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Zircon U-Pb Geochronology and Hf-Nd-0
Isotope Geochemistry of the Paleo- to
Mesoproterozoic Basement in the Westernmost
Guiana Shield

Mauricio IBANEZ-MEJIA™ and Umberto G. CORDANI?

Abstract The crystalline basement of eastern Colombia, east of the frontal deformation
zone of the north Andean Eastern Cordillera, is comprised by Precambrian igneous,
metamorphic, and sedimentary rocks of the western Guiana Shield. Designated in the
late seventies with the all-embracing stratigraphic name of ‘Miti Migmatitic Com-
plex), the age, petrology, and tectonic history of the Precambrian basement in eastern
Colombia has remained one of the least explored issues in South American geology.
This chapter aims to present a brief overview of recent advances made to improve our
general understanding of the geology of this wide region, using a compilation of the
available U-Pb, Sm-Nd, Lu-Hf, and 60 isotopic data obtained using modern meth-
ods. Using all the available U-Pb geochronologic data we show that, in general: (i) The
Precambrian basement of the western Guiana Shield exhibits magmatic crystallization
ages in the range from ca. 1.99 to ca. 1.38 Ga, and (ii) that four broad periods of mag-
matic activity, two in the mid- to late-Paleoproterozoic (ca. 1.99 and ca. 1.81-1.72 Ga),
one in the early Mesoproterozoic (ca. 1.59-1.50 Ga), and one in the mid Mesoproterozoic
(ca. 1.41-1.39 Ga) dominate the geology of the area. The (whole-rock) Nd and combined
(zircon) Hf-0 datasets indicate a general lack of ‘depleted mantle’ like mid-Paleopro-
terozoic or Mesoproterozoic crust, thus indicating that either the Proterozoic sub-con-
tinental mantle in the region was not as radiogenic as global mantle evolution models
would suggest, or that reworking of older crust might have played an important role
in the geological and geochemical evolution of the western Guiana Shield. Therefore,
although the geochronologic results confirm that most of the exposed basement in
eastern Colombia can be broadly considered to be of Rio Negro-Juruena-like affinity,
this belt exhibits some distinct isotopic characteristics relative to similar age domains
exposed south of the Amazon Basin. Furthermore, we note that the geochronologic
data obtained to this date has failed to clearly identify an early- to mid-Mesoprotero-
zoic terrane boundary in the Colombian basement, thus opening the possibility that a
Rondonian-San Ignacio-like province is not represented in the Guiana Shield. Based
on these recent field, geochemical, and geochronological observations, we consider
the long and extensively used term ‘Mitd Migmatitic Complex’ to be now inadequate
and obsolete, and argue that the current state of the knowledge of the Colombian
Precambrian basement is such that the community should move towards adopting
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more accurate and modern petrologic, tectonic, and stratigraphic nomenclature. Lastly,
we note that the recent discovery of Cretaceous magmatism affecting the Colombian
continental interior in the Araracuara basement high highlights the importance of
Mesozoic tectonic reactivation in controlling the structural and landscape evolution of
the Colombian Amazon. This observation indicates that future geochronologic studies
aimed at better understanding the temporal history of mafic magmatism in this region
will be crucial for understanding its structural and tectonic evolution.

Keywords: Amazonian Craton, Proterozoic tectonics, U-Pb geochronology, Lu-Hf isotopes, Sm-
Nd isotopes.

Resumen El basamento cristalino del oriente colombiano, al este del frente de de-
formacion andino de la cordillera Oriental, estd compuesto por rocas igneas, me-
tamorficas y sedimentarias precambricas pertenecientes al Escudo de Guayana.
Agrupadas en la década de los setenta dentro de una unidad estratigrafica conocida
como ‘Complejo Migmatitico de Mitl’, la edad, petrologia, e historia tectonica de las
unidades del basamento precambrico en el oriente colombiano han permanecido
como uno de los problemas menos explorados de la geologia suramericana. Este
capitulo tiene como objetivo presentar una revision breve sobre los avances hechos
en los Gltimos anos para mejorar nuestro entendimiento geoldgico de esta amplia
region, a partir de una compilacion de informacion isotopica obtenida usando los
sistemas U-Pb, Sm-Nd, Lu-Hf y 60 con métodos analiticos modernos. Consideran-
do los datos de geocronologia U-Pb disponibles observamos que en general: (1) el
basamento precambrico del limite occidental del Escudo de Guayana exhibe edades
de cristalizacion en el rango de ca. 1,99 a ca. 1,38 Ga y (2) que cuatro principales
eventos de actividad magmatica, dos en el Paleoproterozoico medio a tardio (ca.
1,99 y ca. 1,81-1,72 Ga), uno en el Mesoproterozoico temprano (ca. 1,59-1,50 Ga) y uno
en el Mesoproterozoico medio (ca. 1,41-1,39 Ga), dominan la geologia de esta region.
Las composiciones isotopicas de Nd en roca total junto con resultados conjuntos de
isotopos de Hf y O en circon indican una ausencia generalizada de material directa-
mente derivado del 'manto empobrecido' en este basamento paleo-y mesoprotero-
zoico. Dicha observacion puede deberse a dos motivos particulares: (1) que el manto
sublitosférico proterozoico en la region no era tan radiogénico como la mayoria de
los modelos globales de evolucion mantélica sugeririan o (2) que el retrabajamiento
de corteza continental mas antigua podria haber jugado un papel importante en la
evolucion geologica y geoquimica del occidente del Escudo de Guayana. Por consi-
guiente, a pesar de que los resultados geocronologicos confirman que la mayor parte
del basamento expuesto en el oriente colombiano puede considerarse a grandes ras-
gos como afin a la Provincia Rio Negro-Juruena, la margen occidental del Escudo de
Guayana presenta caracteristicas isotopicas distintivas con respecto a los dominios
de basamento de edad semejante expuestos al sur de la Cuenca del Amazonas. En
adicion a lo antedicho, observamos que la base de datos geocronologica existente
no permite a la fecha identificar claramente una sutura mesoproterozoica tempra-
na a media en el basamento del oriente colombiano, lo que sugiere la posibilidad
de que un dominio de basamento afin a la Provincia Rondoniana-San Ignacio no
este expresado en el Escudo de Guayana. Basados en las observaciones de campo,
geoquimicas y geocronologicas presentadas en este capitulo consideramos que el
término estratigrafico ‘Complejo Migmatitico de Mitl’, que ha sido ampliamente usa-
do, resulta ahora inadecuado para describir la complejidad geologica del area 'y por
consiguiente es obsoleto. En lugar de esto, consideramos que el estado del conoci-
miento geologico del oriente colombiano ha avanzado lo suficiente para permitir que
una nomenclatura petrologica, tectonica y estratigrafica moderna, que describa con
mayor exactitud la geologia del area y por ende mas apropiada, sea adoptada. Para
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concluir, también observamos que el descubrimiento reciente de magmatismo de
edad cretacica que afecta el interior continental colombiano en el alto de basamento
de Araracuara resalta la importancia que la reactivacion tectonica mesozoica tuvo
en el desarrollo estructural y geomorfologico de la Amazonia colombiana. Esta ob-
servacion indica que los futuros estudios geocronologicos enfocados a comprender
mejor la historia temporal del magmatismo mafico en esta region seran cruciales
para mejorar nuestro entendimiento sobre la evolucion estructural y tectonica del

oriente colombiano.

Palabras clave: Craton Amazonico, tectonica proterozoica, geocronologia U-Pb, geoquimica

isotopica Lu-Hf, geoquimica isotopica Sm-Nd.

1. Introduction

The continental basement of eastern Colombia, stretching from
the Andean deformation front in the Llanos foothills to the bor-
ders with Venezuela and Brasil in the Orinoco and Amazonas
territories, is comprised by Precambrian rocks of the western
Guiana Shield (Figure 1; Cordani et al., 2016a; Gémez et al.,
2017). Although most of the crystalline basement east of the
Andes is currently buried under the thick sedimentary cover of
the Putumayo and Llanos Foreland Basins, exposures of Pre-
cambrian igneous and metamorphic rocks occur in theVichada,
Guainia, Vaupés, Caquetd, and Guaviare Departments (Figure
2). Difficulty of access to these areas, however, combined with
the lack of roads and widespread vegetation cover, have made
the geology of this region to remain relatively unexplored even
to this date.

The Precambrian geology of Colombia bears great impor-
tance for understanding the growth history and paleogeography
of the Amazonian Craton throughout the Proterozoic. The pa-
leocontinent known as Amazonia is not only one of the largest
Precambrian crustal nuclei on Earth but is also thought to have
played a key role in the Precambrian supercontinent cycle (e.g.,
Cordani et al., 2009). Thus, understanding the construction of
the Colombian Precambrian shield, and its potential correlation
(or lack thereof) with crustal domains exposed south of the Am-
azon Basin, is a critical step toward reconstructing the tectonic
history and assembly of Amazonia. Furthermore, understand-
ing the geology of the Colombian basement is not only critical
for correlating intra—cratonic structures, but also for evaluating
potential connections amongst ancient orogenic belts across
separate cratonic blocks that may once have been juxtaposed,
therefore providing vital information for Precambrian paleo-
geography and supercontinent reconstructions (e.g., Li et al.,
2008). All this information, however, can only be appropriate-
ly assessed if an adequate knowledge of the local geology is
gained, and this is precisely why geologic, geochronologic, and
isotopic studies from the eastern Colombian basement are of
fundamental importance.

Over the past few years, a handful of studies have been
published providing new geochronologic and isotopic data from
the Precambrian basement of the westernmost Guiana Shield.

These new results not only allow revisiting some of the para-
digms that have prevailed in our understanding of the Colombi-
an geology for many decades, but also to begin developing new
ones. In this chapter, we provide a brief synthesis of the current
state of knowledge on the geology of the Precambrian base-
ment of the westernmost Guiana Shield, particularly focusing
on the geochronologic and isotopic data obtained in Colombian
territory over the last decade using modern U-Pb, Lu—Hf, and
Sm-Nd methods. For a discussion of other available data using
the Rb—Sr and K—Ar isotopic systems, the reader is referred to
the recent comprehensive discussion provided by Cordani et
al. (2016b).

2. Previous Studies and Geological
Background

The first geochronologic analyses from the eastern Colom-
bian basement were conducted by Pinson et al. (1962), where
these authors performed K—Ar and Rb—Sr isotopic analyses of
biotites from the San José del Guaviare syenites and porphyro-
blastic granitoids along the Guaviare River. They obtained ages
around 1.2 Ga for the granitoids and around 460 Ma for the
syenites. However, after this groundbreaking study by Pinson
and co—workers, nearly two decades would have to go by before
any new geochronologic data was produced.

In the late seventies, the ‘Proyecto Radargramétrico del
Amazonas’ (PRORADAM) took place, and the results from
this extensive field reconnaissance, mapping, and petrographic
study were published by Galvis et al. (1979). This project also
involved Rb—Sr, K—Ar, and the first U-Pb analyses performed
in the area, which were conducted by the Z.W.O Isotope Geol-
ogy Laboratory in Amsterdam and were published by Priem et
al. (1982). These authors presented the first U-Pb concordia di-
agrams for ca. 1.55 Ga granitoids from the Vaupés River, iden-
tified ca. 1.8 Ga inherited components in zircons from gneisses
in the Guainia River, and presented extensive Rb—Sr results
suggesting the occurrence of magmatic events ca. 1.8 Ga, 1.55
Ga throughout the region. They also identified mafic rocks that
defined apparent Rb—Sr isochron relations with slopes ca. 1.2
Ga, and a suite of rhyodacitic lavas from the Vaupés River with
an apparent isochron age of ca. 920 Ma. This study was certain-
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Figure 1. Simplified geo-tectonic map of South America overlaid on gray-scale shaded relief image (DEM), highlighting the approxi-
mate outline and terrane boundaries of the Amazonian Craton and the Guiana Shield. Adapted from Cordani & Teixeira (2007), Fuck et
al. (2008), Ibanez-Mejia et al. (2015), Tassinari & Macambira (1999), and Teixeira et al. (2019). Shaded relief image areas with no overlay
indicate younger cratonic cover or units in the Andean region. Light-gray shaded region indicates the location and extent of the north
Andean Putumayo and Llanos Foreland Basins.

ly revolutionary, and set the stage for understanding the geology  seventies and early nineties were also seminal for developing
of eastern Colombia for the following ca. 30 years. a better understanding of the geology of the western Guiana

Although not strictly within Colombian territory, other  Shield; these were published by Barrios (1983), Barrios et al.
studies conducted in SW Venezuela and NW Brasil in the late (1985, 1986), Cordani et al. (1979), Fernandes et al. (1976),
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Figure 2. Simplified geologic map of the westernmost Guiana Shield, adapted from the maps of Cordani et al. (2016a) and Gomez et al.
(2017). Inset shows the location and boundaries of Colombian departments mentioned throughout the text. Black dashed lines are major
exposed intra—cratonic boundaries as suggested from the existing geochronologic data, namely: (1) The limit between the felsic volca-
nics of the Cuchivero Group (CG) in Venezuela, and the southern part of the Ventuari-Tapajos Province (VTP), and (2) the limit between
VTP and Rio Negro-Juruena Province (RNJP), drawn along the Atabapo River as suggested by Cordani et al. (2016a). The dashed gray line
outlines an approximate location for the suture between the RNJP and the Putumayo Province (PP), whose exact location is currently
unknown. Red dashed lines reflect the approximate traces of faults associated with the intra—cratonic Gliejar-Apaporis Graben (GAG).
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Gaudette & Olszewski (1985), Gaudette et al. (1978), Gibbs &
Barron (1993), and Pinheiro et al. (1976). Most of these stud-
ies exclusively employed Rb—Sr and K—Ar methods, with the
exception of Gaudette & Olszewski (1985) and Gaudette et al.
(1978) who presented the first U-Pb geochronologic result of
intrusives from the Parguaza intrusive complex and the Minicia
and Macabana gneisses along the Orinoco and Ventuari Rivers
in Venezuela. Based on upper intercepts of discordia regres-
sions through strongly discordant zircon U-Pb data (from dis-
solution of multi—grain aliquots), these authors proposed an age
of ca. 1.55 Ga for the Parguaza complex and ages around 1.82
and 1.86 Ga for the Macabana and Minicia gneisses, respec-
tively. It is worth noting that these results were obtained using
a 12—inch, 60°sector mass spectrometer at Massachusetts Insti-
tute of Technology (MIT; Aldrich et al., 1953; Herzog, 1952;
Shrock, 1977), which is in principle the same design that Alfred
O. NIER used to separate the isotopes of uranium during World
War II (Nier, 1940, 1947). Although the age results obtained
using these instruments were certainly remarkable for the time,
we consider them as ‘legacy’ data for the purposes of this dis-
cussion and only mention them here because of their particular
historical significance.

In 1996, the first SHRIMP U-Pb analyses on zircons from
the region were published by Tassinari et al. (1996), marking
the beginning of what we here consider as ‘modern methods’
from a U-Pb geochronology standpoint. As mentioned previ-
ously, this chapter will not take into consideration the Rb—Sr
and K—-Ar databases, because a comprehensive compilation
and careful analysis of these results was recently done by Cor-
dani et al. (2016b), and because these databases have not been
expanded since then. The U-Pb, Lu-Hf, and Sm—Nd datasets,
on the other hand, have been moderately or significantly ex-
panded, so the discussion provided in this chapter focuses
on the data produced using these three isotopic systems as
produced since 1996. Pb—Pb evaporation dates are also not
considered because the geological accuracy of these dates,
in and by themselves, is impossible to assess. We also make
mention of the limited (but relevant) 6'*0,  stable isotope
results that have recently become available. Thus, the data
used for the purposes of this chapter comes from the following
sources (in chronologic order): Tassinari et al. (1996), San-
tos et al. (2000), Ibafiez—Mejia et al. (2011), Bonilla—Pérez et
al. (2013), Ibafiez—Mejia (2014), Ibafiez—Mejia et al. (2015),
Cordani et al. (2016b), Veras et al. (2018). U-Pb results ob-
tained from this compilation are listed in Table 1, along with
the sample coordinates (in degrees, using the WGS84 datum),
geographic locality (if known), rock—type that was analyzed,
and their unique International Geo Sample Number (IGSN)
identifier when available. Sm—Nd, Lu—Hf, and 61802m results
obtained in this compilation are shown in Table 2, where only
data obtained from samples with known U-Pb ages are listed
and the quoted '*Nd/'*Nd, eNd, ""Hf/'""Hf, and €Hf have
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been corrected to their initial values using the crystallization
ages quoted in Tables 1, 2, and the decay constants of Lugmair
& Marti (1978) and Soderlund et al. (2004).

Current models describing the growth and evolution of
Amazonia indicate that, beginning at ca. 2.0 Ga, accretionary
belts developed along the western margin of a cratonic nu-
cleus that formed after the Transamazonian Orogeny. These
accretionary belts are known as the Ventuari—Tapajés (ca.
2000-1800 Ma), Rio Negro—Juruena (ca. 1780-1550 Ma),
and Rondonian—San Ignacio (ca. 1500-1300 Ma) (Cordani
& Teixeira, 2007; Tassinari & Macambira, 1999). Continued
soft—collision/accretion of these belts, driven by subduction—
related processes, produced a very large “basement” in which
granitoid rocks predominate, many of them with juvenile—like
Nd isotopic signatures. Felsic volcanics are also widespread,
and to date no clear evidence of Archean basement inliers
within these tectonic provinces has been reported.

Recent geologic and geochronologic studies conducted in
basement exposures found along the Caquetd, Inirida, Ataba-
po, and Orinoco Rivers (and vicinities) have greatly improved
our understanding of the geology in eastern Colombia, thus
allowing for a better interpretation of its evolution within the
general tectonic framework of Amazonia and the western Gui-
ana Shield. Outcrops along the Colombia—Venezuela border
are key because they lie near the projected suture between the
Ventuari—Tapajds and Rio Negro—Juruena Provinces as traced
by Cordani & Teixeira (2007), thus providing an opportunity
to test the predictions of their model and better understanding
the nature and location of this boundary in the Guiana Shield.
The Araracuara basement high is also of particular interest,
mainly because it represents the westernmost basement ex-
posure in eastern Colombia and thus allows evaluating the
presence and/or location of potential Mesoproterozoic terranes
and sutures in the western Guiana Shield. The sections below
provide a brief summary of field observations from these two
key areas, which are relevant for interpreting the geochrono-
logic database compiled here.

2.1. Geology of the Araracuara Basement High,
Caqueta River

The Araracuara High is an isolated basement exposure along
the Caquetd River in SE Colombia (Figures 2, 3), which ex-
poses a series of metasedimentary, igneous, and metaigne-
ous rocks that uncomformably underlie mid—Paleozoic strata
of the Araracuara Formation (Figure 4a, 4b). Based on field
mapping and petrographic observations, the basement exposed
here can be subdivided into at least four major units (Bar-
rera, 1988; Galvis et al., 1979; Ibafiez—Mejia, 2014): (i) A
meta—(volcano)sedimentary unit composed predominantly by
quartz—feldspar gneisses, with or without biotite, muscovite,
and = sillimanite (Figure 4a—c); (ii) equigranular and strongly
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Table 1. Compilation of published geochronologic data from the westernmost Guiana Shield using modern U-Pb methods.

Sample name

Mandur-2 Melano

Payara—1

11MIAr-16

11MIAr-18

11MIAr-22

EP-2

11MIAr-07

J-263

PR-3215

11MIAr-02

11MIAr-06

11MIAr-08

PR-3228

AH-1231

AF-1

PA-22

AH-1419

AH-1216

PR-3092

CJR-19

UA-39

AH-1213A

PR-3001

HB-667

MA44
MA29
MA21A

Latitude

0°55°2451”N

2°7°31.35"N

0°36°46.16” S

0°37°17.03”S

0°40°8.28”S

0°34°41.37”S

0°37°0.89”S

0°40°1037”S

0°10°13.46” S

0°37°3.15”S

0°35’40.55” S

0°4’585”N

1°10°33.6” N

0°2°28.09” N

0°48°0” N

0°34°35.19”S

0°59°4223” N

0°18°57.74” S

1°0°59.94” S

1°12°0” N

0°57°2559” N

1°23°2776” N

1°5°23.87” N
1°24°72” N
1°27°36” N
2°9°72”N

Longitude W

75° 52 34.09”

74° 33735927

72°23°39.86”

72°15°29.24”

72°5°745”

72°23°16.32”

72°23°10.92”

72°5°26.16”

72°17°36.63”

72°23°2.52”

72°24°30.07”

72°15°33.76”

70° 11’ 6.65

67°4°3.15”

69°15°0”

70° 15 38.79”

69° 54°37.31”

70°39°15.23”

69° 4524357

69° 34’ 60”

69° 57° 44917

70° 36°49.25”

69°20°51.41”
68°5°31.2”
68°3°3.6”
68°3°28.8”

Locality (if know)

Rock type

Putumayo Basin basement

Putumayo Basin well

Putumayo Basin well

Orthogneiss

Orthogneiss

Araracuara basement high

Caquetd River, Ararac-

uara
Caquetd River, Yari
Island

Caquetd River, Pefia Roja

Caifi6n del Diablo

Caquetd River, Ararac-
uara

Caquetd River, Pefia Roja

Araracuara

Caquetd River, Ararac-

uara
Caquetd River, Ararac-
uara

Caifién del Diablo

Mesai River

Dolerite

Porph. Sy-
enogranite

Foliated Sy-
enogranite

Biotite gneiss

Orthogneiss

Syenogranite

Syenogranite

Paragneiss

Paragneiss

Paragneiss

Paragneiss

Mean * 2¢

1602 £ 16

1606 + 6

1025+23

1539 +20

1716 £ 16

1721 + 10

1731 £ 16

1732 £ 17

1756 £ 8

DZ

Dz

DZ

DZ

Apaporis River, Vaupés Department, and vicinities

Serrania Miti

Sdo Gabriel

Papuri River

Apaporis River

Vaupés River

Apaporis River

Apaporis River

Vaupés River

Raudal Tucunare

Cafio Cuduyari

Raudal Cururu

Icana River
Icana River

Peud Creek

Monzogranite

Granite with
titanite

Granite

Monzogranite

Monzogranite

Syenogranite

Syenogranite

Quartz—diorite

Bt-Hnbd or-

thogneiss

Bt—chl gneiss

Monzogranite

Diatexite
Diatexite

Metagranite

1510 £26

1518 25

1521 £ 13

1530 £21

1574 £ 10

1578 +27

1593 £ 6

1703 £7

1736 £ 19

1769 + 33

17788 +£59

1788 + 11
1798 + 11
1813+ 19

Method

LA-ICP-MS

LA-ICP-MS

LA-ICP-MS

LA-ICP-MS

LA-ICP-MS

SHRIMP

LA-ICP-MS

LA-ICP-MS

LA-ICP-MS

LA-ICP-MS

LA-ICP-MS

LA-ICP-MS

LA-ICP-MS

LA-ICP-MS

ID-TIMS

SHRIMP

LA-ICP-MS

LA-ICP-MS

LA-ICP-MS

LA-ICP-MS

ID-TIMS

LA-ICP-MS

SHRIMP

SHRIMP

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

Reference IGSN
Ibafiez—Mejia et
IEURI0014
al. (2011, 2015)
Ibafiez—Mejia et
IEURIO012
al. (2011, 2015)
Ibafiez—Mejia
IEURI0048
(2014)
Ibafiez—Mejia
IEURI0049
(2014)
Ibaiilez—Mejia
IEURIO050
(2014)
Cordani et al.
N.A.
(2016b)
Ibafiez—Mejia
TIEURI0046
(2014)
Ibafiez—Mejia et
N.A.
al. (2011)
Ibafiez—Mejia et
ancz €j1a e NA.
al. (2011)
Ibafiez—Mejia
IEURIO044
(2014)
Ibafiez—Mejia
IEURI0045
(2014)
Ibafiez—Mejia
IEURI0047
(2014)
Cordani et al.
N.A.
(2016b)
Cordani et al.
ordani et al NA.
(2016b)
Santos et al.
N.A
(2000)
Tassinari et al.
N.A.
(1996)
Ibaiiez—Mejia et
N.A.
al. (2011)
Ibafiez-Mejia et
N.A.
al. (2011)
Ibafiez—Mejia et
N.A.
al. (2011)
Ibaiiez—Mejia et
N.A.
al. (2011)
Tassinari et al.
N.A.
(1996)
Cordani et al.
N.A
(2016b)
Cordani et al.
N.A.
(2016b)
Cordani et al.
N.A.

(2016b)

Veras et al. (2018) N.A.
Veras et al. (2018) N.A.
Veras et al. (2018) N.A.
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Table 1. Compilation of published geochronologic data from the westernmost Guiana Shield using modern U-Pb methods (continued).

Sample name Latitude Longitude W Locality (if know) Rock type Mean * 2¢ Method Reference IGSN
Apaporis River, Vaupés Department, and vicinities

Santos et al.

MS-63 0°14°1332” N 66° 39’1746 Ia-Mirim River Monzogranite 1810+ 9 SHRIMP (2000) N.A.
. Cordani et al.
J-42 1°16’41.35" N 70° 6’ 38.09” Paragneiss DZ LA-ICP-MS NA.
(2016b)
. Cordani et al.
J-36 1°24°24.13” N 70° 35°28.37” Paragneiss DZ LA-ICP-MS 2016b) N.A.

Guainia Department and vicinities

Bt—Hnbd mon- Ibafiez—Mejia
10MIGU-27 3°13°58.02” N 68°12°12.54” . 1500 = 15 LA-ICP-MS IEURI0037
zogranite (2014)
~ . . Cordani et al.
PR-3141 3°52°32.1”N 67° 55’ 33.81” Caiio Cuauben Biotite gneiss 1501 £ 10 SHRIMP 2016b) NA.
Biotite monzo- Ibafiez—Mejia
10MIGU-23 3°45’3333”N  67°58°31.56” . 1504 =20 LA-ICP-MS IEURI0035
granite (2014)
. Cordani et al.
J-84 2°59°4.83” N 68°40°21.97” Raudal Morroco Monzogranite 1507 £22 SHRIMP 2016b) N.A.
Biotite sy- Ibafiez—Mejia
10MIGU-26 3°27°28.15” N 67°58°9.15” Cerros de Mavecure ; 1509 + 14 LA-ICP-MS IEURI0036
enogranite (2014)
r . Ibafiez-Mejia
10MIGU-33 3°51’48.8” N 67°55°8” Biotite granite 1516 £ 16 LA-ICP-MS 2014) IEURI0043
N . Cordani et al.
J-98 2°50°40.32” N 68°38°284” Caiio Nabuquen Monzogranite 1752 £21 LA-ICP-MS (2016b) N.A.
i Cordani et al.
J-159 2°20°1.19”N 68°27°24.15” Serranfa de Naquén Tonalite 1770 = 40 LA-ICP-MS (2016b) N.A.
Cafio Naquén, Guaini: Tonalitic or- Cordani et al.
1127 2°11°5296" N 68° 17°47.087 o noduem D tonatitic or 17753+77 SHRIMP orcant et a NA.
River thogneiss (2016b)
N . . Ibafiez—Mejia
10MIGU-30 3°47°02” N 67° 3872437 Cao Chaquita Bt-Hnbd granite 1795 + 15 LA-ICP-MS 014) TEURI0040
< . . . Ibafiez—Mejia
10MIGU-31 3°39°28.1”N 67°32°54.9” Cafio Chaquita Biotite granite 1795 + 18 LA-ICP-MS 2014) IEURI0041
. Bt-Hnbd or- Cordani et al.
J-199 2°20°3299”N  67°13°20.56” Negro River . 1796.1 +3.7 SHRIMP N.A.
thogneiss (2016b)
L . Ibafiez—Mejia
10MIGU-32 3°36°59.01” N 67°34°28.62” Biotite granite 1797 =17 LA-ICP-MS (2014) IEURI0042
Bt—Hnbd mon- Ibafiez—Mejia
10MIGU-29 4°1°4235”N 67°42°17.27” . 1806 + 17 LA-ICP-MS IEURI0039
zogranite (2014)
Biotite sy- Ibafiez—Mejia
10MIGU-28 3°48°16.3”N 67°50°2” ; 1810 + 16 LA-ICP-MS IEURI0038
enogranite (2014)
- . . Tassinari et al.
6580-6085 3°43°60” N 66° 40’0 Casiquiare River Tonalite 1834 + 18 SHRIMP (1996) N.A.
Cordani et al.
AH-1248 3°39°46.54” N 67°32°43.31” DZ LA-ICP-MS N.A.
(2016b)
Orinoco River, Vichada Department, and vicinities
. . Ibaiiez—Mejia
10MIGU-03 6°30°2499”"N  67°1°7.92” Rapakivi granite 1388 + 13 LA-ICP-MS (2014) IEURI0021
.. . Bonilla—Pérez et
COL-21 5°7 541" N 68° 6’4742 Rapakivi granite 1392 + 5 LA-ICP-MS N.A.
al. (2013)
. i Bonilla—Pérez et
COL-16 5°29°4993”N  67°40°28.19” Rapakivi granite 1401 £ 4 LA-ICP-MS 1.2013) N.A.
al.
. . Ibailez—Mejia
10MIGU-06 6°22°827”N 67°6°41.07” Rapakivi granite 1401 + 14 LA-ICP-MS (2014) IEURI0023
.. . Ibafiez-Mejia
10MIGU-05 6°10°2321”N  67°23°0.59” Rapakivi granite 1402 + 13 LA-ICP-MS (2014) IEURI0022
. . Ibafiez—Mejia
10MIGU-01 5°14° 1505 N  67°47°48.89” Rapakivi granite 1405 + 12 LA-ICP-MS IEURIO019

(2014)
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Table 1. Compilation of published geochronologic data from the westernmost Guiana Shield using modern U-Pb methods (continued).

Rock type Mean * 2¢ Method Reference IGSN

Orinoco River, Vichada Department, and vicinities

Sample name Latitude Longitude W Locality (if know)
10MIGU-02 5°21’37”N 67°41°3341”
10MIGU-11 6°56°2243” N 66°31°6.01”
10MIGU-10 6°51°3247” N 66°36°19.34”
10MIGU-12 7°5°37.63”N 66°29°49.1”

Ibafiez—Mejia

Rapakivi granite 1408 + 14 LA-ICP-MS 014) TIEURI0020
L . Ibaiiez—Mejia
Biotite granite 1424 £ 21 LA-ICP-MS IEURI0025
(2014)
Biotite leu- Ibafiez—Mejiz
ottte feu 1984+18  LA-ICP-MS anez=Ve  IEURI0024
cogranite (2014)
Biotite monzo- Ibafiez—Mejia
. 1989 + 21 LA-ICP-MS IEURI0026
granite (2014)

foliated biotite orthogneisses exposed in the Cafién del Diablo
gorge and near Sumaeta and Marifiame islands (Figure 4d);
(iii) coarsely porphyritic and undeformed syenogranites, best
exposed near Yari island and the Yari River junction (Figure
4e, 4f); (iv) a younger and less deformed metasedimentary
sequence that uncomformably overlies the gneissic/granitic
basement, known as the La Culebra unit —not extensively ex-
posed in map area of Figure 2—, and whose low—grade meta-
morphism distinguishes from the Paleozoic sedimentites of
the Araracuara Formation. The first two units (i.e., paragneiss-
es and orthogneisses) have been collectively mapped as the
‘Araracuara Gneiss’ unit (Figure 2). All igneous/metaigneous
units are pervasively intruded by granitic dikes and sills, many
of which have coarsely pegmatitic textures (e.g., Figure 4g),
and a later generation of dikes and sills of doleritic composi-
tion (e.g., Figure 4h).

Samples from this uplift have been dated using zircon U-
Pb geochronology by Cordani et al. (2016b), Ibafiez—Mejia
(2014), and Ibafiez—Mejia et al. (2011), who have analyzed
the (meta)granitoids outcropping along the Yari River (sam-
ple PR-3215), the Caquetd River near the Sumaeta (J-263 and
11MIAr-22), and Yari (11MIAr-18) islands, as well as samples
taken along the Caquetd River closer to the town of Araracuara,
collected from ortho— (EP-2 and 11MIAr—07) and paragneisses
(11MIAr-02, -06, and —08) of the Araracuara Gneiss unit in
the Cafién del Diablo gorge. These studies have found the or-
thogneisses in the region to yield exclusively Paleoproterozoic
(ca. 1.72 to 1.76 Ga) ages for the igneous crystallization of their
protoliths, while paragneisses yield unimodal detrital zircon age
distributions with maximum depositional ages of around 1.73
Ga. Ibafiez—Mejia (2014) interpreted the Araracuara Gneiss as
reflecting: (i) A metamorphosed volcano—sedimentary sequence
whose protoliths formed in a forearc basin associated with a
Paleoproterozoic arc; and (ii) that these basins were rapidly
buried, intruded by granitoid magmas and metamorphosed
at an age that must be younger (but indistinguishable within
LA-ICP-MS U-Pb age uncertainty) relative to their timing
of sedimentation. No ages of metamorphism from zircon re-
crystallization fronts or overgrowths have yet been determined

from the Araracuara Gneiss. Some of the porphyritic and un-
metamorphosed syenogranites in the area, however, yield ca.
1.54 Ga U-Pb crystallization ages, which constrain the regional
metamorphism that affected the Araracuara Gneiss to be older
than this event.

A sample from a doleritic dike intruding the Araracuara
Gneiss (11MIAr-16) dated by Ibafiez—Mejia (2014) produced
an Albian age of 102.5 + 2.3 Ma, which indicates that mid Cre-
taceous magmatism has affected the continental interior of Co-
lombia as far inland as Araracuara. The Cretaceous age of this
dike was confirmed by Sm—Nd whole—rock isotopic analyses
of the same sample, whose highly radiogenic initial '*Nd/'*Nd
precludes derivation from the Proterozoic mantle.

Locations of all samples that have been studied from the
Araracuara High are shown in Figure 3 and their coordinates
listed in Table 1. Only two granitic samples collected along
the Caquetd River E of Araracuara have been analyzed for Lu—
Hf isotopes in zircons following U-Pb dating, and only three
Sm—Nd isotopic results from whole—rock aliquots are thus far
available (Table 2).

2.2, Geology of Guainia and Vichada Near the
Colombia-Venezuela Border

The most extensive outcrops of Precambrian basement in Co-
lombia are located in the eastern and southeastern portions
of the Vichada and Guainia Departments (Figure 2), along
the Orinoco, Guaviare, Inirida, Atabapo, Guainia, and Negro
River basins (Gémez et al., 2017). Samples dated by U-Pb
methods in this region, from the studies of Bonilla—Pérez et
al. (2013), Cordani et al. (2016b), and Ibafiez—Mejia (2014)
are mainly from outcrops located around the Orinoco, Inirida,
and Atabapo Rivers. From oldest to youngest, the basement
in this area is comprised by: (i) Volcanic and intrusive rocks
of the Cuchivero magmatic belt (Gibbs, 1987; Teixeira et al.,
2002), with crystallization ages ca. 1.99 Ga and thus presum-
ably belonging to a broader magmatic event in the Guiana
Shield known as the Orocaima event (Reis et al., 2000), which
in NW Venezuela is dominantly comprised by coarse— and
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Table 2. Compilation of published Sm-Nd, Lu-Hf, and O isotopic data from the westernmost Guiana Shield.

Sample name "Nd/'"“Nd £2SE | &Nd +2SE U-Pbcryst.age 2-stageT  (Ga) Reference IGSN
g;‘;z'r’;‘?l’o Basin basement 0.510638 + 8 +1.50+0.16 1606 Ma 201 Ibafiez—Mejia et al. (2015) IEURIO012
?1’ ;;?;‘:f]’ Z basement high 0512722 « 14 +4.14£028 103 Ma 0.52 Ibafiez—Mejia (2014) [EURI0048
1IMIAr-22 0.510500 + 24 +1.60£047 1716 Ma 2.09 Ibafiez—Mejia (2014) IEURI0050
EP-2 0.510418 +0.12 1721 Ma 224 Cordani et al. (2016b) NA.

Apaporis River, Vaupés Department, and vicinities
AH-1231 0.510639 ~0.91 1510 Ma 2.17 Cordani et al. (2016b) NA.
AH-1213A 0.510382 -0.20 1736 Ma 228 Cordani et al. (2016b) NA.
PR-3001 0.510388 +0.76 1769 Ma 222 Cordani et al. (2016b) NA.
HB-667 0.510329 -0.15 1779 Ma 231 Cordani et al. (2016b) NA.
Guainia Department and vicinities

PR-3141 0.510489 —4.08 1501 Ma 248 Cordani et al. (2016b) NA.

J-84 0.510533 -3.07 1507 Ma 238 Cordani et al. (2016b) NA.

1-98 0.510331 -0.79 1752 Ma 236 Cordani et al. (2016b) NA.

J-159 0.510368 +0.41 1770 Ma 225 Cordani et al. (2016b) NA.

J-127 0.510326 ~0.30 1775 Ma 233 Cordani et al. (2016b) NA.

1-199 0.510301 —025 1796 Ma 234 Cordani et al. (2016b) NA.

Sample name VSH/HE £ 28D eHf £2SD  U-Pb cryst. age 030 = 2SD (%o) Reference IGSN

ﬁ‘;zgzi 02 ﬁ‘;{:ﬂiﬂsemem 0281974 + 42 (n=18) +7.6+15 1602 Ma 543+023 (n=22)  Ibafiez-Mejia etal. (2015) IEURI0O014
Payara~1 0281796 £70 (n=11) +08+2.5 1606 Ma ca.9.01t09.4 Ibafiez—Mejia et al. (2015)  IEURI0012
Araracuara basement high — )¢ 003 46 n=6) 01415 1539 Ma NA. Ibafiez—Mejia (2014) IEURI0049
1IMIAr-18

1IMIAr-22 0281738 £59 (n=11) +1.7+20 1716 Ma NA. Ibafiez-Mejia (2014) IEURI0050

Guainia Department and vicinities
10MIGU-27 0281686 £76 (n=16) -5.1+2.7 1500 Ma 8.95+0.60 (n=16)  Ibafiez—Mejia (2014) IEURI0037
10MIGU-23 0281696 £37 (n=16) —4.7+13 1504 Ma 8412067 (n=14)  Ibafiez-Mejia (2014) IEURIO035
10MIGU-26 0281667 +54 (n=15) -56+19 1509 Ma 929+0.50 (n=16)  Ibafiez-Mejia (2014) IEURI0036
10MIGU-33 0281702 £40 (n=16) —42x14 1516 Ma 827+039 (n=12)  Ibafiez-Mejia (2014) IEURI0043
10MIGU-30 0281634 +54 (n=15) —02+19 1795 Ma 837+059 (n=18) Ibafiez—Mejia (2014) IEURI0040
10MIGU-31 0281658 £58 (n=15) +0.6 2.1 1795 Ma 709+031 (n=13)  Ibaficz-Mejia (2014) IEURIO041
10MIGU-32 0281614 £50 (n=15) —09+138 1797 Ma 763+053(n=17)  Ibafiez-Mejia (2014) IEURI0042
10MIGU-29 0281637 £84 (n=17) +02+3.0 1806 Ma 852+037 (n=12)  Ibafiez—Mejia (2014) IEURI0039
10MIGU-28 0281633 £68 (n=16) +0.1 +2.4 1810 Ma 769+029 (n=13)  Ibafiez-Mejia (2014) IEURI0038
Orinoco River, Vichada Department, and vicinities

10MIGU-03 0281814 £50 (n=15) -32x18 1388 Ma 623+030 (n=12)  Ibafiez-Mejia (2014) IEURI0021
10MIGU-06 0281776 £50 (n=15) —42+18 1401 Ma 650+037 (n=12)  Ibafiez-Mejia (2014) IEURI0023
10MIGU-05 0281782 £57 (n=16) —4.0%20 1402 Ma 636+026(n=7)  Ibaficz-Mejia (2014) IEURI0022
10MIGU-01 0281784 £84 (n=18) -3.8+3.0 1405 Ma 632028 (n=11)  Ibafiez-Mejia (2014) IEURI0O019
10MIGU-02 0281771 £77 (n=7)  —42x28 1408 Ma 569+055@m=7)  Ibafiez-Mejia (2014) IEURI0020
10MIGU-11 0281800 £72 (n=16) —2.8+2.6 1424 Ma 526+0.13(n=10)  Ibafiez-Mejia (2014) [EURI0025
10MIGU-10 0281555 +51 (n=13) +l14+18 1984 Ma 489+037 (n=12)  Ibafiez—Mejia (2014) IEURI0024
10MIGU-12 0281540 86 (n=15) +0.9 +3.1 1989 Ma 473+039 (n=13)  Ibafiez—Mejia (2014) IEURI0026
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Figure 3. Topographic (a) and geologic (b) map of the Araracuara region, showing the location of samples collected and analyzed by
Cordani et al. (2016b), Ibanez-Mejia (2014), and Ibafez-Mejia et al. (2011). (Is.) Island.

fine—grained biotite granitoids (e.g., Figure 5a, 5b); (ii) in-
termediate and granitic orthogneisses which are widespread
along the Atabapo and Ventuari Rivers (e.g., Figure 5¢) and
yield igneous crystallization ages ca. 1.8 Ga like those of
the Cauaburi Complex and Taiuacu—Cauera diatexite in NW
Brasil (Almeida et al., 2013; Veras et al., 2018). In addition
to their penetrative gneissic fabric, these orthogneisses show
local evidences of intense mylonitic deformation (Figure 5d);
(iii) coarsely porphyritic intrusives like those that make up the
“Cerros de Mavecure” inselbergs (Figure Se, 5f) which yield
U-Pb crystallization ages ca. 1.5 Ga. These intrusives can
locally contain abundant metasedimentary enclaves (Figure
5g), exhibit primary magmatic fabrics denoted by alignment
of orthoclase phenocrysts (Figure 5h), or have more massive,
equigranular textures (Figure 51, 5j); (iv) the Parguaza intru-
sive complex, which is mostly comprised by granitoids with

rapakivi textures that yield U-Pb crystallization ages ca. 1.4
Ga. Outcrops of the Parguaza complex are common along the
Orinoco River in Colombia and Venezuela (Figure 5k), but
are best exposed in large inselbergs to the E and NE of Puerto
Ayacucho (Figure 51). Most outcrops of this unit are charac-
terized by granitoids with fine— to coarse—grained rapakivi
textures (e.g., Figure Sm, 5n).

In addition to the crystallization ages described above,
Cordani et al. (2016b) obtained whole-rock Sm—-Nd isoto-
pic data from six of their dated samples, and Ibafiez—Mejia
(2014) obtained Lu—Hf and 6"0,,_ isotopic results for 17
samples from this region (Table 2). These isotopic datasets, in
combination with the U-Pb dates, allow to better understand
the sources of these magmas and make inferences about the
processes involved in their generation and possible tectonic
setting.
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Figure 4. Field photographs of outcrops in the Araracuara basement high. (a) Caqueta river exiting through the eastern end of the
Canodn del Diablo gorge, near locality 11MIAr-12 of Figure 3b; Proterozoic metasedimentary rocks of the Araracuara Gneiss appear in
the foreground and Paleozoic sedimentary rocks of the Araracuara Formation in the background. (b) The ‘Great Unconformity’ of the
Colombian Amazon: Paleozoic rocks of the Araracuara Formation overlie metasedimentary basement of the Araracuara Gneiss in the
western end of the Cafidn del Diablo gorge, near Puerto Arturo, Caqueta (locality 11MIAr-01 of Figure 3b). (c) Detail of layered biotite-rich
and biotite-poor quartz-plagioclase metasedimentary gneisses of the Araracuara Gneiss unit, injected by coarse-grained quartz veins;
sampling location 11MIAr-08, dip direction of foliation plane is 170/28. (d) Outcrop of foliated biotite monzogranite along the shoreline
of the Caqueta River, near Sumaeta island in sampling locality 11MIAr-22 of Figure 3b. (e) Outcrop of coarsely porphyritic biotite monzo-
granite along the shoreline of the Caqueta River, near the junction of the Yari River (sampling locality 11MIAr-18). (f) Detail of coarsely
porphyritic biotite monzogranite in sampling locality 11MIAr-18, preserving primary magmatic fabric. (g) Pegmatitic dikes cross—cutting
metasedimentary gneisses of the Araracuara Gneiss, near locality 11MIAr-12 of Figure 3b. (h) Cretaceous dolerite dike intruding metased-
imentary rocks of the Araracuara Gneiss; sampling locality 11MIAr—16.

3. Discussion

3.1. It Is Time to Part with the Concept of a
‘Mita Migmatitic Complex’

The term “Mitd Migmatitic Complex” (MMC) was proposed
by Galvis et al. (1979) to group all Proterozoic rocks in eastern
Colombia stratigraphically underlying the so—called La Pedre-
ra Formation. The original definition of the MMC included
“metapsamites and metapelites, mafic and quartzofeldspathic
metaigneous, blastomylonites, and migmatitic granitoid rocks
belonging to the Guiana Shield”. This definition might have
been adequate in the late seventies, when exploratory mapping
in the area was just starting to be performed, geochronologic
information was unavailable, and modern concepts of conti-
nental construction by tectonic processes were arguably still
in their infancy. However, this nomenclature results inaccurate
and unpractical now, mainly because: (i) Evidently not all Pre-
cambrian rocks exposed in eastern Colombia and encompassed
within this denomination are ‘migmatitic’ in nature (Figures 4,
5); and (ii) the growing geochronologic and isotopic database
for the basement of eastern Colombia has started to shed light
into the diversity of magmatic crystallization ages and possible
orogenic events found in this geographically extensive region
(see following sections).

Although still limited, the data compiled here allows dis-
tinct age and isotopic basement domains to be recognized and
major tectonic boundaries to be sketched. Therefore, under the
light of the currently available data, and with the prospect of
much new geochronologic research to come, we consider the
term Mitd Migmatitic Complex to be now obsolete and urge the
geological community to abandon its usage, other than for his-
toric purposes. Although it is not the objective of this chapter to
propose new stratigraphic nomenclature, we believe future re-
search efforts should be aimed at adopting a more accurate and
flexible one, in line with modern geochronologic and petrologic
research in the area. Using modern geochronologic and geo-
chemical methods, it is anticipated that even individual arc se-
quences in this region can be identified and mapped with some
detail in the future (e.g., Carneiro et al., 2017). The following

sections will describe the main trends that stand out from the
available geochronologic and isotopic data, and highlight recent
efforts made towards adopting a modern tectonostratigraphic
scheme for the basement of eastern Colombia.

3.2. Distribution of Proterozoic U-Pb
Zircon Crystallization Ages in the Western
Guiana Shield

The zircon U-Pb geochronologic database of eastern Colombia
and adjoining regions in Venezuela and Brasil now consists of
57 published samples dated using modern methods (ID-TIMS,
SHRIMP, and/or LA-ICP-MS; see Table 1 for a summary).
Results from 46 of these samples interpreted as igneous crys-
tallization ages of magmatic rocks, migmatitic leucosomes, or
igneous protoliths of orthogneisses, are shown as a rank—or-
der plot in Figure 6 and grouped by broad geographic regions.
From southwest to northeast, the geographic areas used for
grouping of ages are as follows: (i) Buried basement of the
Putumayo Basin, which for the purposes of this chapter only
includes Paleoproterozoic and early to mid—Mesoproterozoic
protolith crystallization ages of orthogneisses in this region but
excludes younger Proterozoic ages associated to the Putumayo
orogenic cycle (discussed in Ibafiez—Mejia, 2020); (ii) exposed
basement of the Araracuara High, which includes all basement
exposures along the Caquetd and Yari Rivers; (iii) exposed
basement outcrops along the Apaporis River, the Vaupés River,
and elsewhere in the Vaupés Department and surrounding re-
gions in Brasil (labeled ‘Vaupés’, for simplicity); (iv) exposed
basement along the Inirida and Atabapo Rivers, elsewhere in
the Guainia Department and neighboring areas in Venezuela
(labeled ‘Guainia’); and (v) exposed basement along the Ori-
noco River, the Vichada Department, and neighboring areas in
Venezuela (labeled ‘Orinoco’).

In general, the current U-Pb geochronologic database indi-
cates that igneous rocks from the Precambrian basement of the
westernmost Guiana Shield predominantly crystallized during
the Paleo— and Mesoproterozoic, between ca. 1.99 and 1.38 Ga.
The oldest rock that has been dated within Colombian territory
to this date is a fine—grained pink syenogranite exposed at ‘Ce-
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rro Vitina’ in Guainia, with a U-Pb crystallization age of 1810 +
16 Ma (sample 10MIGU-28 in Table 1), although the potential
for Cuchivero-like (ca. 2.0 Ga) igneous rocks to be present in
the Vichada Department, or older rocks elsewhere, still remains
to be explored in more detail.

The geochronologic dataset summarized in Figure 6 defines
at least four broad age clusters, which are representative of ma-
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jor magmatic episodes that have shaped the westernmost Gui-
ana Shield; these are: (i) Ages around 1.99 Ga, obtained from
felsic igneous rocks of the Cuchivero magmatic belt and likely
belonging to the Orocaima event; (ii) a broad group of mid Pa-
leoproterozoic ages, ranging from 1.84 to 1.72 Ga and mostly
representative of igneous (protolith) crystallization ages from
weakly— to strongly—foliated orthogneisses; (iii) a broad group
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Figure 5. Field photographs of outcrops in the Guainia and Vichada Departments (and vicinities), mostly taken from outcrops along the
Inirida, Atabapo, and Orinoco Rivers. (a) Coarse-grained, foliated biotite monzogranites of the Cuchivero Belt in Venezuela; sampling
locality 10MIGU-14 (not shown in Figure 2). (b) Very fine—grained biotite leucogranites of the Cuchivero Belt in Venezuela; sampling
locality 10MIGU-10. (c) Detail of ca. 1.8 Ga biotite orthogneisses from the Cafio Chaquita creek tributary of the Atabapo River, defining
a metamorphic foliation striking ca. 40° (azimuth); sampling location 10MIGU-31. (d) Meter-scale S-C mylonite cross—cutting the meta-
morphic foliation of 1.8 Ga orthogneisses; Cafio Chaquita creek, near sampling location 10MIGU-31. (e) ‘Cerros de Mavecure’ inselbergs
along the Inirida River. (f) Strongly porphyritic biotite syenogranite from the base of Cerros de Mavecure; sampling location 10MIGU-26.
(g) Partially resorbed metasedimentary enclave in high &0, 1.5 Ga porphyritic syenogranites of the Inirida River, near Cerros de Ma-
vecure. (h) Porphyritic biotite syenogranites from the raudal Qualé, defining a magmatic orientation fabric striking ca. 140° (azimuth);
sampling location 10MIGU-27. (i) Massive biotite granites from the ‘Laja los Libertadores’, near Puerto Inirida, intruded by leucocratic
granite dikes; sampling location 10MIGU-33. Geologist Zeze AMAYA for scale. (j) Detail of biotite granites of the ‘Laja los Libertadores),
crosscut by discrete shear zones forming centimeter—scale cataclasites. (k) Exposures of the Parguaza Complex along the Orinoco River
near Samariapo. Left (east) margin of the river is Venezuelan territory and right (west) margin is Colombian; photo near sampling locality
10MIGU-01. (1) Inselbergs of the Parguaza Complex NE of Puerto Ayacucho, Venezuela; sampling locality 10MIGU-06. (m) Medium-grained
rapakivi granites of the Parguaza Complex; sampling locality 10MIGU-06. (n) Coarse-grained rapakivi granites of the Parguaza Complex;
sampling locality 10MIGU-03.
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Figure 6. Rank-order plot, organized by geographic region, of the U-Pb geochronologic database available for the westernmost Guiana
Shield. (Pu) includes orthogneiss protolith crystallization ages from the basement of the Putumayo Foreland Basin; (Araracuara) includes
all samples dated from the Araracuara basement high; (Vaupés) includes all samples dated from the Apaporis River, Vaupés Department,
and neighboring regions in Brasil; (Guainia) includes all samples dated from the Inirida and Atabapo Rivers, the Guainia Department, and
neighboring regions in Venezuela; (Orinoco) includes all samples dated from the Orinoco River, the Vichada Department, and neighboring
regions in Venezuela. (CG) Cuchivero Granites; (AB) Atabapo Belt; (VB) Vaupés Belt; (PM) Parguaza Massif, are after Cordani et al. (2016b).
(CO) Cauaburi Orogeny; (Q0) Querari Orogeny; (10) Igana Orogeny, are after Almeida et al. (2013).

of early Mesoproterozoic ages, ranging from 1.59 to 1.50 Ga
and mostly representing crystallization ages of porphyritic and/
or unmetamorphosed granitoids; and (iv) mid Mesoproterozoic
ages defining a tight cluster from 1.42 to 1.39 Ga, associated with
the emplacement of the rapakivi granite of the Parguaza Massif.

The U-Pb data as compiled here and shown in Figure 6
confirms that widespread magmatic events coeval with what
Cordani et al. (2016b) called the ‘Atabapo’ and ‘Vaupés’ Belts,
with ages around 1.8 and 1.5 Ga, respectively, are indeed of
great importance throughout the region. In NW Brasil, crys-
tallization ages between ca. 1.81 and 1.75 Ga have been de-
scribed for the Cumati, Cauaburi, and Querari Complexes and

the Tainagu—Cauera diatexite; these dates have been interpreted
to define the Cauaburi and Querari Orogenies (Figure 6; Almei-
da et al., 2013; Veras et al., 2018), whereas the younger ca.
1.5 Ga intrusives have been associated with the Igana Orogeny
(Almeida et al., 2013). These orogenic events proposed in Bra-
zilian territory have been inferred as having taken place within
a series of accretionary orogens, characterized by arc—related
magmatism and soft collision events along the western margin
of the proto—Amazonian Craton (Almeida et al., 2013).
Similarly to the tectonic history proposed for the Cauaburi,
Querari, and I¢ana Orogenies, Cordani et al. (2016b) proposed
that the Atabapo and Vaupés Belts in eastern Colombia also
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reflect the successive construction of accretionary belts young-
ing from northeast to southwest, stacked against proto—Ama-
zonia during a long—lived convergent margin characterized by
subduction—related magmatism and tectonism. What remains
unclear, however, is whether these regional magmatic episodes
are indeed representative of distinct crust—forming events that
affected two separate geographic regions (i.e., a dominantly ca.
1.8 Ga accretionary belt in Guainia and a ca. 1.55 Ga one in
Vaupés and Caquetd), or if the entire region consists essentially
of Paleoproterozoic basement that was later affected by Meso-
proterozoic post—tectonic or anorogenic magmatism (as pre-
viously suggested by Celada et al., 2006, and Kroonenberg &
Reeves, 2011). Because the current isotopic and geochronologic
database cannot unequivocally discard either of these two inter-
pretations (see section 3.3), throughout the rest of this chapter
we will consider both hypotheses as plausible and indicate that
these should be the focus of continued research.

The U-Pb geochronologic data of Figure 6 shows that Pa-
leo— and Mesoproterozoic magmatic events are not systemati-
cally clustered by geographic region as a function of their age,
but rather that Paleoproterozoic basement rocks, which are typ-
ically found in the field as strongly foliated orthogneisses, are
intruded throughout all eastern Colombia by Mesoproterozoic
plutons. These younger ca. 1.59 to 1.38 Ga intrusives are typi-
cally less (ductilely) deformed or undeformed, and commonly
exhibit strongly porphyritic (Figures 4f, 5f), rapakivi (Figure
5Sm, 5n), or fine—grained subvolcanic textures, with or with-
out preservation of primary magmatic fabrics (e.g., Figure 4g,
4h). Thus, while it is clear that the Paleoproterozoic basement
has been strongly deformed at mid— to high—temperatures and
under high—strain conditions, it is not yet clear, but unlikely,
that the Mesoproterozoic plutons have experienced a similar
high—temperature deformation history.

Recently, Cordani et al. (2016b) interpreted the ca. 1.75
Ga orthogneisses in the Araracuara High as Paleoproterozoic
inliers included within a Mesoproterozoic orogen. However,
considering the more complete U-Pb database of Figure 6, an
alternative interpretation of these data and the field observa-
tions is that the relatively undeformed ca. 1.55 Ga granitoids
in Araracuara may represent post—tectonic intrusives emplaced
within an older (orogenic) Paleoproterozoic basement. It is also
tempting to interpret from Figure 6 that, while the ages of Pa-
leoproterozoic magmatism become progressively younger from
NE (Orinoco) to SW (Araracuara and Putumayo), thus possibly
indicating the direction of arc migration throughout this peri-
od, the ages of Mesoproterozoic magmatism appear to young
in the opposite direction. This migration of Mesoproterozoic
magmatism towards the cratonic interior so far inland is unlike
a trend that could be generated by arc-related processes, and
could instead be the result of post—tectonic or anorogenic mag-
matic centers developing throughout the area during this time
period. We note, however, that these two alternatives are diffi-
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cult to disentangle using the currently available geochronologic
data alone, so future research efforts aimed at testing these two
hypotheses for the origin of the ‘Atabapo’ and ‘Vaupés’ mag-
matism will prove key for better understanding the geological
evolution of eastern Colombia.

3.3. Zircon Lu-Hf and Whole-Rock Sm-Nd
Constraints on Crustal Evolution

Whole—-rock Sm—Nd isotopic measurements have been reported
and compiled by Cordani et al. (2016b) and Lu—Hf isotopic
compositions of zircon reported by Ibafiez—Mejia (2014) and
Ibafiez—Mejia et al. (2015). A summary of all available results
for both isotopic systems is presented in Table 2. In addition,
0"80 isotopic compositions of zircons also analyzed by U-Pb
and Lu—Hf were reported for the samples studied by Ibafiez—
Mejia (2014) and Ibafiez—Mejia et al. (2015), and are also sum-
marized in Table 2.

Figure 7a summarizes the available Lu—Hf isotopic data
available for the area, shown as mean initial "®Hf/'”’Hf com-
positions as a function of U-Pb crystallization age. In isotope—
ratio vs. age space, epsilon Hf compositions (thin dashed lines)
as a function of age can simply be plotted as deviations from
the time—dependent chondritic reference value (thick blue line),
such that both isotope—ratio and e¢Hf values can be presented
in the same diagram. This type of plot has the benefit of re-
taining the slope of trends in ""Hf/"""Hf vs. time, which can
be readily associated to apparent '"Lu/'"’Hf compositions of
the source and/or used to easily identify the effects of zircon
Pb-loss in zircon Hf data (see discussion in Ibafiez—Mejia et
al., 2015). Superimposed to this plot are also iso-T, contours
(red thin lines) for various apparent depleted mantle ‘extraction
ages’ (or mean crustal residence times), calculated here using
the '7Lu/'7Hf isotopic composition of bulk global subducted
sediments (GLOOS; Plank & Langmuir, 1998) as an average
composition of the bulk exposed continental crust. The Lu/Hf
composition of GLOOS has an intermediate value between the
bulk and lower continental crust values of Hawkesworth et al.
(2010), and thus provides a good approximation of average—
crust and is possibly more representative. The Mud Tank (MT)
and R33 bars shown in the bottom left corner of Figure 7a re-
flect the external reproducibility (at 2 SD) of the "*Hf/'""Hf
measurements for low-rare—earth element (REE) and high—
REE zircon, respectively (see Ibafiez—Mejia et al., 2015 for
more details) and provide a good estimate for uncertainty of
mean values reported for samples.

Most of the existing zircon Lu-Hf data yield mean ini-
tial "Hf/"’"Hf compositions at time of crystallization with
equivalent eHf, < +2 (Figure 7a). The only exception to this
generalization are zircon cores from the igneous protolith of or-
tho—amphibolites retrieved from the basement of the Mandur—2
well in the Putumayo basin, which have a mean ¢Hf,  value
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Figure 7. Summary of all available Lu-Hf and Sm-Nd isotopic data for the basement of the western Guiana Shield, corrected for radio-
genic ingrowth since time of igneous crystallization. (a) Initial "*Hf/"’Hf values vs. age diagram. Chondritic reference (CHUR) composi-
tion is after Bouvier et al. (2008); depleted mantle (DM) model curve is after Vervoort et al. (2017). Apparent iso-T,,, (depleted mantle
average crustal residence ages) reference lines calculated using a ‘GLOOS-like Lu/Hf composition (75Lu/"7Hf = 0.0142; after Plank &
Langmuir, 1998) are also shown. Gray dashed line above and below CHUR reflect positive and negative eHf deviations from a chondritic
composition, respectively, plotted at +/- 2 € intervals. 60, values (in %o, relative to VSMOW) are also shown graphically, coded using a
green-to-orange gradient (see Table 2 for actual values). (b) Initial “*Nd/*“Nd values vs. age diagram. Chondritic reference (CHUR) com-
position is after Bouvier et al. (2008); DM model curve is after DePaolo et al. (1991). Apparent iso-T,,, (depleted mantle average crustal
residence ages) reference lines calculated using a ‘GLOOS'-like Sm/Nd composition (“/Sm/*“Nd = 0.1349; after Plank & Langmuir, 1998)
are also shown. Gray dashed line above and below CHUR reflect positive and negative eNd deviations from a chondritic composition,
respectively, plotted at 2 € intervals. (c) Distribution of apparent depleted mantle Nd average crustal residence (Nd-T,,,) values for all
samples analyzed from the western Guiana Shield, calculated using a 1-stage model (upper panel) and a 2-stage model (lower panel).
For the 2-stage model, the second stage was calculated using a GLOOS-like Sm/Nd composition for consistency with panel B. Grey his-
togram reflects the distribution of data using a bin width of 50 my. Blue curve is a Gaussian Kernel Density Distribution (KDE) curve for
all data, calculated using DensityDist (Pullen et al., 2014) and an optimized bandwidth of 70 my. See main text for details and discussion.
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of +7.6 and mantle-like 'O, of 5.43 + 0.23 %o. Thus, the
igneous protolith of the Mandur—2 ortho—amphibolites unam-
biguously reflect addition of highly radiogenic juvenile material
to the Guiana Shield at the end of the Paleoproterozoic; how-
ever, all other samples analyzed thus far yield more ambiguous
results, reflecting either heterogeneity of mantle sources or ev-
idencing significant contamination with older crustal material
at their time of igneous crystallization. The most unradiogenic
(i.e., lowest "SHf/"""Hf) intrusives yet analyzed are those ex-
posed in the Guainia, Vichada, and Orinoco River areas (circles
in Figure 7a), indicating that this region is likely underlain by
the oldest continental basement. Apparent mean crustal resi-
dence (Hf-T ) values estimated for the Guainia, Vichada, and
Orinoco River intrusives range from ca. 2.40 to 2.15 Ga, and
exhibit no systematic dependence between mean 8'*O,, and
apparent Hf-T as would be caused by contamination with
subducted sediments. The Hf isotopic compositions of two
intrusive samples from the Araracuara area are slightly more
radiogenic, but still indicative of crustal reworking, yielding
eHf, values between 0 and +2 at their time of crystallization
and apparent Hf-T | values ca. 2.1 Ga. The latest Paleopro-
terozoic (Statherian) basement of the Putumayo Basin displays
a more contrasting nature, with one sample clearly indicating
older Paleoproterozoic crustal reworking (Payara—1 basement
well; eHf = 0.8, 61802m = 9.2), and one sample that reflects ad-
dition of unambiguous juvenile material at time of crystalliza-
tion (Mandur—2 basement well; eHf = +7.6, "0, =5.43 %o).

Although far less common, Sm—Nd whole—rock isotopic
data can also be displayed in isotope—ratio vs. age space, where
epsilon values can be displayed as positive and negative devia-
tions around the chondritic uniform reservoir (CHUR) compo-
sition and iso-T,,, contours graphed for any given '’Sm/'*Nd
value (e.g., Ibafiez—Mejia et al., 2015). Here, we have plotted
the Nd isotopic data in the same manner as the Lu—Hf results
for ease of comparison. For the Nd isotopic data in Figure 7b,
we have only plotted those samples for which well-determined
U-Pb zircon crystallization ages are available from the same
material, whereas apparent Nd-T, histograms (see further
discussion below) used all the available Nd isotopic data. Ap-
parent iso-T_ contours for the Nd isotopic data have also been
graphed in Figure 6b using the mean '¥’Sm/'*Nd isotopic com-
position of GLOOS (Plank & Langmuir, 1998) as an average
of bulk exposed continental crust and to maintain consistency
with the interpretations of the Lu—Hf data. The Sm—Nd isoto-
pic results also indicate that the Guainfa and Orinoco region
samples have the most unradiogenic (lowest '*Nd/'*Nd) initial
compositions, which again suggests this area to be underlain by
the oldest continental basement; apparent Nd-T values for
these samples range from ca. 2.25 to 2.50 Ga. Results from the
Apaporis—Vaupés as well as the Araracuara regions further SW
are again slightly more radiogenic than the Orinoco—Guainia
samples on average, but still reflective of older crustal rework-
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ing. Apparent Nd-T_ values for the Apaporis, Vaupés, and Ar-
aracuara samples are in the range from ca. 2.10 to 2.28 Ga. For
the Putumayo Basin basement, Nd results from the Payara—1
well are also in line with the Hf results discussed above, as they
indicate a Nd-T,, value near 2.01 Ga and thus also highlight
the presence of Paleoproterozoic basement in this region.

Another way to illustrate the Nd isotopic data is by calcu-
lating the apparent Nd-T  values (using 1- or 2—stage calcu-
lations) of samples with known 'Sm/'*Nd and '*Nd/'*Nd,
even if U-Pb crystallization ages for the same material are not
available. This comparison is shown in Figure 7c, where 1-
stage Nd-T, values are calculated by extrapolating the sam-
ples’ isotopic composition up to the depleted mantle (DM)
curve using their known '’Sm/'*Nd , and 2-stage values are
calculated by using the samples’ '*’Sm/'*Nd, value only up to
their known (or an inferred) crystallization age, and a second
stage following an empirically determined Y’Sm/'*Nd slope
(DePaolo et al., 1991). In both cases, the DM curve assumed for
these calculations used the parameters of DePaolo et al. (1991),
while the 2—stage model assumed a GLOOS-like 'YSm/'*Nd
composition for the second stage to keep results consistent
with those shown in Figure 7b. Once a discrete distribution of
apparent Nd-T_  values is calculated using both approaches
(frequency histograms in Figure 7¢), a continuous probabili-
ty curve can be approximated using a kernel density estimate
(KDE) such that no assumptions need to be made about the
uncertainty of each individual Nd-T, determination; using this
approach, the ‘smoothing’ Kernel bandwidth is only a function
of the local density of data. The KDE curves shown in Figure
7c (blue curves) were calculated using the DensityDist code of
Pullen et al. (2014), which incorporates optimal bandwidth es-
timations based on the local density of points in the distribution
using the algorithms of Botev et al. (2010). Using the 1-stage
Nd-T,, approach, KDE calculations show a maximum located
at ca. 2.2 Ga, whereas 2—stage calculations display a maximum
centered at ca. 2.3 Ga. By combining all available Nd isotopic
data, these results indicate what the most likely value of mean
residence age is for the crustal material exposed in the region.
Considering the likelihood of Sm/Nd partitioning during older
crustal reworking, the 2—stage calculations are considered to
more closely approximate the time of mean crustal residence.
Thus, the Nd data indicates that while apparent individual T,
values in eastern Colombia range from ca. 2.1 to 2.4 Ga in
magnitude, the most-likely value of mean crustal residence is
ca. 2.3 Ga (lower panel in Figure 7c).

In summary, Lu—Hf and Sm-Nd isotopic results clearly
indicate that the late—Paleo— through mid—Mesoproterozoic
basement of eastern Colombia is not as radiogenic as global
‘depleted mantle’ models would predict for a typical juvenile
terrane; however, there is no single interpretation for this ob-
servation, and we suggest that this could either reflect: (i) Der-
ivation from heterogeneous mantle sources, which might have
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been affected by previous metasomatic episodes or simply not
be as depleted as global MORB-based DM models suggest, or
(i1) that these magmas incorporated a significant proportion of
older crustal material of at least Rhyacian and potentially as old
as Neoarchean age. These observations seem somewhat at odds
with a simple model explaining the growth of the Amazonian
Craton in this area by lateral juvenile—arc accretion, but in-
stead suggest that crustal development was a protracted process
resulting from a combination of juvenile additions and older
crustal reworking. Such observations can be the end result of
alternating extensional and compressional accretionary tecton-
ics outboard a continental margin, such as has been described
for the Tasmanide margin of eastern Australia (e.g., Kemp et
al.,2009) and also recently for the Yavapai—Masatzal Province
of Laurentia (Holland et al., 2018).

3.4. The Proterozoic of the Westernmost
Guiana Shield within the Context of the
Amazonian Craton

The most accepted models for the crustal evolution of the Am-
azonian Craton involve progressive growth by lateral accre-
tion of Paleo— and Mesoproterozoic arc terranes onto an older
Archean nucleus (e.g., Cordani & Teixeira, 2007; Tassinari &
Macambira, 1999). These models describe growth as proceed-
ing from northeast to southwest (in modern coordinates), and
thus predict that crystallization ages as well as mean crustal
residence values in the Guiana and Guaporé Shields should de-
crease towards the Andean margin of South America (Figure 1).
Cordani & Teixeira (2007) proposed the limit between the mid
Paleoproterozoic Ventuari—Tapajés Province (VTP) and mid
Paleo— to early—Mesoproterozoic Rio Negro—Juruena Province
(RNIJP) in Colombia to be located near Puerto Inirida, whereas
the limit between RNJP and the Rondonian—San Ignacio Prov-
ince (RSIP) would project just west of Mitt (as shown in Figure
2). These hypotheses are now testable using the recent geochro-
nologic and isotopic dataset as compiled here.

Although on a broad sense the igneous crystallization ages
obtained thus far for the western Guiana Shield basement (Fig-
ure 6) are in good general agreement with existing models for
the evolution of the Amazonian Craton, the new data also re-
veal important differences with respect to these models that are
worth highlighting. For instance, as previously pointed out by
Ibafiez—Mejia et al. (2011, 2015), the Rondonian—San Ignacio
Province appears to be absent or at least poorly represented in
Colombia, as no collision—related 1.55 to 1.30 Ga tectonother-
mal events have been identified in the exposed craton or in the
basement of the Putumayo Basin. In addition, more recently
Cordani et al. (2016b) interpreted both the ‘Atabapo Belt’ and
the ‘Vaupés Belt’ as belonging to the RNJP, an interpretation
which implies that: (i) The RNJP-RSIP boundary is not pres-
ent in Colombia just west of Mitd (or possibly even at all) as

previously thought, and (ii) the areal extent of mid—Paleo— to
early-Mesoproterozoic Rio Negro—Juruena-like basement do-
mains in Colombia and the W Guiana Shield is significantly
larger than previously expected.

On the other hand, the U-Pb data confirm that the expected
age transition for the VTP-RNIJP boundary near the Colom-
bian—Venezuelan border is in fact present. Although previous
models suggested this boundary to be west of Puerto Inirida,
the new data from the Colombia—Venezuela border suggest its
potential location might in fact be farther east, at least along
the Atabapo River (as suggested by Cordani et al., 2016b and
shown in Figure 2) or possibly to the east of the Ventuari River.
Lastly, although it still remains unclear whether two distinct ca.
1.80 and ca. 1.55 Ga orogenic belts can be clearly discerned in
eastern Colombia, the U-Pb data is unequivocal at pointing out
the relevance of these two major magmatic episodes in shaping
the Proterozoic basement of the region as interpreted by Cor-
dani et al. (2016b).

From a crustal-growth perspective, the Hf and Nd data of
Figure 7 reveal the general lack of highly radiogenic mid- to
late—Paleoproterozoic crust in the region. The moderately pos-
itive to negative eHf and eNd values at time of crystallization
obtained from almost all mid Paleo— to early—-Mesoproterozoic
intrusives in the westernmost Guiana Shield, indicate the wide-
spread incorporation of some proportion of reworked older
crustal material. Based on the apparent Hf— and Nd-T,, values
of samples calculated using GLOOS-like Lu/Hf and Sm/Nd
compositions (Figure 7a, 7b), or the alignment of geograph-
ically associated samples in "*Hf/'”’Hf vs. U-Pb age space
(Ibafiez—Mejia, 2014), the age of the reworked crustal contam-
inants may range from Rhyacian to Neoarchean in age. Because
accretionary belts could be the result of complex juxtaposition
of tectonic units, including a great deal of intra—oceanic mate-
rial with positive or slightly negative éNd | signatures, but also
containing in places cordilleran—type granites, collisional-type
belts, microcontinents, volcano—sedimentary basins, and post—
tectonic to anorogenic—type complexes, we emphasize that the
incorporation of older crustal material identified in the base-
ment of eastern Colombia does not necessarily stand at odds
with an accretionary tectonic model.

Mantle—derived material of “intra—oceanic” origin is
difficult to be characterized solely by isotopic geochemis-
try. The use of eNd  or eHf  to trace juvenile processes is
not completely unequivocal, because mantle sources (e.g.,
deep mantle material exhumed by plumes, mantle affected
by metasomatism, or lithospheric mantle enriched by earlier
recycling of crustal material) display varying ranges of ‘deple-
tion’. In most papers published in the last 30 years (many co—
authored by Cordani), the Rio Negro—Juruena Province has
been characterized as composed predominantly of granitoid
rocks, deformed or not, yielding slightly positive to slightly
negative eNd & signatures (roughly between +4.0 and -2.0);
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this information has been used to suggest that juvenile accre-
tionary events played a major role in its tectonic evolution. All
samples from eastern Colombia analyzed thus far for Sm—-Nd
yield Paleoproterozoic Nd-T,, values roughly between 1.9
and 2.5 Ga, regardless of their U-Pb zircon ages (Figure 7c;
Table 2; Cordani et al. 2016b), thus suggesting the absence
of a much older (Archean?) source material. Moreover, given
that the eNd | values of the granitoid rocks are near zero or
slightly positive or negative, the presence of juvenile material
may have been important, and at least part of the magmatic
arcs in the NW corner of the Rio Negro—Juruena Province
could have been intra—oceanic. This interpretation is what is
included in the Tectonic Map of South America. However, al-
though the isotopic results shown in Figure 6 do not unequiv-
ocally show the presence of Archean crust in the region, the
isotopic results in Colombia and western Venezuela seem to
indicate a greater degree of older Paleoproterozoic reworking
in the western Guiana Shield relative to correlative magmatic
domains exposed south of the Amazon Basin.

3.5. Cretaceous Tectonic Reactivation
and Thermal Effects in the Colombian
Continental Interior

The recent discovery that Cretaceous mafic magmatism affect-
ed the basement of the Araracuara High (Ibafiez—Mejia, 2014),
expands the known extent of Mesozoic magmatic activity far
beyond the easternmost locus of Cretaceous mafic intrusives
known along the Eastern Cordillera axis (e.g., Vasquez et al.,
2010). A dolerite dike intruding the Araracuara Gneiss yielded
an age of 102.5 +2.2/2.3 Ma (Ibafiez—Mejia, 2014) indicating
that, during the Albian, this area was likely undergoing active
extension and heating, synchronous to similar events occur-
ring along the Eastern Cordillera. These results are important
for two main reasons: (i) They suggest that Giliejar—Apaporis
Graben-related structures (Figure 2) were likely reactivated
as intra—continental extensional domains during the mid-
Cretaceous, coeval with extension, sedimentation, and mafic
magmatism occurring along the Eastern Cordillera (e.g., Mora
et al., 2009; Vasquez et al., 2010); and (ii) the age of this dol-
erite intrusion constrains the timing of uplift of the serrania
de Chiribiquete and ultimate exhumation of the Araracuara
Formation to post—Albian times, which is of importance for
understanding the landscape evolution of the Colombian Am-
azon as well as the sedimentation history of the Late Creta-
ceous and Cenozoic basins of the Eastern Cordillera and its
foreland (e.g., Horton et al., 2010). Although clearly outside
the main scope of this chapter, we highlight the importance of
this observation to argue that future efforts should be aimed at
better resolving the structural as well as the temporal history
of Cretaceous heating and tectonic re—activation in the eastern
Colombian basement.
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3.6. Future Challenges and Outstanding
Questions in Colombian Precambrian Geology

This chapter presents an attempt to summarize and highlight the
new advances in our understanding of the Precambrian geology
of eastern Colombia, and the westernmost Guiana Shield in
general. However, it should be realized that this vast area still
remains one of the least explored regions in the South Amer-
ican continent, and thus many of the interpretations provided
here are likely to be refined and modified as the geochronologic
and other isotopic datasets continue to expand. Although by no
means a comprehensive list, some of the main questions and/or
future challenges the community needs to be address to better
understand the basement in this area are:

a.  We need to move past outdated stratigraphic nomenclature,
and develop a local (tectono)—stratigraphic framework that
is in line with modern petrologic and tectonic concepts, as
well as recent geochronologic data. Although we make no
attempts to propose formal modifications here, we partic-
ularly urge the community to think beyond (and ultimately
abandon) the term Mitd Migmatitic Complex, to focus on
developing a more accurate and detailed stratigraphic no-
menclature.

b. The “granitoid basement” that cover the entire western
half of the Guiana Shield remains poorly known, because
geological mapping and geochemical/geochronological re-
search has not yet progressed to a stage that would allow
for a better characterization. We know that the entire re-
gion is formed by granitoid rocks (sensu lato), but it is not
possible, at present, to make a clear distinction between
syn—, late—, and post—tectonic, or anorogenic granitoid
intrusions of various types and ages. Large parts of this
province are poorly controlled by U-Pb dates and Nd-Hf
isotopic constraints. More of this robust radioisotopic data,
such as that compiled in this chapter, are needed.

c. The presence/absence and location of major terrane bound-
aries in the basement of eastern Colombia is critical for
accurately placing this portion of the Guiana Shield within
a larger tectonic framework. For instance, these boundar-
ies are critical for better establishing potential correlations
with the Central Brazilian Shield within the concept of
a unified ‘Amazonian Craton’ (e.g., Cordani & Teixeira,
2007; Tassinari & Macambira, 1999), and also for eval-
uating the continuity of these domains to other cratons
under the light of potential Columbia/Nuna and Rodinia
paleogeographic configurations (e.g., Bispo—Santos et al.,
2014a,2014b; Cawood & Pisarevski, 2017; Cordani et al.,
2009; D’ Agrella—Filho et al., 2016; Ibafiez—Mejia et al.,
2011; Johansson, 2009; Li et al., 2008; Pisarevsky et al.,
2014; Santos et al., 2008, among many others). The geo-
chronologic data in this region has so far failed to identify
the presence of a Rondonian—San Ignacio-like province
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as defined in NW Brasil and Bolivia (Bettencourt et al.,
2010), but further efforts to confirm and/or negate this
conclusion, as well as continue to evaluate other potential
cratonic boundaries, are still necessary.

d. The combination of U-Pb, Lu-Hf and ¢'®0 isotopic in-
formation in zircon is a powerful tool to disentangle com-
plex tectonic histories as well as revealing the mechanisms
driving crustal maturation and evolution (e.g., Ibafiez—Me-
jia, 2014; Ibafiez—Mejia et al., 2015; lizuka et al., 2017;
Kemp et al., 2009; Valley et al., 2005; Vervoort & Kemp,
2016, among others). Further studies aiming to produce
combined U-Pb—Hf-O datasets in zircons from the Guiana
Shield offer the best path forward to resolve many of the
outstanding issues of the tectonic evolution of the region.

e. There is a general dearth of geochronologic and isotopic
data from mafic magmatic units in eastern Colombia and
the Guiana Shield. Mafic magmatic events, in particular
dike swarms potentially associated with Large Igneous
Provinces (LIPs), have become a critical piece in the Pre-
cambrian tectonic puzzle. This is primordially due to their
utility for providing geologic ‘piercing points’ amongst
cratonic regions (Ernst et al., 2013) as well as acting as
robust carriers of paleomagnetic information (e.g., Ev-
ans, 2013; Li et al., 2008; Pisarevsky et al., 2014). In the
absence of zircon, mafic rocks can now be routinely and
accurately dated using baddeleyite U-Pb geochronology
by ID-TIMS (e.g., Soderlund et al., 2010), secondary ion
mass spectrometry (SIMS; e.g., Chamberlain et al., 2010;
Schmitt et al., 2010), or LA-ICP-MS (Ibafez—Mejia et al.,
2014), and the latter approach also provides an opportuni-
ty to obtain Lu—Hf isotopic data. Future studies aimed at
better understanding the mafic magmatic ‘barcode’ of the
Guiana Shield (e.g., Reis et al., 2013; Teixeira et al., 2015)
will surely bring significant advances for understanding
the geology of the region and more accurately placing it
within a global paleo—tectonic framework.

4. Conclusions

The U-Pb geochronologic data available for the westernmost
Guiana Shield demonstrates that the basement of eastern Co-
lombia and neighboring regions in Venezuela and Brasil is
dominantly Paleo— and Mesoproterozoic in age, crystallized
between ca. 1.99 and 1.38 Ga. The distribution of crystallization
ages in not continuous, but rather clusters into four main peri-
ods that reflect major episodes of magmatic activity throughout
the region. These are: (i) A mid—Paleoproterozoic event ca. 1.99
Ga, responsible for the development of the Cuchivero magmatic
belt in Venezuela; (ii) a mid— to late—Paleoproterozoic event
ranging from 1.84 to 1.72 Ga, preliminarily referred to here as
the ‘Atabapo Belt’; (iii) an early-Mesoproterozoic event rang-
ing from 1.59 to 1.50 Ga, preliminarily referred to here as the

‘Vaupés Belt’; and (iv) a mid—Mesoproterozoic event from 1.42
to 1.39 Ga, associated with the emplacement of the Parguaza
anorogenic massif along the Colombia—Venezuela border. The
combined Nd, Hf, and O isotopic systematics of granitoids in
the area reveal the absence of highly radiogenic material asso-
ciated with these magmatic pulses, suggesting that either: (i)
The sub—continental mantle underlying the westernmost Gui-
ana Shield was highly heterogeneous and less radiogenic than
global mantle models would suggest, and/or (ii) that this base-
ment is the result of combined juvenile additions with pervasive
reworking of older crust of possible early Paleoproterozoic to
late Neoarchean age.

Based on the diversity of ages, lithologies, and process-
es involved in shaping the geology of the eastern Colombia
basement, we consider the definition of the Mitd Migmatitic
Complex’ to be inadequate moving forward, and urge the com-
munity to develop a more accurate and detailed nomenclature
that is in line with recent geochronologic, isotopic, and petro-
logic research in this area.

The U-Pb and Nd isotopic result from a dolerite dike in the
Araracuara area indicate that not all the magmatic activity in east-
ern Colombia is Precambrian in age, but reveal that Cretaceous
mafic magmatism was in part responsible for controlling the geo-
logic evolution of the area. Future studies aimed at better resolv-
ing the timing and nature of mafic magmatism in the region will
thus be crucial for understanding the structural, thermal, as well
as the landscape evolution of the eastern Colombian lowlands.

These are exciting times for the geology of the western Gui-
ana Shield (!), as the development of new analytical tools for
spatially—resolved geochronologic and geochemical analyses
of zircon and baddeleyite now allow interrogating the geologic
evolution of this complex region in greater detail than was ever
possible before. We hope that the observations and ideas out-
lined in this chapter will serve as the launching pad for many
exciting advances in understanding the geology of the western
Guiana Shield in years and decades to come.
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