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

Richard SPIKINGS™(2 and Andre PAUL?

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

Keywords: Permian - Triassic, Pangaea, supercontinent, continental rift, anatexis.

Resumen El noroccidente de Suramérica y sus margenes conjugados registran la for-
macion de Pangea durante el Pérmico, su fragmentacion durante el Triasico y la aper-
tura del océano proto-Caribe, asi como el comienzo del ciclo andino hace ca. 209 Ma.
En este capitulo presentamos una revision de las rocas magmaticas del Pérmico y Tria-
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sico que afloran como fragmentos dispersos en las cordilleras de Colombia y Ecuador;
ademas, presentamos una amplia base de datos geocronologica, geoquimica, isotopica
y termocronologica. Estos datos se utilizan para desarrollar un modelo de la evolucion
de las rocas en Colombia y Ecuador durante la formacion y la separacion de Pangea.
Otros estudios en el sur de la Placa de Norteamérica y en el occidente de la Placa del
Caribe, asi como en Venezuela y mas al sur dentro de Suramérica, han sido también
tenidos en cuenta para este analisis. Adicionalmente, se prepard una reconstruccion a
gran escala del occidente de Pangea. Las rocas magmaticas del Pérmico de Colombiay
Ecuador (288-253 Ma) se formaron en un ambiente de arco continental que se extendid
al menos desde el sur de Norteamérica hasta el sur de Perd. En el noroccidente de
Surameérica, este arco pérmico se separd durante las interacciones con la Placa del
Caribe en el Cenozoico, de forma que algunos bloques fueron transferidos hacia el
oriente. La compresion y el metamorfismo regional que ocurrieron hace ca. 250 Ma se
observan claramente en la Sierra Nevada de Santa Marta y representan los estados
finales de la amalgamacion y engrosamiento del occidente de Pangea. El rift conti-
nental continud en el sur de Norteamérica y todo el margen occidental de Suramérica
durante 245-216 Ma. La extension en el retroarco en Suramérica fue muy importante y
llevo a una transicion rift-drift en Colombia y Ecuador, lo que causo la formacion de la
litosfera oceanica del proto-Caribe. El rift fue abortado al sur de la deflexion de Huan-
cabamba, pero se preservo como cuencas triasicas en Per(, el occidente de Argentina
y Chile. Este rift triasico representa una separacion temprana del occidente de Pangea
y la atenuacion de su margen podria ser el preludio de la separacion completa de los
continentes, ya que potencia el ascenso del manto y esto induce a la formacion de una

Gran Provincia ignea, debilitando la corteza en un régimen de extension.

Palabras clave: Pérmico-Triasico, Pangea, supercontinente, rift continental, anatexis.

1. Introduction

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

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

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

This review presents geochronological (U-Pb zircon), geo-
chemical, isotopic (Hf, Pb, Sr, Nd, O), and thermochronological
(U-Pb and “Ar/*Ar) data from the Permian and Triassic mag-
matic rocks of the Central Cordillera of Colombia, and coeval
magmatic and metasedimentary units of the Sierra Nevada de
Santa Marta. The same techniques have been applied to the Tres
Lagunas Granite, Sabanilla Migmatite (Cordillera Real, Ecua-
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dor), and the Moromoro Granite (Amotape Complex, Ecuador),
along with Triassic mafic units in both countries. These data are
used to develop a temporally constrained tectonic framework for
the Permian — Triassic, culminating with rifting along western
Pangaea (proto—Caribbean; Jaillard et al., 1990, 1995; Pindell,
1985), and to investigate the relationship between initial Triassic
rifting and the final disassembly of Pangaea.

2. Geological Framework
and Previous Work

Phanerozoic rocks in the northern Andes (north of the Huan-
cabamba Deflection; at 5° S; Figure 1) can be separated into a
relatively undifferentiated oceanic Upper Cretaceous sequence,
which is faulted against older, differentiated continental crust.
The Upper Cretaceous oceanic rocks form the basement to the
Western Cordillera and the forearcs of Colombia (Calima and
Chocé—Panamd Terranes; Figure 1; e.g., Kerr et al., 1997, 2002)
and Ecuador (Pallatanga—Pifion Terrane; e.g., Vallejo et al.,
2009). Geochemical, isotopic, and geochronological data sug-
gests these laterally accreted ultramafic and mafic rocks formed
in an oceanic hot—spot setting during 99-87 Ma (e.g., Kerr et al.,
1997; Vallejo et al., 2006; Villagémez et al., 2011), and that they
are equivalent to the oceanic plateau rocks that form the Carib-
bean Plate (e.g., Sinton et al., 1998; van der Lelij et al., 2010).
Field relationships and U-Pb zircon dates show that the oceanic
plateau was intruded by an east—facing intra—oceanic arc prior
to their collision with South America in the Campanian (e.g.,
Spikings et al., 2010; Vallejo et al., 2006, 2009), although this is
not consistent with the plate reconstructions of Pindell & Ken-
nan (2009), who suggest that arcs at this time were west—facing
and were intruding the continental margin of South America.
The accretion of allochthons of the Caribbean Large Igneous
Province added at least 5 x 10°— 1 x 107 km® of new crust to the
South American Plate (Cochrane et al., 2014a). These terranes
are bound to the east by the Cauca—Almaguer Fault (Colombia;
Figure 1), and the buried Ingapirca Fault (Ecuador).

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

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

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

The Sierra Nevada de Santa Marta resides within a triangu-
lar faulted block in northern Colombia (Figure 1). The northern
margin of the Sierra Nevada de Santa Marta Block is truncat-
ed by the right-lateral Oca Fault, which is displacing Creta-
ceous and older continental crust of the Guajira Peninsula to
the east (Figure 1). The western margin of the triangular block
is defined by the Santa Marta—Bucaramanga Fault (Figure 1),
which separates crystalline rocks in the east from the Oligocene
— Miocene Plato—San Jorge Basin to the west, which is floored
by Triassic rocks similar to those exposed in the Sierra Nevada

Triassic

Permian
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de Santa Marta (Montes et al., 2010). The Santa Marta—Bu-
caramanga Fault extends towards the SSE where it defines the
western margin of the Santander Massif within the Colombian
Eastern Cordillera (Figure 1). The present study follows the
geological subdivisions of the Sierra Nevada de Santa Marta
proposed by Tschanz et al. (1974), which were structurally re-
vised by Colmenares et al. (2007a, 2007b) and better temporal-
ly constrained by Cardona et al. (2010a, 2010b) and Piraquive
(2017). The Inner Santa Marta Metamorphic Belt of the Sierra
Nevada de Santa Marta consists of Paleozoic orthogneisses and
schists, which were intruded by Permian — Triassic syntectonic
granitoids (Piraquive, 2017) that are studied in this review. Pa-
lacomagnetic studies (Bayona et al., 2006, 2010) suggest that
Jurassic rocks exposed along the southern border of the Sierra
Nevada de Santa Marta rotated clockwise (17 + 13°) between
the Middle — Late Jurassic and Early Cretaceous, and thus it
is likely that there is a genetic link between Permian — Trias-
sic magmatic rocks exposed in the Central Cordillera and the
Sierra Nevada de Santa Marta. Similarly, Pindell et al. (1998)
used palinspastic reconstructions to reach the same conclusion.

3. Historical Perspective and
Occurrence of Permian - Triassic
Igneous Rocks

Widely dispersed and variably deformed Permian and Trias-
sic meta—granitoids, ultra—mafic — mafic rocks, and metased-
imentary rocks occur within the northern Central Cordillera
of Colombia (Figure 2). These rocks were initially described
by Hall et al. (1972), Feininger et al. (1972), and Gonzélez
(1980), who considered them to be Permian — Triassic on the
basis of K/Ar dates. Restrepo & Toussaint (1988) suggested
the Permian — Triassic rocks defined the basement of the fault—
bounded Tahami Terrane, and placed them within the Central
Cordillera Polymetamorphic Complex (Restrepo & Toussaint,
1982). The Tahami Terrane of Restrepo & Toussaint (1988) is
bound by the Oti—Pericos Fault to the east, which separates
it from Grenvillian aged metamorphic basement of the postu-
lated Chibcha Terrane (e.g., Ordéfiez—Carmona et al., 2006),
and the San Jer6nimo Fault to the west, which separates it
from the Cretaceous Quebradagrande Arc (Figure 1). Maya &
Gonzdlez (1995) and Villagémez et al. (2011) group the Tri-

-—

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

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

Figure 1. Digital elevation model for northwestern South America showing the cordilleras, terranes, main faults, and the exposure of
Permian - Cretaceous magmatic rocks in Ecuador and Colombia. Small black box indicates the location of Figure 3. Inset shows the
location of the Arequipa Terrane in southern Per(. Faults: (CAF) Cauca-Almaguer Fault; (GF) Garrapatas Fault; (IF) Ibagué Fault; (InF) In-
gapirca Fault; (OF) Oca Fault; (OPF) Otl-Pericos Fault; (PaF) Palestina Fault; (PF) Peltetec Fault; (PuF) Pujili Fault; (SJF) San Jerdnimo Fault;
(SMF) Santa Marta-—Bucaramanga Fault. Other abbreviations: (CC) Central Cordillera; (EC) Eastern Cordillera; (CPV) Cauca-Patia valley; (CR)
Cordillera Real; (EBM) EL Ball Massif; (GP) Guajira Peninsula; (IAD) Interandean Depression; (LB) Llanos Basin; (MA) Mérida Andes; (MMV)
Middle Magdalena Valley Basin; (OB) Oriente Basin; (PP) Paraguana Peninsula; (PSB) Plato-San Jorge Basin; (RC) Raspas Complex; (SM)
Santander Massif; (SNSM) Sierra Nevada de Santa Marta; (SP) serrania de Perija; (SZ) Sub—-Andean Zone; (UMV) Upper Magdalena Valley
Basin; (WC) Western Cordillera. Geology from Litherland et al. (1994) and Gomez et al. (2007).
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Figure 2. Geology of the Central Cordillera of Colombia and the Cordillera Real and Amotape Complex of Ecuador, showing the distri-
bution of Paleozoic, Permian - Triassic rocks. The Jurassic continental arc is also shown for reference. Concordant Permian and Triassic
zircon U-Pb and plateau “Ar/*Ar dates and their uncertainties (+20) obtained by various analytical methods (see Table 1) are shown
(see references in Table 1). Cities: (1) Ibagué; (L) Loja; (M) Medellin; (P) Pasto; (Q) Quito. Faults: (BF) Bafios Fault; (CAF) Cauca-Almaguer
Fault; (SJF) San Jeronimo Fault; (IF) Ibagué Fault; (LF) Llanganates Fault; (OPF) OtG-Pericos Fault; (PF) Peltetec Fault. Map compiled from
Litherland et al. (1994) and Gomez et al. (2007). Amphibolite occurrences: (CA) Cajamarca Amphibolites; (CS) Chinchina Stock; (MO) Monte
Olivo; (SE) Santa Elena Amphibolites.
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Figure 3. Geological map of the northwestern corner of the Sierra

Nevada de Santa Marta after Tschanz et al. (1974), Colmenares et al.

(2007a, 2007b), and Piraquive (2017), showing the main structural belts of the Sierra Nevada, Sevilla, and Santa Marta provinces. Con-
cordant zircon U-Pb dates of Permian and Triassic rocks (Table 1) are shown (Cardona et al., 2010a; Piraquive, 2017). ISMMB: Inner Santa

Marta Metamorphic Belt (after Piraquive, 2017).

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

10

4. Geochronology of Permian
and Triassic Magmatic Rocks

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

4.1. Permian

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

4.2, Triassic

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

2010). La Secreta Mylonites form part of the Inner Santa Marta
Metamorphic Belt within the Sierra Nevada de Santa Marta,
and overthrust the Permian El Encanto Orthogneiss and Gaira
Schists (Figure 3; Piraquive, 2017). A peraluminous gabbro from
the mylonitic sequence yields a zircon U-Pb date of 2374 + 1.1
Ma (Piraquive, 2017), while a mylonite hosts detrital zircons
that yield concordant U-Pb dates from cores and rims spanning
between 1300-224 Ma, and yields a concordant youngest age
cluster of 224.6 + 2.6 Ma, overlapping with dates from Trias-
sic intrusions (Piraquive, 2017). These dates from Colombian
rocks overlap with concordant zircon and monazite U-Pb ages
from twenty nine granites and leucosomes of the Tres Lagu-
nas Granite and Sabanilla Migmatite (Cordillera Real), and the
Moromoro Granite (Amotape Complex), which range between
2499 + 1.8 Ma and 207.6 +£ 9.2 Ma (Figure 4; Table 1; Aspden
et al., 1995; Chew et al., 2008; Cochrane et al., 2014b; Lither-
land et al., 1994; Paul et al., 2018; Riel et al., 2013; Spikings et
al., 2015).

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

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

Concordant zircon U-Pb dates of amphibolites and a pla-
giogranite from the Cordilleras Central (Colombia) and Real
(Ecuador) range between 243 + 4 Ma and 216.6 + 0.4 Ma (Fig-
ure 2; Bustamante et al., 2017; Cochrane et al., 2014b; Co-
rrea—Martinez, 2007; Noble et al., 1997; Spikings et al., 2015;
Vinasco et al., 2006). Within Ecuador, these are exposed as
dykes and sills (e.g., the Piedras and Monte Olivo units; see
Figure 2), whereas they are more massive in the northern Cen-
tral Cordillera. The youngest of these ages was obtained from a

1

Triassic

Permian
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plagiogranite that formed by magmatic fractionation within the
Aburrd Ophiolite in northern Colombia, and thus is a minimum
age for the ophiolite (Correa—Martinez, 2007).

4.3. Zircons Inherited by Permian
and Triassic Magmas

Many concordant zircon U/Pb dates determined by in—situ meth-
ods were obtained from the cores of zircon grains that were
identified using cathodoluminescence. A frequency analysis
of the distribution of these older concordant laser—spot dates
from the granitoids and migmatitic leucosomes in Colombia
and Ecuador yields broad **Pb/?U age peaks at 580-420 Ma
and 1200-950 Ma (Figure 4b), which are the ages of protolith
rocks and inherited grains. These age peaks are typical of the
distribution of dates obtained from detrital zircons from most
Paleozoic rocks distributed along western South America (e.g.,
Chew et al., 2007). The younger age group broadly corresponds
with the age of the Famatinian arc, the Brasiliano Orogeny, and
the timing of rifting during the fragmentation of Rodinia and the
opening of the Iapetus Ocean. The Famatinian arc (ca. 510415
Ma; see zircon U-Pb ages presented in Bahlburg et al., 2009;
Cardona et al., 2007; Chew et al., 2007; Miskovi¢ et al., 2009;
Pankhurst et al., 2000; Spikings et al., 2016; Villagémez et al.,
2011; van der Lelij et al., 2016) formed during the subduction of
Tapetus lithosphere beneath western South America subsequent
to the fragmentation of Rodinia, and has been recorded in Ven-
ezuela, Colombia, Perd, and Argentina (see previous citations).
Inherited zircons with U-Pb dates spanning 650-450 Ma also
occur in Cretaceous and Tertiary sedimentary rocks of the Ori-
ente (Amazon retro—foreland; see Figure 1) Basin in Ecuador
(Martin-Gombojav & Winkler, 2008). Similarly, Horton et al.
(2010) present a large database of U-Pb dates obtained from
detrital zircons in the Eastern Cordillera and the western margin
of the Llanos Basin in Colombia, which reveal a peak at 520—
420 Ma. No Ordovician intrusions of the Famatinian arc have
been recorded in Ecuador. However, within Colombia they are
recorded within the northern Central Cordillera (470—440 Ma,

-—

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

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

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

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

Rhyolites and granites of El Bail Massif in Venezuela yield
zircon U-Pb dates that span between 291.1 + 3.1 Ma and 283.3

Figure 4. (a) Histogram of zircon *°°Pb /28U concordia (crystallisation) ages for Permian and Triassic magmatism and metamorphic zircon
growth for variably foliated granites and migmatites (leucosomes) in Ecuador and Colombia (see Table 1 for references). (b) 2°6Pb /28U
(concordant) age histogram for Permian and Triassic granites and migmatites (leucosomes) from Colombia and Ecuador. Ages are single
spot zircon ages determined using LA-ICP-MS and SIMS. (c) 2°5Pb /28U age histogram for detrital zircons from the Paleozoic Chiguinda
and Isimanchi metasedimentary units of the Cordillera Real of Ecuador (Chew et al.,, 2008). (d) A comparison of Permian and Triassic
concordant zircon and monazite U-Pb dates with latitude along the Central Cordillera, Guajira Peninsula, and the Sierra Nevada de Santa
Marta of Colombia, and the Cordillera Real and Amotape Complex of Ecuador. The ranges of concordant zircon U-Pb dates obtained
from granitoid intrusions and volcano-sedimentary rocks from Venezuela (van der Lelij et al., 2016), the Eastern Cordillera of PerQ
(Miskovic et al., 2009; Spikings et al., 2016), and various regions of the southern North American and western Caribbean Plate (Ducea et
al., 2004; Elias-Herrera & Ortega-Gutiérrez, 2002; Helbig et al., 2012; Keppie et al., 2004, 2006; Kirsch et al., 2012; Ortega-Obregon et al.,
2014; Ratschbacher et al., 2009; Solari et al., 2001, 2011; Weber et al., 2005, 2007; Yafez et al., 1991) are shown for comparison. Data and
citations are presented in Table 1. Abbreviations: (A) Amotape Complex; (CC) Central Cordillera; (CR) Cordillera Real; (EBM) El Bail Massif;
(GP) Guajira Peninsula; (MA) Mérida Andes; (PP) Paraguana Peninsula; (SNSM) Sierra Nevada de Santa Marta.
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+ 2.5 Ma (Viscarret et al., 2009), and a zircon U-Pb age of
272.2 + 2.6 Ma was obtained from a granitic intrusion in the
Paraguand Peninsula (van der Lelij et al., 2016). van der Lelij et
al. (2016) report concordant zircon U-Pb dates (LA-ICP-MS)
from four granitoid intrusions and a dacitic lava from the Méri-
da Andes of Venezuela (Figure 1). These dates range between
202.0 + 1.8 Ma (La Quinta Formation) and 243.5 + 3.4 Ma,
and overlap with dates obtained from Colombia and Ecuador
(Figure 4d). No Permian concordant zircon U-Pb dates have
been reported from the Mérida Andes.

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

Further south, a series of Middle — Late Triassic rift systems
and sinistral pull-apart basins with a NNW-SSE trend in north-
ern and central Chile and Argentina propagated along the hang-
ing wall of previous sutures that separate Paleozoic terranes
(e.g., Ramos, 1994; Ramos & Kay, 1991). U-Pb dates of tuffs
from the Cuyo Basin span between 246-230 Ma (Potrerillos
Formation; Barredo et al., 2012; Spalletti et al., 2008), and a
tuff from the rift-related Ischigualasto Formation (Ischigualas-
to—Villa Unién Basin) yields a sanidine “*Ar/**Ar date of 231 .4
+ 0.3 Ma (Martinez et al., 2011; recalibration of the 227.8 +0.3
Ma age of Rogers et al., 1993). Similarly, ignimbrites within the
Los Menucos depocenter yield zircon U-Pb ages of 257-248
Ma (Luppo et al., 2018). Maksaev et al. (2014) compile and
present new zircon U-Pb dates from volcanic rocks in northern
Chile, which reveals a peak in activity between 240-210 Ma,

in

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

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

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

Triassic magmatism is scarce in southern North America,
and reliable, concordant Triassic zircon U-Pb dates of igneous
rocks are mainly exposed in the Chauctis Metamorphic Com-
plex (Guatemala; Maya Block), where they range between
249-226 Ma (Figures 4d, 5b; Solari et al., 2011) and are inter-
preted as the crystallisation ages of intrusions with a peak at
ca. 226 Ma. Ratschbacher et al. (2009) report a single Triassic
rim (215.9 + 0.2 Ma) surrounding a Permian zircon core in the
Rabinal Complex (Maya Block). Helbig et al. (2012) obtained a
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Figure 5. Weighted mean zircon 2°°Pb /U (concordant) age histogram for Permian and Triassic magmatism and metamorphic zircon
growth for variably foliated granites and migmatites (leucosomes) in (a) the Eastern Cordillera of Perd (Miskovic et al., 2009; Spikings
et al., 2016), and (b) various regions of the southern North American and western Caribbean Plate (references in caption for Figure z).
Concordant 2°6Pb /238U zircon dates are also shown for Colombia and Ecuador.

concordant zircon U-Pb age of 244 + 4 Ma from a granitic dyke
within the Ayd Complex, and inherited zircons that yield dates
between 242-209 Ma. A migmatite from the Ayd Complex
yields inherited zircons with U-Pb dates of 239-225 Ma (Hel-
big et al., 2012). These overlap with Triassic ages for migma-
tites and plutons in northwestern South America (Figures 4, 5b).
Keppie et al. (2006) present discordant zircon U-Pb dates from
migmatitic gneisses of the Francisco Gneiss (Guerrero com-
posite terrane) that span between 216 and 197 Ma. These are
not reliable estimates of the timing of crystallisation, although
Keppie et al. (2006) suggest they record crystallisation at ca.
206 Ma. If accurate, these would be younger than the timing of
anatexis in northwestern South America.

The Chortis Block currently forms part of the western Ca-
ribbean Plate, and several Permian and Triassic zircon U-Pb
dates have been obtained from intrusions that must be account-
ed for when reconstructing western Pangaea. Ratschbacher et
al. (2009) report U-Pb dates of 272.8 + 2.8 Ma and 244 .8 +
2.3 Ma from zircon cores in Eocene granitic gneisses of Las
Ovejas Complex (northwestern Honduras; Figures 4d, 5b). The
Permian cores yield magmatic Th/U ratios (~0.7), while the
Triassic group yields Th/U ratios of ~0.04, which is typical of
metamorphic, sub—solidus growth.

5. Geochemistry

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

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

The Triassic anatectites have strongly peraluminous alumin-
ium saturation indices (ASI 1.05-2.38; calculated using Maniar
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& Piccoli, 1989; Figure 6¢), while the Permian granitoids tend to
cluster at slightly lower peraluminous and mildly metaluminous
values (ASI 0.92-1.73, with a majority <1.1). The Triassic ana-
tectites yield elevated 6'®0 quartz (Figure 6d), which along with
their high ASI places these granites and leucosomes within the
“S—type granite” field of Chappell & White (1974) and Harris
et al. (1997). Normal mid—ocean ridge basalts (N-MORB) nor-
malized trace element abundances of Triassic granitoids from
Ecuador and Colombia are identical (Figure 6e), suggesting
there are no significant along—strike changes in the fractionation
and assimilation history of these high-SiO, melts. Trace ele-
ments in both the Permian and Triassic granitoids are enriched
in light—ion lithophile elements (LILE), and negative Nb, Ta,
and Ti anomalies are present (Figure 6f), suggesting that a sub-
duction—derived component was incorporated into these rocks
and it is likely that they formed within a continental arc. The
Triassic granitoids yield slight negative N-MORB normalized
Ba, Eu, Sr, and Ti anomalies, which suggests that plagioclase
and Fe-Ti oxides have fractionated, and a positive Pb anomaly
that may be derived from a protolith within the continental crust.
In contrast, most of the Permian granites do not yield Ba, Eu,
and Sr anomalies, although they do have negative Ti anomalies,
and positive Pb anomalies are less pronounced, suggesting they
evolved via a different fractionation scheme.

Trace element concentrations of Triassic rocks normalized
to the composition of average upper continental crust (Taylor
& McLennan, 1995) plot close to unity, corroborating the S—
type character of these rocks (Figure 6g), whereas a majority of
Permian rocks plot slightly above unity. REE abundances in the
Triassic granites and leucosomes normalized to N-MORB re-
veal light-REE enrichment (Figure 6h) with (La/Yb)n ranging
between 2.3-19.8 (Figure 6i), with a mildly positive correlation
with 2°Pb—**U crystallisation age. (La/Yb)n ratios from Perm-
ian granites yield values of 23.09-16.1, and the REE concentra-
tions have a larger range to lower values relative to N-MORB,
compared to the Triassic rocks (Figure 6h).

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

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

Amphibolitic dykes and massive metagabbros from the
Central Cordillera of Colombia (Chinchina, Santa Elena, Pa-
dua, and Aburrd; Figure 2), and the Cordillera Real and
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Amotape Complex of Ecuador (Monte Olivo and Piedras units)
yield low K O (<0.5 wt %) relative to SiO, (46-55 wt %), plac-
ing them within the tholeiitic field of Peccerillo & Taylor (1976)
(Figure 7a). However, a comparison of the immobile elements
Th and Co (Figure 7b) suggests that amphibolitic dykes strad-
dle the tholeiite and calc—alkaline fields, while the massive
metagabbros of the Aburrd Ophiolite plot in the tholeiite field.
These discrepancies suggest the amphibolitic dykes may be par-
tially altered. The amphibolites and metagabbros have Zr/TiO,
that are lower than 0.01 (Figure 7c), placing them within the
sub—alkaline basalt field, implying that the tholeiitic nature is
primary. The amphibolitic dykes are enriched in Ti relative to
V (Figure 7d), and plot in the MORB or back—arc basin basalt
(BABB) field of Shervais (1982). The massive metagabbros of
the Aburrd Ophiolite (El Picacho Metagabbros) that yield very
low KO abundances of 0.02-0.12 wt % (Figure 7a), plot closer
to the arc field. LILE abundances within the amphibolitic dykes
from Colombia and Ecuador (Figure 7e) are enriched (up to
~100 times) relative to N-MORB and lack significant Nb and
Ta anomalies. The high field strength elements (HFSE) plot
close to parity with N-MORB, which is consistent with the
tectonic discrimination plots. Similarly, N-MORB normalised
REE plots (Figure 7f) for the amphibolitic dykes plot close to
MORB compositions, although the LREE are slightly enriched
with (La/Yb)n ratios varying between 3.16-0.59, while the
massive metagabbros of the Aburrd Ophiolite yield approxi-
mately flat REE patterns that are slightly depleted relative to
N-MORB. N-MORB normalised La/Yb ratios from all of these
rock sequences show a progressive reduction with crystallisa-
tion age from 243 + 4 Ma to 216.6 + 0.4 Ma (Figure 7g). Final-
ly, whole-rock eNd, values for the amphibolitic dykes and the
metagabbros range between 10.18 and 3.40, and become more
juvenile with younger crystallisation ages (Figure 7h). The most
juvenile rocks are characteristic of MORB and back—arc basin
basalts (BABB) isotopic compositions.

A single amphibolite from the Monte Olivo unit in the Cor-
dillera Real of Ecuador yields a whole-rock ¥St/*Sr, of 0.7147
(Figure 7i), which is extremely high relative to its '“Nd/**Nd,
0f 0.5126 and low La/Yb ratio of 1.71 (Cochrane et al., 2014b).
This is consistent with low temperature alteration, which has
preferentially mobilized the LILE but had a minimal effect on
the REE.

5.3. Comparison with Permian
and Triassic Rocks in Peru

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

Triassic intrusions are mainly located in the southern East-
ern Cordillera of Perti (Cordillera de Carabaya), and similar
to the case of Colombia and Ecuador, they are geochemically
distinct from the Permian intrusions (e.g., MisSkovi¢ et al.,
2009; Spikings et al., 2016). Triassic alkali—calcic to calc—
alkaline granodiorites, monzo—, syeno—, and alkali granites
in Perud (Figure 8e, 8f) are strongly peraluminous (ASI 0.98—
1.42; Figure 8g), and yield anomalously high whole-rock
K,0/Na,0 ratios (0.55-2.22, with a majority >1.20; Miskov-
i¢ et al., 2009). N-MORB normalized multi—element plots
(Figure 8h) reveal negative Nb, Ta, and Ti anomalies, and a
positive Pb anomaly, suggesting the anatectites derived from
source rocks with a subduction signature. Geochemically, the
Triassic migmatites and granites of the Cordillera Real of
Ecuador and the Central Cordillera of Colombia (K,0/Na,0
0.77-2.93; ASI 0.92-2.38) resemble the Triassic granites of
the Eastern Cordillera of Perd. The Triassic anatectites in
Perd were coeval with alkali olivine gabbro to syenitic lavas
(Figure 8e) that intercalate oxidised terrigenous sedimentary
rocks. Collectively these are referred to as the Mitu Group,
which was deposited in a continental rift during 245-220 Ma
(Spikings et al., 2016).

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

Permian intrusions in the Acatlan Complex, Oaxacan Complex,
Chiapas Massif, and Yavapai Province of México are domi-
nated by tonalites, diorites, and granodiorites (Figure 8a) with
calcic to alkali—calcic differentiation trends (Figure 8b), while
some upper Permian quartz monzogranites and quartz syenites
are exposed in the Chiapas Massif. All of these rocks are mildy
peraluminous to metaluminous (ASI 0.83-1.14; Figure 8c).
All Permian rocks yield N-MORB normalized trace element
plots (Figure 8d) with enriched LILE, and negative Nb, Ta, and
Ti anomalies, although diorites and tonalites of the Oaxacan
Complex are more enriched, while granodiorites of the Aca-tlan
Complex are the most depleted. These characteristics gener-
ally resemble the Permian intrusions of Colombia, Ecuador,
and Per, suggesting they may have all formed within different
regions of the same east—dipping subduction zone along the
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western margin of Pangaea (e.g., Dickinson & Lawton, 2001;
Kirsch et al., 2012; Ortega—Obregén et al., 2014; Solari et al.,
2001; Torres et al., 1999).

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

6. Isotope Geochemistry

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

6.1. Zircon Hf: Granites and Migmatitic
Leucosomes

Single Triassic leucosomes of migmatites and peraluminous
granites generally yield high, intra—sample variations (e.g.,
eHf, +3 to —11; Figure 9a) within coeval magmatic rims that
surround variably aged xenocrystic cores (Cochrane et al.,
2014b), and within samples that lack older cores. These varia-
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Figure 9. (a) Hf (zircon) isotope data (Cochrane et al., 2014b) acquired from rims and xenocrystic cores (single spots) of Permian and Tri-
assic peraluminous granitoids, migmatitic leucosomes, and amphibolitic dykes and sills of the Central Cordillera, Cordillera Real, and the
Amotape Complex. eHf, was determined using zircon crystallisation dates found using LA-ICP-MS, and the CHUR composition ("°Lu/7Hf
= 0.0336, "°Hf/’Hf = 0.282785; Bouvier et al., 2008). (b) Variation in eHf, (zircon) of the amphibolites with zircon crystallisation date and
whole-rock (La/Yb)n (N-MORB), showing a trend towards depleted mantle isotopic and geochemical signatures, with time. (c) Representa-
tive cathodoluminescence images for amphibolite 10RC39A (Central Cordillera; Table 1) show that juvenile eHf, values (7.4 to 10) are yielded
by patchy or unzoned zircons, whereas less juvenile values (-3.6 to -4.8) are obtained from oscillatory zoned zircons. (d) eHf, (zircon) data
from Permian - Triassic granitoids of the Eastern Cordillera of Peri (rims and cores; Miskovic et al., 2009; Spikings et al., 2016), and the

Mérida Andes (mean values; van der Lelij et al., 2016).

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

homogeneous source. No correlation is found between the
¢Hf, values obtained from the rims of xenocryst bearing and
xenocryst free zircons, and crystallisation age, which is not
surprising given the heterogeneous nature of the source rocks
within the crust. eéHf, values obtained from xenocrystic zircon
cores (Figure 9a) span a large range and are representative of
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Triassic

Permian
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Figure 10. (a) and (b) 2°°Pb /2°4Pb, 27Pb /24Pb and 2°8Pb /2°*Pb compositions of feldspar (mixed plagioclase and K-feldspar) extracted from
granites and leucosomes of the Cajamarca Complex, Tres Lagunas Granite, and the Sabanilla Migmatite. Data from the Monte Olivo Am-
phibolites (Figure 2) is also shown. The Stacey & Kramers (1975) two-stage crustal evolution line is drawn as a reference. The data reveal
mixing between a mafic end-member defined by amphibolites of the Monte Olivo unit, and the most radiogenic, highly peraluminous

melts represented by the Tres Lagunas Granite.

the sedimentary protoliths that melted to form the anatectites.
The large heterogeneity in eHf, corroborates the large range
in 28U/?°Pb dates of the protoliths.

6.2. Zircon Hf: Amphibolites

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

6.3. Feldspar Pb: Granites and Migmatitic
Leucosomes

Cochrane et al. (2014c) and Paul et al. (2018) present Pb iso-
topic compositions (measured by ID-TIMS) of a combination
of calcic and potassium feldspars (Figure 10; Table 1) extract-
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ed from Triassic leucosomes and anatectites of the Cordilleras
Central and Real. These data show that the Triassic monzogran-
ites of the Cajamarca Complex (Colombia) and Tres Lagunas
Granite (Ecuador) are the most radiogenic suite amongst the
Triassic igneous units in the northern Andes (e.g., *°Pb/**Pb
18.94-18.59), while the Triassic amphibolitized mafic in-
trusions yield the least radiogenic compositions (**Pb/***Pb
18.53-18.51) and reveal progressive mixing and contamination
with continental crust. Leucosomes of the Sabanilla Migmatite
(Ecuador) are slightly less radiogenic than the Tres Lagunas
Granite with respect to Pb, and plot between the fields defined
by the juvenile mafic intrusions and the Tres Lagunas Granite
(Figure 10). This trend corroborates the eHf, (zircon) values of
the amphibolites (Cochrane et al., 2014b) that define a mixing
array between the Tres Lagunas Granite end member and de-
pleted mantle during 239.7 + 2.4 Ma and 216.6 + 0.4 Ma. These
mixing trends are interpreted to reflect progressive contamina-
tion of continental crust with juvenile magmas that were em-
placed during extensional decompression. Leucosomes of the
Sabanilla Migmatite represent incipient melting and moderate
crustal contamination of juvenile magmas. Plutons of the Tres
Lagunas Granite and Cajamarca Complex are interpreted to be
the product of accumulation of leucosomal melts.

6.4. Comparison with Zircon Hf Isotope
Compositions in Peru

Hf isotopic compositions obtained from Permian and Triassic
peraluminous granitoids of the Eastern Cordillera of Perd yield
no clear trends with time, and ¢Hf, values range between +6
and -8 (Figure 9d; Miskovi¢ & Schaltegger, 2009; Spikings et
al., 2016). This range overlaps with that obtained from Triassic
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granitoids of Ecuador and Colombia, and individual, intra—grain
spot analyses show a large spread, reflecting the heterogeneity
of the source rocks. Mean zircon gHf, values from the Early
and Late Triassic of 0.02 + 1.56 and —1.96 + 1.56 suggest that
this period was characterised by the addition of isotopically
juvenile, mantle derived magmas, which were underplating pre-
viously attenuated continental crust (Miskovi¢ & Schaltegger,
2009; Spikings et al., 2016).

7. Thermochronology

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

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

Recently, Cochrane et al. (2014c) and Paul et al. (2018)
published apatite U-Pb data from the Triassic Cajamarca Com-
plex, Sabanilla Migmatite, and Tres Lagunas Granite (Figure
11; Table 1). The authors demonstrate that Pb was lost from
the apatite grains by thermally activated diffusion, and thus the
dates can be combined with grain sizes and the diffusion prop-
erties of Pb in apatite to generate a series of plausible t—T paths
at temperatures >380 °C (Figure 11) using a computed Monte
Carlo algorithm. Apatite 2*U-2Pb dates from the Cajamar-
ca Complex in the northern Central Cordillera are 10-20 my
younger than their zircon U-Pb dates (Figure 11a), reflecting
rapid cooling through 550-380 °C in the latest Triassic (Figure
11b), and no subsequent re-heating to temperatures >380 °C.
In contrast, a majority of **U-*"Pb dates from Triassic ana-
tectites in the southern Cordillera Real are younger than 100
Ma (Figure 11a). Numerical modelling suggests these rocks
also cooled rapidly through 550-380 °C in the latest Triassic,
although the rocks were re-heated to >380 °C in the Cretaceous
(Figure 11c). “Ar/* Ar muscovite plateau dates and low tem-

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

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

8. Interpretation

8.1. Permian: Arc Magmatism and
Metamorphism along Western Pangaea

8.1.1. Arc Magmatism

The exposure of Permian granitoids within the northern Andes
(Figure 2) is restricted to the Sierra Nevada de Santa Marta (ca.
288-264 Ma), the central Central Cordillera (ca.278-253 Ma),
and a single rock located in the far southern Cordillera Real
(ca. 283 Ma), close to the Peruvian border. Mylonitic gran-
ites and orthogneisses from the Sierra Nevada de Santa Marta
yield dates spanning between ca. 288—-264 Ma, while detrital
zircons in metasedimentary rocks have maximum depositional
ages of ca. 284-261 Ma. The aluminium saturation index of the
Permian alkali—calcic to calcic granites straddles the peralumi-
nous and metaluminous fields, while the 8'%0 values (quartz) of
14-17 %o suggests that some of these syenogranites formed by
partial melting of sedimentary rocks. Zircons yield magmatic
Th/U ratios of 0.26—1.27 suggesting that they crystallised from
magmas, and have not undergone sub—solidus metamorphic
recrystallisation (Figures 12a, 13; Table 1). This is consistent
with a high Y content (550-7750 ppm) and negative Eu anom-
alies in zircons of El Encanto Orthogneiss (Sierra Nevada de
Santa Marta; Piraquive, 2017), which is corresponds to with a
magmatic origin. The whole—rock trace element abundances are
characteristic of subduction related magmatism. Magmatism
during this period was not bimodal and thus not accompanied
by a mafic end-member, and all rocks yield >58 wt % SiO,
(Figure 6a, 6b). The Permian granites within the Sierra Nevada
de Santa Marta (Cardona et al., 2010a; Piraquive, 2017) and
the Central Cordillera of Colombia (Cochrane et al., 2014b;
Villagémez et al., 2011) are interpreted to have formed with-
in a continental arc above an east dipping Pacific subduction
zone beneath western Pangaea during 288-255 Ma (Figures 13,
14). U-Pb dates of detrital zircons from two metasedimentary
schists of the Gaira Schists (Sierra Nevada de Santa Marta)
yield maximum depositional ages of ca. 284 and ca. 261 Ma
(Piraquive, 2017), and thus these sedimentary rocks were co-
eval with and probably sourced from the continental arc.
Inherited early Neoproterozoic and Ordovician zircon
cores are common in Permian intrusions in Colombia and
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Ecuador, and thus the Permian continental arc recycled Sunsas
and Famatinian—aged crust (see section 4.3), which is consis-
tent with the mildly peraluminous and calc—alkaline compo-
sitions. Cathodoluminescence images show that many detrital
zircons from the Gaira Schists (Sierra Nevada de Santa Marta)
consist of Ordovician cores (Piraquive, 2017) with Permian
rims, which suggests that anatexis of the crust accompanied
arc magmatism during the middle part of the Permian. This is
consistent with the high &'80 values (quartz), and thus could
be described as a high—temperature metamorphic event at
some time between 288 and 264 Ma (Figure 13). Vinasco et
al. (2006), suggest that zircon U-Pb (SHRIMP) dates of ca.
275 Ma obtained from the Abejorral granitic gneiss record
a metamorphic event, although no evidence is presented for
the metamorphic nature of the zircons. Similarly, Piraquive
(2017) refers to anatexis at ca. 278 Ma in the Sierra Nevada
de Santa Marta as a regional metamorphic event, although
evidence for Barrovian metamorphism at that time is lacking,
and the Th/U values of zircons is ~1 (Figure 12), suggesting
they crystallised in a magmatic environment.

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

<+

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

Permian granitoids in Colombia, Ecuador, and Venezuela
that intruded during 294-255 Ma, were coeval and share the
same geochemical characteristics to those found in the south-
ern North American and western Caribbean plates. Permian
intrusive magmatism in the Chiapas Massif, the Xolapa, Aca-
tlan, and Oaxacan Complexes, and the Yavapai Province was
not bimodal, alkali—calcic to calcic, mildly metaluminous
to peraluminous, magmatic (zircon Th/U > 0.1; Figure 12)
and includes components derived from subducted oceanic
lithosphere (Figure 8). Hf (zircon) isotopic compositions of
Permian intrusions in the Acatldn and Oaxacan Complexes
suggest that arc magmatism recycled continental crust (Orte-
ga—Obrego6n et al., 2014). These observations are consistent
with previous suggestions that the Permian intrusions in Lau-
rentia and Gondwana formed within a continental arc above
the same east—dipping subduction zone along the western
margin of Pangaea (Figure 14; e.g., Centeno—Garcia & Kep-
pie, 1999; Dickinson & Lawton, 2001; Kirsch et al., 2012;
Ortega—Obregdn et al., 2014; Torres et al., 1999; Ratschbach-
er et al., 2009; Solari et al., 2001).

Using the same logic, the close geochemical similarities
between Permian arc intrusions in southern North America,
Colombia, Ecuador, and Venezuela with calc—alkaline Perm-
ian intrusions in the Eastern Cordillera of Pert (Figure 8; e.g.,
Miskovic et al., 2009) that are older than ca. 260 Ma suggests

Figure 11. (a) Along strike variations of 28U />°°Pb dates (apatite, titanite, and rutile; ID-TIMS) and plateau “°Ar/*Ar dates (biotite and mus-
covite) from Triassic lithologies (Cajamarca Complex, Tres Lagunas Granite, Sabanilla Migmatite, and various amphibolites). Bars indicate
the range of %8U/2°°Pb dates obtained from grains with radii of ~50 (youngest date) and 100 mm (oldest date). The larger grains yield older
dates than the smaller grains supporting the premise that Pb has been lost by thermally activated volume diffusion, and thus the data can
be used to extract time(t)-Temperature(T) paths. The grey bar represents the timing of the collision and accretion of the Caribbean Large
Igneous Province (CLIP), determined using various low-T thermochronometers, sedimentological and palaeomagnetic evidence (Luzieux
et al,, 2006; Spikings et al., 2001, 2010; Vallejo et al., 2006). 28U [2°°Pb and “°Ar/>Ar dates clearly younger towards the south, with the oldest
dates in northern Colombia. Time (t)-Temperature (T) solutions to the apatite 28U /2°Pb data are shown for (b) a Triassic granite of the Caja-
marca Complex (10RC43), and (c) a Triassic leucosome of the Sabanilla Migmatite (09RC42) of the southern Cordillera Real, and the northern
Central Cordillera, respectively (locations shown in Figure 2). Data and t-T models are obtained from Cochrane et al. (2014c) and Spikings et
al. (2015). “Ar/*Ar muscovite plateau dates are also shown, with the closure temperature range determined from the diffusion parameters
presented in Harrison et al. (2009). The t-T paths are determined using a computed Monte Carlo algorithm constrained by the diffusivity
and activation energy of diffusion of Pb in apatite (Cherniak et al., 1991), apatite grain size and 28U /2°5Pb date (data shown in (b). Models are
only constrained using low-T thermochronological data (Spikings et al., 2010). The thick blue line yields the best fit between measured and
predicted data. The red dashed line has not been computed, and only serves to illustrate heating of a Paleozoic sedimentary protolith during
anatexis. APbPRZ: Apatite Lead Partial Retention Zone.
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Figure 12. Variations in Th/U ratios with 2°°Pb /28U crystallization age of individual zircons extracted from Permian and Triassic granites and
migmatitic leucosomes from (a) the Sierra Nevada de Santa Marta, Central Cordillera, and Cordillera Real of Colombia and Ecuador, and (b)
various regions in the southern North American and western Caribbean plates. The zircon Th/U ratios show a significant reduction in some
zircons at ca. 250 Ma in Colombia, Ecuador, the Chiapas Massif (southern Maya Block), the juxtaposing Acatlan and Ayl Complexes (Mixteca
Terrane), and the Ovejas Complex (Chortis Block). These are attributed to (i) metamorphic zircon growth during regional metamorphism
and crustal thickening (e.g., Weber et al., 2007), and (ii) metamorphic zircon growth, which accompanied anatexis during increased fluid
expulsion and geothermal gradients during basaltic underplating (240-223 Ma). Metamorphic and magmatic zircon fields after Hartmann
& Santos (2004). Uncertainties of the 2°6Pb /38U ages are +1 - 2%. Data from Colombia: Cardona et al. (2010a); Cochrane et al. (2014¢); Pira-
quive (2017). Data from Ecuador: Cochrane et al. (2014b), Paul et al. (2018). Other data: Weber et al. (2007; Chiapas Massif), Ratschbacher et
al. (2009; Ovejas Complex, Rabinal Complex), Solari et al. (2001, 2011; Chaucls Complex and Oaxacan Complex), Kirsch et al. (2012; Acatlan
Complex), Helbig et al. (2012; Ayl Complex), Ortega—Obregon et al. (2014; Oaxacan Complex), Miskovic et al. (2009; Peri, Eastern Cordillera).

the arc was geographically extensive and Pacific subduction be-
neath Pangaea continued towards southern Perd. The shift from
a well characterised, calc—alkaline Carboniferous arc in Peru to
Permian post—tectonic alkali granites (MiSkovi¢ et al., 2009) and
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ultimately Triassic alkaline bimodal intrusions (see below) and
volcanic rocks of the Mitu Group is characteristic of lithospheric
thinning (e.g., Spikings et al., 2016; Xu et al., 2007). MiSkov-
i¢ et al. (2009) suggest that the Permian granitoids of southern
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al., 2016). Regional metamorphism is shown at ca. 275 Ma although this is poorly defined (see 2: 1: 8.1.1). Metamorphism at ca. 250 Ma
is obtained from Weber et al. (2007) and Piraquive (2017; see section 8..2). Data are from Vinasco et al. (2006), Cochrane et al. (2014b),
and Piraquive (2017).
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Pertd formed within an extensional regime during extensive slab
retreat, which thermally weakened the subducted slab, leading
to slab—break—off by ca. 270-260 Ma (Figure 14). Alternatively,
orogenic collapse could also be responsible for the switch from
anormal magmatic arc to generalised extension, e.g., collapse of
the late Paleozoic arc in Chile and Argentina (e.g., Hervé et al.,
2014). Rocks of the southern Eastern Cordillera of Peri were
deformed by the poorly temporally constrained middle Permian
Tardihercynian deformation phase, giving rise to folding and an
angular unconformity between Permian — Carboniferous rocks
and the overlying Triassic Mitu Group (Laubacher, 1978; Rosas
et al., 2007; Spikings et al., 2016).

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

8.1.2. Latest Permian - Early Triassic
Metamorphism

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

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

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

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

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

8.2.1. The Magmatic Record

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

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

The geographically widespread occurrence of coeval,
Triassic tholeiitic, amphibolitised dykes and crustal anatec-
tites within Colombia and Ecuador (Figure 4a) supports an
extensional setting, which probably formed within a region
of increased heat flow that is characteristic of an attenuated
back-arc basin (e.g., Collins & Richards, 2008). Cochrane et
al. (2014b), and Spikings et al. (2015, 2016) suggest that the
period between 240-225 Ma was dominated by progressive
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thinning of the continental lithosphere during rifting and the
disassembly of western Pangaea (Figure 14c). Mafic under-
plating and anatexis occurred because of doming and decom-
pression of the asthenosphere during extension (Figure 14d),
and heat convection during the intrusion of mafic magmas into
the crust. Within Colombia, this interpretation is supported by
the identification of rapid extension and subsidence located
between the present Central and Eastern Cordilleras, resulting
in the deposition of red beds of the Luisa and Payandé For-
mations, and the Chicalda Member of the Saldafia Formation
during the Middle — Late Triassic (Mojica & Kammer, 1995;
Mojica & Prinz—Grimm, 2000; Senff, 1995). Within Ecuador,
Triassic rifting is supported by (i) the tentatively mapped Tri-
assic Zumba Ophiolite in the southernmost Cordillera Real
of Ecuador, although its Triassic age is assumed based on its
structural position (Figure 2; Litherland et al., 1994), and (ii)
late Middle to Upper Triassic continental and marine volca-
no—sedimentary rocks of the Piuntza unit (southern Cordillera
Real) that were deposited in rift grabens (Figure 2; Litherland
et al., 1994). Spikings et al. (2016) refer to this rift as the
Payandé Rift (w), which was also used by Senff (1995) to
describe the tectonic setting of Triassic, red siliciclastic rocks
of the Payandé Formation in northern Colombia.

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

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

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

8.2.2. Conjugate Margins to Gondwana

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

Triassic igneous rocks are sporadically exposed in (i) the
Chaucts Complex (intrusions), (ii) the Chortis Block (Ovejas
Complex, zircon inheritance in Eocene intrusions; Figures Sb,
8d), (iii) the Rabinal Complex (intrusions; Maya Block), and
(iv) the Ayd Complex (granitic dykes; currently part of the
Mixteca Terrane and juxtaposed against the Acatlan Complex).
Concordant zircon U-Pb dates from these primary and inher-
ited zircons span between 245-215 Ma, overlapping with the
timing of rifting in Colombia and Ecuador. Keppie et al. (2006)
present discordant zircon U-Pb dates from migmatitic gneisses
of the Francisco Gneiss (northern Guerrero composite terrane,
northern México) that span between 216 and 197 Ma, although
they interpret these are recording crystallisation at ca. 206 Ma.
Their coeval association with mafic amphibolites, combined
with intra—plate geochemical characteristics led Keppie et al.
(2006) to propose that they formed in a rift located in a conti-
nental back—arc. Zircon Th/U values from Triassic zircons in
the Chaucts Metamorphic Complex and the Rabinal Complex
support an igneous origin (Figure 12b), although zircon Th/U
values <0.01 from inherited zircons in the Chortis Block (Ove-
jas Complex) suggest these may have formed in a sub—solidus,
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metamorphic environment (Ratschbacher et al., 2009). Similar-
ly, Th/U (zircon) ratios in the Acatlan Complex and juxtaposed
Ayt Complex show a gradual reduction from the Permian to
the end of the Triassic (Figure 12). Robust geochemical and
isotopic analyses of the Triassic igneous rocks are lacking (e.g.,
Figure 8), and it is possible that some Triassic rocks formed
along an arc axis, whereas others may have formed in the back—
arc and resemble the Triassic monzogranites of Colombia and
Ecuador. Poorly dated Late Triassic (216—-197 Ma) rhyolites and
tholeiitic basalts in the Guerrero composite terrane of México
are interpreted to have formed in a continental rift (Keppie et
al., 2000), and the same authors attribute Upper Triassic rocks
of the Oaxaquia Terrane to a back—arc setting. Similarly, Helbig
et al. (2012) suggest that Upper Triassic volcanic rocks with E—
MORB to MORB characteristics within the Acatldn Complex
(Ayt Complex; Figure 5b) formed within a back—arc.

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

9. The Triassic - Jurassic Transition,
and the Separation of Pangaea

The magmatic and sedimentary rocks associated with Triassic
(240-225 Ma) rifting in Colombia and Ecuador (e.g., Sabanilla
Migmatite, Tres Lagunas Granite, and the Cajamarca Complex)
are mainly in faulted contact with the younger Late Triassic —
Jurassic continental arc, which commenced at ca. 209 Ma in
the Santander Massif (Figure 13; Spikings et al., 2015; van der
Lelijj et al., 2016), and had migrated westwards to the region of
the Cordilleras Central and Real by ca. 189 Ma (Spikings et al.,
2015). Jurassic extension north of the Huancabamba Deflection
(Figure 1) had multiple effects, including (i) trenchward migra-
tion of the Jurassic arc (189—-145 Ma; Cochrane et al., 2014a;
Spikings et al., 2015), (ii) graben formation (e.g., Uribante and
Espina grabens; Bartok, 1993), (iii) carbonate (Jaillard et al.,
1990; Toussaint & Restrepo, 1994) and red-bed deposition
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(e.g., La Quinta Formation; van der Leljj et al., 2016), (iv) the
extrusion of the Central Atlantic Magmatic Province during
202-201 Ma (e.g., Davies et al., 2017), and (v) the separation
of North America, Yucatdn and South America at 195 Ma (e.g.,
Beutel, 2009; Pindell & Kennan, 2009), forming the proto—Ca-
ribbean seaway and the central Atlantic Ocean.

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

10. The Suspect Tahami Terrane

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

11. Conclusions

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

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

Vinasco et al. (2006) and Piraquive (2017) suggest that
a regional metamorphic event affected the Permian in-
trusions in the Central Cordillera and Sierra Nevada de
Santa Marta, respectively, at ca. 278 Ma. We find that this
is extremely tentative because evidence for a widespread
metamorphic event at that time is lacking, and a majority
of zircon growth at ca. 278 Ma occurred in a magmatic en-
vironment. Further studies are required to identify a meta-
morphic event in South American lithosphere, which may
have formed in response to the early collisional events that
lead to the formation of Pangaea in the earliest Permian.
The margin of western Pangaea was compressed at ca.
250 Ma, driving regional metamorphism with peak con-
ditions of 770-830 °C and 11.5-14 kb in the Sierra Neva-
da de Santa Marta of northern Colombia. Metamorphism
at ca. 250 Ma has also been observed in the western
Maya Block and the Chortis Block (México and Hon-
duras, respectively), where it induced anatexis and per-
haps sub-solidus zircon recrystallisation. Compression
drove deformation in Peru prior to the onset of rifting at
245-240 Ma, although there is no evidence for region-
al metamorphism. Compressive forces may have been
weaker south of the Huancabamba Deflection, revealing
large—scale trench—parallel differences in the prevailing
stress regime. Stronger compression and Barrovian meta-
morphism towards the north may be due to either terrane
accretion (e.g., the Chortis Block; Figure 14), or the sub-
duction of thickened and relatively buoyant continental
lithosphere. The lack of metamorphism in southern Perud
coincides with reconstructions that do not place Mexican
and Central American terranes outboard of Perd, support-
ing a model whereby compression towards the north was
driven by terrane accretion.

Magmatic underplating and anatexis of continental crust
throughout 245/240-225 Ma occurred during progressive
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thinning of the continental lithosphere over rifting along
western Pangaea. Rifting advanced to complete separa-
tion of continental crust by ca. 216 Ma, and the formation
of oceanic lithosphere between the conjugate margins of
northwestern South America and basement terranes of Mé-
xico and Central America. The rifting event is recorded by
amphibolitised tholeiitic basaltic dykes and extensive tracts
of migmatites and S—type granites within the conjugate
margins. These are the Cajamarca Complex and La Secre-
ta Mylonites (Colombia), and the Tres Lagunas Granite,
Sabanilla Migmatite, and Moromoro Granite (Ecuador) in
northwestern South America. Various Triassic units in the
Chauctis Complex, Chortis Block, Maya Block, the Mixteca
Terrane (México and Central America), and perhaps in the
lower plate of Tertiary metamorphic core complexes in the
Guerrero composite terrane formed within the Triassic arc
and back—arc. Rifting north of the Huancabamba Deflec-
tion was accompanied by subduction, and occurred within
a backarc. The rift axis propagated southwards, and exten-
sion is recorded along western Pert (the Mitu Aulacogen),
western Argentina, Chile, and southern Brazil. Rifting along
northwestern South America started as a back—arc basin to
a Permian arc, and represents the early break—up of west-
ern Pangaea, leading to the separation of North and South
America by ca. 180 Ma.

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

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

Meérida Andes, where it yields Pb isotope signatures that
are Gondwanan. We conclude that the rocks of the Tahami
Block are autochthonous.
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