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Abstract

The Precambrian Eon was greatly impacted by key tectonic events resulting in (at
least) three  supercontinent cycles:  Paleoproterozoic  Nuna/Columbia,
Mesoproterozoic Rodinia, and Neoproterozoic-Cambrian Gondwana. The record of
these events can be partially to completely masked by tectonothermal events. This
thesis focuses on the potential of microanalysis in elucidating crustal-scale processes
in two Brazilian Precambrian provinces (Paleoproterozoic Rio Apa Terrane and the
Neoproterozoic-Cambrian Ribeira Belt).

The novel regional zircon Ui Pbi Hf study of the Rio Apa Terrane (Chapter 2)
indicates tectonic switching from an advancing accretionary system, represented by
thet e r r &Vesteth slomain, to a retreating accretionary system, represented by the
juvenile-like Eastern domain. This tectonic switch is also observed in the isotopic data
of the adjoining Amazonian Craton, indicating a cogenetic relationship between the
two with switching between advancing and retreating accretionary orogens playing an
important role in continental growth mechanisms since at least the Paleoproterozoic.
A petrochronological investigation of the Rio Apa Terrane on the basis of a pool of
geochronological methods reveals, for the first time, four tectonometamorphic events
(ca. 1780 Ma, 1625 Ma, 1420-1340, 1300-1200 Ma) (Chapter 3). This study also
established the existence of a Mesoproterozoic high-pressure/medium-temperature
tectonometamorphic event (1420-1340 Ma) in the SW Amazonia Craton related to
accretionary-to-collisional tectonics that is coeval with SE Laurentia margin events but
preceded the main assembly phase of Rodinia. In combination, these studies suggest
a correlation between the Rio Apa Terrane with adjoining provinces (San Diablo block
and Paragua terrane), implying that the surrounding belts such as the
Mesoproterozoic Sunsas and the Neoproterozoic Tucavaca belts represent

intracontinental features (aulacogens).

Chapters 4 and 5 are focused on the geochronology and tectonic understanding of
the complex shear zone system of the Neoproterozoic Ribeira Belt (SE Brazil). Apatite
Ui Pb and white-mica “°Ar/3°Ar geochronological studies applied to the medium-grade
Taxaquara shear zone defined a younger time span (560-535 Ma) than the regional
structures (ca. 600 Ma). From a methodological perspective, this study demonstrated
the potential of the apatite Ui Pb system to record the timing of deformation close to



peak deformation conditions (480-530 °C for the Taxaquara shear zone). This
methodology provides a new approach to explore the Brazilian shear zone systems.
A thorough review of this shear zone system is presented in Chapter 5, exploring the
thermal and deformational regimes and the timing of ductile shearing using a multi-
mineral Ui Pb geochronology. This study reinforced that the shear zone system of the
Ribeira Belt developed in response to a sub-simple shear transpressional system with
complex strain partitioning involving thrusting and folding followed by wrench
tectonics. From the geochronological perspective, it demonstrated that this system
has a long-lived tectonic history from ca. 900-830 Ma to 530 Ma (much longer than
previously thought), partially coeval with at least two major episodes of terrane
accretion at 850-760 Ma and 610-585 Ma. The novel geochronological and structural
overview of this shear zone system presented in this thesis, combined with
deformation pressure-temperature conditions indicate that some high-pressure/low-
temperature structures might represent suture zones, whereas others represent
terrane bounding, post-collisional shear zones reactivated in an intracontinental
setting with higher geothermal gradient (560-535 Ma), such as the Taxaquara shear

Zone.

The detailed investigation of apatite from medium-grade mylonites of the
Taxaquara shear zone allowed the recognition of mechanisms of recrystallization in
apatite in response to ductile deformation (Chapter 6). This study demonstrates that
apatite recrystallized through fluid-present dynamic recrystallisation at pressure-
temperature conditions of ~480-530 °C and 2.2-5.0 kbar. The fluid was oxidised, as
indicated by negative Ce anomalies, and preferentially flowed in high-strain biotite-rich
layers in the mylonite. This caused recrystallisation of apatite within those layers
whereas apatite in low strain layers was unaffected and retained the chemical

characteristics of the protolith.

This thesis sheds light on the potential and necessity of multi-method
microanalysis in conjunction with structural, petrological and geochemical information
to resolve tectonic problems in Precambrian provinces. This work also demonstrates
the applicability of in-situ apatite Ui Pb and mica Rbi Sr geochronology in constraining

the timing of medium-grade deformation events.
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Chapter 1. Introduction

Chapter 1. Introduction

1. Introduction

The Precambrian Eon was marked by major tectonic events that shaped the Earth,
such as the supercontinent cycles (Cawood et al., 2013, 2009; Cawood and Buchan,
2007; Mitchell et al., 2021; Rogers and Santosh, 2003), including Paleoproterozoic
Nuna/Columbia (Rogers and Santosh, 2002; Zhao et al., 2004), Mesoproterozoic
Rodinia (Cawood et al., 2016; Li et al., 2008; Martin et al., 2020; Zhao et al., 2002)
and Neoproterozoic-Cambrian Gondwana (Cawood, 2005; Cawood et al., 2021;
Condie, 2003; Spencer et al., 2013). The record of these events can be found
worldwide but is preserved particularly well in just a few locations, including Brazil,
which contains Precambrian provinces from Archean to Neoproterozoic with complex
geological evolutions (Almeida et al., 1981, 1973; Brito Neves et al., 2014; Cordani et
al., 2009; Cordani and Teixeira, 2007; Heilbron et al., 2017; Heilbron and Machado,
2003).

The complexity of these terranes is due to multiple structural, metamorphic and
thermal overprints of the Precambrian record, disturbing isotopic systems that are
commonly used, such as Rbi Sr and Smi Nd applied to whole-rock analyses and
zircon Ui Pb system. Although these methods are useful for determination of the timing
of tectonic events, crustal generation, the source and its evolution, it can be hard to
disentangle the isotopic disturbances when the tectono-thermal overprint is extensive.
Additionally, those methods do not record medium-temperature events, leading to an
incomplete tectonic record (e.g., Cordani et al., 2010). Modern microanalytical
techniques such as laser-based in-situ analyses allow the investigation of diverse
isotopic systems (e.g., Ui Pb, Rbi Sr, Smi Nd, Lui Hf, oxygen) in a range of mineral
phases (e.g., zircon, titanite, rutile, monazite, apatite, xenotime, garnet, micas,
allanite, epidote) that are sensitive to different tectonometamorphic processes at
different thermal conditions (Chew and Spikings, 2015; Engi, 2018; Hogmalm et al.,
2017; Kirkland et al., 2018; Kohn, 2018; Kohn and Penniston-Dorland, 2018; Simpson
et al.,, 2021; Taylor et al.,, 2016; Vho et al., 2020). The combination of those
microanalytical techniques with structural and microstructural characterization,

petrological inferences (e.g., phase-equilibria modelling; Lanari and Duesterhoeft,

1



Chapter 1. Introduction

2019) and mineral geochemistry (major, minor and trace elements) has been key to
unravel complex tectonic events in the Brazilian Precambrian provinces (Cabrita et al.,
2021; Cioffi et al., 2021, 2019; Faleiros et al., 2011; Forero-Ortega et al., 2020; Meira
et al., 2019; Ribeiro et al., 2020c, 2020b, 2021; Rocha et al., 2017; Tedeschi et al.,
2018, 2017) and worldwide (Kirkland et al., 2020, 2017; Lanari et al., 2013; Olierook
et al., 2020; Taylor et al., 2016; Volante et al., 2020; Weinberg et al., 2020 among
many others). Recent methodological advances in petrochronology provide a new
opportunity to study the complex Brazilian Precambrian provinces in detail and go
beyond what is known from traditional whole-rock geochemistry (elemental and
isotopic) and zircon Ui Pb geochronology. This thesis investigates crustal-scale
processes in two Brazilian Precambrian provinces (Rio Apa Terrane and Ribeira Belt)
using detailed microanalysis and geochronology, providing a new insight into the full

tectono-metamorphic history of these terranes for the first time.

The Paleoproterozoic Rio Apa Terrane exposed in central-west Brazil provides an
important record of the tectonic evolution of the SW Amazonian Craton (Cordani et al.,
2010). Previous studies solely focused on whole-rock elemental and isotopic
geochemistry and zircon Ui Pb geochronology were able to recognize different crustal
domains (Cordani et al., 2010; Faleiros et al., 2016b; Plens, 2018; Teixeira et al.,
2020), but the relationship between the Rio Apa Terrane, the Amazonian Craton and
surrounding terranes and Neoproterozoic belts remained unknown (Casquet et al.,
2012; Cordani et al., 2010; Faleiros et al., 2016b; Loewy et al., 2004; Teixeira et al.,
2020). Moreover, while several studies have attempted to provide tectonic
interpretations of the position of the Rio Apa Terrane in Nuna/Columbia and Rodinia
supercontinents (Teixeira et al., 2020 for a review), the tectonometamorphic
characterization of the Rio Apa Terrane has been neglected. The lack of thermal
constraints and detailed multi-mineral-method geochronology precludes a robust
tectonic interpretation, leading to greater uncertainty in our understanding of the

evolution of the whole SW Amazonian margin.

The Ribeira Belt exposed in SE Brazil is a key Neoproterozoic province, mainly
interpreted as an accretionary orogen developed in response to the collision of several
cratons (Sao Francisco, Congo, Luis Alves, Paranapanema) during the assembly of
Gondwana (Cabrita et al., 2021; Campanha et al., 2019; Campos Neto, 2000; Faleiros

2



Chapter 1. Introduction

et al., 2016a, 2011; Heilbron et al., 2004), but different interpretations have also been
proposed in the literature (e.g., intracontinental orogen; Meira et al., 2019, 2015). The
Ribeira Belt is dissected by a regional anastomosing shear zone system that could be
interpreted to represent a suture zone or late-stage escape structures (Campanha and
Brito Neves, 2004), but the quantification of pressure-temperature (P-T) conditions
and the timing of deformation have been poorly constrained in the regional studies.
Despite its tectonic importance, these structures have received only minor attention
(Campos Neto, 2000), and the petrological and isotopic methods applied did not allow
elucidation of the thermal and geochronological evolution. Considering the regional
importance of this structure for the tectonic compartmentation of the Ribeira Belt it is

critical that it is fully understood.

This thesis focuses on understanding the tectonic evolution of Brazilian
Precambrian terranes using microanalytical techniques including in-situ zircon, titanite,
apatite and rutile trace elements and Ui Pb geochronology via laser ablation split
stream inductively coupled plasma mass spectrometry (LASS-ICP-MS), and in-situ
garnet Lui Hf geochronology and white-mica Rbi Sr geochronology using a Triple
Quadrupole TQ-ICP-MS (Hogmalm et al., 2017; Simpson et al., 2021) in conjunction
with structural geology, geophysics, mineral geochemistry (major and minor elements)
and metamorphic petrology (phase-equilibria modelling). The results are presented in

five papers published between 2020-2022 as detailed next.

2. Thesis structure

This thesis is divided into seven chapters. The first chapter introduces the rationale
of this thesis. Chapters two and three focus on the crustal and tectono-metamorphic
evolution of the Paleoproterozoic Rio Apa Terrane (SW Amazonian Craton, Brazil).
Chapters four to six focus on the application of multi-mineral geochronology and
geochemistry, especially apatite, to investigate the timing of medium-grade shear

zones from the Neoproterozoic Ribeira Belt (SE Brazil).

Chapter 2 is a paper published in Precambrian Research (2020) based on the first
regional zircon Ui Pbi Hf analysis from meta-igneous and metasedimentary rocks of

the Rio Apa Terrane. In contrast to what was proposed by previous studies, the data
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suggested the terrane was a continuous accretionary orogenic system with advancing

and retreating periods.

Chapter 3 is a paper published in the Journal of Metamorphic Geology (2021)
focused on the tectono-metamorphic evolution of the Rio Apa Terrane determined
using multi-mineral-method geochronology, mineral chemistry and phase-equilibria
modelling. This study revealed, for the first time, four tectono-metamorphic events and
unprecedented high-pressure/medium-temperature in the SW Amazonian margin,
demonstrating the evolution from an active margin to convergent-to-collisional tectonic

setting during the Mesoproterozoic.

Chapter 4 is a paper published in Lithos (2020) focused on using the apatite Ui Pb
isotopic system to determine the timing of deformation in medium-grade shear zones.
This study combined apatite, titanite and zircon Ui Pbi trace element data with syn-
kinematic muscovite “°Ar/3°Ar geochronology (total fusion), and phase-equilibria and
apatite closure temperature modelling. This study pioneered the use of the apatite Ui
Pb system to determine the timing of deformation close to the thermal peak in medium-
grade shear zones, demonstrating that most “°Ar/3°Ar ages likely record cooling during

retrogression.

Chapter 5 is a paper published in Earth and Planetary Science Letters (2020)
focused on fluid-assisted apatite recrystallization and its impact on trace elements and
Ui Pb systematics. This is the first study to investigate and demonstrate the
mechanical, chemical and isotopic response of apatite to deformation through electron
backscatter diffraction (EBSD) analyses and Ui Pbi trace elements collected with laser
ablation split stream inductively coupled plasma mass spectrometer analyses (LASS-
ICP-MS).

Chapter 6 is a paper published in Lithosphere (2021) presenting a geometric,
thermal, strain and geochronological review of major shear zones of the Ribeira Belt
(SE Brazil). This study greatly advanced our understanding of the tectonic significance
of this shear zone system, demonstrating complex strain partitioning in strike-slip
shear zones and prolate-shaped ellipsoids in dip-slip reverse shear zones, as well as
long-lived activity from 900-830 Ma to 530 Ma, partially coeval with at least two major
episodes of terrane accretion at 850-760 Ma and 610-585 Ma.
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Chapter 7 summarizes the findings of this thesis with overall conclusions, future
research questions to be addressed in further studies and the development of new-

methods in accessory mineral petrochronology.
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We present the first regional in-situ zircon U-Pb-Hf isotopic data from metaigneous and metasedimentary rocks
from the Paleo- to Mesoproterozoic Rio Apa Terrane (RAT), a crustal fragment outcropping in the central-
western Brazil and north-eastern Paraguay. These new ages and Hf isotopic data delineate three magmatic
events, which record the construction of the temporally and isotopically distinct Western and Eastern Terranes of
the RAT. The Western Terrane comprises the 2100-1940 Ma Porto Murtinho Complex and the 1900-1840 Ma
Amoguija Belt, which both define a crustal reworking array in eHfr-time space evolving from a precursor source
with Hf Tpy age of ca. 2700 Ma. The 1800-1720 Ma Caracol Belt constitutes the Eastern Terrane and yields
suprachondritic eHfr signatures up to +7.1, indicating significant juvenile input. The metasedimentary Amolar
Group and Rio Naitaca Formation in the Western Terrane have maximum depositional ages of 1850-1800 Ma
and subchondritic eHfy signatures down to —5.7, similar to the underlying basement of the Amoguijé Belt. In the
Eastern Terrane, the Alto Tereré Formation has a maximum depositional age of 1750 Ma and mostly su-
prachondritic eHf; signatures, similar to magmatic rocks of the underlying Caracol Belt. Together, the new
igneous and detrital zircon age and Hf isotopic data record a temporal and spatial transition from 2100 to
1840 Ma crustal reworking in the west to more juvenile magmatism at 1800-1720 Ma in the east. This transition
is interpreted to reflect convergent margin magmatism associated with periods of subduction zone advance and
retreat in an accretionary orogenic setting. Comparison of the eHf-time signature of the RAT with the
Amazonian Craton suggest penecontemporaneous development, with the Western and Eastern Terranes of the
RAT being correlative with the Ventuari-Tapajés and Rio Negro-Juruena Province of the Amazonian Craton,
respectively. Our new data also reveal that the eHfy signatures of the RAT are distinct from the Maz terrane,
which refutes the MARA Block hypothesis.

1. Introduction

The Paleoproterozoic Era (2500-1600 Ma) was characterized by the
development of widespread collisional and accretionary orogens, which
form a core component of most modern continents (Cawood et al.,
2009; Windley, 1992). Collisional orogenesis involves the assembly of
two or more continental blocks and is dominated by intracrustal re-
working, whereas accretionary orogens may record a longer and more
complex history characterised by both juvenile and intracrustal

* Corresponding author at: 9 Rainforest Walk, Clayton, VIC 3800, Australia.

magmatism during the evolution of arc systems (both continental and
intraoceanic) and amalgamation of terranes of oceanic and continental
affinity (Windley, 1992). This prolonged history of superimposed tec-
tonic and magmatic events makes reconstructing the geological evolu-
tion of ancient accretionary orogens a challenging task. 69 Further-
more, the development of the laser ablation split stream inductively
coupled plasma mass spectrometry (LASS-ICP-MS; Kylander-Clark
et al., 2013) allows the simultaneous collection of U-Pb and Lu-Hf
isotopic data from the same analysed zircon domain, providing more
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Fig. 1. A) Tectonic framework of northwestern South America highlighting location of the Rio Apa Terrane (modified from Faleiros et al., 2016). B) Simplified
geological map of the Rio Apa Terrane, modified from Faleiros et al. (2016), showing previously published U-Pb, *°Ar/3°Ar and K-Ar geochronology data (Aratijo
et al., 1982; Brittes et al., 2013; Cabrera, 2015; Cordani et al., 2010; Faleiros et al., 2016; Plens et al., 2013; Teixeira et al., 2020). Mineral abbreviations for *°A/>°Ar
and K-Ar data are: h — hornblende, b — biotite, m — muscovite. C) Simplified geological map of the Corumbé structural window, located at 100 — 150 km from the SW

margin of the Amazonian Craton (adapted from Teixeira et al., 2020).

robust link between age and isotopic tracer information than traditional
methods. Importantly, the rapid analysis afforded by ICP-MS systems
allows for high sample throughput, which facilitates the characterisa-
tion of the age and source of magmatism at the orogen scale.

This study focuses on the Rio Apa Terrane (RAT), a Paleo- to
Mesoproterozoic continental crustal fragment exposed between central-
western Brazil and north-eastern Paraguay (Fig. 1A). The RAT com-
prises metaigneous and metasedimentary successions and is surrounded
by the Ediacaran Paraguay and Vallemi orogenic belts. Cordani et al.
(2010) undertook a systematic isotopic study of the RAT, including
zircon U-Pb, whole-rock Rb-Sr and Sm-Nd, K-Ar and “°Ar/*°Ar dating
of K-bearing mineral, and proposed that the terrane is composed of
distinct tectonic domains (termed the Western and Eastern Terranes)
formed by accretionary events during the late Paleoproterozoic
(2000-1700 Ma). The Proterozoic paleogeography of the RAT remains
debated. Some works argue that the RAT is a displaced fragment of the
Paleo-Mesoproterozoic accretionary orogen comprising the southwest
margin of the Amazonian based on comparable Sm-Nd isotopic sig-
natures (Faleiros et al., 2016; Teixeira et al., 2020). This interpretation
implies that the Neoproterozoic Tucavaca Belt represents an orogenic
front. Others suggest that the RAT correspond to the extension of the
Amazonian, with Grenville Belts (Nova Brasilandia, Aguapei and
Sunsas) and Tucavaca Belt representing aulacogenic features (Cordani
et al.,, 2010, 2009). Alternative models also suggested that the RAT
formed part of the MARA Block, a hypothesised composite terrane
comprising Proterozoic crust of the Western Sierras Pampeanas (Maz
Terrane), Arequipa-Antofalla Block, and the Rio Apa Terrane (Casquet
et al., 2012, 2010; Loewy et al., 2004; Rapela et al., 2016).

Here we present the first robust regional zircon U-Pb-Hf data for
metaigneous and metasedimentary rocks successions from the RAT. We
integrate our new isotopic results with previously published whole-rock
geochemistry and isotopic data (Sm-Nd) to better understand the tec-
tonic evolution of the RAT. Specifically, we investigate: (i) the mag-
matic and sedimentary evolution of the Western and Eastern Terranes;
(ii) the tectonic setting of the precursor basins to the metasedimentary
successions. Our new findings form the basis of a new tectonic model
for the Paleoproterozoic evolution of RAT involving a single accre-
tionary orogen system and allow us to explore the Paleoproterozoic
paleogeography of the RAT and its relationship to the Amazonian
Craton and MARA Block.

2. Geological setting

The RAT comprises 13,000 km? of Paleo-Mesoproterozoic crust
exposed between central-western Brazil and north-eastern Paraguay
(Fig. 1A). The terrane is dominated by medium-grade, meta-igneous and
metasedimentary rocks that are intruded by granitic plutons (Cordani
et al., 2010). The RAT is covered by the Neoproterozoic-Cambrian
Corumbé Group on its eastern side and by the Quarternary Pantanal
Formation on its western side. Building on regional mapping by the
Brazilian Geological Survey (e.g., Aratijo et al., 1982; Faleiros et al.,
2014; Lacerda Filho et al., 2006; Remédio and Faleiros, 2014), Cordani
et al. (2010) divided the RAT into Western and Eastern terranes, which
are separated by the Aldeia Tomazia Shear Zone (Fig. 1B). Faleiros et al.
(2016) further subdivided the Eastern terrane to include a Southeastern
terrane bounded by the Serra do Perdido Shear Zone (Fig. 1B).

2.1. Western Terrane

The Western Terrane includes an older gneissic basement intruded
by voluminous calc-alkaline granitoids and structurally overlain by a
lower grade metasedimentary succession (Cordani et al., 2010; Faleiros
et al., 2016; Teixeira et al., 2020). The oldest unit in the Western
Terrane is the 2025-1930 Ma Porto Murtinho Complex (Teixeira et al.,
2020), which includes mylonitic, grey, monzonitic orthogneiss (Cérrego
Jibéia Gneiss) and undeformed, green, porphyritic monzogranite
(Morro da Lenha Granite). The Morro da Lenha Granite is magnesian,
peraluminous, and has high-K calc-alkaline geochemical signature
(Faleiros et al., 2016, 2014). The Porto Murtinho Complex yields eNdr
between + 0.1 and —5.9 with late Archean depleted mantle model
ages (Cordani et al., 2010; Faleiros et al., 2016; Lacerda Filho, 2015;
Teixeira et al., 2020).

The Amoguija Belt (Lacerda Filho et al., 2006) is the most extensive
geological unit of the Western Terrane and comprises granitoids of the
Alumiador Suite and volcanic units of the Serra da Bocaina Formation
(Fig. 1B). The Alumiador Suite consists of undeformed to slightly de-
formed granitic plutons with generally high-K, calc-alkaline signature,
along with minor A-type plutons (Lacerda Filho et al., 2006; Manzano,
2013; Manzano et al., 2012). The Amoguija Belt ranges from 1870 to
1820 Ma and has subchondritic eNdr signatures (Cordani et al., 2010;
Teixeira et al., 2020). The Serra da Bocaina Formation (1870-1860 Ma)
comprises medium to high-K, calc-alkaline rhyolite with comparable
subchondritic eNdy signatures, and is interpreted as the volcanic
equivalent of the Alumiador Suite (Brittes et al., 2013; Faleiros et al.,
2016; Lacerda Filho et al., 2006; Manzano, 2013; Souza et al., 2017).

2.2. Eastern Terrane

The Eastern Terrane is mostly composed of the Caracol and the Baia
das Garcas suites (i.e., the Caracol Belt), which have zircon U-Pb
magmatic ages of 1800-1740 Ma. Geochemical data indicate calc-al-
kaline signature associated with juvenile source evidenced by the su-
prachondritic eNdr values (Cordani et al., 2010; Faleiros et al., 2016;
Plens, 2018; Teixeira et al., 2020). Evidence for older crust in the
Eastern Terrane includes the Morraria Gneiss (1950 = 23 Ma (20);
Cordani et al., 2010), which includes banded gneiss and migmatite
interlayered with amphibolite (Cordani et al., 2010). This unit was
interpreted as a remnant of a series of Paleoproterozoic calc-alkaline
magmatic arcs and correlated with the Porto Murtinho Complex
(Lacerda Filho et al., 2006). However, this interpretation awaits testing
with geochemical and isotopic data (e.g., whole-rock Sm-Nd, zircon Lu-
Hf). The Caracol Suite consists of polydeformed leucocratic gneiss of
granitic composition (Cordani et al., 2010; Faleiros et al., 2016; Lacerda
Filho et al., 2006; Plens, 2018; Remédio and Faleiros, 2014). Available
zircon U-Pb-Hf data from the Caracol Suite indicate variation of eHfy
between 5.7 to —4.0 for ages ranging 1741 to 1686 Ma (Plens, 2018).
The granitic plutons of the Baia das Garcas Suite intrude the Caracol
Suite (Remédio and Faleiros, 2014).

2.3. Southeastern Terrane

The Southeastern Terrane is composed of the Rio da Areia Augen
Gneiss (porphyroclastic and mylonitic monzogranite) and the semi-
circular Scardine Granite (undeformed, coarse- to medium-grained,
equigranular, monzogranite), intruding a banded biotite gneiss of
monzogranitic composition called the Jodo Candido Gneiss (Faleiros
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etal., 2016; Remédio and Faleiros, 2014). Zircon U-Pb dating of the Rio
da Areia Augen Gneiss yielded an wupper intercept age of
1820 = 18 Ma and a single concordant age of 1809 + 9 Ma, whereas
the results from the Scardine Granite yielded an upper intercept age of
1791 + 19 Ma (Faleiros et al., 2016). These ages were interpreted as
the crystallization age of each unit. Geochemical data suggest a con-
vergent plate margin setting for the Rio da Areia Augen Gneiss, a post-
collisional to anorogenic tectonic setting for the Jodo Candido Gneiss
(Remédio and Faleiros, 2014), and an extensional anorogenic setting
for the Scardine Granite (Faleiros et al., 2016). Sm-Nd or Lu-Hf isotopic
are available for the Southeastern Terrane. We follow Teixeira et al.
(2020) in considering the Eastern and Southeastern Terranes as a co-
herent tectonic unit based on similar magmatic age distributions.

2.4. Metasedimentary successions

The metasedimentary successions of the RAT were interpreted as a
single unit— the Alto Tereré Formation (Teixeira et al., 2020). How-
ever, our new detrital zircon U-Pb-Hf data favour a previously pro-
posed division of metasedimentary successions into the Amolar Group
(Cordani et al., 2010) and Rio Naitaca Formation (Faleiros et al., 2016)
in the Western Terrane, and maintaining Alto Tereré Formation for
metasedimentary successions in the Eastern terrane.

2.4.1. Western Terrane

The Amolar Group (Cordani et al., 2010) and the Rio Naitaca For-
mation (Faleiros et al., 2016) (Fig. 1B) are composed of deformed,
lower greenschist facies, siliciclastic metasedimentary rocks (e.g., slate,
sericite-schist, graywacke, meta-arkose, meta-sandstone) interlayered
with metavolcanic and pyroclastic rocks. These units overlie the Porto
Murtinho Complex and Amoguija Belt along a tectonic contact (Faleiros
et al., 2016). Zircon U-Pb dating of a meta-andesite, interpreted to be
emplaced at the stratigraphic base of the Rio Naitaca Formation, yields
a concordia age of 1813 = 18 Ma (Faleiros et al., 2016). A sample of a
chlorite schist (meta-basalt) lens hosted by metasandstone from the Rio
Naitaca Formation yielded a zircon U-Pb upper intercept age of
1819 £ 10 Ma (Teixeira et al., 2020). Until now, no evidence of
volcanism related to the Amolar Group has been described.

2.4.2. Eastern Terrane

The Alto Tereré Formation is the main metasedimentary succession
covering the Eastern Terrane (Fig. 1B, including the Southeastern
Terrane). The formation is composed of medium-grade siliciclastic
metasedimentary rocks with interlayered lenses of amphibolite
(1768 =+ 6 Ma, zircon U-Pb, Lacerda Filho et al., 2016). Based on the
geochemical signature of the amphibolites, Lacerda Filho et al. (2016)
suggested a precursor back-arc setting for the Alto Tereré Formation,
related to eastward subduction beneath the Western Terrane. Pre-
viously published detrital zircon ages from the Alto Tereré Formation
display an unimodal age peak at 1790-1740 Ma (Lacerda Filho, 2015;
Lacerda Filho et al., 2016; Teixeira et al., 2020). The Alto Tereré For-
mation records regional upper-greenschist facies to middle amphibo-
lite-facies, Barrovian-type metamorphism at ~1300 Ma (U-Pb on
monazite), which was synchronous with westward thrusting (Aratijo
et al., 1982; Cordani et al., 2010; Faleiros et al., 2016; Lacerda Filho
et al., 2016).

3. Methods

Approximately 2 kg of each sample were cleaned of surface con-
tamination with compressed air and wire brush prior to crushing in a
ceramic jaw crusher and milled in a ceramic disk mill. The milled
material was sieved with disposable nylon mesh to isolate the
250-118 pum and 118-63 um fractions. The samples were passed suc-
cessively through a Frantz isodynamic magnetic separator (with for-
ward tilt of 25° and side tilt of 15°) at 0.5 A and 1.0 A. The non-
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magnetic fraction from 1.0 A pass was selected for density separation
using heavy-liquids (tetrabromoethane and di-iodomethane). The dense
zircon-rich fraction was washed repeatedly with acetone and trans-
ferred to a clean petri dish. Zircons were handpicked under a binocular
microscope, mounted on doubled-sided tape, and cast into 1-inch?
round epoxy mounts, which were cured and polished to 1 pm diamond
finish. The epoxy mounts were carbon coated and documented with
cathodoluminescence (CL) images of zircons using a Phillips FEI XL30
environmental scanning electron microscope equipped with Gatan
PanaCL panchromatic CL detector housed at the University of
Melbourne, Australia.

All U-Pb and Hf isotopic data were collected at the Isotopia Facility,
Monash University, Australia. A detailed description of the method is
provided in Appendix A.2 and is described briefly below. Analyses were
performed via laser ablation split stream using an ASI RESOLution
193 nm laser ablation system coupled to a Thermo Fisher iCAP TQ
Triple Quadrupole inductively coupled plasma mass spectrometer (ICP-
MS) for measurement of U and Pb isotopes and a Thermo Scientific
Neptune Plus multicollector-ICPMS for measurement of Lu and Hf iso-
topes. The OG1 zircon (Stern et al., 2009) and the Mud Tank zircon
(Woodhead and Hergt, 2005) were used as primary standards to cali-
brate the U-Pb and Hf isotope data, respectively. Additionally, the
91,500 (Wiedenbeck et al., 1995), GJ1 (Jackson et al., 2004), PleSovice
(Slama et al., 2008), QGNG (Black et al., 2003), and Maniitsoq (Marsh
et al., 2019) zircons were used as secondary standards to validate both
U-Pb and Hf results. All secondary standards concur with re-
commended values (see Supplementary Table T2).

All data were reduced with the Iolite 3 software package (Paton
et al., 2011). The U-Pb data were reduced using the in-built
U_Pb_Geochron4 data reduction scheme of Iolite with down-hole frac-
tionation modelled with a smoothed cubic spline. The Hf isotopes were
reduced using the in-built Hf isotopes data reduction scheme of Iolite
with mass bias for Yb corrected with a 72Yb/!”'Yb of 1.132685 (Chu
et al., 2002) and mass bias for Hf corrected with a 7°Hf/Y7Hf of
0.7325 (Patchett and Tatsumoto, 1981). A limit of = 10% age dis-
cordance was used as concordance filtering criterium, and ages, iso-
topic ratios and errors are stated at 20 (95%) confidence limits. The
complete dataset is presented in Supplementary Table T1.

4. Results
4.1. Western Terrane: meta-igneous rocks

Five igneous samples from the Western Terrane previously analysed
for zircon U-Pb by Teixeira et al. (2020) were re-analysed for coupled
zircon U-Pb and Lu-Hf analyses (Table 1). Twenty-seven U-Pb results
were acquired from one sample of the Porto Murtinho Complex (sample
RA-65A) define a discordia trend consistent with recent Pb-loss yielding
an upper intercept of 2102 + 15 Ma (MSWD = 1.9, Fig. 2A). A subset
of this age population yields a concordia age of 2070 + 22 Ma
(MSWD = 0.12, Fig. 2A inset) based on the four most concordant
analyses (less than + 5% discordance), which is interpreted to provide
a robust estimate of the crystallisation age of the sample. One zircon
(spot RA-65A-2) yields a Neoarchean 2%Pb/2%Pb age of
2719 =+ 21 Ma (101% concordant).

Three samples of the Amoguiji Belt were analysed. Out of 29 data
points from a monzogranite of the Alumiador Suite (sample RA-62F),
14 U-PDb results define a recent Pb-loss trend with an upper intercept of
1877 + 14 Ma (MSWD = 0.58, Fig. 2B). Five data with discordance
lower than * 5% define an average 2’Pb/2%Pb age 0of 1883 + 18 Ma
(MSWD = 0.057, Fig. 2B inset), which agrees with the upper intercept
age and is interpreted as the crystallization age of the sample. Similarly,
10 of 39 data from a granitic orthogneiss of the Alumiador Suite
(sample RA-54) define recent Pb-loss with an upper intercept age of
1849 + 30 Ma (MSWD = 0.85, Fig. 2C). The three most concordant
grains (with less than + 5% discordance) from RA-54 define an
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Fig. 2. Isotopic results from the Western Terrane, which include data from the Porto Murtinho Complex (A), Alumiador Suite (B, C), Serra da Bocaina Formation (D),
and the Corumbd Window (E). Red ellipses are excluded from the discordia regressions and concordia age calculations due to high discordance or inferred con-
tamination by common-Pb. Plot (F) presents eHfy versus zircon age for each sample of the Western Terrane. Insets correspond to concordia age and weighted
207ph/29Pp) age of zircon grains with maximum =+ 5% discordance. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

+

average 2%7Pb/2%Pb age of 1860 + 20 Ma (MSWD = 1.21, Fig. 2C
inset). The Serra da Bocaina Formation is a sequence of volcanic rocks
associated with the Alumiador Suite. One rhyolite sample of this for-
mation was dated, resulting in 37 U-Pb zircon analyses. From this, 21
data points are less than 10% discordant and define a concordia age of

1867 = 18 Ma (MSWD = 8.0, Fig. 2D). A statistically robust concordia
age of 1865 + 16 Ma (MSWD = 0.16, Fig. 2D inset) is defined by
analyses with less than + 1% discordance.

The age of a granitic gneiss (sample RA-8D) collected in the
Corumba structural window (Fig. 1C) to the north of the RAT was also
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determined. From the 36 analysed zircons, 19 data define a discordia
reflecting recent Pb-loss with an upper intercept age of 1864 + 21 Ma
(MSWD = 0.41, Fig. 2E).

Zircons from the Porto Murtinho Complex have variable, but mostly
suprachondritic Hf isotopic compositions (11 of 15 data) corresponding
to eHfr values of +4.5 to —2.9 (Fig. 2F). Zircons from the Amoguija
Belt (comprising samples from the Alumiador Suite, the Serra da Bo-
caina Formation, and Corumba Window) have similarly variable Hf
isotopic compositions with initial eHfr values spanning + 3.5 to —5.0.
In detail, the majority of zircons from the Alumiador Suite and Serra da
Bocaina Formation have subchondritic eHfy values. In contrast, with the
exception of one analysis, zircons from the Corumbd Window have
exclusively suprachondritic eHfr compositions (Fig. 2F).

4.2. Eastern Terrane: meta-igneous rocks

New zircon U-Pb and Lu-Hf data were collected from seven rocks
from the Eastern Terrane. Four of these samples (RA-46B, RA-31A,
RA97B and RA-88B) were recently dated (U-Pb on zircon) by Teixeira
et al., (2020), but are re-analysed here for coupled U-Pb and Lu-Hf
isotopes (Table 1). Of the 44 U-Pb analyses from a leucocratic gneiss of
the Caracol Complex (sample RA-46B), 23 define a recent Pb-loss dis-
cordia yielding an upper intercept age of 1758 + 19 Ma
(MSWD = 0.90, Fig. 3A). A subset based on the five results with dis-
cordance lower than =+ 5% establishes a concordia age of
1751 = 20 Ma (MSWD = 0.27, Fig. 3A inset). Thirty-seven U-Pb data
were acquired from a mylonitic granitic gneiss of the Caracol Complex
(FMR-140), with 27 data points defining a discordia projecting to
present-day Pb-loss trend and yielding an upper intercept age of
1782 + 25 Ma (MSWD = 0.60, Fig. 3B), whereas four data with
maximum discordance lower than + 5% define a concordia age of
1746 + 22 Ma (MSWD = 0.97, Fig. 3B inset).

We performed 22 zircon U-Pb analyses from a fine-grained mus-
covite-granitic gneiss of the Caracol Complex (FMR-154). Fourteen of
these analyses define a recent Pb-loss discordia trend yielding an upper
intercept age of 1781 = 23 Ma (MSWD = 0.55, Fig. 3C. A subset based
on three analyses with maximum =+ 5% discordance produced an
average 2%’Pb/?*®ph age of 1775 = 28 Ma (MSWD = 0.15, Fig. 3C
inset). A medium-coarse grained muscovite-granitic gneiss from the
Caracol Complex (FMR-162) yielded 26 zircon U-Pb analyses, mostly
high discordance due to a combination of common-Pb contamination
and Pb-loss. Six analyses define a discordia trend projecting towards
recent Pb-loss, with an upper intercept age of 1786 = 44 Ma
(MSWD = 0.34, Fig. 3D). Thirty-one zircons were analysed from a
biotite gneiss from the Bafa das Garcas Suite (RA-31), which intrudes
the Caracol Complex. Most analyses (23/31) are moderately discordant
(89-83%) and a zero age-anchored discordia trend yields an upper in-
tercept age of 1778 + 15 Ma (MSWD = 0.12, Fig. 3E). A subset of four
analyses with less than 5% discordance defines a weighted mean
207pp,/296ph age of 1764 + 23 Ma (MSWD = 0.03, Fig. 3E inset).

All samples of the Eastern Terrane have overlapping and su-
prachondritic zircon Hf isotopic compositions with calculated initial
eHfy values between +7.1 and +1.3 (Fig. 3F).

We sampled an aplite dyke (RA-97B) and a quartz gneiss (RA-88)
from the Paso Bravo Province of Paraguay (Fig. 1B), which geo-
graphically belongs to the Eastern Terrane of the RAT and were pre-
viously dated by Teixeira et al. (2020). Thirty-seven zircons were
analysed from sample RA-97B with 33 analyses defining a discordia
trend with an upper intercept of 1763 + 12 Ma and lower intercept of
163 = 23 Ma (MSWD = 0.44, Fig. 4A).

A subset of four data with less than *= 5% discordance define a
weighted mean 2%7Pb/2%Pb age of 1767 + 19 Ma (MSWD = 0.03,
Fig. 4A inset), which is in agreement with the upper intercept age.
Sample RA-88 yielded 34 zircons from which 31 analyses define a
discordia with an upper intercept age of 1761 + 20 Ma and lower
intercept of 77 = 240 Ma (MSWD = 0.36, Fig. 4B). A subset of 11

Precambrian Research 350 (2020) 105919

analyses with less than = 1% discordance produces a concordia age of
1746 + 13 Ma (MSWD = 0.67, Fig. 4B inset). Unlike other samples of
the Eastern Terrane, zircons from the two samples from the Paso Bravo
Province have sub- to suprachondritic signatures with eHfr between
+6.6 to —2.7 (Fig. 3F), although most analyses are suprachondritic (33
of 37 data).

4.3. Metasedimentary successions

Detrital zircons from 11 metasedimentary rock samples from the
RAT were analysed, including four samples of the Amolar Group, two
samples of the Rio Naitaca Formation, and five samples from the Alto
Tereré Formation (Fig. 1B, Table 2). Most samples were previously
dated by Teixeira et al. (2020) and re-analysed here to obtain zircon Lu-
Hf isotopes coupled with U-Pb data. Wetherill diagrams with full da-
taset are presented in appendix A.3.

4.3.1. Western Terrane: Amolar Group

We analyzed 67 zircons from a muscovite quartzite (EAR-142) that
yielded 45 analyses that passed our concordance filtering criteria. The
concordant analyses define a unimodal age distribution centred on
~1870 Ma (Fig. 5A) with two older grains yielding 2/Pb/2%Pb ages of
2314 Ma and 2805 Ma. The four youngest concordant grains (95-102%
concordant; spots EAR142-54, —16, —17, and —62) define a weighted
mean 207Pb/2%Ppb age of 1809 = 15 (MSWD = 0.06), which is in-
terpreted as the maximum depositional age of this sample. We dated 61
zircon grains from a mylonitic muscovite quartzite with garnet por-
phyroblasts (EAR-082), of which 39 analyses pass our concordance
filtering criteria. The age spectrum of this sample is characterised by a
near unimodal population at ~1835 Ma and a minor secondary peak at
~1950 Ma. The four youngest concordant grains (100-103% con-
cordant; spots EAR82-62, —59, —57 and — 64) yield a weighted mean
207ph/296ph age of 1821 = 13 Ma (MSWD = 0.25), interpreted as the
maximum depositional age of this sample.

Two quartzite samples (RA-75 and RA-99) were collected from an
outerop at Cachoeira do Apa and yielded 16/65 and 24/86 zircons,
respectively, that pass our concordance filtering criteria. Both samples
have similar age distributions with major peaks at ~1890 Ma and a
minor spread of older ages up to 2000 Ma (Fig. 5A). The maximum
depositional ages are estimated at 1842 + 28 Ma for RA-75 (weighted
mean 2°7Pb/2%Pb age of spots RA75-21, -33 and -6, MSWD = 0.056)
and 1827 + 30 Ma for RA-99 (weighted mean 2%7Pb/2%Pb age of spots
RA99-45, —42 and —78, MSWD = 0.058).

The Amolar Group contains detrital zircons ranging in age from
2871 to 1788 Ma, yielding eHfr spanning +9.9 to —5.7, with a pre-
dominance of subchondritic signatures (81 of 124 data) (Fig. 5B).

4.3.2. Western Terrane: Rio Naitaca Formation

Of the 123 zircon grains analysed from a mylonitic, feldspar por-
phyroclastic meta-arkose (sample FMR-127), 84 data passed our con-
cordance filtering criteria. The age spectra of the concordant analyses
are characterised by a scatter between 1884 and 1756 Ma, a main peak
at ~1805 Ma, and a secondary peak at ~1760-1750 Ma (Fig. 5A). The
three youngest concordant grains (99-104% concordant) yield a
weighted mean 2°7Pb/2%Pb age of 1747 + 30 Ma (MSWD = 0.08;
spots FMR-127-37, —61 and —59), which is interpreted as the max-
imum depositional age of this sample. A meta-arkose of the Rio Naitaca
Formation (FMR-115) yielded 27 of 88 zircon analyses that passed our
concordance filtering criteria. The concordant data define a single age
population centred on ~1895 Ma with few older grains with
207ph,/296ph ages of 2025 Ma and 2523 Ma. A maximum depositional
age of 1844 + 27 Ma (MSWD = 0.13) is calculated from a weighted
mean 2%Pb/2%Pb age of the three youngest most concordant grains
(93-100% concordant; spots FMR115-60, —58 and —52).

The major 1950-1750 Ma population of detrital zircon grains from
the Rio Naitaca have eHfy values ranging from + 3.6 to —3.9 (Fig. 5B),
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Fig. 3. A-E) Zircon U-Pb ages of meta-igneous rocks of the Eastern Terrane; F) eHfr versus single zircon ages for each sample of the Eastern Terrane. Insets
correspond to concordia age and weighted 2°’Pb/?°°Pb age of zircon grains with maximum + 5% discordance.

with a predominance of subchondritic values (72 of 109 data).

4.3.3. Eastern Terrane: Alto Tereré Formation

We dated 68 zircons from a muscovite-quartz schist (sample EAR-
163), which contained 31 analyses meeting the concordance filtering
criteria. These data define a major age distribution centred on
~1795 Ma (Fig. 5C). The four youngest concordant zircon grains
(94-101% concordant, spots EAR163-58, —36, —19.1 and —51) yield
a weighted mean 2°7Pb/?%pb age of 1748 + 13 Ma (MSWD = 0.13),

which is taken as the maximum depositional age of this sample. A total
of 58 detrital zircon grains were dated from a fine-grained garnet-bio-
tite meta-arkose (EAR-161), which included 46 analyses that pass our
concordance filtering criteria. These data define a single age distribu-
tion at ~1800 Ma. The four youngest concordant grains (94-101%,
spots EAR161-37-34, -23 and -51) yield a weighted mean 27Pb/?°°Pb
age of 1750 + 16 Ma (MSWD = 0.28), which is interpreted as the
maximum depositional age of this sample.

Two mylonitic sericite-quartzite of the Alto Tereré Formation (FMR-
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