195 Ma (e.g., 
Beutel, 2009; Pindell & Kennan, 2009), forming the proto–Ca-
ribbean seaway and the central Atlantic Ocean. 

The relationship between the driving forces of Triassic ex-
tension in northwestern South America, and Jurassic extension 
which lead to the fragmentation of western Pangaea is unclear 
because the rift–related Triassic units are persistently faulted 
against the Jurassic rocks (Figure 2). Rifting commenced in 
south–eastern North America at ca. 230 Ma (Schlische, 2002), 
and possibly also within far southern North America (e.g., 
northern Florida; Beutel, 2009). Magmatic injection in the 
form of giant dyke swarms (Central Atlantic Magmatic Prov-
ince) accompanied rifting within North America at 200 ± 2 Ma 
(Beutel, 2009 and references therein), and South America at 
201.6–201.3 Ma (Davies et al., 2017), which coincides with 
202 ± 1.8 Ma tuffs at the base of the rift–related, la Quinta 
Formation of the Mérida Andes, Venezuela (Figure 1; van der 
Lelij et al., 2016), and oceanic crust started forming between 
North and South America at ca. 180 Ma. This sequence of 
events opens the possibility that plate tectonic forces initiat-
ed the early break–up of western Pangaea by attenuating its 
margins and enhancing mantle upwelling (Figure 14d). Pro-
longed extension may have propagated along pre–existing 
weak zones that extended into the continental interior (e.g., 
the South America–Yucatán–North America–Central African 
Sutures). These zones captured melts derived from the up-
welled mantle (e.g., Buiter & Torsvik, 2014) forming a Large 
Igneous Province, became hot and eventually lead to the for-
mation of a juvenile ocean. 

10. The Suspect Tahamí Terrane

The Tahamí Block (Antioquia Terrane sensu Pindell & Ken-
nan, 2009) of northern Colombia (Restrepo & Toussaint, 
1982) is fault bounded by the Otú–Pericos and Palestina 
Faults to the east, the San Jerónimo Fault to the west, and 
the Ibagué Fault in the south (Figure 1). It is considered by 
some authors to be a distinct terrane because (i) it is separated 
from Rodinia–aged (ca. 1 Ga) crust to the east, (ii) it does not 
expose Jurassic arc rocks, unlike the region to the east, and 
(iii) Martens et al. (2014) suggest that the Tahamí Terrane is 
restricted to Triassic ortho– and paragneiss, and that juxta-
posed Ordovician rocks (e.g., La Miel Gneiss; Villagómez et 
al., 2011) define the separate suspect Anacona Terrane.  Thus, 
the basement rocks in this suspect terrane only yield Triassic 
(Cajamarca Complex; e.g., Cochrane et al., 2014b; Martens 
et al., 2014) U–Pb dates, which are intruded by the ca. 90 Ma 
Antioquia Batholith. We suggest these criteria are insufficient 
to assign a terrane status to the Triassic rocks of the Tahamí 
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Block, and it is not proven that they are derived from sever-
al hundred km to the south, as is advocated in some models 
(e.g., Kennan & Pindell, 2009). First, Ordovician basement is 
widespread in the Mérida Andes, Santander Massif, and the 
Quetame Massif, and Ordovician zircon cores are abundant 
in Triassic anatectites of the Cajamarca unit. Ordovician crys-
talline rocks of the Mérida Andes and Santander Massif yield 
Pb isotopic compositions that are Gondwanan (van der Lelij, 
2013), and thus we propose that the Ordovician basement 
is autochthonous to South America, and extends to the San 
Jerónimo Fault. Evidence includes the presence of abundant 
Ordovician zircon cores in zircons extracted from gneisses of 
the Triassic Cajamarca Complex (Figure 4). Field relation-
ships in the Cordillera Real of Ecuador reveal in–situ anatexis 
of undifferentiated Devonian metasedimentary rocks, forming 
the Triassic Sabanilla Migmatite. We interpret the currently 
faulted juxtaposition of Ordovician and Triassic gneisses in 
northern Colombia (e.g., Martens et al., 2014) to be a conse-
quence of exhumation of the Ordovician basement during Ju-
rassic – Early Cretaceous extension. The simplest explanation 
of rock relationships in a W–E traverse across the Central Cor-
dillera and Cordillera Real (juxtaposition of high–pressure/
low–temperature (HP/LT) metamorphic rocks, a Cretaceous 
arc, Paleozoic and Triassic basement, latest Jurassic arc, and 
Jurassic – Early Triassic arc), is a consequence of Jurassic 
– Early Cretaceous attenuation of the margin, followed by a 
switch to compression starting at ca. 120–115 Ma (Spikings et 
al., 2015). Jurassic intrusive rocks are not found in the Tahamí 
Block because the Triassic rocks exposed there did not over-
lie the arc axis at that time (Spikings et al., 2015).  Finally, 
models which place the Jurassic subduction zone outboard 
of a hypothetical Tahamí Terrane (e.g., Pindell & Kennan, 
2009), create a distance between the trench and the Jurassic 
arc in South America that is too large (Spikings et al., 2015). 
Consequently, we do not include these rocks as terranes in our 
reconstruction (Figure 14). Rather, they are considered to be 
an attenuated part of autochthonous South America.

11. Conclusions

 Variably foliated Permian granites, granodiorites to-
nalites, and gabbros of the Rovira Complex (Central 
Cordillera), El Encanto Gneiss (Sierra Nevada de Santa 
Marta), and the Malacatos Complex (Cordillera Real) 
are calc–alkaline to calcic, metaluminous to mildly per-
aluminous continental arc intrusions. Concordant U–Pb 
dates of magmatic zircons constrain Permian arc magma-
tism to 288–253 Ma. The arc reworked and assimilated 
Sunsas (ca. 1 Ga) and Famatinian (Ordovician) conti-
nental crust, and is partly composed of S–type granites. 
The geochemical compositions and crystallisation ages 
of Permian intrusions in Colombia and Ecuador are ex-

tremely similar to (i) intrusions and volcanic rocks in 
the far southern North American and western Caribbe-
an plates (298–255 Ma), (ii) intrusions in the serranía 
de Perijá, Paraguaná Peninsula, and El Baúl Massif 
(Venezuela; 294–272 Ma), and (iii) intrusions and vol-
canic rocks in the southern Eastern Cordillera of Perú 
(293–252 Ma). Collectively these are considered to have 
formed within the same east–dipping subduction system, 
which consumed oceanic lithosphere of the Pacific Ocean 
beneath western Pangaea. A majority of the arc is pre-
served in far northern Colombia (Sierra Nevada de Santa 
Marta) and conjugate margin blocks that are currently 
preserved in México and Central America. A majority of 
Ordovician and older basement in Colombia and Ecuador 
is interpreted to have resided in the Permian back–arc, 
while rocks of the Santander Massif were located further 
east, beyond the magmatic reach of the arc.

 Vinasco et al. (2006) and Piraquive (2017) suggest that 
a regional metamorphic event affected the Permian in-
trusions in the Central Cordillera and Sierra Nevada de 
Santa Marta, respectively, at ca. 278 Ma. We find that this 
is extremely tentative because evidence for a widespread 
metamorphic event at that time is lacking, and a majority 
of zircon growth at ca. 278 Ma occurred in a magmatic en-
vironment. Further studies are required to identify a meta-
morphic event in South American lithosphere, which may 
have formed in response to the early collisional events that 
lead to the formation of Pangaea in the earliest Permian.

 The margin of western Pangaea was compressed at ca. 
250 Ma, driving regional metamorphism with peak con-
ditions of 770–830 °C and 11.5–14 kb in the Sierra Neva-
da de Santa Marta of northern Colombia. Metamorphism 
at ca. 250 Ma has also been observed in the western 
Maya Block and the Chortis Block (México and Hon-
duras, respectively), where it induced anatexis and per-
haps sub–solidus zircon recrystallisation. Compression 
drove deformation in Perú prior to the onset of rifting at 
245–240 Ma, although there is no evidence for region-
al metamorphism. Compressive forces may have been 
weaker south of the Huancabamba Deflection, revealing 
large–scale trench–parallel differences in the prevailing 
stress regime. Stronger compression and Barrovian meta-
morphism towards the north may be due to either terrane 
accretion (e.g., the Chortis Block; Figure 14), or the sub-
duction of thickened and relatively buoyant continental 
lithosphere. The lack of metamorphism in southern Perú 
coincides with reconstructions that do not place Mexican 
and Central American terranes outboard of Perú, support-
ing a model whereby compression towards the north was 
driven by terrane accretion.

 Magmatic underplating and anatexis of continental crust 
throughout 245/240–225 Ma occurred during progressive 



34

SPIKINGS & PAUL

thinning of the continental lithosphere over rifting along 
western Pangaea. Rifting advanced to complete separa-
tion of continental crust by ca. 216 Ma, and the formation 
of oceanic lithosphere between the conjugate margins of 
northwestern South America and basement terranes of Mé-
xico and Central America. The rifting event is recorded by 
amphibolitised tholeiitic basaltic dykes and extensive tracts 
of migmatites and S–type granites within the conjugate 
margins. These are the Cajamarca Complex and La Secre-
ta Mylonites (Colombia), and the Tres Lagunas Granite, 
Sabanilla Migmatite, and Moromoro Granite (Ecuador) in 
northwestern South America. Various Triassic units in the 
Chaucús Complex, Chortis Block, Maya Block, the Mixteca 
Terrane (México and Central America), and perhaps in the 
lower plate of Tertiary metamorphic core complexes in the 
Guerrero composite terrane formed within the Triassic arc 
and back–arc. Rifting north of the Huancabamba Deflec-
tion was accompanied by subduction, and occurred within 
a backarc. The rift axis propagated southwards, and exten-
sion is recorded along western Perú (the Mitu Aulacogen), 
western Argentina, Chile, and southern Brazil. Rifting along 
northwestern South America started as a back–arc basin to 
a Permian arc, and represents the early break–up of west-
ern Pangaea, leading to the separation of North and South 
America by ca. 180 Ma.

 The relationship between Triassic plate margin extension 
and the final fragmentation of Pangaea is unclear. Howev-
er, the sequence of events: Plate margin rifting during ca. 
245–220 Ma, the extrusion of a Large Igneous Province 
at ca. 201 Ma, and the opening of the proto–Caribbean 
seaway and central Atlantic at ca. 195 Ma opens the possi-
bility that plate tectonic forces initiated the early break–up 
of Pangaea by attenuating its margins and enhancing man-
tle upwelling. Prolonged extension may have propagated 
along pre–existing weak zones that extended into the con-
tinental interior (e.g., the South America–Yucatán–North 
America–Central African Sutures). These zones captured 
melts derived from the upwelled mantle (e.g., Buiter & 
Torsvik, 2014) forming the Central Atlantic Magmatic 
Province, became hot and weak and eventually lead to the 
formation of a juvenile ocean.

 We suggest that there is very little evidence for the ex-
istence of the allochthonous continental Tahamí Terrane, 
which is considered by some authors to have been out-
board of northwestern South America during the Jurassic – 
Early Cretaceous. Triassic zircon rims around Ordovician 
zircon cores, combined with field relationships that reveal 
melting of Paleozoic basement rocks, forming the Triassic 
anatectites are evidence that Triassic rocks of the Tahamí 
Block are melts of Ordovician basement. Ordovician base-
ment can be traced eastwards to the Santander Massif and 

Mérida Andes, where it yields Pb isotope signatures that 
are Gondwanan. We conclude that the rocks of the Tahamí 
Block are autochthonous.
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The Petrologic Nature of the “Medellín Dunite” 
Revisited: An Algebraic Approach and Proposal 
of a New Definition of the Geological Body
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Abstract The “Medellín Dunite”, the main ultramafic body of the Central Cordillera of 
Colombia, constitutes a fragment of oceanic lithospheric mantle formed at a back–arc 
basin/incipient arc scenario emplaced onto the western continental margin of Pangaea 
during Triassic time. This body has been classically, and is still considered, mainly of 
dunite composition. However, in spite of two subsequent metamorphic imprints that 
obscure the primary mantle mineralogical composition, there is petrographic and geo-
chemical evidence that points to a harzburgitic nature of the unit. In order to overcome 
the petrographic effects of medium–T metamorphism, metasomatism, and serpentini-
zation, we analyzed published and new major–element geochemical data by means of 
algebraic methods to approximate the mantle mineralogical composition of ultramafic 
rocks. The restored mantle mineralogy clearly indicates that the body is mainly of harz-
burgitic composition, and therefore we propose that the term “Medellín Dunite” should 
no longer be applied to avoid terminological confusion. Furthermore, a phase–relation 
approach in simple systems for the metamorphic evolution allows identifying the main 
reason for the contradictory terminology used so far: olivine is paragenetic (stable) 
with tremolite and talc during medium–T (ca. 600 °C) metamorphic imprint undergone 
by the body. During this initial metamorphic event, characterized by full hydration (as 
opposed to the late–stage serpentinization), mantle pyroxenes reacted out and medi-
um–T olivine formed while high–T olivine persisted metastably as a likely consequence 
of moderate temperature and sluggish diffusion kinetics. On the other hand, we ana-
lyze two likely geodynamic scenarios to provide a common context of metamorphism 
for the ultramafic body and associated metabasites (Aburrá Ophiolite): (i) ocean–floor 
metamorphism and (ii) intra–backarc subduction–initiation metamorphism. The latter 
allows a new tectonic view of the Aburrá Ophiolite, formed by tectonic units from the 
upper and down going plates on a nascent active plate margin. For all these reasons, 
we propose the new term “Medellín Metaharzburgitic Unit” in order to combine in 
a single term the original high–T mantle composition, its subsequent metamorphic 
transformation and the independent tectonic character of the ultramafic body.
Keywords: Medellín Dunite, Medellín Metaharzburgitic Unit, metaharzburgite, phase relations, 
ophiolite.
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Resumen La “Dunita de Medellín”, principal cuerpo ultramáfico de la cordillera Central 
de Colombia, constituye un fragmento de manto litosférico oceánico formado en un 
ambiente de cuenca de retroarco/arco incipiente emplazado sobre el margen con-
tinental occidental de Pangea durante el periodo Triásico. Este cuerpo es y ha sido 
clásicamente considerado de composición esencialmente dunítica. Sin embargo, y a 
pesar de dos eventos metamórficos subsecuentes sufridos que han enmascarado su 
composición mineralógica mantélica primaria, existe evidencia petrográfica y geoquí-
mica que indica una naturaleza harzburgítica generalizada de la unidad. Para evitar 
los efectos petrográficos del metamorfismo de T–media, metasomatismo y serpen-
tinización, analizamos datos geoquímicos publicados y nuevos de rocas ultramáficas 
mediante métodos algebraicos para deducir su composición mineralógica mantélica 
primaria. La mineralogía mantélica reconstruida claramente indica que el cuerpo es 
principalmente de composición harzburgítica y, por tanto, proponemos que el término 
“Dunita de Medellín” no debe aplicarse en el futuro para evitar confusiones termino-
lógicas. Aún más, un análisis de las relaciones de fases en sistemas simples durante 
la evolución metamórfica sufrida permite identificar la razón principal por la cual se 
ha llegado a esta terminología contradictoria: el olivino es paragenético (estable) con 
tremolita y talco durante el evento metamórfico generalizado de T–media (ca. 600 
°C) sufrido por el cuerpo. Durante este evento metamórfico inicial, caracterizado por 
hidratación completa (a diferencia de la serpentinización tardía), se consumieron los 
piroxenos primarios mantélicos y se formó olivino, en tanto que el olivino de T–alta 
persistió de forma metaestable probablemente como consecuencia de una cinética 
de difusión lenta a temperatura moderada. Por otro lado, analizamos dos posibles 
ambientes geodinámicos para ofrecer un contexto común para el metamorfismo del 
cuerpo ultramáfico y las rocas básicas asociadas (Ofiolita de Aburrá): (i) metamorfismo 
de fondo oceánico y (ii) metamorfismo de inicio de subducción intra cuenca de retroar-
co. Este último modelo permite una nueva conceptualización tectónica de la Ofiolita 
de Aburrá, conformada por unidades tectónicas pertenecientes al techo y muro del 
incipiente margen de placa activo. Por todo ello, proponemos el nuevo término “Unidad 
Metaharzburgítica de Medellín” para unir en una sola expresión la composición man-
télica original de T–alta, la subsiguiente transformación metamórfica y la naturaleza 
tectónica independiente del cuerpo ultramáfico.
Palabras clave: Dunita de Medellín, Unidad Metaharzburgítica de Medellín, metaharzburgita, 
relaciones de fases, ofiolita.

1. The Origin and Evolution of the 
Concept “Medellín Dunite” and Its 
Metamorphic Imprint
Ultramafic bodies with variable extent of metamorphic imprint 
and serpentinization are found in the Central Cordillera of Co-
lombia. The largest of these bodies, and probably the largest one 
in the entire Andes, crops out to the east and north of the Aburrá 
valley and Medellín. This body, generally termed as the “Me-
dellín Dunite”, is composed of three outcrops separated by the 
Santa Elena Creek and the Medellín River (Figure 1). The whole 
body trends N–NW and is 35 km long and 5 km wide, with a 
total area of about 71 km2. In the first modern geological study 
of the region (Botero, 1963), the ultramafic rocks were termed 
“Medellín Serpentinites”, made of serpentinites containing 15–
35 % of olivine. Botero (1963) considered these rocks to have 

formed as an almost crystalline ultramafic magma “intrusion” 
into the surrounding metamorphic rocks, in particular amphib-
olites that developed a strong foliation/lineation of hornblende 
and plagioclase upon the proposed intrusion. With the advent of 
plate–tectonics theory, the emplacement of the ultramafic rocks 
was attributed to a probable Cretaceous obduction of oceanic 
mantle over Paleozoic metamorphic rocks (mostly amphibolites) 
(Restrepo, 1986; Restrepo & Toussaint, 1973, 1974).

As new petrographic studies became available, it was appar-
ent that the amount of olivine in the ultramafic rocks was high-
er than reported by Botero (1963) and that the rock ensemble 
should not be termed “Medellín Serpentinites”. Álvarez (1982, 
1987) considered that the body represents the solid residue of 
partial melting of the mantle in the transition zone of an oceanic 
lithosphere and ascribed the strong banding of the rocks and 
oriented olivine fabrics to ductile mantle deformation. This led 
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this author to name the body “Medellín Dunite Tectonite”. Meta-
morphic minerals such as tremolite, chlorite, talc, and serpentine 
were related to a late low–temperature alteration event which 
included metasomatic formation of Al–rich minerals (essentially, 
chlorite). Restrepo & Toussaint (1984) followed Álvarez (1982) 
and formally used the term “Medellín Dunite”, though these 
authors emphasized that, even if pyroxenes were not generally 
present, tremolite and chlorite aggregates replace probable for-
mer pyroxene(s) and, consequently, indicated that at least some 
rocks may not have a dunitic composition. Notably, these au-
thors considered tremolite and chlorite the result of a regional 
metamorphic event affecting the unit. Álvarez (1987) presented 
14 whole–rock chemical analyses of the ultramafic rocks and 
used Coleman’s (1977) SiO2 versus FeO*/(FeO* + MgO) dia-
gram to show that the samples plot between the fields of dunite 

and harzburgite. He emphasized that the bulk composition of the 
dunite tectonite is relatively restricted and that it compares well, 
except for Al2O3 contents, with ophiolitic dunites reported by 
Coleman (1977). The observations of Álvarez (1982, 1987) and 
Restrepo & Toussaint (1984) influenced other workers to name 
the body as “dunite” almost ever since their work.

Thus, González (2001), in the memoir of the Mapa geológi-
co del departamento de Antioquia, used the term “Medellín 
Dunite” and emphasized the olivine–rich primary composition 
(with relicts of Cr–spinel) transformed to variable extent to 
serpentine group minerals, tremolite, chlorite, talc, magnetite, 
and carbonates. Similarly, Rodríguez et al. (2005), in the mem-
oir of the Geological Map of East Medellín (sheet 147; 1:100 
000), introduce the term “Medellín Serpentinized Dunite” to 
emphasize the variable extent of serpentinization. These authors 
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recognized the relict high–T banding as a preferential orienta-
tion for serpentinization and formation of tremolite and talc. In 
their modal analyses of 45 samples (800 points per thin section) 
Rodríguez et al. (2005) identified olivine (up to 76 mode %), 
chromian–spinel, tremolite, talc, chrysotile, antigorite, carbon-
ates, chlorite, and magnetite, but no pyroxene. These authors 
presented whole–rock major elements analyses of 12 samples 
and follow Álvarez’s (1987) conclusion that the composition 
of the body is similar to dunitic rocks of ophiolitic complexes 
as defined by Coleman (1977). Because these authors consid-
ered that the composition of the ultramafic rocks is dunitic, 
i.e., poor in SiO2, Al2O3, and CaO, the formation of secondary 
minerals such as talc, chlorite, and amphibole was associated 
with metasomatic transformations triggered by addition of these 
elements from external sources. They also indicate that MgO–
loss likely took place during serpentinization.

Correa–Martínez & Nilson (2003) and Correa–Martínez 
(2007) reported very local occurrences of unaltered and altered 
harzburgite and wehrlite and considered that the unit forms part 
of the Aburrá Ophiolite of Correa–Martínez & Martens (2000; 
see section 2 for details). However, these authors report that 
most of the body corresponds to massive dunites, with only mi-
nor harzburgitic rocks classified as I– and II–type harzburgites 
with preserved and altered orthopyroxene, respectively. These 
rocks present variable amounts of serpentine, tremolite, talc, and 
carbonates that are considered secondary minerals formed after 
primary mantle minerals. Correa–Martínez & Nilson (2003), 
Correa–Martínez et al. (2004), Proenza et al. (2004), and Cor-
rea–Martínez (2007) concluded that the body formed in a supra-
subduction environment (back–arc basin). Correa–Martínez & 
Nilson (2003) and Proenza et al. (2004) still retained the term 
“Medellín Dunite”, but Correa–Martínez (2007) dropped this 
term and proposed “Medellín Ultramafic Massif” to emphasize 
that, in spite of a predominance of dunitic composition, the unit 
contains minor amounts of harzburgite, ultramafic dikes, and 
wehrlite (in addition to chromitite). Though the last author did 
not present major–element bulk–rock chemical analyses of the 
ultramafic rocks, four unpublished analyses obtained during her 
PhD thesis are presented in this paper (see below).

Pereira et al. (2006) and Restrepo (2008) published bulk–
rock major–element analyses of 2 and 6 samples, respectively. 
Even if small in number, they show a relatively large chemical 
spread that suggests varied lithology. Restrepo (2008) analyzed 
samples from the main body and from other smaller bodies, 
some of which may not be related to the former. Both Pereira et 
al. (2006) and Restrepo (2008) use the term “Medellín Dunite”. 
Interestingly, however, Restrepo (2008) highlights the (very) lo-
cal presence of fresh and tremolite + talc–altered orthopyroxene 
in samples from Chupadero Creek, San Pedro, and the south-
ern part of the body and suggested that, if ubiquitous tremolite 
formed at the expense of clinopyroxene the body may corre-
spond to the mantle section of a lherzolite–harzburgite ophiolite 

type (following the nomenclature of Nicolas & Boudier, 2003). 
Moreover, Restrepo (2008) emphasized that because the body 
suffered medium grade metamorphism (tremolite + chlorite ± 
talc ± anthophyllite–bearing assemblages) the correct definition 
of the body should be “Medellín Metadunite”.

Hernández–González (2014) presented 4 chemical anal-
yses of serpentinized samples and recognized the presence 
of dunite, harzburgite, and lherzolite, the latter based on one 
chemical analysis of Restrepo (2008) that is probably carbon-
ated (as discussed below). This author used the term “Medellín 
Metaperidotite”, but did not offer a comprehensive treatment of 
metamorphism. A suprasubduction environment of formation is 
proposed, probably a back–arc basin. Recently, González–Ospi-
na (2016) published chemical analyses of 9 samples. This author 
indicated that the geochemical characteristics of most samples 
conform to an island arc environment of formation, assigned a 
(serpentinized) dunitic composition based on petrographic anal-
yses, and retained the term “Medellín Dunite”. However, the cal-
culated CIPW norm of the samples clearly points to harzburgitic 
composition (the abundance of normative hypersthene ranges 
from 42 to 24%; see Table 6.5 in González–Ospina, 2016).

In summary, the term “Medellín Dunite” is strongly rooted 
in the Colombian geological literature and is still used in spite 
of petrographic (i.e., presence of tremolite) and geochemi-
cal (i.e., large variability in major element composition) indi-
cations that the unit does not comprise mainly dunite. Except 
Correa–Martínez & Nilson (2003), Correa–Martínez (2007), 
and Restrepo (2008), previous authors have not addressed this 
fundamental contradiction. Also, except Restrepo (2008), the 
evaluation and terminological significance of the metamorphic 
imprint of the “Medellín Dunite” has not been discussed. Howev-
er, it is of paramount importance to give its proper name to each 
rock (paraphrasing the influential paper by Streckeisen, 1976).

In this paper, we address the terminological issue of the 
“Medellín Dunite”. In the first part of the paper, we use pub-
lished and new chemical analyses to show the petrological na-
ture of the body. In the second part, we will focus on the origin 
of the most important and paradoxical characteristic of these ul-
tramafic rocks: why olivine has generally resisted metamorphic 
overprinting. We show that the body originally was harzburgitic 
and should no longer be termed “Medellín Dunite” in order to 
avoid terminological confusion. Furthermore, since metamor-
phic conditions attained by these rocks are the reason for the 
presence of olivine, we propose the term “Medellín Metaharz-
burgitic Unit”, which will be used henceforth in this paper.

2. Geologic Setting

The bedrock geology of the Central Cordillera of Colombia is 
essentially made of low–, medium–, and high–grade metasedi-
mentary and metaigneous rocks and post–metamorphic igneous 
intrusions and volcanic and sedimentary sequences of mainly 
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Permian – Triassic to Late Cretaceous age (Rodríguez et al., 
2005, and references therein). To the west, the lithological en-
semble is cut by a number of strike–slip faults grouped in the 
Romeral–Cauca Fault System, including the San Jerónimo and 
Cauca–Almaguer Faults that separate these complexes from 
the Western Cordillera (Cretaceous Oceanic Colombian–Ca-
ribbean Plateau Basalt Province). To the east, the Otú–Pericos 
Fault separates the ensemble from the Chibcha Terrane, located 
in the eastern flank of the Central Cordillera, and the Eastern 
Cordillera (Mesozoic continental passive margin) (Maya & 
González, 1995). Roughly, metamorphic ages in the Central 
Cordillera follow an east–west younging trend, including the 
Grenvillian Chibcha Terrane, the Permian – Triassic Tahamí 
Terrane, the small Devonian Anacona Terrane, the volcanic–
sedimentary slightly metamorphic to non–metamorphic Cre-
taceous Quebradagrande Complex, and the Cretaceous Arquía 
Complex, while plutonic intrusions are of Triassic, Jurassic, 
and, mainly, mid–late Cretaceous age (Cochrane et al., 2014; 
Jaramillo et al., 2017; Martens et al., 2014; Maya & González, 
1995; Ordóñez–Carmona, 2001; Restrepo et al., 1991; Spikings 
et al., 2015; Toussaint & Restrepo, 1989; Villagómez et al., 
2011; Vinasco et al., 2006). Recently, an eastern fragment of 
the Tahamí Terrane has been dated Jurassic, emphasizing the 
need of further geochronologic work to better define terranes 
and terrane boundaries (Blanco–Quintero et al., 2014). In this 
work we follow Restrepo (2008) and consider that the Medellín 
Metaharzburgitic Unit forms part of the Tahamí Terrane. This 
terrane is roughly equivalent to the “Polymetamorphic Com-
plex of the Central Cordillera” of Restrepo & Toussaint (1984) 
and the “Cajamarca Complex” of Maya & González (1995). 

The metamorphic rocks in the Medellín region (Abur-
rá valley) are mostly metabasite and, to a lesser extent, low–, 
medium–, and high–grade metasedimentary and metagranitic 
rocks, including muscovite–quartz schist, migmatite, and biotite 
gneiss (e.g., Figure 1; Restrepo, 2008; Restrepo & Toussaint, 
1984; Rodríguez et al., 2005) that were grouped initially in the 
“Ayurá–Montebello Group” by Botero (1963) and more com-
monly in the “Cajamarca Complex” after Maya & González 
(1995). Metamorphic ages are essentially Permian – Triassic 
(Bustamante et al., 1999; Cochrane et al., 2014; Martens et al., 
2014; Ordóñez–Carmona, 2001; Restrepo et al., 1991, 2011; 
Vinasco et al., 2006). Since Restrepo & Toussaint (1984) de-
fined the term Medellín Amphibolite to name the amphibolitic 
body of the basal part of Ayurá–Montebello Group/Cajamarca 
Complex in the region, different metabasite units have been sep-
arated from this geologic unit, making the term Medellín Am-
phibolite no longer valid. Correa–Martínez & Martens (2000) 
and Correa–Martínez et al. (2005) defined four units, the Me-
dellín, El Retiro, and Boquerón Amphibolites and the El Picacho 
Metagabbros, the latter including plagiogranite bodies. Restrepo 
(2008) defined two main units: the Santa Elena Amphibolites, 
which bear intercalations of Las Peñas Paragneiss, and the La 

Espadera–Chupadero Amphibolites, the latter grouped with the 
Picacho Metagabbros as the Picacho Metabasites. For the El 
Retiro Amphibolites, Restrepo (2008) suggested that they could 
constitute the southern extension of the Santa Elena Amphib-
olites, but recent U–Pb zircon ages provided by Cochrane et 
al. (2014) and Restrepo et al. (2012) indicate that there is no 
relation. Amphibolites are (almost) totally recrystallized, while 
igneous relict textures are present in metagabbros, in particular 
in banded varieties (El Picacho). Metamorphic recrystallization 
yielded relatively homogeneous amphibole + plagioclase ± clin-
opyroxene–bearing assemblages denoting medium grade, condi-
tions. Garnet is locally present in the Santa Elena Amphibolites. 
Correa–Martínez (2007) calculated 6.5–9 kbar for the garnet–
bearing samples, and ca. 5 kbar for other samples of the Santa 
Elena Amphibolites. The pressure calculation of other metaba-
site units has not been addressed. However, Correa–Martínez 
(2007) indicates that metamorphic pressure in the El Picacho 
and Boquerón Metagabbros is <2 kbar. Since these rocks are 
probably related to the La Espadera–Chupadero Amphibolites 
(see below), similar pressures could be anticipated.

The contacts between units are generally obscured by 
strike–slip faults, such as the Rodas Fault that separates the 
Medellín Metaharzburgitic Unit from the Santa Elena Amphi-
bolites (Figure 1). Restrepo & Toussaint (1974) and Restrepo 
(2008) claimed that the Medellín Metaharzburgitic Unit over-
rides the La Espadera–Chupadero Amphibolites (Figure 2a), 
which in turn would override the Santa Elena Amphibolites. 
Restrepo (2008) suggested that the La Espadera–Chupadero 
Amphibolites formed the metamorphic sole of the ophiolite. 
The structural position of other metabasite units is uncertain. 
The fabric of the Santa Elena Amphibolites is complex, with 
development of at least two syn–metamorphic foliations and as-
sociated folding (Martens, 2003; Rodríguez et al., 2005). In all 
other metabasite units the fabric is simpler, with development 
of a single foliation, often mylonitic (Correa–Martínez, 2007). 
In this regard, mid–Cretaceous U–Pb zircon ages from the San-
ta Elena Amphibolites and related rocks (Restrepo et al., 2012), 
similar to metamorphic ages of the Arquía Complex, challenge 
the present view of the structural architecture and tectonics 
of the region. On the other hand, if La Espadera–Chupadero 
Amphibolites forms the metamorphic sole of the ophiolite, the 
proposal of a “normal” (i.e., Penrose–type) ophiolitic sequence 
would be defeated (see section 8).

All metabasite rocks are of oceanic origin and likely formed 
in a back–arc basin (Correa–Martínez, 2007; Correa–Martínez & 
Martens, 2000; Correa–Martínez et al., 2005). Correa–Martínez 
& Martens (2000) proposed that, in addition to the “Medellín 
Dunite”, at least the El Picacho Metagabbros forms part of 
an ophiolitic complex, termed the Aburrá Ophiolite. Correa–
Martínez (2007) expanded the concept to all other metabasite 
units in the region, including the Santa Elena Amphibolites and 
the El Picacho and Boquerón Metagabbros, which were consid-
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ered to form part of the volcanic and plutonic crustal sections, 
respectively, of the Aburrá Ophiolite. U–Pb zircon data from 
a plagiogranite sample and a margarite–bearing metagabbro–
pegmatite yielded concordant 216.6 ± 0.4 Ma and 228 ± 0.92 
Ma ages, respectively (Correa–Martínez, 2007; Restrepo et al., 
2007). The 216.6 ± 0.4 Ma age is considered by Correa–Martínez 
(2007) as the timing of syn–oceanic shearing, metamorphism, 
and partial melting of the El Picacho Metagabbros and, hence, 
the minimum age of ophiolite formation. Restrepo et al. (2007) 
indicate that 228 ± 0.92 Ma is the timing of the late stages of 
magmatism or, more unlikely, of a metasomatic overprinting.

However, Restrepo (2008) established geochemical con-
trasts between the Santa Elena (MORB–like) and other metab-
asite units (IAT–like), and considered the former as older than, 
and not–related to, the Aburrá Ophiolite. Following this author, 
the Santa Elena Amphibolites are related to the medium– to 
high–grade metasedimentary rocks of the Tahamí Terrane that 
form the basement overridden by the Medellín Metaharzbur-
gitic Unit. Only the La Espadera–Chupadero Amphibolites and 
the El Picacho Metagabbros were considered as the basaltic and 
plutonic parts of the ophiolitic sequence by Restrepo (2008). 
This is in agreement with the mid–Cretaceous age (Restrepo et 
al., 2012), the more complex deformation and the higher meta-
morphic pressure of the Santa Elena Amphibolites.

The Medellín Metaharzburgitic Unit and other minor bodies 
occur to the east of the Medellín (Figure 1). As described above, 
the body is apparently made mainly of “dunite”, with minor 
harzburgite, wehrlite, and ultramafic dykes (Correa–Martínez, 
2007). Ductile deformation is generally weak, showing meta-
morphic massive non–oriented to oriented fabrics that overprint 
previous high–temperature mantle foliation, local banding, and 
porphyroclastic fabrics (Figure 2b–f). This metamorphic event 
is characterized by the generalized development of Tr + Tlc + 
Chl ± recrystallized olivine and will be termed in this paper as 
Tr + Tlc + Ol event (in this paper, mineral abbreviations are 
from Whitney & Evans, 2010). Previous high–temperature de-
formation is more common and intense towards the base of the 
main body in contact with country–rock amphibolites, where 
the extent of serpentinization is lower (Correa–Martínez, 2007). 
However, strong deformation in this part of the body is indi-
cated by strongly oriented chlorite–actinolite schists formed at 
intermediate temperature after metasomatic transformation of 
ultramafic rocks (Correa–Martínez, 2007; Restrepo, 2008; Ro-
dríguez et al., 2005). It hence seems that, at least more intensely 
at the base of the unit, the Tr + Tlc + Ol event is related to 
strong deformation. This event is overprinted by late serpentini-

zation, carbonation (Figure 2g), and talc–forming episodes. The 
unit contains podiform chromite deposits. The composition and 
texture of the original chromite and olivine are strongly affected 
by the Tr + Tlc + Ol metamorphic event and late serpentini-
zation. However, relict compositions point to formation in a 
back–arc basin (Correa–Martínez, 2007; Hernández–González, 
2014; Proenza et al., 2004).

3. Mineral Assemblages and Textures

Most rocks of the Medellín Metaharzburgitic Unit lack py-
roxenes and preserve only primary olivine with a variable 
extent of replacement by serpentine–group minerals and idding-
site (a very fine–grained mixture of chlorite group and smectite 
group minerals and iron oxi–hydroxides). They also contain 
chromian–spinel with moderate to strong transformation to fer-
rian–chromite and replacement by magnetite and chlorite. The 
primary fabric is defined by orientation of medium– to coarse–
grained olivine and medium– to fine–grained spinel parallel 
to mineralogical banding and extent of serpentinization/weath-
ering. Olivine is granular to elongated, and shows evidence 
of ductile/cataclastic mylonitic deformation, with undulose 
extinction and development of subgrains and recrystallization 
(Álvarez, 1982, 1987; Correa–Martínez, 2007; Restrepo, 2008; 
Rodríguez et al., 2005). Correa–Martínez (2007) indicates that 
mylonitic deformation is more intense towards the base, near 
the contact with amphibolites. Accessory chromian–spinel is 
equant to holly–leaf textured.

The rocks contain secondary minerals, which include trem-
olite, talc, chlorite, serpentine group minerals, magnetite, id-
dingsite and, locally, carbonates, that formed at various stages 
during the thermal evolution of the body. Serpentinization fol-
lows and crosscuts the primary foliation. Olivine is commonly 
replaced by lizardite–like serpentine (mesh texture) and masses 
of variably intersected sheet crystals of antigorite (Figure 3a), 
indicating mild deformation during serpentinization. Chrysotile 
and asbestoid aggregates occur in fractures, which also host 
garnierite (Restrepo, 2008). Serpentine group minerals occur 
associated with fine–grained magnetite and, locally, talc and 
carbonates, the latter more common in discordant veinlets that 
may contain serpentine and magnetite (Figure 3b). Chlorite is 
present as alteration haloes around chromian spinel altered to 
ferrian chromite/magnetite and as isolated grains/aggregates in 
the matrix associated with tremolite, talc, and serpentine. 

Tremolite is fine–to–coarse grained. It is generally decus-
sate (Figure 3a, 3c) but is locally oriented following post–high–

Figure 2. (a) Panoramic view of the Medellín Metaharzburgitic Unit on top of the La Espadera–Chupadero Amphibolites at Chupadero 
Creek. (b) Typical outcrop aspect of ultramafic rocks showing massive structure. (c) Detail of massive ultramafic rock showing foliated 
structure on weathered surface. (d) Foliated ultramafic rock showing probable altered orthopyroxene porphyroclasts. (e) Banded struc-
ture with variable amount of probable pyroxene. (f) Detail of foliated ultramafic rock with orthopyroxene porphyroclasts. (g) Magnesite 
veins in altered ultramafic rocks.
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temperature fabrics. It locally occurs in aggregates (Figure 3a, 
3c) and it forms intergrowths with neoformed olivine (Restrepo, 
2008). A similar textural scenario applies to talc, which com-
monly occurs associated with tremolite (Figure 3c). However, 
replacement of tremolite by talc is not uncommon and late talc 

locally crosscuts serpentine, suggesting that talc formed at var-
ious stages along the metamorphic evolution.

Clinopyroxene is extremely rare. It occurs as distinct fine–
grained crystals in the matrix (Figure 3d). González–Ospina 
(2016) indicated up to 4 mode % in samples B–1–A and LP–1 
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Figure 3. Optical images (cross–polarized light) of metaharzburgitic rocks. (a) Large mantle olivine grains (partly affected by late ser-
pentinization) and tremolite. (b) Fine carbonate (magnesite?) vein in strongly serpentinized sample. (c) Tremolite + talc + olivine + chlorite 
in close association. (d) Relict(?) grain of clinopyroxene (refractive indexes oriented almost parallel to the polarizers in order to better 
see the exfoliation planes) in a matrix of olivine from a sample taken close to the base of the unit. (e) Large orthopyroxene porphyro-
clast showing kink bands and recrystalized grains in a matrix of deformed recrystallized olivine. (f) Detail of (e) showing clinopyroxene 
exsolutions (lamellae) within orthopyroxene and newly formed tremolite.
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at vereda Chachafruto (Bello) and Medellín–Las Palmas road 
(Las Palmas), respectively. In all cases the identification has 
been made by means of optical microscopy, and chemical 
analyses are needed to allow classification, as far as subcalcic 
(“augitic”) compositions are typical of primary mantle miner-
alogy while diopside would indicate metamorphic growth at 
low temperature. The clinopyroxene–bearing samples are mod-
erately to highly serpentinized and show similar textures and 
all common minerals of “dunites”, including olivine, chromian 
spinel, tremolite, talc, chlorite, and serpentine. This suggests 
that clinopyroxene may have formed part of the primary mantle 
assemblage, an inference anticipated by Restrepo (2008) based 
on the generalized presence of tremolite in “dunites”.

To date, fresh orthopyroxene has been reported only in 
the Chupadero Creek locality (Restrepo, 2008). It amounts 
10–15 modal % (Restrepo, 2008); similar amount is reported 
by Correa–Martínez (2007) and occurs as porphyroclasts up 
to 12 mm long that show exsolution lamellae of clinopyrox-
ene and intense ductile and cataclastic deformation parallel 
to the main foliation with development of undulose extinc-
tion, kink bands, subgrains and grain recovery (Figure 3e, 
3f). The groundmass is made of fine– to medium–grained 
recrystallized olivine indicating similar intense deformation 
and recrystallization. The extent of medium temperature met-
amorphic imprint is mild but, importantly, tremolite grains 
formed at the rims of orthopyroxene and within deformed 
crystals with clinopyroxene exsolution lamellae (Figure 3f; 
Correa–Martínez, 2007). This is interpreted as a result of 
very limited fluid infiltration during tremolite growth after 
exsolution of clinopyroxene (see below), but it nonetheless 
indicates stability of the assemblage Ol–Opx–Tr at high tem-
perature. In this regard, the widespread presence of tremolite 
in “dunites” can be explained, at least in part, if high–Ca or-
thopyroxene formed part of the rocks in significant amount, 
pointing to generalized non–dunitic composition of the body. 
If this holds true, the former presence of clinopyroxene can 
be anticipated, for high–Ca orthopyroxene is only possible 
if subcalcic augitic clinopyroxene forms part of the primary 
mineral assemblage (e.g., Lindsley, 1983). In fact, distinct 
fine– to medium–grained talc + tremolite aggregates and bas-
tite (a very fine–grained mixture of, mostly, serpentine group 
minerals) occur in some rare samples where the former pres-
ence of orthopyroxene porphyroblast/clast is inferred, located 
in Chupadero Creek, San Pedro, and the southern part of the 
body (Figure 2d–f; Correa–Martínez, 2007; Restrepo, 2008). 
Except for the Tlc + Tr and bastite pseudomorphs, all other 
mineralogical and textural relations described above for “dun-
ites” are observed in these samples, strengthening the view 
that “dunites” contained orthopyroxene previous to the Tr + 
Tlc + Ol metamorphic event. It follows that temperature (and 
fluid flow) was intense enough as to assure element mobility 
and widespread metamorphic recrystallization during the Tr 

+ Tlc + Ol event in order to completely erase orthopyroxene 
porphyroclast–replacement textures in common “dunites”.

Nevertheless, dunite bands several centimetres in thickness 
are locally present (Correa–Martínez, 2007). This type of rock 
is clearly distinct from common “dunites”. In addition to trace 
amounts of spinel, tremolite, talc, and sulfides, it is made almost 
exclusively of variably serpentinized coarse–grained flattened 
olivine (98–99 mode %) that shows significant recovery with 
common triple junctions (Correa–Martínez, 2007).

The varied mineralogical nature of blastesis and replace-
ment events mentioned above indicates contrasted P–T–hy-
dration/carbonation conditions. Our observations suggest the 
following general textural sequence of metamorphic imprint 
(with or without associated deformation) Ol + Opx + Tr (only 
locally preserved) > Ol + Tr + Tlc + Chl > Tlc + Atg/Lz + Chl 
> Atg/Lz + Chl > Tlc/carbonates (though carbonates may have 
formed during much of the metamorphic/metasomatic imprint), 
implying cooling from high–T mantle conditions. This sequence 
can be simplified in two distinct thermal + hydration events, one 
characterized by generalized Tr + Tlc + Ol (containing newly 
formed olivine) at medium to high temperature, as indicated 
by the widespread occurrence of this assemblage in the body, 
followed by generalized partial serpentinization to variable ex-
tent (except in some serpentinites sensu stricto lacking olivine) 
which locally includes talc–forming events. These observations 
agree with descriptions and interpretations by Restrepo (2008). 
This author concurs with the idea that at least part of olivine re-
crystallized during amphibolite–facies metamorphic imprint at 
temperature likely higher than 670 ºC. Restrepo (2008) includ-
ed tremolite and anthophyllite in his argument. However, even 
if the anthophyllite–bearing Media Luna metaultramafic rocks 
forms a distinct body, the high temperature of the Tr + Tlc + Ol 
event is warranted, as will be discussed below (see section 7.1).

4. Geochemical and Algebraic Methods

We will follow here a bulk–rock major element geochemical 
approach. Whole–rock composition are taken from the litera-
ture (Figure 1; Table 1; Álvarez, 1987; Botero, 1963; González–
Ospina, 2016; Hernández–González, 2014; Pereira et al., 2006; 
Restrepo, 2008; Rodríguez et al., 2005). Of the 6 analyses pre-
sented by Restrepo (2008) we have considered only samples 
JJ1296–B (Las Palmas) and JJ1422–B (Chupadero Creek, 
with relict orthopyroxene) and have excluded other samples 
because they were taken from bodies that may not form part 
of the main Medellín body (e.g., Media Luna; Figure 1). For 
the same reason, we have excluded sample 724A of Botero 
(1963). In addition, we also use unpublished data of Ana María 
CORREA–MARTÍNEZ obtained during her PhD thesis and 
published here for the first time (Figure 1; Table 1). These sam-
ples were analyzed at the ACME Laboratory, Canada by means 
of inductively coupled plasma optical emission spectrometry 
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Sample SiO2 TiO2 Al2O3 Cr2O3 FeO* MnO MgO CaO Na2O K2O P2O5 LOI** Total Publication

AC52A 39.40 0.00 0.91 0.09 6.87 0.10 42.75 0.70 0.03 0.00 0.00 7.70 98.55 This study

AC52B 33.54 0.00 0.53 0.12 7.46 0.10 43.99 0.05 0.01 0.00 0.00 12.40 98.20 This study

AC59B 39.44 0.00 0.80 0.09 7.01 0.11 37.80 0.69 0.02 0.00 0.00 12.70 98.66 This study

AC35A 40.00 0.02 1.29 0.08 7.16 0.11 42.50 1.13 0.02 0.00 0.00 6.10 98.41 This study

650–A 38.56 0.01 2.81 6.61 0.03 40.97 0.61 0.47 0.01 8.76 98.84 Botero (1963)

665–A 45.14 0.01 8.90 6.91 0.02 30.61 1.75 0.41 0.01 9.01 102.77 Botero (1963)

166960 39.82 0.00 0.76 0.21 8.14 0.13 42.75 1.13 0.02 0.00 4.91 97.87 Álvarez (1987)

166961 38.05 0.00 0.76 0.26 7.37 0.10 39.30 1.69 0.01 0.00 10.51 98.05 Álvarez (1987)

166962 39.74 0.00 0.81 0.27 7.91 0.10 39.71 1.69 0.03 0.00 8.26 98.52 Álvarez (1987)

166965 36.26 0.00 0.64 0.10 9.54 0.14 42.55 1.69 0.02 0.00 7.07 98.01 Álvarez (1987)

166966 38.60 0.00 0.64 0.34 7.63 0.10 38.09 2.25 0.04 0.00 10.63 98.32 Álvarez (1987)

166967 34.62 0.00 1.19 0.12 8.59 0.13 42.14 1.13 0.01 0.00 10.39 98.32 Álvarez (1987)

166968 35.30 0.00 0.21 0.07 8.70 0.12 45.18 0.56 0.01 0.00 7.60 97.76 Álvarez (1987)

166970 35.90 0.00 0.53 0.17 7.22 0.13 42.35 0.84 0.01 0.00 10.78 97.93 Álvarez (1987)

166971 38.54 0.00 1.30 0.26 7.30 0.10 41.53 0.84 0.01 0.00 8.71 98.59 Álvarez (1987)

166972 38.46 0.00 0.32 0.16 7.90 0.10 38.50 1.13 0.02 0.00 11.36 97.94 Álvarez (1987)

166973 37.32 0.00 0.10 0.26 7.12 0.10 40.12 1.69 0.04 0.00 11.28 98.02 Álvarez (1987)

174567 30.12 0.00 9.25 0.19 13.47 0.13 30.00 4.90 0.35 0.02 7.00 95.43 Álvarez (1987)

174569 31.06 0.00 4.06 0.29 10.17 0.09 43.74 0.08 0.01 0.01 9.36 98.87 Álvarez (1987)

174572 32.82 0.00 7.31 0.45 9.98 0.10 38.61 0.01 0.01 0.01 8.93 98.23 Álvarez (1987)

705612 35.60 0.02 0.29 0.28 7.77 0.12 45.27 0.11 0.26 0.03 9.68 99.43 Rodríguez et al. (2005)

705731 40.70 0.03 0.62 0.32 7.88 0.12 42.40 0.56 0.20 0.02 6.37 99.21 Rodríguez et al. (2005)

705535 40.40 0.01 0.60 0.13 7.66 0.12 42.48 0.71 0.08 0.02 6.71 98.93 Rodríguez et al. (2005)

705544 40.20 0.03 1.25 0.36 7.53 0.09 38.51 0.04 0.09 0.02 11.13 99.25 Rodríguez et al. (2005)

705730 40.30 0.02 0.74 0.26 8.08 0.10 39.65 0.04 0.03 0.01 9.74 98.98 Rodríguez et al. (2005)

705570 36.10 0.02 0.04 0.09 8.32 0.12 43.92 0.36 0.08 0.02 9.28 98.35 Rodríguez et al. (2005)

705574 38.80 0.02 0.75 0.17 7.23 0.11 42.53 0.77 0.11 0.01 8.56 99.06 Rodríguez et al. (2005)

705576 39.10 0.03 0.71 0.17 7.77 0.11 43.49 0.83 0.09 0.01 6.46 98.78 Rodríguez et al. (2005)

705584 40.70 0.02 1.48 0.23 7.46 0.11 39.15 2.94 0.17 0.02 7.36 99.64 Rodríguez et al. (2005)

705590 37.70 0.04 0.94 0.23 7.60 0.15 41.48 0.57 0.06 0.01 10.55 99.32 Rodríguez et al. (2005)

705602 38.80 0.02 0.49 0.15 6.87 0.10 44.02 0.40 0.06 0.01 7.96 98.88 Rodríguez et al. (2005)

705603 38.50 0.02 0.60 0.18 7.71 0.11 42.02 0.77 0.06 0.01 9.26 99.24 Rodríguez et al. (2005)

Of–10 34.96 0.08 2.24 0.34 9.29 0.15 42.23 0.08 0.20 0.03 9.92 99.52 Pereira et al. (2006)

Of–10A 36.91 0.04 0.79 0.11 9.03 0.13 43.26 0.32 0.20 0.03 8.60 99.42 Pereira et al. (2006)

JJ1296–B 40.91 0.02 1.20 0.35 6.57 0.11 38.95 2.21 0.14 0.07 9.24 99.77 Restrepo (2008)

JJ1422–B 38.85 0.02 1.06 0.29 7.31 0.11 40.13 0.95 0.07 0.02 11.20 100.01 Restrepo (2008)

SP–001 38.93 0.04 0.77 0.23 6.82 0.12 39.92 0.53 11.29 98.64 Hernández–González (2014)

LP–7 31.18 0.30 5.27 0.22 9.72 0.12 37.20 0.07 9.79 93.86 Hernández–González (2014)

LP–4 40.60 0.06 0.96 1.87 7.22 0.12 40.36 0.74 8.63 100.55 Hernández–González (2014)

LP–1 39.59 0.02 0.84 0.33 7.75 0.13 41.20 0.57 8.17 98.59 Hernández–González (2014)

B–1–A 42.86 1.17 0.29 10.82 0.14 33.65 1.03 0.04 8.77 98.78 González–Ospina (2016)

G–1–A 43.11 0.42 0.38 6.87 0.14 39.97 0.34 7.96 99.20 González–Ospina (2016)

G–1–C 42.48 0.98 0.43 7.24 0.12 43.34 1.44 3.10 99.14 González–Ospina (2016)

LP2–A 41.75 0.66 0.36 11.61 0.13 40.67 0.42 3.06 98.66 González–Ospina (2016)

SH–1–(A)–A 42.10 1.15 0.41 6.96 0.13 42.45 1.50 4.50 99.19 González–Ospina (2016)

SH–1–(A)–B 42.36 0.02 0.96 0.47 7.74 0.14 43.34 0.31 3.79 99.13 González–Ospina (2016)

SH–1–(B)–B 43.04 0.04 1.41 0.47 7.22 0.12 41.07 0.71 5.14 99.22 González–Ospina (2016)

SH–1–(B)–C 42.13 0.92 0.43 7.43 0.14 42.96 1.66 0.02 3.43 99.13 González–Ospina (2016)

SP–2–A 42.62 0.02 1.17 0.36 12.81 0.14 40.55 0.57 2.03 100.28 González–Ospina (2016)

Source: Samples labels and analyses of Álvarez (1987) were taken from Rodríguez et al. (2005).
* Total Fe expressed as FeO.
** LOI—Loss on ignition.

Table 1. Whole–rock composition of samples from the Medellín Metaharzburgitic Unit.
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(ICP–OES) using a Jarrel Ash Atomcomp model 975. Because 
of the lack of chemical analyses, other types of rock, such as 
wehrlite and ultramafic dikes described by Correa–Martínez 
(2007), are not considered. The total number of analyzed sam-
ples considered here is 49. In all cases, iron is treated as Fe2+

total. 
Mass loss on ignition (LOI) is treated as H2O, though, as de-
scribed in the original papers and discussed below, part of the 
measurements should be considered CO2 since carbonates are 
present in (at least some of) the analyzed samples. The amount 
of analyzed H2O/LOI ranges between 2.03 and 12.70 wt %. 
Taking into account that a fully serpentinized peridotite yields 
ca. 12–13 wt % H2O, these values indicate variable extent of 
serpentinization (± carbonation).

In order to give each sample its proper name following the 
IUGS classification scheme, petrographic amounts of high T 
mantle minerals must be measured (e.g., Le Bas & Streckeis-
en, 1991; Le Maitre, 2002). However, because metamorphism 
and serpentinization (± carbonation) have commonly replaced 
pyroxene(s) and only olivine is generally present, the applica-
tion of this petrographic scheme leads to the conclusion that 
the rocks are dunitic. But the metamorphic mineralogy of the 
samples indicates that, by no means, all samples are dunitic, 
for talc and tremolite cannot form in a dunite in such a high 
amount (up to 20 modal % summing–up both phases) as re-
corded in many samples. A similar conclusion was reached 
by Correa–Martínez (2007) after recognizing the presence of 
bastite (alteration of orthopyroxene).

However, it is important to quantitatively assess the 
high–T mantle mineralogy of the geological body in order 
to show whether it is dunitic or not. A geochemical method 
that allows applying such a classification scheme to altered 
samples, and that offers insight into the nature of alteration, 
involves algebraic mapping of the bulk rock compositions in 
transformed n–dimensional composition spaces defined ad hoc 
for the problem under consideration (see, for example, Spear 
et al., 1982; Thompson, 1982; Torres–Roldán et al., 2000). In 
this task, components are generally expressed in molar units, 
for wt % units depend on the molar weight of components 
rather than on true atomic/molecular abundance. However, 
oxy–equivalent (gram–oxygen) units are in particular conve-
nient for reconstructing mineralogical composition, since this 
measure of component abundance has the advantage of being 
an estimate of the volume of solids in which oxygen is the 
only major anion (Brady & Stout, 1980; Thompson, 1982). 
The general composition space considered here is 9–dimen-
sional, as defined by the chemical components SiO2–TiO2–
Al2O3–Cr2O3–FeO–MnO–MgO–CaO–H2O (Na2O, K2O, and 
P2O5 are neglected due to their low amounts in the samples 
considered; note, also, that because independent Fe2O3 and 
FeO estimates are known for only a few samples, they are 
not considered as independent components and total iron is 
expressed as FeO). The definition of the new set of 9 chemi-

cal species is flexible, but we will concentrate on new system 
components that allow obtaining meaningful graphical repre-
sentations. These are obtained after projection onto selected 
(hyper–) planes of the 9–dimensional composition space from 
particular phases (minerals and fluids) and along mathematical 
operators (simple and coupled exchange vectors) that allow 
condensation of the composition space. This is convenient 
for visualization of the whole 9–dimensional chemical system 
in appropriate diagrams, though the information contained in 
the new components that are affected by the exchange vec-
tors is complex and, in cases, not straight forward (see below  
for clarification).

The procedure followed here makes use of barycentric, 
rather than Cartesian, coordinates, because the focus is put in 
component/mineral proportions rather than absolute abundanc-
es. The projected barycentric diagrams have the advantage of 
considering all 9 variables at a time. In this regard, this meth-
od supersedes binary Cartesian diagrams relating the absolute 
amount of components (e.g., the Harker diagrams of Figure 4) 
or component ratios (e.g., the MgO/SiO2 – Al2O3/SiO2 diagram 
of Figure 5) where only 2 or 4 chemical components, respec-
tively, are considered while all other components are neglected. 
We have performed the corresponding calculations and 3D and 
2D projections using software CSpace (Torres–Roldán et al., 
2000), that makes use of the singular value decomposition tech-
nique for solving linear equations (Fisher, 1989, 1993).

Appropriate diagrams for describing ultramafic composi-
tions correspond to the 3D CaO–MgO–Al2O3–SiO2 (CMAS) 
and 2D CaO–MgO–SiO2 (CMS) molar plots and the 3D Ol–
Opx–Cpx–Spl and 2D Ol–Opx–Cpx oxy–equivalent plots, all 
projected from the phases and exchange vectors indicated in 
Figures 6–12. Figure 10 (Ol–Opx–Cpx oxy–equivalent plot, 
projected from spinel) shows the reconstructed high–T mantle 
mineral composition of the studied samples in the petrographic 
classification scheme of ultramafic rocks by Le Maitre (2002). 
Figure 12 (Ol–Opx–Cpx oxy–equivalent plot, projected from 
chlorite) shows the phase relations appropriate for the Tr + Tlc 
+ Ol metamorphic event.

In restoring of the mineralogy of metamorphic/ser-
pentinized ultramafic rocks at high–T mantle conditions, H2O 
component can be dropped from consideration in the manip-
ulation of the composition space, as long as H2O content at 
high–T subsolidus conditions adjacent to the site of generation 
of oceanic lithospheric mantle can be effectively considered 
0. However, this does not hold true during cooling at mantle 
conditions in the oceanic realm, when H2O infiltrates the rocks 
and causes growth of hydrated minerals. For this reason, and 
in order to evaluate the effects of metamorphism/alteration, 
component H2O is considered and hydrated minerals such as 
tremolite, talc, anthophyllite, antigorite/lizardite, brucite, and 
clinohumite are projected in the molar and oxy–equivalent di-
agrams. On the other hand, because of the lack of CO2 estima-
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Figure 4. Harker diagrams for the Medellín Metaharzburgitic Unit (anhydrous basis). Samples with high Al2O3 are labeled in the SiO2 ver-
sus Al2O3 diagram and indicated with grey bands in the rest of the diagrams for reference. Also for reference, the projection of forsterite, 
enstatite, diopside, and spinel is indicated.

tions in the studied samples, carbonates cannot be projected. 
However, they are plotted as if they were CO2–free chemical 
species (for this reason the labels appear within brackets). In 
spite of this deficiency, the consideration of these species in 
the diagrams is valuable because it allows evaluation of the 
effects of carbonation.

Further details of the procedure followed for each diagram 
are described below when required.

5. General Geochemical Features of the 
Medellín Metaharzburgitic Unit
On anhydrous basis (Figure 4), the compositional range of the 
Medellín Metaharzburgitic Unit is 34.13–48.14 wt % SiO2, 0.00–
0.36 wt % TiO2, 0.05–10.48 wt % Al2O3, 7.28–15.26 wt % FeO(-

total), 0.02–0.17 wt % MnO, 32.65–51.34 wt % MgO, 0.01–5.55 
wt % CaO, 0.01–0.52 wt % Na2O, 0.00–0.08 wt % K2O, 0.00 wt 
% P2O5. The amount of Cr ranges between 500 and 12 770 ppm 
and Mg# (molar MgO/(MgO + FeO)) ranges between 0.80 and 
0.92. It is obvious that some samples are problematic in terms of 
comparison with “normal” peridotite composition, particularly in 
terms of Al2O3 contents above 4 wt % (Figure 4).

Five samples are clear outliers: samples 174569, 174572, 
and 174567 from Álvarez (1987) yielded 4.55, 8.23, and 10.48 
wt % Al2O3, respectively, sample LP–7 from Hernández–
González (2014) yielded 6.28, and sample 665–A from Botero 
(1963) yielded 9.49 wt % Al2O3. Sample LP–7, taken from the 
Medellín–airport road (Las Palmas region) is rich in olivine 
and relatively rich in chromian spinel (>5%, totally altered to 
ferrian–chromite/magnetite and chlorite) and in Fe–Ni–Cu–
sulfides and Ni–Fe arsenides and sulfoarsenides (Hernández–
González, 2014). This author classifies the rock as a dunite. 
Álvarez (1987) identified the high–Al contents of some of his 
samples and considered it the result of metasomatism, but did 
not go further in the problem. Botero (1963) does not comment 
on the issue. Nevertheless, even if all these samples clearly are 
not of peridotite composition, they will be considered below.

On the other hand, samples with relatively high MgO and low 
SiO2 within the group of seemingly normal peridotitic composi-
tion compare with dunitic (sensu lato) compositions, but samples 
with relatively high SiO2, Al2O3, and CaO, and relatively low 
MgO, suggest instead non–dunitic compositions (Figure 4).

A complementary geochemical view of the samples can be 
gained by means of inspecting chemical ratios rather than abso-
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lute component concentrations. In terms of major element com-
position, perhaps the most widely used and informative plot is the 
MgO/SiO2 (wt %) versus Al2O3/SiO2 (wt %) diagram of Figure 
5. In this diagram many samples plot close to the so–called “ter-
restrial array”, defined by the composition of unaltered mantle 
peridotites with Al2O3/SiO2 < 0.1 (Hart & Zindler, 1986; Jagoutz 
et al., 1979). These samples should be considered essentially un-
altered peridotites that are strongly depleted relative to the com-
position of the primitive mantle, suggesting one or more partial 
melting and melt extraction events (Restrepo, 2008). To be noted 
is that, in terms of major elements, these samples are similar in 
composition to both drilled/dredged samples of mantle wedge 
and abyssal harzburgites worldwide (Figure 5).

However, the scattering of “normal” peridotitic samples 
with Al2O3/SiO2 < 0.1 in terms of MgO/SiO2 is noticeable, sug-
gesting that metasomatic processes related to magmatic perco-
lation/impregnation/refertilization and/or seawater alteration/
serpentinization and/or carbonation have largely transformed 
the original mantle bulk compositions. Among this group of 
samples, those with lower MgO/SiO2 were most likely af-
fected by seawater alteration/serpentinization, which typical-
ly involves MgO–loss (by dissolution of brucite as a result 
of low–temperature alteration/weathering; e.g., Boschi et al., 
2017; Milliken et al., 1996; Niu, 2004; Snow & Dick, 1995; and 
references therein) and/or SiO2–gain (due reaction with fluids 

containing aqueous silica during serpentinization at high fluid/
rock ratios; e.g., Bonnemains et al., 2017; Malvoisin, 2015; and 
references therein). However, pre–alteration magmatic impreg-
nation/refertilization cannot be ruled out (Figure 5; Kodolányi 
et al., 2012; Paulick et al., 2006; Pearce et al., 2000).

On the other hand, the samples within this group of Al2O3/
SiO2 < 0.1 that plot above the terrestrial array indicate SiO2–loss 
and/or MgO–gain, which can hardly be related to early magmatic 
impregnation and late serpentinization processes. Carbonation, 
however, can potentially explain these geochemical characteris-
tics, as long as precipitation of magnesite and/or dolomite (and/or 
hydrous Mg–carbonates) increases the MgO/SiO2 ratio and does 
not affect Al2O3/SiO2. The presence of carbonates is generally 
indicated in papers dealing with the Medellín Metaharzburgitic 
Unit though, to our knowledge, its nature (calcite and/or dolo-
mite and/or magnesite and/or hydrous carbonates) has not being 
reported except for microscopic to macroscopic veins of calcite 
reported by Rodríguez et al. (2005) and small magnesite stock-
works in Niquía mentioned by Correa–Martínez (2007). How-
ever, one of us (Jorge Julián RESTREPO) has collected altered 
samples with typical clayey magnesite. Therefore, it appears that, 
at least magnesite, is present in the unit, as otherwise would be 
expected in serpentinized and metamorphic metaultramafic rocks 
(e.g., Evans, 1977; O’Hanley, 1996; Trommsdorff & Connolly, 
1990). In order to assess the original geochemical composition 
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settings are plotted for comparison. Mg–end members of phases of interest, anorthite, and the region of MORB are also indicated (note 
that spinel plots at infinity).
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of carbonate–bearing samples, the bulk compositions should be 
restored substracting the amount of CaO and MgO “stored” in 
dolomite/calcite and magnesite/dolomite, respectively (± hydrous 
carbonates). However, because CO2 has not been analyzed and 
the nature of the carbonates present has not been identified in 
the studied samples, the restoration of bulk compositions of the 
potentially carbonated samples with high MgO/SiO2 cannot be 
carried out.

Finally, the MgO/SiO2 (wt %) versus Al2O3/SiO2 (wt %) 
diagram of Figure 5 shows that some samples of Botero (1963), 
Álvarez (1987), and Hernández–González (2014) have non–
peridotitic compositions (Al2O3/SiO2 > 0.1) that can hardly be 
interpreted as a result of metasomatism/alteration during ser-
pentinization/sea water alteration or carbonation. Their large 
amount in Al2O3 (Figure 4) points to either a non–peridotitic 
sensu stricto composition likely rich in spinel (e.g., LP–7 from 
Hernández–González, 2014) and/or the presence of plagioclase.

In spite of metasomatic alterations and (local) presence of 
non–peridotitic compositions, such a varied geochemistry il-
lustrated in Figures 4, 5 points to a varied mineralogy of the 
high–T mantle protoliths, rather than to a simple dunitic com-
position of the Medellín Metaharzburgitic Unit. An attempt 
to “restore” the high–T mantle mineralogy of the Medellín 
Metaharzburgitic Unit is presented below.

6. The Restored High–T Mantle 
Mineralogy of the Medellín 
Metaharzburgitic Unit

6.1. The CMAS Diagram

The bulk rock compositions are first mapped in the 9–dimen-
sional composition space defined by the new components 
SiO2, Al2O3, MgO, CaO, TiO2MgO(Al2O3)–1, Cr2O3(Al2O3)–1, 
FeO(MgO)–1, MnO(MgO)–1, and pure H2O–fluid expressed in 
molar units. This procedure allows projection onto the SiO2, 
Al2O3, MgO, and CaO tetrahedron along simple and coupled 
exchange vectors, resulting in condensation of the compo-
sition space. Note that the information contained in the new 
components CaO, MgO, Al2O3, and SiO2 that are affected by 
the exchange vectors do not correspond to that of the original 
components. For this reason, the new components are termed 
C, M, A, and S, and the resulting diagram is termed CMAS. 
Also note that in this particular case CaO and SiO2 are not af-
fected by the projection (i.e., exchange vectors do not add extra 
components to these components), but M and A represent in 
fact new complex components, i.e., MgO + MnO + FeO–TiO2 
and Al2O3 + Cr2O3 + TiO2 (old variables), respectively. This 
procedure is justified because Mg–Mn–Fe and Al–Cr are ex-
changed in all mineral structures considered (i.e., Cpx, Opx, Tr, 
Ol, Tlc, etc.), following the indicated simple exchange vectors, 

while Ti + Mg exchanges with 2Al (coupled exchange vector) 
in the structure of spinel. Note that not only Al and Mg are 
involved in the latter exchange, but also Cr, Fe, and Mn as long 
as the vectors Cr2O3(Al2O3)–1, FeO(MgO)–1, and MnO(MgO)–1 
are considered. For this reason, the Ti–spinel exchange vector 
(TiO2MgO(Al2O3)–1) accounts, in fact, for a complex exchange 
vector (TiO2(Fe,Mn,Mg)O((Al,Cr)2O3)–1) that includes all sig-
nificant potential compositional variations of Fe3+–free spinel. 
This implies that projected spinel corresponds to a mixture of 
Cr–, Mg–, Fe–, Mn– and Ti–spinel end–members, including, 
ulvospinel, and chromite. The same concept applies to other 
phases, namely olivine (forsterite–fayalite), orthopyroxene (en-
statite–ferrosilite and Al–Cr–Ti–end–members), and all other 
phases projected except quartz and anorthite.

The resulting tetrahedral CMAS diagram is presented in 
Figure 6. The space defined by the Ol–Opx–Cpx–Spl tie–tet-
rahedron (in white) marks the locus of Spl–bearing anhydrous 
ultramafic rocks. The high–A samples (labeled in Figure 6) 
correspond to the samples with Al–rich non–peridotitic com-
position indicated in Figure 5. A group of low–A samples plots 
within the Ol–Opx–Cpx–Spl tie–tetrahedron comparable to 
“normal” peridotitic compositions. However, another group 
plots outside it, away from the Opx apex, which is obvious-
ly not permitted in pristine Spl–bearing anhydrous peridotitic 
compositions. This latter group of samples (labeled in Figure 
6) roughly corresponds to samples with MgO/SiO2 higher than 
the terrestrial array in Figure 5.

6.2. The CMS Diagram Projected from Spinel

Details in a 3D diagram are not easily appreciated. For this 
reason, it is convenient to reduce the dimension of the diagram 
in order to generate a 2D triangular representation. This can be 
accomplished projecting form a given phase, in this case spi-
nel, onto the CMS plane. This is done in Figure 7 and implies 
recasting sample compositions in a 9–dimensional new set of 
components including spinel (MgAl2O4) instead of Al2O3 (all 
other components used above to generate the CMAS diagram 
are retained). Note that the use of exchange vectors applies as 
above, so that the new components M and A do not represent 
exclusively old components MgO and Al2O3 and projection 
phase spinel and projected phases correspond to a mixture of 
Cr–, Mg–, Fe–, Mn–, and Ti end–members.

Projection from spinel implicitly requires that the rock sam-
ples plotted in the diagram contain this phase. If this is not so, the 
conclusions reached are flawed. This may (or may not) apply to 
the Al–rich samples of the data base. All other samples, however, 
are expected to be Spl–bearing at high–T mantle conditions, as 
recorded by relict spinel and newly formed ferrian–chromite and 
magnetite (e.g., Correa–Martínez, 2007; Hernández–González, 
2014; Proenza et al., 2004). Hence, the space defined by the 
Ol–Opx–Cpx tie–triangle (white in Figure 7) marks the locus 
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Figure 6. Samples of the Medellín Metaharzburgitic Unit plotted in the CMAS diagram. Note that projection from H2O is not needed to 
illustrate the phase relations at high mantle temperature (Ol–Opx–Cpx–Spl tetrahedron), but it has been done so for convenience in 
order to represent the locus of hydrated phases produced during the Tr + Tlc + Ol metamorphic and late serpentinization events. Also, 
carbonates are indicated between brackets as far as CO2 contents are not available for the studied samples and, hence, this component 
is not considered in the transformation of coordinates. The labeled samples correspond to the non–peridotite compositions indicated 
in Figures 4, 5. See text for further explanation.

of Spl–bearing anhydrous ultramafic rocks. This diagram more 
clearly depicts the distribution of rocks. Samples rich in Al (la-
beled) are no longer commented, for they are not of normal per-
idotitic composition. The rest of samples distribute across the 
Ol–Cpx tie–line, indicating that some samples bear “negative” 
calculated orthopyroxene (see below and Figures 8–10). Clearly, 
these samples are affected by SiO2–loss and/or MgO–(± FeO ± 
MnO)–gain. Lines are drawn that describe the expected chemical 
behavior in case of addition of carbonates. The results point to 
addition of magnesite rather than dolomite or calcite. Only Al–
rich non–peridotitic sample 174567 may have been affected by 
dolomite addition, though this conclusion is uncertain as far as it 
relies in the unknown presence of spinel in this sample.

6.3. The Ol–Opx–Cpx–Spl Diagram and Ol–Opx–
Cpx Diagram Projected from Spinel

The bulk compositions of the samples can be recasted to di-
rectly reflect their high–T mantle mineralogy. This is done 

defining four new components, Fo, En, Di, Spl that, together 
with the exchange vectors used for the construction of the 
CMAS and CMS diagrams, represent in fact Ol, Opx, Cpx, 
and Spl solid solutions. However, instead of following the 
common practice of defining these components with molecu-
lar formulas based on 4, 3 (or 6), 6, and 4 oxygens, respective-
ly (e.g., Putirka et al., 2011), it is more convenient to define 
all four chemical species as having the same number of ox-
ygens (no matter what the number). As justified above (see 
section 4), this allows a better approximation of calculated 
mineral abundance to real mineral volume proportions. For 
this particular case, the calculated molar and oxy–equivalent 
contents of Ol, Opx, Cpx, and Spl are similar, for they have 
similar oxygen content in their molecular formulas. However, 
this is not the case if species with contrasted oxygen contents 
are used (e.g., amounts of SiO2–quartz– versus KAlSi3O8 –or-
thoclase– in granites). This and the use of an appropriate set 
of projection phases and exchange vectors are important is-
sues that should be seriously considered in classifying altered 
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rocks using modal–abundance diagrams (e.g., Streckeisen 
diagrams). Thus, while this procedure using oxy–equivalent 
units was followed by Cárdenas–Párraga et al. (2017) for ser-
pentinites of Cuba, Blanco–Quintero et al. (2011), Putirka et 
al. (2011), and Hernández–González (2014) used molar rather 
than oxy–equivalent units of Ol, Opx, Cpx, and Spl.

The result of the described procedure in oxy–equivalent 
units is represented in the Ol–Opx–Cpx–Spl and Ol–Opx–Cpx 
diagrams of Figures 8–10, the latter two projected from spinel. 
All issues considered so far can be more clearly appreciated in 
these diagrams, including the outlier nature of Al–rich rocks, 
the projection of low–Al samples of non–normal peridotite 
composition outside the Ol–Opx–Cpx–Spl tie–tetrahedron 
and Ol–Opx–Cpx tie–triangle and the potential carbonation 
of these samples by means of addition of magnesite. How-
ever, two additional aspects illustrated in these figures are of 
interest. First, some of the samples within the group of nor-
mal peridotite composition are likely carbonated by means of 
addition of dolomite and/or calcite. This is indicated by the 
displacements towards the Ol–Cpx tie–line, which is more 
clearly appreciated in Figure 10 containing the modal clas-
sification scheme of Le Maitre (2002). In this classification 
scheme, potentially carbonated samples plot rather away from 

the harzburgite field and classify as lherzolite, an unlikely 
picture given the residual nature of the Medellín Metaharz-
burgitic Unit (Figure 5; Correa–Martínez, 2007).

A second point of major interest is that most samples of 
normal peridotite composition plot within the field of harz-
burgite, not dunite. Moreover, even if the lack of CO2 analy-
sis prevents the restoration of the composition of carbonated 
samples, it can be deduced that the samples that bear nega-
tive Opx (most likely affected by magnesite carbonation) and 
the samples that plot within the lherzolite field (potentially 
dolomite/calcite–carbonated) should probably have harzbur-
gitic composition previous to carbonate alteration. Further-
more, at least some of the samples that properly plot within 
the harzburgite and dunite fields of Figure 10 are also likely 
affected by subtle carbonation. This implies that the original 
composition of these samples should plot displaced towards 
the Opx apex, and that samples that plot within the dunite 
field would, in fact, be of harzburgite composition. On the 
other hand, the bulk composition of the Cpx–bearing sample 
B–1–A of González–Ospina (2016) lies close to the harzbur-
gite–lherzolite boundary, suggesting that clinopyroxene is a 
relict high–T phase (though metamorphic recrystallization/
growth is also possible; see below). This suggests that many 
other samples may have contained clinopyroxene previous to 
metamorphism/serpentinization.

Another issue is that of samples plotting below the terres-
trial array of mantle peridotites and that likely have undergone 
SiO2–gain and/or MgO–loss during serpentinization (Figure 
5). These samples correspond to those that plot closer to the 
Opx apex in Figures 8–10 within the harzburgite field. After 
eventual restoration of their composition previous to SiO2–
gain and/or MgO–loss these samples would plot closer to the 
olivine apex.

Therefore, if our inferences hold true, the pre–serpentini-
zation and pre–carbonation scatter of samples would contract 
significantly within the Ol–Opx–Cpx diagram, and we spec-
ulate that most samples of the Medellín Metaharzburgitic 
Unit had a relatively restricted composition within the field of 
harzburgite, as indicated in Figure 10. This picture of the Me-
dellín Metaharzburgitic Unit as being essentially composed of 
relatively restricted harzburgite composition is not to say, of 
course, that dunite and, eventually, lherzolite do not exist in 
the body. Though scarce, dunite is present as thin bands within 
harzburgite and as envelopes around chromitite bodies (Correa–
Martínez, 2007; Hernández–González, 2014) and some samples 
may indeed contain enough clinopyroxene as to be termed lher-
zolite. But the amount of these rocks in the unit seems small. 
We consequently propose that the “Medellín Dunite” should no 
longer be termed “dunite”, for it introduces major confusion in 
the description of this geologic body. The “Medellín Ultramafic 
Massif”, as proposed by Correa–Martínez (2007), would more 
closely correspond to the presented evidence.

Figure 7. Samples of the Medellín Metaharzburgitic Unit plotted 
in the CMS diagram projected from spinel. Arrows indicate the ex-
pected geochemical behavior upon carbonation. See Figure 6 and 
text for further explanation.
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7. Altered or Metamorphosed Mantle? 
Another Key Terminological Issue
7.1. The Mineralogy of the Medellín 
Metaharzburgitic Unit during Medium–T 
Metamorphic Conditions

Dragged/drilled samples of present–day abyssal and forearc/
backarc lithospheric sections show that shallow oceanic man-
tle undergoes cooling and hydration upon drift from spreading 
centers (e.g., Bach et al., 2006; Kimball et al., 1985). A variety 
of new hydrated minerals are hence developed during eventual 
influx of seawater along fractures. The most common transfor-
mation is serpentinization, which takes place at temperature 
lower than ca. 500 ºC down to ambient surface temperature. 
Full serpentinization of a harzburgitic composition made 
of Mg2SiO4 (Ol) and MgSiO3 (Opx) in equimolar amounts 
needs up to 13 wt % H2O, which translates into 28.6 mole % 
abundance (Figure 11a). Somewhat higher amounts of H2O 
are needed if the molar olivine/orthopyroxene ratio is greater 
than 1, because brucite (Mg(OH)2) is formed in addition to 

serpentine (Mg3Si2O5(OH)4), reaching up to 16.1 wt % H2O 
for 100% Mg2SiO4 dunitic composition (which translates into 
33.3 mole % H2O; Figure 11a). Such a flux of external H2O is 
not readily available to relatively large sections of the oceanic 
mantle, and full hydration is only generally reached at location 
of intense deformation, such as along transform faults/fracture 
zones, oceanic core–complex fault systems, and lithosphere 
bending–related faulting at subduction zones (Guillot et al., 
2015 and references therein). Hence, most mantle sections are 
only partly serpentinized and, for this reason, such rocks are 
generally considered “serpentinized peridotite” or “hydrated 
peridotite”, not serpentinites sensu stricto, in an attempt to 
emphasize the variable extent of alteration and, importantly, 
that the event has not fully transformed the protholith into  
a new rock.

It is to be noted that full serpentinization of peridotite allows 
H2O to coexist with solid phases after consumption of high–T 
mantle minerals (e.g., Atg/Lz–Tlc–H2O and Atg–Brc–H2O 
assemblages colored in blue in Figure 11a), while partial ser-
pentinization does not. In this case, reactions triggered by fluid 
infiltration consume all H2O and produce stable assemblages 

Figure 8. Samples of the Medellín Metaharzburgitic Unit plotted in the Ol–Opx–Cpx–Spl diagram in oxy–equivalent units. Arrows indicate 
the projection of quartz and brucite/periclase and the effects of carbonation. See Figure 6 and text for further explanation.
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made only of solids including those stable at high temperature 
(e.g., Atg/Lz–Brc–Ol, Atg/Lz–Tlc–Ol, and Tlc–Ol–Opx in the 
orange region of Figure 11a). In complex natural chemical sys-
tems, however, the equilibrium composition of these minerals 
differs at high– and low–T conditions, but the chemical dif-
ferences can be subtle (e.g., Mg/(Mg + Fe) and Ni contents in 
olivine, Ca contents in orthopyroxene) or large (e.g., Al content 
in orthopyroxene, Al, Ca, and Na content in clinopyroxene). 
Coupled with the low temperature of transformation, that ham-
pers reaction kinetics and intra–crystalline diffusion, this fact 
explains the relict presence of high–T mantle mineral compo-
sition in partially serpentinized rocks.

A quite different scenario occurs when the temperature of 
shallow oceanic mantle is higher than 500 ºC, above the stabil-
ity field of antigorite. At these conditions, hydration reactions 
trigger the formation of other minerals, such as tremolite and 

talc, which bear much less H2O (ca. 2 and ca. 4.5 wt %, respec-
tively) than serpentine–group minerals and brucite. The lack of 
the latter minerals in peridotitic compositions at intermediate 
temperature conditions allows topological relations that make 
the maximum hydration of peridotite to involve less than 10 
mole % H2O (i.e., less than 1/3 of the amount needed for full 
serpentinization). Typically, the amount of H2O needed for sat-
uration (full hydration) in the simple MgO–SiO2–H2O system 
is less than 5 and close to 0 mole % in harzburgitic and dunitic 
compositions, respectively (Figure 11b). Hence, during cooling 
and hydration of shallow oceanic mantle at temperature higher 
than the stability field of antigorite, the amount of H2O needed 
to fully saturate a peridotite rock and to transform it into a new 
fully hydrated metamorphic rock is much less than the amount 
needed at conditions of serpentinization. In short, a new fully 
hydrated rock is more easily formed at intermediate (and high) 
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Figure 9. Samples of the Medellín Metaharzburgitic Unit plotted in the Ol–Opx–Cpx projected from spinel in oxy–equivalent units. 
Note the area of potentially carbonated (dolomite and/or calcite addition) samples within the group of samples of normal peridotite 
composition. See Figures 6, 8, and text for further explanation.
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temperature than at low temperature upon fluid infiltration (see, 
for example, Schmädicke, 2000, for moderate– to high–T met-
amorphic ultramafic rocks).

As for serpentinization, it should be no surprise that high–T 
mantle minerals coexist metastably with newly formed hydrat-
ed minerals at intermediate temperature conditions. At the 
condition of full hydration, H2O coexist with solid phases but 
reactions triggered upon infiltration do not consume all man-
tle minerals. This is illustrated for the simple MgO–SiO2–H2O 
(MSH) system by the blue Tlc–Ol–H2O assemblage of Figure 
11b. The extreme case is dunite made of 100% olivine in this 
system, that does not react upon fluid infiltration and no hy-
drated phase is formed, allowing the stable coexistence of ol-
ivine and fluid (i.e., Ol–H2O tie–line of Figure 11b). Hence, 
as opposed to serpentinization, olivine in this type of rock is a 
stable metamorphic mineral and not the result of limited avail-

ability of external H2O. Moreover, during partial hydration due 
to limited availability of external H2O, reactions completely 
consume H2O and produce stable assemblages made of solids 
only, including those stable at high temperature (illustrated by 
the assemblage Tlc–Ol–Opx in the orange region of Figure 11b, 
MSH system). Partial replacement due to limited availability of 
H2O is, likely, the most feasible interpretation for (i) the pres-
ence of olivine, orthopyroxene, tremolite, and talc in samples 
of the San Pedro locality, where the amount of orthopyroxene 
is small (ca. 2%), and (ii) the rather small amount of tremo-
lite in the fresh orthopyroxene–bearing sample of Chupadero 
Creek, where talc is not present (Figure 3f). Hence, at least part 
of the typical high–T mantle mineralogy of ultramafic rocks 
characterizes intermediate temperature conditions, though the 
corresponding equilibrium compositions of the minerals are 
different. As indicated above for serpentinization, the chem-
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Figure 10. Samples of the Medellín Metaharzburgitic Unit plotted in the Ol–Opx–Cpx projected from spinel in oxy–equivalent units. The 
fields of ultramafic rocks of Le Maitre (2002) are indicated. Note that most samples of normal peridotite composition are harzburgite. 
See Figures 6, 8, 9, and text for further explanation.
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ical differences can be small or large, depending of the solid 
solution involved but, because temperature is closer to the orig-
inal mantle temperature, the chemical gap is narrower. This, 
together with sluggish kinetic factors at moderate temperature, 
explains the metastable persistence of high–T olivine in fully 
and partly hydrated metaultramafic rocks.

In conclusion, the name applied to a fully–hydrated interme-
diate–temperature ultramafic rock should not be biased by the 
fact that its mineral assemblage contains minerals that charac-
terize its high–T mantle mineralogy, even if the compositions 
of these minerals have been partly preserved due to sluggish 
kinetic factors (this concept also applies to any rock formed at 
high temperature). In our case, the presence of ubiquitous oliv-
ine in the Medellín Metaharzburgitic Unit is the consequence 
of the metamorphic conditions attained (see below) and not 
necessarily of limited supply of fluid (full hydration was likely 
attained at intermediate temperature), rendering the term “dun-
ite” incorrect.

During the Tr + Tlc + Ol metamorphic event of the Medellín 
Metaharzburgitic Unit, compatible with Tlc–Ol–H2O assem-
blage of Figure 11b, the equilibrium assemblage in fully hydrat-
ed (i.e., maximum hydration) harzburgitic compositions is Tr 
+ Tlc + Ol + Chl + H2O. This assemblage is shown in the Ol–
Opx–Cpx phase diagram projected from chlorite of Figure 12. 
In the simple CaO–MgO–SiO2–H2O system, the corresponding 
assemblage under the condition of maximum hydration is Tr + 
Tlc + Ol + H2O, which is stable at temperature higher than 500 
ºC and below 650 ºC at the moderate to low pressures expected 

for a shallow suboceanic mantle (Figure 13; Spear, 1995). The 
presence of widespread chlorite, particularly as concordant de-
formed bands of tremolite + chlorite schists at the base of the 
unit in contact with the La Espadera–Chupadero amphibolitic 
sole, is consistent with this temperature interval, suggesting 
roughly co–facial assemblages of ultramafic and metabasite 
rocks at intermediate temperature conditions.

To be noted is that all assemblages indicated in Figure 12 
contain chlorite and H2O (projection points), and that chlorite, 
instead of spinel, is used as a projection point due to the insta-
bility of this phase at temperature lower than ca. 800 ºC (Figure 
13). This has the effect of modifying the projection of bulk 
compositions compared to previous diagrams projected from 
spinel. While most samples undergo subtle displacements be-
cause of their low–Al content, the Al–rich samples of non–per-
idotitic composition are strongly modified. Even if subtle, this 
effect invalidates the application of the classification scheme 
of Le Maitre (2002), but it has been retained in Figure 12 for 
reference. Also, note that at these conditions serpentine–group 
minerals and orthopyroxene are not stable under the condition 
of maximum hydration, though Ol and Cpx are (depending on 
bulk composition). The topology shown (colored tie–triangles) 
defines all the stable assemblages at these conditions. In addi-
tion to the predicted Tr + Tlc + Ol assemblage that character-
ize almost all rocks of the Medellín Metaharzburgitic Unit, the 
topology indicates that Ol + Tr + Cpx may characterize some 
of the analyzed samples. The common lack of Cpx points, in 
fact, to calcite/dolomite carbonation. In this regard, the bulk 
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composition of the Cpx–bearing sample of González–Ospina 
(2016) is harzburgitic and not compatible with metamorphic 
clinopyroxene at these conditions (Figure 12), pointing to a 
relict high–T mantle nature of this phase in this sample.

No matter whether the metasomatic transformation of sam-
ples affected by SiO2–gain and/or MgO–loss (Figure 5; samples 
with higher calculated Opx in Figures 8–10) took place during 
the Tr + Tlc + Ol metamorphic event or during late serpentini-
zation, these samples should have developed the same Tr + Tlc 
+ Ol assemblage of non–altered harzburgite at medium tem-
perature conditions, as predicted in the phase diagram of Figure 
12 (note vector “seawater/serpentinization alteration” pointing 

away from brucite in this figure). On the other hand, the case 
of the samples affected by SiO2–loss and/or MgO–gain (Figure 
5; samples with negative calculated Opx in Figures 8–10) is 
more complex. If this alteration is due to true SiO2–loss and/or 
MgO–gain involving no carbonation, these samples should con-
tain brucite, i.e., Ol + Cpx + Brc if developed during the Tr + 
Tlc + Ol event (Figures 12, 13) or Brc + Atg + Cpx if developed 
during the late serpentinization event (Figure 13). But, if this 
alteration is apparent and simply due to the effect of magnesite 
carbonation with little or no true SiO2–loss and/or MgO–gain 
(note vector “magnesite carbonation” towards brucite in Figure 
12), the corresponding samples would not have developed the 
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predicted Ol + Cpx + Brc assemblage, but Tr + Tlc + Ol, as 
other samples discussed above. The fact that the assemblage Ol 
+ Cpx + Brc has not been described in the unit and that Tr + Tlc 
+ Ol–bearing samples contain carbonate strengthens magnesite 
carbonation as a main process underwent by rocks in the unit. 
Similarly, the samples that have undergone potential dolomite/
calcite carbonation (Figure 9) would have developed Ol + Tr + 
Cpx (Figure 12), which is not generally described in the unit. 
In other words, the silicate mineralogy of carbonated samples 
during the Tr + Tlc + Ol event would have consisted of this 
assemblage, which explains the widespread development of this 
silicate assemblage and the lack of brucite– and clinopyroxene–
bearing assemblages in the Medellín Metaharzburgitic Unit, 
even if the composition of many samples project erroneously 
(as a result of not considering component CO2 and CO2–bearing 
phases) in fields appropriate for their development (note the 
“likely field of Medellín harzburgite” in Figures 10, 12).

It is apparent that most samples of the Medellín Metaharz-
burgitic Unit should have developed Tr + Tlc + Ol at inter-
mediate–T metamorphic conditions. Besides the presence of 
fine–grained recrystallized olivine in many samples, a major 
point of concern here is that the textural relations of olivine do 
not generally indicate metamorphic growth and, instead, re-
sembles relict mantle olivine. In order to solve this problem, 
it should be noted that the influx of external H2O would have 
fully consumed Opx (and Cpx, if present) under the condition 
of maximum hydration, but only a small part of olivine would 
have been involved in recrystallization as long as this miner-
al is stable at intermediate–T conditions. As indicated above, 
it is certainly true that the composition of mantle olivine (in 
terms of Mg#) should have been readjusted, either by intra-
crystalline volume–diffusion and/or dissolution–precipitation 
processes. However, a broad formation of new composition of 
olivine should not be expected, as the difference in composition 
of high–T and medium–T olivine is small (basically, a slight 
change in molar MgO/(MgO + FeO)) and intracrystalline vol-
ume diffusion in large relict olivine grains is a sluggish process 
at medium temperature conditions (Chakraborty, 1997, 2010, 
and references therein), preventing widespread compositional 
re–homogenization in larger grains and allowing high–T mantle 
olivine to persist metastably (see discussion above). Even if 
detailed petrological work is needed to demonstrate this sce-
nario, we speculate that a significant amount of olivine with 
slight different compositions developed during the Tr + Tlc + 
Ol metamorphic event. In this regard, the rock should be termed 
Tlc + Tr + Ol metaharzburgite, raising the question of the use of 
metamorphic versus common igneous terminology.

7.2. A Note on IUGS Rules

The recommendations of the IUGS Subcommission on the Sys-
tematics of Metamorphic Rocks (Schmid et al., 2007) indicate 

that only metamorphic ultramafic rocks containing olivine, and/
or pyroxene and/or hornblende such as peridotite, harzburgite, 
lherzolite, wehrlite, websterite, pyroxenite, and hornblendite 
should be termed on the basis of mineral content as given by 
Le Maitre (2002). However, this rule does not apply for oth-
er types of rock containing lower temperature minerals, and 
terms like metaharzburgite, metaperidotite, or metadunite are 
permitted, implying that the protolith was a harzburgite, peri-
dotite, or dunite and having no implications about the mineral 
content or structure of the rock, which may or may not have 
been substantially changed from that of the protolith. In this 
regard, terms like Tr + Tlc + Ol metaharzburgite are not only 
permitted, but desirable. Furthermore, the IUGS rules also in-
dicate that the prefix meta “should, of course, only be applied 
to a protolith name when the protolith can be fully identified 
by some means”. In this respect, our harzburgite compositions 
deduced by algebraic means perfectly fit the rules.

The IUGS rules recall that the term “ultramafic” refers to 
the predominance of mafic minerals in a rock and that this ad-
jectival term may be used to name a rock, such as ultramafic 
Tr + Tlc + Ol granofels, which can also be used to term the 
studied rocks. However, we prefer to use this adjectival term to 
describe the geologic unit, not to name rocks. In this regard, our 
term Medellín Metaharzburgitic Unit, predominantly consisting 
of harzburgitic granofels and, to a lesser extent of dunitic gra-
nofels, does not violate the rules.

7.3. Late Serpentinization

Eventual late hydration during cooling after the Tr + Tlc +Ol 
metamorphic event allowed serpentinization (Figure 13). Pro-
vided that external H2O is available for full saturation of the 
rocks at all stages during cooling, the expected sequence of 
mineral assemblage development is illustrated in Figure 13 as 
colored tie–triangles. At temperature lower than the Tr + Tlc 
+ Ol event Tr + Tlc is not stable and, for the common harz-
burgitic composition of the Medellín Metaharzburgitic Unit, 
talc should have been consumed upon reaction with olivine 
and initial growth of antigorite. The same applies to Tr + Ol at 
still lower temperature, and tremolite should have been totally 
consumed upon reaction with olivine and growth of diopside 
and additional antigorite. Since tremolite and talc persist, it 
must be concluded that H2O availability for full saturation of 
the rocks during the serpentinization event was limited (Figure 
11a). Interestingly, the topology at lower temperature predicts 
the generalized presence of brucite together with antigorite/
lizardite, even though brucite has not been reported in the Me-
dellín Metaharzburgitic Unit. This is also a likely consequence 
of limited availability of fluid (see the orange field within the 
Tlc–Opx–Ol tie–triangle of Figure 11a; see also, for example, 
Fyfe et al., 1978, their Figure 7.4). However, perhaps a detailed 
study focused on the metamorphic evolution of the unit would 
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“discover” this predicted mineral in fully serpentinized sam-
ples. Similarly, metamorphic clinopyroxene is predicted below 
ca. 450 ºC. As noted above, the fact that tremolite has been pre-
served due to limited availability of H2O for full saturation of 
the rocks explains this observation, though it should be stressed 
that the presence of this mineral, together with brucite, is pre-
dicted in fully serpentinized samples (Figure 13).

The late talc–forming event recorded in some samples (e.g., 
Rodríguez et al., 2005) can be explained as a result of the open–
system behavior at low temperature. Indeed, talc is expected to 
form in rocks that underwent intense SiO2–gain and/or MgO–
loss, as can be deduced in the three phase diagrams below the 

antigorite stability field of Figure 13 (i.e., the Atg/Lz–Tr–Tlc 
assemblage). Note that this process also helps to explain the 
lack of brucite and clinopyroxene below 450 ºC.

8. Tectonic Implications of the Tr–Tlc–
Ol Event
Mantle sections of onshore ophiolitic tectonic units do not gen-
erally show Tr + Tlc + Ol assemblages of regional extent. They 
generally show low–T serpentine ± talc ± brucite assemblages 
and only local development of higher–T tremolite. Given the 
regional extent of the Tr + Tlc +Ol–forming metamorphic im-
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print in the whole Medellín Metaharzburgitic Unit, we propose 
that a distinct medium–temperature hydration event took place 
in the geologic evolution of the associated mantle lithosphere.

This proposal is not to say that the unit underwent prograde 
metamorphism. As proved by textural analysis, this distinct me-
dium–T metamorphic imprint took place during cooling. How-
ever, such event must have to do with an episode of generalized 
infiltration of H2O in a broad region. Two main tectonic scenar-
ios (Figure 14) are envisaged in a back–arc region where the 
protoliths of the Medellín Metaharzburgitic Unit likely formed 
(Correa–Martínez, 2007; Correa–Martínez & Nilson, 2003; Cor-
rea–Martínez et al., 2004; Proenza et al., 2004) in the context of 
a Permian – Triassic geodynamic evolution of the northwestern 
corner of Gondwana characterized by the formation of a conti-
nental volcanic arc and late extension and rifting of continental 
crust while the paleo–Pacific ocean subducted below Gondwana 
(e.g., Cochrane et al., 2014; Riel et al., 2018; Spikings et al., 
2015, and references therein). A first scenario is a fracture zone 
in the back–arc (Figure 14a), where the corresponding shallow 
mantle would have been relatively hot because ca. 600 ºC char-
acterizes the Tr–Tlc + Ol event. Hence, the fracture zone should 
be relatively close to the spreading ridge where the ultramafic 

rocks formed (i.e., the precise location may have been a trans-
form–fault sensu stricto). It should be noted that a fracture zone is 
a first–order mechanical discontinuity in the lithosphere that may 
help the process of closure of a back–arc basin and obduction 
of oceanic mantle onto continental margins (e.g., Stern, 2004). 
In this context, obduction of Tr + Tlc + Ol metamorphic rocks 
over the Tahamí Terrane is a likely hypothesis. However, this 
setting can hardly explain (i) amphibolite facies metamorphic 
conditions in the basaltic crustal section of the Aburrá Ophio-
lite (i.e., La Espadera–Chupadero Amphibolites), (ii) prograde 
metamorphism and generalized hydration plus coeval intense 
deformation of this basaltic (and plutonic) section, (iii) the tec-
tonic location of the basaltic section below the associated mantle 
(i.e., Medellín Metaharzburgitic Unit), and (iv) the fact that the 
metamorphic assemblages of the mantle and basaltic sections of 
the Aburrá Ophiolite indicate metamorphism at roughly similar 
temperature, an unexpected feature for a 5–15 km thick crust + 
mantle section that experiences cooling upon drifting from the 
corresponding ridge.

Obduction of the Aburrá Ophiolite was only possible after 
closure of the back–arc basin, implying subduction of a fragment 
of the back–arc lithosphere and offering an alternative scenario 

a
Back–arc basin Tahamí TerraneProto–Pacific

Case a): Aburrá Ophiolite based in Correa–Martínez & Martens (2000).
Heating and hydration of oceanic crust (La Espadera–Chupadero and
El Picacho Metabasites) and cooling and hydration of the underlaying
mantle (Medellín Metaharzburgitic Unit).
Deformation triggered by transform fault?

Aburrá Ophiolite
(to be obducted onto the Tahamí Terrane)

Aburrá Ophiolite (to be obducted onto the Tahamí Terrane)

Subduction initiation

extension trench retreat

Metamorphic sole detached and accreted to the upper plate
 

To be subducted

Case b): A new view of the Aburrá Ophiolite. Extension,
cooling, and hydration of the upper plate mantle (Medellín 
Metaharzburgitic Unit) and heating and hydration of the 
downgoing oceanic crust (La Espadera–Chupadero and
El Picacho Metabasites; metamorphic sole).

Prograde metamorphism in the crustal section triggered
by heat transfer from ambient upper mantle to the cooler
downgoing crust. Deformation focussed in detached crust.

b

Figure 14. Alternative schematic tectonic interpretations of the Aburrá Ophiolite (general geodynamic setting after Spikings et al., 
2015). (a) Formation in a back–arc scenario followed by static hydrothermal metamorphism, perhaps in a transform–fault setting, which 
developed Tr + Tlc + Ol assemblage and late serpentinization (path a in Figure 13). (b) Subduction initiation in a back–arc setting, like-
ly at a transform–fault, triggered prograde metamorphism of the underriding oceanic crust (La Espadera–Chupadero and El Picacho 
Metabasites) and extension (decompression), cooling, and hydration of upper–plate mantle (i.e., the Medellín Metaharzburgitic Unit; 
path b in Figure 13). In both cases, the “Aburrá Ophiolite” would be eventually emplaced onto the Tahamí Terrane upon closure of the 
back–arc basin.
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for metamorphism, hydration, and deformation of all types of 
rock. Upon subduction initiation, a first frequent step in the ob-
duction process, relatively cold mafic–sedimentary oceanic crust 
is dragged down into the mantle, resulting in prograde metamor-
phism and accretion as a medium– to high–grade metamorphic 
sole made of metabasic and metasedimentary oceanic rocks that 
may undergo partial melting during emplacement below the am-
bient hanging–wall mantle (e.g., Boudier et al., 1988; Lázaro et 
al., 2013; Robertson, 2004; Stern, 2004; Wakabayashi & Dilek, 
2003). During this process, the overriding mantle adjacent to the 
slab experiences extension (i.e., decompression, as a result of 
trench retreat, e.g., Stern, 2004), cooling (as a result of heat trans-
fer to the underlying crustal section), and hydration (as a result 
of slab devolatilization). Intense deformation is expected in the 
volcanic and, to a lesser extent, plutonic crustal section adjacent 
to the slab–mantle interface, while the mantle section remains rel-
atively less affected by deformation except at its base close to the 
accreted crust. This general scenario is consistent with observa-
tions in the Aburrá Ophiolite. The La Espadera–Chupadero meta-
morphic sole (Restrepo, 2008) likely developed upon subduction 
initiation after heating (prograde metamorphism) of the back–arc 
crust dragged down below the Medellín Metaharzburgitic Unit, 
which experienced contemporaneous cooling and uplift (Figure 
14b). This scenario explains the observed contrasted thermal evo-
lution of the crustal and mantle sections of the Aburrá Ophiolite 
(i.e., one is heated while the other cools) and the arrival of both 
sections to roughly co–facial metamorphic conditions. Similar 
medium–grade metamorphism of ultramafic bodies and associ-
ated metabasites worldwide are also explained in the context of 
subduction, though much higher pressures are observed if accre-
tion takes place at the mature stages of subduction (e.g., Khedr 
& Arai, 2010). It should be noted, however, that in this model the 
ultramafic body and amphibolites form part of the overriding and 
downgoing plates, respectively (Figure 14b), implying that the 
obducted “ophiolite” (i.e., the Aburrá Ophiolite) does not repre-
sent fragments of a former coherent oceanic lithosphere. In this 
regard, it should not be considered as characterized by the typical 
Penrose pseudostratigraphy, though the crustal and mantle sec-
tions would certainly be closely and, henceforth, petrogenetically 
related (Figure 14).

It could be argued that both scenarios discussed above are 
not contradictory and can be merged into a single model, or 
that a different scenario is possible. However, given the scar-
city of detailed structural and petrological data we cannot go 
further in the analysis of potential geodynamic scenarios in 
the present contribution. Future work should concentrate in 
detailed textural–chemical relations (using, for example, XR 
and EBSD maps), calculation of P–T conditions, structural re-
lations, and geochronology of the different rock types related 
to the Aburrá Ophiolite. In any case, we note that the term Me-
dellín Metaharzburgitic Unit is still even more appropriate, for 
it strengthens the view of a distinct tectonic unit affected by 

geodynamic processes that distorted the mantle geotherm (on-
set of subduction?), allowed cooling and hydration at medium 
temperature, and finally resulted in the tectonic emplacement of 
the ophiolite in the continental margin of Pangea (Figure 14).

9. Conclusions

The rocks that form the Medellín Metaharzburgitic Unit are 
mostly metaharzburgite and, to a lesser extent metadunite, 
bearing relict mantle–derived olivine and spinel–group min-
erals (plus local orthopyroxene), but much of the mineral as-
semblage is metamorphic made of olivine, tremolite, chlorite, 
talc, and spinel–group minerals, in addition to lower grade ser-
pentine–group minerals. These associations are not co–facial. 
The assemblage chlorite + tremolite + talc + olivine indicates 
medium–grade conditions (ca. 600 ºC) at indeterminate to low 
pressure. However, if anthophyllite forms part of the assem-
blage, relatively low pressure is anticipated (<6 kbar). The 
widespread presence of tremolite, talc, and chlorite indicates 
a distinct thermal/hydration event in the metamorphic evolu-
tion of the unit. This metamorphic imprint can be the result of 
cooling and hydration of oceanic mantle in a back–arc setting 
before the tectonic processes that finally led to the obduction 
of the metaharzburgitic unit onto the continental margin of 
western Pangea. Roughly co–facial metamorphism and strong 
deformation in associated metabasite rocks point, however, to 
a complex scenario that likely involved subduction initiation.
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Bogotá, Colombia 
Universidad Nacional de Colombia 
Sede Bogotá 
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Julián Andrés LÓPEZ–ISAZA1*  and Carlos Augusto ZULUAGA2 

Abstract Volcanic and plutonic rocks that compose the Late Triassic to Jurassic mag-
matic belt in Colombia result from partial melting of lower crustal rocks mixed with 
mantle melts in a continental margin setting. Lithologies include quartz monzonites, 
monzogranites, syenogranites (locally leucocratic), granodiorites, tonalites, diorites, 
gabbros, and volcaniclastic successions intersected by porphyritic hypabyssal rocks 
of andesitic, dacitic, and latitic compositions. The elongated geometry of plutons sug-
gests that the accommodation spaces of magmatic pulses were related to transtension-
al environments in a supra–subduction tectonic framework with mantle interaction, 
melting of slab sediments, and crustal contamination. The nature of magmatism re-
sulted from interactions between crustal and mantle–derived magmas in a continental 
margin setting that progressively changed from Late Triassic postcollisional extension 
(associated with orogenic collapse?) to a predominantly Late Jurassic volcanic arc de-
veloped in a supra–subduction regime; the evolution of the magmatic belt is marked 
spatially from east to west and temporally over a time span of approximately 60 my. 
The sources of the Late Triassic to Jurassic magmatic belt are varied and associated 
with melting of the supra–subduction mantle wedge and differentiation of tholeiitic or 
mildly calc–alkaline basalts and intermediate rocks and include partial melting of pel-
itic rocks, tonalites, granodiorites, tholeiites, and high–aluminum basalts or andesites.
Keywords: high–potassium calc–alkaline rocks, shoshonitic magmatism, active continental 
margin, postcollisional magmatism, oblique subduction.

Resumen Las rocas volcánicas y plutónicas que conforman el cinturón magmático del 
Triásico Tardío–Jurásico en Colombia son el resultado de la fusión parcial de rocas de 
la corteza inferior mezcladas con fundidos provenientes del manto en un ambiente de 
margen continental. Las litologías corresponden a cuarzomonzonitas, monzogranitos, 
sienogranitos (localmente leucocráticos), granodioritas, tonalitas, dioritas, gabros y 
sucesiones volcanosedimentarias cortadas por rocas hipoabisales porfídicas de com-
posición andesítica, dacítica y latítica. La geometría alargada de los plutones sugiere 
que los espacios para la acomodación de los pulsos magmáticos se relacionaron con 
ambientes estructurales transtensivos en un marco tectónico de suprasubducción con 
interacción del manto, fusión de los sedimentos de la placa subductante y contamina-
ción cortical. La naturaleza del magmatismo es resultado de interacciones entre mag-
mas derivados de la corteza y magmas derivados del manto en un margen continental 
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que cambió progresivamente de extensional poscolisional (¿asociado con colapso 
orogénico?) durante el Triásico Tardío a un arco volcánico desarrollado en un régimen 
de suprasubducción durante el Jurásico Tardío predominantemente; la evolución del 
cinturón magmático se marca espacialmente de este a oeste y temporalmente sobre 
un lapso de aproximadamente 60 millones de años. Las fuentes del arco magmático 
del Triásico Tardío–Jurásico son variadas y están asociadas con la fusión de la cuña 
mantélica de suprasubducción y diferenciación de basaltos y rocas intermedias toleí-
ticas o ligeramente calcoalcalinas e incluye fusión parcial de rocas pelíticas, tonalitas, 
granodioritas, toleítas y basaltos o andesitas ricas en aluminio.
Palabras clave: rocas calcoalcalinas con alto potasio, magmatismo shoshonítico, margen 
continental activa, magmatismo poscolisional, subducción oblicua.

1. Introduction

Igneous rocks, both volcanic and plutonic, develop in different 
tectonic settings, all of which are linked to the Wilson cycle 
and therefore to the supercontinent cycle (see, e.g., Nance et 
al., 2014; Frost et al., 2016; Chen & Zhao, 2017; and refer-
ences therein). The Pangaea supercontinent reached its config-
uration during the Triassic, amalgamating continental blocks 
and terranes (ribbon continents) of different origins (Pindell, 
1985; Jaillard et al., 1990; Stampfli et al., 2013; Scotese, 2014a; 
Belica et al., 2017; Riel et al., 2018). Paleogeographic recon-
structions suggest that during late Paleozoic to early Mesozoic 
times, the northwestern margin of South America (Gondwa-
na) was dominated by the convergence of the Farallón oceanic 
plate, also defined as the Panthalassa subduction zone along the 
western margin of Pangaea (Mišković et al., 2009; Muttoni et 
al., 2009; Belica et al., 2017; Riel et al., 2018). In this paper, 
we review the significance of Late Triassic and Jurassic mag-
matism in Colombia and its implications for the evolution of 
the northwestern margin of Gondwana.

During the Pangaea supercontinent agglomeration, the Al-
leghanian orogen recorded the closure of the Rheic Ocean and 
subsequent collision between Laurasia and Gondwana (Crad-
dock et al., 2017). This tectonic framework allowed dextral 
transcurrent plate motion and the emplacement of Permian 
– Triassic syntectonic granitoids (e.g., Vinasco et al., 2006; 
López et al., 2007; Muttoni et al., 2009; Cardona et al., 2010; 
Cochrane et al., 2014a). On the other hand, the circum–Pacific 
orogenic system recorded the subduction of Panthalassa (van 
der Meer et al., 2012; Ganne et al., 2017; Ganne & Feng, 2018).

Later, during the Jurassic, the Pangaea supercontinent break-
up marked the progressive opening of ocean basins and the 
drifting of Gondwana and Laurasia (Scotese, 2014b; Dera et 
al., 2015; Matthews et al., 2016; Martini & Ortega–Gutiérrez, 
2018). In this context, prior to the Atlantic Ocean opening, the 
separation between the Yucatán Block and the passive margin 
of Gondwana to the north (today Venezuela) favored the de-
velopment of the proto–Caribbean seaway (Pindell & Kennan, 
2009; Noguera et al., 2011; Martini & Ortega–Gutiérrez, 2018). 

The Pacific margin of South America, during Mesozoic times, 
was also experiencing an extensional tectonic regime associated 
with block faulting and extension above a retreating slab (Pitch-
er, 1988, 1997). According to Pitcher (1997), this extensional 
regime started as early as the Permian – Triassic with the devel-
opment of a graben in the eastern Andes of Perú and Bolivia, 
which led to crustal thinning and the formation of fault–bounded 
marginal basins to the west from mid–Ecuador to Patagonia. 
The northwestern corner of South America is also characterized 
by Late Triassic to Jurassic extensional marginal basins infilled 
with deposits produced from erosion, red beds and volcanic 
products (Cediel et al., 2003).

The modern Andes form a continuous mountain range along 
the western margin of South America and include fragments 
of several orogens that partly represent long–lived subduction. 
Magmatic arc assemblages were emplaced in a continental 
margin by persistent convergence and interaction between the 
“Pacific oceanic crust” and the continental “South American 
Plate” since the Paleozoic (Kirsch et al., 2016; Paul et al., 
2018). In particular, a Late Triassic to Jurassic magmatic belt 
is recognized along the northern Andes from the Gulf of Gua- 
yaquil (southern Ecuador) to northern Colombia and Venezuela 
(Gansser, 1973; Pennington, 1981; Aggarwal, 1983; Aspden et 
al., 1992; Litherland et al., 1994; Ramos, 1999, 2009; Cediel 
et al., 2003; Leal–Mejía, 2011; Maloney et al., 2013; Cochrane 
et al., 2014a, 2014b; Spikings et al., 2015; van der Lelij et al., 
2016). Across the Colombian Andes (Figure 1), the belt inter-
sects crystalline basements composed of schists, amphibolites, 
gneisses, local granulites, and granitoids, with Proterozoic, Pa-
leozoic, and Triassic ages (Aspden et al., 1987; 1992; Bayona et 
al., 1994; Litherland et al., 1994; Bustamante et al., 2010; Leal–

Figure 1. Distribution of Late Triassic to Jurassic magmatism in 
Colombia; plutonic, hypabyssal, and volcanic rocks representative 
of each zone are shown with the U/Pb zircon age ranges. Northern 
Zone: Guajira and Sierra Nevada de Santa Marta, Eastern Central 
Zone: Santander Massif, Western Central Zone: serranía de San 
Lucas and Central Cordillera north of 5° N, and Southern Zone: 
Upper Magdalena Valley.
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Mejía, 2011; Leal–Mejía et al., 2011; Cochrane et al., 2014a, 
2014b; Gómez et al., 2015; Spikings et al., 2015; Zuluaga et al., 
2015; van der Lelij et al., 2016). 

Models explaining this Late Triassic to Jurassic magmatic 
belt range from intracontinental extension to continental arc 
magmatism. Some models suggest the presence of bimodal 
magmatism that developed during intracontinental extension re-
lated to rifting and drifting of the Pangaea supercontinent (Pin-
dell & Dewey, 1982; Clavijo, 1995a; Mojica & Kammer, 1996; 
Sarmiento–Rojas, 2001; Rolon, 2004; Sarmiento–Rojas et al., 
2006; Bayona et al., 2012; Zapata et al., 2012). However, most 
commonly accepted models involve continental arc magma-
tism either in a back–arc extension tectonic setting (Leal–Mejía, 
2011; Cochrane et al., 2014a, 2014b; Spikings et al., 2015) or 
along intra–arc extensional basins (Zuluaga et al., 2015). In 
either case, the geodynamic context is interpreted to have been 
dominated by subduction–related magmatism followed by the 
development of transtensional basins from the Late Jurassic to 
the Early Cretaceous.

The aim of this review is to document the interactions be-
tween crustal and mantle–derived magmas in a continental 
margin that progressively changed from a Late Triassic postcol-
lisional extensional setting (associated with orogenic collapse?) 
to a predominantly Late Jurassic volcanic arc setting developed 
in a supra–subduction regime. To support this review, we pres-
ent an analysis and interpretation of published and unpublished 
field relations, petrographic descriptions, whole–rock geochem-
ical data, and U/Pb zircon ages. The data set is divided into 
four zones: (1) Northern Zone (Guajira and Sierra Nevada de 
Santa Marta); (2) Eastern Central Zone (Santander Massif); (3) 
Western Central Zone (north of 5° N latitude in the Central Cor-
dillera and serranía de San Lucas); and (4) Southern Zone (Up-
per Magdalena Valley). This division takes into account both 
the distribution of igneous rocks along massifs and mountain 
ranges and the temporality of the magmatism. We argue that the 
dataset indicates (i) a supra–subduction regime and (ii) a north-
western South America Late Triassic to Jurassic flare–up over 
a time span of approximately 60 my. This model is supported 
mostly by an interpretation of variations in magmatic activity 
based on the relative abundance of known U/Pb zircon ages.

Tectonic interpretations presented here follow the collision 
concept of Bonin et al. (1998) and Song et al. (2015); e.g., 
collision is the “welding of at least two terranes into a new 
continental land”, and from this concept, postcollision (or ‘late 
orogenic’) is defined as the “episode occurring after the major 
collision”, postorogenic as the “subsequent episodes when the 
geodynamic context becomes entirely intraplate, with the weld-
ed terranes moving according to same pole of rotation”, and 
anorogenic as “later episodes characterized by the presence of 
alkaline magmatic suites emplaced in intraplate rifts and not 
associated with local plate convergence”. In this context, the 
magmatic events that accompany the postcollision state are 

characterized by the presence of peraluminous S–type granite 
suites and high–K calc–alkaline suites. Pearce et al. (1984) also 
note that granitic rocks are the most significant magmatic prod-
ucts of collisional belts and can be geochemically discriminated 
according to the type of collision (continent–continent, conti-
nent–arc, arc–arc) and the timing of the main deformation event 
(syncollisional, postcollisional). Chemically, peraluminous 
granites are approximately equivalent to S–type granites, and 
metaluminous granites are approximately equivalent to I–type 
granites (Chappell & White, 1974; Clarke, 1981; Nédélec & 
Bouchez, 2015), although I–type granites include Al–poor gran-
ites or weakly peraluminous granites (Miller, 1985; Nédélec 
& Bouchez, 2015). Peraluminous rocks are composed of mus-
covite, biotite, ilmenite, monazite, aluminosilicates, cordierite, 
garnet, topaz, tourmaline, spinel, and corundum and are related 
to continent–continent collision tectonics involving thickened 
continental crust (Clarke, 1992). Metaluminous rocks con-
sist of biotite, minor muscovite, magnetite, titanite, allanite, 
orthopyroxene, clinopyroxene, hornblende, and epidote and 
are associated with subduction–related continental and island 
arcs (Clarke, 1992). Syncollisional granites are peraluminous 
S–type granites, and postcollisional granites commonly are 
calc–alkaline, weakly peraluminous to metaluminous I–type 
granites, although S– and A–type granites may also be found 
in this type of environment (Pearce et al., 1984).

The elements Zr, Nb, Y, Yb, La, Ta, Th, Hf, and Co are 
considered immobile in different geological environments. 
Therefore, they are used to discriminate tectonic settings and to 
differentiate magmatic processes and magma sources (Pearce, 
1982, 1983; Pearce et al., 1984; Harris et al., 1986; Müller et al., 
1992; Thiéblemont & Tégyey, 1994; Gorton & Schandl, 2000; 
Schandl & Gorton, 2002; Elliott, 2003; Pearce, 2008; Moreno et 
al., 2014). Additionally, the presence of high–potassium rocks 
is used to complement interpretations since the K2O enrich-
ments in granites from the high–potassium calc–alkaline and 
shoshonitic fields are features that can be generated by different 
mechanisms, including mantle–derived magma differentiation, 
reworking of sedimentary materials induced by mantle–derived 
magmas, or lower continental crust melting (Zhao et al., 2013; 
Bao et al., 2018).

2. Late Triassic to Jurassic Magmatic 
Belt in Colombia
The magmatic belt has a longitudinal axis that is parallel to the 
axes of the mountain ranges and intersects the crystalline cores. 
In this belt, a magma productivity of ca. 675 000 to 2 362 500 
km3 over a length of ca. 1500 km is estimated by Cochrane 
et al. (2014b). Most intrusive bodies are nested plutons with 
mainly sharp faulted contacts and local evidence of injection 
processes. Common compositional varieties in plutons include 
quartz monzonites, monzogranites, syenogranites, granodi-
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orites, tonalites, diorites, and gabbros (Ordóñez–Carmona et 
al., 2006; Mantilla–Figueroa et al., 2013; van der Lelij, 2013; 
Cochrane et al., 2014b; Spikings et al., 2015; van der Lelij et 
al., 2016). These intrusive rocks usually contain quartz, alkali 
feldspar, and plagioclase and locally contain pyroxenes, some 
with muscovite and garnet (typical of S–type peraluminous 
granitoids) and others with biotite, hornblende, epidote (al-
lanite), and titanite (typical of I–type metaluminous granitoids). 
In many cases, it is possible to identify intrusive relations with 
adjacent units due to the development of local injection fabrics 
and contact zones with hornfels (Figure 2). Plutons commonly 
have associated aplitic and pegmatitic dikes with compositions 
ranging from tonalite to gabbro; they are also cut by hypabyssal 
rhyolite to basalt dikes.

Within the belt, it is common to see volcanic rocks, includ-
ing tuffs, ignimbrites, lavas, and hypabyssal rocks of different 
compositions. Volcanic rocks are found in volcanic–sedimen-
tary successions that generally include poorly sorted, matrix–
supported to clast–supported coarse tuffaceous deposits. Other 
commonly observed lithologies include lavas and hypabys-
sal rocks of dacitic to rhyolitic compositions (Tschanz et al., 
1969, 1974; Jaillard et al., 1990; Bayona et al., 1994; Clavijo, 
1995a, 1995b; Núñez et al., 1996; Ingeominas & Universidad 
Industrial de Santander, 2006a, 2006b, 2006c, 2006d; Col-
menares et al., 2007; Pinilla–Ocampo, 2013; González et al., 
2015a, 2015b, 2015c, 2015d, 2015e, 2015f; Zuluaga et al., 
2015; Rodríguez et al., 2016a, 2016b, 2018a, 2018b, 2018c). 
Lavas are generally porphyritic with phenocrysts of feldspar, 
quartz, biotite, hornblende, and pyroxenes in a hyalocrystal-
line to microcrystalline matrix.

The petrographic characteristics for each zone are summa-
rized in the following sections.

2.1. Northern Zone (Guajira and Sierra Nevada 
de Santa Marta, Table 1)

2.1.1. Guajira

In the Guajira region of Colombia, metaluminous and peralu-
minous granitoids and volcanic rocks of the high–potassium 
calc–alkaline series have been related to volcanic arcs that 
developed in a collisional setting along an active continental 
margin in the Jurassic (Zuluaga et al., 2015). Plutonic rocks 
belong to three main large bodies (Ipapure Granodiorite, 
Siapana Granodiorite, and Cosinas Tonalite) and include gran-
odiorites, monzodiorites, diorites, and tonalites; the estimated 
ages of these rocks (Rb/Sr whole–rock and U/Pb zircon dat-
ing) range from 167 to 184 Ma (MacDonald, 1964; Cardona 
et al., 2006; Zuluaga et al., 2015; Ríos–Blandón, 2016). The 
volcanic rocks include andesites, dacites, rhyodacites, and 
tuffs, which are collectively termed the Ipapure Rhyodacite 
(Pinilla–Ocampo, 2013; Zuluaga et al., 2015).

2.1.2. Sierra Nevada de Santa Marta

The plutons in Sierra Nevada de Santa Marta consist of di-
orites, tonalites, granodiorites, and granites of Early Jurassic 
age that have been grouped into the Socorro Stock, the Nue-
va Lucha Pluton, and the Central, Bolívar, Ojeda, Aracataca, 
Atánquez, Pueblo Bello, and Patillal Batholiths (Tschanz et 
al., 1969, 1974; Colmenares et al., 2007; Quandt, 2013). These 
rocks have been classified as metaluminous, I–type calc–alka-
line rocks of the medium to high–potassium series, considered 
typical of continental arc settings (Quandt, 2013; López & Zu-
luaga, 2016; Quandt et al., 2018). Rb/Sr (whole–rock) and K/
Ar (hornblende, muscovite, and biotite) ages range from 162 
to 181 Ma (Tschanz et al., 1969, 1974), while U/Pb (zircon) 
crystallization ages range between 176 Ma and 196 Ma (Leal–
Mejía, 2011; Quandt et al., 2018). Plutons of the Sierra Nevada 
de Santa Marta are associated with volcanic rocks, hypabyssal 
intrusions, and volcaniclastic rocks with andesitic, dacitic, rhy-
olitic, and basaltic compositions (Tschanz et al., 1969, 1974). 
Several large ignimbrite bodies are recognized (Los Tábanos, 
La Piña, Los Clavos, La Paila, and Caja de Ahorros); these 
rocks were grouped informally with the Golero Rhyolite in 
the “Jurassic volcaniclastic and volcanic rocks”; however, this 
grouping did not consider a systematic difference in composi-
tion relative to the observed plutonic rocks (see Colmenares et 
al., 2007 and Quandt et al., 2018).

2.2. Eastern Central Zone (Santander Massif, 
Table 2)

The Santander Massif is largely composed of several Upper 
Triassic to Lower Jurassic metaluminous to strongly peralu-
minous granitoids intruding the Bucaramanga Gneiss and the 
Silgará Schist metamorphic rocks (Onzaga Granodiorite, Gua-
ca River Diorite, San Martín Tonalite, Suratá Diorite, Tonalite 
and Granodiorite, Páramo Rico Tonalite and Granodiorite, La 
Corcova Quartz Monzonite, Pescadero Monzogranite, Santa 
Bárbara Quartz Monzonite, Mogotes Quartz Monzonite, Ocaña 
Alkaline Granite, and Rionegro Monzogranite). Composition-
ally, they are mainly diorite, tonalite, granodiorite, and granite; 
petrographic and geochemical characteristics and isotopic ages 
are discussed in several publications including Goldsmith et 
al. (1971), Ward et al. (1973), Dörr et al. (1995), Restrepo–
Pace (1995), Ordóñez–Calderón (2003), Mantilla–Figueroa et 
al. (2009), Leal–Mejía (2011), Mantilla–Figueroa et al. (2013), 
van der Lelij (2013), Bissig et al. (2014), Arango et al. (2016), 
Correa–Martínez et al. (2016, 2018), Rodríguez et al. (2016a, 
2017b, 2018c), González et al. (2015g), van der Lelij et al. 
(2016), Zapata et al. (2016a, 2018), Hernández et al. (2017), 
López et al. (2017), Rodríguez et al. (2017a), Leal–Mejía et al. 
(2019), and Zuluaga & López (2019). Geochemical interpre-
tations from these publications agree that the granites have I– 
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Figure 2. Typical intrusive contacts of plutonic rocks of the Late Triassic to Jurassic magmatic belt in Colombia. (a) Border zone of the 
contact between the Siapana Granodiorite and the Macuira Gneiss (MG), arroyo Guajarima, serranía de Macuira, Northern Zone. (b) 
Sharp contact between the Siapana Granodiorite and the Macuira Gneiss (MG), arroyo Guajarima, serranía de Macuira, Northern Zone. 
(c) Sharp contact between the Rionegro Monzogranite and the Silgará Formation (SS), Santander Massif, Eastern Central Zone. (d) Aplitic 
and mafic dikes intruding the Altamira Monzogranite, Garzón Massif, Eastern Cordillera, Southern Zone.
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Lithostratigraphic 
unit Lithology Contact type/country rock Age (Ma) Method Reference

Guajira Sector

Siapana Granodiorite Granodiorite Intrusive/Permian metamorphic amphibolite 
facies 167.0  ±  9.4 LA–ICP–MS Cardona et al. 

(2006)

Cosinas Tonalite Tonalite, quartz diorite, quartz monzo-
diorite. Faulted/Cenozoic sedimentary rocks

Ipapure Granodiorite Tonalite, diorite, granodiorite, monzodi-
orite, monzogranite. Intrusive/Jurassic volcanic rocks

Ipapure Rhyodacite Andesites, dacites, rhyolite, rhyodacites, 
tuffs. Discordant–Intrusive/Jurassic rocks

184.0 ± 0.7 
184.0 ± 0.8 
181.7 ± 1.0

LA–ICP–MS Zuluaga et al. 
(2015)

Sierra Nevada de Santa Marta Sector

Triassic keratophyric 
porphyry Rhyolite, latite, basalt. Intrusive/Triassic volcanic–sedimentary 

successions

Triassic spilites Basalt, latite. Triassic volcanic–sedimentary successions

Pueblo Bello–Patillal 
Batholith

Quartz monzonite, monzogranite (local-
ly leucocratic), granophyric granite.

Gradational intrusive/Jurassic plutonic and 
Neoproterozoic metamorphic granulite 
facies

179.8 ± 3.3 
182.2 ± 1.0 
179.8 ± 3.3

LA–MC–
ICP–MS 

LA–ICP–MS

Leal–Mejía (2011) 
Quandt et al. (2018)

Patillal Batholith Quartz monzonite, monzogranite (local-
ly leucocratic), granophyric granite. Gradational intrusive/Jurassic plutonic

186.0 ± 0.7 
186.4 ± 1.6 
189.4 ± 2.0 
190.3 ± 1.2

LA–ICP–MS Quandt et al. (2018)

Central Batholith Quartz diorite, granodiorite, quartz 
monzonite.

Intrusive–Faulted/Neoproterozoic metamor-
phic granulite facies and Jurassic plutonic

Caja de Ahorros Ig-
nimbrite

Trachytic to andesitic tuffs and ig-
nimbrites.

Discordant–Faulted/Jurassic volcanic–sedi-
mentary successions

La Paila Ignimbrite Breccias, ignimbrites and rhyolitic to 
trachytic tuffs.

Discordant/Jurassic volcanic–sedimentary 
successions

Ojeda Batholith Quartz monzonite, granodiorite, granite. Intrusive locally gradational

Atánquez Batholith Monzogranite, granite, granodiorite, 
syenite, tonalite.

Gradational intrusive–Faulted/Neopro-
terozoic metamorphic granulite facies and 
Jurassic plutonic

192.1 ± 1.7
185.7 ± 1.0 LA–ICP–MS Quandt et al. (2018)

Aracataca Batholith Granodiorite, quartz monzonite.
Sharp and gradational intrusive–Faulted/
Neoproterozoic metamorphic granulite 
facies and Jurassic plutonic

La Piña Ignimbrite
Vitreous–crystalline, trachytic quartz, 
latitic quartz, and rhyodacitic and lithic 
tuffs.

Discordant–Faulted/Jurassic volcanic–sedi-
mentary successions

Los Clavos Ignimbrite Trachytic to andesitic tuffs and ig-
nimbrites Discordant/Jurassic plutonic 180.6 ± 1.2 

187.2 ± 1.0 LA–ICP–MS Quandt et al. (2018)

Bolívar Batholith Tonalite, granodiorite. Intrusive/Neoproterozoic metamorphic gran-
ulite facies and Jurassic plutonic

Porphyritic granite Granite Intrusive

Nueva Lucha Pluton Quartz diorite Intrusive–Faulted/Metamorphic granulite fa-
cies and volcanic–sedimentary successions

Los Tábanos Rhyo-
dacite Rhyolitic and dacitic tuffs Discordant/Jurassic volcanic–sedimentary 

successions 176.0 ± 0.9 LA–ICP–MS Quandt et al. (2018)

Golero Rhyolite Rhyolitic and rhyodacitic tuffs, rhyolitic 
porphyries.

Discordant–Faulted/Jurassic volcanic–sedi-
mentary successions and plutonic rocks

Socorro Stock Diorite, granodiorite. Faulted/Neoproterozoic metamorphic gran-
ulite facies

Guatapurí Formation Rhyodacite, rhyolite, lithic tuff. Intrusive–Discordant
196.5 ± 4.9 
183.3 ± 3.0 
184.5 ± 1.4

LA–MC–
ICP–MS 

LA–ICP–MS

Leal–Mejía (2011) 
Quandt et al. (2018)

Table 1. Characteristics of the lithostratigraphic units of the Northern Zone.
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Lithostratigraph-
ic unit Lithology Contact type/country rock Age (Ma) Method Reference

Santander Sector

Agua Blanca Ba-
tholith

Quartz monzonite, monzogran-
ite, syenogranite, granodiorite, 
tonalite, gabbro, microgabbro.

Intrusive–Faulted/Ordovician metamorphic 
granulite – amphibolite – greenschist fa-
cies and Triassic – Jurassic volcanic rocks

202.2 ± 1.0 
201.4 ± 3.6 
204.9 ± 3.6 

206 
201.0 ± 3.6 

204

LA–ICP–MS 
CA–ID–TIMS

van der Lelij (2013) 
González et al. (2015g)

Santa Bárbara 
Quartz Monzonite

Monzonite, monzogranite, 
granodiorite, syenogranite.

Intrusive–Faulted/Ordovician metamorphic 
granulite – amphibolite facies and Paleozo-
ic metasedimentary rocks

190.6 ± 1.5 
191.9 ± 1.1 
195.1 ± 1.9 
196.8 ± 2.0 
200.7 ± 2.0 
201.6 ± 4.0 
203.0 ± 2.6 
203.8 ± 2.7 
213.9 ± 4.3 
199.1 ± 5.7 
198.0 ± 2.7 
202.5 ± 7.8 
209.3 ± 7.3 
201.6 ± 4.0 
203.8 ± 5.8 
213.9 ± 4.3 
200.7 ± 2.0 
203.0 ± 2.6

LA–ICP–MS Rodríguez et al. (2018b)

Mogotes Quartz 
Monzonite

Quartz monzonite, monzogran-
ite, syenogranite, granodiorite, 
quartz monzodiorite, tonalite.

Intrusive/Ordovician metamorphic granu-
lite – amphibolite – greenschist facies and 
Paleozoic metasedimentary rocks

211.8 ± 3.8 
191.0 ± 3.5 
198.0 ± 0.8 
201.0 ± 0.9 
200.4 ± 0.7 
202.5 ± 1.3 
198.0 ± 0.8 
200.4 ± 2.2 
195.7 ± 3.9 
199.6 ± 1.8 
199.6 ± 2.6 
189.1 ± 3.6 
193.7 ± 1.3 
205.4 ± 3.0 
202.1 ± 1.8 
191.0 ± 3.5 
214.0 ± 7.0 
199.0 ± 6.0 
203.9 ± 3.9 
203.8 ± 4.2 
197.6 ± 3.8 
191.0 ± 6.5 
199.0 ± 6.5 
199.6 ± 2.6 
193.0 ± 5.6 
203.0 ± 4.5 
201.0 ± 3.7

LA–ICP–MS 
CA–ID–TIMS

van der Lelij (2013) 
Correa–Martínez et al. 
(2016) 
Zapata et al. (2018)

La Corcova Quartz 
Monzonite

Monzogranite, granodiorite, 
syenogranite, alkali feldspar 
granite, quartz diorite, quartz 
monzonite, tonalite subordi-
nate near the margin.

Intrusive/Ordovician metamorphic 
granulite – amphibolite facies

192.5 ± 2.6 
198.3 ± 1.8 
199.5 ± 4.6 
202.7 ± 1.2 
204.8 ± 6.1 

210.48 ± 0.92 
201.8 ± 4.0 
199.5 ± 6.3 
214.9 ± 7.3 
200.0 ± 11.0 
192.9 ± 2.7

LA–ICP–MS 
CA–ID–TIMS

van der Lelij (2013) 
Rodríguez et al. 
(2016a)

Table 2. Characteristics of the lithostratigraphic units of the Eastern Central Zone.
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Lithostratigraph-
ic unit Lithology Contact type/country rock Age (Ma) Method Reference

Santander Sector

Páramo Rico To-
nalite–Granodiorite

Granodiorite, tonalite, monzo-
granite (locally) leucocratic.

Intrusive/Ordovician metamorphic granu-
lite – amphibolite – greenschist facies and 
Upper Triassic plutonic rocks

208.9 
211.1 

205+5/–9 
205–210 

210.6 ± 3.5 
204.3+2.7/–3.3 
202.2+5.3/–3.3 
199.1+2.5/–2.6 
199.2+2.8/–2.7 
199.0+2.5/–2.6 
198.4+2.5/–2.6 
198.7–2.6/–2.9 
196.7+2.9/–2.8 

199.8 ± 1.2 
208.8 ± 4.1

LA–ICP–MS 
LA–MC–ICP–MS 
TIMS 
CA–ID–TIMS 
Total dilution

Dörr et al. (1995) 
Leal–Mejía (2011) 
Mantilla–Figueroa et al. 
(2009, 2013) 
van der Lelij (2013) 
Bissig et al. (2014)

Rionegro Monzo-
granite

Quartz monzonite, monzogran-
ite, syenogranite, quartz diorite, 
quartz syenite, granodiorite, 
tonalite, diorite, gabbro, gab-
bronorite, subordinate char-
nockite.

Intrusive/Ordovician metamorphic granu-
lite – amphibolite – greenschist facies

196.0 ± 1.1 
184.1 ± 2.3 
186.7 ± 1.9 
194.5 ± 1.2 
195.5 ± 3.5 
196.6 ± 2.1 
197.2 ± 1.5 
200.8 ± 1.9 
214.5 ± 2.7 
189.9 ± 1.6 
191.2 ± 9.7 
186.4 ± 3.6 
184.3 ± 6.6 
213.6 ± 3.2 
193.0 ± 16.0 
207.3 ± 1.6 
196.6 ± 2.1 
195.9 ± 1.6

LA–ICP–MS 
CA–ID–TIMS

van der Lelij (2013) 
Arango et al. (2016)

Pescadero Monzo-
granite

Monzogranite with biotite and 
muscovite, syenogranite, local 
granodiorite.

Intrusive/Ordovician metamorphic granu-
lite – amphibolite – greenschist facies

194.8 ± 3.2 
197.3 ± 2.4 
199.1 ± 1.3 
198.1 ± 8.2 
196.0 ± 15.0

LA–ICP–MS 
CA–ID–TIMS

van der Lelij (2013) 
Zapata et al. (2016a)

Ocaña Alkaline 
Granite

Quartz monzonite and monzo-
granite with biotite and musco-
vite, in complex relationships 
with rhyolite.

Intrusive/Ordovician metamorphic granu-
lite – amphibolite facies

195.8 ± 1.8 
195.9 ± 1.6 CA–ID–TIMS van der Lelij (2013) 

Arango et al. (2016)

Onzaga Granodi-
orite

Granodiorite, quartz monzonite, 
monzonite.

Intrusive/Ordovician metamorphic granu-
lite – amphibolite facies

200.4 ± 0.7 
201.0 ± 0.9 CA–ID–TIMS van der Lelij (2013)

Suratá Diorite, 
Tonalite and Gran-
odiorite

Diorite, granodiorite, tonalite 
with biotite and hornblende.

Intrusive/Ordovician metamorphic granu-
lite – amphibolite – greenschist facies

201.1 ± 1.4 
200.0 ± 1.5 CA–ID–TIMS van der Lelij (2013)

Guaca River Diorite Diorite Intrusive/Ordovician metamorphic granu-
lite – amphibolite facies

San Martín Tonalite
Monzogranite, granodiorite, 
tonalite, quartz diorite, quartz 
monzonite, quartz monzodiorite.

Intrusive/Ordovician metamorphic granu-
lite – amphibolite facies

198.9 ± 1.8 
198.0 ± 2.8 
187.3 ± 7.2 
196.6 ± 2.5 
197.8 ± 7.0 

195.0+6.0–7.7 
191.0 ± 5.0

LA–ICP–MS Rodríguez et al. (2017b)

El Uvo Rhyolites Rhyolite Intrusive/Upper Triassic plutonic rocks 197.5 ± 1.5 LA–ICP–MS Zapata et al. (2018)

San Joaquín Rhy-
olite

Rhyolite, pheno dacite, pheno–
andesite.

Intrusive–Faulted/Paleozoic metasedimen-
tary and Upper Triassic plutonic rocks 201.0 ± 2.1 LA–ICP–MS Rodríguez et al. (2018c)

Table 2. Characteristics of the lithostratigraphic units of the Eastern Central Zone (continued).
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Lithostratigraph-
ic unit Lithology Contact type/country rock Age (Ma) Method Reference

Santander Sector

Alto Los Cacaos 
Rhyolite

Rhyolite, quartz trachyte, phe-
no–andesite.

Intrusive–Faulted/Ordovician metamor-
phic granulite – amphibolite – greenschist 
facies and Upper Triassic plutonic rocks

205.2 ± 2.6 LA–ICP–MS Correa–Martínez et al. 
(2018)

Noreán Formation  
(Noreán Volcanic 
Complex)

Lapilli and ash crystal lithic 
tuffs of dacitic to rhyolitic com-
positions, lithic agglomerates, 
polymictic igneous breccias of 
andesitic and dacitic composi-
tions, and rhyodacitic lavas in 
addition to basalts, trachytes 
and andesites. Hypabyssal rocks 
of andesitic composition.

Discordant–Intrusive/Jurassic rocks
192.4 ± 2.2 
184.9 ± 2.0 
175.9 ± 1.1

LA–ICP–MS Correa–Martínez et al. 
(2019)

Table 2. Characteristics of the lithostratigraphic units of the Eastern Central Zone (continued).

and S–type high–potassium calc–alkaline and shoshonitic series 
signatures and that they were likely emplaced in a continental 
margin arc setting. Rb/Sr (whole–rock) and U/Pb (zircon) ages 
range from 210 to 111 Ma. K/Ar (biotite) and Ar/Ar (biotite–
hornblende) plutonic and host metamorphic rock cooling ages 
range between ca. 208 and 172 Ma. Cooling ages in the met-
amorphic host rocks suggest that the calc–alkaline magmatic 
event was an important regional thermal disturbance; e.g., a 
large volume of magma was emplaced during crustal thinning 
coeval with the disaggregation of the Pangaea supercontinent. 
The magmatic pulses also produced significant amounts of 
volcanic rocks, hypabyssal intrusions, and volcaniclastic rocks 
with andesitic, dacitic, rhyolitic, and rhyodacitic compositions 
(Norean Formation; Clavijo, 1995a; Rodríguez et al., 2017b, 
2018c; Correa–Martínez et al., 2018; Zapata et al., 2018).

2.3. Western Central Zone (Serranía de San 
Lucas and Central Cordillera, Table 3)

2.3.1. Serranía de San Lucas

Plutons in the serranía de San Lucas include the San Lucas 
Granitoids, Norosí and Guamoco Batholiths, San Martín de 
Loba–Juana Sánchez Granodiorites, and Papayal Monzonite; 
these are Jurassic granodioritic to dioritic I–type calc–alka-
line medium– to high–potassium series granites emplaced in 
a continental arc setting (see Mantilla–Figueroa et al., 2007; 
Leal–Mejía, 2011; González et al., 2015a, 2015b, 2015c, 
2015d, 2015e). Rb/Sr (whole–rock), K/Ar (hornblende, mus-
covite, and biotite), and U/Pb (zircon) ages range from 201 to 
135 Ma (Ingeominas & Universidad Industrial de Santander, 
2006a, 2006b, 2006c, 2006d; Leal–Mejía, 2011; González et 
al., 2015a, 2015b, 2015c, 2015d, 2015e). Associated volcanic 
rocks include andesite to rhyodacite hypabyssal intrusions and 
volcaniclastic rocks. Volcanic and volcaniclastic rocks, mostly 

dacitic crystalline tuffs, andesitic–dacitic breccias, and basal-
tic flows, are grouped as the Noreán Formation or the Noreán 
Volcanic Complex (Clavijo et al., 1992; Clavijo, 1995a, 
1995b; Ingeominas & Universidad Industrial de Santander, 
2006a, 2006b, 2006c, 2006d; González et al., 2015a, 2015b, 
2015c, 2015d, 2015e).

2.3.2. Central Cordillera (North of 5° N)

In the northern part of the Central Cordillera (north of 5° N), 
Upper Jurassic quartz diorite to tonalite calc–alkaline plutonic 
rocks (Segovia Diorite) and dacite to latite calc–alkaline volca-
nic rocks (Segovia Vulcanites and La Malena Volcanic Asssem-
blage) have been related to volcanic arcs in subduction settings 
(González & Londoño, 2002; Leal–Mejía, 2011; Universidad 
Pedagógica y Tecnológica de Colombia & Ingeominas, 2011; 
Zapata et al., 2013; González et al., 2015f). Lu/Hf and U/Pb 
(zircon) ages range from 158 to 183 Ma (Leal–Mejía, 2011; 
Zapata et al., 2013; González et al., 2015f). 

2.4. Southern Zone (Upper Magdalena Valley, 
Table 4)

Jurassic dioritic to tonalitic stocks and batholiths, hypabyssal 
intrusions and dacitic crystalline tuffs, andesitic–dacitic brec-
cias and basaltic flows in the Upper Magdalena Valley are dis-
tributed in three geographical provinces: (i) Eastern slope of 
the Central Cordillera, (ii) Magdalena Valley, and (iii) Eastern 
Cordillera. The petrological characteristics and ages of these 
plutons and volcanics are presented and discussed in Álvarez 
(1983), Jaillard et al. (1990), Bayona et al. (1994), Núñez et 
al. (1996), Gómez (2002), González & Núñez (2002), Núñez 
(2002), Leal–Mejía (2011), Villagómez et al. (2011), Álvarez 
(2013), Cochrane et al. (2014b), Arango et al. (2015a, 2015b, 
2015c), Rodríguez et al. (2015a, 2015b, 2015c, 2015d, 2016a, 
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Table 3. Characteristics of the lithostratigraphic units of the Western Central Zone.

Lithostratigraph-
ic unit Lithology Contact type/country rock Age (Ma) Method Reference

Serranía de San Lucas Sector

Noreán Formation  
(Noreán Volcanic 
Complex)

Lapilli and ash crystal lithic 
tuffs of dacitic to rhyolitic com-
positions, lithic agglomerates, 
polymictic igneous breccias of 
andesitic and dacitic composi-
tions, and rhyodacitic lavas in 
addition to basalts, trachytes and 
andesites. Hypabyssal rocks of 
andesitic composition.

Discordant–Intrusive/Jurassic 
plutonic rocks

196.1 ± 4.4 
190.1 ± 3.2 
189.0 ± 3.3 
190.0 ± 2.2 
194.0 ± 2.3 
201.6 ± 3.6 
189.0 ± 3.0 
187.0 ± 0.96 
178.1 ± 5.6 
201.6 ± 3.6 
174.3 ± 2.7 
192.0 ± 3.2 
189.6 ± 1.7 

187.44 ± 0.96 
189.0 ± 3.0 
187.0 ± 0.96

LA–ICP–MS 
LA–MC–ICP–MS

Leal–Mejía (2011) 
González et al. (2015a, 
2015b, 2015e)

Norosí Granite 
(Norosí Batholith)

Monzogranite, syenogranite, 
tonalite, granodiorite, monzodi-
orite, microdiorite, subordinate 
gabbronorite, with pyroxene 
(clino– and orthopyroxene).

Intrusive/Jurassic volcanic–sed-
imentary successions

184.6 ± 3.6 
193.4 ± 5.8 
189.0 ± 2.8 
187.2 ± 2.8 

180 
178.2 ± 4.3 
181.8 ± 3.2 

173 
184 

193.0 ± 3.3 
189.0 ± 2.8

LA–MC–ICP–MS

Ordóñez–Carmona et al. 
(2009) 
Leal–Mejía (2011) 
Cuadros (2012) 
Cuadros et al. (2013) 
González et al. (2015b)

Guamoco Gran-
odiorite 
(Guamoco Batho-
lith)

Granodiorite, tonalite, monzo-
granite, quartz monzodiorite, 
quartz diorite, syenogranite, 
granites.

Intrusive–Faulted/Mesopro-
teroizoic metamorphic granu-
lite – amphibolite facies, Pa-
leozoic metasedimentary rocks 
and Triassic – Jurassic volca-
nic–sedimentary successions

186.8 ± 2.9 
190.3 ± 3.1 
190.3 ± 1.6 
186.0 ± 2.5 
183.3 ± 4.4 
183.0 ± 2.5 
184.0 ± 3.5 
183.2 ± 2.8 
185.4 ± 3.4 
189.6 ± 2.8 
189.4 ± 1.3 
187.2 ± 2.9 
186.6 ± 1.6 
188.8 ± 2.6 
185.3 ± 2.6 
182.1 ± 3.0 
181.9 ± 2.7 
185.7 ± 2.6 
188.8 ± 1.3 
185.4 ± 2.1 
185.3 ± 1.4 
185.7 ± 2.6 
192.0 ± 3.2

LA–MC–ICP–MS Leal–Mejía (2011) 
González et al. (2015e)

San Martín de 
Loba–Juana Sán-
chez Granodiorites

Granodiorite, with pyroxene 
(clino– and orthopyroxene).

Intrusive/Jurassic volcanic–sed-
imentary successions

182.0 ± 3.0 
186.3 ± 5.2 
189.0 ± 4.0 
184.6 ± 4.8

SHRIMP 
LA–MC–ICP–MS Leal–Mejía (2011)

Papayal Monzonite Monzonite Intrusive/Jurassic volcanic–sed-
imentary successions 193.6 ± 5.4 LA–MC–ICP–MS Leal–Mejía (2011)
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Lithostratigraph-
ic unit Lithology Contact type/country rock Age (Ma) Method Reference

Central Cordillera (north of 5° N) Sector

Segovia Vulcanites Dacites, andesites, latites, subor-
dinate tuffs.

Intrusive–Faulted/Paleozoic? 
metamorphic amphibolite fa-
cies and Jurassic plutonic rocks

165.5 ± 2.1 LA–MC–ICP–MS González et al. (2015f)

La Malena Volca-
nic Assemblage

Dacitic, latitic, trachytic, ba-
saltic, rhyolitic and rhyodacitic 
volcanic flows, volcanic brec-
cias, lamprophyres, crystalline, 
crystal–vitreous and lithic ash 
tuffs, and andesitic and trachytic 
porphyries.

Discordant–Faulted–Intrusive/
Metasedimentary and plutonic 
rocks

183.2 ± 3.0 
163.1 ± 2.18 
163.51 ± 0.95

LA–ICP–MS González et al. (2015e)

Segovia Diorite

Granodiorite, tonalite, diorite, 
quartz diorite, gabbro, quartz 
monzonite, monzogranite, sy-
enogranite, subordinate alkali 
feldspar granite.

Intrusive–Faulted/Paleozoic? 
metamorphic amphibolite 
facies and Jurassic volcanic–
sedimentary rocks

166.5+2.3/2.5 
164.6 ± 2.4 
158.7 ± 2.0 

160.7+2.4/–2.3 
159.0 ± 2.4 
162.7 ± 2.6 
163.1 ± 2.8 
160.0 ± 2.4 
158.0 ± 2.4 
158.0 ± 0.87 
155.37 ± 0.81 
162.0 ± 2.5 
157.0 ± 7.2 
158.0 ± 0.87 
154.0 ± 1.6 
151.1 ± 7.2 
161.0 ± 2.7

LA–MC–ICP–MS

Frantz et al. (2007) 
Leal–Mejía (2011) 
González et al. (2015b, 
2015f)

Table 3. Characteristics of the lithostratigraphic units of the Western Central Zone (continued).

2016b, 2018a), Spikings et al. (2015), Bustamante et al. (2016), 
van der Lelij et al. (2016), Zapata et al. (2016b), García–Chin-
chilla (2018), and Rodríguez (2018). The main named bodies 
include Las Minas Monzonite, Garzón Granite, Altamira, Al-
geciras, and Mocoa Monzogranites, San Cayetano, Anchique, 
Dolores, Sombrerillos, and Los Naranjos Quartz Monzonites, 
El Astillero Quartz Monzodiorite, Teruel Quartz Latite, Del 
Páez Quartz Monzodiorite, Ibagué Batholith, and the Saldaña 
Formation. These rocks have been classified as I–type gran-
ites (Cordilleran or Andean) of the calc–alkaline and high–K 
calc–alkaline series related to magmatic arc settings on conti-
nental margins. U/Pb (zircon) ages allow the identification of 
two groups likely related to magmatic pulses: (i) a pulse that 
produced most plutonic rocks with ages ranging from 203 to 
162 Ma (including an age group at the southern end of the Iba-
gué Batholith of 192 to 152 Ma) and (ii) a pulse that produced 
acidic volcanic rocks (Saldaña Formation) with ages ranging 
from 200 to 146 Ma and probably the northern sector of the 
Ibagué Batholith with ages ranging from 164 to 138 Ma. The 
remnants of the calc–alkaline magmatic belt in the Upper Mag-
dalena Valley intrude the metamorphic basement of the Garzón 
Massif and the eastern flank of the Central Cordillera (Bayona 
et al., 1994; Altenberger & Concha, 2005; Bustamante et al., 

2010, 2016; Leal–Mejía, 2011; Villagómez et al., 2011; Co-
chrane et al., 2014b; García–Chinchilla, 2018).

3. Age Data Compilation

Three hundred ten U/Pb crystallization ages for intrusive and 
effusive igneous rocks were compiled from Dörr et al. (1995), 
Bustamante et al. (2010, 2016), Leal–Mejía (2011), Mantilla–
Figueroa et al. (2013), Cochrane (2013), Salazar–Torres et al. 
(2013), van der Lelij (2013), Bissig et al. (2014), Cochrane et 
al. (2014a, 2014b), Arango et al. (2015a, 2015b, 2015c, 2015d, 
2015e, 2016), Gómez et al. (2015), González et al. (2015a, 
2015b, 2015c, 2015d, 2015e, 2015f, 2015g), Rodríguez et al. 
(2015a, 2015b, 2015c, 2015d, 2016a, 2016b, 2017a, 2017b, 
2018a, 2018b, 2018c), Bustamante (2016), Correa–Martínez et 
al. (2016, 2018), Quiceno–Colorado et al. (2016), van der Lelij et 
al. (2016), Zapata et al. (2016a, 2016b, 2018), García–Chinchilla 
(2018), Quandt et al. (2018), and Leal–Mejía et al. (2019). Age 
compilation combines data obtained by laser ablation inductively 
coupled plasma mass spectrometer (LA–ICP–MS), laser ablation 
multi–collector inductively coupled plasma mass spectrometer 
(LA–MC–ICP–MS), sensitive high–resolution ion microprobe 
(SHRIMP), and chemical decomposition (dilution) of zircons. 
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Table 4. Characteristics of the lithostratigraphic units of the Southern Zone. 

Lithostrati-
graphic unit Lithology Contact type/country rock Age (Ma) Method Reference

Central Cordillera Sector

Ibagué Batholith

North: Tonalite, granodiorite, 
diorite, granite (ca. 154 Ma). 
 
South: Quartz monzodiorite, dio-
rite, quartz diorite, granodiorite, 
quartz monzonite, monzonite, 
monzodiorite (ca. 182 Ma).

Intrusive–Faulted/Neoproterozoic? 
metamorphic amphibolite – granu-
lite facies, Paleozoic metamorphic 
greenschist – amphibolite facies 
and Triassic calcareous rocks.

138.7 ± 1.0 
145.56 ± 0.92 
149.3 ± 2.8 
152.9 ± 3.1 
153.9 ± 1.1 
155.4 ± 2.2 
156.5 ± 1.1 
164.4 ± 1.1 
186.8 ± 2.8 
182.7 ± 2.7 

188.4+2.8/–2.7 
186.0 ± 3.1 
188.5 ± 3.3 
192.3 ± 3.1 
166.0 ± 10.0 
159.6 ± 2.4 
175.0 ± 2.0 
173.6 ± 1.5 
164.4 ± 1.1 
168.8 ± 0.7 
156.5 ± 1.1 
155.7 ± 2.2 
188.9 ± 2.0 
169.6 ± 2.4 
180.4 ± 1.6 
180.5 ± 2.7 
185.9 ± 1.4 
186.0 ± 2.6 

141.9+1.1–0.8 
158.2+1.2–0.4 

152.61+1.82–0.74

LA–MC–ICP–MS 
LA–ICP–MS

Bustamante et al. 
(2010) 
Leal–Mejía (2011) 
Villagómez et al. (2011) 
Cochrane et al. (2014b) 
Bustamante et al. 
(2016) 
Zapata et al. (2016b) 
Rodríguez et al. (2018a)

Payandé Stock Granodiorite
Intrusive/Triassic calcareous rocks 
and Permian? plutonic rocks

164.07 
+2.11/–0.96 

164.59 
+1.05/–2.76

LA–ICP–MS Bustamante (2016)

Del Páez Quartz 
Monzodiorite

Quartz monzodiorite, monzodio-
rite, gabbro, diorite, monzogran-
ite, tonalite, granodiorite, with 
pyroxene (clino– and orthopy-
roxene).

Intrusive–Faulted/Neoproterozoic? 
metamorphic amphibolite – gran-
ulite facies; Jurassic volcanic–sed-
imentary successions and Creta-
ceous sedimentary rocks.

181.7 ± 3.8 
193.13 ± 1.4

LA–MC–ICP–MS 
LA–ICP–MS

Rodríguez et al. (2018a)

Anchique Quartz 
Monzonite

Quartz monzonite, monzonite, 
granite, with pyroxene (clinopy-
roxene).

Intrusive/Jurassic volcanic–sedi-
mentary successions

183.5 ± 3.0 
186.4 ± 1.4

LA–MC–ICP–MS 
LA–ICP–MS

Arango et al. (2015c) 
Rodríguez et al. (2018a)

El Astillero 
Quartz Monzo-
diorite

Quartz monzodiorite, monzo-
diorite, quartz diorite, quartz 
monzonite, with pyroxene (cli-
no– and orthopyroxene).

Intrusive/Jurassic volcanic–sedi-
mentary successions

187.0  ± 3.3
LA–MC–ICP–MS 
LA–ICP–MS

Rodríguez et al. (2015c) 
Rodríguez et al. (2018a)

Sombrerillos 
Quartz Monzonite 
(Quartz Monzo-
diorite)

Granodiorite, syenogranite, 
tonalite, quartz monzonite, and 
quartz monzodiorite, with pyrox-
ene (clino– and orthopyroxene).

Intrusive–Faulted/Paleozoic sedi-
mentary rocks and Jurassic volca-
nic–sedimentary successions

189.0 ± 7.0 
187.0 ± 1.0 
187.0 ± 2.0 
203.9 ± 2.3 
180.3 ± 2.9 
174.0 ± 1.5

LA–MC–ICP–MS 
LA–ICP–MS

García–Chinchilla 
(2018) 
Rodríguez et al. (2018a)



90

LÓPEZ–ISAZA & ZULUAGA

Lithostrati-
graphic unit Lithology Contact type/country rock Age (Ma) Method Reference

Magdalena Valley Sector

San Cayetano 
Quartz Monzonite

Quartz monzonitie and quartz 
monzodioritie, with pyroxene 
(clino– and orthopyroxene).

Intrusive/Jurassic volcanic–sedi-
mentary successions

195.8 ± 1.5 
173.3 ± 1.3

LA–MC–ICP–MS 
LA–ICP–MS

Rodríguez et al. (2018a)

Los Naranjos 
Quartz Monzonite

Quartz monzonite, monzonite 
and granite, with pyroxene 
(clinopyroxene).

Intrusive/Jurassic volcanic–sedi-
mentary successions

187.9  ± 1.3
LA–MC–ICP–MS 
LA–ICP–MS

Rodríguez et al. 
(2015b) 
Rodríguez et al. (2018a)

Teruel Quartz 
Latite 
(Teruel Latite, 
Teruel Batholith)

Quartz latite, rhyolite, dacite, 
with pyroxene (clinopyroxene).

Intrusive–Faulted/Jurassic volca-
nic–sedimentary successions and 
Cretaceous sedimentary rocks

174.1 ± 2.0 
170.5 ± 1.1

LA–MC–ICP–MS 
LA–ICP–MS

Arango et al. (2015b) 
Rodríguez et al. (2018a)

Eastern Cordillera Sector

Dolores Quartz 
Monzonite 
(Dolores Stock)

Quartz monzonite, quartz sy-
enite.

Faulted/Cretaceous sedimentary 
rocks

Algeciras Monzo-
granite

Monzogranite, granodiorite, with 
pyroxene (clinopyroxene).

Intrusive–Faulted/Paleozoic sedi-
mentary rocks, Jurassic volcanic–
sedimentary successions and Paleo-
gene – Neogene sedimentary rocks

176.0 ± 2.0 
179.0 ± 1.9 
169.6 ± 1.2

LA–MC–ICP–MS 
LA–ICP–MS

Rodríguez et al. 
(2015d) 
García–Chinchilla 
(2018) 
Rodríguez et al. (2018a)

Garzón Granite
Granodiorite, monzodiorite, 
quartz monzodiorite, with pyrox-
ene (clinopyroxene).

Faulted/Cenozoic sedimentary 
rocks

177.8 ± 4.2 
165.3 ± 4.0 
170.8 ± 2.4

LA–MC–ICP–MS 
LA–ICP–MS

Bustamante et al. 
(2010) 
Rodríguez et al. (2015a) 
Rodríguez et al. (2018a)

Altamira Monzo-
granite

Monzogranite, quartz monzon-
ite, syenogranite.

Intrusive–Faulted/Jurassic volca-
nic–sedimentary successions and 
Cenozoic sedimentary rocks

181.6 ± 1.3 
181.7 ± 6.3 
162.0 ± 3.0 
178.97 ± 0.4 
169.4 ± 3.2

LA–MC–ICP–MS 
LA–ICP–MS

Bustamante et al. 
(2010) 
Arango et al. (2015d) 
García–Chinchilla 
(2018) 
Rodríguez et al. (2018a)

Mocoa Monzo-
granite

Monzogranite, granodiorite, 
syenogranite, tonalite, quartz di-
orite, quartz monzonite,  quartz 
monzodiorite.

Intrusive/Jurassic volcanic–sedi-
mentary successions

170.2 ± 2.7 
180.4 ± 1.6 
181.8 ± 1.3 
170.7 ± 2.1

LA–MC–ICP–MS 
LA–ICP–MS

Leal–Mejía (2011) 
Arango et al. (2015e) 
Zapata et al. (2016b) 
Rodríguez et al. (2018a)

Serranía de Las Minas (transition between the Upper Magdalena Valley and the Central Cordillera) Sector

Las Minas Mon-
zonite

Quartz monzodiorite, diorite–
monzodiorite, dioritic, with 
pyroxene (clino– and orthopy-
roxene).

Intrusive/Jurassic volcanic–sedi-
mentary successions, Neoprotero-
zoic? metamorphic amphibolite 
– granulite facies and Paleozoic 
sedimentary rocks.

193.4  ± 1.0 
197.6  ± 1.9 
187.4  ± 2.3 
181.6 ± 3.4

LA–MC–ICP–MS 
LA–ICP–MS

Arango et al. (2015a) 
Bustamante et al. 
(2010) 
Rodríguez et al. (2018a)

Andesitic–dacitic 
porphyry

Andesite, dacite.
Intrusive/Jurassic volcanic–sedi-
mentary successions

Hypabyssal por-
phyries

Rhyolite, dacite. Intrusive/Jurassic plutonic rocks
172.0 ± 1.0 
175.0 ± 3.0 
167.0 ± 2.0

LA–MC–ICP–MS 
LA–ICP–MS

García–Chinchilla 
(2018)

Saldaña Forma-
tion

Glassy, lithic and crystal tuffs, 
lavas of andesitic, dacitic, 
trachyandesitic, quartz latitic, 
and rhyolitic compositions, and 
hypabyssal andesitic and dacitic 
rocks.

Discordant–Intrusive

185.9  ± 1.4 
186.0 ± 2.6 
179.0 ± 2.0 
181.5 ± 1.6 
158.5 ± 1.0 
146.8 ± 1.5

LA–ICP–MS

Cochrane et al. (2014b) 
Rodríguez et al. 
(2016b) 
Zapata et al. (2016b)

Table 4. Characteristics of the lithostratigraphic units of the Southern Zone (continued).
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The following list gives the geochronological data distribution: 
(i) 19 U/Pb ages for the Northern Zone, (ii) 86 U/Pb ages for the 
Southern Zone, (iii) 132 U/Pb ages for the Eastern Central Zone, 
and (iv) 73 U/Pb ages for the Western Central Zone. 

U/Pb (zircon) geochronological data were plotted in his-
tograms with a 2 my bin width overlain by the kernel density 
estimates (KDEs; Vermeesch, 2012). The histograms were con-
structed using a constant bin size for visually evaluating the 
numbers of samples forming age peaks between the geochro-
nological U/Pb (zircon) data, allowing comparisons between 
the age populations in the four zones. We adopted the KDE 
calculation, which visually has an appearance similar to that 
of probability density plots (PDPs), in which the bandwidth is 
varied according to the local density (Vermeesch, 2012). KDE 
calculation was accomplished using an open–source Java ap-
plication developed by Vermeesch (2012) that enables the visu-
alization of U/Pb age data (Density Plotter – a Java application 
for kernel density estimation, downloaded from https://www.
ucl.ac.uk/~ucfbpve/densityplotter/). For the spatiotemporal dis-
tribution and the representation of magmatic activity in terms 
of the episodic pattern behavior (magmatic tempo) of arc mag-
matism, we use the terms flare–up (periods with high magma 
addition rates or waxing magmatism) and lulls (periods with 
low magma addition rates or reduced magmatism) in the sense 
of De Silva et al. (2015), Ducea et al. (2015), Paterson & Ducea 
(2015), and Kirsch et al. (2016).

4. Geochemical Data Compilation

This review is based on a compilation of published and unpub-
lished whole–rock geochemical data for Colombia and contains 
major (1059) and trace (1006) element analyses at different 
locations along the Late Triassic to Jurassic magmatic belt. The 
published geochemical data set was compiled using information 
from Dörr et al. (1995), Bustamante et al. (2010; 2016), Man-
tilla–Figueroa et al. (2013), Cochrane (2013), Salazar–Torres et 
al. (2013), van der Lelij (2013), Bissig et al. (2014), Cochrane 
et al. (2014b), Arango et al. (2015a, 2015b, 2015c, 2015d, 
2016), González et al. (2015a, 2015b, 2015c, 2015d, 2015e, 
2015f, 2015g), Rodríguez et al. (2015a, 2015b, 2015c, 2015d, 
2016a, 2016b, 2017a, 2017b, 2018a, 2018b, 2018c), Correa–
Martínez et al. (2016, 2018), Quiceno–Colorado et al. (2016), 
van der Lelij et al. (2016), Zapata et al. (2016a,  2016b, 2018), 
García–Chinchilla (2018), Quandt et al. (2018), Leal–Mejía et 
al. (2019), and Zuluaga & López (2019). New whole–rock geo-
chemical data for the San Cayetano Stock and the Saldaña For-
mation complement the compilation presented here (see Table 
1 of the Supplementary Information). The compilation includes 
713 samples of plutonic rocks, 51 samples of hypabyssal rocks, 
and 224 samples of volcanic rocks, all distributed along the four 
zones: (i) 193 analyses for the Northern Zone, (ii) 235 analyses 
for the Southern Zone, (iii) 275 analyses for the Eastern Central 

Zone, and (iv) 285 analyses for the Western Central Zone. The 
dataset was filtered in order to exclude geochemical analyses 
with loss on ignition (LOI) greater than 2.5% (71 analyses). 
During processing, the results obtained with major elements 
were contrasted with results obtained from trace elements to 
ensure consistency. All graphics were obtained using the open–
source (freeware) R language package called Geochemical Data 
Toolkit (GCDkit), which provides a flexible and comprehensive 
environment for efficient data processing and visualization (Ja-
noušek et al., 2004). 

5. Spatiotemporal Distribution of 
Upper Triassic to Jurassic Igneous 
Rocks in Colombia
In the current tectonic configuration of northwestern South 
America, the Upper Triassic to Jurassic plutonic suites are spa-
tially located in the mountain ridges and piedmonts (Central 
and Eastern Cordilleras, Sierra Nevada de Santa Marta, and 
serranía de Perijá), whereas Jurassic volcaniclastic successions 
are mainly distributed towards the margins of intramontane val-
leys (Magdalena and Cesar Rivers); these magmatic suites are 
distributed across a total area of approximately 50 500 km2. U/
Pb (zircon) ages from the Late Triassic to Jurassic magmatic 
belt show several peaks interpreted as results of periods of in-
crease and decrease in magmatic activity (Figure 3). A peak of 
approximately 200 Ma characterizes the Eastern Central Zone, 
and this peak represents the oldest pulse in the belt (Figure 3a). 
Magmatic activity is null in this zone from ca. 184 Ma; this 
magmatic quiescence contrasts with the presence of peaks of 
high magmatic activity in the Southern, Western Central, and 
Northern zones at ca. 186 Ma (Figure 3b–d) and suggests a mi-
gration of the magmatic front towards the west. In the Southern 
Zone, an important peak is observed at ca. 170 Ma (Figure 3b), 
whereas in the Western Central and Northern zones, there is a 
lull during this time (Figure 3c, 3d). The final magmatic episode 
is registered in the Southern and Western Central zones with 
a peak at ca. 158 Ma (Figure 3b, 3c). Overall, the magmatic 
activity in the northwestern margin of South America spanned 
a time of approximately 60 my. This activity had lull periods 
during the Late Triassic and Early Jurassic – Early Cretaceous 
(Figure 3e). The described pattern for the Late Triassic to Juras-
sic magmatic belt is a probable record of a magmatic flare–up 
with magmatic tempos between 10 and 20 my (cf., Paterson & 
Ducea, 2015; Kirsch et al., 2016).

6. Geochemical Characteristics of the 
Late Triassic to Jurassic Magmatic Belt 
in Colombia
Harker diagrams show that most major element concentrations 
(Fe2O3(T), TiO2, MgO, CaO, Al2O3, and P2O5) decrease with in-

https://www.ucl.ac.uk/~ucfbpve/densityplotter/
https://www.ucl.ac.uk/~ucfbpve/densityplotter/
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Figure 3. Igneous U/Pb zircon age spectra providing a temporal 
record of arc magmatism between 230 and 130 Ma. (a) Eastern Cen-
tral Zone. (b) Southern Zone. (c) Western Central Zone. (d) Northern 
Zone. (e) Total U/Pb ages. Individual diagrams include LA–ICP–MS, 
LA–MC–ICP–MS, and SHRIMP age data presented as histograms with 
a 2 my bin width and adaptive Kernel density estimation (KDE) 
functions (see text). The number of analyses (n) given in each plot 
represents the number of crystallization ages.

creasing SiO2. In contrast, K2O shows random variations within 
very narrow ranges of SiO2 concentrations (but with an overall 
increasing trend), and there are slight increases in Na2O with 
increasing SiO2. Trace elements show marked negative trends 
for Sr and slight negative trends for Y in all regions. Zr tends to 
have negative trends in the Central Eastern and Northern zones 
and random trends in the Central Western and Southern zones 
as well as low average values in the Central Western Zone. 
Ba has random trends, albeit with slight negative trends in the 
Central Eastern and Central Western zones.

6.1. Volcanic Rocks

The major element contents generally range from 45.62 to 
82.6% SiO2, 0.01 to 9.93% K2O, 0.04 to 8.1% Na2O, and 0.02 
to 15.15% CaO. Trace element concentrations range from 4.0 
to 351 ppm Rb, 12 to 8220 ppm Sr, 19 to 3523.74 ppm Ba, 1.3 
to 736.81 ppm Cr, 0.025 to 533.1 ppm Ni, 0.5 to 173.61 ppm 
La, 0.23 to 62.66 ppm Eu, 1.8 to 351.26 ppm Y, and 1.2 to 
503.41 ppm Zr. In the SiO2 vs. Zr/TiO2 diagram (Winchester 
& Floyd, 1977), they plot within the andesitic basalt, andesite, 
dacite, rhyodacite, and rhyolite fields following a subalkaline 
trend and within the transitional and calc–alkaline fields based 
on the Th/Yb vs. Zr/Y diagram (cf., Ross & Bédard, 2009). On 
the ternary La/10–Y/15–Nb/8 diagram, rocks plot mainly in 
the calc–alkaline orogenic to postorogenic fields (Figure 4a), 
suggesting an association of marginal arcs and crustal intracon-
tinental domains (Figure 4b).

6.2. Plutonic Rocks–Granitoids

In plutonic rocks, major element concentrations range from 
50.3 to 82.47% SiO2, 0.04 to 8.83% K2O, 0.03 to 8.42% Na2O, 
and 0.02 to 16% CaO. Their (La/Yb)N ratios range from 0.64 
to 263.33, and the Eu/Eu* ratios range from 0.06 to 3.27. Trace 
element concentrations range from 1.5 to 385 ppm Rb, 5 to 
7430 ppm Sr, 8.5 to 3451.3 ppm Ba, 0.25 to 217 ppm Cr, 0.05 
to 525.2 ppm Ni, 1.3 to 130.3 ppm La, 0.01 to 4.8 ppm Eu, 0.32 
to 130.5 ppm Y, and 0.53 to 1895.47 ppm Zr. Plutons are mostly 
normal (SiO2 < 70%) and silica–rich (SiO2 > 70%) granitoids 
with ASI > 1.5 (peraluminous leucogranites), calcic to calc–al-
kalic magnesian and ferrous, and calc–alkalic and alkali–calcic 
granite signatures (Frost et al., 2016).
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rites; (ii) the Northern Zone contains anomalous granites to 
normal granites, quartz diorites, and subordinate granodiorites; 
(iii) the Southern Zone shows an increasing trend from the 
quartz diorite and granodiorite fields to that of the anomalous 
granites with strongly differentiated normal granites and subor-
dinate diorites; and (iv) the Western Central Zone shows an in-
creasing trend from the diorite field to those of quartz diorites 
and granodiorites with anomalous and strongly differentiated 
subordinate granites. Note that rocks from the Eastern Central 
Zone tend to be the most differentiated, whereas those of the 
Western Central Zone tend to be the least differentiated. The 
low Ba–Sr granites from the Eastern Central Zone with an in-
creasing Rb trend (and decreasing Ba) could be associated with 
a source likely related to volcanic or syncollisional arc settings, 
whereas the high Ba–Sr granites of the Northern, Southern, 
and Western Central zones may be connected to mixing with 
mantle components (Figure 7b). The presence of both strongly 
fractionated and unfractionated granitic rocks is also evident 
in Figure 7c, where rocks range from unevolved to strongly 
evolved and fractionated.

Petrographic (modal) and total rock geochemical (Q–P) 
classification diagrams show the wide lithological range of 
the assemblages: granites (syenogranites and monzogranites), 
quartz monzodiorites, granodiorites, tonalites, gabbros, mon-
zogabbros, quartz diorites, quartz monzonites, monzonites, 
and subordinate syenites. All of these rocks likely originated 

In Figure 5, several discrimination diagrams support a 
calc–alkaline, transitional, and tholeiitic magma series affinity 
interpretation (Figure 5a); some diagrams also indicate a high–
potassium calc–alkaline and shoshonitic character (Figure 5b, 
5c). The A/CNK Shand indexes range from 0.53 to 11.8 and 
indicate peraluminous to metaluminous characters consistent 
with the results from the multicationic B–A diagram (Figure 5d) 
of Debon & Le Fort (1983). Rocks also have agpaitic indexes 
ranging from 0.044 to 0.965, which confirms the absence of 
peralkaline associations.

Chemical analyses plotted in the S–I–A–M classification 
diagrams (Figure 6) show that most plutons are primarily 
classified as I–type. A few samples have A–type signatures 
(mostly A2 – postcollisional field in Figure 6a, 6b), and some 
others, primarily those in the Eastern Central Zone, have dif-
fuse S–type trends (Figure 6c). Although the differentiation of 
granitoids into the S–I–A–M types is considered highly am-
biguous (cf., Chappell, 1984; Chappell & White, 1974, 1992, 
2001; Whalen et al., 1987; Eby, 1990, 1992; Castro, 2004; 
Castro et al., 1991a, 1991b; Chappell et al., 2012), results 
from these diagrams are consistent with other geochemical 
parameters from the dataset.

Differentiation trends as seen in the Ba–Rb–Sr diagram 
show that (Figure 7a) (i) the Eastern Central Zone primarily 
contains anomalous, normal, and strongly differentiated gran-
ites with diorites, quartz diorites, and subordinate granodio-
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in a typical arc, as indicated by the diagram in Figure 8a and 
by the already mentioned geochemical characteristics. The 
ample chemical variations allow the suite to have associations 
from leucocratic (Central Eastern Zone) to sodic and mesoc-
ratic (Northern, Central Western, and Southern zones; Figure 
8b). The suite also has a wide distribution between ferrous and 
magnesian varieties (Figure 8c), but it is mostly constrained to 
alkali–calcic and calc–alkaline characters (Figure 8d).

7. Discussion

7.1. Tectonic Environment and Petrogenesis

Late Triassic – Jurassic magmatism in Colombia is of sub-
alkaline affinity (primarily of the calc–alkaline and shosho-
nitic series), suggesting the presence of subduction fluids in 
the magma source (cf., Bustamante et al., 2010; Leal–Mejía, 
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2011; Cochrane, 2013; Cochrane et al., 2014a, 2014b; Spikings 
et al., 2015; Zuluaga et al., 2015; van der Lelij et al., 2016; 
García–Chinchilla, 2018; Quandt et al., 2018; Rodríguez et al., 
2018a). The magmatism ranges from metaluminous to strongly 
peraluminous and contains no rocks with peralkaline affinity, 
which precludes the presence of anorogenic magmatism typ-
ical of an intracontinental rift (see, e.g., Bowden et al., 1984; 
Brown et al., 1984; Pearce et al., 1984; Whalen et al., 1987; 
Maniar & Piccoli, 1989; Barbarin, 1990, 1999; Bonin, 1990, 
1998, 2007; Bonin et al., 1998; Eby, 1990; Frost et al., 2001; 
Nédélec & Bouchez, 2015). 

Volcanic rocks vary compositionally between andesitic ba-
salts and rhyolites, which are typical arc rocks (cf., Figure 4), 

whereas the granitic rocks include (i) peraluminous granitoids 
with muscovite; (ii) high–potassium calc–alkaline to shosho-
nitic granitoids; (iii) calc–alkaline metaluminous granitoids 
with amphibole, biotite, and pyroxene; and (iv) granitoids dis-
criminated as I–, S–, and A–type. Note that the compositional 
groups suggest the contribution of crustal melts and mixing 
with slab– (and mantle–?) derived components in an active 
continental margin setting (cf., Barbarin, 1999; Castro, 2014; 
Zhao et al., 2019).

In addition to the plots presented in the previous sections, 
the convergent geodynamic setting is supported by other dis-
crimination diagrams that suggest an active continental margin 
regime in an orogenic domain with a syncollisional to post-
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or continental rifts (A1). (c) Rb (ppm) vs. Th (ppm) diagram (Chappell, 1999). Note the distribution of samples following an I–type trend.
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collisional (syn–subduction) regime and with a predominant 
calc–alkaline volcanic arc signature (Figure 9a–d).

The mineralogy of plutonic and volcanic rocks indicates 
associations of metaluminous and peraluminous magmas, 
which suggests one or more of the following processes: as-
similation of country rock, incorporation of mantle–derived 
melts, contamination of magmas with melts from slab sedi-
ments, and magma mingling and mixing. Geochemical char-
acteristics extracted from the dataset help to discriminate 
among the variety of sources and mechanisms pointing to (i) 
peraluminous leucogranites resulting from partial melting of 
pelitic rocks; (ii) calc–alkaline ferrous rocks from the partial 

melting of tonalites and granodiorites; (iii) alkali–calcic fer-
rous rocks from melting and/or differentiation of tholeiites, 
and (iv) magnesian rocks from the differentiation of high–
aluminum basalts or andesites (see, e.g., Frost et al., 2016). 
However, magma mixing processes likely played a key role 
in the formation of the Late Triassic – Jurassic magmatic belt, 
as suggested by MgO–FeOt trends and a lack of correlation 
between Zr and Y (Goswami & Bhattacharyya, 2014). This 
point is significant because FeOt–MgO trends can be affected 
by other mechanisms, such as the variable onset of crystalliza-
tion of iron oxides in magmas with distinct oxygen fugacities 
and/or water contents (cf., Figure 7b). 
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The suite has mostly rocks with moderate potassium con-
centrations suggesting potassium–depleted sources, but there 
are also high–potassium rocks that could have been generat-
ed by partial melting of potassium–enriched mantle sources 
(Bao et al., 2018), which further supports the interpretation of 
different sources for magmatism. Potassic rocks are assem-
blages that include the specimens richest in potassium on the 
calc–alkaline spectrum and are geochemically different from 
other geochemical varieties (Müller et al., 1992). To obtain 
better control on the interpretation of this group and follow-
ing Müller et al. (1992), rocks were hierarchically discrimi-

nated first based on the La–TiO2/100–10Hf diagram (Figure 
10a) and then on the 50Nb–3Zr–Ce/P2O5 diagram (Figure 
10b). Most of the rocks plot in the continental arc potassic 
(CAP) field, which suggests the recycling of oceanic crust 
in a subduction environment. In the diagram of Figure 10a, 
some rocks associated with oceanic potassic arcs (especially 
from the Western Central Zone) plot in the IOP–LOP field, 
suggesting ambiguity regarding the element concentrations 
considered, which is probably related to mixing and metaso-
matic enrichment by fluids derived from the underlying man-
tle wedge (Müller et al., 1992).
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The Zr saturation temperatures tend to be higher than 600 
°C and reach approximately 1000 °C (Figure 10c), which sug-
gests the presence of high– and low–temperature granites (Wat-
son & Harrison, 1983; Miller et al., 2003). High–temperature 
granites have Zr saturation temperatures higher than 750 °C 
and generally contain no zircon xenocrysts inherited from the 
regions of the magma source, which is consistent with the frac-
tionation of mantle–derived magmas (Miller et al., 2003). Note 
that there is a negative correlation between Zr saturation tem-

peratures and SiO2 in samples from the Eastern Central Zone, 
suggesting that zircon saturation in these samples occurred 
early in the fractionation process (Janoušek et al., 2004; Figure 
10d). Therefore, Zr saturation temperatures indicate the liquidus 
temperature of the granitic melt (Watson & Harrison, 1983). 
In some cases, the Zr concentrations confirm the tholeiitic af-
finities shown by some lithological assemblages (for example, 
the Central Western Zone), which suggests very little contam-
ination of the parental magma by continental crust and is cor-
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roborated by the concentrations of Y. Additionally, the Nb/Yb 
and Th/Yb ratios suggest contributions from subduction–related 
fluids and magma evolution by either fractional crystallization 
with assimilation or a process related to the melting–assimila-
tion–storage–homogenization (MASH) zone in a volcanic arc 
setting with interaction between the enriched mantle and the 
crust (Pearce, 2008).

Chondrite–normalized spider diagrams show the presence 
of negative Nb, Ta, and Ti anomalies (Figure 11a), consis-

tent with retention of oxide phases during partial melting 
in subduction zones (see Pearce, 1982; Pearce et al., 1984, 
1990; Müller et al., 1992; Pe–Piper et al., 2009; Goswami 
& Bhattacharyya, 2014; Moreno et al., 2014). Negative Eu 
anomalies (Figure 11b) are observed in the chondrite C1–nor-
malized diagrams of the Eastern Central and Western zones, 
suggesting fractional crystallization of plagioclase and alkali 
feldspar, whereas the Eu anomalies of the Northern and South-
ern zones tend to be flat to positive, which suggests the likely 
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accumulation of plagioclase in the source (Hess, 1989; Kes-
havarzi et al., 2014). Overall, REE patterns show steep slopes 
for LREE, suggesting melting of a substantial proportion of 
clinopyroxene or melting of enriched amphibolite metabasalt 
(Pe–Piper et al., 2009), and flat curves for HREE, suggesting 
the addition of a small proportion of partial melts of garnet 
(Pe–Piper et al., 2009). Several processes from trace element 
ratio diagrams (Figure 11c–d) can be highlighted: variable 
differentiation grades, residual garnet (Eastern Central Zone), 
mixing of components from different sources including a sub-
duction component, crustal contamination, and crystallization 
of accessory phases (Kay et al., 2013).

Note that there is an apparent contradiction between the (Y/
Nb)N and (Ce/Pb)N ratios since observed (Y/Nb)N ratios <1 sug-
gest that mantle sources were not involved in the genesis of the 
magmas or that this ratio decreased during the evolution of the 
continental margin magma, while (Ce/Pb)N ratios > 1 suggest 
that the crust is not a key factor in the genesis of the magmas 
(Figure 11e, 11f). Here, it is important to remember that we 
discard intracontinental rift magmatism based on the absence 
of peralkaline rocks and the postorogenic tectonic affinity. The 
apparent contradiction is resolved by considering the mixing of 
melts from different sources (crustal and mantle melts). Magma 
mixing is also indicated by high (Th/Nb)N and (Th/Ta)N ratios 
(higher than those observed in island arc magmas and higher 
than the crustal trend).

To evaluate the geochemical links between granitic melts 
and their sources, we use the methodology of Moyen et al. 
(2017). In the diagrams of Figure 12 (projected from biotite 
+ quartz + H2O), all liquids from the same source should plot 
along a tight array, pointing to the Na + K + Al apex (the 
granite minimum) and have a slope that depends solely on 
the nature of the source (Moyen et al., 2017). In this diagram, 
two lines are important: (i) the line connecting the feldspars 
and representing peraluminous rocks (horizontal in the figure, 
corresponding to A/CNK = 1) and (ii) the line connecting the 
3Al + 2(Na + K) and the (Ca + Al) apices. This line separates 
mafic from felsic sources. Some samples from the Northern 
and Western Central zones can be interpreted as crystallized 
melts that originated with some influence from felsic sources. 
Samples from the Northern, Western Central, and Southern 
zones plot in a nearly horizontal trend along the line A/CNK = 
1, suggesting melting of the supra–subduction mantle wedge. 
Samples from the Eastern Central Zone plot above the A/CNK 
= 1 line towards the 3Al + 2(Na + K) apex, which suggests a 
felsic crustal aluminous source (metasediments or metaigne-
ous) and peraluminous affinity.

7.2. Evolution of the Magmatic Belt in Colombia

The age distribution within the belt allows the identification 
of several patterns: (i) the oldest magmas occur in the Eastern 

Central Zone with ages ranging from 216 to 186 Ma and a mag-
matic peak at ca. 200 Ma (see Figure 3); (ii) in the Northern, 
Western Central, and Southern zones, uninterrupted magmatic 
activity began at approximately 196 Ma, with a peak of mag-
matic activity at ca. 186 Ma; magmatic activity was interrupted 
in the Northern Zone at ca. 174 Ma; (iii) the youngest peaks 
of magmatic activity are observed in the Western Central and 
Southern zones (ca. 156 and 158 Ma); and (iv) magmatic activi-
ty between 165 and 175 Ma seems to have been concentrated in 
the Southern Zone. Note that the youngest magmatism has the 
most basic compositions (quartz diorites, tonalites, diorites, and 
granodiorites), whereas the oldest magmatism has more felsic 
compositions (monzogranites and subordinate syenogranites). 
Figure 13 illustrates how the magmatism varied spatially and 
temporally during the evolution of the belt. Plutons from the 
Eastern Central Zone are mostly peraluminous, while there is 
a slight tendency towards a metaluminous character in the plu-
tons from the Southern, Western Central, and Northern zones.

In the diagrams of Figure 14, it is evident that plutonic rocks 
from the Eastern Central Zone, which record the oldest mag-
matism, cluster around the syncollisional field (Figure 14a). 
Plutonic rocks from the Southern, Western Central, and North-
ern zones have a wider distribution with compositions that vary 
progressively from subduction to late–orogenic regimes (Figure 
14b–d), which reflects general and consistent increases in K and 
Na (Batchelor & Bowden, 1985). The previous discriminations 
suggest that a subduction regime prevailed with the develop-
ment of active continental margin magmatism (see also Figure 
9); this interpretation is also consistent with what is observed 
in (Th/Ta)N vs. (Y/Nb)N and (Ce/Pb)N vs. (Y/Nb)N diagrams 
(Figure 11e, 11f).

Note that published Pb, Nd, and Sr isotope compositions 
reveal an increased juvenile magmatic component in progres-
sively younger rocks, which is consistent with Hf isotope data, 
and demonstrate an increased proportion of juvenile mass 
within the crystallizing magma (Leal–Mejía, 2011; Bissig et 
al., 2014; Cochrane et al., 2014b; Bustamante et al., 2016). 
This interpretation is also supported by trends in εNdi and εHfi 
from negative values in Early Jurassic time to positive values 
in Early Cretaceous time (Ordóñez–Calderón, 2003; Ordó- 
ñez–Carmona et al., 2006; Cochrane et al., 2014b; Spikings 
et al., 2015; Bustamante et al., 2016). Negative εNdi and εHfi 
values in the oldest samples of the suite suggest an important 
crustal component in the parental magma (Figure 14e), which 
is coherent with the observed high 87Sr/86Sr ratios (>0.705). 
Spatially, a greater contribution of lithospheric mantle and 
crustal assimilation in the arc magmas towards the east has 
also been suggested (Ordóñez–Calderón, 2003; Quandt et al., 
2018). Pb isotope data further indicate a mostly “orogenic” 
or arc–type juvenile crust source (Figure 14f), with a more 
radiogenic lead contribution from the upper continental crust 
(Leal–Mejía, 2011; Quandt et al., 2018). Hf isotope data point 
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Figure 13. M–F–W diagrams (Ohta & Arai, 2007) showing the effects of differentiation and alteration on igneous rocks by combining sev-
eral indicators, in which M corresponds to mafic rocks, F to felsic rocks, and W to weathered compositions (left) and a B–A multicationic 
diagram (Villaseca et al., 1998) showing that the plutonic rocks vary between the peraluminous and metaluminous domains (right).  
(a) Northern Zone. (b) Eastern Central Zone. (c) Western Central Zone. (d) Southern Zone. The blue diamonds represent weathered samples.
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to an increasing proportion of juvenile input in the magmas 
from Early Jurassic to Early Cretaceous times (20% to 80%); 
this feature is also observed spatially along an oceanward 
trend (Cochrane et al., 2014b).

8. Conclusions

The elongated shapes of the Late Triassic to Jurassic magmat-
ic belt and individual plutons (cf., Figure 1) suggest that the 
generation of spaces to accommodate the magmatic pulses 
was related to transtensional environments, which in turn were 
related to crustal evolution in a tectonic framework dominated 
by oblique subduction. This interpretation is consistent with 
an extensional environment in the northern corner of South 
America during the Late Triassic to Jurassic, which has been 
reported by several authors (Mojica et al., 1996; Cediel et al., 
2003; Pindell & Kennan, 2009; van der Lelij, 2013; van der 
Lelij et al., 2016), but the triggering mechanism has not been 
provided. In turn, extensional environments promote crustal 
thinning and favor a high–temperature thermal regime in the 
continental crust, which can trigger partial melting at the base 
of the crust or the decompression of intermediate to mafic 
rocks as an alternative mechanism for the occurrence of high–
potassium granites. The interpretation of a thermal anomaly at 
the base of the crust due to the action of the enriched mantle 
(mantle wedge), in a tectonic setting of oblique subduction, 
is supported by the high–potassium calc–alkaline to shosho-
nitic affinities, magma mixing, and negative Nb, Ta, and Ti 
anomalies typical of subduction. High Ce and Pb concentra-
tions and positive Pb, Rb, K, and Ba anomalies are attributed 
to metasomatism of the mantle wedge by fluids derived by 
melting during slab subduction and/or contamination by the 
continental crust (see, for example, Keshavarzi et al., 2014). 
This interpretation is also supported by the presence of S–, 
I–, and A–type granitic rocks recording high and low tem-
peratures; these rocks range from strongly peraluminous to 
metaluminous and have geochemical signatures suggesting 
crustal contamination, as interpreted here and previously by 
other authors (e.g., van der Lelij et al., 2016), and different 
sources of melts.

Plutonic, hypabyssal, and volcanic successions are distrib-
uted in four zones: Northern, Eastern Central, Western Central, 
and Southern, covering a total area of approximately 50 500 
km2. The effusive volcanism and subvolcanic plutons indicate 
the presence of magmatic arcs along belts from south to north in 
Colombia (cf., Figure 1), through the Northern Andean Block, 
and from the Ecuadorian Andes to the Venezuelan Andes. The 
presence of abundant associations of S–type granites followed 
by associations of slightly peraluminous to metaluminous I–
type granites and subordinate associations of A–type granites 
combined with a clear evolutionary trend towards I–type gran-

ites suggests the occurrence of processes that greatly modified 
the magma composition.

Magmatism on the continental margin varied spatially and 
temporally from a postcollisional extensional setting (asso-
ciated with orogenic collapse?) to a volcanic arc setting in 
an active continental margin dominated by subduction over 
a time span of approximately 60 my. The S–, I–, and A–type 
granites of high–potassium calc–alkaline to shoshonitic affin-
ity with strong peraluminous to metaluminous characters in 
the belt are key features to develop interpretations about the 
origin and evolution of these magmas and to understand the 
tectonics of the northwestern margin of Gondwana between 
the Late Triassic and the Jurassic. The age distribution and 
geochemistry indicate a trend where the youngest and most 
metaluminous mafic compositions of the tholeiitic to calc–
alkaline series are located in the west, while the oldest and 
most alkaline compositions of the high–potassium calc–al-
kaline and peraluminous series are located in the eastern part 
of the belt. The youngest magmatism is typical of environ-
ments related to subduction associated with active continental 
margins, whereas the oldest magmatism is characteristic of 
syncollisional to postcollisional (postorogenic) settings. The 
magmatic age distribution is also characterized by several 
peaks and lulls interpreted as records of magmatic flare–ups 
with magmatic tempos between 10 and 20 Ma (Figure 3); 
however, it is likely that at least some of the age distribution 
was controlled by exhumation and erosional processes, as well 
as the preservation bias inherent in the geological record. The 
most noticeable gap in the age distribution that may indicate 
an important interruption (a lull) in magmatic activity is ob-
served between 165 and 175 Ma in all but the Southern Zone.

Figure 15 shows the spatiotemporal distribution of plutons 
in the magmatic belt; this figure also portrays the interpret-
ed spatial location of the transition from the postcollision-
al stage to the arc stage and the location of the subduction 
zone. The oldest magmas from the postcollisional stage are 
interpreted as a result of melting of the lower crust due to a 
thermal anomaly (possibly associated with the mantle wedge, 
slab breakoff, or slab tearing of the subducting plate along 
a transform fault) during oblique subduction. Magmas from 
the arc stage are mostly “orogenic” or arc–type juvenile crust, 
with contributions from the lithospheric mantle and crustal as-
similation in a supra–subduction regime; these magmas show 
an increasing proportion of juvenile mass within the crystal-
lizing magma in progressively younger rocks. Note that this 
framework interpretation is consistent with those observed in 
many cordilleran–type magmatic belts containing multiple 
intrusions with variable composition and arranged as nested 
complexes in linear arrays (Cobbing & Pitcher, 1972; Pitcher, 
1997; Winter, 2014). The most basic compositions of tholeiitic 
to potassium–depleted calc–alkaline affinity are located near 
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Figure 15. Schematic diagram showing the spatial and temporal variations in the Late Triassic to Jurassic magmatic belt along the 
continental margin in a supra–subduction tectonic regime. The oldest magmatism has more felsic compositions (monzogranites and 
subordinate syenogranites) and is typical of syncollisional to postcollisional (postorogenic) settings. The youngest magmatism has the 
most basic compositions (quartz diorites, tonalites, diorites, and granodiorites), which are typical of subduction–related environments 
associated with active continental margins.
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the trench, whereas the most evolved, potassium–rich calc–
alkaline affinities are found towards the back–arc region and 
ultimately change to the shoshonitic or trans–alkaline series 
(Brown, 1981; Lameyre, 1988; Winter, 2014).
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Diverse Jurassic Magmatic Arcs of the 
Colombian Andes: Constraints from 
Petrography, Geochronology, and Geochemistry
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Gilberto ZAPATA–GARCÍA3 , María Isabel ARANGO–MEJÍA4 ,  
Gloria OBANDO–ERAZO5 , Juan Pablo ZAPATA–VILLADA6 ,  
and José Gilberto BERMÚDEZ7 

Abstract New field, petrographic, whole–rock geochemical, and U–Pb zircon geochro-
nological data obtained from Jurassic plutonic rocks of the Santander Massif, plutonic 
and volcanic rocks in the Upper Magdalena Valley, and plutonic rocks in the northern 
block of the Ibagué Batholith provide evidence that the Jurassic igneous activity that 
is recorded in several blocks of the Colombian Andes began in the Late Triassic and 
ended in the Early Cretaceous. This magmatism developed in at least three different 
magmatic arcs, during clearly defined time periods, over basements with different 
characteristics. The first stationary continental margin arc was active between the Late 
Triassic (ca. 214 Ma) and the Early Jurassic (ca. 184 Ma). It is located in the Santander 
Massif and is primarily represented by monzogranitic, peraluminous plutons generated 
by multiple magmatic pulses that involved varying degrees of crustal melting. This 
study proposes, for the first time, that most of the arc was emplaced into primarily 
Ordovician basement and that a small part was emplaced into early Neoproterozoic 
basement. The second arc, which is located in the Upper Magdalena Valley, developed 
between the Early Jurassic (ca. 197 Ma) and the Middle Jurassic (ca. 167 Ma) during at 
least three magmatic pulses related to arc migration, which is evidenced by composi-
tional and temporal variations in which the plutons evolved from metaluminous mon-
zodiorites to peraluminous granites, and the volcanic rocks evolved from andesites to 
rhyolites. This second arc was emplaced into Neoproterozoic metamorphic basement, 
Paleozoic sedimentary rocks, Permian igneous rocks, and Triassic sedimentary rocks. 
The third continental margin arc, which is located in the northern block of the Ibagué 
Batholith, formed from the Late Jurassic (ca. 158 Ma) to the Early Cretaceous (ca. 138 
Ma). It is characterized by at least two pulses that are represented by a western syn-
tectonic pluton and an eastern post–tectonic pluton, both of which have calc–alkaline 
metaluminous tonalitic compositions, that are separated by a band of metamorphic 
basement rocks of Late Jurassic age, not Neoproterozoic or Permian – Triassic as was 
previously thought.
Keywords: continental arc magmatism, U–Pb zircon geochronology, metamorphic basement, 
peraluminous magmatism, metaluminous magmatism.
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Figure 1. (a) Occurrences of Jurassic igneous rocks in the Colombi-
an Andes. Retrieved and modified from Gómez et al. (2015a). Data 
source: U–Pb ages from several authors compiled by Gómez et al. 
(2015b). (b) Proposed distribution of metamorphic basement in the 
regions related to Jurassic magmatism and volcanism.

Resumen Nuevos datos de campo, petrografía, litogeoquímica y geocronología U–Pb 
en circón de plutones jurásicos del Macizo de Santander, plutones y volcanitas del 
Valle Superior del Magdalena y plutones del bloque norte del Batolito de Ibagué de-
muestran que la actividad ígnea jurásica registrada en varios bloques de los Andes 
colombianos comenzó en el Triásico Tardío y finalizó en el Cretácico Temprano. Este 
magmatismo se desarrolló en por lo menos tres arcos magmáticos diferentes, durante 
intervalos de tiempo claramente definidos y sobre basamentos con distintas caracte-
rísticas. El primer arco de margen continental estacionario estuvo activo entre el Triá-
sico Tardío (ca. 214 Ma) y el Jurásico Temprano (ca. 184 Ma). El registro de este arco se 
encuentra en el Macizo de Santander y está representado por plutones principalmente 
monzograníticos, peraluminosos, generados por múltiples pulsos magmáticos que in-
volucraron diversos grados de fusión cortical. En este estudio se propone, por primera 
vez, que la mayor parte del arco se emplazó en basamento principalmente ordovícico 
y otra menor en basamento neoproterozoico temprano. El segundo arco se localiza en 
el Valle Superior del Magdalena y se desarrolló entre el Jurásico Temprano (ca. 197 Ma) 
y el Jurásico Medio (ca. 167 Ma) durante al menos tres pulsos magmáticos relacionados 
con la migración del arco. Esto se evidencia por las variaciones composicionales y tem-
porales en las cuales los plutones evolucionaron de monzodioritas metaluminosas a 
granitos peraluminosos y las rocas volcánicas, de andesitas a riolitas. El segundo arco 
se emplazó en basamento metamórfico neoproterozoico, sedimentario paleozoico, íg-
neo pérmico y sedimentario triásico. El tercer arco de margen continental se encuentra 
localizado en el bloque norte del Batolito de Ibagué y se formó durante el Jurásico 
Tardío (ca. 158 Ma) al Cretácico Temprano (ca. 138 Ma). Se caracteriza por al menos dos 
pulsos representados en un plutón sintectónico occidental y un plutón postectónico 
oriental, ambos compuestos por tonalitas metaluminosas calcoalcalinas separadas 
por una franja de rocas metamórficas del basamento de edad jurásica temprana y 
no del Neoproterozoico ni del Pérmico–Triásico como se consideraba anteriormente.
Palabras clave: magmatismo de arco continental, geocronología U–Pb en circón, basamento 
metamórfico, magmatismo peraluminoso, magmatismo metaluminoso.

1. Introduction

The Upper Triassic – Jurassic igneous rocks of the Colombian 
Andes are plutonic and volcanic rocks with ages between ca. 
214 Ma to ca. 145 Ma that are distributed in tectonic blocks 
located on the eastern margin of the Central Cordillera, Mag-
dalena River Valley, Eastern Cordillera, Sierra Nevada de Santa 
Marta, and Upper Guajira (Figure 1a). These units have been 
studied by several authors (Álvarez, 1983; Aspden et al., 1987; 
Bustamante et al., 2010; Gendall et al., 2000; Goldsmith et al., 
1971; Leal–Mejía, 2011; Mantilla–Figueroa et al., 2013; No-
ble et al., 1997; Rodríguez et al., 2018a; van der Lelij, 2013; 
van der Lelij et al., 2016; Villagómez et al., 2011; Ward et al., 
1973). 

Previous tectonic models of the Jurassic magmatism in the 
northern Andes have been based on two hypotheses: 1) the de-
velopment of an intracontinental rift related to the breakup of 
Pangaea (Cediel et al., 2003; Cochrane et al., 2014; Mojica et 
al., 1996; Pindell & Dewey, 1982; Ross & Scotese, 1988) and 
2) the establishment of continental arc magmatism (Bustamante 
et al., 2010, 2016; Leal–Mejía, 2011; McCourt et al., 1984; 

Meschede & Frisch, 1998; Rodríguez et al., 2015a; Spikings et 
al., 2015; Toussaint, 1995; van der Lelij et al., 2016; Villagómez 
et al., 2015; Zapata et al., 2016a). The latter is the consensus 
model; however, different authors have presented several varia-
tions. Spikings et al. (2015) suggest that an arc formed by a sin-
gle subduction zone located west of the South American margin 
was active between 209 and 114 Ma, whereas Bustamante et al. 
(2016) proposed that a stationary continental margin arc was ac-
tive for at least 40 Ma due to oblique convergence between the 
Farallón Plate and the northwestern margin of South America. 
Bayona et al. (2010) and Villagómez et al. (2015) proposed that 
a continental arc, encompassing the blocks of Jurassic rocks in 
the Upper Magdalena, Central Cordillera, serranía de San Lu-
cas, and Sierra Nevada de Santa Marta, moved from a southern 
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location northward (Bayona et al., 2006, 2010), which masked 
the original tectonic relationships between the units (Bayona et 
al., 2010; Villagómez et al., 2015; Zapata et al., 2016a; Zuluaga 
et al., 2017).

We present new petrographic, whole–rock geochemical, and 
LA–ICP–MS U–Pb zircon geochronological data and compile 
published data from three Colombian blocks: the Santander 
Massif (SM), Upper Magdalena Valley (UMV), and northern 
block of the Ibagué Batholith (NBIB), to understand the Ju-
rassic geological evolution of the northern Andes as well as 
the distribution of blocks and metamorphic terranes associated 
with the Jurassic plutonism and volcanism in Colombia. The 
compositional and geochronological differences between the 
metamorphic basement units and Jurassic rocks of the three 
blocks are discussed. A redefinition of the northern section of 
the Ibagué Batholith is also proposed based on geological data 
that indicate that it is not homogeneous.

2. Geologic Framework

The geologic configuration of Colombia is the result of the 
interactions between the Caribbean, South American, North 
American, and Pacific Plates, which throughout geologic 
history have formed the Andean province on the northwest-
ern margin of South America (Mantilla–Figueroa et al., 2013; 
van der Lelij et al., 2016; Zuluaga et al., 2017). This province 
is composed of accreted and diverse continental and ocean-
ic terranes that amalgamated during multiple subduction and 
orogenic events from Proterozoic to Cenozoic times (Cediel et 
al., 2003; Etayo–Serna et al., 1983; Kennan & Pindell, 2009; 
Restrepo & Toussaint, 1988, 1989). Their boundaries remain 
unclear; however, the province is separated from the crystalline 
basement of the Amazonian Craton by the Borde Llanero Fault 
(Forero–Suárez, 1990).

This Andean province includes the SM, the UMV, and the 
NBIB, which are the focus of this study (Figure 1a).

2.1. Santander Massif (SM)

The SM is located in the Colombian Eastern Cordillera and is 
part of a triangular regional block that is delimited by the San-
ta Marta–Bucaramanga Fault on the west, the Oca Fault on the 
north, and the Boconó Fault on the east (Cediel et al., 2003; Man-
tilla–Figueroa et al., 2013; van der Lelij et al., 2016). 

The metamorphic basement of the SM includes the Bucara-
manga Gneiss, the Silgará Formation, and granitic orthogneiss-
es (Ward et al., 1973). The Bucaramanga Gneiss consists of 
sillimanite–cordierite gneisses with garnet, amphibolic gneiss-
es, quartz feldspar granofels, and amphibolites with migmatitic 
structures (Ward et al., 1973), and it is traditionally considered 
to have a Proterozoic age and to be related to the Grenville 
Orogeny (Cordani et al., 2005; García & Ríos, 1999; Goldsmith 

et al., 1971; Ordóñez–Carmona et al., 2006; Restrepo–Pace et 
al., 1997; Ward et al., 1973). However, recent studies report 
metamorphic ages of approximately 477 Ma (van der Lelij, 
2013; van der Lelij et al., 2016) that are associated with the 
Caparonensis Orogeny, which is also known as the Famatinian 
Orogeny (van der Lelij, 2013; van der Lelij et al., 2016; Zulua-
ga et al., 2017). Overlying the Bucaramanga Gneiss, the Silgará 
Formation (Ward et al., 1973), which is also called the Silgará 
Schists by Mantilla–Figueroa et al. (2016), consists of Paleo-
zoic schists, phyllites, metamudstones, metasandstones, and 
marbles (Clavijo et al., 2008; Mantilla–Figueroa et al., 2012; 
Ordóñez–Carmona et al., 2006; Ríos et al., 2003; van der Lelij 
et al., 2016; Zuluaga et al., 2017). These rocks are possibly re-
lated to the main Famatinian orogenic event (Mantilla–Figueroa 
et al., 2016; Restrepo–Pace, 1995; Restrepo–Pace & Cediel, 
2010). Deformed Ordovician granitoids (“Orthogneiss Unit” of 
Ward et al., 1973) intrude the Bucaramanga Gneiss and the Sil-
gará Formation. These three units record a common Ordovician 
metamorphic event (Mantilla–Figueroa et al., 2012, 2013; Res- 
trepo–Pace et al., 1997) that affected the entire SM basement 
(van der Lelij et al., 2016; Zuluaga et al., 2017).

Paleozoic magmatism is represented by orthogneisses 
and plutonic and volcanic rocks that originated during mag-
matic events before and after the Famatinian Orogeny, most 
of which developed in a continental arc environment. The ig-
neous plutons are Ordovician, Silurian, Lower Devonian, and 
Carboniferous (Leal–Mejía, 2011; Mantilla–Figueroa et al., 
2012; Restrepo–Pace, 1995; Rodríguez et al., 2017a; Ulloa 
& Rodríguez, 1982; van der Lelij, 2013; van der Lelij et al., 
2016). Mesozoic magmatism occurred mainly during the Late 
Triassic to Late Jurassic and is represented by batholiths and 
subordinate stocks in the core and along the western edge of 
the SM (Figure 2). These include the Mogotes Batholith (Co- 
rrea–Martínez et al., 2016; Ward et al., 1973), Pescadero Gran-
ite (Ward et al., 1973; Zapata et al., 2016b), Santa Bárbara 
Monzogranite (Rodríguez et al., 2017b; Ward et al., 1973, 
1977a); La Corcova Monzogranite (Goldsmith et al., 1971; Ro-
dríguez et al., 2017c; Ward et al., 1973), Páramo Rico Pluton 
(Dörr et al., 1995; Royero & Clavijo, 2001; Ward et al., 1973), 
San Martín Tonalite (Arias–Tauta & Vargas–Higuera, 1978; 
Rodríguez et al., 2017d), Rionegro Monzogranite (Arango et 
al., 2016; Arias–Tauta & Vargas–Higuera, 1978; Daconte & Sa-
linas, 1980a; Ward et al., 1973), and three porphyritic bodies: 
the Alto de Los Cacaos Rhyolite, San Joaquín Rhyolite, and El 
Uvo Rhyolite (Correa–Martínez et al., 2018; Rodríguez et al., 

Figure 2. Distribution and U–Pb zircon ages of Late Triassic – Early 
Jurassic plutons in the Santander Massif. Modified from Ward et 
al. (1973, 1977a, 1977b, 1977c, 1977d, 1977e, 1977f); Daconte & Salinas 
(1980b, 1980c); Vargas & Arias (1981a, 1981b); Vargas et al. (1984); 
Clavijo (1994); Royero & Clavijo (2001); and Arias & Morales (2003).
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2018b; Zapata et al., 2018). Few small microtonalite dikes of 
Albian – Cenomanian age also intrude the Triassic – Jurassic 
granitoids (Correa–Martínez et al., 2016). 

Cretaceous marine sedimentary successions discordantly 
overlie the Paleozoic and/or Jurassic rocks (Mojica & Villarro-
el, 1984; Ward et al., 1973). Porphyritic bodies with Miocene 
gold mineralization exist locally (Leal–Mejía, 2011; Mantilla–
Figueroa et al., 2013).

2.2. Upper Magdalena Valley (UMV)

The UMV is located between the Colombian Central and 
Eastern Cordilleras in the southern sections of the Magdalena 
River Valley. 

The metamorphic basement of the UMV includes migma-
tites, granofels, granulites, anatectic granites, and gneisses of 
granulite to high amphibolite facies that form the Garzón Group, 
the Guapotón and Mancagua Gneisses, Las Minas Migmatites, 
and El Recreo Granite of Neoproterozoic age (Ibañez–Mejia et 
al., 2011; Jiménez–Mejía et al., 2006; Kroonenberg & Diederix, 
1982; Rodríguez, 1995a, 1995b; Rodríguez et al., 2003; Velan-
dia et al., 2001a, 2001b). Paleozoic sedimentary rocks, such 
as the Mudstones and Granadillo Limestones, La Jagua Pa-
leozoic, El Hígado Formation, and La Batalla Limestones and 
Sandstones, discordantly overlie the Precambrian crystalline 
basement (Mojica et al., 1988; Velandia et al., 2000, 2001b; Vi- 
llarroel & Mojica, 1988; Stibane & Forero, 1969). The Permian 
units are represented by La Plata Granite continental margin arc 
granitoids that intrude the basement rocks (Leal–Mejía, 2011; 
Rodríguez, 1995a; Rodríguez et al., 1998, 2017a; Velandia et 
al., 2001b). 

The Neoproterozoic basement, Paleozoic sedimentary for-
mations, Permian arc granitoids, and Triassic limestones are 
intruded by Jurassic plutons and covered by Jurassic volcanic 
rocks (Rodríguez et al., 2018a) and continental and marine sed-
imentary successions of late Mesozoic and Cenozoic age. These 
rocks are faulted and uplifted in blocks bounded by strike–slip 
and thrust faults, such as the Algeciras Fault (Velandia et al., 
2005), the Betania–El Agrado Fault, and La Plata–Chusma 
Fault, which expose the Jurassic rocks and basement to varying 
degrees. None of these faults correspond to the boundary of the 
Neoproterozoic metamorphic basement, which appears to be 
fragmented. Similar blocks with Jurassic rocks border the west-
ern margin of the South American Plate, such as the serranía de 
San Lucas, Sierra Nevada de Santa Marta, and Upper Guajira, 
where the Neoproterozoic basement crops out near fragments 
of Permian granitoids and Jurassic arc rocks (Rodríguez et al., 
2018a).

 The assemblage described above is separated by the Avi-
rama Fault from the Tahamí Terrane (Restrepo & Tousssaint, 
1989) or the Cajamarca Complex (Maya & González, 1995). 
These metamorphic terranes consist of schists, quartzites, 

gneisses, granofels, and amphibolites (Feininger et al., 1972; 
González, 1980; Hall et al., 1972; Maya & González, 1995; 
Restrepo & Toussaint, 1988; Rodríguez et al., 2005) that are 
separated into blocks that have yielded Triassic (Martens et 
al., 2014; Restrepo et al., 2009; Vinasco et al., 2006), Jurassic 
(Blanco–Quintero et al., 2014), and Cretaceous ages (Restrepo 
et al., 2012; Rodríguez et al., 2016a).

2.3. Northern Block of the Ibagué  
Batholith (NBIB)

The Ibagué Batholith is exposed along the eastern slope of the 
Central Cordillera from Armero, in the Tolima Department, to 
La Plata, in the Huila Department (Nelson, 1957, 1962). It is 
considered to be the largest Jurassic pluton in Colombia, and 
it covers approximately 11 000 km2 (Bustamante et al., 2016; 
Gómez et al., 2015a; Nelson, 1957, 1962; Núñez, 2001, 2002; 
Rodríguez & Núñez, 1999; Velandia et al., 2001b). A summary 
of the geochronological data from other studies is presented in 
Table 1.

Based on whole–rock geochemical data, Álvarez (1983) 
noted the absence of a genetic relationship between the Ibagué 
Batholith and several intrusives that outcrop to the south (e.g., 
the Páez River Pluton, the San Agustín and Gallego granitoids, 
and the Suaza Pluton). He suggested that these plutons likely 
corresponded to previous magmatic pulses. More recent U–Pb 
zircon geochronology and whole–rock geochemistry studies 
have enabled researchers to divide and separate large blocks, 
such as the Páez Quartz Monzodiorite (Álvarez, 1983; Rodrí-
guez et al., 2018a; Zapata et al., 2015) and La Plata Granite 
(Rodríguez, 1995b, 2018a; Velandia et al., 2001b), and show 
that the so–called Ibagué Batholith is composed of different 
plutons that were generated in a continental arc environment 
in the Permian and Jurassic. These plutons were emplaced into 
different metamorphic basement rocks in different geotectonic 
positions (Rodríguez et al., 2018a). The results from the “Juras-
sic Magmatism of Colombia” project also show that the north-
ern part of the Ibagué Batholith, north of the Ibagué Fault, is not 
a homogeneous unit, and the geological division of this block, 
called the northern block of the Ibagué Batholith (NBIB), is 
presented in this study. 

The metamorphic basement of the NBIB consists of gneiss-
es, amphibolites, quartzites, sericitic quartz–schist, greenschist, 
and graphitic schists known as the Tierradentro Gneisses and 
Amphibolites, which are likely Precambrian (Barrero & Vesga, 
1976; Núñez, 2001). Bustamante et al. (2017) found Permian 
and Triassic crystallization ages in the orthogneisses and am-
phibolites of the Tierradentro protolithic unit, respectively, and 
interpreted that the granodioritic magma of the Ibagué Batholith 
intruded into Permian – Triassic basement. Farther south, Zapa-
ta et al. (2016a) concluded that this metamorphic basement, 
which is represented by La Cocha–Río Téllez Migmatitic Com-
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the Jurassic metamorphic assemblage southwest of the NBIB 
that was studied by Blanco–Quintero et al. (2014).

3. Materials and Methods

To analyze the Jurassic magmatism in the SM, UMV, and NBIB, 
regional mapping studies and published articles were compiled. 
Field and sampling campaigns and petrography, geochemistry, 
and geochronology analyses were performed. Finally, the results 
were analyzed and interpreted separately for each block.

3.1. Petrography

The petrographic analyses included descriptions of thin 
sections from new samples and the reanalysis of samples 
from previous projects of the Servicio Geológico Colombiano 
(SGC). The plutonic igneous rocks were classified according 
to Streckeisen (1974), and the volcanic rocks were classified 
according to Streckeisen (1979) based on the recommendations 
for the classification and nomenclature of igneous rocks pro-
vided by Le Maitre et al. (2002). The mineral abbreviations in 
the rock descriptions are based on Siivola & Schmid (2007). 

3.2. Whole–Rock Geochemical Analyses

Whole–rock analyses were performed in the laboratory of the 
SGC in Bogotá. Major oxides were determined using the X–ray 
fluorescence (XRF) method, including trace elements such as 
V, Mo, Nb, Ta, W, Zr, and Hf, in an Axios–Mineral PANalyti-
cal XRF spectrometer. Major oxides were quantified in melted 
samples with lithium metaborate and tetraborate, and minor 
elements were quantified in pressed samples. MRC–GSP–2 
was used as a reference, and it produced a difference of <5% 
between the certified and measured values. Major oxides were 
recalculated on an anhydrous basis before interpretation. Trace 

elements were measured by inductively coupled plasma mass 
spectrometry (ICP–MS) in a PerkinElmer NEXION ICP mass 
spectrometer. The rock samples were dissolved by multi–acid 
digestion with strong inorganic acids (HF, HNO3, HClO4, and 
HCl). The process was conducted in an open system using 
different temperature ramps and heating times. The AGV–2 
(andesite) USGS references were used with most of the trace 
elements and produced a difference of <10% between the cer-
tified and measured values. The elements Eu, Gd, and Tb pro-
duced higher values than the certified reference.

The rock samples for the geochemical analyses were select-
ed based on: 1) no evidence of high–grade mineral alteration 
under microscopic inspection and 2) Loss on ignition (LOI) 
values lower than 2%. 

3.3. U–Pb Zircon Geochronology 

The U–Pb zircon dating was performed at the Isotopic Studies 
Laboratory (LEI) at the Centro de Geociencias of the Univer-
sidad Autónoma de México (UNAM) and the Laser Ablation 
Laboratory of the SGC. 

The concentration of zircon crystals was obtained by pan-
ning and using a Frantz isodynamic magnetic separator. Zircon 
grains from each sample were selected under an Olympus bin-
ocular microscope and subsequently embedded in epoxy resin 
(Struers EpoFix). 

Cathodoluminescence (CL) images of the zircons were 
acquired using an ELM–3R Luminoscope (Marshall, 1988) 
at LEI, UNAM. The U–Pb zircon isotopic analyses were per-
formed using the laser ablation method (LA–ICP–MS) with a 
Resolution M50 “Resonetics” consisting of an LPX 220 193 
nm wavelength excimer laser coupled to a Thermo Scientific 
X–Series quadrupole plasma mass spectrometer (ICP–MS). The 
diameter of the laser beam was 23 μm. The analyses included 
measurements of the concentrations of Th, Si, P, Ti, Y, Zr, Nb, 
Hf, and rare earth elements (REE) in the zircon crystals, which 

Sample Latitude N Longitude W Classification Unit Age (Ma) Method Source

GCC6 4° 47’ 44.27’’ 75° 2’ 5.75’’   Anzoátegui Metatonalite 158.17 +1.17/–0.35 U–Pb Bustamante et al. (2016)

Cl11 4° 38’ 47.63’’ 75° 2’ 15.17’’   Anzoátegui Metatonalite 152.61 +1.82/–0.74 U–Pb Bustamante et al. (2016)

IGM–69974 4° 39’ 35.99’’ 74° 57’ 0.06’’ Quartz diorite Ibagué Tonalite 142 ± 9 K/Ar–Hbl Vesga & Barrero (1978)

Cl 9B 4° 44’ 40.13’’ 74° 57’ 35.90’’   Ibagué Tonalite 142.07 +1.08/–0.86 U–Pb Bustamante et al. (2016)

Cl2 4° 39’ 36.47’’ 74° 57’ 54.76’’   Ibagué Tonalite 143.52 +1.38/–0.64 U–Pb Bustamante et al. (2016)

Cl15 4° 51’ 53.58’’ 74° 56’ 19.71’’   Ibagué Tonalite 145.71 +0.72/–1.42 U–Pb Bustamante et al. (2016)

  4° 39’ 36.02’’ 75° 0’ 0.05’’   Tierradentro Gneisses and 
Amphibolites 146 ± 3 K–Ar–RT McCourt et al. (1984)

DV04 4° 47’ 0.19’’ 74° 58’ 31.44’’ Diorite Tierradentro Gneisses and 
Amphibolites 159.2 ± 5.2 Ar–Ar–Hbl Villagómez et al. (2011)

Table 1. K/Ar, Ar–Ar, and LA–ICP–MS U–Pb zircon ages in the NBIB from other authors.
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were used as petrogenetic tracers. The methodological details 
are available in Solari et al. (2010). A glass standard (NIST 
610) and two natural zircon standards, including one primary 
(91500; Wiedenbeck et al., 1995) and one secondary (Plešov-
ice; Slama et al., 2008), were intercalated in the analytical se-
quences for quality control.

Prior to the isotopic analyses at the Laser Ablation Labo-
ratory, SGC, cathodoluminescence images of the zircons were 
acquired. Some samples were photographed at the Lithological 
Characterization Laboratory (LCL) of the Universidad Nacional 
de Colombia, Red Nacional de Laboratorios de Geociencias, us-
ing a CITL CL8200 MK–5 Optical Cathodoluminescence System 
adapted to a Leica DM 2500 P versatile modular polarization mi-
croscope at 220 μA and a 15 kV current. Cathodoluminescence, 
secondary, and backscattered images of other samples were ac-
quired using a JEOL scanning electron microscope, model JSM 
IT–300LV, operating at high and low vacuum conditions. It was 
equipped with a tungsten filament that works at accelerating volt-
ages of electrons from 300 V to 30 kV and was equipped with 
four detectors: secondary (SE) and backscattered (BED) electron 
and Energy–Dispersive X–ray Spectroscopy (EDS, OXFORD 
51–XMX 1181) and cathodoluminescence (CL; Gatan miniCL 
EGA 0028). Isotopic analyses were performed at the Laser Ab-
lation Laboratory, SGC, using the LA–ICP–MS method in an 
Element 2 ICP–MS coupled to a Photon Machines laser ablation 
system with a 193 nm Excite laser. The ablation points were 30 
micrometers in diameter. The Plešovice, 91500, and M. Drome-
dary crystals were used as reference standards. The Iolite IGOR-
Pro software was used for data reduction. Integration times of 0 
s to 38 s were used for the baseline, whereas integration times of 
32.5 s to 8 s were used for the samples and reference standards. 
The final results correspond to mean data assessed after discrim-
inating at 2 standard deviations. The data were processed using 
the routines of the Isoplot V3.5 software, and the correction of 
common lead was calculated according to the evolution model 
of Stacey & Kramers (1975). The geochronological data were 
plotted using Isoplot (Ludwig, 2012).

4. Results

4.1. Santander Massif 

This study presents the results from the following plutons: the 
Mogotes Batholith, Pescadero Granite, Santa Bárbara Monzo-
granite, La Corcova Monzogranite, Páramo Rico Pluton, San 
Martín Tonalite, Rionegro Monzogranite, and three porphyritic 
bodies, including the Alto de Los Cacaos Rhyolite, San Joaquín 
Rhyolite, and El Uvo Rhyolite (Figure 2).

Most of the plutons intrude metasedimentary rocks of the 
Bucaramanga Gneiss and the Silgará Formation and metaigne-
ous felsic rocks of the granitic orthogneiss. Additionally, the 
Rionegro Monzogranite intrudes the Cáchira Monzogranite in 

the east and a unit of amphibolites and migmatites that have 
been traditionally included as a part of the Bucaramanga Gneiss 
in the west. The San Martín Tonalite is in faulted contact with 
the Rionegro Monzogranite along the Bucaramanga Fault and 
is apparently in both intrusive and faulted contact with the over-
lying amphibolites and migmatites.

4.1.1. Petrography

The Late Triassic – Early Jurassic plutons of the SM consist 
of monzogranites, granodiorites, syenogranites, and tonalites 
(Figures 3, 4b, 4d) with no notable changes in their interi-
or. Subvolcanic rocks of rhyolitic and dacitic compositions 
are also present (Figures 3, 4c). All of these rocks are white 
mottled with pink and black, gray mottled with black, and 
pink mottled with white spots. They are equigranular to in-
equigranular, fine to medium–grained, and some are bimodal. 
Graphic, perthitic, and symplectitic textures are locally devel-
oped. The rocks contain pink and white potassium feldspar, 
plagioclase, and quartz, and the most common mafic mineral 
is biotite, although rocks with hornblende and marginal rocks 
with clinopyroxene occur locally. The accessory minerals in-
clude apatite, magnetite, ilmenite, pyrite, titanite, allanite, and 
very rare garnet and muscovite. Chlorite, sericite, epidote, and 
clay aggregates are common alteration minerals. Enclaves of 
microdiorites, andesites, and dacites are present and may con-
tain xenoliths of the Bucaramanga Gneiss, orthogneisses, and 
the Silgará Formation (Figure 4e, 4f).

The plutons are intersected by dikes and veins of syenogran-
ites and aplitic saccharoidal and granophyric monzogranites, 
which have been described as alaskites (Mantilla–Figueroa et 
al., 2013). Dikes of micro quartz diorites, microdiorites, andes-
ites, quartz latites, and rhyolites are also present.

4.1.2. Geochemistry

The Triassic – Jurassic granitoids of the SM have SiO2 con-
tents ranging from 65% to 79% in most rocks, K2O ranging 
from 3% to 5.4%, and TiO2 <1%. TiO2, Al2O3, MgO, CaO, P2O5, 
and FeO decrease and K2O increases with increasing SiO2 con-
centration. The chemical classification of the rocks is highly 
consistent with the petrographic classification, with a predom-
inance of granitic rocks and subordinate granodiorites, quartz 
monzonites, and quartz monzodiorites. The Mogotes Batholith 
and the Rionegro Monzogranite have the greatest lithological 
variations, as shown in the TAS diagram of Middlemost (1985) 
(Figure 5a; see Table 1, Supplementary Information).

The rocks that plot in the field of the high–K calc–alkaline 
series (Figure 5b, 5c) are mostly peraluminous (Figure 5d) and 
felsic with A/CNK ratios ranging from 1 to 1.4 and A/NK ra-
tios ranging from 1 to 2. This indicates a contribution of crust-
al material to the parental magma as well as high magmatic 
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Figure 4. Macroscopic view of igneous rocks in the SM: (a) Santa Bárbara Monzogranite, (b) La Corcova Monzogranite, (c) San Joaquín 
Rhyolite, (d) Mogotes Batholith, (e) schist xenolith in La Corcova Monzogranite, (f) gneiss xenolith in La Corcova Monzogranite.

differentiation. Most are I–type plutons (Figure 5e), although 
some rocks in the same pluton plot in the fields of both I–type 
and S–type granites (Figure 5e). This phenomenon may be due 
to the variable extent of crustal melting in the different pulses 
that generated the plutons. 

The granitoids of the SM have markedly negative Nb, Ti, 
and P anomalies as well as positive anomalies and high values 
of Cs, Ba, Th, Sr, K, Pb, and Rb, which are typical of continen-
tal margin magmatic arc environments (Figure 5f; Pearce, 1996, 
2008), and gradual depletion from large ion lithophile elements 
(LILE) to high field strength elements (HFSE) (Figure 6).

The rare earth element (REE) patterns differ between 
rocks of similar compositions within each pluton (Figure 7), 
suggesting multiple magmatic pulses during their formation. 
The patterns resemble those of rocks generated in subduction 
environments above the subducted plate, with enrichment in 

light rare earth elements (LREE), depletion in heavy rare earth 
elements (HREE), and negative Eu anomalies (Eu/Eu* < 1) in 
most samples (Table 2). In rocks with higher SiO2 contents, Eu/
Eu* ratios <1 are more prominent.

The (La/Yb)n ratios are greater than 2 in all samples and 
vary markedly in the same intrusive body from one REE pattern 
to another compared to chondrites. The sums of the rare earth 
element contents (∑ REE = sum of the rare earth element values 
before normalization) range from 63.97 to 586.13. The rocks of 
the Rionegro Monzogranite have the lowest values, and those 
of the Mogotes Batholith have the highest values (Table 2).

4.1.3. Geochronology

Forty–one samples of the rocks and saprolites of the main gran-
itoids in the SM and a few small dikes and minor intrusives of 
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Sample Unit Eu/Eu* (La/Yb)n (La/Sm)n (Ce/Yb)n (Ce/Sm)n (Eu/Yb)n ∑REE

900910 Santa Bárbara Monzogranite 0.76 5.55 2.06 4.6 1.71 1.48 226.12

900941 Santa Bárbara Monzogranite 0.91 20.56 6.31 13.77 4.22 2.25 254.88

900857 Santa Bárbara Monzogranite 0.47 18.25 5.17 12.14 3.44 1.2 277.55

900920 Santa Bárbara Monzogranite 0.68 16.68 5.28 11.36 3.59 1.58 222.02

900882 Santa Bárbara Monzogranite 0.62 12.06 4.02 9.09 3.03 1.3 182.25

900870 Santa Bárbara Monzogranite 0.67 19.32 5.57 13.51 3.89 1.73 159.87

900896 Santa Bárbara Monzogranite 0.59 13.57 5.2 9.93 3.8 1.15 211.01

900933 Santa Bárbara Monzogranite 0.8 10.77 4.06 8.45 3.18 1.52 123.24

900908 Santa Bárbara Monzogranite 0.73 7.91 6.45 4.97 4.06 0.71 73.01

900911 Santa Bárbara Monzogranite 0.63 5.09 3.7 3.64 2.65 0.65 63.97

900881 Santa Bárbara Monzogranite 0.37 7.06 5.19 4.95 3.63 0.37 65.17

900935 Santa Bárbara Monzogranite 0.29 4.48 3.79 3.75 3.18 0.24 69.75

900862 La Corcova Monzogranite 0.4 45.44 4.5 33.62 3.33 2.86 264.4

900861 La Corcova Monzogranite 0.5 40.78 5.8 29.62 4.21 2.55 350.7

900863 La Corcova Monzogranite 0.42 30.69 4.59 22.79 3.41 2.05 201.05

900929 La Corcova Monzogranite 0.52 30.73 5.09 22.21 3.68 2.35 241.55

900921 La Corcova Monzogranite 0.43 40.84 3.56 31.2 2.72 3.48 445.1

10DVL05 La Corcova Monzogranite 0.67 15.88 5.28 10.66 3.54 1.52 319.9

900930 La Corcova Monzogranite 0.59 15.78 3.96 12.24 3.07 1.74 250.83

900937 La Corcova Monzogranite 0.53 11.79 3.87 8.8 2.89 1.15 284.63

900931 La Corcova Monzogranite 0.45 3.77 3.13 2.88 2.39 0.4 102.71

900909 La Corcova Monzogranite 0.43 2.88 2.45 1.99 1.69 0.39 113.15

900936 La Corcova Monzogranite 0.55 5.89 2.97 4.7 2.37 0.8 241

900997 Rionegro Monzogranite 0.98 5.16 2.27 4.51 1.99 1.84 144.42

900999 Rionegro Monzogranite 1.17 5.1 2.5 3.74 1.83 2.02 71.39

900954 Rionegro Monzogranite 1.09 20.17 7.75 11.45 4.4 2.14 428.36

900949 Rionegro Monzogranite 0.78 12.1 4.34 8.65 3.1 1.59 586.13

900952 Rionegro Monzogranite 0.77 13.07 4.31 10.12 3.34 1.77 468.08

900950 Rionegro Monzogranite 0.96 24.87 6.42 16.92 4.37 2.86 388.6

900985 Rionegro Monzogranite 0.73 7.94 3.94 6.18 3.07 1.36 121.45

900973 Rionegro Monzogranite 0.87 11.11 5.01 7.87 3.55 1.63 150.28

900990 Rionegro Monzogranite 0.97 11.85 4.8 8.62 3.49 2.06 138.65

900971 Rionegro Monzogranite 0.84 8.79 4.25 6.82 3.3 1.43 134.5

900974 Rionegro Monzogranite 0.52 7.37 3.08 6.16 2.57 1.01 108.8

901002 San Martín Tonalite 1.04 7.45 3.56 5.39 2.58 1.82 71.26

901003 San Martín Tonalite 0.72 5.35 2.59 4.61 2.23 1.25 102.47

901004 San Martín Tonalite 1.26 8.2 4.35 5.53 2.93 1.87 63.85

901032 San Martín Tonalite 1.93 4.88 2.42 4.18 2.07 3.39 135.25

901033 San Martín Tonalite 0.71 11.24 4.17 8.86 3.29 1.62 111.65

900864 Pescadero Granite 0.43 8.63 2.77 6.4 2.05 0.93 108.96

900871 Pescadero Granite 0.3 10.22 3.48 8.83 3.01 0.62 132.52

900872 Pescadero Granite 0.4 12.75 4.06 9.62 3.06 0.91 233.56

900873 Pescadero Granite 0.49 10.64 3.2 8.8 2.65 1.21 236.52

900897 Pescadero Granite 0.42 6.17 2.4 4.25 1.65 0.73 98.21

Table 2. Chondrite–normalized rare earth element diagram (Nakamura, 1974) for SM granitoids.
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Sample Unit Eu/Eu* (La/Yb)n (La/Sm)n (Ce/Yb)n (Ce/Sm)n (Eu/Yb)n ∑REE

900898 Pescadero Granite 0.36 8.85 2.91 10 3.29 0.76 184.71

900867 Pescadero Granite 0.89 28.59 9.83 17.47 6.01 2.04 144.13

900899 Pescadero Granite 0.94 16.54 6.56 10.79 4.28 1.79 164.94

900944 Mogotes Batholith 0.68 11.72 4.57 7.01 2.74 1.3 235.48

900887 Mogotes Batholith 0.43 4.52 2.78 3.91 2.4 0.5 104.36

900927 Mogotes Batholith 1.31 13.85 7.91 9 5.14 1.87 98.55

900965 Mogotes Batholith 0.53 18.57 5.16 11.63 3.23 1.43 298.16

900869 Mogotes Batholith 0.8 12.7 6.31 8.6 4.27 1.24 158.31

900943 Mogotes Batholith 0.66 9.74 4.87 5.48 2.74 1.04 302.12

900966 Mogotes Batholith 0.71 13.33 5.1 8.42 3.22 1.38 232.43

900874 Mogotes Batholith 0.79 17.41 6.02 11.45 3.96 1.75 183.7

900962 Mogotes Batholith 0.89 17.88 5.58 11.33 3.54 2.08 227.96

900917 Mogotes Batholith 0.79 23.14 5.76 16.61 4.13 2.35 240.22

900900 Mogotes Batholith 0.7 18.33 4.63 13.48 3.41 2 245

900903 Mogotes Batholith 0.61 15.9 3.93 12.91 3.19 1.76 295.37

900902 Mogotes Batholith 0.76 18.67 4.78 13.61 3.49 2.14 242.71

900945 El Uvo Rhyolite 0.6 5.78 4.24 3.94 2.89 0.6 91.99

900946 El Uvo Rhyolite 0.39 4.35 3.64 3.18 2.66 0.35 86.3

900890 San Joaquin Rhyolite 0.58 8.93 3.77 6.83 2.89 0.99 232.69

900891 San Joaquin Rhyolite 0.58 15.71 4.24 10.86 2.93 1.55 291.01

900892 San Joaquin Rhyolite 0.66 12.89 4.14 9.64 3.1 1.5 264.35

900876 Alto de Los Cacaos Rhyolite 0.52 7.68 4.32 5.39 3.03 0.68 144.54

900916 Alto de Los Cacaos Rhyolite 0.56 4.75 3.25 2.34 1.61 0.59 126.22

Source: Data from Arango et al. (2016); Correa–Martínez et al. (2016, 2018); Rodríguez et al. (2017b, 2017c, 2017d, 2018c); Zapata et al. (2016b, 2017b); sample 10DVL05 
from van der Lelij (2013).

aplitic monzogranites (corresponding to the Mogotes Batho-
lith, the Pescadero Granite, the Santa Bárbara Monzogranite, 
La Corcova Monzogranite, the Páramo Rico Pluton, the San 
Martín Tonalite, the Rionegro Monzogranite, and three por-
phyritic bodies called the Alto de Los Cacaos Rhyolite, San 
Joaquín Rhyolite, and El Uvo Rhyolite) were dated using U–Pb 
zircon LA–ICPMS (data sources: Arango et al., 2016; Correa–
Martínez et al., 2016, 2018; Rodríguez et al., 2017b, 2017c, 
2017d, 2018c; Zapata et al., 2016b, 2018). The zircons of the 
granitoids from the SM are predominantly short prisms and 
elongated subordinates with concentric zoning, which are typi-
cal of igneous zircons. Inherited cores are identified in multiple 
crystals. The ages of the different samples analyzed are shown 
in Figure 2 and are presented in Table 3.

4.1.4. Igneous Ages

Most of the ages obtained from the granitoids from the SM 
(Table 3) are between 205 to 188 Ma. The exceptions include 

samples MIA–648B and MIA–650B, which yielded weighted 
mean ages of 214.5 ± 2.7 and 184.1 ± 2.3 Ma, respectively 
(Arango et al., 2016), that may correspond to the initiation and 
the final stage of the arc, respectively. The main set of ages 
represents the peak magmatic activity. The geochronological 
results from each granitoid show different ages for rocks with 
similar compositions (monzogranites); however, the ages are 
related to nonparallel REE trends, suggesting that they corre-
spond to plutons that resulted from multiple magmatic pulses 
that occurred over 17 Ma and that the arc had very little com-
positional variation during its activity, in which the magmatic 
pulses involved variable crustal melting with variable (La/
Yb)n ratios.

The ages of the dikes and minor intrusive bodies have an 
age distribution coeval to the crystallization time of the main 
mass of the granitoids. These rocks are predominantly mon-
zogranitic, suggesting that younger pulses intruded previous 
assemblages of crystallized monzogranites within an arc sys-
tem characterized by multiple magmatic pulses. 

Table 2. Chondrite–normalized rare earth element diagram (Nakamura, 1974) for SM granitoids (continued).
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Sample  Latitude N  Longitude W Classification Unit Age (Ma) Inherited ages (Ma)

AMC–0162 6° 27’ 41.16’’ 72° 49’ 52.55’’ Deformed monzogranite Mogotes Batholith 189.1 ± 3.6 

224–222, n=2; 234–231, n=4; 252–248, n=2; 298–270, n=5; 
386–376, n=5; 420–395, n=5; ;  445–437, n=5; 459–451, n=5 513, 
n=1; 360–338, n=6; 585, n=2; 680–650, n=2; 800–735, n=3; 970, 
n=2; 1290–115, n=4; 

GZ–6831 6° 27’ 39.59’’ 72° 48’ 31.34’’ Deformed quartz monzodiorite Mogotes Batholith 193.7 ± 1.3 268.3 ± 7.6, n=1; 287.7 ± 8.8, n=1; 905 ± 25, n=1; 

LMC–075 6° 28’ 35.52’’ 72° 53’ 34.39’’ Monzogranite Mogotes Batholith 195.7 ± 3.9 248.5 ± 10, n=1; 1040-1020 ± 34, n=2; 1230 ± 43, n=1

MIA–638 6° 33’ 30.57’’ 72° 56’ 16.58’’ Monzogranite Mogotes Batholith 200.4 ± 2.2 234.4 ± 7.1, n=1; 316.9 ± 6.8, n=1; 1120 ± 79, n=1; 1627 ± 77, n=1 

TCR–376 6° 41’ 6.91’’ 72° 57’ 13.31’’ Monzogranite Mogotes Batholith 202.5 ± 1.3 880 ± 15, n=1

MIA–636 6° 41’ 0.05’’ 72° 57’ 59.68’’ Micrographic monzogranite Mogotes Batholith 205.4 ± 3.0 571.7 ± 6, n=1; 1316 ± 76, n=1

AMC–0144 6° 25’ 27.04’’ 72° 50’ 23.16’’ Aplitic Syenogranite (dike) Mogotes Batholith 202.1 ± 1.8 435 ± 6.7, n=1

TCR380 6° 28’ 21.43’’ 72° 54’ 17.89’’ Quartz monzonite (dike) Mogotes Batholith 191.0 ± 3.5 330–302, n=3; 267, n=1; 215, n=1;  399–391, n=2; 448–432, n=4; 
923–851, n=4 

AMC–136A 6° 45’ 20.98’’ 72° 57’ 21.48’’ Microdiorite (dike) Mogotes Batholith 108.3 ± 2.3 221 ± 8, n=1; 250 ± 10, n=1; 1154 ± 35, n=1; 1335 ± 40, n=1; 

GZ–6829B 6° 26’ 33.53’’ 72° 48’ 33.94’’ Syenogranite (dike) Mogotes Batholith 98.8 ± 1.3 199 ± 6, n=2; 214 ± 7; 207 ± 7 

TCR–389 7° 37’ 59.55’’ 73° 16’ 55.66’’ Diorite Minor Body 199.7 ± 1.6

GZ–6823 6° 55’ 14.09’’ 73° 0’ 59.90’’ Monzogranite Pescadero Granite 194.8 ± 3.2 451 ± 18, n=10; 995 ± 20, n=2

GZ–6824 6° 53’ 22.17’’ 72° 59’ 48.41’’ Monzogranite Pescadero Granite 197.3 ± 2.4 324.18 ± 18, n=1; 432.5 ± 25, n=1; 754.1 ± 45, n=1; 959 ± 31, n=3; 
1047.8 ± 64, n=1; 1873.1 ± 105

AMC–0131 7° 9’ 47.68’’ 73° 2’ 22.93’’ Syenogranite La Corcova Monzo-
granite 192.5 ± 2.6 338.8 ± 10, n=1; 408.5 ± 7.3,n=3

JGB–456B 6° 57’ 2.43’’ 72° 56’ 13.82’’ Quartz diorite La Corcova Monzo-
granite 201.6 ± 4.0 304.6 ± 15

MIA–630B 7° 2’ 12.10’’ 73° 2’ 42.78’’ Quartz diorite La Corcova Monzo-
granite 202.7 ± 1

LMC–077 7° 9’ 39.68’’ 73° 3’ 40.44’’ Monzogranite La Corcova Monzo-
granite 204.8 ± 6.1

230, n=1; 262 ± 13, n=2; 289 ± 8, n=1; 362 ± 15, n=2; 390–415, 
n=2; 435–457, n=3;  463.8 ± 7.3, n=3; 490 ± 20, n=3; 618 ± 30 , 
n=1; 911 ± 40, n=1; 1091 ± 39, n=1; 1426 ± 38, n=1

AMC–128A 7° 8’ 12.44’’ 73° 2’ 17.93’’ Meta-syenogranite Xenolith La Corcova Monzo-
granite 462.7 ± 3.1 525 ± 7.8, n=1; 533.8 ± 7, n=1; 1099 ± 74,  n=1

MIA–627A 6° 55’ 24.42’’ 72° 59’ 51.19’’ Monzogranite-(dike) La Corcova Monzo-
granite 199.5 ± 4.6 281.2 ± 5.6, n=1; 419.4 ± 7, n=1; 430.5 ± 4.7, n=1; 457.1 ± 5.0, 

n=11; 482.1 ± 3.1, n=3; 1498–1418, n=3

MIA–650B 7° 25’ 42.08’’ 73° 10’ 50.27’’ Syenogranite Rionegro Monzogranite 184.1 ± 2.3 928 ± 55, n=2; 1005, n=1; 1485, n=1

LMC–082 7° 42’ 2.95’’ 73° 16’ 53.05’’ Diorite Rionegro Monzogranite 189.9 ± 1.6 

GR–6743 8° 11’ 22.47’’ 73° 19’ 0.48’’ Granodiorite-Monzogranite Rionegro Monzogranite 195.9 ± 1.6 230.9 ± 7.9, n=1

GZ–6848A 7° 38’ 55.80’’ 73° 13’ 16.64’’ Granodiorite Rionegro Monzogranite 196.6 ± 2.1 451, n=1; 877.9, n=1; 93,40, n=1; 1035.2, n=1; 1143.33, n=1

MIA-648A 7° 19’ 10.76’’ 73° 7’ 40.63’’ Porphyritic rhyolite (dike) Rionegro Monzogranite 194.5 ± 1.2 1021.6, n=1

JGB-462 7° 11’ 26.11’’ 73° 7’ 26.48’’ Quartz monzonite (dike) Rionegro Monzogranite 197.2 ± 1.5 

LMC–084 7° 39’ 53.04’’ 73° 16’ 34.56’’ Granodiorite with hornblende Rionegro Monzogranite 200.8 ± 1.9 230.8 ± 5, n=2

MIA–648B 7° 19’ 10.73’’ 73° 7’ 40.61’’ Granodiorite Rionegro Monzogranite 
-Minor Body 214.5 ± 2.7 244.3 ± 4.0, n=6; 288–267, n=2; 320 ± 15, n=1

AMC–0137 6° 45’ 18.64’’ 72° 55’ 57.78’’ Monzogranite Santa Bárbara Monzo-
granite 191.7 ± 1.2 201.4–200.8, n=3; 1122 and 1158, n=2 unconformable 

JGB–457A 6° 57’ 32.95’’ 72° 55’ 44.00’’ Monzogranite Santa Bárbara Monzo-
granite 195.1 ± 1.9 392, n=1

GR–6719 7° 10’ 32.46’’ 72° 49’ 32.68’’ Monzogranite Santa Bárbara Monzo-
granite 196.8 ± 2.0  224–221, n=2 unconformable; 474, n=1 unconformable 

GZ–6821 6° 55’ 14.09’’ 72° 54’ 19.44’’ Monzogranite Santa Bárbara Monzo-
granite 198.0 ± 2.7 238.4–213.3, n=4; 395.6–380.8, n=3; 427.9–417.8, n=3; 470–

447.4, n=3

GR–6718 7° 7’ 53.82’’ 72° 51’ 2.68’’ Monzogranite Santa Bárbara Monzo-
granite 203.8 ± 2.7

GR–6717 7° 10’ 7.27’’ 72° 51’ 46.08’’ Monzogranite (minor body) Santa Bárbara Monzo-
granite 190.6 ± 1.5 425.2, n=1 unconformable; 208–202.9; n=3 

LMC–059A 7° 10’ 44.67’’ 72° 52’ 12.58’’ Syenogranite (dike) Santa Bárbara Monzo-
granite 200.7 ± 2.0 628 ± 26, n=1

AMC–0127 6° 56’ 10.40’’ 72° 54’ 6.56’’ Pheno-dacite (dike) Santa Bárbara Monzo-
granite 204.0 ± 2.3 267, n=1

Table 3. LA–ICP–MS U–Pb zircon ages of granitoid bodies from the SM.
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Sample  Latitude N  Longitude W Classification Unit Age (Ma) Inherited ages (Ma)

AMC–0145 6° 26’ 4.14’’ 72° 52’ 37.30’’ Quartz-trachyte of Kfs (dike) Alto de Los Cacaos 
Rhyolite 205.2 ± 2.6 279 ± 2.8, n=1; 410 ± 4.4, n=1; 429 ± 8.3, n=1; 454 ± 7.5, n=1; 464 

± 4.2, n=1;1681 ± 67, n=1

GR–6729 6° 26’ 37.39’’ 72° 51’ 22.91’’ Pheno dacite San Joaquín Rhyolite 201.0 ± 2.1 390 ± 20, n=1; 446 ± 8, n=1; 1630 ± 170, n=1 unconformable

MIA–641 6° 27’ 33.24’’ 72° 48’ 4.01’’ Porphyritic rhyolite (dike) El Uvo Rhyolite 197.2 ± 1.6 218.2 ± 4.0, n=2; 1168 ± 25, n=1

LMC–088 8° 8’ 36.39’’ 73° 26’ 32.93’’ Granodiorite San Martín Tonalite 198.0 ± 2.8

TCR–395A 7° 55’ 41.64’’ 73° 23’ 44.50’’ Metatonalite San Martín Tonalite 198.9 ± 1.8

LMC–090B 8°5´3.51¨ 73° 26’ 26.86’’ Phenodacite (dike) San Martín Tonalite 196.6 ± 2.5 999 ± 26, n=1

TCR–363 7° 12’ 51.61’’ 72° 53’ 55.78’’ Granodiorite Páramo Rico Tonalite 206.84 ± 0.98  

Source: Data from Arango et al. (2016); Correa–Martínez et al. (2016, 2018); Rodríguez et al. (2017b, 2017c, 2017d, 2018c); Zapata et al. (2016b, 2017b). 

4.1.5. Inherited Ages

The inherited zircon cores of the granitoids from the SM yield 
ages ranging from 1873.1 ± 105 (Mesoproterozoic) to approxi-
mately 220 Ma (Early Triassic) (Figure 8; Table 3). 

Inherited ages of approximately 1800 and 1600 Ma are 
found in zircon cores of the Mogotes Batholith, Pescadero 
Granite, and El Uvo and San Joaquín Rhyolites. Rare inherited 
cores with ages ranging from 850 to 635 Ma (Cryogenian) and 
from 635 to 542 Ma (Ediacaran) are found in the Mogotes 
Batholith, Pescadero Granite, and Santa Bárbara Monzo-
granite. A set of Early, Middle, and Late Ordovician ages is 
found in the Mogotes Batholith; La Corcova, Santa Bárbara, 
and Rionegro Monzogranites; and the San Joaquín Rhyolite  
(Figure 8). 

Permian ages ranging from 290 to 262 Ma, as well as Tri-
assic to Carnian ages, occur in inherited zircon cores from 
the Mogotes Batholith and La Corcova, Santa Bárbara, and  
Rionegro Monzogranites. 

4.1.6. Age of the Basement in the NW zone

A U–Pb zircon age from an amphibolite of the amphibolite 
and migmatite unit in the northwest part of the SM yielded a 
metamorphic age of ca. 897 ± 28 Ma, a Th/U ratio <0.2, and 
inherited ages of 1120 ± 58 Ma (n = 4) and 1421 ± 40 Ma  
(n = 16) (Figure 9).

4.2. Upper Magdalena Valley

The Jurassic magmatism in the UMV is represented by batho-
liths, stocks, and volcano–sedimentary units that are distrib-
uted on the eastern edge of the Central Cordillera and on the 
western edge of the Eastern Cordillera of Colombia. All of the 
units were grouped according to their current spatial positions, 
compositions, and ages into the western and eastern plutons 
(Rodríguez et al., 2015a, 2018a).

The western plutons are located between the western Avirama 
and the eastern Betania–El Agrado Faults. They are composed 

of the Anchique Quartz Monzonite (Arango et al., 2015a; Co- 
ssio et al., 1994), San Cayetano Quartz Monzonite (Bermúdez 
et al., 2015; Carvajal et al., 1983, 1993), Los Naranjos Quartz 
Monzonite (Rodríguez & Fuquen, 1989; Rodríguez et al., 2015b; 
Velandia et al., 2001b), Páez Quartz Monzodiorite (Zapata et al., 
2015), El Astillero Quartz Monzodiorite (Rodríguez et al., 2015c; 
Velandia et al., 2001b), and Las Minas Monzonite (Arango et al., 
2015b; Velandia et al., 2001b) (Figure 10).

The eastern plutons are located between the Betania–El 
Agrado and Algeciras Faults. This group is represented by 
the Algeciras Monzogranite (Ferreira et al., 1998, 2002; Ro-
dríguez et al., 2015d), Teruel Quartz Latite (Arango et al., 
2015c), Garzón Granite (Rodríguez et al., 2015e; Velandia et 
al., 2001b), Altamira Monzogranite (Arango et al., 2015d), 
Sombrerillo Quartz Monzonite (Rodríguez et al., 2018a), and 
Mocoa Monzogranite (Arango et al., 2015e) (Figure 10). 

4.2.1. Petrography

The western plutons consist of quartz monzonites, quartz mon-
zodiorites, quartz diorites, and some monzogranites (Figure 11). 
They range from quartz monzonites in the north to quartz mon-
zodiorites in the south and consist of Pl + Kfs + Qtz (<20%) ± 
Hbl ± Bt ± Cpx ± Opx with opaques, apatite, zircon, and titanite 
as accessory minerals. The eastern plutons include monzogran-
ite rocks with slight lithological variations between syenogran-
ites and granodiorites (Figure 11), which consist of Kfs + Pl + 
Qtz (>20%) + Bt ± Hbl ± Cpx with opaques, apatite, zircon, 
titanite ± allanite as accessory minerals.

The modal quartz contents differ markedly between the 
two groups. The quartz contents of the western plutons are 
generally lower than 20%, whereas the eastern plutons of the 
UMV contain rocks with quartz contents higher than 20%. 
Mafic minerals are commonly found in higher modal quan-
tities in the western plutons, particularly hornblende, biotite, 
clinopyroxene, and subordinate orthopyroxene. Mafic minerals 
occur in lower ratios in the eastern plutons and include biotite 
and hornblende with or without clinopyroxene and completely 
lacking orthopyroxene.

Table 3. LA–ICP–MS U–Pb zircon ages of granitoid bodies from the SM (continued).
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Figure 8. Ages of inherited zircons in samples of granitoids from the SM (data sources: Arango et al., 2016; Correa–Martínez et al., 2016, 
2018; Rodríguez et al., 2017b, 2017c, 2017d, 2018c; Zapata et al., 2016b, 2017b).

Both groups of plutons are intruded by dikes of basic to 
intermediate compositions, including andesites, microdiorites, 
and basalts, as well as acidic dikes such as rhyolites, dacites, 
and aplitic monzogranites.

Texturally, the western plutons range from equigranular to 
inequigranular and commonly show micrographic intergrowths. 
The eastern plutons are inequigranular with bimodal crystals of 
alkaline feldspar.
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Figure 9. Age and inheritance of amphibolite sample MIA-661 from the Aguachica–Ocaña road. (a) Probability density diagram; (b) 
weighted average age diagram; (c) concord diagram; (d) tuffzirc age diagram.

The volcanic units include the Saldaña Formation and the 
Pitalito Vulcanites (Rodríguez et al., 2016b, 2018a). The for-
mer is located in the Central Cordillera and the serranía de Las 
Minas near the western plutons. The latter is located near the 
western edge of the Eastern Cordillera near the eastern plutons 
(Figure 10). They consist of andesitic to rhyolitic lava flows, 
tuffs, and agglomerates. 

4.2.2. Geochemistry

Whole–rock geochemical analyses were performed on 72 samples 
from the eastern and western plutons (Rodríguez et al., 2018a). 
Data sources include Arango et al. (2015a, 2015b, 2015c, 2015d, 
2015e); Bermúdez et al. (2015); Bustamante et al. (2010); Ro-
dríguez et al. (2015a, 2015b, 2015c, 2015d, 2015e, 2016b); and 
Zapata et al. (2015) (see Table 1, Supplementary Information).

The eastern plutons are grouped in the TAS diagram (Fig-
ure 12a) in the field of granites, although a few rocks from 

the Algeciras and Altamira Monzogranites are alkali feldspar 
granites. The western plutons tend to have more basic compo-
sitions, varying between quartz diorites and quartz monzodi-
orites. Some rocks from the Páez Quartz Monzodiorite reach 
the granite field, which is consistent with the petrographic data 
(Figures 11, 12a).

The Jurassic granitoids of the UMV show decreases in TiO2, 
Al2O3, MgO, CaO, and P2O5 and increases in K2O and Na2O 
with increasing SiO2. The rocks in the A (Al2O3), F (FeO), M 
(MgO) (AFM) diagram range from tholeiitic to more differen-
tiated calc–alkaline rocks (Figure 12b) and mostly plot within 
the field of the high–K, calc–alkaline series (Figure 12c). These 
rocks transition from metaluminous in the western granitoids 
to peraluminous in the eastern granitoids (Figure 12d), with A/
CNK ratios ranging from 0.5 to 1.2 and A/NK ratios ranging 
from 1 to 2.8, suggesting magmatic differentiation. 

The eastern granitoids are high–K calc–alkaline, and some 
rocks are shoshonitic (Figure 12c), with SiO2 contents ranging 
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from 53% to 78%, Na2O contents ranging from 2.8% to 4.7%, 
and K2O contents ranging from 2.1% to 5% (Figure 12e). They 
have low Fe2O3 contents ranging from 0.5% to 10.4% and MgO 
contents ranging from 0.18 to 6.4%. The western plutons vary 
between tholeiitic to calc–alkaline in the AFM diagram (Figure 
12b) and are calc–alkaline (Figure 12c), with low SiO2 contents 

ranging from 47.6% to 74.8% (average of 61%), low Na2O con-
tents ranging from 2.4% to 4.2%, with most values near 3.30%, 
and higher Fe2O3 (6.21%) and MgO (3.39%) contents. The TiO2 
content is usually less than 1%.

The western plutons have a predominantly metaluminous 
character (Figure 12d), with mean Al2O3 contents of 15.5% wt 
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and lower (CaO + Na2O + K2O) contents of 11.7% wt. Some 
silica–enriched rocks reach the peraluminous series. The west-
ern plutons range from metaluminous, with Al2O3 contents of 
15.34% wt and (CaO + Na2O + K2O) contents of 10.86% wt, to 
peraluminous in the rocks from the Garzón Granite and in most 
samples from the Altamira Monzogranite, with A/NK (1.74) > 
A/CNK (1.46). 

Both groups of plutons of the UMV have markedly negative 
Nb, Ti, and P anomalies and positive anomalies and high val-
ues of Cs, Ba, Th, Sr, K, Pb, and Rb. These characteristics are 
typical of magmas that are generated in continental margin arc 
environments (Pearce et al., 1984; Pearce, 1996) with gradual 
depletion from LILE to HFSE (Figure 13).

The K2O versus CaO ratios allow the differentiation between 
the high–K calc–alkaline granitoids (KCG) of the eastern plu-
tons and the arc calc–alkaline granitoids (ACG) of the western 
plutons, according to the classification of Barbarin (1999). This 
suggests a mixed component (mantle and crust contributions) 
in the origin of these groups of granitoids. KCG are associated 
with crustal melting with a minor mantle contribution, whereas 
the mantle fraction prevails over the crustal component in ACG.

The (Ba/Sr) and (K/Rb) ratios are higher in the eastern bod-
ies, with values of 3.29 and 34.92, respectively, that are associ-
ated with plagioclase crystallization (Green, 1980) and the ease 
of Ba replacement by K, indicating higher alkali enrichment. 
In contrast, the western plutons have values of 1.93 and 31.42, 
respectively. 

The patterns of the chondrite–normalized rare earth ele-
ments (REE) (McDonough & Sun, 1995) of most of the samples 
are subparallel in both groups of plutons, with negative slopes 
and patterns similar to those of rocks generated in subduction 
environments above the subducted plate, including enrichment 
in light rare earth elements (LREE) and depletion in heavy rare 
earth elements (HREE) (Figure 14). Most samples have slightly 
positive Eu anomalies, with mean ratios of Eu/Eu* = 1.22 in the 
western plutons and Eu/Eu* = 1.14 in the eastern plutons; some 
of the samples had ratios of Eu/Eu* < 1 (Table 4).

The (La/Yb)n ratios range from 10 to 26 in the eastern plu-
tons, with most values between 10 and 15, except in the Som-
brerillo Quartz Monzonite, where they range from 4.8 to 7.3. In 
the western plutons, (La/Yb)n < 10 in most samples, and a few 
rocks have values between 10 and 20 (e.g., 900642, 900643, 
900752, 900673). These values are consistent and lower than 
those of the eastern plutons, suggesting decreased magmatic 
differentiation and decreased crustal contribution. The sums of 
the contents of the rare earth elements (∑ REE) range from 62.3 
to 338 in the eastern plutons and from 36.7 to 252 in the western 
plutons (Table 4).

Both groups of plutons show characteristics of continental 
arc (Figure 15a, 15b), I–type (cordilleran) (Figure 15c), mag-
nesian (oxidizing magmas) (Figure 15d) granites with greater 
enrichments in SiO2 in the eastern plutons.

4.2.3. Geochronology

Forty samples of rocks and saprolites of granitoids and vol-
canic rocks from the UMV were dated using the U–Pb zircon 
LA–ICP–MS method. The samples correspond to the An-
chique Quartz Monzonite, San Cayetano Quartz Monzonite, 
Los Naranjos Quartz Monzonite, Páez Quartz Monzodiorite, 
El Astillero Quartz Monzodiorite, Las Minas Monzonite, Al-
geciras Monzogranite, Teruel Quartz Latite, Garzón Granite, 
Altamira Monzogranite, Sombrerillo Quartz Monzonite, Mocoa 
Monzogranite, Saldaña Formation, and Pitalito Vulcanites (data 
sources: Arango et al., 2015a, 2015b, 2015c, 2015d, 2015e; 
Bermúdez et al., 2015; Rodríguez et al., 2015a, 2015b, 2015c, 
2015d, 2015e, 2018a; Zapata et al., 2015). The locations of the 
samples are shown in Figure 10, and the ages are presented in 
Table 5.

The ages reported for the eastern and western plutons show 
clustering according to the spatial position of the bodies in 
the UMV, and the different age groups identify at least three 
magmatic pulses. The western plutons record a main magmatic 
pulse between 193 and 186 Ma with some ages between 182 
and 178 Ma. The eastern plutons indicate narrow crystalliza-
tion ages ranging from 173 to 169 Ma with some inherited and 
crystallization ages ranging from 182 to 179 Ma. The latter age 
range suggests an intermediate magmatic event that is present 
both in the western and eastern plutons, which likely occurred 
during the migration of magmatism within the arc (Rodríguez 
et al., 2018a).

The ages of the volcanic units in the UMV match the spatial 
distribution of the ages of both the western and eastern plutons. 
The Saldaña Formation is exposed near the western plutons 
and has crystallization ages ranging from 188.9 ± 4.2 to 186 ± 
2.0 Ma with some intermediate ages of approximately 183 Ma, 
which is similar to those obtained in the western plutons (Ro-
dríguez et al., 2016b). The Pitalito Vulcanites are located near 
the eastern plutons and have ages ranging from 172.4 ± 1.7 to 
168 ± 2.5 Ma with intermediate ages of approximately 183–178 
Ma, similar to those obtained in the eastern plutons (Table 5).

Zircons from Jurassic granitoids and volcanic rock samples 
from the UMV have rare inherited cores (Table 5), which sug-
gest that they are derived from the Neoproterozoic basement 
that outcrops in the UMV, including the Garzón Group, the 
Mancagua and Guapotón Gneisses, and Las Minas Metamor-
phites. The metamorphic and inherited ages are similar to those 
found in zircon cores of the Jurassic granitoids and volcanic 
rocks (MIA–538, GZ–6774, GR–6611B, GR–6636, and JGB–
355; data sources: Arango et al., 2015a, 2015b, 2015c, 2015d, 
2015e; Bermúdez et al., 2015; Rodríguez et al., 2015a, 2015b, 
2015c, 2015d, 2015e, 2018a; Zapata et al., 2015). These zircons 
may have been inherited from the Paleozoic sedimentary rocks 
that overlie the Precambrian crystalline basement. A second 
group of inherited ages of 183–181 Ma is interpreted to repre-
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Figure 13. N–MORB–normalized trace element diagrams (Sun & McDonough, 1989) for both groups of plutons from the Upper Magdalena 
Valley (UMV). Data sources: Arango et al. (2015a, 2015b, 2015c, 2015d, 2015e); Bermúdez et al. (2015); Rodríguez et al. (2015a, 2015b, 2015c, 
2015d, 2015e, 2018a); Zapata et al. (2015). Gray shading indicates the general pattern of trace elements of the arc. 

Figure 14. Chondrite–normalized rare earth element diagram (Nakamura, 1974) for both groups of plutons from the Upper Magdalena 
Valley (UMV). Data sources: Arango et al. (2015a, 2015b, 2015c, 2015d, 2015e); Bermúdez et al. (2015); Rodríguez et al. (2015a, 2015b, 2015c, 
2015d, 2015e; 2018a); Zapata et al. (2015). 

sent zircons or zircon cores that were inherited from previous 
pulses of magmatism in the same arc, which were assimilated or 
reincorporated in subsequent pulses in the magmatic chamber.

4.3. Northern Block of the Ibagué Batholith (NBIB)

The northern section of the Ibagué Batholith is called the 
“northern block of the Ibagué Batholith (NBIB)” in this paper. 
This block is bounded by the Ibagué Fault to the south and by 
the Otú–Pericos Fault to the east, and it is located southwest 
of the town of Armero to the Ibagué Fault line on the eastern 
flank of the Central Cordillera of Colombia (Figures 1, 16). 
Two intrusives, the Anzoátegui Metatonalite to the west and 
the Ibagué Tonalite to the east, have been identified in this 
block. They are separated by a block of metamorphic rocks 
that consists of schists, gneisses, quartzites, and amphibolites 

(Tierradentro Gneisses and Amphibolites sensu Barrero & 
Vesga, 1976).

The Anzoátegui Metatonalite has an irregular elongated 
shape that is approximately 55 km long and 27 km wide (Fig-
ure 16). It is in intrusive and locally faulted contact on the east 
and west with the Tierradentro Gneisses and Amphibolites. 
The granitoid shows mineral orientation and local develop-
ment of gneissic structures (Figure 17a). The Ibagué Tonalite 
is elongated in the N–S direction and is approximately 78 km 
long and 19 km wide. It is covered by alluvial deposits and 
alluvial fans to the east and intrudes the metamorphic strip of 
Tierradentro Gneisses and Amphibolites to the west (Figure 
16). It has a granular texture and an isotropic (Figure 17b) 
to locally oriented structure near the contact with the meta-
morphic block (Figures 16, 17). Both plutons are intruded by 
andesitic and dacitic dikes.
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IGM UNIT Eu/Eu* (La/Yb)n (La/Sm)n (Ce/Yb)n (Ce/Sm)n (Eu/Yb)n ∑REE

Western Plutons

CB0007A* Las Minas Monzodiorite 0.9 6.92 2.92 5.53 2.33 1.77 116.6

900752 Las Minas Monzodiorite 1.26 11.23 2.84 9.12 2.31 4.14 219.53

900643 Anchique Quartz Monzonite 1.08 15.05 4.29 11.23 3.2 2.83 204.95

900642 Anchique Quartz Monzonite 1.02 15.99 4.29 11.65 3.13 2.77 252.38

900647 Los Naranjos Quartz Monzonite 1.21 5.04 2.1 4.35 1.81 2.24 145.26

900651 Los Naranjos Quartz Monzonite 0.93 5.71 2.72 4.65 2.22 1.49 145.53

900650 Los Naranjos Quartz Monzonite 0.95 8.16 2.94 6.34 2.28 2.03 217.48

900641 Los Naranjos Quartz Monzonite 0.89 6.54 2.99 4.86 2.22 1.46 224.33

900649 Los Naranjos Quartz Monzonite 0.82 9.15 3.51 7.03 2.69 1.65 240.88

900823 San Cayetano Quartz Monzonite 1.07 9.11 3.04 6.27 2.09 2.57 197.82

900827 San Cayetano Quartz Monzonite 0.72 9.17 3.52 6.36 2.44 1.52 201.28

900825 San Cayetano Quartz Monzonite 0.69 8.04 3.08 6.06 2.32 1.43 201.81

900826 San Cayetano Quartz Monzonite 0.51 4.95 3.88 3.69 2.89 0.55 222.14

900824 San Cayetano Quartz Monzonite 0.89 8.52 2.57 6.22 1.88 2.3 237.3

900719 El Astillero Quartz Monzodiorite 1.1 6.2 2.62 4.88 2.07 2.25 132.55

900721 El Astillero Quartz Monzodiorite 1.11 7.57 2.95 5.73 2.23 2.43 142.48

900720 El Astillero Quartz Monzodiorite 0.94 6.58 2.72 4.92 2.04 1.89 163.41

900678 Páez Quartz Monzodiorite 1.97 3.33 1.7 2.63 1.34 3.01 36.68

900683 Páez Quartz Monzodiorite 1.63 7.06 2.16 5.55 1.7 3.96 74.86

900725 Páez Quartz Monzodiorite 1.13 9.79 3.12 7.28 2.32 2.77 89.79

900738 Páez Quartz Monzodiorite 1.14 4.06 1.68 3.71 1.54 2.32 91.87

900658 Páez Quartz Monzodiorite 1.46 6.61 2.25 5.15 1.75 3.28 92.17

900679 Páez Quartz Monzodiorite 1.27 5.72 2.4 4.71 1.98 2.29 94.39

900665 Páez Quartz Monzodiorite 1.28 6.05 2.53 5.07 2.12 2.32 98.43

900664 Páez Quartz Monzodiorite 1.73 10.36 3.28 8.26 2.62 4.04 108.23

900673 Páez Quartz Monzodiorite 1.96 18.86 5.8 13.14 4.04 4.87 108.29

900737 Páez Quartz Monzodiorite 0.27 11.35 5.72 8.05 4.06 0.47 119.76

900681 Páez Quartz Monzodiorite 1.28 7.68 2.41 6.62 2.08 3.07 120.75

900722 Páez Quartz Monzodiorite 0.97 8.07 2.89 6.52 2.33 2.28 138.87

900730 Páez Quartz Monzodiorite 0.6 5.71 2.97 4.4 2.29 1 161.17

900667 Páez Quartz Monzodiorite 1.1 8.05 3.12 6.2 2.4 2.12 228.64

Eastern Plutons

900718 Altamira Monzogranite 0.89 12.49 5.52 7.03 3.11 1.74 165.9

900734 Altamira Monzogranite 0.83 12.29 4 6.56 2.14 2.1 226

900745 Altamira Monzogranite 0.51 26.95 23.21 7.1 6.12 0.61 127.1

900749 Altamira Monzogranite 0.68 10.37 4.38 7.33 3.09 1.38 186.4

CB0005* Altamira Monzogranite 1.49 14.81 2.73 11.77 2.17 5.82 62.28

900691 Altamira Monzogranite 1.2 17.65 7.28 10.92 4.51 2.35 166.6

900692 Altamira Monzogranite 1.03 13.09 4.13 10.17 3.21 2.54 250.2

900694 Altamira Monzogranite 1.54 20.56 6.69 14.41 4.69 3.81 147.1

900697 Altamira Monzogranite 1.13 14.75 4.49 10.71 3.26 3.03 331.7

900699 Altamira Monzogranite 1.1 16.77 5.43 11.25 3.65 2.68 338

900703 Altamira Monzogranite 1.44 14.9 7.54 9.13 4.62 2.35 139.1

Table 4. Chondrite–normalized rare earth element diagram (Nakamura, 1974) for granitoids from the UMV.
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IGM UNIT Eu/Eu* (La/Yb)n (La/Sm)n (Ce/Yb)n (Ce/Sm)n (Eu/Yb)n ∑REE

900704 Altamira Monzogranite 1.15 15.28 5.13 10.6 3.56 2.74 230.4

900706 Altamira Monzogranite 1.04 15.95 5.22 10.36 3.39 2.45 269.3

900708 Altamira Monzogranite 1.03 14.89 5.03 10.34 3.49 2.38 283.1

900709 Altamira Monzogranite 1.03 12.93 4.37 9.4 3.18 2.34 287.8

900711 Altamira Monzogranite 1.24 17.54 6 11.57 3.96 3.11 119.6

900715 Garzón Granite 1.17 14.9 4.74 10.51 3.35 3.11 134.5

900716 Garzón Granite 1.43 11.14 3.77 8.01 2.71 3.25 182.7

900698 Teruel Quarz Latite 1.83 13.54 4.88 9.09 3.27 3.97 177.5

900712 Teruel Quarz Latite 1.7 12.13 4.38 8.41 3.04 3.65 196.4

900713 Teruel Quarz Latite 2.67 21.89 5.99 13.81 3.78 8.35 159.9

900781 Mocoa Monzogranite 1.05 10.35 2.9 7.88 2.21 3.09 272.2

900782 Mocoa Monzogranite 1.1 9.28 3.11 7 2.34 2.72 267.5

900784 Mocoa Monzogranite 1.02 11.28 4.67 8.17 3.39 2.04 188.2

900785 Mocoa Monzogranite 1.14 11.83 4.71 7.92 3.15 2.41 176.5

900813 Mocoa Monzogranite 1.06 11.88 5.35 7.9 3.56 1.99 162.1

900815 Mocoa Monzogranite 0.86 10.75 4.9 7.29 3.32 1.59 172

900816 Mocoa Monzogranite 1.4 12.38 4.14 8.5 2.84 3.46 137.3

900818 Mocoa Monzogranite 1.52 10.99 3.82 8.53 2.97 3.67 127.4

900819 Mocoa Monzogranite 1.36 12.72 4.97 8.46 3.31 2.95 155.3

900820 Mocoa Monzogranite 1.46 9.78 4.27 6.8 2.97 2.83 126.8

900821 Mocoa Monzogranite 1.18 9.65 4.44 6.53 3 2.17 158.9

900822 Mocoa Monzogranite 0.83 11.39 4.18 8.97 3.29 1.92 285.8

900764 Sombrerillo Quartz Monzonite 1.35 4.84 1.89 4.1 1.6 2.94 93.44

900765 Sombrerillo Quartz Monzonite 0.86 5.5 2.55 4.45 2.06 1.57 170

900766 Sombrerillo Quartz Monzonite 1.01 6.37 2.54 5.23 2.08 2.13 137.4

900768 Sombrerillo Quartz Monzonite 1.4 7.28 2.57 5.98 2.11 3.27 202.1

900768 Sombrerillo Quartz Monzonite 1.15 6.54 2.49 5.47 2.08 2.4 165.3

900768 Sombrerillo Quartz Monzonite 0.89 6.25 2.94 5.16 2.43 1.62 149

900808 Sombrerillo Quartz Monzonite 0.92 5.57 2.79 4.64 2.33 1.54 147.8

900810 Sombrerillo Quartz Monzonite 0.88 7.07 2.38 5.54 1.86 2.11 664.9

Source: Data from Arango et al. (2015a, 2015b, 2015c, 2015d, 2015e); Bermúdez et al. (2015); Rodríguez et al. (2015a, 2015b, 2015c, 2015d, 2015e, 2018a); Zapata et al. (2015).

n—normalized to chondrite values of Nakamura (1974).

Table 4. Chondrite–normalized rare earth element diagram (Nakamura, 1974) for granitoids from the UMV (continued).

4.3.1. Petrography

The Anzoátegui Metatonalite consists of metatonalites and me-
tagranodiorites (Figure 18; Table 6) with polycrystalline quartz 
in polygonal to sutured mosaics (Figure 17c, 17d), which re-
sulted from metamorphic recrystallization. The rocks are equi-
granular to inequigranular, medium–grained, white or gray with 
black spots, and have mineral orientation in most outcrops. 
Locally, the rocks lack mineral orientation and are isotropic. 
Plagioclase is zoned from oligoclase to sodic andesine (An28 
to An34) based on the symmetrical zone albite twin method of 
Michel–Lévy. Orthoclase is rare and varies to interstitial micro-

cline. The rocks contain mafic minerals such as biotite, which 
is usually altered to slightly oriented chlorite, and hornblende 
with clinopyroxene cores. Opaque minerals, apatite, zircon, and 
titanite are accessory minerals. 

The Ibagué Tonalite consists of tonalites, subordinate quartz 
diorites and granodiorites (Figure 18; Table 7). It is white or 
gray with black spots and has an equigranular texture. The rocks 
are composed of anhedral quartz, oligoclase to sodic andesine 
plagioclase, and occasional interstitial orthoclase. It contains 
mafic minerals such as hornblende and biotite that are partly 
altered to chlorite, and it contains accessory minerals such as 
zircon, apatite, titanite, and opaque minerals (Figure 17e, 17f).
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4.3.2. Geochemistry

Whole–rock chemical analyses were performed on 3 rocks from 
the Anzoátegui Metatonalite and 4 rocks from the Ibagué To-
nalite (Table 8). In addition, 8 sets of data from Bustamante et 
al. (2016) were compiled (see Table 1, Supplementary Infor-
mation). The samples from both plutons have SiO2 contents 
ranging from 50.3% to 67.8%. The K2O contents range from 
0.84% to 3.3% with values from 1% to 2% in most samples. 
CaO ranges from 3.35% to 9.8%, and TiO2 is <1% except in 
sample JGB–492 (1.4% TiO2). The plutons cluster in the field 

of tonalites and granodiorites in the TAS diagram, with some 
reaching the field of quartz diorites and quartz monzodiorites 
(Figure 19a), which is consistent with the petrographic data. 
The samples show decreases in TiO2, MgO, and CaO and an 
increase in K2O with increasing SiO2.

The rocks plot in the field of the calc–alkaline series (Fig-
ure 19b, 19c). These rocks are mostly metaluminous (Figure 
19d) with A/CNK ratios ranging from 0.7 to 1.05 and A/NK 
ratios ranging from 1.4 to 3, which indicates a low contribu-
tion of crustal material to the magma during the formation of 
the plutons.
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Sample Latitude N Longitude W Classification Unit Age (Ma) Inherited ages (Ma)

Western Plutons

MIA–438 3° 33’ 46.184” 75° 08’ 26.761” Monzonite Anchique Quartz Monzonite 183.5 ± 3

MIA–440 3° 39’ 47.772” 75° 06’ 20.693” Monzonite Anchique Quartz Monzonite 186.4 ± 1.4

JGB–357 3° 41’ 17.677” 75° 10’ 51.437” Quartz monzonite with px San Cayetano Quartz Monzonite 173.3 ± 1.3 

JGB–356 3° 39’ 52.894” 75° 10’ 16.665” Quartz monzonite with px San Cayetano Quartz Monzonite 195.8 ± 1.5

JGB–345 3° 21’ 58.505” 75° 20’ 38.041” Monzodiorite Los Naranjos Quartz Monzonite 187.9 ± 1.3

GR–6634 2° 39’ 57.305” 75° 55’ 35.226” Granodiorite Páez Quartz Monzodiorite 180.2 ± 1.6

GR–6639 2° 37’ 45.611” 75° 44’ 07.812” Tonalite Páez Quartz Monzodiorite 181.83 ± 0.91

GR–6645 2° 15’ 07.848” 75° 58’ 19.470” Granite Páez Quartz Monzodiorite 191.9 ± 1.4

MIA–454 2° 56’ 37.242” 75° 30’ 41.603” Monzodiorite Páez Quartz Monzodiorite 193.13 ± 1.4

MIA–499 2° 32’ 51.609” 75° 49’ 56.785” Quartz monzodiorite Páez Quartz Monzodiorite 181.7 ± 3.8 

GR–6625 2° 20’ 19.440” 75° 44’ 44.618” Monzodiorite El Astillero Quartz Monzodiorite 187 ± 3.3

MIA–482 2° 11’ 43.395” 75° 51’ 27.021” Quartz monzodiorite Las Minas Monzodiorite 181.6 ± 3.4  

Eastern Plutons

GR–6585 2° 36’ 17.331” 75° 19’ 09.103” Aplite in granodiorite Algeciras Monzogranite 178.6 ± 1.2

GR–6586 2° 35’ 59.239” 75° 16’ 49.980” Granodiorite Algeciras Monzogranite 171 ± 2.5

GR–6589 2° 28’ 22.946” 75° 24’ 58.344” Granite Algeciras Monzogranite 169.6 ± 1.2

GZ–6750 2° 45’ 36.701” 75° 11’ 48.824” Quartz monzonite Algeciras Monzogranite 179 ± 1.9

MIA–458 2° 46’ 25.626” 75° 30’ 46.993” Quartz monzonite Teruel Quartz Latite 170.50 ± 1.10 181.1 ± 1.70 

MIA–460 2° 44’ 08.778” 75° 32’ 25.933” Quartz monzonite Teruel Quartz Latite 174.1 ± 2.0

GR–6619 2° 10’ 01.284” 75° 36’ 36.632” Granite Garzón Granite 170.8 ± 2.4

GR–6652 1° 44’ 56.859” 76° 01’ 25.944” Granite Altamira Monzogranite 171.6 ± 1

JGB–390 1° 50’ 36.121” 75° 54’ 31.726” Granite Altamira Monzogranite 172 ± 3.9

MIA–478 1° 53’ 05.855” 75° 53’ 44.793” Monzogranite Altamira Monzogranite 169.4 ± 3.2

GZ–6780 1° 10’ 04.832” 76° 51’ 39.289” Quartz monzodiorite Sombrerillo Quartz Monzonite 173.8 ± 2.2

MIA–512 1° 48’ 42.758” 76° 17’ 34.195” Granodiorite Sombrerillo Quartz Monzonite 176.3 ± 2.5

MIA–525 1° 54’ 17.460” 76° 08’ 48.014” Monzogranite Saprolite Sombrerillo Quartz Monzonite 181.5 ± 4.0 

GR–6672 1° 04’ 17.186” 76° 44’ 12.719” Quartz monzodiorite Mocoa Monzogranite 171.6 ± 1.2

MIA–538 1° 04’ 08.328” 76° 46’ 16.618” Granitic saprolite Mocoa Monzogranite 181.8 ± 1.3 939 ± 40  

MIA–543  1° 12’ 06.116” 76° 40’ 54.752” Granitic saprolite Mocoa Monzogranite 170.7 ± 2.1  

Volcanic Rocks

GR–6611B 2° 48’ 40.70” 75° 35’ 22.34” Phenotrachyte Saldaña Formation 188.9 ± 1.6 923 ± 24, n=1

GR–6636 2° 19’ 46.38” 75° 48’ 47.34” Andesite Saldaña Formation 187.1 ± 2.4 510, n=1; 1960, n=1

GR–6664 1° 26’ 0.53” 76° 26’ 47.05” Andesite Saldaña Formation 183.3 ± 1.1

MIA–504 2° 7’ 48.30” 76° 4’ 7.02” Andesite Saldaña Formation 188.9 ± 4.2

MIA–519 2° 9’ 24.95” 76° 0’ 59.55” Andesite Saldaña Formation 188.1 ± 3.4

GR–6579 3° 28’ 55.25” 75° 14’ 42.79” Lithic tuff Saldaña Formation 187.2 ± 2.8

GZ–6775 1° 6’ 43.10” 76° 50’ 5.32” Crystal tuff Saldaña Formation 186.8 ± 2.0

GZ–6774 1° 5’ 35.28” 76° 50’ 20.90” Crystal tuff Saldaña Formation 172.9 ± 1.3 223.48 ± 9.5, n=1 and 
906.3 ± 21.1, n=1

JGB–355 2° 48’ 59.55” 75° 21’ 46.52” Tuff Pitalito Vulcanites 178.7 ± 4.5
980–1060, n=4; 1460, 
n=1; 1570, n=1; 1630, 
n=1; 2770, n=1

GR–6649 1° 45’ 42.92” 76° 2’ 25.09” Phenocryst andesite Pitalito Vulcanites 172.4 ± 1.7 183.30 +0.30/-3.30, n=20

Table 5. LA–ICP–MS U–Pb zircon ages of granitoid bodies and volcanic rocks from the UMV. 
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Figure 16. Geological map and U–Pb zircon ages of the Anzoátegui Metatonalite and Ibagué Tonalite. The K–Ar data are from Vesga & 
Barrero (1978) and McCourt et al. (1984), the Ar–Ar data are from Villagómez et al. (2011), and the U–Pb data are from Bustamante et al. 
(2016) and this study.

Table 5. LA–ICP–MS U–Pb zircon ages of granitoid bodies and volcanic rocks from the UMV (continued).

Sample Latitude N Longitude W Classification Unit Age (Ma) Inherited ages (Ma)

GZ–6766 1° 57’ 1.26” 76° 3’ 20.24” Dacite Pitalito Vulcanites 170.7 ± 2.4

GZ–6769 1° 40’ 54.67” 76° 13’ 7.69” Rhyolite Pitalito Vulcanites 168 ± 2.5  

Source: Data from Arango et al. (2015a, 2015b, 2015c, 2015d, 2015e); Bermúdez et al. (2015); Rodríguez et al. (2015a, 2015b, 2015c, 2015d, 2015e, 2018); Zapata et al. (2015).
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Figure 17. (a) Macroscopic view of the Anzoátegui Metatonalite 
(IGM–49416, IGM–49417) with mineral orientation and enclaves. (b) 
Ibagué Tonalite with schist xenolith and granular texture. (c), (d) 
microscopic views of the Anzoátegui Metatonalite (IGM–49416, IGM–
49417). (e), (f) microscopic views of the Ibagué Tonalite (IGM–75340, 
IGM–76503). 

Figure 18. Modal compositions of the Anzoátegui Metatonalite 
and Ibagué Tonalite in the NBIB. Quartz, Alkali feldspar, Pla-
gioclase, Feldspathoid (QAPF) diagrams of Streckeisen (1974).

Both tonalitic plutons show markedly negative Nb, Ti, Ce, 
and P anomalies and positive anomalies and high values of Cs, 
Ba, Th, Sr, K, Pb, and Rb, similar to the patterns of continental 
margin magmatic arcs (Pearce, 1996) with gradual depletion 
from LILE to HFSE (Figure 19e).

Based on the values of Nakamura (1974), the patterns of 
the chondrite–normalized REE for both plutons are subparallel 
with negative slopes and are similar to patterns for rocks that 
are generated in subduction environments above the subducted 
plate, with enrichment in LREE and depletion in HREE (Figure 
19f). These results are consistent with those of Bustamante et 
al. (2016). They have negative Eu anomalies with Eu/Eu* ratios 
ranging from 0.52 to 0.93, indicating plagioclase fractionation 
at the source (Table 9). The (La/Yb)n ratios range from 3.9 to 
10.9 with no major differences in the (La/Sm)n, (Ce/Yb)n, (Ce/
Sm)n, and (Eu/Yb)n ratios between the two plutons (Table 9).

In the tectonic environment discrimination diagrams, the 
samples from both intrusives plot within continental margin 
arcs of calc–alkaline affinity (Figure 20a) and within I–type 
granites (Figure 20b).

4.3.3. Geochronology

Eight rocks from the NBIB were dated, including three sam-
ples from the Anzoátegui Metatonalite, two from the Ibagué 
Tonalite, and three from the Tierradentro Gneisses and Amphi-
bolites (Table 10).

4.3.3.1. Igneous Ages

The following samples from the Anzoátegui Metatonalite were 
dated: one tonalite (GOE–1088) with a weighted mean age of 
154.79 ± 0.83 Ma (n = 91, MSWD = 3.1, and Th/U ratios rang-
ing from 0.3 to 1.3); one metatonalite (LMC–104) with a U–Pb 
weighted mean age of 153.9 ± 1.1 Ma (n = 39, MSWD = 2.5, 
and Th/U ratios ranging from 0.43 to 0.9); and one metagran-
odiorite (AMC–0153) with a U–Pb zircon weighted mean age 
of 159.91 ± 0.69 Ma (n = 67, MSWD = 1.4, and Th/U ratios 
ranging from 0.31 to 1.24) (Figure 21). These ages represent 
magmatic crystallization ages based on the concentric struc-
tures of the zircons in CL images and the Th/U ratios. 

Two samples from the Ibagué Tonalite were dated, includ-
ing a granodiorite (MIG–076) with a U–Pb weighted mean 
age of 145.52 ± 0.82 (n = 67, MSWD = 4.5, and Th/U ratios 

ranging from 0.34 to 1.1; Figure 21) and a tonalite (JPZ–
001A) with a U–Pb zircon weighted mean age of 138.48 ± 
0.95 Ma (n = 53, MSWD = 2.2, and Th/U ratios ranging from 
0.45 to 0.88). These ages represent magmatic crystallization 
ages based on the concentric structures of the zircons in CL 
images and the Th/U ratios. 

4.3.3.2. Basement Ages

Three samples from the Tierradentro Gneisses and Amphibolites 
unit were dated, including two amphibolites from the metamor-
phic strip that separates the two intrusive bodies (AMC–0171 and 
MIG–074) and one sample from a metamorphic strip west of the 
Anzoátegui Metatonalite (AMC–0152). The results are shown 
in Figure 22. AMC–0171 corresponds to an amphibolite with 
a weighted mean age from zircon edges of 167.3 ± 3.0 Ma (n = 
11, MSWD = 3.2, and Th/U ratios ranging from 0.012 to 0.048), 
in which the individual ages range from 174.6 Ma to 161.3 Ma. 
These are interpreted as metamorphic ages. AMC–0171 shows 
inheritances from the Mesoproterozoic (n = 1), Neoproterozoic 
(1141 to 728 Ma; n = 9), Cambrian (n = 5), Devonian (n = 4), 
Permian (264.7 Ma; n = 1), Triassic (223 Ma to 240 Ma; n = 3), 
and Early Jurassic (187.1 ± 3.8 Ma; n = 9). The structures of the 
zircons are complex and are characterized by abundant inherited 
cores and metamorphic overgrowths. MIG–074 also corresponds 
to an amphibolite, and the analyzed zircons were concentrated 
from a saprolite. Thirty–two consistent analyses indicate a medi-
an age of 154.5 +3.1/–6.4 Ma, which is interpreted as a magmatic 
crystallization age based on the concentric, zoned structures of 
the zircons in the CL images and the Th/U ratios ranging from 
0.25 to 3.9. This sample yielded the following ages from inherit-
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Anzoátegui Metatonalite

IGM Sample Longitude W Latitude N Qtz Pl Kfs Cpx Hbl Bt Op Ap Zrn Ttn Ep Classification

49277 GB–1422 74° 58’ 14.24’’ 4° 51’ 11.38’’ 7 41 Tr Tr 33 19  Tr Tr Tr Tr Quartz diorite

901079 LMC–104 74° 59’ 3.23’’ 4° 50’ 36.88’’ 18 45 10 15 12 Tr Tr Tr Tr Granodiorite 

77804 PM–8221 75° 9’ 13.61’’ 4° 33’ 21.50’’ 26.3 57.7 12.4 Tr 2.1 1.5 Tr Tr Tr Tr  Metagranodiorite

49668 DMT–5474 75° 2’ 54.50’’ 4° 38’ 5.88’’ 25.4 31.7 14.3 1.6 7.9 12.7 Tr   4.8  Metagranodiorite

77805 PM–8224 75° 9’ 27.27’’ 4° 33’ 46.22’’ 31 49.6 7 Tr 3.1 9.3 Tr Tr Tr Tr  Metagranodiorite

49444 VW–4539 75° 1’ 35.44’’ 4° 43’ 20.10’’ 17.5 13 34.8 Tr 18.8 Tr    5.8 Tr Metagranodiorite

49644 IB–167 75° 2’ 12.49’’ 4° 40’ 10.28’’ 25.3 22.3 10 Tr 38.7 Tr      Metagranodiorite

48469 GB–1104 74° 57’ 0.70’’ 4° 52’ 41.64’’ 21.8 51.5 Tr Tr 16.5 8 1.5 0.25 0.25 0.25 Tr Metatonalite

48473 GB–1114 74° 56’ 13.30’’ 4° 52’ 29.66’’ 22.5 33.3 Tr Tr 24.3 5 1.4  3.6 6.8  Metatonalite

49304 HP–3214 75° 0’ 8.98’’ 4° 45’ 24.89’’ 21 33 Tr Tr 15 5  Tr  Tr 7 Metatonalite

49243 PM–6028 75° 0’ 24.49’’ 4° 48’ 37.56’’ 19 51 Tr Tr 0 13  Tr Tr Tr 4 Metatonalite

49416 PM–6388 75° 2’ 21.72’’ 4° 41’ 58.99’’ 24 53 Tr Tr 10 8  Tr Tr 3 Tr Metatonalite

49417 PM–6391 75° 2’ 32.10’’ 4° 41’ 56.37’’ 35 39 Tr Tr 9 16  Tr Tr 1 Tr Metatonalite

48470 GB–1105 74° 56’ 55.50’’ 4° 52’ 40.02’’ 31.5 50.5 Tr Tr 12.5 4 0.75 0.35 0.2 0.2 Tr Metatonalite

48471 GB–1109 74° 56’ 30.51’’ 4° 52’ 37.12’’ 33.5 47 Tr Tr 8 10.5 0.6 0.3  0.1 Tr Metatonalite

68436 PM–7124 75° 3’ 20.60’’ 4° 35’ 58.24’’ 27.3 26.1 Tr Tr 33 10.2 Tr  3.4   Metatonalite

49673 DMT–5519 75° 3’ 41.81’’ 4° 37’ 33.26’’ 26.7 28 Tr Tr 22.7 6.7 Tr 0  2.7 4 Metatonalite

901072 JPZ–004 75° 2’ 40.24’’ 4° 39’ 4.03’’ 29.2 37.5 25 2.8 1.4 2.8 1.4 Metatonalite

49425 VW–4349 75° 2’ 57.19’’ 4° 47’ 7.19’’ 39 33.7 26 Tr 1.3 Metatonalite

49298 HP–3169 74° 59’ 17.87’’ 4° 49’ 27.62’’ 18 61 Tr Tr 14 5  Tr Tr 0 Tr Tonalite

49301 HP–3195 74° 58’ 47.30’’ 4° 50’ 41.88’’ 16 44 Tr Tr 25 15  Tr Tr  Tr Tonalite

49643 IB–643 75° 3’ 13.15’’ 4° 40’ 6.29’’ 20 44.1 Tr Tr 22 10.2  1.7  1.7  Tonalite

49647 IB–187 75° 4’ 10.95’’ 4° 36’ 49.60’’ 26.5 42.2 Tr 4.8 21.7 0 Tr   2.4 2.4 Tonalite

49646 IB–180 75° 4’ 58.59’’ 4° 36’ 15.03’’ 22.9 31.3 Tr Tr 31.3 0 1 2  7.3 4.2 Tonalite

Tr—Traces of accessory mineral.

Table 6. Modal compositions of rocks from the Anzoátegui Metatonalite.

ed cores: a crystal with Neoproterozoic ages of 1084.6 Ma (n = 1) 
and 987.9 Ma (n = 1), a concordant age of 207.6 Ma (n = 1), and 
a discordant age of 187 Ma (n = 1). Sample AMC–0152, which 
was collected from an amphibolite, yielded a weighted mean 
age of 154.5 ± 3.6 Ma (n = 13, MSWD = 6.3, and Th/U ratio 
<0.2). The zircons are homogeneous, and some have luminescent 
borders and rounded ends (Figure 22). They are interpreted as 
metamorphic zircons. 

5. Discussion

5.1. SM, UMV, and NBIB Basements

Our interpretation of the distribution of metamorphic base-
ment related to the Jurassic magmatism in Colombia is shown 
in Figure 1b, which shows three basement units. These include 
an Early Neoproterozoic basement, which corresponds to the 
Andaquí Terrane and most of the Chibcha Terrane based on 

Restrepo & Toussaint (1989); a Paleozoic basement, which 
corresponds to most of the Norte de Santander, Santander, 
Floresta, and Quetame Terranes, according to Etayo–Serna et 
al. (1983); and an Ordovician and Mesozoic basement, which 
includes most of the Tahamí Terrane as described by Restrepo 
& Toussaint (1989), the Tierradentro Gneisses and Amphibo-
lites (previously included in the Chibcha Terrane by Restrepo 
& Toussaint, 1989), and the Anacona Terrane (Martens et al., 
2014; Restrepo et al., 2009).

In the SM, Late Triassic – Early Jurassic arc magmatic rocks 
were emplaced in a variable metamorphic basement. In the ex-
treme northern part of the SM, the basement is represented by 
Neoproterozoic migmatitic amphibolites (dated at approximate-
ly 945 ± 40 Ma K–Ar by Goldsmith et al. (1971) and at approx-
imately 897 ± 28 Ma U–Pb in this study; coordinates 8° 17’ 
21” N, 73° 24’ 56” W). The Neoproterozoic data are correlated 
with those reported by Ibañez–Mejia et al. (2011) in units of 
the Putumayo Orogen (Garzón Massif, Las Minas Migmatites, 
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Ibagué Tonalite

IGM Sample  Longitude N  Latitude W Qtz Pl Kfs Cpx Hbl Bt Chl Op Ap Zrn Ttn Ep Classification

49280 GB–1462 4° 45’ 14.72’’ 74° 56’ 59.48’’ 15 57 Tr Tr 12 16 Tr   Tr Tr Quartz diorite

49290 GB–1517 4° 38’ 58.92’’ 74° 59’ 2.94’’ 19 65 Tr Tr 5 11 Tr  Tr Tr   Quartz diorite

76501 HC–748 4° 34’ 42.36’’ 74° 59’ 46.41’’ 15.6 64.35 Tr Tr 11.9 7.92 Tr Tr    Tr Quartz diorite

77741 HC–946 4° 30’ 37.55’’ 75° 4’ 17.57’’ 17.5 42.97 4.94 Tr 19.4 15.2 Tr Tr Tr Tr Tr Tr Quartz diorite

49291 HP–3140 4° 47’ 52.18’’ 74° 58’ 1.65’’ 14 60 Tr Tr 17 9 Tr   Tr  Tr Quartz diorite

49295 HP–3159 4° 48’ 46.26’’ 74° 57’ 27.98’’ 16 57 Tr Tr 6 14 Tr     7 Quartz diorite

49241 PM–6021 4° 47’ 27.57’’ 74° 56’ 25.25’’ 12 65 Tr Tr 5 12 Tr 4 Tr  Tr  Quartz diorite

49242 PM–6034 4° 46’ 59.54’’ 74° 56’ 55.39’’ 15 63 Tr Tr 8 14 Tr  Tr Tr Tr Tr Quartz diorite

49246 PM–6050 4° 44’ 13.20’’ 74° 56’ 51.29’’ 10 68 Tr Tr 13 9 Tr Tr Tr Tr Tr Tr Quartz diorite

49256 PM–6105 4° 40’ 47.73’’ 74° 57’ 48.46’’ 13 65 Tr Tr 17 5 Tr  Tr   Tr Quartz diorite

49248 PM–6260 4° 44’ 6.24’’ 74° 58’ 28.29’’ 14 53 Tr 7 17 9 Tr Tr Tr Tr  Tr Quartz diorite

49258 PM–C15 4° 40’ 50.92’’ 74° 58’ 46.21’’ 15 59 Tr 1Tr 15 1 Tr  Tr  Tr Tr Quartz diorite

75339 VW–4851 4° 28’ 54.65’’ 75° 6’ 44.52’’ 10 64 Tr Tr 18.5 7 Tr 0.5 Tr Tr Tr Tr Quartz diorite

76502 HC–760 4° 33’ 47.05’’ 74° 59’ 24.93’’ 5.6 61.7 17 8.1 Tr Tr Tr 1.5 Quartz diorite

49274 GB–1401 4° 50’ 16.20’’ 74° 56’ 13.78’’ 19 54 17 Tr 0 9 Tr 1  Tr  Tr Quartz monzodiorite

49310 HP–3273 4°45´42.29¨ 74° 58’ 15.60’’ 0 75 Tr Tr 25 Tr Tr  Tr Tr  Tr Diorite

49492 JV–4342 4° 54’ 40.83’’ 74° 56’ 18.33’’ 15 40 Tr Tr 44 Tr Tr 1    Tr Diorite

49281 GB–1471 4° 45’ 8.12’’ 74° 58’ 8.26’’ 26 50 Tr Tr 12 12 Tr  Tr Tr Tr Tr Granodiorite

76503 HC–779 4° 33’ 34.02’’ 74° 59’ 31.07’’ 13 39.9 32.5 Tr Tr 11.4 Tr Tr Tr  0.2  Granodiorite

77765 HC–980 4° 32’ 8.59’’ 75° 9’ 11.56’’ 33.5 36.6 19.5 Tr Tr 9.3 Tr 0.5 Tr Tr 0.6 Tr Granodiorite

48533 IV–3656 4° 55’ 16.63’’ 74° 56’ 24.38’’ 30.4 53.8 6.9 Tr Tr 7.9  0.5 Tr 0.5 0 Tr Granodiorite

77793 PM–8167 4° 28’ 20.30’’ 75° 6’ 47.55’’ 29.5 44.5 9.43 Tr 8.68 6.32 Tr 0.8 Tr 0 0.75 Tr Granodiorite

901080 LMC–105 4° 50’ 42.37’’ 74° 56’ 42.27’’ 26 47 13 12 Tr 2 Tr 0 Tr Granodiorite

48534 IV–3656–A 4° 55’ 16.63’’ 74° 56’ 24.38’’ 22.7 37.1 12.8 Tr 19.8 0 Tr 2.1 1.5 1.3 2.7 Tr Granodiorite

68438 PM–7131–A 4° 35’ 49.90’’ 75° 1’ 53.65’’ 14.3 27 7.9 Tr 25.4 11.1 Tr 1.6 3.2  9.5 Tr Granodiorite

76499 HC–728 4° 35’ 42.32’’ 74° 58’ 56.85’’ 22.4 50.9 9.69 Tr 10.6 5.73 Tr 0.4  Tr 0.2 Tr MetaGranodiorite

68440 DMT–6059 4° 35’ 55.79’’ 75° 1’ 26.41’’ 26.1 36.2 17.4 Tr 5.8 8.7 Tr 1.4 Tr  4.3 Tr MetaGranodiorite

77795 PM–8174 4° 29’ 26.88’’ 75° 4’ 40.51’’ 28.6 45.2 Tr Tr 9.5 14.3  2.4 Tr  0 Tr MetaTonalite

48537 JV–3660 4° 54’ 54.04’’ 74° 56’ 0.99’’ 24.8 52.2 Tr Tr 15.7 3.6 TR 1.22 1.5 Tr 1  MetaTonalite

901098 MIG–076 4° 30’ 9.62’’ 75° 4’ 37.45’’ 17.5 62.7 7.2 11.4 1.2 Tr Tr 0 Tr MetaTonalite

49303 HP–3207 4° 45’ 44.21’’ 74° 58’ 41.07’’ 30 44 Tr Tr 5 10 Tr  Tr Tr 3 8 MetaTonalite

49305 HP–3220 4° 45’ 21.53’’ 74° 59’ 23.71’’ 29 18 Tr Tr 7 9 Tr  Tr  2 Tr MetaTonalite

76493 PM–7977 4° 34’ 40.07’’ 74° 59’ 54.19¨ 17 59 Tr Tr 9 15 Tr Tr Tr Tr 0 Tr MetaTonalite

77794 PM–8171 4° 29’ 1.41’’ 75° 5’ 36.26’’ 48.6 32.4 Tr Tr 8.2 2.7  2.7   5.4  MetaTonalite

49275 GB–1405 4° 50’ 8.67’’ 74° 56’ 47.52’’ 22 44 26 Tr Tr 8 Tr     Tr Monzogranite

49294 HP–3152 4° 48’ 52.68’’ 74° 56’ 30.87’’ 22 34 23 Tr 7 11 Tr  Tr   3 Monzogranite

48474 GB–1118 4° 52’ 23.18’’ 74° 55’  51.87’’ 17.1 43.8 Tr Tr 22.9 0 5.2 2.9  2.4 1 Tr Tonalite

49276 GB–1409 4° 50’ 9.27’’ 74°57’ 28.08’’ 30 58 Tr Tr 0 12 Tr Tr Tr Tr  Tr Tonalite

49288 GB–1502 4° 39’ 1.00’’ 74° 57’ 21.08’’ 22 50 Tr Tr 11 17 Tr  Tr    Tonalite

49289 GB–1507 4° 38’ 38.81’’ 74° 58’ 4.52’’ 16 55 Tr Tr 10 19   Tr  Tr Tr Tonalite

48507 HP–2761 4° 53’ 10.38’’ 74° 55’ 45.93’’ 29.5 49.5 3 Tr 11.5 4.5 Tr 1 0.25 0.25 0.5 Tr Tonalite

49293 HP–3149 4° 48’ 49.44’’ 74° 56’ 24.06’’ 18 33 Tr Tr 39 10 Tr  Tr Tr  Tr Tonalite

49302 HP–3200 4° 46’ 7.90’’ 74° 57’ 31.02’’ 25 56 Tr Tr 10 9 Tr  Tr Tr Tr Tr Tonalite

49306 HP–3225 4° 42’ 0.21’’ 74° 59’ 16.31’’ 22 55 Tr Tr 9 17 Tr  Tr Tr  Tr Tonalite

48536 IV–3659 4° 55’ 0.71’’ 74° 56’ 5.22’’ 24.8 38.1 5.4 Tr 14.9 3.5 6.9 1  1   Tonalite

49322 JV–4075 4° 54’ 21.80’’ 74° 56’ 9.71’’ 19 52 Tr Tr 21 8 Tr  Tr Tr Tr Tr Tonalite

49244 PM–6047 4° 44’ 10.30’’ 74° 56’ 32.47’’ 15.9 40.7 Tr Tr 23.4 0 7.5 3.3  1.9  2.8 Tonalite

49257 PM–6110 4° 40’ 49.33’’ 74° 58’ 14.42’’ 22 56 Tr Tr 13 9 Tr  Tr Tr  Tr Tonalite

49259 PM–6122 4° 40’ 16.37’’ 74° 59’ 15.53’’ 27 45 Tr Tr 15 13 Tr  Tr Tr Tr Tr Tonalite

49452 VW–4620 4° 54’ 23.89’’ 74° 56’ 31.94’’ 23 50 Tr Tr 27 0  Tr Tr    Tonalite

75338 VW–4850 4° 28’ 54.65’’ 75° 6’ 44.52’’ 20 64.6 Tr Tr 1.4 13 Tr 1 Tr Tr Tr Tr Tonalite

75340 VW–4852 4° 28’ 54.65’’ 75° 6’ 44.52’’ 25 60 2 Tr 2.5 9 Tr 1.5 Tr Tr Tr Tr Tonalite

Table 7. Modal compositions of rocks from the Ibagué Tonalite.
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Ibagué Tonalite

IGM Sample  Longitude N  Latitude W Qtz Pl Kfs Cpx Hbl Bt Chl Op Ap Zrn Ttn Ep Classification

49287 GB–1501 4° 38’ 57.11’’ 74° 57’ 8.42’’ 18 67 9 6 Tr Tonalite

49267 PM–6145 4° 46’ 20.78’’ 74° 57’ 8.00’’ 20 54 15 11 Tr Tr Tr Tr Tr Tonalite

49498 JV–4375 4° 55’ 40.46’’ 74° 55’ 31.35’’ 26.7 36 Tr Tr 25.3 Tr  Tr    Tr Tonalite

48535 IV–3658 4° 55’ 6.40’’ 74° 56’ 8.63’’ 33.7 45.2 3.1 Tr 3.8 12.7 Tr 1 0.5 Tr   Tonalite

49230 PM–5977 4° 51’ 34.68’’ 74° 55’ 51.00’’ 27.3 47.7 Tr Tr 15.9 6.8 Tr 2.3  Tr  Tr Tonalite

49635 PM–6551 4° 36’ 17.29’’ 75° 1’ 18.65’’ 25.7 30 Tr Tr 30 8.6 Tr     Tr Tonalite

901070 JPZ–001–A 4° 40’ 11.16’’ 74° 58’ 26.37’’ 23.1 44.6 24.6 6.2 Tr Tr 1.5 Tonalite

48529 IV–3643 4° 56’ 4.78’’ 74° 56’ 47.49’’ 25.3 44.2 3.2 Tr 21.4 0 Tr 1.1 0.7   Tr Tonalite

Tr—Traces of accessory mineral.

Los Mangos Granulite–Dibulla Gneiss) and correspond to the 
Andaquí Terrane and to the eastern edge of the Chibcha Ter-
rane according to Restrepo & Toussaint (1989). Toward the SM 
core, the metamorphic basement consists of schists and gneiss-
es with Early Ordovician metamorphic ages (Bucaramanga 
Gneiss, Silgará Schists, orthogneiss bodies) (Rodríguez et al., 
2017b; van der Lelij, 2013; van der Lelij et al., 2016; Zuluaga 
et al., 2017) and pre–kinematic and post–kinematic Paleozoic 
plutons, which together form a terrain that has been related to 
the Famatinian Orogeny (Mantilla–Figueroa et al., 2016; van 
der Lelij, 2013; van der Lelij et al., 2016; Zuluaga et al., 2017) 
that has been identified along the western continental margin 
of South America from Chile to Venezuela. The boundary be-
tween the Neoproterozoic basement terrane and the terrane that 
forms the Santander Famatinian Orogen likely corresponds to a 
branch of the Bucaramanga Fault (Figure 2), although this is not 
well established due to mapping problems. The relationships 
between the Jurassic plutons and volcanic rocks and the base-
ment remain unclear. Apparently, the compositions and ages 
of the plutons vary from the Neoproterozoic basement to the 
Ordovician basement, although further studies are necessary to 
document these characteristics in detail.

The Jurassic igneous rocks of the UMV block have a Neo-
proterozoic metamorphic basement (Garzón Group, Mancagua 
and Guapotón Gneisses, Las Minas Metamorphites), which is 
similar to the rocks of similar ages at serranía de San Lucas 
(San Lucas Gneiss) and Sierra Nevada de Santa Marta (Los 
Mangos Granulite) as well as those outcropping at serranía de 
Cocinas in Upper Guajira (Jojoncito Gneiss) and in the NW 
part of the SM (migmatitic amphibolites). Paleozoic sedimen-
tary rocks (Mudstones and Granadillo Limestones, La Jagua 
Paleozoic, El Hígado Formation, and La Batalla Limestones 
and Sandstones at the UMV), blocks of Permian granitoids 
that formed in a continental margin arc environment (La Plata 
Granite at the UMV, Nechí Gneiss at serranía de San Lucas, and 
mylonitic granitoids in the Sierra Nevada de Santa Marta), and 
Upper Triassic limestones (Payandé Formation at the UMV) 
have been identified over the metamorphic basement.

The results of this study show that the metamorphic base-
ment of the NBIB corresponds to the Tierradentro Gneisses and 
Amphibolites unit, which as U–Pb metamorphic ages of 167–
154 Ma (Middle to Late Jurassic). This unit was interpreted by 
Bustamante et al. (2017) as Permian – Triassic. Our new U–Pb 
data indicate that the Tierradentro Gneisses and Amphibolites 
are geochronologically correlated with the metamorphic rocks 
of the Cajamarca Complex, in which Blanco–Quintero et al. 
(2014) found Jurassic metamorphic ages. Thus, the basement 
corresponds to a Jurassic metamorphic block that likely devel-
oped during its accretion to the continental margin and whose 
boundaries with adjacent terranes have not been established. 

Based on current geological knowledge (Rodríguez–
García et al., 2019), we propose that to the south, the Ibagué 
Fault borders the Jurassic orogen and the Chibcha Terrane (or 
Putumayo Orogen), which is composed of Permian granitoids, 
Triassic limestones (Payandé Formation), and Middle Jurassic 
plutons with no metamorphic involvement. To the east, the 
suture with the Chibcha Terrane is covered by alluvial fans; 
to the west, the tectonic boundary with the Tahamí Terrane 
is unknown; and to the north, its limit is unknown because 
its length within the Central Cordillera of Colombia has not 
yet been determined. The terrane that constitutes the Juras-
sic orogen likely represents a collision between the Chibcha 
and Tahamí Terranes between 166 and 154 Ma. Furthermore, 
La Cocha–Río Téllez Complex (described by Zapata et al., 
2017a) is part of this terrane.

5.2. Characteristics of Jurassic Magmatism in 
the SM, UMV, and NBIB

5.2.1. Magmatism

The fact that the magmatism in the three blocks (SM, UMV, and 
NBIB) is of Jurassic age does not imply that they developed 
from a single arc and that the basement units were amalgam-
ated and in similar geotectonic positions throughout Jurassic 
time. The differences in the composition, crystallization age, 

Table 7. Modal compositions of rocks from the Ibagué Tonalite (continued).
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Table 8. Major and trace elements of the Anzoátegui Metatonalite and Ibagué Tonalite in the NBIB.

Sample JGB–492 JPZ–004 LMC–104 *CI11A GOE–1001 JPZ–001–A LMC–105 MIG–076 *CI2 *CI9B *CI13 *CI15 *CI5B *CI7 *CI10

wt%

SiO2 50.3 61.1 59 61.2 65.6 58 64.6 61.3 67.8 57.8 61.7 58.9 64.3 63.7 57.2

Al2O3 16.7 15.4 15.6 16.1 15.7 17.4 15.4 17.2 15.6 17.9 16.4 16.8 15.8 17.9 17.2

Fe2O3 9.8 6.1 6.8 6.3 4.5 6.5 4.3 5.6 3.6 6.9 5.5 6 4.8 4.6 6.7

MgO 6.3 4 3.5 3.6 2.2 3.8 1.8 2.8 1.4 3.9 3 3.7 2.1 1.8 4.2

MnO 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0 0.1 0.1 0.1 0.1 0.1 0.1

CaO 9.8 5 4.2 6.1 4.9 6.3 3.3 5.2 3.4 7.2 5.4 6.7 4 5.9 5.3

K2O 1.2 2.2 3.3 2 1.7 1.6 1.2 1.8 2.3 0.8 1.8 1.4 1.9 1.3 1.1

Na2O 2.8 3.6 2.6 3.9 3.4 3.5 5.4 3.4 4.1 4 3.8 3.6 4.7 3.7 4.3

P2O5 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.1 0.2

TiO2 1.4 0.7 0.8 0.7 0.5 0.8 0.6 0.7 0.5 0.8 0.7 0.7 0.6 0.5 0.9

LOI 1.2 1.5 3.7 0.6 1.2 1.8 3.1 1.6 1.5 0.8 1.3 0.8 2.2 0.6 2.2

SUM 99.9 99.8 99.6 100.7 99.9 99.9 99.9 99.9 98.8 100.4 99.8 98.1 98.3 99.7 97.1

ppm

Ba 308.5 741.6 1254.5 804 499.4 441.3 185.3 638.3 488.5 318 475 292.2 525.8 674.2 285.5

Ce 36.9 44 49.3 49.8 45.5 29.9 42.8 48.9 47.3 27.4 44.9 33.6 36.1 25.2 39.2

Ga 26.7 23 22.2 17.8 21.5 25.5 21.4 24.3 17.4 17.9 16.6 18.9 16.8 18.8 17.7

La 16.7 23.6 26 23.5 26.2 15 22.3 27.4 24.4 12.8 18.8 13.4 19 12.7 16

Nb 6.3 5.3 7.3 5.9 5.4 4.7 7.4 4.8 7.6 6 8 7.3 8.6 4.9 7.6

Nd 26.7 27.5 25.8 21.7 22.1 17.5 23.6 25.2 21.9 13.8 26.1 16.7 19.6 9.9 21.9

Rb 39.1 68.2 111.7 43.7 37.9 50.7 50.3 38.4 45.3 12.2 41 36 43.6 52.3 21.7

Sr 629.2 680.5 362.7 704 747.1 595.3 441.5 826 305.6 503.6 458 402.4 514.4 420.5 438.8

Th 0.8 6.5 5.7 3.3 7.5 2.9 8.1 5.5 6.5 1.3 8.3 5.1 8.8 4.5 3.2

U 0.3 1.3 1.6 0.9 1.7 0.9 1.9 1 3 0.3 5 1.4 2.7 0 0

V 290.9 135.4 144.2 172 84.1 141.3 78.9 105.3 75.7 172 138 166.5 101.4 63.6 178.3

Y 29.3 17.3 21 18.6 17.4 21.3 23.7 19.4 18.8 17.3 31.3 24.2 23.5 12.2 29.5

Zr 94.1 151.6 194.1 182.1 113.5 104.4 185 136.1 166.9 112.5 151 130.6 202 134 182

Cu 11.8 49.6 23.7 63.9 7.8 28.7 14.4 6.9 5.9 23.9 52.6 27.3 3.3 6.6 36.6

Ni 1.6 2.1 1.7 10.3 1.9 1.8 1.9 1.7 2.2 10.1 7.3 13.5 7.1 4.3 11.5

Pb 3.1 3.8 7.5 1.3 4.2 5.2 <2.0 3.1 4.2 0.4 2.3 6.7 2.5 5.9 4.6

Zn 125 87.9 76.9 37 60.1 94.4 59.4 77.6 17.2 22 32 72.6 37 71.3 79.4

* Data from Bustamante et al. (2016)

LOI: loss on ignition

and evolutionary development of the arcs suggest independent 
and non–correlative magmatic events.

The lithological compositions of the SM plutons are primar-
ily monzogranitic to syenogranitic without key compositional 
variations or spatial migration throughout the period of arc ac-
tivity (25 to 30 Ma) (Figure 23a, 23d). The Jurassic magmatism 
in the UMV was quartz monzodioritic–quartz monzonitic in its 
initial stages and changed to monzogranitic after 20 to 27 Ma 
of arc evolution. Its spatial migration is reflected in the ages 
and positions of the plutons and volcanic products in the UMV 
(Figure 23b, 23e). The compositions of the Jurassic magmatic 
rocks of the NBIB indicate no changes in the compositions of 

the plutons, which are predominantly tonalitic with minor vari-
ations to quartz dioritic and granodioritic (Figure 23c, 23f) and 
show a migration of the magmatism from west to east over a 
time period of 15 to 20 Ma.

The Jurassic magmatic rocks in the three blocks (SM, UMV, 
NBIB) are sub–alkaline. In the SM, the plutonic rocks are more 
differentiated and are characterized by minor lithological vari-
ations (Figure 23g). They have higher Al2O3 and SiO2 contents 
and belong to the high–K calc–alkaline series of peraluminous 
affinity (Figure 23j). In the UMV, the arc development had 
greater magmatic differentiation, which is clearly observed in 
the AFM diagram (Figure 23h). It began with rocks that were 
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Figure 19. Diagrams of major oxides and multi–element diagrams. (a) TAS (Middlemost, 1985). (b) AFM fields indicated by Irvine & Baragar 
(1971). (c) diagram of Peccerillo & Taylor (1976). (d) diagram of Shand (1943). (e) N–MORB–normalized multi–element diagram (Sun & 
McDonough, 1989). (f) chondrite–normalized rare earth elements (Nakamura, 1974) diagram. The Ibagué Tonalite is shown in black, and 
the Anzoátegui Metatonalite is shown in red.
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Sample Unit Eu/Eu* (La/Yb)n (La/Sm)n (Ce/Yb)n (Ce/Sm)n (Eu/Yb)n

JGB–492 Anzoátegui Metatonalite 0.78 3.97 1.76 3.35 1.48 1.48

JPZ–004 Anzoátegui Metatonalite 0.8 9.41 2.87 6.7 2.04 2.18

LMC–104 Anzoátegui Metatonalite 0.93 8.21 3.31 5.94 2.39 1.93

GOE–1001 Ibagué Tonalite 0.8 10.97 4.14 7.27 2.74 1.78

JPZ–001–A Ibagué Tonalite 0.84 4.78 2.32 3.63 1.76 1.46

LMC–105 Ibagué Tonalite 0.52 6.52 3.02 4.78 2.22 0.97

MIG–076 Ibagué Tonalite 0.82 10.24 3.74 6.96 2.54 1.89

n: normalized to chondrite values of Nakamura (1974).

Table 9. Chondrite–normalized rare earth element diagram (Nakamura, 1974) for the Anzoátegui Metatonalite and Ibagué Tonalite.
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Figure 20. Geotectonic discrimination diagrams: (a) Pearce et al. (1984), (b) K2O vs. Na2O diagram of Chappell & White (1974) discrimi-
nating between I–type and S–type granites.

Table 10. LA–ICP–MS U–Pb zircon ages in the NBIB.

Sample Longitude W Latitude N Classification Unit Age (Ma)

GOE–1088 75° 12’ 47,8’’ 4° 29’ 5.46’’ Tonalite Anzoátegui Metatonalite 154.79 ± 0.83

AMC–0153 75° 2’ 56.93’’ 4°38´56.20¨ Metagranodiorite Anzoátegui Metatonalite 150.17 ± 0.86

LMC–104 74° 59’ 3.23’’ 4° 50’ 36.88’’ Metatonalite Anzoátegui Metatonalite 153.9 ± 1.1

JPZ–001A 74° 58’ 26.37’’ 4° 40’ 11.16’’ Tonalite Ibagué Tonalite 138.7 ± 1.0

MIG–076 75° 4’ 37.45’’ 4° 30’ 9.62’’ Granodiorite Ibagué Tonalite 145.56 ± 0.92

MIG–O74 74° 59’ 21.96’’ 4° 46’ 58.24’’ Amphibolite Tierradentro Gneisses and Amphibolite 154.25 +3.1/-6.4

AMC–0152 75° 3’ 54.37’’ 4° 39’ 29.16’’ Amphibolite Tierradentro Gneisses and Amphibolite 154.5 ± 3.6

AMC–0171 75° 0’ 41.5’’ 4° 40’ 29.5’’ Amphibolite Tierradentro Gneisses and Amphibolite 167.0 ± 3.0

poor in quartz (<20%) and had a higher content of ferromag-
nesian minerals, which is reflected in the high content of total 
FeO and MgO. The arc gradually became enriched in quartz–
rich rocks (>20%) of the high–K calc–alkaline series and subor-
dinate shoshonitic series throughout its evolution, starting with 

metaluminous rocks and changing to granitic peraluminous 
rocks as its composition varied over time (Figure 23k). This 
was accompanied by a decrease in the A/NK ratios and an in-
crease in the A/CNK ratios. In the NBIB, the rocks have lower 
alkali (Na2O + K2O) values, and the differentiation within the 
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Figure 21. Geochronological results of the Anzoátegui Metatonalite (AMC–0153, LMC–104) and the Ibagué Tonalite (JPZ–001A, MIG–076). 
CL images of zircons representative of each sample. 

arc is lower than in the UMV and SM (Figure 23i) with inter-
mediate SiO2 values, quartz contents >20% in most rocks, and 
lower total FeO and MgO contents than rocks with similar SiO2 

contents in the SM and UMV. They correspond to the normal 
calc–alkaline series and are metaluminous with higher A/NK 
ratios than those in the SM and UMV (Figure 23j, 23k, 23l).

A comparison of the patterns of N–MORB–normalized 
trace elements (Figure 24; Sun & McDonough, 1989) and chon-
drite–normalized rare earth elements (based on the values in 
Nakamura, 1974) of Triassic and Jurassic plutons from the SM, 
UMV, and NBIB shows that they are similar to rocks generated 
in continental margin arcs (Figure 24). However, the data from 
different arcs have different trace element distribution patterns 
and negative Nb, Ti, and P anomalies. The high anomalous val-
ues of Rb, Ba, Th, and Pb, albeit nonparallel, suggest that they 
correspond to different magmatic arc events or to different arcs. 
The magmatic arc of the SM is characterized by nonparallel 
REE patterns compared to rocks with similar SiO2 contents. 

Figure 22. Geochronological results of the Tierradentro Gneisses 
and Amphibolites; photomicrographs showing microscopic views 
and CL images of representative zircons. 

The data have different intersecting patterns in the same plu-
ton, different HREE enrichments, minor or major LREE enrich-
ments, and negative or no Eu anomalies (Figure 7). There are 
also different U–Pb zircon ages for each pattern and different  
(La/Yb)n values, suggesting multi–pulse plutons with different 
crustal contributions. This characteristic is not observed in the 
Jurassic arc rocks of the UMV and NBIB, where the rocks in 
each of these areas have similar compositions and ages. The 
REE and trace element patterns are parallel with LREE enrich-
ments in the eastern plutons of the UMV, which are related to 
greater K contents and major rock differentiation (Figure 14).

The lack of analytical results of Ta and Y (see Table 1, Sup-
plementary Information) limits the interpretation of the tectonic 
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Figure 23. Compositional and geochemical characteristics of the Jurassic arc plutons. SM (black) period of arc activity (25 to 30 Ma); 
UMV (green) period of arc activity (20 to 27 Ma), and NBIB (red) period of arc activity (15 to 20 Ma). (a), (b), (c) Streckeisen diagrams (1979) 
for the rocks of the SM, UMV, and NBIB, respectively. (d), (e), (f) TAS diagrams (Cox et al., 1979) for the rocks of the SM, UMV, and NBIB, 
respectively. (g), (h), (i) AFM diagrams (Irvine & Baragar, 1971) for the rocks of the SM, UMV, and NBIB, respectively. (j), (k), (l) Alumina 
saturation index diagrams (Shand, 1943) for the rocks of the SM, UMV, and NBIB, respectively.
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environment and the discrimination between volcanic arc gran-
ites and post–collisional granites. According to the diagrams of 
Pearce (1982) and Pearce et al. (1984), the samples plot within 
the field of volcanic arc granites (Figures 24, 25a). The UMV 
and SM plutons have slightly higher Rb values than those of 
the NBIB within the field of volcanic arcs. The samples of van 
der Lelij (2013) in the SM and Bustamante et al. (2016) in the 
NBIB plot within the volcanic arcs field in the discrimination 
diagram of Harris et al. (1986) (Figure 25b).

Magmatic activity occurred during different time intervals 
in each block. In the SM, the arc initiated at approximately 214 
Ma, and most magmatic activity occurred from 203 to 197 Ma. 
It lasted for approximately 30 Ma and continued until 184 Ma 
(Figure 26). In the UMV, the magmatic arc activity started at 
approximately 195 Ma and included three periods of formation 
of plutons and volcanic rocks at 187, 182, and 172 Ma. These 
are reflected in the ages of the western and eastern plutons and 
the associated volcanic rocks and in the spatial migration of 
the arc. The magmatism lasted for approximately 27 Ma and 
ended at approximately 168 Ma (Figure 26). In the NBIB, we 
interpret that the arc had two periods of magmatic activity. The 
first period occurred from 158 to 152 Ma, and it generated the 
Anzoátegui Metatonalite, which was syntectonically emplaced 
during metamorphism of the Tierradentro Gneisses and Am-
phibolites and the Cajamarca Complex. The second period oc-
curred from 145 to 138 Ma, when the Ibagué Tonalite intruded 
after the metamorphic event. 

5.2.2. Inheritances

Inherited zircon cores in plutonic and volcanic rocks provide 
valuable information about the relationship between crustal 
basement and arc magmatism. The highest numbers of inheri-
tances were found in granitoids of the SM, whereas inheritances 
are rare in the UMV and NBIB granitoids. 

The xenocrysts and inherited zircon cores in the Late Tri-
assic – Early Jurassic plutons in the SM show several inher-
ited populations. These include a minor Paleoproterozoic to 
Neoproterozoic population, a major Ordovician to Devonian 
population, and a moderate Permian – Triassic population 
(Figure 27). 

Inherited Paleoproterozoic ages have also been found in 
basement units such as the Bucaramanga Gneiss, the Silgará 
Schists, the Chicamocha Schists, and the San Pedro Phyllites. 
Cordani et al. (2005) and Mantilla–Figueroa et al. (2016) sug-
gest that these zircons were possibly derived from the Rio Ne-
gro Juruena, Rondonian, and Sunsás units in the Amazonian 
Craton. A second group of inherited zircon cores in the Triassic 
– Jurassic granitoids yielded ages ranging from 1200 to 1000 
Ma. These ages have also been reported in the Chicamocha 
Schists, San Pedro Phyllites, and Silgará Schists (Cardona et 
al., 2016; Mantilla–Figueroa et al., 2016) and could be related 

to both the Amazonian Craton (Cordani et al., 2005; Mantilla–
Figueroa et al., 2016) and to the pericratonic magmatic arc of 
the Colombo Oaxaquian Terrane (Ibañez–Mejia et al., 2011). 
Inherited ages ranging from 1000 to 850 Ma have been iden-
tified in inherited cores in the Silgará Schists (Cardona et al., 
2016; Mantilla–Figueroa et al., 2016) and in the Santa Rosita 
Monzogranite (Zapata et al., 2017b) and could be related to 
the Grenville Orogeny (Cordani et al., 2005) or to the Putu-
mayo Orogeny (Ibañez–Mejia et al., 2011). Finally, Mantilla–
Figueroa et al. (2016) related the zircons inherited from the 
Proterozoic, which have ages ranging from 850 to 540 Ma, to 
the Brasiliano/Pan–African Orogeny. They are present in units 
that are currently buried under the basin and in some intrusive 
bodies, such as the Ediacaran San José del Guaviare Nepheline 
Syenite (Arango et al., 2012), which are the possible source of 
these inherited cores.

Ordovician inherited zircon cores have been found in sev-
eral Late Triassic – Jurassic granitoids. This group of zircons 
likely represents the crystallization age of the Ordovician pre–, 
syn–, and post–tectonic plutons associated with the Famati-
nian Orogeny in the Santander Massif (Mantilla–Figueroa et 
al., 2012; Restrepo–Pace & Cediel, 2010) and Floresta Massif 
(Horton et al., 2010) and the metamorphic age of the Buca- 
ramanga Gneiss related to the Famatinian Orogeny. Silurian 
inherited zircon cores may be derived from plutons related to 
continental arc magmatism that developed on the western mar-
gin of Gondwana during this time period (van der Lelij et al., 
2016). The Devonian and Carboniferous inherited zircon cores 
may also be related to magmatic bodies of the SM.

Middle and Lower Triassic and Permian ages ranging from 
262 to 290 Ma have been reported for small intrusive bodies 
in the SM, serranía de Perijá, and Mérida Andes (van der Lelij, 
2013; van der Lelij et al., 2016). They occur in inherited zircon 
cores in the Mogotes Batholith and La Corcova, Santa Bárba-
ra, and Rionegro Monzogranites. These ages are common in 
the metamorphic basement of the Central Cordillera associated 
with the Tahamí Terrane (Restrepo et al., 2011; Rodríguez et al., 
2016a; Spikings et al., 2015; Villagómez et al., 2011; Vinasco 
et al., 2006), in the Permian arc that developed on the western 
margin of the Chibcha Terrane (Cardona et al., 2010; Rodríguez 
et al., 2017a) in the Central Cordillera, and in the serranía de 
San Lucas and Sierra Nevada de Santa Marta. They also occur 
in small intrusive bodies east of Pamplona, where a U–Pb age 
of 265.2 ± 4.5 Ma was determined in granodiorite intruding 
metamorphic rocks that are similar to the Bucaramanga Gneiss, 
which were mapped and identified as granodiorites and granites 
(Ward et al., 1973).

In summary, the Late Triassic – Early Jurassic plutons of 
the SM contain abundant inherited zircons of crustal origin that 
are correlated with the ages of inherited and primary zircons of 
metasedimentary, metaigneous, and igneous units that form the 
SM basement, such as the Bucaramanga Gneiss, Silgará Schists, 
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Figure 24. Multi–element diagrams and tectonic discrimination diagrams (Pearce, 1982) for plutonic bodies from the SM, UMV, and NBIB 
blocks. Samples from the SM are shown in black, samples from the UMV are shown in green, and samples from the NBIB are shown in red. 
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and Paleozoic pre– and post–kinematic orthogneissic and plu-
tonic bodies, among others. The probability density diagram 
of the inherited ages (Figure 27) of the granitoids is similar 
to the results of inherited zircons from the Silgará Formations 
reported by Cardona et al. (2016) and Mantilla–Figueroa et al. 
(2016), which range from the Mesoproterozoic to the Devonian.

The geochemical characteristics and the quantity of inher-
ited zircons suggest different degrees of crustal melting, which 
implies a high heat gradient in the arc that melted the conti-
nental basement rocks and incorporated them into the magma 
(Figure 27). In line with the crustal melting phenomenon and 
advanced magmatic differentiation in the SM, the plutons have 
a peraluminous affinity and dual classification as I– and S–
type granites, which could result from the melting of basement 
metasedimentites in some pulses but not in others.

In the UMV, inheritance is limited to a few inherited zircon 
cores with Mesoproterozoic to Neoproterozoic and Jurassic 
ages. The former ages suggest a contribution of the Amazonian 
Craton to the oldest cores and of metamorphic basement of the 
Chibcha Terrane (Putumayo Orogen), whereas the Jurassic in-
heritances are related to previous periods of magmatic activity 
within the same arc.

No record of inheritance was found in the Anzoátegui Meta-
tonalite and in the Ibagué Tonalite of the NBIB. 

5.3. Evolutionary Model

The Triassic – Jurassic magmatic histories of the SM, UMV, 
and NBIB blocks are represented by different lithological, geo-
chemical, and geochronological data that differentiate them. 
Furthermore, these rocks were emplaced in metamorphic base-
ment units of different ages. Therefore, the correlations between 
Jurassic magmatic events and the regional models from a single 
arc model described previously are less valid (Bustamante et 
al., 2010, 2016; Leal–Mejía, 2011; Spikings et al., 2015; Vi- 
llagómez et al., 2015; Zapata et al., 2016a). We propose a model 
involving several arcs that developed in different geotectonic 
positions that were emplaced in different metamorphic terranes 
with unique compositional, geochronological, and evolution-
ary characteristics without any similarity that would allow their 
correlation. 

Figure 28 shows the evolutionary model proposed to ex-
plain the genesis of the Late Triassic – Early Cretaceous igne-
ous activity in Colombia. 

5.3.1. ca. 214 to 195 Ma

During this time period, we propose that an active subduction 
zone was located along the NW edge of Gondwana that gen-
erated a magmatic arc that is current recorded in the Santand-
er Massif. This arc mainly intrudes the Famatinian Orogen 
(Bucaramanga Gneiss, Silgará Formation, orthogneisses, and 

post–tectonic granites) and, to a lesser extent, part of the Neo-
proterozoic basement that outcrops NW of the Santander Mas-
sif. Between ca. 194 to 189 Ma, the arc axis migrated toward 
the ocean (Spikings et al., 2015), and a possible clockwise ro-
tation of the continental plate occurred.

5.3.2. ca. 195 to 168 Ma 

Extension of the continental margin began during this period, 
causing the formation of back–arc basins, similar to the inter-
pretation of Toussaint (1995). Arc volcanism, plutonism, and 
sedimentation occurred concurrently. Volcano–sedimentary se-
quences formed, including the Saldaña Formation and Pitalito 
Vulcanites in the UMV, the Noreán Formation in the Middle 
Magdalena Valley and on the eastern flank of serranía de San 
Lucas, La Quinta Formation in serranía de Perijá, La Caja de 
Ahorros Ignimbrite and Los Clavos Ignimbrite in the Sierra Ne-
vada de Santa Marta, and sedimentary rocks such as the Jordán 
and Girón Formations in the SM. Plutonism generated, in ap-
proximately chronological order, the western plutons in the UMV 
and the Norosí Batholith in serranía de San Lucas, the plutons 
in the SNSM, the intermediate plutons between the western and 
eastern plutons in the UMV, the eastern plutons of the UMV, and 
plutons of the same age in the Sierra Nevada de Santa Marta.

5.3.3. ca. 167 to ca. 138 Ma

This interval is divided into three time periods. The first event 
was the collision of allochthonous terranes with the continental 
margin between ca. 167 and ca. 154 Ma with consequent meta-
morphism that formed the metamorphic assemblage of Tierra- 
dentro Gneisses and Amphibolites (this study) in the NBIB 
(167–154 Ma), the SW section of the Cajamarca Complex (158 
and 147 Ma; Blanco–Quintero et al., 2014), and La Cocha–Río 
Téllez Complex (163 Ma; Zapata et al., 2017a). The second 
event, which lasted from ca. 158 to 150 Ma, included syntecton-
ic arc magmatism that produced the Anzoátegui Metatonalite 
in the NBIB. The third event, which lasted from ca. 145 to ca. 
138 Ma, was the post–tectonic magmatism that generated the 
Ibagué Tonalite in the NBIB. 

Alternative hypotheses to explain the arc magmatism during 
this period include: (1) Genesis of the arc at another paleolati-
tude and transport to the current position along regional faults, 
and (2) the creation of different volcanic fronts in a supra–sub-
duction system. However, in the latter, the spatial position with 
respect to the trench and the westward migration coeval with 
terrane accretion on the western margin of the Neoproterozoic 
basement appear to be problematic. 

Due to the lack of geological data about the central section 
of the batholith, its corresponding model is unknown. The geo-
chronological data available in the literature for the southern 
section (Páez Quartz Monzodiorite) (Leal–Mejía, 2011; Zapata 
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et al., 2015) suggest a correlation with the western plutons of 
the UMV (Zapata et al., 2015). Conversely, some data from the 
central section of the Ibagué Batholith indicate its heterogeneity 
and inclusion of Permian (Villagómez et al., 2011; preliminary 
results from the “Jurassic Magmatism of Colombia” project  
of the SGC) and Jurassic bodies ranging from 170 to 150 Ma 
(Villagómez et al., 2011; Leal–Mejía, 2011). Future studies will 
make it possible to understand this section of the batholith and 
correlate it with the other Jurassic units. 

6. Conclusions

The compositional characteristics and crystallization ages of the 
Late Triassic and Jurassic igneous units in the Santander Mas-
sif, Upper Magdalena Valley, and northern block of the Ibagué 
Batholith have no common features that make it possible to 
correlate the magmatism associated with each block.

The Triassic and Jurassic magmatic rocks in Colombia 
were emplaced during different orogens. The Late Triassic – 
Jurassic plutons of the Santander Massif were emplaced into 
metamorphic and igneous units related to the Famatinian or 
Quetame–Caparonensis Orogeny, which occurred in the Early 
Ordovician (480–465 Ma). North of the massif, several plutons 
(Rionegro Monzogranite and San Martín Tonalite) were em-
placed into Neoproterozoic basement, which is associated with 
the Chibcha Terrane or Putumayo Orogen (approximately 990 
Ma), although the boundary between the orogens in the north-
ern SM remains unclear. The Early Jurassic – Middle Jurassic 

plutons and volcanic rocks in the Upper Magdalena Valley were 
emplaced into basement consisting of Neoproterozoic meta-
morphic rocks, Paleozoic sedimentary rocks and Permian arc 
rocks related to the Chibcha Terrane or Putumayo Orogen. The 
Jurassic magmatic rocks associated with the northern block of 
the Ibagué Batholith were emplaced syn–tectonically and post–
tectonically into metamorphic rocks related to a Late Jurassic 
orogen that includes units such as the Tierradentro Gneisses 
and Amphibolites, part of the Cajamarca Complex, and La Co-
cha–Río Téllez Complex. We suggest that this orogen should 
be called the Tierradentro Terrane, which borders the Chibcha 
Terrane to the east and the Tahamí Terrane to the west, although 
the tectonic borders between these three terranes are unknown.

Late Triassic – Jurassic magmatism occurred in several sub-
duction zones that were active at different times, likely through 
the westward migration of the subduction zone. This generated 
different continental margin arcs that evolved independently in 
the three tectonic blocks (Santander Massif, Upper Magdalena 
Valley, and northern block of the Ibagué Batholith). 

In the Santander Massif, arc magmatism lasted for approxi-
mately 30 Ma (from 214 to 184 Ma) and included multiple puls-
es of different–aged monzogranitic magmatism that generated 
batholitic bodies and stocks. The magmatism involved major 
crustal melting, represented by I– and S–type peraluminous 
granitoids. In the Upper Magdalena Valley, arc magmatism last-
ed for approximately 30 Ma (197 to 167 Ma) and included three 
large magmatic pulses (187, 182, and 172 Ma), starting with the 
formation of metaluminous monzodioritic stocks and batholiths 
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Figure 27. Probability density diagram of 200 xenocrysts and in-
herited zircon cores related to 41 U–Pb ages of SM plutons.

Figure 26. Frequency diagrams of U–Pb zircon ages for Triassic – Jurassic magmatic bodies of the SM, UMV, and NBIB.

and ending with the emplacement of I–type metaluminous and 
peraluminous batholiths and monzogranitic stocks. The spa-
tial migration of the arc is recorded in the composition of the 
igneous rocks. In the northern block of the Ibagué Batholith, 
the arc lasted for 20 Ma (from 158 to 138 Ma) and contained 
at least two magmatic pulses (154 and 144 Ma) that formed I–
type metaluminous plutons with tonalitic compositions. The arc 
migrated from west to east without a record of compositional 
changes during arc activity. The first pulse (Anzoátegui Meta-
tonalite), which occurred from 158 to 151 Ma, is interpreted as 
syntectonic with the metamorphism based on the similarity of 
the ages of the metamorphic rocks and the development of met-
amorphic structures. The second pulse (Ibagué Tonalite), which 
occurred from 145 to 138 Ma, is interpreted as post–tectonic 
based on the isotropic structure of the rocks.

The large number of inheritances found in the Triassic – 
Jurassic granitoids of the SM, which have Mesoproterozoic, 
Neoproterozoic, Cambrian, Ordovician, Silurian, Devonian, 
Carboniferous, Permian, and Upper and Lower Triassic ages, 
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suggests magmatism that assimilated crustal material from the 
basement and included most of the units preceding the magmat-
ic event of the Triassic – Jurassic arc. 
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Jurassic Evolution of the Northwestern Corner 
of Gondwana: Present Knowledge and Future 
Challenges in Studying Colombian Jurassic Rocks

Germán BAYONA1* , Camilo BUSTAMANTE2 , Giovanny NOVA3 ,  
and Ana Milena SALAZAR–FRANCO4 

Abstract This chapter summarizes knowledge (published up to February 2019) of meta-
morphic, plutonic, volcanic, carbonate, and clastic sedimentary Jurassic rocks that are 
exposed from northern Perú to Venezuela. This compilation allows an evaluation of 
three tectonic models that have been proposed for the evolution of the northwestern 
corner of Gondwana: an extensional model, a subduction–dominated model, and the 
along–marginal migration of blocks model, that last of which considers the interaction of 
western subduction and the north–south separation of continental blocks. We conclude 
that (1) the Jurassic evolution of this orthogonal margin cannot be represented in a single 
paleogeographic map that represents a dominant geodynamic process; (2) future anal-
yses must consider the superposition of both Pacific subduction and proto–Caribbean 
extensional processes; (3) extensional basins in La Guajira, the serranía de Perijá, and 
the Mérida Andes include the sedimentary record of predominantly proto–Caribbean 
extension, whereas western–subduction processes are recorded by a batholith chain 
that extends from southern Ecuador to the Santa Marta Massif in northern Colombia; 
and (4) a Middle Jurassic unconformity separates Lower to Middle Jurassic sedimen-
tary and volcanic successions, which are related to subduction magmatism and the 
separation of the North and South American Plates, from Upper Jurassic continental 
and marine deposits in extensional basins along the northern margin, which record the 
opening of the proto–Caribbean Sea. Future geochemical studies in Jurassic intrusive 
bodies should be able to evaluate the contamination from Triassic versus Grenvillian 
and older continental crust. Metamorphic studies should concentrate on the petrology 
and the pressure–temperature–time (P–T–t) paths. The chronostratigraphic framework 
of sedimentary basins should be improved by resuming paleontological investigations 
and geochronological analysis at the base and top of volcanoclastic rocks. Sedimento-
logical analysis should focus on establishing the geometry of sedimentary basins, the 
relationship of basin generation with magmatic centers, and documenting the record 
of paleo–climate indicators in order to establish possible paleo–latitudinal variations 
of tectonic blocks. Paleomagnetic studies should be conducted at different localities in 
Lower – Middle Jurassic rocks to test whether tectonic blocks have been static or record 
northward translations. The strong decrease in magmatic activity during the Late Jurassic 
time should be explained within a regional tectono–magmatic framework.
Keywords: Jurassic, tectonic evolution, Gondwana, orthogonal margins, geodynamics.
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Resumen Este capítulo resume el conocimiento (publicado a febrero de 2019) sobre las 
rocas metamórficas, plutónicas, volcánicas y sedimentarias calcáreas y clásticas de edad 
jurásica expuestas desde el norte de Perú hasta Venezuela. Esta compilación permite 
evaluar tres modelos tectónicos propuestos para la evolución de la esquina norocciden-
tal de Gondwana: un modelo de extensión, uno de subducción y uno de movimiento de 
bloques paralelo a la margen que considera la interacción de la subducción al occidente 
y la separación norte–sur de bloques continentales. Concluimos que (1) la evolución 
tectónica del Jurásico en esta margen ortogonal no puede ser representada en un solo 
mapa paleogeográfico que represente un proceso geodinámico dominante; (2) futuros 
análisis deben considerar la superposición de la subducción en el Pacífico y los procesos 
extensionales del proto–Caribe; (3) cuencas extensionales en La Guajira, la serranía de 
Perijá y los Andes de Mérida contienen el registro sedimentario predominantemente 
de la extensión proto–Caribe, mientras que los procesos de subducción en la margen 
occidental están registrados por la cadena de batolitos que se extiende desde el sur de 
Ecuador hasta el Macizo de Santa Marta en el norte de Colombia; (4) una discordancia 
del Jurásico Medio separa las sucesiones sedimentarias y volcánicas del Jurásico Inferior 
a Medio, que están relacionadas con magmatismo de subducción y con la separación 
de las placas de Norteamérica y de Suramérica, de depósitos continentales y marinos 
en cuencas extensionales a lo largo del margen norte de edad Jurásico Superior que 
registran la apertura del mar proto–Caribe. Futuros estudios geoquímicos en rocas plu-
tónicas jurásicas deben evaluar si la contaminación más antigua proviene de corteza 
continental triásica o grenvilliana, o más vieja. En las rocas metamórficas, los estudios 
deben enfocarse en análisis petrológicos y trayectorias de presión–temperatura–tiempo 
(P–T–t). Reanudar los estudios paleontológicos y los análisis geocronológicos en la base 
y tope de las sucesiones volcanoclásticas mejorará el marco cronoestratigráfico de las 
cuencas sedimentarias. Los análisis sedimentológicos deben centrarse en establecer 
la geometría de las cuencas sedimentarias, la relación genética de estas cuencas con 
los centros magmáticos y la documentación de los marcadores paleoclimáticos que 
permitan establecer las variaciones paleolatitudinales de bloques tectónicos. Se de-
ben realizar estudios paleomagnéticos en diferentes localidades de rocas del Jurásico 
Inferior y Medio para probar si los bloques tectónicos han sido estáticos o registran 
translaciones hacia el norte. La fuerte disminución en la actividad magmática durante 
el Jurásico Superior debe ser explicada en un contexto de análisis tectonomagmático. 
Palabras clave: Jurásico, evolución tectónica, Gondwana, márgenes ortogonales, geodinámica.

1. Introduction

Why is studying the Jurassic record in the northern Andes 
important? After the collision of several blocks to form the 
western margin of Pangea during the end of the Permian and 
the beginning of the Triassic (247– 299 Ma) (see summary in 
Martini & Ortega–Gutiérrez, 2016; Torsvik & Cocks, 2016), 
the northwestern corner of Gondwana became bounded by two 
active margins: (1) a western active margin, which experienced 
the long–lived subduction process of the Oceanic Pacific (Fa- 
rallón) Plate; and (2) a northern tectonic boundary, which was 
dominated by the breakup of Pangea, separation of the North 
and South American Plates, and consequent opening of the 
proto–Caribbean Sea. Well–exposed Jurassic magmatic, sed-
imentary and documented metamorphic rocks in the northern 
Andes (Figure 1) are the key to understanding the evolution 

of these two active tectonic margins and testing different hy-
potheses of the westward and northward continental growth 
of Gondwana.

The interaction of these two margins led to a complex and 
controversial internal organization of Gondwana and peri–
Gondwana blocks in the Middle Triassic to Jurassic (145–247 
Ma) (see summary in Martini & Ortega–Gutiérrez, 2016; Spik-
ings et al., 2015). New geochronological data available in the 
literature, demand a revision of the former identification of tec-
tonic terranes (see discussion in Rodríguez et al., 2018), and pa-
leomagnetic data test the concept that continental crustal blocks 
to the east of the Romeral Suture Zone (Figure 1) have an au-
tochthonous origin (Bayona et al., 2006, 2010). Therefore, the 
understanding of the Jurassic tectonic evolution of these two or-
thogonal margins of Gondwana requires the clear identification 
of terrane boundaries of continental blocks, its paleogeographic 



173

Jurassic Evolution of the Northwestern Corner of Gondwana: Present Knowledge and Future Challenges in Studying Colombian Jurassic Rocks

Ju
ra

ss
ic

Figure 1. Exposure of Jurassic and pre–Jurassic basement and sedimentary rocks that are in intrusive/faulted/depositional contact in 
the northern Peruvian to Venezuela Andes. Faults are not shown for simplicity. The basement provinces in the Amazon Craton and Pu-
tumayo Orogen are modified from Ibañez–Mejia et al. (2011 and references therein). Simplified and modified from Gómez et al. (2019).

75
° 

W

80
° 

W

70
° 

W

65
° 

W

10° N

5° N

0°

5° S

Ecuador

Colombia

Panamá

Perú

Brasil

Venezuela

Caribbean Sea

Pacific Ocean

A
ut

oc
ht

ho
no

us
 P

ut
um

ay
o

O
ro

ge
n

0.
9–

1.
6 

G
a

Grenvillian
basement
0.9–1.3 Ga

Amazonia 
Craton (1.5 G.a)

+ Grenvillian 
+ Pr – Tr

Grenvillian 
+ Pr – Tr

Pz 
metasedimentary

rocks

Paleozoic
metamorphic and

Permian – Triassic
basement

Paleozoic metamorphicPaleozoic metamorphic
and sedimentary rocks.and sedimentary rocks.
Grenvillian basementGrenvillian basement

Neoproterozoic + Paleozoic
metasedimentary and 

igneous rocks 

Amazon Craton

Central
Amazonia

Río Negro–JuruenaRío Negro–Juruena
1.8–1.55 Ga

Ventuari–TapajósVentuari–Tapajós
1.95–1.8 Ga1.95–1.8 Ga

Maroni–Itacaiunas
2.2–1.95 Ga

Plutonic
Triassic
rocks

Neoproterozoic
– Paleozoic

Peruvian
Andes

0 100 200 300 km50

Mesoproterozoic rocks

Cambrian rocks

Ordovician rocks

Silurian rocks

Devonian rocks

Carboniferous rocks

Permian rocks

Paleozoic rocks

Triassic volcanic rocks

Triassic sedimentary rocks

Triassic metamorphic rocks

Triassic plutonic rocks

Jurassic plutonic rocks

Jurassic volcanic rocks

Jurassic sedimentary rocks

Jurassic metamorphic rocks



174

BAYONA et al.

distribution, and how these continental blocks interacted with 
one or both of these margins. 

Although geochronological data has improved the age con-
trol of plutonic and volcanic rocks, the age control of sedimen-
tary and volcanoclastic rocks shows little advance since the 
review presented in Toussaint (1995) and Mojica et al. (1996). 
Recent papers about Triassic – Jurassic magmatism focus their 
studies in restricted areas (e.g., van der Lelij et al., 2016, for 
Santander Massif and Mérida Andes; Cuadros et al., 2014, for 
serranía de San Lucas; Bustamante et al., 2016, for Ibagué Ba-
tholith; Rodríguez et al., 2018, for southern Upper Magdalena 
batholiths; Quandt et al., 2018, for Santa Marta Massif). Trias-
sic – Jurassic sedimentary record has been used for the analysis 
of tectonic–basin forming processes (see summary in Kammer 
& Sánchez, 2006; Sarmiento–Rojas et al., 2006), proposing the 
generation of narrow extensional basins related to four tectonic 
events (Sarmiento–Rojas et al., 2006): Triassic, Late Triassic 
to Middle Jurassic, Middle Jurassic, and latest Jurassic – Cre-
taceous events. In these studies, there is not an integration of 
magmatism and basin evolution processes, and it is necessary 
to incorporate new evidences of Jurassic metamorphism (e.g., 
Blanco–Quintero et al., 2014; Bustamante et al., 2017; Rodrí-
guez et al., 2018; Zuluaga et al., 2017).

Tectonic models that have been proposed for the Triassic 
– Jurassic evolution of the NW corner of Gondwana may be 
grouped into three tectonic settings (Figure 2), keeping in mind 
that most of these models use the concept of a single tecton-
ic framework for the ca. 100 my of the Triassic and Jurassic 
(Figure 1). These three models show different options of con-
tinental margin growth: 

The static configuration of Jurassic intracontinental rifts 
that formed at the northwestern margin of Gondwana as 
the result of extensional tectonism (taphrogenesis; Mojica 
& Kammer, 1995; see Cediel et al., 2003 for details of 
the Bolívar Aulacogen). In the Jurassic (Figure 2a), conti-
nental growth was supported by plutonic rocks occupying 
space that was generated by extension.
The static configuration of the continental margin with 
the lateral migration of magmatic arcs that resulted from 
subduction–zone migration. The growth or destruction of 
the western continental margin occurred if the subduction 
zone migrated westward (see Cochrane et al., 2014a; Spik-
ings et al., 2015, for details) or eastward (e.g., Rodríguez 
et al., 2018), respectively (Figure 2b). The tectonic activity 
of the northward margin was not considered as a relevant 
factor in terms of modifying the intraplate tectonic settings 
of Gondwana.
Changes in the convergence angle between Pacific and 
western Gondwana Plates, which controlled subduction 
processes, the generation of magmatic arcs, and the mar-
ginal mobilization of para–autochthonous terranes (Bayo-
na et al., 2006, 2010; Toussaint, 1995) or the accretion of 

marginal magmatic arcs (Rodríguez et al., 2018) (Figure 
2c). In this hypothesis, extensional tectonism occurred 
simultaneously along the northward margin affecting the 
intraplate internal tectonic configuration of Gondwana 
(Bayona et al., 2013a, 2013b). 

The continental–crust growth mechanism in active continen-
tal margins differs among models (see discussion in Cochrane 
et al., 2014a). Juvenile magmatism is the only mechanism that 
generates continental crust in the dominant extensional mod-
el; volcanism occurs before extension in active rifting settings, 
whereas volcanism is uncommon and only ever occurs during 
and/or after rifting in passive rift settings (see discussion in Fri-
zon de Lamotte et al., 2015). In the second model, subduction 
rollback favors the migration of the magmatic arc (Cochrane et 
al., 2014a), but subduction may also erode the continental margin 
if the advancement occurs in the opposite direction, as suggested 
by Rodríguez et al. (2018). In the third model, plutonism also 
induces the growth of the continental margin; the northward mi-
gration of continental blocks favors the growth of the margin to 
the north but also the loss of the crustal margin to the south.

This work is a compendium that summarizes advances in 
different disciplines regarding the evolution of Jurassic rocks 
in the northwestern corner of Gondwana (presently the northern 
Andes and northern Peruvian Andes) based on a comprehensive 
analysis of the Jurassic metamorphism, plutonism, volcanism, 
and sedimentation that were documented by several authors. 
This study is not intended to solve all the problems but will 
provide some insights regarding how to improve our under-
standing of the geodynamic evolution the complex, tectonically 
active northwestern corner of Gondwana, which was affected 
by different tectonic mechanisms. Most of these publications 
analyzed a specific type of rock in one area. The strength of 
this work is the integration of these findings to examine the 
complete rock system; we do not describe details of published 
data, but we provide some suggestions regarding what disci-
pline must be implemented to gain knowledge and obtain better 
constraints in the interpretations. This manuscript focuses on 
understanding what documentation we have, how the new data 
fit among the above three models (Figure 2), and in which di-
rections we should move to achieve a robust collection of data 
for future interpretations. Future research in Jurassic rocks must 
constrain robust models to better define terranes and interpret 
the pre– and post–Jurassic tectonic evolution.

2. Materials and Methods

A total of nine “continental crustal blocks” were defined ac-
cording to (1) the presence and dominance of one or two of vol-
canic, plutonic, metamorphic, or sedimentary rocks and (2) its 
present geographic position and relationship with major massifs 
or ranges (Figure 3). These blocks are bounded by Cenozoic 
structures and Cenozoic – Quaternary sediments may cover im-
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portant subsurface structures, so we do not provide a specific 
reference regarding fault limits. Instead, we concentrate on the 
internal relationships of Jurassic rocks and the contacts with 
overlying Cretaceous and underlying older rocks to understand 
the expected boundaries, which are affected by Cretaceous and 
Cenozoic tectonic activity. 

In the next section, we provide a brief description of the 
present knowledge and summarize the interpretations of each 
of these blocks. We follow this organization for each block:

Metamorphism: mineral assemblage, grade of metamor-
phism, geochronological control, and protolith identification.
Plutonism: age control (U/Pb), geochemical data (Hf, 
REE, trace, and other), and inferred tectonic setting (sub-
duction related or rifting). We clearly indicate if another 
absolute geochronology method is used, but we limit the 
age reference to U/Pb ages.
Volcanism: age control (U/Pb), geochemical data (REE, 
trace, and other), stratigraphic relationships of Jurassic 
units with underlying (Triassic and older) and overlying 
(Cretaceous) units, lateral changes in thickness, fault–con-
trolled deposition, inferred tectonic setting (subduction re-
lated or rifting), and relationship with plutonism.
Sedimentation: lithology (siliciclastic, volcanoclastic, 
carbonate, or mixed); paleontology (macro and micro), 
stratigraphic relationships of Jurassic units with underly-
ing (Triassic and older) and overlying (Cretaceous) units, 
lateral changes in thickness, fault–controlled deposition, 
depositional environments, provenance and detrital geo-
chronology, and tectonic setting. 
Paleomagnetism: results of paleomagnetic directions (dec-
lination and inclination), timing of magnetization, and the 
implications of paleomagnetic directions for vertical–axis 
rotations and paleolatitudinal location.

For simplicity, references that are related to each stratigraph-
ic section for each block are shown in the respective figure.

3. Jurassic Rocks in Continental Crust 
Blocks
3.1. Block 1: Alta Guajira and Northern 
Venezuela Ranges (Figure 4)

3.1.1. Metamorphism

Jurassic rocks in the Cosinas Anticline, Punta Espada, Paragua-
na Peninsula, and Cordillera de la Costa belt areas show high 

deformation and strong cleavage fabric but were more likely 
produced during Cenozoic deformation (Irving, 1972; Zuluaga 
et al., 2009).

3.1.2. Plutonism 

The Ipapure Granodiorite is of Lower Jurassic age (see age 
control in volcanic units), whereas the Siapana Granodiorite is 
of Middle Jurassic age (167 ± 9.4 Ma; Cardona et al., 2006). 
Both bodies show a geochemical signature that is related to 
subduction–zone magmatism (Zuluaga et al., 2015).

3.1.3. Volcanism

Zuluaga et al. (2015) mapped and dated the Ipapure–Cerro La 
Teta Rhyodacite, which has a mean age of 183.5 ± 2.9 Ma (N=3 
samples), and is genetically related to the Ipapure Granodiorite.

3.1.4. Sedimentation

The La Guajira ranges have the most complete upper Middle 
to Upper Jurassic succession, which encompasses (1) conti-
nental fluvial strata at the base (Rancho Grande and Chertelo 
Formations), (2) a marine ingression at the Oxfordian (Caju 
and lower Uitpana Formations) followed by a progradation 
of marginal environments of the Chinapa and upper Uitpana 
Formations, and (3) a marine ingression at Kimmeridgian – 
Tithonian (Nova–Rodríguez et al., 2017; Zuluaga et al., 2009). 
Lateral changes in the thickness of the upper two units and the 
up–section dominance of marine strata indicate accumulation 
in extensional settings (Cuisa Formation). The Rancho Grande 
Formation rests unconformably upon the Ipapure–Cerro la Teta 
Rhyodacite, whereas the uppermost marine Jurassic rocks are 
covered disconformably by Lower Cretaceous rocks. Marine 
and marginal deposits of Upper Jurassic age are also reported 
in the northernmost exposures of the Jurassic rocks in the Para-
guana Peninsula and Cordillera de la Costa belt of Venezuela. 
These units rest unconformably upon metamorphic and intru-
sive rocks of Paleozoic age and are overlain in an unconform-
able contact with Lower Cretaceous marginal siliciclastic or 
calcareous marine rocks (Salazar, 2010).

3.1.5. Paleomagnetism

Reported results in Jurassic rocks show eastward declinations 
with positive inclinations suggesting magnetization events in 

Figure 3. (a) Division of the nine continental crustal blocks that were used to present the Jurassic rock data. (b) Age ranges of the uppermost 
Triassic and Jurassic plutonic rocks from Ecuador to northern Colombia (Rodríguez–García et al., 2020). The ages in the Santander Massif 
and serranía de San Lucas are younger to the west but older to the north (the plutonic rocks in the Santa Marta Massif are older than those 
in the serranía de Perijá) and south (the Ibagué Batholith and western belt have older ages than the eastern intrusive belt). See the text 
for a complete reference of the age control in plutonic and volcanic rocks for each block. Simplified and modified from Gómez et al. (2019).
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northern paleolatitudes (Bayona et al., 2016; MacDonald & Op-
dyke, 1972; Nova–Rodríguez et al., 2017) and ca. 90º of clock-
wise rotations with respect to the stable South America Plate, 
which is consistent with the nearly eastward–to–northeastward 
strike of the Cosinas Anticline.

3.2. Block 2: serranía de Perijá (Machiques 
Basin), Subsurface of Maracaibo Lake (Uribante 
Basin), Mérida Andes (Barquisimeto Basin), 
and Subsurface of the Barinas Basin (El Espino 
Basin) (Figure 5)

3.2.1. Metamorphism

No evidence of metamorphism or deformation in Jurassic rocks 
has been reported in this block.

3.2.2. Plutonism

Small intrusive bodies (167 ± 3 Ma) have been documented 
within the La Quinta Formation (Dasch, 1982) but have not 
been mapped independently of the La Quinta Formation.

3.2.3. Volcanism

Volcanoclastic rocks are the dominant lithology of La Quinta 
Formation, with localized interbeds of volcanic rocks at differ-
ent stratigraphic positions (Forero, 1970; Maze, 1984; Orte-
ga–Montero et al., 2012). The reported ages of these volcanic 
rocks on the western side of the serranía de Perijá vary from 
162 to 183 Ma (Bayona et al., 2012a; Dasch, 1982; González 
et al., 2015a; Montaño, 2009). The major– and trace–element 
geochemical signatures show intermediate composition (Maze, 
1984). van der Lelij et al. (2016) reported tuffs with a 202 Ma 
age at the base of La Quinta Formation in the Mérida Andes. 

3.2.4. Sedimentation

The Machiques, Uribante, Barquisimeto, and Espino extension-
al basins have a record of Jurassic rocks with abrupt changes 
in thickness within the same basin but of different age ranges 
(Eva et al., 1989; Forero, 1970; Maze, 1984; Ortega–Montero 
et al., 2012). The oldest record (Triassic? to Lower Jurassic) is 
reported in the Barquisimeto Basin, which exhibits continental 
fluvial accumulation with interbeds of volcanoclastic and volca-
nic deposits. Upper Jurassic sediments consist of continental to 
marginal (lacustrine) deposits that dominate over the volcanic–
related rocks. In contrast, basaltic lavas are reported in Upper Ju-
rassic continental deposits in the El Espino Basin. In this block, 
Jurassic rocks rest unconformably upon Paleozoic sedimentary 
strata and are overlain disconformably by Lower Cretaceous 

continental fluvial deposits of the Río Negro Formation or by 
marine carbonate rocks of the Cogollo Group (Aptian age).

3.2.5. Paleomagnetism

Reported results in Jurassic rocks from the serranía de Peri-
já show northeastward declinations with positive inclinations 
(Gose et al., 2003; Nova–Rodríguez et al., 2012), suggesting 
magnetization events at northern paleolatitudes and ca. 45º of 
clockwise rotations with respect to the stable South America 
Plate, which is consistent with the NE strike of the serranía de 
Perijá. In the Mérida Andes, reported paleomagnetic data shows 
northern declinations and shallow positive inclinations (Casti- 
llo et al., 1991), suggesting no rotations and magnetization at 
northern paleolatitudes.

3.3. Block 3: Santa Marta Massif and serranía 
de San Lucas (Figure 6)

3.3.1. Metamorphism

The Jurassic rocks to the east of the Santa Marta Massif do not 
show evidence of metamorphism. 

3.3.2. Plutonism 

Large intrusive bodies of Lower – Middle Jurassic age consti-
tute the Santa Marta and San Lucas Massifs. In the San Lucas 
Massif, intermediate–composition batholiths have ages ranging 
from 193 Ma to 162 Ma (Cuadros et al., 2014; González et 
al., 2015b). In the Santa Marta Massif, the ages range from 
192 to 180 Ma (Quandt et al., 2018). Geochemical signatures 
of those batholiths indicate tectonic settings of magmatic arcs 
adjacent to subduction zones (Quandt et al., 2018; Vásquez et 
al., 2006). Jurassic magmatism affected Grenvillian basement 
rocks in both massifs, but Cuadros et al. (2014) reported older 
basement rocks (1.5 Ga). 

3.3.3. Volcanism 

Thick volcanoclastic and volcanic deposits of very variable 
thickness from the Noreán Formation are exposed in the east-
ern flank of the San Lucas Massif and western flank of the 
Santander Massif, and volcanic deposits of poor lateral continu-
ity are exposed in the eastern flank of the Santa Marta Massif. 
In the Santa Marta Massif, the volcanic rocks have reported 
ages between 187 and 176 Ma (Quandt et al., 2018). In the San 
Lucas Massif, two ages of 200 and 163 Ma have been reported 
in the Noreán Formation and equivalent unit in the subsurface 
(La Malena volcanic unit) (González et al., 2015b; Horton et 
al., 2015; Leal–Mejía, 2011). Correa–Martínez et al. (2019) re-
ported two U–Pb ages in andesite lavas (192 and 185 Ma) and 
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another age in a rhyolite lava (176 Ma); all analyzed volcanic 
rocks show geochemical signatures of continental magmatic 
arcs. 

3.3.4. Sedimentation 

Short periods of continental fluvial deposition are recorded in 
some units from the Guatapurí Formation in the Santa Marta 
Massif (Tschanz et al., 1974), whereas most of the record in 
the Noreán Formation may be related to gravity–flow deposits 
(Clavijo et al., 2008). Volcanic deposits rest disconformably 
upon marine to marginal deposits of Upper Triassic age in the 
Santa Marta Massif (Los Indios Formation) or lowermost Ju-
rassic age in the San Lucas Massif (Morrocoyal Formation). 
The onset of Cretaceous deposition is diachronous in both 
massifs; the lowermost marginal to marine Cretaceous rocks 
overlie the San Lucas Massif and northern face of the Santa 
Marta Massif, whereas accumulation began in the Aptian in 
most areas with a record of marine deposits of the Cogollo 
Group or equivalent units.

3.3.5. Paleomagnetism 

The reported results in Lower Jurassic volcanic rocks from the 
Santa Marta Massif indicate an NNE declination and negative 
inclinations, suggesting moderate clockwise rotations and mag-
netization at southern paleolatitudes (Bayona et al., 2010). No 
studies have been conducted in the serranía de San Lucas.

3.4. Block 4: Santander Massif (Figure 7)

3.4.1. Metamorphism

The Bucaramanga Paragneiss reached granulite–facies meta-
morphism during the Early Ordovician (zircon U–Pb ages from 
490 to 450 Ma in van der Lelij et al., 2016), whereas rocks of 
the Silgará Formation were affected by this Ordovician regional 
metamorphism and maybe by a younger event in the late Pa-
leozoic (Cardona et al., 2016). These metamorphic rocks are 
overprinted by a thermal anomaly and low–pressure metamor-
phism associated to the Late Triassic – Early Jurassic magma-
tism, as suggested by the growth of cordierite (Cardona et al., 
2016; Zuluaga et al., 2017). This metamorphism was related to 
the subduction of oceanic crust from the proto–Pacific Ocean 
beneath western Pangea (Zuluaga et al., 2017).

3.4.2. Plutonism

The Santander Massif records the earliest magmatic activi-
ty after Pangea’s break–up according to the U–Pb in zircon 
ages, which span from ca. 213 to 196 Ma (Correa–Martínez 
et al., 2016; Mantilla–Figueroa et al., 2013; van der Lelij et 

al., 2016). Geochemical data that were reported by Correa–
Martínez et al. (2016) and van der Lelij et al. (2016) indicate 
that the granitoids are mildly peraluminous and have K2O and 
Na2O compositions that are typical of I–type granites. The geo-
chemical data indicate a convergent margin setting because of 
the similar trends of the trace elements and REE abundances 
compared to the upper crust. In the same work, the Pb iso-
topic ratios were interpreted as indicative of crustal sources. 
These authors interpreted that the voluminous shallow batho-
liths from the Santander Massif formed in a subduction zone 
with coeval extension because of a slab rollback process. In 
the southernmost extension of the Santander Massif, plutonic 
rocks show similar macroscopic composition (Vargas et al., 
1981), but geochemical and geochronological studies are re-
quired to test their Triassic – Jurassic age. 

3.4.3. Volcanism 

The documented volcanic rocks in the Santander Massif have 
local extension and an inferred Jurassic age. Basalts with 
porphyritic and amygdalar texture have been formalized as 
the Nogontova Formation by Moreno–Sánchez et al. (2016). 
These undated rocks might be of Lower Jurassic age because 
the composition and texture are similar to the basalts from the 
Jordán Formation (Ayala–Calvo et al., 2005). In the southern-
most extension of the Santander Massif, porphyritic rhyolites 
have been reported next to plutonic rocks and intruding Paleo-
zoic metasedimentary rocks; the relationship with interpreted 
Jurassic sedimentary rocks is not clear (Vargas et al., 1981).

3.4.4. Sedimentation 

A thin record (a few hundred of meters) of continental fluvi-
al sandstones and conglomerate deposits has been correlated 
with the Girón Formation, which accumulated to the east of 
the Bucaramanga Fault. Similarly, the record of lacustrine to 
marine deposits has been associated with the Bocas Forma-
tion, but with no report of clear marine–fossil associations. 
Some areas have interbeds of volcanoclastic deposits within 
this unit. A rhyolitic unit that cuts through the Bocas Forma-
tion has been dated to 250 Ma (van der Lelij et al., 2016); this 
relationship should be revised because this age suggests a Pa-
leozoic age for the Bocas Formation. No provenance analyses 
in the Girón Formation have been conducted in this block. 
These deposits rest unconformably upon Paleozoic sedimen-
tary and metamorphic rocks and are overlain by either conti-
nental Lower Cretaceous continental deposits or by marginal 
to marine Aptian deposits.

3.4.5. Paleomagnetism 

No studies have been conducted in these units.
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3.5. Block 5: Los Cobardes and La Rusia 
Anticlines, Río Lebrija Section, and Floresta 
Massif (Figure 8)

3.5.1. Metamorphism

No evidence of metamorphism has been reported in this block, 
but strong cleavage in the La Rusia Anticline records deforma-
tion processes that have not been documented in other Creta-
ceous rocks.

3.5.2. Plutonism 

No record of Jurassic plutonic rocks exists in this block.

3.5.3. Volcanism 

Jordán and La Rusia Formations show thin interbeds of vol-
canic and volcanoclastic rocks, which have been identified in 
previous studies (Cediel, 1968; Suárez & Díaz, 2016). Aya-
la–Calvo et al. (2005) reported very altered basalts (sericite 
and chlorite) that were interbedded with red mudstones of the 
Jordán Formation. Suárez & Díaz (2016) made petrographic 
and macroscopic identification of those volcanoclastic rocks 
interbedded with rhyolitic tuffs, feldspar–bearing sandstones 
and red mudstones and locally cut by mafic dikes. The Jordán 
Formation accumulated in fluvial–lacustrine systems affected 
by volcanic activity (Suárez & Díaz, 2016). Field observations 
of the Jordán and La Rusia units by the main author noted that 
“red siltstones” may really correspond to “red fine tuff beds”. 
These units are in two localities with the most continuous re-
cord of Jurassic deposition in this block.

3.5.4. Sedimentation

The accumulation of siliciclastic rocks dominated in extensional 
basins. Two major depocenters have the most complete record 
of Jurassic deposition: the Río Lebrija section and La Rusia An-
ticline. In these two areas, Lower Jurassic rocks rest unconform-
ably upon sedimentary and metamorphic Paleozoic rocks and 
consist of fluvial (Palermo–Montebel Formations in La Rusia 
Anticline) and marginal deposits (Bocas Formation in Río Lebri-
ja). In the La Rusia Anticline, this succession changes up–section 
to high–energy fluvial and volcanoclastic deposits of the Middle 
Jurassic La Rusia Formation, whereas that in the Río Lebrija 
section has low–energy continental and volcanoclastic depos-
its of the Middle Jurassic Jordán Formation. A short period of 
deformation (local angular unconformity with range of 10–15º, 
Ward et al., 1973) separates the accumulation of the Upper Ju-
rassic continental Girón and Arcabuco Formations, both units 
passing up–section conformably to the marine transgression that 
was recorded by the lowermost Cretaceous units. In other areas 

outside of these two depocenters, the Jurassic record is coeval 
with the accumulation of the Upper Jurassic Girón Formation; 
however, this accumulation is accompanied by strong changes 
in stratigraphic thickness from tens of meters in the La Mesa de 
Los Santos region (Ayala–Calvo et al., 2005) to ca. 4 km of thick-
ness in the Río Lebrija section (Cediel, 1968). Osorio–Afanador 
(2016) argues that the strong lateral variation in thickness and 
depositional systems in continental settings makes difficult the 
correlation of the Upper Jurassic Girón Formation. Provenance 
analysis (petrography and detrital zircons) shows supply from 
nearby areas in the Santander and Floresta Massifs.

3.5.5. Paleomagnetism 

The reported results in Jurassic rocks from the La Mesa de Los 
Santos to Lebrija area and in the Floresta Massif show that the 
northward declinations of Middle Jurassic rocks have negative 
inclination, whereas Upper Jurassic rocks and Lower Cretaceous 
rocks show positive inclinations (Bayona et al., 2006). These 
results, alongside the lack of paleosol development in Middle 
Jurassic rocks and extensive paleosol development in Upper Ju-
rassic rocks, support the hypothesis of the northward translation of 
blocks from southern paleolatitudes and dry conditions to north-
ern paleolatitudes and humid conditions (Bayona et al., 2010).  
Jiménez et al. (2017) documented moderate clockwise rotation 
and shallow positive inclinations (northward paleolatitudes) for 
the Girón Formation in Los Cobardes Anticline. 

3.6. Block 6: Cundinamarca Basin (sensu 
Sarmiento–Rojas et al., 2006) (Figure 9) 

3.6.1. Metamorphism, Plutonism, and 
Volcanism

Metamorphic and magmatic events have not been reported in 
this block.

3.6.2. Sedimentation

Uppermost Jurassic to lowermost Cretaceous marine deposits 
have been reported in this block, which have variable lithofa-
cies association (Mora et al., 2009). In the eastern margin of 
the Cretaceous Cundinamarca Basin, gravity–flow deposits 
of the Brecha Buenavista Formation and carbonate rocks of 
the Guavio Formation record the irregular onset of accumula-
tion prior to the Cretaceous marine ingression. In the depocen-
ter of the basin, evaporate accumulation may record the onset  
of accumulation. 

3.6.3. Paleomagnetism 

No studies have been conducted in Jurassic rocks from this block.
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3.7. Block 7: Jurassic Rocks between the 
Southern Central Cordillera and Garzón  
Massif (Figure 10)

3.7.1. Metamorphism

Rodríguez et al. (2018) reported Jurassic metamorphism (ca. 
154 Ma) in the Tierradentro Gneisses and Amphibolites, coeval 
with the emplacement of a metatonalite between 158 and 150 
Ma, which reached the amphibolite facies.

3.7.2. Plutonism

The Ibagué Batholith is the largest plutonic body to the north and 
west of the Inzá, La Plata, and Chusma Fault System. This pluton-
ic rock formed from successive pulses of magmatism between ca. 
189 Ma and 138 Ma (Bustamante et al., 2010, 2016; Cochrane et 
al., 2014b; Rodríguez et al., 2018). The whole–rock geochemistry 
that was presented in several works and compiled in Bustaman-
te et al. (2016) shows enrichment in LREE over HREE (chon-
drite normalized) and pronounced negative Nb and Ti anomalies 
(primitive mantle normalization). The reported Hf and Nd isotopic 
compositions in these works also show clear crustal source of 
the older pulses and an increase in the juvenile component with 
time, where the youngest pulses record a depleted mantle source 
(Bustamante et al., 2016; Cochrane et al., 2014b). The whole–rock 
geochemistry and isotopic data suggest a subduction–related mag-
matism for the origin of the Ibagué Batholith.

Plutonic rocks to the east and south of the Inzá, La Plata, 
and Chusma Fault System show petrographic and geochemical 
signatures of a continental magmatic arc that was related to a 
subduction zone, with plutons being older (195–186 Ma) and of 
intermediate composition in the western belt than in the eastern 
belt, which are younger (173–169 Ma) and granitic in compo-
sition (Rodríguez et al., 2018). Rodríguez et al. (2018) argued 
that the differences in the ages of the plutonic rocks and type 
of basement rocks to the north and south of the Inzá, La Plata, 
and Chusma Fault System are evidence to separate these two 
areas into different magmatic arcs.

3.7.3. Volcanism

The volcanic and volcanoclastic succession of the Saldaña For-
mation is of intermediate to felsic, calc–alkaline composition 
based on petrography and major and trace–element analysis 
(Bayona et al., 1994; Cajas, 2003; Rodríguez–García et al., 2016; 
Vásquez et al., 2006). The reported U/Pb ages range from 189 
to 173 Ma (Rodríguez–García et al., 2016). One Ar–Ar age in a 
plagioclase mineral from a subvolcanic andesitic rock that in-
truded the Saldaña Formation yielded an age of 159.3 ± 0.5 Ma 
(Rodríguez–García, 2018), whereas U–Pb ages of 151 to 155 Ma 
were reported from volcanic and subvolcanic dykes of rhyolitic 

to andesitic composition (Hincapié–Gómez, 2018). Any calcu-
lation of thickness among areas is relative because of structural 
complexities and a lack of exposed lower and upper contacts. 
The Saldaña Formation to the west of Inzá, La Plata and Chusma 
Fault System rests conformably upon Upper Triassic – Lower 
Jurassic rocks (see descriptions below), whereas the Saldaña 
Formation to the east of these faults rests unconformably upon 
sedimentary Paleozoic or Precambrian units (Rodríguez et al., 
2018). Geochemical data indicate a subduction–related tectonic 
setting (Rodríguez et al., 2018; Vásquez et al., 2006). 

3.7.4. Sedimentation

Upper Triassic – Lower Jurassic deposits to the north and west 
of the Inzá, La Plata, and Chusma Fault System consist of a ma-
rine sequence from the Payandé Formation (Norian to Rhaetian, 
Geyer, 1982) resting unconformably upon the Luisa Formation. 
Thin interbeds of sedimentary carbonate rocks at the base of 
the Saldaña Formation (Chicalá and Río Frío units, Mojica & 
Llinás, 1984; Mojica & Prinz–Grimm, 2000; Rodríguez et al., 
1995) that accumulated in shallow–marine environments are 
considered of Lower Jurassic age. Fluvial and lacustrine depos-
its within the Saldaña Formation are present but regionally very 
uncommon (Bayona et al., 1994; Cajas, 2003). Detrital U–Pb 
geochronological data from clastic and pyroclastic rocks of the 
Luisa Formation yielded the youngest age population from 270 
to 278 Ma suggesting accumulation in mid–Permian (Hincapié–
Gómez, 2018); therefore, the Luisa Formation should not be 
considered as part of the Triassic – Jurassic succession.

3.7.5. Paleomagnetism

Bayona et al. (2005, 2006) reported paleomagnetic directions 
with northern and negative inclinations (or its reversal) in 
rocks from the Saldaña Formation at both sides of the Inzá, 
La Plata, and Chusma Fault System. These directions differ 
from the northern and positive inclinations in rocks from the 
Aptian Yaví Formation. These directions allow the interpreta-
tion of the northward migration of these blocks during Middle 
to Late Jurassic.

3.8. Block 8: Mocoa Batholith, Caguán and 
Putumayo Basins, Subandean Ecuador Ranges 
and Oriente Basin, and Northern Perú (Figure 11)

3.8.1. Metamorphism

Quartz–feldspar schists from the La Cocha–Río Téllez Com-
plex yielded U–Pb zircons ages of 163.6 ± 4.7 Ma, which were 
interpreted by Zapata–García et al. (2017) as the metamorphism 
age of a sequence of pelites that reached the amphibolite facies. 
According to these authors, these rocks could be correlated with 
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schists from the Cajamarca Complex, which outcrops to the 
west of the Ibagué Batholith.

3.8.2. Plutonism

The Mocoa Batholith is a poorly studied plutonic body that 
outcrops in southern Colombia. Available U–Pb geochrono-
logical and whole–rock geochemistry data (Cochrane et al., 
2014a; Leal–Mejía, 2011; Rodríguez et al., 2018; Zapata et al., 
2016) indicates 181 to 170 Ma U–Pb crystallization ages for a 
high–K calc–alkaline granitoid with typical Nb and Ti negative 
anomalies compared to primitive mantle. The latter indicates an 
arc–related granitoid. The εNd value from Leal–Mejía (2011) 
in samples of the Mocoa Batholith revealed a crustal source. In 
Ecuador, the ages become younger southward; the Rosa Flo- 
rida Batholith has an age of 182 Ma; the ages of the Abitagua 
Batholith range from 174 to 170 Ma, whereas Jurassic ages of 
the Zamora Batholith to the south range from 178 to 145 Ma 
(Spikings et al., 2015). The geochemical signatures are similar 
to the reported results for the Mocoa Batholith.

3.8.3. Volcanism

Rhyolite–dominated Pitalito volcanic rocks have a similar re-
ported U–Pb age to those of the plutonic rocks (183–168 Ma; 
Rodríguez et al., 2018). In the Putumayo Basin in Colombia and 
Ecuador, intermediate and felsic volcanic and volcanoclastic 
rocks have been grouped as the Motema and Misahualli Forma-
tions, the latter with an Ar/Ar age of 172.3 ± 2.1 Ma (Romeuf et 
al., 1997). In the sub–Andean zone of Ecuador, the Misahualli 
Formation consists of basaltic andesites to rhyolitic lavas that are 
interbedded with felsic pyroclastic flows (Romeuf et al., 1997); 
this unit is covered unconformably by Aptian beds. The south-
ern extension of the Misahualli Formation in Perú is named the 
Colán Formation (Pardo & Sanz, 1979) or Oyotun Formation 
(Jaimes et al., 2011), with a similar geochemical composition of 
volcanic and pyroclastic rocks. However, the Colán Formation 
rests upon carbonate rocks of the Upper Triassic Pucara Group 
and is covered by Neocomian quartzites (Mourier et al., 1988). 

3.8.4. Sedimentation

In Ecuador, Lower Jurassic shales and carbonate rocks from the 
Santiago Formation include to the top some volcanic interbeds 
with tholeiitic affinity, which are related to an extensional event 
of Triassic to Early Jurassic age. This marginal to marine unit 
changes northward to continental red beds of the Sacha For-
mation (Díaz et al., 2004; Gaibor et al., 2008). An angular un-
conformity separates the Chapiza Formation, which consists of 
clastic red beds that accumulated in continental dry conditions; 
to the west, this unit changes to volcanoclastic rocks from the 
Misahualli Formation (Díaz et al., 2004), which represents the 

southern continuity of the volcanic rocks in Colombia. To the 
east, the Tambococha Formation has been interpreted as marine 
deposits of Middle to Upper Jurassic age (Díaz et al., 2004). 
The tectonic setting of these units has been related to extension 
from an active subduction zone to the west (Díaz et al., 2004). 
In northern Perú, the Upper Triassic to Lower Jurassic Pucara 
Group includes (1) bituminous and fossiliferous (ammonites 
and brachiopods) black limestones with thin pyroclastic levels 
of the La Leche Formation at the base and (2) black shales with 
thin interbeds of sandstones and limestones with ammonites of 
the Sávila Formation at the top (Jaimes et al., 2011). 

3.8.5. Paleomagnetism

No studies have been conducted in these units. However, clock-
wise rotation and the northward displacement of southern ter-
ranes in Ecuador (Jaillard et al., 1999; Mourier et al., 1988) 
have been considered to have occurred in the Late Jurassic 
(Spikings et al., 2015).

3.9. Block 9: West of Large Intrusive Bodies of 
the Ibagué Batholith, serranía de San Lucas, 
and Santa Marta Massif (Figure 3)

3.9.1. Metamorphism

A Jurassic metamorphic event was defined by Blanco–Quintero 
et al. (2014) in metabasites and metapelites from the Cajamarca 
Complex (Nelson, 1962). Metamorphic cooling ages from Ar–Ar 
in hornblende ranged from ca. 146.5 ± 1.1 Ma to 157.8 ± 0.6 Ma, 
and the age in one phengitic mica from a pelitic schist was 157.5 
± 0.4 Ma. The hornblende + plagioclase + epidote + quartz assem-
blage defines the amphibolite facies of the sequence; according to 
Blanco–Quintero et al. (2014) and Bustamante et al. (2017), this 
sequence may constitute a continuous Jurassic metamorphic belt 
that extends from Ecuador possibly until Santa Marta, always to 
the west of the Jurassic batholiths. The San Lorenzo Schists on the 
Santa Marta Massif consist of low– to middle–grade and high–
pressure metamorphic bodies, including amphibolites, eclogites, 
mica schist, and phyllite with zircon ages from 188 to 157 Ma, 
which are considered either detrital fragments (Cardona et al., 
2010) or components of a Jurassic protolith (Piraquive, 2017). 

4. Discussion and Consideration of 
Future Works
4.1. Review of Geologic Data

4.1.1. Metamorphic Rocks

Defined metamorphic sequences require adequate studies on the 
metamorphic petrology to detail the pressure–temperature–time 
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(P–T–t) paths. These sequences likely require a compressional 
setting to produce amphibolite facies metamorphism, which 
cannot be satisfied with a slab rollback process (Spikings et 
al., 2015), where extensional forces are dominant. Additionally, 
researchers must establish these sequences’ relationships with 
the large intrusive bodies and surrounding basement rocks to 
establish the type of metamorphism (contact versus regional). 
Determining their correlation with contemporary rocks in sim-
ilar tectonic positions in Ecuador is critical. 

The main problems that must be solved are related to the 
recent recognition of a Late Jurassic collisional metamorphic 
event in the Central Cordillera (Blanco–Quintero et al., 2014; 
Zapata–García et al., 2017). An adequate cartography and mi-
crostructural description is lacking, and the limit of this meta-
morphic belt is not clear, nor is its southern prolongation along 
the Central Cordillera towards the Cordillera Real in Ecuador. 
Although Blanco–Quintero et al. (2014) indicated that this belt 
is in faulted contact with the Ibagué Batholith, Rodríguez et 
al. (2018) suggested that the Jurassic metamorphic belt is syn-
tectonic with the magmatism based on U–Pb geochronology. 
However, the latter model did not discuss the presence of Tri-
assic metamorphic roof pendants (Bustamante et al., 2017) in 
the same tectonic position as the Jurassic metamorphic rocks. 
One possibility is that the metamorphic event that was recorded 
by Rodríguez et al. (2018) corresponds to a dynamic event that 
affected the mafic facies of the Ibagué Batholith.

4.1.2.  Plutonic Rocks 

U–Pb geochronology and geochemical studies have increased 
the knowledge of Jurassic magmatism in the northern Andes. 
Although geochemical data from these studies show a clear evi-
dence of magmatism from subduction processes, and the crustal 
origin of magmatic material, we must consider the effects of 
contamination of different types of continental crust and its po-
sition relative to extensional geodynamic processes that have 
occurred in the north since the Early Jurassic. 

As examples, Lower and Middle Jurassic granitoids from 
the Upper Magdalena Valley intrude Grenvillian basement 
rocks (0.9–1.2 Ga) both to the east and to the west of the valley, 
but the sedimentary cover differs in both areas. In the western 
belt of the Upper Magdalena Valley, Lower and Middle Juras-
sic granitoids affect Triassic sedimentary rocks (Rodríguez et 
al., 2018) and are in faulted contact with Triassic metamor-
phic rocks (Figure 1). The northern Ibagué Batholith intruded 
Jurassic and Triassic metamorphic basement rocks from the 
Central Cordillera (Blanco–Quintero et al., 2014; Rodríguez 
et al., 2018). Similarly, Upper Triassic and Lower – Middle 
Jurassic plutonic rocks from the Garzón Massif, serranía de San 
Lucas, Santander Massif, and Mérida Andes intruded different 
sets of Precambrian and Paleozoic rocks, which record different 
histories of tectonic evolution (Figure 1). The San Lucas Ma- 

ssif has a protolith age from 1.54 to 1.50 Ga, whose basement 
has been related with the Río Negro Province of the Amazon 
Craton (Cuadros et al., 2014); this range does not include the 
thick Paleozoic record that is preserved in the Mérida Andes 
and Santander Massif (Rodríguez et al., 2017; van der Lelij et 
al., 2016). The serranía de San Lucas represents one portion 
of the Amazonia Basement, whereas the Santander and Santa 
Marta Massifs correspond to peripheral basins, microcontinents 
or island arcs that were metamorphosed in the Grenvillian event 
(Cardona et al., 2010). The Mérida Andes corresponds to the 
northern segment of the Guiana Shield (van der Lelij et al., 
2016). Therefore, future geochemical analyses may elucidate 
whether Jurassic granitoids intruded rocks of the same terrane 
or different tectonic terranes.

Reported geochronological data show no clear trend of the 
migration of magmatic activity. Spikings et al. (2015) proposed 
a westward migration of magmatism by comparing Upper Tri-
assic plutonic rocks from the Santander Massif and Lower–to–
Middle Jurassic plutonic rocks from the serranía de San Lucas. 
However, similar trends cannot be compared along the margin 
because of a lack of regional Late Triassic magmatism in other 
ranges (Figure 1). Lower to Middle Jurassic magmatism in the 
other ranges showed, in present geographic position, either a 
static behavior (e.g., the Zamora and Ibagué Batholiths) or an 
eastward migration, as suggested by Rodríguez et al. (2018) for 
the batholiths in the southern Upper Magdalena Valley. Con-
sidering the autochthonous hypothesis, an eastward widening 
of magmatic activity is documented in the Santa Marta Massif 
and serranía de Perijá (González et al., 2015a; Quandt et al., 
2018) (Figure 2a, 2b).

The abrupt interruption of regional magmatism in the early 
Late Jurassic should also be investigated. Some authors argued 
that the peak of magmatism was related to orthogonal plate con-
vergence, whereas a decrease in magmatic activity may have 
been related to oblique convergence between plates (Bustaman-
te et al., 2016). A similar cessation of volcanic arc magmatism 
because of the oblique convergence of oceanic plates is record-
ed between the early and middle Eocene (Bayona et al., 2012b). 
The strong decrease in magmatic activity in the Late Jurassic 
should be explained within a regional tectono–magmatic frame-
work by considering the event that caused the Middle Juras-
sic unconformity and the change in sedimentation patterns in 
northeastern Colombia and Venezuela.

4.1.3. Volcanic Rocks 

Although the amount of geochemical and geochronological 
data from volcanic rocks has increased, published data did not 
consider the stratigraphic position of these rocks. Geochrono-
logical investigations at different stratigraphic positions of vol-
canic successions (e.g., the Saldaña and Noreán Formations) 
should supply value information regarding (1) the duration of 
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the magmatic activity in the area, (2) the documentation of puls-
es of volcanism, and (3) explanations for composition changes 
in volcanic rocks (from more felsic to more intermediate or 
mafic). Hincapié–Gómez (2018) and Rodríguez–García (2018) 
documented 151 to 159 Ma subvolcanic dykes that intruded the 
Saldaña Formation, but these subvolcanic rocks originated from 
a different tectono–magmatic event. 

These changes in the composition of the volcanic rocks may 
also represent supply from different volcanic arcs. Rodríguez et 
al. (2018) argued that the composition of the western magmatic 
belt in the southern Upper Magdalena Valley is intermediate, 
whereas the eastern magmatic belt is more felsic. 

Defining the timing and rates of accumulation of volcanic 
rocks within extensional basins may also supply information 
regarding the mechanism of extension (tectonic or magmat-
ic). Rift basins may migrate or completely shift laterally. Large 
magmatic bodies may explain the faster evolution of rift sys-
tems, whereas an evolved magmatic stage with lower magma 
supply may cause cessation (Villamor et al., 2017). 

The location of the plutonic belt in relation to the geometry 
of the accumulation of volcanic and sedimentary rocks, and 
the position of major faults are elements necessary to identify 
whether a basin is “intra–arc” or “retroarc” or whether it formed 
within a complex rift system that was dominated by strike–slip 
faults, such as in central Perú in the Early Triassic (Rosas et 
al., 2007). For the serranía de Perijá and the Mérida Andes, the 
intrusive bodies are very small and more likely components of 
rift systems. In the Santa Marta Massif and Upper Magdale-
na Valley, volcanic rocks are surrounded by regional intrusive 
rocks, which may record changes from continental retro–arc to 
intra–arc systems (upper plate extension and active volcanism 
in a subduction zone). In the serranía de San Lucas, the intru-
sive belt is clearly to the west and volcanic rocks accumulated 
to the east in a more typical retro–arc system. However, this re-
lationship must be analyzed from a palinspastic position rather 
than the present geographic position.

4.1.4. Sedimentary Rocks 

Detailed sedimentological and paleontological studies of Ju-
rassic rocks in the northern Andes have significantly decreased 
over the last decade. New efforts should be made to conduct 
these types of studies in the future to establish the temporal 
and spatial extension of stratigraphic units, which is currently 
confusing in the literature, as discussed below. 

Detrital zircons geochronology is one of the few tools that 
shed some light regarding the age of red continental succes-
sions, such as the Girón Formation. However, a lack of coeval 
magmatic activity may cause a misleading interpretation. The 
erosion of Upper Triassic plutonic rocks supplied the youngest 
zircon population to the Upper Jurassic Girón Formation in the 
Santander Massif and Los Cobardes Anticline (Horton et al., 
2010; Valencia et al., 2011). Farther to the south in the Floresta 
Massif, the youngest population corresponds to Ordovician 
zircons because of the absence of these plutonic rocks in the 
source area (Saylor et al., 2011). In the La Quinta Formation in 
the serranía de Perijá and Rancho Grande Formation in the Alta 
Guajira, the documented coeval magmatism with sedimentation 
supports the assumption that the youngest age population nearly 
corresponds to the depositional age. Thin interbeds of volcanic 
rocks at the top of carbonate units with ammonites (e.g., the 
base of the Monte Frío and Chicalá Members of the Saldaña 
Formation) must be used to calibrate ammonite zonation in the 
Early Jurassic.

The analysis of Jurassic sedimentary successions should be 
the key to understanding whether terrains have been in the same 
paleo–latitudinal position since the Mesozoic. The absence or 
presence of paleosol profiles in continental red beds was an 
argument that was proposed by Bayona et al. (2006, 2010) as 
an evidence of latitudinal climate differences as response to 
northward translation of terranes. If terrains have been in the 
same paleolatitudinal position since the Triassic, as proposed by 
the two static models (Figure 2a, 2b), Upper Triassic carbonate 
rocks must have accumulated in similar tropical conditions as 
Lower Cretaceous carbonate rocks, and clastic sequences may 
be able to generate paleosol profiles if humid conditions were 
constant in the Jurassic.

Based on the comprehensive analysis of magmatic and 
sedimentary data, we can propose that the Jurassic succession 
may be divided by a regional unconformity in the Middle Ju-
rassic (Figure 12). Marine and continental accumulation in 
Lower Jurassic units is rapidly covered by volcanoclastic and 
volcanic units in most of the basins. A few exceptions occur in 
the Mérida Andes, Lebrija area, and La Rusia Anticline, where 
continental deposition was dominant and only few interbeds of 
volcanic material have been documented (or needed to be doc-
umented) or in the La Guajira region, where volcanic activity 
was dominant. This regional dominance of volcanic deposition 
is coeval with a regional peak of magmatism in the early Mid-
dle Jurassic in all the regional batholiths (Figure 3). In the Late 

Figure 12. Middle Jurassic unconformity that was identified in three areas: (a) serranía de San Lucas foothills, Rosablanca Formation 
resting upon the deformed Noreán Formation, (b) Upper Magdalena Valley, Aptian – Albian strata of the Yaví and Caballos Formations 
resting upon the Saldaña Formation with a significant angular unconformity, (c) La Mesa de Los Santos, where strata of the Girón and 
Los Santos Formations are nearly horizontal, with a low–angle angular unconformity (10–15º) documented by Ward et al. (1973). Note 
the large change in thickness of the Girón Formation from 0 to 100 m in La Mesa de Los Santos, increasing northward and westward to 
hundreds of meters.
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Jurassic, the onset of continental deposition with the absence of 
coeval volcanic activity occurred in blocks 2, 4, and 5 (Figure 
3), recording the Upper Jurassic Girón Formation and equiv-
alent strata in the Mérida Andes (lacustrine beds of the upper 
La Quinta Formation; Hernández, 2003). Next to the regional 
batholiths (Mocoa, Upper Magdalena Valley, serranía de San 
Lucas, and Santa Marta Massif), sedimentation resumed in the 
Early Cretaceous; therefore, the lacuna of the Middle Jurassic 
unconformity increased towards these areas. In contrast, the 
sedimentation processes in the La Guajira and northern Ve- 
nezuela areas changed from continental to marine in the Late 
Jurassic (Figure 4). 

Deformation occurred in different areas since the end of the 
Middle Jurassic volcanic activity because different degrees of 
angular unconformities have been documented between Middle 
Jurassic rocks and overlying units (Upper Jurassic or Lower 
Cretaceous) (Figure 12). In the latest Jurassic, in areas where 
accumulation continued (e.g., Lebrija area), eustatic changes 
caused the incision and later filling of incised valleys with mar-
ginal to marine clastic deposits supplied from cratonic areas 
(contact of the Girón and Tambor–Los Santos Formations in 
Los Cobardes Anticline).

Therefore, this study concludes that the simplification of 
“Triassic – Jurassic rocks in Colombia” is misleading and 
should be avoided. The lithology (e.g., conglomerates), sand-
stone/conglomerate composition and reddish color are not 
enough evidence for a correlation between the La Quinta For-
mation in the serranía de Perijá and the Girón Formation in the 
Santander Massif or between the Girón and Noreán Formations 
in the serranía de San Lucas. As discussed in the next section, 
the mechanism of basin generation may differ depending upon 
the assumptions of the different tectonic models.

4.2. Review of Tectonic Models 

The change from broad volcanic deposition in the Middle Juras-
sic to restricted continental accumulation in extensional basins 
in the Late Jurassic reflects a re–organization of tectonic plates 
(Figures 13, 14, 15). Collected geological data in northwestern 
Gondwana (northern Perú to Venezuela) were input into three 
tectonic models that were proposed by several authors to discuss 
(1) how each model explains the growth of continental plates 
and (2) whether each model explains the tectonic–plate reorga-
nization along the northwestern corner of Gondwana. Exten-
sional (e.g., Cediel et al., 2003) and subduction (e.g., Spikings 
et al., 2015) models with static continental blocks only consider 
one geodynamic model as the main driver to control the Trias-
sic – Jurassic record. The third model of para–autochthonous 

terranes along both margins (Bayona et al., 2010; Pindell & 
Kennan, 2009; Toussaint, 1995) requires the reorganization of 
major plates because of changes in the Pacific–subduction and 
proto–Caribbean extensional geodynamic processes, similar 
to the model that was proposed for southern Mexican terranes 
(Martini & Ortega–Gutiérrez, 2016). This reconstruction does 
not emphasize the conjugate margin of peri–Gondwana terranes 
(see discussion in Spikings et al., 2015). 

In the Early Jurassic (Figure 13), the onset of magmatism 
and coeval sedimentation could be explained by either exten-
sional or subduction tectonic processes, although geochemical 
data support the latter. The extensional model considers that 
Early Jurassic magmatism was closely related to the exten-
sion and thinning of the continental crust (Cediel et al., 2003) 
(Figure 13a). In contrast, the second model considers that Late 
Triassic – Early Jurassic extension was related to the rollback 
of the subduction zone, producing subduction–related magmas 
with less contamination of continental crust (Spikings et al., 
2015). Widespread extension in western Gondwana caused the 
separation of peri–Gondwana terrains and intraplate aulacog-
ens, such as the Middle Triassic Mitú Graben in Perú (Figure 
13b). In the Mérida Andes, van der Lelij et al. (2016) reported 
202–Ma tuffs at the base of the La Quinta Formation, coeval 
with the separation between North and South America, and the 
generation of proto–Caribbean oceanic crust at 180 Ma (Spik-
ings et al., 2015). The relationship between this extension and 
subduction in western Gondwana is unclear (Spikings et al., 
2015).

In these two static models, Lower Jurassic marine, conti-
nental and volcaniclastic strata accumulated in intraplate ex-
tensional basins. Marine strata in the Upper Magdalena Valley 
and northern serranía de San Lucas are not connected with the 
Perú–Ecuador marine system (Figure 13a, 13b); instead, they 
record isolated marine deposition along the margin, and these 
rocks were covered with volcanoclastic deposits. These two 
models do not explain the presence of volcanic rocks in north-
ern Perú because no Jurassic batholiths have been documented 
in northern Perú. Additionally, why some extensional basins 
only have a record of continental deposits (e.g., Lebrija and La 
Rusia areas) yet others have volcanic deposits remains unclear.

The third hypothesis, which considers paleomagnetic data 
and the presence of Amazon cratonic rocks in the serranía de 
San Lucas (Cuadros et al., 2014), considers that marine strata 
in the Upper Magdalena Valley and northern serranía de San 
Lucas are connected with marine to marginal basins that devel-
oped in Ecuador and Perú since the Late Triassic (Bayona et 
al., 2010; Sarmiento–Rojas et al., 2006) (Figure 13c). Rosas et 
al. (2007) interpreted the accumulation of these marine strata 

Figure 13. Early Jurassic tectonic evolution according to the (a) extensional, (b) subduction–related, (c) along–marginal migration of 
continental crust tectonic models. See the text for discussion.
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(limestones, fine–grained organic–rich clastics, and evaporites) 
as a record of a post–rift regional sag following the Middle 
Triassic structures of the Mitú extensional system. Interbedded 
volcanic rocks in northwestern Perú, the western Upper Magda-
lena Valley and the serranía de San Lucas have a volcanic–arc 
affinity (Romeuf et al., 1997; Rodríguez et al., 2018; Vásquez 
et al., 2006), whereas volcanic rocks farther to the southeast in 
Perú have an intraplate affinity (Rosas et al., 2007). The Lower 
Jurassic extensional system in northern Gondwana was related 
to the separation of the North and South American Plates, gen-
erating intraplate rift basins (transtensional basins) that were 
filled with continental to marginal strata and minor interbeds of 
volcanic rocks; these rocks’ geochemistry indicates subduction 
settings, reflecting the superposition of both Pacific subduction 
and proto–Caribbean extensional processes, as documented in 
southern Mexican terranes (Martini & Ortega–Gutiérrez, 2016) 
(Figure 13c). 

One possible peri–Gondwana conjugate margin of these ter-
ranes is the Oaxaquia continental block. According to Ramos 
(2008) and Ramos & Aleman (2000), the trilobite assemblages 
were similar to those in northern Perú. Graptolite associations 
in Ordovician rocks that unconformably underlie volcanic rocks 
from the Saldaña Formation in the Upper Magdalena Valley 
(Río Venado section) have been associated with Argentine–Bo-
livian graptolites (Moreno–Sánchez et al., 2008). 

In the Middle Jurassic (Figure 14), magmatic activity 
reached its maximum extension, with the exception of the San-
ta Martha Massif, where magmatic activity ended in the Ear-
ly Jurassic. Marine deposition was only restricted to Ecuador 
within isolated extensional basins (Díaz et al., 2004). In the 
extensional model, volcanic deposits rapidly filled extensional 
basins to the south, whereas continental deposition with minor 
volcanic activity occurred in northern extensional basins (Fig-
ure 14a); no explanation is offered for this change in magmatic 
activity. In the subduction–related model, a marginal volcanic 
arc formed after the westward rollback of the subduction zone 
(Spikings et al., 2015) (Figure 14b); however, a gap in the vol-
canic arc was created between the Upper Magdalena Valley and 
serranía de San Lucas batholiths. At this time, the magmatism 
in the Upper Magdalena Valley migrated eastward and became 
more felsic in composition; therefore, volcanic accumulation 
occurred in intra–arc volcanic basins (Rodríguez et al., 2018) 
(Figure 14b). To the north, volcanic rocks in the serranía de 
San Lucas accumulated in a retro–arc basin, whereas isolated 
plutons, volcanism and continental deposition in the serranía 
de Perijá occurred in an intra–plate extensional basin. Neither 
model explains the isolated magmatic activity and continental 

deposition in the La Guajira area (block 1). Middle and Late Ju-
rassic metamorphic events are not shown in these two models.

In the third model, the magmatic front that grew in north-
western Perú and Ecuador (acting as the source of volcanic ma-
terial in northwestern Perú) began to migrate northward (Figure 
14c). Both continental (e.g., La Rusia, Jordán, and Chapiza For-
mations) and volcanic deposition lack evidence of paleosol de-
velopment, suggesting accumulation at southern paleolatitudes 
under dry conditions. The northward migration and collision 
of the arc induced (1) the cessation of magmatism from north 
to south (Santa Marta Massif, serranía de San Lucas, and east-
ern belt of the Upper Magdalena batholiths), (2) metamorphic 
activity adjacent to the Mocoa Batholith and in the northern 
and western Upper Magdalena Valley, and (3) the deformation 
of Middle Jurassic continental and volcanic rocks in intraplate 
extensional basins (Figure 12). Volcanic rocks that were related 
to the evolution of these magmatic arcs accumulated in retro–
arc and intra–arc basins. In contrast, continental extension in 
the northern region of Gondwana (La Guajira, the serranía de 
Perijá, and the Mérida Andes) is associated with the onset of the 
counterclockwise rotation of the Yucatán Block and generation 
of the proto–Caribbean seafloor. Small intraplate batholiths are 
documented in the Alta Guajira and serranía de Perijá, and thick 
continental deposition with thin volcanic interbeds are com-
mon in this northern area. This northward migration of terranes 
along the northwestern margin of Gondwana was first interpret-
ed by Toussaint (1995) by comparing of the Jurassic succession 
between the block 9 (one portion of his Tahamí Terrane) and the 
blocks to the east of block 9.

In the Late Jurassic (Figure 15), magmatism ceased to the 
west as subduction became more oblique, with the exception 
of the Zamora and Ibagué Batholiths and localized subvolcanic 
units to the west; in northern basins, only the El Espino Graben 
has a record of volcanism. Marine deposition is only recorded 
in La Guajira and northern Venezuela, likely connected with 
the proto–Caribbean ocean, and in isolated basins in Ecuador 
(Díaz et al., 2004). For the first two models, the cessation of 
magmatism must have been related to either the end of exten-
sional tectonism or the end of subduction (Figure 15a, 15b). 
However, extensional deformation in northern Gondwana re-
sumed according to the broad accumulation of the Girón and 
upper strata of the La Quinta Formation in the Mérida Andes. 
The extensional model does not explain the end of extension 
in the Upper Magdalena Valley and Putumayo regions (Figure 
15a). The westward retreat of the subduction zone must have 
created a new volcanic arc to the west in the basement rocks 
of the Central Cordillera, but this process does not explain the 

Figure 14. Middle Jurassic tectonic evolution according to the (a) extensional, (b) subduction–related, (c) along–marginal migration of 
continental crust tectonic models. See the text for discussion.
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end of accumulation to the south or the continuous extensional 
accumulation to northern Gondwana (Figure 15b).

Continuous continental extension in the northward region 
is related to the counterclockwise rotation of the Yucatán Block 
and spreading of the proto–Caribbean seafloor (Pindell & Ken-
nan, 2009) (Figure 15c). The final accretion of para–autochtho-
nous terranes from oblique subduction produced the westward 
migration of the subduction zone and the lack of continental 
deposition near the collisional margin (e.g., Perijá, San Lucas, 
Upper Magdalena Valley, and Mocoa Batholith areas). Howev-
er, other continental crust blocks and oceanic terranes contin-
ued accretion in the Cretaceous (Hincapié–Gómez et al., 2018; 
Spikings et al., 2015) and Cenozoic (Cediel et al., 2003). The 
development of paleosol profiles to the top of the Girón Forma-
tion shows evidence of humid conditions at tropical latitudes 
(Bayona et al., 2010).

5. Conclusions

The Jurassic record in the northern Andes (northern Perú to 
Venezuela) is important to analyze the onset of the develop-
ment of an orthogonal margin in the northwestern corner of 
Gondwana, where no single geodynamic process may explain 
the complex configuration and record of metamorphism, mag-
matism, and sedimentation.

Despite the growing evidence of Lower to Middle Jurassic 
magmatism that was related to Pacific subduction systems, 
which created the large intrusive bodies along the western 
margin of Gondwana (Santa Marta, San Lucas, Upper Mag-
dalena Valley, and Mocoa), extensional tectonism in northern 
Gondwana (Perijá, La Guajira, northern Venezuela, and the 
Mérida Andes) was related to the separation of the North and 
South America Plates, the anticlockwise rotation of the Yu-
catán Block and seafloor spreading in the proto–Caribbean 
ocean. Northern Gondwana intraplate transtensional basins 
were filled with continental to marginal strata and minor 
interbeds of volcanic rocks. The geochemistry in these in-
traplate basins indicates subduction settings, reflecting the su-
perposition of both Pacific subduction and proto–Caribbean 
extensional processes. The Middle Jurassic unconformity at 
the top of the continental and magmatic successions in this 
study documents both (1) the cessation of subduction–related 
magmatism along the western margin as para–autochthonous 
continental blocks collided and (2) increasing extensional 
tectonism along the northern margin from the opening of the 
proto–Caribbean crust.

Future geochemical studies should evaluate the contami-
nation of young (Triassic) versus old (Grenvillian) continental 

crust, whereas sedimentological analysis should focus on the 
geometry of sedimentary basins in relation to magmatic dep-
ocenters and the record of paleo–climate indicators to document 
possible paleo–latitudinal variations. Paleomagnetic studies 
should be conducted at different localities in Lower and Mid-
dle Jurassic rocks to test the hypothesis of the along–marginal 
migration of terranes.
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140 Million Years of Tropical Biome Evolution

Carlos JARAMILLO1* 

Abstract The origin and development of Neotropical biomes are central to our un-
derstanding of extant ecosystems and our ability to predict their future. During the 
Cretaceous, biomass of tropical rainforests was mostly dominated by gymnosperms 
and ferns, forest structure was poorly stratified and the canopy was open and domi-
nated by gymnosperms. Extant tropical rainforests first developed at the onset of the 
Cenozoic, as a result of the massive extinction of the Cretaceous – Paleocene boundary. 
Paleocene rainforests were multistratified, with an angiosperm–dominated canopy that 
had high photosynthetic potential. Tropical climate has followed global patterns of 
warmings and coolings during the last 60 Ma. Rainforest diversity has increased during 
the warmings while it has decreased during coolings. Several extant biomes, including 
páramos, cloud forest, savannas, and dry/xerophytic forest, have increase significantly 
during the late Neogene at the expense of the reduction of the rainforest. Timing and 
drivers of these changes are still unknown but seem to be related to the onset of our 
modern, cool–state climate since the onset of the Pleistocene, 2.6 Ma ago.
Keywords: Neotropical biomes, tropical rainforest, gymnosperms, angiosperms, evolution.

Resumen El origen y el desarrollo de los biomas neotropicales son fundamentales para 
nuestra comprensión de los ecosistemas actuales y nuestra capacidad para predecir 
su futuro. Durante el Cretácico, la biomasa de los bosques tropicales estaba domina-
da principalmente por gimnospermas y helechos, la estructura del bosque no poseía 
una estratificación marcada y el dosel era abierto y dominado por gimnospermas. Los 
bosques tropicales actuales se desarrollaron por primera vez al inicio del Cenozoico, 
como resultado de la extinción masiva del límite Cretácico–Paleoceno. Los bosques 
tropicales del Paleoceno eran multiestratificados, con un dosel dominado por an-
giospermas con alto potencial fotosintético. El clima tropical ha seguido patrones 
globales de calentamiento y enfriamiento durante los últimos 60 Ma. La diversidad 
del bosque tropical ha aumentado durante los calentamientos y disminuido durante 
los enfriamientos. Varios biomas que hoy existen, incluyendo páramos, bosques nu-
bosos, sabanas y bosques secos/xerofíticos, han crecido significativamente desde el 
Neógeno tardío en áreas ocupadas previamente por el bosque tropical. Las causas y 
temporalidad de este cambio masivo en el paisaje aún se desconocen, pero parecen 
estar relacionadas con el inicio de nuestro clima frío moderno desde el comienzo del 
Pleistoceno, hace 2,6 Ma.
Palabras clave: biomas neotropicales, bosque tropical, gimnospermas, angiospermas, 
evolución.
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1. Introduction

The biota that occupies tropical landscapes is anything but sta-
ble. Over geological time, forests have transformed into deserts 
and vice versa. Entire mountain chains are created while oth-
ers are weathered away. What are the main drivers of tropical 
landscape change? How do geology and climate interact with 
each other to transform plant and animal communities? And 
how does the biota, in turn, affect its landscape, the climate, 
and ultimately our survival?

We are studying a number of dramatic landscape changes 
that have occurred in the tropics over the past 140 million years 
and how they have influenced the extinction and origination of 
tropical biotas: From the extreme effects of global warming 
during the early Cenozoic 50 million years ago to the global 
cooling of the Pleistocene 2.6 million years ago; from the lifting 
of the Andes mountains to the creation of savannas; from peri-
ods with low levels of CO2 to events with extremely high CO2, 
similar to the levels that we will reach by the end of the century.

The most extensive biome within the Neotropics is the 
lowland tropical rainforest. It has the largest number of plant 
species on Earth, about 90 000, most of them (~96%) angio-
sperms (Thomas, 1999). Many hypotheses have been proposed 
to explain why it is so diverse, how it originated, and how its 
diversity is maintained (Connell, 1971; Fine & Ree, 2006; Gas-
ton, 2000; Gillett, 1962; Hoorn et al., 2010; Jablonski, 1993; 
Janzen, 1970; Kreft & Jetz, 2007; Leigh et al., 2004; Leigh-
ton, 2005; Moritz et al., 2000); these are well summarized by 
Leigh et al., 2004. There are hypotheses that consider the key 
factor to be the low rates of extinction and/or high rates of 
origination in the tropics over millions of years while other 
consider the high diversity to be developed during the last 2.6 
Ma during the Quaternary period driven by habitat fragmenta-
tion (Haffer, 1969). The problem to solve is not only how the 
tropics generate more species than other regions but also how 
that diversity is maintained (Leigh et al., 2004). Moreover, 
not only do tropical forests have high diversity, but they also 
have a unique, multistratified forest structure. When did this 
structure originate? What were its effects, if any, on the water 
cycle, nutrients, and carbon at a local, regional, or global level? 
(Boyce & Lee, 2010; Burnham & Graham, 1999; Burnham 
& Johnson, 2004). Such questions have puzzled scientists for 
more than a century but still remain unanswered, yet they are 
critical to understanding how tropical biomes will respond to 
our ongoing climate change.

Extant Neotropical rainforests are dominated mostly by 
angiosperms (flowering plants). A natural starting point to un-
ravel the evolution of extant biomes, therefore, is the time of 
angiosperm origination, which occurred during the Early Creta-
ceous, ca. 145 Ma ago (Sun et al., 2002). The history of extant 
Neotropical biomes comprises a total transformation of how the 
landscape is occupied, from a forest with no angiosperms at the 

onset of the Cretaceous to the extant forest fully dominated by 
them. This change is far more substantial than for temperate 
forests, many of which are still dominated by gymnosperms as 
they were at the onset of the Cretaceous.

There always have been forests in tropical latitudes, there-
fore, it is important to define what I mean by a Neotropical 
rainforest, as this term has various meanings. Here I follow 
the definition of Burnham & Johnson (2004) and Jaramillo 
& Cárdenas (2013), which refers to a forest defined by the 
combination of four parameters: climate, floristic composition, 
vegetation structure, and plant physiognomy. Accordingly, a 
Neotropical rainforest is a lowland forest, with high mean an-
nual precipitation (>1.8 m/y), high mean annual temperature 
(>18 °C), low temperature seasonality (< 7 °C), and domi-
nance–in diversity and abundance–by 11 families of angio-
sperms: Leguminosae, Moraceae, Annonaceae, Euphorbiaceae, 
Lauraceae, Sapotaceae, Myristicaceae, and Palmae repre-
sent ~50% of the diversity, whereas Leguminosae, Palmae,  
Rubiaceae, Violaceae, Euphorbiaceae, Meliaceae, Sapotaceae 
y Moraceae represent ~57% of all trees and shrubs. The for-
est is multistratified, with lianas and epiphytes and a closed 
canopy that is dominated by angiosperms. A high proportion 
of species have large leaves >4500 mm2 (mesophylls), entire 
(smooth) margins, and drip–tips; the density of leaf venation 
has a bimodal distribution, with low density in the understory 
and high density in the canopy.

The development of Neotropical terrestrial communities can 
be divided into two major phases, Cretaceous and Cenozoic. 
During the Cretaceous, angiosperms originated and had a mas-
sive radiation (Crane & Lidgard, 1989; Magallón & Castillo, 
2009; Magallón et al., 1999), terrestrial vertebrate communi-
ties were dominated by Dinosauria, CO2 concentrations were 
high (>1000 ppm) (Royer, 2010; Royer et al., 2012), and by the 
middle Cretaceous, high mean annual temperatures were ~7 °C 
above modern values (Jaramillo & Cárdenas, 2013). In con-
trast, the Cenozoic is characterized by a complete dominance 
of angiosperms (Graham, 2010, 2011), massive radiations of 
mammals that expanded into a variety of habitats (Gingerich, 
2006; Simpson, 1983), and the transition from a warm–mode 
climate to the pre–industrial cool–mode climate (Royer, 2016; 
Royer et al., 2012; Zachos et al., 2001).

2. Cretaceous

The oldest records of angiosperms in both high and low latitudes 
is Barremian (ca. 130 Ma); the fossil pollen Clavatipollenites  
has a worldwide distribution including Israel, England, equa-
torial Africa, and Argentina (Archangelsky & Taylor, 1993; 
Brenner, 1974; Doyle et al., 1977; Gübeli et al., 1984; Kemp, 
1968) and Walkeripollis, a pollen that belongs to Winteraceae, 
is found in equatorial Africa (Doyle et al., 1990). The oldest re-
cords of megafossils (leaves, flowers, fruits) are Archeofructus 
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and Leefructus from the Aptian (ca. 122 Ma) of China (Sun & 
Dilcher, 2002; Sun et al., 2002, 2011). The first angiosperms 
were small, with reduced flowers and small seed size; they were 
opportunistic, early successional colonizers, probably living in 
aquatic habitats or near water bodies that were often submitted 
to disturbance (Doyle, 2012; Friis et al., 2015; Sun et al., 2002). 
A global meta–analysis of the Cretaceous paleobotanical re-
cord (Crane & Lidgard, 1989, 1990) showed that angiosperms 
gradually increased their diversity and abundance throughout 
the Cretaceous, and by the Maastrichtian, they surpassed other 
plant groups in diversity, including cycadophytes, pteridophytes 
(ferns), and Coniferales. This global analysis, however, lacked 
tropical megafossils and had very few sites with quantitative 
palynological data (Mejía–Velásquez, 2007). Thus, patterns of 
dominance, diversification, and distribution of forests within 
tropical zones during the Cretaceous still remain very unclear.

DNA–based phylogenies show a Jurassic (183 Ma) angio-
sperm origin (Bell et al., 2010; Wikström et al., 2001), and 
a rapid radiation of the major angiosperm orders during the 
Cenomanian (ca. 100–90 Ma) (Moore et al., 2010; Wang et al., 
2009). Other genetic studies have shown that by the Cretaceous 
even many of the extant angiosperm families were already pres-
ent (Bell et al., 2010; Davis et al., 2005). These phylogenies, 
however, are in stark contrast with the fossil record, which lacks 
angiosperms in pre–Cretaceous strata (Herendeen et al., 2017). 
It has been proposed that the molecular and fossil records can 
be reconciled if Jurassic angiosperms were restricted to the 
understory of rainforest habitats and did not radiate until the 
Cretaceous (Doyle, 2012). In contrast, some have suggested 
that heterogeneous rates of molecular evolution could push di-
vergence ages in DNA–based analysis to appear much older 
than they truly are (Beaulieu et al., 2015). There is still a large 
disparity that needs to be solved, underscoring the importance 
of plant fossil data from tropical latitudes during the earliest 
Cretaceous and Jurassic.

The disparity between DNA and fossils also exists in the 
genesis of the rainforest structure. Molecular studies have sug-
gested that Cenomanian tropical forests were already domi-
nated by angiosperms (Wang et al., 2009) and were similar in 
structure to extant forests (Davis et al., 2005). However, the 
fossil record of the Cretaceous suggests otherwise. Multiple 
lines of evidence indicate that angiosperms did not dominate 
the biomass of most Cretaceous forests (Wing & Boucher, 
1998). Angiosperm fossil wood is scarce compared to gym-
nosperm wood, indicating that most angiosperms did not oc-
cupy the canopy. Most angiosperms seeds were small (Wing 
& Boucher, 1998), indicating that the canopy was not closed, 
in contrast to modern multistratified forests where there is a 
large variance in seed size, a byproduct of the intense competi-
tion for light in a closed–canopy environment (Muller–Landau, 
2010). Leaf venation density was much lower than in extant 
forests (Feild et al., 2011a), and even during the Maastrichtian 

leaf density venation did not follow the pattern found in extant 
angiosperm–dominated forests (Crifò et al., 2014), suggesting 
the absence of a multistratified forest with a canopy dominated 
by angiosperms where the competition for light is intense. The 
fossil record of lianas, mainly Menispermaceae and Bignoni-
aceae, is very scarce, whereas it is abundant during the Ceno-
zoic (Burnham, 2009; Doria et al., 2008; Jacques et al., 2011). 
In summary, angiosperms, although already diverse, did not 
dominate the forest biomass during the Cretaceous, neither in 
Neotropical nor in temperate regions.

One of the oldest Cretaceous records in tropical latitudes is 
the fossil flora of San Felix (Hauterivian, ca. 135 Ma), in Cal-
das, Colombia (González et al., 1977; Lemoigne, 1984) (Figure 
1). Although it contains angiosperms, it has an abundance of 
Benettitales, ferns, Cycadales, and a few conifers (González 
et al., 1977; Lemoigne, 1984; Sucerquia & Jaramillo, 2008). 
Leaf morphology of the San Felix flora differs greatly from 
extant tropical leaves by having a much smaller leaf area and a 
lower leaf vein density (Feild et al., 2011a), indicating a lower 
photosynthetic capacity and therefore lower rates of biomass 
production. The Barremian – Aptian flora of Villa de Leyva 
(Figure 1), found in marine deposits, is composed mainly of 
ferns and cones of Cycadales and conifers (mainly Cupressi-
oidae and Araucariaceae), which probably floated into the epi-
continental Cretaceous seas. Many of these taxa are related to 
southern Gondwana clades (Huertas, 2003; van Waveren et al., 
2002). Palynofloras from the Upper Magdalena Basin and the 
Llanos Foothills during the Albian – Aptian were dominated by 
pteridophytes and gymnosperms (mainly Araucariacites, cy-
cads, and Classopollis), while angiosperm diversity was very 
low, an average of 3.7% per sample in the Aptian and 3.3% in 
the Albian. Abundance was also low (7.2% for the Aptian, 5.3% 
for the Albian) (Mejía–Velásquez, 2007; Mejía–Velásquez et 
al., 2012) (Figure 1). The abundance of humidity indicators was 
higher than that of aridity indicators (61% versus 10%) (Mejía–
Velásquez et al., 2012), suggesting that northwestern Gondwana 
had humid climates during the Aptian – Albian contrary to the 
widespread aridity that had been assumed for the tropical belt 
(Herngreen et al., 1996). Furthermore, there was an inverted 
latitudinal diversity gradient during the Albian—the tropics had 
fewer species than the temperate regions even though the rate 
of floristic turnover was higher (Mejía–Velásquez et al., 2012). 
Perhaps the modern steep latitudinal diversity gradient is an 
intrinsic angiosperm property.

During the Cenomanian, the low dominance of angiosperms 
continued and a group of gymnosperms, Gnetales, significantly 
increased its diversity and abundance (Herngreen & Dueñas, 
1990; Herngreen et al., 1996), although the high abundance and 
diversity of ferns still continued, suggesting that humid condi-
tions in northwestern Gondwana prevailed, in agreement with 
some hydrological models (Ufnar et al., 2002, 2004, 2008). 
Angiosperm pollen morphology became more variable, sim-
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ilar to the pattern seen in North America (Doyle & Hickey, 
1976; Lupia et al., 1999), although it still needs to be properly 
quantified. No Cenomanian tropical macrofloras have been dis-
covered, and they are highly needed as this is a critical time for 
angiosperm evolution.

Peak temperatures of the last 140 Ma occurred during the 
Cenomanian – Turonian transition (Bice et al., 2006), when 
the tropics were 7 °C warmer than modern values (Jaramillo 
& Cárdenas, 2013) and CO2 levels were >1000 ppm (Royer, 
2006). Eustatic sea level also reached the maximum levels of 
the past 140 Ma, producing epicontinental seas as extensive 
continental areas were flooded (Haq et al., 1988; Miller et al., 
2005). By the early Turonian, the abundance and diversity of 
Gnetales in the Neotropics had greatly diminished, but it is still 
uncertain whether this reduction was gradual or abrupt.

The Late Cretaceous (90–66 Ma) is characterized by a 
gradual reduction of global temperatures together with a re-
duction of CO2 levels, but information about tropical forests 
during most of this period is scarce. During the Maastrichtian 
(70–66 Ma), sea level started to drop rapidly and extensive 
coastal plains covered with forests developed (Nichols & 
Johnson, 2008). The Maastrichtian paleoflora of the Guadu-
as (Figure 1) and Umir Formations indicates a co–dominance 
of angiosperms, cycads, gymnosperms (Araucariaceae), and 

pteridophytes (ferns). The palynological record indicates that 
the angiosperms and ferns co–dominated, with angiosperms 
representing ~50% of assemblages (De la Parra et al., 2008a, 
2008b), a pattern that is also seen in the Oleanane/Opane 
biomarker record (Rangel et al., 2002). Although several an-
giosperm families had been present here, including Palmae, 
Annonaceae, Lauraceae, Piperaceas, Rhamnacea, many oth-
ers had uncertain affinities (Correa et al., 2010; García, 1958; 
Gutiérrez & Jaramillo, 2007; Martínez et al., 2015; Sarmiento, 
1992; Sole de Porta, 1971). Most Maastrichtian fossil seeds 
are small, and Menispermaceae and Bignoniacea, families 
with high abundance of lianas, are missing. Overall, Guaduas 
still does not correspond to a Neotropical forest floristically. 
Guaduas leaf venation density also does not show the bimodal 
distribution of extant forests, suggesting that the canopy was 
not fully closed yet (Crifò et al., 2014), although it had already 
large leaves with entire margins and drip–tips similar to extant 
forests (Feild et al., 2011a). Neotropical Maastrichtian forests 
follow the same pattern as coetaneous forests from Nebraska, 
where angiosperms were the dominant element in floodplains, 
similar to the environment of the Guaduas deposits, but gym-
nosperms and ferns dominated in all other habitats (Wing et 
al., 1993). Angiosperms were mostly herbaceous and had only 
a 12% of the dominance overall (Wing et al., 1993).
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Figure 1. Extant terrestrial biomes of Colombia following the classification given in Figure 2. Biomes distribution was derived from the 
WWF global ecoregion map (Olson et al., 2001). Sites described in the manuscript include: (1) San Felix, (2) Villa de Leyva, (3) Upper 
Magdalena Valley (Mejía–Velásquez et al., 2012), (4) Cretaceous/Paleocene (De la Parra, 2009), (5) Guaduas (Martínez et al., 2015), (6) 
Cerrejón, (7) PETM (Jaramillo et al., 2010b), (8) Villavieja, (9) Ware, (10) Llanos, and (11) 105–AM (Jaramillo et al., 2017b).
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Both forest composition and structure changed radically 
following the impact of a meteorite in the Yucatán peninsula 
and the associated climatic events (Nichols & Johnson, 2008; 
Schulte et al., 2010). The Colombian palynological record in-
dicates a 75% plant extinction of late Maastrichtian taxa (De la 
Parra, 2009) (Figure 1), an extinction level higher than in North 
America, where the palynological extinction levels reached 
~30% (Hotton, 2002). By the Paleocene, as we will see next, 
the flora already resembled that of extant forests.

This floristic change could have had climatic consequences 
as well. Nowadays, a large component of the precipitation over 
Amazonia is produced by forest evapotranspiration (Wright et 
al., 2017), driven by the high photosynthetic capacity of an-
giosperms, much higher than gymnosperms (Boyce & Lee, 
2010). Angiosperm venation density in the Cretaceous is gen-
erally low, and not much higher than gymnosperms (Feild et 
al., 2011a, 2011b), but at the onset of the Cenozoic, leaf vein 
density increases considerably to levels similar to extant forest 
(Crifò et al., 2014; Feild et al., 2011a). Experiments of climate 
sensitivity have shown that replacing an angiosperm forest 
with a conifer forest in Amazonia generates higher mean an-
nual temperatures (3 °C), a 30% drop in annual precipitation, 
and an increase in the length of the dry season by two months, 
changes that are mostly due to the lower venation density of 
gymnosperms and associated lower photosynthetic and evapo-
transpiration rates (Boyce & Lee, 2010). This suggests that the 
change in landscape occupancy at the Cretaceous – Cenozoic 
transition, from a forest dominated by conifers and ferns to one 
of angiosperm dominance, transformed the tropical climate to 
being more humid, less warm, and less seasonal.

Why was angiosperm success and radiation in the Creta-
ceous so closely associated with disturbed and flooded envi-
ronments? That is still an unsolved question. One hypothesis 
suggests that the time needed to generate the pollen tube, a 
critical step in seed production, is part of the answer. While the 
pollen tube in gymnosperms takes a long time to be generated, 
over a year in some cases, angiosperms produce it much fast-
er, even in less than two hours (Williams, 2008). Angiosperms 
therefore might have been able to produce more seeds at a faster 
rate than gymnosperms, and this could have been an advantage 
in flooded and disturbed ecosystems, where the landscape is 
often changing and plants must grow fast and produce seeds 
quickly before the next flooding event occurs.

Overall, the fossil record suggests that Neotropical Creta-
ceous forests lacked multistratification and canopy was open 
and dominated by gymnosperms. Most angiosperms were 
shrubs or small plants, ruderals, dominating both floodplains 
and forest gaps but not most of the landscape. A historical acci-
dent, a meteorite collision, permanently changed the structure 
and composition of the tropical forests, thus delaying the eco-
logical success of the angiosperms following their origination 
during the Early Cretaceous by 55 my.

3. Paleogene

Neotropical floras of the Paleocene were already dominated 
by angiosperms (~80% of palynoflora) (De la Parra, 2009; 
Doubinger, 1973; Jaramillo et al., 2006, 2007; Pardo–Trujillo, 
2004; Pardo–Trujillo & Jaramillo, 2002; Pardo–Trujillo et al., 
2003; van der Hammen, 1958), as is also indicated by biomark-
ers (Rangel et al., 2002), a foliar physiognomy typical of trop-
ical forests (entire margins, large leaves, and drip–tips) (Wing 
et al., 2009), and a floristic composition similar to modern 
Neotropical forests including Fabaceae, Moraceae, Annonace-
ae, Euphorbiaceae, Lauraceae, Sapotaceae, Arecaceae, Araceae, 
Flacourtiaceae, Anacardaceae, Tiliaceae, and Meliaceae (Car-
valho et al., 2011; Doria et al., 2008; Gómez–Navarro et al., 
2009; Herrera et al., 2008; Jaramillo et al., 2007, 2014a; Pons, 
1988; Wing et al., 2009). Forests also have abundant Meni-
spermaceae (Doria et al., 2008), a family rich with lianas; this, 
together with the bimodal distribution of leaf venation density 
(Crifò et al., 2014; Feild et al., 2011a) and a high variance in 
seed size reaching up to 20 cm (Gómez–Navarro et al., 2009; 
Herrera et al., 2011, 2014b; Stull et al., 2012), indicates that 
the Paleocene forests were competing for light and the canopy 
was closed and dominated by angiosperms, characteristics of 
a multistratified forest. The high abundance of Fabaceae in the 
Paleocene, the most abundant family of trees/shrubs in all ex-
tant tropical forests (Ricklefs & Renner, 2012) but absent from 
the Cretaceous record, also indicates a profound transformation 
of the forest across the Cretaceous – Paleocene boundary. There 
are also aquatic ferns including Salvinia (Pérez–Consuegra et 
al., 2017). This large body of information about Paleocene 
forests comes mainly from the fossil record of the Cerrejón 
Formation gathered at the Cerrejón Coal mine (Figure 1), the 
largest open–pit coal mine in the world, which offers large–
scale exposures (Jaramillo et al., 2014a). The fauna indicates 
a productive ecosystem: freshwater turtles up to 2 m long and 
related to the charapas of the Orinoco Basin; several species 
of crocodiles, mostly Dyrosauridae, some reaching 12–15 m; 
snakes related to boas reaching 13–15 m in length and 1 m in 
diameter; 2–m–long lungfishes; and several mollusks (Bayona 
et al., 2011; Cadena & Jaramillo, 2006; Cadena & Schweitzer, 
2014; Cadena et al., 2012a, 2012c; Hastings et al., 2010, 2011, 
2014; Head et al., 2009a, 2009b). In 16 years of exploration, no 
mammals have been found, suggesting that they were scarce. 
The Cerrejón deposits represent the oldest multistratified trop-
ical forest known, similar to extant rainforests but with two 
marked differences. First, the mean annual temperature was 
~1.5–2 °C higher than in extant forests and CO2 was almost 
double (~500 ppm) (Royer, 2010). Mean annual temperature in 
Cerrejón and nearby areas has been estimated at ~29 °C using a 
variety of techniques including TEX86 (Jaramillo et al., 2010b), 
leaf margin analysis (Peppe et al., 2011; Wing et al., 2009), 
and snake paleothermometry (Head et al., 2009a, 2009b). The 

http://en.wikipedia.org/wiki/Dyrosauridae
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second difference is a significantly lower plant diversity than in 
extant forests (Jaramillo et al., 2007; Wing et al., 2009), which 
is accompanied by a lower abundance of specialized herbivores 
(Carvalho et al., 2014; Wing et al., 2009). This difference could 
be explained by soil control, as the water table in Cerrejón prob-
ably was very high all year long. However, this low Paleocene 
diversity is observed in the palynological record throughout 
Colombia and Venezuela across a wide variety of deposition-
al settings (Jaramillo, 2002; Jaramillo & Dilcher, 2000, 2001; 
Jaramillo et al., 2006, 2010b). An alternative hypothesis is that 
recovery following the K–Pg mass extinction was slow and 
took several million years to reach prior diversity levels, as has 
been observed in others mass extinctions (Erwin, 2008).

At the onset of the Eocene, a short–lived (ca. 200 ky) warm-
ing event known as the PETM (Paleocene Eocene Thermal 
Maximum) occurred (McInerney & Wing, 2011). Beginning 
ca. 56.3 Ma, temperature increased globally 5–7 °C over ca. 
10 000–50 000 years (Frieling et al., 2017; Kennett & Stott, 
1991; Westerhold et al., 2009; Zachos et al., 2003). The rapid 
and intense warming was produced by the addition to the atmo-
sphere of ~10 000 Pg of carbon during a 50 ky interval, derived 
from volcanism in the North Sea (Gutjar et al., 2017); this input 
is roughly equivalent to adding 1300 ppm of CO2 to a Paleo-
cene atmosphere that had ~500 ppm of CO2. The PETM is the 
most rapid addition of CO2 to the atmosphere over the past 140 
million years and produced a greenhouse effect similar to the 
warming we are currently experiencing but at a rate ten times 
slower than today (McInerney & Wing, 2011). It is estimated 
that by the year 2250, we will reach ~2000 ppm of CO2. In 
other words, in just 400 years we will have increased CO2 to 
the same levels that it took 50 000 years to reach following the 
onset of the PETM.

The PETM is a good analogue for understanding the con-
sequences of our ongoing warming. The main process that can 
effectively remove CO2 from the atmosphere is weathering of 
carbonates and silicates, but this is a process that operates at 
geological scales. During the PETM, it took ca. 180 000 years 
to return to previous levels (Bowen & Zachos, 2010). For our 
modern climate, and assuming that no more CO2 is added, it 
would take geological time—thousands of years—to return to 
preindustrial values (Archer et al., 2009). After 1000 years, 
25 to 60% of the injected CO2 would still remain in the at-
mosphere (Archer et al., 2009). Was discovered in the deep 
ocean by the Ocean Drilling Project (Kennett & Stott, 1991; 
Westerhold et al., 2009; Zachos et al., 2003). At the Paleocene 
– Eocene boundary, marine paleontologists had long recognized 
a stratigraphic interval where all carbonate was dissolved; this 
interval was also associated with a negative excursion of ~4–5 
‰ in δ13C. The same interval was later recognized in terrestrial 
sediments worldwide (Wing et al., 2005). Both changes in this 
interval could only be explained by a massive release of carbon 
with negative values of δ13C. Several hypotheses have been 

proposed to explain the source of this carbon and the subject 
is still controversial (McInerney & Wing, 2011). One proposed 
source is the release of methane hydrates that are trapped at 
the bottom of the ocean and contain massive amounts of car-
bon. About ~2500 to 4500 Gt of highly 13C–depleted marine 
methane clathrates that rapidly oxidizes to CO2 (Bralower et al., 
1997; Dickens et al., 1995, 1998), increasing CO2 by ~500 ppm 
(Gehler et al., 2016). However, the volume of methane trapped 
in the hydrates is still uncertain. Another explanation, which has 
recently received large support, is the massive release of CO2 

by North Sea volcanism (Gutjar et al., 2017).
Whatever the source, the PETM produced large changes 

in the ocean with a massive extinction of benthic foraminifera 
(Thomas & Shackleton, 1996) and radiations of planktonic 
foraminifera. On land, changes were even more drastic. Most 
modern mammal orders originated during the PETM, including 
artiodactyls (deer), perissodactyls (horses), and primates (ex-
cluding plesiadiforms), and these quickly dispersed across Asia, 
Europe, and North America (Clyde & Gingerich, 1998; Gin-
gerich, 2006). The effect on plants was diverse; for example, 
in midlatitudes such as Wyoming (midwestern USA), there is 
rapid immigration by southern angiosperms, which replaced the 
existing vegetation of conifers and angiosperms (Wing et al., 
2005). This PETM vegetation also experienced more intense 
herbivory than the pre–PETM floras (Currano et al., 2008). 
Once the event ended, the pre–PETM flora returned to Wyo-
ming and replaced the immigrant vegetation.

In this process, there are very few originations or extinc-
tions and most of the changes are the product of migrations. 
In the Neotropics the effects of the PETM were different (Fig-
ure 1). The fossil record of three sites in northeast Colom-
bia and northwest Venezuela indicated that the mean annual 
temperature increased ~3.5 °C during the PETM (Jaramillo 
& Cárdenas, 2013; Jaramillo et al., 2010b), similar to the in-
crease in oceanic temperatures of tropical oceans (Frieling 
et al., 2017; Zachos et al., 2003). The vegetation rapidly be-
came more diverse, by about 30%, with the addition of a new 
group of taxa (Jaramillo et al., 2010b), e.g., Tetracolporopol-
lenites maculosus (Sapotacea), Retitrescolpites? irregularis  
(Phyllantacea), Striatopollis catatumbus (Fabaceae),  
Margocolporites vanwijhei (Fabaceae). Extinction rates did 
not change while origination rates doubled, with many taxa 
appearing for the first time all across the Neotropics, suggest-
ing that these new taxa were a product of evolution rather than 
migration from other latitudes. This radiation can also be seen 
in DNA–based phylogenies of many tropical clades, including 
epiphytic ferns, typical of Neotropical forests, orchids, and 
leaf–cutter ants (Ramírez et al., 2007; Schuettpelz & Pryer, 
2009; Schultz & Brady, 2008). There is also no evidence of 
an increase in aridity, but plant water use became more effi-
cient due to high concentrations of CO2, as seen in the deute-
rium isotopic record (Jaramillo et al., 2010b); similar results 
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have been seen in greenhouse experiments with extant plants  
(Cernusak et al., 2011, 2013).

These results contradict paleoclimatic global models that pre-
dict temperatures >45 °C for most of the Neotropics and a major 
collapse of Neotropical vegetation due to heat stress (Bowen & 
Zachos, 2010; Huber, 2008; Huber & Caballero, 2011; Huber & 
Sloan, 2000). In order to simulate the PETM, climatic models add 
large volumes of CO2 to the atmosphere (Huber & Sloan, 1999; 
Huber et al., 2003; Shellito et al., 2003; Sloan & Barron, 1992; 
Sloan & Morrill, 1998; Sloan & Rea, 1996; Sloan & Thomas, 
1998; Sloan et al., 1995), making the tropical temperature too 
hot compared to empirical data. There must be a mechanism, 
still unknown, that is heating poles at a much higher pace than 
the tropics during periods of global warming.

The rapid ending of the PETM is also an enigma. The 
PETM ends ten times faster than expected by the standard rates 
of the weathering process (Bowen & Zachos, 2010). One hy-
pothesis is that both onset and termination of the PETM were 
facilitated by the collapse of the tropical vegetation (Bowen 
& Zachos, 2010; Huber, 2008). However, the empirical record 
demonstrates that tropical vegetation did not collapse during 
the PETM and that plant water use efficiency (WUE) increased 
(Jaramillo et al., 2010b). The WUE is the proportion of water 
that the plant uses for photosynthesis and to produce biomass 
versus the proportion of water that is lost by transpiration. An 
increase in WUE at the continental scale could indirectly pro-
moted capture of atmospheric CO2 in two ways: first, it could 
have increased biomass production (this effect is seen in diver-
sity, as there is strong correlation between biomass and diversi-
ty). Second, it could decrease the water that the plant transpires, 
this “excess” water not used by the plant could therefore reach 
the water–table and the drainage systems, raising the weather-
ing potential and thus increasing the trapping of atmospheric 
CO2 (De Boer et al., 2011; Lammertsma et al., 2011). In sum-
mary, tropical forests could have facilitated the termination of 
the PETM by increasing biomass production and accelerating 
weathering, both of which quickly trapped atmospheric CO2.

From the Eocene (56 Ma) to the early Miocene (ca. 16 
Ma), global temperature varied greatly, with a gradual increase 
during the early Eocene until it peaked during the Early Eo-
cene Thermal Maximum (ETM), which began at the end of the 
early Eocene and lasted until the start of the middle Eocene. 
Following the ETM, there is a long and slow drop in tempera-
ture during the middle and late Eocene. At the Eocene – Oli-
gocene transition, ca. 34 my ago, there is sharp cooling that is 
coetaneous with the earliest glacial development in Antarctica 
(Anderson et al., 2011; Liu et al., 2009; Zachos et al., 2001). 
First glaciations in Antarctica appear to be correlated with the 
onset of South America’s separation from Antarctica, which 
made possible a circumpolar current and thus the cooling of 
Antarctica. However, some models have not been able to re-
produce a massive glacial buildup in Antarctica without a sharp 

drop in CO2 below a threshold value of ~450 ppm (Lefebvre 
et al., 2012), values that are not reached until the Pliocene. It 
seems then, that the extensive modern Antarctic glacial cover 
is a recent phenomenon, probably occurring within the last 5 
my (Anderson et al., 2011). As further evidence, the evolution 
of antifreeze glycoproteins in Antarctic notothenioid fishes, 
which are uniquely adapted to freezing waters, occurs only 
during the late Neogene (Near et al., 2012), and the distribution 
of the limpet Nacella was also recently established (González–
Wevar et al., 2016).

During the Oligocene, global temperatures remained largely 
stable, with a small warming at the end of the Oligocene that 
was followed by another cooling at the onset of the Miocene 
(Zachos et al., 2001). The overall trend in the diversity of the 
Neotropical forest follows the same variations as the global 
temperature, increasing during warming periods and dropping 
during cooling intervals (Jaramillo & Cárdenas, 2013; Jaramillo 
et al., 2006). This relation could reflect the positive effect of 
temperature increases on rates of molecular mutations (Wright 
et al., 2006) and on biotic interactions, including herbivory, due 
to higher energy in the system (Jaramillo & Cárdenas, 2013). 
Some authors have proposed that Neotropical forests expand-
ed during global warmings, thus increasing diversity by the 
area–diversity effect (larger area leads to more species) (Fine 
& Ree, 2006; Fine et al., 2008; Rosenzweig, 1995). However, 
the empirical paleobotanical record of South America shows 
that Neotropical forests do not expand beyond the tropical lat-
itudes during warmings, especially the early Eocene warming 
(Jaramillo & Cárdenas, 2013) (Figure 2b). Instead, a non–ana-
logue biome, the “mixed forest,” occupied most of the temper-
ate regions during warming events. This biome does not exist 
nowadays, as temperate regions are much cooler today than in 
the early Eocene (Hinojosa & Villagrán, 2005).

Several authors have predicted that tropical terrestrial eco-
systems will collapse as a consequence of the ongoing cli-
mate warming, under the assumption that the extant tropical 
vegetation lives close to its climatic optimum (Huber, 2008; 
Stoskopf, 1981; Tewksbury et al., 2008). Several deleterious 
effects in plants are observed when temperature rises, includ-
ing an increase in respiration that decreases net production, a 
decrease in photosynthesis, and increases in photoinjuries, leaf 
stress, and the emission of isoprenes (Bassow et al., 1994; Cer-
nusak et al., 2013; Huber, 2008, 2009; Lerdau & Throop, 1999; 
Lewis et al., 2004; Stoskopf, 1981; Tewksbury et al., 2008), 
although recent studies have shown that the upper thermal 
stress of canopy leaves is ~50–53 °C (Krause et al., 2010) and 
tropical trees can acclimate very fast (Slot & Winter, 2017). 
How to explain that tropical plants did not collapse during past 
global warmings but rather increased in diversity and biomass? 
Leaf temperature, a critical factor for plants, mainly depends 
on three factors: air temperature, levels of atmospheric CO2, 
and soil moisture. The combination of all three factors deter-
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Figure 2. Terrestrial biome reconstruction for the past 55 my of the Neotropics. (a) Reconstruction from 0 to 14 Ma. (b) Reconstruction 
from 15.5 to 55 Ma. The reconstruction is an orthographic projection based on the plate tectonic model of GPlates 1.5.0, using the plate 
reconstruction of Seton (Seton et al., 2012). Terrestrial biomes include the tropical rainforest, which was divided into South America and 
North American (Central American) rainforests; the montane forest (forest > 2000 m of elevation), which is divided into the Andean South 
American forest and the Central American Montane forest; the Andean South American grasslands (or páramos, grasslands above the 
tree line in the Andes of South America); and the tropical South and North American savannas, which includes the xerophytic forests. 
Terrestrial biomes adapted from Jaramillo & Cárdenas (2013) and Jaramillo (2018). The exhumation evolution of the Isthmus of Panamá 
from the Montes models (Farris et al., 2011; Montes et al., 2012a, 2012b, 2015).
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Figure 2. Terrestrial biome reconstruction for the past 55 my of the Neotropics. (a) Reconstruction from 0 to 14 Ma. (b) Reconstruction 
from 15.5 to 55 Ma. The reconstruction is an orthographic projection based on the plate tectonic model of GPlates 1.5.0, using the plate 
reconstruction of Seton (Seton et al., 2012). Terrestrial biomes include the tropical rainforest, which was divided into South America and 
North American (Central American) rainforests; the montane forest (forest > 2000 m of elevation), which is divided into the Andean South 
American forest and the Central American Montane forest; the Andean South American grasslands (or páramos, grasslands above the 
tree line in the Andes of South America); and the tropical South and North American savannas, which includes the xerophytic forests. 
Terrestrial biomes adapted from Jaramillo & Cárdenas (2013) and Jaramillo (2018). The exhumation evolution of the Isthmus of Panamá 
from the Montes models (Farris et al., 2011; Montes et al., 2012a, 2012b, 2015) (continued).

mines a plant’s response to ambient temperature. Warming 
events during the Cretaceous and Paleogene are characterized 
by elevated levels of CO2 together with high precipitation (Ja-

ramillo et al., 2010b; Royer, 2010; Ufnar et al., 2002, 2004, 
2008; Wing et al., 2009) and short dry seasons (Jaramillo et 
al., 2010b). Physiological studies indicate that plants are more 
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efficient at photosynthesis at higher temperatures (up to 10 °C) 
provided that levels of both CO2 and soil moisture are high 
(Aber et al., 2001; Berry & Björkman, 1980; Lloyd & Farquhar, 
2008; Niu et al., 2008). Furthermore, WUE increases when 
levels of CO2 increase (Cernusak et al., 2011). The genes that 
regulate photosynthesis are deeply rooted in plant phylogeny 
and it would be expected that photosynthesis in Eocene and Pa-
leocene plants was fundamentally the same as in extant plants. 
The plant fossil record of the Neotropics suggests, therefore, 
that modern plants might already have the genetic variability 
to cope with increases in temperature and CO2, as some have 
proposed (Lloyd & Farquhar, 2008).

4. Neogene

The Neogene represents a new chapter in the history of tropical 
biomes with the dramatic expansion of several biomes includ-
ing savannas, dry forests, xerophytic forests, deserts, montane 
forests, and páramos (Figure 2a, 2b). Today, savannas occupy 
30% of land on earth. They provide most of the food we con-
sume and most of the land we inhabit (Jacobs et al., 1999). 
Grasses of tropical savannas comprise <2% of plant species 
(Sage et al., 1999), but nevertheless capture 20% of terrestrial 
carbon (Lloyd & Farquhar, 1994). Despite the importance of 
savannas, we still know very little about their origin and the fac-
tors that control them, especially in the South American tropics 
(Edwards et al., 2010).

The main factor that determines the type of vegetation 
within tropical lowland is precipitation rather than tem-
perature. Variations in mean annual temperature within the 
tropical zone are minimal, from 23 to 28 °C, with very low 
variations throughout the year. In contrast, there are drastic 
variations in precipitation, both in the total amount through-
out the year and in the length of the dry season. Biomes 
change as precipitation conditions changes (Jaramillo & 
Cárdenas, 2013; Lehmann et al., 2011), shifting from humid 
forest to dry forest, savanna, xerophytic forest, and desert 
as precipitation decreases (Jaramillo & Cárdenas, 2013). 
Another important factor during the Neogene is diminishing 
CO2 levels. This trend began at the start of the Oligocene 
(ca. 34 Ma) and continued until the onset of the Pleistocene 
when CO2 levels reached <200 ppm during glacial times (De 
Boer et al., 2010; Royer, 2006, 2010; Royer et al., 2011). 
There is a rapid increase during the middle Miocene climat-
ic optimum (MMCO) ca. 17–14 Ma, characterized period 
of relative warmth, with global mean surface temperatures 
likely increasing by 2–3 °C (Zachos et al., 2001), and anoth-
er during the late Pliocene (5–3 Ma) also characterized by 
warmer temperatures (Filippelli & Flores, 2009; Ravelo et al., 
2006). During the glacial/interglacial times of the last 2.6 my, 
CO2 has oscillated in concordance with global temperature, 
ranging from ~280 ppm during interglacial periods to 180 

ppm during glacial periods (Lüthi et al., 2008; Monnin et al., 
2001; Siegenthaler et al., 2005; Tripati et al., 2009).

Four main groups of plants are characteristic of dry envi-
ronments: Cactaceae, Agavaceae, Poaceae, and the so–called 
“ice plants” of South Africa (Arakaki et al., 2011). Many of 
them have one of two paths for photosynthesis, either C4 or 
CAM, whereas most trees use C3 photosynthesis. Photosyn-
thetic pathways C4 and CAM are much more efficient than 
C3 in areas where temperature is very high and there is hydric 
stress and/or low CO2 levels (Edwards et al., 2010). Under such 
conditions, C3 photosynthesis becomes difficult because the 
water–loss by transpiration is too high (Edwards et al., 2010). 
The phylogeny of the aforementioned groups of plants indicates 
that they originated towards the end of the Eocene/beginning of 
the Oligocene, probably associated with the pronounced global 
decrease in CO2 at the end of the Eocene, ca. 34–36 Ma (Araka-
ki et al., 2011). However, their radiation occurred millions of 
years later, during the late Miocene to Pleistocene (Arakaki et 
al., 2011; Edwards et al., 2010). This phylogenetic radiation 
seems to coincide with the expansion of the area occupied by 
savannas, as deduced from the fossil record.

Savanna expansion appears not to be coeval on a global 
scale, although the fossil record is still scarce (Edwards et al., 
2010). Most empirical data indicate that 15 my ago savannas 
had not yet expanded (Edwards et al., 2010) (Figure 2a). In 
Kenya, the expansion of the savannas with C4–Poaceae occurs 
around 6–8 Ma (Uno et al., 2011). In Pakistan, the savannas C4 
expand around 7 Ma (Morgan et al., 1994). In the Neotropics, 
the information about when the savannas developed is scarce 
(Wijmstra & van der Hammen, 1966). Areas that nowadays 
correspond to xerophytic/dry forests and savannas, like the 
Upper Magdalena Valley (Villavieja) (Figure 1), were humid 
forests 13–11 my ago (Kay et al., 1997) (Figure 2a). In Falcón 
province, northwestern Venezuela, fossil records of the upper 
Miocene (ca. 9 Ma) indicate the presence of a more humid 
forest, very different from the xerophytic vegetation present 
in the region today (Aguilera, 2004; Díaz de Gamero & Li- 
nares, 1989; Hambalek, 1993; Hambalek et al., 1994; Linares, 
2004; Quiroz & Jaramillo, 2010; Sánchez–Villagra & Aguilera, 
2006). The fossil record of the late Neogene and Quaternary in 
the Llanos Orientales of Colombia has mostly focused on the 
Holocene (Wijmstra & van der Hammen, 1966). Palynofloras 
of the Miocene, up to ca. 6 Ma, indicate that the region was 
not a savanna (Jaramillo et al., 2006, 2017b), therefore, the 
expansion of the savannas in the north of South America must 
have occurred very recently, at some point over the past 6 my 
(Figures 1, 2a).

What factors could have induced the expansion of the sa-
vanna in the Neotropics? The amount of precipitation, as well 
as its seasonality, determines in large part the presence of sa-
vannas (Lehmann et al., 2011). Precipitation on a macroscale 
in northern South America is controlled by the amplitude and 
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migration of the intertropical convergence zone (ITCZ). When 
summer occurs in the Southern Hemisphere, the ITCZ migrates 
to the south and positions itself over southern Colombia, Ecua-
dor, and the basin of the Amazon (Poveda et al., 2006), leaving 
large portions of northern South America under dry conditions. 
Precipitation increases over northern South America when the 
ITCZ migrates north during the boreal summer (Poveda et 
al., 2006). This shift of the ITCZ produces a long dry season 
over the region occupied by savannas and xerophytic forests in 
northern South America. Therefore, the ITCZ must have shifted 
at some point within the last 6 my in order to yield the modern 
climate configuration.

Two mechanisms affecting the ITCZ have been proposed. 
First, the closure of the isthmus of Panamá during the late Plio-
cene, 4.2–3.5 Ma, enhanced the thermohaline circulation, which 
pushed the ITCZ southward to its modern position (Billups et 
al., 1999; Chaisson, 1995; Chaisson & Ravelo, 1997; Haug & 
Tiedemann, 1998; Haug et al., 2001; Hovan, 1995; Keigwin, 
1982; Mikolajewicz et al., 1993). However, recent studies in-
dicate that the onset of the thermohaline circulation was ca. 
10–12 Ma, a consequence of the closure of the Central Amer-
ican Seaway (Bacon et al., 2015a; Jaramillo, 2018; Jarami- 
llo et al., 2017a; Montes et al., 2015; Sepulchre et al., 2014). 
Second, the onset of permanent extensive ice in the Northern 
Hemisphere at 2.6 Ma would have pushed the ITZC south to 
its current position (Chiang & Bitz, 2005; Flohn, 1981; Shack-
leton et al., 1984).

An additional element that may have influenced the expan-
sion of the savannas is the uplift of the Andes (Figure 2a). Mod-
els of climate sensibility (Sepulchre et al., 2010) indicate that 
the uplift of the northern Andes above 2000 m augmented the 
seasonality of northern South America, which could have facili-
tated expansion of the Neotropical savannas. Something similar 
occurred in southern South America, where precipitation from 
the Pacific Ocean is blocked by the western side of the Andes, en-
hancing the aridity in Patagonia (Sepulchre et al., 2010). Models 
of climate sensitivity have also shown that the rising the Central 
Andes above 2500 m may have intensified the Humboldt Current 
(Sepulchre et al., 2009). This current plays an important role in 
the regulation of the depth of the thermocline and the temperature 
of surficial waters of the eastern Pacific. Changes in the intensity 
of the Humboldt Current and/or in the depth of the thermocline in 
the tropical Pacific generate variations in the distribution and in-
tensity of the atmospheric convection cells (circulation of Walker 
and Hadley), affecting the latitudinal position and intensity of the 
ITZC over the eastern Pacific (Chiang, 2009; Martínez, 2009; 
Rincón–Martínez et al., 2010).

The uplift of the Andes also produced substantial modifica-
tions in the landscape. While the majority of the riverine flux 
was northbound during most of the Cenozoic, the uplift of the 
Andes shifted the hydrographic system towards the east, pro-
ducing the modern configuration of the Amazon and Orinoco 

hydrographic basins (Figueiredo et al., 2009; Hoorn, 1994a, 
1994b; Hoorn et al., 1995, 2010, 2017; Jaramillo et al., 2010a). 
The process of uplifting also caused significant modifications 
in the patterns of subsidence across all Amazonian basins. The 
dynamic topography generated by the uplift/subsidence pro-
duced extensive floodplains in western Amazonia during most 
of the Cenozoic that, during the late Miocene, were shifted to 
the modern system of incisive rivers and reduced floodplains 
(Latrubesse et al., 2010; Sacek, 2014; Shephard et al., 2010).

Nowadays, floodplains constitute only 20% of the Amazon 
region (Toivonen et al., 2007), but during the Miocene they 
were much more extensive, allowing the existence of large 
reptiles and mammals, such as 3–m–long turtles (Stupende-
mys), crocodiles over 14 m long (Purussaurus), and rodents 
(Phoberomys) more than 1.8 m in length and weighing 700 kg 
(Antoine et al., 2007; Cozzuol, 2006; Frailey, 1986; Kay et al., 
1997; Sánchez–Villagra, 2006; Sánchez–Villagra & Aguilera, 
2006; Sánchez–Villagra et al., 2003). This high–subsidence sys-
tem is called Pebas, and it is a biome that does not have a mod-
ern analogue (Jaramillo et al., 2017b), but it is closely related 
to the rainforest (Figure 2a). It is dominated by a unique depo-
sitional environment, termed “marginal,” that includes greenish 
to gray–colored, laminated, bioturbated, and locally fossil–rich 
mudstones coarsening up to very fine to medium–grained sand-
stones with coal interbeds. The association of these lithofacies 
represents accumulation on deltaic plains, low–energy wetlands 
with swamps, ponds, and channels, and shallow fresh–water 
lacustrine systems (Jaramillo et al., 2017b) (Figure 1). Asso-
ciated with the high–subsidence system, and probably eustasy, 
are two distinct marine intervals in the Llanos Basin, an early 
Miocene interval that lasted ca. 0.9 my (18.1 to 17.2 Ma) and 
a middle Miocene interval that lasted ca. 3.7 my (16.1 to 12.4 
Ma) (Figure 2a). These two marine intervals are progressively 
later toward the southern basins of western Amazonia, and in 
the Amazonas/Solimões Basin are much shorter in duration, ca. 
0.2 my (18.0 to 17.8 Ma) and ca. 0.4 my (14.1 to 13.7 Ma), re-
spectively (Jaramillo et al., 2017b). The Miocene lake systems 
that are produced all along the Magdalena valley, e.g., La Cira 
beds and the Barzalosa Formation, may also be related to these 
two marine flooding periods but correlations are still uncertain. 
The disappearance of the Pebas system occurred at ca. 10–11 
Ma (Jaramillo et al., 2017b), concomitant with the onset of the 
Amazon River (Hoorn et al., 2017). This major shift probably 
precipitated the extinction of flora associated with the “mar-
ginal” environment of the Pebas systems and its fauna of large 
reptiles and abundant mollusks.

The Andes reached their modern elevation by the end of the 
Miocene (ca. 5–6 Ma; Garzione et al., 2006, 2008, 2014; Ghosh 
et al., 2006; Kar et al., 2016; Wallis et al., 2016), thus generat-
ing two brand new biomes, the páramo and the cloud (montane) 
forest (Figure 2a). The species composition of these two biomes 
is roughly 50% derived from lowland tropical plants (tropical 
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Gondwanan lineages), ~25% from temperate latitudes in South 
America (temperate Gondwanan lineages), and ~25% from 
temperate latitudes in North America (temperate Laurasian lin-
eages) (Gentry, 1982a, 1982b). The slopes of the Andes have 
also been considered a sort of engine of speciation because the 
topographic complexity generates diverse microenvironments 
(Gentry, 1982a; Hoorn et al., 2010). The history of the vege-
tation of the Andes during the late Neogene has been studied 
by professor van der Hammen and his team for more than four 
decades (Hooghiemstra & van der Hammen, 1998; Hooghiem-
stra et al., 2006; van der Hammen, 1989, 1995, 2003; van der 
Hammen & Hooghiemstra, 2000; van der Hammen et al., 1973; 
Wijninga, 1996). Nonetheless, when the extant páramo origi-
nated is still an open question.

The cool–mode climate of today, which emerged 2.6 my 
ago at the onset of the Pleistocene, is fundamentally different 
from the warm–mode, pre–Pleistocene climates (Fedorov et 
al., 2013). Four major characteristics define our modern cli-
mate: a permanent and extensive ice–cap at the North Pole, 
CO2 levels below 200 ppm, a steep latitudinal temperature 
gradient pole–to–equator (~50 °C), and a steep longitudinal 
temperature gradient along the equatorial Pacific (Pagani et 
al., 2010). Understanding how those four components arose 
is fundamental to understanding our modern climate and mak-
ing future predictions, yet we still lack satisfactory answers. 
The consequences of this major shift in climate mode are still 
being researched, but it seems to have greatly modified the ex-
tent and distribution of most biomes, including the expansion 
of savannas, páramos, and dry and xerophytic forests and the 
contraction of the rainforest (Jaramillo et al., 2015) (Figure 
2a). One striking example of this shift is the Ware Forma-
tion in the northeastern region of the Guajira Peninsula (Fig-
ure 1). The Ware Formation is an upper Pliocene (3.4–2.78 
Ma) fluvio–deltaic deposit (Hendy et al., 2015; Moreno et 
al., 2015) with a rich fossil record that includes sloths, cin-
gulates, rodents, toxodontids, a procyonid, a camelid, large 
crocodiles, turtles, fossil wood, and a diverse fish assemblage 
(Aguilera et al., 2013a, 2013b, 2017; Amson et al., 2016; Ca-
dena & Jaramillo, 2015; Carrillo et al., 2018; Carrillo et al., 
2015; Forasiepi et al., 2014; Hendy et al., 2015; Jaramillo et 
al., 2015; Moreno–Bernal et al., 2016; Moreno et al., 2015; 
Pérez et al., 2017; Suárez et al., 2016), indicating that there 
were rivers with permanent water derived from local precip-
itation (Pérez–Consuegra et al., 2018); this is a stark contrast 
with the desertic environment of that region today. These 
profound changes, however, were not limited to terrestrial 
environments. The world’s oceans, too, experienced a major 
extinction of marine megafauna at the onset of the Pleistocene 
(Pimiento et al., 2017).

The last large change in the history of the Neotropics oc-
curred during the late Neogene with the terrestrial connection 
of Central America with South America across the Isthmus of  

Panamá, which facilitated a large–scale interchange of biota 
across the Americas, often known as GABI (the Great American 
Biotic Interchange) (MacFadden, 2006a; Simpson, 1983; Webb, 
1976, 1978, 1994, 1995, 2006; Woodburne, 2010). Many studies 
have used 3.5 Ma as the a priori date for this event (Bacon et al., 
2015a), although several genetic studies of taxa with low dis-
persal capabilities, including bees (Roubik & Camargo, 2011), 
tree frogs (Pinto–Sánchez et al., 2012), salamanders (Elmer et 
al., 2013), freshwater Poecilia fishes (Alda et al., 2013), and 
Amazilia hummingbirds (Ornelas et al., 2013), among many oth-
ers, have reported evidence of earlier exchanges. A recent meta–
analysis across a broad range of taxa, both marine and terrestrial, 
indicated a large increase in the rate of migrations/vicariance 
migration starting at 10 Ma, rather than at 3.5 Ma as was often 
assumed (Bacon et al., 2015a, b; Jaramillo, 2018; Jaramillo et 
al., 2017a). The fossil record of Panamá indicates a similar pat-
tern in plants (Cody et al., 2010; Graham, 1988a, 1988b, 1991, 
1992, 1999, 2010, 2011; Herrera et al., 2010, 2014a, 2014c; 
Jaramillo et al., 2014b; Jud et al., 2016; Rodríguez–Reyes et 
al., 2014, 2017a, 2017b) and vertebrates other than mammals 
(Cadena et al., 2012b; Hastings et al., 2013; Head et al., 2012; 
Scheyer et al., 2013). Panamanian mammals of the early – 
middle Miocene in contrast are dominated by North American 
lineages including camels, horses, peccaries, bear–dogs, anthra-
cotheriums, rhinocerids, geomyoid rodents, dogs, oreodonts, and 
protoceratids (MacFadden, 2006a, 2006b, 2009; MacFadden & 
Higgins, 2004; MacFadden et al., 2010, 2012; Rincon et al., 
2012, 2013; Slaughter, 1981; Whitmore & Stewart, 1965); there 
are only two South American lineages, a monkey (Bloch et al., 
2016) and a bat. Recently O’Dea et al. (2016) proposed that 
findings of a Miocene closure of the Central American Seaway 
were unsupported and provided a new age for the formation of 
the Isthmus at 2.8 Ma. However, both conclusions have been 
rejected (Jaramillo et al., 2017a; Molnar, 2017).

Most of what is written about GABI in the paleontological 
literature is derived from the mammal fossil record. Therefore, 
the mammal–derived GABI has been accepted as the de facto 
pattern for all other organisms, even though mammals repre-
sent only ~0.02% of all species in the Americas. Both the fos-
sil and genetic records show that mammal exchange starts at 
10 Ma and accelerates greatly at ca. 2.5 Ma rather than at 3.5 
Ma (Bacon et al., 2015a; Carrillo et al., 2015; Forasiepi et al., 
2014; Jaramillo, 2018; Leite et al., 2014; Webb, 1976, 2006; 
Woodburne, 2010). The timing for the onset of massive GABI 
mammal migrations has been used to suggest that factors other 
than a land connection drove GABI, mainly the onset of the 
Pleistocene cool–climate mode and all the changes that pro-
duced in the hydrological patterns of the Americas as it was 
discussed above (Bacon et al., 2016; Leigh et al., 2013; Molnar, 
2008; Smith et al., 2012; Webb, 1976, 1978, 2006).

The development of extant Neotropical biomes has been 
affected by a series of historical accidents, climate changes, 
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and tectonic processes, many of which are still unknown. They 
are, however, important if we are going to be able to predict 
how biomes will respond to the ongoing rapid perturbations 
of our climate.
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Abstract In Colombia, several oceanic, allochthonous terranes exist west of the San 
Jerónimo Fault, which is the western limit of large continental terranes. The main ter-
ranes are the Calima and Cuna in the Western Cordillera, the Tumaco Suspect Terrane in 
the southern Western Cordillera and the Tairona Terrane in the Sierra Nevada de Santa 
Marta. All of them are oceanic terranes that formed in the Pacific Ocean and moved 
northward to their present positions, where they were emplaced from Late Cretaceous 
to Miocene times. At least the Calima and Cuna are believed to be part of the Caribbean 
Plateau. Smaller oceanic terranes are found in the Cauca–Romeral Fault Zone (CRFZ).
Keywords: Colombian tectonostratigraphic terranes, oceanic terranes, allochthonous terranes, 
Caribbean Plateau, transpressional collisional metamorphism.

Resumen En Colombia existen varios terrenos oceánicos alóctonos al oeste de la Falla 
de San Jerónimo, límite occidental de los grandes terrenos continentales. Los princi-
pales son el Calima y Cuna en la cordillera Occidental, el presunto Terreno Tumaco 
en la parte sur de la cordillera Occidental y el Terreno Tairona en la Sierra Nevada de 
Santa Marta. Todos son terrenos oceánicos que se formaron en el océano Pacífico y 
migraron hacia el norte hasta sus posiciones actuales desde el Cretácico Tardío al 
Mioceno. Se cree que por lo menos los terrenos Calima y Cuna son parte del Plateau 
del Caribe. Pequeños terrenos oceánicos se encuentran dentro del Sistema de Fallas 
Cauca–Romeral. 
Palabras clave: terrenos tectonoestratigráficos colombianos, terrenos oceánicos, terrenos 
alóctonos, Plateau del Caribe, metamorfismo colisional transpresional.

1. Introduction

Oceanic basement terranes (Figure 1) exist west of the San 
Jerónimo Fault, which marks the eastern edge of the Cauca–
Romeral Fault Zone (CRFZ) (Figure 2). These terranes include 
the Calima and Cuna Terranes (Toussaint & Restrepo, 1989). 
Similarly, several oceanic terranes are mixed with continental 
terranes in the CRFZ located on the western flank of the Central 
Cordillera and on the eastern flank of the Western Cordillera. 

These terranes include the Ebéjico (Quebradagrande) and Pozo 
(Arquía) Terranes, among others. The newly defined Tairona 
Terrane, composed of oceanic basement, occurs in the Sierra 
Nevada de Santa Marta (SNSM) and on La Guajira Peninsula.

In this chapter, the boundaries and characteristics of the 
known oceanic terranes are determined, and new terranes are 
defined. Some of the names have been changed to comply with 
the recommendation of the initiators of the terranes tectonics 
(i.e., Coney et al., 1980; Howell, 1989) that the names of strati-
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graphic units not be used to name terranes. Following the com-
mon usage for naming terranes, we use names from the first 
indigenous cultures of America. The discussion of the conti-
nental terranes is presented in a different chapter of this book 
(see Restrepo & Toussaint, 2020).

2. The Calima Terrane

2.1. Introduction

The Calima Terrane is located in the Western Cordillera and 
probably also forms the basement of El Plato depression to 
the north of the Central Cordillera. The review by Etayo–Ser-
na et al. (1983) suggests that several terranes named Buri- 
ticá, Sinú, and San Jacinto form this zone in the north and that 
the Dagua Terrane occurs in the south. Restrepo & Toussaint 
(1988) initially grouped all units with oceanic affinity into the 
Western Andean Terrane, and then Toussaint & Restrepo (1989) 
renamed it the Calima Terrane after a pre–Columbian culture 
of the Cisneros region in the Valle del Cauca. In Gómez et 
al. (2015a) practically all regions with oceanic basement were 
grouped into a single megaterrane called the Caribbean Ter-
rane. The smaller oceanic terranes, such as the Pozo (Arquía) 
and Ebéjico (Quebradagrande) Terranes, which occur in a strip 
between the oceanic and continental terranes, were initially in-
cluded in the Calima Terrane and were later separated from it 
(Restrepo et al., 2009a). Two smaller oceanic areas that are 
newly defined here, the Bocaná and Aburrá Terranes within the 
Tahamí Terrane, are also discussed.

The northern and southern parts of the Calima Terrane 
are composed of basement rocks with oceanic affinity (Case 
et al., 1971). The difference between the regions is that the 
southern part was affected by an important tectono–meta-
morphic event in the Late Cretaceous, but in the north, this 
event is featured only on the eastern border with the Quiri-
mará Terrane (newly defined here), which includes the Sa-
baletas Schists (see below). Apparently, the transition from 
one area to another is progressive (Parra, 1983). The west-
ernmost faults of the CRFZ mark the eastern boundary of 
the extensive oceanic terranes that are composed mainly of 
mafic rocks and deep–water sedimentites (Case et al., 1971; 
Irving, 1971).

Because the nomenclature, and possibly the nature of the 
rocks, is different in the northern and southern parts, with a 
transition at approximately latitude 4° 40’ N, we describe the 
two areas separately.

2.2. Distinguishing Features of the Northern 
Part of the Calima Terrane

The most important unit of the Calima Terrane, forming the 
basement, is the Cañasgordas Group, which comprises a basal 
basaltic unit called the Barroso Formation and a sedimentary 
unit called the Penderisco Formation that seems to be on top of 
and intercalated with the basalts (Álvarez & González, 1978; 
Irving, 1971; González, 2001). The original Barroso Formation 
included pillow lavas, flows, tuffs, and breccias but, as dis-
cussed below, has been subdivided into two units.

Since the work of Case et al. (1971), it has been known 
that the westernmost faults of the CRFZ are the eastern bound-
ary of the large oceanic terranes that are composed mainly of 
mafic rocks and deep–water sedimentites. These authors also 
hypothesized that the oceanic basement of western Colombia 
was allochthonous and related to the Caribbean basement.

Based on the petrological and geochronological charac-
teristics, Restrepo & Toussaint (1976) proposed that the basic 
volcanic rocks, mostly pillow lavas assigned to the Barroso 
Formation that are intruded by the Altamira Gabbro and the 
Sabanalarga Batholith, presently called the Santa Fé Batholith, 
represent an island arc that developed on top of oceanic crust.

Recently, it was proposed that the basic rocks that have 
been termed “Barroso” actually belong to two different units: 
the mainly pyroclastic Barroso Formation considered to repre-
sent a basic volcanic arc, and the San José de Urama Diabases, 
which are interpreted as part of an oceanic plateau (Rodríguez 
& Arango, 2013).

Although pillow lavas that are indicative of submarine erup-
tions are quite common, subaerial eruptions composed of red 
and green tuffs and breccias have been found near Altamira, 
Antioquia. For these rocks, geochemical analyses indicate an 
oceanic–crustal origin followed by gabbroic intrusions associ-
ated with an incipient arc (Zapata et al., 2017a).

The age of the volcanic rocks has been determined by sever-
al methods as Cretaceous, but dating with the K–Ar and Ar–Ar 
systems has been somewhat erratic. Ages from these systems 
range from 105 to 73 Ma (González, 2010; Sinton et al., 1998; 
Toussaint & Restrepo, 1981), and an abnormally old Ar–Ar age 
of 155 Ma was obtained for the San José de Urama Diabases 
(Rodríguez & Arango, 2013). Some of these ages, specifically 
the age from San José de Urama Diabases, could be unreliable 
due to the very low K content in the analyzed minerals. A better 
indicator of the minimum age of the Barroso Formation is the 
ages of the stocks that intrude the sequence, as discussed below.

Figure 1. Schematic map of the tectonostratigraphic terranes in Colombia: (An) Andaquí Terrane; (Ch) Chibcha Terrane; (Y) Yalcón Ter-
rane; (Ta) Tahamí Terrane; (K) Kogi Terrane; (Ca) Calima Terrane; (Tu) Tumaco Terrane; (Tai) Tairona Terrane; (Cu) Cuna Terrane; (CRUT) 
Cauca–Romeral Undifferentiated Terranes: strips formed by smaller continental and oceanic terranes, such as the Pozo (Arquía), Ebéjico 
(Quebradagrande) and Sinifaná–Amagá Terranes, among others.
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The sedimentary succession contained within the Cañas- 
gordas Group, named the Penderisco Formation, has been di-
vided into a clastic sequence (the Urrao Member) and a mainly 
cherty sequence (the Nutibara Member), Álvarez & González 
(1978).

The Urrao Member is composed of several meter–thick 
turbiditic successions that are repeated for hundreds of me-
ters, whereas the Nutibara Member is composed of cherts and 
lithographic limestones. The Urrao Member is predominant on 
the eastern side of the range, while the Nutibara Member is 
predominant on the western side. However, the relationships 
between them are not clear.

In Dabeiba, near the Calima–Cuna suture marked by the 
Dabeiba–Uramita Fault, Paleocene to Eocene fauna have been 
discovered in the Río Verde Unit, which is composed of ba-
salts, radiolarites, calcareous cherts, and limestones (Bourgois 
et al., 1982a). This finding suggests that at least a portion of 
the Nutibara Member would not be Calima but rather would be 
related to a Paleocene – Eocene magmatism event of the Cuna 
Terrane, which accreted in the Miocene. It is currently unclear 
whether all the calcareous cherts that are attributed to the Nuti-
bara Member in this area are Paleocene and belong to the Cuna 
Terrane or whether a Cretaceous portion remains in the Calima 
Terrane. Additionally, the only zone in the north where slates 
have been found is close to Dabeiba (Restrepo et al., 1979). 
This low–grade metamorphism was probably produced by the 
collision of the Cuna with the Calima Terrane.

The Paleocene siliceous limestones and cherts were highly 
deformed by Miocene tectogenesis, which is responsible for the 
main deformation of the sedimentary rocks of the Penderisco 
Formation. However, the presence of a Late Cretaceous to Pa-
leocene event is not discarded.

Fossils are not very common, but those found have yielded 
ages that range from Albian to Maastrichtian (Etayo–Serna et 
al., 1980; González, 2001 and references therein). Ammonites 
near Buriticá are assigned to the mid–Albian (Etayo–Serna et 
al., 1980), and they likely represent interstratified cherts and 
fine clastic rocks within the Barroso Formation rather than the 
Penderisco Formation as previously thought (González, 2001). 
This age is confirmed by the intrusion of the Buriticá Stock 
into the sequence, forming a contact aureole (Feininger in Eta-
yo–Serna et al., 1980); this stock has been dated at 100.5 Ma 
(Weber et al., 2015) and 93.9 Ma (Giraldo–Ramírez, 2017) by 
U–Pb in zircons. These ages agree well with a K–Ar date of 
105 ± 10 Ma obtained from the Barroso Formation (Restrepo 
et al., 1991). If all of the basic volcanic rocks of the Barroso 
Formation formed in a short time, it is probable that they were 
completely established by the beginning of deposition associ-
ated with the Penderisco Formation. For this unit, Etayo–Serna 
(1989) reports Campanian to Maastrichtian fossils in turbidites 
near Peque on the western side of the sequence; recently, Turo-
nian to Maastrichtian fossils have also been found at Ciudad 

Bolívar and Carmen de Atrato (Etayo–Serna cited by Rodríguez 
& Arango, 2013). The Cañasgordas Group was intruded by sev-
eral plutons. On the eastern side, these plutons include the Bu-
riticá Stock and the Santa Fé Gabbro (formerly the Sabanalarga 
Batholith); the Caicedo Gabbro and Altamira Gabbro mostly 
intrude the Barroso Formation. These plutons have been dated 
between 110.5 Ma and 71.6 Ma by U–Pb in zircons (Correa et 
al., 2017; Giraldo–Ramírez, 2017; Zapata et al., 2017b).

2.3. Features of the Southern Part of the Calima 
Terrane

To the east of the southern part of the Calima Terrane are the 
Bolívar and the Riofrío Complexes, which consist of dunites, 
peridotites, banded pyroxenites, and gabbros cut by several 
hornblende pegmatites that have been dated between 112 and 
95 Ma using Ar–Ar and U–Pb (Kerr et al., 2004; Villagómez, 
2010). According to Bourgois et al. (1982b), the Bolívar Com-
plex forms the base of the Diabasic Group and represents a por-
tion of the proto–Caribbean basin that was overthrust onto the 
continent. Likewise, Nivia (1993, 1996) interpreted that these 
complexes represent the base of an obducted plateau.

Most of the southern part of the Calima Terrane is composed 
of basic volcanic rocks of the Diabasic Group or Volcanic For-
mation and by sedimentary and metasedimentary rocks of the 
Dagua Group, which has been divided into two formations: 
the Cisneros Formation, which is composed of metamorphic 
rocks, mainly phyllites and slates, and the Espinal Formation, 
which is composed of marine sedimentites, mostly mudrocks 
and turbiditic sandstones (Nelson, 1962). Several authors have 
proposed changing this nomenclature (Parra, 1983; Aspden, 
1984) without reaching a consensus.

The Diabasic Group consists of spilitized diabase, K–poor 
tholeiitic basalts, and tuffs with interspersed cherts, siltstones, 
graywackes, and limestones. Trace element and REE analyses 
indicate a T–MORB that represents an oceanic plateau or a rift 
disturbed by a hotspot (Desmet, 1994; Kerr et al., 1997). The 
sedimentites that are interspersed with the basic rocks contain a 
few fossils from the Aptian – Campanian range (Etayo–Serna et 
al., 1982). Some small gabbro stocks associated with volcanic 
rocks have been dated at 99.7 Ma by U–Pb in El Palmar (Vi- 
llagómez et al., 2011) and 94 ± 17 Ma by Rb–Sr isochron in El 
Tambor (Brook, 1984).

The Amaime Formation (McCourt, 1984), located on the 
western border of the Central Cordillera near Sevilla, is similar 
in composition and age to the Diabasic Group (Nivia, 1989). 
However, this formation could be an independent unit because 
it is separated from the Diabasic Group by an important fault 
network (Aspden & McCourt, 1986; Moreno–Sánchez & Par-
do–Trujillo, 2003). According to the paleomagnetic studies of 
Estrada (1995), the Amaime Formation was probably generated 
in the Pacific at an equatorial paleolatitude.
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The Cisneros Formation consists of siliceous phyllites and 
carbonaceous slates interspersed with metacherts, metagray-
wackes, and metalimestones that formed from low–grade meta-
morphism of pelagic sedimentites, particularly distal turbidites 
(Barrero, 1979). In the phyllites, Zoophycus ichnofossils are 
abundant. Bivalve molds indicate a Turonian – Maastrichtian 
age (Etayo–Serna et al., 1982). Some authors consider that the 
metamorphism was exclusively dynamic and that the phyllites 
are cataclasites (McCourt et al., 1984). The presence of schisto-
sity affected by isoclinal folding that is associated with a second 
schistosity shows that large portions of the phyllites were pro-
duced by low–grade regional metamorphism, even though the 
presence of superimposed cataclasis is certain in several areas 
(Bourgois et al., 1982b).

The Espinal Formation is composed of siliceous shales, 
siltstones, and graywacke with rare cherts and limestones. For-
aminifera and Inoceramus fossils suggest Campanian – Maas-
trichtian ages (Etayo–Serna, 1989).

However, the present apparent stratigraphy may be tecton-
ically induced. Etayo–Serna et al. (1982) suggested that the 
Dagua Group can be divided into three segments with different 
textures and compositions, which were deposited contempora-
neously and later tectonically stacked.

An important Late Cretaceous tectono–metamorphic event 
was caused by the oblique collision between plateau material 
of the Caribbean Plate and continental basement of the South 
American continent. At first, the collision was quite frontal, 
but later, major dextral movements occurred. Indeed, initial-
ly, the collision produced tectonic phases marked mainly by 
isoclinal folding, overthrust faults associated with schistosity 
and regional metamorphism, but the convergence then became 
more oblique, producing the great strike–slip faults that cut the 
previous structures (Toussaint, 1996).

Barrero (1979) assumed that the main tectonic phase that 
affected this region was Late Cretaceous and noted that phyllite 
of the Cisneros Formation dips mainly to the east, suggesting 
this observation as evidence of eastward subduction. Subse-
quent work by Bourgois et al. (1982b) indicated that the cen-
ter of the Western Cordillera is formed by tectonic stacking of 
overthrust units based on the presence of folds that affect a first 
schistosity associated with isoclinal folds. The second schis-
tosity, with a dip generally less than 30 degrees, is associated 
with folds dipping to the east. McCourt et al. (1984) placed a 
special emphasis on the large NNE faults that crosscut the pre-
vious structures. These authors attributed the faulting to Late 
Cretaceous tectonogenesis, but Toussaint (1996) argued that the 
inverse direction movements are subsequent to the Late Creta-
ceous regional metamorphism and are responsible for dynamic 
metamorphism that produced the cataclasites in the region. In 
the north, it is difficult to separate the Late Cretaceous tectonic 
event from the collision between the Cuna and Calima Terranes, 
which occurred during the Miocene.

The final accretion of the Calima Terrane to the continent 
appears to have occurred close to the Late Cretaceous – Paleo-
gene boundary, beginning at approximately 70 Ma (the age of 
the youngest igneous zircons found in the Sabaletas Schists) 
and concluding before 58 Ma (the age of a dike that intrudes 
the schists; Zapata & Cardona, 2017). This age agrees well with 
the age determined in the southern part of the terrane, where 
Paleocene and Eocene sedimentary units partially cover the ter-
rane borders with little to no deformation (see Geologic Map of 
Colombia by Gómez et al., 2015b).

2.4. Extent and Boundaries of the Calima 
Terrane

Broadly speaking, the transition between the oceanic basement 
of the Calima Terrane and continental crust occurs along what 
is presently the CRFZ. However, it is important to note that the 
area has been subject to diverse tectonic phases with compres-
sional, extensional, and especially large horizontal movements 
due to dextral–inverse transpression. The right–lateral faults 
were active during most of the Cenozoic. Thus, the limit is 
presently represented by the Cauca–Almaguer Fault (the west-
ernmost fault of the CRFZ), but this fault is not necessarily the 
original boundary. This fault separates the Calima and Pozo 
(Arquía) Terranes.

The origin of the Caribbean Plateau has generally been 
attributed to the paleo–Galápagos hotspot, south of its pres-
ent position (for a discussion regarding the paleo–Galápagos 
hotspot, see Nerlich et al., 2014, and references therein). The 
latitude of formation of the basic rocks was determined from 
paleomagnetic data to be nearly equatorial (Estrada, 1995) or 
between 2° S and 4° S (Hincapié–Gómez et al., 2018). Since 
its formation at that southerly location, there has been a north-
easterly drift of the plateau that has resulted in the accretion of 
oceanic crust to the continental borders of the northern Andes 
and the Caribbean margin of South America (i.e., Kennan & 
Pindell, 2009). The interaction of the oceanic and continental 
terranes has produced slivers of both types of crust, dispersing 
large and small terranes that were accreted to the north. An 
example of these accretions is observed west of Medellín. The 
San Jerónimo Fault runs in a N–NE direction from Ecuador to 
an approximate latitude of 4° 40’ N, where it turns to a N–NW 
direction. After the change in direction, many microterranes, 
such as the Anacona, Quirimará, and Ebéjico Terranes, were 
left stranded in this area. Additionally, at the flexure point, 
extensive mylonites occur that were mapped as regional met-
amorphic rocks (González, 1980).

In the northernmost part of Colombia, the Calima Terrane 
is limited by an inverse fault that dips toward the south and 
confines the folded belt of the Caribbean within the Caribbe-
an Plate (Toussaint & Restrepo, 1989). The location of the 
Calima Terrane in the Sinú region and El Plato depression is 
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unclear. Research prior to Mora–Bohórquez et al. (2017) as-
sumed that the Cauca–Almaguer Fault, also called the Romer-
al Fault in this region (Grosse, 1926), represents the boundary 
between the continental and oceanic materials to the E and 
W, respectively. However, geophysical research by Mora–
Bohórquez et al. (2017) showed that between the Romeral or 
Cauca–Almaguer Fault and the San Jerónimo Fault with a NE 
direction in this region, the basement is composed of oceanic 
material. These authors consider that such basement may be 
associated with the Quebradagrande Complex, but we propose 
that it is more likely associated with the Calima Terrane; quite 
clearly, this basement is not from the Tahamí Terrane.

2.5. Post–Accretion Events in the Calima–
Continental Terranes Supraterrane

An Oligocene to early Miocene magmatic belt including the 
Piedrancha Granodioritic Batholith (23 Ma; Álvarez & Lin-
ares, 1981), the Anchicayá Batholith (18 Ma; Brook, 1984), 
the Cumbitara Stock, El Vergel Stock (23 Ma to 22 Ma; Leal–
Mejía, 2011) and the Tatamá Pluton (19 to 17 Ma; Brook, 
1984) intrudes the previous rock associations. It is feasible that 
the final magmatic event of this belt is represented by the Ta- 
tamá Pluton, intruded shortly prior to the collision of the Cuna 
and Calima Terranes, which would have changed the position 
of the subduction zone.

Marine sediments were deposited during the Cenozoic in 
the Cauca River valley, for example, the Campanian – Paleo-
cene Nogales Formation and the Eocene Chimborazo Forma-
tion (Pardo–Trujillo et al., 2003) on the western edge of the 
southern part of the Western Cordillera, and are similar to the 
sediments of the Pacific Group (van der Hammen, 1958) north 
of the Western Cordillera in the Sinú and San Jacinto regions, 
such as the Paleocene – Eocene San Cayetano Formation 
(Duque–Caro, 1984).

An important deformed belt developed in the northernmost 
part of the Calima Terrane, related to the Cenozoic subduction 
of the Caribbean Plate beneath the Northern Andes. Some of the 
sediments associated with this belt are exposed on the Carib-
bean Colombian coast, in Sinú, where they rest on the Calima 
Terrane units (see B&G Unión Temporal, 2006).

3. The Tumaco Suspect Terrane 
(Gorgona Terrane and Western Flank 
of the Southern Region of the Western 
Cordillera)

3.1. Introduction

A set of dunites, wehrlites, gabbros, and basalt flows that are 
covered by basic tuffs with Inoceramus in the Gorgona and 

Gorgonilla Islands were denominated the Igneous Complex of 
Gorgona by Gansser (1973). Etayo–Serna et al. (1983) consid-
ered that this assemblage represents the Gorgona Terrane.

The Guapi Ultramafic Complex, associated with a volca-
no–sedimentary sequence located to the west of the Western 
Cordillera (in a sparsely studied area), raises the question of 
whether the complex is associated with the Calima Terrane, 
with a southern extension of the Cuna Terrane, or with a new 
terrane that remains undefined. Due to a lack of thorough geo-
logical knowledge in this region, it is difficult to select among 
the hypotheses. In this article, these various units are included 
in the Tumaco Suspect Terrane, named after an important pre–
Columbian culture.

3.2. Features of the Tumaco Terrane

The Igneous Complex of Gorgona includes mafic and ultramaf-
ic rocks with dunites, wehrlites, poikilitic or troctolitic gabbros, 
komatiites, basalt flows, volcanic breccias, and basic tuffs that 
contain Inoceramus (Gansser, 1973). Echeverría (1982) docu-
mented komatiites with spinifex textures, which are character-
istic of the partial fusion of the mantle at a temperature of more 
than 1400 °C. Ages between 86 and 66 Ma reflect a seemingly 
continuous magmatic episode of ca. 20 Ma, with dates similar 
to those of the Caribbean Plateau (Espinosa–Baquero et al., 
1982; Serrano et al., 2011; Walker et al., 1999). According to 
Estrada (1995), basalts with K–Ar dates of 86 ± 3 Ma had a 
paleolatitude of 25° S to 35° S. On the other hand, Serrano et 
al. (2011) considered that the Gorgona magmatism was due to 
the mixing of asthenospheric mantle material that was metaso-
matized by the subducted material of the proto–Caribbean Plate 
beneath the Antilles Arc. These authors discarded the hypothe-
sis of magmatism related to the Galápagos Hotspot, considering 
that the continuity of Gorgona magmatism over 20 Ma was 
inconsistent with a moving plate passing over a hotspot.

The Guapi Ultramafic Complex includes harzburgites, lher-
zolites, serpentinized dunites, wehrlites, and gabbros associated 
with volcano–sedimentary formations that include basalts, brec-
cias, and tuffs interbedded with cherts, siltstones, and Paleocene 
– Eocene limestones of the Timbiquí Formation (McCourt et 
al., 1990; Agencia Nacional de Hidrocarburos & Geología Re-
gional y Prospección, 2011). Their presence on the west flank of 
the Western Cordillera prompts questions regarding which ter-
rane these rocks belong to. This complex is intruded by smaller 
plutons, such as the Balsitas and El Salto Plutons, which are 
composed of hornblendic gabbro, quartz diorites, andesite por-
phyries, and tonalites for which McCourt et al. (1990) obtained 
ten K–Ar ages between 53 and 41 Ma. A more robust age of 
53.25 ± 0.27 was obtained by U–Pb in zircons from a dike that 
crosscuts the complex (Agencia Nacional de Hidrocarburos & 
Geología Regional y Prospección, 2011), so a minimum Eocene 
age is indicated. The magmatism of the complex seems to be 
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representative of oceanic arc activity developed on an oceanic 
basement, possibly disturbed by a high heat flow.

The Late Cretaceous to early Eocene age of the Gorgona Ig-
neous Complex and the Guapi Ultramafic Complex (associated 
with volcano–sedimentary units) suggests that they constitute a 
different terrane from the Calima and Cuna Terranes. A similar 
hypothesis was suggested in a map presented by Guiral–Vega et 
al. (2015). However, until new data are available, the temporal 
relationships between the location of these ultramafic complex-
es and the accretion of the Calima Terrane remain unknown. 
Although the Calima Terrane includes the Miocene Alto Con-
doto Ultramafic Complex (Salinas & Tistl, 1992; Tistl et al., 
1994), the Late Cretaceous to Eocene age excludes a similar 
origin between the two.

3.3. Accretion and Extent of the Tumaco Terrane

An approximately N–S–oriented fault network separates the 
Tumaco Terrane from the Calima Terrane. These faults have 
no specific names in the most recent map published by the 
Servicio Geológico Colombiano (Gómez et al., 2015b). The 
faults are covered by recent sediments south of Buenaventu-
ra, continue south in Nariño near the town of El Charco, then 
extend near Ricaurte and finally end in Ecuador at the limit 
between the Piñón and Piñón–Macuchi Terranes (Litherland 
et al., 1993). Currently, it is difficult to specify the age and 
type of suture; however, an undated pluton attributed to the 
Piedrancha Batholith appears to crosscut the border. Although 
K–Ar ages ranging from 62 to 21 Ma have been reported from 
this batholith (González et al., 2002), the U–Pb age of 22.53 
± 0.18 Ma (Agencia Nacional de Hidrocarburos & Geología 
Regional y Prospección, 2011) would place the age of accre-
tion as pre–Miocene. According to McGeary & Ben–Avraham 
(1985), the accretion of the Gorgona Terrane occurred before 
the early Miocene. The accretion of the Tumaco Suspect Ter-
rane occurred after the mid–Eocene based on the age of 41 Ma 
of the youngest pluton mentioned above and before the early 
Miocene accretion of the Cuna Terrane.

The boundary between this terrane and the Cuna Terrane 
is represented by a NNE fault that crosses Buenaventura bay 
and extends offshore to the west of Gorgona Island. This fault 
was identified using seismology by McGeary & Ben–Avra-
ham (1985), who assumed it represents a suture between two 
terranes.

3.4. Other Possibilities

The existence of a Tumaco Terrane is feasible, but the hypoth-
esis that these geological assemblages represent a southern ex-
tension of the Cuna Terrane (which is described later) cannot be 
discarded. Similarly, we cannot completely eliminate the possi-

bility that the Guapi Ultramafic Complex is associated with the 
Calima Terrane, although it would be difficult to explain the in 
situ generation of the Guapi Ultramafic Complex.

4. The Cuna Terrane

4.1. Introduction

The Cuna Terrane is located in the western part of Colombia, 
cropping out on the western flank of the Western Cordillera 
and in the Serranía de Baudó. It forms the basement of the  
Atrato River and Chucunaque Basins in Colombia and Pana-
má, respectively. This terrane extends to the Isthmus of Pan-
amá.

For this area, the Ingeominas review by Etayo–Serna et al. 
(1983) considered that the west flank of the Western Cordillera 
is part of the Cañasgordas Terrane, that the Atrato River valley 
belongs to the Atrato–San Juan Terrane and that the Serranía 
de Baudó is associated with the Baudó Terrane. Restrepo & 
Toussaint (1988) initially named it the Panamá–Baudó–Mandé 
Terrane, and later, Toussaint & Restrepo (1989) defined it as the 
Cuna Terrane. Duque–Caro (1990) called it the Panamá–Chocó 
Block or Chocó Block. Gómez et al. (2015a) did not separate 
this area as a distinct terrane but associated it with a Caribbean 
Megaterrane that includes all terranes that contain oceanic base-
ment. The Gorgona Terrane defined by Estrada (1995) may be 
a small terrane between the Calima and Cuna Terranes or may 
belong either to the Tumaco Suspect Terrane or to the Cuna 
Terrane. This research considers the Gorgona Terrane to be part 
of the Tumaco Suspect Terrane.

4.2. Features of the Cuna Terrane

The Cuna Terrane includes a Cretaceous oceanic basement 
that was intruded in the NE by a magmatic arc of interme-
diate to acidic composition. It is represented by the Mandé 
Batholith with tuffs and breccias of the Santa Cecilia–La  
Equis Formation, the Acandí Batholith, and the Eocene Río 
Pito Pluton in Panamá. A thick succession of marine sedimen-
tites was deposited in the Atrato River Basin, mainly between 
the Eocene and Miocene.

Bourgois et al. (1982a) argued that the oldest units in the 
Baudó Range are massive basalts, some with amygdules, and 
pillow lavas, diabases, and gabbros, dated at 70 Ma by K–Ar. 
Using Ar–Ar dating, Kerr et al. (1997) obtained ages between 
77.9 Ma for a gabbro and 71.8 Ma for a basalt near Bahía So-
lano. These authors consider the rocks to be plateau basalts 
similar to those of the Caribbean Plateau. Planktonic foramin-
ifera that were detected in sedimentary rocks interlayered with 
basalts suggest Coniacian to Maastrichtian ages (Bandy, 1970). 
These units are covered by chaotic volcano–sedimentary se-
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quences characterized by basalts interspersed with limestones, 
radiolarites, and graywackes. Faunal ages range from Paleocene 
to lower Miocene (Bourgois et al., 1982a).

In the east and northeast region, volcanic rocks including 
basalts, andesites, latites, breccias, and tuffs are associated 
with cherts, siltstones, mudstone, and limestones that contain 
Paleocene – Eocene fossils, such as the Río Verde Forma-
tion (Bourgois et al., 1982a), the Santa Cecilia Formation, 
and La Equis Formation (Calle & Salinas, 1986). The Santa 
Cecilia–La Equis Complex, defined by Salazar et al. (1991), 
is composed of interlayered basic to intermediate lava flows 
and pyroclastic sequences. These authors initially included the 
Mandé Batholith in this complex, but the name was later limit-
ed to the volcanic portion. Near Dabeiba, a trachyandesite was 
dated at 41.5 Ma using K–Ar (Restrepo et al., 1991), whereas 
rocks of this unit dated with Ar–Ar produced ages between 
55 and 37 Ma (Buchely et al., 2009). This magmatism also 
features the quartz diorite porphyries of Murindó and Panta-
nos, dated between 54.7 and 42.7 Ma by K–Ar, which con-
tain important copper deposits (Sillitoe et al., 1982). Intense 
granodioritic to quartz monzonitic plutonism, which occurred 
during the Eocene, is represented mainly by the Mandé and 
Acandí Batholiths. The Mandé Batholith was dated by U–Pb 
in zircons at 45.3 ± 1.2 and 44.6 ± 0.9 Ma (Leal–Mejía, 2011), 
while other methods such as Ar–Ar and K–Ar produced ages 
between 55 and 45 Ma (Sillitoe et al., 1982; Buchely et al., 
2009). This entire complex represents an island arc that devel-
oped over the Caribbean Plate, which was displaced dextrally 
compared to the NW corner of South America. In the northern 
part of the Cuna Terrane between the magmatic arc and the 
border of the Cuna Terrane with the Caribbean Plateau, the 
north Panamá deformed belt developed. This belt is composed 
of thick sequences of marine sedimentites deformed during 
the subduction of the Caribbean Plate beneath the Cuna Ter-
rane. According to Montes et al. (2012), the emergence of the 
Panamá Arc, transported by the Caribbean Plate, commenced 
in the Eocene, although the arc collided with the NW corner 
of South America in the early Miocene (Toussaint & Restrepo, 
1989). A younger age of collision is proposed by Restrepo–
Moreno et al. (2017).

More than 6000 meters of marine sedimentary sequences 
were deposited in the Atrato River Basin between the Eocene 
and middle Miocene. The deposits include the Clavo, Salaquí, 
Uva, Napipí, and Sierra Formations (Haffer, 1967).

The Alto Condoto Ultramafic Complex, Viravira Complex, 
the Mumbú Ultramafic Complex, the Mutatá Ultramafic Com-
plex, and La Cristalina Complex occur to the east of the Cuna 
Terrane and are composed of platinum–rich dunites, harzbur-
gites, and lherzolites. They are Ural–Alaska–type complexes, 
products of the partial melting of an oceanic crust in a volcanic 
arc environment (Tistl et al., 1994). K–Ar isotopic dating of 

hornblende ranges from 21 to 18 Ma, or late Oligocene to early 
Miocene (Tistl et al., 1994). In the Viravira Complex, a few ki-
lometers south of the Alto Condoto Ultramafic Complex, upper 
Eocene – lower Miocene cherts and limestones are intercalated 
with basalts.

The northeastern part of the Cuna Terrane features two 
important gravimetric highs of 90 mgal in the Serranía de 
Baudó and 130 mgal in the eastern region of the Cuna Terrane. 
These highs were interpreted to be the result of tectonic uplift 
in this region during collision with the Northern Andes (Case 
et al., 1971).

4.3. Extent and Boundaries of the Cuna Terrane

The Cuna Terrane is separated from the Caribbean Plate by 
a fault where the north Panamá deformed belt overrides the 
Caribbean Plate. This situation corresponds to the convergence 
between the Caribbean Plate and the Cuna Terrane that makes 
part of the Panamá Plate (Case & Holcombe, 1980; Bird, 2003). 
The border with the Calima Terrane features inverse faults with 
eastern and western dips, such as those of Dabeiba–Pueblo Rico 
and Uramita Faults (Restrepo & Toussaint, 1988). This fault 
system was generated during the collision of the Cuna Terrane 
with the NW corner of South America, when the Cuna Terrane 
attempted to subduct under the NW corner of South America. 
However, in some regions, such as around Dabeiba and along 
El Toro River on the road between Medellín and Quibdó, the 
most superficial area of the Cuna Terrane overthrust onto the 
Calima Terrane units (Bourgois et al., 1982a; Toussaint, 1999). 
In the Gulf of Urabá and around Buenaventura bay, the bound-
ary is covered by late Miocene and Quaternary sediments. The 
boundary in the southern part of the Cuna Terrane, oriented N–
NE, is marked by a nameless inverse dextral fault (see Gómez 
et al., 2015b) that segments the original suture.

The western boundary of the Cuna Terrane includes the 
subduction zone associated with subduction of the Nazca Plate 
beneath the Northern Andes and, in the northernmost region, a 
transform fault that borders the south Panamá deformed belt.

4.4. Accretion of the Cuna Terrane

The collision of the Cuna Terrane with the Northern Andes ap-
parently occurred in the early Miocene both because the intense 
Eocene magmatism affected only the eastern edge of the Cuna 
Terrane but not the Calima Terrane and because the Miocene 
– Pliocene sedimentites cover the border in the Gulf of Urabá. 
In addition, the late Miocene – Pliocene Quibdó Formation dis-
cordantly overlies the early to middle Miocene Sierra Forma-
tion. Near Dabeiba, the Guineales Formation (Botero, 1936), 
deposited on the 9.3 Ma basalt of El Botón (Restrepo et al., 
1991; Zapata & Rodríguez, 2011), appears to cover the border.
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Duque–Caro (1985) and Montes et al. (2012) suggested 
that deep–water circulation between the Caribbean Sea and 
the Pacific Ocean was interrupted during the early Miocene, 
although O’Dea et al. (2016) argued that the interruption of 
marine exchange between the Caribbean Sea and the Pacific 
Ocean occurred only 2.8 Ma ago. In addition, Toussaint & Re-
strepo (1989) and Toussaint (1996) suggested that the collision 
of the Cuna Terrane with the Andean Block not only was re-
sponsible for the folding of the Cretaceous sedimentites of the 
Calima Terrane but also was a major cause of Miocene – Plio-
cene tectonogenesis that affected the entirety of the Colombian 
Andes, unlike the previous tectonogenesis that affected only 
specific terranes. Gómez–Vargas et al. (2017) suggested that the 
Penderisco Formation, associated with the Calima Terrane, was 
detached from its oceanic basement and was obducted during 
the collision.

Additionally, an important late Miocene to Pliocene mag-
matic event affected the whole Western Cordillera, at that 
moment already constituted by the accreted Cuna Terrane 
and the Calima Terrane. A shoshonitic belt that includes El 
Botón Trachybasalt, dated at 9.3 Ma by K–Ar (Restrepo et 
al., 1991) and at 11 ± 0.3 Ma by Ar–Ar (Rodríguez & Zapata, 
2012), and several intrusives dated between 12 and 9 Ma by 
K–Ar and Ar–Ar (Rodríguez & Zapata, 2012 and references 
therein), mostly of monzonitic composition, extends between 
latitudes 5° 30’ N and 7° 15’ N. The magmatic belt migrat-
ed to the east and affected the Cauca River valley during 
the Combia magmatism between 10 and 6 Ma, which was 
responsible for the Au–Cu porphyries of the well–known 
“Middle–Cauca belt”.

The late Miocene to Pliocene belt in the central and southern 
parts of the Calima Terrane is different from the early Oligo-
cene – Miocene belt described above. The former includes the 
Piedrancha and Anchicayá Batholiths and El Pital and Tatamá 
Plutons, which are intrusions into the Calima Terrane prior to 
collision with the Cuna Terrane. Presumably, the two magmatic 
events were associated with different subduction zones.

The age range of the accretion of the Cuna Terrane to the 
Calima Terrane can be restricted because this event seems to 
have occurred after the intrusion of the Tatamá Pluton, dated 
at 17 Ma (Brook, 1984), and before the intrusion of El Boton 
Trachybasalt, dated at 11 Ma (Rodríguez & Zapata, 2012).

The Cuna Terrane represents an island arc generated on top 
of the Caribbean Plate farther south of its current position (Ken-
nan & Pindell, 2009), which entered as a wedge between North 
and South America. The dextral movement in the Colombian 
west was blocked when the arc collided, allowing accretion of 
the Cuna Terrane to the Northern Andes. It is possible that the 
collision changed the direction of the fault displacement in the 
boundary zone between the Cuna and Calima Terranes. The for-
mation of a bridge between North and South America allowed 
terrestrial faunal exchange between the two continents and 

implied an evolutionary mismatch between the Pacific Ocean 
marine faunas and those of the Caribbean Sea (Duque–Caro, 
1985; Montes et al., 2012).

5. The Oceanic Terranes in the Cauca–
Romeral Strip 

5.1. Introduction

As stated in the continental terranes chapter, the Cauca–Rome- 
ral strip is composed of continental and oceanic microterranes 
(Figure 3) resulting from the rupture of the collision zone be-
tween these domains. All of the recognized terranes form long 
N–S oriented strips, some only a few kilometers long and others 
several tens of kilometers. Within this strip, continental slivers 
correlatable with the Tahamí Terrane may be present as well as 
ultramafic bodies that have not yet been classified as terranes.

5.2. Ebéjico Terrane (Quebradagrande)

We propose using the name Ebéjico Terrane instead of 
Quebradagrande Terrane to avoid confusion with the Que-
bradagrande Formation (Botero, 1963) or the Quebradagrande 
Complex (Maya & González, 1995). An additional reason for 
the change is to use a name related to pre–Columbian tribes or 
places, as has been common in past works.

The boundaries of the terrane are two faults of the CRFZ. 
To the east, the San Jerónimo Fault separates Quebradagrande 
from continental terranes such as the Tahamí, Anacona, and 
Yalcón Terranes, and to the west, the Silvia–Pijao Fault sepa-
rates it from the Pozo (Arquía) Terrane south of the Arma Fault. 
North of this area, the Romeral Fault (sensu Grosse, 1926) sep-
arates the Ebéjico Terrane from the Amagá–Sinifaná Terrane 
(Restrepo et al., 2009a).

The lithology of the Ebéjico Terrane corresponds complete-
ly to the Quebradagrande Complex (Maya & González, 1995). 
It is composed of flows, pillow lavas, breccias, and tuffs of 
basaltic to andesitic composition interbedded with sedimentary 
rocks, including shales, arkoses, and cherts (González, 2001; 
Jaramillo et al., 2017; Rodríguez & Cetina, 2016). Manganese 
minerals that presumably formed on the ocean floor occur near 
Santa Bárbara, Antioquia (Durango, 1978). The basic rocks 
have undergone strong spilitization, forming abundant pumpel-
lyite and chlorite that impart a green color to the greenstones 
(Restrepo & Toussaint, 1984). The unit forms a narrow and 
discontinuous belt with a maximum width of approximately 15 
km that extends from Ecuador, where it is known as the Alao 
Terrane (Litherland et al., 1993), to the town of Liborina, An-
tioquia (Gómez et al., 2015a). The continuation of the terrane 
to the north of the Central Cordillera is not completely clear. 
Some authors (Mora–Bohórquez et al., 2017) have suggested 
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rane has not been mapped north of Liborina in the northern 
part of the Central Cordillera (Gómez et al., 2015a; Hall et al., 
1972). However, recent unpublished mapping in the Libori-
na–Sabanalarga area has demonstrated the presence of low– to 
medium–grade metamorphic rocks that could be the northward 
continuation of the Quebradagrande Complex, although the 
nature of the metamorphism as dynamothermal or dynamic is 
debated. Guiral–Vega et al. (2015) and Jaramillo et al. (2017) 
suggest that metamorphism is dynamic in character and is as-
sociated with the important wrench faults that are present in 
the area. However, a close examination of thin sections shows 
that the mineralogy and microstructures of greenschists and 
muscovite–quartz schists correspond to dynamothermal meta-
morphism, followed by shearing and mylonitization along 
these faults. The San Jerónimo Fault proper also ends at Li-
borina. This truncation is probably because the Tahamí has a 
prong (the Liborina prong proposed here), the most wester-
ly occurrence of the terrane, that seems to have squeezed the 
several CRFZ faults so that here they are separated by only 
a few kilometers. The possibility exists that a metamorphic 
Quebradagrande has been included in the Cajamarca Complex 
in previous mapping efforts. In fact, in the detailed mapping 
by Grosse (1926), this part of the diabases was considered to 
be a metamorphic variant, but this feature was apparently for-
gotten by subsequent field geologists. In a somewhat similar 
way, extensive mylonitic rocks produced by the shearing of the 
Quebradagrande Complex along the CRFZ, at an approximate 
latitude of 5° N, were mapped as regional metamorphic rocks 
equivalent to the Cajamarca Complex (González, 1980). De-
tailed mapping and petrological and geochronological studies 
are necessary to clarify this possibility.

The age of the Quebradagrande Complex based on fossils is 
Aptian – Albian (González, 1980) or Hauterivian – Albian (Bo-
tero et al., 1974). The unit has been difficult to date using K–Ar 
and Ar–Ar methods due to the alteration and very–low–grade 
metamorphism that is present almost everywhere, as well as the 
scarcity of zircons that has extensively hampered U–Pb dating. 
However, a U–Pb zircon date from a metatuff yielded an age of 
114.3 ± 3.8 Ma (Villagómez et al., 2011), and a dioritic dike that 
is thought to be associated with Quebradagrande yielded a sim-
ilar age of 112.6 ± 3.1 Ma (Cochrane et al., 2014). As such, an 
Early Cretaceous age is indicated for the unit. This age is valid 
both for the sedimentary rocks and for the volcanics because in 
the Arma fossiliferous locality, the authors collected volcanic 
rocks with Trigonia imprints and samples of volcanic rocks 
intercalated with sedimentary rocks; photos of these two sam-
ples were published by González (1980; see Figure 18). Some 
Late Cretaceous ages have also been reported. Botero (1963) 
considered the algal remains of the genus Archeolithothamnion 
to be indicative of a Late Cretaceous age, but in fact, the range 
of this genus extends from Late Jurassic to Neogene (Johnson, 
1963). An age of 93.41 ± 0.51 Ma was obtained from a gabbroic 
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Figure 3. Schematic map of the small terranes in the Cauca–Rome- 
ral Fault Zone.

that it extends northward under the sedimentary cover of the 
Caribbean lowlands, but this continuity has not been proven. 
Cardona et al. (2012) seem to imply that the Quebradagrande 
Complex is not present in this area. On the surface, this ter-
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intrusion supposedly related to the Quebradagrande volcanics, 
indicating a probable continuation of the magmatism to the Late 
Cretaceous (Jaramillo et al., 2017).

The origin of the Quebradagrande Complex is still debat-
ed. Although an island arc magmatic origin with possible rem-
nants of a basal oceanic crust is recognized by most authors, 
the environment where the arc was formed is unclear. Nivia 
et al. (2006) suggested that the continental margin of South 
America was rifted in the Early Cretaceous, forming a marginal 
basin and a suprasubduction zone arc with Neoproterozoic (?) 
metamorphic rocks on both sides of the basin, followed by a 
final compressional event that closed the basin. This model was 
criticized for several reasons by Restrepo et al. (2009b), one of 
the reasons being the presence of belts exclusively composed of 
Quebradagrande or Arquía Complexes and completely limited 
by faults, with no intermingling between them. This condition 
is easily explained by a terrane model but is quite difficult to 
explain in an autochthonous model. On the other hand, models 
such as the one proposed by Villagómez & Spikings (2013) 
suggest that the arc was intraoceanic and related to a subduc-
tion zone that formed the Arquía Complex and that after the 
formation of these rocks, they were accreted to the continental 
border. Jaramillo et al. (2017) also argued for an oceanic arc but 
with a thickened crust; a major variation in this model is that the 
age of the arc is considered Late Cretaceous based on dating of 
granitoid rocks intruding the basic rocks.

The name of the terrane is taken from the present munici-
pality of Ebéjico, Antioquia, where good exposures of the Que-
bradagrande Complex are found. This word is an indigenous 
term that was originally applied to a valley in the Western Cor-
dillera where the city of Antioquia was first founded in 1541 
(Aguilar–Rodas, 2001; Duque, 1967).

5.3. Pozo Terrane (Arquía)

The name of the Pozo Terrane is proposed for the terrane known 
by some authors as the Arquía Terrane because the names Ar-
quía Group (Restrepo & Toussaint, 1976) and Arquía Complex 
already exist in the literature (Maya & González, 1995). Pozo 
is the name of an ethnic group that lived near the Arquía area, 
on the border between the Antioquia and Caldas Departments.

The Arquía Group (Restrepo & Toussaint, 1976) is a nar-
row belt of metamorphic rocks that include garnet amphibo-
lites, serpentinites, greenschists, graphite–muscovite schists and 
quartzites. The units are crosscut by several faults and thus form 
discrete blocks. Some authors have called it a mélange (i.e., 
González, 2001; Rodríguez & Arango, 2013), but this term is 
not an adequate name since the definition of mélange requires a 
fine matrix that surrounds the blocks (Festa et al., 2010), which 
is not present in the area.

For the most part, the K–Ar and Ar–Ar ages of the Arquía 
garnet amphibolites yield Early Cretaceous ages (Restrepo et 

al., 2008; Villagómez & Spikings, 2013; Ruiz–Jiménez, 2014). 
The unit has been considered allochthonous, with the rocks 
formed in a subduction zone (Restrepo & Toussaint, 1976; 
Villagómez et al., 2011). However, P–T measurements by 
Garcia–Casco et al. (2011) have shown that the temperature 
gradient that formed these rocks is higher than those found in 
subduction zones, so a collisional origin has been proposed by 
these authors. Nonetheless, the association of metamorphic ser-
pentinites with garnet amphibolites favors a subduction zone 
environment. In this same sense, Ríos–Reyes et al. (2017) pro-
posed that the garnet amphibolites are retrograded eclogites 
similar to those found at Pijao and Barragán. An alternative 
autochthonous origin was proposed by Nivia et al. (2006), as 
discussed above for the Ebéjico Terrane, where the metamor-
phic Arquía rocks are considered Neoproterozoic rocks that 
formed part of the continental margin that was rifted during the 
Cretaceous. A similar autochthonous model was proposed by 
Cochrane et al. (2014).

The name of the group was extended by Maya & González 
(1995) to cover a complex that includes this unit, as well as 
several other metamorphic and even basic igneous rocks. The 
complex is located close to the Cauca River, extending along 
the western side of the Central Cordillera and the Cauca val-
ley. Units such as the Bugalagrande Schists, the Sabaletas 
Schists, the Palestina–Balboa Schists, the Sucre Amphibo-
lites, the Bolo Azul Complex, the Buesaco Schists, and the 
Complejo Río Rosario have been included in the complex. 
In Ecuador, its equivalent is the Alao Terrane (Litherland et 
al., 1994). In the original definition, high–P rocks such as the 
Pijao eclogites and Barragán blueschists and eclogites were 
not included, but modern usage has incorporated them within 
the complex.

Lithogeochemical analyses indicate that tholeiitic basalts 
with a MORB origin were the predominant protoliths of the ba-
sic rocks (Villagómez et al., 2011; García–Ramírez et al., 2017), 
although a small negative Nb anomaly indicates some affinity 
with IAT (Ruiz–Jiménez, 2014; Ruiz–Jiménez et al., 2012).

Due to the application of the name Arquía to different rank 
units, specifying in any article whether it is related to the Ar-
quía “Group” (using the original definition and name given 
by Restrepo & Toussaint, 1976) or to the Arquía Complex is 
necessary. For example, the Sabaletas Schists (Toussaint et 
al., 1981) are considered part of the Arquía Complex, but in 
our opinion, they would not be part of the Arquía “Group”. 
A similar situation is found for the newly defined Quimbaya 
Terrane (Chinchiná Gneiss) near Manizales (Restrepo & Tous-
saint, 2020). It may be part of the Arquía Complex but not of 
the Arquía “Group”.

The terrane is separated from the Ebéjico Terrane to the 
east by the Silvia–Pijao Fault and to the west from the Calima 
Terrane by the Cauca–Almaguer Fault (Figure 4); both faults 
are part of the CRFZ (Maya & González, 1995).
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5.4. Bocaná Suspect Terrane

This suspect terrane occurs on the eastern side of the Aburrá 
valley (Medellín) and is composed mainly by amphibolites. 

The main unit is the Santa Elena Amphibolite, which is 
composed of amphibolites, some of which are garnetiferous, 
and interbedded with quartz–biotite–graphite schists and some 
of which are associated ultramafic rocks (Restrepo, 2008). Ac-
cording to recent U–Pb zircon ages, metamorphism occurred 
in the mid–Cretaceous (Restrepo et al., 2012). This age is in 
contrast with the Triassic age of the contiguous La Espade-
ra–Chupadero Amphibolites that compose part of the Triassic 
Aburrá Terrane (see below). The Santa Elena Amphibolites are 
geochemically different from La Espadera–Chupadero Amphib-
olites and are richer in incompatible elements (Restrepo, 2008). 
The age and composition are similar to those of the garnet am-
phibolites of the Arquía Complex, so perhaps they could be 
related in origin. The limits of the terrane are denoted by an in-
ferred thrust fault that occurs at the base of the unit. The eastern 
side of the terrane was intruded by the Antioqueño Batholith, 
and on the western side, the Rodas Fault separates it from the 
Aburrá Terrane. 

Bocaná was the name of Santa Elena Creek, which crosses 
the city of Medellín from east to west, in the indigenous lan-
guage and means brackish water (Figure 5).

5.5. Aburrá Terrane

A dismembered ophiolite crops out along the Aburrá valley, 
composed of a large ultramafic body, El Picacho Metagabbros, 

and La Espadera–Chupadero Amphibolite. The ultramafic rock 
is composed mainly of olivine, in part serpentinized, chromi-
um spinel and variable amounts of tremolite, talc, and chlorite. 
The presence of these three minerals is interpreted as the re-
placement of ortho– and clinopyroxenes during metamorphism 
(Correa–Martínez, 2007; Restrepo, 2008). Hence, the name 
Medellín metaharzburgitic unit is proposed for this unit (Gar-
cia–Casco et al., 2020).

The metagabbros occur mostly on the western side of the 
valley, with Picacho Peak hosting the best exposure. They also 
appear as boulders in the extensive mass–movement deposits 
that are found on the western side of the Medellín valley. Met-
amorphic plagioclase and amphibole are the main minerals, 
with reddish–brown hornblende as a probable relict igneous 
mineral. The microstructures vary from granular gabbroic relict 
structures to well–foliated rocks that are practically lineated 
amphibolites. The unit is named the Picacho Metagabbros (Co- 
rrea–Martínez et al., 2005). Hornblende–plagioclase metapeg-
matites are found in several places.

Fine–grained amphibolites underlie the ultramafic body, 
although the outcrops are difficult to observe due to the geom-
etry of the ultramafic body and the abundant mass–movement 
deposits that cover the slopes of the Medellín valley. Lithogeo-
chemical analyses of La Espadera–Chupadero Amphibolites 
show that these are of incipient island arc affinity (Restrepo, 
2008), whereas the Santa Elena Amphibolites are richer in 
incompatible elements, representing a probable MORB ori-
gin. U–Pb analyses of La Espadera Amphibolite, metagabbros 
and metapegmatites yield Triassic ages (Restrepo et al., 2007; 
Restrepo et al., 2012). Apparently, the ages of approximately 
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250

TOUSSAINT & RESTREPO

posed of albite–epidote–chlorite–actinolite schists intercalated 
with graphite–muscovite–quartz schists; according to Grosse 
(1926), garnet may also occur. They compose the wallrock of 
the famous Zancudo gold mines in Titiribí. In this unit, we also 
include the schists found at the western margin of the Cauca 
River near Santa Fé de Antioquia that were recently named the 
“Santa Fé de Antioquia Mylonites” (Correa  et al., 2017).

The unit was named the Sabaletas Schists by Toussaint et 
al. (1981), who obtained Early Cretaceous ages (127 ± 5 Ma) 
from a greenschist using K–Ar dating; an age of 104 ± 5 Ma was 
also obtained using this method from actinolite in a metagabbro 
(Restrepo et al., 1991), and a younger age of 71 ± 3 Ma was 
obtained from actinolite (K–Ar) in a retrograded amphibolite 
(Ruiz–Jiménez, 2014). Vinasco & Cordani (2012) obtained an 
age of 127.5 ± 2 Ma by Ar–Ar dating. However, the real age of 
the unit has been debated. Rodríguez–Jiménez (2010) argued that 
the schists are intruded by dikes related to the Pueblito Diorite, 
dated at 233 Ma, whereas Giraldo–Arroyave (2010) dated by U–
Pb zircons obtained from the greenschists at 72 Ma, which she 
considered a magmatic age. Similar Cretaceous ages were ob-
tained using the same method by Correa et al. (2017) and Zapata 
& Cardona (2017). These apparently incompatible ages can be 
reconciled when it is observed that the Pueblito dioritic body 
and some schists lie to the east of the important Quirimará Fault, 
which is part of the CRFZ, whereas the Sabaletas Schists are on 
the western side of the fault. In this sense, the schists intruded 
by the Pueblito Dike would have no relation with the Sabaletas 
Schists; we propose that they would belong to different terranes, 
so the ages of the schists cannot be compared. As discussed in 
Restrepo & Toussaint (2020), the Pueblito Diorite and its sur-
rounding schists are included in a new terrane named Guaca.

The age of metamorphism is post–70 Ma, but an exact age 
is unknown. However, it is quite likely close to the Cretaceous – 
Paleocene boundary, as discussed in the chapter on terranes with 
continental basement, for the accretion of the Cuna Terrane to the 
Tahamí Terrane (Restrepo & Toussaint, 2020). The Early Creta-
ceous K–Ar and Ar–Ar ages obtained from this unit remain unex-
plained; a possibility is that rocks with different ages but similar 
compositions were mingled during the accretion processes. 

The unit has been considered to be composed mainly of my-
lonitic rocks (i.e., Correa et al., 2017; Zapata & Cardona, 2017), 
but a close petrographic inspection shows that they are actual-
ly dynamothermal schists affected locally by intense shearing 
and mylonitization (i.e., see Grosse’s classic study, 1926, for 
petrographic descriptions). A shearing–related origin for the 
unit that would be associated with the accretion of the Calima 
Terrane to the western side of South America has been attribut-
ed by these authors. The dynamothermal nature of the schists 
probably implies a more complicated scenario, where the rocks 
underwent heating within the greenschist facies and even the 
epidote–amphibolite facies in addition to deformation produced 
by the accretion. Ruiz–Jiménez (2014) measured pressure con-

CRUT

Bo

Bo

Bo

Ab

Ta

Ta
Cb

Cb

Cb

An

Caldas

Retiro

La Ceja

Rionegro

La Unión

San Jerónimo

Medellín

Cauca–Romeral
Undifferentiated
Terranes (CRUT)

Anacona Terrane (An)

Cretaceous batholiths and
stocks (Cb)

Tahamí Terrane (Ta)

Aburrá Terrane (Ab)

Legend

Bocaná Terrane (Bo)

Terrane boundaries

Town

Intrusive contacts

6° 10' N

6° 20' N

6° 30' N

75
° 

20
' W

75
° 

30
' W

75
° 

40
' W

0 6 12 18 km3

Colombia

Study area

Figure 5. Schematic map of the terranes in the Medellín valley 
area.

228 Ma indicate the igneous formation of the mafic materials. 
The complex was named the Aburrá Ophiolitic Complex (Co- 
rrea–Martínez et al., 2005).

Aburrá was the name of the natives that lived in the Me-
dellín valley when the spaniards arrived. It is also the name of 
the valley where the city of Medellín and neighboring towns 
are located.

5.6. Quirimará Terrane (Sabaletas Schists)

This thin belt of intercalated greenschists and “blackschists”, 
located between latitudes 6° 00’ N and 6° 35’ N, has been gen-
erally included in the Arquía Complex (i.e., Maya & González, 
1995; Gómez et al., 2015a). The rocks in this belt are com-
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ditions for an amphibolite found within the schists, finding a 
pressure between 6.7 and 7.0 kbar; under these conditions, the 
metamorphic rocks would have formed at depths on the order 
of 22–23 km. To explain this deep burial and subsequent exhu-
mation, it is hypothesized here that these materials could have 
penetrated into the subduction zone that existed during the Late 
Cretaceous on the western side of the Tahamí Terrane. This sub-
duction zone accommodated transpressional stress with strong 
right–lateral horizontal movement. Thus, this metamorphism 
could be called a transpressional collisional metamorphism, 
limited to a small area as opposed to normal collisional meta-
morphism. Subsequently, the right–lateral movement that had 
a vertical component could have exhumed the sliver. In this 
way, schists with mineralogic and microstructural dynamother-
mal characteristics would have been formed in a small area but 
with characteristics similar to those of regional metamorphism. 
Near the bordering faults, local mylonitization would have been 
intense. Presently, the nature of the protoliths is unknown. Al-
though the mineralogical compositions of the rocks point to 
an ocean floor, rocks from this environment of approximately 
70 Ma are unknown in the area. The limits of the sliver are the 
Quirimará Fault to the east, which separates it from the Gua-
ca Terrane, and the Cauca–Almaguer Fault to the west, which 
separates it from the Calima Terrane. It should be noted that the 
Cauca–Almaguer Fault is considered the fault that places the 
oceanic rocks of the Calima Terrane in contact with other units 
of the Cauca–Romeral Terranes or even the Tahamí Terrane. 
Quirimará is an indigenous name applied to a hill formed by the 
schists west of the town of Ebéjico (Rodríguez–Pulgarín, 2011).

5.7. Nutabe Terrane (Sucre Amphibolite)

These amphibolites or metagabbros are strongly lineated rocks 
associated with serpentinized ultramafic rocks. The name Nu-
tabe corresponds to a pre–Spanish tribe.

A hornblende K–Ar age of 284 ± 30 Ma has been reported 
(Restrepo et al., 1991), and more recently, ages of 260.7 ± 16.3 
and 267.5 ± 16.2 Ma were obtained by U–Pb in magmatic zir-
cons from these amphibolites (Correa et al., 2017). The body 
extends to the western margin of the Cauca River, where it is 
in fault contact with the northern extension of the Sabaletas 
Schists (also called the Santa Fé de Antioquia Mylonites) along 
one of the Cauca Faults. The history of metamorphism and ac-
cretion of this block has not yet been determined. The age is 
similar but somewhat older than the age of metamorphic rocks 
of the Tahamí Terrane.

5.8. Ultramafic Slivers

Several ultramafic slivers bounded by faults occur in this area, 
with the larger ones being the Heliconia and Sucre bodies. No 
special name is assigned for these very small terranes.

The Heliconia body is spatially associated with gabbros 
and the Pueblito Diorite. Several different origins have been 
proposed for ultramafic rocks. Rodríguez–Jiménez (2010) pro-
posed that the three units are the components of a zoned body 
related to a suprasubduction zone, whereas according to Mon-
toya & Peláez (1993), only the gabbro and the ultramafics are 
related, as parts of an ophiolite. Recently, the ultramafic unit 
was studied by González–Ospina (2016), who considered that 
it is an ophiolitic body related to the Medellín Metaharzburgitic 
Unit (Garcia–Casco et al., 2020). Neither the age of formation 
nor the age of emplacement have been defined for these rocks, 
although the fact that the Sucre body is spatially related to the 
Permian Sucre Amphibolites suggests a probable similar age.

In the CRFZ, several other similar slivers exist, such as the 
Planeta Rica Peridotites in the Córdoba Department (Dueñas & 
Duque–Caro, 1981), where an important nickel mine is located, 
and the Ginebra, Venus, La Tetilla, and Los Azules Ophiolitic 
Complexes (De Souza et al., 1984; Espinosa–Baquero, 1985; 
Nivia, 1987, 1991, 2001; Spadea et al., 1987) in the Cauca and 
Valle del Cauca Departments.

5.9. Nechí Terrane (Campamento)

Etayo–Serna et al. (1983) defined the Campamento Terrane to 
include these rocks. The name Nechí Suspect Terrane (Figure 
6) seems to be a better name because it is based on the term 
“Nechí”, an indigenous name; it is also the name that was used 
originally for the basic–ultrabasic complex by Estrada (1967).

The terrane is composed of an ophiolitic complex located 
in the northern part of the Tahamí Terrane near the Nechí River 
between the towns of Yarumal and Campamento. It crops out 
along the axis of the Central Cordillera, on the northern side 
of the Antioqueño Batholith, and it is not part of the Cauca–
Romeral Terranes.

This terrane is composed of serpentinized ultramafic rocks, 
gabbros, and basalts that are covered by flysch sedimentites 
known as the San Pablo Formation. All of the rocks are af-
fected by very low– to low–grade metamorphism. The exact 
age is unknown. The age is pre–Late Cretaceous because the 
Antioqueño Batholith intrudes these rocks, but a maximum age 
is uncertain (Hall et al., 1972). The sequence was interpreted by 
Estrada (1967) as the Nechí Mafic–Ultramafic Complex, where-
as Restrepo & Toussaint (1973) considered that it was part of a 
large obduction complex that emplaced ophiolitic bodies over 
the Tahamí Terrane during the Cretaceous. Presently, a portion 
of these bodies are included in the Aburrá Terrane. Mejía et 
al. (2017) considered that a marginal basin was formed in the 
area in Early Cretaceous before the intrusion of the Antioqueño 
Batholith; however, the details were not described.

According to Etayo–Serna et al. (1983), the eastern limit 
of the terrane is the San Lorencito–Corrales Fault, the western 
limit is the San Juan–Nechí Fault and the southern limit is de-
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fined by the Antioqueño Batholith. More field work is needed 
to determine whether the mafic–ultramafic complex is in situ 
or allochthonous.

6. The Tairona Terrane in the SNSM and 
La Guajira Peninsula
In a review by Etayo–Serna et al., (1983), the terranes with 
oceanic basement in northern Colombia are Santa Marta in the 
SNSM and Ruma in the LGP. Restrepo & Toussaint (1988) ar-
gued that these terranes are associated with the Calima Terrane, 
and Gómez et al. (2015a) suggested that they are associated 
with the Caribbean Megaterrane. This work groups them as a 
single Tairona Terrane, named after an important pre–Colum-
bian culture in the SNSM (Figure 1).

The NW part of the SNSM corresponds to the Tairo-
na Terrane formed mainly of muscovite and chlorite quartz 
schists, phyllites, slates, and some marbles. These rocks have 
been given several local names, such as La Gaira Schists, the 
Taganga Phyllites, and the San Lorenzo Schists. They were 
grouped as the Santa Marta Schists, whose magmatic age was 
dated by U–Pb in zircons between 91 and 80 Ma (Cardona et 
al., 2010). This metamorphism has been geochronologically 
difficult to determine, but these authors believe that meta-
morphism had already ended at 65 Ma. The granodioritic to 
quartz–monzonitic Santa Marta Batholith intrudes the previ-
ous metamorphic set and was dated by U–Pb between 56 and 
50 Ma (Mejía–Herrera et al., 2008; Duque, 2010). Another 

stock, the Toribio Pluton, is also considered Paleocene. In the 
SNSM, the Tairona Terrane is linked to the Kogi Terrane (see 
Restrepo & Toussaint, 2020) by the inverse Guachaca Fault 
System. Several of these faults are oblique relative to the orig-
inal boundary. The Buritaca Pluton, dated by U–Pb as 50 ± 1.5 
Ma (Duque, 2010), appears to intrude the boundary between 
the terranes, which suggests their accretion in the early Pa-
leocene–Eocene. In the LGP, the Tairona Terrane, limited to 
the SE by the Simarua–Osorio Fault that produced a strong 
mylonitization, overrides the Kogi Terrane. According to the 
Geological Map of Colombia (Gómez et al., 2015b), reef 
limestones associated with marls, mudstone, and sandstone 
of the Eocene Uitpa Formation cover the border, which sug-
gests that the suturing between the Tairona and Kogi Terranes 
occurred in the Late Cretaceous – Paleocene.

In LGP, the Tairona Terrane includes the presumably Late 
Cretaceous Etpana Metamorphic Complex and is intruded by 
the Parashi Granodioritic Pluton that has been dated by U–Pb at 
49 ± 1 Ma (Cardona et al., 2014). The presence of serpentinites 
with rodingite dikes is noted in the Etpana Complex and in the 
Cabo de la Vela. Schists, amphibolites, and phyllites from the 
Jarara and Carpintero Ranges are also found in this area. Car-
dona et al. (2014) hypothesized that an intraoceanic island arc 
environment developed in an allochthonous position during the 
Cretaceous and was accreted before the Eocene intrusion of the 
Parashi Pluton. Piraquive et al. (2017) suggested that units with 
oceanic affinity such as the Jarara Formation from the Tairona 
Terrane override continental units similar to the Macuira Gneiss 

Figure 6. Schematic map of the Nechí Terrane.
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from the Kogi Terrane. These authors proposed that accretion 
occurred between the Late Cretaceous and the Paleocene.

The Tairona Terrane has certain similarities to the Calima 
and Tumaco Terranes. All have Cretaceous oceanic basements, 
but until more information is available, it seems more appro-
priate to treat them as different terranes.

7. Conclusions

With few exceptions, all the terranes west of the San Jerónimo 
Fault have oceanic crust. They probably formed south of their 
present positions and then moved northward to collide with 
the Tahamí Terrane in Late Cretaceous time or later (Figure 
7). The accretion of the Calima Terrane occurred close to the 
Cretaceous – Paleogene boundary. Then, between the mid–
Eocene and early Miocene, the Tumaco Suspect Terrane was 
accreted. Finally, the Cuna Terrane collided with the rest of 
the terranes during the Miocene (17–11 Ma), causing import-
ant changes in the geology of Colombia (Figure 7). Most of 
the terranes are part of the Caribbean Plateau. A special type 
of metamorphism is described here as collisional transpres-

sional metamorphism, which produces dynamothermal meta-
morphism in small areas.
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Detrital U–Pb Provenance, Mineralogy, and 
Geochemistry of the Cretaceous Colombian 
Back–Arc Basin

Javier GUERRERO1* , Alejandra MEJÍA–MOLINA2 , and José OSORNO3 

Abstract The geology of the Cretaceous Colombian back–arc basin is reviewed con-
sidering detrital U–Pb provenance ages, mineralogy, and geochemistry of samples 
collected from outcrop sections and wells at several localities in the core of the Eastern 
Cordillera, Middle Magdalena Valley, and Catatumbo areas. The data set supports previ-
ous studies indicating a basin with main grabens in the present–day Eastern Cordillera 
between the Guaicáramo/Pajarito and Bituima/La Salina border faults, which operated 
as normal faults during the Cretaceous. Limestones are common on the western and 
northern sides of the basin, whereas terrigenous strata predominate on the eastern 
and southern sides. After the Berriasian, grabens were connected by marine flooding 
during the Valanginian, with two main source areas documented by distinct element 
and mineral contents, one in the Central Cordillera magmatic arc and the other in the 
Guiana Shield. Some elements present in Lower Cretaceous shales, including scan-
dium, vanadium, and beryllium, are not related to the sediment supply areas for the 
basin but instead are linked to Valanginian to Cenomanian hydrothermal activity and 
dikes of gabbro, diorite, and tonalite emplaced during the main phase of extension 
in the basin.
Keywords: Cretaceous, back–arc, Colombia, U–Pb provenance, geochemistry.

Resumen La geología de la Cuenca Cretácica Colombiana de back–arc se revisa con-
siderando edades de procedencia U‒Pb, mineralogía y geoquímica de muestras co-
lectadas en secciones de afloramientos y pozos de varias localidades en el núcleo de 
la cordillera Oriental, Valle Medio del Magdalena y Catatumbo. El conjunto de datos 
respalda estudios previos que indican una cuenca cuyos principales grábenes se en-
contraban en la cordillera Oriental actual, entre las fallas de Guaicáramo/Pajarito y 
Bituima/La Salina, que durante el Cretácico fueron fallas normales. Las calizas son 
comunes en los lados occidental y norte de la cuenca, mientras que los estratos terrí-
genos predominan en el lado este y sur de la misma. Después que los grábenes be-
rriasianos de la cuenca se conectaron por inundación marina durante el Valanginiano, 
se pueden documentar dos áreas fuente con elementos y minerales distintivos, una 
en el arco magmático de la cordillera Central y otra en el Escudo de Guayana. Algunos 
elementos presentes en los shales del Cretácico Inferior, incluidos escandio, vanadio y 
berilio, no están relacionados con las áreas de aporte de los sedimentos de la cuenca, 
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sino que están ligados con la actividad hidrotermal relacionada a los diques de gabro, 
diorita y tonalita, emplazados durante la extensión principal de la cuenca desde el 
Valanginiano hasta el Cenomaniano.
Palabras clave: Cretácico, back–arc, Colombia, procedencia U‒Pb, geoquímica. 

1. Introduction

The main depocenter of the Cretaceous Colombian back–arc 
basin is located in the present–day Eastern Cordillera, includ-
ing the Cundinamarca, Boyacá, and Santander Departments, 
where several stratigraphic wells, oil wells, and field sections 
were studied (Figure 1). These areas include the Eastern Emer-
ald Belt (Cinturón Esmeraldífero Oriental “CEOR”), Western 
Emerald Belt (Cinturón Esmeraldífero Occidental “CEOC”), 
Villeta, and Barichara/Bucaramanga. Three localities outside 
the main depocenter were also studied, including the Catatumbo 
area on the NE side of the basin and the Infantas oil well and 
Aguachica area (Middle Magdalena Valle “MMV”) on the NW 
side of the basin.

The paleogeography and tectonic setting of the basin were 
initially documented using field–measured sections, sedimentary 
petrography, grain size distribution, and sequence stratigraphy 
(Guerrero, 2002a, 2002b; Guerrero et al., 2000). The presence 
of a magmatic arc delineating the western border of the basin 
during the entire Cretaceous Period is demonstrated using pe-
trographic evidence that documents volcanic and metamorphic 
particles sourced from the Central Cordillera (Guerrero et al., 
2000). Sandstones and biosparites have coarser grain sizes (very 
coarse to conglomeratic) along the eastern and western margins 
of the basin, where the thicknesses of coarse–grained units may 
reach hundreds of meters; these facies change gradually to fin-
er–grained strata toward the center of the basin (Figures 2–4). 
Offshore biomicrites, marls, and shales are thicker toward the 
basin center, where they reach thicknesses of hundreds of meters.

Terrigenous sandstones and sandy biosparites on the western 
margin are volcanic and metamorphic litharenites sourced from 
the Central Cordillera; sandstones on the eastern basin margin 
are quartz arenites sourced mostly from recycled Paleozoic and 
older strata from the Guiana Shield. In fact, most Cretaceous 
sections rest in angular unconformity on Paleozoic strata along 
the eastern basin margin, whereas on the opposite, western mar-
gin of the basin, they rest in angular unconformity on Jurassic 
rocks. There is no sedimentological or structural continuity be-
tween Upper Jurassic and Lower Cretaceous strata in any place 
throughout the present–day Eastern Cordillera, so that there is 
not a continuous “Mesozoic basin”. The basal sandstones of the 
Cretaceous system exposed near Girón and Zapatoca, which rest 
in angular unconformity on older basement and are transition-
ally covered by genetically related marine strata, were original-
ly included in the Girón strata by Hettner (1892). Later, these 
beds were erroneously assigned to the Jurassic, based only on 

stratigraphic position, but in fact, they correspond to fluvial and 
shoreface transgressive sandstones of Berriasian and Valangin-
ian age, which are now included in the Tambor, Tibasosa, Arca-
buco, Buenavista, and Batá Formations (e.g., Etayo–Serna et al., 
2003). There is no temporal or structural relationship between 
the basin and the Jurassic separation of Pangea, which affect-
ed parts of Brasil and Venezuela in northern South America. 
Actually, the Jurassic strata and igneous rocks, parallel to the 
Central Cordillera, are associated with a magmatic arc related 
to subduction along the western border of the continent (e.g., 
Bustamante et al., 2010; Zapata et al., 2016). The Cretaceous 
back–arc and forearc basins are also related to subduction of 
the Pacific Oceanic Plate beneath the western margin of South 
America. The Cretaceous succession from the Eastern Cordil-
lera of Colombia was deposited in a back–arc basin related to 
subduction instead of a Mesozoic rift related to the breakup of 
Pangea. The Cretaceous strata that rest in angular unconformity 
on previously accreted oceanic crust in the Western Cordillera 
and on the western side of the Central Cordillera are assigned to 
the forearc basin and are not included in this study.

The main back–arc basin rift exposed in the Eastern 
Cordillera was controlled by NNE–striking normal faults 
that were active throughout the Cretaceous, as indicated by 
the great thickness (5000 m) and wide age range (Berria-
sian to Maastrichtian) of strata W of the Guaicáramo Fault 
compared to the reduced thickness (500 m) and restricted 
age range (only Turonian to Maastrichtian) of strata E of 
the fault (Guerrero, 2002b). After the Berriasian to Ceno-
manian synrift stage, subsidence continued to be greater in 
the central rift than in areas E of the Guaicáramo Fault, as 
indicated by the reduced thickness (ca. 500 m) of Turonian 
to Maastrichtian strata in the present–day Llanos Foothills 
and Putumayo areas compared to the approximately 1500 m 
of equivalent strata (Chipaque Formation, Guadalupe Group, 
and Guaduas Formation) W of the fault (Guerrero, 2002b; 
Guerrero & Sarmiento, 1996). Other evidence that supports 
the age of synrift subsidence is the presence of Valanginian 
to Cenomanian dikes of gabbro, diorite, and tonalite (Gómez 

Figure 1. Study area in part of the Cretaceous Colombian back–
arc basin, including the locations of wells and field sections from 
the CEOR (GA, MSP), Villeta (QP, RC), CEOC (BB, O), Barichara (QLP, 
QAD), Aguachica (CAB, CES), and Catatumbo (QLL, RR). The highest 
contents of zirconium (average percentages per locality) are in the 
SE part of the basin.
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et al., 2015; Vásquez et al., 2005, 2010), which intruded 
Lower Cretaceous strata during the main extensional phase 
of the basin. Subsequently, during the Turonian to Maas-
trichtian thermal subsidence of the basin, magmatic and hy-
drothermal activity stopped in the central rift.

The main rift was initially subdivided into grabens separat-
ed during the Berriasian but connected by the late Valanginian 
when the present–day Santander, Floresta, and Quetame Mas-
sifs were completely flooded by offshore marine strata. The 
role of Cretaceous normal faults and their Cenozoic inversion 
was initially discussed by Cooper et al. (1995) and has been 
recognized by Sarmiento–Rojas et al. (2006), Horton et al. 
(2010), and Mora et al. (2010), and among others. Tesón et al. 
(2013) documented several grabens, including Guatiquía, Pisba, 
Cocuy, and Tablazo, which were bounded by the Guaicáramo, 
Pajarito, Pesca, Servitá, Lengupá, Soapaga, Boyacá, Bituima, 
and La Salina normal faults.

The purposes of this chapter are to better document the two 
source areas and the evolution of the Cretaceous Colombian 
back–arc basin and to characterize the rock types from succes-
sions at several localities. We present new results on XRD min-
eralogy and ICP–MS/OES geochemistry mainly from shales 
and biomicrites, along with U–Pb ages of zircon grains con-
tained in sandstones from both sides of the basin.

2. Materials and Methods

Fine–grained strata including biomicrites, marls, and shales, as 
well as coarse–grained strata including sandstones and biospar-
ites, were collected mainly from 9 wells and 35 field sections of 
key localities within the basin (Figures 1–4; Tables 1–3). Table 
1 contains the initial and final coordinates of stratigraphic sec-
tions exposed along creeks, rivers, and roads. Table 2 displays 
the coordinates of sampled oil and stratigraphic wells, with the 
depth information in feet for each unit. Table 3 contains the 
stratigraphic information and the coordinates of sandstone sam-
ples collected outside the main stratigraphic sections.

Selected samples of sandstone, volcanic tuff, and limestone 
were processed for detrital zircon U–Pb dating with a single 
collector quadrupole LA–ICP–MS Agilent 7700x instrument 
at the laboratories of Apatite to Zircon, Inc., in Viola, Idaho, 
USA. Details of the procedures, statistics, and standards em-
ployed are presented by Chew & Donelick (2012), Moore 
(2014), and Moore et al. (2015). According to the report pro-
vided by Apatite to Zircon, Inc., the approach was the modeling 
of background–corrected signal intensities for each isotope in 
each scan. U–Pb age standards for which independently ac-
cepted ages are published were designated primary, second-
ary, and tertiary for purposes of age calibration. A minimum of 
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two primary and two secondary standard spots were analyzed 
prior to and following each group of ca. 25–40 tertiary stan-
dards and/or unknown sample spots. Tertiary standards were 
also analyzed with the primary and secondary standards. For a 
particular isotopic ratio (e.g., 206Pb/238U), the fractionation fac-
tor equals the accepted isotopic ratio divided by the measured 
ratio (radiogenic Pb only). For zircon U–Pb standards, common 
Pb was assumed to be negligible, and fractionation factors and 
their absolute errors were determined directly for the isotopes 
of interest. Fractionation factors and their errors for each spot 
were smoothed to yield session–wide spot fractionation factors 
and their errors. Fractionation factors were calculated based 
on the following assumptions: (a) 235U values were calculat-
ed from measured 238U values (Steiger & Jäger, 1977) and (b) 
zero fractionation was assumed between 206Pb and 207Pb. For 
common Pb correction, the Stacey & Kramers (1975) common 
Pb model for the Earth was used. Ages and common Pb ratios 
were determined iteratively using an arbitrary, session–wide 
minimum common Pb age value (the default minimum com-
mon Pb age was arbitrarily set equal to the age of the oldest 
age standard in the current session). For each scan, U–Pb ages 
and their asymmetrical errors were calculated. For a sum of N 
scans, the U–Pb age and its error were calculated from the sum 

of the respective isotopes and a fractionation factor calculated 
as a weighted sum of N fractionation factors, one fractionation 
factor for each scan, and each fractionation factor was weighted 
by the amount of uranium or thorium for the scan.

In total, 110 inclusion–free zircon grains were processed 
from most samples, obtaining an average of 100 dates per sam-
ple. The reported results consist of a single date for each ana-
lyzed zircon grain. Data are plotted as age histograms and age 
probability distribution functions. Detailed data are presented 
in Tables 1 and 2 of the Supplementary Information.

Heavy minerals were processed by HM Research Associates 
in St. Ishmaels, Pembrokeshire, UK. Elemental analyses were 
conducted at ACME Analytical Laboratories in Bogotá, Co-
lombia, using a Thermo 6500 DUO equipment for ICP–OES of 
major elements and an Agilent 7500cx system for ICP–MS of 
minor elements and REE. Samples were previously fused with 
lithium borate salts using a Claisse M4 Fluxer.

3. Results

The results from U–Pb provenance analyses are displayed in 
Table 4 and Tables 1, 2 of the Supplementary Information. The 
youngest ages are in the interval of 50 to 150 Ma and corre-
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Figure 4. Location of the Cretaceous Colombian back–arc basin between the Central Cordillera and the Guiana Shield. The studied sections 
include the CEOR (SL, VI); Villeta (VILL); CEOC/Villa de Leyva (VL); Barichara/Bucaramanga (BU); Aguachica (MMV); Catatumbo (CA). Referenced 
sections include: (PU) Putumayo; (UMV) Upper Magdalena Valley; (LL) Llanos; (BO) Bogotá; (CO) Cocuy; (PE) Périja; (ME) Mérida. La Guajira Pen-
insula (GU) was aligned with the Santa Marta Massif and the Central Cordillera. Modified from Guerrero (2002a) and Guerrero et al. (2000).

spond to coeval Cretaceous particles present in strata from the 
Magdalena Valley and W side of the Eastern Cordillera. Im-
portant age peaks of 150 to 200 Ma (Jurassic) and 200 to 250 
(Triassic) are also present on the W side of the basin.

Older peaks, present in samples from both the E and W sides 
of the study area, are centered around 250 to 550 Ma (Paleozoic) 
and 900 to 1200 Ma (late Mesoproterozoic to early Neoprotero-
zoic); however, these ages are more common in samples from 
the E side of the Eastern Cordillera. Other important provenance 
ages are around 1500 Ma (early Mesoproterozoic) and 1800 Ma 
(late Paleoproterozoic), which are also more common on the E 
side of the Eastern Cordillera. The oldest grains, 3250 to 3950 
Ma (Paleoarchean and Eoarchean), are present in very minor 
amounts, usually 1 or 2 particles per sample.

XRD mineralogical results from selected units are displayed 
in Table 5. The highest contents of kaolinite and montmorillon-
ite correspond mainly to the Llanos Foothills, CEOR, Villa de 
Leyva, and Barichara areas. The highest contents of illite and 
chlorite are mainly from the CEOC, Villeta, and Magdalena 
Valley areas. The percentages displayed are averages per for-
mation in a particular section. The majority are field sections, 
except for wells COS–5, COS–14, COS–15, CON–6, CON–7, 
CON–8, SAR 3K, and INFA–1613. Most samples were pro-
cessed from shales, but there are also marlstones, biomicrites, 
and cherts. The lowest clay mineral contents (1 to 5 %) are 
from biomicrites and cherts of La Luna Formation; the highest 
contents (69%) are from the Chipaque Formation shales. The 
last column reports the sum of phyllosilicates, including illite, 
pyrophyllite, kaolinite, chlorite, and montmorillonite.

ICP–OES major element percentages of selected shale beds 
are displayed in Table 6. Samples with the highest Al2O3 con-
tents are mainly from units with high amounts of mudstone 
and clay shale, including the Paja, San Gil, Chipaque, Conejo, 
Fómeque, and Macanal Formations. In these units, most clay–
sized particles correspond to clay minerals, as indicated by 
XRD analyses. Samples with the highest contents of titanium 
(COS–15–2054 Paja Formation), chromium (O–75 Hilo Forma-
tion), and scandium (C–12 Macanal Formation) are included.

The ICP–OES major element percentages of limestone and 
chert units (with less than 5% Al2O3) are displayed in Table 7. 
Samples with the highest CaO contents include mainly examples 
from La Luna Formation biomicrites. The highest SiO2 contents 
correspond to diagenetic cherts of the Lidita Inferior, Lidita Su-
perior, Hilo, and La Luna Formations. The samples with the high-
est contents of nickel (SAR–7443) and phosphorus (QLL–55) in 
the study are from La Luna Formation in the Catatumbo area.

Minor elements of selected biomicrite and shale units are 
presented in ppm in Table 8. The highest contents of vanadium 
are from shale samples (QP–440 and O–05) of the Hilo Forma-
tion from the Villeta and CEOC areas. The highest contents of 
uranium (SAR–7443) and strontium (QLL–55) are from bio-
micrite samples of La Luna Formation in the Catatumbo area. 
The highest values of scandium are from the Macanal (C–12 
and MSP–25), Villa de Leyva (COS14–459), and Fómeque 
(QED–35) Formations. The highest zirconium value is from 
a sample (COS15–2054) of the Paja Formation in the Villa de 
Leyva area. The regional distribution of zirconium is also pre-
sented in Figure 1.

Table 9 presents the REE in ppm. The highest cerium con-
tent is present in a sample (COS14–1575) from the Arcabuco 
Formation in the Villa de Leyva area. High cerium values are 
present mostly in the Paja and San Gil Shales from the Villa de 
Leyva area, along with the Aguacaliente and Une Formations 
from the Llanos Foothills. The highest content of yttrium is 
from a sample (RT–10) of the Murca Formation in the Villeta 
area. The heavy REE are generally associated with the Murca, 
Trincheras, and Pacho Formations from the Villeta area.

4. Discussion

4.1.  Provenance and Paleogeography of the 
Basin from Detrital Zircon U–Pb Ages

Zircon U–Pb dates obtained from samples collected at sever-
al stratigraphic positions and various localities (Figures 1–4) 
confirm previous paleogeographic reconstructions based on pe-
trography and sandstone distribution (Guerrero, 2002a, 2002b; 
Guerrero et al., 2000), indicating a back–arc basin sourced 
from the magmatic arc in the W and the Guiana Shield in the 
E during the entire Cretaceous time span. Samples are mainly 
sandstones, but finer–grained strata, including a few siltstones, 
shales, and biomicrites, are included. Most formations were 
sampled several times, so a few representative examples are 
presented here to illustrate the source areas.

4.1.1. Llanos Foothills and CEOR

In the SE sector of the basin, along the periphery of Bogotá, 
Villavicencio, and San Luis, the Cretaceous succession and Pa-
leozoic sedimentary basement were sampled. The youngest zir-
con particles in Paleozoic strata are 300 to 350 Ma (Figure 5), 
which confirms the Carboniferous age of the Farallones Group. 
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Table 1. Location of field sections.

Sample Section Area Formation Age Latitude N Longitude W

BB–00 Buriburi CEOC Furatena (Lower) Berriasian – early Hauterivian 5° 40’ 28.931” 74° 03’ 54.439”

BB–10 Buriburi CEOC Furatena (Lower) Berriasian – early Hauterivian 5° 40’ 27.833” 74° 03’ 53.743”

C–00 Cachipay CEOR Macanal Berriasian – early Hauterivian 4° 52’ 24.791” 73° 14’ 18.525”

C–48 Cachipay CEOR Macanal Berriasian – early Hauterivian 4° 52’ 23.458” 73° 14’ 16.868”

CAB–00 Agua Blanca Creek Aguachica La Luna (Upper) Coniacian to Santonian 8° 13’ 28.226” 73° 32’ 07.428”

CAB–128 Agua Blanca Creek Aguachica La Luna (Upper) Coniacian to Santonian 8° 13’ 25.764” 73° 32’ 11.248”

CAB–130 Agua Blanca Creek Aguachica Umir (Lower) Early Campanian 8° 13’ 25.725” 73° 32’ 11.306”

CES–00 El Salto Creek Aguachica La Luna Turonian to Santonian 8° 12’ 08.312” 73° 31’ 18.000”

CES–82 El Salto Creek Aguachica La Luna Turonian to Santonian 8° 12’ 05.444” 73° 31’ 20.457”

CES1–00 El Salto Creek Aguachica La Luna Turonian to Santonian 8° 12’ 08.911” 73° 31’ 13.229”

CES1–20 El Salto Creek Aguachica La Luna Turonian to Santonian 8° 12’ 08.853” 73° 31’ 13.827”

GA–00 Gachalá CEOR Macanal Berriasian – early Hauterivian 4° 41’ 44.416” 73° 29’ 43.044”

GA–62 Gachalá CEOR Macanal Berriasian – early Hauterivian 4° 41’ 45.454” 73° 29’ 46.375”

MSP–00 M. San Pedro CEOR Macanal Berriasian – early Hauterivian 4° 51’ 23.858” 73° 22’ 28.851”

MSP–36 M. San Pedro CEOR Macanal Berriasian – early Hauterivian 4° 51’ 24.804” 73° 22’ 30.268”

O–00 Otanche CEOC Hilo Middle and late Albian 5° 42’ 50.420” 74° 11’ 54.956”

O–96 Otanche CEOC Hilo Middle and late Albian 5° 42’ 49.222” 74° 11’ 51.865”

QAD–00 Aguadulce Creek Barichara La Luna Turonian to Santonian 7° 11’ 06.173” 73° 17’ 40.617”

QAD–77 Aguadulce Creek Barichara La Luna Turonian to Santonian 7° 11’ 06.670” 73° 17’ 43.550”

QAD1–00 Aguadulce Creek 1 Barichara La Luna Turonian to Santonian 7° 11’ 18.134” 73° 17’ 32.182”

QAD1–60 Aguadulce Creek 1 Barichara La Luna Turonian to Santonian 7° 11’ 18.037” 73° 17’ 34.405”

QBB–00 Buriburi Creek CEOC Furatena (Lower) Berriasian – early Hauterivian 5° 40’ 36.746” 74° 03’ 41.176”

QBB–12 Buriburi Creek CEOC Furatena (Lower) Berriasian – early Hauterivian 5° 40’ 36.717” 74° 03’ 40.604”

QC–00 Cobre Creek CEOC Lidita Inferior Late Santonian 5° 41’ 41.386” 74° 12’ 27.255”

QC–50 Cobre Creek CEOC Lidita Inferior Late Santonian 5° 41’ 39.970” 74° 12’ 26.572”

QC1–00 Cobre Creek 1 CEOC Lomagorda Turonian to Santonian 5° 42’ 04.020” 74° 12’ 27.205”

QC1–54 Cobre Creek 1 CEOC Lomagorda Turonian to Santonian 5° 42’ 02.266” 74° 12’ 25.176”

QED–00 El Dátil Creek CEOR Fómeque Barremian and Aptian 5° 01’ 54.296” 73° 20’ 25.292”

QED–36 El Dátil Creek CEOR Fómeque Barremian and Aptian 5° 01’ 55.929” 73° 20’ 24.462”

QG–00 Guate Creek Villeta Lidita Inf. Late Santonian 4° 53’ 59.292” 74° 32’ 03.307”

QG–137 Guate Creek Villeta Lidita Inf. Late Santonian 4° 54’ 01.026” 74° 32’ 08.472”

QG–251 Guate Creek Villeta Lidita Sup. Late Campanian 4° 54’ 00.408” 74° 32’ 13.807”

QG–292 Guate Creek Villeta Lidita Sup. Late Campanian 4° 54’ 00.354” 74° 32’ 15.777”

QLL–00 La Leche Creek Catatumbo Guayacán Cenomanian 8° 08’ 56.797” 72° 41’ 31.315”

QLL–02 La Leche Creek Catatumbo Guayacán Cenomanian 8° 08’ 57.311” 72° 41’ 30.412”

QLL–04 La Leche Creek Catatumbo La Luna Turonian to Santonian 8° 08’ 57.822” 72° 41’ 29.509”

QLL–63 La Leche Creek Catatumbo La Luna Turonian to Santonian 8° 09’ 09.873” 72° 41’ 14.692”

QLM–00 Los Micos Creek CEOR Fómeque Barremian and Aptian 5° 04’ 22.882” 73° 24’ 53.983”

QLM–53 Los Micos Creek CEOR Fómeque Barremian and Aptian 5° 04’ 20.588” 73° 24’ 57.524”

QLP–00 La Paja Creek Barichara Paja Barremian and Aptian 7° 01’ 26.468” 73° 20’ 04.444”

QLP–66 La Paja Creek Barichara Paja Barremian and Aptian 7° 01’ 25.114” 73° 20’ 08.359”

QN–00 Negra Creek CEOC Villa de Leyva Late Hauterivian 5° 35’ 40.402” 73° 30’ 02.088”
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Table 1. Location of field sections (continued).

Sample Section Area Formation Age Latitude N Longitude W

QN–10 Negra Creek CEOC Villa de Leyva Late Hauterivian 5° 35’ 39.696” 73° 30’ 02.193”

QNP–00 Negra Creek CEOC Paja Barremian and Aptian 5° 35’ 38.593” 73° 29’ 56.222”

QNP–34 Negra Creek CEOC Paja Barremian and Aptian 5° 35’ 37.967” 73° 29’ 54.923”

QP–00 Piñal Creek Villeta Hilo Middle and late Albian 4° 52’ 25.191” 74° 30’ 09.671”

QP–465 Piñal Creek Villeta Hilo Middle and late Albian 4° 52’ 06.673” 74° 29’ 55.123”

QS–00 La Sorda Creek Barichara El Salto Cenomanian 7° 09’ 38.294” 73° 18’ 05.373”

QS–16 La Sorda Creek Barichara El Salto Cenomanian 7° 09’ 38.753” 73° 18’ 05.597”

QS1–02 La Sorda Creek 1 Barichara La Luna (Lower) Turonian 7° 09’ 50.411” 73° 18’ 04.775”

QS1–36 La Sorda Creek 1 Barichara La Luna (Lower) Turonian 7° 09’ 48.200” 73° 18’ 06.301”

QS2–00 La Sorda Creek 2 Barichara El Salto Cenomanian 7° 09’ 57.080” 73° 18’ 00.931”

QS2–20 La Sorda Creek 2 Barichara El Salto Cenomanian 7° 09’ 58.418” 73° 18’ 01.340”

QS2–22 La Sorda Creek 2 Barichara La Luna (Lower) Turonian 7° 09’ 58.552” 73° 18’ 01.379”

QS2–52 La Sorda Creek 2 Barichara La Luna (Lower) Turonian 7° 10’ 00.565” 73° 18’ 01.991”

QSA–00 San Antonio Creek CEOR Aguacaliente Late Campanian 4° 50’ 15.031” 73° 12’ 25.203”

QSA–100 San Antonio Creek CEOR Aguacaliente Late Campanian 4° 50’ 11.838” 73° 12’ 25.178”

QSAC–00 S. Antonio Creek C CEOR Chipaque Turonian to Santonian 4° 50’ 34.658” 73° 12’ 23.685”

QSAC–48 S. Antonio Creek C CEOR Chipaque Turonian to Santonian 4° 50’ 33.001” 73° 12’ 23.408”

QSACH–00 S. Antonio Creek Ch CEOR Chipaque Turonian to Santonian 4° 50’ 27.921” 73° 12’ 24.635”

QSACH–30 S. Antonio Creek Ch CEOR Chipaque Turonian to Santonian 4° 50’ 26.784” 73° 12’ 24.231”

QSAU–00 S. Antonio Creek U CEOR Une (Upper) Late Cenomanian 4° 51’ 13.714” 73° 12’ 14.776”

QSAU–18 S. Antonio Creek U CEOR Une (Upper) Late Cenomanian 4° 51’ 13.752” 73° 12’ 14.292”

RC–00 Contador River Villeta Hilo (Lower) Middle Albian 4° 52’ 59.887” 74° 31’ 09.813”

RC–44 Contador River Villeta Hilo (Lower) Middle Albian 4° 52’ 59.100” 74° 31’ 08.615”

RCA–00 Cañas River Villeta Conejo Turonian to Santonian 4° 56’ 31.704” 74° 16’ 10.733”

RCA–80 Cañas River Villeta Conejo Turonian to Santonian 4° 56’ 28.080” 74° 16’ 02.777”

RN–00 Negro River CEOC Pacho Cenomanian 5° 17’ 35.949” 74° 04’ 43.213”

RN–112 Negro River CEOC Pacho Cenomanian 5° 17’ 33.238” 74° 04’ 52.281”

RR–02 Riecito River Catatumbo Capacho Middle and late Albian 8° 03’ 02.089” 72° 48’ 26.230”

RR–20 Riecito River Catatumbo Capacho Middle and late Albian 8° 03’ 05.512” 72° 48’ 26.056”

RR1–00 Riecito River 1 Catatumbo Guayacán Cenomanian 8° 03’ 30.022” 72° 48’ 26.355”

RR1–10 Riecito River 1 Catatumbo Guayacán Cenomanian 8° 03’ 30.158” 72° 48’ 27.350”

RR1–18 Riecito River 1 Catatumbo La Luna Turonian to Santonian 8° 03’ 30.265” 72° 48’ 28.150”

RR1–60 Riecito River 1 Catatumbo La Luna Turonian to Santonian 8° 03’ 30.834” 72° 48’ 32.337”

RSP–00 Samacá River CEOC Villa de Leyva Late Hauterivian 5° 35’ 19.005” 73° 30’ 44.572”

RSP–32 Samacá River CEOC Villa de Leyva Late Hauterivian 5° 35’ 17.562” 73° 30’ 43.650”

RSR–00 Samacá River CEOC Ritoque Late Valanginian – early Hauterivian 5° 35’ 30.385” 73° 30’ 54.584”

RSR–34 Samacá River CEOC Ritoque Late Valanginian – early Hauterivian 5° 35’ 31.205” 73° 30’ 51.049”

RT–00 Tobia River Villeta Murca (Lower) Berriasian – early Hauterivian 5° 04’ 16.218” 74° 26’ 44.287”

RT–62 Tobia River Villeta Murca (Lower) Berriasian – early Hauterivian 5° 04’ 14.781” 74° 26’ 40.134”

VV–00 Caiquero Villeta Trincheras Barremian and Aptian 5° 03’ 51.475” 74° 24’ 41.054”

VV–89 Caiquero Villeta Trincheras Barremian and Aptian 5° 03’ 47.484” 74° 24’ 32.936”
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Table 2. Location of wells.

Sample and 
depth in feet Well Area Formation Age Latitude N Longitude W

CON–06–360 ANH–CON–06 CEOC Churuvita Cenomanian 5° 44’ 26.202” 73° 44’ 14.826”

CON–06–1470 ANH–CON–06 CEOC Churuvita Cenomanian 5° 44’ 26.202” 73° 44’ 14.826”

CON–07–134 ANH–CON–07 CEOC Churuvita Cenomanian 5° 49’ 30.758” 73° 41’ 47.587”

CON–07–240 ANH–CON–07 CEOC Churuvita Cenomanian 5° 49’ 30.758” 73° 41’ 47.587”

CON–07–485 ANH–CON–07 CEOC San Gil Shale Middle and late Albian 5° 49’ 30.758” 73° 41’ 47.587”

CON–07–1810 ANH–CON–07 CEOC San Gil Shale Middle and late Albian 5° 49’ 30.758” 73° 41’ 47.587”

CON–07–1880 ANH–CON–07 CEOC San Gil Sandstone Early Albian 5° 49’ 30.758” 73° 41’ 47.587”

CON–07–2420 ANH–CON–07 CEOC San Gil Sandstone Early Albian 5° 49’ 30.758” 73° 41’ 47.587”

CON–08–287 ANH–CON–08 CEOC San Gil Sandstone Early Albian 5° 57’ 12.630” 73° 36’ 31.512”

CON–08–1310 ANH–CON–08 CEOC San Gil Sandstone Early Albian 5° 57’ 12.630” 73° 36’ 31.512”

CON–08–1376 ANH–CON–08 CEOC Paja Barremian and Aptian 5° 57’ 12.630” 73° 36’ 31.512”

CON–08–2575 ANH–CON–08 CEOC Paja Barremian and Aptian 5° 57’ 12.630” 73° 36’ 31.512”

COS–05–261 ANH–COS–05 Villa de Leyva Conejo Turonian to Santonian 5° 31’ 54.705” 73° 49’ 49.929”

COS–05–1059 ANH–COS–05 Villa de Leyva Conejo Turonian to Santonian 5° 31’ 54.705” 73° 49’ 49.929”

COS–14–370 ANH–COS–14 Villa de Leyva Villa de Leyva Late Hauterivian 5° 35’ 01.356” 73° 31’ 30.586”

COS–14–650 ANH–COS–14 Villa de Leyva Villa de Leyva Late Hauterivian 5° 35’ 01.356” 73° 31’ 30.586”

COS–14–678 ANH–COS–14 Villa de Leyva Ritoque Late Valanginian – early Hauterivian 5° 35’ 01.356” 73° 31’ 30.586”

COS–14–1506 ANH–COS–14 Villa de Leyva Ritoque Late Valanginian – early Hauterivian 5° 35’ 01.356” 73° 31’ 30.586”

COS–15–893 ANH–COS–15 Villa de Leyva San Gil Sandstone Early Albian 5° 32’ 37.037” 73° 38’ 06.689”

COS–15–1323 ANH–COS–15 Villa de Leyva San Gil Sandstone Early Albian 5° 32’ 37.037” 73° 38’ 06.689”

COS–15–1330 ANH–COS–15 Villa de Leyva Paja Barremian and Aptian 5° 32’ 37.037” 73° 38’ 06.689”

COS–15–2220 ANH–COS–15 Villa de Leyva Paja Barremian and Aptian 5° 32’ 37.037” 73° 38’ 06.689”

INFA–4727 Infantas–1613 MMV La Luna Turonian to Santonian 6° 55’ 38.423” 73° 46’ 43.388”

INFA–6243 Infantas–1613 MMV La Luna Turonian to Santonian 6° 55’ 38.423” 73° 46’ 43.388”

INFA–6396 Infantas–1613 MMV El Salto Cenomanian 6° 55’ 38.423” 73° 46’ 43.388”

INFA–6472 Infantas–1613 MMV El Salto Cenomanian 6° 55’ 38.423” 73° 46’ 43.388”

INFA–6480 Infantas–1613 MMV Simití Middle and late Albian 6° 55’ 38.423” 73° 46’ 43.388”

INFA–8840 Infantas–1613 MMV Simití Middle and late Albian 6° 55’ 38.423” 73° 46’ 43.388”

INFA–8650 Infantas–1613 MMV Tablazo Early Albian 6° 55’ 38.423” 73° 46’ 43.388”

INFA–9358 Infantas–1613 MMV Paja Barremian and Aptian 6° 55’ 38.423” 73° 46’ 43.388”

INFA–9364 Infantas–1613 MMV Paja Barremian and Aptian 6° 55’ 38.423” 73° 46’ 43.388”

RIO–3496 Río de oro–14 Catatumbo Mito Juan Early Maastrichtian 9° 05’ 37.499” 72° 54’ 04.926”

RIO–4220 Río de oro–14 Catatumbo Mito Juan Early Maastrichtian 9° 05’ 37.499” 72° 54’ 04.926”

RIO–4780 Río de oro–14 Catatumbo Colón (Lower) Early Campanian 9° 05’ 37.499” 72° 54’ 04.926”

RIO–5392 Río de oro–14 Catatumbo Colón (Lower) Early Campanian 9° 05’ 37.499” 72° 54’ 04.926”

RIO–5768 Río de oro–14 Catatumbo La Luna Turonian to Santonian 9° 05’ 37.499” 72° 54’ 04.926”

RIO–5775 Río de oro–14 Catatumbo La Luna Turonian to Santonian 9° 05’ 37.499” 72° 54’ 04.926”

RIO–6259 Río de oro–14 Catatumbo Capacho Middle and late Albian 9° 05’ 37.499” 72° 54’ 04.926”

SAR–7336 Sardinata–n2 Catatumbo La Luna Turonian to Santonian 8° 30’ 15.474” 72° 39’ 04.879”

SAR–7460 Sardinata–n2 Catatumbo La Luna Turonian to Santonian 8° 30’ 15.474” 72° 39’ 04.879”
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Table 3. Sandstone samples located outside of main sections.

Other important ages present in both Paleozoic and Cretaceous 
strata (Figures 5–7; Table 4) are in the ranges of 450 to 650 Ma 
(Ediacaran to Ordovician) and 900 to 1100 Ma, which corre-
spond with the late Mesoproterozoic to early Neoproterozoic 
Grenvillian Orogeny. Middle and early Mesoproterozoic parti-
cles around 1300 and 1500 Ma and a few Paleoproterozoic and 
Archean particles are also present, clearly indicating a cratonic 
source area to the E. There are no particles of Jurassic or Cre-
taceous age. The lower part of the Cretaceous section contains 
more abundant Paleozoic particles than the upper part because 
Proterozoic particles became dominant as the Paleozoic sedi-
mentary basement was eroded. These results are similar to those 

reported from the E side of the Eastern Cordillera by Horton et 
al. (2010), who indicated that Paleozoic grains in the range of 
500 to 400 Ma are more common in the lower part of the Cre-
taceous section, whereas Paleoproterozoic and Mesoproterozoic 
grains of 2000 to 950 Ma become dominant in the upper part.

4.1.2. Villeta area, CEOC, and MMV

Along the W margin of the basin, the source areas of the Cre-
taceous strata were quite different from those for the Llanos 
Foothills on the E basin margin. Mesoproterozoic and Paleozoic 
particles were also present in the Central Cordillera but in lower 

Sample Area Formation Age Latitude N Longitude W

GPS–89 Barichara Tablazo Early Albian 7° 10’ 51.343” 73° 16’ 47.387”

GPS–270 Aguachica Aguachica Late Aptian 8° 13’ 01.122” 73° 31’ 10.134”

GPS–500 Llanos Foothills San Luis Early Maastrichtian 4° 50’ 00.469” 73° 12’ 28.233”

GPS–501 Llanos Foothills San Antonio Early Campanian 4° 50’ 11.561” 73° 12’ 50.548”

GPS–502 Llanos Foothills Chipaque Turonian to Santonian 4° 50’ 31.771” 73° 12’ 59.524”

GPS–506 Llanos Foothills Alto de Caqueza Late Hauterivian 4° 51’ 51.308” 73° 14’ 02.402”

GPS–510 Llanos Foothills Batá Berriasian 4° 51’ 42.523” 73° 16’ 07.012”

GPS–511 Llanos Foothills Farallones Carboniferous 4° 52’ 55.098” 73° 16’ 15.635”

GPS–518 Llanos Foothills Fómeque Barremian and Aptian 5° 00’ 14.466” 73° 30’ 14.414”

GPS–520 Llanos Foothills Une (Middle) Middle and late Albian 5° 03’ 09.896” 73° 31’ 38.813”

GPS–526 Llanos Foothills Une (Upper) Cenomanian 5° 04’ 52.142” 73° 37’ 09.574”

GPS–540 Barichara Tambor Berriasian to Valanginian 6° 31’ 31.234” 73° 02’ 37.969”

GPS–541 Barichara Tambor Berriasian to Valanginian 6° 36’ 23.379” 73° 02’ 47.256”

GPS–543 Barichara Rosablanca (Upper) Late Hauterivian 6° 25’ 11.723” 73° 09’ 31.939”

GPS–549 Barichara Tambor Berriasian to Valanginian 6° 53’ 59.656” 73° 20’ 58.413”

GPS–551 Barichara Tambor Berriasian to Valanginian 6° 53’ 54.205” 73° 21’ 50.441”

GPS–553 Barichara Tablazo Early Albian 6° 56’ 30.482” 73° 22’ 40.936”

GPS–555 Barichara Simití Middle and late Albian 7° 08’ 32.549” 73° 17’ 56.712”

GPS–556 Aguachica Aguachica Late Aptian 8° 14’ 00.073” 73° 31’ 56.083”

GPS–564 Catatumbo Aguardiente Early Albian 7° 57’ 38.309” 72° 49’ 36.168”

GPS–568 Catatumbo Guayacán Cenomanian 7° 53’ 32.915” 72° 42’ 04.787”

GPS–571 Barichara Tambor Berriasian to Valanginian 6° 52’ 00.669” 73° 03’ 21.267”

GPS–572 Barichara Tambor Berriasian to Valanginian 6° 54’ 57.911” 73° 01’ 53.909”

GPS–579 Villeta La Naveta Late Hauterivian 4° 30’ 23.637” 74° 34’ 11.221”

GPS–599 Villeta Socotá Early Albian 5° 01’ 03.675” 74° 31’ 02.152”

GPS–602 Villeta Útica Late Hauterivian 5° 11’ 14.769” 74° 27’ 57.707”

GPS–619 Villeta Murca Berriasian to Hauterivian 5° 04’ 07.443” 74° 26’ 00.059”

GPS–1210 Villa de Leyva San Gil Shale Middle and late Albian 5° 34’ 30.881” 73° 30’ 19.854”

GPS–1211 Villa de Leyva Villa de Leyva Late Hauterivian 5° 35’ 06.535” 73° 30’ 52.170”

GPS–1220 Llanos Foothills Macanal (Middle) Early Valanginian 4° 45’ 07.809” 73° 33’ 38.372”

GPS–1238 Llanos Foothills Une (Lower) Early Albian 4° 25’ 03.396” 73° 59’ 13.992”

OU CEOC La Tabla Early Maastrichtian 5° 41’ 00.988” 74° 11’ 15.624”
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Sample Number of 
particules Formation Area Youngest 

ages
Youngest 

ages group Important age groups Oldest ages 
group

GPS–500 108 San Luis Llanos Foothills 477 ± 22 450–500 1000–1050 1550–1600 1750–1800 2500–2550

QSA–92 73 Aguacaliente Llanos Foothills 462 ± 22 450–500 1000–1050 1200–1250 1450–1500 3900–3950

GPS–501 103 San Antonio Llanos Foothills 548 ± 28 450–550 900–950 1300–1350 1650–1700 2000–2050

GPS–502 102 Chipaque Llanos Foothills 435 ± 26 400–450 1000–1050 1150–1200 1450–1500 2500–2550

GPS–526 96 Une (Upper) Llanos Foothills 410 ± 18 400–450 1000–1050 1300–1350 1800–1850 2100–2150

GPS–520 95 Une (Middle) Llanos Foothills 463 ± 12 450–500 950–1000 1250–1300 1450–1500 2750–2800

GPS–1238 99 Une (Lower) Llanos Foothills 304 ± 26 300–350 550–600 950–1000 1450–1500 2350–2400

GPS–518 79 Fómeque Llanos Foothills 335 ± 12 300–350 600–650 900–950 1550–1600 1950–2000

GPS–506 108 Cáqueza Sandstone Llanos Foothills 480 ± 54 450–500 950–1000 1150–1200 1450–1500 2600–2650

GPS–1220 105 Macanal Llanos Foothills 282 ± 26 250–300 400–450 900–950 1400–1450 1900–1950

GPS–510 108 Batá Llanos Foothills 312 ± 10 300–350 400–450 900–950 1050–1100 1750–1800

GPS–511 98 Farallones Llanos Foothills 311 ± 12 300–350 500–550 1000–1050 1150–1200 3500–3550

   

CON6–1322 87 Churuvita Villa de Leyva 445 ± 17 400–450 1000–1050 1450–1500 1800–1850 2200–2250

GPS–1210 99 San Gil Shale Villa de Leyva 525 ± 24 500–550 1250–1300 1500–1550 2650–2700 2050–2100

CON8–1181 76 San Gil Sandstone Villa de Leyva 332 ± 30 300–350 550–600 850–900 1350–1400 1800–1850

GPS–1211 83 Villa de Leyva Villa de Leyva 428 ± 14 400–450 850–900 950–1000 1150–1200 1950–2000

COS14–1550 102 Arcabuco Villa de Leyva 401 ± 12 400–450 900–950 950–1000 1450–1500 2650–2700

   

QAD–15 84 La Luna Barichara 86 ± 5 50–100 200–250 1000–1100 1450–1500 2050–2100

QS–14.8 84 El Salto Barichara 536 ± 30 500–550 1300–1350 1750–1800 1900–1950 2650–2700

GPS–555 83 Simití Barichara 473 ± 25 450–500 950–1000 1500–1550 1750–1800 2000–2050

GPS–553 92 Tablazo Barichara 401 ± 17 400–450 450–500 1500–1550 1750–1800 2600–2650

GPS–89 91 Tablazo Barichara 361 ± 13 600–650 900–1000 1500–1550 1750–1800 2750–2800

GPS–543 103 Rosablanca Barichara 269 ± 19 400–450 500–550 900–1000 1150–1200 2100–2150

GPS–540 109 Tambor Barichara 373 ± 18 350–400 450–550 900–1000 1400–1450 2100–2150

GPS–541 94 Tambor Barichara 139 ± 9 100–150 150–200 200–250 400–450 2000–2050

GPS–571 104 Tambor Barichara 287 ± 13 350–400 500–550 950–1000 1400–1450 2050–2100

GPS–572 104 Tambor Barichara 158 ± 8 150–200 200–250 400–450 950–1000 2000–2050

GPS–551 104 Tambor Barichara 256 ± 11 250–300 400–450 1000–1050 1500–1550 1800–1850

GPS–549 100 Tambor Barichara 145 ± 6 150–200 200–250 350–400 400–450 2100–2150

   

RR1–15 100 La Luna Catatumbo 90 ± 4 50–100 100–150 150–200 1000–1050 1400–1450

GPS–568 99 Guayacán Catatumbo 487 ± 77 450–600 1300–1350 1500–1550 1700–1750 3250–3300

RR–00 82 Capacho Catatumbo 442 ± 18 400–450 1300–1350 1550–1600 1750–1800 2000–2050

GPS–564 106 Aguardiente Catatumbo 420 ± 16 500–550 950–1000 1150–1200 1450 –1500 2100–2150

   

GPS–556 89 Aguachica Aguachica (MMV) 145 ± 8 100–150 150–200 900–950 1000–1100 1700–1750

GPS–270 106 Aguachica Aguachica (MMV) 164 ± 6 170–186 150–200 200–250 600–650 950–1000

   

OU 28 La Tabla CEOC 78 ± 6 50–100 100–150 1200–1250 1550–1600 2100–2150

GPS–599 99 Socotá Villeta 142 ± 10 100–150 150–200 950–1000 1150–1200 2500–2550

GPS–602 102 Útica Villeta 138 ± 7 100–150 150–200 250–300 1150–1200 3000–3050

GPS–579 64 La Naveta Villeta 128 ± 13 100–150 150–200 200–250 950–1000 1200–1250

GPS–619 98 Murca Villeta 135 ± 6 100–150 150–200 250–300 950–1000 2850–2900

Table 4. Detrital zircon U–Pb provenance ages (Ma).



273

Detrital U–Pb Provenance, Mineralogy, and Geochemistry of the Cretaceous Colombian Back–Arc Basin

C
re

ta
ce

ou
s

Figure 5. Detrital zircon U–Pb ages from the Paleozoic sedimentary basement and Berriasian to Hauterivian units from the E foothills 
of the Eastern Cordillera.
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Figure 6. Detrital zircon U–Pb ages of Barremian to Cenomanian units from the E foothills of the Eastern Cordillera.

Figure 7. Detrital zircon U–Pb ages of Turonian to lower Maastrichtian units from the E foothills of the Eastern Cordillera.
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proportions than in the E sources. The age of zircon particles 
(Figures 8, 9; Table 4) is dominated by Lower Cretaceous rocks 
derived from magmatic and volcanic activity in the Central Cor-
dillera and by abundant Jurassic rocks exhumed before and during 
the development of the Cretaceous basin. Sample GPS–619 from 
the Murca Formation contains 27 particles that cluster at 135 ± 6 
Ma, which is within the Berriasian to Hauterivian biostratigraph-
ic age range of the unit. The highest frequency includes 37 parti-
cles in the 150 to 200 Ma Jurassic age range. Sample GPS–579 
from La Naveta Formation contains 11 particles concentrated at 
128 ± 13 Ma and 35 particles (highest frequency) in the 150 to 
200 Ma Jurassic age range. The Útica Formation (GPS–602) con-
tains 12 grains focused at 138 ± 7 Ma and the highest frequency 
(35 grains) in the 150 to 200 Ma Jurassic age range. The upper 
sandstone/conglomerate members of the Murca, La Naveta, and 
Útica Formations are contemporaneous regressive units of late 
Hauterivian age, which include shoreface and fluvial deposits 
sourced from the Central Cordillera magmatic arc. The names 
have been inconsistently used to include upper Hauterivian re-
gressive conglomerates and sandstones of fluvial and shoreface 
origin and Berriasian to lower Hauterivian mudstones with minor 
sandstone interbeds of marine origin. The ages of zircon grains 
presented here are consistent with the Berriasian to Hauterivian 
biostratigraphic range of the units. The sedimentary petrography 
and the grain size paleogeography of the sandstones (Guerrero, 
2002a; Moreno, 1990, 1991) also indicate provenance from the 
Central Cordillera.

The lower Albian sandstones of the Socotá Formation show 
the same pattern of Jurassic to Early Cretaceous grains. Sample 
GPS–599 includes 5 particles centered at 142 ± 10 Ma and 12 
particles in the 150 to 200 Ma Jurassic age interval. Interest-
ingly, it also includes a number of Proterozoic dates at approx-
imately 1150 ± 29 Ma, which could be interpreted as derived 
from the Guiana Shield, but Jurassic and Cretaceous sources 
are not represented there, so the source area should not have 
been the shield. The unit was deposited in a regressive shore-
face dominated by storms, with sediments sourced from rivers 
draining the Central Cordillera.

The lower Maastrichtian La Tabla Formation from the CEOC 
(sample OU) contains 3 zircon grains at 78 ± 6 Ma (Campan-
ian) and 139 ± 5 Ma (Berriasian to Valanginian), along with 2–4 
grains around 1200 Ma and 1500 to 1900 Ma (Figure 9).

The western provenance of zircon particles from the Cen-
tral Cordillera is also observed for samples from the Magdale-
na Valley. The basal sandstones in the Aguachica area, which 
are outside the central rift of the basin, are of late Aptian age. 
Older Cretaceous strata of Berriasian to early Aptian age from 
the main rift of the basin (present–day Eastern Cordillera) are 
nonexistent in the Aguachica area. The stratigraphy is sim-
ilar to that exposed in the Upper Magdalena Valley (UMV), 
where the oldest Cretaceous strata of the Yaví Formation and 
the Lower and Middle Members of the Caballos Formation are 

of Aptian age (Guerrero, 2002b; Guerrero et al., 2000). These 
Aptian units also rest unconformably on Jurassic igneous and 
volcaniclastic rocks: the Saldaña Formation in the UMV and 
the Noreán Formation in the northern sector of the MMV. The 
oldest ammonites collected from the marine beds transitionally 
overlying the conglomerates and sandstones of the Aguachica 
section are of late Aptian age, so that the section is definitely 
younger than the succession from the western foothills of the 
Eastern Cordillera near Bucaramanga. The Aguachica section 
was deposited on the W side of the basin, unlike the Baricha-
ra–Bucaramanga section, which was supplied from the E side 
of the basin. Consequently, the Tambor, Rosablanca, Paja, and 
Tablazo Formations are not present. A different stratigraphic 
nomenclature should be used for those areas of the Magdalena 
Valley west of the Early Cretaceous border faults. We propose 
the name Aguachica Formation for the transgressive upward–
fining fluvial succession of conglomerates, sandstones, and red 
mudstones of Aptian age, which rest unconformably on the 
Noreán Formation and are overlain transitionally by marine 
strata of late Aptian to Maastrichtian age. The Aguachica For-
mation name is applied only to the fluvial strata; the overlying 
marine beds should receive formal names different from those 
of rocks in the Barichara–Bucaramanga.

The youngest zircon grains from the Aguachica Formation 
(Figure 9; Table 4) at the base of the Cretaceous section near 
Aguachica in the Cesar Department (GPS–556) are in the range 
of 145 ± 8 Ma; the highest age frequency of the sample (70 
grains) is in the Jurassic interval from 150–200 Ma. Of these, 
37 grains are clustered at 174 ± 8 Ma. A few grains with Triassic 
and older ages are also present.

Sample GPS–270 contains 102 grains in the 150–200 Ju-
rassic interval; of these, 84 grains are within the age of 178 ± 8 
Ma. The youngest grain has an age of 164 ± 6 Ma, and only 4 
grains are older than Jurassic.

The provenance ages of the basal Cretaceous section from 
the MMV coincide with the ages reported by Horton et al. 
(2015) from the Cocuyo, Guane, and Cagui wells. They recog-
nized peaks at 170 to 185 Ma for the coarse–grained nonmarine 
section (Aguachica Formation) and 175 to 190 Ma for the fin-
er–grained marine deposits.

Proterozoic U–Pb ages have been reported from several lo-
calities on the E flank of the Central Cordillera; for instance, 
Villagómez et al. (2011) reported zircon crystals from La Miel 
Orthogneiss with ages of 1700 to 450 Ma and a major peak at 
approximately 1200 Ma. They also reported zircon crystals from 
a quartzite in the Cajamarca Complex with a peak age of approx-
imately 240 Ma and 500 to 600 Ma and 1000 to 1200 Ma pop-
ulations. Ordóñez–Carmona et al. (2006) reported Sm/Nd TDM 
ages of approximately 1710 and 1790 Ma from El Vapor Gneiss, 
which also has a metamorphic Rb/Sr age of 894 ± 36 Ma. The 
Tierradentro amphibolite has a K/Ar age of 1360 ± 270 Ma (Ves-
ga & Barrero, 1978). El Hígado Amphibolite has an Ar/Ar age 
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Figure 8. Detrital zircon U–Pb ages of Berriasian to lower Albian units from the Villeta Area.

of 911 ± 2 Ma (Restrepo–Pace et al., 1997). Granulites from the 
San Lucas Gneiss yield a U–Pb age of 1124 ± 22 Ma and a Sm/
Nd TDM age of 1600 Ma, as reported by Clavijo et al. (2008).

It is evident that Proterozoic ages are not exclusive to east-
ern sources in the Guiana Shield but are also present in western 
sources today along the E flank of the Central Cordillera, which 
was the uplifted magmatic/metamorphic arc and constituted the 
western margin of the Cretaceous Colombian back–arc basin. 
The Central Cordillera as the source of Proterozoic particles was 
also indicated by Horton et al. (2015), but they concluded that the 
Cretaceous strata at the MMV were supplied from both E and W 
sources, including the Central Cordillera serranía de San Lucas, 
the Eastern Cordillera Santander Massif, and the Guiana Shield.

We postulate that although the Proterozoic particles could 
have been derived either from the Guiana Shield or from the 
Central Cordillera, there is certainly a notable difference in the 
frequency of the Proterozoic particles, which are far more abun-
dant when the source area is the Guiana Shield. However, what is 
markedly different and unique in the western source area (Central 
Cordillera) is the presence of Jurassic and Cretaceous particles, 
which are not present to the E in the Guiana Shield. Therefore, 
we prefer to interpret our data from the Villeta and MMV areas 
as indicating a single source area in the Central Cordillera.

The possibility of units derived from both the E and W 
flanks of the basin would only be conceivable for a trunk fluvial 
system along the basin axis during the early rifting (Berriasian 
to Valanginian) stage, as discussed below for the Tambor For-
mation. However, the units studied are shoreface marine sand-
stones with younger ages that could not possibly be sourced 
from both sides of the basin because the E and W shorefaces of 
the basin had already been separated since the late Valangin-
ian by the deeper offshore muds and marls in the center of the 
basin. It is impossible for particles to cross from one side of 
the basin to the deepest axis of the seaway and subsequently 
reach the opposite shoreface. Eastern Cordillera sources in ex-

posed horsts are impossible because the present–day massifs 
(Santander, Floresta, and Quetame) were already covered by 
marine strata during the late Valanginian. The crystalline base-
ment of those massifs was covered by Lower Cretaceous to 
middle Miocene strata and was only exposed again during the 
late Miocene to the present due to uplift of the Eastern Cordil-
lera. Since late Valanginian times, the only possible sources for 
the Cretaceous back–arc basin were the Guiana Shield and the 
Central Cordillera, supplying the opposite E and W shorelines.

4.1.3. Villa de Leyva Area

The central portions of the Eastern Cordillera repeat the pattern 
from the SE of the basin in the Bogotá–Villavicencio–San Luis 
area and show provenance from the Guiana Shield.

Samples from the ANH stratigraphic wells CON and COS 
were collected, along with outcrop samples, from the proximities 
of Villa de Leyva in Boyacá Department. The samples processed 
include the Arcabuco, Villa de Leyva, Paja, San Gil Inferior 
Sandstone, and Churuvita Formations (Figure 10; Table 4). The 
Villa de Leyva area is dominated by zircon particles of Paleozoic, 
Proterozoic, and Neoarchean ages, from 300 to 2700 Ma. There 
are neither Jurassic nor Cretaceous particles. The samples include 
peaks at 1000 Ma, 1500 Ma, and 1700 Ma, related to rocks from 
the late Mesoproterozoic to early Neoproterozoic Grenvillian 
Orogeny, and particles from the late Paleoproterozoic to early 
Mesoproterozoic Río Negro–Juruena Province.

4.1.4. Barichara Area

Cretaceous samples from Santander Department (Figures 11–
13) were collected on both flanks of Los Cobardes Anticline 
and on both margins of the Sogamoso River valley near the 
type section of the units. The Cretaceous succession, which 
begins with a cobble to pebble conglomerate included in the  
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Figure 9. Detrital zircon U–Pb ages of units from the CEOC 
(Otanche) and MMV (Aguachica).

fluvial strata of the lower part of the Tambor Formation, rests 
unconformably on older igneous, metamorphic, and sedimen-
tary units. Prior to the back–arc subsidence that originated 
the Cretaceous basin, older units were faulted and exhumed 
through the Late Jurassic Andean orogeny. During early rift 
development of the Cretaceous back–arc system, rivers from 
both the E and W sides of the basin fed a trunk river that drained 
northward toward the Caribbean.

Samples GPS–549 and GPS–551 collected along the road 
from Zapatoca to San Vicente indicate both a source from 
the Central Cordillera and a source from the Guiana Shield 
(Figure 11). The sample with the lower stratigraphic position 
(GPS–549) was derived from the Central Cordillera because it 
contains 23 Jurassic grains from 150 to 200 Ma and 9 Triassic 
grains from 200 to 250 Ma. The youngest particle has an age of 
145 ± 6 Ma in the Tithonian to Berriasian time span. An Early 
Jurassic age peak is placed at 190 ± 9 Ma, and an Early De-
vonian peak is placed at 410 ± 12 Ma, which are the main age 
populations of the sample. The stratigraphically higher sample 
(GPS–551) contains Proterozoic particles with 1000 to 1500 
Ma age peaks along with a few Paleozoic but no Jurassic parti-
cles, suggesting derivation from the Guiana Shield.

Samples GPS–571 and 5 GPS-572 were collected from 
Mesa de Los Santos, which exhibits a good reference section 
of the Tambor Formation. Sample GPS–571 contains Protero-
zoic and Paleozoic age peaks but no Jurassic grains, consistent 
with derivation from the Guiana Shield. Sample GPS–572 has 

a mixture of Jurassic, Paleozoic, and Proterozoic ages, so it 
was sourced from the Central Cordillera. The particle with the 
youngest age is Late Jurassic (158 ± 8 Ma). In total, 13 Triassic 
and Jurassic particles are present, with a peak at approximately 
196 ± 6 Ma. The highest frequency, with a total of 21 grains, 
occurs in the range of 400 to 450 Ma (Silurian and Early De-
vonian).

Samples GPS–540 and GPS–541 were collected from a 
monocline structure near Curití, on the San Gil to Mogotes 
road, from strata of the Tambor Formation resting unconform-
ably over the early Paleozoic Silgará Schist and Mogotes Ba-
tholith. The sample (GPS–540) was sourced from the Guiana 
Shield; it contains Proterozoic particles, mainly 900 to 1000 
Ma, and early Paleozoic particles but no Jurassic or Creta-
ceous particles (Figure 12). The Curití sample (GPS–541) 
was sourced from the Central Cordillera and contains 3 Early 
Cretaceous grains with a central age of 139 ± 9 Ma, consistent 
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Figure 10. Detrital zircon U–Pb ages of Berriasian to Cenomanian 
units from the Villa de Leyva area.
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with the Berriasian to Valanginian age range of the unit. The 
highest frequency (33 grains) is in the Triassic to Jurassic age 
interval, with a peak at 202 ± 13 Ma.

The Tambor Formation is transitionally covered by offshore 
marine strata of the lower part of the Rosablanca Formation, 
which includes marlstones and biomicrites deposited during 
late Valanginian to early Hauterivian progressive flooding of 
the basin. The shoreline and the rivers definitely migrated to 
the W because the overlying units contain particles derived 
only from the Guiana Shield. Sample GPS–543 from the upper 
Hauterivian regressive shoreface sandstones and sandy biospar-
ites of the upper part of the Rosablanca Formation includes 
Proterozoic grains in the 900–1000 Ma age interval (highest 
frequency), along with a few Paleozoic grains with a youngest 
age of 269 ± 19 Ma (Figure 12; Table 4). Since there are no 
Mesozoic particles, we conclude that the unit was sourced from 
the Guiana Shield.

During the Barremian and Aptian, the basin was again exten-
sively flooded, reaching farther to the E and W and also to the S, 
covering a larger area of Colombia and parts of Venezuela and 
Ecuador. Shale and marlstone beds (Fómeque, Paja, and Yuru-
ma Formations) reach thicknesses of 600 m in the basin center. 
Basal conglomerates and sandstones were deposited along the 
basin margins in the present–day Magdalena Valley (Yaví and 
Aguachica Formations) and Llanos Foothills. Strata overlying 
the Paja Formation, including the Tablazo, Simití, and El Salto 
Formations, contain particles derived from the Guiana Shield.

Sample GPS–89 of the lower Albian Tablazo Formation con-
tains age populations of approximately 400–450 Ma, 900–1000 
Ma, and 1500–1550 Ma; the youngest particle is 361 ± 13 Ma 
(Figure 12; Table 4). Sample GPS–553 from the same unit has 
age populations of 450–500 Ma, 1500–1550 Ma, and 1750–1800 
Ma; the youngest particle is 401 ± 17 Ma (Figure 13).

Sample GPS–555 from a very fine sandstone within the 
middle and upper Albian Simití shale has age peaks of ap-
proximately 450–500 Ma, 950–1000 Ma, 1500–1550 Ma, and 
1750–1800 Ma (Figure 13; Table 4). The youngest particle has 
an age of 473 ± 25 Ma. The ages from El Salto Formation have 
peak populations at 1750–1800 Ma and 1900–1950 Ma, with 
a youngest age of 536 ± 30 Ma. None of the samples from 
the Tablazo, Simití, and El Salto Formations contain Mesozoic 
particles, so these units were sourced from the Guiana Shield.

Sample QAD–15 from the upper part of La Luna Formation 
is a pale gray bentonite claystone that contains 69 zircon particles 
with a central age of 86 ± 5 Ma (Figure 13; Table 4), which we 
interpret as volcanic ash falls transported by wind from the Cen-
tral Cordillera magmatic arc during a time close to the Coniacian/
Santonian boundary. The sample also includes a few Proterozoic 
particles (12 in total) that we believe were derived from the Gui-
ana Shield, as well as other Albian and Cenomanian samples. We 
postulate that the Late Cretaceous zircon particles from La Luna 
Formation were not transported by rivers draining the Central 

Cordillera because of the absence of Jurassic particles, which are 
a unique mark of this source area.

The rocks of La Luna Formation from the QAD section 
include mainly biomicrites of foraminifera, transformed into 
diagenetic cherts with 50 to 70 % quartz and 20 to 45 % calcite 
plus dolomite. Minor storm beds of phosphatic bio–pelmicrites 
are also present with fluorapatite contents up to 60% and P2O5 
contents up to 18%. The illite contents range from 3 to 5 %, 
with an exceptional value of approximately 16%, so the ter-
rigenous contribution was generally very low, except for the 
wind–transported volcanic ash beds, which were dispersed on 
both sides of the basin. The U–Pb dating of distal volcanic ash 
zircons transported by wind has also been reported from the 
Cretaceous of Australia by Barham et al. (2016) and from the 
Miocene of North America by Smith et al. (2018).

4.1.5. Catatumbo Area

Finally, the areas south of Cúcuta exhibit a high frequency of 
Proterozoic particles derived from the Guiana Shield. Import-
ant peaks present in the Aguardiente, Capacho, and Guayacán 
Formations are approximately 1000 Ma, 1500 Ma, and 1800 
Ma (Figure 14; Table 4). An exception is a volcanic tuff sample 
(RR1–15) that comes from the lower part of La Luna Formation 
at Riecito River and contains a high frequency of particles (94 
zircon grains) with an age of 90 ± 4 Ma, near the Turonian/
Coniacian time boundary. These particles are interpreted as 
wind–transported volcanic ash. The terrigenous content of La 
Luna Formation biomicrites is generally very low, so there are 
very few zircon particles (only 6) of older ages, which could 
have been transported by fluvial streams and storm currents to 
lower offshore depths. 

ICP–OES analyses of the foraminiferal biomicrites from 
Riecito River reveal very low aluminum (Al2O3) contents less 
than 1%, with 46 to 55 % calcium (CaO) and 40 to 43 % vola-
tile components, (mostly CO2) loss on ignition (LOI), indicating 
86 to 98 % calcite contents. The partially silicified biomicrites 
contain 42 to 49 % SiO2, 2 to 4 % Al2O3, and 43 to 50 % calcite. 
The terrigenous clay and silt contents are very low except in the 
wind–transported volcanic ash beds present in the unit.

4.2.  XRD, Heavy Minerals, and ICP–MS/OES 
Analyses

XRD mineral analyses, heavy mineral analyses, ICP–OES, and 
ICP–MS elemental analyses (Tables 5–9) from several localities 
and stratigraphic positions also help in the identification of the 
source areas for the basin.

Diagenesis during sediment burial modifies the crystallinity 
of clay minerals, but there is no documented evidence of meta-
morphism or clay neomorphism in the strata, so the clay miner-
alogy depends mostly on the rock types from the source areas 
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Figure 11. Detrital zircon U–Pb ages of the Tambor Formation from the Barichara area.
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Figure 12. Detrital zircon U–Pb ages of Berriasian to lower Albian units from the Barichara area.
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Figure 13. Detrital zircon U–Pb ages of lower Albian to Santonian units from the Barichara area.
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Figure 14. Detrital zircon U–Pb ages of lower Albian to Santonian units from the Catatumbo area.

of the basin. For instance, Bonilla et al. (2011) documented low 
degrees of kaolinite and illite crystallinity for Maastrichtian strata 
of the Upper Guadalupe Group and lower part of the Guaduas 
Formation, indicating slight diagenesis. For illite, they reported 
a Kubler crystallinity index of approximately 0.9 to 1.1, which 
would indicate a temperature of approximately 100 °C and cor-
respond to burial diagenesis at approximately 3 km, which also 
matches the approximate 3 km thickness of the overlying Paleo-
gene section. Considering an average geothermal gradient of 25 
°C/km and the thickness of the underlying Campanian to Berri-
asian strata of approximately 4 km, the temperature of the basal 
strata from the Cretaceous section was approximately 200 °C, 
still within the diagenetic zone. Because of these observations, 
we consider that the clay mineralogy primarily reflects the nature 
of the rocks from the provenance areas. The clay mineralogy of 
source areas from the Guiana Shield should reflect the weather-
ing of granites and recycled Paleozoic strata. The clay mineralo-
gy of source areas from the Central Cordillera should reflect the 
weathering of continental igneous and metamorphic rocks, along 
with accreted oceanic basalt and gabbro.

The XRD analyses presented here show that clay minerals 
are common in shale units with source areas on the eastern side 
of the basin but are also present along the western side. The 
highest average percentages of kaolinite (Al2O3 2SiO2 2H2O) of 
approximately 50 to 55 % (Figure 15; Table 5) are from the Paja 
Formation in its type section (QLP) and the Une and Chipaque 
Formations along the San Antonio Creek (QSAU and QSAC). 
These shale intervals include lower average percentages of 
quartz silt (18 to 28 %) and illite (7 to 18 %). The high percent-
ages of kaolinite would indicate several cycles of weathering 
in the tropical rainforest of the Guiana Shield. 

The highest average percentages of illite in the range of 60 
to 65 % (Figure 16; Table 5) are from shales of the Simití and 
El Salto Formations in the Infantas (INFA) 1613 well and from 
the Hilo Formation in the Otanche section (O); both are located 

toward the W side of the basin. These shale units contain lower 
average percentages of quartz silt (37 to 38 %) and no kaolinite. 
Since illite includes K, Mg, and Fe in the structure, high values 
of these elements are also found in the ICP–OES analyses of 
Otanche samples, approximately 9% Fe2O3 and 6% K2O, which 
are among the highest values of these elements in the basin. 
The highest K2O content in the study (6.4%) is from a sample 
(O–85) of the Otanche section.

Chlorite is present in minor amounts compared to kaolinite 
and illite. The highest average percentage of chlorite (22%) 
from XRD analyses comes from the shales in the lower part 
of the Murca Formation at the Tobia River section (RT) in the 
Villeta area. These samples include an average of 34% quartz 
silt particles, with lesser amounts of illite (11%), calcite (10%), 
kaolinite (8%), and dolomite (7%). Chlorite is most likely de-
rived from low–grade metamorphic rocks sourced from the 
Central Cordillera.

Montmorillonite is present in very minor amounts in sec-
tions from the SE side of the basin, usually associated with ka-
olinite. The highest average percentages of montmorillonite (3 
to 5 %) come from the Chipaque and Aguacaliente Formations 
at the San Antonio Creek sections.

The total ICP–OES distribution of aluminum (expressed as 
Al2O3) is highest in the central sector of the basin and in the 
Llanos Foothills (Figure 17; Table 6). It is coincident with the 
distribution of kaolinite and illite, which are the most abun-
dant clay minerals. The highest Al2O3 individual values (26 to 
30 %) are from the central and SE areas of the basin in wells 
COS–15, CON–7, CON–8, CON–6, and COS–5, La Paja Creek 
in Santander (QLP), and the Llanos Foothills along San Antonio 
Creek (QSAU and QSAC).

There are several important elements associated with the 
clay content of black shales from the basin, which also help to 
discriminate between western and eastern sources. The high-
est contents of titanium (1.7% TiO2), zirconium (1337 ppm), 
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QSAC Llanos Foothills Chipaque 27.5 11.1 54.1 2.0 3.8 69.0

QSAU Llanos Foothills Une 26.7 6.5 52.3 0.6 13.3 0.6 58.8

QLP Barichara Paja 17.5 17.5 50.0 1.4 4.6 1.7 7.3 67.5

QSACH Llanos Foothills Chipaque 55.6 9.1 28.9 0.4 0.8 0.4 4.8 43.2

QSA Llanos Foothills Aguacaliente 50.6 9.7 26.7 2.1 1.5 1.2 1.8 2.8 41.3

RN Villeta Pacho 37.6 0.4 6.4 8.3 23.2 9.1 7.5 4.7 0.6 0.2 0.6 0.3 1.2 45.4

COS–15 Villa de Leyva Paja 18.6 26.8 18.4 17.3 5.8 2.1 3.7 0.5 2.0 2.4 62.5

C CEOR Macanal 39.4 31.5 12.2 0.5 0.2 0.4 15.8 43.7

QED CEOR Fómeque 28.9 2.1 9.5 11.3 10.4 24.8 3.3 0.7 0.5 0.9 4.5 0.6 34.5

CON–7 Villa de Leyva San Gil Shale 38.8 0.5 15.0 13.2 10.3 2.3 5.1 2.7 0.4 1.5 1.6 5.0 0.3 43.6

COS–5 Villa de Leyva Conejo 58.0 5.5 5.7 5.8 8.8 7.8 2.4 0.5 1.4 1.2 2.9 20.3

CON–6 Villa de Leyva Churuvita 64.0 15.5 7.8 2.4 3.2 0.9 0.9 2.6 0.3 1.8 0.3 26.5

CON–8 Villa de Leyva Paja 22.5 2.3 11.8 27.4 7.7 14.8 0.1 3.2 0.3 2.8 1.8 2.6 2.4 47.0

CAB Aguachica La Luna 59.5 1.8 0.3 1.7 31.3 0.3 2.3 0.3 2.5 4.1

QS2 Barichara La Luna 23.0 0.6 0.5 70.6 1.2 0.2 1.3 2.6 1.1

QAD Barichara La Luna 50.1 4.8 4.5 0.5 30.1 1.5 0.5 8.0 5.0

SAR–3K Catatumbo La Luna 26.7 1.6 3.7 61.3 1.4 0.7 0.4 1.0 3.2 3.7

RT Villeta Murca 33.7 6.5 11.2 7.7 9.7 21.9 2.3 1.0 1.9 0.2 3.9 40.8

QP Villeta Hilo 46.4 1.8 14.5 0.4 26.5 3.7 3.6 1.5 1.2 0.2 18.6

QC UMV Lidita Inferior 59.3 26.9 3.0 0.7 8.8 0.7 0.4 0.2 38.7

GA CEOR Macanal 33.2 35.2 7.4 4.6 8.6 4.7 0.7 5.6 51.2

MSP CEOR Macanal 28.9 35.2 0.2 1.6 33.6 35.2

RSP Villa de Leyva Villa de Leyva 27.9 35.8 16.5 2.2 7.0 4.3 2.1 4.2 61.5

COS–14 Villa de Leyva Ritoque 40.2 2.9 38.0 2.1 3.0 7.1 2.4 1.6 0.6 0.1 2.0 47.2

QBB CEOC Furatena 49.4 39.6 1.4 9.6 50.6

QNP Villa de Leyva Paja 29.2 11.1 42.2 0.8 4.8 4.1 1.6 0.4 5.8 47.1

O CEOC Hilo 38.4 59.7 0.8 1.1 59.7

INFA–1613 MMV Simití 37.0 0.5 62.5 62.5

INFA–1613 MMV El Salto 37.1 62.9 62.9

Table 5. XRD mineralogy (average percentage per section).

thorium (52 ppm), niobium (46 ppm), hafnium (36 ppm), 
and tantalum (4 ppm) in the study come from a shale sample 
(COS15–2054) of the Paja Formation in the Villa de Leyva area 
(Tables 6–8). As indicated before, the unit was sourced from the 
eastern side of the basin, which has more differentiated conti-
nental crust than the western sources.

In contrast, the highest contents of chromium (0.105% 
Cr2O3), copper (825 ppm), molybdenum (372 ppm), arsenic 
(121 ppm), antimony (94 ppm), selenium (79 ppm), thallium 

(13 ppm), and silver (9 ppm) in the study come from the shales 
of the Hilo Formation in the Otanche section (O–05, 15, 25, 40, 
45, and 75), which also have very high illite contents. The unit 
was sourced from the western side of the basin, which included 
the magmatic/metamorphic arc and accreted oceanic crust.

The light REE of the cerium group have the maximum values 
(Figure 18; Table 9) of the study in a siltstone sample (COS14–
1575) from the upper part of the Arcabuco Formation, in the 
ANH COS–14 well, in the vicinity of Villa de Leyva: Ce (619 
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Figure 16. Illite/muscovite contents from XRD. Values are average percentages per locality.
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ppm), Nd (315 ppm), La (276 ppm), Pr (82 ppm), Sm (50 ppm), 
and Eu (8 ppm). In contrast, the heavy REE of the yttrium group 
have the maximum values of the study in a sample (RT–10) from 
the lower part of the Murca Formation in the Tobia River section: 
Y (231 ppm), Dy (40 ppm), Gd (27 ppm), Er (19), Yb (11 ppm), 
Ho (8 ppm), Tb (6 ppm), and Tm (2 ppm). The high contents of 
the yttrium group would indicate an ultramafic source in accreted 
oceanic crust situated along the western flank of the basin, while 
the cerium group indicates more differentiated continental crust 
on the eastern flank of the basin.

Another important mineral that indicates provenance is apa-
tite, which shows higher percentages (Figure 19) in the western 
part of the basin and is related to igneous and metamorphic 
sources in the Central Cordillera. Samples with heavy miner-
al analyses containing high percentages of terrigenous apatite 
come from the Murca, Trincheras, Socotá, Hilo, and Pacho For-
mations from the western side of the Eastern Cordillera.

An important part of the reported apatite is related to phos-
phatic biomicrites and has an authigenic origin because of 
biological accumulation in fish. The highest percentages of 
fluorapatite from XRD analyses are from La Luna Formation 
in the Aguadulce Creek (8%) and La Sorda Creek (3%) near 
Bucaramanga, the Sardinata 3K well near Cúcuta (3%), and 
Caño Agua Blanca near Aguachica (3%). The highest contents 
of P2O5 from ICP–OES analyses (Table 7) are from La Luna 
Formation at La Leche Creek near Cúcuta (26%) and Agua-
dulce Creek (18%).

The distribution of apatite in La Luna Formation is related 
to the distributions of quartz and calcite (Figures 20, 21; Tables 
5–7) because the unit consists mostly of biomicrites composed 
of planktonic foraminifera and fish remains (containing authi-
genic fluorapatite), along with diagenetic cherts. Since the unit 
was deposited during the Turonian to Santonian transgressive 
and highstand sea levels, the terrigenous clay input was very 
low or completely absent, and the rocks consist of microfossil 
particles deposited offshore. Textures include wackestone and 
packstone beds; the latter could originate from high productiv-
ity but are usually the result of repetitive storm events that con-
centrate the available particles. Quartz enters the system much 
later during diagenesis, replacing calcite. The foraminifera and 
the calcareous mud matrix are partially to totally replaced by 
quartz, and the rock becomes a diagenetic chert, as illustrated 
for the Lidita Inferior and Lidita Superior Formations of the 
UMV (Guerrero et al., 2000). The quartz is obtained from the 
terrigenous units above and below the original calcareous strata. 
These terrigenous units are in turn partially replaced by calcite 
mobilized from the limestones in a two–way exchange of cal-
cite and quartz during diagenesis. All cherts from the basin are 
diagenetic, including those of the Hilo, Lomagorda, La Luna, 
La Frontera, Lidita Inferior, and Lidita Superior Formations. 
Radiolaria and diatoms are almost completely absent, so no 
oceanic cherts are present. 

The highest calcium (CaO) contents of the study (40 to 55 
%), obtained from ICP–OES analyses (Table 7), come from 
biomicrite limestones of La Luna Formation in the N part of 
the basin (Catatumbo, Aguachica, and Barichara areas). These 
samples have CO2 loss on ignition (LOI) of 33 to 43 %, except 
for those with higher phosphate content (3 to 26 % P2O5) or are 
partially replaced by diagenetic quartz (1 to 19 % SiO2). The 
content of Al2O3 is less than 3% because of the nearly complete 
absence of clay minerals; the content of Fe, Mg, Na, and K is 
usually less than 1%. Samples from the same sections that are 
extensively replaced by quartz to create diagenetic cherts have 
increased SiO2 contents (49 to 66 %) and decreasing percent-
ages of CaO (12 to 22 %) and LOI (16 to 22 %).

The highest contents of SiO2 (59 to 79 %) in diagenet-
ic cherts (Table 7) are from La Luna Formation (Barichara, 
Aguachica, and MMV), Lidita Inferior and Lidita Superior 
Formations (UMV), Hilo Formation (Villeta), and La Frontera 
Member of the Conejo Formation (Villa de Leyva).

Associated with the phosphates biologically concentrated 
by fish in the biomicrites and cherts of La Luna Formation (Ta-
bles 7, 8) are the highest contents of uranium (27 to 89 ppm), 
nickel (231 to 468 ppm), and strontium (1521 to 2506 ppm) 
in the study. The SAR–7443 sample from the Catatumbo area 
contains the highest values of uranium and nickel. The highest 
values of vanadium in the study (1901 to 3865 ppm) are present 
in cherts and biomicrites of the Hilo Formation (QP from the 
Villeta area) and La Luna Formation (QLL, RR1, and QS2 from 
the Catatumbo and Barichara areas).

4.3.  Elements Related to Gabbro–Diorite–
Tonalite Intrusions and Valanginian to 
Cenomanian Hydrothermal Activity During  
the Synrift Stage

The highest contents of scandium come from the southeast-
ern side of the basin in the sections at Vereda Cachipay (29 
ppm) and the San Pedro emerald mine (24 ppm). In these ar-
eas, the anomalous content of scandium in the Berriasian to 
lower Hauterivian shales of the Macanal Formation (Tables 6, 
8) does not seem to be related to the source areas of sediment; 
instead, it would be related to hydrothermal activity linked to 
the Early Cretaceous intrusion of several gabbro, diorite, and 
tonalite bodies documented by Vásquez et al. (2005, 2010). 
Scandium was originally present in the structure of pyroxenes 
and amphiboles of the gabbroic bodies because of its affinity 
with minerals in mafic melts. The XRD analyses of the rocks 
related to the San Pedro emerald mine reveal a very anomalous 
34% albite content, which is also the highest percentage in the 
study. The highest contents of sodium (2 to 7 % Na2O) in the 
basin come from the San Pedro emerald mine area because 
of the high content of hydrothermal albite (NaAlSi3O8). The 
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Figure 17. Aluminum distribution from ICP–OES analyses. Values are average percentages per locality.
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Sample Area Formation SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Cr2O3 Ni Sc LOI Total

COS15–1553 Villa de Leyva Paja 50.76 29.95 4.49 0.47 0.60 0.89 2.95 0.96 0.18 0.01 0.015 40 19 8.5 99.78

CON7–1125 Villa de Leyva San Gil Shale 47.54 29.18 6.45 1.03 0.34 0.56 2.30 0.91 0.12 0.02 0.015 45 20 11.3 99.77

CON8–1796 Villa de Leyva Paja 46.58 28.16 4.25 0.67 2.26 0.68 2.82 0.82 0.17 0.01 0.018 52 18 13.3 99.74

QSAU–18 Llanos Foothills Une 47.99 27.32 6.22 0.97 0.28 0.04 2.88 1.03 0.10 0.08 0.012 39 19 12.9 99.82

QLP–35 Barichara Paja 46.41 26.42 4.36 0.62 2.57 0.19 1.92 0.80 0.14 0.01 0.021 66 18 16.2 99.66

QSAC–40 Llanos Foothills Chipaque 47.69 26.35 7.04 1.12 0.60 0.23 1.95 0.99 0.11 0.05 0.026 24 19 13.7 99.86

CON6–1405 Villa de Leyva Churuvita 50.05 25.82 6.82 1.06 0.54 0.26 2.95 1.04 0.18 0.04 0.012 35 19 11.0 99.77

COS5–269 Villa de Leyva Conejo 50.86 25.65 4.50 0.77 0.48 0.59 2.06 0.87 0.12 <0.01 0.016 24 16 13.9 99.82

RSP–30 Villa de Leyva Villa de Leyva 50.53 25.46 6.80 0.99 0.32 0.83 3.53 1.06 0.22 0.02 0.021 69 21 10.0 99.78

QED–30 CEOR Fómeque 51.84 25.11 4.89 1.18 2.18 0.62 3.60 1.23 0.15 0.05 0.016 <20 21 8.9 99.77

O–85 CEOC Hilo 57.18 25.06 1.05 1.13 0.02 0.13 6.43 0.78 0.13 <0.01 0.023 <20 21 7.7 99.63

QED–35 CEOR Fómeque 51.93 24.98 6.53 1.04 0.24 0.60 3.34 1.28 0.17 <0.01 0.016 22 22 9.6 99.73

RN–60 Villeta Pacho 52.08 24.89 6.24 1.17 1.91 0.42 2.25 0.91 0.17 0.01 0.017 43 17 9.7 99.77

C–40 CEOR Macanal 55.40 24.09 3.25 0.98 0.29 0.46 4.41 1.07 0.12 0.03 0.015 41 17 9.7 99.82

COS14–522 Villa de Leyva Villa de Leyva 51.97 23.98 6.10 1.15 1.17 0.92 4.12 0.89 0.15 0.02 0.017 66 20 9.3 99.79

O–55 CEOC Hilo 48.10 23.82 5.04 1.00 0.03 0.17 5.15 0.65 0.14 <0.01 0.066 35 16 15.4 99.57

QNP–05 Villa de Leyva Paja 47.40 23.77 6.01 1.22 4.26 0.58 3.27 0.93 0.16 0.07 0.025 92 18 12.1 99.80

QBB–00 CEOC Furatena 55.10 23.71 3.89 1.11 0.35 1.30 3.51 0.87 0.16 <0.01 0.019 85 20 9.6 99.62

RT–15 Villeta Murca 53.61 22.46 6.06 1.52 1.95 1.41 2.30 0.76 0.11 0.02 0.010 43 16 9.6 99.81

O–75 CEOC Hilo 59.16 22.20 1.00 1.02 0.02 0.18 6.03 1.00 0.05 <0.01 0.105 <20 12 8.8 99.57

MSP–25 CEOR Macanal 63.22 21.99 1.26 0.83 0.08 0.93 5.78 1.25 0.03 <0.01 0.016 <20 24 4.4 99.79

QSACH–25 Llanos Foothills Chipaque 55.63 21.82 4.45 1.25 0.65 0.21 2.06 0.78 0.04 <0.01 0.025 24 15 12.9 99.82

COS14–1575 Villa de Leyva Arcabuco 57.78 21.29 5.78 0.92 0.47 0.20 5.92 1.05 0.18 0.09 0.015 56 21 5.9 99.60

INFA–7359 MMV Simití 55.83 21.18 5.60 1.20 0.45 0.50 1.55 0.84 0.23 0.02 0.015 36 15 12.4 99.82

GA–10 CEOR Macanal 55.20 21.18 6.09 1.28 2.22 0.69 3.72 0.90 0.10 0.03 0.014 80 17 8.4 99.82

QSA–40 Llanos Foothills Aguacaliente 54.09 19.84 5.98 1.83 1.30 0.19 2.08 0.69 0.20 0.03 0.028 <20 13 13.5 99.76

QP–20 Villeta Hilo 54.15 19.53 3.37 0.84 5.12 0.33 1.49 0.58 0.29 0.01 0.018 143 15 13.8 99.53

GA–60 CEOR Macanal 59.23 19.47 7.03 1.59 0.98 0.58 3.30 0.96 0.08 0.02 0.015 56 17 6.5 99.76

RT–10 Villeta Murca 50.14 18.78 5.39 1.61 7.65 1.10 1.90 0.65 0.16 0.04 0.009 38 14 12.4 99.83

MSP–15 CEOR Macanal 65.97 17.54 3.26 0.24 0.15 6.89 1.47 1.11 0.12 <0.01 0.014 <20 13 3.1 99.86

COS15–2054 Villa de Leyva Paja 58.69 16.39 6.91 0.56 1.36 0.90 1.96 1.66 0.18 0.01 0.016 39 14 10.9 99.54

C–12 CEOR Macanal 34.94 10.72 27.54 2.30 1.21 0.20 1.56 0.62 0.19 0.37 0.009 <20 29 20.2 99.86

Table 6. Major elements percentages (shale/siltstone samples).

shales of the Macanal Formation from the Gachalá section 
(GA) have the maximum contents of beryllium (6 to 9 ppm) 
in the basin. A younger unit from the same area that has a 
high content of albite (4.5%) according to the XRD analyses 
is the Barremian and Aptian Fómeque Formation from El Dátil 
Creek section (QED), which also has relatively high scandi-
um (18 to 21 ppm) and beryllium (2 to 4 ppm) contents. The 
scandium and beryllium anomalies would be better explained 
by the Early Cretaceous hydrothermal activity that formed the 
emerald (Be3Al2(SiO3)6) mineralization.

The highest scandium values are restricted to Early Creta-
ceous sections that present some hydrothermal influence with 

calcite veins and intense micro fracturing. In addition to the Ca-
chipay section (C) near Santa María de Bata (29 ppm), the San 
Pedro emerald mine (24 ppm), and El Dátil (22 ppm) from the 
Macanal and Fómeque Formations, high scandium values (20 
to 23 ppm) are present in other units at other localities. Good 
examples are the Arcabuco and Villa de Leyva Formations from 
well COS–14 near Simijaca, the Villa de Leyva Formation (21 
ppm) from the Samacá River section near Villa de Leyva, the 
Paja Formation (20 ppm) from well COS–15 near Ráquira, and 
the San Gil Superior Shales from well CON–7 near Puente Na-
cional. Relatively high scandium values are also present in the 
Berriasian to Hauterivian lower part of the Murca Formation 
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Table 7. Major elements percentages (biomicrite and chert samples).

Sample Area Formation SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Cr2O3 Ni Sc LOI Total

SAR–7459 Catatumbo La Luna 0.83 0.07 0.05 0.69 54.93 0.02 0.01 <0.01 0.10 <0.01 0.002 <20 <1 43.2 99.90

RR1–20 Catatumbo La Luna 1.45 0.06 <0.04 0.36 54.79 <0.01 <0.01 <0.01 0.02 <0.01 <0.002 <20 <1 43.2 99.88

QLL–00 Catatumbo La Luna 2.58 0.47 0.14 0.30 53.39 0.05 0.06 0.02 0.08 <0.01 <0.002 21 <1 42.8 99.89

CES1–00 Aguachica La Luna 1.81 0.39 0.32 0.61 53.35 0.01 0.04 0.02 0.32 <0.01 0.005 24 <1 43.0 99.88

QLL–55 Catatumbo La Luna 8.95 0.81 0.46 0.16 49.54 0.21 0.10 0.03 25.63 <0.01 0.021 45 5 13.4 99.31

QS2–35 Barichara La Luna 10.93 0.58 0.23 0.49 47.92 0.01 0.08 0.03 0.13 <0.01 0.004 36 <1 39.4 99.80

QAD–65 Barichara La Luna 15.17 1.32 0.35 0.17 44.47 0.07 0.15 0.05 18.32 <0.01 0.020 41 6 19.6 99.69

CAB–40 Aguachica La Luna 12.8 2.56 0.71 0.43 44.45 0.04 0.41 0.10 3.37 0.02 0.017 37 4 34.9 99.81

CES1–10 Aguachica La Luna 12.45 2.61 0.50 0.47 42.03 0.03 0.33 0.11 0.63 <0.01 0.017 63 3 40.4 99.58

SAR–7443 Catatumbo La Luna 19.49 0.91 0.59 0.34 41.18 0.07 0.15 0.04 3.26 <0.01 0.019 468 2 33.0 99.05

QS2–50 Barichara La Luna 18.24 1.78 0.44 0.40 39.77 0.06 0.27 0.07 0.42 <0.01 0.016 291 2 37.7 99.17

QP–270 Villeta Hilo 21.42 2.53 2.54 0.48 39.24 0.02 0.21 0.08 0.15 0.05 0.009 126 5 33.0 99.73

CES–25 Aguachica La Luna 19.28 3.37 0.92 0.42 38.19 0.07 0.41 0.14 0.48 <0.01 0.014 263 3 36.0 99.29

SAR–7410 Catatumbo La Luna 21.10 2.91 0.95 0.59 37.53 0.32 0.49 0.08 0.77 <0.01 0.016 183 3 34.6 99.36

QS2–45 Barichara La Luna 22.21 2.48 0.71 0.42 35.87 0.06 0.35 0.10 0.37 <0.01 0.019 357 2 34.8 97.39

CES–70 Aguachica La Luna 28.05 1.65 0.46 0.29 34.79 0.04 0.22 0.06 0.38 <0.01 0.013 63 2 33.7 99.65

QLM–24 CEOR Fómeque 29.54 4.45 2.36 0.61 33.24 0.12 0.48 0.33 0.10 0.06 0.003 <20 4 28.5 99.79

QAD–70 Barichara La Luna 30.77 3.97 1.14 0.38 31.98 0.06 0.56 0.16 4.18 <0.01 0.021 108 4 26.5 99.72

QLP–10 Barichara Paja 7.30 3.78 9.50 7.19 31.6 0.06 0.28 0.13 0.14 0.07 0.012 49 3 39.6 99.66

SAR–7379 Catatumbo La Luna 34.37 3.04 0.93 0.45 29.92 0.39 0.54 0.11 0.73 <0.01 0.040 231 4 29.0 99.52

QAD–50 Barichara La Luna 42.08 3.84 0.93 0.25 24.54 0.07 0.47 0.13 9.92 <0.01 0.021 75 7 16.4 98.65

QLL–10 Catatumbo La Luna 44.03 2.85 0.91 0.42 23.89 0.19 0.38 0.07 0.31 <0.01 0.017 172 2 26.3 99.37

QLL–15 Catatumbo La Luna 46.07 4.49 1.42 0.49 21.58 0.28 0.62 0.12 1.14 <0.01 0.028 227 3 22.9 99.14

RR1–35 Catatumbo La Luna 48.71 4.00 1.22 0.34 21.57 0.05 0.46 0.11 1.23 <0.01 0.029 130 4 21.6 99.32

QG–257 UMV Lidita  
Superior 59.43 3.33 1.21 1.42 16.20 0.24 0.40 0.12 0.35 <0.01 0.013 38 3 17.1 99.81

QAD–25 Barichara La Luna 65.74 1.30 0.26 0.17 15.29 0.04 0.13 0.04 0.17 <0.01 0.018 87 <1 16.7 99.86

QP–445 Villeta Hilo 57.62 4.57 1.03 0.28 14.82 0.02 0.47 0.20 0.23 0.01 0.027 187 5 19.9 99.18

CAB–115 Aguachica La Luna 65.93 3.94 0.93 0.28 11.72 0.08 0.61 0.16 0.28 0.07 0.022 87 3 15.6 99.62

INFA–4724 MMV La Luna 73.19 2.17 0.35 0.21 11.07 0.15 0.26 0.07 0.12 <0.01 0.010 53 2 12.2 99.80

COS5–985 Villa de Leyva La Frontera 72.11 3.85 0.51 0.13 10.05 0.07 0.35 0.06 0.28 <0.01 0.011 70 2 12.3 99.72

QG–00 UMV Lidita Infe-
rior 78.91 4.55 1.20 0.42 5.49 0.26 0.61 0.18 0.39 <0.01 0.013 42 5 7.9 99.92

(14 to 16 ppm) at the Tobia River section (RT) and the lower 
part of the Furatena Formation (16 to 20 ppm) at Buriburi Creek 
(QBB) in the western part of the basin. The samples from QBB 
also have relatively high (2 to 4 ppm) beryllium contents. The 
presence of scandium in fluid inclusions in emeralds was also 
reported by Mantilla et al. (2008).

On the southwestern side of the basin, a vanadium anom-
aly (Table 8) is present in the shales from the upper part 
of the Hilo Formation at the Otanche section (O), near the 
emerald mines. The highest vanadium contents in the basin 
(2523 to 3865 ppm) come from the shales, marls, biomi-

crites, and diagenetic cherts of the middle and upper Albian 
Hilo Formation at the Piñal Creek (QP) and Otanche sec-
tions. The presence of vanadium was reported from emeralds 
of the CEOC by Pignatelli et al. (2015) in Valanginian to 
Hauterivian black shales and marlstones, assigned here to 
the Furatena Formation.

Other associated minerals in the shales include ankerite 
(Ca(Fe,Mg,Mn)(CO3)2) and dolomite (CaMg(CO3)2). According 
to XRD analyses (Table 5), the highest percentages are present 
in the Paja Formation shales (QNP) from the Villa de Leyva 
area, which contain 11.1% dolomite and 5.8% ankerite. The 



287

Detrital U–Pb Provenance, Mineralogy, and Geochemistry of the Cretaceous Colombian Back–Arc Basin

C
re

ta
ce

ou
s

Table 8. Minor elements in ppm (biomicrite and shale).

Sample Area Forma-
tion Sc Ba Be Hf Nb Rb Sr Th U V Zr Mo Cu As Sb Ag Tl Se

QLL–15 Catatumbo La Luna 3 178 1 0.8 3.1 28.6 835.1 4.7 25.4 2404 26.9 97.4 73.9 28.5 9.2 1.0 0.8 10.4

QS2–45 Barichara La Luna 2 136 <1 0.5 2.1 19.2 1394.2 2.5 20.5 2225 25.1 209.0 73.6 39.1 13.7 1.2 0.7 15.1

RR1–35 Catatumbo La Luna 4 135 1 0.7 2.4 22.9 768.8 3.8 23.9 2125 30.8 63.1 88.5 50.2 9.9 0.7 0.7 8.5

QLL–10 Catatumbo La Luna 2 282 1 0.4 1.9 16.1 683.6 2.7 12.7 1901 17.1 79.1 62.1 14.8 5.9 0.6 <0.1 16.7

CES–25 Aguachica La Luna 3 865 <1 1.1 2.5 21.9 1510.8 2.7 24.4 1578 33.7 114.7 39.2 27.2 5.4 1.1 1.1 16.7

SAR–7443 Catatumbo La Luna 2 73 1 0.4 0.5 6.2 1549.2 1.2 89.0 1421 13.9 177.1 46.9 34.6 17.1 1.6 0.8 26.2

CAB–115 Aguachica La Luna 3 1909 <1 1.3 4.4 26.2 491.7 4.4 6.9 138 44.1 7.9 18.8 3.2 0.5 1.0 <0.1 2.0

QAD–50 Barichara La Luna 7 2042 3 2.5 4.2 20.8 1182.2 7.4 36.6 115 100.7 7.0 17.5 2.6 0.8 0.8 <0.1 9.1

QLL–55 Catatumbo La Luna 5 2390 2 0.3 0.6 6.0 2505.9 11.2 85.4 104 16.8 2.7 11.4 9.8 2.3 0.8 0.3 2.6

QAD–65 Barichara La Luna 6 504 <1 0.3 1.0 7.1 1439.0 9.2 58.0 86 15.1 3.3 9.9 3.5 0.8 0.4 <0.1 2.8

   

QP–440 Villeta Hilo 9 576 2 1.4 8.7 58.9 259.9 10.2 14.5 3865 61.4 163.1 59.2 45.1 11.8 1.7 1.7 34.4

O–05 CEOR Hilo 16 1158 <1 3 10.4 119.1 79.0 11.7 55.6 2811 110.5 372.2 653.8 16.1 94.2 8.8 3.7 11.4

QP–435 Villeta Hilo 7 567 <1 1.3 7.4 44.0 372.7 7.9 12.5 2535 55.0 121.0 33.4 52.2 18.4 1.3 1.9 45.2

QP–290 Villeta Hilo 10 759 2 1.9 8.0 52.2 133.7 10.0 16.7 2205 59.7 108.2 53.1 57.5 7.6 2.1 2.3 37.4

O–15 CEOC Hilo 13 1090 3 3.5 11.1 124.2 26.0 11.7 15.3 2033 121.4 97.8 824.7 16.5 15.8 6.9 0.6 9.9

O–40 CEOC Hilo 16 595 2 3.6 11.6 146.5 18.6 12.7 16.0 2000 119.8 120.8 201.3 25.8 16.0 2.4 12.6 11.3

O–25 CEOC Hilo 14 702 3 3.4 11.4 122.9 23.9 10.6 11.1 1576 117.5 75.6 48.0 48.2 21.7 1.9 1.8 79.3

O–45 CEOC Hilo 15 556 <1 3.4 9.7 131.3 16.3 10.0 9.0 1296 109.0 60.6 101.5 120.6 38.1 2.7 3.0 74.1

   

C–12 CEOR Macanal 29 194 2 5.2 10.9 75.8 101.0 8.6 2.0 94 187.9 1.0 60.3 15.5 <0.1 <0.1 <0.1 <0.5

MSP–25 CEOR Macanal 24 453 4 7.1 23.6 242.8 28.2 12.2 3.9 182 231.1 1.2 55.0 16.2 2.2 <0.1 <0.1 0.5

COS14–
459

Villa de 
Leyva

Villa de 
Leyva

23 265 3 2.9 10.6 137.6 286.4 10.7 5.4 272 144.1 7.6 19.8 11.5 0.8 <0.1 0.8 2.2

QED–35 CEOR Fómeque 22 369 2 5.5 25.0 170.9 250.7 22.4 4.2 143 230.7 0.9 14.0 6.4 <0.1 <0.1 <0.1 <0.5

RSP–30
Villa de 
Leyva

Villa de 
Leyva

21 400 3 5.5 20.8 214.8 214.9 18.8 4.6 299 193.8 13.7 42.0 15.1 0.1 0.1 0.5 0.7

QED–00 CEOR Fómeque 20 389 4 6.8 26.9 177.5 251.4 21.1 3.7 127 251.1 0.9 72.2 7.8 <0.1 <0.1 <0.1 <0.5

COS15–
1553

Villa de 
Leyva

Paja 19 481 5 3.9 25.7 152.0 291.9 35.4 4.2 108 134.3 1.7 18.5 5.6 <0.1 <0.1 <0.1 <0.5

C–30 CEOR Macanal 19 576 6 6.0 22.1 238.8 160.7 19.6 3.0 153 196.3 1.5 72.2 1.9 <0.1 <0.1 <0.1 <0.5

GA–60 CEOR Macanal 17 528 9 6.6 20.6 193.7 137.4 17.2 4.2 181 220.9 14.9 20.9 10.9 0.2 <0.1 0.2 1.6

CON7–671
Villa de 
Leyva

San Gil 
Shale

13 270 7 11.8 33.4 91.6 237.2 31.9 5.4 56 416.3 1.3 11.7 8.1 <0.1 <0.1 <0.1 <0.5

RN–55 Villeta Pacho 8 152 3 21.5 20.5 38.6 92.1 18.0 4.5 108 803.0 7.8 6.5 3.9 0.1 <0.1 0.3 1.0

CON6–674
Villa de 
Leyva

Churuvita 12 389 3 28.5 42.6 118.1 217.7 34.3 6.9 93 1058.1 1.6 7.1 8.7 <0.1 <0.1 0.1 <0.5

COS15–
1739

Villa de 
Leyva

Paja 11 240 2 32.8 34.5 82.4 206.5 39.7 7.7 72 1232.4 1.0 19.0 15.5 0.2 <0.1 <0.1 <0.5

COS15–
2054

Villa de 
Leyva

Paja 14 359 4 36.3 45.8 98.3 301.9 52.1 9.0 130 1336.5 2.9 13.2 14.6 0.1 <0.1 <0.1 <0.5

Murca Formation shales from the Tobia River (RT) of the Vil-
leta area contain 6.5% dolomite and 3.9% ankerite. These two 
minerals have been reported as solid inclusions in emeralds 
(Pignatelli et al., 2015) and are associated with albite in hydro-

thermal veins and breccias that contain the emerald mineraliza-
tion (Mantilla et al., 2008).

Mantle–derived Cretaceous gabbroic bodies were emplaced 
during the early extensional phases of the back–arc basin and 
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Figure 18. Cerium distribution from ICP–MS analyses. Values are average ppm per locality.
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Table 9. Rare earth elements in ppm.

Sample Area Formation Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

COS14–1575 Villa de Leyva Arcabuco 21 52.4 276.2 618.8 82.09 315.2 50.13 7.97 21.7 2.32 11.55 1.75 4.50 0.72 4.85 0.71

QBB–00 CEOC Furatena 20 32.6 233.2 502.5 61.08 217.8 31.65 4.9 16.14 1.68 7.78 1.19 3.15 0.46 3.09 0.41

MSP–30 CEOR Macanal 22 45.5 205.0 374.1 40.35 150.1 22.43 3.68 12.03 1.53 8.73 1.55 4.08 0.61 4.31 0.63

COS15–2054 Villa de Leyva Paja 14 89.9 161.3 359.5 41.09 154.5 26.18 4.07 18.96 2.57 15.8 3.25 10.00 1.61 10.93 1.72

QSA–65 Villa de Leyva Aguacaliente 12 104.5 118.7 299.3 35.17 133.8 25.49 4.30 22.58 3.59 19.18 3.32 8.71 1.17 6.96 1.01

COS15–1490 Villa de Leyva Paja 13 38.6 119.8 287.6 30.62 109.9 17.09 2.70 12.33 1.52 7.64 1.46 4.08 0.62 4.12 0.62

O–75 CEOC Hilo 12 52.9 142.1 233.0 29.09 99.8 11.24 1.67 7.51 0.78 4.36 1.14 3.96 0.59 4.00 0.68

MSP–35 CEOR Macanal 21 43.3 119.3 214.9 23.72 88.6 15.19 2.71 10.64 1.57 8.39 1.72 4.82 0.68 4.57 0.65

CON7–485 Villa de Leyva San Gil Shale 18 45.0 106.3 212.9 24.45 87.0 14.81 2.45 11.79 1.69 9.50 1.80 5.11 0.72 4.74 0.69

COS15–1360 Villa de Leyva Paja 15 49.8 98.8 210.5 23.59 87.1 14.95 2.48 11.09 1.51 9.25 1.90 5.78 0.96 6.48 0.93

QSAU–18 Villa de Leyva Une 19 39.7 95.6 199.2 21.95 76.5 13.28 2.25 10.08 1.51 8.32 1.55 4.46 0.68 4.37 0.68

CON6–1405 Villa de Leyva Churuvita 19 45.6 94.9 198.3 22.50 83.2 15.32 2.60 12.97 1.91 9.88 1.83 4.66 0.70 4.35 0.67

CON7–1014 Villa de Leyva San Gil Shale 20 41.2 101.2 198.0 22.80 80.1 13.42 2.28 9.77 1.26 7.60 1.55 4.94 0.73 4.62 0.70

QSAU–0 Villa de Leyva Une 18 45.6 98.6 195.7 22.53 80.0 13.57 2.31 10.24 1.67 9.38 1.76 4.99 0.76 5.05 0.75

CON8–1958 Villa de Leyva Paja 17 54.9 92.4 193.3 21.70 79.6 13.55 2.32 11.46 1.75 10.28 1.95 5.63 0.87 5.58 0.85

CON8–2025 Villa de Leyva Paja 17 47.6 90.9 184.9 20.85 75.6 13.63 2.44 12.21 1.73 9.63 1.78 5.14 0.75 4.93 0.76

COS15–1739 Villa de Leyva Paja 11 51.2 84.7 180.4 20.34 74.7 12.9 2.00 9.23 1.35 8.45 1.81 6.11 1.04 7.28 1.15

QS–00 Villa de Leyva Salto 13 53.1 75.9 174.4 19.02 70.0 12.58 2.02 11.58 1.75 10.32 1.97 5.94 0.86 5.54 0.86

CON7–1655 Villa de Leyva San Gil Shale 17 50.8 79.2 161.5 18.45 67.5 12.28 2.14 10.10 1.61 9.93 2.05 6.06 0.91 5.55 0.86

CON6–674 Villa de Leyva Churuvita 12 54.6 74.1 158.4 17.60 63.6 9.91 1.47 7.08 1.22 8.33 1.92 6.00 1.05 7.19 1.14

COS15–1819 Villa de Leyva Paja 13 47.4 79.1 156.7 18.05 66.5 11.96 1.96 9.86 1.36 8.09 1.64 4.97 0.82 5.78 0.90

CON8–1712 Villa de Leyva Paja 15 48.5 72.9 147.8 16.59 61.0 11.39 2.11 10.49 1.63 9.25 1.80 5.21 0.81 5.38 0.85

QNP–00 Villa de Leyva Paja 16 38.7 59.8 131.7 15.21 60.0 15.14 3.25 18.97 2.43 10.11 1.54 3.63 0.51 3.29 0.44

CON8–2296 Villa de Leyva Paja 10 53.0 59.2 126.7 14.91 55.1 9.50 1.64 8.46 1.46 8.70 1.76 5.22 0.86 5.76 0.88

RN–40 Villa de Leyva Pacho 12 41.1 52.3 105.0 13.08 50.8 11.13 2.13 12.03 1.68 8.51 1.56 4.46 0.63 4.39 0.64

O–85 CEOC Hilo 21 29.1 46.7 90.0 13.01 52.4 15.12 3.34 12.44 1.81 9.62 1.66 4.29 0.59 3.82 0.49

QAD–50 Villa de Leyva La Luna 7 130.0 67.7 88.3 11.81 44.1 8.26 1.58 9.12 1.6 10.71 2.54 8.15 1.19 7.78 1.19

QLL–55 Villa de Leyva La Luna 5 223.7 97.2 75.7 15.15 64.0 12.80 3.13 17.18 2.52 16.16 3.89 12.09 1.66 10.25 1.73

C–12 CEOR Macanal 29 29.0 31.6 63.8 7.65 30.8 6.65 1.23 6.42 0.99 4.88 1.09 3.32 0.43 3.19 0.47

QAD–65 Villa de Leyva La Luna 6 168.6 73.2 61.2 11.06 44.4 9.73 2.27 12.73 1.89 11.47 2.80 8.65 1.25 7.62 1.25

COS14–459 Villa de Leyva Villa de Leyva 23 20.7 28.8 56.6 7.03 28.0 5.90 1.72 5.84 0.83 4.19 0.74 2.16 0.33 2.36 0.36

VV–80 Villa de Leyva Trincheras 10 50.5 29.8 55.7 6.57 26.6 4.96 1.14 7.23 1.37 8.11 1.89 4.73 0.66 3.92 0.55

RN–70 Villa de Leyva Pacho 14 52.0 24.9 54.8 6.68 27.1 7.30 1.60 9.61 1.67 9.56 2.05 6.02 0.86 5.69 0.90

RT–10 Villa de Leyva Murca 14 231.3 25.5 50.4 5.96 23.7 10.01 3.77 26.90 5.88 39.66 7.74 18.58 2.24 11.43 1.39

MSP–25 CEOR Macanal 24 34.6 21.2 37.7 6.23 24.1 5.64 1.37 6.51 1.05 6.70 1.31 3.88 0.55 4.22 0.59

intruded Lower Cretaceous shales. These rocks include dikes 
of gabbro, diorite, and tonalite associated with hydrothermal 
activity that carried fluids related to the emerald mineralization. 
The ages reported by Vásquez et al. (2010) and the Radiometric 
Dating Catalog of Colombia, compiled by Gómez et al. (2015), 
indicate that the gabbros span Valanginian to Cenomanian time. 
The K–Ar and Ar–Ar ages from whole–rock and hornblende 
samples, which would reflect the ages of emplacement, are Va-
langinian to Hauterivian (Pacho), Barremian to Cenomanian 

(Cáceres), Aptian (Pajarito), Albian to Cenomanian (Rodrigo-
que), and Cenomanian (La Corona).

Vásquez et al. (2005, 2010) documented the geochemistry 
of the mafic to intermediate bodies, indicating tholeiitic affin-
ity (MORB–like) from Cáceres and Pacho on the western side 
of the Eastern Cordillera and alkaline affinity (OIB–like) from 
Rodrigoque and Pajarito on the eastern side. The tonalite from 
La Corona in the western part of the Eastern Cordillera, near 
Cáceres and Pacho, also shows alkaline affinity. The authors 
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Figure 19. Regional distribution of apatite from heavy mineral analyses.
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Figure 20. Quartz contents from XRD. Values plotted are average percentages per locality.



292

GUERRERO et al.

76
° 

W
76

° 
W

7 6
° 

W
76

° 
W

7 5
° 

W
75

° 
W

7 4
° 

W
74

° 
W

7 3
° 

W
73

° 
W

72
° 

W
72

° 
W

7 1
° 

W
71

° 
W

3° N3° N3° N3° N

4° N4° N4° N4° N

5° N5° N5° N5° N

6° N6° N6° N6° N

7° N7° N7° N7° N

8° N8° N8° N8° N

9° N9° N9° N9° N

71
° 

W
71

° 
W

72
° 

W
72

° 
W

73
° 

W
73

° 
W

74
° 

W
74

° 
W

7 5
° 

W
75

° 
W

SARDINATA–3K

CAB
CES

QS2

QAD

INFANTAS 1613

ANH–CON08–ST–S

ANH–CON07–ST–S

ANH–CON06–ST–S

QBB

QC O

ANH–COS05–ST–S
RSR

RSP
QNP

RN

RCA

VVRT

QG
RC

QP

QLM
QED

GA

MSP
CQSA

QSAC

Guaviare

VichadaVichada

MetaMeta

CaquetáCaquetá
CaucaCauca

HuilaHuila

TolimaTolima

Valle del  CaucaValle del  Cauca

QuindíoQuindío

RisaraldaRisaralda

CaldasCaldas

ChocóChocó

AntioquiaAntioquia

CórdobaCórdoba

SucreSucre

MagdalenaMagdalena

CesarCesar

BolívarBolívar

AraucaArauca

BoyacáBoyacá

CasanareCasanare

CundinamarcaCundinamarca

SantanderSantander

CaO content

High = 38.95

Low = 0.12

Cretaceous Colombian back–arc basin

0 40 80 160 km

QLP

QS

ANH–COS15–ST–S

QC1

RIO DE ORO 14

CES1

QN

BB

QSAU

RR1

RR

QLL

Eastern Emerald Belt
(CEOR)

Villeta

Western Emerald Belt
(CEOC)

Barichara/Bucaramanga

Aguachica CatatumboCatatumbo

Norte de SantanderNorte de Santander

Caribbean
Sea

Pacic
Ocean

Panamá
Venezuela

Ecuador

Perú

Brasil

Colombia

Study area

Figure 21. CaO contents from ICP–OES. Values plotted are average percentages per locality.
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indicated a transition from a low to a high degree of partial 
melting and crustal contamination of mantle–derived magmas.

The wide range of muscovite K–Ar and Ar–Ar ages (Cheilletz 
et al., 1994, 1997; Gómez et al., 2015) of the mineralized emerald 
zones from the Macanal Formation: 76 ± 2.4 Ma to 58.4 ± 5.3 Ma 
(early Campanian to late Paleocene) and the Furatena Formation: 
37.3 ± 0.1 Ma to 31.4 ± 0.3 Ma (late Eocene to early Oligocene), 
could indicate that not all the mineral systems were completely 
closed with respect to Ar due to the Early Cretaceous hydrother-
mal activity in the basin. For instance, the Cáceres Gabbro yields 
plagioclase Ar–Ar ages (Gómez et al., 2015; Vásquez et al. 2010) 
of 81.7 ± 0.8 Ma to 27 ± 1.9 Ma (early Campanian to late Oli-
gocene), which are too young, considering the Early Cretaceous 
biostratigraphic ages of the strata intruded across the basin. The 
oldest whole–rock K–Ar age of the Cáceres Gabbro is 113.0 ± 
16.0 Ma (early Barremian to early Cenomanian), which is closer 
to the age of emplacement. The Rodrigoque Gabbro presents the 
same situation; the youngest Ar–Ar age in plagioclase is 49.9 ± 
0.2 Ma (early Eocene), but the oldest whole–rock K–Ar age is 
106.5 ± 5.5 Ma (Albian). In the Corona Gabbro, the youngest 
Ar–Ar age in plagioclase is 64.3 ± 2.3 Ma (late Maastrichtian 
to Paleocene), but the oldest Ar–Ar age in hornblende is 97.8 
± 0.1 Ma (early Cenomanian). The muscovite and plagioclase 
ages younger than hornblende ages could indicate different clo-
sure temperatures, but the wide range of ages could also indicate 
argon loss during the Early Cretaceous hydrothermal activity, 
producing misleading younger ages.

We infer that the magmatic activity which affected the Lower 
Cretaceous strata in the basin produced several episodes of min-
eralization. The hydrothermal fluids that carried the scandium, 
vanadium, and beryllium were emplaced during Valanginian to 
Cenomanian rifting of the back–arc basin. Emeralds are present 
mostly in strata of Berriasian to Hauterivian age on both sides 
of the basin, so emerald mineralizing fluids must have been em-
placed during the rifting stage when the basin experienced peak 
magmatic and hydrothermal activity. If the main mineralizing 
episode had occurred during the Cenozoic, then the emeralds 
would also have crystallized in younger strata and not primarily 
in Berriasian to Hauterivian shales. The Lower Cretaceous shales 
from the opposite eastern and western sides of the basin have dif-
ferent clay and REE signatures because of different source areas 
but share similar geochemical features because of the elements 
introduced during magmatic and hydrothermal activity.

Two other lines of evidence have been explored regarding 
the origin of emerald mineralization. One line is the maximum 
temperature reached by burial of the Berriasian to Hauterivian 
strata that host the main emerald mineralization, and the other 
line is the temperature of the mineralization itself. Silva et al. 
(2010) concluded that the chlorite (clinochlore) associated with 
the emerald mineralization hosted in Berriasian rocks with hy-
drothermal activity (which also contain hydrothermal albite and 
dolomite) crystallized at ca. 354 °C and that such a temperature 

was consistent with the temperature (ca. 335 °C) of fluid inclu-
sions in the emeralds reported by Mantilla et al. (2008). On the 
other hand, Mora et al. (2013) established that cleavage was 
produced at maximum paleotemperatures (ca. 220 °C deduced 
from ZFT and vitrinite reflectance) during the late Oligocene; 
fold–related calcite–filled veins and late stages of cleavage 
were produced at temperatures between 220 °C and 160 °C 
during the early Miocene, indicating that the strata accumulated 
strain for a few million years before first–order thrusting, which 
was produced during the late Miocene and Pliocene uplift of 
the Eastern Cordillera. The temperatures obtained from the two 
data sets were attained during different events: One tempera-
ture (ca. 354 °C) is that of chlorite and emerald mineralization 
during Valanginian to Cenomanian hydrothermal activity, and 
the other temperature (220 to 160 °C) represents the maximum 
burial at which the strata began accumulating strain before 
thrust movement occurred during late Miocene uplift.

We postulate that at a micro scale, the normal faults and 
extensional fractures that controlled the basin during the Early 
Cretaceous were the main conduits for the hydrothermal flu-
ids that formed the emeralds. Many but not all of these normal 
faults and fracture planes were later inverted during the Miocene 
thrusting and uplifting of the basin. For instance, Mantilla et al. 
(2008) indicate that in the Oriente mine of the CEOR, fragments 
of hydrothermal veins with emeralds are present in fractures pro-
duced during a recent tectonic event that destroyed the emerald 
mineralization. Mora et al. (2013) indicated that most of the 
planar fabrics, veins, and fractures are correlated with the main 
folds that affected the Cretaceous rocks during the late Oligo-
cene and early Miocene, but in the mining area of El Porvenir in 
the Gachalá dome, orthogonal veins filled with calcite have no 
parallelism or symmetry with any contractional fold.

Since there are no igneous bodies of Campanian to Oligo-
cene age intruding the strata of the basin, which could support 
the hypothesis of hydrothermal activity during this time span, 
and since the temperature produced by burial diagenesis was not 
high enough (less than 220 °C for the oldest strata), we prefer the 
interpretation of emerald mineralization during Early Cretaceous 
hydrothermal activity with temperatures higher than 350 °C.

5. Conclusions

Detrital zircon U–Pb ages document two source areas for the 
back–arc Cretaceous Colombian Basin. One source on the E 
side of the basin has Archean, Proterozoic, and Paleozoic ages 
derived from the Guiana Shield, and the other source on the W 
side of the basin has Triassic to Cretaceous ages, including very 
abundant Jurassic particles derived from the Central Cordillera 
magmatic arc. Other important particles derived from the Cen-
tral Cordillera have Paleozoic ages, along with a small number 
of Proterozoic particles. No Mesozoic particles are present in 
the samples from the E side of the Eastern Cordillera.
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The fluvial system of Berriasian to Valanginian age that de-
posited the Tambor Formation and time–equivalent fluvial units 
in the center of the basin contained particles sourced from both 
the E and W sides of the basin, including distributary streams 
feeding a trunk river flowing northward to the Caribbean. The 
central rift of the basin was completely flooded during the late 
Valanginian, as indicated by the offshore shales, marlstones, 
and biomicrites deposited in large areas of Cundinamarca, 
Boyacá, and Santander Departments. The horsts that separated 
the early grabens of the basin were definitely covered during 
the late Valanginian. After this time, the Cretaceous seaway was 
separated into two shorelines supplied from E and W sources on 
opposite sides of the basin. Fluvial environments during the rest 
of Cretaceous time were also separated on the opposite E and 
W margins of the basin. No mixing of particles from opposite 
E and W source areas or from local horsts occurred in the basin 
after the Valanginian.

XRD analyses show that black shale mudstones of the ba-
sin are composed mainly of clay minerals and quartz silt. The 
highest contents of kaolinite (50 to 55 %) are from the Paja 
Formation in the Santander area and the Une and Chipaque For-
mations in the Llanos Foothills, both sourced from the Guiana 
Shield. The highest average illite contents (60 to 65 %) are from 
shales of the Simití and El Salto Formations in the Infantas 
well and from the Hilo Formation in the Otanche section; both 
are situated toward the W side of the basin. Chlorite is present 
in minor amounts compared to kaolinite and illite; the highest 
average percentage of chlorite (22%) comes from the lower part 
of the Murca Formation in the Tobia River section of the Villeta 
area. Chlorite was derived from low–grade metamorphic rocks 
sourced from the Central Cordillera.

ICP–MS analyses reveal several important elements associ-
ated with the clay content of black shales from the basin, which 
also help to discriminate between eastern and western sources. 
The highest contents of titanium, zirconium, thorium, niobium, 
hafnium, and tantalum in the study come from a shale sample 
of the Paja Formation in the Villa de Leyva area. The unit was 
sourced from the eastern side of the basin, which has more 
differentiated continental crust than the western sources. In con-
trast, the highest contents of chromium, copper, molybdenum, 
arsenic, antimony, selenium, thallium, and silver in the study 
come from the shales of the Hilo Formation in the Otanche sec-
tion, which also have very high contents of illite. This unit was 
sourced from the western side of the basin, which included the 
magmatic/metamorphic arc and accreted oceanic crust.

The light REE of the cerium group have the maximum val-
ues for this study in a siltstone sample from the upper part of the 
Arcabuco Formation in the ANH COS–14 well in the vicinity of 
Villa de Leyva. In contrast, the heavy REE of the yttrium group 
have the maximum values for this study in a sample from the 
lower part of the Murca Formation in the Tobia River section. 
The high contents of the yttrium group indicate an ultramafic 

source in accreted oceanic crust along the western basin margin, 
while the cerium group indicates more differentiated continen-
tal crust on the eastern basin margin.

Another important mineral that indicates provenance is ap-
atite, which shows higher percentages in the western part of 
the basin and is related to igneous and metamorphic sources in 
the Central Cordillera. Samples with heavy mineral analyses 
containing high percentages of terrigenous apatite come from 
the Murca, Trincheras, Socotá, Hilo, and Pacho Formations in 
the Villeta area. Another important fraction of the reported ap-
atite is related to phosphatic biomicrites and has an authigenic 
origin because of biological accumulation in fish. The highest 
percentages of fluorapatite from XRD analyses are from La 
Luna Formation. The highest contents of uranium in the study 
are associated with the biologically concentrated phosphates of 
La Luna Formation.

The highest calcium (CaO) contents (40 to 55 %), obtained 
from ICP–OES analyses, come from the biomicrite limestones 
of La Luna Formation on the W and N sides of the basin. The 
highest contents of SiO2 (59 to 79 %) in diagenetic cherts are 
also from La Luna Formation, in addition to the Lidita Inferior 
and Lidita Superior Formations, Hilo Formation, and La Fron-
tera Member of the Conejo Formation.

Mantle–derived gabbroic to intermediate bodies emplaced 
during the early extensional synrift phase of the back–arc basin 
intruded Lower Cretaceous shales. The former rocks include 
dikes of gabbro, diorite, and tonalite, associated with import-
ant hydrothermal activity that carried the fluids that produced 
the emerald mineralization. The highest values of scandium are 
found in shales of the CEOR, whereas the highest values of 
vanadium are present in shales of the CEOC. The wide range 
of muscovite and plagioclase ages from the mineralized emer-
ald zones (early Campanian to late Oligocene), much young-
er than the hornblende and whole–rock ages of emplacement 
of the gabbros (Valanginian to Cenomanian), might indicate 
that the systems were not closed with respect to Ar, producing 
misleading younger ages. Argon loss could be due to sever-
al factors, including Early Cretaceous hydrothermal activity, 
increasing temperature during Late Cretaceous to Oligocene 
sedimentation, and compressional strain during Miocene uplift 
of the Eastern Cordillera. There are no igneous bodies or other 
known sources of heat, which could support the hypothesis of 
hydrothermal activity during the Campanian to Oligocene.
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Biomicrite, Marlstone, and Shale Properties: 
Exploration of Nonconventional Hydrocarbons 
in the Cretaceous Colombian Back–Arc Basin

Javier GUERRERO1* , Alejandra MEJÍA–MOLINA2 , and José OSORNO3 

Abstract The nonconventional hydrocarbon potential of the Cretaceous Colombian 
back–arc basin is explored taking into consideration the properties of fine–grained 
units, including biomicrite, marlstone, and shale, in terms of total organic carbon 
content, gas content, vitrinite reflectance, porosity, permeability, pyrolysis, and organic 
geochemistry of samples collected from outcrop sections and wells in several localities 
in the core of the Eastern Cordillera, Middle Magdalena Valley, and Catatumbo. The best 
properties are from the Turonian to Santonian limestones of La Luna Formation and 
time–equivalent units, but other limestones of Albian and Campanian ages, including 
the Hilo Formation and the Oliní Group, have potential. La Luna Formation was depos-
ited during a transgressive and relatively high sea level interval; it is composed of bio-
micrites of planktonic foraminifera, with minor interbedding of marlstones. Diagenetic 
cherts resulting from replacement of calcite by quartz are also present. The average 
total organic carbon values of the formation are excellent, between 4.9 and 11.6% for 
sections in the area of Aguachica, 5.4 to 8.6% in the area of Barichara, and 6.1 to 7.2% 
in the area of Cúcuta. These high values of total organic carbon are systematically 
associated with moderate values of thermal maturity, between 0.8 and 1.3% Ro; the 
interval contains mainly type II kerogen, with minor mixtures of types II–III.
Keywords: Cretaceous, back–arc, nonconventional hydrocarbons, limestones.

Resumen El potencial de hidrocarburos no convencionales de la Cuenca Cretácica Co-
lombiana de back–arc se explora teniendo en cuenta las propiedades de unidades de 
grano fino, incluyendo biomicrita, marga y lodolita, en términos de contenido de carbo-
no orgánico total, contenido de gas, reflectancia de vitrinita, porosidad, permeabilidad, 
pirólisis y geoquímica orgánica de muestras recolectadas de secciones de afloramiento 
y pozos en varias localidades del núcleo de la cordillera Oriental, Valle Medio del Mag-
dalena y Catatumbo. Las mejores propiedades provienen de las calizas del Turoniano 
al Santoniano de la Formación La Luna y unidades equivalentes en tiempo, pero otras 
calizas de edades albianas y campanianas, incluyendo la Formación Hilo y el Grupo Oli-
ní, tienen potencial. La Formación La Luna se depositó durante un intervalo transgresivo 
y relativamente alto del nivel del mar; está compuesta por biomicritas de foraminíferos 
planctónicos, con intercalaciones menores de margas. Cherts diagenéticos resultantes 
del reemplazo de calcita por cuarzo también están presentes. Los valores promedio de 
carbono orgánico total de la formación son excelentes, entre 4,9 y 11,6 % para seccio-
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nes en el área de Aguachica, 5,4 a 8,6 % en el área de Barichara y 6,1 a 7,2 % en el área 
de Cúcuta. Estos altos valores de carbono orgánico total se asocian sistemáticamente 
con valores moderados de madurez térmica, entre 0,8 y 1,3 % Ro; el intervalo contiene 
principalmente kerógeno tipo II, con mezclas menores de los tipos II–III.
Palabras clave: Cretácico, back–arc, hidrocarburos no convencionales, calizas.  

1. Introduction

The distribution of calcareous and terrigenous units, source 
areas, geochemistry, U–Pb ages, and mineralogy of the Cre-
taceous Colombian back–arc basin were reported in previous 
studies (Guerrero 2002a, 2002b; Guerrero et al., 2000, 2020), 
indicating that the main depositional axis was located in the 
present day Eastern Cordillera. Limestones are common on 
the western and northern sides of the basin; in contrast, ter-
rigenous strata predominate on the eastern and southern sides 
of the basin. Berriasian and Valanginian strata from the lower 
part of the succession in the main rift were buried at depths of 
approximately 8 to 9 km and are overmature for oil and gas. 
Cretaceous strata of younger ages, deposited outside the main 
rift, in the modern E and W foothills of the Eastern Cordillera, 
Llanos, and Magdalena Valley, were buried to lower depths and 
contain most of the hydrocarbons of the basin.

Sandstones and sandy biosparites of the western border are 
metamorphic and volcanic lithic arenites sourced from the Cen-
tral Cordillera; sandstones from the eastern side of the basin are 
quartz arenites sourced mostly from recycled Paleozoic and older 
strata from the Guiana Shield. In fact, most of the Cretaceous 
sections rest with angular unconformity on Paleozoic strata on 
the eastern border of the basin, while they rest with angular un-
conformity on igneous and volcanoclastic rocks of Jurassic age 
on the western border of the basin. The Cretaceous strata present 
today in the Eastern Cordillera of the Colombian Andes were 
deposited in a back–arc basin (Figure 1) related to subduction 
perpendicular to the western border of the continent. The remains 
of the Cretaceous fore–arc basin include strata that overlie ac-
creted oceanic basalts of MORB affinity, present in the Western 
Cordillera and western side of the Central Cordillera.

The limestones, diagenetic cherts, and marlstones present 
on the W and N sides of the basin are of major interest because 
they include important source rocks and constitute nonconven-
tional reservoirs of hydrocarbons. They have a much better 
quality of marine organic matter than the shales from the S and 
E sides of the basin. The type and quality of organic matter was 
controlled by the offshore sedimentary environments (includ-
ing mud and silt sedimentation under fair weather climate and 
sporadic storms) and by the availability of terrigenous parti-
cles, including clay minerals and silt–sized quartz particles. The 
terms gas–shale and oil–shale have been imprecisely applied to 
fine–grained rocks in the range of silt– and clay–sized particles, 
which could have either biogenic or terrigenous origin. Howev-

er, many of those fine–grained rocks include important carbon-
ate contents and are limestones (mainly biomicrites) instead of 
shales, so it is a better strategy to explore biomicrites instead 
of shales and to recognize the major differences between those 
types of rocks. One very important difference is that the biomi-
crites are more brittle (and respond better to fracking) than the 
plastic shales, which contain large amounts of clay minerals; 
the other difference is that organic matter particles of terrestrial 
origin, including plant debris, are more common in the shales 
than in the biomicrites, so that they are more prone to produce 
gas than the biomicrites that generate mainly oil hydrocarbons. 
In fact, the presence of centimeter–scale regressive marlstone 
beds within the dominantly transgressive and high–stand bio-
micrite parasequences is very important because it introduces 
large amounts of organic matter of terrestrial origin, producing 
mixtures of type II and type III organic matter.

The geographic location and stratigraphic position of the 
studied sections are presented in Figures 1–3 and Tables 1 and 2.

2. Materials and Methods

Fine–grained strata, including biomicrites, marlstones, and 
shales, were collected from 9 wells and 35 field sections at key 
localities in the basin. Best exposures with published stratigra-
phy were picked to minimize stratigraphic mistakes. Pyrolysis, 
total organic carbon (TOC), porosity, permeability, and organic 
geochemistry analyses were performed at the Antek S.A. labo-
ratories. A total of 1500 samples were processed for TOC, 1500 
for vitrinite reflectance, 500 for pyrolysis, 500 for petrophysics, 
500 for biomarkers, and 200 for gas content and chromatography.

3. Results

The total organic carbon (TOC) and thermal maturity (Ro) 
results of 3000 samples are presented as averages per strati-
graphic section, displayed in Table 3. The highest average 
content (11.6% TOC) in the upper part of the table corre-

Figure 1. Paleogeography of the Cretaceous Colombian back–arc 
basin during the early Albian. La Guajira was aligned with Santa 
Marta and the Central Cordillera. Sections are: (PU) Putumayo; (UMV) 
Upper Magdalena Valley; (LL) Llanos; (VI) Villavicencio; (SL) San Luis; 
(BO) Bogotá; (VILL) Villeta; (VL) Villa de Leyva; (CO) Cocuy; (BU) Bu-
caramanga; (MMV) Middle Magdalena Valley; (CA) Catatumbo; (ME) 
Mérida; (PE) Perijá; (GU) Guajira. Modified from Guerrero (2002a).
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Figure 2. Sections studied in the N sector of the basin, including the Middle Magdalena Valley, Barichara/Bucaramanga, and Catatumbo 
areas. Modified from Guerrero (2002a).
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Figure 3. Sections studied in the S sector of the basin, including the Eastern and Western Emerald belts and the Villeta, Villa de Leyva, 
and Bogotá areas. Modified from Guerrero (2002a).
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Table 1. Location of field sections.

Sample Section Area Formation Age Latitude N Longitude W

BB–00 Buriburi CEOC Furatena (Lower) Berriasian – early Hauterivian 5° 40’ 28.931” 74° 03’ 54.439”

BB–10 Buriburi CEOC Furatena (Lower) Berriasian – early Hauterivian 5° 40’ 27.833” 74° 03’ 53.743”

C–00 Cachipay CEOR Macanal Berriasian – early Hauterivian 4° 52’ 24.791” 73° 14’ 18.525”

C–48 Cachipay CEOR Macanal Berriasian – early Hauterivian 4° 52’ 23.458” 73° 14’ 16.868”

CAB–00 Agua Blanca Creek Aguachica La Luna (Upper) Coniacian to Santonian 8° 13’ 28.226” 73° 32’ 07.428”

CAB–128 Agua Blanca Creek Aguachica La Luna (Upper) Coniacian to Santonian 8° 13’ 25.764” 73° 32’ 11.248”

CAB–130 Agua Blanca Creek Aguachica Umir (Lower) Early Campanian 8° 13’ 25.725” 73° 32’ 11.306”

CES–00 El Salto Creek Aguachica La Luna Turonian to Santonian 8° 12’ 08.312” 73° 31’ 18.000”

CES–82 El Salto Creek Aguachica La Luna Turonian to Santonian 8° 12’ 05.444” 73° 31’ 20.457”

CES1–00 El Salto Creek Aguachica La Luna Turonian to Santonian 8° 12’ 08.911” 73° 31’ 13.229”

CES1–20 El Salto Creek Aguachica La Luna Turonian to Santonian 8° 12’ 08.853” 73° 31’ 13.827”

GA–00 Gachalá CEOR Macanal Berriasian – early Hauterivian 4° 41’ 44.416” 73° 29’ 43.044”

GA–62 Gachalá CEOR Macanal Berriasian – early Hauterivian 4° 41’ 45.454” 73° 29’ 46.375”

MSP–00 M. San Pedro CEOR Macanal Berriasian – early Hauterivian 4° 51’ 23.858” 73° 22’ 28.851”

MSP–36 M. San Pedro CEOR Macanal Berriasian – early Hauterivian 4° 51’ 24.804” 73° 22’ 30.268”

O–00 Otanche CEOC Hilo Middle and late Albian 5° 42’ 50.420” 74° 11’ 54.956”

O–96 Otanche CEOC Hilo Middle and late Albian 5° 42’ 49.222” 74° 11’ 51.865”

QAD–00 Aguadulce Creek Barichara La Luna Turonian to Santonian 7° 11’ 06.173” 73° 17’ 40.617”

QAD–77 Aguadulce Creek Barichara La Luna Turonian to Santonian 7° 11’ 06.670” 73° 17’ 43.550”

QAD1–00 Aguadulce Creek 1 Barichara La Luna Turonian to Santonian 7° 11’ 18.134” 73° 17’ 32.182”

QAD1–60 Aguadulce Creek 1 Barichara La Luna Turonian to Santonian 7° 11’ 18.037” 73° 17’ 34.405”

QBB–00 Buriburi Creek CEOC Furatena (Lower) Berriasian – early Hauterivian 5° 40’ 36.746” 74° 03’ 41.176”

QBB–12 Buriburi Creek CEOC Furatena (Lower) Berriasian – early Hauterivian 5° 40’ 36.717” 74° 03’ 40.604”

QC–00 Cobre Creek CEOC Lidita Inferior Late Santonian 5° 41’ 41.386” 74° 12’ 27.255”

QC–50 Cobre Creek CEOC Lidita Inferior Late Santonian 5° 41’ 39.970” 74° 12’ 26.572”

QC1–00 Cobre Creek 1 CEOC Lomagorda Turonian to Santonian 5° 42’ 04.020” 74° 12’ 27.205”

QC1–54 Cobre Creek 1 CEOC Lomagorda Turonian to Santonian 5° 42’ 02.266” 74° 12’ 25.176”

QED–00 El Dátil Creek CEOR Fómeque Barremian and Aptian 5° 01’ 54.296” 73° 20’ 25.292”

QED–36 El Dátil Creek CEOR Fómeque Barremian and Aptian 5° 01’ 55.929” 73° 20’ 24.462”

QG–00 Guate Creek Villeta Lidita Inf. Late Santonian 4° 53’ 59.292” 74° 32’ 03.307”

QG–137 Guate Creek Villeta Lidita Inf. Late Santonian 4° 54’ 01.026” 74° 32’ 08.472”

QG–251 Guate Creek Villeta Lidita Sup. Late Campanian 4° 54’ 00.408” 74° 32’ 13.807”

QG–292 Guate Creek Villeta Lidita Sup. Late Campanian 4° 54’ 00.354” 74° 32’ 15.777”

QLL–00 La Leche Creek Catatumbo Guayacán Cenomanian 8° 08’ 56.797” 72° 41’ 31.315”

QLL–02 La Leche Creek Catatumbo Guayacán Cenomanian 8° 08’ 57.311” 72° 41’ 30.412”

QLL–04 La Leche Creek Catatumbo La Luna Turonian to Santonian 8° 08’ 57.822” 72° 41’ 29.509”

QLL–63 La Leche Creek Catatumbo La Luna Turonian to Santonian 8° 09’ 09.873” 72° 41’ 14.692”

QLM–00 Los Micos Creek CEOR Fómeque Barremian and Aptian 5° 04’ 22.882” 73° 24’ 53.983”

QLM–53 Los Micos Creek CEOR Fómeque Barremian and Aptian 5° 04’ 20.588” 73° 24’ 57.524”

QLP–00 La Paja Creek Barichara Paja Barremian and Aptian 7° 01’ 26.468” 73° 20’ 04.444”

QLP–66 La Paja Creek Barichara Paja Barremian and Aptian 7° 01’ 25.114” 73° 20’ 08.359”

QN–00 Negra Creek CEOC Villa de Leyva Late Hauterivian 5° 35’ 40.402” 73° 30’ 02.088”
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Table 1. Location of field sections (continued).

Sample Section Area Formation Age Latitude N Longitude W

QN–10 Negra Creek CEOC Villa de Leyva Late Hauterivian 5° 35’ 39.696” 73° 30’ 02.193”

QNP–00 Negra Creek CEOC Paja Barremian and Aptian 5° 35’ 38.593” 73° 29’ 56.222”

QNP–34 Negra Creek CEOC Paja Barremian and Aptian 5° 35’ 37.967” 73° 29’ 54.923”

QP–00 Piñal Creek Villeta Hilo Middle and late Albian 4° 52’ 25.191” 74° 30’ 09.671”

QP–465 Piñal Creek Villeta Hilo Middle and late Albian 4° 52’ 06.673” 74° 29’ 55.123”

QS–00 La Sorda Creek Barichara El Salto Cenomanian 7° 09’ 38.294” 73° 18’ 05.373”

QS–16 La Sorda Creek Barichara El Salto Cenomanian 7° 09’ 38.753” 73° 18’ 05.597”

QS1–02 La Sorda Creek 1 Barichara La Luna (Lower) Turonian 7° 09’ 50.411” 73° 18’ 04.775”

QS1–36 La Sorda Creek 1 Barichara La Luna (Lower) Turonian 7° 09’ 48.200” 73° 18’ 06.301”

QS2–00 La Sorda Creek 2 Barichara El Salto Cenomanian 7° 09’ 57.080” 73° 18’ 00.931”

QS2–20 La Sorda Creek 2 Barichara El Salto Cenomanian 7° 09’ 58.418” 73° 18’ 01.340”

QS2–22 La Sorda Creek 2 Barichara La Luna (Lower) Turonian 7° 09’ 58.552” 73° 18’ 01.379”

QS2–52 La Sorda Creek 2 Barichara La Luna (Lower) Turonian 7° 10’ 00.565” 73° 18’ 01.991”

QSA–00 San Antonio Creek CEOR Aguacaliente Late Campanian 4° 50’ 15.031” 73° 12’ 25.203”

QSA–100 San Antonio Creek CEOR Aguacaliente Late Campanian 4° 50’ 11.838” 73° 12’ 25.178”

QSAC–00 S. Antonio Creek C CEOR Chipaque Turonian to Santonian 4° 50’ 34.658” 73° 12’ 23.685”

QSAC–48 S. Antonio Creek C CEOR Chipaque Turonian to Santonian 4° 50’ 33.001” 73° 12’ 23.408”

QSACH–00 S. Antonio Creek Ch CEOR Chipaque Turonian to Santonian 4° 50’ 27.921” 73° 12’ 24.635”

QSACH–30 S. Antonio Creek Ch CEOR Chipaque Turonian to Santonian 4° 50’ 26.784” 73° 12’ 24.231”

QSAU–00 S. Antonio Creek U CEOR Une (Upper) Late Cenomanian 4° 51’ 13.714” 73° 12’ 14.776”

QSAU–18 S. Antonio Creek U CEOR Une (Upper) Late Cenomanian 4° 51’ 13.752” 73° 12’ 14.292”

RC–00 Contador River Villeta Hilo (Lower) Middle Albian 4° 52’ 59.887” 74° 31’ 09.813”

RC–44 Contador River Villeta Hilo (Lower) Middle Albian 4° 52’ 59.100” 74° 31’ 08.615”

RCA–00 Cañas River Villeta Conejo Turonian to Santonian 4° 56’ 31.704” 74° 16’ 10.733”

RCA–80 Cañas River Villeta Conejo Turonian to Santonian 4° 56’ 28.080” 74° 16’ 02.777”

RN–00 Negro River CEOC Pacho Cenomanian 5° 17’ 35.949” 74° 04’ 43.213”

RN–112 Negro River CEOC Pacho Cenomanian 5° 17’ 33.238” 74° 04’ 52.281”

RR–02 Riecito River Catatumbo Capacho Middle and late Albian 8° 03’ 02.089” 72° 48’ 26.230”

RR–20 Riecito River Catatumbo Capacho Middle and late Albian 8° 03’ 05.512” 72° 48’ 26.056”

RR1–00 Riecito River 1 Catatumbo Guayacán Cenomanian 8° 03’ 30.022” 72° 48’ 26.355”

RR1–10 Riecito River 1 Catatumbo Guayacán Cenomanian 8° 03’ 30.158” 72° 48’ 27.350”

RR1–18 Riecito River 1 Catatumbo La Luna Turonian to Santonian 8° 03’ 30.265” 72° 48’ 28.150”

RR1–60 Riecito River 1 Catatumbo La Luna Turonian to Santonian 8° 03’ 30.834” 72° 48’ 32.337”

RSP–00 Samacá River CEOC Villa de Leyva Late Hauterivian 5° 35’ 19.005” 73° 30’ 44.572”

RSP–32 Samacá River CEOC Villa de Leyva Late Hauterivian 5° 35’ 17.562” 73° 30’ 43.650”

RSR–00 Samacá River CEOC Ritoque Late Valanginian – early Hauterivian 5° 35’ 30.385” 73° 30’ 54.584”

RSR–34 Samacá River CEOC Ritoque Late Valanginian – early Hauterivian 5° 35’ 31.205” 73° 30’ 51.049”

RT–00 Tobia River Villeta Murca (Lower) Berriasian – early Hauterivian 5° 04’ 16.218” 74° 26’ 44.287”

RT–62 Tobia River Villeta Murca (Lower) Berriasian – early Hauterivian 5° 04’ 14.781” 74° 26’ 40.134”

VV–00 Caiquero Villeta Trincheras Barremian and Aptian 5° 03’ 51.475” 74° 24’ 41.054”

VV–89 Caiquero Villeta Trincheras Barremian and Aptian 5° 03’ 47.484” 74° 24’ 32.936”
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Table 2. Location of wells.

Sample Well Area Formation Age Latitude N Longitude W

CON–06–360 ANH–CON–06 CEOC Churuvita Cenomanian 5° 44’ 26.202” 73° 44’ 14.826”

CON–06–1470 ANH–CON–06 CEOC Churuvita Cenomanian 5° 44’ 26.202” 73° 44’ 14.826”

CON–07–134 ANH–CON–07 CEOC Churuvita Cenomanian 5° 49’ 30.758” 73° 41’ 47.587”

CON–07–240 ANH–CON–07 CEOC Churuvita Cenomanian 5° 49’ 30.758” 73° 41’ 47.587”

CON–07–485 ANH–CON–07 CEOC San Gil Shale Middle and late Albian 5° 49’ 30.758” 73° 41’ 47.587”

CON–07–1810 ANH–CON–07 CEOC San Gil Shale Middle and late Albian 5° 49’ 30.758” 73° 41’ 47.587”

CON–07–1880 ANH–CON–07 CEOC San Gil Sandstone Early Albian 5° 49’ 30.758” 73° 41’ 47.587”

CON–07–2420 ANH–CON–07 CEOC San Gil Sandstone Early Albian 5° 49’ 30.758” 73° 41’ 47.587”

CON–08–287 ANH–CON–08 CEOC San Gil Sandstone Early Albian 5° 57’ 12.630” 73° 36’ 31.512”

CON–08–1310 ANH–CON–08 CEOC San Gil Sandstone Early Albian 5° 57’ 12.630” 73° 36’ 31.512”

CON–08–1376 ANH–CON–08 CEOC Paja Barremian and Aptian 5° 57’ 12.630” 73° 36’ 31.512”

CON–08–2575 ANH–CON–08 CEOC Paja Barremian and Aptian 5° 57’ 12.630” 73° 36’ 31.512”

COS–05–261 ANH–COS–05 Villa de Leyva Conejo Turonian to Santonian 5° 31’ 54.705” 73° 49’ 49.929”

COS–05–1059 ANH–COS–05 Villa de Leyva Conejo Turonian to Santonian 5° 31’ 54.705” 73° 49’ 49.929”

COS–14–370 ANH–COS–14 Villa de Leyva Villa de Leyva Late Hauterivian 5° 35’ 01.356” 73° 31’ 30.586”

COS–14–650 ANH–COS–14 Villa de Leyva Villa de Leyva Late Hauterivian 5° 35’ 01.356” 73° 31’ 30.586”

COS–14–678 ANH–COS–14 Villa de Leyva Ritoque Late Valanginian – early Hauterivian 5° 35’ 01.356” 73° 31’ 30.586”

COS–14–1506 ANH–COS–14 Villa de Leyva Ritoque Late Valanginian – early Hauterivian 5° 35’ 01.356” 73° 31’ 30.586”

COS–15–893 ANH–COS–15 Villa de Leyva San Gil Sandstone Early Albian 5° 32’ 37.037” 73° 38’ 06.689”

COS–15–1323 ANH–COS–15 Villa de Leyva San Gil Sandstone Early Albian 5° 32’ 37.037” 73° 38’ 06.689”

COS–15–1330 ANH–COS–15 Villa de Leyva Paja Barremian and Aptian 5° 32’ 37.037” 73° 38’ 06.689”

COS–15–2220 ANH–COS–15 Villa de Leyva Paja Barremian and Aptian 5° 32’ 37.037” 73° 38’ 06.689”

INFA–4727 Infantas–1613 MMV La Luna Turonian to Santonian 6° 55’ 38.423” 73° 46’ 43.388”

INFA–6243 Infantas–1613 MMV La Luna Turonian to Santonian 6° 55’ 38.423” 73° 46’ 43.388”

INFA–6396 Infantas–1613 MMV El Salto Cenomanian 6° 55’ 38.423” 73° 46’ 43.388”

INFA–6472 Infantas–1613 MMV El Salto Cenomanian 6° 55’ 38.423” 73° 46’ 43.388”

INFA–6480 Infantas–1613 MMV Simití Middle and late Albian 6° 55’ 38.423” 73° 46’ 43.388”

INFA–8840 Infantas–1613 MMV Simití Middle and late Albian 6° 55’ 38.423” 73° 46’ 43.388”

INFA–8650 Infantas–1613 MMV Tablazo Early Albian 6° 55’ 38.423” 73° 46’ 43.388”

INFA–9358 Infantas–1613 MMV Paja Barremian and Aptian 6° 55’ 38.423” 73° 46’ 43.388”

INFA–9364 Infantas–1613 MMV Paja Barremian and Aptian 6° 55’ 38.423” 73° 46’ 43.388”

RIO–3496 Río de oro–14 Catatumbo Mito Juan Early Maastrichtian 9° 05’ 37.499” 72° 54’ 04.926”

RIO–4220 Río de oro–14 Catatumbo Mito Juan Early Maastrichtian 9° 05’ 37.499” 72° 54’ 04.926”

RIO–4780 Río de oro–14 Catatumbo Colón (Lower) Early Campanian 9° 05’ 37.499” 72° 54’ 04.926”

RIO–5392 Río de oro–14 Catatumbo Colón (Lower) Early Campanian 9° 05’ 37.499” 72° 54’ 04.926”

RIO–5768 Río de oro–14 Catatumbo La Luna Turonian to Santonian 9° 05’ 37.499” 72° 54’ 04.926”

RIO–5775 Río de oro–14 Catatumbo La Luna Turonian to Santonian 9° 05’ 37.499” 72° 54’ 04.926”

RIO–6259 Río de oro–14 Catatumbo Capacho Middle and late Albian 9° 05’ 37.499” 72° 54’ 04.926”

SAR–7336 Sardinata–n2 Catatumbo La Luna Turonian to Santonian 8° 30’ 15.474” 72° 39’ 04.879”

SAR–7460 Sardinata–n2 Catatumbo La Luna Turonian to Santonian 8° 30’ 15.474” 72° 39’ 04.879”
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sponds to La Luna Formation in the Aguachica area; the low-
est content (0.2% TOC) is from the Ritoque Formation in the 
Villa de Leyva area.

Thermal maturity values are derived from vitrinite reflec-
tance and pyrolysis. The limestones include Ro data that have 
at least 10 particles of vitrinite per sample. The shales include 
Ro data that have at least 40 particles of vitrinite per sample. 
Thermal maturity from pyrolysis comes from reliable Tmax 
values from samples with more than 0.2 mg HC/g at S2.

The Ro values from La Luna Formation are in the oil and 
early gas generation windows (0.8–1.3 % Ro). The highest ther-
mal maturity values obtained from pyrolysis are from the Upper 
Cretaceous Oliní Group (2.4–2.8 % Ro) and Conejo Formation 
(2.9% Ro). The highest thermal maturity values obtained from 
vitrinite are from the Lower Cretaceous Murca, Trincheras, and 
Hilo Formations from the Villeta area (4.0–4.2 % Ro) and the 
Paja Formation from the Villa de Leyva area (4.3% Ro).

Table 4 shows the average values of gas collected in the 
200 canister samples cored from field exposures, along with the 
TOC average values per section. The samples with the highest 
TOC and gas contents in the upper part of the table are from La 
Luna, Guayacán, Hilo, and Paja Formations. The values corre-
spond to total gas, which includes lost and desorbed gas before 
fracturing and grinding the rock and residual gas after these 
procedures. Total gas includes hydrocarbons, CO2, nitrogen, 
and oxygen. The results are ordered by gas content.

Table 5 displays the gas chromatography results with the 
best sample of each section in terms of the highest contents 
of gaseous hydrocarbons released in the 200 canister tests, 
along with the averages of TOC and Ro per section. The table 
includes the contents of the most abundant gases, including 
methane, ethane, and propane. The results are ordered by the 
total percentage of gas hydrocarbons; the highest ones are in 
the upper part of the table and correspond to La Luna, Lidita 
Inferior, Lidita Superior, Hilo, Guayacán, and Paja Formations.

Table 6 presents the samples with the highest volumes of 
hydrocarbons, along with the residual versus desorbed gas ratio 
and the CO2 content. The results from a total of 200 samples are 
ordered by hydrocarbon percentage. The highest values in the 
upper part of the table correspond to La Luna, Lidita Inferior, 
Lidita Superior, Hilo, Guayacán, and Paja Formations.

Table 7 shows the porosity and permeability average values 
per section, along with the average gas hydrocarbon content. 
The results from a total of 500 samples are ordered by porosity 
values; the lowest ones are in the upper part of the table and 
correspond to the units with the highest hydrocarbon content.

Table 8 displays the pyrolysis results, along with the TOC 
and thermal maturity values per section. The samples are or-
dered by the average content of hydrocarbons released at the 
S2 peak. The TOC averages included in the table are those of 
the 500 samples processed for pyrolysis and are in general 
higher than those compiled in Table 3, which correspond to 

the total 1500 samples of the study. This is because the sam-
ples with higher TOC from each section were chosen for the 
pyrolysis analysis.

4. Discussion

4.1.  TOC and Thermal Maturity

The best values of TOC and thermal maturity are found in the 
biomicrites and diagenetic cherts of La Luna Formation, the 
Hilo Formation, and the Oliní Group, from the N and W sides 
of the basin (Figures 4–7; Tables 3–5).

The Ro values obtained from vitrinite reflectance and pyrol-
ysis data (Figures 6, 7; Table 3) are present in two lithological 
groups, calcareous and terrigenous, which have very different 
properties in terms of maturity and TOC contents. Because the 
particles of vitrinite are of terrigenous origin, the rocks that 
contain more analyzed points and yield more reliable results 
are the mudstones and shales that have higher contents of clay 
minerals and organic matter of terrestrial origin. In this shale 
(and marlstone) group, the San Gil Superior Shale from well 
CON–7 and the Paja Formation from wells CON–8 and COS–
15 are notable because they have between 40 and 70 vitrinite 
particles analyzed.

The biomicrites, as well as the biosparites and siltstones 
with low amounts of terrigenous mud, are placed in the other 
group, with very few or no particles of vitrinite. The most no-
table rocks of this group are the foraminiferal biomicrites of La 
Luna Formation, which have very few particles, usually 1 or 2 
per sample, and do not produce reliable average Ro results. In 
these rocks, the pyrolysis results yield a better approximation 
of thermal maturity. The biomicrites of the Hilo and Lomagor- 
da Formations, along with the Oliní Group, also have very 
few vitrinite particles, approximately 3 to 6 on average. For 
instance, there is a huge difference between the vitrinite (0.8% 
Ro) and pyrolysis (2.4–2.8 % Ro) values of the Oliní Group 
due to the scarcity of vitrinite particles. A few siltstones, muddy 
sandstones, and biosparites interbedded in the Ritoque (well 
COS–14), Churuvita (well CON–6), and Conejo Formations 
(well COS–5) are also good examples of nonreliable thermal 
maturity values from vitrinite.

The best TOC results are those of La Luna Formation bio-
micrite (Turonian to Santonian TST and HST), which has aver-
ages per section between 4.9 and 11.6% TOC. These averages 
are even higher than the 4–8 % TOC averages compiled by 
Kennedy et al. (2016) from the prolific Eagle Ford biomicrite 
of Texas, which has the same age as La Luna Formation and 
is currently producing nonconventional oil and gas. Very high 
individual values were obtained from samples at caño El Salto 
(CES–1) from Aguachica (21.7% TOC), Aguadulce Creek 
(QAD) from the W foothills of the Eastern Cordillera (18.2% 
TOC), and caño Aguablanca (CAB) also from Aguachica 
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Table 3. TOC vs. Thermal maturity.

Formation Alloformation age Stratigraphic 
section Area TOC average 

(%)
Ro average (%) Vitrin 

– Pyrol
La Luna Turonian to Santonian CES1 Aguachica 11.6 PYR 0.8

Guayacán Cenomanian QLL Catatumbo 8.7 PYR 1.2

La Luna Turonian to Santonian CES Aguachica 8.6 PYR 0.8

La Luna Turonian to Santonian QS2 Barichara 8.6 PYR 0.9

La Luna Turonian to Santonian RIO–14 Catatumbo 8.1 VIT 0.3 PYR 1.0

La Luna Turonian to Santonian SAR–N2 Catatumbo 7.7 VIT 1.0 PYR 1.3

La Luna Turonian to Santonian RR1 Catatumbo 7.2 VIT 0.8 PYR 1.1

La Luna Turonian to Santonian QS1 Barichara 7 VIT 0.4 PYR 0.9

La Luna Turonian to Santonian QAD1 Barichara 6.5 VIT 0.4 PYR 0.8

La Luna Turonian to Santonian QLL Catatumbo 6.1 VIT 0.6 PYR 1.2

Hilo Middle and late Albian QP Villeta 5.8 VIT 4.0

Paja Barremian and Aptian QNP Villa de Leyva 5.8 VIT 3.1

La Luna Turonian to Santonian INFAN–1613 Middle Magdalena Valley 5.6 PYR 0.9

La Luna Turonian to Santonian QAD Barichara 5.4 VIT 0.4 PYR 0.8

Furatena (lower section) Berriasian to early Hauterivian QBB W Emerald B 5.3 VIT 3.1

Hilo Middle and late Albian O W Emerald B 5.3 VIT 3.5

Hilo Middle and late Albian RC Villeta 4.9 VIT 3.4

La Luna Turonian to Santonian CAB Aguachica 4.9 PYR 0.8

Lomagorda Turonian to Santonian QC1 UMV–W Foothills 4.5 VIT 2.4

Furatena (lower section) Berriasian to early Hauterivian BB W Emerald B 4.4 VIT 3.1

Paja Barremian and Aptian QLP Barichara 3.8 PYR 1.9

Guayacán Cenomanian RR1 Catatumbo 3.7 PYR 1.1

Trincheras Barremian and Aptian VV Villeta 3.5 VIT 4.0

Lidita Superior Late Campanian QG UMV–Villeta 3.1 VIT 0.8 PYR 2.4

Lidita Inferior Late Santonian QC UMV–W Foothills 3 VIT 2.4

Lidita Inferior Late Santonian QG UMV–Villeta 2.7 VIT 0.8 PYR 2.8

Paja Barremian and Aptian CON–8 Villa de Leyva 2.7 VIT 3.1

El Salto Cenomanian QS2 Barichara 2.4 PYR 0.9

San Gil Sandstone Early Albian CON–8 Villa de Leyva 2.4 VIT 2.5

Paja Barremian and Aptian COS–15 Villa de Leyva 2.3 VIT 4.3

Macanal Berriasian to early Hauterivian GA E Emerald B 2.1 VIT 3.7

San Gil Sandstone Early Albian COS–15 Villa de Leyva 1.9 VIT 3.8

Villa de Leyva Late Hauterivian COS–14 Villa de Leyva 1.8 VIT 3.4

Conejo Turonian to Santonian COS–5 Villa de Leyva 1.7 VIT 2.9

Conejo Turonian to Santonian RCA Villeta 1.6 PYR 2.9

Murca (lower Section) Berriasian to early Hauterivian RT Villeta 1.4 VIT 4.2

San Gil Shale Middle and late Albian CON–7 Villa de Leyva 1.4 VIT 2.6

San Gil Sandstone Early Albian CON–7 Villa de Leyva 1.2 VIT 3.2

El Salto Cenomanian QS Barichara 1.1 PYR 0.9

Capacho Middle and late Albian RR Catatumbo 0.8 PYR 1.2

Churuvita Cenomanian CON–7 Villa de Leyva 0.7 VIT 2.5

Chipaque Turonian to Santonian QSACH Llanos Foothills 0.6 PYR 0.6

Une (upper section) Cenomanian QSAU Llanos Foothills 0.6 PYR 0.9

Chipaque Turonian to Santonian QSAC Llanos Foothills 0.5 PYR 0.6

Churuvita Cenomanian CON–6 Villa de Leyva 0.5 VIT 2.2

Aguacaliente Late Campanian QSA Llanos Foothills 0.4 PYR 0.6

Ritoque Berriasian to early Hauterivian COS–14 Villa de Leyva 0.2 VIT 3.9
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Table 4. Gas content vs. TOC.

Formation Alloformation Age Stratigraphic Section Area Total Gas (feet³/ton) TOC (%)

Guayacán Cenomanian RR1 Catatumbo 16.18 3.7

La Luna Turonian to Santonian QS2 Barichara 15.63 8.6

La Luna Turonian to Santonian RR1 Catatumbo 14.59 7.2

Murca (lower section) Berriasian to early Hauterivian RT Villeta 14.42 1.4

Capacho Middle and late Albian RR Catatumbo 13.74 0.8

Furatena (lower section) Berriasian to early Hauterivian BB W Emerald B 13.68 4.4

La Luna Turonian to Santonian CAB Aguachica 13.51 4.9

El Salto Cenomanian QS2 Barichara 13.01 2.4

Paja Barremian and Aptian QLP Barichara 12.89 3.8

Lidita Inferior Late Santonian QC UMV–W foothills 12.51 3

La Luna Turonian to Santonian CES1 Aguachica 12.04 11.6

Hilo Middle and late Albian O W Emerald B 11.84 5.3

La Luna Turonian to Santonian QAD1 Barichara 11.67 6.5

Une (upper section) Cenomanian QSAU Llanos Foothills 11.63 0.6

La Luna Turonian to Santonian CES Aguachica 11.59 8.6

Villa de Leyva Late Hauterivian RSP Villa de Leyva 11.48 1.3

Macanal Berriasian to early Hauterivian GA E Emerald B 10.9 2.1

La Luna Turonian to Santonian QS1 Barichara 10.3 7

Chipaque Turonian to Santonian QSACH Llanos Foothills 9.91 0.6

La Luna Turonian to Santonian QAD Barichara 9.1 5.4

La Luna Turonian to Santonian QLL Catatumbo 9.02 6.1

Macanal Berriasian to early Hauterivian C E Emerald B 8.89 1.4

Aguacaliente Late Campanian QSA Llanos Foothills 8.5 0.4

Hilo Middle and late Albian QP Villeta 8.47 5.8

Chipaque Turonian to Santonian QSAC Llanos Foothills 7.8 0.5

Ritoque Berriasian to early Hauterivian RSR Villa de Leyva 7.79 0.6

Trincheras Barremian and Aptian VV Villeta 7.67 3.5

Fómeque Barremian and Aptian QLM E Emerald B 7.43 1.1

Macanal Berriasian to early Hauterivian MSP E Emerald B 7.34 0.6

Conejo Turonian to Santonian RCA Villeta 7.33 1.6

Fómeque Barremian and Aptian QED E Emerald B 6.93 1.4

Lidita Superior Late Campanian QG UMV–Villeta 6.46 3.1

Hilo Middle and late Albian RC Villeta 6.39 4.9

Guayacán Cenomanian QLL Catatumbo 6.25 8.7

Lidita Inferior Late Santonian QG UMV–Villeta 6.23 2.7

El Salto Cenomanian QS Barichara 5.52 1.1

Villa de Leyva Late Hauterivian QN Villa de Leyva 4.88 0.8

Paja Barremian and Aptian QNP Villa de Leyva 4.78 5.8

(13.9% TOC). The Ro maturity values of La Luna Formation 
(from Tmax) are also excellent, between 0.8 and 1.3%, in the 
oil and early gas generation windows.

The TOC average percentages presented here from 212 
samples of La Luna Formation, collected from 9 field sections 

Figure 4. Distribution of average TOC values per section from 1500 
samples. The highest percentages are on the N and W sides of  
the basin.
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and three wells (Table 3), are also higher than the 4.0% TOC 
documented by Liborius & Slatt (2014) from 20 data points 
from a well in the Maracaibo area of Venezuela and higher 
than the values of 4.3% TOC (Zumberge, 1984) and 4.0% TOC 
(Casadiego & Rios, 2016) from exposures W of Bucaramanga. 
Torres et al. (2015) also reported values as high as 11.9% TOC 
from an area W of Bucaramanga, but the average of 34 data 
points appears to be approximately 2.5% TOC. Galvis–Portilla 
et al. (2014) reported TOC data from a 120–feet interval of a 
well in the Middle Magdalena Valley (MMV), with 11 values 
between 1.3 and 5.3% TOC and an average of approximately 
3.0% TOC. Veiga & Dzelalija (2014) reported TOC values be-
tween 2 and 5% TOC with thermal maturity from 0.8–1.3 % 
Ro from Catatumbo and between 2 and 6% TOC with thermal 
maturity from 0.5–1.3 % Ro from the MMV, which match our 
maximum thermal maturity results but are below our TOC av-
erages. Most of the TOC values from La Luna in the Catatumbo 
area compiled by Aguilera et al. (2010) are in the range of 4–6 
% TOC, with 10 points between 6 and 8% TOC, which are 
within the range of the 6.1–8.1 % TOC averages presented here 
from 80 samples from the Cúcuta/Catatumbo area; most of their 
thermal maturity values are between 0.8 and 1.5% Ro. Aguilera 
et al. (2010) also compiled data from the MMV, showing that 
most TOC data points are between 2 and 4% TOC, with 7 sam-
ples between 4 and 6% TOC, which are lower than the 4.9–11.6 
% TOC averages presented here; most of their Ro values are be-
tween 0.6–0.9 % Ro with a few between 0.9–1.3 % Ro, which 
present a wider range than the 0.8–0.9 % Ro presented here for 
the MMV from 132 samples (Table 3).

Most of the Turonian to Santonian limestones of the basin, 
including La Luna and Lomagorda Formations, are biomicrites 
of planktonic foraminifera (Figure 5) deposited in a deep–sea 
offshore environment, between 150 and 200 m depths, and far 
from terrigenous sources. Centimeter–scale chert beds are pres-
ent as a diagenetic transformation of these biomicrites. There 
are also minor amounts of impure biomicrites (10–35 % clay 
minerals and silt–sized quartz particles) and minor amounts of 
marlstones (a nearly equal mixture of calcareous and terrig-
enous mud particles), as indicated by the petrography, XRD, 
and ICP–MS chemical analysis (Guerrero et al., 2000, 2020). 
In general, the Lomagorda and La Luna Formations have very 
little contribution of terrigenous material, including clay miner-
als, silt–sized quartz particles, and vitrinite particles.

Other rock names, such as “fossiliferous claystone”, “sili-
ceous claystone”, “calcareous claystone”, “fossiliferous shale”, 
“siliceous shale”, “calcareous shale”, “argillaceous limestone”, 
“siliceous mudstone”, “argillaceous mudstone”, “calcareous 
mudstone”, and so on, have been inaccurately used for La Luna 
Formation and are either the result of inappropriate rock classi-
fication or misidentification of the unit.

In the first case, concerning inappropriate rock classifica-
tion, the dark–colored, organic–rich calcareous mud matrix 

(fragments of foraminifera, calcareous algae, and coccoliths), 
and the diagenetically silicified chert matrix, are erroneously 
identified as terrigenous claystones and/or mudstone shales, al-
though in those rocks, the only observable framework particles 
in the petrographic microscope are foraminifera, fish bones, and 
fecal pellets in the range of coarse silt and sand–sized bioclasts. 
The petrography and the chemical ICP–MS and XRD analysis 
of these rocks indicate a dominance of calcite and quartz (dia-
genetic quartz instead of terrigenous quartz), with very little or 
no clay minerals.

In the second case, concerning the misidentification of the 
unit, the shale beds of the upper part of the Simití Formation 
were erroneously included in the “salada” and “pujamana” 
members of La Luna Formation at a proposed type locality 
(Morales et al., 1958) W of Bucaramanga, where La Luna bio-
micrite and the Simití shale are in faulted contact. Since then, 
researchers have tried to identify three members in La Luna 
Formation, creating difficulties in the identification of the unit 
and major correlation problems; for example, Casadiego & 
Rios (2016) indicated that the “pujamana” member of other 
authors corresponds to the “galembo” member at the Agua- 
blanca section W of Bucaramanga. The enormous thickness of 
approximately 3000 feet from cores reported by Galvis–Portilla 
et al. (2014) also suggests that the authors may have included 
strata from more than one unit in their definition of La Luna 
Formation. The thickness of the Turonian to Santonian lime-
stones exposed at the type locality of La Luna Formation in 
Venezuela and in the rest of the basin in Colombia (Guerrero, 

Figure 5. Thin section photograph of a silicified biomicrite (sam-
ple QAD–20) from La Luna Formation at the Aguadulce Creek W of 
Bucaramanga. Large foraminifera have a length of 100 to 200 µm. 
The matrix is composed of organic matter and quartz–replaced 
calcareous mud (silt– and clay–sized fragments of foraminifera 
and calcareous algae). The sample contains 5% terrigenous mud 
(clay minerals and silt–sized quartz particles), 60% diagenetic 
quartz, and 35% calcite.

0.2 mm
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2002b) reaches a maximum measured thickness of 700 to 900 
feet, so it is difficult to believe that the unit could reach 2500 to 
3000 feet in oil wells.

Other rocks laterally adjacent (on the same Turonian to San-
tonian TST and HST facies belts) have maturity data slightly 
lower in the early oil generation window, such as the Chipaque 
Formation shales of the Llanos Foothills (0.6% Ro), but very 
low contents of organic matter (0.5–0.6 % TOC).

The Conejo Formation, which is located closer to the center 
of the basin than the Chipaque Formation, has much higher 
thermal maturity, between 2.6 and 2.9% Ro (well COS–5), in 
the late generation gas window, with TOC values between 1.6 
and 1.7%, which are also somewhat low. However, one sam-
ple from La Frontera Member in the lower part of the Conejo 
Formation at the COS–5 well had the highest TOC (24.8%) of 
the whole study.

Toward the west, the Lomagorda Formation from the Co-
bre Creek (QC1) in the W foothills of the Eastern Cordillera 
has maturity values of approximately 2.4% Ro, which are also 
in the late generation gas window, but has average values of 
TOC (4.5%) comparable with the lowest values of La Luna 
Formation. The highest content from the Lomagorda Formation 
in the study area was 7.4% TOC. Veiga & Dzelalija (2014) re-
ported TOC values from 5 wells of the Lomagorda Formation 
in the UMV (they used the name “la luna”) of between 1.45 and 
2.75% TOC. However, the enormous reported thicknesses in 
some wells (up to 2650 feet) and the absence of the Lidita In-
ferior and Lidita Superior of the Oliní Group introduces doubts 
regarding the identification of the units. Aguilera et al. (2010) 
compiled values between 1 and 9% TOC from the Lomagorda 
Formation of the UMV (they also used the name “la luna”) 
with immature organic matter showing values below 0.5% Ro.

The late Santonian Lidita Inferior Unit has essentially the 
same lithology as the Lomagorda Formation (biomicrites of 
planktonic foraminifera) but is partially replaced by diagenet-
ic quartz (Guerrero et al., 2000) due to its proximity with the 
regressive terrigenous strata of Campanian age (middle part of 
the Oliní Group). The TOC average values of the Lidita Inferior 
are between 2.7 (QG) and 3.0% (QC); the highest TOC of the 
Lidita Inferior at the Cobre Creek was 6.8%.

The biomicrites, diagenetic cherts, marlstones, and shales 
of the middle and late Albian transgressive and high sea level 
intervals (Tetuán, Hilo, San Gil Superior, Simití, and Capacho) 
present significant differences in terms of TOC and Ro. The 
best TOC values correspond to the Hilo Formation, whose av-
erages are very good and range from 4.9–5.8 % TOC, but the 
unit is apparently overmature, with Ro vitrinite values between 
3.4 and 4.0%. The highest TOC of the Hilo Formation was 
12.1% at the Otanche (O) section. The San Gil Superior Shale 
of well CON–7 is on the late gas generation window (2.6% Ro), 
but it has a low average value of TOC (1.4%). The Capacho 
Formation of the Catatumbo area is in the early gas generation 

window (1.2% Ro) and has a low content of organic matter 
(0.8% TOC). Veiga & Dzelalija (2014) reported TOC values 
of the Tetuán Formation between 1.78 and 4.42% TOC from 5 
wells of the UMV. Aguilera et al. (2010) also compiled abun-
dant data between 2–10 % TOC and 0.5–0.8 % Ro from the 
Tetuán Formation.

Units of Barremian and Aptian transgressive and high sea 
levels (Paja, Fómeque, and Trincheras Formations) have ac-
ceptable values for TOC, between 2.3 and 5.8% but are gen-
erally overmature, with values between 3.1 and 4.3% Ro in 
wells CON–8 and COS–15. There is, however, an interesting 
exception at the type locality of the Paja Formation in the W 
foothills of the Eastern Cordillera, where it has 3.8% TOC and 
1.9% Ro, putting it in the gas generation window.

The oldest units of the succession, in the Berriasian to 
Hauterivian interval, are even more overmature, with 3.7% 
Ro in the Macanal Formation from Gachalá (GA), 4.2% Ro 
in the Murca Formation of the Tobia River (RT), 3.9% Ro in 
the Ritoque Formation from COS–14 well, and 3.4% Ro in the 
overlying Villa de Leyva Formation in the same well COS–14.

In general, biomicrites of foraminifera have much higher 
contents of TOC than shales, so that instead of gas shales, the 
gas biomicrites constitute a far better target. Because biomi-
crites have lower clay contents (down to zero) than claystone 
and mudstone shales, it is expected that the biomicrites have a 
more brittle behavior than shales during the process of fracking. 
In addition, the plastic behavior of the clay shales will more 
easily close the induced fractures than the brittle behavior of 
the biomicrite limestones.

Thermal maturity values in the oil and early gas windows 
are good in the E and W borders and very good in the N side of 
the basin, where it opened to the proto–Caribbean. The strata 
from the axis of the basin are thermally overmature, especially 
in the areas proximal to the gabbroic intrusions and associat-
ed hydrothermal activity, which increased the thermal gradient 
during the Berriasian to Cenomanian main extension of the 
back–arc basin (Guerrero et al., 2020). 

4.2.  Gas Content in Canister Samples

The volumes of gas released from 200 canister samples taken 
from field exposures are compared with the TOC and Ro values 
of several formations (Figures 8, 9; Tables 5, 6). Airtight cylin-
drical containers of metal (canisters) were used to collect and 
measure gases in drilled cores of approximately 1 foot in length 
and 1.6–inch diameter, taken at a depth of 3 m below the surface. 
Most of the units measured are from transgressive and high sea 
level (TST and HST) biomicrites, marlstones, and shales, with 
some exceptions in regressive sea level (RST) shale units.

Gas chromatography revealed the presence of methane, 
ethane, propane, isobutane, butane, neopentane, isopentane, 
pentane, and hexane. In most of the samples studied, methane 
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Figure 6. Distribution of thermal maturity (vitrinite reflectance) average values per section. The strata of the N area of the basin have 
lower thermal maturity than those of the central and SW areas. 1500 samples.

constitutes the main volume of gaseous hydrocarbons (Figures 
9, 10; Table 5), followed by ethane and propane. All samples 
also contained a mixture of nitrogen and oxygen obtained from 
air exposure near the surface. This mixture varies between 19 
and 91% of the total gases collected, so many samples had 
high contents of air instead of gaseous hydrocarbons; the sam-
ples with the highest air contamination (nitrogen and oxygen) 
were the shales of the Ritoque, Villa de Leyva, Paja, Maca-
nal, Fómeque, Chipaque, and Aguacaliente Formations. CO2 
was also present in significant volumes that reached 15.3%, 
with the highest percentages obtained in samples of the Cone-
jo, El Salto, La Luna, Macanal, Fómeque, Une, Chipaque,  
Aguacaliente, Murca, Trincheras, and Hilo Formations.

Samples with the lowest CO2 contents (3.0–11.5 %) were 
associated with the highest hydrocarbon contents (15.0–77.8 
%), which include the limestones and cherts of La Luna, Lidita 
Inferior, Lidita Superior, Hilo, Guayacán, and Paja Formations 
(Figure 11; Table 6). The results are important because although 
these rocks have lost important amounts of gas during uplift 
fracturing and have also been near the surface for some time, 
they still contain hydrocarbons stored in micropores and mi-
crofossil cavities.

Notably, gas contents are present in the biomicrites of La 
Luna Formation (TST and HST of the Turonian to Santonian 
time span), with average contents of total gas per section be-
tween 9.02 and 15.63 cubic feet per ton (feet3/ton). The best 
sample of the whole study (QLL–40 from La Leche Creek) re-
leased 5.10 feet3/ton of hydrocarbons, corresponding to 77.8% 
of its total gas content.

Additionally, in these areas, the TOC average values per 
section are excellent, ranging from 11.6% in El Salto Creek 
(CES1) in the Aguachica area, 8.6% in La Sorda Creek (QS2) in 
the Barichara area, and 7.2% in the Riecito River (RR1) in the 
Cúcuta area. In addition to the very high averages per section, 
individual samples have amazing organic carbon contents that 
range from 21.7 (sample CES1–02 from the Aguachica area) 
to 18.2% TOC (sample QAD–64 from the Barichara area) and 
11.1% TOC (sample RR1–30 from the Cúcuta area).

In contrast, laterally adjacent units composed mainly of 
mudstone and shale have very low contents of gaseous hy-
drocarbons and TOC, such as the Chipaque Formation of the 
Llanos Foothills, which only reaches 0.5% TOC (QSAC) and 
0.6% TOC (QSACH) in San Antonio Creek, with maximum 
hydrocarbon contents of 0.004% to 0.1%. The Conejo Forma-
tion at the Cañas River (RCA) in the Villeta area is slightly 
better, with a maximum 3.3% gaseous hydrocarbon content and 
TOC average of 1.6%. The three units belong to the same in-
terval of time (Turonian to Santonian), constitute source rock 

and still contain hydrocarbons, but the biomicrites of La Luna 
Formation are much richer in TOC and release more gaseous 
hydrocarbons than the shales of the other units. Therefore, La 
Luna Formation constitutes the most promising unit for uncon-
ventional hydrocarbons, not only because of its high content 
of gas and its very high content of TOC but also because the 
biomicrite limestones break better and maintain open fractures 
better than muddy units with high contents of clay minerals. 
The mudstones and shales do not break easily due to their plas-
tic behavior, and the induced fractures close more quickly than 
in the biomicrites.

The Guayacán Formation (Cenomanian) from the Cúcuta 
area also presents high values of hydrocarbons and TOC. Total 
gaseous hydrocarbons comprise up to 27.2% of the gases mea-
sured (6.25 feet3/ton), with a TOC average of 8.7% (QLL). The 
highest TOC value (9.4%) of the unit is from sample RR1–02 
at the Riecito River. The Guayacán Formation is a regressive 
unit (RST) that contains shales similar to those of the under-
lying Capacho Formation (TST and HST of the middle and 
late Albian) but differs by its content of minor interbedding of 
bivalve biosparites and arenites deposited in a progradation-
al set of offshore to shoreface parasequences. The upper part 
of the Guayacán Formation can also serve as a conventional 
reservoir filled with hydrocarbons generated by the Capacho 
Formation and the lower part of the Guayacán Formation. The 
seal of this reservoir is made by the biomicrites and marlstones 
of La Luna Formation.

Other units that deserve special mention are the late Santo-
nian to Campanian biomicrites and cherts of the Lidita Inferior 
and Lidita Superior of the Oliní Group from the Guate Creek 
(QG), west of the Bituima Fault. The highest gaseous hydro-
carbon canister contents are between 34.3 and 37.3% of their 
total gas content (10.47 to 12.71 feet3/ton), with TOC values be-
tween 2.7 and 3.1%. The highest hydrocarbon contents from the 
Oliní Group were between 3.91 and 4.36 feet3/ton. The highest 
methane content of the whole study (4.35 feet3/ton) comes from 
sample QG–251 of the Lidita Superior (Figures 9, 10, 12; Table 
5). The data of gas released from the Oliní Group are very im-
portant because the same units are present over a large area in 
the UMV, along with other thick biomicrite units, which include 
the Lomagorda (Turonian to Santonian) and Tetuán (middle and 
late Albian) Formations.

The biomicrites and cherts of the Hilo Formation (middle 
and late Albian TST and HST) reached a high value of 1.93 
feet3/ton of hydrocarbons (27.9% out of 6.93 feet3/ton), with 
a 4.9% TOC average value at the Contador River (RC) in the 
Villeta area. At Piñal Creek (QP), the hydrocarbon content 
reached 7.7%, with a 5.8% TOC average value. At Otanche 
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Figure 7. TOC and Ro average values per section. The highest TOC contents (11.6–2.1 %) are from La Luna, Guayacán, Hilo, Paja, Furatena, 
Lomagorda, Trincheras, Lidita Inferior, Lidita Superior, San Gil Sandstone, and Macanal Formations. The best Ro values (0.8–1.3 %) are 
from La Luna Formation biomicrites. Number of samples: 1500.

Table 5. Gas chromatography from canisters.

Formation Sample Total Gas  
(feet³/ton) TOC (%) Ro (%) Methane  

% (mol)
Ethane  
% (mol)

Propane  
% (mol)

Total HC  
% (mol)

La Luna QLL–40 6.56 6.1 PYR 1.2 30.6 15.1 12.1 77.8

La Luna RR1–25 6.66 7.2 PYR 1.1 19.8 12.6 5.1 47.9

Lidita Inferior QG–35 10.47 2.7 PYR 2.8 35.1 1.9 0.3 37.3

Lidita Superior QG–251 12.71 3.1 PYR 2.4 34.2 0 0 34.3

Hilo RC–16 6.93 4.9 VIT 3.4 27.8 0.1 0 27.9

Guayacán QLL–00 6.25 8.7 PYR 1.2 13.6 6.6 3 27.2

La Luna CES1–00 10.55 11.6 PYR 0.8 4.2 3.7 6.4 18.6

Paja QLP–36 12.61 3.8 PYR 1.9 15.4 1.4 0.2 17.3

Lidita Inferior QC–13 19.19 3 VIT 2.4 14.6 0.2 0 14.8

La Luna CES–51 9.34 8.6 PYR 0.8 3.5 2 4.7 13.4

La Luna CAB–85 12.85 4.9 PYR 0.8 10.6 0 0 10.6

La Luna QS2–50 15.18 8.6 PYR 0.9 1.8 1.6 2.4 8.5

Hilo QP–313 13.68 5.8 VIT 4.0 7.7 0 0 7.7

La Luna QAD–64 8.56 5.4 PYR 0.8 1.6 1 1.9 6.3

La Luna QAD1–10 13.88 6.5 PYR 0.8 0.9 0.8 1.2 3.7

Conejo RCA–47 9.66 1.6 PYR 2.9 3.2 0.1 0 3.3

Capacho RR–00 10.1 0.8 PYR 1.2 0.9 0.2 0.2 1.9

Hilo O–33 6.02 5.3 VIT 3.5 1.4 0.2 0 1.6

La Luna QS1–26 8.42 7 PYR 0.9 0.3 0.3 0.4 1.3

Furatena BB–00 12.8 4.4 VIT 3.1 0.7 0 0 0.7

El Salto QS2–12 11.6 2.4 PYR 0.9 0.2 0.1 0.2 0.7

Murca (lower section) RT–29 11.26 1.4 VIT 4.2 0.6 0 0 0.6

Macanal C–50 8.66 1.4 VIT 2.9 0.5 0 0 0.6

El Salto QS–03 6.74 1.1 PYR 0.9 0.6 0 0 0.6

Aguacaliente QSA–93 3.24 0.4 PYR 0.6 0.4 0 0 0.4

Macanal GA–62 12.42 2.1 VIT 3.7 0.1 0 0.2 0.3

Guayacán RR1–02 26.55 3.7 PYR 1.1 0.1 0 0 0.2

Macanal MSP–30 8.67 0.6 VIT 3.0 0.2 0 0 0.2

Trincheras VV–30 2.2 3.5 VIT 4.0 0.1 0 0 0.2

Une (upper section) QSAU–19 9.73 0.6 PYR 0.9 0.1 0 0 0.1

Chipaque QSAC–08 8.38 0.5 PYR 0.6 0.1 0 0 0.1

Fómeque QED–00 7.22 1.4 VIT 4.2 0.1 0 0 0.1

Fómeque QLM–00 5.16 1.1 VIT 4.3 0.1 0 0 0.1

Villa de Leyva RSP–15 12.4 1.3 VIT 3.9 0.004 0 0 0.004

Chipaque QSACH–22 11.81 0.6 PYR 0.6 0.004 0 0 0.004

Ritoque RSR–16 9.13 0.6 VIT 3.4 0.004 0 0 0.004

Paja QNP–06 7.57 5.8 VIT 3.1 0.004 0 0 0.004

Villa de Leyva QN–00 6.19 0.8 VIT 3.8 0.004 0 0 0.004
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Table 6. Gas contents in canister samples (feet³/ton).

Formation Sample Lost Desorbed Residual Total Gas HC (%) CO2 (%) Total HC Residual vs. 
desorbed

La Luna QLL–40 0.15 1.18 5.24 6.56 77.8 3 5.1 4.5

La Luna RR1–25 0.08 1.29 5.29 6.66 47.9 7.1 3.19 4.1

Lidita Inferior QG–35 0.01 0.74 9.72 10.47 37.3 8.5 3.91 13.2

Lidita Superior QG–251 0.08 6.03 6.6 12.71 34.3 8.9 4.36 1.1

Lidita Inferior QG–25 0 1.11 6.07 7.17 33.1 9.1 2.37 5.5

Hilo RC–16 0 1.24 5.69 6.93 27.9 9.8 1.93 4.6

La Luna QLL–17 0.19 1.11 7.73 9.03 27.6 9.8 2.49 7

Guayacán QLL–00 0.01 1.27 4.96 6.25 27.2 9.9 1.7 3.9

Lidita Inferior QG–137 0.01 0.27 4.35 4.63 19.6 10.9 0.91 16.1

La Luna CES1–00 0.17 1.32 9.06 10.55 18.6 11 1.96 6.9

Lidita Inferior QG–00 0 0.73 6.9 7.63 18.6 9.9 1.42 9.5

Lidita Superior QG–261 0.02 0.36 5.7 6.08 18.4 8.4 1.12 15.9

Paja QLP–36 0.04 0.64 11.92 12.61 17.3 11.2 2.18 18.5

La Luna RR1–60 0 1.79 13.45 15.24 17.2 11.2 2.62 7.5

La Luna CES1–21 0.02 1.88 10.54 12.44 15 11.5 1.87 5.6

Lidita Inferior QC–13 0.05 1.04 18.1 19.19 14.8 11.5 2.84 17.4

La Luna QLL–09 0.04 1.13 7.33 8.5 13.9 11.7 1.18 6.5

La Luna CES–51 0.26 1.47 7.61 9.34 13.4 11.7 1.25 5.2

Lidita Inferior QG–128 0 0.58 4.62 5.21 12.8 10 0.67 7.9

Lidita Inferior QG–12 0.01 5.03 7.75 12.79 11.7 11.4 1.5 1.5

La Luna QLL–56 0.63 1.88 8.93 11.44 11.3 11.5 1.29 4.7

La Luna CES1–10 0.28 2.64 12.2 15.11 10.6 12.1 1.6 4.6

La Luna CAB–85 0.07 1.35 11.44 12.85 10.6 12.1 1.36 8.5

La Luna QS2–50 0 1.97 13.21 15.18 8.5 12 1.29 6.7

Lidita Inferior QG–55 0 0.39 3.06 3.45 8.2 12.4 0.28 7.8

Paja QLP–55 0.03 0.98 8.29 9.31 8 12.4 0.74 8.4

La Luna CAB–32 0.05 1.3 16.77 18.13 7.8 12.5 1.41 12.9

Hilo QP–313 0.02 3.83 9.84 13.68 7.7 12.5 1.05 2.6

La Luna CES–24 0.61 2.22 12.47 15.3 7.6 12.5 1.16 5.6

La Luna CES–15 0.16 1.77 8.67 10.6 6.9 12.6 0.73 4.9

Paja QLP–44 0.01 0.86 9.81 10.68 6.8 12.6 0.73 11.4

La Luna RR1–35 0.16 2.17 12 14.32 6.4 12.7 0.92 5.5

La Luna QAD–64 0.15 1.34 7.08 8.56 6.3 12.9 0.54 5.3

La Luna CAB–15 0.13 1.27 6.67 8.07 5.8 12.4 0.47 5.3

La Luna QS2–38 0.04 1.9 12.33 14.28 4.4 12.9 0.63 6.5

La Luna QAD–53 0.12 1.13 10.31 11.56 4.4 13.1 0.51 9.2

La Luna QS2–25 0.02 1.29 16.14 17.45 4.4 13.1 0.77 12.6

La Luna QAD1–10 0.05 1.12 12.71 13.88 3.7 13.1 0.51 11.4

Conejo RCA–47 0 0.03 9.63 9.66 3.3 12.7 0.32 367.3

La Luna QAD1–60 0.28 1.71 10.86 12.85 3 13.2 0.39 6.4

Conejo RCA–59 0.05 0.21 3.91 4.17 2.1 13.3 0.09 19

Capacho RR–00 0.26 1.32 8.52 10.1 1.9 11.7 0.19 6.5

Hilo O–33 0.07 0.81 5.14 6.02 1.6 13.3 0.1 6.4
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Figure 8. Total gas content average per section (feet3/ton), including hydrocarbons, CO2, nitrogen, and oxygen. Number of samples: 200.
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Figure 9. Samples with the highest hydrocarbon volume (feet3/ton), along with their methane content. The best samples are from La 
Luna, Lidita Superior, Lidita Inferior, Paja, Hilo, and Guayacán Formations.

(O), the hydrocarbon content reached 1.6%, with a 5.3% TOC 
average. The highest TOC value of the Hilo Formation (12.1%) 
comes from sample O–10 at the Otanche section. The Capacho 
Formation shales from the same time span in the Cúcuta area 

present lower values: 1.9% for the highest hydrocarbon content 
and only 0.8% TOC average.

The best sample of the Paja Formation (Barremian and Ap-
tian TST and HST) from the type section at the Paja Creek 
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Figure 10. Methane average volumes per section (feet3/ton). Total number of samples: 200.
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Figure 11. Samples with the highest hydrocarbon volume (feet3/ton), along with their CO2 content. The best hydrocarbon contents are 
from La Luna, Lidita Superior, Lidita Inferior, Paja, Hilo, and Guayacán Formations.
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(QLP–36) released 12.61 feet3/ton of gas, of which 17.3% (2.18 
feet3/ton) are hydrocarbons; the average TOC of the section is 
3.8%, but the highest value of the unit is 9.7% TOC from sam-
ple QLP–08. Thermal maturity from pyrolysis is 1.9%, so the 
unit is in the gas window.

All the other units had very low percentages of hydrocar-
bons in the gas contents in the canister measurements, ranging 
from 0.004 to 0.7% in the Furatena, Murca, Trincheras, Paja, 
El Salto, Guayacán, Macanal, Fómeque, Une, Chipaque, Agua-
caliente, Ritoque, and Villa de Leyva Formations (Figure 9; 
Table 6). These units are composed mainly of shale, with minor 
interbedding of marlstone and biomicrite. In most samples, the 
gas measured was a mixture of oxygen and nitrogen introduced 
during air exposure close to the surface.

In samples with the highest contents of hydrocarbons from 
La Luna Formation, the volumes of residual gas released after 
fracturing the canister samples were always higher (4.1 to 12.9 
times, with an average of 6.8 times) than the volumes of gas de-
sorbed before fracturing and milling (Table 6). This means that 
these rocks still have hydrocarbons stored in micropores and 
microfossil cavities that can be released by fracturing, simulat-
ing the induced fracking process at depth. The sample with the 
highest volume of hydrocarbons (5.10 feet3/ton) was QLL–40 
from La Luna Formation in the Cúcuta area, which released 
4.5 times more residual than desorbed gas. According to ICP–
MS elemental analyses and petrography, QLL–40 is a partially 
silicified biomicrite composed of foraminifera with 65% calcite, 
30% quartz, and less than 1% Al2O3. Sample RR1–60 from La 
Luna Formation in the Cúcuta area, which is also a partially 
silicified biomicrite with 47% calcite, 47% quartz, and less than 
2% Al2O3, contained a hydrocarbon volume of 2.62 feet3/ton 
and a ratio of 7.5 residual versus desorbed gas.

Sample CES1–00 from the Aguachica area, which is a pure 
biomicrite with 96% calcite and less than 1% Al2O3, released 
a hydrocarbon volume of 1.96 feet3/ton and had a ratio of 6.9 
times residual versus desorbed gas. Samples CAB–85 from 
Aguachica and QS2–50 from Barichara are partially silicified 
biomicrites with 75% calcite, 13–15 % quartz, 4–5 % clay min-
erals, 2–3 % fluorapatite phosphates, 1% ankerite, and 1–2 % 
pyrite. Sample CAB–85 released gas hydrocarbons in a con-
centration of 1.36 feet3/ton and had a ratio of residual versus 
desorbed gas of 8.5. Sample QS2–50 released 1.29 feet3/ton and 
had a ratio of residual versus desorbed gas of 6.7. This means 
that regardless of the partial replacement of calcite by quartz, 
La Luna Formation biomicrites and diagenetic cherts (with clay 
mineral contents below 5%) have similar properties and contain 
important volumes of hydrocarbons of marine origin.

The best samples of the Lidita Inferior and Lidita Superi-
or of the Oliní Group present a less uniform ratio of residual 
versus desorbed gas. At Guate Creek (QG), the residual to de-
sorbed gas ratio varies from 1.1 to 16.1 times, and at Cobre 
Creek (QC), it is 17.4 times. The volumes of gas hydrocarbons 

range from 0.28 to 4.36 feet3/ton, which are similar to those 
of La Luna Formation, but there are fewer samples with gas 
in this unit than in La Luna. The lithology of the Lidita Units 
at Guate Creek (Figure 12) is slightly different from that of La 
Luna, with a higher clay mineral content between 10 and 30%, 
a calcite content of 25 to 45%, and a quartz content (in the 
form of diagenetic chert and silt–sized particles) of 20–75 %. 
The section QC contains an average of 59% quartz (diagenetic 
chert and silt–sized particles), 39% clay minerals, and less than 
1% calcite.

The best samples of the Hilo Formation from the Contador 
River (RC) and Piñal Creek (QP) released gas hydrocarbons 
in similar concentrations to La Luna, but there are very few 
of them compared with the number from La Luna. The RC 
samples are impure biomicrites and marlstones with 20–30 % 
clay minerals, 25–55 % calcite, and 32–58 % quartz (diagenetic 
chert and silt–sized particles). The sample RC–16 released 1.93 
feet3/ton and had a ratio of 4.6 residual versus desorbed gas. 
The QP samples are impure biomicrites and marlstones with 
10–40 % clay minerals, 10–70 % calcite, and 21–77% quartz 
(diagenetic chert and silt–sized particles). Sample QP–313 
released 1.05 feet3/ton and had a ratio of 2.6 residual versus 
desorbed gas.

Other units that released hydrocarbons include the Paja, Ca-
pacho, and Conejo Formations. Sample QLP–55 from the type 
section of the Paja Formation is a marlstone with 50% calcite, 
25% clay minerals, 20% silt–sized quartz particles, and 5% py-
rite; the sample released gas hydrocarbons with a concentration 

Figure 12. Thin section photograph of a silicified biomicrite (sam-
ple QG–251) from the Lidita Superior at Guate Creek west of the 
Bituima Fault. Large foraminifera have a length of 100 to 300 µm. 
The matrix is composed of organic matter and partially silicified 
calcareous mud (silt–sized fragments of foraminifera and calcar-
eous algae). The sample contains 15% terrigenous mud (clay min-
erals and silt–sized quartz particles), 50% diagenetic quartz, and 
35% calcite.

McrMcr
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of 0.74 feet3/ton. The Paja Formation is composed of shale with 
minor marlstone and biomicrite; the samples of the QLP section 
contain 10–75 % clay minerals, 2–60% calcite, 5–30 % quartz, 
and 3–10% pyrite. Sample QLP–36 released gas hydrocarbons 
with a concentration of 2.18 feet3/ton, which is comparable with 
good samples from La Luna Formation.

The samples RCA–47 and RR–00 from the Conejo and Ca-
pacho Formations released smaller amounts of hydrocarbons 
(0.32 and 0.19 feet3/ton) than samples from La Luna Formation. 
The Conejo Formation from section RCA is composed of shale 
with minor marlstone and chert; it contains 10–60 % clay min-
erals, 20–70 % quartz (in silt particles and diagenetic chert), 
2–32 % calcite, and 2–5 % pyrite. The Capacho Formation is 
composed of shales with less than 2% calcite, 40–50 % clay 
minerals, and 50–60 % silt–sized quartz particles.

The samples of the units with higher clay contents tend to 
have an erratic relationship of residual versus desorbed gas. 
This was especially notable in the Conejo Formation (19.0 to 
367.3 times), which is very different from the more uniform 
relationship (4.1 to 12.9 times) of the biomicrites and cherts 
from La Luna Formation. It seems that the shales exposed near 
the surface (3 m depth) are more fractured and weathered than 
the biomicrites, so the relationship of residual versus desorbed 
gas (mostly air in the Conejo Formation) is less uniform.

The residual gas contents (Table 6) of samples from field 
exposures of the Paja, Capacho, Guayacán, La Luna, Lidita In-
ferior, and Lidita Superior Formations (3.06 to 18.10 feet3/ton) 
are comparable with the residual gas contents (3.13 to 24.33 
feet3/ton) of samples from a well (534 to 564 m depth) in a 
Paleozoic shale in Indiana by Mastalerz et al. (2016). However, 
the ratios of desorbed to residual gas content are not compara-
ble because the amount of desorbed gas was always higher than 
the amount of residual gas (a ratio of 1.1 to 7.4) in the well sam-
ples from Indiana (Mastalerz et al., 2016), but in our samples, it 
was the opposite: the amount of residual gas was always higher 
than the amount of desorbed gas (a ratio of 1.1 to 18.5). We 
conclude that most of the total desorbed gas originally present 
in our samples was lost during uplift decompression and frac-
turing and during weathering close to the surface (3 m depth). If 
the relationship of residual gas in our best samples (in terms of 
hydrocarbon and residual gas content) from La Luna, Paja, and 
Lidita Inferior Formations (CES1–00, QLP–36, and QC–13) is 
extrapolated to the total gas they should contain at depth, using 
the average ratio of total to residual gas (approximately 5) of 
Mastalerz et al. (2016), total gas values between 45.5 and 90.5 
feet3/ton could be reached. A clear relationship of increasing gas 
content (18.8 to 67.8 feet3/ton) with increasing organic matter 
content (1.22 to 15.61% TOC) was documented by Mastalerz 
et al. (2016), who indicated that the gas was contained main-
ly within the micropores of the organic matter. We also found 
that the samples with the highest TOC generally contained the 
highest amounts of gas hydrocarbons.

Formation Section Porosity 
(%)

Permeability 
(µD)

Hydrocarbons 
(% molar)

Guayacán QLL 0.28 0.01 27.15

Lidita Inferior QG 0.43 0.08 15.03

Lidita Superior QG 0.89 2.12 16.94

La Luna CES 0.96 0.68 3.51

Ritoque RSR 0.97 0.17 0

La Luna RR1 1.18 0.09 18.24

La Luna CAB 1.31 11.01 2

Conejo RCA 1.34 14.92 2.28

La Luna CES1 1.47 0.52 11.93

Furatena (lower 
section) BB 1.55 0.21 0.46

Villa de Leyva RSP 1.8 0.56 0

La Luna QAD 1.93 6.14 4.05

Macanal C 2.01 26.27 0.11

Fómeque QED 2.06 13.15 0.02

Murca (lower 
section) RT 2.44 24 0.23

La Luna QLL 2.56 3.04 26.21

La Luna QS1 2.67 0.2 1.02

La Luna QAD1 2.67 0.24 1.89

La Luna QS2 3 4.85 5.77

Villa de Leyva QN 3.03 247.33 0

Hilo QP 3.05 62.33 1.12

Macanal MSP 3.23 17.88 0.07

Macanal GA 3.27 23.56 0.08

Fómeque QLM 3.44 118.63 0.02

Une (upper  
section) QSAU 3.65 0 0.03

Lidita Inferior QC 3.83 7.72 3.38

Trincheras VV 4.09 57.54 0.07

Guayacán RR1 4.32 2235.26 0.1

Aguacaliente QSA 4.59 64.58 0.05

Capacho RR 4.66 16 560.92 1.09

El Salto QS 5.22 26.63 0.41

El Salto QS2 5.27 4094.03 0.51

Chipaque QSAC 5.38 36 853.87 0.01

Chipaque QSACH 5.65 45.28 0

Hilo RC 7.43 0.76 7.47

Paja QNP 10.01 61.09 0

Hilo O 20.8 255.87 0.38

Table 7. Porosity and permeability.

4.3.  Porosity and Permeability

The limestones and cherts of the Guayacán, La Luna, Lidita 
Inferior, and Lidita Superior Formations, which released the 
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highest average percentages of gaseous hydrocarbons (11.93–
27.15 %), have porosity values below 3% and absolute perme-
ability below 3 microdarcys (Table 7). In contrast, the shale 
units have higher and nonreliable values, which reached 20.8% 
porosity in shales of the Hilo Formation and 36 854 microdar-
cys (36.85 millidarcys) in shales of the Chipaque Formation. 
These abnormal porosity and permeability values for the shales 
should correspond to free space produced during fracturing 
and weathering and to noneffective porosity related to water 
bounded to clay minerals. On the other hand, the low porosi-
ty and very low permeability values of the limestones, which 
have the highest contents of gas, do not necessarily account 
for all the nonconnected pores and fossil cavities, which can 
preserve hydrocarbons.

La Luna Formation biomicrites have uniform porosity val-
ues between 1 and 3%, with permeability values between 0.1 
and 11 microdarcys. The biomicrites and cherts of the Lidita In-
ferior and Lidita Superior Formations also have uniform values 
of porosity (below 4%) and permeability (below 8 microdar-
cys). There are also shale units (Murca, Macanal, Fómeque, and 
Conejo Formations) with comparable values of porosity (below 
4%) and permeability (13 to 26 microdarcys), but those units 
contained very little or no hydrocarbons.

The values presented here for La Luna Formation are com-
parable with those obtained by Cerón et al. (2013) and Walls et 
al. (2014) for the MMV and Catatumbo areas; the authors also 
showed that La Luna average values are comparable to those 
of the Eagle Ford reservoir from Texas. They used a high res-
olution microCT scanner and SEM imaging to obtain average 
porosity values of 4.8–6.3 % and average horizontal permeabil-
ity values of 733 to 920 nanodarcys (0.73 to 0.92 microdarcys). 
They also reported solid organic material of 7.7–8.1 % and po-
rosity values of 20–29 % within that organic material.

The very low permeability values that we obtained from the 
limestones of the Guayacán, La Luna, Lidita Inferior, and Lidita 
Superior Formations are very good because they mean that the 
units still retain hydrocarbons in organic matter, nonconnected 
pores, and fossil cavities, which could be released by fracking.

4.4. Pyrolysis and Organic Geochemistry

The pyrolysis results reveal that La Luna Formation limestones 
have the best indicators in terms of hydrocarbon content, type 
II organic matter, and thermal maturity (Figures 13, 14; Ta-
ble 8). The best sections (QAD1, QAD, CES, INFAN–1613, 
CES1, CAB, QS1, and QS2) are in the NW sector of the basin, 
in the areas of Aguachica and Barichara/Bucaramanga, in the 
MMV and W foothills of the Eastern Cordillera, followed by 
the Cúcuta sections in the Catatumbo area (RIO–14, SAR–N2, 
RR1, and QLL), in the NE sector of the basin. Older units, with 
a higher shale and marlstone content, including the Paja, Simití, 
El Salto, Capacho, and Guayacán, are also in the oil and gas 

generation windows and have significant amounts of type III 
and type II kerogens.

Table 8 compiles the parameters of pyrolysis of units with 
higher hydrocarbon contents, which in La Luna Formation 
from the MMV and W flank of the Eastern Cordillera reach 
averages between 9.48 and 23.29 mg HC/g at the S2 peak. The 
best S2 average values of sections from La Luna Formation 
are above the average values reported from the Aguablanca 
section (4.54 mg HC/g) W of Bucaramanga (Casadiego & 
Rios, 2016) and 13.21 mg HC/g from a well in the Maracaibo 
area of Venezuela (Liborius & Slatt, 2014). The last one is 
comparable with the average (13.02 mg HC/g) from La Sorda 
Creek (QS1) W of Bucaramanga. The S2 averages from the 
Catatumbo area are lower (2.14 to 7.93 mg HC/g) because the 
sections have a higher thermal maturity (451 to 473 °C Tmax) 
and have released more hydrocarbons than the ones from the 
MMV and W foothills of the Eastern Cordillera (440 to 446 
°C Tmax). Aguilera et al. (2010) reported S2 values from the 
MMV between 1 and 20 mg HC/g, with most data points be-
tween 5 and 15 mg HC/g, with Tmax values between 430 and 
450 °C. Aguilera et al. (2010) also reported S2 values from 
Catatumbo below 10 mg HC/g.

Values lower than 0.2 mg HC/g at S1 and S2 are present 
in overmature units that have lost nearly all hydrocarbons; in 
those samples, the values of Tmax are unreliable and do not 
permit deducing the thermal maturity of the units (e.g., Nuñez–
Betelu & Baceta, 1994). For example, the Paja Formation from 
well COS–15 presents very low average values of S1 (0.16 mg 
HC/g) and S2 (0.13 mg HC/g) so that the values of Tmax are 
erroneously low, approximately 322 °C, which would indicate 
that the unit has not entered the generation window. However, 
the correct value of vitrinite reflectance (4.3% Ro) indicates 
that the unit is overmature. The same goes for the other units of 
the Agencia Nacional de Hidrocarburos (ANH) wells from the 
Eastern Cordillera, which in general are overmature and have 
already released most of their hydrocarbons.

The hydrogen index (HI) averages are generally higher in 
the biomicrite limestones, which have a greater marine con-
tribution of organic matter, than in the shales, which have 
a more terrestrial contribution along with the clay minerals 
(Figures 15–17; Table 8). The average values of La Luna For-
mation biomicrites in the MMV on the NW side of the basin 
ranged from 81 to 292, suggesting mixtures of types II–III of 
marine and continental origin. The average HI values of La 
Luna from the Catatumbo area in the NE side of the basin 
ranged from 24 to 112, suggesting a higher contribution of 
organic matter type III of continental origin; the Catatumbo 
samples also have higher production index (PI) values and 
higher thermal maturity (Ro 1–1.3 %) than those of the MMV 
(Ro 0.8–0.9 %). Aguilera et al. (2010) reported that most sam-
ples from the Catatumbo area had poor generation potential, 
with HI values below 200 and S2 values below 5, indicating 
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that it could also reflect the depletion effect caused by the high 
thermal maturity of the Cretaceous rocks.

The hydrogen index values should be treated with caution 
when interpreting the type of organic matter because the sam-
ples that released the highest amounts of hydrocarbons are 
silicified biomicrites composed of foraminifera, with less than 
5% terrigenous particles. For instance, sample QAD1–20 from 
the W foothills of the Eastern Cordillera, which had a TOC of 
8.2%, released 4.13 mg HC/g at S1 and 18.22 mg HC/g at an 
S2 peak Tmax of 444 °C and had an HI of 221, which would 
indicate a mixture of terrestrial and continental type II–III or-
ganic matter. However, the sample has less than 5% clay min-

erals, 50% calcite, 5% dolomite, and 40% diagenetic quartz, 
according to the petrography, XRD, and ICP–MS analyses; the 
framework of the rock was composed of planktonic foramin-
ifera and fish bones. It is difficult to believe that a rock that has 
so little terrigenous particles could have important amounts of 
type III organic matter. As indicated by Nuñez–Betelu & Baceta 
(1994), it is possible to chemically degrade organic matter type 
II into type II–III due to variations in the mineral matrix and 
organic enrichment. We believe that the main reason for the low 
HI values is the relatively high thermal maturity of the samples, 
but it is also possible that the exchange of calcite by quartz and 
fluorapatite during diagenesis could have affected the carbon 

Figure 13. Average hydrocarbon contents (mg HC/g) per section at the S2 peak. The best values are located in the NW sector of the 
basin. Total number of samples: 500.

Table 8. Pyrolysis.

Formation Section TOC (%) Ro (%) VIT–PYR S1 (mg HC/g)a S2 (mg HC/g)b Tmax (ºC)c HI PI

La Luna QAD1 8.3 PYR  0.8 4.69 23.29 444 281 0.17

La Luna QAD 7.2 PYR  0.8 4.46 19.45 443 292 0.18

La Luna CES 10.5 PYR  0.8 2.06 19.06 440 182 0.1

La Luna INFA–1613 7.7 PYR  0.9 4.04 18.81 446 250 0.18

La Luna CES1 11.9 PYR  0.8 1.34 17.67 441 149 0.07

La Luna CAB 6.8 PYR  0.8 1.47 16.15 442 252 0.08

La Luna QS1 8.6 PYR 0.9 2.61 13.02 445 151 0.17

La Luna QS2 10.9 PYR  0.9 1.17 9.48 446 81 0.13

La Luna RIO–14 8.1 PYR  1.0 2.53 7.93 451 112 0.24

La Luna SAR–N2 9.6 PYR 1.3 1.3 2.68 468 28 0.34

La Luna RR1 9.8 PYR  1.1 0.73 2.37 457 24 0.26

La Luna QLL 8.6 PYR  1.2 0.64 2.14 473 25 0.24

Chipaque QSACH 0.8 PYR  0.6 0.05 1.23 431 123 0.08

Paja QLP 6 PYR 1.9 0.19 0.85 502 15 0.2

Aguacaliente QSA 0.5 PYR  0.6 0.04 0.85 430 152 0.07

Lidita Superior QG 3.6 PYR  2.4 0.16 0.61 530 17 0.2

Lidita Inferior QG 3.7 PYR  2.8 0.11 0.54 551 15 0.19

Chipaque QSAC 0.6 PYR 0.6 0.04 0.54 431 90 0.08

Capacho RR 1.2 PYR  1.2 0.25 0.44 464 38 0.36

Conejo RCA 2.6 PYR  2.9 0.09 0.27 560 11 0.26

Paja COS–15 3.3 VIT  4.3 0.16 0.13 322 4 0.52

Paja CON–8 5.1 VIT  3.1 0.09 0.11 345 2 0.46

Villa de Leyva COS–14 1.9 VIT  3.4 0.08 0.11 336 6 0.42

Conejo COS–5 4.3 VIT  2.9 0.08 0.11 409 5 0.42

San Gil Shale CON–7 1.7 VIT  2.6 0.07 0.1 373 6 0.4

a Volume of hydrocarbons that formed during thermal pyrolysis at ca. 300 °C.

b Volume of hydrocarbons that formed during thermal pyrolysis at Tmax.

c Temperature of maximum hydrocarbon generation.



326

GUERRERO et al.

Tmax: 444 °C

5 10 15 20 25 300

Time (minutes)

0

5000

10 000

15 000

20 000

25 000

30 000

35 000

40 000

S
ig

n
a
l (

m
V

)

FID

Oven

Figure 14. Pyrogram of sample QAD1–20 from La Luna Formation in the Aguadulce Creek sec-
tion of the Barichara area.

and hydrogen relationships of La Luna Formation biomicrites 
and diagenetic cherts. The highest hydrogen index value from 
the Aguadulce Creek section is 450, from sample QAD1–46, 
which released 37.65 mg HC/g at an S2 peak Tmax of 440 °C, 
indicating fully marine–origin type II organic matter.

An interesting example of a very low hydrogen index of 
14, erroneously indicating a terrestrial type III organic matter, 
comes from sample QLL–40 from the Catatumbo area. It had 
a TOC of 7.4%, released 0.51 mg HC/g at S1 and 1.04 mg 
HC/g at an S2 Tmax of 471 °C. According to ICP–MS elemen-
tal analyses and petrography, QLL–40 is a partially silicified 
biomicrite of foraminifera with 65% calcite, 30% diagenetic 
quartz, and less than 1% Al2O3. Again, it is difficult to believe 
that a rock made of planktonic foraminifera and with so little 
clay mineral content could have important amounts of type 
III continental organic matter. As indicated before, sample 
QLL–40 released the highest amounts of gaseous hydrocar-
bons (canister measurements) in the entire study. This is not 
because of the type of organic matter but because La Luna 
Formation in the Catatumbo area is more mature (1.3% Ro) 
than that in the Magdalena Valley. We believe that in addition 
to the relatively high thermal maturity of the samples, the di-
agenetic changes involving quartz and phosphate replacement 
of calcite affected the carbon and hydrogen relationships of the 
samples. In La Leche Creek section, the highest HI is 60, from 
sample QLL–10, which is again a partially silicified biomicrite 
of foraminifera with 50% calcite, 40% diagenetic quartz, 3% 
pyrite and dolomite, and 5% clay minerals, which could not 
have had enough terrestrial influx to predominantly incorporate 
type III organic matter of continental origin.

Another indication of the type of organic matter from the 
Catatumbo area is expressed by the ratio of tricyclic terpanes 

(Figure 18), indicating the relative presence of carbonates 
and clay minerals or marine versus terrestrial organic matter. 
In oils with organic matter of marine origin, C23 is the domi-
nant terpane, and C25 is more abundant than C26 (e.g., Peters & 
Moldowan, 1993). However, it is interesting to consider the 
known mineralogy of the samples, according to the available 
petrography, ICP–MS elemental analyses, and XRD. Sample 
RR1–02 from the Guayacán Formation (on the right side of the 
Figure 18) is a shale with 60% clay minerals and 40% silt–sized 
quartz particles. Samples RR–6, 18, and 20 from the Capacho 
Formation (at the center of the Figure 18) are also shales with 
50–60 % clay minerals and 40–50 % silt–sized quartz parti-
cles. Samples RR1–20 to RR1–40 from La Luna Formation 
are partially silicified biomicrites of foraminifera with 40–98 
% calcite, 2–50 % diagenetic quartz, and 2–8 % clay minerals; 
all of them fall on the left (carbonate) side of the Figure 18, 
except for RR1–28. Samples QLL–04 to QLL–40 from La Luna 
Formation are also partially silicified biomicrites composed of 
foraminifera with 45–65 % calcite, 30–50 % diagenetic quartz, 
and 2–12 % clay minerals; all of them fall on the left (carbon-
ate) side of the Figure 18, except for QLL–40. This means that 
except for a few samples, the type of organic matter is better 
expressed by the ratio of tricyclic terpanes than by using the 
hydrogen index previously discussed. 

The tricyclic terpane ratio of the samples from the MMV 
and W foothills of the Eastern Cordillera (Figure 19) indicates 
a predominance of marine organic matter. Most samples fall on 
the left side of the Figure 19, except for some samples of the 
Paja (QLP) and La Luna (CAB, CES1) Formations. Accord-
ing to the available petrography, ICP–MS elemental analyses, 
and XRD, the Paja Formation at its type section is composed 
of marlstones and shales with minor biomicrite interbedding, 
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Figure 15. HI vs. Tmax of the Paja (QLP), Simití (QS), El Salto (QS2), and La Luna (QAD, QAD1, CES, CES1, CAB, QS1, QS2) Formations from 
the MMV and W foothills of the Eastern Cordillera.
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Figure 17. Hydrogen index averages per section. The highest values are present in La Luna Formation from the NW side of the basin, at 
the MMV and W foothills of the Eastern Cordillera. Total number of samples: 500.

Figure 18. Relationship of tricyclic terpanes indicating the relative presence of marine organic matter related to carbonate rocks versus 
continental organic matter related to clay mineral content in the Capacho (RR), Guayacán (RR1–02), and La Luna (QLL, RR1) Formations 
from three localities in the Catatumbo area.

which explain the position of the shale QLP–38 on the right 
side of the Figure 19, indicating a predominance of continen-
tal organic matter. La Luna Formation of the CAB section is 
composed of partially silicified biomicrites and marlstones 
composed of foraminifera with 10–80 % calcite, 10–60 % di-
agenetic quartz, 5–30 % clay minerals, and 5–30 % silt–sized 
quartz particles. One of the samples toward the right side of 
the Figure 19, with the highest content of clay minerals (30%), 
is CAB–50, which is a marlstone and has a mixture of marine 
and continental organic matter. However, a few samples fall in 
a field that does not correspond with their lithology.

For instance, the shales of the Simití Formation (QS) con-
tain 35–50 % clay minerals, 40–55 % silt–sized quartz particles, 
and less than 2% calcite, so they are completely terrigenous and 
should fall in the field of continental organic matter instead of 
carbonate marine. The biomicrite limestones of section CES1 
have less than 7% clay minerals, so those samples should fall 
more toward the left, in the carbonate organic matter field, in-
stead of the clay side. In any case, except for the samples men-
tioned above, the type of organic matter is better expressed by 
the ratio of tricyclic terpanes than by using the hydrogen index. 

Based on mineralogy, fossil content, and organic geochemistry, 
we conclude that La Luna Formation biomicrite limestones pre-
dominantly have type II organic matter of marine origin. Rangel 
et al. (2017) performed an assessment of the Colombian oils 
and identified an oil family in the UMV and MMV that sug-
gested an origin in calcareous marine source rocks, which they 
considered probably related to La Luna Formation limestones.

The mixture of various types of fine–grained rocks (biomi-
crites, marlstones, and shales) and the type of organic matter 
(marine versus continental) are very important in the production 
of unconventional hydrocarbons because they determine the 
micro scale properties of the rocks, such as fracturing (biomi-
crites) versus plasticity (marlstones and shales), along with the 
tendency to produce predominantly oil or gas.

5. Conclusions

The highest average TOC contents of the whole basin corre-
spond to La Luna Formation biomicrites at several localities, 
including caño El Salto (CES–1) in the Aguachica area in the 
MMV (11.6% TOC), La Sorda Creek (QS2) section in the  
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Figure 19. Relationship of tricyclic terpanes indicating the relative presence of marine versus continental organic (carbonate versus 
clay mineral) content in the Paja (QLP), Simití (QS), and La Luna Formations (QAD, QAD1, CES, CES1, CAB, QS1, QS2) from the MMV.
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Barichara area in the W foothills of the Eastern Cordillera 
(8.6% TOC), and the Rio de Oro oil well (RIO–14) in the Cúcu-
ta/Catatumbo area (8.1% TOC).

Very high TOC values were obtained from individual sam-
ples at section CES–1 (21.7% TOC), the Aguadulce Creek 
(QAD) section in the W foothills of the Eastern Cordille-
ra (18.2% TOC), and caño Aguablanca (CAB) in Aguachica 
(13.9% TOC). Other units with very high TOC values include 
La Frontera Member of the Conejo Formation from ANH well 
COS–5 (24.8% TOC), the Hilo Formation at the Otanche (O) 
section (12.1% TOC), and the Lomagorda Formation from Co-
bre Creek (QC) section (7.4% TOC).

The Ro values from La Luna Formation are in the oil and 
early gas generation windows (0.8–1.3 % Ro). The highest ther-
mal maturity values obtained from pyrolysis are from the Upper 
Cretaceous Oliní Group (2.4–2.8 % Ro) and Conejo Formation 
(2.9% Ro). The highest thermal maturity values obtained from 
vitrinite are from the Lower Cretaceous Murca, Trincheras, and 
Hilo Formations from the Villeta area (4.0–4.2 % Ro) and the 
Paja Formation from the Villa de Leyva area (4.3% Ro).

The highest hydrocarbon contents (mainly methane, eth-
ane, and propane) collected in the canister samples cored from 
field exposures correspond to the Paja, Hilo, Guayacán, La 
Luna, Lidita Inferior, and Lidita Superior Formations, which 
contained 1.29 to 5.10 feet3/ton. The samples with the lowest 
CO2 contents (3.0–11.5 %) were associated with the highest 
hydrocarbon contents (15.0–77.8 %). The samples with the 

highest gaseous hydrocarbon contents after grinding the sam-
ples (residual gas) come from La Luna Formation in La Leche 
Creek (QLL) and Riecito River (RR1) sections in the Cúcu-
ta/Catatumbo area, La Luna Formation in the caño El Salto 
(CES1) and caño Aguablanca (CAB) sections in the Aguachi-
ca area in the MMV, La Luna Formation in La Sorda Creek 
(QS2) section in the W foothills of the Eastern Cordillera, the 
Lidita Inferior and Lidita Superior Formations in the Cobre 
Creek (QC) and Guate Creek (QG) sections in the W foothills 
of the Eastern Cordillera, the Paja Formation in La Paja Creek 
(QLP) section in the western foothills of the Eastern Cordillera, 
the Hilo Formation in the Contador River (RC) section in the  
Villeta area, and the Guayacán Formation in the QLL section in 
the Cúcuta/Catatumbo area.

If the relationship of residual gas of the best samples from 
La Luna, Paja, and Lidita Inferior Formations (9.1 to 18.1 feet3/
ton) is extrapolated to estimate the total gas at depth using an 
average ratio of total to residual gas of approximately 5 (as 
found in other basins), they should exhibit total gas values of 
between 45.5 and 90.5 feet3/ton.

The limestones and cherts of the Guayacán, La Luna, Li- 
dita Inferior, and Lidita Superior Formations, which released 
the highest average percentages of gaseous hydrocarbons after 
fracturing and grinding the samples (11.93 to 27.15% of total 
gas content), have porosity values below 3% and permeability 
values below 3 microdarcys. The biomicrites and cherts of La 
Luna Formation have uniform porosities between 1 and 3%, 
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with permeability values between 0.1 and 11 microdarcys. The 
biomicrites and cherts of the Lidita Inferior and Lidita Supe-
rior also have uniform values of porosity (below 4%) and per-
meability (below 8 microdarcys). The very low permeability 
values obtained from the limestones are very good because 
these mean that the units still retain hydrocarbons in organic 
matter, nonconnected pores, and fossil cavities, which could 
be released by fracking.

The pyrolysis and organic geochemistry results reveal that 
La Luna Formation limestones present the best indicators in 
terms of hydrocarbon content, type II organic matter, and ther-
mal maturity. The best sections are in the NW sector of the 
basin, in the areas of Aguachica and Barichara, in the MMV and 
W foothills of the Eastern Cordillera, followed by the sections 
from the Catatumbo area in the NE sector of the basin. Older 
units, with a higher shale and marlstone content, including the 
Paja, Simití, El Salto, Capacho, and Guayacán, are also in the 
oil and gas generation windows and have significant amounts 
of type III and type II kerogen.

Foraminiferal biomicrites, marlstones, and diagenetic cherts 
have higher contents of TOC than shales, so instead of explor-
ing gas shales, gas biomicrites would constitute a better target. 
Because the biomicrites have lower or no clay content com-
pared with the claystone and mudstone shales, it is expected 
that the biomicrites have a more brittle behavior than shales 
during the process of fracking. In addition, the plastic behavior 
of the clay shales will more easily close the induced fractures 
than the biomicrite limestones.
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Cretaceous Record from a Mariana– to an 
Andean–Type Margin in the Central Cordillera  
of the Colombian Andes

Agustín CARDONA1* , Santiago LEÓN2 , Juan S. JARAMILLO3 ,  
Victor A. VALENCIA4 , Sebastian ZAPATA5 , Andrés PARDO–TRUJILLO6 ,  
Axel K. SCHMITT7 , Dany MEJÍA8 , and Juan Camilo ARENAS9 

Abstract The Cretaceous tectonic evolution of the western margin of South America 
involves a shift from an extensional convergent margin toward a more compressional 
setting that marks the beginning of the Andean Orogeny. In the Colombian Andes, this 
changing scenario is recorded in the Cretaceous sedimentary and magmatic rocks of 
the Central Cordillera. A review of field relationships, together with analysis of inte-
grated provenance constraints, including sandstone petrography and detrital zircon 
geochronology from various localities, suggests that during the Early Cretaceous until 
the Aptian – Albian, siliciclastic basin fills were characterized by transgressive fining–
upward trends, with prominent first–cycle quartzose provenances that indicate strong 
chemical weathering in the source areas. Jurassic, Triassic, and older detrital zircon 
U–Pb ages suggest that the igneous and metamorphic rocks forming the basement 
of the Central Cordillera were the main sources. Furthermore, the presence of Early 
Cretaceous detrital ages between 120 and 100 Ma, together with interlayered volcanic 
rocks at the top of the sequence characterized by mixed arc–like, MORB, and E–MORB 
geochemical signatures, can be related to the evolution of an extensional arc with 
associated back–arc basin formation. Plutonic rocks with ca. 98 Ma crystallization ages 
show Nd, Sr, Hf, and O isotope evidence for the existence of thinned continental crust 
that may account for the dominant mantle signature. By ca. 93 Ma, the Early Creta-
ceous sedimentary sequences were deformed and intruded by plutonic rocks, which 
conversely show isotopic fingerprints characteristic of crustal signatures that can be 
explained by the involvement of thicker crust that promoted melt interaction with the 
more radiogenic host rocks.

This tectonic change from a Mariana– to an Andean–type subduction style was 
probably triggered by regional–scale plate kinematic reorganizations, as suggested by 
similar coeval tectonic scenarios along the entire South American margin, and set the 
conditions for the construction of the Andean chain.
Keywords: Cretaceous, back-arc, intra–arc, Andean Orogeny, Geochemistry.

Resumen La evolución tectónica del borde occidental de Suramérica durante el Cre-
tácico está marcada por el cambio de un margen convergente extensional hacia una 
configuración más compresiva que marca el inicio de la Orogenia Andina. En los Andes 
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colombianos, este cambio está registrado en las rocas sedimentarias y magmáticas 
cretácicas de la cordillera Central. La revisión de las relaciones de campo, junto con 
el análisis de procedencia de rocas siliciclásticas (petrografía de areniscas y geocro-
nología en circones detríticos de varias localidades), sugiere que durante el Cretácico 
Temprano hasta el Aptiano–Albiano el relleno siliciclástico de la cuenca se caracterizó 
por tener un carácter transgresivo granodecreciente y una composición cuarzosa con 
componentes de primer ciclo asociados a condiciones de meteorización intensa en el 
área fuente. Las edades U–Pb en circón jurásicas, triásicas y más antiguas sugieren que 
las fuentes principales fueron las rocas ígneas y metamórficas que conforman el basa-
mento de la cordillera Central. Además, la presencia de edades detríticas del Cretácico 
Temprano entre 120 y 100 Ma, junto con la de rocas volcánicas intercaladas al tope de 
la secuencia que se caracterizan por una mezcla de firmas geoquímicas de arco, MORB 
y E–MORB, puede estar relacionada con la evolución de un arco extensional y la for-
mación de una cuenca de retroarco. Las rocas plutónicas con edades de cristalización 
de ca. 98 Ma muestran evidencias isotópicas de Nd, Sr, Hf y O de afinidad mantélica 
que estarían asociadas a la existencia de una corteza continental adelgazada. A los ca. 
93 Ma, las secuencias sedimentarias del Cretácico Temprano fueron deformadas e in-
truidas por rocas plutónicas, las cuales en cambio muestran características isotópicas 
corticales que pueden explicarse por la participación de una corteza más gruesa que 
promovió la interacción del fundido con las rocas caja más radiogénicas.

Este cambio tectónico de un estilo de subducción de tipo Marianas a uno de tipo 
andino es común en toda la margen continental suramericana y estaría asociado con 
reorganizaciones cinemáticas a escala de placas que marcarían el inicio de la cons-
trucción de la cadena andina.
Palabras clave: Cretácico, retroarco, intraarco, Orogenia Andina, geoquímica.

1. Introduction

During the Cretaceous, the western margin of South Ameri-
ca experienced a major change from a dominantly extensional 
system (Mariana–type) toward a more compressional tecton-
ic style (Chile–type; Uyeda & Kanamori, 1979; Stern, 2012), 
which marks the initiation of the Andean orogeny (see reviews 
in Tunik et al., 2010; Horton, 2018). Whereas the Mesozoic 
– Cenozoic tectonic evolution of the central and southern An-
dean segments was characterized by a subduction–dominated 
orogeny, the northern Andes constitutes a classic accretionary 
orogen in which interspersed terrane accretion and subduction 
tectonics were responsible for orogenic growth (see a review 
in Ramos, 2009). With such a complex scenario and the con-
tinuous superimposition of tectonic events, clear discrimination 
between subduction–dominated extensional and compressional 
tectonics remains a major challenge.

The long–term spatiotemporal and compositional changes 
in magmatic rocks integrated with the stratigraphic and prove-
nance evolution of contemporaneous basins are sensitive mark-
ers of the evolution of convergent margins and can be used to 
address alternating settings between extension and compression 
(Busby, 2012; Cawood et al., 2009; Marsaglia, 2012).

In this contribution, we present a review of published 
field observations and petrographic, geochronological, and 

geochemical data, together with new results from magmatic 
and detrital zircon U–Pb geochronology, whole–rock geo-
chemistry, zircon Hf and O isotopes, sandstone petrography, 
and field relationships of Cretaceous units from selected lo-
calities exposed between the two flanks of the Central Cor-
dillera of the Colombian Andes (Figure 1). The analysis of 
available data and the new data presented here allows doc-
umenting an Aptian – Albian extensional margin associat-
ed with the formation of different intra–arc and back–arc 
extensional domains, which were inverted and deformed 
before 90 Ma and subsequently experienced the formation 
of a younger Late Cretaceous arc and the collision of an  
intra–oceanic terrane.

The Early to Late Cretaceous record in the Central Cor-
dillera provides additional constraints on the continental–scale 
transition from extension to compression that gave rise to the 
Andean Orogeny (Horton, 2018; Tunik et al., 2010).

2. Geological Setting

Within the Colombian Andes, the Cretaceous geological re-
cord is found in three different tectonostratigraphic domains, 
which closely coincide with major morphostructural features 
represented by the three main cordilleras and the intervening 
Magdalena and Cauca valleys (Figures 1, 2).
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In the Magdalena valley and the Eastern Cordillera, Creta-
ceous sedimentary rocks accumulated over Jurassic volcanic 
and siliciclastic units and correspond to a former extensional 
basin filling interval that ended in the Berriasian (Kammer & 

Sánchez, 2006; Sarmiento–Rojas et al., 2006). These units are 
considered para–autochthonous and/or northward–transported 
domains that nearly achieved their modern paleogeographic 
positions west of the reference craton during the Late Jurassic 
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(Bayona et al., 2006). The Early Cretaceous extension–dom-
inated setting switched to eustatic–dominated sedimentation 
with coeval tectonic quiescence and thermal subsidence. This 
sedimentary record can be traced eastward in the Llanos Basin 
and includes associated volcanogenic clays and tuffs ranging in 
age from the Hauterivian to the Turonian (Villamil & Arango, 
1998; Villamil, 1999; Sarmiento–Rojas et al., 2006), as well as 
minor gabbroic bodies with Ar–Ar ages between 136 and 74 
Ma (Vásquez et al., 2010).

In the Central Cordillera, the Early Cretaceous units are 
represented by a series of discontinuous siliciclastic sequences 
that crop out on both flanks and along its axis (Figure 2). These 
sequences overlie Permian – Triassic and Jurassic metamorphic 
rocks and are characterized by an apparent fining–upward pat-
tern from predominantly sandstone/conglomeratic beds toward 
a mudstone–dominated sequence (see review in Nivia et al., 
2006; Zapata et al., 2018). Fossil remnants, including ammo-
nites, bivalves, and gastropods, have shown that sedimentary 
accumulation extended from the Berriasian to the Aptian (see 
compilation in Botero & González, 1983; González, 2001). 
Volcanic flows and small gabbroic bodies have been found in 
association with some of these sedimentary sequences (Rodrí-
guez & Celada–Arango, 2018; Zapata et al., 2018).

Two different hypothetical geodynamic settings have been 
considered for the evolution of the Central Cordillera sedimen-
tites: a passive margin that collided with an intra–oceanic arc 
(Toussaint, 1996; Moreno–Sánchez et al., 2008) or a back–arc 
basin that formed during the Early Cretaceous (Nivia et al., 
2006; Villagómez et al., 2011; Cochrane et al., 2014a; Spikings 
et al., 2015; Zapata et al., 2018). The paleogeographic position 
where these basins accumulated also remains controversial, 
with some authors considering an autochthonous origin con-
nected to depocenters located in the Eastern Cordillera domains 
(Etayo–Serna et al., 1969) and other authors arguing for exotic 
positions farther to the south probably correlated with coeval 
terranes in Ecuador (Toussaint, 1996; Pindell & Kennan, 2009).

In the western flank of the Central Cordillera and the Cauca 
Valley that separates it from the Western Cordillera, a series 
of highly deformed volcano–sedimentary units also considered 
Aptian – Albian in age crop out and are affected by a major 
fault system (Cauca–Romeral; Nivia et al., 2006). These units 
include gabbroic rocks associated with serpentinized peridotites 
(Álvarez, 1987; González, 2001) and are in fault contact with 
intermediate– to high–pressure metamorphic rocks with Lu–Hf 
and Ar–Ar peaks and cooling ages between 137 and 110 Ma 
(García–Ramírez et al., 2017), as well as younger ages of ca. 64 
Ma (Bustamante et al., 2011). These units are also interspersed 
with Triassic and older igneous and metamorphic rocks (Vinas-
co et al., 2006; Cochrane et al., 2014a; Zapata et al., 2018). The 
volcano–sedimentary units have been considered either as part 
of a fringing arc associated with the formation of a back–arc 
basin (Nivia et al., 2006; Villagómez et al., 2011; Cochrane et 

al., 2014b; Spikings et al., 2015) or as an allochthonous oceanic 
arc that collided with a passive margin (Toussaint, 1996; More-
no–Sánchez & Pardo–Trujillo, 2003).

Following the formation of these extensional basins related 
to a back–arc or intra–arc setting, prominent plutonic activi-
ty formed intrusions with ages between 98 and 72 Ma in the 
Early Cretaceous and older basement of the Central Cordillera 
(Ibañez–Mejia et al., 2007; Ordóñez–Carmona et al., 2007; Re-
strepo–Moreno et al., 2007; Leal–Mejía, 2011; Villagómez et 
al., 2011). This magmatism represents the construction of a con-
tinental arc that was active until the Maastrichtian – Paleocene 
collision of the South American margin with an intra–oceanic 
arc (Villagómez et al., 2011; Spikings et al., 2015; Jaramillo et 
al., 2017). Several plutonic bodies with ages between 90 Ma 
and 78 Ma also intrude the Cretaceous extensional related vol-
cano–sedimentary unit exposed to the west (Villagómez et al., 
2011; Jaramillo et al., 2017).

In contrast, the Western Cordillera includes a high–density 
basaltic sequence characterized by deformed and undeformed 
lava flows, pillow lavas, and minor pyroclastic rocks, which 
have been interpreted as remnants of an oceanic plateau likely 
related to the Caribbean Large Igneous Province that formed in 
southern latitudes (CLIP; Kerr et al., 1997; Villagómez et al., 
2011; Zapata et al., 2017; Hincapié–Gómez et al., 2018). This 
basaltic province presents minor intercalations of mudstones 
and cherts with Berriasian to Albian fossil remnants that are 
intruded by plateau–related gabbroic and tonalitic bodies with 
ca. 98 Ma crystallization ages (Villagómez et al., 2011; We-
ber et al., 2015). These units are also intruded by arc–related 
granitoids and gabbroic rocks with zircon U–Pb ages between 
80 and 90 Ma (Villagómez et al., 2011; Zapata et al., 2017), 
which are locally associated with volcanic units of Campanian 
age (Spadea & Espinosa, 1996). Late Cretaceous and younger 
sandstones with quartz–rich compositions overlie these volca-
nic units and represent the stratigraphic record of their juxtapo-
sition against the continental margin (León et al., 2018).

Several lines of evidence, including exhumation trends in the 
Central and Western Cordilleras (Villagómez & Spikings, 2013), 
changes in the nature of the magmatic record along the western 
flank of the Central Cordillera (Jaramillo et al., 2017) and ma-
jor changes in the sedimentary environments and the associated 
provenances in the eastern basins (Villamil, 1999), have sug-
gested that during the Late Cretaceous – Paleocene, the different 
units described above were fully juxtaposed (Toussaint, 1996; 
Villagómez et al., 2011; Spikings et al., 2015) and subsequently 
segmented and dispersed by strike–slip fault systems along the 
margin (Pindell & Kennan, 2009; Montes et al., 2010).

3. Methods and Approach

In this contribution, we present a review of published geolog-
ical constraints from Lower to Upper Cretaceous sedimentary 
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and magmatic rocks of the Central Cordillera. Although some 
of the available constraints are mainly from basic geological 
cartography, the descriptions are remarkably objective and 

remain valid. These results are integrated with new field ob-
servations together with sandstone petrography, geochemical 
analyses, U–Pb zircon geochronology, and zircon oxygen and 
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hafnium isotopes from two localities of the Cretaceous units ex-
posed in the western and eastern flanks of the Central Cordillera 
in the Department of Antioquia near the city of Medellín and 
cross section B (Figures 2 and 3).

Our approach follows the concept of tectonic facies (Rob-
ertson, 1994), which integrates field and laboratory analysis to 
identify tectonostratigraphic associations, which can be used 
to recognize discrete tectonic settings and test their geological 
evolution. 

To avoid repetition, we integrated both the published and 
the new data in a single section. The locations of the samples 
analyzed in this study are presented in Table 1, and the results 
from sandstone petrography of samples from the San Luis Sed-
imentites in Table 2.

3.1. Zircon U–Pb LA–ICP–MS Geochronology

After zircon separation using conventional techniques, includ-
ing crushing, pulverization, water table, and heavy liquid grav-
ity concentration, LA–ICP–MS U–Pb zircon analyses were 
obtained from 4 granitic rocks and 4 sandstone samples at the 
Washington State University Geoanalytical Lab, using a New 
Wave Nd:YAG UV 213–nm laser coupled to a Thermo Fin-
nigan Element 2 single collector, double–focusing, magnetic 
sector ICP–MS following the analytical protocol of Chang et 
al. (2006). For this study, the Plešovice zircon was used as the 
main standard, which is characterized by a 238U/206Pb age of 
337.13 ± 0.37 Ma (Sláma et al., 2008). Common Pb represents 
a large proportion of the total Pb in Mesozoic and younger U–
poor zircons. However, common Pb is typically not significant 
in LA–ICP–MS analyses, most likely because it is concentrated 
in cracks and inclusions, which can be avoided by appropriately 
selecting the crystals. When this is not possible, the influence of 
common Pb is easy to recognize on Tera–Wasserburg diagrams 
because analyses tend to line up on a steep linear trajectory 
that can be anchored at a reasonable 207Pb/206Pb common lead 
composition (y–intercept) (DeGraaff–Surpless et al., 2002). 
Common Pb corrections were made on these analyses using 
the 207Pb method (Williams, 1998). Uranium–lead ages were 
processed and calculated using Isoplot 4.15 (Ludwig, 2003). 
Analytical data from the detrital zircons are presented in Table 
1, Supplementary Information, and data from the magmatic 
rocks are presented in Table 3.

3.2. Whole–Rock Geochemistry

Whole–rock geochemical analyses of five magmatic rocks from 
the Cretaceous Altavista Stock and San Diego Gabbro were 
conducted at the ALS Minerals Laboratories (the results are 
presented in Table 4).

After crushing, splitting, and pulverizing, an aliquot of 0.1 g 
is added to a LiBO2/Li2B4O7 flux, mixed and fused in a furnace 

at 1000 °C. The resulting melt is then cooled and dissolved in 
100 mL of 4%HNO3/2%HCl. This solution is then analyzed 
for major oxides by inductively coupled plasma atomic emis-
sion spectroscopy (ICP–AES), and the results are corrected for 
spectral interelement interferences. For trace and rare earth ele-
ments, an aliquot of 0.1 g is added to a LiBO2/Li2B4O7 flux (1.8 
g), mixed and fused in a furnace at 1025 °C. The resulting melt 
is cooled and dissolved in a mixture containing HNO3, HCl, and 
HF. This solution is then analyzed by ICP–MS. Data handling, 
plotting, and interpretation are performed using the software 
GCD Toolkit 4.1 (Janoušek et al., 2006).

3.3. Hafnium Isotopes

Hf isotope geochemistry was determined at the GeoAnalytical 
Lab of Washington State University using a Thermo Finnigan 
Neptune™ MC–ICP–MS equipped with 9 Faraday collectors 
interfaced with a New Wave™ 213 nm UP Nd–YAG laser. The 
results are presented in Table 5.

The laser was operated at a pulse rate of 10 Hz and a fluence 
of 10–12 J/cm2. The laser spot size was 30 μm. The carrier gas 
consisted of purified He plus small quantities of N2 to minimize 
oxide formation and increase Hf sensitivity. The total Hf sig-
nal achieved was between 2 and 6 V. The data were acquired 
in static mode with 60 s integrations. Details of the analytical 
procedures and data treatment were after (Vervoort et al., 2004; 
Dufrane et al., 2007). For the Hf–depleted mantle model ages 
(Hf TDM), we used 176Hf/177Hf and 176Lu/177Hf for the individ-
ual zircon samples to determine their initial 176Hf/177Hf ratios 
at their crystallization ages. Projection back from zircon crys-
tallization was calculated using a present value of 0.0093 for 
176Lu/177Hf in the crust (Vervoort & Patchett, 1996; Amelin et 
al., 2002). The depleted mantle Hf evolution curve was calcu-
lated from present–day depleted mantle values of 176Hf/177Hf 
DM(0) = 0.283225 and 176Lu/177Hf DM(0) = 0.038512 (Vervoort 
& Blichert–Toft, 1999).

3.4. Oxygen Isotopes

Oxygen isotopes in zircon were analyzed using the CAMECA 
IMS 1280–HR ion microprobe at Heidelberg University. The 
procedures of multicollection analysis of oxygen isotopes (16O 
and 18O) using two Faraday cup (FC) detectors were similar to 
those presented in Trail et al. (2007) as modified by Schmitt et 
al. (2017).

A 2–3 nA Cs+ primary beam was focused to 10–15 μm using 
a focused beam rastered over 10 μm. FC backgrounds were 
recorded during an initial 30 s of presputtering and averaged 
over the duration of the analysis session. Mass fractionation 
was corrected by analyzing the 91 500 reference zircon in 
pairs with interspersed blocks of six unknowns (91500 δ18O = 
+9.86‰; Wiedenbeck et al., 2004; δ values are relative to Vien-
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Sample code N W Geologic unit Lithology Analysis

JCA–045 6.27423 –75.62193 Altavista Stock Qartz monzonite U–Pb LA–ICP–MS

JCA–046 6.22818 –75.56890 San Diego Gabbro Gabbroic diorite U–Pb LA–ICP–MS

DM–056 5.57991 –75.36080   Porphyry andesitic U–Pb LA–ICP–MS and Hf

AG–01 6.01612 –74.94476 Antioquian Batholith Quartz diorite U–Pb LA–ICP–MS

QG–W–01 5.07222 –75.44886 Quebradagrande Complex Sandstone Detrital U–Pb LA–ICP–MS

MQA–4A 5.07197 –75.44895 Quebradagrande Complex Quartz conglomerate Detrital U–Pb LA–ICP–MS

JCA036 6.27423 –75.62193 Altavista Stock Quartz diorite Geochemistry

JCA037 6.27423 –75.62193 Altavista Stock Gabbro Geochemistry

JCA038 6.27423 –75.62193 Altavista Stock Andesitic porphyry Geochemistry

JCA043 6.22818 –75.56890 San Diego Gabbro Gabbro Geochemistry

DM–TM–084 5.99307 –75.03510 San Luis Sedimentites Sandstone Petrography

DM–TM–076 5.99593 –75.02480 San Luis Sedimentites Sandstone Petrography

Table 1. Sample locations.

Table 2. Petrographical results from the San Luis Sedimentites.

Sample Qzm Qzi Qzmet Ltmet Ltsed Pg K

DM–TM–084 85 85 46 3 8 22 8

DM–TM–076 70 65 29 1 3 18 3

(Qzm) monocrystalline quartz; (Qzi) polycrystalline igneous quartz; (Qzmet) 
polycrystalline metamorphic quartz; (Ltmet) metamorphic lithic; (Ltsed) sedi-
mentary lithic; (Pg) plagioclase; (K) alkaline feldspar.

lera, the eastern and western belts are separated more than 50 
km by the pre–Cretaceous metamorphic basement.

In the western flank of the Central Cordillera, between the 
Departments of Antioquia and Caldas, different names have 
been used to refer units with similar lithofacies, including the 
Abejorral Formation (González, 1980), the Aranzázu–Maniza-
les Metasedimentary Complex (Lozano et al., 1975), the “Valle 
Alto”, “San Félix”, and “El Establo” units (Rodríguez & Rojas, 
1985), and the “Eastern” interval near the city of Manizales 
(Gómez–Cruz et al., 1995).

These sequences include basal oligomictic quartzose con-
glomerates and coarse–grained sandstones with thicknesses 
between 40 and 240 m. Interlayered fine–grained sandstones, 
mudstones, siliceous mudstones, and chert with polymictic con-
glomerate beds overlie the coarse–grained units and may reach 
thicknesses between 160 and 1910 m. The greater stratigraphic 
thicknesses may be an artifact of repetition associated with the 
superimposed deformation (Figure 4). These units yield Berri-
asian to middle Albian fossil fauna and have been interpreted 
as transgressive successions that evolved from fluvial–deltaic to 
marine platform environments (Lozano et al., 1975; Etayo–Ser-
na, 1985; Rodríguez & Rojas, 1985; Gómez–Cruz et al., 1995; 
Quiroz, 2005; Zapata et al., 2018). Magmatic activity associat-
ed with fine–grained facies has recently been recognized in the 
form of interlayered tuffs and dikes near the town of Abejorral 
(Antioquia), which suggests that sedimentation and volcanism 
were contemporaneous (Zapata et al., 2018). In this contribu-
tion, we report the presence of a porphyritic body that intrudes 
a sequence of mudstones and siltstones of the Abejorral Forma-
tion near the town of Salamina in the state Caldas Department.

Several segmented and deformed siliciclastic units also crop 
out along the eastern flank of the Central Cordillera approximate-
ly 50 km to the east and both north and south from the main ex-
posures of the Abejorral Formation. These sequences trend N–S, 

na standard mean ocean water, VSMOW; 18O/16O = 0.0020052; 
Baertschi, 1976). The reproducibility in δ18O was 0.15‰ (1 
standard deviation, n = 24). A secondary reference zircon FC1 
(δ18O = 5.4‰; Ickert et al., 2008) was analyzed under the same 
conditions, and a δ18O value of 5.56 ± 0.15‰ (n = 6) was ob-
tained, attesting to the accuracy of the method within stated 
uncertainties.

4. Results

4.1. Review of the Early Cretaceous 
Sedimentary Record in the Central Cordillera 
and New Observations

Several discontinuous belts of fossiliferous siliciclastic Lower 
Cretaceous rocks are exposed along the axis and both flanks 
of the Central Cordillera (Figure 2). All of them are overlying 
Triassic or Jurassic schist and gneissic rocks that have been 
included in the Cajamarca Complex (Vinasco et al., 2006; Blan-
co–Quintero et al., 2014; Cochrane et al., 2014b; Bustamante 
et al., 2017; Rodríguez et al., 2018) and show local evidence 
of intense deformation by folding and faulting, as well as local 
low–grade metamorphic overprinting that formed slates and 
flattened metaconglomerates. In some segments of the cordil-



343

Cretaceous Record from a Mariana– to an Andean–Type Margin in the Central Cordillera of the Colombian Andes

C
re

ta
ce

ou
s

Ta
bl

e 
3.

 U
–P

b 
LA

–I
CP

–M
S 

ge
oc

hr
on

ol
og

ic
al

 re
su

lts
 fr

om
 th

e 
an

al
yz

ed
 in

tr
us

iv
e 

bo
di

es
 (A

lta
vi

st
a,

 S
an

 D
ie

go
, a

nd
 A

nt
io

qu
ia

).

D
ep

ar
tm

en
t o

f t
he

 E
nv

ir
on

m
en

t, 
 

W
as

hi
ng

to
n 

St
at

e U
ni

ve
rs

ity
Is

ot
op

ic
 ra

tio
s

A
ge

s

Sa
m

pl
e 

 
 

Pb
 2

07
 

C
or

re
ct

ed
 

 
 

 
N

on
  

C
or

re
ct

ed
 

 
 

20
7 P

b/2
35

U
2σ

 A
bs

 er
ro

r
20

6 P
b/2

38
U

2σ
 A

bs
 er

ro
r

20
7 P

b/2
06

Pb
2σ

 A
bs

 er
ro

r
Be

st
 a

ge
2σ

 A
bs

 er
ro

r

N
am

e
U

 (p
pm

)
U

/T
h

20
7 P

b/2
35

U
2σ

 A
bs

 er
ro

r
20

6 P
b/2

38
U

2s
 A

bs
 er

ro
r

C
or

r. 
C

oe
f.

23
8 U

/2
06

Pb
2σ

 A
bs

 er
ro

r
20

7 P
b/2

06
Pb

2σ
 A

bs
 er

ro
r

(M
a)

(M
a)

(M
a)

 (2
07

 
C

or
r)

(M
a)

(M
a)

(M
a)

(M
a)

(M
a)

JC
A

–0
45

_1
12

41
0.

3
0.

10
27

6
0.

00
46

8
0.

01
48

5
0.

00
04

6
0.

82
5

67
.1

45
3

2.
05

41
0.

05
02

0.
00

13
99

.3
4.

3
95

.0
2.

9
20

3.
7

30
.5

95
.0

2.
9

JC
A

–0
45

_2
13

72
0.

3
0.

10
17

0
0.

00
45

3
0.

01
52

1
0.

00
04

7
0.

83
7

65
.6

97
3

2.
01

98
0.

04
85

0.
00

12
98

.3
4.

2
97

.3
3.

0
12

3.
2

29
.4

97
.3

3.
0

JC
A

–0
45

_3
10

14
0.

4
0.

10
41

5
0.

00
48

5
0.

01
55

1
0.

00
05

0
0.

82
8

64
.4

05
6

2.
05

50
0.

04
87

0.
00

13
10

0.
6

4.
5

99
.2

3.
2

13
3.

2
31

.3
99

.2
3.

2

JC
A

–0
45

_4
18

59
0.

2
0.

10
66

9
0.

00
44

5
0.

01
51

2
0.

00
04

6
0.

86
6

65
.8

76
9

1.
98

61
0.

05
12

0.
00

11
10

2.
9

4.
1

96
.7

2.
9

24
9.

2
24

.7
96

.7
2.

9

JC
A

–0
45

_5
95

5
0.

5
0.

11
10

9
0.

00
53

5
0.

01
51

7
0.

00
04

9
0.

81
7

65
.4

89
4

2.
10

01
0.

05
31

0.
00

15
10

7.
0

4.
9

97
.1

3.
1

33
3.

7
31

.9
97

.1
3.

1

JC
A

–0
45

_6
11

32
0.

3
0.

10
32

8
0.

00
46

3
0.

01
54

3
0.

00
04

7
0.

83
3

64
.7

66
6

1.
98

75
0.

04
85

0.
00

12
99

.8
4.

3
98

.7
3.

0
12

6.
1

30
.0

98
.7

3.
0

JC
A

–0
45

_7
17

28
0.

4
0.

10
26

4
0.

00
42

3
0.

01
53

0
0.

00
04

7
0.

87
4

65
.2

92
8

1.
98

36
0.

04
86

0.
00

10
99

.2
3.

9
97

.9
3.

0
13

0.
7

24
.3

97
.9

3.
0

JC
A

–0
45

_8
50

0
0.

9
0.

10
60

0
0.

00
59

4
0.

01
59

4
0.

00
05

8
0.

79
1

62
.7

35
0

2.
29

47
0.

04
82

0.
00

17
10

2.
3

5.
4

10
1.

9
3.

7
11

1.
1

41
.0

10
1.

9
3.

7

JC
A

–0
45

_9
15

30
0.

3
0.

10
12

4
0.

00
47

1
0.

01
48

7
0.

00
04

5
0.

81
1

67
.1

09
8

2.
03

67
0.

04
94

0.
00

14
97

.9
4.

3
95

.2
2.

9
16

5.
2

32
.6

95
.2

2.
9

JC
A

–0
45

_1
0

20
21

0.
3

0.
10

00
1

0.
00

42
8

0.
01

50
4

0.
00

04
9

0.
88

6
66

.4
65

6
2.

18
18

0.
04

82
0.

00
10

96
.8

4.
0

96
.2

3.
1

11
0.

6
24

.0
96

.2
3.

1

JC
A

–0
45

_1
1

54
7

0.
6

0.
10

73
2

0.
00

61
1

0.
01

54
4

0.
00

05
3

0.
76

1
64

.5
84

1
2.

19
08

0.
05

04
0.

00
19

10
3.

5
5.

6
98

.7
3.

3
21

4.
8

43
.4

98
.7

3.
3

JC
A

–0
45

_1
2

32
23

0.
2

0.
10

36
4

0.
00

41
6

0.
01

56
4

0.
00

04
7

0.
88

0
63

.9
29

2
1.

90
38

0.
04

81
0.

00
10

10
0.

1
3.

8
10

0.
1

3.
0

10
2.

1
23

.3
10

0.
1

3.
0

JC
A

–0
45

_1
3

36
70

0.
3

0.
10

38
3

0.
00

44
4

0.
01

53
2

0.
00

05
3

0.
91

2
65

.1
95

4
2.

24
74

0.
04

92
0.

00
09

10
0.

3
4.

1
98

.0
3.

4
15

5.
9

21
.1

98
.0

3.
4

JC
A

–0
45

_1
4

25
36

0.
3

0.
09

99
4

0.
00

41
4

0.
01

50
5

0.
00

04
7

0.
88

7
66

.4
29

5
2.

09
51

0.
04

82
0.

00
10

96
.7

3.
8

96
.3

3.
0

10
7.

3
23

.3
96

.3
3.

0

JC
A

–0
45

_1
5

34
43

0.
2

0.
10

14
8

0.
00

43
8

0.
01

51
3

0.
00

05
0

0.
88

8
66

.0
27

0
2.

19
54

0.
04

86
0.

00
10

98
.1

4.
0

96
.8

3.
2

13
0.

5
24

.0
96

.8
3.

2

JC
A

–0
45

_1
6

16
67

0.
4

0.
10

32
7

0.
00

44
0

0.
01

48
4

0.
00

04
7

0.
86

9
67

.1
51

6
2.

10
07

0.
05

05
0.

00
11

99
.8

4.
0

95
.0

3.
0

21
6.

2
25

.1
95

.0
3.

0

JC
A

–0
45

_1
7

12
09

0.
3

0.
10

83
3

0.
00

47
0

0.
01

60
8

0.
00

04
8

0.
83

6
62

.1
39

1
1.

83
96

0.
04

89
0.

00
12

10
4.

4
4.

3
10

2.
8

3.
0

14
1.

7
28

.7
10

2.
8

3.
0

JC
A

–0
45

_1
8

88
2

0.
4

0.
10

11
6

0.
00

54
4

0.
01

49
0

0.
00

05
9

0.
84

8
67

.0
01

6
2.

66
86

0.
04

92
0.

00
14

97
.8

5.
0

95
.3

3.
8

15
9.

4
33

.6
95

.3
3.

8

JC
A

–0
45

_1
9

42
6

0.
7

0.
10

44
3

0.
00

54
6

0.
01

47
7

0.
00

04
9

0.
79

0
67

.4
30

5
2.

23
82

0.
05

13
0.

00
17

10
0.

9
5.

0
94

.5
3.

1
25

4.
1

37
.3

94
.5

3.
1

JC
A

–0
45

_2
0

45
9

1.
1

0.
10

56
9

0.
00

57
4

0.
01

48
4

0.
00

05
0

0.
77

8
67

.0
79

1
2.

25
67

0.
05

17
0.

00
18

10
2.

0
5.

3
94

.9
3.

2
27

0.
6

39
.7

94
.9

3.
2

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

JC
A

–0
46

_1
10

85
0.

4
0.

10
39

7
0.

00
54

0
0.

01
54

3
0.

00
04

8
0.

77
2

64
.7

21
9

2.
02

53
0.

04
89

0.
00

17
10

0.
4

5.
0

98
.7

3.
1

14
1.

0
39

.5
98

.7
3.

1

JC
A

–0
46

_2
12

82
0.

4
0.

10
47

7
0.

00
49

0
0.

01
57

6
0.

00
05

1
0.

82
8

63
.4

33
4

2.
03

21
0.

04
82

0.
00

13
10

1.
2

4.
5

10
0.

8
3.

2
10

9.
7

31
.7

10
0.

8
3.

2

JC
A

–0
46

_3
13

54
0.

6
0.

10
51

4
0.

00
49

2
0.

01
54

1
0.

00
05

2
0.

84
7

64
.7

78
1

2.
17

39
0.

04
95

0.
00

13
10

1.
5

4.
5

98
.6

3.
3

17
1.

1
29

.6
98

.6
3.

3

JC
A

–0
46

_4
60

5
1.

1
0.

10
37

2
0.

00
56

0
0.

01
52

3
0.

00
05

4
0.

79
6

65
.5

44
3

2.
31

73
0.

04
94

0.
00

17
10

0.
2

5.
1

97
.4

3.
4

16
6.

7
38

.7
97

.4
3.

4

JC
A

–0
46

_5
18

29
0.

3
0.

14
75

0
0.

00
70

5
0.

01
47

2
0.

00
05

4
0.

87
6

65
.7

81
4

2.
32

97
0.

07
27

0.
00

17
13

9.
7

6.
2

94
.2

3.
3

10
04

.7
23

.1
94

.2
3.

3

JC
A

–0
46

_6
36

7
1.

1
0.

18
29

9
0.

01
24

5
0.

01
47

2
0.

00
06

2
0.

76
3

64
.2

63
4

2.
56

66
0.

09
01

0.
00

38
17

0.
6

10
.6

94
.2

3.
8

14
28

.6
40

.1
94

.2
3.

8

JC
A

–0
46

_7
40

1
0.

8
0.

12
20

6
0.

00
75

1
0.

01
55

8
0.

00
06

3
0.

78
6

63
.4

53
3

2.
52

55
0.

05
68

0.
00

22
11

6.
9

6.
8

99
.7

4.
0

48
4.

2
41

.9
99

.7
4.

0

JC
A

–0
46

_8
21

32
0.

3
0.

09
88

8
0.

00
44

3
0.

01
49

3
0.

00
05

1
0.

87
8

66
.9

58
4

2.
28

37
0.

04
80

0.
00

11
95

.7
4.

1
95

.6
3.

2
10

0.
4

25
.9

95
.6

3.
2

JC
A

–0
46

_9
89

3
0.

7
0.

10
58

1
0.

00
56

5
0.

01
52

7
0.

00
05

6
0.

81
5

65
.2

95
0

2.
38

63
0.

05
03

0.
00

16
10

2.
1

5.
2

97
.7

3.
6

20
6.

9
36

.3
97

.7
3.

6

JC
A

–0
46

_1
0

48
6

0.
7

0.
10

09
2

0.
00

59
5

0.
01

54
5

0.
00

05
0

0.
73

4
64

.7
76

1
2.

10
05

0.
04

74
0.

00
20

97
.6

5.
5

98
.8

3.
2

68
.1

48
.7

98
.8

3.
2

JC
A

–0
46

_1
1

51
1

0.
5

0.
11

09
4

0.
00

58
3

0.
01

57
0

0.
00

05
2

0.
78

3
63

.4
24

8
2.

07
49

0.
05

12
0.

00
17

10
6.

8
5.

3
10

0.
4

3.
3

25
1.

8
38

.2
10

0.
4

3.
3



344

CARDONA et al.

D
ep

ar
tm

en
t o

f t
he

 E
nv

ir
on

m
en

t, 
 

W
as

hi
ng

to
n 

St
at

e U
ni

ve
rs

ity
Is

ot
op

ic
 ra

tio
s

A
ge

s

Sa
m

pl
e 

 
 

Pb
 2

07
 

C
or

re
ct

ed
 

 
 

 
N

on
  

C
or

re
ct

ed
 

 
 

20
7 P

b/2
35

U
2σ

 A
bs

 er
ro

r
20

6 P
b/2

38
U

2σ
 A

bs
 er

ro
r

20
7 P

b/2
06

Pb
2σ

 A
bs

 er
ro

r
Be

st
 a

ge
2σ

 A
bs

 er
ro

r

N
am

e
U

 (p
pm

)
U

/T
h

20
7 P

b/2
35

U
2σ

 A
bs

 er
ro

r
20

6 P
b/2

38
U

2s
 A

bs
 er

ro
r

C
or

r. 
C

oe
f.

23
8 U

/2
06

Pb
2σ

 A
bs

 er
ro

r
20

7 P
b/2

06
Pb

2σ
 A

bs
 er

ro
r

(M
a)

(M
a)

(M
a)

 (2
07

 
C

or
r)

(M
a)

(M
a)

(M
a)

(M
a)

(M
a)

JC
A

–0
46

_1
2

51
5

0.
7

0.
10

31
2

0.
00

56
6

0.
01

52
6

0.
00

05
2

0.
77

4
65

.4
36

7
2.

21
13

0.
04

90
0.

00
18

99
.7

5.
2

97
.6

3.
3

14
8.

1
41

.4
97

.6
3.

3

JC
A

–0
46

_1
3

93
0

0.
6

0.
10

39
8

0.
00

47
5

0.
01

56
3

0.
00

04
9

0.
83

2
63

.9
66

8
2.

01
23

0.
04

83
0.

00
13

10
0.

4
4.

4
10

0.
0

3.
1

11
1.

8
30

.6
10

0.
0

3.
1

JC
A

–0
46

_1
4

46
0

0.
9

0.
10

37
4

0.
00

56
1

0.
01

56
5

0.
00

05
5

0.
79

1
63

.8
98

3
2.

23
40

0.
04

81
0.

00
16

10
0.

2
5.

2
10

0.
1

3.
5

10
3.

1
39

.7
10

0.
1

3.
5

JC
A

–0
46

_1
5

12
24

0.
5

0.
09

93
6

0.
00

44
9

0.
01

50
0

0.
00

04
6

0.
83

0
66

.6
67

4
2.

05
42

0.
04

80
0.

00
13

96
.2

4.
1

96
.0

2.
9

10
1.

6
30

.5
96

.0
2.

9

JC
A

–0
46

_1
6

48
0

0.
7

0.
10

47
7

0.
00

56
2

0.
01

46
5

0.
00

05
2

0.
80

3
67

.9
33

8
2.

41
74

0.
05

19
0.

00
17

10
1.

2
5.

2
93

.7
3.

3
28

0.
5

36
.9

93
.7

3.
3

JC
A

–0
46

_1
7

31
08

0.
3

0.
10

23
6

0.
00

41
0

0.
01

54
2

0.
00

04
7

0.
89

5
64

.8
48

9
1.

99
30

0.
04

82
0.

00
09

99
.0

3.
8

98
.6

3.
0

10
6.

9
21

.8
98

.6
3.

0

JC
A

–0
46

_1
8

11
61

0.
7

0.
10

23
7

0.
00

46
5

0.
01

54
7

0.
00

05
0

0.
84

9
64

.6
33

1
2.

10
68

0.
04

80
0.

00
12

99
.0

4.
3

99
.0

3.
2

98
.6

29
.0

99
.0

3.
2

JC
A

–0
46

_1
9

99
9

0.
7

0.
10

15
3

0.
00

46
1

0.
01

53
9

0.
00

04
9

0.
83

9
64

.9
93

6
2.

06
76

0.
04

78
0.

00
12

98
.2

4.
2

98
.4

3.
1

91
.8

30
.0

98
.4

3.
1

JC
A

–0
46

_2
0

10
29

0.
6

0.
10

78
5

0.
00

55
6

0.
01

54
5

0.
00

05
8

0.
84

3
64

.5
01

4
2.

41
15

0.
05

06
0.

00
14

10
4.

0
5.

1
98

.8
3.

7
22

3.
7

32
.4

98
.8

3.
7

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

A
G

–0
1_

1
44

2
0.

3
0.

09
15

1
0.

00
51

9
0.

01
38

8
0.

00
04

7
0.

75
8

72
.0

37
1

2.
42

05
0.

04
78

0.
00

18
88

.9
4.

8
88

.9
3.

0
89

.9
44

.6
88

.9
3.

0

A
G

–0
1_

2
95

5
0.

3
0.

09
56

4
0.

00
48

4
0.

01
40

8
0.

00
04

5
0.

79
1

70
.8

80
4

2.
26

99
0.

04
93

0.
00

16
92

.7
4.

5
90

.1
2.

9
16

0.
1

36
.9

90
.1

2.
9

A
G

–0
1_

3
31

0
0.

3
0.

09
82

9
0.

00
62

2
0.

01
40

5
0.

00
05

1
0.

74
3

70
.9

10
8

2.
58

70
0.

05
07

0.
00

22
95

.2
5.

7
89

.9
3.

3
22

8.
9

49
.4

89
.9

3.
3

A
G

–0
1_

4
42

2
0.

3
0.

12
86

7
0.

01
54

3
0.

01
27

7
0.

00
05

0
0.

65
0

75
.7

60
2

2.
86

62
0.

07
31

0.
00

70
12

2.
9

13
.8

81
.8

3.
2

10
15

.8
94

.2
81

.8
3.

2

A
G

–0
1_

5
27

9
0.

3
0.

20
06

4
0.

02
18

9
0.

01
35

2
0.

00
07

1
0.

67
5

68
.3

07
5

3.
30

98
0.

10
76

0.
00

83
18

5.
7

18
.2

86
.6

4.
3

17
59

.5
68

.7
86

.6
4.

3

A
G

–0
1_

6
36

0
0.

3
0.

09
56

5
0.

00
60

0
0.

01
39

7
0.

00
05

1
0.

74
6

71
.4

33
2

2.
61

14
0.

04
97

0.
00

21
92

.7
5.

6
89

.4
3.

3
17

9.
6

49
.3

89
.4

3.
3

A
G

–0
1_

7
30

1
0.

3
0.

09
53

0
0.

00
63

1
0.

01
43

9
0.

00
05

1
0.

72
1

69
.4

94
0

2.
48

24
0.

04
80

0.
00

23
92

.4
5.

8
92

.1
3.

3
10

1.
6

55
.1

92
.1

3.
3

A
G

–0
1_

8
62

9
0.

3
0.

10
04

9
0.

00
64

7
0.

01
37

7
0.

00
05

4
0.

75
9

72
.1

49
4

2.
83

03
0.

05
29

0.
00

23
97

.2
6.

0
88

.2
3.

5
32

5.
9

47
.7

88
.2

3.
5

A
G

–0
1_

9
23

1
0.

3
0.

09
64

0
0.

00
67

8
0.

01
39

8
0.

00
05

5
0.

72
9

71
.3

23
5

2.
82

21
0.

05
00

0.
00

25
93

.5
6.

3
89

.5
3.

5
19

5.
4

56
.4

89
.5

3.
5

A
G

–0
1_

10
38

8
0.

3
0.

09
01

3
0.

00
55

3
0.

01
40

5
0.

00
05

0
0.

74
3

71
.2

94
4

2.
51

73
0.

04
65

0.
00

20
87

.6
5.

1
89

.9
3.

2
25

.0
50

.2
89

.9
3.

2

A
G

–0
1_

11
31

7
0.

3
0.

10
07

8
0.

00
72

8
0.

01
42

8
0.

00
05

7
0.

72
0

69
.7

40
1

2.
75

50
0.

05
12

0.
00

26
97

.5
6.

7
91

.4
3.

6
24

9.
5

58
.2

91
.4

3.
6

A
G

–0
1_

12
43

5
0.

3
0.

09
13

0
0.

00
54

2
0.

01
39

7
0.

00
04

9
0.

75
5

71
.6

07
5

2.
52

32
0.

04
74

0.
00

19
88

.7
5.

0
89

.4
3.

1
69

.1
47

.1
89

.4
3.

1

A
G

–0
1_

13
37

5
0.

3
0.

10
11

7
0.

00
73

4
0.

01
37

6
0.

00
05

0
0.

70
0

72
.1

60
6

2.
62

14
0.

05
33

0.
00

28
97

.9
6.

8
88

.1
3.

2
34

2.
7

59
.3

88
.1

3.
2

A
G

–0
1_

14
54

2
0.

4
0.

09
12

3
0.

00
59

5
0.

01
36

3
0.

00
06

3
0.

81
7

73
.2

97
3

3.
40

70
0.

04
85

0.
00

19
88

.6
5.

5
87

.3
4.

0
12

5.
9

44
.4

87
.3

4.
0

A
G

–0
1_

15
67

7
0.

3
0.

09
24

7
0.

00
46

6
0.

01
39

0
0.

00
04

4
0.

79
1

71
.8

79
3

2.
29

39
0.

04
82

0.
00

15
89

.8
4.

3
89

.0
2.

8
11

0.
8

37
.1

89
.0

2.
8

A
G

–0
1_

16
63

1
0.

3
0.

09
65

7
0.

00
53

1
0.

01
45

8
0.

00
05

0
0.

77
7

68
.5

63
4

2.
34

73
0.

04
80

0.
00

17
93

.6
4.

9
93

.3
3.

2
10

0.
8

41
.6

93
.3

3.
2

A
G

–0
1_

17
43

6
0.

2
0.

09
20

6
0.

00
58

3
0.

01
35

8
0.

00
05

0
0.

74
6

73
.5

01
1

2.
72

05
0.

04
92

0.
00

21
89

.4
5.

4
87

.0
3.

2
15

5.
7

49
.9

87
.0

3.
2

A
G

–0
1_

18
38

8
0.

2
0.

09
04

1
0.

00
57

9
0.

01
37

9
0.

00
05

1
0.

74
3

72
.5

37
5

2.
70

09
0.

04
75

0.
00

21
87

.9
5.

4
88

.3
3.

3
76

.9
51

.6
88

.3
3.

3

A
G

–0
1_

19
59

5
0.

3
0.

10
57

6
0.

00
63

3
0.

01
41

3
0.

00
05

6
0.

79
1

70
.2

03
0

2.
74

75
0.

05
43

0.
00

20
10

2.
1

5.
8

90
.4

3.
5

38
3.

4
41

.2
90

.4
3.

5

A
G

–0
1_

20
55

4
0.

3
0.

09
36

9
0.

00
62

2
0.

01
41

3
0.

00
06

6
0.

80
7

70
.7

66
7

3.
28

61
0.

04
81

0.
00

19
90

.9
5.

8
90

.4
4.

2
10

4.
3

46
.4

90
.4

4.
2

A
G

–0
1_

21
55

3
0.

4
0.

09
68

3
0.

00
48

1
0.

01
45

8
0.

00
04

6
0.

79
4

68
.5

70
1

2.
16

76
0.

04
82

0.
00

15
93

.8
4.

4
93

.3
2.

9
10

7.
7

36
.4

93
.3

2.
9

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

Ta
bl

e 
3.

 U
–P

b 
LA

–I
CP

–M
S 

ge
oc

hr
on

ol
og

ic
al

 re
su

lts
 fr

om
 th

e 
an

al
yz

ed
 in

tr
us

iv
e 

bo
di

es
 (A

lta
vi

st
a,

 S
an

 D
ie

go
, a

nd
 A

nt
io

qu
ia

) (
co

nt
in

ue
d)

.



345

Cretaceous Record from a Mariana– to an Andean–Type Margin in the Central Cordillera of the Colombian Andes
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Sample JCA036 JCA037 JCA038 JCA043

Rock type Quartz diorite Gabbro Andesitic 
porphyry Gabbro

Unit Altavista Altavista Altavista San Diego

SiO2 67.4 63.9 56.9 54.6

Al2O3 16.8 15.6 15.8 16.15

Fe2O3 4.12 5.36 6.71 7.19

MgO 0.83 2.67 3.42 5.93

CaO 2.87 5.23 7.48 9.36

Na2O 6.51 5.48 2.99 3.73

K2O 1.59 0.67 0.8 0.43

TiO2 0.51 0.92 0.76 0.85

P2O5 0.15 0.2 0.23 0.12

MnO 0.06 0.14 0.15 0.14

Cr2O3   0.01 0.01 0.01

Ni 0 0 0 0

Sc 0 0 0 0

LOI 0.36 0.44 4.5 1.03

Sum 101.28 100.67 99.85 99.59

Cr 30 60 60 100

Pb        

Ba 487 193.5 356 169.5

Co 0 0 0 0

Cs 2.05 1.25 0.59 0.49

Ga 21.2 18.9 18.2 14.7

Hf 8.4 4 3.4 2.7

Nb 10.6 14.4 4.3 5

Rb 48.6 27.8 18.1 9.4

Sn 3 3 2 2

Sr 243 240 493 289

Ta 0.6 0.9 0.3 0.3

Th 4.42 3.26 1.64 1.41

U 1.99 1.39 0.73 0.47

V 87 95 148 172

W 1 1 1 1

Zr 406 168 122 98

Y 25 37.2 21 22

La 21.2 14.4 10.3 8.5

Ce 43.3 37.7 23.4 21.2

Pr 4.96 4.98 3.23 2.93

Nd 18.3 20.9 14.1 13.3

Sm 4.02 4.87 3.02 3.23

Eu 1.31 1.21 1 1.28

Gd 4.28 5.64 3.68 4.13

Tb 0.65 0.9 0.63 0.75

Table 4. Whole–rock geochemistry from the Altavista and San Di-
ego Plutons.

Table 4. Whole–rock geochemistry from the Altavista and San Di-
ego Plutons (continued). 

Sample JCA036 JCA037 JCA038 JCA043

Rock type Quartz diorite Gabbro Andesitic 
porphyry Gabbro

Unit Altavista Altavista Altavista San Diego

Dy 3.82 6.11 3.44 4.35

Ho 0.9 1.28 0.73 0.8

Er 2.66 4.13 2.42 2.4

Tm 0.41 0.62 0.32 0.35

Yb 2.96 4.67 2.18 2.27

Lu 0.49 0.62 0.36 0.39

Rb/Sr 0.20 0.12 0.04 0.03

Sr/Y 9.72 6.45 23.48 13.14

Sr/Y thick-
ness 18.84 15.21 34.11 22.63

have received different lithostratigraphic names (e.g., San Luis, 
Amalfi, and Berlin Sedimentites, and the San Pablo and La Sole-
dad Formations), overlie Triassic and older metamorphic rocks 
of the Cajamarca Complex, and are also intruded by Upper Cre-
taceous plutons (Feininger et al., 1972; Hall et al., 1972; Barrero 
& Vesga, 1976; Naranjo, 1983). The fossil content of mudstones 
from these units suggests Valanginian to Aptian – Albian accu-
mulation ages. Although precise stratigraphic analysis from these 
units is still missing, cartographic and field observations indicate 
that they are represented by fining–upward sequences in which 
coarse–grained conglomeratic and sandstone levels are overlain 
by upper fine–grained siliciclastic facies associations.

The coarse–grained association includes intercalations of 
sandstones and conglomerates, which in the San Luis Sedimen-
tites are characterized by thicknesses of a few centimeters to hun-
dreds of meters (Feininger et al., 1972). Sandstones are mainly 
quartzose in composition, whereas conglomerates include oligo-
mictic (white quartz and chert) or polymictic conglomerates that 
may include metavolcanic, schist, and/or gabbroic clasts in the 
San Luis Sedimentites, as well as in the San Pablo Formation and 
the Berlin Sedimentites (Feininger et al., 1972; Hall et al., 1972; 
Naranjo, 1983). The quartzose conglomerates have been reported 
overlying the metamorphic basement (Feininger et al., 1972; Hall 
et al., 1972; Naranjo, 1983; Pimiento, 2011). 

The fine–grained facies include mostly fossiliferous Lower 
Cretaceous black shales (up to 80%; see review in González, 
2001) intercalated with chert, siltstones, graywackes, and intra-
formational conglomerates with shale and sandstone fragments, 
which may reach thicknesses of 600–1000 m (Feininger et al., 
1972; Hall et al., 1972; Gómez & Lizcano, 1990). Significant 
variations and lateral differences in the stratigraphic thickness 
between distinct localities is a commonly reported feature. The 
La Soledad Formation, which is one of the northern expressions 
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measured corrected                              

Sample 176Hf/177Hf 176Hf/177Hf 2SE 176Lu/177Hf 2SE 176Yb/177Hf 2SE 178Hf/177Hf 2SE 180Hf/177Hf 2SE
Total Hf 

beam
Age 176Hf/177Hfi EHf0 2SE EHfi

DM56_1 0.282958 0.2830121 0.000036 0.002089 0.000067 0.0504 0.0018 1.467149 0.000041 1.88694 0.0001 14.5 94.4 0.283008412 8.0 1.3 10.0

DM56_2 0.282949 0.2830031 0.00003 0.001171 0.000018 0.0263 0.0004 1.467186 0.000042 1.887079 0.000091 16.44 97.2 0.283000967 7.7 1.1 9.8

DM56_3 0.282937 0.2829911 0.000026 0.000881 0.000039 0.01948 0.00082 1.46717 0.000033 1.887001 0.000084 17.68 98.7 0.282989468 7.3 0.9 9.4

DM56_4 0.282966 0.2830201 0.000026 0.001068 0.00005 0.0232 0.001 1.467173 0.000032 1.88699 0.00011 17.41 93.9 0.283018224 8.3 0.9 10.3

DM56_5 0.283019 0.2830731 0.000028 0.00319 0.00025 0.0805 0.0064 1.467178 0.000031 1.887 0.000082 14.78 99.0 0.283067207 10.2 1.0 12.2

DM56_6 0.282946 0.2830001 0.000033 0.001426 0.000071 0.0336 0.0017 1.467165 0.000037 1.88695 0.000081 18.13 98.0 0.282997483 7.6 1.2 9.7

DM56_7 0.282946 0.2830001 0.000025 0.001099 0.000022 0.02485 0.00048 1.467187 0.000035 1.886991 0.000081 15.49 98.5 0.282998071 7.6 0.9 9.7

DM56_8 0.282928 0.2829821 0.000024 0.001542 0.000048 0.037 0.0014 1.467171 0.000035 1.88695 0.000071 15.9 97.2 0.282979289 7.0 0.8 9.0

DM56_9 0.282965 0.2830191 0.000036 0.00128 0.000093 0.0306 0.0021 1.467153 0.000042 1.88694 0.00012 18.56 96.2 0.283016797 8.3 1.3 10.3

DM56_10 0.282955 0.2830091 0.000029 0.001196 0.000021 0.02749 0.00065 1.467133 0.000031 1.887 0.00011 16.33 99.6 0.28300687 7.9 1.0 10.1

DM56_11 0.282972 0.2830261 0.00003 0.00195 0.00024 0.0476 0.0061 1.467147 0.000032 1.886874 0.000095 15.13 97.2 0.283022557 8.5 1.1 10.6

DM56_12 0.282974 0.2830281 0.000023 0.00176 0.00012 0.0406 0.0029 1.467179 0.000034 1.886947 0.000084 16.97 97.2 0.283024902 8.6 0.8 10.6

DM56_13 0.282982 0.2830361 0.000032 0.001103 0.000059 0.0243 0.0013 1.46714 0.000031 1.886876 0.00009 17.18 97.2 0.283034097 8.9 1.1 11.0

of the Lower Cretaceous sedimentites of the Central Cordillera, 
presents interlayered spilitized basaltic lava flows at its top, 
which include embedded fragments of the host sedimentary 
rocks (Hall et al., 1972).

All the units described above are intruded by Upper Creta-
ceous granodioritic to quartz dioritic rocks, which are part of 
the composite Antioquian Batholith with a protracted magmatic 
history spanning from 97 Ma to 84 Ma (Figures 2, 3; Ibañez–
Mejia et al., 2007; Leal–Mejía, 2011; Villagómez et al., 2011; 
Duque–Trujillo et al., 2018). Our new field and petrographic 
observations of the San Luis Sedimentites, together with similar 
published results in the same unit as well as in the La Soledad 
Formation and Berlin Sedimentites (Feininger et al., 1972; Hall 
et al., 1972), have shown that granitoid bodies intrude formerly 
folded and foliated low–grade Lower Cretaceous metasedimen-
tary rocks (Figure 4), producing an undeformed thermal aure-
ole. In the San Luis Sedimentites, petrographic observations of 
andalusite porphyroblasts and mica needles cut the schistose 
fabric defined by the orientation of white mica and suggest that 
contact metamorphism reached the hornblende–hornfels facies.

Field observations in the Abejorral Formation and in the San 
Luis Sedimentites near the towns of Aguadas and San Luis, as 
well as previously published maps and reports from correlatable 
units (Zapata et al., 2018), show that all of these rocks are char-
acterized by the presence of asymmetric folding with relatively 
steep limbs and are commonly faulted against the metamorphic 
basement (Figure 4).

West of the Abejorral Formation, in the western flank 
of the Central Cordillera, a series of Cretaceous siliciclas-
tic sequences crops out and is characterized by interlayered 
fine–grained sandstones and mudstones with volcanic (pyro-
clastic and effusive) rocks (Gómez–Cruz et al., 1995; Tamayo 
& Correa, 2010; Zapata et al., 2018). These sequences are 

often exclusively composed of volcanic rocks with basaltic 
composition, including pillow lavas, and are locally associ-
ated with gabbroic bodies and highly deformed serpentinized 
peridotites, which have been included in the Quebradagrande 
Complex and/or the Cauca Ophiolitic Complex (González, 
1980, 2001; Álvarez, 1987; Rodríguez & Cetina, 2016; Zapata 
et al., 2018).

4.2. Sandstone Petrography

Quantitative published petrographic data from the Abejo- 
rral Formation and Quebradagrande Complex were reviewed 
(Quiroz, 2005; Tamayo & Correa, 2010; Zapata et al., 2018), 
together with two newly analyzed samples from the San Luis 
Sedimentites. Additionally, qualitative descriptions were re-
vised in order to assess the compositional character and prov-
enance of the Lower Cretaceous sedimentary units exposed in 
the Central Cordillera of Colombia. Both the Folk (1974) and 
Garzanti (2016) classification and provenance diagrams were 
used to analyze sandstone compositions.

Sandstones from the Abejorral Formation and the upper seg-
ment of the Valle Alto Formation are medium– to coarse–grained, 
with angular to subangular and low–sphericity particles domi-
nantly composed of monocrystalline and polycrystalline quartz 
and metamorphic lithic fragments, with minor muscovite and 
sedimentary lithic fragments (Gómez–Cruz et al., 1995; Quiroz, 
2005; Tamayo & Correa, 2010; Zapata et al., 2018). In the QFL 
diagram of Folk (1974), samples plot within the litharenite, 
sublitharenite, and quartzarenite fields, whereas in the tectonic 
discrimination diagram of Garzanti (2016), they plot within the 
recycled orogen and continental block fields (Figure 5).

The Lower Cretaceous sandstones included in the Que-
bradagrande Complex and the upper Abejorral segment include 

Table 5. Hf isotope results for zircons from the Aguadas porphyritic unit.
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Cordillera (after Álvarez et al., 1975). Cross section B includes the San Luis Sedimentites in the eastern segment of the Central Cordillera 
(new field data, after Feininger et al., 1972). Cross section C includes the Berlin Sedimentites on the eastern flank of the Central Cordillera 
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schistose and volcanic lithics, as well as abundant (<70%) foli-
ated polycrystalline and monocrystalline quartz with undulatory 
and straight extinction (Tamayo & Correa, 2010; Jaramillo et 
al., 2017; Zapata et al., 2018).

The San Luis Sedimentites include medium– to coarse–
grained sandstones, with angular to subangular and low–sphe-
ricity particles, also dominantly composed of monocrystalline 
igneous and polycrystalline metamorphic quartz, with minor 
sedimentary and metamorphic lithic fragments and feldspar. In 
the QFL diagram of Folk (1974), the samples plot within the 
subarkose field, whereas in the tectonic discrimination diagram 
of Garzanti (2016), they plot within the continental block field 
(Figure 5).

Descriptions of sandstones from the San Pablo and La Sole-
dad Formations in the northern segment of the Central Cordil-
lera, as well as the Berlin Sedimentites, suggest that they are 
fine– to medium–grained rocks, with angular particles mainly 
composed of quartz, which is consistent with a sialic continen-
tal block affinity. However, more definitive details are missing 
and waiting for new provenance research.

4.3. Detrital Zircon Geochronology

The results of four new detrital zircon U–Pb analyses are pre-
sented and compared with previously published geochrono-
logical data to complement the sedimentary provenance of the 

Lower Cretaceous units exposed in both the western and eastern 
flanks of the Central Cordillera. We report the maximum accu-
mulation age based on the three youngest overlapping grains 
approach of Dickinson & Gehrels (2009), but only when it is 
close to the stratigraphic age previously suggested by the fossil 
content, since older ages are meaningless for the purpose of an-
alyzing accumulation ages. Single– or two–grain ages are also 
noted when necessary, although we are aware that such types 
of ages are not statistically robust (Dickinson & Gehrels, 2009).

One sample collected from the Quebradagrande Complex 
exposed northwest of the city of Medellín (Figures 1, 2) yielded 
only seven individual zircon U–Pb ages clustered at approxi-
mately 190 Ma, with additional Early Cretaceous, Paleozoic, 
and Neoproterozoic ages (Figure 6).

Two samples were analyzed from the Abejorral Formation 
and the Quebradagrande Complex (eastern and western inter-
vals in the sense of Gómez–Cruz et al., 1995) exposed in the 
western flank of the Central Cordillera near the city of Ma- 
nizales (Figures 1, 2). A total of 95 individual zircon grains 
were dated from the eastern interval (Abejorral Formation 
equivalent). The sample is characterized by major age peaks in 
the Permian – Triassic (240–296 Ma), early Paleozoic (340–530 
Ma), and Proterozoic (ca. 630–1400 Ma). Thirty–six individual 
grains were analyzed from a sample from the western interval. 
This sample has a major Early Cretaceous peak (ca. 105 Ma) 
with additional Permian – Triassic, Paleozoic, and Proterozoic 

Arkose Lithic arkose
Feldspathic
litharenite

Litharenite

Subarkose Sublitharenite

Quartzarenite

Q

F L

RO

MA

CB

Q

F L

San Luis Sedimentites

West Abejorral

Abejorral Formation

Upper Abejorral Formation

Upper Caballos Formation

Lower Abejorral Formation

Lower Caballos Formation

Quebradagrande Complex

a b

Figure 5. Sandstone petrography compilation and new data from the Abejorral Formation (Tamayo & Correa, 2010) and the San Luis 
Sedimentites. (a) Sandstone classification after Folk (1974). (b) Sandstone classification diagram after Garzanti (2016). Abbreviations: 
(MA) magmatic arc; (RO) recycled orogen; (CB) continental block.
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zircon ages and a well–defined maximum accumulation age of 
103.4 ± 1.1 Ma (Figure 6).

One hundred and twenty–seven individual zircon U–Pb 
ages were also obtained from one sample collected from the 
San Luis Sedimentites close to the town of San Luis (Figure 
6). The sample is characterized by Late Jurassic (145–150 
Ma), Permian – Triassic (ca. 220–270 Ma), Paleozoic (ca. 
340–540 Ma), and Proterozoic ages (ca. 560–1800 Ma). Al-
though this sample also includes minor Early Cretaceous ages 
of ca. 120–127 Ma and 136–137 Ma, the three youngest over-
lapping grains suggest a maximum accumulation age of 146.1 
± 2.0 Ma.

4.4. Zircon Geochronology of Magmatic Rocks

Early Cretaceous magmatic rocks from the Central Cordillera 
have yielded ca. 129 Ma U–Pb crystallization ages obtained 
from stock–sized plutons in the eastern flank of the cordillera, 
which intrude Jurassic metamorphic rocks of the Cajamarca 
Complex (Bustamante et al., 2016) and are exposed immediate-
ly to the south of the San Luis and Berlin Sedimentites.

Cretaceous magmatism in the Central Cordillera of Co-
lombia includes both plutonic and volcanic units. The plutonic 
record is widely exposed in a ca. 8000 km2 trapezoidal body 
that has been defined as the Antioquian Batholith (Figures 1, 2; 
Feininger & Botero, 1982). Compositionally, it varies between 
gabbro and monzogranite, although it is mainly composed of 
medium– to coarse–grained tonalite and granodiorite facies. 
The mafic minerals are hornblende and biotite, which are typ-
ical of hydrated sources for magmas generated at convergent 
margins. These plutons intrude Triassic and older metamorphic 
rocks of the Cajamarca Complex as well as the Lower Creta-
ceous sedimentary rocks, forming well–defined contact aure-
oles (Botero, 1963; Feininger et al., 1972; González, 2001). 
Different small bodies with similar tonalite, granodiorite, and 
gabbro compositions include the La Union, La Culebra, Ovejas, 
Belmira, San Diego, and Altavista Stocks, which have also been 
interpreted as associated with the different pulses that formed 
the Antioquian Batholith.

Available U–Pb zircon crystallization ages obtained by 
multigrain TIMS and single grain LA–ICP–MS analyses 
have yielded ages between 95 and 59 Ma (Correa et al., 2006; 
Ibañez–Mejia et al., 2007; Restrepo–Moreno et al., 2007; Leal–
Mejía, 2011; Villagómez et al., 2011), without any particular 
spatial trend. Although areas of this broad plutonic province 
remain to be analyzed, available whole–rock geochemical data 
have indicated a typical convergent margin setting for its or-
igin with a well–defined calc–alkaline signature and Nb–Ti 
anomalies that suggest a magmatic arc affinity (Leal–Mejía, 
2011; Villagómez et al., 2011). Farther to the south, Leal–Me-
jía (2011) described ca. 90 Ma plutonic rocks that intrude the 
Lower Cretaceous rocks of the Mariquita Stock (Bustamante et 

al., 2016) and therefore extend the latitudinal distribution of the 
Late Cretaceous magmatism.

Volcanic rocks are exposed in the western flank of the Cen-
tral Cordillera, forming a quasi–continuous and highly deformed 
belt that has been grouped as the Quebradagrande Complex 
(Maya & González, 1995). This unit is within the San Jerónimo 
Fault system that separates it from the eastern Lower Cretaceous 
and Triassic metamorphic rocks of the cordillera and is also in 
fault contact with ultrabasic units. Its lithostratigraphy includes 
basaltic to andesitic lavas and pyroclastic rocks with intercalat-
ed mudstones and fine–grained sandstones (Nivia et al., 2006;  
Villagómez et al., 2011; Jaramillo et al., 2017). A coarser silici-
clastic sequence, including sandstones and conglomerates, has 
also been reported (González, 1980). This unit is in fault contact 
to the west with Lower Cretaceous greenschist– to amphibolite–
facies metamorphic rocks included in the Arquía Complex (Maya 
& González, 1995), as well as Triassic meta–igneous bodies and 
metasedimentary rocks that resemble those found to the east in the 
Central Cordillera (Vinasco et al., 2006; Cochrane et al., 2014a).

Published geochemical data suggest the existence of multi-
ple compositional groups within the Quebradagrande Complex. 
A MORB to E–MORB character (Nivia et al., 2006; Villagómez 
et al., 2011; Rodríguez & Cetina, 2016) and an arc–like signa-
ture are represented by lavas and pyroclastic rocks (review in 
Jaramillo et al., 2017). These geochemical patterns have been 
interpreted in terms of the evolution of a single back–arc sys-
tem that might have resulted from the progressive reduction 
of the supra–subduction zone mantle signature (Nivia et al., 
2006). Nevertheless, Jaramillo et al. (2017) suggested that the 
compositional evolution followed a trend from MORB–like 
signatures toward arc–related signatures as a consequence of 
ongoing crustal thickening.

Available temporal constraints for the magmatic units of the 
Quebradagrande Complex include local stratigraphic relations 
with Aptian – Albian mudstone levels (Grosse, 1926; Botero, 
1963; González, 1980; Botero & González, 1983; Arévalo et al., 
2001), in which basaltic volcanic rocks intrude and are deposited 
over the fossiliferous strata (Grosse, 1926; Botero, 1963; Aréva-
lo et al., 2001). Zircon U–Pb ages from diorite and tuff samples 
have yielded ages between 112 Ma and 114 Ma (Villagómez 
et al., 2011; Cochrane et al., 2014b). Zapata et al. (2018) also 
documented U–Pb crystallization ages between 103 Ma and 115 
Ma in different tuffs and andesitic bodies that are related to the 
Abejorral Formation and the Quebradagrande Complex. Al-
though a more extensive discussion is beyond the scope of this 
contribution, it is arguable that the Aptian – Albian volcanic and 
sedimentary records exposed in the western flank of the Central 
Cordillera (Quebradagrande Complex and Abejorral Formation) 
are part of a continuous Aptian – Albian domain.

Elsewhere, Upper Cretaceous fossil content has been rec-
ognized in two localities where a sequence of interlayered 
pyroclastic rocks and mudstones associated with the Que-
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bradagrande Complex is found (Botero & González, 1983; 
Gómez–Cruz et al., 2002). Although these rocks are not exten-
sively discussed, Cochrane (2013) reported U–Pb zircon ages of 
80.2 ± 0.7 Ma and 82.1 ± 0.7 Ma from deformed agglomerates 
near the city of Manizales. These agglomerates are also asso-
ciated with cherts that include Hastigerinoides watersi Cush-
man, foraminifera characteristic of the Turonian – Campanian 
(Hall et al., 1972). Similarly, Zapata et al. (2018) documented 
the existence of ca. 80 Ma volcanic rocks overlying the Early 
Cretaceous volcano–sedimentary sequence.

Several plutonic bodies of tonalitic and gabbroic compo-
sitions with an arc–related geochemical affinity and intrusive 
relations with volcanic rocks of the Quebradagrande Complex 
have yielded U–Pb zircon crystallization ages of ca. 80 Ma and 
90 Ma (Villagómez et al., 2011; Jaramillo et al., 2017).

It is therefore concluded that the magmatic record of the 
Quebradagrande Complex represents long–term Cretaceous 
magmatic evolution between 114 Ma and 80 Ma, which likely 
occurred through different tectonic scenarios.

Although scarcely studied, in the northern axial zone of the 
Central Cordillera, in association with the La Soledad Forma-
tion, two different volcanic units have been reported: an eastern 
basaltic unit interlayered with the upper levels of the siliciclas-
tic rocks (Hall et al., 1972) and a prominent pyroclastic unit 
that includes agglomerates and tuffs, as well as several por-
phyritic intrusive rocks. The latter is located west of La Sole-
dad Formation, is limited to the west by ultramafic bodies and 
apparently Triassic gneisses and has been correlated with the 
Quebradagrande Complex and tentatively assigned to the Late 
Cretaceous (Hall et al., 1972).
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Figure 6. (a) U–Pb zircon geochronology of detrital samples from the Abejorral Formation, Quebradagrande Complex, and San Luis Sed-
imentites. (b) Published results from the same units and the Eastern Cordillera are also included (see text for references). (c) Expanded 
view of panel a showing the distribution of detrital ages between 0 and 200 Ma. *New data presented in this contribution.
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4.5. New U–Pb Zircon Geochronology of 
Plutonic Rocks

U–Pb LA–ICP–MS ages were obtained from four samples that 
intruded the Cajamarca Complex (2 samples) and the Lower 
Cretaceous sedimentary rocks exposed in the western and east-
ern flank of the Central Cordillera (2 samples; see red triangles 
in Figure 2). We attempted to refine the timing of the Creta-
ceous magmatic history and test the temporal relations among 
magmatism, sedimentation, and deformation.

4.5.1. San Diego Gabbro and Altavista Stock

Both units crop out on the western flank of the Central Cordil-
lera in the city of Medellín (Figures 1, 2). The Altavista Stock 
intrudes micaceous schists with graphite, biotitic gneisses, and 
amphibolites, which are part of the pre–Cretaceous Cajamar-
ca Complex (Rodríguez & Montoya, 1993), whereas the San 
Diego Gabbro intrudes only Triassic gneisses (Rendón, 1999).

In the sampled area, two different facies are recognized 
in the Altavista Stock; one facies has a predominantly me-
dium–grained granodioritic composition represented by an-
desine plagioclase (40%), quartz (20%), K–feldspar (15%), 
hornblende (15%), and biotite (8%), with accessory miner-
als including apatite, zircon, titanite, and opaque minerals. 
A second and more mafic diorite facies commonly found as 
enclaves within the felsic facies is characterized by intermedi-
ate plagioclase (40%), quartz (10%), amphibole (40%), biotite 
(10%), and ~3% accessory minerals including titanite, opaque 
minerals, and apatite. 

The San Diego Gabbro is characteristically a medium–
grained, highly altered rock that includes saussuritized pla-
gioclase (50%), hornblende altered to actinolite (45%), and 
quartz (2%) with titanite, apatite, and opaque minerals as ac-
cessory minerals.

Twenty zircon crystals in a granodiorite sample from the 
Altavista Stock (JCA–045) and twenty more in a diorite sample 
from the San Diego Gabbro (JCA–046) were analyzed. Crystal 
sizes vary between 40 and 200 µm and exhibit prismatic habits 
with (length:width) L:W ratios of 3:1 and 2:1. Cathodolumines-
cence images are characterized by a single oscillatory zoning 
pattern that is characteristic of igneous–related zircons (Vavra 
et al., 1999). The Th/U ratio varies between 0.91 and 5.05 and 
can also be related to zircons with a magmatic origin (Rubatto, 
2002). U–Pb zircon crystallization ages from the two stocks 
are strongly similar, with weighted mean ages of 97.0 ± 1.4 
Ma and 98.2 ± 1.4 Ma, Altavista Stock and San Diego Gabbro, 
respectively (Figure 7). Previously published multigrain TIMS 
analyses yield ages of 96 ± 0.4 Ma and 87 ± 0.5 Ma for a mafic 
and a felsic facies, respectively, of the Altavista Stock and 94 ± 
0.9 Ma for the San Diego Gabbro (Correa et al., 2006). Whereas 
the older TIMS ages for the Altavista Stock overlap with our 

new results, the other two ages are younger and may reflect a 
protracted magmatic history.

4.5.2. Aguadas Porphyritic Andesite

Thirty–one zircons were analyzed from a porphyritic andesite 
with hornblende phenocrysts that intrudes a sequence of in-
terlayered gray and black mudstones from the Abejorral For-
mation (sample DM–056), located farther to the south of the 
Altavista Stock and San Diego Gabbro. Zircon crystal sizes 
range between 60 and 300 µm and show prismatic shapes with 
L:W of 3:1. Cathodoluminescence images show single oscilla-
tory zoning patterns characteristic of igneous zircons (Vavra et 
al., 1999). The Th/U ratio varies between 0.4 and 1.6, consis-
tent with a magmatic character for the analyzed zircons (Rub-
atto, 2002). The analyzed individual grains yield a weighted 
mean age of 97.3 ± 1.3 Ma (Figure 7), which is related to the 
magmatic crystallization. No previous geochronological data 
are available for this porphyritic unit, which has been related 
to the Sonsón Batholith, considered Eocene in age based on 
U–Pb zircon geochronology (Ordóñez–Carmona et al., 2001; 
Leal–Mejía, 2011).

4.5.3. Antioquian Batholith

We analyzed the zircon U–Pb geochronology of a quartz dio-
rite sample with hornblende and biotite from the Antioquian 
Batholith near the Samaná River (AG–01), where it intrudes 
the Lower Cretaceous San Luis Sedimentites and the Triassic 
Samaná Gneiss. The twenty analyzed zircon crystals range 
from 75 to 200 µm in size and have a L:W ratio of 2:1. Cath-
odoluminescence images show a single oscillatory zoning pat-
tern characteristic of igneous zircons (Vavra et al., 1999). The 
Th/U ratio varies between 0.91 and 3.67, which may suggest 
a magmatic character for the analyzed grains (Rubatto, 2002). 
Zircons yield a weighted average age of 89.7 ± 1.3 Ma (Figure 
7), which is related to the magmatic crystallization. Three U–
Pb ages between 84.5 Ma and 93.5 Ma have previously been 
obtained by single–grain LA–ICP–MS and multigrain TIMS 
within the same region and are consistent with the new re-
sults presented in this contribution (Ibañez–Mejia et al., 2007;  
Villagómez et al., 2011).

4.6. Whole–Rock Geochemistry from Plutonic 
Rocks: New and Published Data

Four whole–rock geochemical analyses were conducted on 
three samples from the Altavista Stock and one from the San 
Diego Gabbro. SiO2 varies between 54.6 and 67.4 wt %; total 
alkalis (Na2O + K2O), between 3.79 and 8.1 wt %; and CaO and 
MgO, from 2.87 to 9.36 wt % and 0.83 to 5.93 wt %, respec-
tively. Al2O3 and Fe2O3 range from 15.6 to 16.8 wt % and 4.12 
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to 7.19 wt %, respectively, and these values are characteristic 
of basic to acidic compositions, which allows the classification 
of these rocks as diorite–gabbro to quartz monzonite (Figure 
8a; TAS diagram after Middlemost, 1994), associated with the 
calc–alkaline magmatic series (Figure 8b, 8c; AFM diagram 
after Irvine & Baragar, 1971).

REE patterns normalized to the chondrite composition of 
Nakamura (1974) are characterized by enrichments in light rare 
earth elements (LREE), with (La/Sm)N ratios between 1.64 and 
3.29, (La/Yb)N between 2.06 and 4.79, and a flat trend in the 
heavy rare earth elements (Figure 9; HREE). Only one sample 
presents a negative Eu anomaly with a Eu/Eu* value of 0.71, 
while the other three samples show flat trends in the MREE and 
HREE with Eu/Eu* between 0.92 and 1.08.

Multielemental patterns, normalized to the N–MORB compo-
sition of Sun & McDonough (1989), are characterized by nega-
tive anomalies in some high field strength elements (HFSE) such 
as Nb and Ti and enrichments in large ion lithophile elements 
(LILE), such as Cs, Ba, Th, and K, which may be correlated to 
subduction–related magmas (Figure 9; Pearce et al., 1984).

The available geochemical data for the Antioquian Batholith 
show that this body ranges in composition between gabbro and 
granite (Figure 8; TAS diagram after Middlemost, 1994) and 
exhibits a typical calc–alkaline affinity (Figure 8; AFM diagram 
after Irvine & Baragar, 1971). REE patterns normalized to the 
chondrite composition of Nakamura (1974) are characterized by 
a well–defined enrichments in LREE and depletions in HREE 
with both negative and positive Eu anomalies, which could be 
related to plagioclase fractionation (Figure 9). Multielemental 
patterns normalized to N–MORB (Sun & McDonough, 1989) 
show negative anomalies in some HFSE such as Nb and Ti, 
together with enrichments in LILE such as Cs, Rb, Ba, Th, and 
K, which suggest the geochemical signature of a magmatic arc 
(Figure 9; Pearce et al., 1984).

It is noteworthy that the Altavista Stock and San Diego Gab-
bro, when compared with samples from the Antioquian Batho-
lith, show flatter HREE patterns and more limited enrichments 
in LREE and Th (Figure 9).

In the tectonic discrimination diagrams, all samples plot in 
the arc–related pluton field (Figure 10; Pearce et al., 1984). The 
Th/Yb and Nb/Yb relations also suggest a continental magmatic 
arc setting. However, the older plutons, including Altavista and 
San Diego, show relatively less Th enrichment (Figure 10).

4.7. Isotopic Constraints

Isotopic analyses of plutonic rocks from the Cretaceous mag-
matism are still scarce (Ordóñez–Carmona & Pimentel, 2001; 
Correa et al., 2006; Leal–Mejía, 2011); however, with the avail-
able data, some general observations are possible regarding the 
temporal changes in isotopic fingerprints and their potential 
relations with changes in tectonic scenarios.

We have considered data from those samples whose crys-
tallization ages are within the ca. 90–100 Ma time span in 
order to avoid those that could be related to younger magmatic 
phases, which are preferentially exposed along the northwest-
ern and northeastern flanks of the Central Cordillera (Jarami- 
llo et al., 2017).

Published Nd–Sr results from the Altavista Stock at 98 Ma are 
characterized by εNd(98 Ma) values between +7.4 and +9.8 and ini-
tial 87Sr/86Sr values ranging from 0.70402 to 0.70456, whereas the 
values for the San Diego Gabbro vary between +2.8 and +6.2 and 
0.70326–0.70331, respectively (Ordóñez–Carmona & Pimentel, 
2001; Correa et al., 2006). Conversely, available data from young-
er samples (ca. 90 Ma) of the Antioquian Batholith on the western 
and eastern flanks of the cordillera, including samples near the 
San Diego and Altavista Plutons, yield more radiogenic values 
with εNd(90 Ma) varying between –2.47 and +2.6 and initial 87Sr/86Sr 
between 0.70405 and 0.70734 (Ordóñez–Carmona et al., 2001;  
Leal–Mejía, 2011).

We obtained zircon Hf isotope data from the above–de-
scribed porphyritic andesite sample that intrudes the Abejorral 
Formation (DM–056), which yield a U–Pb crystallization age 
of ca. 97 Ma. The initial 176Hf/177Hf ratios in thirteen zircons 
range from 0.282989 to 0.283067, with positive values of initial 
ɛHfi(97 Ma) ranging from 9.0 to 12.2 (Figure 11).

As Hf and Nd isotopes behave in a similar fashion, we can 
use them for the same petrogenetic considerations (Chapman 
et al., 2017). Therefore, older plutons (ca. 98 Ma) are charac-
terized by a more depleted mantle source and differ from the 
younger Upper Cretaceous magmatic units, which are more 
radiogenic and may include additional older crustal input.

4.8. Oxygen Isotopes

Oxygen isotope analyses were conducted on zircons from the 
samples of the Altavista Stock, San Diego Gabbro (98 Ma), and 
the Antioquian Batholith (90 Ma) dated by U–Pb LA–ICP–MS 
geochronology. The δ18O values for the Altavista Stock (24 
magmatic crystals) range between 4.9‰ and 6.1‰, and those 
for the San Diego Gabbro (24 magmatic crystals) show similar 
values between 5.0‰ and 5.9‰, with mean values of 5.6‰ and 
5.5‰, respectively. In the case of the Antioquian Batholith, the 
13 analyzed crystals have δ18O values between 6.8‰ and 7.9‰. 
(Table 6). These results show that the older plutons have values 
characteristic of mantle–derived oxygen isotope compositions, 
whereas a stronger crustal signature characterizes the younger 
Antioquian Batholith (Figure 12), buttressing the considerations 
drawn from the radiogenic isotopes.

5. Discussion

The Jurassic to Early Cretaceous tectonic evolution of the 
northwestern margin of South America has been related to 
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the growth of a series of magmatic arcs, which record major 
spatial and compositional changes related to modifications in 
the obliquity of plate convergence as well as in the subduc-
tion angle (recent reviews in Spikings et al., 2015; van der 
Lelij et al., 2016; Bustamante et al., 2017). During this time 
interval and until the Early Cretaceous, along–strike trans-
lation of Jurassic arc–related units from southern latitudes 
toward the Colombian margin has also been suggested by 
paleomagnetic data (Bayona et al., 2006, 2010). Conversely, 
metamorphic rocks included within the Cajamarca and Ar-
quía Complexes on both flanks of the Central Cordillera have 
been related to different accretionary events at ca. 157–146 
Ma (Blanco–Quintero et al., 2014) and between 137 and 112 
Ma (Toussaint, 1996; Villagómez et al., 2011). Although we 
are aware that the Jurassic magmatic evolution and the Early 
Cretaceous metamorphic record of the Arquía Complex must 
have influenced the younger magmatic and sedimentary re-
cord presented in this contribution, in the next paragraphs, we 
consider them as already incorporated into a common domain 
that formed part of the Central Cordillera when the units dis-
cussed in this contribution were forming.

5.1. Early Cretaceous Sedimentary Provenance 
and Tectonostratigraphic Implications

Although more stratigraphic constraints are still necessary, 
the Early Cretaceous siliciclastic record found in the different 
belts exposed along the Central Cordillera is characterized by a 
well–defined fining–upward trend with interlayered chert levels 

that implies a basin–deepening pattern. The fossiliferous record 
extends from the Berriasian to the Aptian for these sedimentary 
successions, which are characterized by initial coarse–grained 
sequences that most likely accumulated in fluvial–deltaic envi-
ronments (particularly well defined on the western flank). A ma-
jor environmental change is registered upward in the sequence 
when sedimentation began to reflect marine turbiditic settings 
(Feininger et al., 1972; Hall et al., 1972; Etayo–Serna, 1985; 
Rodríguez & Rojas, 1985; Gómez–Cruz et al., 1995; González, 
2001; Gómez–Cruz et al., 2002; Quiroz, 2005) and may include 
relatively distal subenvironments, as suggested by the presence 
of interlayered chert levels.

Although sedimentation may be as old as the Berriasian, the 
most abundant paleontological record, the estimated maximum 
accumulation ages from zircon U–Pb data, and geochronologi-
cal constraints from associated volcanism (see former temporal 
considerations), coincide between the Aptian and Albian (126.3 
to 100.5 Ma after Gradstein et al., 2012), and we therefore con-
sider this time interval for the main Early Cretaceous tectonos-
tratigraphic evolution of the transgressive basin discussed in 
this contribution.

Petrographic constraints from different sandstone levels 
are characterized by significant textural immaturity and dom-
inantly quartz–rich compositions. Lithic fragments are mostly 
metamorphic (schists) with minor sedimentary (sandstones and 
mudstones) rocks. Such components can be related to proxi-
mal depocenters adjacent to first–cycle crystalline metamorphic 
rocks as well as siliciclastic sedimentary sources that were be-
ing eroded and rapidly buried. 
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The origin of quartz–rich compositions in sandstones is 
commonly a consequence of multiple parameters (Dott, 2003; 
Smyth et al., 2008), as it may reflect sedimentary recycling in 
the source area, intense chemical weathering conditions, dia-
genetic modifications, or strong eolian or littoral derivation. In 
the case of the Cretaceous sandstones from the Central Cordil-
lera, diagenetic and environmental controls on composition are 
discarded since petrographic evidence of intense cementation, 
mineral replacement, or extreme roundness is not observed. 
Therefore, some recycling (as suggested by the sedimentary 
lithic fragments) and particularly relatively high weathering 
rates in the source areas are considered the major controls for 

the observed quartz enrichment. Similar high quartz contents 
have been documented in the eastern basins of Colombia within 
the Upper Magdalena Valley and the Eastern Cordillera (Figure 
13; Moreno, 1990, 1991; Duarte et al., 2018), as well as in sev-
eral deformed Cretaceous siliciclastic units from the Cordillera 
Real of Ecuador (Litherland et al., 1994), which may be tempo-
rally and geologically related (Spikings et al., 2015). Chemical 
and fossil data have shown that during the Early Cretaceous, 
particularly the Aptian – Albian, climate conditions in some 
of the eastern Colombian basins were characterized by high 
humidity (Campos–Álvarez & Roser, 2007; Suárez et al., 2010; 
Mejía–Velásquez et al., 2012), which favored strong chemical 
weathering that facilitated the formation of stable quartzose 
sediments, as discussed for the origin of high quartz contents 
in the northern Andean basins. 

A comparison shows that the detrital geochronological sig-
natures of the San Luis Sedimentites, the Abejorral Formation, 
and the Quebradagrande Complex are characterized by similar 
pre–Jurassic zircon U–Pb age distributions (Figure 6; Cochrane 
et al., 2014b; Jaramillo et al., 2017), which suggests that they 
probably shared common regional source areas and could have 
been part of the same crustal domain. Published zircon U–Pb geo-
chronological data from metasedimentary rocks of the Cajamarca 
Complex are included in Figure 6 to test whether they could be 
considered the main source areas (Martens et al., 2012; Cochrane 
et al., 2014a; Bustamante et al., 2017; Jaramillo et al., 2017).

The Permian – Triassic detrital zircon age peaks found in 
the Early Cretaceous sedimentites resemble those yielded by 
the meta–igneous basement of the Central Cordillera (Cajamar-
ca Complex; Vinasco et al., 2006; Restrepo et al., 2011; Villagó-
mez et al., 2011; Bustamante et al., 2017), which borders the 
basins at present. Likewise, the older Paleozoic and Proterozoic 
detrital ages are also associated with the erosion of both gneis-
sic and metasedimentary units of the same complex (Cochrane 
et al., 2014a; Martens et al., 2014; Jaramillo et al., 2017).

The Middle and Upper Jurassic detrital ages are likely de-
rived either from a long–lived magmatic arc exposed along the 
axis and the eastern flank of the Central Cordillera (i.e., Ibagué 
Batholith, Mariquita Stock; Villagómez et al., 2011; Rodríguez 
et al., 2018; Bustamante et al., 2016 and references therein) or 
from the recently identified Jurassic metavolcano–sedimentary 
belt and hidden arc, which crop out in the core of the Central Cor-
dillera (Blanco–Quintero et al., 2014; Bustamante et al., 2017). 

The Early Cretaceous detrital ages between 127 Ma and 
105 Ma identified in sandstones from the Abejorral Formation 
and the Quebradagrande Complex (Cochrane et al., 2014b; 
Zapata et al., 2018; this contribution) suggest that active 
magmatism accompanied basin filling. Stratigraphic relation-
ships in the Abejorral Formation (Quiroz, 2005; Zapata et al. 
2018), the Quebradagrande Complex (Arévalo et al., 2001), 
and the San Pablo Formation (Hall et al., 1972; Rodríguez & 
Celada–Arango, 2018) show that volcanic rocks with Early 
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Sample 16O 18O 18O/16O Raw
18O/16O Raw 

1σ
18O/16O Corr

18O/16O Corr 
1σ

δ18O
δ18O  1σ 

(internal)
δ18O  1σ 

(external)
Age 
(Ma)

Altavista Stock

Altavista_1 3688114048 7449863.765 0.002019966 1.02055E-07 0.002016377 1.01874E-07 5.574058437 0.050523335 0.145198714 97

Altavista_2 3664205016 7402418.776 0.002020198 1.00256E-07 0.002016609 1.00078E-07 5.689597941 0.049626932 0.145198714 97

Altavista_3 3682975462 7440542.502 0.002020253 8.3584E-08 0.002016664 8.34355E-08 5.717133239 0.041373026 0.145198714 97

Altavista_4 3654928559 7382951.554 0.002019999 1.01673E-07 0.00201641 1.01493E-07 5.59058503 0.050333378 0.145198714 97

Altavista_5 3651019532 7372580.95 0.002019321 8.60402E-08 0.002015734 8.58874E-08 5.253203371 0.042608494 0.145198714 97

Altavista_6 3684495700 7444167.771 0.002020403 9.55637E-08 0.002016814 9.5394E-08 5.791985504 0.047299339 0.145198714 97

Altavista_7 3666162780 7404152.036 0.002019592 1.03906E-07 0.002015902 1.03717E-07 5.337225934 0.051449243 0.145198714 97

Altavista_8 3559797233 7189990.625 0.002019775 8.61823E-08 0.002016085 8.60249E-08 5.428619019 0.042669253 0.145198714 97

Altavista_9 3779521491 7636316.983 0.002020445 9.07805E-08 0.002016754 9.06147E-08 5.762198472 0.044930934 0.145198714 97

Altavista_10 3677779704 7428959.815 0.002019958 1.10197E-07 0.002016268 1.09996E-07 5.519454125 0.054554033 0.145198714 97

Altavista_11 3766601349 7610365.013 0.002020486 1.07642E-07 0.002016795 1.07445E-07 5.782349073 0.053275372 0.145198714 97

Altavista_12 3616035500 7302963.015 0.002019605 8.24489E-08 0.002015915 8.22982E-08 5.343781496 0.040824248 0.145198714 97

Altavista_13 3647100442 7370919.576 0.002021036 8.18711E-08 0.002017445 8.17256E-08 6.10637449 0.040509483 0.145198714 97

Altavista_14 3733251978 7541150.441 0.002019995 1.007E-07 0.002016406 1.00521E-07 5.588237328 0.049851515 0.145198714 97

Altavista_15 3642221912 7358367.421 0.002020296 1.13869E-07 0.002016706 1.13666E-07 5.73821049 0.056362361 0.145198714 97

Altavista_16 3651394559 7376470.8 0.002020179 1.19009E-07 0.002016589 1.18798E-07 5.679846786 0.058910187 0.145198714 97

Altavista_17 3682717208 7439367.36 0.002020076 7.37248E-08 0.002016486 7.35938E-08 5.628529859 0.036496049 0.145198714 97

Altavista_18 3656727727 7388212.236 0.002020444 9.40272E-08 0.002016854 9.38601E-08 5.811715483 0.04653789 0.145198714 97

Altavista_19 3704404268 7477398.233 0.002018516 9.78316E-08 0.002014929 9.76578E-08 4.851967357 0.048467115 0.145198714 97

Altavista_20 3683194245 7442038.138 0.002020539 1.30672E-07 0.002016949 1.3044E-07 5.859263637 0.064671709 0.145198714 97

Altavista_21 3623706784 7321114.318 0.002020338 8.93737E-08 0.002016749 8.92149E-08 5.759379322 0.044237004 0.145198714 97

Altavista_22 3643404245 7360750.653 0.002020295 9.66362E-08 0.002016705 9.64645E-08 5.737468393 0.047832709 0.145198714 97

Altavista_23 3734672516 7544317.434 0.002020075 9.61603E-08 0.002016485 9.59894E-08 5.627894597 0.047602352 0.145198714 97

Altavista_24 3693810456 7462291.118 0.002020215 8.2551E-08 0.002016625 8.24043E-08 5.69771896 0.040862491 0.145198714 97

San Diego Gabbro

SanDiego_1 3650642115 7372414.213 0.002019484 8.98598E-08 0.002016082 8.97084E-08 5.426775849 0.044496419 0.145198714 98

SanDiego_2 3634562415 7340497.673 0.002019637 1.05268E-07 0.002016015 1.05079E-07 5.39360339 0.052122045 0.145198714 98

SanDiego_3 3646294898 7363187.8 0.002019362 8.98188E-08 0.00201574 8.96577E-08 5.256364219 0.044478816 0.145198714 98

SanDiego_4 3632609938 7337608.241 0.002019927 1.04179E-07 0.002016305 1.03992E-07 5.538023628 0.05157555 0.145198714 98

SanDiego_5 3679460339 7430391.551 0.002019424 6.88846E-08 0.002016022 6.87685E-08 5.396925428 0.034111011 0.145198714 98

SanDiego_6 3644024017 7359343.877 0.002019565 1.14924E-07 0.002016163 1.1473E-07 5.467053992 0.056905228 0.145198714 98

SanDiego_7 3676308415 7427076.792 0.002020254 8.86218E-08 0.00201685 8.84725E-08 5.810012987 0.04386668 0.145198714 98

SanDiego_8 3671901676 7417947.225 0.002020192 1.15873E-07 0.002016789 1.15678E-07 5.779257241 0.057357541 0.145198714 98

SanDiego_9 3664735153 7403568.957 0.002020219 9.3783E-08 0.002016816 9.3625E-08 5.792772709 0.046422186 0.145198714 98

SanDiego_10 3628969778 7329395.226 0.00201969 9.11728E-08 0.002016068 9.10093E-08 5.420030348 0.045141967 0.145198714 98

SanDiego_11 3664209716 7399398.551 0.002019371 1.00423E-07 0.002015749 1.00242E-07 5.261018193 0.049729639 0.145198714 98

SanDiego_12 3675246379 7424036.598 0.002020011 1.04105E-07 0.002016388 1.03918E-07 5.579449645 0.051536869 0.145198714 98

SanDiego_13 3593837725 7255573.938 0.002018893 7.50014E-08 0.002015514 7.48759E-08 5.143402247 0.037149788 0.145198714 98

SanDiego_14 3629458641 7328088.292 0.002019058 7.67725E-08 0.002015683 7.66442E-08 5.227903504 0.038023917 0.145198714 98

SanDiego_15 3580149828 7227834.793 0.002018864 1.40919E-07 0.002015489 1.40684E-07 5.131096342 0.069801207 0.145198714 98

SanDiego_16 3614330705 7298068.753 0.002019203 1.14343E-07 0.002015828 1.14151E-07 5.300172878 0.056627566 0.145198714 98

SanDiego_17 3607217243 7286212.498 0.002019898 7.39302E-08 0.002016517 7.38065E-08 5.643966011 0.036600952 0.145198714 98

SanDiego_18 3702243622 7473173.912 0.002018553 1.10825E-07 0.002015174 1.10639E-07 4.97396946 0.054902959 0.145198714 98

SanDiego_19 3644848397 7362778.447 0.002020051 1.19558E-07 0.002016669 1.19358E-07 5.719754622 0.059185539 0.145198714 98

SanDiego_20 3658102880 7391030.78 0.002020455 1.40003E-07 0.002017073 1.39769E-07 5.920856995 0.069292906 0.145198714 98

Table 6. Oxygen isotope results for zircons from the Altavista, San Diego, and Antioquia plutonic units.
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Table 6. Oxygen isotope results for zircons from the Altavista, San Diego, and Antioquia plutonic units (continued).

Sample 16O 18O 18O/16O Raw
18O/16O Raw 

1σ
18O/16O Corr

18O/16O Corr 
1σ

δ18O
δ18O  1σ 

(internal)
δ18O  1σ 

(external)
Age 
(Ma)

SanDiego_21 3613283980 7296616.05 0.002019386 9.77497E-08 0.002016006 9.75861E-08 5.388969282 0.048405652 0.145198714 98

SanDiego_22 3633779270 7339641.028 0.002019837 9.81263E-08 0.00201646 9.79623E-08 5.615527566 0.048581299 0.145198714 98

SanDiego_23 3646412845 7366328.834 0.002020158 7.59605E-08 0.002016781 7.58335E-08 5.775282021 0.037601279 0.145198714 98

SanDiego_24 3613042799 7297587.514 0.00201979 1.07292E-07 0.002016413 1.07113E-07 5.592208601 0.053120614 0.145198714 98

Antioquian Batholith

Antioquia_1 3632822808 7363514.284 0.00202694 1.01491E-07 0.002023144 1.01301E-07 8.94877152 0.050070925 0.145198714 89.7

Antioquia_2 3285597305 6650625.361 0.002024175 9.42455E-08 0.002020385 9.4069E-08 7.572598937 0.046559929 0.145198714 89.7

Antioquia_3 1828915444 3700092.154 0.002023107 1.85592E-07 0.002019318 1.85244E-07 7.040904134 0.091735979 0.145198714 89.7

Antioquia_4 3224101918 6520936.4 0.002022559 1.24489E-07 0.002018771 1.24256E-07 6.767993465 0.061550385 0.145198714 89.7

Antioquia_5 3312559147 6700331.775 0.002022706 1.07826E-07 0.002018917 1.07624E-07 6.840934748 0.053307695 0.145198714 89.7

Antioquia_6 3390186708 6858919.049 0.002023169 1.05978E-07 0.00201938 1.0578E-07 7.07138988 0.052382315 0.145198714 89.7

Antioquia_7 3353470156 6784748.313 0.002023202 9.8269E-08 0.002019799 9.81037E-08 7.280617887 0.048571027 0.145198714 89.7

Antioquia_8 3354500943 6787460.026 0.002023389 1.0839E-07 0.002019985 1.08207E-07 7.373559824 0.053568451 0.145198714 89.7

Antioquia_9 3340687423 6758026.56 0.002022945 1.09166E-07 0.002019542 1.08982E-07 7.152496341 0.053963836 0.145198714 89.7

Antioquia_10 3359762175 6799979.233 0.002023947 9.35875E-08 0.002020542 9.34301E-08 7.651211355 0.046240102 0.145198714 89.7

Antioquia_11 3367941785 6813126.447 0.002022935 9.02515E-08 0.002019532 9.00997E-08 7.147442904 0.044614147 0.145198714 89.7

Antioquia_12 3326712333 6731638.28 0.002023511 8.66576E-08 0.002020107 8.65118E-08 7.434233581 0.042825362 0.145198714 89.7

Antioquia_13 3330684484 6738635.218 0.002023198 1.2408E-07 0.002019795 1.23871E-07 7.278663753 0.061328642 0.145198714 89.7

Cretaceous ages are interspersed and overlying the coeval si-
liciclastic rocks, confirming the appearance of volcanic activ-
ity in the history of the basin. Several discontinuous segments 
of predominantly volcanic rocks, which are locally associated 
with gabbros and/or serpentinized peridotite lenses, present 
different calc–alkaline, MORB, and E–MORB geochemical 
signatures (Nivia et al., 2006; Villagómez et al., 2011; Ro-
dríguez & Cetina, 2016; Rodríguez & Celada–Arango, 2018; 
Zapata et al., 2018). Although precise geochronological con-
straints for each of the geochemical units are still lacking, by 
assuming probable Cretaceous ages, heterogeneous geochem-
ical fingerprints, the existence of ophiolite–type associations, 
and the discussed transgressive nature of the Aptian – Albian 
sedimentation, it is possible to interpret a tectonic setting in 
which a magmatic arc was affected by a major extensional 
episode with associated back–arc basin formation (Figure 14a, 
14b; Nivia et al., 2006; Cochrane et al., 2014b; Zapata et al., 
2018). The presence of pre–Cretaceous detrital zircons in the 
Quebradagrande Complex suggests that this arc formed ad-
jacent to a continental basement as part of a fringing arc that 
records the Early Cretaceous back–arc formation (Nivia et 
al., 2006; Cochrane et al., 2014b; Spikings et al., 2015; Jara-
millo et al., 2017), eliminating its origin as an allochthonous 
oceanic arc.

Several authors have argued that the lack of volcanic ma-
terial of the Abejorral Formation precludes its relation to the 
magmatism associated with the Quebradagrande Complex 
(Toussaint, 1996; Moreno–Sánchez et al., 2008; Restrepo et 

al., 2009). However, we suggest that such an interpretation 
was biased by the observed stratigraphic sections and samples. 
The observations presented by Quiroz (2005) have shown that 
whereas the lower segment of the Abejorral Formation is in 
fact highly quartzose and lacks related magmatism, toward the 
top, intercalations of volcanic rocks are remarkably common, 
similar to what is reported for the La Soledad Formation (Hall 
et al., 1972).

Plutonic activity at ca. 98 Ma, such as that recorded by the 
three analyzed plutons (Altavista Stock, San Diego Gabbro, and 
Aguadas porphyritic andesite), is characterized by a significant 
juvenile mantle isotopic fingerprint, which is compatible with 
the existence of a thinned lithosphere associated with the ex-
tensional setting discussed above.

An extension–dominated tectonic setting that temporally 
extended until the Albian suggests that models of back–arc ba-
sin closure and compression by 114 Ma (Cediel et al., 2003; 
Villagómez & Spikings, 2013; Cochrane et al., 2014a; Spikings 
et al., 2015) are not sustainable.

Extension–controlled sedimentation and tectonics have also 
been reported in the stratigraphic record of the Eastern Cordille-
ra, the Middle and Upper Magdalena Valley, and the Putumayo 
region, as well as in Ecuador (Sarmiento–Rojas et al., 2006; 
Baby et al., 2013). In the Eastern Cordillera, magmatism is re-
stricted to minor gabbroic bodies (Vásquez et al., 2010) and 
distal volcanism represented by a series of lapilli tuffs altered 
to clay, which have been reported in the post–Hauterivian sed-
imentites (Sarmiento–Rojas et al., 2006). 
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Figure 13. Simplified chronostratigraphic chart of Cretaceous events (after Sarmiento–Rojas et al., 2006; Barrero et al., 2007; Jaramillo 
et al., 2017). (Fm.) Formation.

Published detrital zircon geochronological data from the 
Lower Cretaceous units of the Eastern Cordillera (Horton et 
al., 2010) show a well–defined dominance of Paleozoic and 
older sources (>400 Ma), with a prominent Grenvillian age 
peak (ca. 1000 Ma) and only one individual age from the Early 

Cretaceous yielded by the Buenavista Formation (Figure 6). 
Paleozoic and older zircon U–Pb ages found in the Lower Cre-
taceous units of the Eastern Cordillera were probably sourced 
from magmatic and metasedimentary units included as part of 
the continental basement of eastern Colombia, which is exposed 
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Figure 14. Proposed Cretaceous tectonic scenarios and paleogeography (this contribution; and modifications from Jaramillo et al. (2017) 
and Zapata et al. (2018)). (CLIP) Caribbean Large Igneous Province.
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in the Floresta, Santander, and Quetame Massifs (Horton et al., 
2010; Cardona et al., 2016). The diachronic Early Cretaceous 
opening of basins in the central and eastern Colombian sedi-
mentary systems, together with the remarkable differences in 
the detrital zircon age populations of the two domains, sug-
gests that these basins were not connected and may represent 
independent depocenters formed by regional–scale upper–plate 
asymmetric extension.

Generally, the extensional record of the northern Andes 
is represented by characteristic marine sedimentation and the 
quartz–rich compositions of sandstones, which may reflect 
strong weathering in which not only the climate but also the 
lack of strong relief and the proximity to the sea level must 
play major roles.

The formation of extensional basins related to mafic vol-
canism and ophiolite associations in the Central Cordillera 
record both intra–arc extension (San Pablo Formation along 
the axis of the cordillera) and back–arc basin formation (Que-
bradagrande Complex – Abejorral Formation on the western 
flank). As the basin opened, a remnant arc was probably left to 
the east, as suggested by the ca. 129–143 Ma plutons exposed 
on the eastern flank of the Central Cordillera (Bustamante et 
al., 2017) and by the detrital geochronology of the Abejorral 
and San Luis Sedimentites discussed above. The existence 
of fragments of a western Jurassic remnant arc remains to be 
discovered.

Similar back–arc scenarios have been proposed from the 
Upper Jurassic to Lower Cretaceous volcano–sedimentary re-
cord of the Cordillera Real of Ecuador (Litherland et al., 1994; 
Cochrane et al., 2014b; Spikings et al., 2015), as well as from 
the thermal histories recorded in the Triassic basements of 
Colombia and Ecuador (Paul et al., 2018). Such correlations 
suggest that a regional–scale extensional back–arc system was 
common in the northern Andes during the Early Cretaceous.

Early Cretaceous extensional basins have also been rec-
ognized along the entire Andean chain, including the Celica–
Lancones and Casma Basins in Perú (Jaillard et al., 1999) as 
well as other basins in central and southern Chile (Fildani & 
Hessler, 2005; Ramos, 2010).

The existence of regional–scale back–arc basins, which 
characterized a Cenozoic Mariana–type style of subduction 
in the Pacific (Uyeda & Kanamori, 1979), can be related to 
upper plate motions that favor trench rollback (reviews in Ra-
mos, 2010), the subduction of old oceanic plates, or lateral 
variations in the buoyancy of the subducted slab (Sdrolias & 
Müller, 2006; Seton et al., 2016).

In the Andean case, it has been suggested that this tecton-
ic regime is likely related to upper plate kinematic changes 
associated with the opening of the Atlantic during the Early 
Cretaceous (Torsvik et al., 2009; Moulin et al., 2010; Ramos, 
2010). 

5.2. Late Cretaceous Magmatism and 
Deformation

Both along the axis and on the eastern flank of the Central Cor-
dillera, the Lower Cretaceous siliciclastic rocks from the San 
Luis Sedimentites, the San Pablo Formation, and the Berlin 
Sedimentites are folded and affected by low–grade metamor-
phism with associated neoformation of mica and are also in-
truded by the Antioquian Batholith with ages of ca. 90–93 Ma 
(Leal–Mejía, 2011; Villagómez et al., 2011; this contribution). 
Such intrusive activity has left a clear contact metamorphic 
imprint, as evidenced by the growth of metamorphic miner-
als (e.g., andalusite) lacking any preferentially oriented texture 
that is imposed over a previously existing foliated fabric. Such 
cross–cutting relationships clearly constrain a major deforma-
tional event that occurred between ca. 100 Ma (Aptian age of 
sedimentation) and 93 Ma, i.e., the age of the intrusive bodies 
that cut these units (Figure 14c). As already discussed, there 
are clear and distinct geochemical and isotopic signals from 
the older (ca. 98 Ma) plutonic units compared with the young-
est <93 Ma granitoid pulses, with the latter showing increased 
enrichment in the LREE and Th, together with more radiogenic 
Nd–Sr and δ18O values of zircons. This compositional trend 
reflects more extensive interaction with the older continental 
basement, which may be in part related to increased crustal 
thickness caused by the deformational event, as also suggest-
ed by relatively steeper La/YbN values in the younger rocks. 
Arc–related volcanism and plutonism continued in the axis and 
western flank of the Central Cordillera, intruding or overlying 
rocks from the Quebradagrande Complex between 93 Ma and 
78 Ma (Villagómez et al., 2011; Jaramillo et al., 2017; Zapata 
et al., 2018), and may also have been related to the protracted 
compressional event that affected former extensional domains. 

Although some authors have considered the Late Cretaceous 
magmatism in the Central Cordillera to represent the record of 
subduction initiation (Pindell & Kennan, 2009) or to be related 
to a plume (Whattam & Stern, 2015), the long–term arc–relat-
ed Cretaceous units discussed here, as well as the continental 
nature of the host rocks, refute both hypotheses and suggest 
that an east–vergent subduction zone was active in the northern 
Andean margin during this time.

5.2.1. On the Discussion of Plausible Tectonic 
Mechanisms

To date, two different models have been proposed to explain the 
tectonic mechanisms responsible for this post–Albian event in 
the Central Cordillera. One model involves the collision of an 
oceanic arc terrane (Quebradagrande Complex) during which 
the obduction of a major ophiolitic complex that is currently 
exposed on the western flank and along the axis of the Cen-
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tral Cordillera took place, consequently deforming the Lower 
Cretaceous siliciclastic sequences (reviews in Toussaint, 1996). 
The other model suggests that an Early Cretaceous back–arc 
basin was closed by 114 Ma (Villagómez et al., 2011; Spikings 
et al., 2015) and was followed by the occurrence of minor mag-
matism along the continental margin during the Late Cretaceous 
(Pindell & Kennan, 2009; Spikings et al., 2015).

The results presented in this contribution and the review of 
published geological, geochemical, and geochronological data 
favor a model of back–arc basin closure, in which the related 
ophiolitic bodies represent oceanic crust formed in a supra–sub-
duction zone environment during the back–arc and intra–arc ex-
tension. Nevertheless, our interpretation differs in timing from 
the previously proposed models because in the light of the new 
data presented here, the time may have been later than ca. 100 
Ma, as suggested by the presence of Albian detrital and mag-
matic zircon U–Pb ages (Cochrane et al., 2014b; Zapata et al., 
2018; this contribution). It is also suggested that basin closure 
caused folding and thickening of the crust, as recorded in the 
Aptian – Albian sedimentary units, and could also have been 
responsible for the ca. 100 Ma metamorphism identified on the 
western flank of the Central Cordillera near the city of Medellín 
(Restrepo et al., 2012; Rodríguez & Correa–Martínez, 2015).

Similar to the Early Cretaceous event, the Late Cretaceous 
compressional event in the northern Andes left evidence of its 
regional–scale nature in the Upper Magdalena Valley of Co-
lombia, where Albian to Cenomanian deformation has been 
documented by seismic lines (Jaimes & De Freitas, 2006). 
In addition, in the Ecuadorian Andes, including the eastern 
Amazon region (Ruiz et al., 2007; Jaillard et al., 2008; Baby 
et al., 2013), and in Perú and Chile, former extensional and 
back–arc basins were closed (Atherton & Aguirre, 1992; 
Fildani et al; 2003).

Geochronological data from the Cretaceous plutonic rocks 
of the Central Cordillera (Leal–Mejía, 2011; Villagómez et al., 
2011; this contribution) as well as the distal pyroclastic record 
found in the eastern basins of Colombia (Figure 13; Villamil, 
1999) suggest that Late Cretaceous (ca. 94–75 Ma) arc magma-
tism, which ended the ca. 100 Ma deformational episode, was 
significant in the evolution of the margin. This deformational 
event and the reinstallation of a productive magmatic arc have 
been recognized along most of the 85–100 Ma Andean record 
(Tunik et al., 2010) and may also have resulted from regional–
scale plate kinematic modifications, including changes in upper 
plate velocity, increases in the subduction rates, and changes to 
more orthogonal convergence between the South American and 
Caribbean Plates (Ramos, 2010; Matthews et al., 2012; Seton 
et al., 2012).

The 100–90 Ma subduction initiation along the margins of 
the Caribbean oceanic plateau, which was part of the Pacific 
Plate (Whattam & Stern, 2015), must have also changed the 
mantle flow associated with eastward subduction underneath 

South America, which likely prompted plate coupling and de-
formation in the northern Andes.

Finally, another younger compressional episode in the 
northern Andes has been related to the ca. 75–70 Ma collision 
of an allochthonous oceanic terrane against the continental mar-
gin (Figure 13; Villagómez & Spikings, 2013; Jaramillo et al., 
2017). This exotic oceanic domain includes a Lower to Upper 
Cretaceous plateau and an associated island arc, which were 
formed in southern latitudes (Figure 14c; reviews in Zapata et 
al., 2017; Hincapié–Gómez et al., 2018).

5.3. Paleogeographic Restrictions

Paleogeographic reconstructions of the multiple Cretaceous 
tectonostratigraphic domains of the northern Andes remain an 
exciting field of discussion, as the oblique nature of the con-
vergence through the Mesozoic and Cenozoic, including the 
collision with the Caribbean Plate, provides the possibility of 
dextral terrane translation along the continental margin (Tou- 
ssaint, 1996; Pindell et al., 2005; Bayona et al., 2006, 2010; 
Pindell & Kennan, 2009).

Although specific palinspastic restorations, including the 
amounts of displacement during the Cretaceous and Cenozoic, 
have not been precisely quantified, several considerations can 
constrain the margin–scale configuration.

The Cretaceous oceanic terranes that constitute most of the 
Western Cordillera were in southwestern positions until ca. 89 
Ma, as suggested by their intra–oceanic plateau and arc–relat-
ed origin as well as some of the available paleomagnetic con-
straints (reviews in Hincapié–Gómez et al., 2018).

Provenance constraints from the Cretaceous units of the 
Central Cordillera, including those associated with the Que-
bradagrande Complex, have shown that these units were as-
sociated with a continental domain having a pre–Cretaceous 
basement similar to that exposed in the cordillera (Nivia et al., 
2006; Villagómez et al., 2011; Cochrane et al., 2014b; Jarami- 
llo et al., 2017; Zapata et al., 2018). Moreover, the Cretaceous 
and older records of the Central Cordillera show remarkable 
similarities with those of the Cordillera Real in Ecuador (Lith-
erland et al., 1994; Toussaint, 1996; Cochrane et al., 2014b; 
Spikings et al., 2015).

Therefore, Cretaceous domains in the Central Cordille-
ra would have been located in southern positions (Toussaint, 
1996; Pindell & Kennan, 2009), and both the back–arc opening 
and closure and the subsequent Cenozoic tectonic movements 
would have contributed to their northward displacements.

6. Conclusions

The integration of new and published data from the Cretaceous 
record of the Central Cordillera of Colombia provides insights 
into the feasible regional tectonic scenarios responsible for the 
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geological evolution of this segment of the northern Colombian 
Andes during this time. Nevertheless, as one of the main goals 
of this contribution, specific areas are also identified where the 
acquisition of more geological data is required in order to test 
the tectonic evolution discussed here. 

Major conclusions that can be reached following the discus-
sion of the results presented in this work are as follows:

Lithostratigraphic trends and provenance characteristics of 
the Early Cretaceous siliciclastic units of the Central Cor-
dillera record transgressive basin filling and the erosion 
of the adjacent metamorphic basement. The high quartz 
contents of the sandstones are most likely related to in-
tense chemical weathering in the source areas and some 
sedimentary recycling.
Detrital zircons and stratigraphic relationships between 
magmatic and sedimentary rocks of the described units 
suggest that volcanic activity became significant at the top 
of the sequence.
The basin–deepening trend, the geochemical heterogeneity 
of associated magmatic rocks (arc–like, MORB, and E–
MORB signatures), and the relation with ophiolite remnants 
are interpreted as records of back–arc basin formation.
The Early Cretaceous arc and back–arc basin system was 
subsequently deformed and intruded by ca. 90 Ma unde-
formed arc–related granitoids.
Similar Early Cretaceous upper–plate basin formation and 
subsequent Late Cretaceous closure and deformation are 
documented in eastern Colombia and along most of the 
entire Andean margin, suggesting regional–scale plate 
kinematic control for the switch from Mariana– to Ande-
an–style tectonics.
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Abstract Dinosaur remains from northwestern South America are rare, with only ex-
tremely scarce fossil evidence recovered from Colombia. Here we report six dinosaur 
footprints preserved on a sub–vertical bedding plane of the upper Valanginian – lower 
Hauterivian Batá Formation, Santa María, Boyacá Department, Colombia. The Batá 
Formation consists of a thick succession of conglomerates and sandstones with shale 
intercalations interpreted as deposited along the palaeoshoreline of an epicontinental 
seaway. Four of the footprints form a trackway made by a single dinosaur, which is 
interpreted as a sub–adult ornithopod, estimated at 8 m in length, weighing around 
2.5 metric tons, and travelling at an average walking speed of almost 5 km/h. The foot-
prints are assigned to the ichnogenus Iguanodontipus, and were probably produced 
by an iguanodontian dinosaur. Prior to this work, Iguanodontipus was considered an 
exclusively European taxon, making this a unique record of the ichnogenus in Gondwa-
na. The presence of Iguanodontipus in northern South America suggests an Early Cre-
taceous sweepstake, with dinosaurs crossing Tethys Ocean into modern–day northern 
Africa, and migrating along the northern shores of Gondwana into modern–day South 
America. Range extension of iguanodontian ornithopods southwards into Gondwana 
during the Early Cretaceous was apparently prevented by the Central Gondwana Desert 
Belt, possibly as a result of the palaeoecology of these dinosaurs, which seem to have 
had an affinity for environments rich in water and lush vegetation. A migration route 
across Tethys and the Central Gondwana Desert Belt helps explain similarities between 
northern Gondwanan and southern Laurasian dinosaurs, and the differences between 
northern and southern Gondwanan faunas, during the Early Cretaceous.
Keywords: dinosaur, ichnofossils, Lower Cretaceous, Gondwana, Laurasia, faunal interchange.

Resumen Los restos de dinosaurio del noroeste de Suramérica son raros, con muy pocas 
evidencias fósiles recuperadas en Colombia. Aquí reportamos seis huellas de dinosaurio 
preservadas en una capa subvertical del Valanginiano superior–Hauteriviano inferior 
de la Formación Batá, Santa María, departamento de Boyacá, Colombia. La Formación 
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Batá consiste en una secuencia espesa de conglomerados y areniscas con intercalacio-
nes de lodolitas interpretadas como depósitos de la línea de costa de un antiguo mar 
epicontinental. Cuatro de las huellas forman una pista dejada por un único dinosaurio, 
interpretado como un ornitópodo subadulto, con una longitud estimada de 8 m, un peso 
de 2,5 toneladas métricas y que viajaba a un ritmo normal de casi 5 km/h. Las huellas se 
asignaron al icnogénero Iguanodontipus, y fueron probablemente hechas por un dino-
saurio tipo iguanodontiano. Antes de este trabajo, Iguanodontipus se consideraba como 
un taxón exclusivamente europeo, por lo que este registro sería el único en Gondwana. 
La presencia de Iguanodontipus en el norte de Suramérica sugiere la existencia de una 
comunicación terrestre durante el Cretácico Temprano, con dinosaurios cruzando el 
océano Tetis hacia el norte de África actual, y migrando a lo largo de la costa norte de 
Gondwana hasta lo que hoy es Suramérica. La extensión del rango de los ornitópodos 
iguanodontes hasta el sur de Gondwana durante el Cretácico Temprano no ocurrió de-
bido a la presencia del Cinturón del Desierto de Gondwana Central, posiblemente como 
un resultado de la paleoecología de los ornitópodos, los cuales tenían afinidad por el 
agua y la vegetación exuberante. Una ruta de migración a través del Tetis y una barrera 
en el Cinturón del Desierto de Gondwana Central explicarían las similitudes entre los 
dinosaurios del norte de Gondwana y el sur de Laurasia, y las diferencias entre las fau-
nas de norte y sur de Gondwana, durante el Cretácico Temprano.
Palabras clave: dinosaurio, icnofósiles, Cretácico Inferior, Gondwana, Laurasia, intercambio 
faunístico. 

1. Introduction

Considering the first evidence for dinosaurs from South 
America came from Colombia (Buffetaut, 2000; Degenhardt 
in Mahlmann, 1840), body and trace fossils of these large ter-
restrial Mesozoic reptiles are tantalizingly rare in this country. 
Most South American dinosaurs are known from Argentina 
and Brasil (e.g., Bittencourt & Langer, 2011; Costa da Silva 
et al., 2012; de la Fuente et al., 2007; Díaz–Martínez et al., 
2016; Francischini et al., 2015; Leonardi, 1989; Pazos et al., 
2012; Weishampel et al., 2004), and indicate taxonomic dis-
similarity from Laurasian dinosaurs (Cox, 1974; Gheerbrant & 
Rage, 2006; Canudo et al., 2009). This leaves a considerable 
gap in our understanding of the dinosaurs from northwestern 
Gondwana, and their relationships with the more southerly 
Gondwanan and southern Laurasian realms. Here, we report 
on the discovery of six footprints from the Lower Cretaceous 
Batá Formation of Colombia, northern South America, four of 
which are attributed to a large ornithopod dinosaur. The Batá 
Formation footprints apparently demonstrate affinities with 
Laurasian iguanodontian ichnofossils, rather than with dino-
saur footprints from southern South America, therefore these 
findings have important implications for the palaeobiogeogra-
phy of Early Cretaceous ornithopod dinosaurs.

1.1. Dinosaurs in Colombia

The first evidence for dinosaurs in South America were foot-
prints reported in the Gesellschaft für Erdkunde zu Berlin (the 

Berlin Society for Geography) on the 17 March 1839 (Buffetaut,  
2000; Degenhardt in Mahlmann, 1840). Although originally 
correctly cited as originating from Colombia, subsequent re-
ports erroneously indicated the footprints had been discovered 
in México (Degenhardt, 1840; Winkler, 1886; see also Buffe-
taut, 2000). These tracks were never figured, and were origi-
nally described as the footprints of giant birds (Degenhardt in 
Mahlmann, 1840). However, this was prior to Richard OWEN 
coining the term Dinosauria (Owen, 1841), so the Colombian 
footprints were almost certainly traces of dinosaurs (Buffetaut, 
2000). These ichnofossils, now lost, came from a Lower Cre-
taceous locality near Oiba, Santander Department, Colombia 
(Degenhardt in Mahlmann, 1840), and remain one of only a 
handful of reports of dinosaur body and trace fossils from Co-
lombia (Table 1).

Skeletal remains of Colombian dinosaurs are rare, with con-
firmed reports limited to Late Jurassic/Early Cretaceous sau-
ropods (Carballido et al., 2015; Langston, 1953; Langston & 
Durham, 1955) and Late Cretaceous theropods (Table 1; Ezcu- 
rra, 2009). However, dinosaur footprints, although rare, are 
more common, with reports (in addition to those of Degen-
hardt in Mahlmann (1840)) of unidentified footprints from the 
Jurassic; titanosaurid sauropod, theropod, and rare ornithopod 
footprints from the uppermost Jurassic/lowermost Cretaceous; 
and theropod footprints from the Lower Cretaceous (Moreno–
Sánchez & Gómez–Cruz, 2013; Moreno–Sánchez et al., 2011). 
Hence, most dinosaurs reported from Colombia have been at-
tributed to Saurischia, either members of Theropoda or Saurop-
oda (although some of these taxonomic assignments have been 
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Year Type Material Locality Fm/Age Reference(s)/Notes

1839 T ‘Bird footprints’ ?Theropod.
Summit of ‘Cuchillas de las 
Pezuñas del Venado’, Oiba, 
Santander.

Cretaceous, probably Paja Fm. [1, 2]

1937 B ?Theropod, teeth. Huila and Payandé, Tolima. Cretaceous, unspecified Fm. [3], considered crocodilian [4].

1943 B Sauropod, anterior/mid–thorac-
ic vertebra, UCMP 37689

East of La Paz, Cesar valley, 
Magdalena.

Pre–upper Aptian (Cretaceous), 
probably La Luna Fm. [4]

1949 B

3 Theropod teeth, (2 abelisauri-
dae, 1 ?dromaeosaurid), UCMP 
39649a, b (2 teeth), UCMP 
39650.

Upper Magdalena Basin, near 
Ortega, Tolima.

Late Cretaceous (?Maas-
trichtian), Fm. not specified 
(probably La Tabla Fm. or Oliní 
Group).

[5–7]

2008 T Ornithopod, theropod and tita-
nosaurid sauropod, footprints.

Santuario de Fauna y Flora de 
Iguaque, Chíquiza, Boyacá

Pre–Valanginian (uppermost 
Jurassic – Lower Cretaceous), 
Arcabuco Fm.

[8]

– T Theropod, footprints. Circa de Villa de Leyva, 
Boyacá.

Aptian, Paja Fm; idenfication 
questionable as Paja Fm. is 
fully marine [9].

[8, 10]

– T Dinosaur, footprints. Near Zapatoca, Santander. Jurassic, Girón Fm. [8, 10]

– T Theropod, footprints. A quarry near Alpujarra, Toli-
ma, Upper Magdalena Valley.

Early Cretaceous (?Barremian), 
Alpujarra Fm. [11], now Hondi-
ta y Loma Fm.

[8, 10]

– B ?Dinosaur, bone fragments. Dolores Sector, Tolima. Yaví Fm., ?Jurassic – Early 
Cretaceous. [8]

– B ?Ornithopod, bone fragments. North of Media Luna Syncline, 
Aipe.

?Jurassic – Early Cretaceous, 
Yaví Fm. [8, 10]

– B Theropod, ?tooth. South of Cuiza Fault, Alta 
Guajira. Early Cretaceous, Moina Fm. [8]

– T Ornithopod, traces. Venado River, Huila. Jurassic, Saldaña Fm. [10]

– B
Sauropod, 14 vertebrae, 
‘JACVM 0001’; correctly 
MJACM 1 [9].

‘La Tordolla’, vereda Mon-
quirá, Villa de Leyva, Boyacá; 
La Tordolla lies within vereda 
El Roble [9].

Late Barremian, Paja Fm.

Padillasaurus leivaensis a 
brachiosaurid [12]; a non–tita-
nosauriform somphospondylian 
[13].

2020 T Large iguanodontid footprints Río Batá, Santa María, Boyacá Early Cretaceous, Batá Fm. This work

Table 1. Tabulation of dinosaur remains discovered in Colombia, showing the year of discovery, fossil type, material discovered, location 
of discovery, the geological formation, and geological age of the find, and the published reference to the discovery.

References: [1] Degenhardt (1840); [2] Buffetaut (2000); [3] Botero–Arango (1937, 39, pls 64, 65); [4] Langston & Durham (1955); [5] Ezcurra (2009); [6] Langston  (1953); 
[7] Langston (1965); [8] Moreno–Sánchez et al. (2011); [9] Noè & Gómez–Pérez (2020); [10] Moreno–Sánchez & Gómez–Cruz (2013); [11] Flórez & Carrillo (1994); [12] 
Carballido et al. (2015); [13] Mannion et al. (2017).

(B) Body fossil (skeletal remains); (Fm.) Formation; (T) trace fossil.

questioned; de Valais et al., 2015), whereas only a small number 
of footprints have been ascribed to small– or medium–sized 
ornithopods (Moreno–Sánchez et al., 2011).

1.2. The Cretaceous World

The Cretaceous was a time of profound, but often poorly under-
stood, global tectonic and environmental change, both on land 
and within the marine realm (Lehmann et al., 2015; Tennant et 
al., 2016). The break–up of Pangaea, which commenced in the 
Early Jurassic, continued apace (McLoughlin, 2001). During 

the Early Cretaceous, Laurasia remained essentially complete, 
whereas the opening and widening of the Central Atlantic, and 
its connection to Tethys Ocean separated Gondwana from Lau- 
rasia (Canudo, 2006; Cox, 1974; Rage, 1988; Riccardi, 1991; 
Sereno et al., 1994; Tennant et al., 2016), producing an equa-
torial marine seaway along the northern margin of Gondwana 
(Rage, 1988), extending from modern–day Indonesia to Mé- 
xico, linking the Central Atlantic to both western and eastern 
Panthalassa (Riccardi, 1991). The Central Atlantic–Tethys con-
nection thereby acted as a barrier that apparently brought about 
continental isolation of Laurasia from Gondwana, breaking the 
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former terrestrial connection between modern–day Europe and 
North America, and northern Africa and South America by at 
least the earliest Cretaceous (Sereno et al., 1994; however, see 
also Bosellini, 2002).

The complex and gradually accelerating breakup of Gond-
wana occurred throughout the Cretaceous (Heine et al., 2015; 
McLoughlin, 2001; Sereno et al., 1994; Torsvik & Cocks, 
2017). This initially led to the separation of western Gond-
wana (Africa and South America) (Gheerbrant & Rage, 2006) 
from southeastern Gondwana (Antarctica, Australia, India, and 
Madagascar) through the opening of the South Atlantic, and 
later to the gradual development of essentially modern conti-
nental configurations (Torsvik & Cocks, 2017). The breakup of 
Gondwana led to constantly moving plates with significantly in-
creased absolute velocities compared to earlier in the Mesozoic 
(Torsvik & Cocks, 2017). At various times in the Cretaceous, 
Gondwana was subjected to extensive plume related volcanic 
activity, doming and rifting, Large Igneous Provinces (LIPs), 
emplacement of kimberlites, subduction, orogenesis, and oc-
casional meteorite impacts (Jaillard et al., 1995; McLoughlin, 
2001; Tennant et al., 2016; Torsvik & Cocks, 2017).

Cretaceous climates were generally warm and humid, with 
relatively high global temperatures and high atmospheric par-
tial pressures of carbon dioxide (pCO2) (McLoughlin, 2001; 
Torsvik & Cocks, 2017). For much of the Cretaceous, the world 
exhibited high global sea levels, with extensive epicontinental 
seaways (Cox, 1974), caused in part by long mid–ocean ridg-
es with rapid spreading rates, and in Gondwana by movement 
of the plates to areas of lower dynamic topography (Torsvik 
& Cocks, 2017). Hence, superimposed over typically high sea 
levels, were complex patterns of transgression and regression, 
which led to constantly changing continental shelves, and the 
repeated opening (flooding) and closure (isolation or draining) 
of epicontinental seaways (Cox, 1974; Gheerbrant & Rage, 
2006; Lehmann et al., 2015; Tennant et al., 2016). In addition, 
Early Cretaceous seas and oceans were affected by global or 
regional oceanic anoxic events (OAEs), leading to widespread 
deposition of black shales (Erba et al., 2004; Owens et al., 
2018; Tennant et al., 2016).

1.2.1. The Early Cretaceous

The Berriasian, Valanginian, and Hauterivian (“Neocomian” of 
previous authors; Lockley et al., 2009; Torsvik & Cocks, 2017) 
were times of major global upheaval, and increasing continental 
isolation of Gondwana (Sereno et al., 1994). During the Va-
langinian – Hauterivian interval, globally important events in-
cluded emplacement of the Paraná–Etendeka continental flood 
basalts (LIP volcanism) in Brasil and Namibia (Erba, 2004; 
McLoughlin, 2001; Svensen et al., 2018), which initiated rift-
ing of the South Atlantic, and ultimately led to a marine link 
between the South and Central Atlantic (Rage, 1988; Tennant et 

al., 2016). This rifting produced eastward doming of the future 
South American continental landmass (Jaillard et al., 1995), 
leading to the deposition of the Batá Formation and other dia-
chronous Lower Cretaceous sediments over the Palaeozoic 
basement in Colombia (Moreno et al., 2009). On the northern 
margins of Gondwana, in the Mediterranean realm, there was 
subduction, folding, emplacement of ophiolites, rotation and 
rifting of the Iberian Peninsula, and flexure of the Arabian Plate 
(Gong et al., 2008; Torsvik & Cocks, 2017).

Early Cretaceous, global sea levels were highly variable, 
falling in the Valanginian – Hauterivian to their lowest for the 
entire Cretaceous, but rising thereafter, which produced sub-
stantial continental flooding (Heine et al., 2015; Lehmann et 
al., 2015; Miller et al., 2005; Tennant et al., 2016; Torsvik & 
Cocks, 2017). During the Early Cretaceous, there was a general 
increase in global temperatures, with the first true greenhouse 
(globally warm and humid) climatic conditions commencing 
during the late Valanginian – early Hauterivian (Erba, 2004; 
Gröcke et al., 2005). However, during the Early Cretaceous 
there were major climatic fluctuations (Meissner et al., 2015; 
Tennant et al., 2016), with the general warming punctuated by 
shorter, cooler episodes. Hence, although many authors con-
sider the Early Cretaceous to have been entirely ice free (e.g., 
Canudo, 2006; McLoughlin, 2001; Torsvik & Cocks, 2017), 
there is increasing evidence for dramatically cooler climatic 
intervals, including sub–freezing temperatures and ice advanc-
es during the Valanginian – Hauterivian (Alley et al., 2019; 
Tennant et al., 2016). Although sea level changes in the Creta-
ceous are not generally attributed to glaciations (Canudo, 2006;  
Torsvik & Cocks, 2017), some authors consider Early Creta-
ceous sea level rises and falls, at least in the Central Atlantic 
Tethyian realm, the result of global, but relatively time–restrict-
ed, ice advances and retreats (Gröcke et al., 2005; McLoughlin, 
2001; Tennant et al., 2016).

1.2.2. The Río Batá Footprints: Geological and 
Palaeoenvironmental Setting

During the Mesozoic, modern–day Colombia straddled the pa-
laeo–equator, and during the Early Cretaceous lay on the northern 
shores of the rapidly dividing supercontinent of Gondwana. The 
dinosaur footprints reported here were discovered in a deep gorge 
of the Río Batá, Boyacá Department, Colombia (Figure 1), in the 
Batá Formation (Ulloa & Rodríguez, 1979; Etayo–Serna et al., 
2003). The Batá Formation forms part of the Lower Cretaceous 
in Colombia, although these rocks were long considered Early 
Jurassic in age (Bürgl, 1958, 1964; Irving, 1975; Mojica & Kam-
mer, 1995). The type section of the Batá Formation lies in the 
valley of the Río Batá, and along the adjacent Guateque–Santa 
María road, close to Santa María, Boyacá (Ulloa & Rodríguez, 
1979). The Batá Formation (Ulloa & Rodríguez, 1979) was for-
mally designated for beds originally described by Bürgl (1958), 
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Figure 1. Geographical location of the Río Batá dinosaur footprints. (a) Political map of Colombia showing the locations of the capital 
Bogotá and Boyacá Department. (b) Geographical map of the Boyacá Department showing the locality of the municipality of Santa 
María. (c) Geological map of the region around the town of Santa María (modified from Montoya et al., 2008), indicating the approximate 
position of the dinosaur footprints (hatched red circle). 

although previously the name “Batá Formation” had been used 
informally (Geyer, 1967, 61). At the type locality, the Batá For-
mation unconformably overlies the Palaeozoic Farallones Group, 
and is separated from the overlying Cretaceous Macanal Forma-
tion by the Santa María Fault (Terraza et al., 2013). The Batá For-
mation consists of more than 1000 m of conglomerates, quartz 
arenites, siliceous siltstones, claystones, and mudstones, and is 
divided into four units lettered A–D from base to top (Ulloa & 
Rodríguez, 1979). The Batá Formation sediments indicate alter-
nating terrestrial to shallow marine palaeoenvironments (Etayo–
Serna et al., 2003; Ulloa & Rodríguez, 1979), with the dinosaur 
ichnofossils formed along a tidally influenced palaeo–shoreline 
on the margin of an epicontinental seaway. The palynological 
evidence is indicative of a warm and humid regional climate 
(Etayo–Serna et al., 2003).

2. Materials and Methods

There are six dinosaur footprints, here designated DF1–DF6 
(Figure 2), four of which (DF1–4) form a single trackway; the 
remaining two footprints (DF5–6) are isolated, and lie approx-
imately perpendicular to the trackway. The footprints are pre-
served on a sub–vertical bedding surface above a deep rock pool 
of the Río Batá, and although additional footprints may be pre-
served below the water line, no further footprints were observed 
higher on the cliff face. Due to the difficulty of accessing the site, 
descriptions and measurements were obtained from field sketches 
and scaled photographs taken during two site visits. The track-
way and footprints were described using standard variables (both 
metrical and non–metrical) for large tridactyl dinosaur footprints 
(Figures 3, 4; following Castanera et al., 2013; Lockley, 1991, 
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a
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DF6 DF4

DF3

DF5DF2

DF1

Figure 2. The Río Batá dinosaur footprints. (a) Photograph of the outcrop showing the dinosaur footprints preserved in convex hyporelief 
on the underside of a thick, subvertical, sandstone bed within segments C–D (Ulloa & Rodríguez, 1979) of the Lower Cretaceous (upper 
Valanginian – lower Hauterivian) Batá Formation. The footprints are exposed along the Río Batá, Boyacá Department, on the eastern 
flank of the Eastern Cordillera of Colombia. (b) Interpretive drawing of the footprints. The dinosaur footprints are indicated with the 
acronym DF, DF1–4 belong to a single trackway.
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C
re

ta
ce

ou
s

DF1

DF2

DF3

DF4

B

B

B

B

TW
SL
PL
PA

50 cm

DF1
DF2
DF3
DF4

Avg

TW

25
26
30
34

28.75

DF 1–2
DF 2–3
DF 3–4

Avg

PL

113
114
137

121.3

DF 1–3
DF 2–4

Avg

SL

221
243

121.3

PA

153
152

152.5

TTL

406

FR

2
2
3
4

2.75

Figure 3. Metrics used to study the Río Batá dinosaur trackway, superimposed over a map of footprints DF1–4 with measurements (in 
cm) of the footprints. (DF1–4) Dinosaur footprints forming the trackway; (B) tip of digit III; (TW) trackway width; (FR) footprint rotation 
(not illustrated); (PL) pace length; (SL) stride length; (PA) pace angulation; (TTL) total trackway length; (Avg) average (arithmetic mean). 
Details of metrics given in the Abbreviations section of the text.

2009; Lockley et al., 2014; Martinez et al., 2015; Moratalla et al., 
1988; Romilio & Salisbury, 2011; Thulborn, 1990).

The Río Batá dinosaur footprints remain in situ and are an 
important part of Colombian National Heritage, protected by 
the Colombian Constitution (1991) and Decree 1353 (2018). 
The competent national and regional authorities (the Servicio 
Geológico Colombiano (SGC), and the Alcaldía, or local mayor 
of Santa María) have been informed of the exact location to aid 
their long–term preservation.

3. Systematic Ichnology

3.1. Ichnofamily

Iguanodontipodidae Vialov, 1988 sensu Lockley et al., 2014, 
and as emended by Martinez et al., 2015.

Diagnosis: Tridactyl, mesaxonic, and subsymmetrical pedal 
imprints of a digitigrade dinosaur; tracks typically as wide or 
wider than long; when preserved, one digital pad impression per 

digit, longer than wide, and one metatarsophangeal pad forming 
the “heel”; well–developed notches on the latero–proximal mar-
gins of digits II and IV; manus tracks when present are much 
smaller than pedal tracks (modified from Martinez et al., 2015; 
see also Lockley et al., 2014; Martinez et al., 2015).

3.2. Ichnogenus

Iguanodontipus Sarjeant et al., 1998, as emended by Martinez 
et al., 2015: 23.

Diagnosis: Iguanodontipodidae tracks with a metatarso-
phalangeal (“heel”) pad impression that is small (only as wide 
as the proximal impression of digit III), rounded, centred, and 
narrow; digits long and narrow; digits with sharp distal ends 
(modified from Martinez et al., 2015).

3.3. Type Ichnospecies

Iguanodontipus burreyi Sarjeant et al., 1998.
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Figure 4. Parameters used to study the Río Batá dinosaur footprints, superimposed over an illustration of footprint DF4. (a) Footprint 
length, width, and key landmarks. (b) Digit lengths and angular measurements. (c) Digit free segment lengths. (d) Anterior triangle. (A, 
B, C, D, E, F) key footprint landmarks; (ATh, ATw) height and width of the anterior triangle; (BLII, BLIII, BLIV) length of free segment of 
toe; (FL) footprint length; (FW) footprint width; (LII, LIII, LIV) digit lengths; (K, M) length to hypex; (WBII, WBIII, WBIV) width at base of free 
segment of toe; (WMII, WMIII, WMIV) width at middle of free segment of toe; (II, III, IV) digit numbers; (α, β, γ) divarication angles. Details 
of metrics given in the Abbreviations section of the text, and numerical values in Tables 2, 4.

Diagnosis: Iguanodontipus is a monotypic ichnospecies 
containing only Iguanodontipus burreyi, which has the same 
diagnosis as the ichnogenus (Martinez et al., 2015).

3.3.1. Referred Material

Six ornithopod dinosaur footprints, DF1–DF6 (Figure 2).
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3.3.2. Emended Distribution

Iguanodontipus: Cretaceous, Berriasian to Hauterivian of west-
ern Europe and northern South America. Prior to this work, 
Iguanodontipus burreyi was only known from the Lower Durl-
ston Beds (Berriasian) of England, UK; the Bückeburg Forma-
tion (Berriasian) of Germany; and the Oncala Group (Berriasian 
– Valanginian) of Spain (Castanera et al., 2013; Díaz–Martínez 
et al., 2015; Lockley et al., 2004; Pascual–Arribas et al., 2009; 
Sarjeant et al., 1998). The new find extends the geographic 
range to the Batá Formation (Valanginian – Hauterivian) of 
Colombia, northern South America.

3.3.3. Locality and Horizon

The referred dinosaur footprints are exposed on the original un-
derside of a now sub–vertically oriented massive sandstone bed 
within the upper part (segments C–D) of the Lower Cretaceous 
Batá Formation along Río Batá, Boyacá Department, on the 
eastern flank of the Eastern Cordillera of Colombia (Figure 1). 
Segments C and D of the Batá Formation consist of a series of 
fining–upward successions, commonly including ripple marked 
sandstone levels, some of which preserve bivalve fossils and 
palynomorphs (Etayo–Serna et al., 2003; Terraza et al., 2008). 
The bedding plane preserving the footprints strikes NE–SW 
is now sub–vertical and elevated to a present–day altitude of 
840 m above sea level due to the uplift of the northern Andes. 
Exact geographic coordinates of the locality are withheld to aid 
site preservation, but are available from the Servicio Geológico 
Colombiano upon request.

3.3.4. Geological Age

Late Valanginian to early Hauterivian, ca. 132.9 Ma (Cohen et 
al., 2013; updated 2019/05). Based on the presence of the bi-
valve Syrotrigonia, palynomorphs, and other unspecified fos-
sils, segments C and D of the Batá Formation were assigned a 
late Valanginian to early Hauterivian age (Etayo–Serna et al., 
2003; although Berriasian is also mentioned without context, 
page 115). Recently, the Batá Formation has been considered 
Berriasian in age, based on stratigraphic and unspecified bio-
stratigraphic comparison with the Cumbre Formation of the 
Middle Magdalena River valley (Moreno et al., 2009; Terraza 
et al., 2008, 2013). However, it is likely that the Batá and 
Cumbre Formations are of different ages due to diachronic 
Early Cretaceous transgression and deposition over underly-
ing Palaeozoic basement of the Farallones Group (Terraza et 
al., 2013). Hence, here we accept the late Valanginian to early 
Hauterivian age for the Batá Formation based on the pub-
lished palaeontological evidence (Etayo–Serna et al., 2003, 
page 115, arguments 1, 3), rather than the less well supported 
(and largely unpublished) comparisons with the more spatially 

distant Cumbre Formation (Etayo–Serna et al., 2003, page 
115, argument 2).

4. Description

The Río Batá dinosaur footprints are tridactyl and digitigrade 
pedal tracks with no evidence for manus prints, tail drag marks, 
or interdigital webbing (Figure 2). The orientations of the two 
isolated footprints DF5 and DF6 make it highly unlikely these 
form part of a second trackway. The relative timings of pro-
duction of the trackway and the isolated footprints are unclear, 
despite footprints DF4 and DF6 partially coinciding.

4.1. Preservation

The Río Batá footprints are preserved in convex hyporelief 
(Lockwood et al., 2014); i.e., as natural infills of the original 
footprints (the trace fossils), or as natural casts of the foot of the 
original dinosaur track maker. The topographically lower foot-
prints (DF1, 2) are less well preserved than those higher up the 
cliff face (DF3, 4), as they have been partially eroded by run-
ning water from Río Batá. As preservation of the footprints on 
the lower surface of a massive sandstone bed, it is improbable 
that they are underprints; the Río Batá footprints thereby most 
likely represent natural casts of “true tracks” (Lockley, 1991; 
Platt et al., 2018). However, preservation of the Río Batá foot-
prints is sub–optimal, as no distinct metatarsophalangeal “heel” 
pad, hallux prints, or skin impressions are preserved. DF4 ex-
hibits what may be a “heel” drag mark (Thulborn, 1990), or 
much less likely a metatarsal impression (Farlow et al., 1995). 
However, the close proximity of DF4 to DF6, and their similar 
size, suggests that the “drag mark” may be the “heel” impres-
sion of DF6, or possibly the remnants of another poorly pre-
served footprint coinciding with both DF4 and DF6 (Figure 
2). The aligned footprints (DF1–4) were produced by a single 
individual dinosaur, but show morphological variation along 
the trackway. This variation may be the result of differences in 
original footprint morphology (natural differences between the 
left and right feet), influenced by extra–morphological effects 
such as dinosaur behaviour (including locomotion pattern and 
speed), substrate characteristics (including type, consistency, 
humidity, and local irregularities), taphonomy, or recent subaer-
ial weathering and erosion (Lockley, 2009; Lockley et al., 2014; 
Moratalla et al., 1988; Pazos et al., 2012; Romilio & Salisbury, 
2011), all of which may be applicable to the Río Batá footprints.

4.2. Trackway (DF1–4)

The four aligned footprints form an approximately four metres 
long trackway. This trackway exhibits average (arithmetic mean) 
values of: stride length, 2.32 m; pace length, 1.21 m; pace angu-
lation, 152.5°; external track width, 0.38 m; and slight positive 
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(outward) footprint rotation (sensu Lockley, 1991; we note that 
Thulborn, 1990 uses the terminology in the opposite sense) of 
2–4° (Figure 3). After correction for subsequent tilt of the sub–
vertically orientated bedding plane on which the footprints are 
preserved, the direction of travel (estimated to 5° increments) 
for the trackway is 255°; and the orientations of footprints DF5 
and DF6 are 5° and 325° from north respectively.

4.3. Footprints

Footprints DF3 and DF4 are the best preserved, and therefore 
are used as the basis for this description (Figure 4). The foot-
prints are large, measuring an average of 51.5 cm from the an-
terior tip of digit III to rear of the metatarsophalangeal “heel”, 
and are tridactyl, with no digit I (laterally directed hallux) or 
digit V impressions preserved. The digits are generally straight, 
although the distal end digit III of DF3 is curved slightly medi-
ally; other toes may also exhibit a slight curvature. Digit III is 
the longest and forms the anteroposterior axis of the footprints. 
Digits II and IV are arranged approximately symmetrically ei-
ther side of, and shorter than, digit III, but sub–equal in length 
to each other; the mesaxonic condition. Digit II is the widest, 
stout, robust, and tapering; digit IV is narrower and tapered, and 
as preserved, is slightly longer than digit II in DF4 but shorter 
in DF3; digit III is intermediate in form, with approximately 
sub–parallel lateral and medial margins. None of the digits are 
constricted. Footprints DF3–4 are longer than wide, with an 
average length:width ratio of 1.22, an average total digital (II–
IV) divarication of 58.5° and individual interdigital angles of 
26–33°. The average height:width ratios of the anterior triangles 
(Lockley, 2009) of DF1–2 are 0.41 (Table 4).

The distal ends of the digits are bluntly tapered, with sub–
acute (pointed) tips, and no distinct ungual (hoof or claw) im-
pressions. The hypices (the posterior–most points of separation 
between the toes) in DF3 are rounded, but the angle is slightly 
more acute between digits II and III. In DF4, the hypex between 
digits II and III is more deeply incised but this is likely an arte-
fact of preservation, whereas between digits III–IV it is similar 
to DF3. In both DF3 and DF4, the lateral margin of the posteri-
or of digit IV (somewhat posterior of the level of the hypicies) 
preserves what may be a slight lateral notch (Martinez et al., 
2015). However, this is of a different form, and in a slightly 
different position in the two footprints, so may be an artefact of 
preservation. The posterior margin of the metatarsophalangeal 
“heel” pad impression is rounded in DF4, but sub–quadrangular 
in DF3, although both metatarsophalangeal pads lack marked 
medial or lateral indentations.

5. Interpretation and Discussion

Individual footprints represent the original foot morphology 
of the dinosaur trackmaker (Moratalla et al., 1988), although 

the footprint is modified by the effects of behaviour, substrate 
consistency, preservation, diagenesis, and recent and ancient 
weathering, requiring considerable caution in interpretation. 
However, extra–morphological variation in ichnology can be 
minimized by utilizing data from a series of aligned footprints 
(a trackway), where available (e.g., Lockley, 1991; Thulborn, 
1990). The Río Batá footprints only preserve a short trackway 
segment (DF1–4) and two additional prints (DF5, 6), so here we 
focus on metrics from the two best–preserved trackway foot-
prints (DF3–4), supplemented by data DF1–2. We cautiously 
compare the trackway to the isolated footprints (DF5, 6), al-
though these were most likely produced by one or more differ-
ent individuals or taxa.

A large ornithopod or theropod dinosaur produced the Río 
Batá dinosaur footprints. Size definitions are inherently arbi-
trary, general categories (Lallensack et al., 2016), however, the 
term “large” for tridactyl dinosaur footprints is only loosely 
defined. In ichnological studies, organism size is determined by 
footprint length (FL), and "large" has been considered both >30 
cm and >25 cm (Thulborn, 1990 pages 52, 265, 268), although 
FL >25 cm has also been consistently used (Dalla–Vecchia, 
1998, 2008). Medium size for tridactyl dinosaur footprints has 
been regarded as FL = 20–30 cm (Castanera et al., 2013), im-
plying a large animal has a FL >30 cm. However, other authors 
(e.g., Martinez et al., 2015) appear to consider large as >25 
cm (following Thulborn, 1990), although no clear definition is 
provided. Here we define “large” tridactyl dinosaur footprints 
as exhibiting FL >300 mm. 

5.1. Ornithopod vs. Theropod Footprints

Distinguishing between large, tridactyl footprints produced 
by bipedal ornithopod and theropod dinosaurs has frequently 
proven problematic (e.g., Lallensack et al., 2016; Lockwood et 
al., 2014; Moratalla et al., 1988; Platt et al., 2018; Romilio & 
Salisbury, 2011). This difficulty is due to the similar, although 
osteologically distinct, original foot morphology, which in both 
groups is digitigrade, functionally 3–toed with the central digit 
(III) most prominent, and digits II and IV shorter than digit III 
(Lockley et al., 2009). Hence, the trace fossils produced by both 
ornithopods and theropods are similar: Relatively wide, tridac-
tyl, and mesaxonic. The difficulty in distinguishing ornithopod 
from theropod ichnites applies especially to isolated footprints, 
short trackway segments, or when preservation is sub–optimal 
(e.g., Moratalla et al., 1988; Thulborn, 1990), all of which apply 
to the Río Batá footprints.

A number of studies have attempted to resolve the prob-
lems of distinguishing between large ornithopod and theropod 
footprints, however there is no single, unique criterion that 
clearly separates the trace fossils of these two groups of dino-
saurs (Lallensack et al., 2016; Moratalla et al., 1988). Here we 
use two approaches in an attempt to determine the most likely 
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Track Digit length Free segment length Basal toe width Mid–toe width Hypicies Divicariance

FL FW LII LIII LIV BLII BLIII BLIV WBII WBIII WBIV WMII WMIII WMIV K M α β γ (α+β)

DF1 44 41 40 44 34 16 25 17 10 17 8 10 12 10 24 18 33 31 64

DF2 52 38 39 52 39 21 35 23 10 8 7 9 10 6 18 17 27 26 53

DF3 56 45 48 56 41 22 31 20 17 13 10 12 11 7 27 23 29 30 59

DF4 54 44 43 54 50 18 33 31 14 13 9 9 9 9 25 20 28 26 54

DF5 48 45 35 48 36 18 28 11 15 15 14 8 12 11 19 25 41 30 71

DF6 37 40 29 37 28 18 22 10 12 11 11 11 13 8 13 19 52 34 86

Note: (DF with number) Río Batá footprint number; (FL) footprint length; (FW) footprint width; (LII, LIII, LIV) digit lengths; (BLII, BLIII, BLIV) length of free segment  
of toe; (WBII, WBIII, WBIV) width at base of free segment of toe; (WMII, WMIII, WMIV) width at middle of free segment of toe; (K, M) length to hypex; (α, β, γ) divari-
cation angles.

See Figure 4 for locations of metrics; details of metrics given in the Abbreviations section of the text.

Table 2. Measurements for the Río Batá dinosaur footprints, in cm.

track maker for the Río Batá footprints. Firstly, a compilation 
of ichnological characteristics, based on an updated version of 
parameters used to distinguish ornithopod from theropod foot-
prints (Dalla–Vecchia & Tarlao, 2000), and modified in the light 
of subsequent research. Secondly, we compare the Río Batá 
footprints to ornithopod–theropod threshold values for a series 
of bivariate ratios (Moratalla et al., 1988).

A compilation of ichnological characteristics (Dalla– 
Vecchia & Tarlao, 2000), indicates the Río Batá footprints 
forming the trackway (DF1–4), share more than half (12/21) 
of the features characterizing large ornithopod dinosaur foot-
prints. However, two features are indicative of large theropods, 
and slightly more than one–third (7/21) cannot be applied to 
the Río Batá footprints (Table 3). Of the features indicative of 
ornithopod footprints digits relatively straight with little curva-
ture, the rounded to quadrangular metatarsophalangeal “heel”, 
sub–symmetrical footprint, and trackway pace angulation (PA) 
<160°, fall within the typical ornithopod range (Table 3, co-
loured green). However, other features show overlap between 
the ornithopod and theropod values, and require discussion. For 
the best preserved footprints (DF3–4), the height:width ratio 
of the anterior triangle (Table 4) is within the range report-
ed for large ornithopods (Lockley, 2009). However, when all 
four footprints in the trackway (DF1–4) are averaged, the value 
slightly exceeds the ornithopod maximum. Nevertheless, the 
lowest value for DF3–4 also lies outside the reported theropod 
range, although the average value is higher, it lies at the extreme 
lower range for large theropods. Hence, the best preserved, and 
therefore probably most reliable, data indicates ornithopod af-
finity, whereas the probably less reliable aggregated data lies 
at the lower end of the large theropods range. As a result of 
the above, we consider the anterior triangle date more indica-
tive of ornithopod than theropod dinosaurs. The pedal footprint 
length:width ratio (FL:FW) is greater than one, indicating a 
footprint that is longer than wide, a feature considered typical 

of theropod dinosaurs (Thulborn, 1990). However, DF3–4 fall 
within the ornithopod range, although considering all footprints 
in the trackway, the average does not fall within the ornithopod 
range. Stride length to foot length (SL:FL) lies within the range 
most common for ornithopods, but outside that considered most 
frequently associated with theropods, although the ranges for 
both groups exhibit considerable overlap (Thulborn, 1990).

Another relevant feature is a notch between digit II and the 
metatarsophalangeal “heel”, considered a theropod feature. 
However, the “notch” in Río Batá footprints occurs between 
digit IV and the “heel”. This is probably a poorly preserved 
remnant of the double notch observed in ornithopod dinosaur 
footprints (Martinez et al., 2015). The digits in the Río Batá 
footprints are relatively long and somewhat pointed; this is 
often considered a typical theropod feature. However, this is 
also characteristic of Group 1 ornithopods (Martinez et al., 
2015). Hence, many parameters (digit curvature; “heel” shape; 
trackway pace angulation; anterior triangle height:width ratio; 
footprint length:width ratio), exhibit overlap between footprints 
considered to belong to ornithopods and theropods, although 
for the Río Batá footprints many of these features are closer to 
the ornithopod state.

Two features of the Río Batá trackway falls within the nor-
mal theropod range (Table 3, coloured red). A total divarica-
tion between digits II and IV of <60° is considered typically 
theropodan, although one of the less well–preserved footprints 
(DF1) shows a typical ornithopod total divarication 64° (Table 
2). However, divarication of the digits varies with numerous 
factors including original foot morphology, substrate consis-
tency, and patterns of behaviour (Platt et al., 2018). In addi-
tion, variation is seen when a large number of footprints form 
a track single attributable to the same individual (Lallensack et 
al., 2016). Footprint rotation is normally negative (inward fac-
ing) in ornithopod dinosaurs, but is weakly positive (outwardly 
directed) in theropods; the Río Batá footprints exhibit thero-
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Footprint characteristic Large ornithopod footprints Río Batá footprints Large theropod footprints

Anterior triangle, h:w ratio. Low (0.28–0.47) Low (0.30–0.36/0.49) High (0.31–1.43)

Bipedality Manus prints sometimes present Manus prints absent Manus prints almost always absent

Claw impressions Blunt, “hooves”. Absent Sharp, laterally compressed.

Digit impressions (especially 
DIII)

Wider, parallel–sided, often u–shaped, 
with a relatively short free segment.

DII wide, tapering; DIII–IV relatively 
narrow, parallel–sided, u–shaped.

Slender, tapered, often v– shaped, with 
relatively long free segment.

Digit relative lengths DIII slightly longer, DII and DIV 
subequal in length.

DIII slightly longer, DII and DIV 
subequal in length.

DIII substantially longer, DII shorter and 
wider than DIV.

Digit I (hallux) impression, 
medially directed at base of 
DII.

Lacking in most Absent Occasionally present

Digit III form Symmetrical, straight, with little or no 
curvature.

Symmetrical, straight, with little or 
no curvature.

May be curved, sinuous or with a marked 
medial displacement.

Digital curvature medially, 
distal. Little or none Little, slight in DIII of DF3. Frequent in DIII, less in DIV, sometimes 

in DII.

Digital offsets Digit IV frequently offset and widely 
divergent None Digit II offset from DIII– IV

Divarication, DII–DIII: DIII–
DIV.

Angles between DII–DIII and DIII–
DIV similar

DII–DIII, 28–29° (27–33°); DIII–
DIV, 26–30° (31°). DII–DIII (35–39°) > DIII–DIV (20–37°)

Divarication, total (DII–DIV) Wider (?>60°) 54°–59° (64°) Narrower, usually <60°

Footprint rotation (orientation 
of DIII) Normally inward (–ve) Slightly +ve, ≤4° Normally weakly +ve

Footprint symmetry Symmetrical Symmetrical Asymmetrical

Heel shape Relatively large, symmetrical, u–
shaped. Rounded to quadrangular, u–shaped. Relatively small, elongate, asymmetrical, 

v–shaped.

Indent medially between DII 
and heel Absent Absent Present

Pes print FL:FW ratio FW=FL or FW>FL, range 0.92–1.36 FW>FL 1.23–1.24 (1.07–1.37) FL>FW, range 1.03–2.64

Phalangeal pad impressions Almost always lacking when FL>30 
cm Absent Often well–defined

PL:SL Shorter 1.91 Longer

PA Lower, ?<160° 152–153° High, 160–180°

SL:FL (much overlap) Low 4.14–4.30 (5.27) High

TW Consistently wider 68 cm Consistently narrower

Source: Data from Dalla–Vecchia & Tarlao (2000) and modified with additions from Hasiotis et al. (2007), Lallensack et al. (2016), Lockley (2009), Milner et al. (2006), 
Moreno et al. (2012), and Thulborn (1990).

Note: The Río Batá footprints exhibit 12/21 characteristics that indicate an ornithopod affinity (highlighted in green), whereas only 2/21 coincides with the char-
acteristics that that indicate a theropod footprint (highlighted in red); seven characteristics are not comparable (not highlighted). See text for further details. (h) 
Height; (w) width; (D with roman numeral) digit number; (FL) footprint length; (FW) footprint width; (PL) pace length; (SL) stride length; (+ve) positive; (–ve) negative; 
(PA) pace angulation; (TW) trackway width.

See Figures 3, 4 for locations of metrics; details of metrics given in the Abbreviations section of the text.

Table 3. Characteristics of the Río Batá dinosaur footprints compared to a range of criteria used to differentiate large ornithopod from 
large theropod dinosaur ichnofossils.

pod–like positive rotation, although this also varies depending 
on speed of locomotion (Day et al., 2002). 

Seven of the 21 characteristics are non–applicable (Table 
3, uncoloured). Of these features, three cannot be compared 
with certainty due to lack of excellent preservation (presence/
absence of manus prints; claw impressions; presence/absence 
of a hallux mark), one is a feature which does not match the 

diagnostic features of either group (digital offsets), and two lack 
sufficient comparable metrics in the literature (PL:SL and TW). 
Hence, on balance (12 features to two in favour, with seven not 
comparable) we consider the values exhibited by the Río Batá 
trackway footprints, most likely, to be ornithopod in nature.

Our second approach is to compare the Río Batá footprints 
to ornithopod–theropod threshold values for a series of bivar-
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Track ATh ATw ATh/ATw

DF1 13 40 0.33

DF2 17 35 0.49

DF3 16 45 0.36

DF4 13 43 0.30

DF5 19 41 0.46

DF6 16 39 0.41

Note: Green, large ornithopod range (0.28–0.47); orange, ambiguous (overlaps 
both large ornithopod and large theropod ranges); red, large theropod range 
(0.31–1.43); threshold values from Lockley (2009).

(ATh) anterior triangle height; (ATw) anterior triangle width.

See Figure 4d for locations of metrics; details of metrics given in the Abbrevia-
tions section of the text.

Table 4. Measurements of the anterior triangle (Lockley, 2009) for 
the Río Batá dinosaur footprints, in cm.

iate ratios (Figure 5; Table 5; Moratalla et al., 1988). These 
ratios have been applied graphically by a variety of authors 
(Figueiredo et al., 2017; Mateus & Milán, 2008; Platt et al., 
2018; Romilio & Salisbury, 2011), and have the advantage of 
utilizing ratios, which minimize the effects of organism size on 
the analysis (Lallensack et al., 2016). Comparison between the 
threshold values proposed (Moratalla et al., 1988) and those 
for the Río Batá trackway, show that the two best–preserved 
footprints (DF3–4) fall within the ornithopod thresholds for 
just 3/9 values, whereas 6/9 are considered typically theropo-
dan (Table 5). Including data from all four trackway footprints 
(DF1–4), shows no unequivocally ornithopod features, 6/9 
exhibit overlap between ornithopod and theropod values, and 
3/9 indicate a theropod trackmaker. However, the two isolated 
footprints, DF5 (values for DF6 in brackets) are more clearly 
ornithischian with 6/9 (8/9) indicating an ornithischian track-
maker, and only 3/9 (1/9) indicating a theropod trackmaker. 
The second technique would therefore suggest that the track-
way was produced by a theropod dinosaur, and the two isolated 
footprints are ornithischian in nature.

Based on the first of the two techniques employed, we at-
tribute the Río Batá footprints to a large ornithopod dinosaur, 
whereas the results of the second technique indicate the track-
way was produced by a large theropod. We interpret this to indi-
cate that a wide range of descriptive and metrical characteristics 
are more reliable than comparison to a small sample of time 
restricted and tentatively proposed threshold values (Moratalla 
et al., 1988). This is despite the Río Batá footprints concurring 
in geological age (Early Cretaceous) and organism size (“large” 
dinosaur) comparable with the original sample (Moratalla et al., 
1988); although the Colombian footprints lie outside the origi-
nal geographical range studied. Hence, our analysis appears to 
question the applicability of threshold values as a technique to 

determine dinosaur affinities in ichnological studies (e.g., as 
used by Figueiredo et al., 2017; Lallensack et al., 2016; Mateus 
& Milán, 2008; Platt et al., 2018; Romilio & Salisbury, 2011), 
as previously argued (Thulborn, 2013). In addition, despite 
compensating for body size using ratios, biological scaling af-
fects (e.g., allometry, ontogeny; Castanera et al., 2013; Lockley, 
2009) may have an important effect on this type of analysis.

5.2. Attribution to Ichnotaxon and Taxon

The somewhat confusing ichnotaxonomy of large ornithopod 
tracks has recently been revised (Martinez et al., 2015; see also 
Lockley et al., 2014). Based on the small, rounded metatarso-
phalangeal “heel” pad (rather than a large rounded or bilobed 
“heel”), and relatively elongate, narrow digits (as opposed to 
short, wide digits), the Río Batá footprints can be attributed to 
the Group 1 ornithopod morphology (Martinez et al., 2015). 
Group 1 contains only the ichnogenus Iguanodontipus and ich-
nospecies I. burreyi. The only other valid ichnospecies, former-
ly within Iguanodontipus, was “I.” billsarjeanti, now attributed 
to the ichnogenus Caririchnium (Martinez et al., 2015). Thus, 
the Colombian footprints, as tridactyl, mesaxonic, and subsym-
metrical pedal imprints of a digitigrade ornithischian dinosaur, 
can be attributed to the ichnofamily Iguanodontipodidae, based 
on the morphological characteristics available (Martinez et al., 
2015). However, the tracks are somewhat longer than wide, 
and do not preserve pad or manus impressions, and only faintly 
show (on the lateral margins of DF3–4) evidence for the well–
developed notches on the latero–proximal margins of digits II 
and IV, characteristic of the ichnofamily (Martinez et al., 2015). 
Nevertheless, this lack of data are most likely a result of preser-
vational biases. However, with regard to the ichnogenus Igua-
nodontipus, the “heel” impression of the Río Batá footprints is 
relatively narrow, rounded, and centred, and the digits are long 
and narrow with somewhat pointed distal ends, matching the 
diagnosis of the ichnogenus (Martinez et al., 2015).

Iguanodontipus ichnofossils are universally attributed igua-
nodontid (or iguanodontian) ornithischian dinosaur track mak-
ers (e.g., Lockley et al., 2014; Lockwood et al., 2014; Martinez 
et al., 2015; Santos et al., 2013; Sarjeant et al., 1998). Body 
fossils of iguanodontian ornithopods are widely distributed 
across Laurasia and Gondwana, and have been recovered from 
the Upper Jurassic to uppermost Cretaceous rocks (Llandres–
Serrano et al., 2013; Norman, 2004, 2013). However, prior to 
this work, the geographic and temporal distribution of Iguano-
dontipus was strictly limited, with the ichnogenus only reported 
from the Berriasian – Valanginian of Europe (Díaz–Martínez 
et al., 2015). Hence, the Río Batá Iguanodontipus ichnofossils 
were likely produced by a large iguanodontian ornithischian 
dinosaur, and thereby have important palaeogeographical im-
plications for dinosaur biogeography.
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5.3. Size and Speed Estimates

Ichnofossils can be used to determine the approximate body 
size and speed of movement of the Río Batá trackmaker by 
using foot length to obtain hip height, and incorporating stride 
length (Hutchinson, 2005; Lockley, 1991; Thulborn, 1990). 
Hip height (HH) can be estimated by assuming the hip was 
an average of four times the length of the footprint (FL) (Mc-
Neil Alexander, 1976; Henderson, 2003). However, although a 

Figure 5. Ratios from the Río Batá footprints (DF1–6) shown as a graphical representation (modified from Romilio & Salisbury, 2011) for 
comparison to the proposed threshold values (top) used to distinguish between ornithopod and theropod dinosaur footprints (Moratalla 
et al., 1988). Green, large ornithopod range; red, large theropod range. (BLII, BLIII, BLIV) Length of free segment of toe; (DF1–6) dinosaur 
footprints; (FL) footprint length; (FW) footprint width; (LII, LIII, LIV) digit lengths; (K, M) length to hypex; (WBII, WBIII, WBIV) width at base 
of free segment of toe; (WMII, WMIII, WMIV) width at middle of free segment of toe. See Figure 4 for locations of metrics; details of metrics 
given in the Abbreviations section of the text. See Table 5 for numerical values for the ratios presented.

range of metrics have been proposed for different dinosaurian 
groups (Thulborn, 1990), HH = FL × 4 is the most widely used 
metric (Platt et al., 2018), and is considered the most accurate 
for large dinosaurs (Henderson, 2003). The Río Batá track-
way has an average FL (DF1–4) = 51.5 cm, which produces 
an estimated HH = 2.06 m (Table 6). Comparison with well–
known skeletons of the Barremian iguanodontian ornithopod 
Iguanodon bernissartensis provides a body length estimate of 
approximately 8.0 m and an estimated body mass of 2.500 
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Track FL:FW
1.25

FL:K
2.0

FL:M
2.0

BLII:WMII
2.0

BLIII:WMIII
2.2

BLIV:WMIV
2.0

LII:WBII
3.75

LIII:WBIII
4.0

LIV:WBIV
3.75

DF1 1.07 1.83 2.44 1.60 2.08 1.70 4.00 2.59 4.25

DF2 1.37 2.89 3.06 2.33 3.50 3.83 3.90 6.50 5.57

DF3 1.24 2.07 2.43 1.83 2.82 2.86 2.82 4.31 4.10

DF4 1.23 2.16 2.70 2.00 3.67 3.44 3.07 4.15 5.56

DF5 1.07 2.53 1.92 2.25 2.33 1.00 2.33 3.20 2.57

DF6 0.93 2.85 1.95 1.64 1.69 1.25 2.42 3.36 2.55

DF3–4 1.23–1.24 2.07–2.16 2.43–2.70 1.83–2.00 2.82–3.67 2.86–3.44 2.82–3.07 4.15–4.31 4.10–5.56

DF1–4 1.07–1.37 1.83–2.89 2.43–3.06 1.60–2.33 2.08–3.67 1.70–3.83 2.82–4.00 2.59–6.50 4.10–5.57

Note: Green, large ornithopod range; orange, ambiguous (overlaps both large ornithopod and large theropod ranges); red, large theropod range; threshold values, 
shown in bold beneath the headings, from Moratalla et al. (1988).

(DF with number) Río Batá dinosaur footprint number; (FL) footprint length; (FW) footprint width; (K, M) length to hypex; (BLII, BLIII, BLIV) length of free segment of 
toe; (WMII, WMIII, WMIV) width at middle of free segment of toe; (LII, LIII, LIV) digit lengths; (WBII, WBIII, WBIV) width at base of free segment of toe.

See Figures 3, 4 for locations of metrics; details of metrics given in the Abbreviations section of the text. See Figure 5 for a graphical representation of the data for 
the individual footprints.

Table 5. Ratios from the Río Batá footprints for comparison to the proposed threshold values (beneath each metric) for ornithopod 
and theropod dinosaur footprints (Moratalla et al., 1988), for individual footprints (DF1–6), the range for the best preserved footprints 
in the trackway (DF3–4), and the range for all footprints in the trackway (DF1–4).

Track FL
(m)

SL
(m)

HH
(m) SL/HH V

m/s
V

km/h

DF1 0.44 1.76

DF2 0.52 2.08

DF3 0.56 2.24

DF4 0.54 2.16

DF1–3 2.21 2.03 1.09 1.29 4.64

DF2–4 2.43 2.16 1.13 1.40 5.04

Avg 0.52 2.32 2.06 1.13 1.37 4.93

Note: (DF with number) Río Batá dinosaur footprint number; (FL) footprint 
length, in metres; (SL) stride length, in metres; (m) metres; (HH) hip height (4 × 
FL), in metres; (V) velocity of the trackmaker in both m/s and km/h; (m/s) me-
tres per second; (km/h) kilometres per hour; (Avg) arithmetic mean (average); g, 
acceleration due to gravity (9.81 m/s).

Table 6. Trackway metrics the Río Batá footprints, showing the 
values used, and the results obtained, for the velocity calculations, 
using V ≈ 0.25g0.5.SL1.67.HH–1.17 (McNeil Alexander, 1976).

kg for the Río Batá ornithopod (Henderson, 2003; Norman, 
1980; Seebacher, 2001). This would indicate that the Colom-
bian iguanodontian was of moderate to large size, possibly a 
small adult or a sub–adult approaching adult size, depending 
upon the species of original trackmaker.

The speed of travel for the Colombian dinosaur can be es-
timated from the Río Batá trackway (DF1–4), using average 
(arithmetic mean) trackway metrics, SL (2.32 m) and calcu-
lated HH (2.06 m) (Table 6). As average SL/HH (1.13) is ≤2.0 

(walking pace; Thulborn, 1990), it is appropriate to use V ≈ 
0.25g0.5.SL1.67.HH–1.17 (McNeil Alexander, 1976), where V = 
velocity in m/s, g = acceleration due to gravity (9.81 m/s), SL 
= stride length in metres, and HH = hip height in metres. How-
ever, this equation is thought to underestimate dinosaur loco-
motion rates at moderate speeds (Thulborn, 1990). Using the 
velocity equation above, the estimated speed of the Río Batá 
trackmaker is 1.37 m/s (or 4.93 km/h) (Table 6). This is within 
the range of estimated average walking speeds for iguanodon-
tian dinosaurs of 4.61–5.27 km/h (Thulborn, 1990). The appar-
ent lack of manus prints along the Río Batá trackway indicates 
the animal was travelling either bipedally, or with little weight 
upon the manus. Adult iguanodontians were probably faculta-
tively bipedal, but may have walked quadrupedally, using their 
hands in locomotion only at very slow speeds, or when running 
at greater velocities (Norman, 1980, 2004).

5.4. Dinosaur Biogeography

During the Jurassic, dinosaurs were widely distributed (Barrett 
et al., 2011; Canudo, 2006; Carballido et al., 2012; Cox, 1974; 
Rage, 1988; Sereno et al., 1994), with biotic interchange of 
terrestrial organisms possible due to the geographic compe-
tency of Pangaea. However, the latest Jurassic witnessed the 
opening of the Central Atlantic, which severed the previous-
ly persistent Jurassic land connection between Laurasia and 
Gondwana (Cox, 1974; Rage, 1988; Riccardi, 1991; Tennant 
et al., 2016). In addition, extinctions at the end of the Jurassic 
led to major ecosystem upheavals and terrestrial biotic reor-
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ganization (Tennant et al., 2016). Tethys ocean thereby began 
to act both as a conduit for the east–west migration of ma-
rine organisms, and as an increasingly effective barrier to the 
north–south migrations of terrestrial fauna and flora (Canudo, 
2006; Gheerbrant & Rage, 2006; Torsvik & Cocks, 2017). As a 
result, faunal exchanges continued across the northern (Laura-
sian) and southern (Gondwanan) continents, whereas free fau-
nal exchange between the northern and southern continents 
was largely precluded (Cox, 1974; Canudo, 2006; Canudo et 
al., 2009; Francischini et al., 2015; Rage, 1988).

With the isolation of Laurasia and Gondwana, differences 
began to develop in the Early Cretaceous between the faunas 
and floras of the two continental landmasses (Cox, 1974; Canu-
do et al., 2009; Rage, 1988). Hence, continental isolation is seen 
by many as both a major impediment to north–south dinosaur 
migrations (e.g., Mao et al., 2012; Sereno et al., 1994), and as 
a driver of vicariance between the faunas of Gondwana and 
Laurasia (Canudo, 2006). However, although differences are 
generally recognised between the Early Cretaceous faunas of 
Laurasia and Gondwana (Canudo et al., 2009; Cox, 1974; Sere-
no et al., 1994), a simplistic view of organismal distributions, 
primarily driven by plate tectonics, is constantly being ques-
tioned (e.g., Gheerbrant & Rage, 2006; Rage, 1988). Despite 
the separation of Gondwana and Laurasia, by perhaps as much 
as several 100 km of deep ocean in the Early Cretaceous (Canu-
do et al., 2009), there is a growing body of evidence for faunal 
and floral exchanges between the northern and southern land-
masses (Ezcurra & Agnolín, 2012; Gheerbrant & Rage, 2006; 
Rage, 1988). This makes the simple distinction between the 
Early Cretaceous faunas of Laurasia and Gondwana an over-
simplification (Gheerbrant & Rage, 2006). However, distin-
guishing between vicariance–evolution from an ancestral stock 
following continental separation (Canudo, 2006; Carballido  
et al., 2012) – and migrations, can prove problematic, especially 
with an incomplete fossil record and flux in the taxonomy and 
phylogeny of dinosaurian and other groups. However, between 
the latest Jurassic and the Barremian – Aptian transition there 
is growing fossil evidence for biotic exchanges between Gond-
wana and Laurasia (Canudo et al., 2009).

5.4.1. Migration Routes and Barriers  
to Dispersal

Limits to continental organismal migrations typically include 
physical barriers such as deep ocean basins and mountain rang-
es; and to a lesser extent epicontinental seas and continental 
flood basalts (Canudo, 2006; Cox, 1974; Lehmann et al., 2015; 
Sereno et al., 1994). However, climatic gradients such as tem-
perature, water availability, and desert belts also exert profound 
effects on organismal distributions (Canudo, 2006; Cox, 1974; 
Gallina et al., 2014). Hence, a deep and wide Tethys Ocean 
between Laurasia and Gondwana would have acted as an effec-

tive barrier to dinosaur migrations (Canudo, 2006). However, 
increasing data suggests at least an intermittent connection be-
tween Laurasia and Gondwana (Barrett et al., 2011; Canudo et 
al., 2009; de Klerk et al., 2000; Gallina et al., 2014; Gheerbrant 
& Rage, 2006; Naish et al., 2004; Nicosia et al., 2007; Rage, 
1988), even though this goes against current palaeogeographic 
received wisdom (e.g., Torsvik & Cocks, 2017). Even if fau-
nal exchanges occurred, it is clear that there was not complete 
homogenization of northern and southern continental faunas 
during the Early Cretaceous (Gheerbrant & Rage, 2006), al-
though the reasons for this remain unclear.

Three routes crossing between Laurasia and Gondwana 
have been hypothesised, although the detailed connections 
between Mesozoic landmasses are often poorly constrained 
(Ezcurra & Agnolín, 2012; Rage, 1988). The first is a western 
corridor via modern–day southern North America and northern 
South America; the second is a central route between modern–
day Europe and northern Africa; and the third is an eastern route 
between modern–day Asia and Australia (Cox, 1974; Ezcurra & 
Agnolín, 2012; Gheerbrant & Rage, 2006). Although favoured 
by some palaeobiogeographic models based on phylogenetic 
inferences (Barrett et al., 2011; Poropat et al., 2016), the Aus-
tralia–Asia route has no support based on past or current palae-
ogeographic continental reconstructions for the Mesozoic (e.g., 
Scotese & Golonka, 1992; Smith et al., 1994; Torsvik & Cocks, 
2017). The long–standing hypothesis that the North America–
South America route was more likely than the circuitous route 
through Europe and Africa (Cox, 1974; Ezcurra & Agnolín, 
2012) seems to be the most likely for the dinosaurs forming the 
Río Batá footprints. However, a North America–South America 
migration route is not supported by the well–studied dinosaur 
bearing beds of North America, that lack evidence for Iguan-
odontipus footprints. Hence, despite assertions to the contrary 
(Cox, 1974; Mao et al., 2012), there is little evidence for migra-
tions across the southwestern margin of Laurasia (modern–day 
North America) into north–western Gondwana (modern–day 
northern South America) during the Early Cretaceous (e.g., 
Torsvik & Cocks, 2017).

The third route suggest dinosaurs migrated across Tethys 
from modern–day Europe into northern Africa. This route has 
the greatest support, although sampling remains poor (Dalla–
Vecchia, 1998; Ezcurra & Agnolín, 2012; Pazos et al., 2012; 
Rage, 1988). It has been hypothesised that the most likely 
routes were through Apulia and/or Alboran, possibly via the 
Iberian Peninsula (Bosellini, 2002; Canudo, 2006; Gallina et 
al., 2014; Gheerbrant & Rage, 2006). Dinosaurs could have 
crossed oceanic Tethys, onto the passive north African margin 
(Torsvik & Cocks, 2017) and there is growing evidence for 
temporary connections between European Laurasian and Af-
rican Gondwana (Canudo et al., 2009; Dalla–Vecchia, 1994, 
2008; Nicosia et al., 2007). This migration route is supported 
by the apparently substantial Laurasian origin of Early Creta-
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ceous Gondwanan (northern African) organisms (Gheerbrant 
& Rage, 2006) and recent palaeogeographic reconstructions 
(van Hinsbergen et al., 2020). This suggests biotic exchanges 
occurred between Gondwana and Laurasia (Ezcurra & Agnolín, 
2012), although prior to the Barremian the faunas of the two 
supercontinents remain distinct (Barrett et al., 2011; Canudo 
et al., 2009). However, it has also been argued that dispersal 
prior to the division of Pangaea, followed by later independent 
evolution, is a more plausible explanation for observed dinosaur 
distributions (Poropat et al., 2016; Sereno et al., 1994). 

During the Early Cretaceous, Europe was an archipelago 
within a shallow epicontinental sea (Canudo, 2006; Canudo et 
al., 2009; Gheerbrant & Rage, 2006), and dinosaur movements 
between these islands could have been facilitated by global cli-
matic and environmental changes (Kujau, 2012). Periodically 
lowered Early Cretaceous sea levels, possibly due to polar ice 
sheets (Canudo, 2006), would have produced a complex series 
of emergent land masses that facilitated movement of terrestrial 
organisms across Tethys in the Central Atlantic region between 
modern–day Europe and North Africa (Bosellini, 2002; Dalla–
Vecchia, 2008; Gheerbrant & Rage, 2006). Although there was 
no land bridge across Tethys, Gondwana and Laurasia were in 
relatively close proximity (Rage, 1988). Island hopping across 
now accreted or subducted microcontinents, volcanic islands, 
or emergent carbonate platforms may have been possible via 
the mid–Tethys sill (Canudo, 2006; Canudo et al., 2009; Dalla 
–Vecchia, 1994, 1998; Ezcurra & Agnolín, 2012; Mao et al., 
2012), or Greater Adria (van Hinsbergen et al., 2020). This 
would indicate biotic exchange across Tethys was a temporary 
sweepstake between islands, facilitated by lowered sea lev-
els, during times of climatic cooling and may have allowed 
large animals, such as dinosaurs, to occasionally wade or swim 
across the intervening body of water. This would have produced 
an inconsistent, perhaps somewhat directional (north to south), 
intercontinental selective filter between the two major Early 
Cretaceous landmasses (Canudo et al., 2009; Ezcurra & Ag-
nolín, 2012; Gheerbrant & Rage, 2006; Rage, 1988). 

Considering all the evidence, a Europe–North Africa mi-
gration route across Tethys is currently the most plausible ex-
planation for the presence of iguanodotians in northern South 
America. Hence, the Río Batá footprints would indicate an Ear-
ly Cretaceous ornithischian dinosaur migration route westwards 
along the northern shores of Gondwana from modern–day 
Africa into Colombia. This scenario would predict the future 
discovery of Lower Cretaceous Iguanodontipus footprints, and 
iguanodontian skeletal remains, in northern Africa and else-
where in modern northern South America (Figure 6).

5.4.2. Dinosaur Palaeobiology

The remains of dinosaurs are some of the best–studied fossils 
of the Early Cretaceous (Tennant et al., 2016), and there are 

undoubted similarities between the ornithischian dinosaurs 
of central–southern Laurasia and northern–central Gondwana 
(Canudo, 2006; Canudo et al., 2009; Gheerbrant & Rage, 2006). 
Following the end–Jurassic extinctions, terrestrial vertebrate 
numbers declined, however, the ornithischian dinosaurs were 
only moderately affected, the ornithopods were virtually unaf-
fected, and the iguanodontians became abundant in the Early 
Cretaceous (Tennant et al., 2016). It has been hypothesised that 
the dinosaurs that survived the end–Jurassic extinctions had key 
morphological adaptations, and possibly more generalized mor-
phologies (Tennant et al., 2016). In addition, terrestrial life may 
have benefited from the generally warm and humid conditions 
during times of climatic amelioration, which produced wide-
spread vegetation cover (Charbonnier et al., 2017; McLoughlin, 
2001; Mao et al., 2012). This may have allowed the surviving 
herbivorous dinosaurs to radiate during the Early Cretaceous, 
taking advantage of broadly distributed, gymnosperm domi-
nated, vegetation (Charbonnier et al., 2017; Mao et al., 2012).

The ecology of the iguanodontian dinosaurs may also have 
improved their chances of crossing Tethys. The iguanodontian, 
and other dinosaurian, fauna lived on an archipelago (modern 
Europe), which led to frequent migrations along coastal areas 
(Dalla–Vecchia, 1994, 1998; Santos et al., 2013), and probably 
necessitated occasional or regular wading or swimming be-
tween islands. This may have given these dinosaurs a propen-
sity to cross shallow seas (Canudo, 2006), which at appropriate 
times may have included crossing Tethys. Indeed the Río Batá 
footprints, many Iguanodontipus and Lower Cretaceous dino-
saur ichnofossils more generally, are commonly found on or 
close to palaeoshoreline or other water–rich deposits (e.g., Cas-
tanera et al., 2013; Dalla–Vecchia & Tarlao, 2000; Farlow et al., 
1995; Kim et al., 2009; Pazos et al., 2012; Santos et al., 2013). 
In addition, during periods of Early Cretaceous cooling, there 
may have been additional environmental pressure for dinosaurs 
to move southwards towards more equatorial climates, thereby 
tracking both ecological and vegetational changes.

5.4.3. Gondwanan Dinosaur Provincialism

A migration route across Tethys for large, mobile dinosaurs such 
as iguanodontians fails to explain the absence of Iguanodontipus 
footprints in the more southerly parts of Gondwana. The best–
known Gondwanan dinosaur faunas are those from southwest 
South America: Argentina and Brasil (e.g., Bittencourt & Langer, 
2011; Costa da Silva et al., 2012; de la Fuente et al., 2007; de Va-
lais et al., 2015; Moreno et al., 2012; Pazos et al., 2012). Howev-
er, Gondwanan dinosaurs are also known from South Africa (de 
Klerk et al., 2000; Haughton, 1915) and Australia (Poropat et al., 
2016; Romilio & Salisbury, 2011; Thulborn, 2016), whereas the 
dinosaurian faunas from northern South America are much more 
poorly known (Sereno et al., 1994; Weishampel et al., 2004). As a 
result of substantial connections between the southern continental 
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Figure 6. Early Cretaceous palaeogeographic map showing global distribution of ornithopod dinosaurs (footprint symbols, Iguanodon-
tipus in white) and proposed migration route for the Río Batá Iguanodontipus trackmakers from the European archipelago (red circle), 
across Tethys Ocean, and along the northern shores of modern–day Africa and South America (red line), and into the modern–day Río 
Batá locality in Colombia (white star in black circle). Note the Central Gondwanan Desert Belt (dark brown) that probably restricted free 
southward migration of iguanodontians into southern Gondwana, which has its own endemic dinosaurian fauna, and the desert in the 
modern southern USA and Central America that precluded the water–adapted iguanodontians from migrating to South America via North 
America. Dinosaur data from downloaded from The Palaeobiology Database (https://paleobiodb.org/#/) using the clade name “Ornithop-
oda” (04 June 2018); Early Cretaceous base map from Matthews et al. (2016). Blue, water bodies; pale brown, land; dark brown, desert belts.

landmasses during the Early Cretaceous (de Klerk et al., 2000), 
it has often been assumed Gondwanan dinosaurs were widely 
distributed, continuing the trend from the Jurassic (e.g., Barrett 
et al., 2011; Cox, 1974; Sereno et al., 1994). Indeed there is good 
evidence for a broad distribution of high latitude southern Gond-
wanan dinosaurian taxa (Gallina et al., 2014) with migrations 
possible between modern southern South America, South Africa, 
Antarctica, and Australia, and probably encompassing India and 
Madagascar (Gheerbrant & Rage, 2006). This was despite (or 
perhaps because of) strong annual photoperiod variations and 
a flattened thermal gradient (McLoughlin, 2001; Poropat et al., 
2016). On the other hand, there is relatively limited direct evi-
dence for south–north migrations across Gondwana, although 
these have often been hypothesised based on taxonomic or phy-
logenetic evidence (e.g., Barrett et al., 2011; Naish et al., 2004). 
However, during much of the Jurassic, and continuing into the 
Early Cretaceous, Gondwana extended from the palaeo–equator 
to southern high latitudes, and the continent is known to have ex-
hibited a well–marked, latitudinally determined, climatic gradient 
(McLoughlin, 2001). 

Across a supercontinent the size of Gondwana, it is incon-
ceivable that climatic gradients did not affect dinosaur distribu-
tions and migrations. This would lead to regional variations in 
dinosaurian faunas (Francischini et al., 2015), controlled by cli-
mate and geographical barriers, as with global faunal distribu-
tions today (Davies et al., 2011). During the Early Cretaceous, 
continuing from earlier in the Jurassic, there is considerable 
evidence for a Central Gondwanan Desert Belt (Gallina et 
al., 2014; de Valais et al., 2015; Francischini et al., 2015; Mc-
Loughlin, 2001; Naish et al., 2004; Philippe et al., 2004; Remes 
et al., 2009; Svensen et al., 2018). The Central Gondwanan 
Desert Belt was centred around 30 degrees south of the equator 
(Philippe et al., 2004, Figure 1), coinciding with the modern 
descending limbs of the Hadley and Ferrell atmospheric cells 
(Ziegler et al., 2003). This is in contrast to the northern hemi-
sphere, where an extensive Laurasian (northern) desert belt did 
not develop, possibly due to widespread epicontinental seaways 
(e.g., the proto–Western Interior Sea, the central (European) ar-
chipelago, and the Turgai Sea), although desert conditions were 
present in the southern extent of western Laurasia (Philippe 
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et al., 2004). In Gondwana, the extensive Central Gondwanan 
Desert Belt crossed the continent from what are today northern 
Argentina, Uruguay, Paraguay, Brasil, and Namibia (Francis-
chini et al., 2015; Gallina et al., 2014; Iglesias et al., 2011) and 
undoubtedly restricted the latitudinal migrations of dinosaurs, 
although occasional faunal interchanges were possible during 
periods of climatic amelioration (Gallina et al., 2014). Hence, 
the environment across the wide latitudinal geographic spread 
of Gondwana was uneven, undoubtedly affected biotic inter-
changes between northern and southern Gondwana, and pre-
vented the southward migration of the possibly water–loving 
iguanodontians into southern Gondwana.

6. Conclusions

Six dinosaur footprints discovered in the upper Valangin-
ian to lower Hauterivian Batá Formation along the Río Batá, 
Boyacá Department, Colombia, South America are interpreted 
as formed by a large (>30 cm foot length) ornithischian dino-
saur. Four footprints form an approximately four metre long 
trackway generated by a dinosaur attributed to the ichnospecies 
Iguanodontipus burreyi, which prior to this work was an ex-
clusively Laurasian ichnogenus. The trackmaker is interpreted 
as an iguanodontian dinosaur with a hip height of greater than 
two metres, possibly suggesting a sub–adult individual of ap-
proximately eight metres in length and weighting 2.5 metric 
tons. The dinosaur was moving at an average walking pace for 
iguanodontians of almost five kilometres per hour. The Río Batá 
dinosaur footprints are the first evidence for large ornithopod 
dinosaurs in Colombia, and represent the best–preserved dino-
saur footprints, yet discovered in the country.

The Río Batá footprints, situated close to the northern shore 
of west Gondwana, suggest biotic interchange across Tethys 
Ocean between southern Laurasia (modern Europe) and north-
ern Gondwana (modern North Africa), despite many modern 
palaeogeographic reconstructions showing no direct land con-
nection during the Early Cretaceous. The separation of Pangaea 
during the latest Jurassic into northern Laurasia and southern 
Gondwana coincided in time with the end–Jurassic mass ex-
tinction event. This resulted in the radiation of iguanodontian 
dinosaurs into vacant ecological space during the Early Creta-
ceous. These dinosaurs appear to have been adapted to water–
rich environments in the European archipelago and variable 
climates during the Early Cretaceous, probably related to rela-
tively small–scale ice advances and retreats, which resulted in 
lowered global sea levels that permitted iguanodontian dino-
saurs to cross Tethys Ocean, perhaps via the Iberian Peninsula, 
Apulia and/or Albora or Greater Adria.

Once in Gondwana, the iguanodontian dinosaurs probably 
tracked lush tropical vegetation and water–rich environments 
along the northern margins of the continent. However, a lack of 
evidence for Iguanodontipus footprints in southern Gondwana 

implies a geographical barrier between northern and southern 
Gondwana. To the south lay the Central Gondwanan Desert 
Belt, which posed a considerable, and possibly impenetrable, 
barrier to southward movements of the water–loving iguano-
dontians, and precluded range extension into southern Gond-
wana. Hence, a variety of geographic and climatic factors drove 
Early Cretaceous northern Gondwanan dinosaur distributions, 
and as a result, we predict the discovery of both iguanodontian 
dinosaur skeletal remains, and further Iguanodontipus ichno-
fossils, in northern Africa and northern South America, but not 
in southern Gondwana. 

The discovery of large ornithopod footprints along the Río 
Batá thereby adds considerably to the evidence for Colombian 
and northwestern South American dinosaurs and their move-
ments. The identification of these footprints as attributable to the 
ichnogenus Iguanodontipus, is the first evidence for this ichno-
taxon outside modern Europe, and has important implications for 
the palaeogeographic distribution of Iguanodontipus trackmak-
ers. The Río Batá footprints thereby indicate we have much to 
learn about the palaeobiology, palaeoecology, and palaeogeog-
raphy of Early Cretaceous dinosaurs in northern South America.
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α, β, γ Divarication angles (between II–III, 
III–IV, II–IV (= total divarication) re-
spectively)

A, B, C Anterior–most points of II, III, IV re-
spectively

AC–G Alejandro CORRALES–GARCÍA
AT Anterior triangle (triangle connecting 

points A, B, C)
ATh  Anterior triangle height (length of the 

line passing through B and perpendic-
ular to A–C)

ATw  Anterior triangle width (length A–C) 
Avg Average
BLII, BLIII, BLIV Length of toe free segment (A, B, 

C along lines A–F, B–F, C–F to the 
intersection with lines through D 
(perpendicular to A–F), D–E, E (per-
pendicular to C–F) respectively) 

D, E  Posteriormost points of hypices (be-
tween II–III, III–IV respectively) 

DF (with number) Río Batá dinosaur fooprints
F  Rear of metatarsophalangeal (“heel”) 

pad impression (the posterior–most 
point of the footprint) 

FA Footprint axis (line B–F)
FL Footprint length (distance B–F [≡ 

LIII])
FR Footprint rotation (the angle between 

FA and TA)
FW  Footprint width (maximum width per-

pendicular to FL)
HH Hip height (4 × FL)
II, III, IV Digit number (also prefixed by B)
JVR–J José Vicente RODRÍGUEZ
K, M “heel”–hypex lengths (D–F, E–F re-

spectively)

LFN Leslie Francis NOÈ
LII, LIII, LIV Digital lengths (lengths of II, III, and 

IV along A–F, B–F, and C–F respec-
tively) 

LIPs Large Igneous Provinces
MG–P Marcela GÓMEZ–PÉREZ
OAE Oceanic anoxic events
PA Pace angulation (angle between points 

B of three consecutive footprints) 
pCO2 Partial pressures of carbon dioxide
PL Pace length (line joining points B of 

consecutive left and right footprints)
SGC Servicio Geológico Colombiano
SL  Stride length (the line joining points B 

on consecutive footprints on the same 
(left or right) side) 

TA  Trackway axis (the line midway be-
tween the lateral–most points of the 
left and right footprints) 

TTL  Total trackway length (distance from 
F of DF1 to B of DF4) 

TW  External trackway width (distance 
between the lines joining the lateral–
most point of the footprints forming 
the trackway, and approximately par-
allel to TA)

WBII, WBIII, WBIV Width at base of free segment of toe 
(length of line passing through D per-
pendicular to A–F, D–E, length of line 
passing through E perpendicular to 
C–F)

WGC–M William G. CARANTON–MATEUS
WMII, WMIII, WMIII Width at middle of free segment of toe 

(length half way between BLII, BLIII, 
BLIV, and perpendicular to A–F, B–F, 
C–F, respectively)

Explanation of Acronyms, Abbreviations, and Symbols:
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Abstract Marine Barremian deposits are represented in different lithostratigraphic 
units in Colombia, from the central part of the country to the north. Up to the Upper 
Magdalena Valley, continental deposits have been reported in the Yaví Formation; 
although until now, only Aptian plant remains have been recognized.

Marine deposits include the shales and biomicrites of the Trincheras Formation to 
the west and southwest of Bogotá; the shales and biomicrites of the Fómeque Forma-
tion to the east and northeast of Bogotá; the biomicrites, biosparites, and shales of 
the Upper Calcareous Member of the Tibasosa Formation to the north of Bogotá; the 
shales and biomicrites of the Paja Formation near Villa de Leyva and to the northwest 
of Bogotá in the Middle Magdalena Valley; and in some cases, the biomicrites of the 
“Rosablanca” Formation.

Sporadic occurrences of Barremian ammonites have been reported in the biomicrites 
of the Yuruma Formation, that occurs in northern Colombia near Venezuela; in the 
Cretácico del Río Cañas (La Guajira) deposits; and in the central and western regions 
of the Central Cordillera. Nevertheless, these have been poorly studied.

Other lithostratigraphic units that have been cited as being related to the Barremian 
deposits, albeit without biostratigraphic support, are the Tibú–Mercedes Formation 
and, possibly, the Río Negro Formation. Barremian ammonites have been reported in 
the La Naveta Formation but with controversial stratigraphic control.

Different fossil fauna and flora have been reported in these units, but ammonite 
biostratigraphy is the principal tool used to identify chronostratigraphic levels. Tethyan 
fauna allows one to correlate Barremian successions with standard biozones and bio-
horizons from the Mediterranean area, based on the Psilotissotia, Nicklesia, Pulchellia, 
Gerhardtia, Heinzia, etc.

The sedimentary and ecological variations in the lithological units are the conse-
quence of environmental factors, paleoecology, and basin differentiation that have 
recorded tectonic or subsidence influxes due to their local paleogeographic positions.
Keywords: Barremian deposits, biostratigraphy, lithostratigraphy, Colombia.

Resumen Los depósitos marinos del Barremiano en Colombia están representados en 
diferentes unidades litoestratigráficas desde la parte central del país y hacia el norte. 
Para el Valle Superior del Magdalena han sido reportados depósitos continentales de la 
Formación Yaví, aunque allí hasta ahora se han reconocido restos vegetales del Aptiano. 
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Los depósitos marinos incluyen las lodolitas y biomicritas de la Formación Trinche-
ras al oeste y al suroeste de Bogotá; las lodolitas y biomicritas de la Formación Fóme-
que al este y noreste de Bogotá; las biomicritas, bioesparitas y lodolitas del Miembro 
Calcáreo Superior de la Formación Tibasosa al norte de Bogotá; las lodolitas y biomi-
critas de la Formación Paja cerca de Villa de Leyva y al noroeste de Bogotá en el Valle 
Medio del Magdalena; y en algunos casos las biomicritas de la Formación “Rosablanca”. 

Para las biomicritas de la Formación Yuruma que se presentan al norte de Colombia, 
cerca de Venezuela; los depósitos del Cretácico del Río Cañas (La Guajira); y las regio-
nes central y occidental de la cordillera Central se han reportado ocurrencias esporá-
dicas de amonitas del Barremiano. Sin embargo, estas han sido muy poco estudiadas. 

La Formación Tibú–Mercedes y posiblemente la Formación Río Negro son otras uni-
dades litoestratigráficas que han sido relacionadas con los depósitos del Barremiano, 
aunque sin soporte bioestratigráfico. En la Formación La Naveta se reportaron amoni-
tas del Barremiano, pero con control estratigráfico insuficiente. 

Diferentes fósiles de fauna y flora han sido mencionados dentro de las unidades 
referidas, pero la bioestratigrafía de las amonitas es la principal herramienta para 
identificar los niveles cronoestratigráficos. La fauna del Tetis permite correlacionar 
las sucesiones del Barremiano con las biozonas y biohorizontes estándar del área del 
Mediterráneo con base en Psilotissotia, Nicklesia, Pulchellia, Gerhardtia, Heinzia, etc. 

Las variaciones sedimentarias y ecológicas de las unidades litológicas son consecuen-
cia de factores ambientales, la paleoecología y la diferenciación de la cuenca que puede 
tener influencia tectónica o de subsidencia debido a la posición paleogeográfica local.
Palabras clave: depósitos del Barremiano, bioestratigrafía, litoestratigrafía, Colombia.

1. Introduction

Barremian marine deposits in Colombia outcrop in different 
locations; they principally outcrop along the Eastern Cordille-
ra, although some occur in the Central Cordillera, and others 
occur in northern Colombia (La Guajira province). It may be 
possible to find other deposits, such as those in the continental 
successions to the north of the Upper Magdalena Valley and the 
serranía del Perijá (Figure 1), but there are not enough data to 
indicate that they comprise a Barremian range.

Von Buch (1838, 1839) first showed the existence of Lower 
Cretaceous deposits in Colombia based on the paleontologi-
cal collection of von Humboldt and Degenhardt, which is kept 
in the Museum of Natural History in Berlin (Germany). Thus, 
the first allusion to the Villeta denomination (von Humboldt, 
1816, 66; 1823; 1853; 1888) was Villeta shales (Thonschiefer). 
Thereafter, Uhlig (1882, 94–95) provided the first mention of 
Barremian deposits in Colombia.

The most investigated succession in Colombia is represent-
ed near Villa de Leyva (Boyacá) in the Paja Formation (cf. Bür-
gl, 1954, 1956; Etayo–Serna, 1968a, 1968b, 1968c; Patarroyo, 
2000a, 2000b, 2000c, 2004), which is used here as a reference 
to other marine lithostratigraphic units that include Barremian 
deposits. Ammonites, wood, bivalves, gastropods, echinoids, 
serpulids, foraminifera, and vertebrates have been recognized 
in the Barremian successions.

The Barremian ammonites from Colombia record a Tethyan 
influence, but not all genera and species from the western Medi- 
terranean province are present in Colombian deposits (Pata- 
rroyo, 2000a, 2000b, 2004). 

The Barremian boundary with the upper Hauterivian in Co-
lombia remains unclear. Crioceratites can be found in upper 
Hauterivian and lower Barremian deposits. In the upper part 
of the upper Barremian, Colchidites and then Pseudocrioceras 
(Kakabadze & Sharikadze, 2004) appear, whereas in the low-
er Aptian, Procheloniceras (Kakabadze & Sharikadze, 2004), 

Figure 1. Location map with the main places mentioned, as follows: (1) Yuruma Hill, (2) Uribia, (3) Riohacha, (4) Santa Marta, (5) Mingueo 
(Dibulla), (6) Becerril, (7) Pailitas, (8) Ábrego, (9) Cúcuta, (10) Simití, (11) Gramalote, (12) Bucaramanga, (13) Betulia, (14) Yarumal, (15) San 
Andrés (Santander), (16) Barichara, (17) Curití, (18) Socorro, (19) El Cocuy, (20) Ebéjico, (21) Medellín, (22) Oiba, (23) La Estrella, (24) Belén, 
(25) Vélez, (26) Betéitiva, (27) Abejorral, (28) Tibasosa, (29) Corrales, (30) Villa de Leyva, (31) Firavitoba, (32) Berlín, (33) Muzo, (34) Tunja, 
(35) Pesca, (36) Pajarito, (37) Rondón, (38) San Félix, (39) Valle Alto, (40) Garagoa, (41) Villeta, (42) La Vega, (43) Sasaima, (44) Gachalá, (45) 
Bogotá, (46) Apulo, (47) Fómeque, (48) Tocaima, (49) Viotá, (50) Cáqueza, and (51) El Cobre Creek (San Luis, Tolima). (LMV) Lower Magdalena 
Valley; (MMV) Middle Magdalena Valley; (UMV) Upper Magdalena Valley; (SNSM) Sierra Nevada de Santa Marta; (SP) Serranía del Perijá; 
(EC) Eastern Cordillera; (CC) Central Cordillera; (WC) Western Cordillera.
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Dufrenoyia, and Cheloniceras appear. Between these intervals, 
the fossil record is poor. Unfortunately, Bürgl (1956) introduced 
three–fold divisions of the Barremian in Colombia (lower, mid-
dle, and upper); therefore, international researchers believe that 
this is among the best places to recognize these marine depos-
its. Although Mutterlose et al. (2014, 260) officially used the 
mid–Barremian as the boundary interval between the upper 
lower–lower upper Barremian and the lower/upper Barremian, 
the International Commission on Stratigraphy only recognizes 
the lower and upper Barremian.

2. Barremian Stage

Coquand (1861) originally introduced the Barremian denomi-
nation near Barrême (Alpes–de–Haute–Provence, SE France), 
which is the type locality. Busnardo (1965) clarified the defini-
tion of the Barremian Stage using the outcrops along the way to 
Angles (SE France) because, according to Coquand, it actually 
included the upper Hauterivian and Barremian succession.

Although the Global Boundary Stratotype Section and Point 
(GSSP) of the Barremian Stage has not been established until 
now, its ammonite biostratigraphy has been used to recognize 
its subdivisions in the lower and upper Barremian following 
the western Mediterranean successions (Figure 2). The lower 
Barremian substage includes 5 biozones (Reboulet et al., 2014, 
2018), some subzones and biohorizons (Reboulet et al., 2014, 
Table 1); the upper Barremian substage includes 4 biozones 
(Reboulet et al., 2014, 2018), more subzones and one biohori-
zon (Reboulet et al., 2014, Table 1). A candidate for the GSSP 
(Company et al., 1995; Ogg et al., 2012; Rawson et al., 1996) 
is a succession in Río Argos (near Caravaca, Murcia province, 
Spain) with the first apparition data (FAD) of the Taveraidiscus 
hugii auctorum formerly termed “Spitidiscus” hugii (Company 
et al., 1995; Hoedemaeker et al., 1993, 2003) and the Avrami-
discus vandeckii ammonite group (cf. Company et al., 1995; 
Rawson et al., 1996). The boundary interval in Italy falls within 
the uppermost part of magnetic polarity zone M4n (at approx-
imately Chron M4n.8 ¼ “M5n.8”) (Bartolocci et al., 1992; 
Channell et al., 1995; as cited in Ogg et al., 2012).

The boundary between the lower and upper Barremian is re-
lated to the FAD of the ammonite “Ancyloceras” vendenheckii 
(Rawson et al., 1996, 28; Reboulet et al., 2009, 2011, 2014, 2018; 
Ogg et al., 2012). A GSSP substage is proposed near Caravaca, 
Spain (Ogg et al., 2012; Company et al., 1995). This substage 
boundary level is within the uppermost part of the magnetic polar-
ity zone M3r (at approximately Chron M3r.8) in Italy (Bartolocci 
et al., 1992; Channell et al., 1995; as cited in Ogg et al., 2012).

2.1. Biostratigraphy

“Biostratigraphic units (biozones) are bodies of strata that are 
defined or characterized on the basis of their contained fossils. 

Biostratigraphic units only exist where the particular diagnostic 
feature or attribute on which they are based has been identified. 
Biostratigraphic units, therefore, are objective units based on the 
identification of fossil taxa” (Murphy & Salvador, 1999, 261).

This means that taxonomy affects the denominations of bio-
zones; however, taxonomy may be artificial because generic 
determination principally depends on the interpretation of the 
specialist. Therefore, some citations here related to biostratigra-
phy and taxonomy do not follow some postulates that have re-
cently been recognized (Reboulet et al., 2011, 2014, 2018), such 
as some species of “Heinzia” and “Gerhardtia”. In taxonomic 
hierarchy, only the species is tangible; the other categories are 
artificial and are dependent on the author (cf. Vermeulen & Klein, 
2006). Therefore, the specific determination, which is indepen-
dent of the generic designation, allows one to identify stratigraph-
ic levels that can be correlated. Therefore, it may be considered 
that only one or two authors have established synonym lists of 
Barremian ammonites (cf. Vermeulen & Klein, 2006).

In this study, some Barremian generic denominations follow 
those of classical publications, such as Psilotissotia sensu Hy-
att (1900), Gerhardtia and Carstenia sensu Hyatt (1903), and 
Heinzia sensu Bürgl (1956).

The Barremian Stage in the western Mediterranean province 
(Reboulet et al., 2014, Table 1; 2018, Table 1b) is officially 
divided into the lower and upper Barremian. To Reboulet et al., 
(2014, Table 1), the lower Barremian includes 5 biozones, some 
subzones and biohorizons (Figure 2), including Taveraidiscus 
hugii auctorum (T. hugii auctorum and Psilotissotia colombiana 
Subzones), Kotetishvilia nicklesi, Nicklesia pulchella, Kotetish-
vilia compressissima (Holcodiscus fallax, Nicklesia didayana, 
“Heinzia” communis, and Subtorcapella defayae Horizons), and 
Moutoniceras moutonianum (Coronites darsi and “Heinzia” 
caicedi Horizons). The upper Barremian includes 4 biozones, 
some subzones and horizons (Figure 2), such as Toxancyloceras 
vandenheckii (T. vandenheckii and Barrancyloceras barre-
mense Subzones), Gerhardtia sartousiana (G. sartousiana, 
“G.” provincialis, and Hemihoplites feraudianus Subzones), 
Imerites giraudi (I. giraudi and Heteroceras emerici Subzones), 
and Martelites sarasini (M. sarasini (Anglesites puzosianum 
Horizon) and Pseudocrioceras waagenoides Subzones). Re-
cently, Reboulet et al. (2018) introduced new considerations 
related to ammonite taxonomy and biostratigraphy of the Bar-
remian (Figure 2), in which they did not use biohorizons. More-
over, they referred that the meeting in Vienna of 2017 deleted 
the term “auctorum” from the Taveraidiscus hugii index spe-
cies (cf. Figure 2) and stated the problematic identification of  
Psilotissotia colombiana in the Mediterranean forms.

In Colombia, most Barremian ammonites record a Tethyan 
influence that allows one to correlate these deposits with the 
western Mediterranean successions. Psilotissotia malladae, 
Nicklesia pulchella, Pulchellia communis, “P”. caicedi, Heinzia 
provincialis, and Carstenia lindigii are present in both areas.
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Following the best exposed Barremian deposits in Colom-
bia, as a part of the Paja Formation (Hauterivian – Aptian) in 
the Villa de Leyva area (Figures 3, 4, 5), it is possible to affirm 
that the faunal representation is better in the lower Barremian 
deposits than in those of the upper Barremian deposits. Ammo-
nites from the lower Barremian are represented by Psilotissotia 
colombiana (d’Orbigny, 1842); P. malladae (Nicklès, 1894); Pe-
dioceras caquesense; Crioceratites sp., C. (Paracrioceras) ley-
vaensis Kakabadze & Hoedemaeker, 2004; Buergliceras buerglii 
Etayo–Serna, 1968c; Acanthoptychoceras ? trumpyi Kakabadze 
& Thieuloy, 1991 (cf. Klein et al., 2007); Nicklesia pulchella 
(d’Orbigny, 1840); N. nodosa Bürgl, 1956; N. karsteni Hyatt; 
1903; Parasaynoceras horridum (d’Orbigny, 1840); Acrioceras 
julivertii Etayo–Serna, 1968c; Valdedorsella inca (Forbes, 1845); 
Karsteniceras beyrichi (Karsten, 1858); Phylloceras sp.; Lytoc-
eras sp.; Pulchellia galeata (von Buch, 1838); P. communis Bür-
gl, 1956; P. hettneri Gerhardt, 1897; P. fasciata Gerhardt, 1897; 
P. selecta Gerhardt, 1897; and “P”. caicedi (Karsten, 1858). 
Ammonites from the upper Barremian are represented by Ger-
hardtia veleziensis (Hyatt, 1903); G. galeatoides (Karsten, 1858); 
Heinzia provincialis (d’Orbigny, 1850); H. colleti (Bürgl, 1956); 
Carstenia lindigii (Karsten, 1858); Colchidites breistrofferi Ka-
kabadze & Thieuloy, 1991; Pseudohaploceras cf. liptoviense 
(Zeuschner 1856); Pseudocrioceras anthulai (Eristavi, 1955); 
Ancyloceras sp., Heteroceras sp., Kutatissites sp., and Mouton-
iceras cf. moutonianum (d’Orbigny, 1850).

Until now, it has not been clear if Spitidiscus (S. ursulae 
(Riedel, 1938), S. simitiensis (Haas, 1960)), Toxancyloceras, 
and Imerites are present in the Barremian deposits.

Patarroyo (2000a, 2000b, 2004) introduced interval zones 
to the Colombian Barremian deposits (Figure 6) following the 
first appearance data of lower Barremian taxa, such as Psilot-
issotia colombiana, Nicklesia pulchella, and Pulchellia gale-
ata, and upper Barremian taxa, such as Heinzia (Gerhardtia) 
veleziensis (actually Gerhardtia veleziensis, Figure 7) and Col-
chidites breistrofferi. However, some intervals in this succes-
sion include poor fossil recovery or there are no fossils at all. 
Thus, the upper part of the zones can be considered intrazones 
with respect to Pulchellia galeata, Gerhardtia veleziensis, and 
Colchidites breistrofferi (Figure 6). However, directly above 
the Colchidites breistrofferi Zone, Kakabadze & Sharikadze 
(2004) suggested three biostratigraphical levels, the first is the 
succession with Pseudocrioceras anthulai (uppermost Bar-
remian), the second with Procheloniceras albrechtiaustriae 
(lowest Aptian), and the third with Cheloniceras kiliani (Figure 
7), that are below the first Aptian assemblage zone of Etayo–
Serna (1979). But directly above Colchidites breistrofferi Zone 
there are no sufficient outcrops (containing rich ammonites 
fauna) and therefore to solve the problem of determination of 
the uppermost Barremian Pseudocrioceras anthulai Horizon 
still needs further additional palaeontological and lithological 
data (cf. Kakabadze & Sharikadze, 2004).
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Sáchica – Tunja

2.2. Lithostratigraphy

Although the Cretaceous successions along the Eastern Cordil-
lera in Colombia have been studied in different investigations, 
they are poorly understood. Homonymies, synonymies, and 
stratigraphic generalization are the most important problems 
related to the differentiation of the basin.

In central Colombia, Barremian deposits are included in 
the Paja Formation (cf. Basse, 1928; Bürgl, 1954, 1956; Col-
let, 1924; Etayo–Serna, 1964, 1968a, 1968b, 1968c; Gerhardt, 
1897; Haas, 1960; Karsten, 1858; Patarroyo, 1997, 2000a, 
2000b, 2000c, 2004), the Trincheras Formation (cf. Basse, 1950; 
Cáceres & Etayo–Serna, 1969a, 1969b; Patarroyo, 2011; von 
Buch, 1838, 1839), the Fómeque Formation (cf. Bürgl, 1956; 

Figure 3. Succession of the Sáchica–Tunja way with the Barremian ammonite distribution of the Paja Formation (Boyacá province).
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La Yesera

Etayo–Serna, 1964; Karsten, 1858; Royo y Gómez, 1945a; Ra-
mos–Gámez, 2016; Ulloa et al., 2000), the Upper Calcareous 
Member of the Tibasosa Formation (Patarroyo, 2005, 2017), 
in some areas of the Central Cordillera in the Quebradagrande 
Complex (cf. Etayo–Serna, 1985a; Grosse, 1926), and occa-
sionally in the “Rosablanca” Formation (Blau, 1993; Gaona–
Narváez et al., 2013; Etayo–Serna in Mantilla–Figueroa et al., 

2006; Morales et al., 1958; Patarroyo, 2017). They have also 
been found in northern Colombia in La Guajira province, in the 
poorly known successions of the Cretácico del Río Cañas (Col-
menares et al., 2007) and the Yuruma Formation (Bürgl, 1958; 
Patarroyo, 2011; Renz, 1960; Rollins, 1965). Following Fabre 
(1985) and Etayo–Serna (1985b), the “Areniscas de Las Juntas” 
Formation comprises Barremian deposits, and in the serranía del 

Figure 4. Succession of La Yesera Hill with the Barremian ammonite distribution of the Paja Formation in Villa de Leyva (Boyacá province).
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Perijá and Catatumbo areas, the Río Negro Formation contains 
sandy Barremian deposits (Julivert, 1968, 415–417; Petrash et 
al., 2016, Figure 2; Renz, 1959, 6; Sutton, 1946; van Andel, 
1958), given the existence of Aptian ammonites in the overly-
ing Cogollo Formation or Group in Venezuela and, probably, 
in some places in Colombia. Barremian ammonites have been 
reported between Ábrego and Gramalote near Cúcuta (Norte de 

Santander) (Royo y Gómez in Botero–Restrepo & Sarmiento–
Rojas, 1947, 36; Bürgl, 1956, 32) are now considered to be part 
of the Tibú and Mercedes Formations (Vargas & Arias, 1981). 
Some citations without illustrations related to Barremian fau-
na are found in Petters (1954) in Becerril and Pailitas (Cesar 
province), in Langston & Durham (1955) and in Etayo–Serna 
et al. (1969, 232). Other citations have mentioned Barremian 
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Figure 5. Succession of the Monsalve Hill with the Barremian ammonite distribution of the Paja Formation in Villa de Leyva (Boyacá 
province).
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Figure 6. Western Mediterranean standard zonation of the Barremian Stage (Taken from Reboulet et al., 2014) and biostratigraphy 
correlated to the Colombian Barremian.

Figure 7. Western Mediterranean standard zonation of the Barremian Stage (Taken from Reboulet et al., 2014) and the new correlations 
of the biostratigraphy to the Colombian Barremian.
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deposits in El Cobre Creek from San Luis (Tolima province), in 
San Andres (Santander province) by Acosta (1960, 36) and in 
central Colombia in the denominated Muzo Formation and El 
Peñón Formation (Reyes et al., 2006). The continental deposits 
extending from the Yaví Formation to the northern Upper Mag-
dalena Valley and the Río Negro Formation of the serranía del 
Perijá likely represent Barremian successions.

2.2.1. Paja Formation

The Paja Formation was informally introduced by Wheeler 
(1929, 5) as the “La Paja” Formation; however, since Morales et 
al. (1958, 648), it has been better known by its formal name as 
the Paja Formation. Because this denomination has been more 
widely diffused, it is not convenient to readopt the old denom-
ination following the priority recommendation of the Interna-
tional Commission on Stratigraphy: “Publication of a properly 
proposed, named, and described unit has priority. However, 
priority alone does not justify displacing a well–established 
name by one not well known or rarely used; nor should an 
inadequately established name be preserved merely because 
of priority” (Murphy & Salvador, 1999, 258). There is not a 
type section designation or description for the Paja Formation; 
therefore, a lectostratotype is necessary to typify this lithostrati-
graphic unit, although its name originates from La Paja Creek 
(in the Middle Magdalena Valley to the NW of Bogotá), which 
is a stream that principally follows the bed direction (Figure 
8). Shales, biomicrites, and calcareous concretions represent 
the succession, which is 625 m in thickness at the type locality 
(Morales et al., 1958, 650). Barremian and Aptian fossils are 
included in the Paja Formation at the type locality (Tablazo 
area, Santander province). Nicklesia pulchella, Psilotissotia sp., 
Valdedorsella cf. inca, Pulchellia galeata, Karsteniceras sp., 
and Gerhardtia veleziensis have been recovered near Baricha-
ra (Santander province) in the Barremian deposits of the Paja 
Formation (Figures 9, 10, 11). The lower boundary with the 
Rosablanca Formation is sharp (Valanginian – Hauterivian, cf. 
Etayo–Serna in Guzmán, 1985; Schemm–Gregory et al., 2012), 
although near Barichara (Santander province), the lowest Barre-
mian ammonites, including Valdedorsella or Pseudohaploceras 
sp. and Pedioceras sp. (Figure 12), were found towards the top 
of the Rosablanca Formation. The upper boundary of the Paja 
Formation is transitional to the Tablazo Formation (Aptian – 
Albian). However, in the Villa de Leyva area (Boyacá prov-
ince), the Paja Formation (Figure 13) includes deposits ranging 
from the Hauterivian to the Aptian (Etayo–Serna, 1968a, 1968b, 
1968c; Patarroyo, 2000a, 2000b, 2004); as in the Vélez area 
(Patarroyo, 2009), they overlie the Ritoque Formation (Va-
langinian – Hauterivian) and underlie the “San Gil inferior” 
Formation (Aptian – Albian). "Crioceratites" sp., Paracrio- 
ceras leyvaense, Psilotissotia colombiana, P. malladae, Buer-
gliceras buerglii, Acanthoptychoceras? trumpyi, Pedioceras 

caquesense, Nicklesia pulchella, N. nodosa, Lamellapthycus 
? sp., Valdedorsella inca; Karsteniceras beyrichi, Phylloceras 
sp.; Pseudohaploceras sp., Pulchellia galeata, P. communis, 
P. hettneri, P. fasciata, P. selecta, Gerhardtia veleziensis, G. 
galeatoides, Heinzia provincialis, H. colleti, Carstenia lindigii, 
and Colchidites breistrofferi (Figures 12, 14, 15, 16, 17) have 
been found in the Barremian deposits of the Paja Formation 
(Figures 3, 4, 5) in the Villa de Leyva area (Boyacá province). 
Moreover, in the Vélez area (Santander province), “Pulchellia” 
caicedi and Lytoceras sp. (Figures 18, 19) have also been found 
(Bustos, 2017). To the Middle Magdalena Valley (Tablazo–
Magdalena Sub–basin) area, exceptional Barremian deposits 
are recognized in the “Rosablanca” Formation (Blau, 1993; 
Gaona–Narváez et al., 2013; Patarroyo, 2017) because of the 
presence of Gerhardtia veleziensis, G. galeata, Kutatissites sp., 
and Ancyloceras? sp. (Figure 20) and in the eastern Central 
Cordillera (Etayo–Serna in Mantilla–Figueroa et al., 2006; Mo-
rales et al., 1958) near Simití (south Bolivar province).

2.2.2. Fómeque Formation

The Fómeque Formation (Hubach, 1931) to the east and north-
east of Bogotá contains shales, sandstones, biomicrites, bio-
sparites, and calcareous concretions that range from the upper 
Hauterivian to the Aptian (Bürgl, 1959; Ramos–Gámez, 2016; 
Royo y Gómez, 1945b, 116). Unfortunately, this lithostrati-
graphic unit does not have a type section; therefore, its descrip-
tion is very poor. However, it clearly contains Barremian fossils 
(Breistroffer, 1936; Bürgl, 1956; Campbell & Bürgl, 1965; 
Haas, 1960; Hubach, 1957a, 1957b; Karsten, 1858; Ramos–
Gámez, 2016; Royo y Gómez, 1945b). Nicklesia pulchella, 
Gerhardtia cf. galeatoides, and Atherfieldastacus? sp. (Figures 
12, 21) have been recovered in the Barremian deposits of the 
Fómeque Formation (Ramos–Gámez, 2016).

Figure 8. La Paja Creek valley (Betulia, Santander province near 
Puente El Tablazo). South margin of the Sogamoso River or Dam.
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Guane – Barichara fortunately, this lithostratigraphic unit does not have a type section 
description; therefore, its reconnaissance is very poor, but it clear-
ly contains Barremian fossils (Bürgl, 1956; Collet, 1924; Cáceres 
& Etayo–Serna, 1969a, 1969b; Gerhardt, 1897; Patarroyo, 2013; 
Riedel, 1938; Royo y Gómez, 1945a; von Buch, 1838, 1839). The 
deposits of the underlying La Naveta Formation are considered 
to be Barremian (Bürgl, 1955; Cáceres & Etayo–Serna, 1969a, 
1969b; Olsson, 1956; Petters, 1954) however, deposits in its upper 
part may be considered Hauterivian (cf. Patarroyo, 2013) because 
the lower deposits of the overlying Trincheras Formation repre-
sent Hauterivian deposits (cf. Etayo–Serna in Moreno, 1993; Pa-
tarroyo, 2013). Nicklesia pulchella and Pulchellia galeata (Figure 
21) have been found in the Barremian deposits of the middle part 
of the Trincheras Formation (Patarroyo, 2013).

2.2.4. Upper Calcareous Member (Calcáreo 
Superior Member of the Tibasosa Formation)

The Tibasosa Formation (Renzoni & Ospina, 1969) includes a 
succession with four members that likely ranges from the Berri-
asian to the Aptian and clearly includes Valanginian, Hauterivi-
an, Barremian, and Aptian ammonites (Patarroyo, 2002, 2003, 
2005, 2017; Patarroyo & Salamanca–Saavedra, 2013). The type 
section is along Guadube Creek (known as Manecuche) in Ti-
basosa (Boyacá province). Its Upper Calcareous Member rang-
es from the Barremian to the Aptian (Patarroyo, 2005, 2017), 
and is principally represented by biomicrites, biosparites, poor 
sandstones, shales, and calcareous concretions towards the up-
per part.

Nicklesia pulchella, Pedioceras caquesense, Pulchellia 
galeata, P. fasciata, and “Crioceratites” sp. (Figure 22) have 
been recovered in Barremian deposits of the Upper Calcareous 
Member of the Tibasosa Formation.

2.2.5. Yuruma Formation

The Yuruma Formation, which was proposed by geologists 
from the Richmond Exploration Company (1947 in Rollins, 
1965, 25), was formalized by Renz (1956 in Julivert, 1968) as 
a calcareous succession that included two parts: the lower and 
upper Yuruma. Renz (1960) restricted the Yuruma Formation 
to the upper Yuruma and redefined the lower Yuruma deposits 
of Renz (1956 in Julivert, 1968) as the Moina Formation. The 
Yuruma denomination originates from Yuruma Hill (Figure 23) 
in the high Guajira (La Guajira province); its type section is 
west of this hill (Renz, 1960, 331), and it includes Barremian 
deposits. The Yuruma Formation comprises marls, shales, and 
marly limestones with oysters, other bivalves, equinoids, and 
ammonites (Rollins, 1965, 26).

Nicklesia, Pulchellia, Pedioceras, Gerhardtia and Heinzia 
have been reported but without illustrations; therefore, their 
stratigraphic position is poor understood.

Figure 9. Lower Barremian succession of the Barichara–Guane 
with the ammonite distribution of the Paja Formation (Santander 
province).

2.2.3. Trincheras Formation

The Trincheras Formation (Cáceres & Etayo–Serna, 1969a) con-
tains shales, biomicrites, and calcareous concretions that range 
from the upper Hauterivian to the Aptian (Patarroyo, 2013). Un-
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Figure 10. (a) Nicklesia pulchella (d’Orbigny). Lower Barremian. Guane by Barichara (Santander province). Sample G5−6−1. (b) Nicklesia 
pulchella (d’Orbigny). Lower Barremian. Guane by Barichara (Santander province). Sample G4−6. (c) Nicklesia pulchella (d’Orbigny). Lower 
Barremian. Guane by Barichara (Santander province). Sample G4−3. (d) Nicklesia pulchella (d’Orbigny). Lower Barremian. Guane by Ba- 
richara (Santander province). Sample G4−2. (e) Fragment of body chamber ammonite with Nicklesia pulchella (d’Orbigny), Psilotissotia 
sp., Karsteniceras sp., and gastropods. Lower Barremian. Guane by Barichara (Santander province). Sample Pt−2. (f) Nicklesia pulchella 
(d’Orbigny), Pseudohaploceras? sp., and gastropods. Lower Barremian. Guane by Barichara (Santander province). Sample B4−2−2.
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Figure 11. (a) Valdedorsella cf. inca (Forbes). Lower Barremian. Guane by Barichara (Santander province). Sample B4−2−1. (b) Karsteniceras 
sp., Valdedorsella? sp. and fish vertebrae. Lower Barremian. Guane by Barichara (Santander province). Sample B4−6. (c) Karsteniceras 
sp. Lower Barremian. Guane by Barichara (Santander province). Sample G−7. (d) Pulchellia galeata (von Buch). Lower Barremian. Guane 
by Barichara (Santander province). Sample B4−7−1. (e) Pulchellia galeata (von Buch). Lower Barremian. Guane by Barichara (Santander 
province). Sample B4−7−2. (f) Gerhardtia veleziensis (Hyatt). Upper Barremian. Guane by Barichara (Santander province). Sample Pt 10.
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Figure 12. (a) Pedioceras sp. Lower Barremian. Villanueva section (Santander province). Sample VNR−1. (b) Valdedorsella or Pseudohaploceras 
sp. Lower Barremian. Barichara−Punteadero section (Santander province). Sample Pt−1. (c) Paracrioceras leyvaense (Kakabadze & Hoede-
maeker). Ex situ. Lower Barremian. Villa de Leyva area (Boyacá province). Sample VL−49. (d) Lamellapthycus? sp. and Nicklesia pulchella 
(d’Orbigny). Lower Barremian. Monsalve section by Villa de Leyva area (Boyacá province). Pp151−L. (f) Atherfieldastacus? sp. Lower Barre-
mian. Cáqueza section (Cundinamarca province). Sample E7. (g) Nicklesia pulchella (d’Orbigny). Lower Barremian. Punta Espada – Uribia 
area (La Guajira province). Sample PEY−1.
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2.2.6. Quebradagrande Complex

Botero–Arango (1963) first presented the Quebradagrande 
Formation along the central western margin of the Central 
Cordillera (La Estrella, Antioquia province); it is related to a 
volcano–sedimentary succession that is now recognized as the 
Quebradagrande Complex (González, 2001, 117). Successions 
such as those near Ebéjico (Antioquia province) in Loma Her-
mosa (Steinmann in Grosse, 1926) are included in the Que-
bradagrande lithostratigraphic unit (Mejía, 1984, 115), i.e., 
the Abejorral Formation (Valanginian – Albian) in González 
(1980) the San Felix Stratigraphic Tectonic Interval (Etayo–
Serna 1985a, 3; Rodríguez–Rodríguez & Rojas–Ladino, 1985) 
and probably, the San Luis and Aquitania sedimentites (Giraldo 
et al., 2015) that contain Upper Jurassic and Lower Cretaceous 
fossils, some of which are Barremian ammonites. Steinmann 
in Grosse (1926) only listed “Pulchellia cf. didayi”, cf. “Des-
moceras charrierianum”, and cf. “Lytoceras subfimbriatum”.

2.2.7. Other Reported Barremian Deposits

Cretácico del Río Cañas which contains Barremian ammonites, 
has been reported to the south of the Oca Fault near Mingueo 
(La Guajira province). There, mudstones with calcareous con-
cretions probably contain more Nicklesia than Pulchellia (cf. 
Colmenares et al., 2007, photography 128, 267).

In the serranía del Perijá and the Catatumbo area, the Río 
Negro Formation includes Barremian deposits (Julivert, 1968, 
415–417; Petrash et al., 2016, Figure 2; Renz, 1959, 6; Sut-
ton, 1946) based on the existence of Aptian ammonites in the 
overlying Cogollo Formation or Group in Venezuela. In the 
Catatumbo area (Colombia), Notestein et al. (1944) used the 
Tibú and Mercedes Members of the Uribante Formation, a suc-
cession that is equivalent to the Apón Formation (Sutton, 1946). 
Renz (1959) used the Tibú Formation, a proposition that was 
followed by Richards (1968) and a petroleum industry geolo-

gist. Some authors such as Julivert (1968) believe that under 
the Tibú Formation or Apón Formation is the underlying Río 
Negro Formation. Aptian ammonites are included in the Tibú 
or Apón Formation (Sutton, 1946) in the Catatumbo area and 
it is not clear if these rocks are older (Barremian) in Venezuela 
because of its thickening in the serranía del Perijá and Lara 
State (Venezuela) following Renz (1959, 9).

Between Ábrego and Gramalote (Norte de Santander prov-
ince), Barremian ammonites have been reported (Bürgl, 1956, 
32; Royo y Gómez in Botero–Restrepo & Sarmiento–Rojas, 
1947, 36) that are probably erroneously considered to be part 
of the Tibú and Mercedes Formations (Vargas & Arias 1981). 
Some citations without illustrations related to Barremian fauna 
have been presented by Petters (1954) from Becerril and Pai- 
litas (Cesar province). Langston & Durham (1955) also cited 
Barremian ammonites in Becerril; references that are used in 
Etayo–Serna et al. (1969, 232) and in this investigation to ex-
tend the Barremian deposits to north–central Colombia (Figure 
24). Barremian deposits may extend to San Andrés (Santander 
province) based on the reported presence of Valanginian and 
Aptian ammonites in the “Rosablanca” Formation (cf. Acosta, 
1960, 36); however, according to Vargas et al. (1976), this suc-
cession corresponds to the Tibú–Mercedes Formation.

To the north of the Upper Magdalena Valley, continental de-
posits of the Yaví Formation may be of Barremian age based on 
the transgressive sedimentary tendency from the north (central 
Colombia) to south within the overlying Caballos Formation 
sedimentites, which include Aptian ammonites in their middle 
part, although “Ancyloceras sp.” have been mentioned in El 
Cobre Creek from San Luis (Tolima province) within an upper 
Barremian – lower Aptian range (cf. Etayo–Serna et al., 1969, 
224). However, Durham (1946), Julivert (1968, 69) and Vega et 
al. (2008) indicated that they have an Aptian range.

The Muzo Formation is a recent informal lithostratigraphic 
unit that was introduced by Reyes et al. (2006) and includes Bar-
remian deposits. Additionally, the El Peñon Formation of Reyes 

Figure 13. La Yesera section of the Paja Formation to the south of Villa de Leyva (Boyacá province).
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et al. (2006, 37–40) following Ulloa (1982 in Acosta–Garay & 
Ulloa–Melo, 1996) represents Barremian and Aptian deposits, 
although this unit is correlated or equivalent to the Socotá Forma-
tion that overlies the Trincheras Formation, which is Hauterivian, 
Barremian, and Aptian in range. However, the El Peñón For-
mation of Reyes et al. (2006) overlies the Furatena Formation 
(Valanginian) and underlies the Capotes Formation (Albian).

3. Results

Based on this bibliographic compilation, combined with the con-
ducted investigations and new field data presented here, correla-
tions are proposed for the lithostratigraphic units of Colombia 
that include Barremian deposits. A proposed distribution of the 
deposits of the sub–basins that integrate the Cretaceous Colom- 
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bian Basin is also presented. The fossil fauna and the sedimen-
tary characteristics of the Barremian deposits are the key to de-
termine the variations in the depth of the bottom of the deposit 
to understand paleogeographic variations.

3.1. Correlation

As previously stated, most of the Colombian Barremian 
ammonites record a Tethyan influx that allows one to correlate 
these deposits with the western Mediterranean successions. 
Psilotissotia colombiana, P. malladae, Nicklesia pulchella, 
Pulchellia communis, “P”. caicedi, Heinzia provincialis, and 
Carstenia lindigii are present in both areas.

The base of the Barremian is defined in the Mediterranean 
region by the first occurrence of Taveraidiscus hugii (formerly 
“Spitidiscus” hugii (Ooster)), and the base of the Aptian is de-
fined by the first occurrence of Deshayesites oglanlensis Bog-
danova (Reboulet et al., 2009, 2011, 2014, 2018). Both genera 
and species are not represented in Colombia, although some 
publications have recognized these genera but with erroneous 
determinations (cf. Bürgl, 1954, 1957; Etayo–Serna, 1964; Haas, 
1960; Riedel, 1938) that were clarified by Etayo–Serna (1979).

Moreover, the boundaries of the Barremian and Aptian have 
still not been identified in Colombia. Crioceratites fossils have 
been found in the upper Hauterivian and lower Barremian (Fig-
ure 7). Procheloniceras, Cheloniceras, and Dufrenoyia fossils 
are the first representatives of Aptian deposits.

Western Mediterranean Barremian ammonite standard 
zones (e.g., Avram, 1983; Birkelund et al., 1984; Kakabadze, 
1987, 1989; Rawson et al., 1996; Reboulet et al., 2009, 2011, 
2014, 2018) may not be completely correlated to those in Co-
lombia because of the absence of some index fossil zones.

However, it may be stated that Bürgl’s subdivision of the 
Colombian Barremian deposits (Bürgl, 1956) in Colombia is 
partially accepted, although the vertical range of the ammo-
nites of the Pulchelliidae family is mainly used to identify the 

lower and upper Barremian. Pulchellia is found after Bürgl in 
the upper part of the lower Barremian and in the lower part of 
the “middle” Barremian. Furthermore, the middle Barremian 
of Bürgl (1956) could not be recognized in relation to the as-
sociation of Pulchellia–Heinzia. For Bürgl (1956), the lower 
limit of the upper middle Barremian was represented by the 
occurrence of “Heinzia”, which nearly corresponded to the low-
er limit of the upper Barremian in the western Mediterranean 
province (Hoedemaeker & Leereveld, 1995, 219). Reboulet et 
al. (2009, 2011, 2014, 2018) present new interpretations relat-
ed to Heinzia and Gerhardtia that changed the boundaries and 
biostratigraphic proposals.

The Psilotissotia colombiana Zone can be partially correlat-
ed to the upper Taveraidiscus hugii Standard Zone (Figures 6, 
7), which contains the P. colombiana Subzone (Reboulet et 
al., 2009, 2011, 2014, 2018). The index species and genera of 
the Kotetishvillia nicklesi Standard Zone are not found in the 
Colombian Barremian deposits. The Nicklesia pulchella Zone 
is present in both areas, but the range in Colombia is broader 
than that in the Mediterranean standard zone. The Kotetishvillia 
compressissima Standard Zone cannot be recognized in Colom-
bia because of the absence of the index species; however, with 
the inclusion of the “Heinzia” communis Horizon (Reboulet et 
al., 2014), it is possible to correlate it to the Colombian succes-
sions because of the presence of Pulchellia communis in the 
lower part of the Colombian Pulchellia galeata Zone (Figure 
6). The “Heinzia” caicedi Horizon of the Moutoniceras mouto-
nianum Standard Zone (Reboulet et al., 2014) can be correlated 
to Colombia because of the existence of “Pulchellia” caicedi 
(Karsten, 1858), which, until now, did not have a defined strati-
graphic position in the Villa de Leyva area (Patarroyo, 2000b, 
2004). However, near Vélez (Santander province), “P”. caicedi 
(Figure 19b) was found together with Pulchellia selecta (Bus-
tos, 2017) in the upper lower Barremian deposits.

To recognize the lower boundary of the upper Barremian 
in Colombia (cf. Patarroyo, 2000a, 2000b, 2004), we used the 

Figure 14. (a) Psilotissotia colombiana (d’Orbigny). Lower Barremian. Monsalve section by Villa de Leyva (Boyacá province). Sample 
Pp155−1. (b) Psilotissotia malladae (Nickles). Lower Barremian. Monsalve section by Villa de Leyva (Boyacá province). Sample Pp154−5. 
(c) Psilotissotia colombiana (d’Orbigny). Lower Barremian. Monsalve section by Villa de Leyva (Boyacá province). Sample Pp155−2. (d) 
Psilotissotia malladae (Nickles). Lower Barremian. Monsalve section by Villa de Leyva (Boyacá province). Sample Pp154−1. (e) Psilotissotia 
malladae (Nickles). Lower Barremian. Monsalve section by Villa de Leyva (Boyacá province). Sample Pp153B−4. (f) Buergliceras buerglii 
Etayo−Serna. Lower Barremian. Yuca Hill near Villa de Leyva (Boyacá province). Sample Mp00. (g) Pedioceras caquesense (Karsten). Lower 
Barremian. Sáchica−Tunja section near Villa de Leyva (Boyacá province). Sample Pp90−1. (h) Crioceratites? sp. Lower Barremian. Sáchi-
ca−Tunja section near Villa de Leyva (Boyacá province). Sample Pp89−5. (i) Nicklesia pulchella (d’Orbigny). Lower Barremian. Monsalve 
section by Villa de Leyva (Boyacá province). Sample Pp153−1. (j) Nicklesia pulchella (d’Orbigny). Lower Barremian. Monsalve section by 
Villa de Leyva (Boyacá province). Sample Pp151−2. (k) Valdedorsella inca (Forbes). Lower Barremian. La Yesera section near Villa de Ley-
va (Boyacá province). Sample Pp131−5. (l) Acanthoptychoceras? trumpyi Kakabadze & Thieuloy. Lower Barremian. Monsalve section by 
Villa de Leyva (Boyacá province). Sample Pp131−6. (m) Acanthoptychoceras? trumpyi Kakabadze & Thieuloy. Lower Barremian. Monsalve 
section by Villa de Leyva (Boyacá province). Sample Pp131−7. (n) Acanthoptychoceras? trumpyi Kakabadze & Thieuloy. Lower Barremian. 
Sáchica−Tunja section near Villa de Leyva (Boyacá province). Sample Pp88−5. (o) Acrioceras (A.) julivertii Etayo−Serna. Lower Barremian. 
Sáchica−Tunja section near Villa de Leyva (Boyacá province). Sample Pp89−6. (p) Crioceratites? sp. Lower Barremian. Sáchica−Tunja 
section near Villa de Leyva (Boyacá province). Sample Pp88−6.
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Figure 15. (a) Nicklesia nodosa Bürgl. Lower Barremian. La Yesera section by Villa de Leyva (Boyacá province). Sample Pp131B−1−1. (b) 
Phylloceras sp. Lower Barremian. Sáchica−Tunja section near Villa de Leyva (Boyacá province). Pp88−9. (c) Pulchellia communis Bürgl. 
Lower Barremian. Monsalve section by Villa de Leyva (Boyacá province). Sample Pp149−1A−2. (d) Pulchellia galeata (von Buch). Lower 
Barremian. Monsalve section by Villa de Leyva (Boyacá province). Sample Pp132−4. (e) Pulchellia communis Bürgl. Lower Barremian. 
Monsalve section by Villa de Leyva (Boyacá province). Sample Pp149−1A−2. (f) Karsteniceras beyrichi (Karsten). Lower Barremian. La 
Yesera section by Villa de Leyva (Boyacá province). (g) Pulchellia selecta Gerhardt. Lower Barremian. Monsalve section by Villa de Leyva 
(Boyacá province). Sample Pp148B−2. (h) Pulchellia fasciata Gerhardt. Lower Barremian. Monsalve section by Villa de Leyva (Boyacá prov-
ince). Sample Pp148A−1. (i) Pulchellia fasciata Gerhardt. Lower Barremian. Monsalve section by Villa de Leyva (Boyacá province). Sample 
Pp148A−2. (j) Pulchellia hettneri Gerhardt. Lower Barremian. Monsalve section by Villa de Leyva (Boyacá province). Sample Pp149−1. (k) 
Pseudohaploceras sp. Lower Barremian. Monsalve section by Villa de Leyva (Boyacá province). Sample Pp149−2.
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Figure 16. (a) Gerhardtia veleziensis Hyatt. Upper Barremian. La Yesera section by Villa de Leyva (Boyacá province). Sample Pp137−3. (b) 
Gerhardtia veleziensis Hyatt. Upper Barremian. Monsalve section by Villa de Leyva (Boyacá province). Sample Pp148−1. (c) Gerhardtia 
veleziensis Hyatt. Upper Barremian. Monsalve section by Villa de Leyva (Boyacá province). Sample Pp146−1. (d) Gerhardtia veleziensis 
Hyatt. Upper Barremian. La Yesera section by Villa de Leyva (Boyacá province). Sample Pp137−4. (e) Gerhardtia galeatoides (Karsten). 
Upper Barremian. Santo Ecce Homo section near Villa de Leyva (Boyacá province). Sample SEH−00.
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Figure 17. (a) Heinzia colleti Bürgl. Upper Barremian. Monsalve section by Villa de Leyva (Boyacá province). Pp146−3. (b) Heinzia provin-
cialis (d’Orbigny). Upper Barremian. Monsalve section by Villa de Leyva (Boyacá province). Pp144−1. (c) Heinzia provincialis (d’Orbigny). 
Upper Barremian. Monsalve section by Villa de Leyva (Boyacá province). Pp144−3. (d) Carstenia lindigii (d’Orbigny). Upper Barremian. 
La Yesera section by Villa de Leyva (Boyacá province). Pp137−5. (e) Colchidites breistrofferi Kakabadze & Thieuloy. Upper Barremian. La 
Yesera section by Villa de Leyva (Boyacá province). Pp140−1.
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Figure 18. (a) Pedioceras caquesense (Karsten). Lower Barremian. Vélez−Chipatá area (Santander province). Sample VCh1. (b) Buergliceras 
cf. buerglii Etayo−Serna. Lower Barremian. Vélez−Chipatá area (Santander province). Sample VCh2. (c) Paracrioceras leyvaense (Kakabadze 
& Hoedemaeker). Lower Barremian. Vélez−Chipatá area (Santander province). Sample VCh3. (d) Acanthoptychoceras? trumpyi Kakabadze 
& Thieuloy. Lower Barremian. Vélez−Chipatá area (Santander province). Sample VCh4. (e) Nicklesia pulchella (d’Orbigny) and Valdedorsella 
inca (Forbes). Lower Barremian. Vélez−Chipatá area (Santander province). Sample VCh5.
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Figure 19. (a) Pulchellia fasciata Gerhardt. Lower Barremian. Vélez section (Santander province). Sample S2C9−5. (b) “Pulchellia” caicedi 
(Karsten). Lower Barremian. Vélez section (Santander province). Sample S2C7−1. (c) Lytoceras sp. Lower Barremian. Vélez section (Santan- 
der province). Sample S3C1−4. (d) Gerhardtia veleziensis Hyatt. Upper Barremian. Vélez section (Santander province). Sample S3C1−2. (e) 
Carstenia lindigii (Karsten). Upper Barremian. Vélez section (Santander province). Sample S3C1−1. (f) Colchidites sp. Upper Barremian. 
Vélez section (Santander province). Sample S4C5−3
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Figure 20. (a) Gerhardtia cf. galetoides (Karsten). Upper Barremian. Curití (Santander province). Sample Cr1. (b) Gerhardtia galetoi-
des (Karsten). Upper Barremian. Curití (Santander province). Sample Cr2. (c) Gerhardtia cf. veleziensis Hyatt. Upper Barremian. Curití 
(Santander province). Sample Cr3. (d) Ancyloceras? sp. Upper Barremian. Curití (Santander province). Sample Cr4. (e) Ancyloceras? sp. 
Upper Barremian. Curití (Santander province). Sample Cr5. (f) Kutatissites sp. Upper Barremian. Curití (Santander province). Sample Cr6.
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Figure 21. (a) Nicklesia pulchella (d’Orbigny). Lower Barremian. Cáqueza section (Cundinamarca province). Sample C−14. (b) Nicklesia 
pulchella (d’Orbigny). Lower Barremian. Cáqueza section (Cundinamarca province). Sample E5. (c) Gerhardtia cf. galeatoides (Karsten). 
Upper Barremian. Cáqueza section (Cundinamarca province). Sample E4. (d) Nicklesia pulchella (d’Orbigny). Lower Barremian. Nocaima 
section (Cundinamarca province). Sample FTN−1. (e) Nicklesia pulchella (d’Orbigny). Lower Barremian. Nocaima section (Cundinamarca 
province). Sample FTN−2. (f) Pulchellia galeata (von Buch). Lower Barremian. Nocaima section (Cundinamarca province). Sample FTN−3.
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Figure 22. (a) Nicklesia pulchella (d’Orbigny). Lower Barremian. Tibasosa area (Boyacá province). Sample Sc1. (b) Pedioceras caquesense 
(Karsten). Lower Barremian. Firavitoba section (Boyacá province). Sample F1. (c)“Crioceratites” sp. Lower Barremian. Firavitoba section 
(Boyacá province). Sample F2. (d) Pulchellia galeata (von Buch). Lower Barremian. Firavitoba section (Boyacá province). Sample F3. (e) 
Pulchellia fasciata Gerhardt. Lower Barremian. Firavitoba section (Boyacá province). Sample F4.
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Figure 23. Type locality of the Yuruma Formation. Yuruma Hill is to the right. To the left is the succession of the Hauterivian Moina 
Formation (La Guajira province).

first occurrence of “Heinzia (Gerhardtia) veleziensis” (now 
Gerhardtia veleziensis). In the western Mediterranean zone, 
the first occurrence of this genus is related to the Gerhardtia 
sartousiana Zone, which immediately overlies the Toxancyloc-
eras vandenheckii Zone of the lowest upper Barremian. T. van-
denheckii has not been reported clearly in Colombia because of 
its assignation to Ancyloceras (cf. Etayo–Serna, 1964; Royo y 
Gómez, 1945a), which may be present in Aptian deposits (Ka-
kabadze & Hoedemaeker, 2004). This now means that it is not 
possible to differentiate the boundary between the lower and 
upper Barremian deposits in Colombia because the Gerhardtia 
veleziensis Zone in Colombia does not start at the lower Barre-
mian limit, therefore it may be possibly to correlate it with the 
standard Gerhardtia sartousiana Zone in the western Mediter-
ranean area (Figure 7).

Heinzia provincialis is present in Colombia and in the mid-
dle part of the Gerhardtia sartousiana Zone. Based on this, the 
“Gerhardtia” provincialis Subzone was established in the west-
ern Mediterranean area, allowing correlation of the successions 
in both regions.

Kakabadze (1989) reported the presence of “Heinzia” 
(Carstenia) lindigii (Karsten) in the lower and upper Barremi-
an deposits, and Company et al. (1995) found “H.” (Carstenia) 
lindigii (Karsten) in the Moutoniceras moutonianum Zone from 
the upper lower Barremian deposits of Spain. However, in Co-
lombia, Carstenia lindigii is related to the Colombian upper 
Barremian Gerhardtia veleziensis Zone.

The occurrence of Colchidites presented by Kakabadze 
(1989) and Hoedemaeker & Leereveld (1995, 219) is associated 
with the base of the Imerites giraudi Standard Zone up to the 
Martelites sarasini Standard Zone (Figures 6, 7). In this sense, 
the Colombian Colchidites breistrofferi Zone can be partially 
correlated to these biostratigraphic levels.

Based on study of Colombian ammonites (Paja Formation; 
Villa de Leyva, Sáchica, Guane, etc.), Kakabadze & Sharikadze 
(2004) noted that above the Colchidites breistrofferi Zone a 
level with Pseudocrioceras anthulai can be identified; and by 
ammonite composition (representatives of Pseudocrioceras, 
Hemihoplites, Audouliceras, Kutatissites, etc.), this level appar-
ently corresponds to the uppermost Barremian Pseudocrioceras 
waagenoides Subzone of the standard Mediterranean scheme 
by Hoedemaeker & Rawson (2000).

Following the ammonite biostratigraphy, it is possible to 
locally correlate our Barremian marine successions (Figure 
25) into the Cretaceous Colombian Basin independent of the 
differentiation of sub–basins (Figures 24, 26), where variable 
sedimentary environments developed and accumulating and 
preserving these successions.

Epistomina caracolla, Platypterygius sachicarum (Pára-
mo–Fonseca, 1997; Maxwell et al., 2019), Stenorhynchosaurus 
munozi (Páramo–Fonseca et al., 2016), Acostasaurus pavacho-
quensis (Gómez–Pérez & Noè, 2017), Atherfieldastacus? sp. 
(cf. González–León et al., 2018), Ceratostreon sp., gastropods, 
equinoids, and wood, among others, are found together with 
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Figure 24. Colombian Barremian deposits with a geographic distribution that does not represent a real paleogeographic reconstruction. 
Question marks indicate absence of evidence for continental or transitional deposits.

Barremian ammonites, but some of these are not good elements 
to establish a correlation.

3.2. Paleogeography and Paleoecology

The Cretaceous Colombian Basin was near the equatorial zone 
as part of an epicontinental sea (Figures 24, 26); although 
some authors believe that it was a pericratonic sea, the Guay-
ana Shield is to the east. The central Cretaceous Colombian 
Basin included different geological provinces, including the 
Amazonia Craton border (Río Negro–Juruena Province sensu 
Gómez et al., 2015); the Andaquí, Chibcha, Tahamí, and Cali-
ma terranes; and the lower and upper Guajira terranes, which 
are to the north.

Hauterivian deposits in Colombia are principally associated 
with a lowstand systems tract, in which there are recognized 
sandstones, shales, biosparites, etc. (cf. La Naveta, Útica, Mur-
ca, Rosablanca, Moina, Arenisca de Cáqueza Formations, Luti-
tas negras inferiores interval, Arenáceo intermedio Member of 
the Tibasosa Formation, etc.; Figure 25). Overlying these suc-
cessions a sharp boundary appears as a transgressive surface, 
which can be associated with lower Barremian deposits as bio-
micrites, shales with concretions (Paja, Trincheras, Fómeque, 
and Yuruma Formations), and in some cases biosparites (Upper 
Calcareous Member of the Tibasosa Formation, “Rosablanca” 
Formation in Curití; Figure 25) occur.

In the middle stratigraphic level of the Paja Formation in 
the Villa de Leyva area, it is possible to recognize a bed or a 
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Figure 26. Barremian paleogeographic map (modified from Smith et al., 1994). Positive relief is in yellow.

bed set of biomicrites with fossil wood, ammonites, and benthic 
foraminifera with a chaotic disposition that has been recognized 
as a high–energy lower Barremian level (Patarroyo, 2009) that 
may be associated with a rapid and high sea level rise.

Hoedemaeker (2004) interpreted the sequences in the “mo-
notonous Barremian succession” of Loma de La Yesera to the 
south of the Villa de Leyva, believing them to be missed low-
stand systems tracts (hiatus) between each sequence (Hoede-
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10 cm

Figure 27. Diagram showing paleoecological deposit conditions of the Upper Calcareous Member of the Tibasosa Formation, “Rosablan-
ca” Formation (Curití, Simití, etc.), and some beds of the Yuruma Formation (taken and modified from McKerrow, 1981).

maeker, 2004, Figure 3), and proposed that the sequences in 
Europe and Colombia “are precisely time equivalent” using 
biostratigraphy and stated “that the sequences are incited by 
global sea–level fluctuations” following the ten Barremian se-
quence boundaries from Río Argos in Spain (Hoedemaeker & 
Herngreen, 2003).

The deposits of the Upper Calcareous Member of the Ti-
basosa Formation contain more infaunal and epifaunal indi-
viduals than planktonic and nektonic fossils (Figure 27) in the 
predominantly calcareous facies of the Santander–Floresta pa-
leo–Massif, as in some locations in the Tablazo–Magdalena (cf. 
“Rosablanca” Formation in Curití, Simití, etc.) Sub–basin and 
the La Guajira Basin in some beds of the Yuruma Formation 
(Figures 23, 24, 27). The disarticulation and fragmentation of 
thick and strong ornamented shells and carapaces is common in 
the biomicrites and biosparites, and the bioturbation of infaunal 
individuals is primarily present in the scarce muddy sediments. 

This type of deposit and its fossil content is characteristic of the 
Barremian deposits of the “Rosablanca” Formation in Curití 
(Santander province) or on the eastern border of the Central 
Cordillera (cf. Simití area following Mantilla–Figueroa et al., 
2006), in some beds of the Yuruma Formation deposits (Bürgl, 
1958; Renz, 1960; Rollins, 1965), in the “Cogollo” Formation 
(Becerril), in some beds of the Fómeque Formation, and prob-
ably between Ábrego and Gramalote near Cúcuta (Norte de 
Santander province).

However, the fine grained sediments (predominantly si-
liciclastic facies) of the Paja, Trincheras and Fomeque For-
mations (Figure 28) include scarce calcareous beds but more 
calcareous concretions with nektonic and poor benthic fauna, 
wood, and leaves. Thin tabular beds with a predominant plane 
parallel lamination can be laterally followed as a consequence 
of low energy regime deposits. Therefore, it is possible to in-
terpret that these deposits were deeper (Figure 24) than those 
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10 cm

Figure 28. Diagram showing paleoecological deposit conditions of the Paja, Trincheras, and Fómeque Formations (taken and modify 
from McKerrow, 1981).

of the Upper Calcareous Member of the Tibasosa Formation, 
the “Rosablanca” Formation in Curití (Santander province) and 
Simití (Bolivar province), the “Cogollo” Formation in Becerril 
(Cesar province), and in some beds of the Yuruma Formation 
(La Guajira province) because the floors of the Tablazo–Mag-
dalena, Cundinamarca, and Cocuy Sub–basins were deeper 
(Figure 24). However, some authors believe that the sea level 
during the Barremian was shallow at times (cf. Forero–Onofre 
& Sarmiento 1985; Hoedemaeker, 2004). Therefore, the hiatus 
proposition in the Colombian Barremian succession has to be 
proven using sufficient arguments.

3.3. Future Investigations

Chemostratigraphy, magnetostratigraphy, and sequence stratig-
raphy may be carefully investigated in the Barremian succes-
sions in Colombia and integrated with lithostratigraphic and 

biostratigraphic data to integrally understand the evolution of 
the Cretaceous Colombian Basin.

Interregional and intercontinental correlations can be per-
formed to recognize biostratigraphic levels with different fossil 
groups, chemostratigraphic spikes, magnetic chrons, and effec-
tive hydrocarbon sources.

4. Discussion

The Paja Formation, the Barremian “Rosablanca” Formation, 
the Upper Calcareous Member of the Tibasosa Formation, the 
Yuruma Formation, and the Quebradagrande Complex are 
lithostratigraphic units with clear and differentiable character-
istics that developed in recognized sub–basins of the Creta-
ceous Colombian Basin (Figures 24, 25, 27, 28) based on their 
sedimentological conditions, fossil contents, organic contents, 
thicknesses, and geographical restrictions.
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Although the Barremian successions of the Fómeque and 
Trincheras Formations are associated with the Cundinamarca 
Sub–basin (Figure 24), until now it has not been possible to 
confirm or dispute the lateral continuity of these lithological 
bodies because of the absence of wells and seismic data. There-
fore, they may be considered to comprise independent litho-
stratigraphic units.

The deposits included in the “Rosablanca” or Tibú–Mer-
cedes Formations near Gramalote (Norte de Santander prov-
ince) and San Andrés (Santander province) may be carefully 
investigated to clarify the paleogeographic position of the basin 
and to determine its actual lithostratigraphic denomination, as-
sociation, and geographic distribution.

5. Conclusions

The best–investigated unit that includes marine Barremian 
deposits has been the Paja Formation of the Villa de Leyva 
area. This lithostratigraphic unit allows one to recognize other 
Barremian marine deposits, such as the Fómeque, Trincheras, 
“Rosablanca”, “Cogollo”, Yuruma, and “Tibú–Mercedes” For-
mations, as well as the Upper Calcareous Member of the Tiba-
sosa Formation. These lithostratigraphic units differ because the 
developed sub–basins of the Cretaceous Colombian Basin were 
subject to seafloor variations, where some areas were deep and 
others were shallow. The surrounding continental deposits in 
some cases are preserved while others were eroded as a result 
of tectonic exhumation.

Ammonites are the most important biostratigraphic markers 
that can be used to correlate local sections and regional and 
intercontinental successions with marine Barremian deposits.

It may be possible that Colombian basin areas with continen-
tal Barremian deposits from around the Cretaceous period have 
been preserved, but currently, there is no biostratigraphic support.
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Plesiosaurs, Palaeoenvironments, and  
the Paja Formation Lagerstätte of Central 
Colombia: An Overview

Leslie F. NOÈ1*  and Marcela GÓMEZ–PÉREZ2 

Abstract The Cretaceous Paja Formation of the alto Ricaurte of the Eastern Cordillera 
of central Colombia was laid down under an epicontinental sea during Hauterivian – 
Aptian times. The Paja Formation epicontinental sea was home to a diverse, and now 
well–preserved, pelagic marine fauna that includes members of Plesiosauria, oth-
er marine reptiles, fish, and ammonites. However, the benthic fauna is depauperate, 
preserving just a few thin–shelled bivalves and evidence of microbial mats. This sug-
gests dysoxic–anoxic bottom waters, separated from oxic surface waters by a chemo-
cline–pycnocline. The exceptional preservation of the Paja Formation fauna makes 
the alto Ricaurte a unique Lower Cretaceous marine vertebrae Lagerstätte. Previous 
palaeoenvironmental interpretations of the Paja Formation, based on observations of 
the gypsiferous, dark mudrock sequence, suggested an intertidal evaporitic (sabkha) 
environment. However, integration of sedimentological, palaeobiological, taphonomic, 
and diagenetic data provides evidence for deeper water conditions. The exquisite pres-
ervation and articulation of the skeletons of large marine reptiles, three–dimensionally 
preserved fish, beautifully ornamented ammonites, and delicate plants, do not accord 
with a sabkha environment. Sabkha is typical of mid–latitude, dryer climates under the 
descended limb of the Hadley atmospheric cell, rather than a wet tropical equatorial 
location of the Paja Formation. Mineralogical arguments used to infer the presence 
of sabkha are not primary depositional features, but due to secondary migration of 
mineral–rich fluids. These fluids probably had their source in the earliest Cretaceous 
topographic high now beneath the Sabana de Bogotá, and were driven by hydraulic 
pressure generated by volumetric changes due to hydration of anhydrite into gypsum 
due to the post–Cretaceous rise of the northern Andes mountain chain. The separation 
of primary and secondary diagenetic features is thereby critical for understanding the 
evolution of the Paja Formation sedimentary basin in the alto Ricaurte.
Keywords: Lagerstätte, Lower Cretaceous, Paja Formation, palaeoenvironments, Plesiosauria.

Resumen La Formación Paja de la región del alto Ricaurte en la cordillera Oriental de 
Colombia se depositó en un mar epicontinental durante el Hauteriviano–Aptiano. Este 
mar tenía una fauna marina pelágica diversa que se encuentra hoy en día muy bien 
preservada e incluye miembros del orden Plesiosauria, otros reptiles marinos, peces 
y amonitas. Sin embargo, la fauna bentónica está empobrecida, se conservan solo 
algunos bivalvos de conchilla delgada y evidencia de tapetes microbiales. Esto sugiere 
que las aguas profundas eran de carácter disóxico–anóxico, separadas de las aguas 
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superficiales oxigenadas por la quimoclina–picnoclina. La preservación excepcional 
de la fauna de la Formación Paja hace que el alto Ricaurte sea un Lagerstätte de ver-
tebrados marinos del Cretácico Inferior único a nivel mundial. Interpretaciones previas 
del paleoambiente de la Formación Paja, basadas en observaciones de la secuencia de 
lodolitas oscuras yesosas, sugirieron un ambiente evaporítico intermareal (sabkha). 
Sin embargo, la integración de datos sedimentológicos, paleobiológicos, tafonómicos 
y diagenéticos proporciona evidencia de condiciones de aguas más profundas. La ex-
quisita preservación y la articulación de los esqueletos de grandes reptiles marinos, 
peces, amonitas bellamente ornamentadas y plantas delicadas no concuerdan con 
un ambiente de sabkha. Los sabkhas son característicos de latitudes medias y climas 
más secos, localizados bajo la rama descendente de la celda atmosférica de Hadley, 
antes que típicos de la localización más ecuatorial tropical húmeda de la Formación 
Paja. Los argumentos mineralógicos utilizados para inferir la presencia del sabkha 
no son característicos de deposición primaria, sino debido a la migración secundaria 
de fluidos ricos en minerales. Estos fluidos probablemente tenían su origen en la 
topografía alta del Cretácico más temprano, ahora debajo de la Sabana de Bogotá, y 
fueron impulsados por la presión hidráulica generada por los cambios volumétricos 
debidos a la hidratación de la anhidrita en yeso como un resultado del levantamiento 
pos–Cretácico de la cadena montañosa norte de los Andes. Por lo tanto, la separación 
entre características diagenéticas primarias y secundarias es crítica para comprender 
la evolución de la cuenca sedimentaria de la Formación Paja en el alto Ricaurte.
Palabras clave: Lagerstätte, Cretácico Inferior, Formación Paja, paleoambientes, Plesiosauria.

1. Introduction

The Cretaceous was a “greenhouse” world (Hu et al., 2012; 
Larson & Erba, 1999) with high partial pressure of atmospheric 
carbon dioxide, high global temperatures, high rates of plate 
tectonic (mid–ocean ridge) activity, and no or very restrict-
ed polar ice caps (Fluteau et al., 2007; Hay, 2008; Mann & 
Stein, 1997; Miller et al., 2003b; Poulsen et al., 2007). These 
conditions resulted in high global sea levels which, associated 
with the generally subdued Cretaceous terrestrial topography, 
brought about flooding of large areas of the low lying conti-
nental margins, producing numerous shallow epicontinental, 
epeiric, or epicratonic seas (Bornemann et al., 2005; Immen-
hauser, 2009; Miller, et al., 1988). These epicontinental seas 
were especially prevalent in tropical and subtropical regions, 
with water depths typically in the range of 100 m or less, 
and sluggish circulation compared to modern shallow marine 
shelf settings (e.g., Miller & Foote, 2009). Epicontinental seas 
were dominated by the deposition of fine–grained siliciclastic 
mudrocks (silt and clay grade in varying proportions, variably 
termed mudstones, claystones, siltstones, and shales), and/or 
carbonate–rich sediments (Ruppel & Loucks, 2008), which 
were highly susceptible to water column stratification and bot-
tom water and/or sediment dysoxia or anoxia (Mann & Stein, 
1997; Miller & Foote, 2009; Weissert, 1981; Wignall, 1989). 
These oxygen–poor epicontinental seafloor conditions, associ-
ated with occasional oceanic anoxic events (OAEs) (Jenkyns, 
1980, 1997; Schlanger & Jenkyns, 1976), led to frequent pres-

ervation of appreciable amounts of organic carbon (Corg). Total 
organic carbon was typically >1%, but commonly much more 
(Tourtelot, 1979; Tyson & Pearson, 1991; Weissert, 1981), 
producing black mudrock successions, which often resulted in 
exceptional fossil preservation.

The Paja Formation forms part of the exposures within the 
Eastern Cordillera of modern–day central Colombia (Figure 
1). The depositional environment of the Eastern Cordillera of 
Colombia (ECC) is interpreted as part of a shallow, epiconti-
nental sea lying over an extensional back–arc basin (Martínez 
et al., 2007) due to subduction of the Farallón Plate under the 
South American Plate. Roll–back of the overlying continental 
plate led to crustal stretching and thinning, with downwarping, 
which generated a low lying marine sedimentary basin (Mace- 
llari, 1988). Later inversion of this extensional tectonic regime 
formed a compressional zone as the proto–Andes mountain 
range began to rise, resulting in uplift and ultimate unroofing 
and exposure of the ECC Cretaceous sedimentites (Mosolf et 
al., 2010). Today, the Paja Formation preserves “typical” epi-
continental sea deposits, with a lithology of predominantly 
dark–coloured organic–rich mudrocks and a rich fossil fauna.

The thickest known outcrops of the Paja Formation are ap-
proximately 940 m (Etayo–Serna, 1979), and occur in Villa de 
Leiva, Sáchica, and Sutamarchán, an area known as the alto 
Ricaurte (Figure 1d), Boyacá Department which forms part of 
the altiplano Cundiboyacense of the ECC (Etayo–Serna, 1968). 
Around alto Ricaurte, the Paja Formation is a sequence of typ-
ically finely laminated mudrocks (shales) with occasional ar-
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gillaceous limestones, fine–grained sandstones, and abundant 
calcareous concretions; intercalations of gypsum and calcite are 
frequent, and pyrite is abundant (Etayo–Serna, 1979). The Paja 
Formation of the alto Ricaurte is richly fossiliferous, preserving 
both autochthonous marine and allochthonous terrestrial fau-
nas (Carballido et al., 2015; Etayo–Serna, 1968, 1979; Huertas, 
1970). The number of fossils preserved in national and local 
museums, and private collections, indicates the richness of the 
fossiliferous deposits of alto Ricaurte.

The warm Cretaceous “waterworld” produced ideal condi-
tions for marine organisms to flourish. Cretaceous epicontinen-
tal seas teemed with life, including the large marine reptiles and 
their prey: numerous fish, and uncountable invertebrates. One 
of the longest–lived groups of marine reptiles were Sauropte-
rygia (Early Triassic – Late Cretaceous; Bardet, 1995; Carroll, 
1988). Plesiosauria are advanced members of Sauropterygia, 
which during the Jurassic and Cretaceous acquired a global dis-
tribution (Bardet et al., 2014), and as large (>2 m length) marine 
predators and mega–predators, were important faunal elements 
of Cretaceous oceans (Massare, 1984, 1997). However, our un-
derstanding of Lower Cretaceous Plesiosauria is very limited 
(e.g., Benson & Druckenmiller, 2014; Gasparini & Goñi, 1985; 
Hampe, 1992), producing a major lacuna in our understanding 
of Cretaceous seas, and leading to the designation of this in-
terval as the “Lower Cretaceous Gap” (Gómez–Pérez & Noè, 
2017). In addition to plesiosaurs, a wide range of marine rep-
tiles inhabited Early Cretaceous seas: the fish–shaped Ichthyo-
sauria (ichthyosaurs), the marine Chelonia (turtles), and marine 
members of Crocodylia (crocodiles). Of the invertebrates, the 
ammonites are so abundant that it has become a tradition in alto 
Ricaurte to use their fossils in local buildings, and the genus 
Dufrenoyia has become a symbol of the region (Figure 2).

The Early Cretaceous is a key time for understanding the 
evolution of marine life, following the extinctions at the end 
of the Jurassic (Benson & Druckenmiller, 2014). However, 
relatively few complete or well–preserved Lower Cretaceous 
sections exist worldwide. The deposits of the alto Ricaurte pre-
serve a comparatively complete Lower Cretaceous sedimentary 
sequence, of which the Hauterivian – Aptian Paja Formation 
forms part. The Paja Formation thereby represents one of the 
few epicontinental sea deposits recording the history of the 
Lower Cretaceous Gap. The Paja Formation preserves both a 
marine and terrestrial fossil fauna that is exceptional in terms 
of the quantity and quality. Hence, the Paja Formation is a fos-
sil Lagerstätte (Gómez–Pérez & Noè, 2017; Maxwell et al., 
2016), a geological formation that exhibits great diversity and 
exceptional fidelity of preserved palaeobiodiversity (Selden & 
Nudds, 2012). Of the numerous invertebrates and vertebrates 
recovered from the Paja Formation, some of the most import-
ant are the ammonites, which are used for global correlation, 
and Plesiosauria, which have begun to fill the marine reptile 
Lower Cretaceous Gap. This combination of completeness of 

the deposits, and the exceptional fossil fauna, makes the Paja 
Formation of the alto Ricaurte globally important.

1.1. The Problem

The Paja Formation of the alto Ricaurte is one of the best–stud-
ied sedimentary sections in Colombia, yet numerous questions 
remain unanswered. Much of the primary work is in the form of 
unpublished undergraduate theses (e.g., Espinel–Arias & Hur-
tado–Henao, 2010; Galvis–Arenas & Valencia–Escobar, 2009), 
or has been presented as conference abstracts of restricted avail-
ability, and without full supporting data (e.g., Etayo–Serna et 
al., 1978; Patarroyo–Camargo et al., 2011). The environment 
of deposition of the Paja Formation has been interpreted as a 
marginal marine succession, with water depths ranging from 
outer–shelf to upper shore slope (e.g., Huber & Wiedmann, 
1986). Interpretations based on sedimentological studies have 
concluded that the Paja Formation was lain down in a closed 
basin with restricted circulation and tranquil sedimentation, 
including periods of subaerial exposure resulting in an evapo-
ritic sabkha environment (Etayo–Serna, 1968; Forero–Onofre 
& Sarmiento–Rojas, 1985). However, a greater water depth, 
comparable to the Tethyian Vocontian Basin (Bornemann et 
al., 2005; Mattioli et al., 2008), has been proposed based on 
palaeontological studies (Maxwell et al., 2016; Welles, 1962). 
However, this relatively deep bathymetric interpretation has 
been countered by evidence from the presence of turtle eggs 
and benthic algal mats (Etayo–Serna et al., 2015), suggesting a 
nearshore, terrestrial breeding ground for the turtles, and a shal-
low water, nearshore, subtidal environment for algal growth. In 
this model, marine reptile carcasses are interpreted as having 
floated into the Paja Formation Basin after death (Etayo–Ser-
na, 1968), yet the often exceptional, fully articulated nature of 
the large vertebrates argues against a “float and bloat” mod-
el of post–mortem transport and deposition (Schäfer, 1972). 
Currently, these major discrepancies in interpretation remain 
unresolved, and hinder our understanding of Paja Formation 
palaeoenvironments. Hence, former interpretations require crit-
ical reappraisal based on a combination of sedimentological and 
palaeontological data.

1.2. Materials and Methods

In this contribution, we concentrate on the Paja Formation ex-
posed within the alto Ricaurte, in Sáchica, Sutamarchán, and 
Villa de Leiva. We base our interpretations on published and 
other widely available data, both sedimentological (including 
mineralogical) and palaeobiological (vertebrate, invertebrate, 
and microfossil; marine and terrestrial), supplemented by per-
sonally collected specimens. We combine palaeontological, 
sedimentological, and diagenetic data with published studies 
on the modern shallow marine realm and ancient epicontinental 
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Figure 1. Maps and cross–section showing the location of the Paja Formation Basin and palaeogeological interpretations. (a) World map 
showing the position of Colombia (green). (b) Map of Colombia showing the departments (Department of Boyacá, green; Bogotá, red). 
(c) Department of Boyacá showing the provinces (Ricaurte Province, green). (d) Ricaurte Province showing municipalities (alto Ricaurte 
coloured showing the municipalities: (Ar) Arcabuco, (Ga) Gachantivá, (Ra) Ráquira, (Sa) Sáchica, (SS) Santa Sofía, (Su) Sutamarchán, (Ti) 
Tinjacá; (VdL) Villa de Leiva), and bajo Ricaurte, greys. (e) Topographic map showing the three Colombia cordilleras (mountain chains): 
(WC) Western Cordillera, the currently active volcanic mountain chain resulting from subduction of the Nazca Plate to the west; (CC) Cen-
tral Cordillera, separated from the Western Cordillera by the Cauca River, the former island arc to the west of the Eastern Cordillera Basin; 
and (ECC) Eastern Cordillera of Colombia within which the Paja Formation lies (approximate position of Paja Formation Seas, red circle).  
(f) Conceptual model showing a cross–section through the Eastern Cordillera Basin sedimentary basin during the Early Cretaceous: (Cs) 
Cocuy Sub–basin, a series of half–grabens; (E) east; (GS) Guiana Shield of the South American Plate; (OA/IA) open ocean/island arc (the 
future Central Cordillera); Rb—roll–back of the edge of the South American Plate, leading to lithospheric stretching, thinning, and down-
warping; (S) subduction of the Farallón Plate under the South American Plate; (SdBs) Sabana de Bogotá (or Cundinamarca) Sub–basin, 
a horst over which salts were deposited during the earliest Cretaceous; (T–Ms) Tablazo–Magdalena Sub–basin, a series of half–grabens, 
of which the Paja Formation deposits form part; (W) west. (g) Hauterivian – Barremian palaeogeography, with the approximate position 
of Paja Formation Seas, red circle; land, green; seas and oceans, blue. Base maps (a–e) from various government websites; (f) original; 
(g) modified from Smith et al. (1994; map 18).

Figure 2. Ammonite sculpture mounted 
in the alto Ricaurte. Ammonites are so 
abundant, that the genus Dufrenoyia has 
become a symbol of the region. Sculp-
ture located along the Villa de Leiva–
Sutamarchán road (location indicated 
by an asterisk on Figure 3).
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sea deposits, and thereby provide a comprehensive and integrat-
ed overview of the Paja Formation.

2. Overview of Paja Sedimentology and 
Palaeoenvironmental Interpretations
2.1. Tectonic Setting

The Paja Formation rocks of the ECC form part of the Chibcha 
Terrane (Gómez & Almanza, 2015). The regional tectonic struc-
ture of the ECC is broadly a horst (comprising the Sabana de 
Bogotá or Cundinamarca Sub–basin), which lies between a pair 
of half grabens, the Tablazo–Magdalena Sub–basin to the west 
and the Cocuy Sub–basin to the east (Gaona–Narváez, 2015; 
Jiménez et al., 2014; Teixell et al., 2015); the Paja Formation 
of the alto Ricaurte forms part of the Tablazo–Magdalena Sub–
basin (Gaona–Narváez, 2015). The majority of the ECC Creta-
ceous rocks are of marine origin, with the (presumably deeper) 
western margin dominated by mudrocks (Teixell et al., 2015).

Early Cretaceous sedimentation of the ECC occurred in an 
extensional back–arc basin (Martínez et al., 2007), the result of 
complex interactions between the Caribbean, Nazca (a remnant 
of the Farallón), and South American plates. Subduction of the 
oceanic Farallón Plate beneath the continental South American 
Plate (Teixell et al., 2015) caused roll–back and extension of the 
western margin of the South American Plate (Figure 1f). This 
extensional regime resulted in normal faulting, which produced 
a “block–basin” topography; however, it is not known if exten-
sion was sufficiently great to produce rifting and emplacement 
of mid–ocean ridge basalt–type magmas. The extensional re-
gime initially caused thermal expansion, followed by thermal 
sag (Jiménez et al., 2014) which produced a tectonically con-
trolled deepening of the basin. Although the Cretaceous has 
been hypothesised as a time of generally subdued topographic 
relief, this does not accord well with a hypothesised increase 
in mid–ocean ridge spreading rates, which would have led to 
increased rates of subduction and elevated topography in the 
form of the Central Cordillera island arc to the west of Paja For-
mation Seas. Paja Formation sedimentation was therefore con-
trolled by tectonically induced normal faulting, and bounded by 
a magmatic arc to the west (the future Central Cordillera), and 
the Guiana Shield to the east, both of which acted as potential 
sediment sources (Gaona–Narváez, 2015). 

2.2. The Paja Formation

The type section for the Paja Formation lies on the north bank 
of the La Paja Creek, where it enters the Sogamoso River, close 
to Bucaramanga, Santander Department, in the Middle Mag-
dalena Valley on the western flank of the ECC (Etayo–Serna, 
1965, 1979; Guerrero, 2002b). The Paja Formation was first 
described by WHEELER (in Morales, 1958), as composed of 

black shales with abundant calcareous concretions, which pre-
serves a Hauterivian to Aptian ammonite fauna including the 
genera Nicklesia, Pulchellia, Heteroceras, Santandericeras, 
Cheloniceras, and Colombiceras (Guerrero, 2002b; Renzoni, 
1981). In the type locality, the Paja Formation overlies the 
coarse–grained limestones of the Rosablanca Formation, and 
underlies the mixed carbonate and clastic sedimentites of the 
Tablazo Formation, the lateral time equivalent of the lower part 
of the San Gil Group of the alto Ricaurte (Guerrero, 2002b; 
Moreno et al., 2013).

Within alto Ricaurte, the Paja Formation overlies the Ri-
toque Formation. Although the contact between the Ritoque and 
Paja Formations was originally thought to be conformable (Eta-
yo–Serna, 1979; Guerrero, 2002a; Huber & Wiedmann, 1986), 
it is now considered a paraconformity due to missing upper 
Valanginian ammonite biozones (Etayo–Serna et al., 2015). 
The upper contact of the Paja Formation with the Lower San 
Gil Formation (San Gil Group) is gradational (Etayo–Serna, 
1979; Guerrero, 2002b). The Paja Formation crops out almost 
continuously along road cuttings (e.g., Tunja–Sáchica), rivers 
(e.g., Samacá River), creeks (such as Negra Creek) and hillsides 
(loma La Yuca, loma Monsalve, loma La Cabrera, loma La 
Catalina, loma La Yesera, and loma Blanca) and is divided into 
three members, which in ascending stratigraphic order are: Lu-
titas Negras Inferiores, Arcillolitas Abigarradas, and Arcillolitas 
con Nódulos Huecos (Etayo–Serna, 1965) (Figure 3). These de-
posits surround the Upper Jurassic or lowest Cretaceous sand-
stones of the Arcabuco Anticline (Etayo–Serna, 1968; Huber 
& Wiedmann, 1986). However, despite the complex tectonic 
environment that has raised the alto Ricaurte sections of the 
Paja Formation to around 2150 m above modern day sea lev-
els, the deposits are well–exposed and exhibit limited structural 
complications (Etayo–Serna, 1968).

2.2.1. Sedimentology

2.2.1.1. Lutitas Negras Inferiores (LNI)

The lowermost member of the Paja Formation is the LNI, and 
it is this unit on which the town of Villa de Leiva lies (Etayo–
Serna, 1968). The LNI has a sharp contact with the underlying 
grey siltstones of the Ritoque Formation (Etayo–Serna, 1965, 
1968; Guerrero, 2002a) and is subdivided into five lettered seg-
ments, A–E. Along the Cucaita–Samacá Road the LNI exhib-
its a thickness of 340–380 m, and the sedimentites are mainly 
black, fissile claystones with intercalations of micrite, and occa-
sional sandier interbeds in the middle of the unit (Etayo–Serna, 
1965, 1968, 1979; Etayo–Serna et al., 2015). The LNI has been 
considered a distinct lithostratigraphic unit, the Villa de Leiva 
Formation (Guerrero, 2002a), as the LNI is absent from Paja 
Formation type area near Bucaramanga. The proposed type sec-
tion for the Villa de Leiva Formation is 5 km south–southeast 
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of Villa de Leiva along Negra Creek to the southeast of the 
Arcabuco Anticline (Guerrero, 2002a). However, this proposal 
of an independent Villa de Leiva Formation has not been widely 
adopted (however, see Patarroyo, 2009).

Segment A of the LNI comprises 110–120 m of black, red–
weathering, normally finely–laminated claystones that are sandier 
towards the base (Etayo–Serna, 1965, 1968). Calcareous concre-
tions are dispersed throughout the segment and are occasionally 
concentrated into bands; gypsum is present in the segment but 
is more common higher in the sequence. Fossils are scarce, al-
though some concretions are fossiliferous and some fossils are 
covered with or shattered by gypsum (Etayo–Serna, 1968).

Segment B of the LNI consists of 20 m of dark–coloured, 
very fine–grained sandy clay–shales. The base and top of the 
segment are formed by two bands of very fine–grained sand-
stone, and between these marker horizons, the shales exhibit 
“swirling” boundaries (Etayo–Serna, 1968), possibly repre-
senting dewatering structures. The segment also contains both 
calcareous concretions and gypsum (Etayo–Serna, 1968). Seg-
ment C is 30 m of black shales, with calcareous concretions up 
to 250 mm in diameter, and occasional fossils some of which 
are pyritized. Approximately in the middle of the segment is a 
1.3 m thick, contorted sandy–shale bed, which may represent 
slump folding, with intercalations of gypsum (Etayo–Serna, 

1968). Segment D is 15 m of very fine–grained, compact, sili-
ceous sandstone, which is banded and apparently forms banks 
(Etayo–Serna, 1968). Some calcareous concretions are present.

Segment E of the LNI, consists of 165 m of predominant-
ly dark mudstones, occasionally finely–laminated, with some 
micaceous siltstone intercalations (Etayo–Serna, 1965, 1968). 
Concretions are common, many calcareous, but others are small 
and clay–rich. Towards the top of the segment the concretions 
are occasionally fossiliferous and coated, or radially crossed, 
by layers of gypsum (Etayo–Serna, 1968). Fossils are generally 
scarce in this segment, although most abundant towards the top.

2.2.1.1.1. Environment of Deposition

The LNI has been considered a period of relative geological 
stability, with nearly uniform environmental conditions prevail-
ing during deposition of the member (Etayo–Serna, 1968). By 
LNI times, the generation of accommodation space and rates 
of sedimentation are considered to have been subequal, with 
environmental conditions remaining approximately uniform 
throughout deposition (Etayo–Serna, 1968). The black shale 
units (segments A, E) are considered to have been deposited in a 
low energy, reducing environment with little or no bottom cur-
rents (Etayo–Serna, 1968). However, it has been speculated that 
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this was not the result of deep marine conditions (Etayo–Serna, 
1968), but due to restricted access to the open sea. This suggest-
ed the LNI black shales did not represent deep water deposition, 
but rather sedimentation in anoxic conditions below storm wave 
base (Etayo–Serna et al., 2015). The sandier segments (B, the 
centre of C, D) have been seen as the edges of a northward 
thickening sandstone unit, representing former offshore littoral 
marine bars lying parallel to the palaeocoastline (Etayo–Serna, 
1968, 1979; Etayo–Serna et al., 2015). The presence of littoral 
sand bars is equivocal, as it was based on lithological correla-
tion between segments B–D of the LNI, and an unnamed thick 
sandstone unit lying west of the town of Arcabuco (Etayo–Ser-
na, 1965, 1968, 1979; Etayo–Serna et al., 2015). Correlation 
was also based on both units overlying sedimentites containing 
Olcostephanus ammonites (Etayo–Serna, 1968).

2.2.1.2. Arcillolitas Abigarradas (AA)

The middle unit of the Paja Formation is the AA Member, 
which along the Cucaita–Samacá Road exhibits a thickness of 
480 m (Etayo–Serna, 1965, 1968, 1979). The AA is predomi-
nantly composed of fissile, light–coloured claystones, sandier 
in the lower part, and exhibiting intercalations of calcareous 
claystones and gypsum higher in the succession (Etayo–Serna, 
1979). This unit is subdivided into five segments lettered A–E.

Segment A of the AA, is up to 57 m of weathered black 
claystones, with intercalations of harder calcareous clayey–
sandstones, some of which preserve evidence of cross–bed-
ding (Etayo–Serna, 1965, 1968, 1979). The segment contains 
calcareous concretions 0.5 m or more in maximum dimension 
and often clay coated, some of which are septarian and crossed 
internally by veins of calcite. The surrounding beds arch both 
above and below the concretions. Gypsum forms interstratified, 
bedding parallel layers, but also cuts the bedding and forms 
coatings around concretions. In places it is possible to observe 
layers of fibrous calcite, especially along the margins of the 
clayey–sandstone beds. The base of the segment preserves 
an event horizon consisting of a mixture of ammonites (some 
fragmentary), wood, and benthic foraminiferans (Patarroyo–
Camargo et al., 2009; Patarroyo, 2009). In the top few metres 
of segment A at lomas La Yesera and Blanca, fossils and con-
cretions are poorly preserved due to accumulations of gypsum.

Segment B of the AA is a marker horizon, 1.6 m thick, formed 
from very compact clay–rich limestones in thin beds, some sepa-
rated by thin clay lenses towards the top; these beds contain some 
poorly preserved concretions and fossils (Etayo–Serna, 1968). 
Segment C comprises 86 m of grey claystones, with calcareous 
concretions, and harder marlstone intercalations. Gypsum fills 
fissures throughout the segment, with marl layers overlain by 
bedding parallel layers of gypsum up to 10 mm thick. Calcareous 
concretions are frequently surrounded by layers of gypsum and 
iron oxides (Etayo–Serna, 1968). Except for the base, segment 

C typically preserves no fossils. Segment D is formed from 102 
m of claystones, less sandy than the underlying layers, and with 
a white clay–rich bed towards the top (Etayo–Serna, 1968); this 
may be a bentonite (Bürgl, 1954). The middle of the segment pre-
serves gypsum exploited by local farmers, and smaller gypsum 
veins fill cracks and fissures. The segment preserves abundant 
small, calcareous concretions and prominent, hard calcite levels 
(Etayo–Serna, 1968). Fossils are rare at the base of the segment, 
but occur sporadically above; fossils in the white clay layer are 
strongly compressed and covered in gypsum.

Segment E of the AA comprises 235 m of weathered clay-
stones, some finely laminated, and intercalated with thin cal-
careous clays bands. The claystones are interstratified with 
gypsum, which in places has been exploited by local farm-
ers; gypsum–filled cracks and fissures are frequently present. 
Calcareous concretions are dispersed throughout the segment 
(Figure 4) together with hard bands of calcite (Etayo–Serna, 
1968). The entire segment is richly fossiliferous, with many 
concretions full of well–preserved ammonites; fossils are often 
at the centres of the concretions.

2.2.1.2.1. Environmental Interpretation

The base of segment A of the AA, has been interpreted as 
showing the action of density driven (turbidity) currents, which 
flowed from east to west (Etayo–Serna, 1968). These turbidity 
currents were interpreted as reworking previously deposited 
organic remains (principally cephalopod shells and wood) and 
produced little sorting in terms of size of the transported mate-
rials. Large ammonites were deposited parallel to the stratifica-
tion, with the remains of smaller ammonites within the living 
chambers of the larger specimens. The east–west direction of 
the flow was based on a westerly reduction in calcium carbon-
ate deposition, which resulted in an increase in the size and 
richness of cephalopod fragments, an increase in heteromor-
phic ammonites, and a reduction in fossil wood towards the 
east. Hence, segment A of the AA was seen as having mobile 
bottom conditions that inhibited benthic fauna (Etayo–Serna, 
1968). However, although turbidity currents may have affected 
the Paja Formation Basin, no data is available on the flow direc-
tion(s) indicated by the cross–bedding within the hard bands of 
segment A, and as intermittent events, turbidity currents would 
not have produced constantly shifting bottom conditions. The 
variation in ammonites considered current transported (Etayo–
Serna, 1968), is only marginally statistically significant, and the 
distances are probably too short for reliable analysis. The pres-
ervation of delicate organic structures, such as spines on ammo-
nite shells, strongly argues against dynamic transport of these 
organisms from within or outside the Paja Formation Basin. In 
addition, supporting arguments based on fossils being located 
at the centres of the concretions, or the possibility of concre-
tions concentrated by current action (Etayo–Serna, 1968), are 



449

Plesiosaurs, Palaeoenvironments and the Paja Formation Lagerstätte of Central Colombia: An Overview

C
re

ta
ce

ou
s

fallacious as concretions are of early diagenetic origin (Lash & 
Blood, 2004; Witkowska, 2012), and therefore not related to 
depositional processes.

Segments B–E of the AA were interpreted as representing 
a wide, shallow bay in the neritic zone of a platform sea, with 
alternating restriction and access to the open ocean (Etayo–Ser-
na, 1968). Restriction was seen as the result of more complete 
development of the littoral bars hypothesised for LNI times. 
This periodic restriction was hypothesised to lead to changes in 
bottom waters, with west–east flowing currents that produced 
oscillating bottom water dynamics. During times of restriction 
there were gentle bottom currents with deposition of mostly 
complete and well–preserved ammonites, and increased salinity 
which led to development of sabkha and deposition of gyp-
sum (Etayo–Serna, 1968; Forero–Onofre & Sarmiento–Rojas, 
1985). Times of greater access to the open sea produced more 
dynamic bottom currents, with winnowing of ammonites by 
shell shape, and the introduction of decomposing marine reptile 
carcasses in from the west, which floated belly up into shallow 
Paja Formation waters, to become beached and preserved (Eta-
yo–Serna, 1968). However, salinity increase would have led 
to the deposition of halite (NaCl) prior to gypsum, for which 
there is no evidence in the Paja Formation. In addition, many 
of the characteristic features of sabkha (e.g., birdseyes, boudi-
nage, scour and fill, ripples, cross–bedding; Townson, 1975) are 
absent from the AA, and setulfs (Sarkar et al., 2011), although 
reported from the Paja Formation are not supported by images 
or locations (Forero–Onofre & Sarmiento–Rojas, 1985), casting 
doubt on their validity. Sabkha development requires hyper-
salinity for gypsum to be deposited, leading to a sparse fauna 
(Townson, 1975) and this is at odds with abundant, unbroken, 
three–dimensionally preserved ammonites in segments B–E 
of the AA. The floating of decomposing vertebrate carcasses 

does not match the taphonomy of fully articulated fossils, many 
of which (e.g., Callawayasaurus) are also associated with the 
presence of gypsum (Welles, 1962).

2.2.1.3. Arcillolitas con Nódulos Huecos (AcNH)

The uppermost unit of the Paja Formation is the 80 m thick 
and undivided AcNH Member, which consists of claystones, 
with intercalations of shiny white clays, although the depos-
its become more micaceous and sandy towards the top of the 
unit. Numerous hollow concretions, up to 200 mm in diameter, 
and smaller massive clay concretions up to 50 mm in diameter, 
characterize the unit (Etayo–Serna, 1968). Fossils occur spo-
radically within the claystones, white clays, and concretions. 
Although vertebrate fossils are rare in the AcNH, one of the 
authors (M.G.–P.) has found indeterminate fragments of a very 
weathered vertebrate in this member.

2.2.1.3.1. Environmental Interpretation

The environmental conditions of the AcNH are interpreted as 
a similar to the AA, but without the calcite– and gypsum–rich 
layers. This suggested more access to the open sea, with re-
duced deposition of evaporitic minerals (Etayo–Serna, 1968). 
The white clays have been considered volcanic ash deposits 
(Bürgl, 1954), although these were not subsequently recognised 
as such (Etayo–Serna, 1968).

2.2.2. Palaeontology

Fossils, especially marine reptiles, fish, and ammonites (Fig-
ures 5–7), are common in the Paja Formation around the alto 
Ricaurte (Huber & Wiedmann, 1986). Here we summarize the 
palaeontology of the Paja Formation, with special emphasis on 
the autochthonous marine reptiles (plesiosaurs, ichthyosaurs, 
marine turtles), followed more briefly by fish, invertebrates, 
and microfossils.

2.2.2.1. Plesiosaurs

The Paja Formation, in terms of abundance, variety, and ex-
ceptional preservation of Plesiosauria, is the most important 
Lower Cretaceous plesiosaur assemblage in the world. In pre–
cladistic studies, Plesiosauria was divided into two groups, the 
long–necked plesiosauromorphs (Figure 5a) and the short–
necked pliosauromorphs (Figure 5b). Rather confusingly, both 
Plesiosauria and the plesiosauromorphs have been referred to 
as “plesiosaurs”; however, here we use the term “plesiosaur” 
to refer only to Plesiosauria. Both plesiosauromorph and plio-
sauromorph plesiosaurs are represented in the Paja Formation 
deposits of the alto Ricaurte. Plesiosauria are the second most 
common large vertebrate faunal elements after the ichthyosaurs, 

50 mm
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b

a

Figure 4. Concretion from the alto Ricaurte (UADG LM 15.57f) with 
a mixture of autochthonous ammonites (a) and allochthonous ter-
restrial plant material (b). Collected from loma La Cabrera.
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represented by four published genera, all of which are currently 
monospecific, although further specimens await description.

The first published plesiosaurs from the Paja Formation 
were two substantially complete skeletons of the plesiosauro-
morph Callawayasaurus colombiensis (Welles, 1962) Carpen-
ter, 1999, the holotype (UCMP 38349) and second specimen 
(SGC MGJRG.2018.V.1; Figure 5a). The two specimens were 
originally described as new species of the North American 
genus Alzadasaurus Welles, 1943, as Alzadasaurus colombi-
ensis Welles, 1962, although following revision, the species 
was transferred to the new genus Callawayasaurus (Carpenter, 
1999), as Callawayasaurus colombiensis (Welles, 1962) Car-
penter, 1999. Unfortunately, during this revision, both the name 
of the country (“Columbia”) and the original species name (“C. 
columbiensis”) were misspelt (Carpenter, 1999, 172).

The two skeletons of Callawayasaurus were excavated from 
grey–coloured red–weathering siltstones of segment E of the 
AA Member of the Paja Formation by teams led by Ruben Ar-
thur STIRTON of the UCMP (Páramo–Fonseca, 2015; Welles, 
1962). The holotype was recovered from loma La Catalina, ap-
proximately 6 km to the west of Villa de Leiva, and about 300 
m to the north of the Villa de Leiva–Chiquinquirá road (Welles, 
1962). The second specimen (or “paratype”) was discovered ap-
proximately 100 m to the north, and stratigraphically 10 m from 
the holotype; however, there is confusion as to the exact relative 
positions of the two skeletons, as the original description records 
conflicting locality information (see Welles, 1962, 1, 13, 32), al-
though this discrepancy is in the process of being resolved. The 
holotype of Callawayasaurus was transferred to the University 
of California, Berkeley under the 1944–1945 Comisión de Ver-
tebrados (Espinosa, 2016), whilst the second specimen remained 
in Bogotá (Welles, 1962, 17, 32); the skull, formerly registered 
to the museum in Berkeley as UCMP 125328, has recently been 
returned to the Servicio Geológico Colombiano (SGC).

The preservation of the holotype and second specimens of 
Callawayasaurus colombiensis are remarkably similar. Both 
skeletons were found in the supine (“belly–up”) position, are 
almost complete and articulated, and exhibit minimal crushing 
(Páramo–Fonseca, 2015; Welles, 1962). The holotype is miss-
ing the ilia, ischia, tail, and some distal limb elements, all of 
which can be attributed to recent weathering and/or collection 
failure due to digging for gypsum (Welles, 1962). The second 
specimen of Callawayasaurus (Figure 5a) is somewhat more 

complete, although the skull is imperfect, missing the left mid–
portion between the external naris and orbit, which was not 
found in the field. Both specimens are largely articulated, with 
the holotype exhibiting slight movement of the right paddles, 
ribs, gastralia, and a few other elements (Welles, 1962), all at-
tributable to the settling of the carcass during decomposition. 
Both specimens are mostly uncrushed, with the holotype exhib-
iting slight compression of the skull (a pit in the snout, between 
the orbits, the parietal crest, part of lower temporal arch, and the 
palate), the left scapula, right coracoid, and a few distal limb 
elements (Welles, 1962).

Both the holotype and Bogotá specimens of Callawayasa-
urus are remarkably well–preserved (Welles, 1962). Using the 
holotype as an example, the skeleton preserves the jaws tightly 
closed, most of the teeth in situ in their alveoli, the delicate hy-
oid bones under the skull, and gastroliths in and around the rib 
cage. The bone surface is excellently preserved, with the inter-
nal spongy bone texture present in many places without mineral 
infill; this has been attributed to rapid burial by fine–grained 
sediments that sealed the carcass from permineralizing ground-
waters (Welles, 1962). The casts of bivalves and ammonites are 
common in the surrounding matrix. The bones are frequently 
surrounded by extensive limestone concretions, especially the 
skull, shoulder girdle, and vertebral column, which has reduced 
the crushing from subsequent overburden. The bones are typ-
ically chocolate brown–coloured and coated in red–coloured 
iron oxide, or surrounded by cm scale red– or yellow–weath-
ering iron oxide–rich concretions. In addition, gypsum is com-
mon as crystals in the sedimentary matrix, and infilling veins 
and cracks (Figure 8). A layer of gypsum approximately 6 mm 
thick covered the skull and palate, with gypsum penetrating the 
skull and other bones.

After the discovery of Callawayasaurus, two incomplete 
plesiosauromorph specimens, exhibiting good three–dimen-
sional preservation, have been recovered from the alto Ricaurte, 
and attributed to the genus (Goñi & Gasparini, 1983; Jerez–
Jaimes & Narváez–Parra, 2001). The first was the anterior of a 
skull and mandible preserved to level with the rear of the orbits 
(UN ICNMHNR–081) recovered from loma La Cabrera, some 
4 km to the west of Villa de Leiva (Goñi & Gasparini, 1983). 
The second was a much more complete, and at least partially 
articulated, skeleton discovered at an unrecorded locality and 
horizon in the Paja Formation near Villa de Leiva. Discovered 

Figure 5. Representative marine reptile fossils from the alto Ricaurte. (a) The Bogotá specimen of the plesiosauromorph plesiosaur 
Callawayasaurus colombiensis (SGC MGJRG.2018.V.1), the skull is a replica based on combined information from the original of this 
specimen and the holotype (UCMP 38349); length along the vertebral column 7 m. (b) The pliosauromorph plesiosaur Kronosaurus 
boyacensis (MJACM 1) in situ where discovered, preserved length 7.35 m. (c) Skull of the opthalmosaurid ichthyosaur Platypterygius 
sachicarum (SGC DON–19671), length 890 mm. (d) Skull and anterior vertebral column of the opthalmosaurid ichthyosaur Muiscasaurus 
catheti (CIP–FGC–CBP–74), length 800 mm. (e) The protostegid marine turtle Desmatochelys padillai (CIP–FGC–CBP 01), length 1.44 m 
along the midline; it is likely the eggs illustrated in Figures 9, 10 belong to this species. (f) The sandownid marine turtle Leyvachelys 
cipadi (CIP–FGC–CBP–71), length 1 m.
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Figure 7. Ammonites from the alto Ricaurte showing a range of sizes and morphotypes (both planispiral and heteromorphic forms), 
none of which have yet been formerly described. Specimen numbers (a) MJACM 35, large planispiral ammonite missing central whorls 
and (b) detail of the boxed area showing suture pattern; (c) MJACM 202, a smaller planispiral ammonite; (d) MJACM 117, a criocone (open 
planispiral) heteromorph ammonite; (e) MJACM 112, “hairpin–shaped” heteromorph ammonite preserved in association with two plani-
spiral ammonites; (f) MJACM 137, a moderately sized planispiral ammonite missing the central whorls, and (g) detail of the boxed area 
showing suture pattern. No collection localities recorded, but all specimens are likely derived from Paja Formation, vereda Monquirá.

Figure 6. Fish remains preserved in three–dimensions from the alto Ricaurte showing a range of sizes and morphotypes, none of which 
have been formerly described. Specimen numbers (a) MJACM 13; (b) MJACM 17; (c) MJACM 29; (d) MJACM 16a–c, a complete specimen of 
Vinctifer species; (e) MJACM 269, scales from the flanks of a large fish; (f) MJACM 270, scales of Vinctifer species. No collection localities 
recorded, but all specimens are likely derived from Paja Formation, vereda Monquirá.
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Figure 8. Gypsum “beef” associated with the holotype of Callawayasaurus colombiensis (UCMP 38349) showing (a) the unprepared (orig-
inally upper) surface of cervical vertebra 22 (anterior, left; dorsal, top) showing a gypsum sheet sub–parallel to the bone surface, that 
splits into two to the left; notice also the vertical veins of gypsum cutting the bone and matrix. (b) Layers of gypsum “beef” within the 
sediments as seen from anterior view (i.e., to the left of (a)). (c) Bi–layered sheet of gypsum “beef” on the unprepared (original upper) 
surface of a block containing cervical vertebra 29 (pars) to 31. (d) Prepared (originally lower) surface of posterior cervical and ?anterior 
“pectoral” vertebrae partly covered by the coracoid of the shoulder girdle (anterior, right; dorsal, top), showing vertical veins of gypsum 
cutting the bones. Collected by a party from the Tropical Oil Company and Ruben Arthur STIRTON (UCMP) from loma La Catalina.

in 1999, the specimen was tentatively attributed to Callawaya-
saurus (Jerez–Jaimes & Narváez–Parra, 2001), although the 
current whereabouts is unknown. Numerous additional speci-
mens of plesiosauromorphs, some probably attributable to Cal-
lawayasaurus but others that represent new genera, are held 

by various institutions and await formal scientific description 
(Gómez–Pérez & Noè, 2017; Páramo–Fonseca, 2015).

The second described plesiosaur from the Paja Formation 
of the alto Ricaurte was a pliosauromorph (MJACM 1) discov-
ered in June 1977 (Acosta et al., 1979), and later described as 
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the new species Kronosaurus boyacensis Hampe, 1992 (Figure 
5b). The skeleton was discovered by local farmers in the upper 
Aptian segment E of the AA Member of the Paja Formation in 
Monquirá, 4 km to the west of Villa de Leiva (Acosta et al., 
1979). The skeletal remains are currently the centrepiece of the 
community run Museo El Fósil built over the site of the find. 
MJACM 1 lies in the prone (dorsal up) position, is substantial-
ly complete and mostly articulated, although the skeleton is 
missing the upper surface of the posterior of the skull, some el-
ements of the posterior of the pelvis, the rear right limb beyond 
the femur, the tail, and numerous distal limb elements (Hampe, 
1992). However, all missing elements can be attributed to re-
cent weathering or collection failure. The skull is somewhat 
crushed and some elements such as the ribs and some vertebrae 
are slightly displaced due to post–mortem movement of the car-
cass. However, the skeleton is mostly articulated, with the teeth 
in their alveoli, and the bones preserved in three–dimensions; 
there is no evidence of scavenging or colonization by epibionts. 
The surrounding sediments are fine–grained, grey–weathering, 
and fissile (Acosta et al., 1979), and many of the bones are 
surrounded by calcareous and/or iron–rich concretions (Hampe 
& Leimkuehuler, 1996), which helped to maintain the original 
three–dimensional shape of the animal.

The third plesiosaur described from the Paja Formation of 
alto Ricaurte was Stenorhynchosaurus munozi Páramo–Fonseca 
et al., 2016 (SGC VL17052004–1), discovered on the land of 
Jorge MUÑOZ on the eastern slope of loma La Cabrera, some 
4 km to the west of Villa de Leiva. The specimen was origi-
nally published as Brachauchenius sp. (Hampe, 2005), whilst 
under the study of María Eurídice PÁRAMO–FONSECA and 
colleagues. Stenorhynchosaurus was recovered from segment 
C of the AA Member of the Paja Formation, and ammonite 
biostratigraphy permitted dating of the specimen to the early 
late Barremian (Páramo–Fonseca et al., 2016). The skeleton 
was discovered in a variegated clay–grade, calcareous and 
kaolinitic, laminated mudstone. The animal was articulated 
and substantially complete, lying in the prone position with 
the paddles spread out laterally. The bone surface is generally 
very well–preserved. Stenrohynchosaurus is missing the tip of 
the snout, distal elements of the left anterior paddle, the entire 
right posterior paddle, and the tail. There is some crushing to 
the rear of the skull and neural arches, and some of the ribs and 
posterior elements are displaced, but there is no evidence of 
scavenging or epibionts.

The fourth plesiosaur from the alto Ricaurte Paja Formation 
is the newly described genus and species of pliosauromorph, 
Acostasaurus pavachoquensis Gómez–Pérez & Noè, 2017 
(UNDG R–1000). This specimen was recovered in 1967 by 
a French Technical Cooperation team working with the Hy-
drology Section of the Ministry of Public Works of Colombia; 
however, no contemporary collection records exist (Acosta et 
al., 1979). The specimen was recovered close to the Santo Ecce 

Homo Convent, in Sutamarchán. The specimen consists of a 
largely complete and articulated pliosauromorph from the lower 
Barremian segment A at the base of the AA Member of the Paja 
Formation. The specimen was surrounded by a fine–grained, 
very dark–coloured matrix, and encased in a single large, non–
septarian concretion which preserved ammonites, used for bio-
stratigraphically dating the skeleton. No gypsum was preserved 
with this specimen. Currently only the skull and anterior cervi-
cal vertebrae are prepared; however, the skull is substantially 
complete and three–dimensional, with delicate structures such 
as sclerotic plates well–preserved, which are only infrequently 
encountered in plesiosaurs (Andrews, 1913; Gómez–Pérez & 
Noè, 2017). Acostasaurus is therefore one of the most complete 
members of Plesiosauria from the Lower Cretaceous, and one 
of the best preserved pliosauromorphs anywhere in the world.

2.2.2.2. Ichthyosaurs

The second common group of marine reptiles reported from 
the Paja Formation of alto Ricaurte are the ichthyosaurs. Nu-
merous examples of ichthyosaurs are known, but the majority 
remain unpublished (e.g., Páramo–Fonseca, 2015); however, 
many specimens represent new taxa, and are likely to com-
pletely re–write our current understanding of post–Jurassic 
ichthyosaur diversity and evolution, and deserve publication in 
the highest–quality international journals. The work reinterpret-
ing Cretaceous ichthyosaur diversity and evolution has begun 
on other faunas worldwide (e.g., Fernández & Aguirre–Urre-
ta, 2005; Fernández et al., 2005; Fischer et al., 2014; Zammit, 
2012), and the Colombian specimens from the Paja Formation 
are likely to prove key to this work.

The first named ichthyosaur from Colombia was the opthal-
mosaurid Platypterygius sachicarum Páramo–Fonseca, 1997 
(SGC DON–19671), recovered from loma Pedro Luis, 1.5 km 
northwest of Villa de Leiva by Jorge CÁRDENAS and pre-
sented to the SGC Museum in 1967 (Figure 5c). No detailed 
stratigraphic information is available; however, the specimen 
was recovered from the lower part, probably segment A, of 
the AA Member (see Páramo–Fonseca, 1997, Figure 1). The 
specimen consists of a substantially complete skull, originally 
preserved in a hard calcareous–rich matrix (probably a non–
septarian concretion), which permitted acid preparation of the 
left side of the skull; the right side was earlier mechanically 
prepared. The specimen is essentially three–dimensionally pre-
served, with some lateral crushing, and is largely complete, but 
missing the tips of the jaws. The skull bones are articulated, 
with the sclerotic rings partly preserved in life position, and 
almost all teeth on the left side in situ; the teeth on the right 
are more disordered. Bone preservation is generally good on 
the left of the skull, although the surfaces of some bones are 
incomplete or fractured, whereas the right side is much more 
heavily weathered, indicating the specimen lay in the sediment 
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on its left side, with the right side exposed to weathering pri-
or to collection. The surrounding matrix is organic–rich, with 
some carbonized plant remains preserved in and around the 
tightly closed jaws. No ammonites or other macrofossils, pal-
ynomorphs or foraminiferans, were encountered in the matrix 
during preparation (Páramo–Fonseca, 1997).

Muiscasaurus catheti Maxwell et al., 2016 (CIP–FGC–
CBP–74) was the second described opthalmosaurid ichthyosaur 
from the alto Ricaurte Paja Formation, preserving an incomplete 
cranium associated with 10 articulated cervical vertebrae with 
attached neural arches and some ribs (Figure 5d). The specimen 
was recovered from vereda Arrayanes, municipio de Sáchica, 
from an unspecified horizon within the AA Member of the Paja 
Formation. The remains were preserved in two calcareous con-
cretions; however, the orientation of discovery was not recorded. 
Although the skull is essentially three–dimensionally preserved, 
there is some lateral compression. The anterior of the snout of 
Muiscasaurus is unnaturally curved to the right; this curvature 
has been attributed to arrival of the carcass head first on the sea 
floor (Maxwell et al., 2016). However, there is no known mecha-
nism for plastic deformation (rather than breakage) of fresh bone 
due to impact, making it more likely the deformed snout was due 
to diagenetic concretionary growth or overburden pressure. As 
with most of the alto Ricaurte vertebrate specimens, the jaws are 
preserved tightly closed, the teeth are in position, and delicate 
structures including sclerotic rings and probable hyoid elements 
are preserved in or close to their original life positions. The ver-
tebral centra of Muiscasaurus are exceptionally well–preserved 
(Maxwell et al., 2016), the bone retaining the open, porous tex-
ture observed in Callawayasaurus (Welles, 1962).

2.2.2.3. Marine Turtles

Turtles are abundant in many Cretaceous marine deposits (Ca-
dena & Parham, 2015), although they are most commonly found 
disarticulated (Cadena, 2014); however, articulated turtles are 
well represented in the Paja Formation deposits of alto Ricaurte. 
The first published turtle remains, attributed to a eucryptodire, 
were a cranial mould and associated mandible (UN ICN-
MHNR–083) discovered at loma La Asomada. However, the 
first turtle named from the Paja Formation was Desmatochelys 
padillai Cadena & Parham, 2015, a member of the Protostegi-
dae, a group of specialized marine turtles that radiated during 
the Early Cretaceous (Figure 5e); this specimen was considered 
the oldest known marine turtle, depending on the definition of 
this group (Cadena & Parham, 2015). The holotype (CIP–FGC–
CBP 01) includes a complete skull with articulated lower jaw, a 
partial hyoid, some cervical vertebrae, both forelimbs (missing 
most of the phalanges), a left scapula and coracoid, a nearly 
complete carapace, and parts of the plastron (Cadena & Parham, 
2015). Referred specimens include both adults and juveniles 
with complete or near complete skulls, all with the lower jaws 

articulated (CIP–FCG–CBP 13, 15, 39, 40, and UCMP 38346), 
an incomplete vertebral column with attached fragmentary 
carapace (UCMP 38245A), and a posterior fragment of a cara-
pace (UCMP 38245B). The specimens were found in dark grey 
limestone concretions, the bones covered, and cavities filled, 
with a layer of iron oxides. UCMP 38245B preserves possible 
evidence of predation, in the form of two sub–circular holes, 
that have been attributed to the teeth marks of a predatory plio-
sauromorph (Cadena & Parham, 2015). Most specimens were 
recovered from loma La Catalina, but one (FCG–CBP 15) was 
found nearby at loma La Cabrera. Although the exact locality 
of the Berkeley specimens (UCMP 38345A, B, and 38346) was 
assumed to be from the alto Ricaurte region (Cadena & Parham, 
2015), examination of the UCMP archives (by LFN) indicates 
all three turtle remains were recovered from loma La Catalina, 
at the same date and site as the holotype of Callawayasaurus. 
All three remains, therefore, most probably belong to the same 
individual. Hence the UCMP referred specimens, and probably 
all the material mentioned above, were derived from segment E 
of the AA Member of the Paja Formation.

The second new genus and species of turtle described from 
the Paja Formation was Leyvachelys cipadi Cadena, 2015, the 
most complete sandownid turtle (Tong & Meylan, 2013) thus 
far known (Figure 5f). The holotype skeleton (CIP–FGC–CBP–
71) was discovered in 2009 at loma La Catalina in a calcareous 
claystone, surrounded by abundant calcareous–iron nodules and 
concretions, presumably from segment E of the AA Member of 
the Paja Formation. The specimen consists of an incomplete 
but articulated skeleton, including the united skull and lower 
jaw, cervical and caudal vertebrae, parts of both limb–girdles, 
distal limb elements, and an almost complete carapace (Cadena, 
2015). The preservation and preparation is sub–optimal, due to 
the attached iron–rich nodules, with some erosion of the bone 
surface. The skull is three–dimensionally preserved, with the 
jaws articulated and minimal evidence of distortion; however, 
the postcrania is generally flattened.

The Paja Formation of the alto Ricaurte has revealed several 
spherical objects (UMCP 38348) interpreted as fossilized turtle 
eggs (Etayo–Serna et al., 2015; Páramo–Fonseca, 2015), which 
are closely associated with the bones of the mother (Figures 9, 
10). The eggs were discovered in segment E of the AA Member 
at loma La Catalina, the locality that produced the holotype of 
Callawayasaurus, and at the same time as the Leyvachelys cipadi 
specimens (UCMP 38245A, B, 38346); it is therefore probable 
the eggs belonged to the same individual. The eggs are spher-
ical, a common shape for modern sea turtle eggs (Mikhailov, 
1997), and three measurable specimens have diameters of 50, 
61, and 64 mm, which is slightly larger than modern sea turtle 
eggs which range between 32.1–55.2 mm in diameter (Dodd Jr, 
1988; Hirth, 1980; Miller et al., 2003a; Pritchard & Mortimer, 
1999). The outer surfaces of the preserved eggs exhibit irregu-
larly arranged, sub–millimetric, raised swellings, different to the 
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smooth shelled eggs of modern marine turtles (Imai et al., 2016; 
Mikhailov, 1997). The eggs are preserved with approximately 3 
mm thick calcite “shells”, which are much thicker than the leath-
ery shells of modern turtle eggs (Nuamsukon et al., 2009; Phil-
lott & Parmenter, 2006), although in contrast to modern turtles, 
the fossil eggs are likely to have been hard–shelled (Winkler & 
Sánchez–Villagra, 2006). Two distinctly coloured calcite layers 
form the “shell”, a dark outer layer and a lighter inner layer, and 
the eggs are more–or–less completely filled with dark–coloured, 
coarsely crystalline (sparry) calcite. The mammilated structure, 
“shell” thickness, and bi–coloured external layering suggests the 
preserved external surface of the eggs is a result of calcite crys-
tals lining the inside of the original aragonite shell (Isaji et al., 
2006; Mikhailov, 1997), which was later lost during diagenesis.

2.2.2.4. Fish

Planktonic fish are numerous and diverse from the Paja Forma-
tion of alto Ricaurte (Álvarez–León et al., 2013; Etayo–Serna, 
1968), are preserved in numerous collections, but are currently 
understudied (Figure 6). A specimen of the aspidorhynchid fish 
Vinctifer (MB f. 3500), was recovered from Aptian strata of 
loma Blanca near Sáchica in segment E of the AA Member of 
the Paja Formation (Schultze & Stöhr, 1996). The specimen is 
incomplete, but preserved in three–dimensions. In addition, nu-
merous fish in a range of institutions await formal description, 
but appear to include amiids, “semionotiforms”, ichthyodecti-
forms, pachyrhizodontids, aspidorhynchids, and araripichthyids 
which are similar to, or possibly congeneric with, fish collected 
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Figure 9. Two turtle eggs preserved in non–septarian concretions, which also preserve the bones of the mother enclosing the eggs (UCMP 
38340), (a, c) photographs and (b, d) interpretive drawings. The eggs, probably belong to Desmastochelys padillai, were collected in 1945 
by a party from the Tropical Oil Company and Ruben Arthur STIRTON (UCMP) from loma La Catalina, at the same time as the holotype 
of Callawayasaurs colombiensis. Line x–x’ represents the section of the surface shown in Figure 10 (a, c), as viewed from the direction 
of the arrow. In the drawings: bones, hatched; concretion, grey; eggs, white. Scale bars represent 50 mm.
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from the slightly younger Santana Formation of Brazil (Selden 
& Nudds, 2012).

2.2.2.5. Marine Macro–invertebrates

Here we briefly summarize the marine invertebrate palaeon-
tology of the Paja Formation, with special emphasis on the 
range of organisms present. In contrast to the taxonomic treat-
ment of the vertebrates above, we explore the macroinverte-
brates in stratigraphic order to show the range of organisms 
living in the Paja palaeoenvironments at any one time. As 
with much of the Mesozoic marine world, ammonites (Fig-
ure 7) are key elements for Colombian and Paja Formation 
biostratigraphy (e.g., Etayo–Serna, 1964, 1979; Hoedemaeker 

& Kakabadze, 2004; Kakabadze & Hoedemaeker, 1997), and 
include diverse planispiral and heteromorphic forms (Bogdan-
ova & Hoedemaeker, 2004; Etayo–Serna, 1968; Kakabadze & 
Hoedemaeker, 1997, 2004; Sharikadze et al., 2004; Vašíček & 
Hoedemaeker, 2003). The age of the Paja Formation had been 
ascertained as Hauterivian to part way through the late Aptian 
(Etayo–Serna, 1965), with one of the most intractable prob-
lems being the definition of the lower Barremian boundary 
(Etayo–Serna, 1964; Patarroyo, 1997, 2000b, 2009). Biostra-
tigraphic work has included ammonites from the Creutzberg 
Collection (see the volume prefaced by Hoedemaeker & Ka-
kabadze, 2004), however these specimens were not collected 
with robust stratigraphic horizons, with inferred geological 
ages assigned based on comparison to European ammonite 
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Figure 10. Cross–section through the turtle egg (UCMP 38340) shown in Figure 9c, probably belonging to Desmatochelys padillai (a) 
photograph and (b) interpretive drawing; in the drawing: bone, hatched; concretion, grey; egg, white; voids, black. (c) Photomicrograph 
close up of section of the “shell” boxed in (a), notice the “shell” is a double layer of differentially coloured calcite, and the coarsely 
crystalline (sparry) calcite infill. (d) Photomicrograph of the external surface of the “shell”. In (c, d) the “shell” most likely represents 
calcite lining the inner surface of the original aragonite invested shell, which is not now preserved. Collected by a party from the Tropical 
Oil Company and Ruben Arthur STIRTON (UCMP) from loma La Catalina.
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faunas. Details of the complex ammonite zonation are not 
discussed here.

2.2.2.5.1. Lutitas Negras Inferiores (LNI)

Ammonite biostratigraphy indicates a late Hauterivian age for 
the LNI (Etayo–Serna, 1965), although the lowermost part of 
segment A has occasional preserved lower Hauterivian ammo-
nites (Etayo–Serna et al., 2015). Segment A of the LNI preserves 
occasional accumulations of invertebrates, which are mostly pre-
served flattened in the mudstones, rather than within the concre-
tions. Occasional accumulations of large sized Olcostephanus 
ammonites occur (Etayo–Serna, 1968), and the segment also 
preserves a few other indeterminate cephalopod fossils (Etayo–
Serna et al., 2015), but no bivalves or gastropods. Segment C 
also preserves a few Olcostephanus ammonites (Etayo–Serna, 
1968). Within segment E fragments or impressions of indetermi-
nate ammonites are occasionally locally abundant (Etayo–Serna, 
1968), with Crioceratites present close to the top of the segment 
(Etayo–Serna, 1968). Rare thin–shelled bivalve molluscs are 
also found at this horizon (Etayo–Serna, 1968). 

2.2.2.5.2. Arcillolitas Abigarradas (AA)

The ammonite fauna preserved in the AA indicates an age range 
from Barremian to early Aptian (Etayo–Serna, 1968). The fos-
sils in segment A of the AA are distributed across a series of 
localities; however, not all fossils are found at all sites, and 
when present the genera are found in varying proportions (Eta-
yo–Serna, 1968). The lower part of the segment preserves a 
rich ammonite fauna, often with very well–preserved delicate 
organic structures, including Acrioceras, Ancyloceras, Hamu-
lina, Heteroceras, Paracrioceras, Phylloceras, Pulchelliidae, 
Pseudohaploceras, Spitidiscus, and Valdedorsella ammonites 
typical for the base of the local Barremian (Etayo–Serna, 1964). 
This horizon has also yielded a rare example of an ammonite 
aptychus, attributed to Nicklesia pulchella (Patarroyo, 2000a). 
The ammonites are found together with a few turritellid gas-
tropods, fragments of bivalve molluscs, but notably no echi-
noderms (which are stenohaline taxa; Townson, 1975) and 
some benthic foraminiferans (Etayo–Serna, 1968). The middle 
of the segment preserves ammonites typical of the Colombi-
an Barremian, including Crioceratites, Karsteniceras, Nickle-
sia, Pedioceras, Phylloceras, and Pseudohaploceras, together 
with indeterminate, thin–shelled bivalves and a few gastropods. 
Towards the top of the segment, the upper lower Barremian 
ammonites Phylloceras, Pulchellia, Karsteniceras, Parasay-
noceras, and Pseudohaploceras are found, together with other 
heteromorphs and some indeterminate bivalves. The fossils are 
frequently three–dimensionally preserved when in the centres 
of the concretions, whereas those in the mudstones are more 
commonly compressed and fragmented (Etayo–Serna, 1968).

Segment B of the AA preserves a few poorly preserved 
enrolled and heteromorph ammonites, whereas segment C has 
revealed various, well–preserved ammonites, mostly belong-
ing to Pulchelliidae, including the genera Colchidites, Heinzia, 
Phylloceras, Pseudohaploceras, Pulchellia, Karsteniceras. 
Segment D has produced Cheloniceras, Neodeshayesites, and 
Procheloniceras ammonites (Etayo–Serna, 1968).

Ammonite fossils are incredibly abundant within the con-
cretions of segment E of the AA. Large forms are often found 
isolated, whereas smaller specimens are frequently preserved 
complete and in dense accumulations, and may be associated 
with fragments. The ammonites recovered from segment E in-
clude the genera Acanthohoplites, Australiceras, Colombiceras, 
Cheloniceras, Epicheloniceras, Dufrenoyia, Gargasiceras, 
Neodeshayesites, Phylloceras, Pseudoaustraliceras, Riedelites, 
and Zurcherella (Etayo–Serna, 1964, 1979, 1981). In addition to 
the ammonites, marine Teredinidae bivalves (or “shipworms”) 
that live by boring into floating wood (Evans, 1999; Gingras 
et al., 2004) are common in the segment (Figure 11). Towards 
the top of segment E, a fibrous calcite band, when split along 
the middle, reveals extremely abundant remains of inoceramid 
bivalves, representing the preservation of a short–lived event 
horizon (Figure 12). 

2.2.2.5.3. Arcillolitas con Nódulos Huecos (AcNH)

The ammonite fauna of the AcNH indicates a late Aptian age 
(Etayo–Serna, 1968). Ammonites are frequently preserved as 
internal moulds within the mudstones and concretions, and 
dense accumulations of thin–shelled bivalves and occasional 
gastropods occur at some horizons. The fauna was taken to 
indicate well–oxygenated waters with a soft bottom that limit-
ed the development of benthic life (Etayo–Serna, 1968). This 
in turn was used as evidence to infer abundant life through-
out the AcNH, which was concentrated by currents, but only 
sporadically fossilized due to unspecified taphonomic effects 
(Etayo–Serna, 1968).

2.2.2.6. Marine Microorganisms

Within the Paja Formation, finely–laminated wavy, somewhat 
dome–like, sedimentary structures are common at some hori-
zons. These structures, with 92% micrite and parallel lamina-
tion have been interpreted as cryptalgal mats (Etayo–Serna et 
al., 2015), providing evidence for shallow water conditions, as 
marine algae usually live in the permanently wet, but well–lit 
zone immediately below the low tide mark. Other microfossils 
are rarely preserved in the Paja Formation; however, an event 
horizon at the base of the AA (segments A–B) preserves the 
calcareous benthic foraminifera Epistomina caracolla (Pata- 
rroyo–Camargo et al., 2009; Patarroyo, 2009). The low diversity 
of Epistomina was used to support an anoxic nearshore evapo-
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ritic environment for the AA; however, Epistomina caracolla 
is typical of oxic watermasses (Gradstein et al., 1999) from 
mid–shelf neritic to bathyal depths (Decker & Rögl, 1988; 
Wightman, 1992), and hence cannot support this conclusion. 
It is more likely this assemblage represents temporary seafloor 
oxygenation following a storm event (Figure 13).

2.2.2.7. Terrestrial Organisms

In addition to the autochthonous marine fauna of the Paja 
Formation, alto Ricaurte rocks preserve abundant remains of 
allochthonous terrestrial plants and occasional terrestrial verte-
brates and invertebrates.

2.2.2.7.1. Terrestrial Vertebrates

Mesozoic terrestrial vertebrates are extremely uncommon in 
Colombia, with the only diagnostic dinosaur being the sauropod 
Padillasaurus leivaensis Carballido et al., 2015 from the Paja 
Formation of the alto Ricaurte (MJACM 4; originally published 
as JAVCM 0001). Although originally considered a brachio-

saurid titanosauriform (Carballido et al., 2015) Padillasaurus 
is now considered to be a basal member of the non–brachio-
saurid titanosauriform clade Somphospondyli (Mannion et al., 
2017). The exact geographical location where Padillasaurus 
was found is not known, although the source of the specimen is 
reported as the La Tordoya area of vereda Monquirá (Carballido 
et al., 2015); however La Tordoya is located in vereda El Roble, 
northeast of Villa de Leiva. Based on the presence of Gerhard-
tia galeatoides and Lytoceras sp. ammonites (JAVCM 2, 3, and 
4 of Carballido et al., 2015) the remains have an early late Bar-
remian age, and were derived from an unspecified segment (but 
probably segment C) of the AA Member of the Paja Formation.

The remains of Padillasaurus consist of three non–articu-
lating units that contain the incomplete posterior dorsal, sacral, 
and anterior caudal regions interpreted as the parts of a single 
animal (Carballido et al., 2015). The first unit consists of part 
of an isolated mid– to posterior dorsal cervical centrum, the 
second (unprepared) unit is interpreted as the last dorsal and 
two anterior sacral vertebrae, and the third unit consists of two 
posterior sacral and eight anterior caudal vertebrae in articu-
lation. Although incomplete, the vertebrae are well–preserved 

50 mm
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Figure 11. Teredolites “wood–ground” ichnofossils, with body fossils of the original bivalves that inhabited the burrows, preserved in 
a non–sepatarian concretion (UADG LM 15.10), (a) photograph and (b) interpretive drawing of. In (b) calcite replaced wood, hatched; 
concretion, grey; ichnofossils and inhabitants, white. Collected by LFN from loma La Cabrera.
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including large pleurocoels and some delicate vertebral laminae 
(Carballido et al., 2015). The almost complete posterior dorsal 
vertebra is better preserved on its right, suggesting this part of 
the specimen was discovered sediment side down. This dino-
saur fossil appears to be the incomplete remains of a floated car-
cass, with only the most tightly fused (sacral) or ligamentously 
tied (anterior caudal) regions remaining articulated.

2.2.2.7.2. Terrestrial Invertebrates

The only reported insect remains from the Paja Formation be-
long to the family Aeschnidiidae (Insecta: Odonata), the group 
to which dragonflies belong (McGavin, 2001). The material 
includes a beautifully preserved four–winged insect collected 
from the upper part of segment E of AA. Although no full de-
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Figure 12. Bivalves preserved in calcite “beef”. (a) Bi–layered calcite “beef” showing the “fibrous” nature of the mineral, with the cal-
cite crystals oriented normal to the edges of the vein (UADG LM 17.560). (b) The same specimen split open along the central “suture” 
(arrowed in (a)), showing the preservation of inoceramid bivalve shells within the “beef”. (c) A second specimen showing somewhat 
larger inoceramid shells (UADG LM 17.564). The presence of the bivalves in the centres of the veins indicates antitaxial (from the centre 
outwards) growth of the calcite. Presumably, the bivalves colonized the seafloor following an environmental perturbation that tem-
porally oxygenated the seafloor, and after lithification the vein nucleated along the calcium carbonate of the shells. Collected by LFN 
from loma La Cabrera.
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scription is yet available, the environment of deposition has 
been interpreted as very shallow marine (Gómez–Cruz et al., 
2011). However, this does not account for taphonomic aspects 
such as transportation and burial, so it is uncertain how the 
specimen was preserved in the Paja Formation Basin. It is pos-
sible the insect either flew or was blown into Paja Formation 
Seas and was deposited in the basin after becoming water sat-
urated and sinking. Preservation of the relatively delicate soft 
parts, such as the wings, indicates rapid burial, and an absence 
of oxygen and bioturbation.

2.2.2.7.3. Terrestrial Plants

Allochthonous terrestrial plants (Pteridophyta) are relatively 
common elements of the Paja Formation deposits of alto Ri- 
cuarte. LNI segments A and E preserve some scattered plant 
remains (Etayo–Serna, 1968; Etayo–Serna et al., 2015), but 
plants are most abundant in the concretions of segment E of 
the AA (Etayo–Serna, 1968). Described taxa include ferns 
(Polypodiopsida, part of the former “Pteridophyta”), and seed 
plants (Spermatophyta) including Bennettitales and cycads 
(Cycadophyta), conifers (Pinophyta) (the latter two forming 
part of the former “Gymnospermae”), and angiosperms (Mag-
noliophyta) (Willis & McElwain, 2002). The ferns are referred 
to the Weichseliaceae genus Paradoxopteris (van Waveren et 
al., 2002), and Cycadophtya include the genera Macrotaeni-
opteris, Nilssonia (Huertas, 1967, 1970), Pterophyllum, and 
Taeniopteris (van Waveren et al., 2002). Pinophyta includes 
a range of families: Cupressinocladus (formerly referred to 
Thuites and Brachyphyllum; Huertas, 1967, 1970), Brachy-
phyllum, and Pagiophyllum (van Waveren et al., 2002) (fami-
ly Cupressineae); Frenelopsis (Moreno–Sánchez et al., 2007) 

(family Cheirolepidiaceae); Araucariostrobus (Huertas, 1970, 
1976; van Waveren et al., 2002), Conites (van Waveren et al., 
2002), and Damarites (Huertas, 1976) (family Araucarineae); 
Pinostrobus and Pityostrobus (Huertas, 1967; van Waveren et 
al., 2002) (family Pinaceae); and Podozamites (Huertas, 1967; 
van Waveren et al., 2002) (family Podocarpaceae). Magnolio-
phyta includes the genus Ficus (family Moraceae) (Huertas, 
1967) and the putative angiosperms Sterculiocarpus (Huertas, 
1967) and Carpolithes (van Waveren et al., 2002); however, 
the latter two may be conifers with large seeds (van Waveren et 
al., 2002). In addition to the species named above, fossil wood, 
which cannot easily be attributed to a genus (van Waveren et 
al., 2002), is extremely common in the Paja Formation. Many 
of the plant remains are extremely well–preserved externally, 
often as casts filled with black, macrocrystalline calcite (spar-
ite) (Huertas, 1967; van Waveren et al., 2002), but with no 
original internal structure (Figure 14); however some wood 
in the Paja Formation is silicified (Figure 15), and preserves 
detail to the cellular level.

3. Discussion

The Paja Formation is a thick sequence of fine–grained siliclas-
tic, predominantly dark–coloured pyrite–enriched mudrocks 
with some calcareous and sandier interbeds, and abundant fos-
sils. Such “monotonous” mudrock successions (Mann & Stein, 
1997), make up 75–80 % of crustal strata (Ruppel & Loucks, 
2008); however, black mudrock deposits like the Paja Forma-
tion are poorly understood, although with the advent of hy-
draulic fracturing (“fracking”) an increasing number of studies 
are being undertaken (e.g., Ruppel & Loucks, 2008; Sageman 
et al., 1991; Schieber, 2016; Tourtelot, 1979). Organic–rich 

20 mm50 mm

a b

Figure 13. A non–septarian concretion containing a horizon rich in chaotically arranged bivalve fragments, interpreted as a storm bed 
(UADG LM 17.478). (a) Complete block, (b) close up of boxed section indicated in (a). Way up interpreted as to the top of the page, based 
on relatively sharp base and more defuse upper boundary, but uncertain as the specimen was recovered as a loose block. Collected by 
LFN from Salto y La Lavendera.
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mudrocks accumulate in a wide range of depositional settings, 
many of which are highly complex to understand (Ruppel & 
Loucks, 2008), in part due to a lack of modern analogues for 
Cretaceous high–stand epicontinental seas (Algeo et al., 2008; 
Schieber, 2016; Wignall, 1991a). Hence, to understand the dy-
namics of former Paja Formation Seas, and the organisms that 
inhabited them, it is essential to consider diverse evidence for 
physical water body properties, sedimentary environments, and 

biogeochemical parameters (Sageman et al., 1991; Tyson & 
Pearson, 1991).

3.1. Reinterpretation of the Physical and Biotic 
Environment of the Paja Formation

Deposition of the Paja Formation in the alto Ricaurte took place 
during Hauterivian – Aptian times, in a world with high global 

50 mm

50 mm

a b

c

Figure 14. Wood preserved as external moulds filled with coarsely crystalline (sparry) black calcite. (a) Cross–section showing the in-
ternally layered calcite infill, and (b) lateral surface with well–preserved external surface ornamentation of small rugosities (UADG LM 
14.50h). (c) A second specimen with coarser external ornamentation, filled with non–layered, coarsely crystalline black calcite (UADG 
17.537). Both specimens preserved within non–sectarian concretions. Collected by LFN from loma La Cabrera.
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sea levels, warm and equitable global temperatures (Tyson & 
Pearson, 1991; van Helmond et al., 2015; Weissert, 1981), and 
seas dominated by marine reptiles, fish, and ammonites. The 
Paja Formation Basin lay in an equatorial location, 5–7° north 
of the equator (Smith et al., 1994), beneath the ascending limb 
of the Hadley atmospheric cell (Ziegler et al., 2003). This loca-
tion, associated with high solar insolation and warm sea surface 
temperatures, enhanced the hydrological cycle (Poulsen et al., 
2007; Ufnar et al., 2002) and produced high evaporation and 
precipitation rates (van Helmond et al., 2015). Modern tropical 
shelf seas are well–mixed by the action of tides and/or wind 
driven waves; although tides would have been damped by fric-
tion over shallow epicontinental sea floors (Bádenas & Aurell, 
2008). Hence, most energy in Cretaceous tropical epicontinen-
tal seas came from the wind (Tyson & Pearson, 1991), and this 
atmospheric disturbance incorporated abundant O2 and CO2 into 
surface waters, despite a decrease in atmospheric gas solubility 
in sea water with increasing temperature (Tyson & Pearson, 
1991; van Helmond et al., 2015).

3.1.1. Water Depth in Paja Formation Seas

Water depth is a key environmental parameter, and yet abso-
lute palaeowater depths are one of the most poorly constrained 
boundary conditions of epicontinental seas (Immenhauser, 
2009; Ruppel & Loucks, 2008; Tyson & Pearson, 1991; Wig-

nall, 1991a). The Paja Formation Seas flooded continental 
lithosphere, producing a marine incursion extending into the 
continental interior (Immenhauser, 2009). Hence, water depth 
in Paja Seas would have been “shallow” compared to abyssal 
depths, as high global sea levels increase the aerial extent of 
continental flooding more rapidly than water depth (Tyson & 
Pearson, 1991). Modern shelf seas range in depth from 0 m (at 
the shoreline) to around 200 m (close to the continental slope) 
(Immenhauser, 2009), but are typically <130 m deep. Anoxia 
does not occur in waters shallower than about 10–15 m (due 
to atmospheric surface mixing), and does not normally occur 
below 60 m, the depth where organic matter is fully degraded in 
oxic waters (Tyson & Pearson, 1991). The thermocline typically 
lies at 10–40 m water depth, and a pycnocline may occur at 1–10 
m above the sediment–water interface (Tyson & Pearson, 1991). 
However, with their unique characteristics, Cretaceous epicon-
tinental seas are not directly comparable to modern peri–conti-
nental (shelf) seas (Immenhauser, 2009; Meyer & Kump, 2008).

Water depths in epicontinental seas undoubtedly varied in 
space and time. Estimates of water depth vary from a few to 
tens to hundreds of metres (Etayo–Serna, 1968; Forero–Onofre 
& Sarmiento–Rojas, 1985; Miller et al., 1988; Sageman et al., 
1991; Wignall, 1991a), but maximum water depth is common-
ly cited as <100 m (e.g., Miller & Foote, 2009; Mutterlose et 
al., 2009). Water depth is controlled, and modified, by global 
sea–levels, and rates of sedimentation and subsidence (Wig-

50 mm

a b

Figure 15. Silicified wood, (a) showing 
external fibrous woody texture and (b) 
rotated 90 degrees to show the cross–
section with the outer surface (a) to the 
right (UADG LM 17.407a). Note the faint 
growth lines to the right of (b) with 
coarser textured (heart) wood to the left. 
The preservation of the internal struc-
ture contrasts markedly with specimens 
preserved in calcite (Figure 14). Collected 
by LFN from El Roble.
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nall, 1991a). However, anoxic bottom waters must be below 
fair weather wave base (typically around 15 m water depth), 
and the generally fine–grained mudrocks of the Paja Formation 
(Etayo–Serna, 1965, 1968) suggest a water depth below normal 
storm wave base (Miller et al., 1988), which is typically around 
30–60 m (Bádenas & Aurell, 2008). However, occasional dis-
tal tempestites (Figure 13) indicate the Paja Formation sedi-
ment–water interface was within reach of exceptional storms, 
which in modern seas may affect waters below 100 m (Tyson 
& Pearson, 1991). This is corroborated by a lack of shallow 
water sedimentary structures (desiccation cracks, wave–formed 
ripples, seafloor mineralization) or common tempestite deposits 
(erosive bases, coarse–grained lags, hummocky cross stratifi-
cation) (Immenhauser, 2009; Miller et al., 1988), and may be 
further constrained by the presence of sandownid turtles that 
have been considered to inhabit the near shore–littoral zone 
(Cadena, 2015). Hence, we suggest a water depth for Paja For-
mation Seas in the range of 60–130 m.

3.1.2. Paja Formation Surface Waters

Cretaceous atmospheric (and oceanic) partial pressures of carbon 
dioxide (pCO2) were high (Zhang et al., 2016), which together 
with high water temperatures and a well–lit equatorial location 
(due to daytime solar input being directly overhead; Sageman 
et al., 1991), led to elevated rates of marine photosynthesis 
(Caplan & Bustin, 1998; van Helmond et al., 2015). In modern 
seas, nutrient availability, water temperature, salinity, and wa-
ter clarity all control photosynthetic rate (Tourtelot, 1979), so 
for continued primary productivity in Paja Seas, constant input 
or recycling of biologically limiting nutrients (especially N, K, 
Fe) was essential (Moore et al., 2013). Most nutrients in the 
modern shallow marine realm come from continental weather-
ing and are delivered by freshwater runoff (Keller, 2008). For 
Paja Formation Seas, sediments and nutrients were sourced from 
neighbouring landmasses or topographic highs forming islands, 
which included the Guiana Shield to the east, and the Central 
Cordillera island arc to the west (Campos–Álvarez & Roser, 
2007). The island arc may also have contributed volcanic ash 
during eruptions (Hoedemaeker & Kakabadze, 2004), and thus 
influenced Cretaceous ocean fertility (Petrash et al., 2016; van 
Helmond et al., 2015). Wind–blown continental dust may also 
have contributed nutrients (Schieber, 2016), but as Paja Forma-
tion Seas were outside the desert climatic belt, this was likely to 
have been a minimal input.

The climate of adjacent landmasses controls the rate of 
terrestrial organic matter input into a marine basin (Weissert, 
1981). During Paja Formation times, elevated pCO2, equatorial 
temperatures, and abundant water availability enhanced rates 
of terrestrial tropical deep weathering (Petrash et al., 2016; van 
Helmond et al., 2015). There is ample evidence from the Paja 
Formation that these nearby landmasses, like the Paja Seas, ex-

hibited high primary productivity, and were therefore covered in 
an abundance of vegetation. Terrestrial vegetation acts to stabi-
lize weathering products, especially if land surface gradients are 
subdued (Schieber, 2016), although vegetation may also have 
generated high levels of weathering, both physical (through root 
action) and chemical (through release of organic acids). There 
is abundant evidence for higher plant input into Paja Formation 
Seas (e.g., Huertas, 1967, 1970), and this abundance of terres-
trially sourced vegetation indicates high levels of run off, which 
would have brought abundant detrital grains and nutrients, as 
ions in solution, into the Paja Formation Basin (Tyson & Pear-
son, 1991), together with the organic material. These terrestrially 
sourced weathering products, together with the organic material, 
were presumably delivered to Paja Formation Seas via rivers 
(Tyson & Pearson, 1991; van Helmond et al., 2015) as a result 
of high tropical precipitation rates and following intense runoff 
resulting from storms. Once in the shallow marine realm, high 
sea surface temperatures ensured rapid biochemical recycling 
of biological limiting nutrients. High nutrient input, associated 
with elevated temperatures may also have been a key factor in 
bottom water anoxia (Meyer & Kump, 2008).

There is no absolute method for determining Paja Forma-
tion palaeosalinity (Tyson & Pearson, 1991). Rainfall and fresh-
water runoff from adjacent landmasses can decrease surface 
seawater salinity, but wind mixing would have limited this to 
local variability near–shore (Sageman et al., 1991; Tyson & 
Pearson, 1991). The abundant ammonite fossils (e.g., Etayo–
Serna, 1979; Patarroyo, 2000b), members of Cephalopoda, are 
indicative of marine conditions with near normal salinity, as 
all modern cephalopods are intolerant to greatly increased or 
lowered salinities (Moore, 2001). That most ammonites are 
autochthonous to the Paja Formation Basin, and did not expe-
rience significant post–mortem transport, is demonstrated by 
their frequent exceptional preservation, including the most del-
icate shell structures such as spines (e.g., Etayo–Serna, 1968; 
Patarroyo, 2000a). Hence, near normal marine conditions, as 
indicated by the fossil fauna, implies an open connection to 
wider Cretaceous oceans which maintained normal marine sa-
linity. Thus, surface waters of Paja Formation Seas would have 
been warm, well–lit, and well mixed, with abundant O2 and 
CO2, and normal marine salinity.

3.1.3. Pelagic Fauna

Interpreting a living community from fossil evidence requires 
rigorous analysis, but this is only partly possible for Paja For-
mation Seas due to lack of study. Paja Formation Seas were 
home to a diverse, autochthonous pelagic fauna consisting of 
numerous marine reptiles, fish, and ammonites (Figures 5–7), 
although marine crocodiles and belemnites, common in other 
Lower Cretaceous marine deposits (Mutterlose et al., 2009), are 
entirely absent from the Colombian Cretaceous. Marine rep-



466

NOÈ & GÓMEZ–PÉREZ

tiles, all air breathing, are represented by abundant and diverse 
plesiosaurs (both plesiosauromorphs and pliosauromorphs), 
ichthyosaurs, and marine turtles. Fish are abundant and diverse, 
and ammonites, both planispiral and heteromorphic, some large, 
are incredibly abundant. The fish and ammonites, both of which 
obtain O2 for respiration dissolved in the water column, provide 
evidence for abundant oxygenation of surface waters. The high 
pelagic biodiversity is also an indication of the productivity of 
Paja Formation Sea surface waters, as all organisms are ulti-
mately dependent on phytoplankton as a source of energy. The 
organic–rich Paja Formation sediments are thus indicative of 
rich phytoplankton and zooplankton in the oxic, photic zone 
waters of this former epicontinental sea.

Marine reptiles may have been attracted to Paja Formation 
Seas to exploit feeding grounds rich in fish and ammonites. 
Additionally, Paja Formation Seas may have acted as relative-
ly safe breeding– or birthing–grounds for marine reptiles (cf. 
to the Posidonien–schiefer deposits of Holzmaden, Germany; 
Bottjer et al., 2002). However, gravid females and juveniles 
are rare in the fossil record, and poorly known from the Paja 
Formation, so the topic requires additional research. Current-
ly, the only direct evidence for marine reptile reproduction in 
Paja Formation Seas is the presence of turtle eggs (Figures 9, 
10), and juveniles of Desmatochelys padillai (Cadena & Par-
ham, 2015). However, as the turtle eggs are surrounded by the 
bones of the mother, this excludes the possibility the eggs had 
been laid. Hence, the current data cannot support the hypothe-
sis of a turtle breeding ground (Etayo–Serna et al., 2015), and 
in any case, marine turtle eggs require both water from the 
environment (Wallace et al., 2006) and low salinity (Miller 
et al., 2003a) to develop. Hence, the previously hypothesised 
sabkha environment for the Paja Formation (Forero–Onofre 
& Sarmiento–Rojas, 1985) is incompatible with the terrestrial 
deposition of turtle eggs, which in an evaporitic environment 
will rapidly dehydrate and die.

In addition to the free–swimming pelagic organisms, the 
Paja Formation preserves abundant evidence of pseudoplank-
tonic bivalves, or lignophagous “shipworms” (Evans, 1999; 
Gingras et al., 2004) that lived by burrowing into floating 
driftwood (Figure 11). That this is pseudoplankton, rather than 
bottom living bivalves colonizing wood falls, is clear from the 
presence of boring bivalves all around the wood, which would 
not be the case for bottom colonization, where wood in contact 
with the sediment surface would be free of boring organisms. 
The presence of xylic bivalves is also evidence that woody 
plant material was a common resource in Paja Formation Seas, 
and that some floated for a considerable time. In addition to the 
preserved pseudoplankton, it is likely other organisms hitched 
a ride on swimming marine reptiles, fish, and cephalopods, or 
floating objects, as occurs in modern oceans (Wignall & Myers, 
1988). However, this is aspect of Paja Formation palaeoecology 
requires additional research.

3.1.4. Paja Formation Bottom Waters

The sedimentology of the Paja Formation is predominantly 
fine–grained mudrocks, which are frequently finely–laminated, 
but exhibit limited evidence for abiotic sedimentary structures, 
and typically lack coarse–grained clastic materials (Tyson & 
Pearson, 1991). These muddy sediments are indicative of a 
low energy depositional environment (Townson, 1975; Wignall 
& Myers, 1988), with sediments gradually settling through a 
tranquil water column, and little disturbed by bottom currents 
(cf. Etayo–Serna, 1968). This is supported by the low–level 
of mechanical fragmentation and disarticulation observed in 
many invertebrate and vertebrate fossils, but which may also 
be due to the rarity of scavengers on the sea floor (Wignall 
& Myers, 1988). However, infrequent silt laminae and sand-
ier interbeds indicate occasional high–energy events that de-
posited coarser–grained material in the Paja Formation Basin. 
These event horizons produced large, infrequent perturbations 
of Paja Formation Seas, likely generated by very large tropical 
storms, tsunamis or turbidity currents. Tectonic activity prob-
ably produced earthquakes (Wignall, 1989) from the nearby 
subduction zone beneath the Central Cordillera island arc to 
the west (Gaona–Narváez, 2015), or as a result of extensional 
crustal faulting beneath the Paja Formation sedimentary basin 
(Jiménez et al., 2014).

The predominantly dark colour of Paja Formation sedi-
mentites is indicative of a high organic carbon (Corg) content 
(Tourtelot, 1979). Total organic carbon (TOC) values in the 
Paja Formation are on average >1%, and in some exception-
ally horizons TOC reaches >15% in (Campos–Álvarez et al., 
2002). However, Corg is only incorporated into seafloor sedi-
ments when organic matter supply is greater than biochemi-
cal breakdown. Aerobic metabolism consumes O2, and when 
consumption is higher than supply, dysoxic or anoxic bottom 
waters and/or sediments, together with enhanced preservation 
of Corg result (Caplan & Bustin, 1998; Tourtelot, 1979; Tyson 
& Pearson, 1991). In addition, the dark mudrocks of the Paja 
Formation frequently preserve iron pyrite (Fe2S) (Etayo–Ser-
na, 1979). In the absence of O2, photosynthetic (green, purple) 
or non–photosynthetic sulphate–reducing bacteria thrive, de-
compose organic matter, invade the sediments, and generate 
hydrogen sulphide (H2S) (Tourtelot, 1979; Tyson & Pearson, 
1991). The organic matter thereby acts as fuel for seawater 
sulphate reduction. H2S is produced close to the sediment–
water interface, combines with iron derived from sediments, 
and is ultimately preserved in the form of iron pyrite (Fe2S) 
(Schieber, 2011). Hence, the common presence of iron py-
rite (Etayo–Serna, 1979) is evidence for the anoxic nature of 
Paja Formation epicontinental sea sediments. The less–com-
mon silt–rich and sandier interbeds, on the other hand, are of 
lighter colour as they contain much less Corg, and little or no 
Fe2S. These lighter coloured beds were probably the result of 
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low–frequency high–energy perturbations that stirred up the 
water column, introducing both coarser sediments and dis-
solved oxygen into the benthic realm. Short–term oxidation 
of the sea floor permitted oxidative decomposition of organic 
matter raining down from the surface waters, and temporally 
changed biological seafloor dynamics.

The muddy Paja Formation Sea floor was probably soft, 
possibly with a “soupy” (water–rich) consistency (Martill, 
1993). Muds, when initially deposited, typically contain a 
high percentage of water (Nicholls & Russell, 1990), leading 
to a fluidized upper sedimentary pile. These muds may con-
tain up to 80% water by volume, which can be reduced to as 
little as 30% upon compaction (Nichols, 2009). It is possible 
to estimate the volume of dewatering for the Paja Formation 
by comparing the thickness of bedding preserved within ear-
ly diagenetic concretions, to the compacted sediments that 
wrap around those concretions; this differential compaction 
indicates a loss of original sediment thickness of at least 80% 
(Figure 16). In addition to the sedimentary evidence, the fully 
articulated nature of many Paja Formation marine reptile skel-
etons (plesiosaurs, ichthyosaurs, turtles) suggest the carcasses 
sank into soft muds (Martill, 1985, 1988), partially or com-
pletely burying the organisms. This would have aided their 
preservation, and may help explain differential preservation 
on the two sides of the ichthyosaur Platypterygius sachicarum 
(SGC DON–19671), and the titanosauriform dinosaur Pa-
dillasaurus leivaensis (MJACM 4) (Carballido et al., 2015; 
Páramo–Fonseca, 1997). The numerous articulated fish, many 
bearing scales and/or preserved in three–dimensions (Figure 
6), also strongly argues for rapid burial close to the site of 
death, and preservation in anoxic sediments (Martill, 1993). 
The presence of soft or soupy sediments inhibited the growth 
of “normal” marine benthos, except perhaps for a few reclin-
ing species of inoceramid bivalves, dysoxia–anoxia at the base 
of the water column prevented the growth of epifauna on ex-
posed skeletal elements (Etayo–Serna, 1965), and minimized 
the action of scavengers.

3.1.5. Benthic Fauna

The Paja Formation preserves a depauperate benthic fossil fau-
na compared to the pelagic realm (Macellari & de Vries, 1987), 
with typically low levels of bottom–living macrofossil diversity 
and abundance. This indicates non–normal bottom conditions, 
most likely lacking in oxygen, but also possibly with toxic 
H2S generated on the sea floor or periodically released from 
within the sediments. However, some thin–shelled, epifaunal 
bivalve molluscs (e.g., inoceramids) are tolerant of low oxy-
gen tensions, and even small amounts of H2S (Wignall, 1991b; 
Wignall & Myers, 1988), and it is probably these species that 
are preserved in the Paja Formation (Etayo–Serna, 1968). In 
addition, the Paja Formation occasionally preserves gastropods, 

and extremely rarely echinoderms, crustaceans, and benthic 
foraminiferans (Etayo–Serna, 1968; Patarroyo, 2009). Hence, 
as with the sedimentology, there is good biological evidence 
for short–term benthic oxidation of the Paja Sea floor. These 
oxygenation events are recorded as occasional bivalve–rich 
horizons (Figure 12), and the rare presence of “normal” ma-
rine benthic faunal elements (Etayo–Serna, 1968). Periodically 
oxygenated Paja Formation bottom waters is in line with our 
developing more general understanding of epicontinental seas 
dynamics (e.g., Brady & Bowie, 2017; Sageman et al., 1991; 
Selden & Nudds, 2012).

Wavy, finely laminated sedimentary structures preserved 
with cubes of iron pyrite (Fe2S) are common within the Paja 
Formation of alto Ricaurte. These sedimentary structures have 
been interpreted as algal mats (Etayo–Serna et al., 2015), liv-
ing in shallow, well–lit (euphotic) waters that permitted suffi-
cient light penetration to maintain photosynthesis. However, 
the lack of grazing macrofauna, normally abundantly associ-
ated with Phanerozoic well–lit, well–oxygenated algal mat 
ecosystems (Eriksson et al., 2007), indicates dysoxic–anoxic 
conditions at least at the sediment–water interface. Hence, 
although microbial mat communities may at times have had 
oxic photosynthetic microorganisms (such as cyanobacteria) 
on the surface, it is likely that at most times these environ-
ments were dysoxic–anoxic and consisted of surface–living, 
sulphate–reducing microbial mat communities (e.g., green 
sulphur bacteria; Hay, 2008), producing H2S to which algae 
are entirely intolerant. Hence, the Paja Formation microbial 
laminates, with the common presence of pyrite, are not nec-
essarily indicative of well–lit, shallow–water, oxic conditions, 
but are better interpreted as deeper water, low oxygen, possi-
bly H2S–rich environments dominated by sulphate–reducing 
microbes. However, even in the presence of somewhat oxy-
genated near–bottom waters, anoxic microbial mats may flour-
ish, with a strong O2 (and H2S) gradient immediately above 
the sediment water interface. The interpretation of wavy lam-
ination as anoxic microbialites, rather than oxic cryptoalgal 
structures, is of importance as it accords more closely with the 
deeper, anoxic interpretation of the fine–grained organic–rich 
sediments generally observed in the Paja Formation.

The well–laminated fabric of many Paja Formation beds, 
and the scarcity of ichnofossils, indicates an almost entire lack 
of bioturbating infauna. Absence of burrowing forms implies 
anoxia at the sediment water interface (Mann & Stein, 1997; 
Wignall & Myers, 1988), most likely with the presence of H2S, 
which produces conditions chemically hostile to most mac-
ro–infaunal and epifaunal life (Macellari & de Vries, 1987; 
Sageman et al., 1991). However, laminated sediments may not 
be entirely lifeless (Tyson & Pearson, 1991), although the or-
ganisms are likely to be soft–bodied polychaetes, which are 
unlikely to leave evidence of their presence in the sedimentary 
or fossil records.
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3.1.6. A Tripartite Division of Paja  
Formation Waters

Dark, laminated mudrocks largely devoid of benthic macro-
fauna and trace fossils, beneath a stratified water mass were 
episodically developed in shallow epicontinental seas during 
the Jurassic and Cretaceous (Petrash et al., 2016; van Helmond 
et al., 2015). Paja Formation Seas were thereby divided into 
a three–phase environment (Tyson & Pearson, 1991): firstly, 
near–normal marine surface waters; secondly, non–normal dys-
oxic–anoxic bottom waters and anoxic sediments; and thirdly, 
these two semi–independent water masses were separated by a 
chemocline or pycnocline (density interface). However, devel-
opment of a chemocline–pycnocline will trap nutrients in the 
bottom waters, which, unless nutrients are available from else-
where, will lead to reduced surface water primary productivity 
(Tyson & Pearson, 1991), however, abundant nutrients appear 
to have been available in Paja Formation Seas from terrestrial 
sources as argued above. The interface between the upper and 
lower waters was not a sharp line, but rather a transition zone, 
which restricted vertical mixing of oxygen–rich surface waters 
and nutrient–rich but oxygen–poor bottom waters (Sageman, 
1985; Wignall, 1991a). Hence, the development of a semi–per-
manent chemocline–pycnocline acted as a control on both fauna 
and Corg burial (Pacton et al., 2011; Sageman et al., 1991).

With water depth greater than fair weather atmospheric mix-
ing, an oxygen and temperature gradient can develop due to 
incomplete mixing. With highly productive surface waters, the 
degradation of dead organic matter settling through the water 
column is incomplete, and below the well–mixed zone organic 
matter degradation consumes more oxygen than can be replaced 
by diffusion, especially in periods of high global temperatures 

such as the Cretaceous (Meyer & Kump, 2008; Tourtelot, 1979). 
This generates an oxygen gradient, and an oxygen minimum 
zone at or above the sediment–water interface (Jenkyns, 1980). 
Hence, dead organic matter normally oxidized within the water 
column, reaches the sediment–water interface, using up dis-
solved oxygen as it goes. Any aerobic decomposition on the 
seafloor further reduces benthic oxygen availability, and low ox-
ygen tensions gradually reduce benthic faunal species richness, 
biomass, and body size. The elimination of thick–shelled forms 
occurs first, although some smaller shelly forms can survive in 
dysoxic environments (Wignall & Myers, 1988). In the Paja For-
mation, the thickness of the lower (sub chemocline–pycnocline) 
dysoxic–anoxic water layer was probably in the order of centi-
metres to a metre (cf. Tyson & Pearson, 1991).

Ultimately, organic matter on the seafloor becomes incor-
porated into sediments, as it can no longer be completely con-
sumed by aerobic epifauna. In organic–rich sediments without 
infauna, even in the presence of partially oxic bottom waters, 
anoxic conditions will exist a few millimetres below the sed-
iment–water interface (May & Harvey, 1995). In anoxic con-
ditions, sulphate–reducing bacteria act on the organic matter, 
producing hydrogen sulphide, which is preserved in the rock 
record as iron pyrite (Tourtelot, 1979). Indeed, the incomplete 
breakdown of organic matter may produce compounds that 
preferentially act as substrates for anaerobic bacteria on the 
seafloor (Tourtelot, 1979). These conditions are most likely to 
occur in the deepest part of the basin, producing an oxygen–
deficient “puddle” (Wignall, 1991a). However, oxygen levels 
also depend on the rate of surface organic primary productivi-
ty, clastic sedimentation rates (so as not to over dilute organic 
matter), oxygen diffusion rates (lower in warmer waters), and 
the intensity of oxidation (Tourtelot, 1979).

Figure 16. Non–septarian, early diagenetic concretion surrounded by non–concretionary sediments that “wrap around” the concretion 
(UADG LM 17.369). (a) “End” of the concretion showing the bedding (picked out by recent weathering) passing through the concretion, 
whereas the surrounding non–concretionary sediments “wrap” around the concretion. (b) Cut, right side, of (a) showing the lack of ob-
vious bedding within the concretion (but which is faintly visible in the original specimen), the wrapping of sediments not invested by 
early diagenetic concretion growth, and a later phase calcite vein cutting the concretion sub–vertically. This specimen gives details of 
both pre– and post–compaction thicknesses of the sediment pile; in (a) concretion 84 mm, same laminae 15 mm post–compaction gives 
82.14% compaction (100 – (15/84 × 100)); in (b) concretion 129 mm (minimum), same laminae 19 mm post–compaction gives a minimum 
of 85.27% compaction (100 – (19/129 × 100)). Collected by LFN from Salto y La Lavendera, way up not known but overburden pressure 
was in the sense top–bottom.

84 mm15 mm 19 mm129 mm

a b

50 mm 50 mm



469

Plesiosaurs, Palaeoenvironments and the Paja Formation Lagerstätte of Central Colombia: An Overview

C
re

ta
ce

ou
s

The interface between the upper and lower water mass-
es developed due to differences between surface and bottom 
water bodies in terms of (Hay, 2008; Meyer & Kump, 2008; 
Wignall, 1989): temperature as a result of solar heating of sur-
face waters (likely); chemical differences due to slow oxygen 
diffusion and high nutrient availability (likely); and/or salinity 
differences (less likely). In modern environments, shelf anoxia 
is normally due to thermal stratification of the water column, 
but can be a result of dense saline bottom waters (Tyson & 
Pearson, 1991). In Paja Formation Seas, salinity differences 
seem an unlikely cause because, although salinity is a potent 
stratifying agent, it is improbable a halocline could develop 
across an entire epicontinental sea basin (Tyson & Pearson, 
1991). However, sediment cracking is observed in the Paja 
Formation, and underwater this could be related to syneresis 
(sub–aqueous sediment shrinkage due to osmotic dewatering 
into a halocline). However, the cracking seen in Paja Forma-
tion sediments seems more likely to be a result of diagenetic 
sediment dewatering and shrinkage (cf. to septarian nodule 
formation). Hence, thermal stratification of Paja Formation 
Seas, associated with oxygen starvation of the bottom waters 
and high nutrient input into surface waters (and hence high 
primary productivity), leading to biochemical water mass 
differences, seems the most likely reason for Paja Formation 
chemocline–pycnocline development and maintenance.

Shallow water black mudrock facies are often considered 
broadly transgressive (Tourtelot, 1979). However, although 
transgression may help explain the initial development of an-
oxia in Paja Formation Seas, it cannot explain the maintenance 
of that system. Paja Formation Seas existed from Hauterivian 
to Aptian times (approximately 18 Ma based on current un-
derstanding, Cohen et al., 2013; updated 2017/02), and marine 
transgression did not continue unabated throughout this time 
(Guerrero, 2002a, 2002b). In modern subtropical and tem-
perate seas, stratification is commonly linked to seasonality, 
with summer primary productivity sufficient to induce bottom 
water dysoxia–anoxia, and winter storms sufficiently strong 
to breakdown the chemocline–pycnocline (Bádenas & Aurell, 
2008; Miller et al., 1988). However, the latitudinal position of 
the Paja Formation Seas indicates a non–seasonal equatorial 
climate, with constant high primary productivity and therefore 
continual organic matter loading.

The majority of modern, and many ancient, dysoxic–bottom 
marine environments are enclosed, but it is perhaps possible to 
develop shelf anoxia in an open setting. However, the Paja For-
mation is best seen as a semi–enclosed sea, bordered by land to 
the east (and at different times to the north and south), with an 
incomplete barrier to the west formed by the Central Cordillera 
island arc. Hence, none of the commonly cited causes of den-
sity stratification appears to apply to Paja Formation Seas, and 
this reinforces the uniqueness of each individual epicontinen-
tal sea. Hence, the tripartite division of Paja Formation waters 

initially developed, and was later maintained, through surface 
water heating, and differential surface and bottom water bio-
chemical processes (Meyer & Kump, 2008). Once developed, 
dysoxic or anoxic bottom conditions are self–perpetuating. 
Some phytoplankton live along the chemocline–pycnocline, 
obtaining sunlight for photosynthesis from above and nutrients 
for growth from below (Tyson & Pearson, 1991). The gill–bear-
ing fish and cephalopods will not enter dysoxic bottom waters, 
as they require oxygenated waters to survive. Marine reptiles, 
as air breathing organisms, could potentially cross the chemo-
cline–pycnocline to enter dysoxic bottom waters, but a lack 
of prey items would normally restrict these organisms to the 
well–mixed surface waters. This lack of macroscopic predators 
in Paja Formation bottom waters, together with soft sediments, 
helps to explain the absence of scavenging on marine reptile 
skeletons and fish carcasses preserved in the Paja Formation. A 
“snapshot” model for the environment for the Paja Formation 
is presented in Figure 17.

3.1.7. Dynamics of Paja Formation Seas

Epicontinental seas were dynamic places (Sageman et al., 1991). 
Modern shallow seas are rarely beyond the reach of storm mix-
ing (Tyson & Pearson, 1991), and Paja Formation Seas were 
undoubtedly affected by storms, and possibly earthquakes, tsu-
namis, and turbidity currents. Equatorial regions are subject to 
short but intense thunderstorms, and at 5–7° north of the equator 
(Smith et al., 1994), Paja Formation Seas were on the lower lati-
tudinal limits of the tropical storm (hurricane–typhoon–cyclone) 
belt, but were undoubtedly occasionally affected by these large 
atmospheric perturbations (Emanuel, 2003). In shallow shelf or 
epicontinental seas, storms affect a large proportion of the wa-
ter column (Tyson & Pearson, 1991). Exceptional storms may 
completely break down chemical or density interfaces (Wignall 
& Myers, 1988) although the greater the depth of water, the 
greater the energy required to breakdown stratification, mak-
ing permanency of the chemocline–pycnocline a depth depen-
dant parameter (Wignall, 1991a). Large storms that breach the 
chemocline–pycnocline will temporally introduce oxygen into 
normally dysoxic–anoxic bottom waters (Miller et al., 1988; 
Wignall & Myers, 1988), but may also release toxic H2S from 
bottom waters or sediments (Meyer & Kump, 2008).

Evidence for storms in deep water environments are typically 
preserved as distal tempestites (Figure 13), often just a few mm 
thick, characterized by graded rip–up clasts, silt laminae, and 
thin graded mud horizons (Miller et al., 1988; Wignall, 1989). 
The aftermath of storm events may be recognised in the rock 
record by the presence of brief colonization events preserved as 
shell pavements (Figure 12), surrounded above and below by 
dysoxic–anoxic sediments (Miller et al., 1988; Wignall, 1989). 
In addition, the wide range of terrestrial material within the Paja 
Formation Basin (including logs, branches, leaves, fruit, insects, 
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and a dinosaur) is evidence for intense tropical storms blowing or 
washing terrestrial faunal and floral elements into Paja Formation 
Seas. However, it is worth noting, that no pterosaur or bird re-
mains have yet been reported from the Paja Formation, although 
both of these groups should be expected to be occasionally 
found. Storms may mix the water column to the seafloor (Tyson 
& Pearson, 1991); however, high–energy storm events are the 
rarest (Wignall, 1989). With the perturbation over, the seafloor 
may remain oxygenated for a period of years, depending on wa-
ter depth and surface water primary productivity, which allowed 

the development of short–term post–event biofacies (e.g., Figure 
12). However, the chemocline–pycnocline was self–restoring and 
with time bottom water dysoxia–anoxia developed, re–establish-
ing the former tripartite division. A model for the possible devel-
opment and dynamics of the Paja Formation epicontinental sea 
is presented in Figure 18.

Hence, Paja Formation Seas had surface waters that were 
warm and buoyant, well–lit, well–oxygenated, and with a 
near–normal salinity. Surface waters had strong solar input, a 
freshwater contribution derived from precipitation and runoff 
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Figure 17. A diagrammatic representation of Paja Formation Seas, with inputs from sun, rain, wind, storms, and the terrestrial realm. 
Surface waters with a restricted circulation and tidal influence, and with a diverse pelagic fauna. Dysoxic–anoxic bottom waters with a 
depauperate benthic fauna of a few thin–shelled bivalves, separated from the surface waters by a chemocline–pycnocline. The dysox-
ic–anoxic bottom waters largely excluded burrowing and surface living organisms and permitted exceptional fossil preservation. Abbre-
viations: (a) solar input; (b) wind; (c) rain; (d) tropical storms; (e) terrestrial freshwater and organic matter; (f) subdued tidal or current 
action; (g) zooplankton; (h) surface water phytoplanton; (i) phytoplankton exploiting the chemocline–pycnocline; (j) fish and their fossils; 
(k) marine vertebrates and their fossils; (l) ammonites and their fossils; (m) floating logs with boring bivalves (“shipworms”), and other 
terrestrial plant material; (n) insects; (o) sulphate–reducing bacterial mats; (p) depauperate benthic fauna; (q) occasional storm deposits; 
(r) low oxygen tension and hydrogen sulphide–tolerant annelid worms; (s) early diagenetic concretions, which may or may not contain 
fossils, and/or be septarian in nature. Water depths not to scale, with chemocline–pycnocline a transition zone. See text for details.
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(which provided nutrients and terrestrial organic matter), and 
were mixed by wind and to a lesser extent tidal action. The sur-
face waters were home to a pelagic flora of phytoplankton, with 
high rates of photosynthetic primary productivity (Pacton et al., 
2011), and a fauna of zooplankton, which acted as the base of a 
complex food web dominated by ammonites, fish, and marine 
reptiles (Figures 5–7). In addition, floating terrestrial wood act-
ed as a substrate for pseudoplanktonic, wood–boring bivalves 
(Figure 11). By contrast, the bottom waters of Paja Seas were 
Corg–rich, oxygen–starved (anoxic–dysoxic), and affected by the 
production of H2S. This led to a low diversity, low abundance 
depauperate benthos, dominated by microbial mat communities 
that thrived at low oxygen tensions. These two water masses 
were separated by a chemocline–pycnocline, making the Paja 
Formation a Type II, pelagic dominated facies (Sageman et al., 

1991). However, Paja Formation Seas were highly dynamic, 
leading to periodic breakdown of the boundary between surface 
and bottom waters by large–impact physical perturbations such 
as passing tropical storms, tsunamis or turbidity currents (Hay, 
2008; Miller et al., 1988). Nonetheless, the tripartite division 
of Paja Seas was re–established through the same biochemical 
and physical processes that initiated the system (Sageman et al., 
1991), producing a dynamic equilibrium that did not rely upon 
sluggish circulation of bottom currents (Meyer & Kump, 2008).

3.2. Taphonomy and Diagenesis

Preservation affects both sediments and fossils, and many 
processes are common to both inorganic particles and organic 
remains. Taphonomy is commonly divided into two comple-
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Figure 18. Conceptual diagram for the development, maintenance, breakdown, and re–initiation of a chemocline–pycnocline and dysoxic–
anoxic bottoms water in Paja Formation epicontinental seas. Left to right: transgression over the land surface deposited coarse–grained 
nearshore sediments and a shallow water fauna developed. Organic carbon is almost completely recycled, either within the water column, 
or on or close to the seafloor. As sea level continues to rise, finer–grained sediments are deposited, and bottom waters are no longer well 
mixed or oxygenated. With high surface water primary productivity, organic carbon is incompletely degraded, and in the lower water column 
oxygen demand is greater than availability leading to bottom water dysoxia–anoxia. The two water masses are separated by a chemocline–
pycnocline zone, which was reinforced by a relative lack of solar heating of bottom waters. With steady–state (non–fluctuating) sea levels, 
large storms may lower or breakdown the chemocline–pycnocline briefly oxygenating the sea floor, however, the chemocline–pycnocline 
is self–restoring. With fluctuating sea levels, regression may lead to the lowering or complete removal of the chemocline–pycnocline, and 
transgression may raise the chemocline–pycnocline. Paja Formation Seas were probably affected by a combination of fluctuating sea levels 
and storm events producing a complex, everchanging dynamic. Abbreviations: (a) algal mats; (b) fish and their fossils; (c) recycled organic 
matter; (d) bottom living epifauna, d’ epifaunal invasions due to brief oxygenation events; (e) infauna; (f) sulphate reducing microbial mats; 
(g) ammonites and their fossils; (h) incompletely recycled organic matter; (i) floating logs with boring bivalves (“shipworms”), and other 
terrestrial plant material; (j) marine vertebrates and their fossils. Horizontal and vertical axes not to scale. See text for details.
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mentary studies: biostratinomy, the biological, chemical, and 
physical processes occurring prior to final burial, or organisms 
(or their parts) acting as sedimentary particles; and diagenesis, 
the chemical and physical processes which affect both rocks 
and enclosing fossils following final burial (Lash & Blood, 
2004; e.g., Martin, 1999; Witkowska, 2012). The taphonomy 
of the Paja Formation is understudied (but see Etayo–Serna, 
1968); however, below we discuss the taphonomy of the marine 
reptiles, knowing that further work is required to fully under-
stand Paja Formation deposits, post–depositional history, and 
the preservation of diverse faunal elements.

3.2.1. Biostratinomy

Following death, a vertebrate carcass may float, beach or sink. 
In the taphonomic model proposed for the Paja Formation (Eta-
yo–Serna, 1968), marine reptile decomposing carcasses floated 
in from the west, eventually beaching along the palaeoshoreline. 
The assumption that marine reptile carcasses floated may or may 
not be true. For instance, humans have hunted modern marine 
mammals, preferring “right” whales—those that floated when 
harpooned, over other species that sank (Clapham, 1997; Würtz 
& Repetto, 1998)—but it is not known whether marine reptiles 
floated or sank upon death, or if like modern marine mammals it 
varied between species. However, marine mammals are insulated 
with a thick layer of low–density blubber, which increases their 
propensity to float, whereas modern reptiles typically have little 
subcutaneous fat deposits (Shirihai & Jarrett, 2006). If Mesozoic 
marine reptiles were akin to modern reptiles, it is more likely they 
sank upon death, at least until the gases of decomposition devel-
oped to a sufficient degree to re–float the carcass. However, the 
beautifully preserved specimens of marine reptiles from the Paja 
Formation are often fully articulated (Figure 5), with the jaws 
tightly closed, teeth in their alveoli, and delicate structures such 
as sclerotic plates and hyoid apparatus preserved in situ (e.g., 
Maxwell et al., 2016; Páramo–Fonseca, 1997; Welles, 1962). 
Based on actualistic taphonomic studies of modern mammals, 
floating carcasses rapidly decay and are subject to scavenging 
and disarticulation, and the lower jaw is one of the first elements 
to drop from a carcass (Schäfer, 1972). Hence, assuming similar 
patterns of necrolysis in Mesozoic marine reptiles and modern 
mammals, a “float and bloat” model for marine reptile preserva-
tion in the Paja Formation (Etayo–Serna, 1968) would predict 
loss of elements, starting with the lower jaw, distal limb elements, 
and the tail, and carcasses would present evidence of scavenging. 
However, modern mammal and Mesozoic marine reptile taphon-
omy are not the same, with examples of ichthyosaurs known that 
“nose–dived” into sediments with the lower jaws intact (Martill, 
1993; Wahl, 2009). However, the residence times in water (i.e., 
when sinking occurred) of these carcasses after death, are not 
known. Equally, beaching of marine reptiles following death (as 
proposed by Etayo–Serna, 1968) would predict that, as a large 

potential food supply, the body would be rapidly consumed by 
aerial, marine or terrestrial predator–scavengers, and that the 
bones would become scattered by wave action (Schäfer, 1972), 
which this is not seen in Paja Formation fossils.

The exceptionally well–preserved, articulated, little crushed 
preservation of the Paja vertebrates, including the preserva-
tion of delicate structures such as hyoid bones, sclerotic rings, 
scales, and eggs, requires a different explanation, where normal 
biostratinomic decay and destructive processes were “short–cir-
cuited”. The articulated nature of the skeletons argues strongly 
for rapid burial (Brenchley & Harper, 1998), which may have 
been due to rapid sedimentation rates, but is more likely a result 
of a soft or soupy substrate consistency (Martill, 1993). Com-
plete or partial burial in soft sediments would also decrease 
the chances of re–flotation of a carcass during the generation 
of gases of decomposition, depending on the weight of the 
overlying water column. The presence of organic carbon–rich 
sediments and dysoxic–anoxic bottom waters would also have 
precluded scavenging by fish and cephalopods, reduced or pre-
vented epibiont encrustation, and minimized the possibility of 
scavenging by air–breathing marine reptiles.

3.2.2. Diagenesis

Following final burial, diagenetic processes begin. The soft 
tissues of a dead organism are a vast potential energy source 
for microorganisms, which rapidly reduce oxygen availability 
around the carcass, and produce dysoxic–anoxic conditions at 
or close to the sediment–water interface. The subsequent an-
aerobic breakdown of soft tissues and interaction with seawater 
releases H2S, which reacts with iron released from sediments to 
produce iron pyrite (Fe2S). Hence, the presence of pyrite in alto 
Ricaurte sediments strongly suggests anoxic pore waters, and 
future study of pyrite morphology may be indicative of the ox-
ygen content of Paja Formation bottom waters (Gallego–Torres 
et al., 2015; Roychoudhury et al., 2003).

Calcareous– and iron–rich concretions are abundant 
throughout the Paja Formation (Figure 4). Concretions are often 
richly fossiliferous (Etayo–Serna, 1968), but even those devoid 
of macrofossils are likely to have nucleated around microfossils 
or amorphous Corg. Concretions are also indicative of reduced 
sedimentation rates (Martin, 1999), and localized, pre–compac-
tion diagenesis at shallow depths within the sediment pile, prior 
to dewatering. The early diagenetic nature of Paja Formation 
concretions can be ascertained by the “wrapping” of enclos-
ing sediments (Figure 16), which is indicative of concretionary 
growth within the sediment body and later differential dewater-
ing and compaction of the surrounding non–concretionary sed-
iments. As burial depth increased, early diagenetic concretions 
resisted compaction of the sediments and, where they formed 
around fossils, led to exceptional three–dimensional preserva-
tion (Páramo–Fonseca, 1997; Welles, 1962).
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Gypsum and calcite are common in many parts of the Paja 
Formation, and have been considered syndepositional (Etayo–
Serna, 1968; Forero–Onofre & Sarmiento–Rojas, 1985). Both 
calcite and gypsum are encountered as sheet–like bodies (gyp-
sum veins are commonly 1–2 mm thick, whereas calcite veins 
are often 10 mm or more in thickness; Figures 8, 12), with inter-
nal bi–layered fibrous–like crystals (“satin spar” for gypsum or 
“sparite” for calcite), distributed approximately symmetrically 
around a central junction (Cobbold et al., 2013; Philipp, 2008). 
As the crystals lie approximately normal to the edges of the min-
eral sheets, this form of gypsum or calcite is commonly termed 
“beef” as it has the appearance of cut meat (Cobbold et al., 2013); 
cone–in–cone calcite is also occasionally present. The calcite and 
gypsum sheets may follow bedding, but also commonly cross 
or cut sedimentary layers and concretions, or divide to surround 
fossils (Etayo–Serna, 1968). In addition, antitaxial growth (from 
the vein centre) means fossils may be found in the centre of cal-
cite “beef” (Figure 12), and as the crystals of the minerals are ar-
ranged perpendicular to the centre of the vein, vague impressions 
or “shadows” of the fossils may be visible on both outer surfaces 
of the mineral veins (Cobbold et al., 2013).

The perpendicular arrangement of gypsum and calcite fi-
bres is evidence for extensional vein growth, with cracking and 
deposition from hydrothermal fluids occurring along the vein 
walls (Philipp, 2008). The fracturing of mudrocks indicates vein 
growth and deposition must have taken place in consolidated 
sediments. Gypsum “beef” typically forms at temperatures of 
up to 60 °C, whereas calcite “beef” is deposited at temperatures 
of 70–120 °C or within the “oil window” (Cobbold et al., 2013). 
Thus, formation of gypsum and calcite “beef” occurs at tempera-
tures (and pressures) higher than those at the surface of the earth 
(Kershaw & Guo, 2016), so interpretations of sheet gypsum or 
calcite as syndepositional, are erroneous. The temperatures of 
formation of gypsum and calcite “beef” suggest emplacement 
of gypsum after the calcite, probably during relatively recent un-
roofing of the ECC (Mosolf et al., 2010), although further work is 
required to determine the cross–cutting relationships of gypsum 
and calcite in the Paja Formation, and hence the relative timing of 
vein emplacement. However, as gypsum deposition did not occur 
during Paja Formation times, this leaves open the source of the 
calcium sulphate. One possible source is vertical migration from 
underlying or now missing overlying sediments, rich in calcium 
sulphate. However, contiguous formations show no evidence of 
extensive original gypsum precipitation (Etayo–Serna, 1965, 
1968), which suggests lateral migration of calcium sulphate–rich 
fluids from a geographically more distal source.

3.3. A Regional and Global Overview

During the Cretaceous, sea levels were globally high compared 
to today (Haq et al., 1987; Miller et al., 2005). Flooding of 
the Early Cretaceous western basins of Colombia commenced 

during the Berriasian, gradually extending from west to east 
(Gaona–Narváez, 2015). During this time, the Cundinamarca 
or Sabana de Bogotá Sub–basin horst was periodically flooded, 
as a result of constantly changing global sea levels (Haq et al., 
1988; Müller et al., 2008), which led to the deposition of evap-
oritic deposits (Cortés et al., 2006). Evaporation of seawater is 
likely to have produced a range of salts, including calcium car-
bonate, gypsum (hydrated calcium sulphate), and halite (sodi-
um chloride). However, as sea levels were constantly changing, 
repeated flooding and evaporation would have built complex 
salt deposits. Following tectonic inversion, these salts may have 
been the source of the post–depositional minerals (gypsum and 
possibly calcite) in the Paja Formation.

During Paja Formation times (Hauterivian to early Albian) 
global sea levels continued to fluctuate (Haq et al., 1988; Müller 
et al., 2008), leading to complex and dynamic cycles that af-
fected the Paja Formation depositional environment (Mann & 
Stein, 1997). The causes (and effects) of these high but con-
stantly changing sea levels have been the subject of much de-
bate with increased seafloor spreading rates and superplume 
induced large igneous province volcanism (e.g., the Ontong 
Java Plateau) evoked as possible mechanisms (Keller, 2008; 
Kominz, 2001; Seton et al., 2009). Superimposed over glob-
al sea–level changes, where a series of oceanic anoxic events 
(OAEs), which occurred throughout the Cretaceous (Hesselbo 
et al., 2007; Jenkyns, 2010). The Paja Formation of alto Ri-
caurte is likely to record evidence for two of these events. The 
OAE 1a (Selli) event of the early Aptian (Jenkyns, 2010; Leckie 
et al., 2002; Pictet et al., 2015) probably occurred in segment 
D (or possibly the base of segment E) of the AA Member. OAE 
1b (the Paquier event), which occurred close to the Aptian – 
Albian boundary (Jenkyns, 2010; Zhang et al., 2016), is likely 
to have occurred in the AcNH Member. The causes of OAEs 
may have been many and varied, but possibly include increased 
mid–ocean ridge volcanism producing gasses and nutrients, and 
release of methane gas hydrates, both leading to higher than 
normal ocean primary productivity (Jones & Jenkyns, 2001; 
Larson & Erba, 1999; Méhay et al., 2009; Petrash et al., 2016; 
van Helmond et al., 2015; Zhang et al., 2016). In northern South 
America, facies changes appear to broadly match these global 
trends in sea–level and ocean dynamics (Macellari, 1988).

During the latest Cretaceous, collision of the Pacific Plate 
with the South American Shield began the process of tecton-
ic inversion of the ECC Basin, producing an intracontinental 
doubly vergent mountain chain (Jiménez et al., 2014; Teixell et 
al., 2015). This compression resulted in a combination of thick– 
and thin–skinned faulting (Babault et al., 2013; Moreno et al., 
2013), with a major decollement (basal detachment fault) in the 
lowermost Cretaceous salt–rich layers, that today lie at around 
4 km depth (Teixell et al., 2015). Inversion of the ECC resulted 
in halite diapirs (e.g., at Nemocón and Zipaquirá; Babault et al., 
2013), and may have been the source for the lateral migration of 
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mineral–rich fluids that gave rise to both Colombian emeralds 
(Cobbold et al., 2013) and the gypsum “beef” in the Paja For-
mation. The calcite “beef” could have been sourced from the 
same fluids, intrabasinally, or a combination of both. Hence, 
rapid Miocene uplift of the Andes (Babault et al., 2013; Bayona 
et al., 2013), may have been the trigger for fracturing, vertical 
salt dome diapirism, and lateral migration of over pressurized, 
calcium– and sulphate–rich fluids.

One salt deposited during the Berriasian was presumably 
calcium sulphate, originally in the form of gypsum, but at depth 
converted by dehydration to anhydrite, which produces a re-
duction of the original volume of around 10% (Philipp, 2008). 
Following tectonic inversion, the anhydrite was exposed to 
circulating groundwaters, causing hydration to gypsum, and a 
volume increase of 60% (Philipp, 2008), generating fluid over 
pressurisation and salt mobilization. Over pressurisation would 
have led to hydrothermal fluid movement along faults and frac-
tures reactivated or produced due to crustal shortening, or de-
veloped as a result of natural hydraulic fracturing, and along 
bedding planes between the largely impermeable mudrocks 
within the Tablazo–Magdalena Sub–basin. Successive miner-
al–rich fluid flows, over a period of several millions of years 
(Cobbold et al., 2013), would thereby have deposited fibrous 
gypsum (and possibly calcite) “beef” within Paja Formation 
rocks. Hence, the source of the over pressurization is likely to 
have been conversion of anhydrite to gypsum (Philipp, 2008), 
driven by deep water circulation as a result of changing precip-
itation and runoff resulting from the rise of the Andes mountain 
chain (Mora et al., 2008).

Ultimately, uplift of the Andes brought Paja Formation 
rocks to 2150 m above sea level, and unroofing led to modern 
subaerial weathering and erosion. This produced recent oxida-
tion of iron–rich clay minerals, leading to the typically varie-
gated colours of the Paja Formation outcrops. A small amount 
of gypsum in the Paja Formation may have been produced close 
to the surface by recent weathering.

4. Conclusions

The Paja Formation was deposited in a moderately deep (~60–
130 m) marine basin, formed as a result of extensional tectonics 
and high sea levels during Hauterivian to Aptian times. By unit-
ing sedimentological, paleobiological, taphonomic, and tectonic 
data with literature on modern shelf and ancient epicontinental 
seas, we have been able to reconstruct and reinterpret the pa-
laeoenvironment of the Paja Formation of alto Ricaurte. The 
Paja Formation Seas were tripartite, with normal marine surface 
waters inhabited by a diverse pelagic fauna of marine reptiles 
(plesiosauromorph and pliosauromorph plesiosaurs, ichthyo-
saurs, and marine turtles), numerous fish, and extremely abun-
dant ammonites. The food web is inferred to have been based on 
abundant phyto– and zoo–plankton. Surface waters were warm, 

well–lit, well–mixed, and of normal salinity. This was in marked 
contrast to the bottom waters, which were dysoxic–anoxic, and 
inhabited by low oxygen– and hydrogen sulphide–tolerant spe-
cies, such as thin–shelled bivalves, probable annelid worms, and 
sulphide reducing bacteria that formed seafloor mats. Dysox-
ia–anoxia in the sediments and lower water column was due to 
the accumulation of incompletely degraded organic matter. The 
upper and lower portions of the water column seem to have been 
separated by a chemocline–pycnocline, which may have arisen 
due to temperature driven chemical or density differences be-
tween surface and deeper waters, but could (less probably) have 
been due to differences in salinity, or a combination of factors. 
However, Paja Seas were dynamic, and occasional breakdown 
of the chemocline–pycnocline occurred as a result of large tropi-
cal storms, but Paja Formation Seas may also have been affected 
by earthquake generated tsunamis and/or turbidity currents.

A paucity of Lower Cretaceous marine reptile bearing strata 
has long been noticed (e.g., Hampe, 1992). However, the Paja 
Formation of the alto Ricaurte, Eastern Cordillera of Colombia 
is a very complete succession of Hauterivian to Aptian rocks, 
which preserves an exceptional pelagic fauna. The excellent 
preservation of the fossil fauna around alto Ricaurte opens a 
new window on marine reptile, and particularly plesiosaur, di-
versity in the Early Cretaceous. The Paja Formation can there-
fore be considered one of very few Lower Cretaceous marine 
reptile Lagerstätte.

Data supporting an evaporitic environment for the Paja 
Formation, based on the presence of gypsum, is shown to be 
erroneous and the result of secondary, diagenetic processes. 
Gypsum (and possibly calcite) “beef” is likely to have been 
emplaced as the result of hydrothermal fluid migration, with 
the gypsum probably sourced from Berriasian salts deposited 
over the Sabana de Bogotá high. Fluid migration was likely 
driven by over pressurisation due to rehydration of anhydrite 
to gypsum as a result of Andean uplift, unroofing, and resul-
tant changing climatic patterns. Hence, two aspects critical to 
a full understanding of the geological history of the Paja For-
mation, are the taphonomy of the fossil remains, and the clear 
separation of original depositional features from the products 
of diagenesis. This work thereby suggests that although the de-
posits of the alto Ricaurte region are some of the best studied 
in Colombia, there remains much to understand about these 
fascinating rocks, and the times in which they were deposited.
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Two Cretaceous Subduction Events  
in the Central Cordillera: Insights from  
the High P–Low T Metamorphism

Camilo BUSTAMANTE1*  and Andres BUSTAMANTE2 

Abstract The scarcity of high–pressure metamorphic rocks at the Earth’s surface due to 
the specific conditions required for their formation and preservation makes it difficult 
to access the information about subduction zones that they can provide. The northern 
Andes are characterized by several occurrences of blueschists and, in minor propor-
tions, eclogites, whose origins are yet to be unraveled. The metamorphic rocks found 
herein include the Pijao amphibolitized eclogites, Barragán blueschists and associated 
garnet–amphibolites, and Jambaló blueschists found in Colombia as well as the Raspas 
Metamorphic Complex in Ecuador. All these rocks have been correlated into a single 
Early Cretaceous high–pressure metamorphic belt based on regional geochemistry 
and geochronological data. A compilation of the most recent whole–rock geochemistry 
and Ar–Ar and Lu–Hf ages from the three high–pressure sequences in Colombia indi-
cates that at least two different subduction events have been recorded in the Central 
Cordillera of Colombia. The first event, involving subduction and collision, occurred at 
ca. 130–120 Ma and is represented by the Pijao, Barragán, and Raspas high–pressure 
rocks, which have N–MORB–like protoliths and are contemporaneous with the end of 
the arc–related magmatism of the northern Andes, related to an oblique convergence 
between the Farallón Plate and the continental margin of South America. The second 
event of subduction is represented only by the Jambaló blueschists at ca. 70–60 Ma, 
whose protolith is akin to basalt formed in a plume–influenced intra–oceanic arc that 
was accreted to the continental margin. No reliable correlation is possible for these 
rocks as yet.
Keywords: blueschist, eclogite, northern Andes, high–pressure metamorphism.

Resumen Las rocas metamórficas de alta presión son escasas en la superficie de la 
Tierra debido a sus condiciones especiales de formación y conservación. Esta escasez 
dificulta el acceso a la información que este tipo de rocas puede proporcionar sobre 
las zonas de subducción. Los Andes del norte se caracterizan por varias ocurrencias de 
esquistos azules y, en menor proporción, eclogitas cuyo origen aún no es claro. Entre 
estas ocurrencias se incluyen las eclogitas anfibolitizadas de Pijao, los esquistos azules 
y anfibolitas granatíferas asociadas de Barragán, y los esquistos azules de Jambaló en 
Colombia, así como el Complejo Metamórfico Raspas en Ecuador. Todas se han correla-
cionado como un único cinturón metamórfico de alta presión del Cretácico Temprano 
sobre la base de datos regionales de geoquímica y geocronología. Una recopilación 
de los datos más recientes de geoquímica en roca total y las edades Ar–Ar y Lu–Hf de 
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las tres manifestaciones de alta presión en Colombia registra al menos dos eventos 
de subducción diferentes en la cordillera Central de Colombia. El primer evento de 
subducción y colisión ocurrió a ca. 130–120 Ma y está representado por las rocas de 
alta presión de Pijao, Barragán y Raspas, las cuales tienen protolitos tipo N–MORB 
y son contemporáneas con el final del magmatismo de arco de los Andes del norte, 
relacionado con una convergencia oblicua entre la Placa de Farallón y el margen con-
tinental de Suramérica. El segundo evento de subducción solo está representado por 
los esquistos azules de Jambaló con edades de ca. 70–60 Ma, cuyo protolito es afín a 
basaltos formados en un arco intraoceánico con influencia de una pluma mantélica y 
acrecionados a la margen continental. Hasta ahora no existe una correlación confiable 
entre estas rocas y otras similares.
Palabras clave: esquisto azul, eclogita, Andes del norte, metamorfismo de alta presión.

1. Introduction

Blueschists and eclogites represent some of the main lithologi-
cal vestiges from which we can understand convergent margin 
processes since they are unequivocal evidence for paleo–sub-
duction zones and collision between lithospheric plates (e.g., 
Ernst, 1988; Maruyama et al., 1996). Unfortunately, these rocks 
are rarely exposed at the Earth’s surface owing to the difficul-
ties involved in their exhumation and preservation, which are 
attributed to their high density and low buoyancy when com-
pared with lower crustal materials (Agard et al., 2009).

The Mesozoic to Cenozoic orogenesis in the northern Andes 
including Ecuador and Colombia is characterized by a series 
of collisions of island arcs and oceanic plateau with the South 
American continental margin, accompanied by the formation 
of several subduction zones and the thrusting of oceanic crustal 
fragments, both on the continental margin and in the intra–oce-
anic domains (e.g., Cardona et al., 2012; Ramos, 2009; Restrepo 
& Toussaint, 1988; Spikings et al., 2015). These processes have 
resulted in the formation of ophiolitic complexes along with 
low–, medium, and high–pressure metamorphic rocks via the 
amalgamation of tectonostratigraphic terranes (Kerr et al., 
1997; Pindell & Kennan, 2009; Ramos, 2009). Blueschist and 
eclogite defining suture zones have been identified in the Cor-
dillera Real of Ecuador (Raspas Metamorphic Complex sensu 
Feininger, 1980) and in the Central Cordillera of Colombia 
(Figure 1; Arquía Complex sensu Maya & González, 1995).

The Arquía Complex is located in the Central Cordillera 
of Colombia, where high–pressure metamorphic rocks crop 
out in the Pijao, Barragán, and Jambaló areas (Figures 2, 3, 4 
respectively; Bustamante et al., 2011, 2012; Feininger, 1982; 
Núñez & Murillo, 1978; Orrego et al., 1980a). The Jambaló 
rocks are limited in their distribution to the east by the Caja-
marca Complex, comprising Jurassic metapelitic and amphi-
bolic schists (Blanco–Quintero et al., 2014; Bustamante et al., 
2017a), and to the west by Lower Cretaceous volcanic rocks of 
the Quebradagrande Complex (Figure 5; Botero, 1963; Kerr et 

al., 1997; Maya & González, 1995). The Pijao and Barragán 
rocks are within the Arquía Complex (Figure 5).

The tectonic significance of the abovementioned rocks is still 
under debate as relatively few geological data from selected oc-
currences have been used in existing interpretations. These rocks 
have been interpreted as being related to subduction events (Asp-
den & McCourt, 1986; Aspden et al., 1995; Bourgois et al., 1987) 
and exhumed during the Early Cretaceous, according to cooling 
ages varying between 132 and 110 Ma (Aspden & McCourt, 
1986; Feininger, 1982). Furthermore, rocks from the Raspas Met-
amorphic Complex (Ecuador) and those in the Central Cordillera 
(Colombia) have been correlated due to their similar tectonic po-
sitions and regional geochemical data and thereby assigned Early 
Cretaceous metamorphic ages (Spikings et al., 2015; Villagómez 
& Spikings, 2013; Villagómez et al., 2011). Other studies (Busta-
mante et al., 2011, 2012) have suggested that blueschists from the 
Jambaló area have a volcanic arc protolith and a Late Cretaceous 
to Paleogene age of metamorphism.

Although high–pressure rocks of the Central Cordillera have 
long been recognized, no tectonic model combining their occur-
rences has been developed as yet. This study, therefore, aims 
to give an updated review of the high–pressure metamorphic 
rocks of Colombia, describing their distributions, ages of meta-
morphism, and differences in protoliths. We challenge current 
models that consider a single Lower Cretaceous high–pressure 
metamorphic belt in Colombia and Ecuador with an exclusively 
N–MORB protolith (García–Ramírez et al., 2017; Spikings et 
al., 2015; Villagómez & Spikings, 2013). Pressure and tempera-
ture constraints, together with metamorphic ages and whole–rock 
geochemistry, suggest that Barragán and Pijao eclogites have 
N–MORB protoliths with Early Cretaceous metamorphic ages 
(Bustamante et al., 2012; García–Ramírez et al., 2017), whereas 
the Jambaló area records Late Cretaceous metamorphism with a 
volcanic arc–like protolith (Bustamante, 2008). Thus, we propose 
a tectonic model for the Cretaceous to Paleogene evolution of the 
western margin of the northern Andes, with special emphasis in 
the high–pressure metamorphic record. 
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Figure 1. Map of Colombia showing the distribution of high–pressure rocks along the Central Cordillera. The Raspas Metamorphic Complex 
(Ecuador) is also shown as a reference.
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2. Materials and Methods

Whole–rock geochemistry and geochronology have been 
previously published and peer reviewed: Details of the sam-
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pling and methodologies are provided in Bustamante (2008) 
for the Barragán and Jambaló blueschists, and in García–
Ramírez et al. (2017) for the Pijao eclogites. Table 1 compiles 
the mineralogy, geochemistry, and ages of northern Andes 
high–pressure rocks available up to the present study. Ta-
ble 2 compiles whole–rock geochemical data reported from 
Barragán blueschists (Bustamante et al., 2012), Pijao eclog-
ites (García–Ramírez et al., 2017), and Jambaló blueschists 
(Bustamante, 2008).
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Figure 5. Geological map of the occurrences of high–pressure 
rocks in the Central Cordillera and their tectonic position relat-
ed to the Quebradagrande and Cajamarca Complexes (Maya & 
González, 1995).

3. Results

Herein, we briefly summarize present knowledge of the high–
pressure metamorphic rocks from the Central Cordillera and 
provide the current geochronological data along with the 
whole–rock geochemistry that has been used to define the pro-
tolith.

3.1. Pijao Eclogites

García–Ramírez et al. (2017) and Avellaneda et al. (2017) re-
ported eclogites south of the Pijao region (Figures 2, 5) and 
described meter–scale lenses of eclogites, amphibolitized 
eclogites, and garnet–bearing amphibolites enveloped by chlo-
rite–actinolite schists in faulted contact with amphibolites.

The geochemistry reported by García–Ramírez et al. (2017) 
indicates a basaltic protolith for the Pijao eclogites (Figure 6), 
similar to that of the Barragán blueschist and amphibolite–fa-
cies rocks. Chondrite–normalized rare earth elements (REE) 
define a flat pattern (Figure 7a), further supporting this find-
ing. A subtle Nb anomaly is seen in the trace element variation 
plots normalized to N–MORB (Figure 8a; Table 1; Sun & Mc-
Donough, 1989).

A garnet–derived 176Lu/177Hf isochron age of 128.7 ± 
3.5 Ma (MSWD = 4.0) has been reported for Pijao eclog-
ite samples (Table 1; García–Ramírez et al., 2017). García–
Ramírez et al. (2017) interpreted this age as that at which 
the Pijao rocks reached eclogite facies, which is related to a 
slab roll–back process characterizing the western margin of 
the northern Andes since the Jurassic (Spikings et al., 2015). 
García–Ramírez et al. (2017) also suggested that along with 
the Pijao eclogites, the entire Arquía Complex (Maya & 
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Table 1. Mineralogy, geochemical constraints, and ages of the high–pressure rocks of northern Andes, including the Raspas Metamorphic 
Complex (Ecuador).

Region Pijao1 Barragán2 Jambaló3 Raspas4, 5

Rock Type Ecl (?) and Amp–ecl BS Amp–ecl (?) BS Ecl BS

Mineralogy
Hbl, Pl*, Phg, Qtz, 

Ep, Czo, Zo, Ttn, Rt, 
Grt, Omp

Gln, Lws, Ilm, Pg, 
Phg, Ep, Czo, Chl, 

Pl*, Carb, Ttn, Pmp, 
Py

Hbl, Pl*, Phg, Qtz, 
Ep, Czo, Zo, Ttn, 

Rt, Scp

Gln, Brs, Act, Pg, 
Ep, Czo, Chl, Pl*, 
Carb, Ttn, Rt, Zrn, 
Ap, Grt, Ilm, Py

Omp, Grt, Brs, Qtz, 
Zo, Rt, Ap, Ilm

Gln, Phg, Pg, Qtz, 
Carb, Ttn, Rt, Grt, 

Ap, Pl*, Ilm

Geochemistry MORB1 MORB2 MORB + OIB MORB + seamounts6

Age ca. 130 Ma1, A ca. 120 Ma2, B 71–63Ma3, C ca. 130 Ma6, D

(Ecl) eclogite; (BS) blueschist; (Amp–ecl) amphibolitized eclogites; (MORB) Mid Ocean Ridge Basalt; (OIB) Ocean Island Basalts; (Act) actinolite; (Ap) apatite; (Brs) 
barroisite; (Carb) carbonate; (Chl) chlorite; (Czo) clinozoisite; (Ep) epidote; (Gln) glaucophane; (Grt) garnet; (Hbl) hornblende; (Ilm) ilmenite; (Lws) lawsonite; (Omp) 
omphacite; Opaque minerals; (Pg) paragonite; (Phg) phengite; (Pl) plagioclase* (An contents varying from 2 to 28); (Pmp) pumpellyite; (Py) pyrite; (Qtz) quartz; (Rt) 
rutile; (Scp) scapolite; (Ttn) titanite; (Zo) zoisite; (Zrn) zircon.

1García–Ramírez et al. (2017); 2Bustamante et al. (2012); 3Bustamante et al. (2011); 4Aspden et al. (1995); 5Bosch et al. (2002); 6John et al. (2010).

A Whole rock from metabasites using Lu–Hf method. Age of metamorphism; BMuscovite and separates from graphite–chlorite–muscovite–quartz schist associated 
with the blueschist–facies rocks using 40Ar/39Ar method. Age of exhumation event; CParagonite and phengite from a blueschist using 40Ar/39Ar method. Age of meta-
morphism; DWhole rocks and mineral separates from an eclogite using Lu–Hf method. Age of metamorphism.

González, 1995) has the same basaltic protolith and was sub-
jected to the same slab roll–back process.

3.2. Barragán Blueschists

Discontinuous outcrops of blue–gray fine–grained epidote–
glaucophane and chlorite–lawsonite schists occur in the Ba- 
rragán region. These outcrops are associated with hornblende 
and chlorite schists and metapelites made up of muscovite, 
graphite, and quartz, together with serpentinized ultramafic 
rocks (Figures 3, 5). Possible amphibolitized eclogites mainly 
comprising hornblende and garnet have also been described in 
the area (González, 1997; McCourt & Feininger 1984).

Whole–rock geochemistry of the blueschist– and amphib-
olite–facies rocks (Bustamante et al., 2012) indicates a basal-
tic protolith (Figure 6). Chondrite–normalized REE patterns 
(Figure 7b) show a slight depletion in the lightest rare earth 
elements (LREE) and an almost flat pattern in the middle 
rare earth elements (MREE) and heavy rare earth elements 
(HREE). Within the trace element variation plots normalized 
to N–MORB (Figure 8b; Sun & McDonough, 1989), Nb and 
Th show negative anomalies.

Bustamante et al. (2012) reported 40Ar–39Ar ages using 
muscovite and separates from a graphite–chlorite–muscovite–
quartz schist associated with the blueschist facies rocks, obtain-
ing plateau ages of 119.4 ± 3.8 Ma, 120.1 ± 1.0 Ma, and 120.8 

± 0.3 Ma (Table 1); the error–weighted average of these three 
plateau ages is 120.7 ± 0.3 Ma (MSWD = 0.29).

Both the geochemistry and geochronology were interpret-
ed by Bustamante et al. (2012) to indicate a basaltic protolith 
metamorphosed under high–pressure conditions at ca. 120 Ma, 
representing the exhumation event associated with the devel-
opment of a mylonitic foliation. 

3.3. Jambaló Blueschists

The Jambaló blueschists constitute a series of blueschist–facies 
lenses embedded in greenschist–facies rocks. These rocks are 
associated with impure marbles, serpentinized peridotites, and 
quartzites (Figures 4, 5).

Geochemical results suggest that the Jambaló blueschists 
have a slightly more differentiated protolith compared with the 
high–pressure rocks from Pijao and Barragán (Figure 6). Addi-
tionally, chondrite–normalized REE patterns of the blueschists 
show a slight enrichment of LREE (Figure 7c). Eu anomalies 
are slightly negative in these blueschists (Eu/Eu* from 0.7 to 
1.2). Trace element variation plots normalized to N–MORB 
(Sun & McDonough, 1989) are characterized by negative Nb, 
Zr, Hf, Ti, and Ta anomalies (Figure 8c).

Orrego et al. (1980b) reported a minimum whole–rock 
(from sericite schist) K–Ar age for the metamorphism of 125 
± 15 Ma, and De Souza et al. (1984) obtained ages of 104 ± 14 
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Ma and 217 ± 10 Ma using the same method in glaucophane. 
The K–Ar method has several limitations concerning the dating 
of metamorphic rocks since argon losses or excesses cannot 
be determined and the thermal history of minerals (i.e., white 
micas) cannot be discriminated (Clauer & Chaudhuri, 1999; 
Dallmeyer & Takasu, 1992). In addition, the use of glaucophane 
K–Ar geochronology may be unreliable since potassium con-
tents could be attributed to very fine inclusions of K–bearing 
minerals (i.e., K–micas and barroisite). Recently, Bustamante et 
al. (2011) reported Ar–Ar ages in white micas from six samples 
of blueschist–facies rocks. The age range obtained was very 
different ca. 70 to 60 Ma (Table 1) and was interpreted as the 
record of the mylonitic event responsible for the exhumation of 
the blueschist–facies rocks.

Although high–pressure metamorphic rocks are presented as 
independent bodies, the available geochemistry data of the pos-
sibly amphibolitized eclogites (Avellaneda et al., 2017; García–
Ramírez et al., 2017) and their estimated ages suggest a strong 
correlation with Barragán rock occurrences (Bustamante et al., 
2012) that could represent subduction–collision complexes (e.g., 
Avellaneda et al., 2017; Bustamante et al., 2012) and need not 
be related to the roll–back processes proposed by Spikings et al. 
(2015) and García–Ramírez et al. (2017).

4. Discussion

4.1. Age of Metamorphism and Protoliths

The most recent and precise ages of the high–pressure meta-
morphic rocks of the Central Cordillera compiled in this re-
view (Table 1) indicate that at least two different high–pressure 
metamorphic events occurred during the Cretaceous – Paleo-
gene in the northern Andes, and are recorded at the western 
flank of the Central Cordillera. The first occurred between 128 
and 120 Ma (Early Cretaceous) and is represented by the Ba- 
rragán blueschists (Bustamante et al., 2012) and Pijao eclogites 
(García–Ramírez et al., 2017). The second occurred between 
70 and 60 Ma (Late Cretaceous to Paleogene) when the Jam-
baló blueschists were formed (Bustamante et al., 2011). This 
hypothesis opposes models that consider the entirety of the 
high–pressure metamorphic rocks of the Central Cordillera to 
have been formed in a single Early Cretaceous event (De Souza 
et al., 1984; García–Ramírez et al., 2017; Orrego et al., 1980b; 
Spikings et al., 2015; Villagómez & Spikings, 2013). 

Available whole–rock geochemistry from the Pijao, Ba- 
rragán, and Jambaló high–pressure rocks shows that a basal-
tic protolith is common for the three, although in Jambaló a 
basaltic andesite may have been present (Figure 6). Despite 
similar mafic protoliths, we postulate that the Barragán and Pi-
jao high–pressure rocks share the same N–MORB signature 
(Figures 7, 8) as suggested in the Zr–Nb–Y diagram (Figure 
9). The Jambaló rocks may represent an intra–oceanic arc that Ta
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Figure 7. Chondrite–normalized REE patterns of the high–pressure 
metamorphic rocks. Diagram after Nakamura et al. (1974). (a) Pijao. 
(b) Barragán. (c) Jambaló.
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Figure 6. Classification of basic rocks based on the Nb/Y versus 
Zr/TiO2 diagram, after Winchester & Floyd (1977). 

grew over plume–modified oceanic crust (Bustamante, 2008). 
Thus, the Early Cretaceous metamorphic event may be linked 
to the subduction of the Farallón Plate, whereas the Late Creta-
ceous metamorphism is linked to the Caribbean Plate.

4.2. Tectonic Implications and Possible 
Correlations

The Early Cretaceous high–pressure metamorphic event re-
corded in the Central Cordillera (Figure 10; Barragán and 
Pijao rocks) may represent an event of subduction–accretion 
that occurred before the collision of the Caribbean Plate with 
the western margin of South America (Avellaneda et al., 2017; 
Bustamante et al., 2012). Until the high–pressure metamorphic 
event occurred, between 128 to 120 Ma according to the data 
presented above, the western margin of the northern Andes was 
characterized by an oblique convergence with the Farallón Plate 
which may have caused a transpressive margin and the ending 
of the arc–related magmatism that dominated between the Early 
Jurassic and Early Cretaceous (ca. 200 to 130 Ma sensu Busta-
mante et al., 2016). These tectonic scenarios differ from those 
proposed by García–Ramírez et al. (2017), who suggest the slab 
roll–back process during the same time interval as the western 
margin of the northern Andes, caused by the eclogitization of 
the subduction slab and, hence, an increase in its density. The 
slab roll–back model was previously proposed to explain the 
magmatic evolution of the northern Andes from the Jurassic un-
til Early Cretaceous (Cochrane et al., 2014; Leal–Mejía, 2011; 
Spikings et al., 2015). However, this mechanism involves the 
progressive increase of back–arc extension, triggering the ex-
humation of high–pressure rocks and even ultra–high–pressure 
rocks (Brun & Faccenna, 2008).

Spikings et al. (2015) suggest that the Lower Cretaceous 
high–pressure metamorphic sequence (including the Jam-
baló blueschists) originated as a MORB and metamorphosed 
within the same subduction zone, followed by its exhumation 
between 120 and 112 Ma. Additionally, they report that the 



494

BUSTAMANTE & BUSTAMANTE

Cs Ba U K Ce Pr P Zr Eu Dy Yb

Rb Th Nb La Pb Sr Nd Sm Ti Y Lu
0.1

1

10

100

1000

Jambaló

S
a
m
p
le
/N
–
M
O
R
B

0.1

1

10

100

1000

Barragán

S
a
m
p
le
/N
–
M
O
R
B

Cs Ba U K Ce Pr P Zr Eu Dy Yb

Rb Th Nb La Pb Sr Nd Sm Ti Y Lu

0.1

1

10

100

1000

Pijao
S
a
m
p
le
/N
–
M
O
R
B

Cs Ba U K Ce Pr P Zr Eu Dy Yb

Rb Th Nb La Pb Sr Nd Sm Ti Y Lu

c

a

b

Figure 8. Multi–element plot normalized to primitive mantle after 
Sun & McDonough (1989). (a) Pijao. (b) Barragán. (c) Jambaló.
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high–pressure rocks of the Raspas Metamorphic Complex in 
Ecuador may be correlated with those of the Central Cordil-
lera of Colombia, due to their similar tectonic position, litho-
logical similarities, and degree of metamorphism. However, 
the Ar–Ar ages obtained in the Jambaló rocks (Bustamante 

et al., 2011) are discarded in that model as the geochemical 
constraints are, in fact, not based on the high–pressure rocks, 
but in associated garnet–amphibolites grouped in the Arquía 
Complex (Maya & González, 1995). 

A second subduction zone, active during the Early Creta-
ceous, was the location of the high–pressure metamorphism 
of the Jambaló rocks (Figure 10). The basaltic rocks compris-
ing their protolith may have formed in an intra–oceanic arc 
originated over a plume modified lithosphere, according to the 
results of Bustamante (2008). This intra–oceanic arc further 
collided with the continental margin of NW South America 
which contributed to an increase in its thickness as recorded in 
the Eocene high Sr/Y arc–related magmas distributed along the 
Central Cordillera (Bustamante et al., 2017b). This may be the 
only record of Caribbean–related high–pressure metamorphism 
in the northern Andes. 

The blueschists and eclogites of the Raspas Metamorphic 
Complex in the Eastern Cordillera of Ecuador have MORB 
and seamount–like protoliths. These rocks reached their met-
amorphic peak conditions at ca. 130 Ma (John et al., 2010). 
Their geochemical trends and the age of metamorphism re-
corded within the Barragán high–pressure rocks, when com-
pared with the Raspas Metamorphic Complex (Figure 9), 
allowed Spikings et al. (2015) to propose that these high–
pressure belts shared the same geological history. Although 
such a comparison may be valid based on the abovementioned 
similarities, caution should be taken when evaluating this 
high–pressure metamorphic belt since the pressure–tempera-
ture–time (P–T–t) paths of its constituents have never been 
compared. It is clear that the Jambaló schists should not be 
considered as a continuation of the same high–pressure belt 
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Figure 10. Cartoons (not to scale) of the proposed model for the 
generation of high–pressure metamorphic rocks at the northern 
Andes (including Raspas Metamorphic Complex) at three instances: 
ca. 130 Ma, ca. 120 Ma, and ca. 60 Ma. The figure suggests the re-
lationships between oblique convergence and the exhumation of 
the high–pressure metamorphic units (HP units). (a) Farallón Plate 
subducts beneath South American Plate. Eclogitization of Farallón 
Plate results in Raspas Metamorphic Complex generation. (b) Fa- 
rallón Plate eclogitization continues to form Barragán–Pijao high–
pressure units. (c) Caribbean Plateau replaces Farallón Plate and 
begins its subduction process to form the Jambaló blueschists. 
In the portion shown, the eclogite facies is not reached. Oblique 
convergence continues.

as proposed by Spikings et al. (2015), according to the geo-
chemical and age differences that these rocks present with the 
other high–pressure rock sequences (Bustamante, 2008). No 
other Lower Cretaceous – Paleogene blueschists are present 
in the northern Andes, and hence no similar rocks exist with 
which they can be compared. 

5. Conclusions

High–pressure metamorphic rocks in Colombia, including 
blueschists and eclogites, are currently recognized at three lo-
calities: Pijao (eclogites), Barragán (blueschists and retrograd-

ed eclogites), and Jambaló (blueschists). The first two share 
the same N–MORB–like protolith, and an Early Cretaceous 
metamorphic age, whereas extensive geochemical data of the 
Jambaló blueschists is instead indicative of a protolith formed 
in a plume–influenced intra–oceanic arc, whose metamorphism 
occurred between the Late Cretaceous and Paleogene.

From these high–pressure lithologies in the Central Cordil-
lera, it is postulated that two subduction events occurred during 
the Cretaceous. The first, characterized by episodes of subduc-
tion–accretion, would have provoked high–pressure meta-
morphism in an oblique subduction regime, forcing the slab 
roll–back process otherwise not plausible during this time. The 
second episode of subduction produced the Jambaló blueschists 
in an intra–oceanic arc, involving further collision with the con-
tinental margin and increasing its thickness, as recorded in the 
adakite–like magmatism of the Central Cordillera.

Possible correlations of the Pijao and Barragán rocks with 
similar rocks of the Raspas Metamorphic Complex in the East-
ern Cordillera of Ecuador are possible as they are geochemi-
cally similar and contemporaneous. However, P–T–t paths are 
required to form these conclusions. Conversely, the Jambaló 
rocks have no similarities with Pijao and Barragán rocks, which 
impede their correlation.
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