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Abstract: Isotopic and geochemical data delineate passive margin, rift and active margin cycles in
northwestern South America since ~623 Ma, spanning from the Iapetus Wilson Cycle. Ultramafic
and mafic rocks record rifting associated with the formation of the Iapetus Ocean during 623–531 Ma,
while the initiation of subduction of the Iapetus and Rheic oceans is recorded by continental arc plu-
tons that formed during 499–414 Ma, with alternating compressive and extensional stages. Muscovite
40Ar/39Ar dates suggest there may have been a phase of Carboniferous metamorphism, although
this remains tentative. A Passive margin was modified by active margin magmatism that started at
~294 Ma and culminated with collisional tectonics that signaled the final stages of the amalgamation
of western Pangaea. Early Pangaea fragmentation included back-arc rifting during 245–216 Ma,
leading to a Pacific active margin that spanned from 213–115 Ma. Trench retreat accelerated during
144–115 Ma, forming a highly attenuated continental margin prior to the collision of the Caribbean
Large Igneous Province at ~75 Ma.

Keywords: Northern Andes; isotopic tracing; geochronology; geochemistry; thermochronology

1. Introduction

Northwestern South America is a relict fragment of Gondwana and its northern and
western margins preserve a punctuated record spanning from the opening of the Iapetus
Ocean to its interaction with the thickened Caribbean Plate. Therefore, an improved
knowledge of the precise timing and nature of geological events that formed this region
is key when reconstructing the configuration of the western regions of Gondwana and
Pangea. The objective of this work is to summarise geochemical and isotopic data obtained
from igneous and meta-igneous rocks in northwestern South America (Ecuador, Colombia
and Venezuela) that are frequently foliated and metamorphosed, with the aim of showing
the utility of these data to tightly constrain tectonic reconstructions from the opening of the
Iapetus Ocean, closure of the Rheic Ocean, and the evolution of the Pacific margin until
the early collision of the Caribbean Large Igneous Province. The studied rock units span
between the late Neoproterozoic and the Early Cretaceous (~623–112 Ma).

Data have been compiled from the Cordillera Real and Amotape Complex of Ecuador,
the Cordillera Central, Santander Massif and Sierra Nevada de Santa Marta of Colombia,
and the Mérida Andes of Venezuela, as well as some geographically scattered locations.
The geochemical data are mainly whole-rock major oxide and trace element compositions,
which are used to identify petrogenetic processes and thus propose plausible tectonic
environments. The isotopic data are used to provide robust geochronological constraints,
identify magma source regions and improve tectonic models with the integration of ther-
mochronological information. Geochronological data are mainly restricted to zircon U-Pb
concordia ages, although some 40Ar/39Ar plateau dates are considered for mafic rocks that
did not yield zircon. Radiogenic isotopic tracing uses Nd, Pb (whole rock) and Hf (zircon)
compositions, and is complemented with stable oxygen (quartz) isotopic compositions for
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specific time periods. Thermochronological constraints are provided by apatite U-Pb and
40Ar/39Ar muscovite dates, and lower-T thermochronometers including fission track and
(U-Th)/He data. These data are compiled into a series of summary figures and identify
periods of continental rift-related magmatism associated with the Central Iapetus Magmatic
Province and the disassembly of Panotia in the period ~623–531 Ma, Triassic back-arc rift-
to-drift magmatism in the period ~245–216 Ma, heralding the early disassembly of Pangaea,
and failed rifting during hyperextension of the Pacific margin in the Early Cretaceous
starting in ~145 Ma. The older Palaeozoic arc sequences are geographically dismembered
and most exposures occur in inboard regions of northwestern South America (~499–414 Ma
and 296–250 Ma; Mérida Andes and the Santander Massif, and minor occurrences in the
Cordillera Central) during the subduction of Iapetan and Rheic oceanic lithosphere, and
in crustal blocks that are dispersed throughout the cordilleras Real (Ecuador) and Central
(Colombia), and isolated blocks in Venezuela. More coherent arc sequences form linear
belts along the Mérida Andes, Santander Massif and cordilleras Real and Central in the
period during 213–112 Ma.

All of these units either have Gondwanan isotopic signatures or host xenocrystic
zircons with a Gondwanan U-Pb date spectrum, and thus are considered to have originated
within Gondwana after the disassembly of Rodinia via reworking of the Amazonian Craton
and the addition of new crust. With the exception of small porphyry-type intrusions,
a significant magmatic hiatus throughout northwestern South America in the period
414–294 Ma is accounted for by the transfer of the rifted conjugate Triassic margin from
Gondwana to Laurentia during the Triassic.

2. Geological Framework and Previous Work

Basement rocks within Ecuador, Colombia and Venezuela can be divided into al-
lochthonous units that originally formed part of the oceanic Caribbean Plate and thus have
juvenile isotopic signatures and are usually ~100 Ma old and younger, or older sequences
that are located inboard, are more differentiated and span from the Early Cretaceous to
the Precambrian. The suture between these broad regions is dismembered although it is
moderately well expressed in gravity maps (Feininger and Seguin, 1983) and is occasion-
ally exposed in the field. The dismembered suture is referred to as the Ingapirca-Peltetec
(Ecuador)–Cauca-Almaguer (Colombia) fault system (Figure 1). This review will focus on
the crystalline rocks that formed the buttressing margin at ~100 Ma, which are located east
of the suture. These include rocks exposed in the Cordillera Real and Amotape Complex
of (Ecuador), Cordillera Central, Santander Massif and the Sierra Nevada de Santa Marta
(Colombia), the Mérida Andes (Venezuela) and other geographically scattered regions. We
only focus on crystalline rocks that formed during the opening of the Iapetus Ocean, and
until the early interaction of South America with the Caribbean Plate.

The oldest rocks are fault-bounded slivers of gabbroic to ultramafic rocks of the
Huarguallá Gabbro unit within the Peltetec Fault Zone, located along the western flank
of the Cordillera Real (Ecuador; Figure 1). These units yield imprecise 40Ar/39Ar dates
(plagioclase) spanning between 623–531 Ma (including 2 s uncertainties; [1]), and the rocks
are considered to have formed part of the Central Iapetus Magmatic Province during the
rift stage of the Iapetus Wilson Cycle [1].

Variably deformed and variably metamorphosed latest Cambrian–early Devonian
(499–414 Ma) intrusions form large parts of the Mérida Andes [2,3] and Santander Mas-
sif ([2,4–6]). Smaller exposures occur in tectonic slivers along the eastern flank of the
Cordillera Central (La Aguadita Amphibolites, La Miel Orthogneiss; [7–9]; Figure 1), the
Quetame and Floresta massifs [10], the Sierra Nevada de Santa Marta [11], the El Baul
Massif [12] and the Llanos Basin [13]. These Palaeozoic igneous units are not exposed in
Ecuador, although they reappear in the northern Eastern Cordillera of Peru [14]. Peak
upper amphibolite metamorphism in the Merida Andes and Santander Massif occurred at
~467 Ma, and intrusions that are older than ~467 Ma are strongly foliated [2,3]. The La Miel
orthogneiss reached peak amphibolite facies [15] and is associated with garnet-bearing



Geosciences 2022, 12, 5 3 of 32

amphibolites that formed within a subduction zone environment [16], although the timing
of metamorphism is unclear.

Figure 1. Digital elevation model for northwestern South America showing the cordilleras, terranes,
main faults and the exposure of Cambrian–Cretaceous magmatic rocks in Venezuela, Colombia and
Ecuador and Colombia. Faults: CAF: Cauca-Almaguer Fault, CSF: Caparo-Soledad Fault, IF: Ibagué
Fault, InF: Ingapirca Fault, OPF: Otu-Pericos Fault, PF: Peltetec Fault, SJF: San-Jeronimo Fault. Other
abbreviations: CC: Cordillera Central, CR: Cordillera Real, EBM: El Baúl Massif, F: Floresta Massif,
GP: Guajira Peninsula, LB: Llanos Basin, LM: La Miel Gneiss, MA: Mérida Andes, OB: Oriente Basin,
PP: Paraguaná Peninsula, PSB: Plato-San Jorge Basin, Q: Quetame Massif, RC: Raspas Complex, SM:
Santander Massif, SNSM: Sierra Nevada de Santa Marta, SP: Sierra de Perijá, TI: Taos Island, UMV:
Upper Magdalena Valley Basin, WC: Western Cordillera. Geology from Litherland et al. (1994) [17]
and Gómez et al. (2007) [18].

The time period between ~414 and ~294 Ma is mainly amagmatic in Ecuador, Colom-
bia and Venezuela although geographically restricted and small granitoids in the northern
Cordillera Central of Colombia yield Carboniferous zircon U-Pb dates [19], and were in-
terpreted by Leal-Mejia et al. 2019 [6] to have formed within an extensional environment
focussed along the Otu-Pericos Fault (Figure 1). Spikings et al. 2021 [1] suggest that north-
western Gondwana was mainly a passive margin during this period, which is reflected as a
paucity of Devonian-aged zircons in Carboniferous basins in Ecuador. However, Horton
et al. 2010 [10] found a peak in Devonian-aged detrital zircons in Devonian sedimentary
rocks in Colombia, leading them to conclude that a Devonian arc may have shed detritus
into northwestern Gondwana, although the arc remains unidentified and it is possible that
these zircons may be far travelled.

Geographically dispersed Permian intrusions define a now dismembered continental
arc that started at ~294 Ma, although the igneous rocks within northwestern South America
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are poorly exposed relative to Ordovician, Triassic and younger units. Within Venezuela,
Permian granitoids are only found in the Sierra de Perijá, Paraguana Peninsula ([2]) and
the El Baul Massif [12] (Figure 1). The intrusions are more numerous within Colombia
and crop out in the Sierra Nevada de Santa Marta (E.g. El Encanto Orthogneiss; [11,20])
and the central Cordillera Central (Colombia; Rovira Complex; [21,22]), whereas only a
single Permian pluton has been found in Ecuador, which is located in the far southern
Cordillera Real (Malacatos Complex [23,24]). These geographically dispersed occurrences
are interpreted to have formed part of a now dismembered arc sequence that mainly formed
on the conjugate margins to a Triassic rift within Gondwana [20,24,25], and is currently
preserved intact in the Eastern Cordillera of Peru [14]. Alternatively, Vinasco et al. 2006 [26]
suggests they formed during the Gondwana-Laurentia collision.

Permian magmatism was modified by prograde metamorphism with peak metamor-
phic conditions of ~770–830 ◦C and ~11.5–14 kb [11], which is best preserved in the Sierra
Nevada de Santa Marta (Colombia), and is recorded in late Permian (254.0 ± 2.3 Ma–
251.8 ± 3.8) migmatites in the relict conjugate margin (e.g., Chiapas Massif and Chortis
Blocks [27,28]). Low grade metamorphism of the Diamante Fm. of the Santander Massif is
considered to be Late Permian [29]. Metamorphism is interpreted to be a result of compres-
sion that accompanied terrane collision events [24,27], which also deformed most of the
Permian rocks exposed in northwestern South America.

Triassic granodiorites and monzogranites are abundant in northwestern South Amer-
ica and within Colombia they are found in the Cordillera Central, the basement of the
Plato–San Jorge Basin, the Sierra Nevada de Santa Marta and the Guajira Peninsula
(Figure 1) [7,8,11,20–24,26,30–32]. Equivalent Triassic rocks in Ecuador are the Tres La-
gunas Granite, Moromoro Granite and leucosomes of the Sabanilla Migmatite within the
Cordillera Real and Amotape Complex of Ecuador [17,21,33–36]. Geochemical and isotopic
characteristics are distinct from the Permian arc units, and unambiguously show they were
mainly derived from melting pelitic rocks [24,36]. These acidic intrusions are part of a
bimodal assemblage that includes amphibolitic (meta-gabbros/dolerites) dykes, sills and
an ophiolitic sequence in the cordilleras Central and Real [21,22,26,36–38], all of which are
depleted mantle melts that are variably contaminated with continental crust [36]. This
Triassic bimodal igneous assemblage formed during continental rifting in a back-arc, and
the arc is partially preserved in the conjugate margins (e.g., Mixteca Terrane, Oaxaquia,
Maya Block; [24]). Early to middle Triassic U-Pb ages were also obtained from small granitic
bodies in the Perijá Foothills, Toas Island (Figure 1), Merida Andes and a rhyolitic dyke
in the Santander Massif [2], although the mafic end member has not been found in these
regions and these may represent satellite intrusions distant to the primary rift axis.

Late Triassic–Jurassic igneous rocks are high-K calc-alkaline continental arc granitoids
(Figure 1). The oldest units are undeformed exposures in the Mérida Andes [2,3] and the
aerially expansive Santander Plutonic Group in the Santander Massif [2,5]. A younger,
coherent belt of mainly unfoliated (local fault foliations), Pacific trench-parallel Jurassic
batholiths are exposed along the length of the cordilleras Central and Real, and the Garzón
Massif, (red colours in Figure 1; e.g., Ibagué and Abitagua batholiths) [7,21,36,39–44]. Simi-
lar aged, Jurassic batholiths are also found within the Sierra Nevada de Santa Marta [43,45].
Earliest Cretaceous granodioritic intrusions are significantly more foliated and these in-
clude the Azafrán Batholith in Ecuador (yellow colours in Figure 1) [36] and the Mariquita
Stock in Colombia [41]. Further west, the continental arc sequence is represented by poorly
dated mafic volcanic rocks along the western flanks of the Cordillera Real (Upano and
Alao-Paute units) and Cordillera Central (Quebradagrande arc). The volcanogenic re-
worked sequences host detrital zircons and dense minerals that show they formed within
continental crust [46]. The Alao Arc in Ecuador is faulted against anastomosed slivers of
mafic–ultramafic rocks of the Peltetec Unit within the Peltetec Fault Zone (Figure 1), which
are depleted mantle melts that formed during hyper-extension of the Early Cretaceous
margin during ~145–112 Ma [36]. The Chaucha Block (Figure 1) was temporarily detached
from the Early Cretaceous forearc during the same extensional event, and re-accreted at
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some time between 120–75 Ma [36]. Equivalent Early Cretaceous depleted mantle melts
have not been found in Colombia.

3. Geochronological Characterisation

Geochronological analyses of the crystalline rocks in northwestern South America
have been made since the late 1950’s (e.g., [47–50]), and early attempts mainly used the
K/Ar and Rb/Sr methods. The dates were usually interpreted as crystallisation ages,
which lead to several tectonic reconstructions that have since shown to be incorrect. For
example, a plethora of Carboniferous Rb/Sr and K/Ar dates from intrusions within the
Mérida Andes lead Bellizia and Pimental (1994) [51] and Aleman and Ramos (2000) [52] to
suggest that a Carboniferous arc formed on the Mérida Terrane, and that it had a Laurentian
provenance and drifted from Laurentia to Gondwana prior to the amalgamation of Pangaea.
However, more recent zircon U-Pb dates have shown that these intrusions form part of an
Ordovician arc [2,3], leading to a revision in the tectonic reconstruction (see Section 6). Here
we present a summary of crystallisation ages from northwestern South America, which are
restricted to (i) zircon U-Pb concordia dates, and (ii) plateau 40Ar/39Ar dates when the rocks
lack U-bearing phases (i.e., mafic units), and are interpreted with respect to the potential
for excess 40Ar, 40Ar loss and 37, 39Ar recoil effects. K/Ar and Rb/Sr dates are entirely
discarded, given the high mobility of the daughter isotopes, even in rocks that appear
unaltered. The temporal distribution of 162 zircon U-Pb concordia dates are summarised
in Figures 2 and 3, with 4 40Ar/39Ar plateau (groundmass and plagioclase) dates from
depleted mantle derived basalts and basaltic andesites. These dates are divided into specific
groups according to time, field relationships and isotopic and geochemical characteristics.

Figure 2. Cont.
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Figure 2. Histogram of crystallisation ages (mainly zircon 238U-206Pb concordia ages) of igneous
rocks in Venezuela, Colombia and Ecuador during 499–112 Ma. Data are from Litherland et al.
(1994) [17], Noble et al. (1997) [37], Vinasco et al. (2006) [26], Colmenares (2007) [45], Montes et al.
(2010) [30], Weber et al. (2010) [31], Leal-Mejia (2011) [19], Restrepo et al. (2011) [32], Villagomez
et al. (2011) [7], Mantilla-Figueroa et al. (2012, 2013) [4,5], Riel et al. (2013) [35], Cochrane et al.
(2014a, b) [21,46], Martens et al. (2014) [8], Van der Lelij et al. (2016) [2], Bustamante et al. (2010,
2016, 2017) [22,40,41], Paul et al. (2018) [23], Rodriguez et al. (2018) [42], Piraquive et al. (2021) [11],
Restrepo et al. (2021) [44], Spikings and Paul (2019) [24], Spikings et al. (2015, 2019, 2021) [1,36,43],
Tazzo-Rangel et al. (2019; orthogneisses only) [3].

Figure 3. Cont.
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Figure 3. A comparison of crystallisation age (mainly zircon 238U-206Pb concordia ages) and latitude,
showing the main arc and rift stages within northwestern South America. GP: Guajira Peninsula,
SNSM: Sierra Nevada de Santa Marta, TI: Toas Island. Citations for dates are listed in the caption
for Figure 2.

3.1. Late Neoproterozoic: Continental Rift

The first distinct group are two plateau 40Ar/39Ar dates (plagioclase) spanning be-
tween 582–566 Ma (623–531 Ma including 2 s uncertainties) from a gabbro and an ultramafic
rock of the Huarguallá Gabbro, which are fault-bound slivers within the Peltetec Fault
Zone of the western flank of the Cordillera Real in Ecuador (Figures 1 and 2) [1]. Neither
zircon nor baddeleyite were found in these rocks and thus U-Pb dates were not obtained.
The plagioclase do not contain excess 40Ar or show evidence for 37,39Ar recoil, and the
plateau dates were interpreted by Spikings et al. (2021) [1] as accurate crystallisation ages,
and are among the only Ediacaran-aged, depleted mantle derived melts that have been
documented in northwestern South America. Mejia et al. (2012) [53] report a zircon U-Pb
age of 577.8 ± 6.8/−9.0 Ma from a nepheline syenite located in an inlier in the Llanos
Basin (Figure 1). These dates overlap with dates of syn-rift alkaline lava flows within the
intra-continental, Puncoviscana Fold Belt in northwestern Argentina [54].

Tazzo-Rangel et al. (2021) [55] report U-Pb dates of detrital zircons in paragneisses of
the Iglesias Complex in the Mérida Andes that are interpreted to constrain the maximum
age of deposition of the protolith to 540–530 Ma.

3.2. Cambrian–Earliest Devonian: Continental Arc

Most Cambrian–Silurian magmatism is distal from the present-day Pacific and
Caribbean margins (Figure 1). A distinct group of granitic-dioritic intrusions in the Mérida
Andes (e.g., La Grita Diorite) and Santander Massif (e.g., Berlin Orthogneiss) yield zircon
U-Pb concordia dates of 499–414 Ma and 484–439 Ma, respectively [2–5]. These over-
lap with the age of crystallisation of the protolith of the La Aguadita Amphibolites at
486–2.7/−14 Ma [9], and the La Miel orthogneiss in the Anacona Block of the Cordillera
Central (Figure 1) [7,8], which yields U-Pb dates of 470–440 Ma, the Quetame (483 ± 19 Ma;
La Mina granodiorite) [10] and Floresta massifs (464± 8 Ma; Otenga granite) [10], the Sierra
Nevada de Santa Marta (449.7 ± 2.0 Ma) [11], the Caribbean Mountains of Venezuela (e.g.,
Choroni Granite; discordia intercepts), the El Baul Massif [12] and the Llanos Basin [13].
These Palaeozoic igneous units are not exposed in Ecuador, although they reappear in
the northern Eastern Cordillera of Peru [14]. Tazzo- Rangel et al. (2021) [55] suggest that
detrital zircons with U-Pb dates of ~530 Ma may be derived from a continental arc, and
thus that magmatism may have started as early as 530 Ma, although the source rocks
have not been identified. Peak upper amphibolite metamorphism in the Mérida Andes
and Santander Massif occurred at ~472 Ma, and intrusions that are older than ~467 Ma
are strongly foliated [2,3], suggesting a deformation phase occurred between 499–467 Ma.
Garnet-bearing amphibolites of the La Miel orthogneiss were interpreted by Restrepo and
Toussaint (1984) [15] and Bustamante and Juliana (2011) [16] to suggest it reached peak
amphibolite facies within a subduction zone environment, although the timing of metamor-
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phism is unclear. White mica yields a 40Ar/39Ar plateau date of 345 ± 2 Ma [26], which
was interpreted by Vinasco et al. (2006) [26] as the timing of retrogression after amphibolite
facies metamorphism, although this requires further validation because it could represent a
mixed date between, for example, Ordovician and Triassic metamorphism.

3.3. Devonian–Carboniferous: Magmatic Hiatus

The time period between ~414 and ~296 Ma is mainly amagmatic in Ecuador, Colom-
bia and Venezuela (e.g., [1,2,6]). An exception are geographically restricted and small
Carboniferous tonalitic stocks in the northern Cordillera Central of Colombia (El Carmen
stock; Figure 1) that yield three zircon U-Pb dates between 330–310 Ma [19] (Figure 2), and
were interpreted by Leal-Mejia et al. (2019) [6] to have formed within an extensional envi-
ronment focussed along the Otu-Pericos Fault (Figure 1). Very low volumes of magmatism
during ~414 and ~296 Ma are reflected in a paucity of Devonian-aged detrital zircons in
Carboniferous basins in Ecuador [1], Peru [56,57] and farther south (e.g., [58]). However,
Horton et al. (2010) [10] found a small peak in Devonian-aged detrital zircons in Devonian
sedimentary rocks in Colombia, although the primary source rocks have not been identified.
Carboniferous detrital zircons (Figure 2) are found in low proportions in Carboniferous
sedimentary units in Ecuador (Chiguinda Fm.) [1] and Colombia (Guatiquia Fm.) [10].
Felsic Triassic intrusions and leucosomes host a small proportion of zircon cores that yield
Carboniferous U-Pb concordia dates, although many of these Triassic intrusions formed
by melting Carboniferous pelites (Chiguinda Fm. of Ecuador) [1], and the zircons are
considered to be sourced from southern latitudes (e.g., Carboniferous intrusions currently
exposed in the Eastern Cordillera of Peru).

3.4. Permian: Continental Arc

Permian continental arc magmatism is recorded in northwestern Gondwana by intru-
sions that crystallised during 294–253 Ma (Figures 2 and 3), although the igneous rocks
are highly geographically dispersed and dismembered. Within Venezuela, Permian intru-
sions are found in the El Baul Massif (294–283 Ma; [12]), and a diorite in the Paraguana
Peninsula (272 ± 3 Ma; [2]). The intrusions are more numerous within Colombia and
crop out in the Guajira Peninsula (272 ± 1.1 Ma; [59]), Sierra Nevada de Santa Marta
(~288–264 Ma, El Encanto Orthogneiss and other mylonitised granites; [11,20]) and the
central Cordillera Central where they are referred to as the Rovira Complex (~278–253 Ma,
Colombia; [21,22,24]). In contrast, only a single Permian pluton has been found in Ecuador,
which is located in the far southern Cordillera Real (~283 Ma; Malacatos Complex; [23,24])
close to the Peruvian border.

3.5. Triassic (250–208 Ma): Continental Rift

Triassic granodiorite and monzogranite leucosomes and variably foliated plutons are
abundant in northwestern South America and they are described separate to the Permian
intrusions because they are geochemically and isotopically distinct (see Section 4). Within
Colombia they are found in the Cordillera Central (Cajamarca Complex), the basement
of the Plato–San Jorge Basin, the Sierra Nevada de Santa Marta (La Secreta gabbro) and
the Guajira Peninsula (e.g., Uray Gneiss; Figure 1), and yield zircon U-Pb concordia ages
(Figures 2 and 3) ranging between 247.6 ± 4.1 Ma and 222 ± 10 [7,8,11,20–24,26,30–32,59].
The Tres Lagunas Granite, Moromoro Granite and leucosomes of the Sabanilla Migmatite
within the Cordillera Real and Amotape Complex of Ecuador yield zircon U-Pb concor-
dia dates that range between 249.9 ± 1.8 Ma and 207.6 ± 9.2 Ma [17,21,23,24,34–36,60].
These acidic intrusions in Colombia and Ecuador are part of a bimodal assemblage that
includes amphibolitic (meta-gabbros-basalts) dykes, sills and an ophiolitic sequence in the
cordilleras Central (e.g., Santa Elena Amphibolite) and Real (e.g., Piedras Amphibolite)
that yield dates spanning between 243 ± 4 Ma and 216.6 ± 0.4 Ma [21,22,24,26,36–38].
Early to middle Triassic U-Pb ages were also obtained from small granitic bodies in the
Perijá Foothills (225.1 ± 1.5 Ma) [2], Toas Island (248.9 ± 1.7 Ma; Figure 1) [2], Mérida
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Andes (246–228 Ma) [2,3] and a rhyolitic dyke in the Santander Massif (250.7 ± 4.3 Ma) [2],
although the mafic end member has not been found in these regions. The Triassic as-
semblage is interpreted to have formed during a continental rift-to-drift transition (see
Section 6) [21,24,36].

3.6. Late Triassic–Jurassic (213–145 Ma): Unfoliated Intrusions of a Continental Arc

The Triassic rift sequence is frequently in faulted contact with a younger, late Triassic–
Jurassic, calc-alkaline continental arc (Figure 1). The oldest sequence of Mesozoic continen-
tal arc igneous rocks are scattered and undeformed exposures of granites, granodiorite,
tonalites and rhyodacites in the Merida Andes (Figures 2 and 3; 213–202 Ma; e.g. El Carmen
granodiorite; [2]) and the aerially expansive Santander Plutonic Group in the Santander
Massif (209–195 Ma; e.g. Onzaga granodiorite; [2,5]). A younger, coherent belt of mainly
unfoliated (local fault foliations), Pacific trench-parallel Jurassic granitic (dominantly gra-
nodioritic) to gabbroic batholiths are exposed along the length of the cordilleras Central
and Real, and the Garzón Massif, with dates spanning between 193–145 Ma (red colours
in Figure 1; e.g., San Lucas and Ibagué batholiths in Colombia, Abitagua and Zamora
batholiths in Ecuador; [7,19,36,39–44,46]). Acidic intrusions dominate exposure of the
Sierra Nevada Block of the southern Sierra Nevada de Santa Marta (northern Colombia;
Figure 1), and the few radiometric dates that exist include a Jurassic U-Pb (zircon) age of
179.6± 13.1 Ma [45], and Jurassic hornblende and biotite 40Ar/39Ar plateau dates that span
between 187–172 Ma [43].

A comparison of zircon U-Pb age and latitude (Figure 3) suggests that the timing
of the onset of magmatism may become younger from northern Colombia to southern
Ecuador. The Jurassic intrusions of the Sierra Nevada de Santa Marta break this trend, which
may reflect post-Jurassic displacement of these rocks from southern latitudes (e.g., [61]).
However, this apparent trend may be an artifact of sampling density, given that it is not
consistent with the large quantity of dates acquired from the Ibagué Batholith. A more
robust chronological trend is seen when the crystallisation ages are compared with their
distance from the equivalent Silvia-Pijao (Colombia) and Ingapirca-Peltetec (Ecuador)
Faults (Figure 4), showing that latest Triassic-Jurassic magmatism generally becomes
younger as it approaches the approximate location of the contemporaneous plate margin.
Assuming insignificant strike-slip displacement, this implies that Jurassic magmatism
initiated far from the trench at ~213 Ma, and these rocks are currently exposed within
the Mérida Andes, Santander Massif (Figures 1 and 3) and in the southern Cordillera
Central [19,44]. This older magmatic belt (>189 Ma) is not exposed, or did not form in
Ecuador. Magmatism migrated westwards at ~194 Ma and stabilised within the region that
is now exposed within the Cordilleras Central and Real, and along the flanks of the Upper
Magdalena Valley, throughout the Jurassic [36,43].

Figure 4. A comparison of crystallisation age (mainly zircon 238U-206Pb concordia ages) and present-
day longitudinal distance from the palaeotrench, which is defined as the Ingapirca-Peltetec fault in
Ecuador, and the Silvia-Pijao fault in Colombia. Symbols are the same as in Figure 3. M: Mérida Andes.
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3.7. Early Cretaceous: Foliated Igneous Rocks of a Continental Arc

Younger dominantly granodioritic intrusions are significantly more foliated than the
latest Triassic–Jurassic intrusions and these include the Azafrán and Chingual Batholiths
in Ecuador (144–125 Ma; [36]) and the Mariquita Stock in Colombia (143–130 Ma; [41]). A
meta-andesite of the Upano Fm. in the Cordillera Real yields a zircon U-Pb crystallisation
age of 121.0 ± 0.8 Ma [46] and is considered to have been deposited in the pre-orogenic
Salado Basin. These igneous units are more extensively exposed in Ecuador (yellow colour
in Figure 1), and were generally located westward of the Jurassic igneous rocks (Figure 4),
and thus were probably closer to the contemporary trench.

Further west, fault bounded continental arc sequences are represented by mafic vol-
canic rocks along the western flanks of the Cordillera Real (Upano and Alao-Paute units)
and Cordillera Central (Quebradagrande arc). The volcanogenic reworked units host detri-
tal zircons and dense minerals that show they formed within continental crust and were
deposited after ~149 Ma (U-Pb detrital zircons; [46]). However, the basalts and basaltic
andesites of the Alao-Paute unit have not been successfully dated, and 40Ar/39Ar plateau
dates (~77–33 Ma) are severely compromised by secondary alteration and thus do not
record the time of crystallisation [62]. Volcanic units in the Quebradagrande Arc yield
zircon U-Pb dates of 118–112 Ma [7,46], which are consistent with the presence of Berriasian
to Aptian fossils [63], and the date of a cross-cutting intrusion (93 ± 1 Ma; [64]). Toussaint
and Restrepo (1994) [65] report a K/Ar (whole rock basalt) date of 105 ± 0.8 Ma, although
it is likely to be at least partially reset.

Faulted slivers of greenschist grade meta-basalts and meta-gabbros within the Peltetec
Unit along the western flanks of the Cordillera Real (Figure 1) yield plagioclase 40Ar/39Ar
plateau dates of 134.7 ± 0.9 and 134.4 ± 13 Ma, which are interpreted as the minimum
crystallisation ages of the protoliths [36]. These units do not record arc signatures, and
are interpreted as depleted mantle melts that formed during hyperextension of the Early
Cretaceous arc [36] (see below).

4. Geochemical and Isotopic Characterisation
4.1. Whole Rock Geochemical Compositions: Arcs

Whole rock major oxide, trace element and Rare Earth Element (REE) abundances
of the granitic to dioritic intrusions that crystallised during 499–414 Ma, 294–253 Ma and
213–145 Ma (Figure 5A,B) are typical of continental arc rocks. These rocks (i) are not
bimodal and have compositions dominated by granodiorites with smaller amounts of
granites, diorites and gabbros, (ii) have calcic to alkali-calcic differentiation trends on the
modified alkali-lime index of Peacock (1931) [66], (iii) are mildly peraluminous to metalu-
minous with ASI values that span between ~1.2–0.6 (Figure 5D), (iv) are enriched in Light
Ion Lithophile Elements (LILE), and (v) have N-MORB normalised negative Nb, Ta and
Ti anomalies. Furthermore, tectonic discrimination based on (La/Sm)n v Nb/La places
these units within the continental arc field (Figure 5E). Some variations occur between and
within these three time periods, and these are discussed in more detail elsewhere (e.g., [36]).
For example, within the group of mainly unfoliated Late Triassic–Jurassic (213–145 Ma)
intrusions, the Late Triassic–Early Jurassic granitoids within the Mérida Andes and San-
tander Massif are the most enriched in LILE. Early Cretaceous dacites, andesites, basalts
and gabbros of the Quebradagrande (Colombia) and Alao (Ecuador) sequences are mainly
metaluminous and span a larger range in Aluminium Saturation Index than the Cambrian–
Earliest Devonian and Early Triassic–earliest Cretaceous intrusions. Unsurprisingly, they
are more depleted than the older granitoids, although they also yield negative Nb, Ta and
Ti anomalies that are characteristic of arc rocks. Tectonic discrimination using (La/Sm)n v
Nb/La (Figure 5E) places these in an oceanic arc field, although this is not consistent with
detrital zircons in the associated volcanogenic sedimentary units that have a Gondwanan
continental age distribution and they are interpreted to be mildly differentiated continental
arc units [36] (see Section 6).
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Figure 5. Summary whole rock geochemical data from igneous rocks that crystallised during
499–112 Ma in Venezuela, Colombia and Ecuador. (A) Cambrian–Earliest Devonian continental
arc intrusions that are exposed in the Mérida Andes and the Santander Massif. (B) Permian–Early
Cretaceous continental arc intrusions that are mainly exposed in the Sierra Nevada de Santa Marta
and the cordilleras Central and Real, showing a gradual depletion towards younger rocks. (C) Late
Neoproterozoic, Triassic (felsic and mafic end members) and Early Cretaceous rift. (D) discrimination
between peraluminous and metaluminous rocks using Al, Ca, Na and K [67] showing the highly per-
aluminous nature of the Triassic, rift-related crustal anatectites. (E) Discrimination between depleted
mantle (MORB, E-MORB) and arc settings for all of the dated units (499–112 Ma) using (La/Sm)n
v Nb/La [68]. (F) Discrimination between arc and extensional settings using Ti and V [69]. Data
are from Litherland et al. (1994) [17], Nivia et al. (2006) [63], Martinez et a. (2007) [38], Bustamante
et al. (2010) [40], Villagomez et al. (2011) [7], Rodriguez and Zapata (2013) [70], Cochrane et al.
(2014a, b) [21,46], Vinasco et al. (2006) [26], Van der Lelij et al. (2016) [2], Rodriguez et al. (2018) [42],
Spikings et al. (2015, 2021) [1,36].

4.2. Radiogenic and Stable Isotopic Compositions: Arcs

The oldest arc units (plutons with dates spanning between 499–414 Ma) exposed in the
Mérida Andes and the Santander Massif yield whole rock εNdi values (Figure 6A) ranging
between −8.71 and 3.06 [71], while present day whole rock Pb isotopic compositions
(Figure 6B) vary between 18.628–20.944 (206Pb/204Pb), 15.643–15.854 (207Pb/204Pb) and
38.556–40.568 (208Pb/204Pb), and stable oxygen isotopes in quartz (d18O; Mérida Andes
only) vary between 9.03–14.27 (Figure 6D). εHft (zircon) values (average values from
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a single rock with indistinguishable values from single ablation spots) from Cambrian–
Earliest Devonian magmatic or metamorphic rims range between −10.40 ± 0.53 and
5.26 ± 0.44 [3,71], which correspond to Lu-Hf model ages of ~1.7 to ~0.80 Ga (Figure 6C).
There are no clear differences in the isotopic compositions of Palaeozoic arc intrusions in
the Mérida Andes and the Santander Massif. No similar isotopic data have been published
from Ordovician igneous units in the Cordillera Central (e.g., Le Miel orthogneiss). The εHft
(zircon) values from the older, foliated plutons (499–467 Ma) are <−5, whereas the younger
rocks trend towards more radiogenic compositions. Similarly, foliated granitoids with
zircon U-Pb ages between 499–467 Ma have the least radiogenic compositions with εNdi
values spanning from −3.22 to −7.15, which are among the least radiogenic data within all
of the arc igneous rocks in northwestern South America. Granitoids that crystallised during
~467 and ~414 Ma have more radiogenic εNdi values with a maximum of 1.58 ± 0.05.
The present day 206Pb/204Pb and 207Pb/204Pb ratios (Figure 6B) are more radiogenic than
the terrestrial Pb evolution curve of Stacey and Kramer (1975) [72] and overlap data
obtained from the Guyana Shield in southern Venezuela, the Garzón Massif in Colombia
and the Amazonian Craton in western Brazil. These contrast with present day Pb isotopic
compositions from Laurentian cratonic rocks or the Laurentia-derived Cuyania Terrane [73],
which are less radiogenic than the curve of Stacey and Kramers (1975) [72]. A comparison
of d18O (quartz; Mérida Block only) with zircon U-Pb date yields no clear relationship, and
d18O straddles both the S- and I-type fields of Harris et al. (1997; Figure 6D; [74]).

Figure 6. Cont.
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Figure 6. Summary isotopic compositions of igneous rocks that crystallised during 499–112 Ma in
Venezuela, Colombia and Ecuador. (A) whole rock Nd, (B) uncorrected whole rock and feldspar
(Triassic only) Pb isotopic compositions showing fields (uncorrected data) for major basement regions
in Colombia [75] and western Gondwana and Laurentia [76]. The black line shows the terrestrial
evolution trend [72]. (C) Hf isotopic compositions of magmatic rims of zircons showing the corre-
sponding two-stage Lu-Hf model ages (calculated using a 176Lu/177Hf ratios of 0.0113 and 0.0384 for
average and juvenile continental crust, respectively; [77]) and highlighting periods of compression
and extension. (D,E) Comparisons of d18O (quartz) with time (zircon 238U-206Pb concordia age)
and Aluminium Saturation Index (A/CNK) highlighting the S-type field of Harris et al. (1997) [74].
Data are from Ordoñez-Carmona et al. (2006) [78], Mantilla-Figueroa et al. (2012) [4], Cochrane et al.
(2014a, b) [21,46], Bustamante et al. (2016, 2017) [22,41], Van der Lelij et al. (2016, 2019) [2,71], Paul
et al. (2018) [23], Spikings et al. (2015, 2021) [1,36], Tazzo-Rangel et al. (2019; orthogneisses only) [3].
Symbols are the same as in Figure 5.

Fewer isotopic data have been obtained from the Permian arc granitoids. Single abla-
tion spots in zircons that gave Permian U-Pb dates from three foliated granites (Cordillera
Central, Colombia) yield single ablation spot values of εHft ranging between −6.3 and 4.0
(Figure 6C), with weighted averages between −3.45 ± 0.40 and 1.96 ± 0.31 [21]. Despite
the fact that these data were only obtained from three rocks, a distinct group of younger
Permian spot dates (260–250 Ma) yield the least radiogenic εHft values. Lu-Hf model
ages for the Permian intrusions range between ~1.2 and ~0.7 Ga (Figure 6C). Pb isotopic
compositions have only been obtained from feldspar extracted from a single Permian gran-
ite of the Malacatos Unit (southern Cordillera Real, Ecuador; [23]), and yield present day
values (feldspar) of 18.560± 0.001 (206Pb/204Pb) and 15.61± 0.001 (207Pb/204Pb), which lies
within the cloud of present day whole rock Pb isotopic compositions obtained from Triassic
crustal anatectites (rift) and latest Triassic–Early Cretaceous intrusions (arc). Finally, d18O
(quartz) data from two Permian granitoids of the Cordillera Central yield crustal values
of 13.6 ± 0.2 and 15.6 ± 0.2 (Figure 6D,E; [21]), which are typical of S-type granites [74],
and overlap with the most crustal values obtained from the Cambrian–Earliest Devonian
intrusions (arc), while they are similar to the Triassic leucosomes and granodiorites (rift).

Unfoliated (local fault foliation) Late Triassic–Jurassic granitoids yield clear temporal
trends in Nd (whole rock) and Hf (zircon) isotopic compositions. Whole rock εNdi values
from the older, Late Triassic–earliest Jurassic intrusions in the Mérida Andes and the
Santander Massif (213–194 Ma) show the least radiogenic compositions and range between
−13.06 and −2.16 (Figure 6A), and are similar to most of the Cambrian–Earliest Devonian
granitoids that are exposed in the same two regions (Figure 1). Younger Jurassic granitoids
exposed in the cordilleras Central and Real and the Garzón Massif (193–145 Ma) yield more
radiogenic εNdi (whole rock) values and range from −6.00 to 9.25, and the Nd isotopic
composition becomes more radiogenic as the rocks become younger. The εHft (zircon)
data reveal the same trend (Figure 6C), where single ablation spot values in the Mérida
Andes and Santander Massif (213–195 Ma) range from−6.11 to−2.46, whereas the younger
granitoids (193–145 Ma) yield εHft (zircon) values that progressively increase from −7.00
to 8.60 through the Jurassic. Present day Pb isotopic compositions straddle the terrestrial
Pb evolution curve of Stacey and Kramer (1975) [72], and extend to less radiogenic values
than the Cambrian–Earliest Devonian arc rocks (Figure 6B).

The younger, pervasively foliated Early Cretaceous granodioritic intrusions
(144–125 Ma; Azafrán and Chinguál Batholiths in Ecuador; Mariquita Stock in Colom-
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bia) yield εNdi (whole rock) that span between 4.1 and 5.6, and weighted mean (single
hand specimens) εHft (zircon) values between 7.89 ± 0.71 and 9.40 ± 1.30. These values
are more radiogenic than the undeformed Jurassic intrusions, and are consistent with the
Jurassic trend towards depleted mantle compositions in younger rocks.

Finally, mafic volcanic rocks from the Early Cretaceous Quebradagrande arcs yield
εNdi (whole rock) values spanning between 2.59 and 10.49 (Figure 6A; [46]). However, not
all of these units have been dated, and these initial values have been determined for an
age of 113 ± 1 Ma [7,46], which was obtained from two basalts of this sequence. Basalts
to andesites of the Alao arc (Ecuador) yield extremely similar εNdi (whole rock) values
that lie between 2.59 and 10.49 [46], which were determined assuming a crystallisation
age of 121 ± 0.8 Ma (zircon U-Pb age of metagabbros of the Upano unit; [46]). εHft
(zircon) values have only been obtained from a single rock of the Quebradagrande Unit
(no non-reworked zircon has been identified in the Alao arc; Figure 6C), and give a value
of 12.11 ± 0.17 [46]. The Nd and Hf isotopic compositions also continue the same late
Triassic–Jurassic trend towards progressively more radiogenic source regions. Present
day whole rock Pb isotopic compositions (Figure 6B; [46]) range between 18.3137–19.4336
(206Pb/204Pb), 15.5751–15.7337 (207Pb/204Pb) and 37.9673–39.1759 (208Pb/204Pb), and thus
they are less radiogenic than the Cambrian–Earliest Devonian intrusions, although they
are extremely similar to values obtained from the latest Triassic-Jurassic arc units, and the
Triassic rift-related rocks

4.3. Whole Rock Geochemical Compositions: Rifts

Ultramafic and mafic (mainly metamorphosed basalts and gabbros) dykes and sills
that formed during 582–566 Ma (Huarguallá Gabbro Unit; [1]), 243–216 Ma and at ~134 Ma
(Peltetec Unit; [36]; Figure 1) yield whole rock geochemical compositions that are consistent
with depleted mantle that has been contaminated by continental crust to varying degrees.
N-MORB normalised trace element abundances of gabbros and basalts from all three
time periods (Figure 5C) are similar and reveal slight enrichments in LILE and a lack of
significant Nb, Ta and Ti anomalies associated with dehydration of a subducted slab, or
significant contamination with a metasomatised continental lithospheric mantle, supporting
an origin within the asthenosphere. As expected, a single sampled Ediacaran peridotite of
the Huarguallá Gabbro is more depleted than the gabbro. A comparison of (La/Sm)n and
Nb/La places these mafic rocks from all time periods (Figure 5E) within the E-MORB and
transitionary fields, which is consistent with a lack of evidence for subduction of oceanic
lithosphere. The Ediacaran and Triassic amphibolitic dykes, along with some basalts of the
Peltetec unit (~134 Ma) are highly enriched in Ti relative to V (Figure 5F), and plot in the
MORB or back arc basin basalt (BABB) field of Shervais (1982) [69]. However, the massive
metagabbros of the Aburrá Ophiolite (El Picacho metagabbros; [38]) that yield very low
K2O abundances of 0.02–0.12 wt%, and the highly depleted ultramafic component of the
Peltetec unit plots closer to the arc field, albeit in a region where the discriminatory power
of Ti/V is low.

The Triassic amphibolites (meta-basalts and gabbros; 243–216 Ma) are temporally
accompanied (250–208 Ma) by monzonites and granodiorites that form variably foliated
plutons and are mainly exposed in the cordilleras Real and Central. Field observations
show that these felsic rocks occur as leucosomes that formed by melting Carboniferous
metapelites (in the Cordillera Real), and also as plutons. These felsic rocks follow a high-K
calc-alkaline trend, and negative Nb, Ta and Ti anomalies are present (Figure 5C), which
are typical of upper continental crust. Slight negative N-MORB normalized Ba, Eu, Sr and
Ti anomalies suggest that plagioclase and Fe-Ti oxides have fractionated, and a positive
Pb anomaly is probably derived from a protolith within the continental crust. These
characteristics are similar to the arc igneous units, although the Triassic granitoids are
highly peraluminous (ASI 1.05–2.38) compared to all other igneous units (Figure 5D).
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4.4. Radiogenic and Stable Isotopic Compositions: Rifts

Isotopic tracing of the sources of the rift-related Huarguallá Gabbro (582–566 Ma;
Cordillera Real, Ecuador) is limited to whole rock εNdi values of −0.57 and 2.40
(Figure 6A; [1]), which are similar to values (0.6 to 1.3) obtained from a similarly aged dyke
complex (Egersund Dyke Complex, ~616 Ma; [79]) in Scandinavia, the relevance of which
is discussed in Section 6.

Abundant isotopic data have been acquired from the Triassic bimodal rift-to-drift
sequence. Whole rock Nd isotopic data have only been obtained from the amphibolites
(243–216 Ma; meta- basalts/gabbros), and εNdi span between 4.13 and 10.18, and thus
include some of the most juvenile compositions of the Phanerozoic igneous rocks that
are comparable with some basalts of the Early Cretaceous arc (Figure 6A). εHft (zircon)
compositions of single ablation spots of Triassic igneous and metamorphic rims (and
xenocrystic cores) of zircons from the felsic anatectites (mainly granodiorites) span a large
range of −11.7 ± 0.8 to 3.2 ± 0.9, and single spot values frequently span ~9 epsilon units
within the same hand specimen (Figure 6C). These crustal values corroborate high d18O
(quartz) values of 12.1 ± 0.2 to 17.4 ± 0.2, which fall within the S-type field of Harris et al.
(1997; Figure 6D,E; [74]). The large range in εHft (zircon) values is considered to reflect
the heterogeneous nature of the crustal source regions [21,24,36]. Five amphibolites yield
a large range of εHft (zircon) compositions from single ablation spots of Triassic igneous
and metamorphic rims that span between −6.3 ± 0.8 and 15.7 ± 0.8 [21,22], overlapping
with depleted mantle compositions (Figure 6C). The oldest three of these amphibolites
(239–231 Ma) yield a large range of εHft values showing that zircons are derived from
both crustal, non-radiogenic and juvenile εHft source regions. However, the youngest
two amphibolites (225–223 Ma) only contain zircons with radiogenic εHft compositions
(mean values of 13.31 ± 0.25 and 15.00 ± 0.29). Lu-Hf model ages for Triassic zircons
within the Triassic crustal anatectites range between 0.89–1.4 Ga, which overlap with
model ages from the least radiogenic zircons in the oldest amphibolites. Present day Pb
isotopic compositions of the Triassic monzogranites of the Cajamarca Complex (Colombia)
and Tres Lagunas Granite (Ecuador; Figure 6B; [21,23]) overlap with the Jurassic–Early
Cretaceous arc rocks. However, the Triassic amphibolitized mafic intrusions yield relatively
un-radiogenic compositions (206Pb/204Pb 18.53–18.51) and reveal a mixing array between
the highly peraluminous crustal anatectites and depleted mantle during 239.7 ± 2.4 Ma
and 216.6 ± 0.4 Ma.

Basalts and gabbros of the Peltetec unit that yield E-MORB signatures are considered
to be the youngest Mesozoic rift-related sequence in Ecuador, although isotopic tracing
information is limited to a metabasalt and a gabbro that yield εNdi (whole rock; Figure 6A)
values of 1.21 and 1.17 [36].

5. Thermochronology

A very large quantity of thermochronological data have been obtained from north-
western South America, including, in order of ascending temperature of partial daughter
isotope loss, (U-Th)/He (apatite), fission track (apatite, zircon), 40Ar/39Ar (K-feldspar,
muscovite) and U-Pb (apatite) data. A majority of these data yield Tertiary dates that were
reset during or after the collision and accretion of the Caribbean Large Igneous Province
along the Cauca-Almaguer (Colombia)–Ingapirca-Peltetec Fault (Ecuador). This study
focusses on those data that constrain thermal histories prior to and during the collision of
the Caribbean Large Igneous Province at ~75 Ma [80,81].

5.1. Cambrian-Carboniferous Constraints

The use of 40Ar/39Ar data to constrain t-T information is highly contentious [82],
and published t-T paths should be viewed with caution. Regardless, three Ordovician
intrusions (08VDL27, 32 and 41) in the central and southern Mérida Andes (proximal to the
Caparo-Soledad Fault; Figure 1) yield 40Ar/39Ar muscovite plateau dates ranging between
379.6 ± 1.5 Ma and 353.4 ± 1.2 Ma [83]. The interpretation of these dates is ambiguous
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although they are similar to a muscovite 40Ar/39Ar plateau date of 345 ± 2 Ma [26] ob-
tained from the Ordovician La Miel orthogneiss (Cordillera Central), which was interpreted
by Vinasco et al. (2006) [26] as the timing of retrogression after amphibolite facies meta-
morphism. However, this interpretation requires further validation because they could
also represent mixed dates between, for example, Ordovician and Permian or Triassic
metamorphism. No Carboniferous 40Ar/39Ar dates have been obtained from the Santander
Massif, although a Palaeozoic intrusion (zircon U-Pb 479.8 ± 3.1 Ma; [2]) yields a plateau
muscovite 40Ar/39Ar date of 407.4 ± 1.4 Ma [83]. Regardless of the ambiguity surrounding
the thermochronological interpretation of 40Ar/39Ar data, these dates suggest that the
current surfaces of the southern Mérida Andes and the eastern Santander Massif were not
heated to T > 400 ◦C after the Carboniferous.

5.2. Permian-Mesozoic Constraints

Apatite U-Pb dates (both bulk ID-TIMS and in-situ LA-MC-ICPMS) have been ob-
tained from (i) an Ordovician granodiorite exposed in the Mérida Andes (zircon U-Pb
466.8 ± 2.5 Ma; [2]), and (ii) numerous Triassic felsic anatectites that are exposed along
the lengths of the cordilleras Real and Central. First, the Ordovician granodiorite yields
238U/206Pb bulk dates (ID-TIMS) ranging between 251.9± 7.7 Ma and 265.9± 7.1 Ma, while
larger grains yield older dates, supporting an interpretation that Pb was lost by volume
diffusion assuming the existence of a single, grain scale diffusion domain. The best-fit
t-T model for these data suggest this rock cooled rapidly (>4.5 ◦C/My) from >500 ◦C at
~260 Ma to <360 ◦C at ~250 Ma [83].

Apatite 238U/206Pb bulk (ID-TIMS) dates from the Triassic (rift) anatectites in Ecuador
and Colombia span between 227–42 Ma, and become younger from northern Colombia
to southern Ecuador [23]. Apatite 238U/206Pb dates from the Cajamarca Complex in the
northern Central Cordillera, and Triassic granitoids in the northern Cordillera Real of
Ecuador are 10–40 My younger than their zircon U–Pb dates, reflecting rapid cooling
through 550–380 ◦C in the Triassic, and no subsequent re–heating to temperatures >380 ◦C
(Figure 7A; [23]). In contrast, a majority of 238U/206Pb dates from Triassic anatectites in the
southern Cordillera Real (south of 2◦S) are younger than 100 Ma. Numerical modelling
suggests that these Triassic rocks also cooled rapidly through 550–380 ◦C at various times
during the Triassic, although they were re–heated to >380 ◦C in the Early Cretaceous
(Figure 7B; [23,43,84]). 40Ar/39Ar muscovite plateau dates [23] and low temperature
thermochronometers [85] support the accuracy of the t–T paths obtained from the apatite
U-Pb data from both regions (Figure 7A,B).

Alkali feldspar plateau 40Ar/39Ar dates from the Jurassic Ibagué Batholith south of
the Ibagué Fault (central Cordillera Central; Figure 1) span between 138–130 Ma [86], and
temporally coincide with a region-wide angular unconformity in the Upper Magdalena
Valley Basin in Colombia [87], the Oriente Basin in Ecuador [88] and in northern Peru [89],
and were interpreted by Villagomez and Spikings (2013) [86] to record a distinct period of
cooling driven by extension (“iv” in Figure 7A). The same extensional event is considered
to be responsible for heating (via burial and increased heat flow) of the Triassic basement
in southern Ecuador to T > 380 ◦C (Figure 7B). A younger group of alkali feldspar plateau
40Ar/39Ar dates from the Jurassic Ibagué Batholith were obtained from the north of the
Ibagué Fault, where they span between 114–110 Ma [86]. These temporally coincide with
deposition of the upper Aptian to middle Albian, fluvial–estuarine Caballos Fm. that
is exposed in the Upper Magdalena Valley Basin [90]. Dense mineral assemblages and
detrital zircon FT dates suggest that this sequence, along with equivalent rocks in Ecuador
(Hollín Fm.) were partly derived from a proto-Cordillera that was exhuming in the Early
Cretaceous [91,92], and the 40Ar/39Ar dates are interpreted to reflect rock a period of rapid
cooling (point ‘iii’ in Figure 7A) driven by rock uplift and erosion [86].
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Figure 7. Thermochronological data obtained from Triassic and younger crystalline from (A) northern
Colombia, and (B) southern Ecuador. Time-Temperature solutions have been obtained from (i)
apatite U-Pb dates obtained for Triassic felsic crustal anatectites (black lines, blue line is the best-fit),
(ii) 40Ar/39Ar muscovite (Ecuador and Colombia; vertical red bars) and alkali feldspar (Colombia
only, proximal to the Ibagué Fault; solid envelopes) data, and (iii) zircon and apatite fission track
and (U-Th)/He data (Colombia and Ecuador; solid envelopes). Solutions are only shown for the
cordilleras Real and Central. Plateau muscovite 40Ar/39Ar dates overlap with the t-T solutions
obtained from the apatite U-Pb data. Modelling details and data are provided in Spikings et al.
(2010) [85], Cochrane et al. (2014) [84], Paul et al. (2018) [23] and Spikings and Paul (2019) [24]. Labels
i to vi on the thermal history solutions and the map show the geographic distribution of cooling and
heating. AHE: Apatite He Partial Retention Zone, ArPRZ: Ar Partial Retention Zone in K-feldspar,
APAZ: Apatite Partial Annealing Zone, APbPRZ: Apatite Pb Partial Retention Zone, ZPAZ: Zircon
Partial Annealing Zone.

40Ar/39Ar (hornblende and biotite; Ecuador only), and zircon and apatite fission
track data from mainly Triassic and Jurassic granitoids reveal a distinct period of rapid
cooling during 80–70 Ma in the Antioquia region of the Cordillera Central (point ‘ii’ in
Figure 7A; [86]), and the southern Cordillera Real (point ‘v’ in Figure 7B; [80,85]), although
it is likely that most rocks exposed within the Cordilleras Central and Real experienced
rapid cooling during this period [85]. The same cooling event is recorded in the apatite U-Pb
data obtained from Triassic anatectites in southern Ecuador (Figure 7B; [23,84]). Similarly,
Villagomez et al. (2011) [93] report apatite fission track data from the Sierra Nevada de
Santa Marta (northern Colombia; Figure 1) that suggest the southern regions of that faulted
block cooled rapidly during 65–58 Ma.
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6. Tectonic Synthesis Based on the Geochemical and Isotopic Data
6.1. Late Neoproterozoic

Late Neoproterozoic gabbros and ultramafic rocks of the Huarguallá Gabbro occur
in anastomosed slivers of the Peltetec Fault Zone in Ecuador, which separates Jurassic
quartzites and slates of the continental Chaucha Block from the Alao Arc (Figure 1). In ad-
dition, a single nepheline syenite in the Llanos Basin of Colombia yields a zircon U-Pb age
of 577.8 ± 6.8/−9.0 Ma [53]. The Huarguallá Gabbro crystallised during 623–531 Ma (in-
cluding the 2σ uncertainties of 40Ar/39Ar dates), and were derived from an asthenospheric
source that has been contaminated by ~25% of continental crust [1]. These rocks are coeval
with syn-rift alkaline lava flows that are intercalated within the intra-continental, Punco-
viscana Fold Belt in northwestern Argentina that formed during rift-drift tectonics during
≥600–535 Ma [54], and mafic intrusions, carbonatites and kimberlites that collectively form
the Central Iapetus Magmatic Province within Scotland, Scandinavia and North America
(e.g., [94,95]). Furthermore, a comparison of the elemental and Nd isotopic compositions of
the Scandinavian and Egersund Dyke complexes (Norway) with the Huarguallá Gabbro
unit suggests these ultramafic and mafic rocks formed with a mantle plume setting at
~616 Ma, which progressed towards early continental rifting within ~50 Ma. Consequently,
the Huarguallá Gabbro unit was interpreted by Spikings et al. (2021) [1] to have formed
during attenuation of Gondwanan crust, that ultimately lead to the formation of Iapetus
oceanic lithosphere by ~550 Ma, and thus it records the initiation of a Wilson cycle that
disassembled the continent of Pannotia (e.g., [96,97]; Figure 8A).

A-type plutons in the Eastern Cordillera of Peru ([14]), Precordillera Terrane ([98]) and
the Appalachian mountains [99] that formed during 774–691 Ma may reveal an early albeit
failed rifting phase along eastern Laurentia within Rodinia. Coeval rocks are not exposed
north of Peru, although they were minor source regions for sediments that were ultimately
deposited within Carboniferous basins in Ecuador and Colombia (e.g., [1,10]).

Figure 8. Cont.
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Figure 8. (A–E) Plate reconstructions for the Palaeozoic margin of northwestern Gondwana, modified
and simplified from Cocks and Torsvik (2006) [100] and Van der Lelij et al. (2016) [2]. The location
of the Huarguallá Gabbro and other basement sequences are shown, along with the Espino Graben,
and some sedimentary formations (labelled in black). (F–H) Tectonic reconstructions for the Permian
and Triassic, modified after Dickinson and Lawton (2001) [101], Elías-Herrera and Ortega-Gutiérrez
(2002) [102], Weber et al. (2007) [27], Spikings and Paul (2019) [1], and Spikings et al. (2021) [1].

6.2. Cambrian to Carboniferous

Variably foliated and gneissic granites and granodiorites in the Mérida Andes and
Santander Massif crystallised during 499–414 Ma, while similar aged yet more geographi-
cally scattered and variably metamorphosed intrusions are found along the western flanks
of the Cordillera Central (including the Anacona Block; [8]), the Quetame and Floresta
massifs, the Caribbean Mountains of Venezuela, the El Baul Massif and the Llanos Basin.
All of these units have geochemical (Figure 5A) and isotopic compositions (Figure 6B,C)
that are consistent with continental arc magmatism through Gondwanan crust. The arc
rocks are coeval with the Famatinian arc (e.g., [58] and references therein) and arc-related
intrusions in the Eastern Cordillera of Peru, and probably represent the northern extent
of the same arc-subduction system ([1]; Figure 8B,C). Most of the intrusions that formed
during ~499–467 Ma are strongly foliated [2,103] synkinematic granitoids, and intruded
during a period of upper amphibolite facies Barrovian metamorphism that affected all rocks
older than ~467 Ma. This period is characterised by crustal εHft (zircon) with old Lu-Hf
model ages (~1.2–1.7 Ga) and high d18O (quartz; >12‰) values, suggesting a compressive
phase occurred between 499–467 Ma ([2]; Figure 9A). Previous authors have related Early
Palaeozoic orogenesis in the Northern Andes to the docking of an allochthonous terrane
which included the basement of the Santander Massif (Chibcha Terrane; e.g., Ramos, 2009).
However, as shown by Van der Lelij et al. (2016) [2], Pb isotopic data collected from grani-
toids and gneisses from both the Mérida Andes and the Santander Massif (Figure 6B) are
consistent with an autochthonous origin, and Nd and Hf isotopic trends (Figure 6A,C)
are similar for rocks from the Santander Massif and the Mérida Andes, providing further
support for a common history along the margin of Gondwana. Ordovician orogenesis
in the Mérida Andes and the Santander Massif was probably driven by increased plate
coupling between subducting oceanic lithosphere of the Iapetus Ocean and the overriding
margin of Gondwana (e.g., see [104,105]), in a similar setting to Early Palaeozoic orogenic
belts elsewhere along the margin of Gondwana (e.g., [106–108]).
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Figure 9. Simplified cross-section models for (A) the Cambrian–Earliest Devonian, showing the com-
pressive phase during 499–467 Ma (from [2]), (B) Permian continental arc magmatism (296–250 Ma)
in a compressive, metamorphic setting during ~255–250 Ma, (C) a rift-to-drift transition originating
in the Triassic back-arc during 245–216 Ma, giving rise to bimodal magmatism and the formation of
oceanic lithosphere (from [24]), (D) Prolonged continental arc magmatism forming generally unfoli-
ated high-K calc-alkaline intrusions in the Merida Andes and Santander Massif during 213–194 Ma, a
wide (~100 km) unfoliated calc-alkaline arc in the cordilleras Central and Real during 193–145 Ma,
and younger foliated arcs during 144–112 Ma that formed on highly attenuated crust. The amount
of extension increased southwards, detaching continental crust and forming transitional crust in
Ecuador (from [36,43]).
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The identification of compression during ~499–467 Ma is significant because it con-
trasts with older models for the early Rheic Ocean that suggest it opened along north-
western Gondwana during ~505–480 Ma (e.g., [109–112]). Van der Lelij et al. (2016) [2]
reconciled apparently simultaneous compression and extension by limiting the extent of
the rifted margin such that it did not extend to the region of the rocks of the Mérida Andes
and the Santander Massif, and that its westernmost extent is represented by the Palaeozoic
Espino Graben ([13]; eastern Venezuela; Figure 1 inset; Figure 8B) where Precambrian and
Palaeozoic rocks are truncated by the Caribbean Plate.

The early foliation is crosscut by granitoids that intruded during ~467–414 Ma, and
thus these are interpreted to post-date peak metamorphic conditions [2,103]. The upper
amphibolite facies metamorphic basement is unconformably overlain by marine sedimen-
tary rocks and tuffs (dated at 453 ± 3 Ma; [2]) that host volcanogenic massive sulphides
(Mucuchachi Fm.), suggesting that marine basins had covered the Cambrian–Early Or-
dovician metamorphic basement by ~453 Ma [2]. Zircon εHft values span between −4
and +6, corresponding to Lu-Hf model ages of ~0.8–1.3 Ga, and εNdt and quartz δ18O
values range between −6 to +1.5 and 10.30 to 14.27, respectively. These data suggest that
the granitoids were derived from a mixture of depleted mantle sources and continental
crust, or enriched mantle sources, although these units are clearly derived from a more
juvenile source than the preceding metamorphosed basement units. Changes in the degree
of deformation, metamorphism and isotopic compositions suggest that the orogen, which
included an active continental arc, was subsiding after ~467 Ma (Figure 9A), perhaps as
a consequence of either orogenic collapse (e.g., during delamination), or trench retreat
that thinned intra-arc or back-arc crust. Tazzo-Rangel et al. (2019) [3] report that most
hornblende bearing orthogneisses yield U-Pb ages of ~450 Ma, and interpret these to reflect
a phase of compression. This is consistent with Van der Lelij et al. (2016) [2], who interpret
an unconformity in the southern Merida Andes (Caparo Block) to be due to a period of
compression starting at ~450 Ma.

The lack of Cambrian-Earliest Devonian magmatism in Ecuador is considered by Spik-
ings et al. (2021) [1] to reflect its inboard position due to the presence of outboard arc-crustal
blocks (Figure 8B–D) that now form part of southwestern North America. Ordovician mag-
matism is recorded in the Maya Block (e.g., [113]) and the Acatlán Complex [114], which
rifted from Gondwana during 245–216 Ma [115] (Figure 8F–H). Abundant Ordovician
magmatism within the Mérida Andes and Santander Massif, along with minor exposures
in the Cordillera Central, Quetame and Floresta Massifs of Colombia suggests that these
rocks originated within an arc zone located north of the outboard terranes (Figure 8B),
which was distal to the Triassic rift. This interpretation is consistent with the lack of Triassic
rift-related rocks in these units.

A significant paucity of magmatism in Ecuador, Colombia and Venezuela during ~414
and ~296 Ma, combined with a paucity of Devonian-aged detrital zircons in Carboniferous
basins in Ecuador, Peru and farther south suggests this period is not characterised by a
continuous ocean-continent subduction system. However, Horton et al. (2010) [10] found a
minor peak of Devonian-aged detrital zircons in Devonian sedimentary rocks in Colombia,
and Spikings et al. (2021) [1] document Carboniferous detrital zircons in Carboniferous
sedimentary units in Ecuador and Colombia. Furthermore, reference [19] report small
Carboniferous tonalitic stocks in the northern Cordillera Central of Colombia that formed
during 330–310 Ma. Spikings et al. (2021) [1] suggest that the Devonian and a majority
of the detrital Carboniferous zircons may be derived from igneous rocks that formed on
continental crust that rifted from northwestern South America during the Triassic [24,115]
(Figure 8E). These potentially rifted units include a Carboniferous tholeiitic to calc-alkaline
arc in the Acatlán Complex [116], continental arc plutons that intrude the microcontinent
of Oaxaquia (e.g., [25]), granitic intrusions of the Altos Cuchumatanes (Maya Block) in
Guatemala [117], the Aserradero Rhyolite of the Sierra Madre terrane [118], and the La
Pezuña Rhyolite of the Coahuila Terrane [119]. Kirsch et al. (2012) [116] and Ortega-
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Obregón et al. (2014) [25] suggested these rocks formed within a continental arc setting
that commenced at ~330 Ma.

Four Carboniferous 40Ar/39Ar white mica plateau dates from Ordovician igneous
rocks span between 407–342 Ma [26,83]. Furthermore, Correa-Martinez et al. (2020) [9]
suggest that zircon U-Pb ages of magmatic rims of the La Aguadita Amphibolite suggest
it was metamorphosed after ~435 Ma. These few dates have been obtained from Ordovi-
cian intrusive rocks that are current geographically disparate (western Cordillera Central,
Mérida Andes, Santander Massif). The interpretation of all of these dates is ambiguous
because laser spot U-Pb zircon and 40Ar/39Ar muscovite dates can be mixed ages and thus
they may be partially overprinted by late Permian or younger metamorphic events. Despite
this, Vinasco et al. (2006) [26] suggested the 40Ar/39Ar dates from the Cordillera Central
may record retrogression after Carboniferous amphibolite facies metamorphism.

6.3. Permian

Permian granitoids, including mylonitised granites and orthogneisses (Figure 1) ex-
posed in the Sierra Nevada de Santa Marta, the central Cordillera Central, a single location
in the far southern Cordillera Real and geographically scattered regions within Venezuela
(e.g., El Baul Massif) yield zircon U-Pb dates spanning between 294–253 Ma. The Alu-
minium Saturation Index of these Permian alkali-calcic to calcic granites straddles the
peraluminous and metaluminous fields (Figure 5D), while the δ18O values (quartz) of
14–17‰ (Figure 6D) suggests that some of these syenogranites formed by partial melting of
sedimentary rocks. Zircon Th/U ratios of 0.26–1.27 (see references in [24]) suggest that they
crystallised from magmas and have not undergone sub-solidus metamorphic recrystallisa-
tion. This is consistent with a high Y content (550–7750 ppm) and negative Eu anomalies in
zircons of the El Encanto orthogneiss [11] (Sierra Nevada de Santa Marta). Whole rock trace
element abundances are characteristic of subduction related magmatism, which was not
bimodal and all rocks yield >58 wt% SiO2. These variably foliated intrusions have been in-
terpreted to have formed within a continental arc above an east dipping Pacific subduction
zone beneath western Pangaea [7,11,20,21,24] during 294–253 Ma (Figures 8F and 9B).

Inherited Early Neoproterozoic and Ordovician zircon cores are common in Permian
intrusions in Colombia and Ecuador (see references in [24]), and thus the Permian conti-
nental arc recycled Sunsas and Famatinian-aged crust, which is consistent with the mildly
peraluminous and calc-alkaline compositions. Cathodoluminescence images show that
many detrital zircons from the Gaira Schists (Sierra Nevada de Santa Marta) consist of
Ordovician cores [11] with Permian rims, which suggests that Permian magmas recy-
cled the older Ordovician arc sequence. These are consistent with the model Lu-Hf ages
(0.65–1.2 Ga; Figure 6C) of most of the Permian intrusions, which overlap with the model
ages obtained from the Cambrian–Earliest Devonian intrusions. The uncorrected Pb iso-
topic compositions of the Cambrian–Earliest Devonian and Permian intrusions are also
similar, suggesting they formed on the same Gondwanan crust.

The Permian intrusions within the Sierra de Perijá, Paraguaná Peninsula and the El
Baúl Massif within Venezuela are currently located up to ~500 km to the east of the Sierra
Nevada de Santa Marta and the Cordillera Central (Figure 1), whereas there is a magmatic
gap between 414–294 Ma in the Santander Massif [2], which is only located 200–150 km east
of the Cordillera Central (Figure 1). Spikings and Paul (2019) [24] suggested that the El Baúl
Massif may have been closer to the continental margin before north-eastward movement of
the Maracaibo Block during the Cenozoic [120], and the rocks of the Santander Massif were
located east of the Permian arc axis (Figure 8F).

Regional metamorphism at the end of the Permian is recorded in South America
by prograde metamorphism in the Sierra Nevada de Santa Marta to ~770–830 ◦C and
~11.5–14 kb (hbl-grt; hbl-plag-qtz), followed by retrogression to 530 ◦C and 5.5 kb, with
sub-solidus metamorphic zircon cores that were coeval with garnet growth at ~250 Ma [11].
Kinked plagioclase in mylonitic Permian intrusions (288–264 Ma) of the Sierra Nevada de
Santa Marta, were interpreted by Cardona et al. (2010) [20] as a high temperature (>450 ◦C)
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deformation event. The same authors interpret amphibole K-Ar dates of ~250 Ma [121] from
a gneissic clast located proximal to the mylonites to be the result of a thermal disturbance
at ~250 Ma, which was responsible for the high-temperature deformation of the Permian
intrusions. Finally, the Th/U content of late Permian zircons at ~255–250 Ma approaches
0.1, corroborating sub-solidus zircon growth and a metamorphic event at that time [24].

MP-HT metamorphism has also been recorded in the Triassic conjugate margins,
for example low Th/U ratios <0.1 in zircons from migmatites of the Chiapas Massif and
the Chortis Block during 255–250 Ma [27,28]. Weber et al. (2007) [27], Cardona et al.
(2010) [20] and Spikings and Paul (2019) [24] attribute metamorphism in the Chiapas
Massif and northwestern South America to compression that closed marginal basins during
the waning stages of the amalgamation of Pangaea. The collision event post-dates the
early amalgamation of Pangaea by ~50 Ma, which is recorded along the diachronous
Ouachita-Marathon suture that had formed by the Early Permian. This compressive
period is consistent with rapid cooling of an Ordovician granite in the Mérida Andes
during ~260–250 Ma [83], via accelerated rock uplift and exhumation. Model Lu-Hf ages
in 255–250 Ma intrusions are older than 1 Ga (Figure 6C), implying that crustal thickening
may have placed rocks with longer crustal residence times into the collision zone.

6.4. Triassic

Triassic crustal anatectites of the Sierra Nevada de Santa Marta and Cordillera Central
of Colombia, and the Amotape Complex and Cordillera Real of Ecuador that formed during
250–208 Ma are highly peraluminous with high d18O (quartz, >12; Figure 6E), and εHft
as low as −13 (Figure 6C), suggesting that pelitic rocks melted after ~250 Ma. Extremely
low Th/U values (<0.1) in some Triassic zircon rims suggest some Triassic igneous zircons
re-crystallised during the Triassic during high-T metamorphism (Spikings and Paul, 2019).
This period was also characterised by bimodal magmatism, with amphibolitised basaltic
dykes and sills during ~243–216 Ma.

The compositions of the mafic, tholeiitic dykes are consistent with a back-arc basin or
MORB setting (Figure 5C,E,F), and the progressive trend in isotopic compositions towards
the depleted mantle (Figure 6A–C) suggests they were emplaced within a lithosphere
that was thinning. εHfi (zircons) show that mantle derived tholeiites emplaced during
243–232 Ma assimilated isotopically evolved continental crust (Figure 6C), whereas there is
little evidence of the assimilation of significant crust after 225 Ma, when εHfi approaches
depleted mantle compositions. Pb isotopes in feldspars (Figure 6B) also reveal mixing
between a highly radiogenic component that is compatible with upper continental crust,
with a juvenile source that approaches the depleted mantle and is represented by the mafic
end member rocks.

The widespread occurrence of coeval tholeiitic, basaltic dykes and crustal anatectites
within Colombia and Ecuador (Figure 1) supports an extensional setting, which has been
interpreted as a back-arc (e.g., [24,122]; Figure 8H). The arc units are preserved in the
conjugate margins of the Chaucús Complex (Guatemala), the Chortis Block (Ovejas Com-
plex, inheritance in Eocene intrusions), the Rabinal Complex (Maya Block), and the Ayú
Complex (granitic dykes; Mixteca Terrane; see references in [24]). Rifting within north-
western South America during 250–216 Ma represents the early disassembly of western
Pangaea (Figure 8H) [21,36,115]. Mafic underplating and crustal anatexis was a result of
decompression of the asthenosphere during passive extension, and heat convection via the
mafic magmas into the crust (Figure 9C). Spikings and Paul (2019) [24] refer to this rift as
the Payendé Rift (Figure 8H), which was also used by Senff (1995) [123] and Cediel and
Cáceres (2000) [124] to describe the tectonic setting of Triassic, red siliclastic rocks of the
Payendé Fm. in northern Colombia. Correa-Martínez (2007) [38] documents a series of
metagabbros, amphibolites and plagiogranites from the northern Cordillera Central, and
concludes that they are part of an ophiolitic sequence (the Aburrá Ophiolite) that formed
within a back-arc basin. U-Pb dating of magmatic zircons from a plagiogranite yields an
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age of ~216 Ma suggesting that seafloor spreading started between ~225 and ~216 Ma
(Figure 9C).

6.5. Latest Triassic–Early Cretaceous (213–112 Ma)

Magmatism along northwestern South America commenced at ~213 Ma, and its
unimodal (with respect to SiO2), metaluminous, high-K to calc-alkaline character contrasts
with Triassic magmatism, and marks the formation of a new subduction zone inboard of
the Triassic Central and North American terranes. Arc magmatism during 213–194 Ma
was focused within the rocks of the Santander Massif [2,5], currently located 280–350 km
inboard of the Silvia-Pijao Fault, while fewer intrusions are found in the Mérida Andes
(Figure 1) [2]. These early arc magmas are highly enriched in LILE (Figure 5B), LREE and
non-radiogenic Nd and Hf isotopes (Figure 6A,C), and mainly formed by melting regions
that had formed part of the continental crust for at least 1 Ga.

The arc axis migrated generally slowly westwards after ~194 Ma, opening continental
and shallow marine depocenters (Cediel, 2018). The overall westward shift formed a
long-lived calc-alkaline, metaluminous arc (193–145 Ma; red colours in Figures 1 and 9D)
which is defined by several batholiths in the Cordillera Central and Cordillera Real
(e.g., [6,41,43,44,46]). Jurassic plutons are also exposed along the western and eastern
flanks of the Upper Magdalena Valley in southern Colombia [42] (Figure 1), and there are
several Jurassic volcanic formations (e.g., the Misahuallí Fm. in Ecuador). This younger
belt yields significantly more radiogenic Nd (Figure 6A) and Hf (Figure 6C) isotopic com-
positions, and the rocks are less enriched (Figure 5A) and more metaluminous (Figure 5B)
than during 213–194 Ma, suggesting they are either derived from a more juvenile source
or have assimilated less continental crust. A comparison of age and longitude suggests
that magmatism during 193–145 Ma was focussed in a zone with a width of ~100km
(Figures 4 and 9d), while the oldest intrusions occur along the eastern flanks of the
Cordillera Central (e.g., San Lucas Batholith; Figure 1). Spikings et al. (2019) [43] sug-
gested that the progressive increase in radiogenic Hf and Nd isotopic compositions during
213–145 Ma, combined with a steady trend from high-K calc-alkaline to calc-alkaline com-
positions indicates that arc magmatism progressively assimilated a smaller proportion of
evolved continental crust during 213–145 Ma. The same authors hypothesised that the crust
was generally thinning throughout 213–145 Ma during low rates of extension, creating
an arc with significant arc width (~100km), and that extension may have been driven
by slab retreat (Figure 9D). The trench-arc distance at various latitudes oscillated during
193–145 Ma (e.g., [6,41,44]) due to short temporal variations in slab dip that typically span
~10 Myr (e.g., [125]), although the geochemical and isotopic data provides a compelling
argument for a prevailing albeit punctuated extensional regime.

The metaluminous continental arc continued after 145 Ma, although unlike the period
during 213–145 Ma, the intrusions that formed during 144–125 Ma (Azafrán and Chinguál
Batholiths, and the Mariquita Stock) are pervasively foliated (e.g., [126]). Regardless,
these younger intrusions are consistent with the older trend towards more juvenile Hf
and Nd compositions (Figure 6A,C). The combination of pervasive foliation and juvenile
isotopic compositions lead Spikings et al. (2015, 2019) [36,43] to suggest they erupted
through thinned crust in an active extensional system (Figure 9D), and that extensional
rates increased at ~144 Ma. Extension during 144–125 Ma coincides with (i) high sedi-
mentation rates in Early Cretaceous rifts located along the eastern flank of the Eastern
Cordillera [127–129], and (ii) extension of the basement of the Oriente Basin in Ecuador [88]
and in northern Peru [89]. Increased cooling rates of the Ibagué Batholith south of the
Ibagué Fault (Figure 7A) are interpreted to be related to exhumation of the intrusion
during extension.

Younger mafic, calk-alkaline to tholeiitic volcanic continental arc rocks of the Alao
and Quebradagrande Complexes (~118–112 Ma; see Section 3.7) are preserved to the west
of the Azafrán and Chinguál Batholiths, and west of an uplifted basement core [126] of
Palaeozoic basement and Triassic migmatites (green colours in Figures 1 and 9D). The
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volcanic rocks also continue the trend towards more juvenile Nd and Hf isotopic composi-
tions (Figure 6A,C), and they are more depleted in trace elements relative to the older arc
intrusions (Figure 5B). Furthermore, Pb isotopic compositions suggest the arc units during
213–112 Ma assimilated the same Gondwanan crust (Figure 6B), which corroborates the
presence of large volumes of quartz-zircon-tourmaline rich arenites [36,46] supporting an
interpretation that these are continental arcs.

The Alao and Quebradagrande arcs were interpreted [7,36,43,46,64] to have formed
above an east-dipping subduction zone along the thinned fringe of a continental margin.
Paul et al. (2018) [23] and Spikings et al. (2019) [43] suggest that the amount of extension
increased towards the south, and was greatest within Ecuador (Figure 9D). This interpreta-
tion is consistent with (i) the generation of depleted mantle melts that formed E-MORB
rocks of the Peltetec Unit at ~135 Ma in Ecuador [36], which have not been identified in
Colombia, (ii) rifting and the detachment of Jurassic continental crust of the Chaucha Block
(Figure 1) in Ecuador, and (iii) Early Cretaceous re-heating of the Triassic crystalline units
in Ecuador to T > 380 ◦C, which did not occur in Colombia (Figure 7A).

The simplest explanation for the geochemical, isotopic and geochronological trends
obtained from the Jurassic and Early Cretaceous igneous rocks is that they formed above
the same east-dipping subduction zone that started at ~213 Ma, and which was generally
retreating oceanward after ~194 Ma, and after ~145 Ma until ~112 Ma (e.g., [36]; Figure 9D).

7. Conclusions

Overall, a combination of accurate estimates of the time of crystallisation of igneous
rocks and subsequent metamorphism, geochemical constraints on magmatic processes,
isotopic constraints on magma source regions and continuous thermal history information
clearly identify periods of rifting, passive and active margins and continent amalgama-
tion, which record a transition from the Iapetus to Pacific Wilson cycles in northwestern
South America.

1. Rifting and the initiation of the Wilson Cycle during 623–531 Ma is recorded by olivine
bearing gabbros and ultramafic rocks of the Huarguallá Gabbro unit that is exposed
along the western flank of the Cordillera Real, and a nepheline syenite in the Llanos
Basin of Colombia. The units form part of the geographically dispersed Central
Iapetus Magmatic Province, and their location is consistent with the continental
reconstruction of Tegner et al. (2019) [95], which juxtaposes northwestern Gondwana
with late Neoproterozoic dyke complexes within Baltica. Stratigraphic constraints
on the formation of rift-basalts of the Puncoviscana Belt (Argentina), suggests they
formed within the same setting, during the rift stage of the Iapetus Wilson Cycle.

2. Subduction of Iapetan oceanic lithosphere gave rise to active margin magmatism
in northwestern Gondwana during ~499 Ma ~414 Ma, The period during 499–467
is characterised by compression, forming orthogneisses with a pervasive foliation
and upper amphibolite Barrovian metamorphism. Compression was coeval with
extension located further east along the northern Gondwanan margin, during the
opening of the Rheic Ocean, suggesting that Iapetan oceanic lithosphere was being
subducted to the west of the Rheic rift axis. Extension prevailed after ~467 Ma,
possibly due to westward propagation of the Rheic extensional axis, and perhaps also
as a response to gravitational collapses of the orogen, although this is not constrained.
These intrusions are mainly preserved inboard of younger arcs (Mérida Andes and
the Santander Massif), although smaller Ordovician crustal blocks are preserved in
the Cordillera Central, which may be windows to an extensive Ordovician basement
sequence. The arc rocks are coeval with the Famatinian arc and arc-related intrusions
in the Eastern Cordillera of Peru, and probably represent the northern extent of the
same arc-subduction system. The occurrence of hornblende orthogneisses and an
unconformity in the southern Merida Andes during 453–445 Ma may be a consequence
of a second compressive phase that started at ~450 Ma. The isotopic compositions
of the Cambrian–Earliest Devonian intrusions suggest they share a common history
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along the margin of Gondwana, and are not derived from Laurentia. The lack of
Cambrian-Earliest Devonian magmatism in Ecuador reflects its inboard position
relative to arc-crustal blocks that now form part of southwestern North America, and
detached during Triassic rifting.

3. With the exception of minor Carboniferous stocks that formed during 330–310 Ma,
the period during ~414 and ~296 Ma is characterised by a paucity of magmatism.
The origin of a minor peak of Devonian-aged detrital zircons in Devonian sedimen-
tary rocks in Colombia remains enigmatic, and Carboniferous detrital zircons in
Carboniferous sedimentary units may be derived from an arc on the Triassic rifted
conjugate margin, or from the south (e.g., Peru). Carboniferous 40Ar/39Ar white
mica plateau dates (407–342 Ma) and some zircon U-Pb ages of magmatic rims of
geographically dispersed Ordovician igneous rocks have been interpreted to record
a possible Carboniferous period of amphibolite facies metamorphism, which may
reflect collision events between Laurentia and Gondwana, during the early stages of
the amalgamation of Pangaea.

4. Subduction of Pacific lithosphere formed a continental arc during 294–253 Ma along
western Pangaea, which was dismembered in South America by sinistral displacement
along the southern Caribbean Plate boundary Zone, and is preserved in geographically
dispersed regions. The arc reworked and assimilated Sunsas (~1 Ga) and Famatinian
(Cambrian-Earliest Devonian) continental crust. Compression drove regional meta-
morphism, rock uplift and exhumation at the end of the Permian (255–250 Ma), which
is recorded in the Mérida Andes, Sierra Nevada de Santa Marta, and the Triassic conju-
gate margins including the Chiapas Massif and the Chortis Block, forming the waning
stage of the amalgamation of Pangaea ~50 Ma after the Ouachita-Marathon suture.

5. Magmatic underplating and anatexis of continental crust during 245–225 Ma occurred
during progressive thinning of the continental lithosphere during rifting along west-
ern Pangaea. Rifting advanced to complete separation of continental crust by ~216 Ma,
and the formation of oceanic lithosphere between the conjugate margins of northwest-
ern South America and basement terranes of Mexico and Central America. The rifting
event is recorded by amphibolitised tholeiitic basaltic dykes and extensive tracts of
migmatites and S-type granites within the conjugate margins. Various Triassic units
in the Chaucús Complex, Chortis Block, Maya Block, the Mixteca Terrane (Mexico
and Central America) formed within the Triassic arc and back-arc. Rifting north of the
Huancabamba Deflection was accompanied by subduction, and occurred within a
backarc. Triassic rifting represents the early stage of the fragmentation of Pangaea,
eventually leading to the opening of the proto-Caribbean Seaway and Central Atlantic
at ~195 Ma.

6. East-dipping subduction of the Farallon Plate formed a calc-alkaline continental arc
that commenced in northwestern South America at ~213 Ma, representing the onset
of the Andean cycle. The arc axis migrated oceanward at ~194 Ma, and formed a
long/lived continental arc during 193–112 Ma within Colombia and Ecuador, and
was accompanied by progressive thinning of the continental crust. Trench retreat of
the east dipping-subduction zone accelerated along northwestern South America at
~144 Ma, and extension during 144–115 Ma formed syn-tectonic granitoid intrusions
within Ecuador, attenuated the continental margin forming thin intra-arc basins
characterised by transitional crust, and resulted in an oceanward migration of the
arc axes, which became progressively more isotopically juvenile and geochemically
depleted. Rapid extension rifted some narrow continental slivers (e.g., the Chaucha
Block) from the margin.
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