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Abstract
This work presents a considerable volume of new and compiled data indicating that arc magmatism in the western paleomargin 
of Gondwana began in the Carboniferous and continued during the Permian and Early Triassic. Subsequently, the magmatism 
reactivated during the Early and Middle Jurassic due to the subduction of the Farallon Plate under the continental paleomargin. 
The arc pluton belts are distributed from the edge of the paleomargin toward the interior of the continent in the same orientation 
as the slab (west–east direction).

During the Carboniferous, between ca. 333 Ma and ca. 300 Ma, magmatism formed small calcic metaluminous gabbro and 
leucotonalite plutons of tholeiitic to calc-alkaline affinity on the western margin of Gondwana. Later, the second belt of arc plutons 
formed during the Permian/Triassic (between ca. 300 Ma and ca. 234 Ma) and are represented by metaluminous to peraluminous 
calc-alkaline to high-K calc-alkaline batholiths and stocks of heterogeneous composition (granites, granodiorites, diorites, quartz 
monzonites, and monzonites), which were intruded by dikes and minor granite bodies during the Middle Triassic.

Between ca. 214 Ma and ca. 186 Ma, peraluminous plutons of batholithic dimensions of monzogranitic to syenogranitic com-
position developed in the back-arc. Between ca. 197 Ma and ca. 186 Ma, back-arc magmatism occurred, while a new magmatic 
cycle began along the arc axis. At the end of the Jurassic, the magmatic arc cycle ended in the northwestern paleomargin of Gond-
wana (ca. 164 Ma). The intrusion ca. 159 Ma of porphyritic bodies of alkaline andesitic basalts toward the edge of the continental 
margin suggests the strangulation and collapse of the subduction zone in the mantle.
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1.  IntroductIon

Among the problems of the Carboniferous to Cretaceous mag-
matic interpretations of the northwestern paleomargin of Sou-
th America are, until a few years ago, the lack of available U‒Pb 
geochronology and whole-rock geochemistry data, the regio-
nal separation and grouping of the plutonic and volcanic bo-
dies, and their spatial correlation. This uncertainty has resulted 
in the use of geological units that belong to different magmatic 
events in the interpretations.

Arc magmatism in the western paleomargin of Gondwana 
has been considered to have begun at the end of the Triassic 
and continued until the Lower Cretaceous due to the subduc-
tion of the Farallon Plate under the western margin of Gond-

wana (Álvarez, 1983; Bayona et al., 1994; Bustamante et al., 
2016; Jaramillo and Escovar, 1980; Leal-Mejía, 2011; Leal-Me-
jía et al., 2019; Rodríguez et al., 2015f, 2018, 2020; Quandt et 
al., 2018; Quiceno et al., 2016; Spikings et al., 2015; Toussaint, 
1995; Villagómez et al., 2015; Zapata et al., 2016; Zuluaga et 
al., 2015; Zuluaga and López, 2019). Under this framework, 
two models were postulated: 1) migration of arc magmatism in 
an east‒west direction (Bayona et al., 2010; Bustamante et al., 
2016; Leal-Mejía et al., 2019; López and Zuluaga, 2020; Quandt 
et al., 2018; Ramírez et al., 2020; Zuluaga and López, 2019) and 
2) migration of magmatism in a west–east direction (taking 
into account the migration of the magmatic cycles of the Per-
mian and the Early to Middle Jurassic) (Rodríguez et al., 2018; 
2020a, 2020b).

To the west, off the continental margin, a new arc magmatic cycle began over a different continental terrane ca. 171 Ma and 
extended to ca. 138 Ma, giving rise to a belt of calcic to calcic-alkaline plutons emplaced in the Ordovician metamorphic (Ana-
cona Terrane), Triassic (Tahamí Terrane), and Upper Jurassic (Tierradentro Orogen) rocks. The assemblage amalgamated to the 
western margin of Gondwana in this period.
Keywords:  Colombia, arc magmatism, evolution of the Andes.

R esumen
Este trabajo presenta un volumen considerable de datos, nuevos y compilados, los cuales indican que el magmatismo de arco, en 
la paleomargen occidental de Gondwana, inició en el Carbonífero, continuó en el Pérmico y tuvo un evento menor a principios 
del Triásico. Posteriormente el magmatismo se reactivó durante el Jurásico Temprano y Medio debido a la subducción de la placa 
Farallones bajo la paleomargen continental de Gondwana. Los cinturones de plutones de arco se distribuyen desde el borde de la 
paleomargen hacia el interior del continente, en el mismo sentido del slab, es decir, en dirección oeste-este. 

Durante el Carbonífero, entre ca. 333 Ma y ca. 300 Ma, inició un magmatismo que formó pequeños plutones de gabros y 
leucotonalitas toleíticos a calco-alcalinos, metaluminosos cálcicos, el cual se localizó en la margen occidental de Gondwana. 
Inmediatamente después se formó un segundo cinturón de plutones de arco durante el Pérmico (entre ca. 300 Ma y ca. 234 Ma), 
representado por batolitos y stocks de composición heterogénea (granitos, granodioritas, dioritas, cuarzomonzonitas y monzoni-
tas), calco-alcalinos a calco-alcalinos de alto K, metaluminosos a peraluminosos, de granitoides cálcicos, calco-alcalinos y alcali-
no-cálcicos, los cuales fueron intruidos por diques y cuerpos menores de granitos durante el Triásico Medio.

Entre ca. 214 Ma y ca. 186 Ma se presentó magmatismo peraluminoso de composición monzogranítica a sienogranítica en el 
trasarco, y se formaron plutones de dimensiones batolíticas. Entre ca. 197 Ma y ca. 186 Ma, el magmatismo de trasarco ocurrió 
al tiempo que inició un nuevo ciclo magmático en el eje del arco. A finales del Jurásico finalizó el ciclo magmático de arco en la 
paleomargen noroccidental de Gondwana (ca. 164 Ma). La intrusión a ca.159 Ma de cuerpos porfídicos de basaltos andesíticos 
alcalinos, hacia el borde de la margen continental, sugiere el estrangulamiento y el colapso de la zona de subducción en el manto. 

Al occidente, por fuera de la margen continental, comenzó un nuevo ciclo magmático de arco sobre otra masa continental a 
ca. 171 Ma y se extendió hasta ca. 138 Ma, dando origen a un cinturón de plutones cálcicos a cálcico-alcalinos emplazado en rocas 
metamórficas del Ordovícico (terreno Anacona), Triásico (terreno Tahamí) y Jurásico Superior (Orogéno de Tierradentro). El 
conjunto fue amalgamado a la margen occidental de Gondwana en este periodo. 
Palabras clave:  Colombia, magmatismo de arco, evolución de los Andes.
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Figure 1.  Terrains and orogens where the Carboniferous to Lower Cretaceous magmatic cycles were emplaced
 1. Eastern Fault System; 2. Algeciras Fault System; 3. Los Loros Fault System; 4. San Francisco - Yungillo Fault System; 5. Bucaramanga Fault; 6. Ocaña Fault; 7. 
Santa Marta Fault; 8. Orihueca Fault; 9. Oca Fault; 10. Cuisa Fault; 11. Espíritu Santo Fault; 12. Arenas Blancas Fault; 13. Caguán System Fault; 14. Romeral Fault 
System; 15. San Jerónimo Fault; 16. Palestina Fault; 17. Ibagué Fault.
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In this work, nine U‒Pb zircon ages are reported, whose 
importance lies in the discovery of three new units that were 
not previously described in the literature on the geology of Co-
lombia and the improvement in the information of the three 
other units. In addition, this paper presents a considerable vo-
lume of published ages derived from the research conducted by 
the Servicio Geológico Colombiano. The information on the 
whole-rock geochemistry of numerous plutons is also supple-
mented. This research analyzes the magmatic cycles formed 
from the Carboniferous to the Lower Cretaceous, the zircons 
inherited from the initial cycles, the geochemical composition 
of each cycle, and the geotectonic position of the magmatic 
belts with respect to the paleomargin of Gondwana in nor-
thern South America. In addition, a correlation is drawn of the 
units constituting the belts that make up a magmatic cycle and 
the position they currently occupy in the Andes of Colombia.

This study seeks to clarify the magmatic evolution of the 
arcs between the Carboniferous and the Lower Cretaceous, 
showing the correlation of units that make up each cycle, and 
presenting the development model of the magmatic cycles in 
the continental paleomargin of northwestern South America.

2.  GeoloGIcal framework

The western margin of Gondwana in northern South America 
was formed up to the Carboniferous by the Guyana Shield (nor-
thern half of the Amazonian Craton), which is currently located 
east of Colombia and is represented by units with ages of 2.5-
1.5 Ga (Priem et al., 1982; Restrepo-Pace and Cediel, 2019). The 
western part of this shield in Colombia is composed of grani-
toids and high-grade metamorphic rocks that are part of the Río 
Negro Belt (1.84-1.72 Ga) (Kroonemberg, 2019; Tassinari 1981; 
Tassinari and Macambira, 1999), which is intruded by anoroge-
nic granitoids of 1.55 Ga, such as the Parguaza Rapakivi Granite, 
and locally covered by sandstones and meta-sandstones of Na-
quén, Pradera, and Tunuí (Kroonemberg, 2019).

The Andean margin currently rises to the west of the cra-
tonic domain, and it is composed of a basement of high-gra-
de metamorphic rocks (granulite to high amphibolite facies) 
along with some igneous bodies probably formed during the 
continental collision of Amazonia and Laurentia during the 
Grenville Orogeny (Cordani et al., 2010; Ibáñez-Mejía et al., 
2011; Kroonenberg 1982; Kroonemberg, 2019). The units that 
make up the Andean margin are the Garzón Group, Mancagua 
and Guapotón gneisses, Las Minas migmatites, El Recreo gra-

nite, San Lucas gneiss, Los Mangos granulite, Buritaca gneiss, 
and Jojoncito gneiss (Cuadros, 2012; Cuadros et al., 2014; Ibá-
ñez-Mejía et al., 2011, 2015; Jiménez Mejía et al., 2006; Kroo-
nenberg and Diederix, 1982; Ordoñez-Carmona et al., 2002; 
Piraquive, 2017; Rodríguez, 1995a, b; Rodríguez et al., 2003; 
Tschanz et al., 1969; Tschanz et al., 1974; Velandia et al., 1996, 
2001). These units present ages between 1.2 and 0.85 Ga (Ibá-
ñez et al., 2011, 2015) and are denominated in some studies as 
the Chibcha Terrane (Figure 1) (Restrepo and Toussaint, 1989, 
2020; Restrepo et al., 2009) or the Putumayo Orogen (Ibáñez 
et al., 2011, 2015). On this basement, arc magmatic belts were 
developed during the Carboniferous, Permian, and Early to 
Middle Jurassic, extending from northern (the upper Guajira 
and Sierra Nevada) to southern Colombia and into Ecuador 
(Figure 2).

Lower Paleozoic (Figure 1) and Ordovician rocks (Man-
tilla et al., 2016; Restrepo-Pace, 1995) are found between the 
Amazonian Craton and the Chibcha Terrane (in the Santander, 
Floresta, Quetame, and Mérida Andes massifs), extending in 
fragments from Chile to Venezuela along the western proto-
margin of Gondwana (Otamendi et al., 2017; Ramos, 2008). 
This orogen is represented in Colombia by sedimentary and 
metasedimentary units of very-low-grade schists, migmatitic 
gneisses, paragneisses, and syntectonic and posttectonic grani-
toids (Mantilla et al., 2016; Rodríguez, 2022; Tazzo-Rangel et 
al., 2018; Van der Lelij et al., 2016), which reached the upper 
amphibolite and granulite facies at the top of the Famatinian 
Orogeny (~470 Ma) (Tazzo-Rangel et al., 2018; Zuluaga et al., 
2017).

On this orogen, at the end of the Triassic and the beginning 
of the Jurassic (~214-184 Ma) (Rodríguez et al., 2017, 2019; 
Van der Lelij et al., 2016), magmatism that formed peralumi-
nous, I- and S-type (López and Zuluaga, 2020; Rodríguez et al., 
2017, 2019b, 2020; Zuluaga and López, 2019) batholithic bo-
dies and stocks of predominantly monzogranitic to syenogra-
nitic composition (Figure 2a) (Rodríguez et al., 2017, 2020a; 
Ward et al., 1973) developed in a more eastern position than 
the belts of the volcanic arcs of the Carboniferous (Leal Majía, 
2011), Permian, and Lower to Middle Jurassic (Rodríguez et 
al., 2019, 2020a, 2020b) (Figure 2a and b).

3.  dIstrIbutIon of maGmatIc belts

The arc magmatic belts that are discussed in this article are 
mostly emplaced in the Chibcha Terrain, the Famatinian Oro-
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Figure 2.  Distribution of the Carboniferous to Lower Cretaceous magmatic belts on the western margin of northern Gondwana in Colombia
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gen, and to a lesser extent in the Tahamí and Anacona Terranes 
(Figure 1). These belts occupy part of the Central and Eastern 
cordilleras, the San Lucas range, the Sierra Nevada de Santa 
Marta, and La Guajira.

According to Restrepo and Toussaint (2020), the Chibcha 
Terrane mainly consists of a Grenvillian metamorphic base-
ment (Stenian-Tonian) and Famatinian (Caledonian) low- to 
mid-grade metamorphic rocks. We consider the Andaqui Te-
rrane of Restrepo and Toussaint (2020) part of the Chibcha 
Terrane, and we extracted the Famatinian Orogen (Santander, 
Floresta, and Quetame massifs). To the west, the limit of the 
Chibcha Terrane with the Tahamí and Anacona Terranes and 
the Tierradentro Orogen (which is described below), rather 
than the faults described by Restrepo and Toussaint (2020), 
corresponds to the undeformed pluton belts of the Carbonife-
rous, Permian, and Early–Middle Jurassic continental margin 
arc magmatic cycles. These belts mark the limit of the western 
margin of Gondwana.

The Carboniferous rocks are distributed in a discontinuous 
belt of gabbros and tonalites, which currently crop out on the 
eastern slope of the Central Cordillera of Colombia. To the east 
of the Carboniferous rocks, also on the western margin of the 
Chibcha Terrane, a belt of batholiths and Permian stocks of 
varied composition (granites, granodiorites, diorites, quartz 
monzonites, and monzonites) was formed. Currently, the Per-
mian plutons are dispersed along the western margin of the 
Chibcha Terrane, on the eastern slope of the Central Cordille-
ra, in the San Lucas range, in the Sierra Nevada de Santa Marta, 
and in the La Macuira range. Some of the blocks to the north of 
the Ibagué fault are deformed and crop out next to metamor-
phic rocks of the Anacona and Tahamí Terranes identified by 
Restrepo and Toussaint (2020).

The batholiths and granitic stocks of the Santander massif, 
generated between the Late Triassic and Early Jurassic, crop 
out in the eastern part of the Famatinian Orogen in the eastern 
cordillera.

The belt of batholiths and stocks (monzodioritic, quartz 
monzodioritic and tonalitic) and volcanic and pyroclastic roc-
ks formed between the Early Jurassic and the Middle Jurassic 
currently occupy a more eastern position than the Carboni-
ferous and Permian plutons within the Chibcha Terrane, cro-
pping out on both sides of the Upper Magdalena Valley, the 
Serranía de San Lucas, the Sierra Nevada de Santa Marta, the 
Serranía del Perijá, and in the Upper Guajira in the Serranía de 
Cosinas (Figure 1).

Of the belt of tonalitic to granodioritic batholiths and stoc-
ks formed from the Middle Jurassic to the Lower Cretaceous, 
some are in the suture, intruding the Anacona, Tahamí, and 
Chibcha Terranes. Others were emplaced within the Anacona 
and Tahamí Terranes, raising blocks of these two terrains that 
are conserved as roofs inside the plutons. The position of these 
plutons is more western than the belts of the Carboniferous, 
Permian, and Early to Middle Jurassic arcs. Currently, these 
plutons crop out in the axis and the eastern slope of the Cen-
tral Cordillera and extend to the upper Guajira in the Serranía 
de La Macuira.

4.  materIals and methods

For the development of this research, a regional sampling was 
made that included the Central Cordillera, upper Magdalena 
valley, Santander massif, Sierra Nevada de Santa Marta, Perijá 
range, and upper Guajira. The new data are integrated with re-
sults collected from previous works by the authors and others 
(Bustamante et al., 2010; Cuadros, 2012; Cuadros et al., 2014; 
González et al., 2015; Leal-Mejía, 2011; Quandt. et al., 2018; 
Villamizar et al., 2021; Zapata et al., 2016, among others). The 
geochemical and U‒Pb geochronology data were grouped ac-
cording to the correlation of units of each magmatic cycle.

4.1. Whole-rock geochemical analyses
We compiled whole-rock geochemical analyses of the units 
that make up each magmatic belt, from the Carboniferous to 
the Lower Cretaceous, and collected new data in the unknown 
units (Belalcázar and Los Guayabos gabbros). The whole-rock 
geochemical analyses were performed in the Laboratory of 
Analytical Geochemistry of the Servicio Geológico Colom-
biano, Bogotá headquarters. The major oxides and minor ele-
ments were analyzed with a Panalytical AXIOS Mineral X-ray 
fluorescence spectrometer. The former were quantified from 
samples fused with lithium metaborate and tetraborate, while 
the latter were quantified in pressed samples. For the analysis 
of trace elements, a mass spectrometer with inductively cou-
pled plasma, Perkin Elmer NEXION, was used.

The geochemical diagrams were obtained using the GCD-
kit software of Janoušek et al. (2006).

4.2. Geochronology
The geochronological analyses of the units that make up each 
magmatic belt from the Carboniferous to the Lower Creta-
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ceous were compiled, and in some undescribed units, new U‒
Pb analyses were performed by laser ablation inductively cou-
pled plasma‒mass spectrometry (LA-ICP‒MS) in zircon.

The new analyses were performed on rock chips that were 
crushed, pulverized, and sieved following the separation pro-
cedures of Castaño et al. (2018) and analyzed via LA-ICP‒MS 
according to the procedures described in Peña et al. (2018). 
The zircons were concentrated in the Chemical Laboratory of 
the Servicio Geológico Colombiano, Medellín, using hydrody-
namic and magnetic separation, although some samples were 
concentrated in the field by panning. Then, the crystals were 
selected manually with the help of an Olympus binocular mag-
nifying glass in the Petrography Laboratory, Medellín head-
quarters. Cathodoluminescence (LC) images were acquired 
from the zircon grain mounts.

The analyses were performed in Photon Machines abla-
tion equipment with a 193 nm excimer laser coupled to an 
Element 2 mass spectrometer. The isotopes used for manual 
integration were 238U, 206Pb, and 204Pb. Plešovice (Sláma et al., 
2008), FC-1 (Coyner et al., 2004), 91500 (Wiedenbeck et al., 
1995, 2004), and Mount Dromedary (Renne et al., 1998) were 
used as reference standards. The spots analyzed in the zircons 
were 20 microns in diameter. Data reduction was performed 
using the Iolite v2.5® program in IGOR Pro 6.3.6.4® (Hellstrom 
et al., 2008; Paton et al., 2010). The correction for common 
lead was performed according to the evolution model of Sta-
cey and Kramers (1975). The results correspond to the mean 
of the data obtained after applying data discrimination to two 
standard deviations.

5.  results

Figure 2 shows the current location of the magmatic belts de-
fined by Rodríguez et al. (2019, 2020b), Leal et al. (2019), and 

in the present work. The new ages obtained in this study are 
presented in Table 1. Supplementary Table TS1 summarizes 
the U‒Pb data used to obtain the probability density plots of 
the magmatic cycles and presents 324 U‒Pb ages in zircons ob-
tained by different laboratories, mainly using LA-ICP‒MS pro-
cedures, including the zircon ages of the nine rocks collected 
by the authors (Table 1) in regions without previous dating. Su-
pplementary Table TS2 shows the chemical results, including 
the new analyses, which are used in the chemical classification 
diagrams of each magmatic cycle.

5.1. Geochronology
Los Guayabos and Belalcázar gabbros. Sample DAR-028 co-
rresponds to a tonalite that outcrops near gabbro and gabbro 
breccia (composed of angular gabbro blocks of varied shapes 
and sizes surrounded by white leuco-tonalites). Sample WB-
162 corresponds to a gabbro collected west of Belalcázar (Cau-
ca). The zircons of sample DAR-028 are subhedral and eu-
hedral prismatic, slightly pink, translucent, and stubby; some 
present inclusions, and most have fractured edges. In the CL 
image, the zircons have concentric zoning, in which the diffe-
rence between the ages of the nucleus and the edges is approxi-
mately 10 Ma. The zircons of sample WB-162 are prismatic, 
colorless, and euhedral, with lengths between 100 and 200 µm 
and widths between 40 and 150 µm. In the CL images, it is 
possible to identify parallel banded linear textures in shades of 
light and dark gray (Figure 3).

For the calculation of the age of the DAR-028 sample, data 
with discordant values > 10% and precision errors > 5% were 
discarded. For the WD-162 sample, data with discordant va-
lues > 5% and precision errors > 3% were discarded. The 
average age for the DAR-028 sample was 317.2 ± 1.3 Ma (n 
= 58, MSWD = 2.4). The average age of the WB-162 sample 
was 325.9 ± 2.4 Ma (n = 42, MSWD = 3.3) (Figure 4). Both 

Table 1.  Carboniferous to Cretaceous U‒Pb ages from rocks related to arc magmatic cycles

Sample Rock Unity U-Pb Age (Ma) MSWD

WB-162 1122000 791840 Gabbro Belalcázar gabbro 325.9 ± 2.4 3.3

DAR-028 935484 843111 Tonalite Los Guayabos gabbro 317.2 ± 1.3 2.4

AMC-0194 1735620 1026510 Mylonitic orthogneiss El Encanto orthogneiss 276.2 ± 1.3 2.0

GOE-1106A 1842115 971410 Mylonitic gneiss Macuira gneiss 278.5 ± 1.8 3.3

GOE-1106B 1842066 971421 Monzogranite Macuira gneiss 288.7 ± 1.5 2.7

JPZ-376 1157889 817853 Granodiorite Páez quartz monzodiorite 184.7 ± 0.9 3.8

GOE-1127 1161083 826740 Monzogranite Páez quartz monzodiorite 187.4 ± 1.7 2.9

MIA-684 1827161 974762 Granodiorite  Siapana granodiorite 166.5 ± 1.5 2.6

GR-6808 1036215 1734551 Pl-Hbl mylonitic 
gneiss  Buritaca gneiss 151.3 ± 3.6 2.7
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results are interpreted as crystallization ages with Th/U ratios 
between 0.2 and 1.7, typical of igneous zircons (Rubatto, 2002).

El Encanto orthogneiss and Permian ages in the Serranía 
de Macuira. Sample AMC-0194 corresponds to a plagiocla-
se-quartz-amphibole-biotite-titanite mylonitic orthogneiss co-
llected along the Buritaca-Guachaca road. The zircons are eu-
hedral, colorless with a slight pale pink hue, generally without 
inclusions, with lengths between 80 × 150 µm and 100 × 200 µm,  

indicating short stalky shapes. In the CL images, the crystals 
are prismatic with homogeneous gray nuclei and edges with 
concentric zoning in different shades of gray (Figure 3).

For the calculation of age, data with discordant values > 
10% and precision errors > 5% were discarded. The average 
age calculated for the AMC-0194 sample is 276.2 ± 1.3 Ma (n 
= 101, MSWD = 2.0), which is interpreted as the age of rock 
crystallization, in which Th/U ratios vary between 1 and 3.1, 
typical for igneous zircons (Rubatto, 2002).

Figure 3.  Representative cathodoluminescence images of zircon crystals of each dated sample
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In the Serranía de Macuira, two ages are calculated in rocks 
that are mapped as Macuira gneiss, corresponding to samples 
GOE-1106a and GOE-1106b, classified as a mylonitic grani-
toid and as a deformed monzogranite, respectively. The zircons 
of sample GOE-1106a are prismatic euhedral, stalky, and less 
frequently short euhedral crystals 80-120 µm in length. The 
zircons of sample GOE-1106b are colorless, stalky, and prisma-
tic euhedral, with lengths of 80-120 µm. Some have inclusions, 
fractures, and surface oxides. In the CL images, the zircons of 

sample GOE-1106a present homogeneous gray nuclei and thin 
edges with concentric or banded structures. The zircons of 
sample GOE-1106b present concentric structures in different 
shades of gray; some are microfractured and have few inheri-
ted xenocryst nuclei.

For the calculation of the ages of samples GOE-1106a and 
GOE-1106b, data with discordant values > 10% and precision 
errors > 5% were discarded. For the GOE-1106A sample, one 
concordant data point of 232.6 ± 5.1 Ma was discarded becau-

Figure 4.  Wetherill and Tera-Wasserburg concordia diagrams and weighted mean age of the samples dated by the U‒Pb method in zircon
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se it deviates from the main population with an average age 
of 278.5 ± 1.8 Ma (n = 37, MSWD = 3.3) (Figure 4). For the 
GOE-1106b sample, an average age of 288.7 ± 1.5 Ma (n = 59, 
MSWD = 2.7) was obtained (Figure 4). Both results are inter-
preted as crystallization ages and have Th/U ratios of 0.43 to 
1.96 and 0.25 to 9.99, respectively.

Páez quartz monzodiorite. Sample JPZ-376 corresponds to 
a granodiorite that was collected in the Baché village of the 
municipality of Santa María (Huila), and sample GOE-1127 
corresponds to a charnockite (mangerite) collected along the 
Planadas-Santa María road. The zircons of sample JPZ-376 
are prismatic with euhedral shapes and sizes between 70 and 
150 µm. In CL images, oscillatory zoning typical of igneous 
zircons, involute nuclei, and some with magmatic reabsorption 
edges are observed. In sample GOE-1127, the zircon crystals 
are prismatic euhedral with sizes > 100 µm, stalky to need-
le-shaped, generally fractured, and colorless. In the CL images, 
they present homogeneous nuclei with weak oscillatory zoning 
at the edges, some with a linear texture (Figure 2).

For the calculation of age, data with discordant values > 
10% and precision errors > 5% were discarded. The average age 
calculated for the JPZ-346 sample was 184.7 ± 0.9 Ma (n = 53, 
MSWD = 3.8), with Th/U ratios between 0.55 and 1.27. The 
GOE-1127 sample yielded a weighted average age of 187.4 ± 
1.7 Ma, with MSWD = 2.9 (Figure 4), and Th/U ratios between 
0.99 and 1.70, corresponding to zircons formed in a magmatic 
chamber (Rubatto, 2002).

Siapana granodiorite. Sample MIA-684 is a granodiorite collec-
ted at El Tablazo-Siapana Hill in the Serranía de La Macuira.

The zircons are euhedral and stalky to columnar in sha-
pe; some are fractured, with few black inclusions. In the CL 
images, they present a concentric internal structure marked by 
changes in gray hue (Figure 3), typical of crystals generated in 
igneous environments.

For the calculation of the age of MIA-684, data with discor-
dant values > 10% and precision errors > 5% were discarded. 
The average age calculated for the MIA-684 sample was 166.5 
± 1.5 Ma (n = 39, MSWD = 2.6) (Figure 4). The Th/U ratios 
varied between 0.11 and 0.77.

Buritaca gneiss. Sample GR-6808 was collected in the Buritaca 
gneiss unit on the road that borders the El Sol stream in the 
Sierra Nevada de Santa Marta and corresponds to plagioclase, 

hornblende, and biotite mylonitic gneiss. The zircons are 50-
100 µm, subhedral to euhedral, colorless, and stalky-short with 
oval to prismatic terminations.

In the CL images, the crystals present homogeneous color, 
incipient concentric and banded zoning, internal microfractu-
res, and inclusions.

For the calculation of the age of GR-6808, data with discor-
dant values > 10% and precision errors > 10% were discarded. 
In addition, two data points in a homogeneous zircon crystal of 
126.7 ± 5.8 and 131.14 ± 9.5 Ma, one concordant and the other 
discordant, were discarded (Figures 3 and 4). The average age 
calculated for sample GR-6808, dating the crystal edges and 
nuclei, was 151.3 ± 3.6 Ma (n = 10, MSWD = 2.7), with Th/U 
ratios between 0.22 and 0.56, which are interpreted as zircons 
that formed in a magmatic chamber. A second population of 
inherited crystals yielded a weighted average age of 180.7 ± 6.0 
Ma (n = 10, MSWD = 2.7), with a Th/U ratio between 0.11 and 
0.37. The sample also presented inherited crystals with ages 
from the Triassic (202.99 ± 12.9 Ma and 228.8 ± 10.1 Ma, n = 
3), Neoproterozoic (664.46 ± 4.8 Ma, 776.02 ± 47. 8 Ma, 853.48 
± 50.8 Ma, 910.34 ± 42.5 Ma and 918.44 ± 45.6 Ma), and Meso-
proterozoic (1037.92 ± 47.7 Ma).

6.  dIscussIon

6.1. Magmatic cycles, unit correlations, cycle 
composition, and spatial location

A magmatic cycle corresponds to the period of geological time 
that elapses during the initiation, development, and collapse of 
a continental margin arc, in which a belt of plutons and volca-
nic rocks is formed in a determined position and presents par-
ticular compositional characteristics. In this scenario, several 
magmatic cycles and pluton belts are generated from the same 
subduction zone.

The correlation of the plutons of each magmatic cycle is 
based on their location in relation to the paleomargin, their 
geochemical composition, and their crystallization age. The 
magmatic cycles are identified as peaks in the U‒Pb probability 
density plots of the plutonic rocks (and, in some cases, the vol-
canic units). In addition, the general geochemical composition 
of the pluton belts that represent the magmatic cycle is shown.

6.2. Carboniferous (ca. 333 Ma to ca. 300 Ma)
The first products of continental margin arc magmatism in the 
western paleomargin of Gondwana occurred in the Carboni-
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ferous from ca. 333 Ma to ca. 300 Ma (Leal Mejía, 2011; Leal 
Mejía et al., 2019; Rodríguez et al., 2019a). This magmatic re-
cord was recently discovered in the northern Andes, and thus 

far, only the following bodies have been reported: the El Car-
men stock (Leal Mejía, 2011) and Los Guayabos and Belalcázar 
gabbros (this work) in the Central Cordillera and a pyroxene 

Figure 5.  Age and composition of the plutons of the Carboniferous magmatic cycle
 a) Correlation diagram of plutons of Carboniferous age; b) Diagram of probability density from the U‒Pb ages of the plutons; c) Classification diagrams of carbo-
niferous pluton samples; d) Diagram of immobile trace elements normalized to the normal mid-ocean ridge basalt (NMORB)
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gabbro from the Sitio Nuevo-1 well in the lower Magdalena 
valley (Silva-Arias et al., 2016) (Figure 2).

The south to north geotectonic location of the Carboniferous 
plutons is as follows: the Belalcázar gabbro is located on the wes-
ternmost edge of the Gondwana paleomargin within the Neopro-
terozoic basement and is bound to the east by the Permian Orte-
ga granite, and to the west, it is in faulted contact with the Upper 
Jurassic to Lower Cretaceous Ibagué batholith. The Los Guaya-
bos gabbro outcrops farther north, in the same position related to 
the continental paleomargin. This unit is in faulted contact with 
Neoproterozoic metamorphic rocks and the Ibagué batholith to 
the west and in faulted contact with the Ibagué batholith and the 
Chaparral vulcanites to the east. The Chaparral vulcanites are 
from the Upper Jurassic and are located on the suture between 
the western margin of Gondwana and the metamorphic rocks 
previously described as Tierradentro gneisses and amphibolites. 
These latter rocks yielded Neoproterozoic maximum depositio-
nal ages in this sector and are older than the ages to the north of 
the Ibagué fault reported by Rodríguez et al. (2020a).

The El Carmen stock outcrops to the north of the Central 
Cordillera. This unit presents crystallization ages and compo-
sitions comparable to those of the Belalcázar and Los Guaya-
bos gabbros. The El Carmen stock is located to the west of the 
Segovia batholith and is in faulted contact with the metamor-
phic rocks of the Cajamarca Complex (not yet dated in this 
sector) to the west of the Gondwana margin.

The ages of carboniferous magmatism vary between 333.1 
± 4.7 Ma and 300 ± 1.3 Ma and represent a magmatic cycle that 
lasted approximately 33 Ma, with two magmatic crystallization 
peaks ca. 325 Ma and ca. 317 Ma. The ages obtained for the 
Carboniferous plutons are shown in Figure 5a and Supplemen-
tary Table TS1.

The Carboniferous plutons are constituted by gabbros and 
I-type calcic leuco-tonalites (Figure 5b). The rocks are meta-
luminous and, to a lesser extent, peraluminous (in the most 
differentiated facies), presenting tholeiitic to calc-alkaline affi-
nity (Figures 5c). The samples show Ba and Th enrichment, 
positive Pb anomalies, and negative Nb, Ti, and Zr anomalies 
(Figure 5d) related to magmas generated in subduction zones 
(Pearce, 2008), possibly in the first stages of continental mar-
gin arc magmatism.

The Carboniferous magmatic cycle is recorded in the zir-
cons inherited in the Permian and Early Jurassic arc magmatic 
cycles (Figure 6), suggesting that these likely correspond to an-
tecrysts or xenocrysts.

6.3. Permian to Triassic (ca. 300 Ma to ca. 234 Ma)
Following the Carboniferous magmatism, the second belt of 
continental arc plutons was emplaced on the Neoproterozoic 
basement of the western paleomargin of Gondwana during the 
Permian period (Figures 2 and 13). This cycle is represented 
by batholiths, stocks (La Plata and Ortega granites), igneous 
bodies with migmatitic structures (Icarcó Complex, parts of 
the La Plata Granite), and deformed mylonitic plutonic blocks 
(Nechí gneiss, El Encanto orthogneiss, and mylonites and de-
formed granites associated with the Macuira gneiss).

The latter rocks formed to the east of the continental mar-
gin of Gondwana; however, they are currently located to the 
west as deformed tectonic blocks. These rocks crop out along 
with rocks with Jurassic orogenic metamorphism and Trias-
sic metamorphic blocks that are part of the collisional oro-
gen (Tierradentro gneisses and amphibolites, the Cajamarca 
Complex, San Lorenzo schist, and La Macuira gneiss) (Blanco 
Quintero et al., 2014; Cardona et al., 2010; Piraquive, 2017; Ro-
dríguez et al., 2020a; and this work).

The current location of each of the Permian plutons is to 
the east of the Carboniferous plutons (Figures 2 and 13). To 
the south, on the eastern flank of the Central Cordillera, the La 
Plata and Ortega granites and the Icarcó Complex are located 
within the western margin of Gondwana, in faulted contact to 
the east, and are intruded by plutons and vulcanites of the Ear-
ly Jurassic (Mocoa-Santa Marta (AMSM) arc units; Rodríguez 

Figure 6.  Probability density diagram based on inherited nuclei or zircons 
with Carboniferous ages obtained in the plutons of the Permian and Early to 
Middle Jurassic cycles
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et al., 2019, 2020b). The Ortega granite and the Icarcó Com-
plex, to the west, are in faulted contact with the Carboniferous 
Belalcázar gabbro and are intruded by the Late Jurassic to the 

Early Cretaceous Ibagué batholith. In addition, they were in-
truded by porphyritic subvolcanic bodies of the same age as 
the Ibagué batholith (Upper Jurassic-Lower Cretaceous).

Figure 7.  Age and composition of the plutons of the Permian and Triassic magmatic cycles
 a) Correlation diagram of plutons of Permian and Triassic age; b) Diagram of probability density from the U‒Pb ages of the plutons; c) Classification diagrams of 
Permian pluton samples with Triassic dikes; d) Diagram of immobile trace elements normalized to the NMORB
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To the north of the Ibagué fault, a deformed block of a Per-
mian pluton appears as a mylonitic orthogneiss associated with 
the Triassic and Upper Jurassic Tierradentro Gneisses and Am-
phibolites unit (Bustamante et al., 2017; Rodríguez et al., 2020a).

The Nechí gneiss outcrops in the Serranía de San Lucas and 
corresponds to a granitoid with local mylonitic structures lo-
cated to the west of the Segovia batholith and within metamor-
phic rocks of the Central Cordillera (Cajamarca Complex).

In the Sierra Nevada de Santa Marta, several deformed 
blocks of arc granitoids crop out, grouped under the name of 
El Encanto orthogneiss (Cardona et al., 2010; Piraquive, 2017), 
located next to Triassic and Jurassic metamorphic rocks. Fi-
nally, in the Serranía de Macuira, mylonites of igneous proto-
lith and deformed granitoids are associated with the Macuira 
gneiss outcrop (this work).

The ages obtained for the Permian plutons are summarized 
in Figure 7 and Supplementary Table TS1. The geochronolo-
gical record of this magmatism shows dates between 293.8 ± 
3.8 Ma and 262.9 ± 4.5 Ma (ca. 30 Ma magmatic cycle). When 
analyzing the behavior of the entire magmatic belt of the Per-
mian arc, at least four main magmatic crystallization events 
are recognized that can be grouped into four intervals: from 
297 to 283 Ma, the beginning of plutonism; from 282 to 264 

Ma, the development of the arc, with the highest crystallization 
peak ca. 278 Ma; from 264 to 257 Ma, the decay of crystalliza-
tion and the final phase of pluton formation, with a discrete 
crystallization peak ca. 264 Ma. Finally, pink granite dikes and 
smaller bodies during a late intrusion event between ca. 245 
and ca. 234 Ma occur (cycle of ca. 11 Ma), which yielded a 
crystallization peak ca. 239 Ma (Figures 7 and 8).

The composition of the plutons of this belt is heteroge-
neous: granites, granodiorites, diorites, quartz monzonites, and 
monzonites; some of them are deformed and have mylonitic 
foliation (Nechí gneiss, El Encanto orthogneiss, and mylonites 
and granitoids associated with Macuira gneiss). These plutons 
are distributed in the calcic field (calc-alkaline and alkali-calcic 
granitoids), are calc-alkaline and high-K calc-alkaline, I-type, 
and vary from metaluminous to peraluminous, with negative 
Nb and Ti anomalies typical of rocks generated in an arc conti-
nental margin environment.

The plutons and deformed granitoid bodies correspond to 
granites, granodiorites, diorites, quartz monzonites, and mon-
zonites, which are distributed in the fields of calcic (calc-alka-
line and alkalic-calcic) granitoids and in the calc-alkaline and 
high-K calc-alkaline fields (Figure 7).

The Triassic arc granites analyzed in this work have no ge-
netic relationship with the S-type Triassic gneisses of the Cen-
tral Cordillera, which were formed by crustal fusion and are 
emplaced in another continental block (Vinasco et al., 2006). 
These outcrops crop out in a more western position than the 
Carboniferous and Permian arc pluton belts.

Carboniferous and Permian arc magmatism cycles are re-
corded in inherited zircons from plutonic and volcanic rocks 
of Early to Middle Jurassic arc magmatism (Ramírez et al., 
2020; Rodríguez et al., 2020b.) and the Mocoa-Santa Marta arc 
(AMSM) (Rodríguez et al., 2020b) (Figure 8), suggesting that 
this last cycle was emplaced in the Carboniferous and Permian 
pluton belts.

The zircons obtained in plutons and volcanic units from 
the Early to Middle Jurassic cycle of the AMSM record the in-
heritances of the Carboniferous, Permian, and Triassic mag-
matic cycles, as shown in Figure 8.

6.4. Triassic to Early Jurassic (ca. 234 to ca. 197)
Between 234 Ma (the last record of magmatic crystallization 
in dikes and smaller granite bodies associated with the plutons 
of the Permian arc) and ca. 197 Ma (beginning of the AMSM 
magmatic cycle; Rodríguez et al., 2020b), the accumulation of 

Figure 8.  Probability density diagram for igneous ages obtained in inherited 
zircons in the plutons and volcanic rocks of the AMSM arc
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conglomerates, sedimentary breccias and subordinate shales, 
siltstones, and arkoses of the Luisa Formation is recorded in 
the western paleomargin of Gondwana (Cediel et al., 1980, 

1981; Núñez and Murillo, 1982). The conglomerates and brec-
cias are constituted by granitoid, gneiss, and granulite clasts, 
likely eroded from the Carboniferous and Permian arc plutons 

Figure 9.  Age and composition of the plutons of the Triassic–Jurassic magmatic cycle of the Santander massif
 a) Correlation diagram of plutons of Triassic–Jurassic age; b) Diagram of probability density from the U‒Pb ages of the plutons; c) Pluton sample classification 
diagrams; d) Diagram of immobile trace elements normalized to NMORB
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formed in the margin and from rocks of the Neoproterozoic 
basement. The Luisa Formation rests discordantly on intrusive 
rocks with Permian crystallization ages (Ortega granite) and 
corresponds to the sedimentary record of the uplift and ero-
sion period of the continental margin.

After the deposition of the Luisa Formation, discordant 
dark gray limestones of the Payandé Formation and minor in-
tercalations of sandstones and lutites were deposited (Chicalá 
Member; Gómez, 2003). The latter record upper Triassic ma-
rine fauna (Geyer, 1973) and are related to a marine transgres-
sion event in the continental margin. The Payandé Formation 
would have been covered by volcanic material during the mag-
matic cycle that began in the Early Jurassic and extended until 
the Middle Jurassic (Montefrío sedimentites, Saldaña, Noreán, 
La Quinta formations, Sierra Nevada volcanic complex, and La 
Teta and Ipapure rhyodacites).

While erosion, sedimentation, and marine transgression 
occurred on the extinct plutons of the Carboniferous and Per-
mian arcs (deposition of the Luisa and Payandé Formations) in 
the western paleomargin of Gondwana, back-arc magmatism 
began ca. 214 Ma, lasting until ca. 184 Ma (ca. 30 Ma magma-
tic cycle) (Figure 9). This belt is located within the Famatinian 
Orogen of the Santander massif in an eastern position in the 
interior of Gondwana (Figures 2 and 13).

This magmatism was characterized by the formation of ba-
tholiths and stocks of monzogranite composition, with subor-
dinate granodiorites, syenogranites, and tonalites, from mul-
tiple magmatic pulses (Mogotes batholith; La Corcova, Santa 
Bárbara, and Río Negro monzogranites; Pescadero granite; 
and El Alto de Los Cacaos, San Joaquín, and El Uvo rhyolites, 
among others).

From a geochemical point of view, the rocks of this magma-
tism plot within the calc-alkaline and subordinate alkali-calcic 
granitoid fields (Figure 9c) of the high-K calc-alkaline series 
(Figure 9c) and are peraluminous (Figure 9c) and highly diffe-
rentiated (Figure 9c), presenting negative Nb and Ti anomalies 
in the diagram of immobile trace elements normalized to nor-
mal mid-ocean ridge basalt (NMORB) (Figure 9d).

The ages obtained for the plutons and subvolcanic bodies 
are summarized in Figure 9a and Supplementary Table TS1. 
Analyzing the behavior of the Triassic–Jurassic magmatism of 
Santander reveals that during the entire magmatic cycle, pre-
dominantly monzogranitic rocks were formed, and each of the 
plutons was formed during an extended period of crystalliza-
tion from multiple magmatic pulses (Rodríguez et al., 2020a, 

2021). The cycle started ca. 214 Ma, with a progressive increase 
in magmatism and with the highest crystallization peak be-
tween ca. 200 and 198 Ma, decreasing the crystallization pro-
gressively until the end of the cycle ca. 184 Ma (Figure 9a).

These granitoids were generated by the fusion of rocks of 
the Paleozoic metamorphic basement of the Famatinian Oro-
gen (Leal et al., 2019; López and Zuluaga, 2020; Rodríguez et 
al., 2017; Van der Lelij et al., 2016; Zuluaga and López., 2019), 
as suggested by the abundance of inherited zircons from the 
basement in these plutons (Rodríguez et al., 2020a) and the 
isotopic data (Leal et al., 2019; Van der Lelij et al., 2019).

The origin of this magmatism has been related to oblique 
subduction processes during the fragmentation of Pangea 
(López and Zuluaga, 2020; Rodríguez et al., 2017; Van der Lelij 
et al., 2016; Zuluaga and López, 2019) or partial fusion of the 
Santander massif metamorphic basement, thermally induced 
by the ascent of the mantle as a consequence of an extensio-
nal process, during the fragmentation of Pangea without being 
directly associated with subduction (Leal-Mejía et al., 2019).

Crustal thickness calculations based on Profeta et al. (2015) 
for Triassic–Jurassic granitoids of the Santander massif yielded 
values of approximately 60 km. These data indicate that the 
crust was thickened and could have delaminated.

Therefore, this study proposes another process that would 
also explain the fusion of continental crust in the Santander 
massif, corresponding to the delamination of the thickened 
lower eclogitic crust. This mechanism, like that of asthenos-
pheric decompression by thinning of the crust, allows the in-
cursion of mantle heat and induces extensive fusion of the con-
tinental crust (Thompson and Connolly, 1995).

6.5. Early Jurassic–Middle Jurassic (ca. 197 to ca. 164)
On the western margin of Gondwana, the magmatic activity 
of the arc returned in the Early Jurassic, ca. 197 Ma and conti-
nued until ca. 164 (magmatic cycle of ca. 33 Ma, Figures 10 and 
11), forming large volumes of volcanic and plutonic rocks em-
placed on the Neoproterozoic basement (AMSM; Rodríguez et 
al., 2020b) currently located on the eastern flank of the Central 
Cordillera, Upper Magdalena Valley, Serranía de San Lucas, 
Sierra Nevada de Santa Marta, and Upper Guajira (Figure 2).

During this period, explosive volcanic and subordinate lava 
deposits occurred along the arc axis (Saldaña, Noreán, and La 
Quinta formations; Pitalito vulcanites; Sierra Nevada de Santa 
Marta volcanic complex; and Ipapure-La Teta Hill rhyodacite). 
The magmatic cycle began with the crystallization of plutons 
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located to the east of the Carboniferous and Permian intrusive 
rocks (Sombrerillo quartz monzonite; Las Minas monzodio-
rite; El Astillero and Páez quartz monzodiorites; San Cayeta-
no, Anchique, and Los Naranjos quartz monzonites; Dolores 
stock; Norosí granite; Guamocó granodiorite; Papayal mon-
zonite; the Central batholith; and Ipapure granodiorite). This 
magmatism migrated to the east in the final stage of the arc 
cycle (Mocoa, Altamira, and Algeciras monzogranites; Gar-
zón granite; Teruel quartz latite; and Pueblo Bello, Patillal, and 
Atánquez batholiths) (Figure 11).

The oldest Jurassic plutons of this cycle (located to the west) 
are metaluminous, and the youngest (located to the east) vary 
from metaluminous to peraluminous, indicating migration of 
magmatism in a west–east direction (Rodríguez et al., 2018, 
2020b). The axis of the AMSM was located immediately to the 
east of the Carboniferous and Permian plutons, suggesting that 
the migration of the axis of the arcs between the Carboniferous 
and the Middle Jurassic occurred toward the interior of Gond-
wana in the same direction as the subduction of the Farallon 
Plate.

The first plutons of the AMSM, in southern Colombia, are 
located on the eastern flank of the Central Cordillera and Se-
rranía de Las Minas. On their western edge, they intrude the 
Permian La Plata and Ortega granites, and toward the east, they 
intrude the Neoproterozoic basement of the Chibcha Terrane. 
To the north, in the Serranía de San Lucas, the plutons intrude 
the Neoproterozoic San Lucas gneiss, and in the Sierra Nevada 
de Santa Marta, they occupy the western flank, intruding the 
Neoproterozoic Los Mangos granulite and Buritaca gneiss.

The plutons of the AMSM are not deformed in the Serranía 
de San Lucas and the Sierra Nevada, as is the case with the gra-
nitoids of the Carboniferous and Permian arcs that were formed 
toward the edge in the western paleomargin of Gondwana.

When the AMSM migrated the plutonism toward the east, 
the pluton composition changed from tonalite and quartz 
monzonite to monzogranite (Rodríguez et al., 2018, 2020b). 
The later plutons crop out along the western flank of the Eas-
tern Cordillera, upper Magdalena Valley, and eastern slope of 
the Sierra Nevada de Santa Marta, intruding the Neoprotero-
zoic basement. These rocks partially cover or intrude the vol-
canic products of the same arc (Figure 2).

Between 197 and 184 Ma, coeval magmatism occurred in 
two different geotectonic positions in the interior of Gondwa-
na: 1) the AMSM developed on the western flank of the Cen-
tral Cordillera, Serranía de San Lucas, and the Sierra Nevada 
de Santa Marta; 2) back-arc magmatism developed in the San-
tander massif. Along the axis of the arc, I-type metaluminous 
plutonism and volcanism occurred, while in the back-arc, I- 
and S-type peraluminous plutonism, and probably volcanism, 
developed by crustal fusion in a radius of approximately 60 
to 65 km, thickening the crust (calculated from La/Yb ratios) 
(Kay et al., 2014; Rodríguez et al., 2020a). In the back-arc, the 
magmatism ended ca. 184 Ma, while in the arc, it continued 
until ca. 164 Ma (Figures 9, 11, and 13).

The granitoids that constitute the AMSM cycle are calc-alka-
line, with slight variations toward the alkali-calcic (Figure 11c); 
they belong to the high-K calc-alkaline series, and some are shos-
honitic (Figure 11c). The oldest granitoids are metaluminous, and 
the youngest granitoids vary from metaluminous to peraluminous 
(Figure 11c), with negative Nb and Ti anomalies (Figure 11d).

The crystallization ages of the plutons of the AMSM vary 
between ca. 197 Ma and 164 Ma, with crystallization peaks at 
ca. 186 Ma, ca. 179 Ma, and ca. 170 Ma (Figure 11b).

Figure 10.  Magmatic arc cycles in the western margin of Gondwana between 
the Carboniferous and the Middle Jurassic
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Figure 11.  Age and composition of the plutons of the magmatic cycle of the lower to Middle Jurassic of the AMSM
 a) Pluton correlation diagram; b) Diagram of probability density from the U‒Pb ages of the plutons; c) Pluton sample classification diagrams; d) Diagram of im-
mobile trace elements normalized to NMORB
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6.6. Middle Jurassic to Lower Cretaceous (ca. 171 Ma 
and ca. 138 Ma)

Between ca. 171 Ma and ca. 138 Ma, several geological events 
occurred in the western paleomargin of Gondwana. Between 
171 Ma and 164 Ma, magmatic activity occurred in two di-
fferent geotectonic positions: 1) metaluminous and peralumi-
nous monzogranite stocks and batholiths formed further into 
the interior of Gondwana on the western slope of the Eastern 
Cordillera and the eastern slope of the Sierra Nevada de San-
ta Marta during the final stages of the AMSM; 2) outside the 
western paleomargin of Gondwana, west of the Carboniferous, 
Permian, and Early to Middle Jurassic pluton belts, a new cycle 
of arc activity began in a basement composed of Ordovician 
and Triassic metamorphic rocks (Figures 2 and 13), traditio-
nally called the Tahamí and Anacona Terranes (Restrepo and 
Toussaint, 2020) or the Cajamarca Complex (Maya and Gon-
zález., 1995). This new arc magmatism located to the west of 
the previous magmatic arcs is called the Ibagué-Segovia arc 
(AIS) (Rodríguez et al., 2020a, 2020b).

A third magmatic event corresponds to the formation of 
alkaline porphyry minor bodies composed of basaltic andesi-
tes that crystallized ca. 159 Ma. These rocks are located on the 
eastern slope of the Central Cordillera, intruding the plutons 
and volcanic rocks of the AMSM on the continental edge near 
the paleomargin (Rodríguez, 2018) (Figure 13).

The new magmatic cycle of the AIS is constituted by the 
Alisales, Ibagué, and Segovia batholiths, the Anzoátegui me-
tatonalite, the Ibagué tonalite, the Payandé stock, and further 
north, the Siapana granodiorite (Figures 2 and 13). Plutonism 
was accompanied by explosive volcanism (Chaparral vulca-
nites: this work; La Malena volcanics and Segovia vulcanites: 
González et al., 2015) and began its magmatic activity ca. 171 
Ma, ending ca. 138 Ma (magmatic cycle of ca. 33 Ma), with 
crystallization peaks at ca. 166 Ma, ca. 158.5 Ma, ca. 154 Ma 
and ca. 145 Ma (Figure 12b).

The plutons that are part of this cycle are constituted by to-
nalites and granodiorites with minor variations to quartz diori-
tes and monzogranites. These rocks crop out adjacent to andesi-
tic and dacitic vulcanite units and andesitic porphyry hypabyssal 
bodies that were formed in the final stage of the magmatic cycle. 
The porphyry bodies intrude the pluton belts formed in the Car-
boniferous and Permian cycles south of Ibagué.

The magmatism of the AIS coincides with the end of the 
AMSM magmatic cycle, the formation of metamorphic rocks 
against the continental paleomargin of Gondwana during the 

Late Jurassic, the amalgamation of new terranes at the margin, 
and the formation of subvolcanic bodies of alkaline basaltic 
andesites that are interpreted to be the result of the collapse 
and subsidence of the Farallon Plate in the mantle ca. 159 Ma 
(Rodríguez, 2018; Rodríguez et al., 2020b).

The magmatic cycle of the AIS extended before and after 
the collision of the Tahamí and Anacona Terranes against the 
Chibcha Terrain on the western margin of Gondwana. Locally, 
some plutons were emplaced in the suture (e.g., Ibagué Batho-
lith), while others occupied positions within the amalgamated 
terranes and in metamorphic rocks formed during the collisio-
nal orogeny (e.g., Segovia and Alisales batholiths), intruding 
Ordovician, Triassic, and Jurassic metamorphic rocks (e.g., 
Perla gneiss: Ordovician; Tierradentro gneisses and amphibo-
lites: Triassic and Jurassic ages; La Cocha-Río Téllez Complex: 
Upper Jurassic metamorphic and crystallization ages).

Plutons such as the Ibagué batholith and some subvolcanic 
porphyries intruded the plutons located within the Carboni-
ferous, Permian, and Early to Middle Jurassic (AMSM) con-
tinental margins. In this period, the Anzoátegui metatonalite 
was probably deformed, developing foliation parallel to the Ju-
rassic metamorphic rocks, while the Ibagué batholith presents 
only local deformation (Rodríguez et al., 2022).

The granitoids of the AIS cycle are mainly calcic, with some 
samples plotting in the calc-alkaline and alkali-calcic fields (Fi-
gure 12b). These rocks belong to the calc-alkaline series, and 
some belong to the high-K calc-alkaline series (Figure 12c). The 
granitoids are metaluminous and vary to peraluminous (Figure 
11d), presenting negative Nb and Ti anomalies (Figure 12e).

6.7. Evolution of the margin and composition and 
development of the collisional orogen between 
168 Ma and 154 Ma

The interpretation of the continental paleomargin of Gondwa-
na has varied with the advancement of geological knowledge 
and the acquisition of more geochronological data. The con-
tinental paleomargin is considered the western limit of the 
Chibcha Terrane, although it has been modified. The conti-
nental boundary of the Chibcha Terrane corresponds to the 
Neoproterozoic basement and the undeformed pluton belts of 
the Carboniferous, Permian, and Early to Middle Jurassic arc 
cycles, which were emplaced in this basement (Rodríguez et 
al., 2019a). On the western side, against the continental boun-
dary, the metamorphic sequences of the Ordovician (Anacona 
Terrane), Triassic (Tahamí Terrane), Late Jurassic (rocks with 
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Figure 12.  Age and composition of the plutons of the magmatic cycle from the Upper Jurassic to the Lower Cretaceous of the AIS
 a) Pluton correlation diagram; b) Diagram of probability density from the U‒Pb ages of the plutons; c) Pluton sample classification diagrams; d) Diagram of im-
mobile trace elements normalized to NMORB
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overlapping orogenic metamorphism), and deformed blocks 
detached from both margins, and rocks of oceanic crust crop 
out, marking the suture.

The subduction of the Farallon Plate between ca. 330 Ma 
and ca. 164 Ma likely partially eroded the continental paleo-
margin (hanging block), affecting the plutons formed during 
the Carboniferous and Permian magmatic cycles. Currently, 
deformed blocks of granitoids of the Permian cycle are present 
north of the Ibagué fault in the Serranía de San Lucas, Sierra 
Nevada de Santa Marta, and Upper Guajira (Permian orthog-
neiss in the Tierradentro gneisses and amphibolites: Busta-
mante et al., 2017; Nechí gneiss: Rodríguez and Zapata, 2017; 
El Encanto orthogneiss: Cardona et al., 2010 and Piraquive, 
2017; and granites and mylonites of Permian age in the Ma-
cuira gneiss: this work), along with rocks with Triassic and/or 
Upper Jurassic metamorphism, interpreted as detached blocks 
that joined the amalgamated blocks during terrane collision. 
The erosion of the continental paleomargin, probably caused 
by subduction, was apparently lower south of the Ibagué fault, 
where the Carboniferous, Permian, and Early to Middle Juras-
sic pluton belts remain undeformed and inside the continental 
margin (Figure 2).

To the south of the Ibagué fault, the Ibagué batholith pre-
sents hanging roofs of the Ordovician metamorphic basement 
(La Perla gneiss) and the Triassic and Upper Jurassic Tierra-
dentro gneisses and amphibolites, uplifted by the intrusion. In 
this sector, the Ibagué batholith and the Upper Jurassic sub-
volcanic bodies intrude the plutons of the Carboniferous, Per-
mian, and Early to Middle Jurassic cycles on the eastern side 
of the suture.

Elsewhere in Colombia, the continental margin is limi-
ted on the western side by Upper Jurassic metamorphic rocks 
mixed tectonically with Triassic metamorphic rocks and Per-
mian deformed plutonic blocks. This set of rocks is part of the 
collisional orogen located against the western paleomargin of 
Gondwana and was called the Tierradentro Terrane (Rodrí-
guez et al., 2020a), but it is probably more accurate to consi-
der it a collisional orogen that incorporates deformed blocks 
of both margins.

Orogenic metamorphism is present in units such as the 
Tierradentro gneisses and amphibolites (~167 to ~154 Ma; 
Rodríguez et al., 2017a, 2020a), the Cajamarca complex (~158 
to ~147 Ma; Blanco-Quintero et al., 2014), La Cocha-Río Téllez 
complex (~163 Ma; Zapata et al., 2017), the metamorphic roc-
ks of the Sierra Nevada de Santa Marta (Piraquive, 2017; this 

Figure 13.  Tectonic reconstruction of the magmatic cycles between the Car-
boniferous and the Lower Cretaceous (330 to 138 Ma) in the northwestern 
paleomargin of Gondwana in Colombia
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work), and most likely the Jarara and La Macuira ranges in the 
upper Guajira.

The rocks constituting the collisional orogen and the amal-
gamated blocks of the continental margin of Gondwana, im-
mediately to the west of the continental paleomargin, vary in 
origin, age, and composition. These have been grouped into 
units and complexes (La Cocha - Río Téllez and Cajamarca 
complexes, Tierradentro gneisses and amphibolites, Davis 
gneiss, San Lorenzo schist, among others) and include am-
phibolites formed from arc metabasites and NMORB oceanic 
crust (Rodríguez et al., 2020a), serpentine blocks, metasedi-
ments, paragneisses, marbles, Permian mylonitic orthogneiss 
blocks, and AIS pluton intrusions. Some of these plutons were 
probably deformed during the collisional orogeny (Anzoáteguí 
metatonalite: Rodríguez et al., 2020a). The first NMORB ocea-
nic crustal rocks appear on the western side of the continental 
paleomargin and correspond to amphibolites and ultrama-
fic blocks. Thus, the suture between the Chibcha and Taha-
mí-Anacona Terranes is a mixture of rocks of different origins, 
ages, and compositions.

Figure 13 summarizes the geotectonic evolution of the 
continental paleomargin of Gondwana between the Carboni-
ferous and the Lower Cretaceous, following the known U‒Pb 
geochronology data, the updated geology of the margin, and 
the whole-rock geochemistry of the magmatic cycles and me-
tamorphic units located to the west of the paleomargin.

7.  conclusIons

Each of the arc magmatic cycles that occurred in the western 
paleomargin of Gondwana between the Carboniferous and 
Middle Jurassic lasted approximately 30 to 35 Ma, except for 
the Triassic cycle, which lasted ca. 11 Ma.

The magmatic evolution between the Carboniferous and 
the Cretaceous shows a continuous compositional evolution 
between the continental margin arc cycles. In the Carbonife-
rous, bodies of tholeiitic calcic gabbros and calc-alkaline to-
nalites predominate. In the Permian, calc-alkaline granites, 
granodiorites, diorites, quartz monzonites, and monzonites 
formed, with variations between the calcic and alkaline-calcic 
fields of the calc-alkaline to high-K calc-alkaline series. In the 
Early Jurassic, calc-alkaline quartz monzonites, quartz monzo-
diorites, monzodiorites, and tonalites of the high-K calc-alkali-
ne series formed. At the end of the cycle, in the Middle Jurassic, 

calc-alkaline and alkaline-calcic monzogranites and syenogra-
nites of the high-K calc-alkaline series formed.

In the back-arc, the magmatic cycle lasted ca. 30 Ma, be-
tween ca. 214 Ma and ca. 186 Ma. The I- and S-type monzo-
granite and peraluminous syenogranite plutons formed during 
the entire cycle by crustal fusion. These rocks correspond to 
calc-alkaline to alkaline-calcic granites of the high-K calc-alka-
line series.

At the end of the Jurassic, the intrusion of the AIS cycle 
began (ca. 171 Ma) outside the paleomargin in the Anacona 
and Tahamí Terranes, lasting ca. 33 Ma until the early Creta-
ceous (ended ca. 138 Ma). At the same time, the collision of the 
Anacona and Tahamí Terranes against the continental margin 
of Gondwana during the Late Jurassic (between ca. 167 Ma and 
ca. 154 Ma), and the collapse of the subduction zone that gave 
rise to the continental margin arc cycles of the Carboniferous, 
Permian, Triassic, and Early to Middle Jurassic occurred in the 
western margin of Gondwana. This latter collapse episode is 
marked by the intrusion of alkaline basaltic andesite bodies ca. 
159 Ma.

The new zircon U‒Pb age results presented in this study 
reveal two new Carboniferous gabbro bodies located on the 
eastern slope of the Central Cordillera. These new data impro-
ve the information and distribution of the Carboniferous mag-
matism of Colombia, previously included as part of the Ibagué 
batholith. In addition, in the upper Guajira, the first data of 
deformed granitoids of Permian age are obtained, extending 
the record of this magmatic cycle to northern Colombia.

supplementary data

Supplementary data for this article can be found online at  
https://doi.org/10.32685/0120-1425/bol.geol.49.2.2022.663
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