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

Resumen Las rocas volcanicas y plutonicas que conforman el cinturon magmatico del
Triasico Tardio-Jurasico en Colombia son el resultado de la fusion parcial de rocas de
la corteza inferior mezcladas con fundidos provenientes del manto en un ambiente de
margen continental. Las litologias corresponden a cuarzomonzonitas, monzogranitos,
sienogranitos (localmente leucocraticos), granodioritas, tonalitas, dioritas, gabros y
sucesiones volcanosedimentarias cortadas por rocas hipoabisales porfidicas de com-
posicion andesitica, dacitica y latitica. La geometria alargada de los plutones sugiere
que los espacios para la acomodacion de los pulsos magmaticos se relacionaron con
ambientes estructurales transtensivos en un marco tectonico de suprasubduccion con
interaccion del manto, fusion de los sedimentos de la placa subductante y contamina-
cion cortical. La naturaleza del magmatismo es resultado de interacciones entre mag-
mas derivados de la corteza y magmas derivados del manto en un margen continental
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que cambid progresivamente de extensional poscolisional (;asociado con colapso
orogénico?) durante el Triasico Tardio a un arco volcanico desarrollado en un régimen
de suprasubduccion durante el Jurasico Tardio predominantemente; la evolucion del
cinturén magmatico se marca espacialmente de este a oeste y temporalmente sobre
un lapso de aproximadamente 60 millones de anos. Las fuentes del arco magmatico
del Triasico Tardio—Jurasico son variadas y estan asociadas con la fusion de la cuia
mantélica de suprasubduccion y diferenciacion de basaltos y rocas intermedias tolei-
ticas o ligeramente calcoalcalinas e incluye fusion parcial de rocas peliticas, tonalitas,

granodioritas, toleitas y basaltos o andesitas ricas en aluminio.
Palabras clave: rocas calcoalcalinas con alto potasio, magmatismo shoshonitico, margen

continental activa, magmatismo poscolisional, subduccién oblicua.

1. Introduction

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

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

Later, during the Jurassic, the Pangaea supercontinent break-
up marked the progressive opening of ocean basins and the
drifting of Gondwana and Laurasia (Scotese, 2014b; Dera et
al., 2015; Matthews et al., 2016; Martini & Ortega—Gutiérrez,
2018). In this context, prior to the Atlantic Ocean opening, the
separation between the Yucatdn Block and the passive margin
of Gondwana to the north (today Venezuela) favored the de-
velopment of the proto—Caribbean seaway (Pindell & Kennan,
2009; Noguera et al., 2011; Martini & Ortega—Gutiérrez, 2018).
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The Pacific margin of South America, during Mesozoic times,
was also experiencing an extensional tectonic regime associated
with block faulting and extension above a retreating slab (Pitch-
er, 1988, 1997). According to Pitcher (1997), this extensional
regime started as early as the Permian — Triassic with the devel-
opment of a graben in the eastern Andes of Perti and Bolivia,
which led to crustal thinning and the formation of fault-bounded
marginal basins to the west from mid—Ecuador to Patagonia.
The northwestern corner of South America is also characterized
by Late Triassic to Jurassic extensional marginal basins infilled
with deposits produced from erosion, red beds and volcanic
products (Cediel et al., 2003).

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

—

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

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

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

Tectonic interpretations presented here follow the collision
concept of Bonin et al. (1998) and Song et al. (2015); e.g.,
collision is the “welding of at least two terranes into a new
continental land”, and from this concept, postcollision (or ‘late
orogenic’) is defined as the “episode occurring after the major
collision”, postorogenic as the “subsequent episodes when the
geodynamic context becomes entirely intraplate, with the weld-
ed terranes moving according to same pole of rotation”, and
anorogenic as “later episodes characterized by the presence of
alkaline magmatic suites emplaced in intraplate rifts and not
associated with local plate convergence”. In this context, the
magmatic events that accompany the postcollision state are
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characterized by the presence of peraluminous S—type granite
suites and high—K calc—alkaline suites. Pearce et al. (1984) also
note that granitic rocks are the most significant magmatic prod-
ucts of collisional belts and can be geochemically discriminated
according to the type of collision (continent—continent, conti-
nent—arc, arc—arc) and the timing of the main deformation event
(syncollisional, postcollisional). Chemically, peraluminous
granites are approximately equivalent to S—type granites, and
metaluminous granites are approximately equivalent to I-type
granites (Chappell & White, 1974; Clarke, 1981; Nédélec &
Bouchez, 2015), although I-type granites include Al-poor gran-
ites or weakly peraluminous granites (Miller, 1985; Nédélec
& Bouchez, 2015). Peraluminous rocks are composed of mus-
covite, biotite, ilmenite, monazite, aluminosilicates, cordierite,
garnet, topaz, tourmaline, spinel, and corundum and are related
to continent—continent collision tectonics involving thickened
continental crust (Clarke, 1992). Metaluminous rocks con-
sist of biotite, minor muscovite, magnetite, titanite, allanite,
orthopyroxene, clinopyroxene, hornblende, and epidote and
are associated with subduction-related continental and island
arcs (Clarke, 1992). Syncollisional granites are peraluminous
S—type granites, and postcollisional granites commonly are
calc—alkaline, weakly peraluminous to metaluminous I-type
granites, although S— and A-type granites may also be found
in this type of environment (Pearce et al., 1984).

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

2. Late Triassic to Jurassic Magmatic
Belt in Colombia

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

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

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

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

2.1.1. Guajira

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

2.1.2. Sierra Nevada de Santa Marta

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

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

The Santander Massif is largely composed of several Upper
Triassic to Lower Jurassic metaluminous to strongly peralu-
minous granitoids intruding the Bucaramanga Gneiss and the
Silgara Schist metamorphic rocks (Onzaga Granodiorite, Gua-
ca River Diorite, San Martin Tonalite, Surata Diorite, Tonalite
and Granodiorite, Pairamo Rico Tonalite and Granodiorite, La
Corcova Quartz Monzonite, Pescadero Monzogranite, Santa
Baérbara Quartz Monzonite, Mogotes Quartz Monzonite, Ocafia
Alkaline Granite, and Rionegro Monzogranite). Composition-
ally, they are mainly diorite, tonalite, granodiorite, and granite;
petrographic and geochemical characteristics and isotopic ages
are discussed in several publications including Goldsmith et
al. (1971), Ward et al. (1973), Dorr et al. (1995), Restrepo—
Pace (1995), Ordéilez—Calderén (2003), Mantilla—Figueroa et
al. (2009), Leal-Mejia (2011), Mantilla-Figueroa et al. (2013),
van der Lelij (2013), Bissig et al. (2014), Arango et al. (2016),
Correa—Martinez et al. (2016, 2018), Rodriguez et al. (2016a,
2017b, 2018c), Gonzdlez et al. (2015g), van der Lelij et al.
(2016), Zapata et al. (2016a, 2018), Hernandez et al. (2017),
Loépez et al. (2017), Rodriguez et al. (2017a), Leal-Mejia et al.
(2019), and Zuluaga & Loépez (2019). Geochemical interpre-
tations from these publications agree that the granites have I—

81

Jurassic

Triassic



LOPEZ-ISAZA & ZULUAGA

S

\

¥
‘Rionegro Monzogranite
) W B A

%)

Figure 2. Typical intrusive contacts of plutonic rocks of the Late Triassic to Jurassic magmatic belt in Colombia. (a) Border zone of the
contact between the Siapana Granodiorite and the Macuira Gneiss (MG), arroyo Guajarima, serrania de Macuira, Northern Zone. (b)
Sharp contact between the Siapana Granodiorite and the Macuira Gneiss (MG), arroyo Guajarima, serrania de Macuira, Northern Zone.
(c) Sharp contact between the Rionegro Monzogranite and the Silgara Formation (SS), Santander Massif, Eastern Central Zone. (d) Aplitic
and mafic dikes intruding the Altamira Monzogranite, Garzon Massif, Eastern Cordillera, Southern Zone.
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Table 1. Characteristics of the lithostratigraphic units of the Northern Zone.

Lithostratigraphic

unit

Siapana Granodiorite

Cosinas Tonalite

Ipapure Granodiorite

Ipapure Rhyodacite

Triassic keratophyric
porphyry

Triassic spilites

Pueblo Bello-Patillal
Batholith

Patillal Batholith

Central Batholith

Caja de Ahorros Ig-
nimbrite

La Paila Ignimbrite

Ojeda Batholith

Aténquez Batholith

Aracataca Batholith

La Pifia Ignimbrite

Los Clavos Ignimbrite

Bolivar Batholith
Porphyritic granite
Nueva Lucha Pluton

Los Tébanos Rhyo-
dacite

Golero Rhyolite

Socorro Stock

Guatapuri Formation

Lithology

Granodiorite

Tonalite, quartz diorite, quartz monzo-
diorite.

Tonalite, diorite, granodiorite, monzodi-

orite, monzogranite.

Andesites, dacites, rhyolite, rhyodacites,
tuffs.

Contact type/country rock

Guajira Sector

Intrusive/Permian metamorphic amphibolite
facies

Faulted/Cenozoic sedimentary rocks

Intrusive/Jurassic volcanic rocks

Discordant-Intrusive/Jurassic rocks

Sierra Nevada de Santa Marta Sector

Rhyolite, latite, basalt.
Basalt, latite.
Quartz monzonite, monzogranite (local-

ly leucocratic), granophyric granite.

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

Quartz diorite, granodiorite, quartz
monzonite.

Trachytic to andesitic tuffs and ig-
nimbrites.

Breccias, ignimbrites and rhyolitic to
trachytic tuffs.

Quartz monzonite, granodiorite, granite.
Monzogranite, granite, granodiorite,

syenite, tonalite.

Granodiorite, quartz monzonite.

Vitreous—crystalline, trachytic quartz,
latitic quartz, and rhyodacitic and lithic
tuffs.

Trachytic to andesitic tuffs and ig-
nimbrites

Tonalite, granodiorite.
Granite

Quartz diorite

Rhyolitic and dacitic tuffs

Rhyolitic and rhyodacitic tuffs, rhyolitic
porphyries.

Diorite, granodiorite.

Rhyodacite, rhyolite, lithic tuff.

Intrusive/Triassic volcanic—sedimentary
successions

Triassic volcanic—sedimentary successions

Gradational intrusive/Jurassic plutonic and
Neoproterozoic metamorphic granulite
facies

Gradational intrusive/Jurassic plutonic

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

Discordant—Faulted/Jurassic volcanic—sedi-
mentary successions

Discordant/Jurassic volcanic—sedimentary
successions

Intrusive locally gradational

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

Sharp and gradational intrusive—Faulted/
Neoproterozoic metamorphic granulite
facies and Jurassic plutonic

Discordant—Faulted/Jurassic volcanic—sedi-
mentary successions

Discordant/Jurassic plutonic
Intrusive/Neoproterozoic metamorphic gran-
ulite facies and Jurassic plutonic

Intrusive

Intrusive—Faulted/Metamorphic granulite fa-
cies and volcanic—sedimentary successions

Discordant/Jurassic volcanic—sedimentary
successions

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

Faulted/Neoproterozoic metamorphic gran-
ulite facies

Intrusive—Discordant

Age (Ma)

1670 + 94

1840+0.7
1840+0.8
181.7+1.0

179.8+3.3
1822 +1.0
1798 £33

186.0 +0.7
1864+ 1.6
189420
1903 +1.2

192.1+£1.7
185710

1806 +1.2
187210

176.0+0.9

196.5+4.9
1833 +30
184514

Method

LA-ICP-MS

LA-ICP-MS

LA-MC-
ICP-MS
LA-ICP-MS

LA-ICP-MS

LA-ICP-MS

LA-ICP-MS

LA-ICP-MS

LA-MC-
ICP-MS
LA-ICP-MS

Reference

Cardona et al.
(2006)

Zuluaga et al.
(2015)

Leal-Mejia (2011)
Quandt et al. (2018)

Quandt et al. (2018)

Quandt et al. (2018)

Quandt et al. (2018)

Quandt et al. (2018)

Leal-Mejia (2011)
Quandt et al. (2018)
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Table 2. Characteristics of the lithostratigraphic units of the Eastern Central Zone.

Lithostratigraph-

ic unit Lithology

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

Agua Blanca Ba-
tholith

Santa Barbara
Quartz Monzonite

Monzonite, monzogranite,
granodiorite, syenogranite.

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

Mogotes Quartz
Monzonite

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

La Corcova Quartz
Monzonite
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Contact type/country rock

Santander Sector

Intrusive—Faulted/Ordovician metamorphic

granulite — amphibolite — greenschist fa-
cies and Triassic — Jurassic volcanic rocks

Intrusive—Faulted/Ordovician metamorphic
granulite — amphibolite facies and Paleozo-

ic metasedimentary rocks

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

Intrusive/Ordovician metamorphic
granulite — amphibolite facies

Age (Ma)

2022+1.0
201.4+3.6
2049 +3.6
206
201.0+3.6
204

1906+ 1.5
1919+1.1
195119
196.8 £2.0
200.7 2.0
2016 +4.0
203.0+2.6
2038 +2.7
2139+43
199.1 57
198.0+2.7
2025+7.8
2093+73
201.6+4.0
203.8+5.8
2139+43
200.7 2.0
203.0+2.6

211.8+3.8
191.0£3.5
198.0+0.8
201.0+0.9
2004 +0.7
2025+1.3
198.0+0.8
2004 +2.2
1957+39
199.6+1.8
199.6 +2.6
189.1+£3.6
1937+13
2054 +30
202.1+1.8
191.0+3.5
214070
199.0 +6.0
2039+39
2038 +4.2
1976 +3.8
191.0+6.5
199.0+6.5
199.6 £2.6
1930+5.6
203.0+4.5
201.0+3.7

1925+2.6
1983+ 1.8
1995 +4.6
202.7+1.2
2048 +6.1
21048 +0.92
201.8 +4.0
199.5+6.3
2149+73
2000£11.0
1929 +2.7

Method

LA-ICP-MS
CA-ID-TIMS

LA-ICP-MS

LA-ICP-MS
CA-ID-TIMS

LA-ICP-MS
CA-ID-TIMS

Reference

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

Rodriguez et al. (2018b)

van der Lelij (2013)
Correa—Martinez et al.
(2016)

Zapata et al. (2018)

van der Lelij (2013)
Rodriguez et al.
(2016a)
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Table 2. Characteristics of the lithostratigraphic units of the Eastern Central Zone (continued).

Lithostratigraph-
ic unit

Paramo Rico To-
nalite—Granodiorite

Rionegro Monzo-
granite

Pescadero Monzo-
granite

Ocaiia Alkaline
Granite

Onzaga Granodi-
orite

Surata Diorite,
Tonalite and Gran-
odiorite

Guaca River Diorite

San Martin Tonalite

El Uvo Rhyolites

San Joaquin Rhy-
olite

Lithology

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

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

Monzogranite with biotite and
muscovite, syenogranite, local
granodiorite.

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

Granodiorite, quartz monzonite,
monzonite.

Diorite, granodiorite, tonalite
with biotite and hornblende.

Diorite

Monzogranite, granodiorite,
tonalite, quartz diorite, quartz

monzonite, quartz monzodiorite.

Rhyolite

Rhyolite, pheno dacite, pheno—
andesite.

Contact type/country rock

Santander Sector

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

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

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

Intrusive/Ordovician metamorphic granu-
lite — amphibolite facies

Intrusive/Ordovician metamorphic granu-
lite — amphibolite facies

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

Intrusive/Ordovician metamorphic granu-
lite — amphibolite facies

Intrusive/Ordovician metamorphic granu-
lite — amphibolite facies

Intrusive/Upper Triassic plutonic rocks

Intrusive-Faulted/Paleozoic metasedimen-
tary and Upper Triassic plutonic rocks

Age (Ma)

208.9
211.1
205+5/-9
205-210
2106 £3.5
204.342.7/-3.3
202.2+5.3/-3.3
199.1+2.5/-2.6
199.2+2.8/-2.7
199.0+2.5/-2.6
198.442.5/-2.6
198.7-2.6/-2.9
196.74+2.9/-2.8
199.8 +1.2
208.8 4.1

1960+ 1.1
184.1+23
186.7+1.9
1945+12
1955+3.5
196.6 £2.1
197215
2008 +1.9
214527
1899+ 1.6
1912+97
1864 +3.6
1843 +6.6
2136+32
193.0 £ 16.0
2073 +1.6
196.6 +2.1
1959+1.6

1948 £3.2
1973 +24
199113
198.1 +8.2
196.0 £ 15.0

1958+1.8
1959+1.6

2004 £0.7
201.0+0.9

201.1+14
2000+1.5

1989+ 1.8
1980+2.8
187372
196.6 +2.5
1978 +7.0
195.0+6.0-7.7
1910+£5.0

1975+15

201.0+2.1

Method

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

LA-ICP-MS
CA-ID-TIMS

LA-ICP-MS
CA-ID-TIMS

CA-ID-TIMS

CA-ID-TIMS

CA-ID-TIMS

LA-ICP-MS

LA-ICP-MS

LA-ICP-MS

Reference

Dorr et al. (1995)
Leal-Mejia (2011)

Mantilla-Figueroa et al.

(2009, 2013)
van der Lelij (2013)
Bissig et al. (2014)

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

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

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

van der Lelij (2013)

van der Lelij (2013)

Rodriguez et al. (2017b)

Zapata et al. (2018)

Rodriguez et al. (2018c)
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Table 2. Characteristics of the lithostratigraphic units of the Eastern Central Zone (continued).

Lithostratigraph- .
i uni% P Lithology Contact type/country rock Age (Ma) Method Reference
Santander Sector
. Intrusive—Faulted/Ordovician metamor- .
Alto L.OS Cacaos Rhyohte,.quartz trachyte, phe- phic granulite — amphibolite — greenschist 2052426 LA_ICP-MS Correa—Martinez et al.
Rhyolite no—andesite. . . . (2018)
facies and Upper Triassic plutonic rocks

Lapilli and ash crystal lithic

tuffs of dacitic to rhyolitic com-

positions, lithic agglomerates,
Noredn Formation ~ polymictic igneous breccias of 1924 +22 Correa_Martinez et al
(Norean Volcanic andesitic and dacitic composi-  Discordant—Intrusive/Jurassic rocks 184920 LA-ICP-MS ’

. . . (2019)

Complex) tions, and rhyodacitic lavas in 1759+ 1.1

addition to basalts, trachytes
and andesites. Hypabyssal rocks
of andesitic composition.

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

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

2.3.1. Serrania de San Lucas

Plutons in the serranfa de San Lucas include the San Lucas
Granitoids, Norosi and Guamoco Batholiths, San Martin de
Loba—Juana Sdnchez Granodiorites, and Papayal Monzonite;
these are Jurassic granodioritic to dioritic I-type calc—alka-
line medium- to high—potassium series granites emplaced in
a continental arc setting (see Mantilla—Figueroa et al., 2007;
Leal-Mejia, 2011; Gonzélez et al., 2015a, 2015b, 2015c,
2015d, 2015e). Rb/Sr (whole-rock), K/Ar (hornblende, mus-
covite, and biotite), and U/Pb (zircon) ages range from 201 to
135 Ma (Ingeominas & Universidad Industrial de Santander,
2006a, 2006b, 2006¢c, 2006d; Leal-Mejia, 2011; Gonzélez et
al.,2015a,2015b,2015¢,2015d,2015¢). Associated volcanic
rocks include andesite to rhyodacite hypabyssal intrusions and
volcaniclastic rocks. Volcanic and volcaniclastic rocks, mostly
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dacitic crystalline tuffs, andesitic—dacitic breccias, and basal-
tic flows, are grouped as the Noredn Formation or the Noredn
Volcanic Complex (Clavijo et al., 1992; Clavijo, 1995a,
1995b; Ingeominas & Universidad Industrial de Santander,
2006a, 2006b, 2006c, 2006d; Gonzélez et al., 2015a, 2015b,
2015c¢, 2015d, 2015e).

2.3.2. Central Cordillera (North of 5° N)

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

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

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

Lithostratigraph-

ic unit Lithology

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

Noredn Formation
(Noreén Volcanic
Complex)

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

Norosi Granite
(Norosi Batholith)

Guamoco Gran- Granodiorite, tonalite, monzo-

odiorite granite, quartz monzodiorite,
(Guamoco Batho-  quartz diorite, syenogranite,
lith) granites.

San Martin de
Loba—Juana San-
chez Granodiorites

Granodiorite, with pyroxene
(clino— and orthopyroxene).

Papayal Monzonite Monzonite

Contact type/country rock

Age (Ma)

Serrania de San Lucas Sector

Discordant-Intrusive/Jurassic
plutonic rocks

Intrusive/Jurassic volcanic—sed-
imentary successions

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

Intrusive/Jurassic volcanic—sed-
imentary successions

Intrusive/Jurassic volcanic—sed-
imentary successions

196.1 +4.4
190.1 £32
1890+3.3
1900+2.2
1940+23
201.6 3.6
189.0+3.0
187.0 £0.96
178.1£5.6
201.6+3.6
1743 2.7
1920+32
189.6 £ 1.7
187.44 +0.96
1890+3.0
187.0 £0.96

184.6 £3.6
1934+58
1890+28
1872+28
180
1782 +43
181.8+3.2
173
184
1930+3.3
1890+28

186.8 29
1903+ 3.1
1903+ 1.6
186.0+2.5
1833 +44
1830+25
184035
183228
1854+34
189.6+2.8
1894 +13
1872+29
186.6 £ 1.6
188.8£2.6
1853 +2.6
182.1£3.0
181927
185.7+2.6
188.8+1.3
1854 +2.1
1853+14
185726
1920+£3.2

1820+3.0
186352
189.0+4.0
1846 £4.8

193.6 54

Method Reference

Leal-Mejia (2011)
Gonzilez et al. (2015a,
2015b, 2015¢)

LA-ICP-MS
LA-MC-ICP-MS

Ordéiiez—Carmona et al.

(2009)

Leal-Mejia (2011)
Cuadros (2012)
Cuadros et al. (2013)
Gonzilez et al. (2015b)

LA-MC-ICP-MS

Leal-Mejia (2011)

LA-MCHCP-MS (- dlez et al. (2015e)

SHRIMP

LA-MC-_ICP—MS Leal-Mejia (2011)

LA-MC-ICP-MS Leal-Mejia (2011)
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Table 3. Characteristics of the lithostratigraphic units of the Western Central Zone (continued).

Lithostratigraph-
ic unit

Segovia Vulcanites

La Malena Volca-
nic Assemblage

Segovia Diorite

Lithology

Dacites, andesites, latites, subor-
dinate tuffs.

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

porphyries.

Granodiorite, tonalite, diorite,
quartz diorite, gabbro, quartz

monzonite, monzogranite, sy-
enogranite, subordinate alkali

Contact type/country rock

Age (Ma)

Central Cordillera (north of 5° N) Sector

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

Discordant—Faulted—-Intrusive/
Metasedimentary and plutonic
rocks

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

1655+2.1

1832+30
163.1£2.18
163.51 £0.95

166.5+2.3/2.5
164624
158720

160.7+2.4/-2.3
1590+24
162.7+£2.6
163.1£2.8
1600 +£2.4
1580+24
158.0 £0.87

Method Reference

LA-MC-ICP-MS Gonzilez et al. (2015f)

LA-ICP-MS Gonzidlez et al. (2015¢)

Frantz et al. (2007)
Leal-Mejia (2011)
Gonzilez et al. (2015b,
2015f)

LA-MC-ICP-MS

feldspar granite.

155.37 +0.81
1620+25
157072
158.0+0.87
154016
151.1+72
161027

2016b, 2018a), Spikings et al. (2015), Bustamante et al. (2016),
van der Lelij et al. (2016), Zapata et al. (2016b), Garcia—Chin-
chilla (2018), and Rodriguez (2018). The main named bodies
include Las Minas Monzonite, Garzon Granite, Altamira, Al-
geciras, and Mocoa Monzogranites, San Cayetano, Anchique,
Dolores, Sombrerillos, and Los Naranjos Quartz Monzonites,
El Astillero Quartz Monzodiorite, Teruel Quartz Latite, Del
Péez Quartz Monzodiorite, Ibagué Batholith, and the Saldafia
Formation. These rocks have been classified as I-type gran-
ites (Cordilleran or Andean) of the calc—alkaline and high-K
calc—alkaline series related to magmatic arc settings on conti-
nental margins. U/Pb (zircon) ages allow the identification of
two groups likely related to magmatic pulses: (i) a pulse that
produced most plutonic rocks with ages ranging from 203 to
162 Ma (including an age group at the southern end of the Iba-
gué Batholith of 192 to 152 Ma) and (ii) a pulse that produced
acidic volcanic rocks (Saldafia Formation) with ages ranging
from 200 to 146 Ma and probably the northern sector of the
Ibagué Batholith with ages ranging from 164 to 138 Ma. The
remnants of the calc—alkaline magmatic belt in the Upper Mag-
dalena Valley intrude the metamorphic basement of the Garzén
Massif and the eastern flank of the Central Cordillera (Bayona
et al., 1994; Altenberger & Concha, 2005; Bustamante et al.,
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2010, 2016; Leal-Mejia, 2011; Villagémez et al., 2011; Co-
chrane et al., 2014b; Garcia—Chinchilla, 2018).

3. Age Data Compilation

Three hundred ten U/Pb crystallization ages for intrusive and
effusive igneous rocks were compiled from Dorr et al. (1995),
Bustamante et al. (2010, 2016), Leal-Mejia (2011), Mantilla—
Figueroa et al. (2013), Cochrane (2013), Salazar-Torres et al.
(2013), van der Lelij (2013), Bissig et al. (2014), Cochrane et
al. (2014a, 2014b), Arango et al. (2015a, 2015b, 2015c¢, 2015d,
2015e, 2016), Gémez et al. (2015), Gonzalez et al. (2015a,
2015b, 2015¢, 2015d, 2015e, 20151, 2015g), Rodriguez et al.
(2015a, 2015b, 2015¢, 2015d, 2016a, 2016b, 2017a, 2017b,
2018a, 2018b, 2018c), Bustamante (2016), Correa—Martinez et
al. (2016,2018), Quiceno—Colorado et al. (2016), van der Lelij et
al. (2016), Zapata et al. (2016a,2016b, 2018), Garcia—Chinchilla
(2018), Quandt et al. (2018), and Leal-Mejia et al. (2019). Age
compilation combines data obtained by laser ablation inductively
coupled plasma mass spectrometer (LA-ICP-MS), laser ablation
multi—collector inductively coupled plasma mass spectrometer
(LA-MC-ICP-MS), sensitive high—resolution ion microprobe
(SHRIMP), and chemical decomposition (dilution) of zircons.
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Table 4. Characteristics of the lithostratigraphic units of the Southern Zone.

Lithostrati-
graphic unit

Ibagué Batholith

Payandé Stock

Del Pdez Quartz
Monzodiorite

Anchique Quartz
Monzonite

El Astillero
Quartz Monzo-
diorite

Sombrerillos
Quartz Monzonite
(Quartz Monzo-
diorite)

Lithology

North: Tonalite, granodiorite,
diorite, granite (ca. 154 Ma).

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

Granodiorite

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

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

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

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

Contact type/country rock

Central Cordillera Sector

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

Intrusive/Triassic calcareous rocks
and Permian? plutonic rocks

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

Intrusive/Jurassic volcanic—sedi-
mentary successions

Intrusive/Jurassic volcanic—sedi-
mentary successions

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

Age (Ma)

138710
145.56 +0.92
149328
1529+3.1
1539+1.1
155422
1565+ 1.1
1644 +1.1
186.8 +2.8
182.7+2.7
188.4+2.8/-2.7
1860 +3.1
188.5+3.3
1923 +3.1
166.0 = 10.0
1596+24
175020
1736+ 1.5
1644 +1.1
168.8 £0.7
1565+ 1.1
155722
1889+20
169.6 £2.4
180416
180.5+2.7
185914
186.0+2.6
1419+1.1-0.8
158.2+1.2-04
152.61+1.82-0.74

164.07
+2.11/-0.96
164.59
+1.05/-2.76

181.7+£38
193.13+14

183530
1864+14

1870 +33

1890+7.0
1870+1.0
1870+20
2039+23
180329
1740+ 15

Method

LA-MC-ICP-MS
LA-ICP-MS

LA-ICP-MS

LA-MC-ICP-MS
LA-ICP-MS

LA-MC-ICP-MS
LA-ICP-MS

LA-MC-ICP-MS

LA-ICP-MS

LA-MC-ICP-MS
LA-ICP-MS

Reference

Bustamante et al.
(2010)
Leal-Mejia (2011)

Villagémez et al. (2011)
Cochrane et al. (2014b)

Bustamante et al.
(2016)

Zapata et al. (2016b)

Rodriguez et al. (2018a)

Bustamante (2016)

Rodriguez et al. (2018a)

Arango et al. (2015¢)

Rodriguez et al. (2018a)

Rodriguez et al. (2015c¢)
Rodriguez et al. (2018a)

Garcia—Chinchilla
(2018)

Rodriguez et al. (2018a)
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Table 4. Characteristics of the lithostratigraphic units of the Southern Zone (continued).

Lithostrati-
graphic unit

San Cayetano
Quartz Monzonite

Los Naranjos
Quartz Monzonite

Teruel Quartz
Latite

(Teruel Latite,
Teruel Batholith)

Dolores Quartz
Monzonite
(Dolores Stock)

Algeciras Monzo-
granite

Garzon Granite

Altamira Monzo-
granite

Mocoa Monzo-
granite

Las Minas Mon-
zonite

Andesitic—dacitic
porphyry

Hypabyssal por-
phyries

Saldaina Forma-
tion

Lithology

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

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

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

Quartz monzonite, quartz sy-
enite.

Monzogranite, granodiorite, with
pyroxene (clinopyroxene).

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

Monzogranite, quartz monzon-
ite, syenogranite.

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

Contact type/country rock Age (Ma)
Magdalena Valley Sector
Intrusive/Jurassic volcanic—sedi- 1958+ 15
mentary successions 1733+ 1.3
Intrusive/J ic volcanic—sedi-
ntrusive, urasmf: volcanic—sedi 1879 +13
mentary successions
Intrusive—Faulted/J ic volca-
r.1rus1v.e aulte urasm.c volca 1741520
nic—sedimentary successions and 1705+ 1.1
Cretaceous sedimentary rocks T
Eastern Cordillera Sector
Faulted/Cretaceous sedimentary
rocks
Intrusive—Faulted/Pal ic sedi-
ntrusive—Faulted/Pal .eozmc se~ i 176.0 £ 2.0
mentary rocks, Jurassic volcanic— 1790+ 1.9
sedimentary successions and Paleo- 16 9' p : 1' )
gene — Neogene sedimentary rocks R
Faulted/C ic sediment 1778 +42
nozoic sedimentar
auke enozoic sedimentary 1653 £4.0
roes 170.8 = 2.4
181.6+1.3
Intrusive—Faulted/Jurassic volca- 181.7+6.3
nic-sedimentary successions and 1620+3.0
Cenozoic sedimentary rocks 1789704
1694 +32
1702 +2.7
Intrusive/Jurassic volcanic—sedi- 1804 +1.6
mentary successions 181.8+1.3
170.7 £ 2.1

Method

LA-MC-ICP-MS

LA-ICP-MS

LA-MC-ICP-MS
LA-ICP-MS

LA-MC-ICP-MS
LA-ICP-MS

LA-MC-ICP-MS
LA-ICP-MS

LA-MC-ICP-MS
LA-ICP-MS

LA-MC-ICP-MS
LA-ICP-MS

LA-MC-ICP-MS
LA-ICP-MS

Reference

Rodriguez et al. (2018a)

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

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

Rodriguez et al.
(2015d)
Garcia—Chinchilla
(2018)

Rodriguez et al. (2018a)

Bustamante et al.
(2010)

Rodriguez et al. (2015a)
Rodriguez et al. (2018a)

Bustamante et al.
(2010)

Arango et al. (2015d)
Garcia—Chinchilla
(2018)

Rodriguez et al. (2018a)

Leal-Mejia (2011)
Arango et al. (2015¢)
Zapata et al. (2016b)
Rodriguez et al. (2018a)

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

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

Andesite, dacite.

Rhyolite, dacite.

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

Intrusive/Jurassic volcanic—sedi-

mentary successions, Neoprotero 1934 £ 1.0
oy s, Teopro 197.6 1.9
zoic? metamorphic amphibolite 1874 £23
- lite faci Pal i o
gfanu ite facies and Paleozoic 181634
sedimentary rocks.
Intrusive/Jurassic volcanic—sedi-
mentary successions
1720+ 1.0
Intrusive/Jurassic plutonic rocks 1750+3.0
1670+2.0
1859 £ 14
186.0 2.6
. . 1790+2.0
Discordant-Intrusive 1815416
1585+1.0
1468 + 1.5

LA-MC-ICP-MS
LA-ICP-MS

LA-MC-ICP-MS
LA-ICP-MS

LA-ICP-MS

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

Rodriguez et al. (2018a)

Garcia—Chinchilla
(2018)

Cochrane et al. (2014b)
Rodriguez et al.
(2016b)

Zapata et al. (2016b)
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The following list gives the geochronological data distribution:
(i) 19 U/Pb ages for the Northern Zone, (ii) 86 U/Pb ages for the
Southern Zone, (iii) 132 U/Pb ages for the Eastern Central Zone,
and (iv) 73 U/Pb ages for the Western Central Zone.

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

4. Geochemical Data Compilation

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

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

5. Spatiotemporal Distribution of
Upper Triassic to Jurassic Igneous
Rocks in Colombia

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

6. Geochemical Characteristics of the
Late Triassic to Jurassic Magmatic Belt
in Colombia

Harker diagrams show that most major element concentrations
(Fe, 0, ,, TiO,, MgO, Ca0, Al,O,, and P,0,) decrease with in-
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Figure 3. Igneous U/Pb zircon age spectra providing a temporal
record of arc magmatism between 230 and 130 Ma. (a) Eastern Cen-
tral Zone. (b) Southern Zone. (c) Western Central Zone. (d) Northern
Zone. (e) Total U/Pb ages. Individual diagrams include LA-ICP-MS,
LA-MC-ICP-MS, and SHRIMP age data presented as histograms with
a 2 my bin width and adaptive Kernel density estimation (KDE)
functions (see text). The number of analyses (n) given in each plot
represents the number of crystallization ages.

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

6.1. Volcanic Rocks

The major element contents generally range from 45.62 to
82.6% Si0,,0.01 t0 9.93% K,0, 0.04 to 8.1% Na,O, and 0.02
to 15.15% CaO. Trace element concentrations range from 4.0
to 351 ppm Rb, 12 to 8220 ppm Sr, 19 to 3523.74 ppm Ba, 1.3
to 736.81 ppm Cr, 0.025 to 533.1 ppm Ni, 0.5 to 173.61 ppm
La, 0.23 to 62.66 ppm Eu, 1.8 to 351.26 ppm Y, and 1.2 to
503.41 ppm Zr. In the SiO, vs. Zr/TiO, diagram (Winchester
& Floyd, 1977), they plot within the andesitic basalt, andesite,
dacite, rhyodacite, and rhyolite fields following a subalkaline
trend and within the transitional and calc—alkaline fields based
on the Th/Yb vs. Zr/Y diagram (cf., Ross & Bédard, 2009). On
the ternary La/10-Y/15—-Nb/8 diagram, rocks plot mainly in
the calc—alkaline orogenic to postorogenic fields (Figure 4a),
suggesting an association of marginal arcs and crustal intracon-
tinental domains (Figure 4b).

6.2. Plutonic Rocks-Granitoids

In plutonic rocks, major element concentrations range from
50.3 to 82.47% Si0O,,0.04 to 8.83% K,0,0.03 to 8.42% Na,O,
and 0.02 to 16% CaO. Their (La/Yb), ratios range from 0.64
to0 263.33, and the Eu/Eu* ratios range from 0.06 to 3.27. Trace
element concentrations range from 1.5 to 385 ppm Rb, 5 to
7430 ppm Sr, 8.5 to 3451.3 ppm Ba, 0.25 to 217 ppm Cr, 0.05
t0 525.2 ppm Ni, 1.3 to 130.3 ppm La, 0.01 to 4.8 ppm Eu, 0.32
to 130.5 ppm Y, and 0.53 to 1895.47 ppm Zr. Plutons are mostly
normal (SiO, < 70%) and silica-rich (SiO, > 70%) granitoids
with ASI > 1.5 (peraluminous leucogranites), calcic to calc—al-
kalic magnesian and ferrous, and calc—alkalic and alkali—calcic
granite signatures (Frost et al., 2016).
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1. Orogenic (compressive) domains (island arcs, margins)
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intra—continent domains

3. Anorogenic (distensive) domains

Nb/Y

Rb/Y

@ Northern Zone O Western Central Zone

@® Eastern Central Zone @ Southern Zone

Figure 4. Discrimination diagrams for volcanic rocks. (a) Ternary La/10-Y/15-Nb/8 diagram (Cabanis & Lecolle, 1989) for the discrimi-
nation of tectonic regimes. Note that the rocks are grouped in the calc-alkaline orogenic domain. (b) Nb/Y vs. Rb/Y diagram (Chazot &
Bertrand, 1995) showing the distribution of the samples associated with a crustal domain.

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

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

Differentiation trends as seen in the Ba—Rb—Sr diagram
show that (Figure 7a) (i) the Eastern Central Zone primarily
contains anomalous, normal, and strongly differentiated gran-
ites with diorites, quartz diorites, and subordinate granodio-

rites; (ii) the Northern Zone contains anomalous granites to
normal granites, quartz diorites, and subordinate granodiorites;
(iii) the Southern Zone shows an increasing trend from the
quartz diorite and granodiorite fields to that of the anomalous
granites with strongly differentiated normal granites and subor-
dinate diorites; and (iv) the Western Central Zone shows an in-
creasing trend from the diorite field to those of quartz diorites
and granodiorites with anomalous and strongly differentiated
subordinate granites. Note that rocks from the Eastern Central
Zone tend to be the most differentiated, whereas those of the
Western Central Zone tend to be the least differentiated. The
low Ba—Sr granites from the Eastern Central Zone with an in-
creasing Rb trend (and decreasing Ba) could be associated with
a source likely related to volcanic or syncollisional arc settings,
whereas the high Ba—Sr granites of the Northern, Southern,
and Western Central zones may be connected to mixing with
mantle components (Figure 7b). The presence of both strongly
fractionated and unfractionated granitic rocks is also evident
in Figure 7c, where rocks range from unevolved to strongly
evolved and fractionated.

Petrographic (modal) and total rock geochemical (Q-P)
classification diagrams show the wide lithological range of
the assemblages: granites (syenogranites and monzogranites),
quartz monzodiorites, granodiorites, tonalites, gabbros, mon-
zogabbros, quartz diorites, quartz monzonites, monzonites,
and subordinate syenites. All of these rocks likely originated
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Figure 5. Discrimination of magmatic series. (a) Alkali-FeO-MgO (AFM) diagram (Irvine & Baragar, 1971) showing a calc-alkaline trend
in the Late Triassic to Jurassic magmatic belt. (b) Th (ppm) vs. Co (ppm) diagram (Hastie et al., 2007) grouping rocks of the Late Triassic
to Jurassic magmatic belt into the fields for the calc-alkaline, high-potassium/calc-alkaline and shoshonitic series. (c) Ce/Yb vs. Ta/
Yb diagram (Miiller et al., 1992) grouping the units primarily into the shoshonitic and calc-alkaline fields. (d) B-A multicationic diagram
(Debon & Le Fort, 1983) showing that the plutonic rocks vary between the peraluminous and metaluminous domains.

in a typical arc, as indicated by the diagram in Figure 8a and
by the already mentioned geochemical characteristics. The
ample chemical variations allow the suite to have associations
from leucocratic (Central Eastern Zone) to sodic and mesoc-
ratic (Northern, Central Western, and Southern zones; Figure
8b). The suite also has a wide distribution between ferrous and
magnesian varieties (Figure 8c), but it is mostly constrained to
alkali—calcic and calc—alkaline characters (Figure 8d).

9%

7. Discussion
7.1. Tectonic Environment and Petrogenesis

Late Triassic — Jurassic magmatism in Colombia is of sub-
alkaline affinity (primarily of the calc—alkaline and shosho-
nitic series), suggesting the presence of subduction fluids in
the magma source (cf., Bustamante et al., 2010; Leal-Mejia,
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Figure 6. Discrimination among |-, S-, and A-type granites. (a) 5Fe,0,.- Na,0 +K,0 - 5(Ca0 + Mg0) diagram (Grebennikov, 2014) discriminat-
ing A-type granites from |- and S-type granites. (b) Y/Nb vs. Rb/Nb discrimination diagram (Bahajroy & Taki, 2014) classifying the granites
as postcollisional (A2), continental arc and other non A-type granites (I-S-M) subordinately associated with hotspots, mantle plumes,
or continental rifts (A1). (c) Rb (ppm) vs. Th (ppm) diagram (Chappell, 1999). Note the distribution of samples following an I-type trend.

2011; Cochrane, 2013; Cochrane et al., 2014a, 2014b; Spikings
et al., 2015; Zuluaga et al., 2015; van der Lelij et al., 2016;
Garcia—Chinchilla, 2018; Quandt et al., 2018; Rodriguez et al.,
2018a). The magmatism ranges from metaluminous to strongly
peraluminous and contains no rocks with peralkaline affinity,
which precludes the presence of anorogenic magmatism typ-
ical of an intracontinental rift (see, e.g., Bowden et al., 1984;
Brown et al., 1984; Pearce et al., 1984; Whalen et al., 1987;
Maniar & Piccoli, 1989; Barbarin, 1990, 1999; Bonin, 1990,
1998, 2007; Bonin et al., 1998; Eby, 1990; Frost et al., 2001;
Nédélec & Bouchez, 2015).

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

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

In addition to the plots presented in the previous sections,
the convergent geodynamic setting is supported by other dis-
crimination diagrams that suggest an active continental margin
regime in an orogenic domain with a syncollisional to post-

95

Jurassic

Triassic



LOPEZ-ISAZA & ZULUAGA

Differentiation
trend

Low Ba-Sr
granites

Granodiorites and
quartz diorites

Ba Anome_;llous Sr
granites
1000 T
< | :
N2 A4
=
8
AY [ =3
800 4 \ . 0® o ' s
\ '3
\‘ ° N g
Unevolved ° 18
[y e ' %
600 4 ' R ° !
AY [e] ) [ ]
o)
% .‘o.. o.° ° ...OE;‘OO..
[ Y
o
400 -========~-~- e----ge
o
Moderately
evolved
200 4 S S
Strongly .
evolved ° and fractionated
° []
0 L L} :
40 50 60 70 80
SiO2

10

@ Northern Zone
® Eastern Central Zone
O  Western Central Zone
@ Southern Zone

& Weathered samples

Figure 7. Fractionation grades of granitic rocks. (@) Ba-Rb-Sr diagram (El Bouseily & El Sokkary, 1975) showing that rocks in the Eastern
Central Zone are the most differentiated, whereas rocks in the Western Central Zone are the least differentiated. High— and low-Ba-Sr
granite fields complemented by Tarney & Jones (1994). (b) MgO vs. FeO, diagram (Zorpi et al., 1989; Goswami & Bhattacharyya, 201z)
showing that magma mixing processes were important mechanisms in the formation of the Late Triassic to Jurassic magmatic belt.
(c) Si0, vs. K/Rb discrimination diagram (Blevin, 2004) classifying the rocks as a function of the evolution and fractionation of melts.

collisional (syn—subduction) regime and with a predominant
calc—alkaline volcanic arc signature (Figure 9a—d).

The mineralogy of plutonic and volcanic rocks indicates
associations of metaluminous and peraluminous magmas,
which suggests one or more of the following processes: as-
similation of country rock, incorporation of mantle—derived
melts, contamination of magmas with melts from slab sedi-
ments, and magma mingling and mixing. Geochemical char-
acteristics extracted from the dataset help to discriminate
among the variety of sources and mechanisms pointing to (i)
peraluminous leucogranites resulting from partial melting of
pelitic rocks; (ii) calc—alkaline ferrous rocks from the partial
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melting of tonalites and granodiorites; (iii) alkali—calcic fer-
rous rocks from melting and/or differentiation of tholeiites,
and (iv) magnesian rocks from the differentiation of high—
aluminum basalts or andesites (see, e.g., Frost et al., 2016).
However, magma mixing processes likely played a key role
in the formation of the Late Triassic — Jurassic magmatic belt,
as suggested by MgO-FeOt trends and a lack of correlation
between Zr and Y (Goswami & Bhattacharyya, 2014). This
point is significant because FeOt—-MgO trends can be affected
by other mechanisms, such as the variable onset of crystalliza-
tion of iron oxides in magmas with distinct oxygen fugacities
and/or water contents (cf., Figure 7b).
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The suite has mostly rocks with moderate potassium con-
centrations suggesting potassium—depleted sources, but there
are also high—potassium rocks that could have been generat-
ed by partial melting of potassium—enriched mantle sources
(Bao et al., 2018), which further supports the interpretation of
different sources for magmatism. Potassic rocks are assem-
blages that include the specimens richest in potassium on the
calc—alkaline spectrum and are geochemically different from
other geochemical varieties (Miiller et al., 1992). To obtain
better control on the interpretation of this group and follow-
ing Miiller et al. (1992), rocks were hierarchically discrimi-

nated first based on the La-TiO,/100-10Hf diagram (Figure
10a) and then on the S0Nb-3Zr-Ce/P,0O, diagram (Figure
10b). Most of the rocks plot in the continental arc potassic
(CAP) field, which suggests the recycling of oceanic crust
in a subduction environment. In the diagram of Figure 10a,
some rocks associated with oceanic potassic arcs (especially
from the Western Central Zone) plot in the IOP-LOP field,
suggesting ambiguity regarding the element concentrations
considered, which is probably related to mixing and metaso-
matic enrichment by fluids derived from the underlying man-
tle wedge (Miiller et al., 1992).
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continent collision (fields 2 and 3) and subduction zones (field 1).

The Zr saturation temperatures tend to be higher than 600
°C and reach approximately 1000 °C (Figure 10c), which sug-
gests the presence of high— and low—temperature granites (Wat-
son & Harrison, 1983; Miller et al., 2003). High—temperature
granites have Zr saturation temperatures higher than 750 °C
and generally contain no zircon xenocrysts inherited from the
regions of the magma source, which is consistent with the frac-
tionation of mantle—derived magmas (Miller et al., 2003). Note
that there is a negative correlation between Zr saturation tem-
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peratures and SiO, in samples from the Eastern Central Zone,
suggesting that zircon saturation in these samples occurred
early in the fractionation process (Janousek et al., 2004; Figure
10d). Therefore, Zr saturation temperatures indicate the liquidus
temperature of the granitic melt (Watson & Harrison, 1983).
In some cases, the Zr concentrations confirm the tholeiitic af-
finities shown by some lithological assemblages (for example,
the Central Western Zone), which suggests very little contam-
ination of the parental magma by continental crust and is cor-
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roborated by the concentrations of Y. Additionally, the Nb/Yb
and Th/Yb ratios suggest contributions from subduction-related
fluids and magma evolution by either fractional crystallization
with assimilation or a process related to the melting—assimila-
tion—storage—homogenization (MASH) zone in a volcanic arc
setting with interaction between the enriched mantle and the

crust (Pearce, 2008).

Chondrite—normalized spider diagrams show the presence

of negative Nb, Ta, and Ti anomalies (Figure 11a), consis-

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

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

To evaluate the geochemical links between granitic melts
and their sources, we use the methodology of Moyen et al.
(2017). In the diagrams of Figure 12 (projected from biotite
+ quartz + H,0), all liquids from the same source should plot
along a tight array, pointing to the Na + K + Al apex (the
granite minimum) and have a slope that depends solely on
the nature of the source (Moyen et al., 2017). In this diagram,
two lines are important: (i) the line connecting the feldspars
and representing peraluminous rocks (horizontal in the figure,
corresponding to A/CNK = 1) and (ii) the line connecting the
3Al + 2(Na + K) and the (Ca + Al) apices. This line separates
mafic from felsic sources. Some samples from the Northern
and Western Central zones can be interpreted as crystallized
melts that originated with some influence from felsic sources.
Samples from the Northern, Western Central, and Southern
zones plot in a nearly horizontal trend along the line A/CNK =
1, suggesting melting of the supra—subduction mantle wedge.
Samples from the Eastern Central Zone plot above the A/CNK
=1 line towards the 3Al + 2(Na + K) apex, which suggests a
felsic crustal aluminous source (metasediments or metaigne-
ous) and peraluminous affinity.

7.2. Evolution of the Magmatic Belt in Colombia

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

100

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

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

Note that published Pb, Nd, and Sr isotope compositions
reveal an increased juvenile magmatic component in progres-
sively younger rocks, which is consistent with Hf isotope data,
and demonstrate an increased proportion of juvenile mass
within the crystallizing magma (Leal-Mejia, 2011; Bissig et
al., 2014; Cochrane et al., 2014b; Bustamante et al., 2016).
This interpretation is also supported by trends in eéNd, and eHf,
from negative values in Early Jurassic time to positive values
in Early Cretaceous time (Ordéfiez—Calderén, 2003; Ordo-
fiez—Carmona et al., 2006; Cochrane et al., 2014b; Spikings
et al., 2015; Bustamante et al., 2016). Negative eNdi and eri
values in the oldest samples of the suite suggest an important
crustal component in the parental magma (Figure 14e), which
is coherent with the observed high #Sr/%Sr ratios (>0.705).
Spatially, a greater contribution of lithospheric mantle and
crustal assimilation in the arc magmas towards the east has
also been suggested (Ordéfiez—Calderdn, 2003; Quandt et al.,
2018). Pb isotope data further indicate a mostly “orogenic”
or arc—type juvenile crust source (Figure 14f), with a more
radiogenic lead contribution from the upper continental crust
(Leal-Mejia, 2011; Quandt et al., 2018). Hf isotope data point



Late Triassic to Jurassic Magmatism in Colombia: Implications for the Evolution of the Northern Margin of South America

10 000 1000
2 |

1000 1

100

BRI . TV S -

2 F 2 [

e [ 5

K T R e Eb R CEEREIE - S O R
9 E 5 g

g - ‘ = -

G [ ‘ £ i

n 1 n |

S

Ba Th Nb La Sr P Zr Ti Y Yb La Pr Sm Gd Dy Er Yb
001 1 T 1 T 1 T 1 T 1 T 1 T 1 T 1 T 1 T 1 01 1 T 1 T 1 T 1 T 1 T 1 T 1 T
Rb K Ta Ce Nd Sm Hf Tb Tm Ce Nd Eu Tb Ho Tm Lu
I Northern Zone Il Eastern Central Zone Western Central Zone I Southern Zone
8
ﬂ Garnet 140 _ﬂ Subduction fluid component
L]
o Crustal contamination in situ
6 % ° 120 1 and subducted
Differentiation —— '. 100 1 Differentiation —————
[]
Y o
o) d ° © _
ol P I S e tennnn- 5 %
o & ® © : L ..... ° o8 m
% 9, ¢ Qe . 60 -
K %\. ..ﬁ} ) (S .0"...
& % 00 & ® 90099 o .. °
2 ® ) % f '?. ° 40 1 o o ®
e o "% o °! o @, e®e
. 0,00 o 9' 5‘ o @ ‘.o Q| N b 9
y e e, 201 T
° g ¢ ° o
.. .. z ) o . o :
0 L} L} L) !
40 50 60 70 80 00 08 1.0
SiO2
20.0 4 T
f |
o Cohtinental margin 20.00 -J .
10.0 4 magmatlsm i Oceanisland o © i
00 e magmatism ‘n
507 o s0q " SRR
[eNe} . I L4
P i e 5\ SCi) 0(‘) e o
Z 204 °o ,5 e & ) o 0®e
g o o 1004 ----= e _° _Qf_.___'... _________
= - @ B e @D |. < O 8 ° o
E 101 ® . 2='orc R il R o e o ® o
7 % %' ©® o o
e Ceg 3
0.5 4 ° o 1 e o o T o0 O
® % A 020 N te o
° ° S ° ' Continental crust I = ..Continental margin
0.2 - \ T ° | magmatism
.2 ° o o, Continental crust.. q
L] o : 005 9 ° o0 1
° 1 ° ° o &° :
01 - L} L} L} L} L} L} L} L} L} = L} > L} .l L} L}
0.01 0.05 0.10 0.50 1.00 5.00 0.01 0.05 0.10 0.50 1.00 5.00
(Y/Nb)n (Y/Nb)n
@ Northern Zone @ Eastern Central Zone O Western Central Zone @ Southern Zone @ Weathered samples

Figure 11. Geochemical REE patterns for the different regions of the Late Triassic to Jurassic magmatic belt in Colombia. (a) Chondrite-
normalized (Thompson, 1982) spider diagrams show the presence of negative Nb, Ta, and Ti anomalies. (b) Chondrite C1-normalized
(McDonough & Sun, 1995) diagrams show sloping patterns for LREE and flat patterns for HREE. (c) SiO, vs. Sm/Yb ratio (Kay et al., 2013);
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Figure 14. Discrimination diagrams of the tectonic settings of granitic rocks from the R1-R2 cationic values (Batchelor & Bowden, 1985).
(a) Northern Zone. (b) Eastern Central Zone. (c) Western Central Zone. (d) Southern Zone. (e) #Sr/¥Sr vs. ¢, , plot for the Late Triassic to
Jurassic magmatic belt. (f) Lead isotope compositions of the Late Triassic to Jurassic magmatic belt. Lead isotope evolution curves after
the Plumbotectonics model of Zartman & Doe (1981) are shown for comparison.
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to an increasing proportion of juvenile input in the magmas
from Early Jurassic to Early Cretaceous times (20% to 80%);
this feature is also observed spatially along an oceanward
trend (Cochrane et al., 2014b).

8. Conclusions

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

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

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

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

Figure 15 shows the spatiotemporal distribution of plutons
in the magmatic belt; this figure also portrays the interpret-
ed spatial location of the transition from the postcollision-
al stage to the arc stage and the location of the subduction
zone. The oldest magmas from the postcollisional stage are
interpreted as a result of melting of the lower crust due to a
thermal anomaly (possibly associated with the mantle wedge,
slab breakoff, or slab tearing of the subducting plate along
a transform fault) during oblique subduction. Magmas from
the arc stage are mostly “orogenic” or arc—type juvenile crust,
with contributions from the lithospheric mantle and crustal as-
similation in a supra—subduction regime; these magmas show
an increasing proportion of juvenile mass within the crystal-
lizing magma in progressively younger rocks. Note that this
framework interpretation is consistent with those observed in
many cordilleran—type magmatic belts containing multiple
intrusions with variable composition and arranged as nested
complexes in linear arrays (Cobbing & Pitcher, 1972; Pitcher,
1997; Winter, 2014). The most basic compositions of tholeiitic
to potassium—depleted calc—alkaline affinity are located near
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Figure 15. Schematic diagram showing the spatial and temporal variations in the Late Triassic to Jurassic magmatic belt along the
continental margin in a supra-subduction tectonic regime. The oldest magmatism has more felsic compositions (monzogranites and
subordinate syenogranites) and is typical of syncollisional to postcollisional (postorogenic) settings. The youngest magmatism has the
most basic compositions (quartz diorites, tonalites, diorites, and granodiorites), which are typical of subduction-related environments

\

\

\ Sierra Nevada de / v

\ Santa Marta /
i

Central
\ Batholith

\ Bolivar
\Batholith

\
\ San Lucas Massif\
\

\

Agua Blanca
Batholith

Norean
Formation

Rionegro
\ Norosi Monzogranite
Granite
|\Nestern Centra
Zone
> l ¢ |
| antander Massif
A
Segovia Santa Barbara
l Diorite Monzogranite
| Central Cordillera
I above 5° N ] Eastern Central Zone
Panthalassa Circum—Pacific | \
Ocean orogenic system l \
> \ ) \
Saldafa
\ \ Formation
\ Ibagué |
Batholith
\ I Algeciras
\ \G I Monzogranite
‘ Central
Cordillera \ /
)
| s
/ Eastern Cordillera

/
/
/

/
[_] Volcaniclastic rocks
- Hypabyssal rocks
- Plutonic rocks

associated with active continental margins.

106

/

/
/
/

Mocoa
Monzogranite

Total (n =310)

C3 @O
|

| | | | | | | | | |
130 140 150 160 170 180 190 200 210 220 230
Age (Ma)



Late Triassic to Jurassic Magmatism in Colombia: Implications for the Evolution of the Northern Margin of South America

the trench, whereas the most evolved, potassium—-rich calc—
alkaline affinities are found towards the back—arc region and
ultimately change to the shoshonitic or trans—alkaline series
(Brown, 1981; Lameyre, 1988; Winter, 2014).
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Explanation of Acronyms, Abbreviations, and Symbols:

ASI Aluminum saturation index

ca. Circa, about

CA-ID-TIMS Chemical abrasion isotope dilution thermal
ionization mass spectrometry

CAP Continental arc potassic

cf. Confer, compare

GCDkit Geochemical Data Toolkit

HREE Heavy rare earth element

(03 Initial oceanic arc potassic rocks

KDE Kernel density estimates

LA-ICP-MS Laser ablation inductively coupled plasma

mass spectrometer

LA-MC-ICP-MS Laser ablation multi—collector inductively

coupled plasma mass spectrometer

LOI Loss on ignition

LOP Late oceanic arc potassic rocks

LREE Light rare earth element

MALI Modified alkali-lime index

MASH Melting—assimilation—storage—homogeni-
zation

PAP Postcollisional arc potassic

PDPs Probability density plots

REE Rare earth element

SHRIMP Sensitive high—resolution ion
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