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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.
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RODRIGUEZ-GARCIA et al.

Resumen Nuevos datos de campo, petrografia, litogeoquimica y geocronologia U-Pb
en circon de plutones jurasicos 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 ignea jurasica registrada en varios bloques de los Andes
colombianos comenzo en el Triasico Tardio y finalizo en el Cretacico Temprano. Este
magmatismo se desarrolld en por lo menos tres arcos magmaticos diferentes, durante
intervalos de tiempo claramente definidos y sobre basamentos con distintas caracte-
risticas. El primer arco de margen continental estacionario estuvo activo entre el Tria-
sico Tardio (ca. 214 Ma) y el Jurasico Temprano (ca. 184 Ma). El registro de este arco se
encuentra en el Macizo de Santander y esta representado por plutones principalmente
monzograniticos, peraluminosos, generados por miltiples pulsos magmaticos que in-
volucraron diversos grados de fusion cortical. En este estudio se propone, por primera
vez, que la mayor parte del arco se emplazo en basamento principalmente ordovicico
y otra menor en basamento neoproterozoico temprano. El segundo arco se localiza en
el Valle Superior del Magdalenay se desarrollo entre el Jurasico Temprano (ca. 197 Ma)
y el Jurasico Medio (ca. 167 Ma) durante al menos tres pulsos magmaticos relacionados
con la migracion 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 volcanicas, de andesitas a riolitas. El segundo arco
se emplazo en basamento metamarfico neoproterozoico, sedimentario paleozoico, ig-
neo pérmico y sedimentario triasico. El tercer arco de margen continental se encuentra
localizado en el bloque norte del Batolito de Ibagué y se formo durante el Jurasico
Tardio (ca. 158 Ma) al Cretacico Temprano (ca. 138 Ma). Se caracteriza por al menos dos
pulsos representados en un pluton sintectonico occidental y un pluton postectonico
oriental, ambos compuestos por tonalitas metaluminosas calcoalcalinas separadas
por una franja de rocas metamorficas del basamento de edad jurasica temprana y
no del Neoproterozoico ni del Pérmico-Triasico como se consideraba anteriormente.
Palabras clave: magmatismo de arco continental, geocronologia U-Pb en circén, basamento

metamorfico, 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 (Alvarez, 1983; Aspden et al., 1987;
Bustamante et al., 2010; Gendall et al., 2000; Goldsmith et al.,
1971; Leal-Mejia, 2011; Mantilla—Figueroa et al., 2013; No-
ble et al., 1997; Rodriguez et al., 2018a; van der Lelij, 2013;
van der Lelij et al., 2016; Villagémez 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-Mejia, 2011; McCourt et al., 1984;

118

Meschede & Frisch, 1998; Rodriguez et al., 2015a; Spikings et
al.,2015; Toussaint, 1995; van der Lelij et al., 2016; Villagémez
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
Farallén Plate and the northwestern margin of South America.
Bayona et al. (2010) and Villagémez et al. (2015) proposed that
a continental arc, encompassing the blocks of Jurassic rocks in
the Upper Magdalena, Central Cordillera, serrania de San Lu-
cas, and Sierra Nevada de Santa Marta, moved from a southern

—_—

Figure 1. (a) Occurrences of Jurassic igneous rocks in the Colombi-
an Andes. Retrieved and modified from Gomez et al. (2015a). Data
source: U-Pb ages from several authors compiled by Gomez et al.
(2015b). (b) Proposed distribution of metamorphic basement in the
regions related to Jurassic magmatism and volcanism.
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location northward (Bayona et al., 2006, 2010), which masked
the original tectonic relationships between the units (Bayona et
al., 2010; Villagémez et al., 2015; Zapata et al., 2016a; Zuluaga
etal.,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—Suarez, 1990).

This Andean province includes the SM, the UMYV, 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 Bocon6 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 Silgard 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; Garcia & Rios, 1999; Goldsmith
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et al., 1971; Ordéfiez—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 Leljj et al., 2016; Zulua-
gaetal.,2017). Overlying the Bucaramanga Gneiss, the Silgara
Formation (Ward et al., 1973), which is also called the Silgara
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;
Ordoéiiez—Carmona et al., 2006; Rios 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-
gard 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-Mejia, 2011; Mantilla—Figueroa et al.,
2012; Restrepo—Pace, 1995; Rodriguez et al., 2017a; Ulloa
& Rodriguez, 1982; van der Lelij, 2013; van der Leljj 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—Martinez et al., 2016; Ward et al., 1973), Pescadero Gran-
ite (Ward et al., 1973; Zapata et al., 2016b), Santa Barbara
Monzogranite (Rodriguez et al., 2017b; Ward et al., 1973,
1977a); La Corcova Monzogranite (Goldsmith et al., 1971; Ro-
driguez et al., 2017c; Ward et al., 1973), Paramo Rico Pluton
(Dorr et al., 1995; Royero & Clavijo, 2001; Ward et al., 1973),
San Martin Tonalite (Arias—Tauta & Vargas—Higuera, 1978;
Rodriguez 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 Joaquin Rhyolite, and El
Uvo Rhyolite (Correa—Martinez et al., 2018; Rodriguez 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, 19773, 1977b, 1977¢, 1977d, 1977, 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—Martinez 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-Mejia, 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 Garzén Group,
the Guapot6én and Mancagua Gneisses, Las Minas Migmatites,
and El Recreo Granite of Neoproterozoic age (Ibafiez—Mejia et
al.,2011; Jiménez—Mejia et al., 2006; Kroonenberg & Diederix,
1982; Rodriguez, 1995a, 1995b; Rodriguez et al., 2003; Velan-
dia et al., 2001a, 2001b). Paleozoic sedimentary rocks, such
as the Mudstones and Granadillo Limestones, La Jagua Pa-
leozoic, El Higado 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-Mejia, 2011;
Rodriguez, 1995a; Rodriguez 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 (Rodriguez 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 serrania 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 (Rodriguez et al.,
2018a).

The assemblage described above is separated by the Avi-
rama Fault from the Tahami Terrane (Restrepo & Tousssaint,
1989) or the Cajamarca Complex (Maya & Gonzélez, 1995).
These metamorphic terranes consist of schists, quartzites,
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gneisses, granofels, and amphibolites (Feininger et al., 1972;
Gonzilez, 1980; Hall et al., 1972; Maya & Gonzlez, 1995;
Restrepo & Toussaint, 1988; Rodriguez 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; Rodriguez 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 km? (Bustamante et al., 2016;
Gomez et al., 2015a; Nelson, 1957, 1962; Nufiez, 2001, 2002;
Rodriguez & Nufez, 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, Alvarez (1983)
noted the absence of a genetic relationship between the Ibagué
Batholith and several intrusives that outcrop to the south (e.g.,
the Pdez River Pluton, the San Agustin 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 Pdez Quartz Monzodiorite (Alvarez, 1983; Rodri-
guez et al., 2018a; Zapata et al., 2015) and La Plata Granite
(Rodriguez, 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 (Rodriguez 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; Nuiez, 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—Rio Téllez Migmatitic Com-
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Table 1. K/Ar, Ar-Ar, and LA-ICP-MS U-Pb zircon ages in the NBIB from other authors.

Sample Latitude N Longitude W  Classification Unit Age (Ma) Method Source
GCC6 4° 47744277  75°2°5.75” Anzodtegui Metatonalite 158.17 +1.17/-0.35 U-Pb Bustamante et al. (2016)
Cll1 4°38°47.63” 75°2°15.17” Anzodtegui Metatonalite 152.61 +1.82/-0.74 U-Pb Bustamante et al. (2016)
IGM-69974 4°39°3599” 74°57°0.06” Quartz diorite  Ibagué Tonalite 142+9 K/Ar-Hbl Vesga & Barrero (1978)
C19B 4°44°40.13” 74°57°35.90” Ibagué Tonalite 142.07 +1.08/-0.86 U-Pb Bustamante et al. (2016)
CI2 4°39°3647” 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 40.72/-1.42 U-Pb Bustamante et al. (2016)
4°39°36.02”  75°0°0.05” Tierradentro Gneisses and 146 +3 K-Ar-RT McCourt et al. (1984)
Amphibolites
DV04 4°47°0.19”  74°58°31.44” Diorite Tierradentro Gneisses and 1592+52  Ar-Ar-Hbl Villagémez etal. (2011)

Amphibolites

plex, may correspond to a Jurassic terrane that is correlated with
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, UMYV, 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 Geolégico 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 Bogota. 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, HNO,, HCIO,, and
HCI). 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 Auténoma 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 um. 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
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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 (PleSov-
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 pA 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-300LYV, 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 PleSovice, 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 Barbara Monzo-
granite, La Corcova Monzogranite, Piramo Rico Pluton, San
Martin Tonalite, Rionegro Monzogranite, and three porphyritic
bodies, including the Alto de Los Cacaos Rhyolite, San Joaquin
Rhyolite, and El Uvo Rhyolite (Figure 2).

Most of the plutons intrude metasedimentary rocks of the
Bucaramanga Gneiss and the Silgard Formation and metaigne-
ous felsic rocks of the granitic orthogneiss. Additionally, the
Rionegro Monzogranite intrudes the Céchira Monzogranite in
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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 Martin 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 Silgard 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 SiO, con-
tents ranging from 65% to 79% in most rocks, K,O ranging
from 3% to 5.4%, and TiO,<1%. TiO,, Al,O,, MgO, CaO, P,O,,
and FeO decrease and K O increases with increasing SiO, 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 Barbara Monzogranite, (b) La Corcova Monzogranite, (c) San Joaquin
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
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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 SiO, contents, Eu/
Eu* ratios <1 are more prominent.

The (La/Yb)_ 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 (3 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



Diverse Jurassic Magmatic Arcs of the Colombian Andes: Constraints from Petrography, Geochronology, and Geochemistry

F
|
14 4
12 4
10
Tholeiitic series
Q
X -
< 8
Q
<
z
6 -
Tonalite
4
2 -
Calc-alkaline series
0 T T T T T T T
45 50 55 60 65 70 75 80
SiO2 A M
6 C | 6 d | Metaluminous Peraluminous
A
® .‘. .‘. +
- A 5 -
5 o gt
/9 ® !
T e
4 Shoshonitic series ¢ 47
K:0 N ANK
34 3
) Calc—alkaline series 2 u e
* ]
L]
1 1 —
Tholeiitic series eeemmm T
LI Peralkaline
0 T T T T T T 0 ! ! ' '
45 50 55 60 65 70 75 0.6 08 1.0 12 14
SiO. A/CNK
e * A | o
j ] * * 100 4 f .
[ | < = ’
AF m =g " = .
| + o .
[] N N .
* I - B L °
_ ™ LR it - . P \@*
B P 0% i B e ‘Jr K >
E ° MRS | 104 ’; e Q@’o
o - ° E R e 3 ©
3 Y92 - ¥ - i i N
z - S Le
L Lo e F e .
2k X~ /; 0\0{0 ey olB
.- o L] *
-7 4 a ’ »
o []
1 1 1 1 1 1 ] - *
1 2 3 4 5 6 7 _ E-MORE
K20 (wt %) L
0.10 4+
N-MORB
Mogotes Pescadero Rionegro Santa Bésrbara *
L4 Monzogranite + Granite | Monozogranite X Monzogranite
E) Uvo Rhyolite and 0.01 iy iy iy R
* _Sran l\l{ltanin o k/li)gzot:ar):r?ite A San Joaquin /\ Alto Los Cacaos Rhyolite 0.1 1 10 100 1000
onalite 9 Rhyolite Nb/Yb

Figure 5. Classification and discrimination diagrams for Triassic — Jurassic granitoids in the SM: (a) TAS diagram of Middlemost (1985),
(b) AFM diagram (Irvine & Baragar, 1971), (c) alkalinity index diagram of Peccerillo & Taylor (1976), (d) alumina saturation index diagram
of Shand (1943); (e) K.0O vs. Na,O diagram of Chappell & White (1974) discriminating between I-type and S-type granites, (f) Nb/Yb vs.

Th/Yb diagram of Pearce (2008).

127

Jurassic



RODRIGUEZ-GARCIA et al.

128

m
o
o
z
<
<
Q
£
©
w
000 i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
CsRbBaTh U Nb K LaCePb Pr Sr P Nd ZrSmEu Ti Dy Y Yb Lu
L e
E Santa Barbara Monzogranite
100 ===t m e e
B 0p---#----t- e e
<] E
§| E
3 C
s N7 N _ s\ NI
[*%
£ E
((B -
Odfmmmmmmmmmmm e e
[ R e
O e T T O B B
CsRbBaTh U Nb K LaCePb Pr Sr P Nd ZrSmEu TiDy Y YbLu
L R
o
o
o]
Z
<
k)
[=%
£
©
(2]
0001 T T T T T T T T T T T T T T T T T T T T T T
CsRbBaTh U Nb K La CePb Pr Sr P Nd ZrSmEu Ti Dy Y Yb Lu
San Joaquin, El Uvo, and Alto
Los Cacaos Rhyolites
[0 T} VN TN /|
o
o)
3 .
P4
S Mgttt =3
Q
£
©
L I w
E \/
y
0.01 E- """ T Tt oo TTTToooooomooooooooooo-
0001 C T T T T T T T T T T T T T T T T T

CsRbBa Th U Nb K LaCePb Pr Sr P Nd Zr SmEu Ti Dy Y Yb Lu

Sample/N-MORB

0.01

0.001

T T T T T T T T T T T T T7T T T T T
CsRbBaTh U Nb K LaCePb Pr Sr P Nd Zr SmEu Ti Dy Y Yb Lu

1000

La Corcova Granite

100

Sample/N-MORB

e

000t T T T T T T T T T T T T T T T T T T T
CsRbBa Th U Nb K La CePb Pr Sr P Nd Zr SmEu Ti Dy Y Yb Lu

Sample/N-MORB

00l ——T—TT T T T T T T T T T T T T T T T T T

CsRbBa Th U Nb K LaCePb Pr Sr P Nd Zr SmEu Ti Dy Y Yb Lu

Figure 6. N-MORB-normalized multi-element diagram (Sun & Mc-
Donough, 1989) for granitoids of the SM. Data sources: Arango et al.
(2016); Correa-Martinez et al. (2016, 2018); Rodriguez et al. (2017b,
2017¢, 2017d, 2018¢); Zapata et al. (2016b, 2017b).



Sample/REE chondrite Sample/REE chondrite Sample/REE chondrite

Sample/REE chondrite

Diverse Jurassic Magmatic Arcs of the Colombian Andes: Constraints from Petrography, Geochronology, and Geochemistry

1000
C Mogotes Batholith
100 E
10 F--"""""-----
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
1000
C Santa Barbara Monzogranite
L
L R e e i B
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
la Ce Pr- Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
1000 £
C Rionegro Granite
100
10 E-----------m--o
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
1000
L San Joaquin, El Uvo, and Alto Los Cacaos
i Rhyolites
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

1000

Pescadero Granite

100

Sample/REE chondrite

1 1 1 1 1 1
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

1000

La Corcova Granite

Sample/REE chondrite

1 1 1 1 1 1 1 1 1
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

1000

San Martin Tonalite

Sample/REE chondrite

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 7. Distribution pattern of chondrite-normalized rare earth
elements (Nakamura, 1974) of granitoids in the SM. Data sources:
Arango et al. (2016); Correa-Martinez et al. (2016, 2018); Rodriguez
et al. (2017b, 2017¢, 2017d, 2018¢); Zapata et al. (2016b, 2017b).

129

Jurassic



RODRIGUEZ-GARCIA et al.

Table 2. Chondrite-normalized rare earth element diagram (Nakamura, 1974) for SM granitoids.

Sample Unit Eu/Eu* (La/Yb), (La/Sm)_ (Ce/YD), (Ce/Sm)_ (Ew/Yb), YREE
900910 Santa Barbara Monzogranite 0.76 5.55 2.06 4.6 1.71 148 226.12
900941 Santa Barbara Monzogranite 091 20.56 6.31 13.77 422 2.25 254.88
900857 Santa Barbara Monzogranite 0.47 18.25 5.17 12.14 344 1.2 277.55
900920 Santa Barbara Monzogranite 0.68 16.68 5.28 11.36 3.59 1.58 222.02
900882 Santa Barbara Monzogranite 0.62 12.06 402 9.09 3.03 1.3 182.25
900870 Santa Barbara Monzogranite 0.67 19.32 5.57 13.51 3.89 1.73 159.87
900896 Santa Bédrbara Monzogranite 0.59 13.57 52 9.93 38 1.15 21101
900933 Santa Barbara Monzogranite 0.8 10.77 4.06 845 3.18 1.52 123.24
900908 Santa Bérbara Monzogranite 0.73 791 6.45 497 4.06 0.71 7301
900911 Santa Barbara Monzogranite 0.63 5.09 37 3.64 2.65 0.65 63.97
900881 Santa Barbara Monzogranite 0.37 7.06 5.19 495 3.63 0.37 65.17
900935 Santa Barbara Monzogranite 0.29 448 3.79 375 3.18 0.24 69.75
900862 La Corcova Monzogranite 04 45.44 45 33.62 3.33 2.86 2644
900861 La Corcova Monzogranite 0.5 40.78 58 29.62 421 2.55 350.7
900863 La Corcova Monzogranite 042 30.69 4.59 22.79 341 2.05 201.05
900929 La Corcova Monzogranite 0.52 30.73 5.09 2221 3.68 235 241.55
900921 La Corcova Monzogranite 043 40.84 3.56 31.2 2.72 348 445.1
10DVLO5 La Corcova Monzogranite 0.67 15.88 5.28 10.66 3.54 1.52 3199
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 2.88 239 04 102.71
900909 La Corcova Monzogranite 043 2.88 245 1.99 1.69 0.39 113.15
900936 La Corcova Monzogranite 0.55 5.89 297 4.7 237 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 1.83 202 71.39
900954 Rionegro Monzogranite 1.09 20.17 7.75 11.45 44 2.14 428.36
900949 Rionegro Monzogranite 0.78 12.1 434 8.65 3.1 1.59 586.13
900952 Rionegro Monzogranite 0.77 13.07 431 10.12 334 1.77 468.08
900950 Rionegro Monzogranite 0.96 24 87 642 16.92 437 2.86 388.6
900985 Rionegro Monzogranite 0.73 794 3.94 6.18 3.07 1.36 121.45
900973 Rionegro Monzogranite 0.87 11.11 501 7.87 3.55 1.63 150.28
900990 Rionegro Monzogranite 097 11.85 48 8.62 349 2.06 138.65
900971 Rionegro Monzogranite 0.84 8.79 425 6.82 33 143 1345
900974 Rionegro Monzogranite 0.52 7.37 3.08 6.16 2.57 1.01 108.8
901002 San Martin Tonalite 1.04 7.45 3.56 5.39 2.58 1.82 71.26
901003 San Martin Tonalite 0.72 535 259 4.61 223 1.25 102.47
901004 San Martin Tonalite 1.26 82 435 553 293 1.87 63.85
901032 San Martin Tonalite 1.93 4.88 242 4.18 2.07 339 13525
901033 San Martin Tonalite 0.71 11.24 4.17 8.86 329 1.62 111.65
900864 Pescadero Granite 043 8.63 271 6.4 2.05 093 108.96
900871 Pescadero Granite 03 10.22 348 8.83 3.01 0.62 132.52
900872 Pescadero Granite 04 12.75 4.06 9.62 3.06 091 233.56
900873 Pescadero Granite 049 10.64 32 8.8 2.65 1.21 236.52
900897 Pescadero Granite 042 6.17 24 4.25 1.65 0.73 98.21
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Table 2. Chondrite-normalized rare earth element diagram (Nakamura, 1974) for SM granitoids (continued).

Sample Unit Euw/Eu* (La/Yb),
900898 Pescadero Granite 0.36 8.85
900867 Pescadero Granite 0.89 28.59
900899 Pescadero Granite 094 16.54
900944 Mogotes Batholith 0.68 11.72
900887 Mogotes Batholith 043 4.52
900927 Mogotes Batholith 1.31 13.85
900965 Mogotes Batholith 0.53 18.57
900869 Mogotes Batholith 0.8 12.7
900943 Mogotes Batholith 0.66 9.74
900966 Mogotes Batholith 0.71 13.33
900874 Mogotes Batholith 0.79 1741
900962 Mogotes Batholith 0.89 17.88
900917 Mogotes Batholith 0.79 23.14
900900 Mogotes Batholith 0.7 18.33
900903 Mogotes Batholith 0.61 159
900902 Mogotes Batholith 0.76 18.67
900945 El Uvo Rhyolite 0.6 5.78
900946 El Uvo Rhyolite 0.39 435
900890 San Joaquin Rhyolite 0.58 8.93
900891 San Joaquin Rhyolite 0.58 15.71
900892 San Joaquin Rhyolite 0.66 12.89
900876 Alto de Los Cacaos Rhyolite 0.52 7.68
900916 Alto de Los Cacaos Rhyolite 0.56 4.5

(La/Sm), (Ce/Yb),  (Ce/Sm),  (EwYb),  YREE
291 10 329 076 184.71
9.83 17.47 6.01 204 144.13
6.56 10.79 428 1.79 164.94
457 7.01 274 13 23548
2.78 3.91 24 05 104.36
791 9 5.14 1.87 98.55
5.16 11.63 3.23 143 298.16
631 8.6 427 124 158.31
487 5.48 274 1.04 302.12
5.1 8.42 322 138 23243
6.02 11.45 3.96 175 1837
5.58 11.33 3.54 2,08 227.96
5.76 16.61 4.13 235 240.22
463 13.48 341 2 245
3.93 1291 3.19 176 29537
478 13.61 3.49 2.14 24271
424 3.94 2.89 0.6 91.99
3.64 3.18 2.66 035 86.3
3.77 6.83 289 0.99 232.69
424 10.86 293 155 29101
4.14 9.64 3.1 15 26435
432 539 3.03 0.68 144.54
3.25 234 161 0.59 126.22

Source: Data from Arango et al. (2016); Correa-Martinez et al. (2016, 2018); Rodriguez et al. (2017b, 2017c, 2017d, 2018c); Zapata et al. (2016b, 2017b); sample 10DVLO5

from van der Lelij (2013).

aplitic monzogranites (corresponding to the Mogotes Batho-
lith, the Pescadero Granite, the Santa Barbara Monzogranite,
La Corcova Monzogranite, the Paramo Rico Pluton, the San
Martin Tonalite, the Rionegro Monzogranite, and three por-
phyritic bodies called the Alto de Los Cacaos Rhyolite, San
Joaquin Rhyolite, and El Uvo Rhyolite) were dated using U-Pb
zircon LA-ICPMS (data sources: Arango et al., 2016; Correa—
Martinez et al., 2016, 2018; Rodriguez 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), 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.
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Table 3. LA-ICP-MS U-Pb zircon ages of granitoid bodies from the SM.

Sample Latitude N Longitude W Classification Unit Age (Ma) Inherited ages (Ma)
224-222,n=2; 234-231, n=4; 252-248, n=2; 298-270, n=5;
o Ao ' 0 10° N . . 386-376, n=5; 420-395, n=5; ; 445-437,n=5; 459-451,n=5 513,
AMC-0162  6°27°41.16 72° 49’ 52.55” Deformed monzogranite Mogotes Batholith 189.1+3.6 n=1: 360338, 1=6; 585, n=2: 680650, n=2; 800735, 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+13 2683 +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+39 248.5 +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 2004 +£22 2344+7.1,n=1;3169+£6.8,n=1; 1120 £ 79, n=1; 1627 + 77, n=1
TCR-376 6°41°691”  72°57°13.31” Monzogranite Mogotes Batholith 2025+13 880=+15,n=1
MIA-636 6°41°0.05”  72°57°59.68” Micrographic monzogranite Mogotes Batholith 2054+30 571.7+6,n=1;1316 +76,n=1
AMC-0144  6°25°27.04” 72°50°23.16” Aplitic Syenogranite (dike) Mogotes Batholith 202.1+18 435+6.7,n=1
TCR380 6°28°2143"  72°54°17.89”  Quartz monzonite (dike) Mogotes Batholith 191.0£35 ;;2:22?’ :fi‘ 267,n=1;215, n=1; 399-391, n=2; 448-432, n=4;
AMC-136A  6°45°20.98” 72°57°2148” Microdiorite (dike) Mogotes Batholith 1083 +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 988+ 1.3 199 +6,n=2;214+7;207 7
TCR-389 7°37°59.55"  73°16°55.66” Diorite Minor Body 1997+ 1.6
GZ-6823 6°55°14.09”  73°0°59.90” Monzogranite Pescadero Granite 1948 +32 451 +18,n=10; 995 + 20, n=2
o s . o s . . . 324.18 + 18, n=1; 432.5 + 25, n=1; 754.1 £ 45, n=1; 959 + 31, n=3;
GZ-6824 6°53°22.17 72° 5948 41 Monzogranite Pescadero Granite 1973+24 1047.8 + 64.n=1- 1873.1 £ 105
s » s » . La Corcova Monzo-
AMC-0131 7°9°47.68 73°2°2293 Syenogranite granite 1925+2.6 338.8+10,n=1;408.5+73n=3
s » s » . La Corcova Monzo-
JGB-456B 6°57°243 72°56°13.82” Quartz diorite granite 201.6+4.0 304.6=%15
MIA-630B  7°2°12.10”  73°2°42.78”  Quartz diorite La Corcova Monzo- 2027+ 1
granite
La Corcova Monzo- 230, n=1; 262 + 13, n=2; 289 + 8, n=1; 362 + 15, n=2; 390-415,
LMC-077  7°9°39.68”  73°3°4044” Monzogranite ‘t’ cova Monzo 2048+6.1 n=2;435-457,n=3; 4638 +7.3,n=3; 490 + 20,n=3; 618 + 30,
grantte n=1;911 +40, n=1; 1091 + 39, n=1; 1426 + 38, n=1
AMC-128A  7°81244”  73°2°17.93” Meta-syenogranite Xenolith ]g“:‘mi‘t’e'“’va Monzo- 4627+3.1 525+78,n=1:533.8 7, n=1; 1099 + 74, n=1
o cc» ’ o car . . . . La Corcova Monzo- 2812+56,n=1;4194+7,n=1;4305+4.7,n=1;457.1+5.0,
MIA-627A 6°55°24.42 72°59’51.19” Monzogranite-(dike) eranite 1995+4.6 n=11: 4821 + 3.1, n=3; 14981418, n=3
MIA-650B 7°25°42.08” 73°10°50.27” Syenogranite Rionegro Monzogranite 184.1+£23 928 +55,n=2; 1005, n=1; 1485, n=1
LMC-082 7°42°295”  73°16°53.05” Diorite Rionegro Monzogranite 189916
GR-6743 8°11°22.47” 73°19°048”  Granodiorite-Monzogranite Rionegro Monzogranite 1959+1.6 2309+79,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 1945+12 1021.6,n=1
JGB-462 7°11°26.11”  73°7°2648”  Quartz monzonite (dike) Rionegro Monzogranite 1972+15
LMC-084 7°39°53.04” 73°16’34.56” Granodiorite with hornblende ~ Rionegro Monzogranite 2008+19 230.8+5,n=2
MIA-648B  7°19°10.73”  73°7°40.61”  Granodiorite Rionegro Monzogranite 4 5.5 7 2443 4 4.0, n=6; 288-267, n=2; 320 + 15, n=1
-Minor Body
s . s . . Santa Barbara Monzo-
AMC-0137 6°45°18.64 72°55°57.78 Monzogranite granite 191.7+12 201.4-200.8,n=3; 1122 and 1158, n=2 unconformable
JGB-45TA  6°57°32.95” 72°55°44.00” Monzogranite Z;‘:;i farba“‘ Monzo- 1951419 392, n=I
s ' s . . Santa Bérbara Monzo-
GR-6719 7°10°32.46 72° 49’ 32.68 Monzogranite granite 196.8 +2.0 224-221, n=2 unconformable; 474, n=1 unconformable
GZ6821 655 1409”7  72°54°19.44”  Monzogranite Santg Bérbara Monzo- 198.0 2.7 238.4-213.3,n=4; 395.6-380.8, n=3; 427.9-417.8, n=3; 470—
granite 447.4,n=3
GR-6718 7°7°5382”  72°51°2.68” Monzogranite Santa Bdrbara Monzo- 3¢, 5 5
granite
o 1ns . o c1s " . . Santa Bdrbara Monzo-
GR-6717 7°10°7.27 72°51°46.08 Monzogranite (minor body) 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) z::;;f"“bm Monzo- 9007+20  628+26,n=1
AMC-0127  6°56°10.40”  72°54’6.56” Pheno-dacite (dike) Santa Bdrbara Monzo- 1, 53 567, nal

granite
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Table 3. LA-ICP-MS U-Pb zircon ages of granitoid bodies from the SM (continued).

Sample Latitude N Longitude W

Alto de Los Cacaos

AMC-0145 6°26’4.14”  72°52°37.30” Quartz-trachyte of Kfs (dike) Rhyolite

GR-6729 6°26°37.39” 72°51°2291” Pheno dacite

Classification Unit

San Joaquin Rhyolite

Age (Ma) Inherited ages (Ma)

279 +2.8,n=1;410+4.4,n=1;429 + 8.3, n=1; 454 + 7.5, n=1; 464

052526 45 he1:1681 + 67, n=l

201.0+2.1 390 +20,n=1; 446 + 8, n=1; 1630 + 170, n=1 unconformable

MIA-641 6°27°3324”  72°48°4.01”  Porphyritic rhyolite (dike) El Uvo Rhyolite 1972+1.6 2182+40,n=2; 1168 +25,n=1
LMC-088 8°8°36.39”  73°26°32.93” Granodiorite San Martin Tonalite 198.0+2.8
TCR-395A  7°55°41.64” 73°23’4450” Metatonalite San Martin Tonalite 1989+ 1.8

LMC-090B 8°573.51" 73°26°26.86” Phenodacite (dike)

TCR-363 7°12°51.61”  72°53°55.78” Granodiorite

San Martin Tonalite

Paramo Rico Tonalite

196.6 £2.5 999 +26,n=1
206.84 £ 0.98

Source: Data from Arango et al. (2016); Correa-Martinez et al. (2016, 2018); Rodriguez 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 Joaquin 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 Barbara Monzo-
granite. A set of Early, Middle, and Late Ordovician ages is
found in the Mogotes Batholith; La Corcova, Santa Barbara,
and Rionegro Monzogranites; and the San Joaquin 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 Barbara, 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
(Rodriguez 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 (Bermidez
et al., 2015; Carvajal et al., 1983, 1993), Los Naranjos Quartz
Monzonite (Rodriguez & Fuquen, 1989; Rodriguez et al., 2015b;
Velandia et al., 2001b), Pdez Quartz Monzodiorite (Zapata et al.,
2015), El Astillero Quartz Monzodiorite (Rodriguez 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-
driguez et al., 2015d), Teruel Quartz Latite (Arango et al.,
2015¢), Garzon Granite (Rodriguez et al., 2015e; Velandia et
al., 2001b), Altamira Monzogranite (Arango et al., 2015d),
Sombrerillo Quartz Monzonite (Rodriguez 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 P1 + 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.
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Figure 8. Ages of inherited zircons in samples of granitoids from the SM (data sources: Arango et al., 2016; Correa-Martinez et al., 2016,

2018; Rodriguez et al., 2017b, 2017¢, 2017d, 2018¢; Zapata et al., 2016b, 2017b).

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.

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.
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Figure 9. Age and inheritance of amphibolite sample MIA-661 from the Aguachica-Ocafa road. (a) Probability density diagram; (b)
weighted average age diagram; (c) concord diagram; (d) tuffzirc age diagram.

The volcanic units include the Saldafia Formation and the
Pitalito Vulcanites (Rodriguez et al., 2016b, 2018a). The for-
mer is located in the Central Cordillera and the serrania 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 (Rodriguez et al., 2018a).
Data sources include Arango et al. (2015a,2015b, 2015c¢, 2015d,
2015¢); Bermudez et al. (2015); Bustamante et al. (2010); Ro-
driguez 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 Pdez 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 TiO,,
A1203, MgO, CaO, and PZO5 and increases in KZO and NaZO
with increasing SiO,. The rocks in the A (ALQ,), 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 12¢), with SiO, contents ranging
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from 53% to 78%, Na O contents ranging from 2.8% to 4.7%,
and K, O contents ranging from 2.1% to 5% (Figure 12¢). They
have low Fe,O, 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 12¢), with low SiO, contents
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Figure 12. Diagrams of major oxides: (a) TAS (Middlemost, 1985),
(b) AFM fields indicated by Irvine & Baragar (1971), (c) Peccerillo &
Taylor (1976), (d) Shand (1943), (e) K,0 vs. Na,0 diagram of Chappell
& White (1974) discriminating between I-type and S-type granites.
Data sources: Arango et al. (2015a, 2015b, 2015¢, 2015d, 2015€); Ber-
midez et al. (2015); Rodriguez et al. (2015a, 2015b, 2015¢, 2015d,
2015€, 2018a); Zapata et al. (2015).

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

The western plutons have a predominantly metaluminous
character (Figure 12d), with mean Al O, contents of 15.5% wt
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and lower (CaO + Na,O + K,O) contents of 11.7% wt. Some
silica—enriched rocks reach the peraluminous series. The west-
ern plutons range from metaluminous, with ALO, contents of
15.34% wt and (CaO + Na,O + K O) contents of 10.86% wt, to
peraluminous in the rocks from the Garzén 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 K,O 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 Ew/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) 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)_ < 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 (3 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 15¢), mag-
nesian (oxidizing magmas) (Figure 15d) granites with greater
enrichments in SiO, 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, Pdez Quartz Monzodiorite,
El Astillero Quartz Monzodiorite, Las Minas Monzonite, Al-
geciras Monzogranite, Teruel Quartz Latite, Garzén Granite,
Altamira Monzogranite, Sombrerillo Quartz Monzonite, Mocoa
Monzogranite, Saldaiia Formation, and Pitalito Vulcanites (data
sources: Arango et al., 2015a, 2015b, 2015¢, 2015d, 2015e;
Bermudez et al., 2015; Rodriguez 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 UMYV, 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 (Rodriguez
etal.,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 Saldafia 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-
driguez 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 UMYV, including the Garzén Group, the
Mancagua and Guapoton 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; Bermudez et al., 2015; Rodriguez et al., 2015a, 2015b,
2015¢,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 14. Chondrite-normalized rare earth element diagram (Nakamura, 1974) for both groups of plutons from the Upper Magdalena
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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 Otu—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 Anzodtegui 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
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(Tierradentro Gneisses and Amphibolites sensu Barrero &
Vesga, 1976).

The Anzodtegui 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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Table 4. Chondrite-normalized rare earth element diagram (Nakamura, 1974) for granitoids from the UMV.

IGM UNIT Eu/Eu* (La/Yb)n (La/Sm)n (Ce/Yb)n (Ce/Sm)n (Eu/Yb)n YREE
Western Plutons
CBO0007A* Las Minas Monzodiorite 09 6.92 292 553 233 1.77 116.6
900752 Las Minas Monzodiorite 1.26 11.23 2.84 9.12 231 4.14 219.53
900643 Anchique Quartz Monzonite 1.08 15.05 4.29 11.23 32 2.83 204.95
900642 Anchique Quartz Monzonite 1.02 15.99 4229 11.65 3.13 271 252.38
900647 Los Naranjos Quartz Monzonite 1.21 5.04 2.1 435 1.81 2.24 145.26
900651 Los Naranjos Quartz Monzonite 0.93 571 2.72 4.65 222 149 145.53
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 4.86 222 146 22433
900649 Los Naranjos Quartz Monzonite 0.82 9.15 351 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 9.17 352 6.36 244 1.52 201.28
900825 San Cayetano Quartz Monzonite 0.69 8.04 3.08 6.06 2.32 143 201.81
900826 San Cayetano Quartz Monzonite 0.51 495 3.88 3.69 2.89 0.55 222.14
900824 San Cayetano Quartz Monzonite 0.89 8.52 257 6.22 1.88 2.3 2373
900719 El Astillero Quartz Monzodiorite 1.1 6.2 2.62 4.88 207 225 132.55
900721 El Astillero Quartz Monzodiorite 1.11 7.57 295 5.73 2.23 243 142.48
900720 El Astillero Quartz Monzodiorite 0.94 6.58 272 492 2.04 1.89 163.41
900678 Paez Quartz Monzodiorite 1.97 333 1.7 2.63 1.34 3.01 36.68
900683 Pédez Quartz Monzodiorite 1.63 7.06 2.16 5.55 1.7 3.96 74.86
900725 Paez Quartz Monzodiorite 1.13 9.79 3.12 728 232 277 89.79
900738 Péez Quartz Monzodiorite 1.14 4.06 1.68 371 1.54 2.32 91.87
900658 Péez Quartz Monzodiorite 1.46 6.61 225 5.15 1.75 328 92.17
900679 Péez Quartz Monzodiorite 1.27 5.72 24 4.71 1.98 2.29 94.39
900665 Paez Quartz Monzodiorite 1.28 6.05 253 5.07 212 232 98.43
900664 Pdez Quartz Monzodiorite 1.73 10.36 328 8.26 2.62 4.04 108.23
900673 Péez Quartz Monzodiorite 1.96 18.86 58 13.14 4.04 4.87 108.29
900737 Pdez Quartz Monzodiorite 0.27 11.35 572 8.05 4.06 047 119.76
900681 Péez Quartz Monzodiorite 1.28 7.68 241 6.62 2.08 3.07 120.75
900722 Péaez Quartz Monzodiorite 0.97 8.07 2.89 6.52 233 228 138.87
900730 Péez Quartz Monzodiorite 0.6 5.71 297 44 2.29 1 161.17
900667 Péaez Quartz Monzodiorite 1.1 8.05 3.12 6.2 24 2.12 228.64
Eastern Plutons

900718 Altamira Monzogranite 0.89 12.49 552 7.03 3.11 1.74 1659
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 10.37 438 733 3.09 1.38 186.4
CB0005* Altamira Monzogranite 1.49 1481 2.73 11.77 2.17 5.82 62.28
900691 Altamira Monzogranite 12 17.65 7.28 10.92 451 235 166.6
900692 Altamira Monzogranite 1.03 13.09 4.13 10.17 321 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 16.77 543 11.25 3.65 2.68 338
900703 Altamira Monzogranite 144 14.9 7.54 9.13 4.62 2.35 139.1
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Table 4. Chondrite-normalized rare earth element diagram (Nakamura, 1974) for granitoids from the UMV (continued).

IGM UNIT EwEu* (La/Yb)n (La/Sm)n (Ce/Yb)n (Ce/Sm)n (Eu/Yb)n YREE
900704 Altamira Monzogranite 1.15 1528 5.13 10.6 3.56 2.74 2304
900706 Altamira Monzogranite 1.04 1595 522 10.36 3.39 245 269.3
900708 Altamira Monzogranite 1.03 14.89 503 10.34 349 2.38 283.1
900709 Altamira Monzogranite 1.03 12.93 4.37 94 3.18 2.34 287.8
900711 Altamira Monzogranite 1.24 17.54 6 11.57 3.96 3.11 119.6
900715 Garzén Granite 1.17 149 474 10.51 3.35 3.11 1345
900716 Garzén Granite 1.43 11.14 377 8.01 2.71 325 182.7
900698 Teruel Quarz Latite 1.83 13.54 4.88 9.09 327 397 177.5
900712 Teruel Quarz Latite 1.7 12.13 438 8.41 3.04 3.65 196 .4
900713 Teruel Quarz Latite 2.67 21.89 599 13.81 378 8.35 159.9
900781 Mocoa Monzogranite 1.05 10.35 29 7.88 221 3.09 2722
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 4.71 792 3.15 241 176.5
900813 Mocoa Monzogranite 1.06 11.88 535 79 3.56 1.99 162.1
900815 Mocoa Monzogranite 0.86 10.75 49 7.29 3.32 1.59 172
900816 Mocoa Monzogranite 14 12.38 4.14 8.5 2.84 346 137.3
900818 Mocoa Monzogranite 1.52 10.99 3.82 8.53 297 3.67 127.4
900819 Mocoa Monzogranite 1.36 12.72 497 8.46 331 295 1553
900820 Mocoa Monzogranite 1.46 9.78 427 6.8 297 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 8.97 329 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 55 2.55 4.45 2.06 1.57 170
900766 Sombrerillo Quartz Monzonite 1.01 6.37 2.54 523 2.08 2.13 1374
900768 Sombrerillo Quartz Monzonite 14 7.28 2.57 5.98 2.11 3.27 202.1
900768 Sombrerillo Quartz Monzonite 1.15 6.54 249 547 2.08 2.4 165.3
900768 Sombrerillo Quartz Monzonite 0.89 6.25 2.94 5.16 243 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, 2015¢, 2015d, 2015e); Bermidez et al. (2015); Rodriguez et al. (2015a, 2015b, 2015¢, 2015d, 2015¢, 2018a); Zapata et al. (2015).

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

4.3.1. Petrography

The Anzoétegui 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-
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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 Anzoategui 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 SiO, contents
ranging from 50.3% to 67.8%. The K, O 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 TiO, is <1% except in
sample JGB—492 (1.4% TiO,). 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 TiO,, MgO, and CaO and an
increase in K O with increasing SiO,.

The rocks plot in the field of the calc—alkaline series (Fig-
ure 19b, 19¢). 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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Table 5. LA-ICP-MS U-Pb zircon ages of granitoid bodies and volcanic rocks from the UMV.

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 1835+3
MIA—-440 3°39°47.772”  75° 06’ 20.693” Monzonite Anchique Quartz Monzonite 1864+14
JGB-357 3°41°17.677° 75°10°51.437” Quartz monzonite with px  San Cayetano Quartz Monzonite 1733 +1.3
JGB-356 3°39°52.894” 75°10°16.665” Quartz monzonite with px ~ San Cayetano Quartz Monzonite 1958 + 1.5
JGB-345 3°21°58.505”  75°20°38.041” Monzodiorite Los Naranjos Quartz Monzonite 1879+13
GR-6634 2°39°57.305” 75°55°35.226” Granodiorite Péaez Quartz Monzodiorite 1802+ 1.6
GR-6639 2°37°45.6117 75°44°07.812” Tonalite Paez Quartz Monzodiorite 181.83 £091
GR-6645 2°15707.848”  75°58°19.470” Granite Paez Quartz Monzodiorite 1919+14
MIA-454 2°56’37.242”  75°30°41.603” Monzodiorite Péez Quartz Monzodiorite 193.13+14
MIA-499 2°32°51.609”  75°49’56.785” Quartz monzodiorite Paez Quartz Monzodiorite 181.7+3.8
GR-6625 2°20°19.440” 75°44°44.618” Monzodiorite El Astillero Quartz Monzodiorite 187+33
MIA-482 2°11743.395” 75°51°27.021” Quartz monzodiorite Las Minas Monzodiorite 1816 +34
Eastern Plutons
GR-6585 2°36°17.331”  75°19°09.103” Aplite in granodiorite Algeciras Monzogranite 178612
GR-6586 2°35°59.239”  75°16°49.980” Granodiorite Algeciras Monzogranite 17125
GR-6589 2°28°22.946”  75°24’58.344” Granite Algeciras Monzogranite 1696 + 1.2
GZ-6750 2°45°36.701”  75° 11’ 48.824” Quartz monzonite Algeciras Monzogranite 179+ 19
MIA-458 2°46’25.626”  75°30°46.993” Quartz monzonite Teruel Quartz Latite 17050 £1.10 181.1+1.70
MIA—-460 2°44°08.778”  75°32°25.933” Quartz monzonite Teruel Quartz Latite 174120
GR-6619 2°10°01.284”  75°36°36.632” Granite Garzén Granite 1708 +24
GR-6652 1°44°56.859”  76°01°25.944” Granite Altamira Monzogranite 1716 £ 1
JGB-390 1°50°36.121”  75°54°31.726” Granite Altamira Monzogranite 172+39
MIA-478 1°53°05.855”  75°53°44.793” Monzogranite Altamira Monzogranite 1694 +£32
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 1763 +£2.5
MIA-525 1°54°17.460” 76°08’48.014” Monzogranite Saprolite Sombrerillo Quartz Monzonite 181.5+40
GR-6672 1°04°17.186”  76°44°12.719” Quartz monzodiorite Mocoa Monzogranite 1716 £ 12
MIA-538 1°04°08.328”  76°46’16.618” Granitic saprolite Mocoa Monzogranite 181.8+13 939+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 Saldafia Formation 1889+1.6 923 +24,n=1
GR-6636 2° 19’ 46.38” 75° 48’ 47.34”  Andesite Saldafia Formation 187.1+£24 510,n=1; 1960, n=1
GR-6664 1°26°0.53” 76°26°47.05”  Andesite Saldaiia Formation 1833+ 1.1
MIA-504 2° 7 48.30” 76° 4°7.02” Andesite Saldafia Formation 188942
MIA-519 2°9°24.95” 76°0°59.55”  Andesite Saldafia Formation 188.1+3.4
GR-6579 3°28°55.25” 75° 14’ 42.79”  Lithic tuff Saldafia Formation 1872+2.8
GZ-6775 1°6°43.107 76°50°5.32”  Crystal tuff Saldafia Formation 186.8 £2.0
GZ-6774 1°5°35.28” 76° 50°20.90”  Crystal tuff Saldaiia Formation 1729+13 ;ézjsiiz?? E:} and
980-1060, n=4; 1460,
JGB-355 2° 48’ 59.55” 75°21°46.52”  Tuff Pitalito Vulcanites 178.7+45 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 1724+ 1.7  183.30 +0.30/-3.30, n=20
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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 1707 +24
GZ-6769 1° 40’ 54.67” 76°13°7.69”  Rhyolite Pitalito Vulcanites 168 £2.5

Source: Data from Arango et al. (20153, 2015b, 2015c, 2015d, 2015e); Bermidez et al. (2015); Rodriguez et al. (2015a, 2015b, 2015¢, 2015d, 2015e, 2018); Zapata et al. (2015).
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Figure 17. (a) Macroscopic view of the Anzoategui Metatonalite
(IGM-49£116, IGM-£49£417) with mineral orientation and enclaves. (b)
Ibagué Tonalite with schist xenolith and granular texture. (c), (d)
microscopic views of the Anzoategui Metatonalite (IGM-49416, IGM-
49417). (e), (F) microscopic views of the Ibagué Tonalite (IGM-75340,
IGM-76503).

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)_ ratios range from 3.9 to
10.9 with no major differences in the (La/Sm)_, (Ce/Yb)_, (Ce/
Sm) , and (Eu/Yb) 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 Anzoategui 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 Anzoategui 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 1539 £ 1.1 Ma (n =39, MSWD =235,
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 15991 + 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

B |bagué Tonalite
@ Anzoategui Metatonalite

°
]
° = \
] .
] Quartz diorite
Quartz gabbro
= Quartz anorthosite
Quartz monzonite
Diorite.
/ [ \ \ Gaboroh

A P

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

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
Anzodtegui 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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Table 6. Modal compositions of rocks from the Anzoategui Metatonalite.

Anzoategui Metatonalite

IGM Sample Longitude W Latitude N Qtz Pl Kfs
49277 GB-1422 74° 58’1424  4°51°11.38” 7 41 Tr
901079 LMC-104 74°59°3.23”  4°50°36.88” 18 45 10
77804 PM-8221 75°9°13.61” 4°33°21.50” 263 577 124
49668 DMT-5474  75°2’54.50” 4°38°588” 254 317 143
77805 PM-8224 75°9°27.277 4°33°4622” 31 496 7
49444  VW-4539 75°1°3544”  4°43°20.107 175 13 348
49644  IB-167 75°2°12.49”  4°40°1028” 253 223 10
48469  GB-1104 74°57°0.70”  4°52°41.64” 218 515 Tr
48473 GB-1114 74° 56’ 13307 4°52°29.66” 225 333 Tr
49304 HP-3214 75°0°898”  4°45°2489” 21 33 Tr
49243  PM-6028 75°0°24.49”  4°48’37.56” 19 51 Tr
49416  PM-6388 75°2°21.72”  4°41°5899” 24 53 Tr
49417 PM-6391 75°2732.10”  4°41°5637” 35 39 Tr
48470  GB-1105 74°56°55.50” 4°52°40.02” 315 505 @ Tr
48471  GB-1109 74°56°30.51”7  4°52°37.12” 335 47 Tr
68436 PM-7124 75°3°20.60” 4°35°5824” 273 261 Tr
49673 DMT-5519 75°3°41.81” 4°37°3326” 267 28 Tr
901072 JPZ-004 75°2’40.24” 4°39°4.03” 292 375

49425  VW-4349 75°2°57.19”  4°47°7.19” 39 337

49298  HP-3169 74°59° 17877 4°49°27.62” 18 61 Tr
49301  HP-3195 74° 58’4730 4°50°41.88” 16 44 Tr
49643  1B-643 75°3713.15”  4°40°6.29” 20 441 Tr
49647 1B-187 75°4°1095” 4°36°49.60” 265 422 Tr
49646  1B-180 75°4°5859” 4°36°1503” 229 313 Tr

Cpx Hbl Bt Op Ap Zrn Ttn Ep Classification

Tr 33 19 Tr Tr Tr Tr Quartz diorite

15 12 Tr Tr Tr Tr Granodiorite
Tr 2.1 1.5 Tr Tr Tr Tr Metagranodiorite
16 79 127 Tr 4.8 Metagranodiorite
Tr 3.1 9.3 Tr Tr Tr Tr Metagranodiorite
Tr 188 Tr 58 Tr Metagranodiorite
Tr 387 Tr Metagranodiorite
Tr 165 8 15 025 025 025 Tr Metatonalite
Tr 243 5 14 3.6 6.8 Metatonalite
Tr 15 5 Tr Tr 7  Metatonalite
Tr 0 13 Tr Tr Tr 4 Metatonalite
Tr 10 8 Tr Tr 3 Tr Metatonalite
Tr 9 16 Tr Tr 1 Tr Metatonalite
Tr 125 4 075 035 02 02 Tr Metatonalite
Tr 8 105 06 03 0.1 Tr Metatonalite
Tr 33 102 Tr 34 Metatonalite
Tr 227 6.7 Tr 0 2.7 4 Metatonalite

25 2.8 14 2.8 14 Metatonalite

26 Tr 13 Metatonalite

Tr 14 5 Tr Tr 0 Tr Tonalite
Tr 25 15 Tr Tr Tr Tonalite
Tr 22 102 1.7 1.7 Tonalite
48 217 0 Tr 24 24 Tonalite
Tr 313 0 1 2 73 42 Tonalite

Tr—Traces of accessory mineral.

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 1545 + 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
Andaqui Terrane and most of the Chibcha Terrane based on
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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 Tahami 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”7 N, 73° 24’ 56” W). The Neoproterozoic data are correlated
with those reported by Ibafiez—Mejia et al. (2011) in units of
the Putumayo Orogen (Garzén Massif, Las Minas Migmatites,



Table 7. Modal compositions of rocks from the Ibagué Tonalite.
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IGM
49280
49290
76501
77741
49291
49295
49241
49242
49246
49256
49248
49258
75339
76502
49274
49310
49492
49281
76503
77765
48533
77793
901080
48534
68438
76499
68440
77795
48537
901098
49303
49305
76493
77794
49275
49294
48474
49276
49288
49289
48507
49293
49302
49306
48536
49322
49244
49257
49259
49452
75338
75340

Sample
GB-1462
GB-1517
HC-748
HC-946
HP-3140
HP-3159
PM-6021
PM-6034
PM-6050
PM-6105
PM-6260
PM-C15
VW-4851
HC-760
GB-1401
HP-3273
V4342
GB-1471
HC-779
HC-980
IV-3656
PM-8167
LMC-105
IV-3656-A
PM-7131-A
HC-728
DMT-6059
PM-8174
JV-3660
MIG-076
HP-3207
HP-3220
PM-7977
PM-8171
GB-1405
HP-3152
GB-1118
GB-1409
GB-1502
GB-1507
HP-2761
HP-3149
HP-3200
HP-3225
IV-3659
V4075
PM-6047
PM-6110
PM-6122
VW-4620
VW-4850
VW-4852

Longitude N
4° 45714727
4°38°58.92”
4° 34’4236
4°30°37.55”
4°47°52.18”
4°48°46.26”
4°47°27.57”
4° 46’ 59.54”
4°44°13.20”
4°40°47.73”
4°44°6.24”
4°40°50.92”
4°28°54.65”
4°33°47.05”
4°50°16.20”
4°45742.29"
4° 54’ 40.83”
4°45°8.12”
4°3334.02”
4°32°8.59”
4°55716.63”
4°28°20.30”
4°50°42.37”
4°55716.63”
4°35°49.90”
4° 3542327
4°35°55.79”
4°29°26.88”
4° 54’ 54.04”
4°30°9.62”
4°45°4421”
4°45°21.53”
4°34°40.07”
4°29° 1417
4°50°8.67”
4° 48’ 52.68”
4°52°23.18”
4°50°9.27”
4°39°1.00”
4°38°38.81”
4°53710.38”
4° 48 49.44”
4° 46’790
4°42°0.21”
4°55°0.71”
4°54°21.80”
4°44°10.30”
4°40°49.33”
4° 4016377
4° 5423897
4° 28’ 54.65”
4° 28’ 54.65”

Latitude W
74° 56° 59.48”
74°59°2.94”
74° 59°46.41”
75°4°17.57”
74° 587 1.65”
74° 57°27.98”
74° 56’ 25.25”
74° 56’ 55.39”
74° 56’ 51.29”
74° 577 48.46”
74° 58°28.29”
74° 58’46.21”
75° 6°44.52”
74°59°24.93”
74° 56’ 13.78”
74° 58’ 15.60
74° 56’ 18.33”
74° 58°8.26”
74°59°31.07”
75° 9’ 11.56”
74° 56’ 24.38”
75° 6’ 47.55”
74° 56°42.27”
74° 56° 24.38”
75°1°53.65”
74° 58’ 56.85”
75° 172641

75°4°40.51”

74°56°0.99”

75° 4’3745
74° 58°41.07”
74°59°23.71”
74° 59’ 54.19"
75°5°36.26”
74° 56° 47.52”
74° 56°30.87”
74°55° 51.87”
74°57°28.08”
74° 57’ 21.08”
74° 58°4.52”
74° 55’ 45.93”
74° 56° 24.06”
74° 57°31.02”
74°59°16.31”
74°56°5.22”

74°56°9.71”
74° 56”3247
74° 58’ 14.42”
74° 59’ 15.53”
74° 56°31.94”
75° 6°44.52”

75° 6°44.52”

335
30.4
295
26

22.7
143
224
26.1
28.6
248
17.5
30

29

48.6
22
22
17.1

248

159
22
27
23
20
25

Ibagué Tonalite

Pl Kfs Cpx
57 Tr Tr
65 Tr Tr
6435 Tr Tr
4297 494 Tr
60 Tr Tr
57 Tr Tr
65 Tr Tr
63 Tr Tr
68 Tr Tr
65 Tr Tr
53 Tr 7
59 Tr 1Tr
64 Tr Tr
61.7
54 17 Tr
75 Tr Tr
40 Tr Tr
50 Tr Tr
399 325 Tr
36.6 195 Tr
538 69 Tr
445 943 Tr
47 13
37.1 128 Tr
27 79 Tr
509 9.69 Tr
36.2 174 Tr
452 Tr Tr
522 Tr Tr
62.7
44 Tr Tr
18 Tr Tr
59 Tr Tr
324 Tr Tr
44 26 Tr
34 23 Tr
43.8 Tr Tr
58 Tr Tr
50 Tr Tr
55 Tr Tr
495 3 Tr
33 Tr Tr
56 Tr Tr
55 Tr Tr
38.1 54 Tr
52 Tr Tr
40.7 Tr Tr
56 Tr Tr
45 Tr Tr
50 Tr Tr
64.6 Tr Tr
60 2 Tr

Hbl

18.5
17

25
44
12
Tr

Tr
8.68

19.8
254
10.6
58
95
15.7
72

149
21
234
13
15
27
14
25

Bt
16
11
792
152

6.32
12

11.1
573
8.7

143

Chl
Tr
Tr

Tr
Tr

Tr

Tr
Tr
Tr
Tr

TR

Tr
Tr
Tr

Tr
52
Tr

Tr
Tr

Tr
6.9
Tr
75
Tr
Tr

Tr
Tr

Op

Tr

Tr

05
Tr

Tr

05
05
0.8

2.1
1.6
04
14
24
122
1.2

Tr
2.7

29
Tr

33

Ap

Tr

Tr

Tr
Tr
Tr

Tr
Tr

Tr
Tr

Tr
Tr
Tr
15
32

Zrn

Tr

Tr
Tr

Tr

Tr

Tr

Tr

Tr

Tr

Tr
Tr
Tr

Tr

24
Tr

0.25
Tr

Tr

Tr
19
Tr
Tr

Tr
Tr

Ttn

Tr

Tr

Tr

Tr

Tr
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0.6
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95
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43
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Tr
0.5

Tr

Tr

Tr
Tr

Ep
Tr

Tr
Tr
Tr

Tr

Tr
Tr

Tr
Tr

Tr
Tr
Tr

Tr

Tr
2.8
Tr
Tr

Tr
Tr

Classification
Quartz diorite
Quartz diorite
Quartz diorite
Quartz diorite
Quartz diorite
Quartz diorite
Quartz diorite
Quartz diorite
Quartz diorite
Quartz diorite
Quartz diorite
Quartz diorite
Quartz diorite

Quartz diorite

Quartz monzodiorite

Diorite
Diorite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
MetaGranodiorite
MetaGranodiorite
MetaTonalite
MetaTonalite
MetaTonalite
MetaTonalite
MetaTonalite
MetaTonalite
MetaTonalite
Monzogranite
Monzogranite
Tonalite
Tonalite
Tonalite
Tonalite
Tonalite
Tonalite
Tonalite
Tonalite
Tonalite
Tonalite
Tonalite
Tonalite
Tonalite
Tonalite
Tonalite

Tonalite
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Table 7. Modal compositions of rocks from the Ibagué Tonalite (continued).

Ibagué Tonalite

IGM Sample Longitude N Latitude W Qtz Pl Kfs

49287 GB-1501 4°38°57.11” 74° 577 8.42” 18 67

49267 PM-6145 4°46°20.78” 74°57°8.00” 20 54

49498 JV-4375 4° 55’ 40.46” 74°55°31.35” 267 36 Tr
48535 IV-3658 4° 557 6.40” 74°56°8.63” 337 452 3.1
49230 PM-5977 4°51°34.68” 74°55°51.00” 273 477 Tr
49635 PM-6551 4°36°17.29” 75°1°18.65” 257 30 Tr
901070  JPZ-001-A 4°40’11.16” 74°58°26.377 231 446

48529 1V-3643 4°56°4.78” 74° 5647497 253 442 32

Cpx Hbl Bt Chl Op Ap Zrn Ttn Ep Classification
9 6 Tr Tonalite
15 11 Tr Tr Tr Tr Tr  Tonalite

Tr 253 Tr Tr Tr  Tonalite

Tr 3.8 127 Tr 1 0.5 Tr Tonalite

Tr 159 638 Tr 23 Tr Tr  Tonalite

Tr 30 8.6 Tr Tr  Tonalite
246 62 Tr Tr 15 Tonalite

Tr 214 0 Tr 1.1 0.7 Tr  Tonalite

Tr—Traces of accessory mineral.

Los Mangos Granulite—Dibulla Gneiss) and correspond to the
Andaqui 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, Silgard Schists, orthogneiss bodies) (Rodriguez 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 (Garzén Group, Mancagua
and Guapoton Gneisses, Las Minas Metamorphites), which is
similar to the rocks of similar ages at serrania de San Lucas
(San Lucas Gneiss) and Sierra Nevada de Santa Marta (Los
Mangos Granulite) as well as those outcropping at serrania 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 Higado 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, Nechi Gneiss at serrania 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.
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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 (Rodriguez—
Garcia 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 Tahami 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 Tahami Terranes between 166 and 154 Ma. Furthermore,
La Cocha—Rio 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, UMYV, 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,
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Table 8. Major and trace elements of the Anzoategui 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 59 612 65.6 58 64.6 61.3 678 578 617 589 643 637 572
AI203 16.7 154 15.6 16.1 15.7 174 154 17.2 156 179 164 16.8 158 179 172
Fe203 9.8 6.1 6.8 6.3 45 6.5 43 5.6 3.6 6.9 55 6 48 4.6 6.7
MgO 6.3 4 35 3.6 22 38 1.8 2.8 14 3.9 3 3.7 2.1 1.8 42
MnO 02 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 42 6.1 49 6.3 33 52 34 72 54 6.7 4 59 53
K20 12 22 33 2 1.7 1.6 12 1.8 23 0.8 1.8 1.4 19 1.3 1.1
Na20 2.8 3.6 2.6 39 34 35 54 34 4.1 4 38 3.6 4.7 3.7 43
P205 0.2 0.2 0.2 02 02 02 0.1 0.2 0.1 02 0.1 02 0.1 0.1 0.2
TiO2 14 0.7 0.8 0.7 05 0.8 0.6 0.7 05 0.8 0.7 0.7 0.6 0.5 09
LOI 1.2 1.5 3.7 0.6 12 1.8 3.1 1.6 1.5 0.8 1.3 0.8 22 0.6 22
SUM 999 99.8 99.6 100.7 99.9 999 999 999 988 1004 998  98.1 983 997 971
ppm
Ba 308.5 741.6 12545 804 4994 4413 185.3 6383 48385 318 475 2922 5258 6742 2855
Ce 369 44 493 49.8 45.5 299 4238 489 473 274 449 336 361 252 392
Ga 26.7 23 222 17.8 215 255 214 243 174 179 16.6 18.9 168 188 177
La 16.7 23.6 26 235 26.2 15 223 274 244 12.8 18.8 134 19 12.7 16
Nb 6.3 53 73 59 54 4.7 74 48 7.6 6 8 7.3 8.6 49 7.6
Nd 26.7 27.5 25.8 217 22.1 17.5 23.6 252 219 138 26.1 16.7 19.6 99 219
Rb 39.1 68.2 111.7 437 379 50.7 50.3 384 453 122 41 36 436 523 217
Sr 6292 680.5 362.7 704 747.1 5953 4415 826 3056 503.6 458 4024 5144 4205 4388
Th 0.8 6.5 5.7 33 75 29 8.1 5.5 6.5 1.3 83 5.1 8.8 45 32
U 03 1.3 1.6 09 1.7 09 19 1 3 03 5 1.4 2.7 0 0
2909 1354 1442 172 84.1 1413 789 1053 75.7 172 138 1665 1014 636 1783
Y 293 17.3 21 18.6 174 213 23.7 194 188 173 313 242 235 122 295
Zr 94.1 1516 194.1 182.1 1135 104 4 185 136.1 1669 1125 151 1306 202 134 182
Cu 11.8 49.6 23.7 639 7.8 28.7 144 6.9 59 239 526 273 33 6.6 36.6
Ni 1.6 2.1 1.7 103 1.9 1.8 19 1.7 22 10.1 7.3 135 7.1 43 1.5
Pb 3.1 3.8 75 13 42 52 <20 3.1 42 04 23 6.7 2.5 59 4.6
Zn 125 879 76.9 37 60.1 94.4 594 77.6 172 22 32 72.6 37 713 794

* 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 Al,O, and SiO, 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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152



Diverse Jurassic Magmatic Arcs of the Colombian Andes: Constraints from Petrography, Geochronology, and Geochemistry

Table 9. Chondrite-normalized rare earth element diagram (Nakamura, 1974) for the Anzoategui Metatonalite and Ibagué Tonalite.

Sample
JGB-492
JPZ-004
LMC-104
GOE-1001
JPZ-001-A
LMC-105
MIG-076

Unit
Anzodtegui Metatonalite
Anzodtegui Metatonalite
Anzodtegui Metatonalite
Ibagué Tonalite
Ibagué Tonalite
Ibagué Tonalite

Ibagué Tonalite

Eu/Eu* (La/Yb), (La/Sm), (Ce/YD), (Ce/Sm), (Ew/Yb),
078 3.97 176 3.35 148 148
08 9.41 287 6.7 204 2.18
093 8.21 331 594 239 1.93
08 10.97 4.14 727 274 1.78
0.84 478 232 3.63 1.76 1.46
052 6.52 3.02 478 222 097
0.82 10.24 3.74 6.96 254 1.89

n: normalized to chondrite values of Nakamura (1974).
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Figure 20. Geotectonic discrimination diagrams: (a) Pearce et al. (1984), (b) K0 vs. Na,0 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
GOE-1088
AMC-0153
LMC-104
JPZ-001A
MIG-076
MIG-074
AMC-0152
AMC-0171

Longitude W Latitude N
75°12°47.8” 4°29°546”
75°2°56.93” 4°38756.20"
74°59°3.23” 4°50°36.88”
74° 58°26.37” 4°40’11.16”
75° 4’37457 4°30°9.62”
74° 59°21.96” 4° 46’ 58.24”
75°3°54.37” 4°39°29.16”
75°0°41.5” 4°40°29.5”

Classification
Tonalite
Metagranodiorite
Metatonalite
Tonalite
Granodiorite
Amphibolite
Amphibolite
Amphibolite

Unit Age (Ma)

Anzodtegui Metatonalite 154.79 £ 0.83
Anzodtegui Metatonalite 150.17 £ 0.86
Anzodtegui Metatonalite 1539+ 1.1
Ibagué Tonalite 138710
Ibagué Tonalite 145.56 £0.92
Tierradentro Gneisses and Amphibolite 154.25 +3.1/-6 4
Tierradentro Gneisses and Amphibolite 1545+3.6
Tierradentro Gneisses and Amphibolite 167030

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 (Na,0O + K,O) values, and the differentiation within the
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Figure 21. Geochronological results of the Anzoategui 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 SiO,
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, 231).
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,
UMYV, 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 SiO, contents.
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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), 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

B
Figure 22. Geochronological results of the Tierradentro Gneisses

and Amphibolites; photomicrographs showing microscopic views
and CL images of representative zircons.
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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), (1) 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 UMYV, 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
Anzodtegui 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 Silgara
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 Sunsds 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 Silgard 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 (Ibafiez—Mejia et al., 2011).
Inherited ages ranging from 1000 to 850 Ma have been iden-
tified in inherited cores in the Silgard 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 (Ibafez—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, serrania de Perij4, 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 Barba-
ra, and Rionegro Monzogranites. These ages are common in
the metamorphic basement of the Central Cordillera associated
with the Tahami Terrane (Restrepo et al., 2011; Rodriguez et al.,
2016a; Spikings et al., 2015; Villagémez 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; Rodriguez
et al., 2017a) in the Central Cordillera, and in the serrania 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, Silgard Schists,
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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 Silgard 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 UMYV, 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 Anzodtegui 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-Mejia, 2011; Spikings et al., 2015; Vi-
llagémez 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, Silgard 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.195to 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 Saldafia Formation and Pitalito
Vulcanites in the UMYV, the Norean Formation in the Middle
Magdalena Valley and on the eastern flank of serrania de San
Lucas, La Quinta Formation in serrania de Perijd, La Caja de
Ahorros Ignimbrite and Los Clavos Ignimbrite in the Sierra Ne-
vada de Santa Marta, and sedimentary rocks such as the Jordan
and Girén Formations in the SM. Plutonism generated, in ap-
proximately chronological order, the western plutons in the UMV
and the Norosi Batholith in serrania de San Lucas, the plutons
in the SNSM, the intermediate plutons between the western and
eastern plutons in the UMYV, 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—Rio
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 Anzodtegui 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 (Pdez Quartz Monzodiorite) (Leal-Mejia, 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 (Villagémez et al., 2011; preliminary
results from the “Jurassic Magmatism of Colombia” project
of the SGC) and Jurassic bodies ranging from 170 to 150 Ma
(Villagémez et al., 2011; Leal-Mejia, 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 Martin 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
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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-Rio Téllez Complex. We suggest that this orogen should
be called the Tierradentro Terrane, which borders the Chibcha
Terrane to the east and the Taham{ 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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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 (Anzodtegui 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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