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RESUMO

A configuracéo tectonica da Provincia Borborema exibe complexo arcabouco
estrutural, definido por histéria policiclica desde o Arqueano até o final do
Neoproterozdico. Diferentes blocos crustais foram acrescidos, amalgamados e
retrabalhados, formando um conjunto de sub provincias, cada qual com historia
evolutiva distinta, separadas por um sistema de zonas de cisalhamento
interconectadas. A Zona de Cisalhamento Patos corresponde a extensa
estrutura de mais de 400 km de comprimento, orientacdo E-W, separando o
Dominio Rio Grande do Norte e a Zona Transversal a sul, no estado da Paraiba.
No corredor de cisalhamento, cuja cinematica € essencialmente dextral, afloram
migmatitos, granitos foliados, gnaisses diversos e faixas de milonitos, afetados
em maior ou menor grau de deformacdo. Neste trabalho sdo apresentados
resultados de diferentes fases de migmatizacdo nas rochas que se encontram
na faixa definida pelo Lineamento de Patos. O principal objetivo foi determinar a
sequéncia de eventos que permitiu estabelecer diferentes fases de geracao de
migmatitos em rochas submetidas a diferentes eventos de fusédo parcial e
retrabalhamento crustal. ldades U-Pb de 3.5 e 3.3 Ga sdao interpretadas como
sendo as idades de cristalizacdo dos protélitos dos migmatitos no
Paleoarqueano. ldades meso-neoarqueanas encontradas nas rochas datadas
mostram histéria complexa, marcada por magmatismo e deformacéo em 3.2, 3.0
e 2.65 Ga, com fases de geracdo de migmatitos contemporaneos. Novo pulso
de eventos magmaticos com migmatizacdo associada se desenvolve no
Paleoproterozdico, com idades de 2.2, 2.1 e 2.0 Ga. Por fim, um evento em 575
Ma é bem evidente na geracdo de migmatitos réseos avermelhados, com
magmatismo granitico rico em K, cortando e injetando as rochas mais antigas.
Assim, embora a Orogenia Brasiliana seja responsavel pelo desenvolvimento
das extensas zonas de cisalhamento transcorrentes na regido, e O
desenvolvimento do arcabouco tectonico do Lineamento Patos, os resultados
obtidos mostram que foram preservados fragmentos de crosta antiga ao longo
do mesmo. A semelhanca entre as idades e a estruturacdo geoldgica dessas
rochas permite concluir que as unidades de crosta paleoproterozéica do Craton
do Sao Francisco e os inliers adjacentes do embasamento, que carregam uma

historia tectonica semelhante, sejam consideradas como um sistema orogénico
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coevo, possivelmente continuo em sua formacéo, e sejam conhecidas como

Orogeno Grande Sao Francisco.

Palavras-chave:
retrabalho crustal; crescimento crustal; colisdo continental; evolucdo crustal; migmatizacao;

isotopos de Hf-Nd; desequilibrio.
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ABSTRACT

The Patos Shear System (PSS) is a 20-40 km wide domain of anastomosing
shear zones intercalated with non-mylonitic segments at the core of the
Borborema Province, a transpressive Neoproterozoic orogen in NE Brazil, part of
the reworked Sao Francisco Craton. We provide new U-Pb, Lu-Hf and Sm-Nd
analyses for non-mylonitic basement migmatitic orthogneisses. Four magmatic
events (~3.40, 3.26, 2.68-2.64 and 2.18 Ga), as well as three
metamorphic/migmatization ones (~3.0, 2.1-2.0 Ga and 570-575 Ma) were
evidenced. Metamorphism and leucosome injection at ~570-575 Ma attest the
PSS was subjected to high heat from medium- to high-temperature dextral
shearing. A distinct Paleoproterozoic (~2.1-2.0 Ga) migmatization event is
probably related to the amalgamation of Neo-Paleoarchean blocks and an older
~3.0 Ga metamorphic event may represent crustal thickening induced by the
collision between small Paleoarchean landmasses. Paleoarchean magmatic
protoliths obtained here were emplaced concomitant with TTGs and high-K rocks
regionally, and our Hf data from these rocks, after filtering for isotopic
disequilibrium during anatexis, combined with a large compilation, point to an
apparent mixing of magma derived from a CHUR-like reservoir with older crust,
better reconciled, although not conclusively, with a stagnant-lid scenario
dominated by plume activity. Hf data from 2.68-2.64 Ga old migmatites plot along
a conspicuous Meso-Neoproterozoic “reworking array” and our preferred model
is that magmatism between 2.9 and 2.6 Ga took place in an
accretionary/collisional continental setting, following renewed juvenile additions
between ~3.2 to 2.9 Ga. At last, the crystallization age of ~2.18 Ga of an
orthogneiss is related to another Wilson Cycle. Our data point to reworking of
Archean lithologies during the Paleoproterozoic, as evidenced by inherited
Archean zircon grains, but EHf and ENd close to CHUR suggest involvement of
more juvenile material as well, consistent with regional data, and the preferred

scenario is that of subduction followed by collision.

Keywords:
crustal reworking; crustal growth; continental collision; crustal Evolution; migmatization; Hf-Nd
isotopes and disequilibrium
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INTRODUGCAO

1.1 Importancia e justificativa da Tese

A compreensao das fontes e processos que possibilitaram a geracéao e o
crescimento da crosta continental € uma das questdes mais relevantes e
desafiadoras da pesquisa geolégica na histéria evolutiva da Terra.
Principalmente pela escassez de rochas paleoarqueanas (> 3,5 Ga), o estudo
isotopico e geoquimico das raras ocorréncias de crosta antiga é estratégico para
a compreensdo da evolucédo geoldgica do planeta (Condie et al., 2000, 2010;
Evans et al., 2011).

Nesse contexto, a Provincia Borborema exibe complexa evolugéo crustal,
com diferentes episddios de geracdo de crosta continental, desde o
Paleoarqueano até o Neoproterozoico (Almeida et al., 1981; Dantas et al., 2004,
2008; Van Schmus et al., 2008, 2011; Padilha et al., 2017; Oliveira e Medeiros,
2018). Ademais, diversos episédios e formacdo de cinturdes orogénicos e
tafrogénicos ocorreram durante o Riaciano até o Neoproterozoico (Brito Neves,
2011), culminando com processos colisionais e fusao de massas marcados pela
instalacdo de zonas de cisalhamento e granitogénese sintecténica de ca. 575 Ma
(Jardim de Sa, 1994; Van Schmus et al. 2003; Brito Neves et al., 2000; Souza et
al., 2007; Hollanda et al., 2015; Santos et al., 2008, 2015).

Nucleos arqueanos na Provincia Borborema, retrabalhados durante
orogéneses paleoproterozoicas entre 2,3 e 2,0 Ga, sao registrados no Maci¢o
S&do José do Campestre (Dantas et al., 2004, 2013), no Bloco Campo Grande
(Ferreira et al., 2017), em Sdo Tomé-RN (Ruiz et al., 2018), no Macico Tréia-CE
(Costa et al., 2015) e em unidades do Complexo Patos (Viegas et al., 2013),
como altos do embasamento da Zona Transversal (Van Schmus et al., 2011;
Brito Neves, 2011). A presenca de tipos de rochas e idades téo distintas torna a
Provincia Borborema uma area chave para o entendimento do Pré-Cambriano

no Brasil.
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1.2 Selecdo da area e objetivos da pesquisa

O Lineamento Patos é uma das estruturas mais marcantes da Provincia
Borborema, desenvolvido durante a Orogenia Brasiliana (Corsini et al., 1991;
Santos et al.,, 2010; Viegas et al., 2013), representando um sistema de
cisalhamento transcorrente de mais de 400 km de extens&o, por 45 km de
largura, que separa o Dominio Rio Grande do Norte (DGN) dos dominios da
Zona Transversal, a sul (Brito Neves, 1975; Jardim de S&, 1994; Santos, 1996;
Costa, 2002), e constitui importante limite litosférico na Provincia Borborema
(Van Schmus et al., 2008, 2011). As rochas que constituem a Zona de
Cisalhamento Patos sao gnaisses migmatiticos arqueanos que sofreram
sucessivos eventos de retrabalhamento no Paleoproterozéico e Neoproterozdico
(Costa, 2002; Viegas et al., 2013).

A presenca de nucleos arqueanos retrabalhados por orogéneses mais
jovens é uma feicdo expressiva dos complexos migmatiticos da Provincia
Borborema, como Macico Sdo José do Campestre (MSJC) no Dominio Rio
Grande do Norte, na Zona de Cisalhamento Patos e nas rochas do
embasamento da Zona Transversal (Costa, 2002; Guimaraes & Silva Filho 2000;
Viegas et al. 2014).

Apesar dos estudos ja realizados no Complexo Patos nas ultimas
décadas, percebe-se algumas lacunas no entendimento da evolugéo
geodinamica dessa regido. Um dos principais problemas é a datacdo absoluta
dos processos de fusdo, migmatizacdo e geracdo de rochas em complexos
polideformados. As incertezas analiticas empregadas nos estudos pretéritos,
realizados ha 20 anos, baseadas principalmente no método ICP-TIMS, que
embora seja muito preciso, ndo permitia a identificacdo de histérias complexas
gue registrem multiplos episddios geoldgicos a que foram submetidas essas
rochas (Costa, 2002)

O objetivo principal desta tese € a investigacdo dos processos
relacionados a formacdo dos migmatitos e gnaisses que ocorrem ao longo da
Zona de Cisalhamento Patos, com énfase em métodos geocronoldgicos e

geoquimica isotopica mais robustos.
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Esta tese tras dados geoquimicos, isotopicos e geocronoldgicos inéditos
sobre a evolucao crustal e os processos de fusdo parcial numa escala regional
do limite entre o Dominio Rio Grande do Norte e a Zona Transversal da Provincia

Borborema, respondendo especificamente aos seguintes questionamentos:

a) Qual é a idade de geragcdo dos migmatitos da Zona de Cisalhamento
Patos?

b) Qual o tipo do magmatismo da Zona de Cisalhamento Patos?

c) Por gquais eventos tectono-metamorficos essa zona foi afetada ao

longo do Arqueano e Proterozoico e seus respectivos ambientes?

d) Como se comportam os sistemas isotopicos U-Pb e Lu-Hf em terrenos

migmatiticos polideformados?

A é&rea de estudo esté localizada no Centro-Oeste do Estado da Paraiba,
na Regido Nordeste do Brasil (Fig. 1). Os limites geogréficos sdo os meridianos
36°30" a Oeste, 37°40’ a Leste e os paralelos 6°52' a Norte e 7°11" a Sul,
abrangendo parte das folhas topograficas SUDENE (escala 1:100.000) Patos
(SB-24-ZD-l), Juazeirinho (SB-24-ZD-Il), Jardim Serid6 (SB-24-ZB-V), Serra
Negra do Norte (SB-24-ZB-1V), Pombal (SB-24-ZA-VI) e Pianc6 (SB-24-ZC-Ill).
Os principais municipios integrantes da area pesquisada sédo Patos, Juazeirinho,
Catingueira, Teixeira e Santa Luzia.

O acesso € dado a partir de Jodo Pessoa-PB pela BR-230, seguindo
aproximadamente 230 km para oeste até o trevo subsequente a Juazeirinho,

tomando a PB-228 por 95 km até o municipio de Patos-PB (Fig. 1).

15
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Figura 1. Mapa de localizag&o e vias de acesso do Lineamento Patos. A) mapa
do Brasil; B) Extremo nordeste do Brasil. Retangulo vermelho mostra o local da area
estudada; C) Regido do municipio de Patos-PB.

16



UnB|IG|PPG Geologia

17

CAPITULO 2



UnB|IG|PPG Geologia

Contexto Geolégico
2.1 Provincia Borborema

A Provincia Borborema (Almeida et al., 1981), localizada no nordeste do
Brasil, apresenta complexa evolucdo geologica pré-cambriana, marcada
principalmente pela ocorréncia de fragmentos crustais paleoarqueanos (3,5 Ga,;
Dantas et al., 2004), magmatismo juvenil Riaciano (2,25 — 2,15 Ga; Souza et al.,
2007) e instalagcédo de complexos sistemas de cisalhamentos com granitogénese
neoproterozoica (apice em 575 Ma; Van Schmus et al., 2011; Nascimento et al.,
2015) durante a Orogenia Brasiliano-Panafricana (Caby, 1989; Arthaud et al.,
2008; Van Schmus et al., 2008). A Provincia Borborema é compartimentada em
sub-provincias, dominios, terrenos, blocos e maci¢cos com histérias evolutivas
distintas, separados por zonas de cisalhamentos regionais (Jardim de S&, 1994;
Santos, 1996; Brito Neves et al., 2000) (Fig. 2).
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Figura 2. Mapa do Oriente da Plataforma Sul-Americana, mostrando as
idades das unidades constituintes. Adaptado de Marimon et al. (2020) e Neves
et al. (2021).

2.2 Lineamento Patos

O Lineamento Patos € uma mega zona de cisalhamento, orientada em
trend W-E, com aproximadamente 400 km de comprimento, que separa o
Dominio Rio Grande do Norte e a Zona Transversal (Santos, 1996). Compreende
complexo corredor estrutural de cerca de 45 km de largura com cinemética
dextral, que abriga diversas zonas de cisalhamento subordinadas, blocos e
lentes desmembradas de fragmentos crustais com idades que variam do
Arqueano (Costa, 2002) ao Neoproterozoico (Hollanda et al., 2015), num
embasamento gnaissico-migmatitico predominantemente paleoproterozoico
(Santos et al. 2010; Viegas et al 2013). Em reconstituicdes paleogeograficas
corresponde, no Oeste Africano, ao Lineamento Adamoua (Costa, 2002; Arthaud
et al., 2008; Viegas et al., 2013).
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cisalhamento . Modificado de Viegas et al., (2014)
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O embasamento do Lineamento Patos € constituido por complexos
migmatito-gnaissicos de idade pré-cambriana, formados principalmente por
rochas ortoderivadas que foram submetidas a multiplos eventos de deformacao
e metamorfismo do facies anfibolito superior ao facies xisto verde (Scheid e
Ferreira,1991; Costa et al., 2002). Os complexos séo constituidos por migmatitos
tonaliticos, granodioriticos e monzograniticos, gnaisses de composicao
granodioritica, monzogranitica e quantidade subordinada de sienogranito
(Ferreira e Santos, 2000; Santos et al., 2006), com forte estruturacdo W-E,
formado por um sistema conjugado de zonas de cisalhamento secundérias entre

a Zona Cisalhamento Patos e Malta (Fig. 4).
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Figura 4. Mapa da primeira derivada vertical de dados magnetométricos,
elucidando as estruturas do sistema de cisalhamento na Regido de Patos.

Santos et al. (1999) sugerem que os dados isotépicos para esta regiao
apontavam para unidades com idade arqueana — paleoproterozoica. Os nlcleos
arqueanos dos sistemas de dobramentos agrupam rochas que parecem evoluir

a partir de duas fontes diferentes. Um grupo de ortognaisses demonstra ser de
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fonte mafica, possivelmente mantélica e outro grupo de ortognaisses mostra
Macico Sao José do Campestre esta localizado caracteristicas de fonte
supracrustal retrabalhada. O conjunto se mostra polideformado e migmatizado
em trama complexa com anatexitos (Scheid & Ferreira, 1991). Costa (2002)
caracterizou unidades antigas arqueanas préoximo a Patos (PB), com gnaisses e
migmatitos de natureza calcio-alcalina, derivados de crosta arqueana,
retrabalhada durante as orogenias riaciana e Brasiliana. Trabalhos anteriores
(Corsini et al. 1991; Vauchez et al., 1995) demonstram pelo método Ar-Ar que
em ca. 500 Ma houve resfriamento crustal. Viegas et al. (2013) mostram que um
sistema mecanicamente acoplado em meio a um deslocamento transcorrente é
transferido para uma faixa transpressiva, injetando material fundido (anatexitos)
com idade de 575 Ma (Viegas et al., 2014).

Nucleos arqueanos semelhantes ao da Zona de Cislhamento Patos sé&o
reconhecidos na Borborema, entre eles, o Complexo Granjeiro (2.5 Ga),
localizado no extremo oeste do Lineamento Patos, composto por granodioritos e
tonalitos e recoberto pela sequéncia metassedimentar Lavras da Mangabeira
(Santos, 1996). Os complexos Mombaca e Cruzeta, localizados no SW da
Provincia, foram datados em torno de 2.6 Ga (Silva, 2002)

O Macico Sao José do Campestre esta localizado 300 km a norte da area
estudada, constituindo segmento muito antigo da Plataforma Sul-Americana
(Dantas et al., 2013), formado por TTG’s com idades U-Pb em zircdo entre 3,41
e 2,69 Ga, de fonte mantélica, com valores eNd positivos (Dantas et al., 2004,
2013).

Também no dominio central do Ceard, ocorrem ortognaisses paleoproterozoicos
e metabasaltos com idades modelo Nd entre 2,5 e 2,4 Ga e idades de
cristalizacao entre 2,35 e 2,13 Ga e migmatitos (Fetter et al., 2000; Santos et al.,
2008) com fragmentos de crosta arqueana, denominados Maci¢co Pedra Branca
e Troia (Fetter et al., 2003; Arthaud et al., 2008). O Dominio Ceara Central possui
duas sequéncias paleoproterozoicas. A primeira unidade, chamada Algoddes-
Chor6, ocorre adjacente ao Complexo Cruzeta e compreende rochas
supracrustais (metatufos, rochas metassedimentares e metabasaltos com

geoquimica caracteristica de platdé oceanico). Lentes de anfibolito apresentam
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dados isotépicos com idade isocronica de Sm-Nd e evaporacao de zircao de 2.2
Ga e intrusdes tonaliticas e quatzo-dioriticas de 2.1 Ga (Martins et al., 2009). A
segunda sao intrusdes com idade de 2.2 Ga de corpos e diques com composicao
quartzo-dioritica e dioritos com idade modelo Nd de 2.3 Ga (Arthaud et al., 2008).
Séo identificados corpos de ortognaisses paleoproterozoicos com idade U-Pb
entre 2.4 e 2.3 Ga no Dominio Rio Grande do Norte (Dantas, 1996) e Ceara
Central (Fetter et al., 2000), que séo interpretados como remanescente de crosta
arqueana retrabalhada e acrescado juvenil, respectivamente. A Faixa Serido
abrange uma area comprimida pelo maci¢o Rio Piranhas a oeste e pelo macico
Sdo José do Campestre a leste e, a sul, inflexiona convergentemente ao

Lineamento Patos.
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Abstract

The Patos Shear System (PSS) is a 20-40 km wide domain of anastomosing shear zones
intercalated with non-mylonitic segments at the core of the Borborema Province, a transpressive
Neoproterozoic orogen in NE Brazil, part of the reworked S&o Francisco Craton. We provide new U-
Pb, Lu-Hf and Sm-Nd analyses for non-mylonitic basement migmatitic orthogneisses. Four magmatic
events (~3.40, 3.26, 2.68-2.64 and 2.18 Ga), as well as three metamorphic/migmatization ones (~3.0,
2.1-2.0 Ga and 570-575 Ma) were evidenced. Metamorphism and leucosome injection at ~570-575
Ma attest the PSS was subjected to high heat from medium- to high-temperature dextral shearing. A
distinct Paleoproterozoic (~2.1-2.0 Ga) migmatization event is probably related to the amalgamation
of Neo-Paleoarchean blocks and an older ~3.0 Ga metamorphic event may represent crustal
thickening induced by the collision between small Paleoarchean landmasses. Paleoarchean magmatic
protoliths obtained here were emplaced concomitant with TTGs and high-K rocks regionally, and our
Hf data from these rocks, after filtering for isotopic disequilibrium during anatexis, combined with a
large compilation, point to an apparent mixing of magma derived from a CHUR-like reservoir with older
crust, better reconciled, although not conclusively, with a stagnant-lid scenario dominated by plume
activity. Hf data from 2.68-2.64 Ga old migmatites plot along a conspicuous Meso-Neoproterozoic
“reworking array” and our preferred model is that magmatism between 2.9 and 2.6 Ga took place in an
accretionary/collisional continental setting, following renewed juvenile additions between ~3.2 to 2.9
Ga. At last, the crystallization age of ~2.18 Ga of an orthogneiss is related to another Wilson Cycle.
Our data point to reworking of Archean lithologies during the Paleoproterozoic, as evidenced by

inherited Archean zircon grains, but €xr and Eng close to CHUR suggest involvement of more juvenile
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material as well, consistent with regional data, and the preferred scenario is that of subduction followed

by collision.

3.1Introduction

Studies of when and how the continental crust was generated have
typically focused on areas where samples of new crust are exposed, relatively
little affected by crustal reworking. However, much of the continental crust is
made up of polymetamorphic rocks and it remains a priority to evaluate processes
of crust generation from these terrains (e.g., Moyen and Laurent, 2018;
Hawkesworth et al., 2020; Windley et al., 2021). Establishing the proportion of
juvenile versus reworked crust in the magmatic record, and hence the rate at
which the continental crust grew through time, is not straightforward and many
have attempted to do so by means of Hf and O systematics for instance (e.qg.,
Hawkesworth and Kemp, 2006; Kemp et al., 2009; Belousova et al., 2010;
Dhuime et al., 2012). However, mixing between crustal and mantle material,
either during magmatic emplacement and ascent through the continental crust
(Hildreth and Moorbath, 1988), and Sm/Nd (Bea et al., 2023) and Lu/Hf
fractionation (e.g., Xia et al., 2022) during crustal partial melting, may obscure the
estimated timing of new crust generation from model Nd and Hf ages. At present,
the rate at which the continental crust grew through time, and the rates of crust
generation that are recorded in different terrains, remain largely enigmatic,
evidenced by the sheer variety of crustal growth models (Hawkesworth et al.,
2019).

Detailed field, isotopic and petrographic study of Archean to
Paleoproterozoic crust is important to establish the relative roles reworking and
juvenile additions played in the ancient magmatic record, not least since old rocks
often bear evidence of several successive magmatic and metamorphic events
(e.q., Laurent et al., 2014; Valeriano et al., 2022). Whereas most juvenile crustal
production in the modern Earth takes place in subduction settings, its
preservation is tied to collisional orogens (Hawkesworth et al., 2009) as is most
of the deformation, and therefore reworking of ancient crust. A considerable
proportion of collisional reworking takes place in crustal-scale shear zones,
where partial melting, magma and fluid migration, as well as differentiation,

occurs (e.g., Jessup and Wintsch, 2001; Carvalho et al., 2016, 2017; Giraldo et
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al., 2019; Vinagre et al., 2020). In addition, large shear zones often develop at
weakened sections of the crust, such as old suture zones, and can thus preserve
the record of multiple tectono-thermal episodes, that led to extensive changes in
the constitution and structure of the continental crust (e.g., Giraldo et al., 2019;
Zhong et al., 2023).

As most of the ancient continental crust is composed of rocks subjected to
one or more metamorphic episodes, migmatites are abundant and represent the
reworking of continental crust during major tectono-metamorphic events (e.g.,
Sawyer, 2008). The study of zircon grains from crustal melts, such as diatexites,
provide information regarding the age of the partial melting event, and of the Hf
isotopic composition of the source. Furthermore, the investigation of leucosome-
melanosome pairs and/or polymetamorphic migmatites can help clarify whether
Hf-Nd isotopic fractionation took place during anatexis, which may distort the
calculated model ages (Xia et al., 2022; Beat et al., 2023).

We have investigated, by means of U-Pb, Lu-Hf and Sm-Nd systematics,
basement polymetamorphic migmatitic orthogneisses with protoliths of Archean
to Paleoproterozoic age, located in the Patos Shear Zone, a large-scale
Neoproterozoic transpressive shear zone system at the heart of the Brasiliano
Borborema Province (Fig. 1; Archanjo et al., 2021), whose basement is thought
to represent the continuation of the Sao Francisco Craton prior to Neoproterozoic
reworking (Neves et al., 2021). The studied migmatites, characterized by
moderate (metatexites) to higher degrees of partial melting (diatexites), bear
evidence of several reworking and crustal growth episodes. The new data are
incorporated into a large compilation of Paleoarchaen to Paleoproterozoic Hf data
from igneous/metaigneous basement rocks that constitute the Sao Francisco
Craton, including inliers in adjacent Neoproterozoic orogens. We use both our
data and the wider compilation to better constrain regional processes of crustal
growth and differentiation and discuss implications for continental formation and

recycling during continental collision, and models for Paleoarchean tectonics.
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3.2 Regional Geology

The Neoproterozoic Borborema Province (BP) is a mosaic of mobile belts
amalgamated by the convergence of the S&o Luis-West Africa and S&o
Francisco-Congo cratons during the Brasiliano/Pan African Orogeny, as part of
the western portion of the Gondwana supercontinent (Fig. 1A; Almeida et al.,
1981; Brito Neves et al., 2000). The northern segment of the Borborema Province
(BP) comprises dismembered Archean nuclei, surrounded by progressively
younger accreted terrains of Paleoproterozoic to Neoproterozoic age, and is
cross-cut by extensive regional shear zones (e.g., Dantas et al., 2004, 2013;
Viegas et al., 2014; Souza et al., 2016; Hollanda et al., 2015; Costa et al., 2018;
Ruiz et al., 2019; Ferreira et al., 2020, 2021; Archanjo et al., 2021). Archean
nuclei of the Borborema Province (Fig. 1) range in age from ~3.5 Ga (S&o José
do Campestre) to approximately 2.5 Ga and are dominated by metaigneous
rocks, including migmatitic TTG and high-K orthogneisses with distinctive
amphibolitic residues and enclaves (Fetter, 1999; Dantas et al., 2004, 2013;
Ganade et al., 2017; Santos et al., 2018; Pitarello et al., 2019; Ferreira et al.,
2020, 2021). In the oldest rocks of the BP, the ~3.5 Ga S&o José do Campestre
massif, Dantas et al. (2004; 2013) obtained an age of ~2.65 Ga for leucosomes,
a possible evidence of a Neoarchean migmatization event.

Archean nuclei of the Borborema Province (Fig. 1) range in age from ~3.5
Ga (Séo José do Campestre) to approximately 2.5 Ga and are dominated by
metaigneous rocks, including migmatitic TTG and high-K orthogneisses with
distinctive amphibolitic residues and enclaves (Fetter, 1999; Dantas et al., 2004,
2013; Ganade et al., 2017; Santos et al., 2018; Pitarello et al., 2019; Ferreira et
al., 2020, 2021). In the oldest rocks of the BP, the ~3.5 Ga S&o José do
Campestre massif, Dantas et al. (2004; 2013) obtained an age of ~2.65 Ga for

leucosomes, a possible evidence of a Neoarchean migmatization event.
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Figure 1) Map of the Sdo Francisco Craton. Adapted and modified from Marimon et al. (2020)

The Neoproterozoic Patos Shear Zone System, (PSZS) where the

migmatites studied here were collected, is a 700-km long, 20-40 km wide, E-W
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structure, characterized by steep-dipping foliations with dextral offset. The PSZS
is part of a wider, 2000 km long, shear zone system that marks the suture
between the Sao Francisco-Congo and S&o Luis-West Africa cratons during
Gondwana formation (e.g., Caxito et al., 2020; Fossen et al., 2022). Most of the
rocks that crop out along the Patos Shear Zone are migmatitic orthogneiss
complexes of Archean to Paleoproterozoic protholith age, with extensive granitic
leucosome formation and associated amphibolitic residues, as well as
Neoproterozoic metasedimentary cover successions (Fig. 2; Viegas et al., 2013,
2014; Hollanda et al., 2015; Fossen et al., 2022). Cross-cutting all lithological
units, anastomosed shear zones (high strain zones) of hundreds of meters wide
are characterized by well-developed mylonites, that are separated by larger
domains of lower strain (non-mylonitic domains). Orthogneisses that crop out in
the Patos system form several dismembered and elongated blocks (Fig. 2)
comprising of stromatic metatexites and diatexites with schollen and schlieren
structures, as well as extensive leucosome vein injections and leucosome bodies
in diatexites (Van Schmus et al., 2011; Viegas et al., 2013, 2014; Archanjo et al.,
2021). High-grade mylonites are common at the northern segment of the Patos
Shear Zone, whereas subsequent reactivation at lower temperatures during

exhumation is evidenced at its southern portion (Viegas et al., 2014).
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Figure 2) Geological map of the Patos Shear Zone. RGND = Rio Grande do Norte Domain; ZTD

— Transversal Zone Domain. Adapted and modified from Viegas et al. (2014).
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3.2Methodology

3.2.1 Zircon U-Pb

Analyses of zircon grains from seven migmatite samples were performed
on a Thermo-Fisher Neptune LA-ICP-MS coupled to a Nd:YAG UP213 New
Wave laser at the Geochronology Laboratory of the University of Brasilia (UnB).
The ablation was done with 30um spots with laser frequency at 10 Hz and energy
of 30% for approximately 40 seconds, resulting in laser energy of 1.02 J/cm?.
Between two to five grains from a given sample were analyzed between standard
GJ-1 (Jackson et al., 2004) analyses. Raw data were processed off-line and
reduced in an Excel spreadsheet. During analyses, a 91500 zircon standard was
used to control accuracy (Wiedenbeck et al., 2004). Common lead (?°*Pb) was
monitored using 2°°Hg and (*°*Hg + 2%*Pb), but common lead corrections were
not necessary due to low 2°*Pb counts in most samples. For detailed information
on the procedures applied at the Geochronology Laboratory of the University of

Brasilia, the reader is referred to Buhn et al. (2009).

3.2.2 Zircon Lu-Hf

Following U-Pb dating, zircon grains from four samples were selected for
Lu-Hf analyses. Samples were analyzed at the Geochronology Laboratory of the
University of Brasilia (UnB) in a Neptune LA-ICP-MS. The selected spot size was
50 um and the ablation time was set for 50 seconds. During analytical sessions,
a GJ-1 zircon standard was analyzed and the Y6Hf/1’"Hf value of 0.2820059+15
(20) was obtained, in agreement with the literature (Morel et al., 2008). Isotopes
171yp, 173Yb and 17°Lu were used to adjust for the isobaric interference of 176Yb
and 16Lu (Chu et al., 2002). Hf isotopic ratios were normalized for °Hf/’"Hf of
0.7325 (Patchett, 1983). gHf(t) values were calculated using the decay constant
(N) of 1.865x10! (Scherer et al., 2001) and the CHUR values of 176Lu/t""Hf=
0.0332 and 76Hf/17"Hf=0.282772 (Blichert-Toft and Albaréde, 1997). Two-stage
model ages (Tom) were calculated from the initial Hf isotopic composition of
zircon grains, using the average continental crust ’6Lu/*"’Hf of 0.010 (Pietranik
et al., 2008). The ratios of "6Lu/*"’Hf=0.0384 and 76Hf/1"’"Hf=0.28325 were
considered for the depleted mantle (Chauvel and Blichert-Toft, 2001). For

detailed information regarding the Lu-Hf methodology applied at the
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Geochronology Laboratory of the University of Brasilia the reader is referred to
Matteini et al. (2010).

3.2.3 Whole-rock Sm-Nd

Eleven samples were selected for whole-rock Sm-Nd analyses at the
Geochronology Laboratory of the University of Brasilia by means of a TRITON
TIMS (multicollector) in static mode. Approximately 50 mg of powdered samples
were spiked with a *9Sm-1°0Nd solution and subsequently dissolved. The
determination of Sm and Nd concentration followed conventional
chromatography ion exchange techniques, with Teflon columns and LN-Spen
resin. The material was put into Re evaporation filaments and measured in the
spectrometer. Uncertainties for Sm/Nd and 143Nd/*4*Nd were better than 0.1% (2
o) and 0.0015 (10), respectively, according to repeated analyses of international
standard BHVO-1. The obtained 43Nd/***Nd values were normalized to
146N d/144Nd=0.7219 and the applied decay constant was of (o) 6,54x10712, Model
ages (Tom) were calculated using the method of DePaolo (1981). For detailed
information regarding the Sm-Nd methodology applied at the Geochronology
Laboratory of the University of Brasilia the reader is referred to Gioia and
Pimentel (2000).

3.3 Results

We use the migmatite nomenclature of Sawyer (2008). The term
paleosome is a portion of the rock unaffected by partial melting, retaining all its
original characteristics. The polymetamorphic stromatic metatexites studied here,
with mostly mm to cm-scale leucosomes, present no portions unaffected by
partial melting, as to be called paleosome according to the strict definition above.
Since it is hard to separate leucosome from melanosome due to scale, we
collected large (>5 kg) representative samples of the neosome from stromatic
metatexites which are characterized by limited degrees of partial melting and
limited to absent melt migration. The neosome of stromatic metatexites, which
dominate the rock, may be texturally different than the protolith, but whole-rock
analyses of relatively large samples yield geochemical and isotopic compositions

very close to that of the protolith (i.e., paleosome). Sawyer (2008) used the term
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paleosome loosely in a few instances to represent rafts in diatexites, which we
believe, considering our samples, may not reflect the composition of the protolith
due to melt-depletion after high-degrees of partial melting and thus are better

described as residue.

3.1 Petrography and field aspects

Migmatitic orthogneisses comprise the basement rocks in the Patos Shear
Zone and are the focus of this study. They vary from stromatic metatexites to
schlieren and schollen diatexites, locally with nebulitic texture (Fig. 3; Sawyer,
2008). Gneissic banding is locally cross-cut by coarse-grained leucocratic
leucosome veins of metric-scale, as well as granitic leucosome bodies (Figs. 2
and 3). Boudinaged amphibolitic lenses, that likely represent residual rafts or
enclaves, are common in diatexites.

Diatexites (samples J41, AE23A, AE11B and AE24B), whose amphibolite
residue and leucosome were selected for isotopic analyses, have bulk
granodioritic to granitic composition, with syn-anatectic structures. The
leucosomes are composed of K-feldspar, plagioclase, quartz, and biotite (Fig. 3).
Amphibolite residues (rafts) are composed of hornblende, plagioclase, biotite,
and minor quartz, with accessory zircon, apatite, and titanite (Fig. 3).

Associated with some diatexites there are leucocratic metagranites
(sample J24), that either crosscut the gneissic banding or form distinct bodies of
metric scale (Fig. 4E). These rocks are interpreted to have formed by the
migration and accumulation of magma due to migmatization (leucosome veins)
in adjacent diatexites and are dominated by K-feldspar and quartz, with minor
plagioclase. Accessory minerals include zircon, apatite, and monazite.

Stromatic metatexites (samples J40 and J8) have granodioritic to granitic
bulk compositions (Fig. 4). They are represented by in-situ melt production and
little or no melt migration, which makes it easier to establish the protolith’s
composition (paleosome) compared to diatexites. Stromatic metatexites are
characterized by K-feldspar, plagioclase and quartz-rich leucosomes and biotite-
dominated melanosomes, with subordinate quartz, plagioclase, and rare K-
feldspar. Accessory phases in metatexites include zircon, apatite, titanite, allanite

and monazite. Locally, metatexites are mylonitic (Fig. 4).
32



UnB|IG|PPG Geologia

Stromatic Granitic Migmatite (J40),
. - ‘Yb ‘-“.

Ydye Bt-rich

" *_Granitic Diatexite (J3)™¢
rantc Diatexte (J3)

£

1000 pm

Figure 3) Field and microscopic aspects of migmatites exposed along the Patos Shear Zone. A)
Schlieren diatexite with flow structures (J41). Amphibolite residue is cross-cut by anatectic leucosome
veins; B) Thin section (crossed polars) of amphibolite residue (J41); C) Stromatic migmatitic orthogneiss
of granitic bulk composition (J40); D) Thin section (crossed polars) photo of the limit between melanosome
and leucosome in stromatic migmatite (J40); E) Granodioritic diatexite, with residual amphibolite
surrounded by a mass of leucosome; F) Thin section of a diatexite (J3), showing the boundary between

leucosome and residue.
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Figure 4) Field and petrographic aspects of studied rocks. A) Metatexitic orthogneiss of granitic
composition (J8); B) Leucosome and melanosome in thin section (J8); C) Mylonitized stromatic
metatexite; D) Same as C, thin section; E) Foliated metagranite (J24); F) Thin section of J24.

3.2 Isotopic analyses: U-Pb, Lu-Hf and Sm-Nd

Analyses of nuclei and rims of zircon grains were performed for seven
migmatite samples, two collected from residual rafts (amphibolitic in composition)
diatexites (J41 and AE23A), two from the leucosomes of diatexites (AE11B and
AE24B), two from the neosome (i.e., large segments with centimeter-thick
intercalations of melanosome and leucosome) of stromatic metatexites (J40 and
J8) and one from a granitic injected leucosome vein (J24), that represents melt
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migrated from adjacent diatexites. Backscatter scanning electron microscope
(SEM) images were obtained at the Geochronology Laboratory of the University
of Brasilia and were used to guide analyses and interpretations, as discussed in
detail below. Complete tables with U-Pb, Lu-Hf and Sm-Nd data are found in
Supplementary Material 1, 2 and 3, respectively.

3.2.1 Sample J41 (Residue of granitic diatexite)

Zircon grains from J41 (Figs. 3A and B) are large (200-300 pm) and mostly
prismatic. Backscatter SEM images evidence oscillatory-zoned cores surrounded
by dark to bright rims, as well as homogenous (bright) grains with small rims (Fig.
5A). Analyses on oscillatory-zoned cores (n=5) yielded a Discordia age of
3437+78 Ma (MSWD=4.8; Fig. 5A). A set of bright overgrowth rims (Fig. 5A)
yielded a Discordia age of 3012+36 Ma (n=3; MSWD=0.01; Fig. 5A), whereas
grains with homogenous internal structures and overgrowth rims (Fig. 5A) were
used to calculate a younger Discordia age of 2018+43 Ma (n=3; MSWD=10; Fig.
5A). Discordant oscillatory-zoned grains that fall between 3.0 and 3.4 Ga were
interpreted to represent partial Pb-loss due to the ~3.0 Ga event. At last, two
small rims yielded concordant ages of ~637 and 591 Ma (Fig. 5A). The oldest
oscillatory zoned cores (~3.43 Ga) were interpreted to represent the
crystallization of the protolith, whereas younger homogenous grains and
overgrowth rims (~3.0, ~2.0 and ~0.6 Ga) were interpreted to represent
successive tectono-thermal (metamorphic) events. This interpretation is mainly
based on zircon SEM textures: oscillatory-zoned grains were considered as
igneous and homogenous ones, as well as overgrowth rims, metamorphic (Fig.
5A). It is likely, given that zircon grows in temperatures above ~600 °C, that all

these events led to some degree of partial melting and migmatization.

3.2.2 Sample AE11B (Leucosome of granitic diatexite)

Analyses on oscillatory-zoned cores (Fig. 5B) produced two sets of
Archean ages, used to calculate Discordias of 3499+22 Ma (MSWD=1.9) and
3405+10 Ma (MSWD=1.8) (Fig. 5B). Zircon grains with homogenous internal

structures in SEM images, as well as overgrowth rims, yielded younger
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Paleoproterozoic ages, with a set of concordant analyses (n=3) used to calculate
a Concordia age of 2110+7 Ma (MSWD=5.5). Based on the zircon SEM
structures and on the number of grains in each age population, we interpreted
the crystallization age of the protolith to be ~3.4 Ga, following the reworking of
older ~3.5 Ga crust (inherited grains). The protolith was later subjected to
metamorphism and partial melting/migmatization at ~2.1 Ga, evidenced by zircon
overgrowths and grains with homogenous internal structures in SEM images,
likely related to recrystallization and obliteration of igneous concentric zoning
(Corfu, 2003). Two Paleoarchean grains, characterized by oscillatory zoning,
were analyzed for Lu-Hf, as well as one Paleoproterozoic homogenous grain.
One ~3.5 Ga grain was analyzed in the core and on its border, and produced
consistent results, with Enrz.5 ca) 0f 0.50 and 0.76, and model ages (Towm) of ~3.62
and 3.64 Ga. Similarly, the oscillatory zoned grain aged ~3.4 Ga yielded a Towm of
3.61 Ga and an Ehxfz.4 Ga) Of -1.23 (Fig. 7). On the other hand, two analyses were
performed on one grain of homogenous internal structures and an age of ~2.1
Ga, which produced Ehf2.1 ca) 0f 2.04 and 3.92 and model ages of 2.31 and 2.38
Ga (Fig. 7). The latter analyses indicate that at ~2.1 Ga, this rock was either
subjected to: i) a mixture with younger, more juvenile melt during migmatization
or; ii) isotopic disequilibrium during partial melting. Given that the analyzed rock
is a diatexite, characterized by considerable amounts of melt in relation to
residue, and that Paleoproterozoic rocks are common in the studied area (Fig.
2), itis not unlikely that magma mixing took place during migmatization. However,
to obtain a model age of ~2.3 Ga, for a grain recrystallized at ~2.1 Ga in the
leucosome (AE11B) of a ~3.4 Ga protolith, most of the melt in the analyzed
leucosome must have come from adjacent relatively juvenile rocks. Based on
field relations, it is unlikely that more than ~30% of the melt is allochthonous, and
therefore we prefer the isotopic disequilibrium hypothesis. Also a Nd model age
(Tom) of 2.97 Ga and an Ense.16a) 0f -9.44 (Fig. 7) was calculated for leucosome
AE11B, and considering that the dominant zircon population and the interpreted
protolith of the migmatite (paleosome) is Paleoarchean (~3.4 Ga), a Towm of 2.97
Ga would either indicate melt mixture or disequilibrium for the Sm-Nd system, the

latter being more likely.
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Figure 5) MEV backscatter zircon images and wetherill plots of analyzed samples.
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3.2.3 Sample AE23A (Residue of granodioritic diatexite)

Backscatter MEV images of AE23A evidence many complex zircon
structures. Grains with preserved oscillatory-zoned cores (Fig. 5C) produced the
oldest ages, and two populations stand out. Most analyzed grains rendered a
Concordia age of 3267+19 Ma (MSWD=0.87), interpreted as the best estimate
for the protolith crystallization. A few analyses aligned to form a Discordia age of
342565 Ma (MSWD=4), interpreted to represent inherited grains (Fig. 5C).
Bright overgrowth rims that appear to resorb (recrystallize) oscillatory-zoned
cores (Fig. 5C), yielded ages around 3.0 Ga, and the three most concordant
grains were used to calculate a Concordia age of 30008 Ma (MSWD=0.17; Fig.
5C), interpreted to represent a metamorphic event. Similarly, concordant
analyses from moderately bright to dark rims and subordinate internally
homogenous grains were used to calculate Concordia ages of 1944+19 Ma
(MSWD=8.7) and 5754 (MSWD=1.14; Fig. 5C) interpreted as metamorphic
events.

Lu-Hf analyses were performed on nine grains. Three analyses on two
grains of ~3.26 Ga, characterized by oscillatory zoning in MEV images, produced
clustered €nr (3.26 ca) from -3.29 to -3.62 (Fig. 7) and calculated Hf model ages
(Towm) that vary from 3.57 to 3.59 Ga. This is consistent with reworking of older
crust at ~3.26 Ga, as also evidenced by ~3.4-3.5 Ga inherited grains (Fig. 5C).
Three different grains with overgrowth rims of ~3.0 Ga yielded Enr 3.0 ca) Of -6.73,
-6.15 and 3.02 (Fig. 7) and Towm of 3.47, 3.45 and 3.11 Ga. One of the analyzed
~3.0 Ga overgrowths produced a Hf signature that dissonates from the other two,
in that the €xr is much more positive (3.02) and is close to DM values (Fig. 7).
This is likely the result of either disequilibrium in the Hf isotopic system or mixing
due to input of more juvenile material, possibly during partial melting at ~3.0 Ga.
However, an increase in more than nine €t units is unlikely, even considering the
incorporation of high proportions of juvenile material. We then consider the latter
hypothesis less probable. Two analyses on one bright overgrowth rim of ~1.94
Ga produced Enr (1.94 ca) Of -28.05 and -28.8, with Tom of 3.40 and 3.38 Ga, that
align well in a reworking array with oscillatory-zoned cores interpreted to
represent the crystallization of the protolith (Fig. 7). This indicates crustal

reworking at a ~1.94 Ga metamorphic event. On the other hand, one analysis on
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another ~1.94 Ga overgrowth yielded a Tom of 1.41 Ga with a very elevated Ent
of 23.22 (Fig. 7). Given that this analysis is unrealistic, in that it plots well above
the DM (Fig. 7), we consider it most likely represents isotopic disequilibrium
during partial melting at ~1.94 Ga. At last, a single dark overgrowth rim of ~596
Ma generated an Enisos Ma) Of —22.3 and a Tom of 2.0 Ga. Whole rock Sm-Nd
analysis on AE23A, the residue, produced an E€nd(3.26 ca) 0f 0.6 and a Tpwm of 3.31
Ga, whereas analysis on the leucosome from the same migmatite (AE23B)
produced a Towm of 2.83 Ga and an ¢Nds.26 ca) Of 8.39 (Fig. 7). We take that the
deviation in €na and Tom between residue and leucosome is most likely a result

of isotopic disequilibrium.

3.2.4 Sample J40 (Neosome of granitic stromatic metatexite)

Zircon grains from J40 (Figs. 3C and D) are mostly small (50-150 pum),
rounded to prismatic, and backscatter SEM images evidence distinct core and
rim structures (Fig. 6A). Some cores are oscillatory zoned and partly resorbed,
whereas rims are homogenous (Fig. 6A). Six core analyses produced a single
coherent Discordia age of 2682+48 Ma (MSWD=6.2; Fig. 6A), whereas eleven
rims yielded a Discordia age of 2013+39 Ma (MSWD=2.7; Fig. 6A). The first are
characterized by high (>0.3) Th/U, whereas the latter have Th/U lower than 0.1
(Fig. 6A). Taken together, these lines of evidence indicate the protolith of AE11B
crystallized at ~2.68 Ga and was metamorphosed, at high enough temperatures
(i.e., >700 °C) to induce zircon resorption and subsequent reprecipitation during
cooling, at approximately 2.01 Ga. Whole-rock Sm-Nd analysis of J40 produced
an End of -4.49 and Towm of 3.24 Ga, at 2.68 Ga (Fig. 7).

3.2.5 Sample J8 (Neosome of granitic stromatic metatexite)

Sample J8 (Figs. 4A and B) is a granitic stromatic migmatite and two zircon
groups were identified based on backscatter MEV imagens. The first group is
characterized by oscillatory zoned prismatic grains, a few with homogenous
bright rims, whereas the second is formed of rounded to subrounded (soccer-

ball) grains with homogenous internal structure, some with sector zoning (Fig.
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6B). Oscillatory zoned grains yielded a Discordia of 2644+20 Ma (MSWD=1.5)
and some produced older ages, likely inherited, not used for Discordia calculation
(Fig. 6B). The second group yielded a Discordia of 2021+29 Ma (MSWD=0.51,
Fig. 6B). Based on the zircon textures described above, the age obtained from
oscillatory-zoned cores and grains (2644 Ma) is interpreted as the crystallization
age of the photolith, whereas subrounded grains, with homogenous to sector-
zoned internal structures (SEM; Corfu, 2003), were interpreted as metamorphic
and produced a younger age (2021 Ma) that represents the timing of a thermal
event. Two oscillatory-zoned Archean cores (~2.64 Ga) were analyzed for Lu-Hf
and their € are -1.63 and -12.57, with calculated model ages (Towm) of 2.97 and
3.39 Ga (Fig. 7). Whole rock Sm-Nd analysis of J8 produced an End@644 ma) Of -
2.81 and a Towm of 3.1 Ga (Fig. 7).

3.2.6 Sample J24 (Injected metagranitic vein)

Sample J24 (Figs. 4E and F) was collected from a K-feldspar rich
small metagranitic injected body regionally associated with a diatexite and is thus
interpreted to represent melt accumulation. Zircon grains from this sample are
rounded to subrounded and mostly display a homogenous internal structure
(indicating recrystallization) in backscatter SEM images, with very few grains
presenting very weak oscillatory zoning (Fig. 6C). Some of these cores yielded
Paleoproterozoic ages, and the most concordant of those has an age of 2210+54
Ma, likely representing inherited grains. Internally homogenous zircon grains in
SEM images are mostly discordant with 2°6Pb/238U Neoproterozoic (700-500 Ma)
ages, reinforcing the idea of recrystallization, and the two most concordant
analyses were used to calculate a Concordia age of 569+13 Ma, interpreted as
the best age estimate for the crystallization of the granitic leucosome vein pocket
J24 (MSWD=5.7; Fig. 6C). Younger grains yielded Th/U below 0.1 and inherited
Paleoproterozoic grains above 0.4 (Fig. 6C). Whole-rock Sm-Nd analysis of J24
yielded an Endse9 Ma) Of -20.53 and Towm of 3.07 Ga (Fig. 7).
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Figure 6) MEV backscatter zircon images and wetherill plots of analyzed samples.
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3.2.8 Sample AE24B (Leucosome of granitic diatexite)

In backscatter MEV images, zircon grains of AE24B display oscillatory-
zoned cores surrounded by two generations of rims, the inner rim being darker
than the outer rim (Fig. 6D). Oscillatory-zoned cores produced older ages and a
set of concordant grains from the most abundant age population were used to
calculate (n=6) a Concordia age of 2181+13 Ma (MSWD=1.8), interpreted to
represent the crystallization age of the protolith (Fig. 6D). Analyses on dark rims
were used to calculate a Discordia age of 2008+10 Ma (MSWD=1.5) and the most
concordant analyses of bright rims (n=6) yielded a Concordia age of 570x2
(MSWD=0.94; Fig. 6D). The ages of rims are interpreted to represent distinct
metamorphic events. Seven Lu-Hf analyses were performed on AE24B zircon
grains. An older grain of ~2.69 Ga yielded an Exi2.69 Ga) Of -11.15 and a Towm of
3.38 Ga. Three grains of ~2.18 Ga produced Ewf2.18 ca) between 1.67 and -0.65
and calculated Hf model ages (Towm) cluster between 2.46 and 2.54 Ga (Fig. 7).
One dark overgrowth of ~2.0 Ga (Fig. 6D, zircon 11) produced an Enf2 ca) Of -
13.59 and a Tom of 2.88 Ga, whereas two grains with homogenous internal
structures (SEM images) of ~570 Ma vyielded Enis70 ma) Of -28.98 to -26.25 and
Towm of 2.30 and 2.15 Ga. Whole rock Sm-Nd analysis produced an €nd(.18 Ga) Of
-4.05 and a Towm of 2.64 Ga.

3.4 Discussion

In this section we first address the issue of isotopic Hf-Nd fractionation and
how it may have affected the isotopic signature of our migmatite samples and
their protholith’s. We identify incursions towards higher EHf and ENd values that
reflect fractionation during partial melting and assess which analyses may best

represent the isotopic composition of the source.

We then discuss the timing and tectonic meaning of the
metamorphic/migmatization events identified here, in a regional context, by
means of cathodoluminescence-supported zircon grain texture interpretations of

U-Pb ages. In the following subsection, we discuss magmatic events possibly tied
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to intense regional reworking, as evidenced by Hf-Nd systematics and periods of
intensified crustal growth, as further discussed below.

Our samples are mostly felsic polymetamorphic migmatitic metagranitoids
subjected to several reworking events, and this makes constraining the time
these rocks first became part of the continental crust, and hence contributed to
its growth, exceedingly difficult. The isotopic information on the ultimate sources
and protoliths of our migmatites were obtained through Lu-Hf isotopic analyses
of inherited zircon grains, especially those from residual mafic rafts in diatexites,
and whole-rock Sm-Nd analyses of schollen. Zircons are refractory and grains
from the protolith often are preserved during anatexis with virtually unchanged U-
Pb and Lu-Hf signatures. Combined with a large regional Hf compilation, we
constrain the approximate timing and tectonic significance of major crustal growth
events in the S&o Francisco Craton and the Patos Shear Zone, including a

Paleoarchean one, with implications for early Earth geodynamics.

5.1. The anatectic effect on the Lu-Hf and Sm-Nd isotopic systems:

implications for isotopic disequilibrium and data interpretation

It is very common that Hf isotopic zircon analyses from a single granitoid
sample yield a scatter in Exr versus age plots. These variations can even be
observed in single zircon crystals, especially those with a complex tectono-
metamorphic history (Xia et al., 2022). The reasons for this are debated, but
traditionally this is viewed as evidence of magma mixing between a juvenile and
a crustal component (e.g., Hawkesworth and Kemp, 2006; Kemp et al., 2007;
Santos et al., 2022), Lu/Hf fractionation during partial melting (e.g., Davies and
Tommasi, 2000; Tang et al., 2014; Xia et al., 2022; Yang et al., 2022) or
inheritance from an already isotopically diverse source (Farina et al., 2014). Lu/Hf
of common rock-forming minerals is highly variable, with zircon having the lowest
of all (<0.01) and garnet very high values (1to 11; Chen et al., 2015). This means
that different minerals, given enough time, will acquire highly dissonant *76Hf/*""Hf
signatures even if crystallized from the same homogenous magma. During crustal
anatexis, pressure, temperature, and composition control which minerals break

down and which remain residual and at what proportions (e.g., Marimon et al.,
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2022a). Garnet, titanite and ilmenite are common rock forming minerals with high
Lu/Hf ratios (amphibole and biotite have moderate to low Lu/Hf), and the
preferential melting of these phases, as in a peritectic reaction, could (with time)
increase the 76Hf/*’"Hf of the leucosome or migrated melt, and of metamorphic
zircon grains crystallized from it, whereas fractional crystallization of the same
minerals will have the opposite effect (Cheng et al., 2015; Xia et al., 2022). Of the
minerals mentioned above, only garnet has not been observed in thin sections
from the studied migmatites.

The behavior of Hf-bearing phases during partial melting also exerts strong
influence on isotopic disequilibrium between melt and protolith (e.g., Gao et al.,
2021). Zircon is extremely rich in Hf (2-3 wt.%), and the extent of its dissolution
during anatexis can affect the 176Hf/*’"Hf isotopic signature of the melt (e.g., Tang
etal., 2014; Gao etal., 2021; Xia et al., 2022). On the other hand, the contribution
of Hf from the breakdown of other rock forming minerals (e.g., amphibole, biotite,
titanite and ilmenite), all with higher Lu/Hf but poorer in Hf (usually <10 ppm to
<100 ppm) compared to zircon, may result in higher ’6Hf/1’’Hf in the leucosome,
especially if only a small proportion of zircon is dissolved into the melt, which is
common at lower temperatures and melt fractions (Tang et al., 2014; Chen et al.,
2015). As the temperature rises, however, the amount of melt increases and more
zircon is dissolved, which diminishes the 176Hf/*’"Hf of the melt and brings it closer
to that of the protolith (Tang et al., 2014).

Lu-Hf isotopic disequilibrium is thought to have affected at least some of
the studied migmatite samples. For instance, diatexite AE23A (residue) and
diatexite AE11B (leucosome), are characterized by heterogenous Hf data from
metamorphic zircon rims and grains, which either fall in a well-defined “reworking
array” with the protolith’s older oscillatory-zoned grains/cores or are dislocated to
much higher Eur values, sometimes plotting above DM (Fig. 7), which makes
mixing an unlikely possibility given that one of the mixing end-members would
have to be unrealistically radiogenic and that no evidence for mixing processes
has been observed in the field. It is likely that the highly radiogenic metamorphic
zircon grains crystallized during partial melting, under disequilibrium conditions
exacerbated by the incomplete dissolution of zircon grains in the melanosome
and important contributions from higher Lu/Hf phases (Xia et al., 2022). On the

other hand, Hf analyses of metamorphic crystals/domains that plot along a well-
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defined “reworking array” with the older grains could be a result of recrystallization

of residual protolith grains and retention of the protolith’s Hf isotopic signature.
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Figure 7) Ent versus age and Ena versus age for samples analyzed in this study.

Similarly, there is also evidence for Sm/Nd fractionation in both samples,
as in diatexite AE23 the leucosome is ~8 End units higher than the residue,
whereas the Tomng) age of leucosome AE11B is younger than the interpreted U-
Pb age of the protolith (Fig. 7). Sm/Nd fractionation has been reported for
migmatites and the budget of Sm and Nd is mainly controlled by minerals such
as apatite, monazite and garnet (e.g., Beat et al., 2023), the preferential
dissolution of which may led to imbalances between the *3Nd/***Nd of the melt
and the protolith (Zeng et al., 2005; Yang et al., 2022). Residual amphibole and
titanite, minerals common in residual enclaves of the studied migmatites, may
decrease the *’Sm/**Nd of the melt, which would then lead to melt Tom ages
younger than those of the protolith (Bea et al., 2023). Accordingly, the
leucosomes of analyzed samples yielded younger Tom ages than the
corresponding melanosomes.

Isotopic disequilibrium is thought to be enhanced in lower temperatures
melting and at lower degrees of partial melting during anatexis (Tang et al., 2014;
Xia et al., 2022). At these conditions, there is lower solubility of refractory
accessory phases that control the Hf-Nd budget, such as zircon (Hf) and
monazite (Nd). Our samples are characterized by considerable amounts of
inherited zircon, which indicates incomplete dissolution of zircon grains in the
protolith and therefore increased potential for isotopic disequilibrium. As
temperature increases during partial melting, Sm, Nd, Lu and Hf-bearing phases
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continue to break down and the isotopic signature of the melt approximates that
of the protolith (Tang et al., 2014; Yang et al., 2022).

Overall, crustal melting processes can substantially change Lu-Hf and Sm-
Nd signatures and impart considerable bias when estimating the residence time
of sources (Chen et al., 2015; Bea et al., 2023). Interpretations of mixing with
juvenile material to explain the variability of Exi/ Eng and incursions towards higher
values may not always be warranted and must be done with caution. To mitigate
the effect of anatexis in the Lu-Hf system and draw accurate geotectonic
considerations in the following sections we will only use data from magmatic
zircon grains (oscillatory-zoned grains), as suggested by Chen et al. (2015), and
only consider metamorphic grains (overgrowth rims, soccer-ball grains, etc) that

aligned in a “reworking array” with the older grains from the protolith.

5.2. Timing of migmatization events: crustal reworking and implications for

regional geology

The analyzed samples were collected in the Patos Shear System
(PSS), a 20-40 km wide section of the Neoproterozoic Borborema Province
characterized by anastomosing shear zones intercalated with non-mylonitic
sections (Fig. 2). The samples analyzed in this study were not mylonitic, however,
that doesn’t mean they were not subjected to heat from the high- to medium-
temperature shearing of adjacent shear zones, which other studies have shown
has led to migmatization and diatexite formation (Viegas et al., 2014). Zircon can
grow during the prograde metamorphic stage, at temperatures higher than ~600
°C, either forming new grains or overgrowth rims, or recrystallize resetting its
internal clock (Corfu, 2003). Accordingly, our U-Pb analyses on zircon overgrowth
rims, soccer-ball grains and metamorphic grains with homogenous internal
structure, mostly with low Th/U (< 0.1), produced reliable ages between 570 and
575 Ma (Figs. 5C and 6C and D), establishing the age for the youngest
metamorphism in the PSS, which is in accordance with what has been reported
in the literature (Archanjo et al., 2012, 2021; Viegas et al., 2014; Cioffi et al.,
2021). In addition, we obtained an age of ~570 Ma for a metagranite, spatially
associated with a diatexite, thus reinforcing the idea of localized partial melting in

the late Neoproterozoic. This granite is likely the result of magma accumulation
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during migmatization induced by high- to medium-grade shearing in the PSS
(Viegas et al., 2014). Viegas et al. (2014) obtained a similar age for a foliated
granite associated with a diatexite and for overgrowths in high temperature
mylonites with quartz ribbons recrystallized by grain boundary migration in the
PSS.

The Neoproterozoic metamorphic ages obtained in this study are
younger than most ages obtained regionally in the Borborema Province, that
mostly fall between 630 and 590 Ma (e.g., Ganade et al., 2014a, 2014b, 2021).
This indicates transcurrent dextral shearing in the PSS is late related to regional
metamorphism, a fact previously observed by other investigators (e.g., Viegas et
al., 2014; Archanjo et al., 2021). This is a common characteristic of transpressive
orogens, such as the Borborema Province, where tangential thrusting is followed
by transcurrent movement in late shear zones and strain partitioning (Vauchez et
al., 2014; Egydio-Silva et al., 2018; Archanjo et al., 2021). Another important
transpressive Brasiliano orogen is the Ribeira Orogen, in southeastern Brazil
(Egydio-Silva et al., 2018), where like in the Borborema Province, a major high-
grade dextral transcurrent shear zone is located at its core, the Além Paraiba
Shear Zone, which is also slightly late with respect to regional metamorphism
with an age of ~590-570 Ma (Giraldo et al., 2019), similar to that of the PSS
obtained in this study.

Although half of all analyzed migmatite samples yielded no
Neoproterozoic (~570 Ma) metamorphic ages, all analyzed migmatite samples
produced Paleoproterozoic (from ~2.1 to 1.95 Ga) metamorphic ages, evidenced
by low Th/U zircon overgrowth rims, sector-zoned soccer ball grains and
internally homogenous metamorphic zircon crystals in SEM images (Figs. 5, 6).
In a few samples (J40 and AE24B), the inner boundary of the Paleoproterozoic
overgrowths has an irregular inward curved shape (Fig. 6A, zircon 9 of 6D),
indicating that these rims were generated at suprasolidus conditions (Corfu,
2003), during high-grade metamorphism and migmatization at ~2 Ga.

The Paleoproterozoic (2.1-1.94 Ga) metamorphic ages obtained in this
study are related to the amalgamation and formation of the S&o Francisco-Congo
Craton by the collision of several Archean blocks following an extended period of
arc-related juvenile magmatism (e.g., Avila et al., 2010, 2014; Peucat et al., 2011;

Teixeira et al., 2015; Barbosa et al., 2015, 2019; Cioffi et al., 2016b; Bersan et
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al., 2020, 2022; Bruno et al., 2021; Neves et al., 2023). Collisional processes
between 2.2 and 1.7 Ga have been reported from several locations worldwide
and it is widely believed they eventually led to the formation of the Columbia
supercontinent (e.g., Meert and Santosh, 2017). Several investigators, working
throughout the S&o Francisco Craton and inliers in adjacent Neoproterozoic
(Brasiliano) orogens, have obtained consistent ages of metamorphism that
mostly fall between 2.1 and 1.95 Ga, similar to those obtained here for the Patos
Shear System (PSS), as shown in the compilation of Fig. 8 (e.g., Heilbron et al.,
2010; Cordeiro et al., 2014; Fuck et al., 2014; Teixeira et al., 2015; Aguilar et al.,
2017; Cutts et al., 2018; Degler et al., 2018; Bruno et al., 2020, 2021; Marimon
et al., 2020, 2022a). We can infer from the map in Fig. 1 that an Archean block
to the west of the Itabuna-Salvador-Curaca belt (including the Gaviédo block and
the southern S&o Francisco Craton), that forms the core of the S&o Francisco
Craton today, collided with Archean blocks on all sides, following accretion and
arc-magmatism between ~2.4 and 2.1 Ga (e.g., Avila et al., 2014; Teixeira et al.,
2015; Barbosa et al., 2017; Neves et al., 2021). These processes led to the
formation of Paleoproterozoic orogens, such as the Minas-Bahia Orogen (Bruno
et al., 2020, 2021), that extends from the southern to the northern segments of
the craton, including inliers in Brasiliano orogens (e.g., Cordeiro et al., 2014;
Heilbron et al., 2010; Cioffi et al., 2016b; Cutts et al., 2018). During continental
collision, crustal thickening led to high-grade granulite-facies metamorphism,
including UHT conditions in the Sao Francisco Craton (Barbosa et al., 2017),
leading to widespread migmatization. Our PSS migmatites, also affected by high-
grade metamorphism during the Paleoproterozoic, are likely part of this broader
coeval systems of accretionary and collisional Rhyacian orogenies surrounding

Archean blocks in the Sdo Francisco Craton.
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Figure 8) Ages of metamorphism (zircon overgrowths, soccer-ball, etc) for the Paleoproterozoic

of the S&o Francisco Craton, including inliers from adjacent Neoproterozoic orogens. Data from this study
were plotted for comparison. Data from the Sao Francisco Craton and inliers were compiled by Marimon
et al. (2020) and references can be found therein.

The earliest metamorphic event identified in migmatitic rocks of this study
is of Mesoarchean age. Two migmatite samples (J41 and AE23A) record a ~3.0
Ga metamorphic event, evidenced by the age of metamorphic zircon overgrowth
on older oscillatory-zoned cores, internally homogenous metamorphic zircon
grains and soccer-balls (Corfu, 2003), some with sector zoning (Figs. 5A and C).
However, in the Sao Francisco Craton and adjacent inliers, the most common
Archean metamorphic event is of Neoarchean age, with ages clustering at ~2.7
Ga (see Marimon et al. 2020 for a compilation). Still, ~3.0 Ga orthogranulites of
a similar age were recognized in the northernmost segment of the S&o Francisco
Craton, close to the border with the Borborema Province (Uaua terrain; Oliveira
et al., 2010 and references therein). Metamorphism at ~3.0 Ga may represent
crustal thickening induced by the collision between small Paleoarchean
landmasses, which culminated with the amalgamation of several smaller blocks
to form the core of the Sdo Francisco Craton at ~2.7 Ga (e.g., Romano et al.,
2013; Farina et al., 2015; Albert et al., 2016; Brando-Soares et al., 2020). Close
to the studied area, in the Sdo José do Campestre Massif (Borborema Province),
dyke-like bodies of metamorphosed gabbros and anorthosites yielded ages of
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~3.0 Ga (Dantas et al., 2004, 2013). Underplated high-temperature mantle-
derived mafic magmas can induce high-grade metamorphism and this is an
alternative explanation for the Mesoarchean metamorphism ages obtained in this
contribution. More studies are needed to clarify the geotectonic setting of the ~3.0
Ga metamorphic event.

5.3. Magmatic events: juvenile inputs and/or crustal reworking

Several magmatic episodes can be recognized with the data obtained in
this study. The age of magmatic episodes is constrained by the U-Pb dating of
oscillatory-zoned grains and cores, either interpreted to represent the
crystallization age of the protolith or inherited (Figs. 5 and 6). In this work, based
mainly on zircon textures and subordinately on Hf data, we interpreted that the
old protoliths of the studied region have crystallization ages of ~3.4 and 3.26 Ga,
followed by rocks of 2.64-2.68, 2.18 and 0.57 Ga (Figs. 5 and 6). In addition, one
sample yielded an inherited population of ~3.5 Ga.

Zircon U-Pb and Hf data obtained in this study, excluding those analyses
that likely represent disequilibrium as discussed above, in conjunction with data
from the S&o Francisco Craton compiled from the literature, are plotted in Figure
9. The obtained Paleoarchean ages (3.5, 3.4 and 3.2 Ga) are similar to the
crystallization ages of TTGs and high-K rocks, as well as associated mafic to
intermediate rocks, reported in the Sdo José do Campestre Massif, Borborema
Province, and in the northern S&o Francisco Craton (Gavido Block), but their
tectonic setting remains enigmatic (Dantas et al., 2004, 2013; Lana et al., 2013;
Lopes et al., 2021; Santos et al., 2022). Three age groups of rocks stand out in
the Hf compilation of Fig. 9: Paleoarchean, Meso-Neoarchean and
Paleoproterozoic. Paleoarchean Hf data, isotopic equilibrium with the source
considered, could be interpreted in one of two ways (Fig. 9): i) extraction of
magma from a mantle domain with CHUR-like isotopic signature between 3.2 and
3.6 Ga, with variable crustal contamination with older material; or ii) reworking of
ancient crust, extracted from the depleted mantle between 3.6 and 4.1 Ga (Fig.
9). Whatever the case may be, the pattern of Hf data from rocks older than ~3.2

Ga is markedly different from those of a younger age (Meso-Neoarchean and
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Paleoproterozoic), which form well-defined “reworking arrays”, i.e. the alignment
of Hf data along a Lu/Hf (e.g., 0.013) crustal evolution line that evolved from DM
to subchondritic Hf signatures (Fig. 9). The mechanisms that lead to the formation
of “reworking arrays” are debated, but they are thought to either form through the
successive batches of juvenile material mixed with older crust (e.g., Laurent and
Zeh, 2015), as in the dilution and refertilization of continental crust in a hot zone
according to the modelling of Payne et al., 2016, or through a short period of
mostly juvenile magmatism followed by a period of continued and prolonged pure
reworking. The absence of reworking arrays for Paleoarchean rocks of the S&o
Francisco Craton and the apparent mixing of magma derived from a CHUR-like
reservoir with older crust (Fig. 9) are better reconciled with a stagnant-lid scenario

dominated by plume activity.
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Figure 9) Eur versus age data for Archean and Paleoproterozoic rocks of the S&o Francisco

Craton and inliers from adjacent Brasiliano orogens. Data are from the compilations of Marimon et al.
(2020) and Santos et al. (2022).

Our Hf compilation and new data indicates that from ~3.1 to 2.9 Ga the
Séao Francisco Craton (including the PSS) experienced an important period of
renewed juvenile magmatism, with inputs from older crust, evidenced by the

spread of Exr data from the depleted mantle evolution line towards subchondritic
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values (Fig. 9). Juvenile magmatism between 3.1 and 2.9 Ga in the southern
segment of the S&o Francisco Craton is mostly represented by migmatitic
orthogneisses of TTG affinity, likely generated through the partial melting of arc-
related basalts (Farina et al., 2015; Albert et al., 2016; Marimon et al., 2022a).
This period of initial Meso-Neoarchean magmatic activity, from ~3.1 to 2.9 Ga, is
characterized by a spread of data between the DM line and slightly beneath the
CHUR line (red in Fig. 9). Therefore, most of these rocks were possibly generated
at the initial stage of continental magmatic arc activity, with moderate
contributions from preexisting crust and/or continental lithospheric mantle.
Samples from ~2.9 to 2.6 Ga align with older juvenile magmas to form linear Hf
arrays (Lu/Hf=0.013), as do our samples of 2.64-2.68 Ga (Fig. 9), which
presented inherited grains of ~3 Ga and Nd/Hf model ages (Towm) between 2.9 and
3.2 Ga, which is very consistent with the regional scenario of the Sao Francisco
Craton (Fig. 9). This may indicate that the period between 2.9 and 2.6 Ga is
characterized by intense reworking, also evidenced by increased high-K crustally
derived magmatic activity (e.g., Farina et al., 2015; Albert et al., 2016; Marimon
et al., 2022a) as well as regional metamorphism (see blue PDP at the top of Fig.
9), likely induced by crustal thickening (e.g., Cutts et al., 2019). However,
sanukitoid and mafic-intermediate rocks emplaced between 2.9 and 2.6 Ga (e.g.,
Brando-Soares et al., 2020; Valeriano et al., 2022; Marimon et al., 2022a) indicate
that mantle inputs also accompanied intensified reworking of older crust.
Therefore, the Meso-Neoarchean “reworking array” of the S&o Francisco Craton
(including data from the PSS) was likely formed by a complex association of
processes, including juvenile inputs associated with reworking of ancient crust,
like the models proposed by Laurent and Zeh (2015) and Payne et al. (2016).
The preferred model is that magmatism between 2.9 and 2.6 Ga took place in an
accretionary/collisional setting, with older ~3.5 to 2.9 Ga basement (Romano et
al., 2013; Albert et al., 2016; Marimon et al., 2022a).

After the waning stages of Archean magmatism at ~2.6 Ga, characterized
by A-type orthogneisses (Marimon et al., 2022), a period of quiescence followed
in the S&o Francisco Craton. Juvenile magmatism resumed at ~2.4 Ga (Barbosa
et al., 2019), at the beginning of another Wilson Cycle that eventually led to
voluminous magmatism, accretion, and continental collision during the

Paleoproterozoic (2.2-2.0 Ga; Fig. 9). The pattern of magmatism is very similar
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to that described above for the Meso-Neoarchean (Fig. 9). There is a protracted
period of juvenile magmatism, associated with crustal reworking, from ~2.4 to
2.15 Ga, followed by intense regional metamorphism (2.1-2.0 Ga), crustal
thickening and an excursion towards more negative Ewnr values, following a
reworking array along a Lu/Hf=0.013 evolution line (black in Fig. 9). We obtained
one Paleoproterozoic crystallization age of ~2.18 Ga, which coincides with the
most productive period of juvenile magmatism and reworking in the S&o
Francisco Craton (e.g., Barbosa et al., 2015; Cioffi et al., 2016b; Neves et al.,
2023). Indeed, our data indicate there was widespread reworking of Archean
rocks during the Paleoproterozoic in the studied area, as evidenced by inherited
Archean zircon grains in our Paleoproterozoic sample (Fig. 6D) and ~2.0-2.1 Ga
metamorphic grains, related to migmatization, in all our Archean samples (Figs.
5 and 6). For the past 30 years, other studies in the Borborema Province have
obtained similar results (e.g., Caby, 1989; 1995; Corsini et al., 1991; Van Schmus
et al.,, 1995; 2011; Dantas et al., 2004, 2013). On the other hand, our Hf data
indicate that Paleoproterozoic magmatism may not have been pure reworking of
Archean rocks, but there was possibly an involvement of more juvenile material,
as in magma mixing, since the E€xr of our Paleoproterozoic sample’s oscillatory-
zoned igneous crystallization grains do not form a reworking array with our older
Archean rocks, but instead are dislocated to higher values, close to CHUR (Fig.
7). We cannot totally discard that isotopic disequilibrium/fractionation, as
discussed in detail above, is not behind this excursion to higher values and
detailed future studies, focused on leucosome and residue of migmatites, should
address this issue. However, since the analyses were performed on oscillatory-
zoned igneous grains and not metamorphic ones (Chen et al., 2015), the grains
may not reflect this process. In addition, the compiled results for the Sao
Francisco Craton as a whole are consistent with our interpretation (Fig. 9).
Furthermore, on a geochemical perspective, mafic to intermediate magmatism
elsewhere in the S&o Francisco during this period (~2.2-2.1 Ga) indicate juvenile
mantle additions to the crust (Cardoso et al., 2019; Neves et al., 2023).
Although there are many migmatitic orthogneiss exposures, most with a
sanukitoid high-K affinity (e.g., Cioffi et al., 2016b; Bruno et al., 2020, 2021), with
juvenile DM-like isotopic signatures dated between 2.2 and 2.1 Ga, our samples

are most likely characterized by a mixture of more juvenile and reworked Paleo-
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Mesoarchean components. Our preferred scenario to explain this is subduction
beneath the Archean core of the S&o Francisco Craton during the
Paleoproterozoic. The Hf pattern evident in our wider compilation of Fig. 9 (black
spheres), i.e. of 2.2-2.1 Ga samples spreading from the DM towards highly
negative values, is probably related to a similar accretionary process in a
continental environment (e.g., Teixeira et al., 2015; Barbosa et al., 2015).
Widespread metamorphism, of a similar and consistent timing throughout the Sao
Francisco Craton (i.e., 2.1 to 2.0 Ga, also obtained in this study), after peak
magmatic arc production likely represents continental collision, after consumption
of oceanic lithosphere, between large landmasses of Archean cores which led to
the formation of the S&o Francisco Craton (e.g., Heilbron et al., 2017), including

the Borborema basement, and eventually of the Columbia supercontinent.

3.5 Conclusion

We report new U-Pb, Lu-Hf and Sm-Nd data for migmatitic Archean-
Paleoproterozoic basement rocks of the Patos Shear System, part of a
Neoproterozoic orogen: the Borborema Province in NE Brazil. The conclusions
of this study are as follows:

- Highly variable E€nt values for metamorphic zircon grains and a
difference between the €nd of a paleosome and in situ leucosome, point
to isotopic disequilibrium/fractionation between source and melt during
anatexis. To minimize this effect, only Hf data from magmatic zircon
grains and whole-rock Sm-Nd analyses from paleosomes were
considered for geotectonic interpretations.

- The magmatic protoliths of six analyzed migmatites yielded Archean to
Paleoproterozoic U-Pb ages of ~3.40, 3.26, 2.68-2.64 and 2.18 Ga
(Figs. 5 and 6). Three metamorphic events (3.0 Ga, 2.1-2.0 Ga and
570-575 Ma) are evidenced by U-Pb analyses on zircon overgrowth
rims, soccer-ball grains, and internally homogenous metamorphic
zircon grains in SEM images (Figs. 5 and 6).

- The Patos Shear System (PSS) is a 20-40 km wide section of

anastomosing Neoproterozoic shear zones intercalated with non-
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mylonitic domains (Fig. 2). This study’s migmatites are not mylonitic,
but metamorphic ages of ~570-575 Ma and an injected leucosome of
~575 Ma attest they were subjected to high heat from Neoproterozoic
medium- to high-temperature shearing.

The most widespread metamorphic/migmatization event in the
analyzed samples is of Paleoproterozoic age (2.1-2.0 Ga). This event
is related to the amalgamation and formation of the Sao Francisco-
Congo Craton by the collision of several Archean blocks. Collisional
processes between 2.2 and 1.7 Ga are common globally and led to the
formation of the Columbia supercontinent (e.g., Meert and Santosh,
2017).

Two migmatites record a ~3.0 Ga metamorphic event (Figs. 5A and C).
This metamorphic event may represent crustal thickening induced by
the early stages of collision between small Paleoarchean landmasses,
which culminated with the amalgamation of several smaller
paleocontinents to form the core of the Sdo Francisco Craton, with
metamorphism peaking at ~2.7 Ga (e.g., Farina et al., 2015; Albert et
al., 2016; Brando-Soares et al., 2020).

Palearchean magmatic protoliths (~3.4 and ~3.26 Ga) were emplaced
concomitant with TTGs and high-K orthogneisses regionally, albeit
their tectonic setting remains enigmatic (Dantas et al., 2004, 2013;
Lopes et al., 2021; Santos et al., 2022). Hf data, combined with a large
compilation from the S&o Francisco Craton, indicate that, unlike
analyses from younger rocks, Paleoarchean samples lack “reworking
arrays”, but rather show an apparent mixing of magma derived from a
CHUR-like reservoir with older crust (blue in Fig. 9). This is better
reconciled, although not conclusively, with a stagnant-lid scenario
dominated by plume activity.

Hf data from 2.68-2.64 Ga migmatites, combined with compiled data,
plot along a conspicuous Meso-Neoproterozoic “reworking array” (red
in Fig. 9). Considering the whole S&o Francisco Craton, mantle-derived
rocks emplaced between 2.9 and 2.6 Ga suggest juvenile inputs
accompanied by reworking (e.g., Brando-Soares et al., 2020),
indicating that magmatism between 2.9 and 2.6 Ga took place in an
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accretionary/collisional continental setting, following mostly juvenile
additions (TTG) between ~3.2 to 2.9 Ga (red in Fig. 9).

The crystallization age of ~2.18 Ga of the protolith of a migmatite (Fig.
6D) is related to another Wilson Cycle in the Sado Francisco Craton.
Obtained data point to widespread reworking of Archean rocks during
the Paleoproterozoic, as evidenced by inherited Archean zircon grains
(Fig. 6D) and widespread ~2.0-2.1 Ga metamorphism/migmatization
(Figs. 5 and 6). €nr and End values of Paleoproterozoic samples do not
form a “reworking array” with older Archean rocks, but instead are
dislocated to higher values, close to CHUR (Fig. 7), which suggests
involvement of more juvenile material (e.g., mixing), consistent with the
regional data (black in Fig. 9). The preferred scenario is that of
subduction beneath the S&o Francisco Craton Archean cores followed

by collision during the Paleoproterozoic.
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Abstract

Magmatic arcs, which extend for thousands of kilometers, represent important sites of
magmatic production and volcanism today. The average composition of the continental crust is like
that of rocks produced in continental magmatic arcs, which has prompted investigators to suggest most
of the continental crust was produced in these settings. Here, we provide new U-Pb, Lu-Hf and Sm-
Nd data on felsic basement migmatitic orthogneisses from the Borborema Province, NE Brazil, a
Neoproterozoic orogen (630-570 Ma) close to the northern border of the S&o Francisco Craton, which
is by definition only metamorphosed at low grades during the Neoproterozoic (Brasiliano Orogeny).
We obtained U-Pb zircon ages of 2.26-2.07 Ga and moderately positive (up to +5) to highly negative
(-10) EHf and €Nd values. This, and inherited Archean grains, suggests juvenile input accompanied
crustal reworking during magmatism, a common feature of continental magmatic arcs. Evidence from
metamorphic zircon grains (e.g., soccer-ball) point to two stages of high-grade metamorphism, one in
the Neoproterozoic (~570 Ma) and the other in the Paleoproterozoic (2.1-2.0 Ga), both interpreted as
related to continental collisions. Therefore, the migmatitic orthogneisses analyzed in this study are
likely part of a Paleoproterozoic (2.26-2.0.7 Ga) magmatic arc system, established on Archean (3.5-
2.5 Ga) crust, that evolved to a collisional orogen (2.1-2.0 Ga). Basement rocks of similar crystallization
and metamorphism ages, composition, petrography and isotopic signatures are found surrounding the
Sao Francisco Craton’s Archean core, and most are overprinted by Neoproterozoic orogenies. These
rocks formed a large subduction-to-collision orogenic system in the Paleoproterozoic, that was
thousands of kilometers long and today occupies a large segment of the Brazilian territory. We call it
the Greater S&o Francisco Orogen as segments of it are found as inliers in Neoproterozoic belts,
interpreted to represent reworked basement inliers. This ultimately led to the formation of the Columbia

supercontinent.
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1. Introduction

Magmatic arcs are one of the most remarkable features of plate tectonics.
They form ribbon-like structures that extend for thousands of kilometers and
represent important sites of magmatic production and volcanism in the modern
Earth. The average composition of the continental crust, including its trace
element signature, is very similar to the most abundant rocks in continental
magmatic arcs (Andean-type): calc-alkaline andesites (Rudnick and Gao, 2003;
Ducea et al., 2015). This has been used as support to the idea that most of the
present-day continental crust was formed in magmatic arcs (Taylor and
McLennan, 1985; Hawkesworth et al., 2013).

Continental magmatic arcs evolve to stable continental crust over time,
after crustal-scale magmatic differentiation during a long period of subduction
(Jagoutz, 2014) followed by oceanic basin closure and continental collision that
shield the arc lithosphere from further tectonic erosion caused by the down-going
slab (e.g., Stern, 2011) and preserves the crust in the geological record
(Hawkesworth et al., 2009, 2013, 2020). Compared to island arcs, continental
magmatic arcs are composed of thicker crust, have a larger compositional
magmatic diversity and are dominated by magmatic rocks of higher silica content
(Ducea et al., 2015).

The crust of continental magmatic arcs is divided into the upper, middle
and lower segments. The upper portions are dominated by volcanic rocks, the
middle is composed mostly of intermediate to felsic batholiths and the lower
segments, also known as “the root”, are made up of intermediate to mafic and
ultramafic rocks, with mafic intrusives (i.e. new additions to the crust), cumulates
and partial melting residues that get periodically removed by gravitational
foundering associated with mantle convection (Saleeby et al., 2003; Jagoutiz,
2014; Ducea et al., 2015; Jagoutz and Kelemen, 2015). The continental arc’s
lower crust is dominated by high-grade migmatitic rocks that can also encompass

the basement of the upper plate. This is where juvenile magmas, constantly

73



UnB|IG|PPG Geologia

replenished from the mantle wedge, interact with the preexisting continental
upper plate, and if it is old compared to the arc magmatism, this interaction will
generate more evolved melts (both isotopically and chemically), in a process akin
to MASH, that will eventually rise and dominate the batholithic segments (felsic)
of the upper arc crust (Hildreth and Moorbath, 1988; Dufek and Bergantz, 2005;
Ducea et al., 2015).

In modern continental arcs, migmatization is mostly restricted to the lower
crust (Ducea et al., 2015), but ancient magmatic arcs may have all its crustal
segments migmatized, considering old arcs have been subjected to multiple
tectono-metamorphic events (e.g., continental collisions) throughout their long
histories. Migmatites are generated by partial melting processes during crustal
thickening that can take place at the core of collisional orogens (Sawyer, 2008;
Brown, 2010). Despite the complexity of migmatites, their detailed isotopic,
geochronological and compositional study is necessary to produce a complete
picture regarding the genesis and evolution of the continental crust throughout
Earth’s history, and to estimate the amount of juvenile addition and crustal
reworking through time.

Given that modern continental magmatic arcs stretch for thousands of
kilometers, by analogy older arcs must have also formed regional structures. Still,
after several superimposed orogenies, multiple tectono-thermal events and/or
sedimentary basin development, the true geometry of ancient magmatic arcs
tends to become obscured. In this contribution, we investigate basement
migmatitic felsic orthogneisses from the Borborema Province, NE Brazil (Patos
Shear Zone System), a Neoproterozoic orogen (630-570 Ma) at the northern
border of the S&o Francisco Craton, and provided new geochronological and
isotopic evidence for continental arc magmatism, with assimilation of older
Archean crust, between 2.4 and 2.1 Ga, followed by continental collision and
post-collisional lithospheric relaxation. We then draw regional comparisons with
rocks of similar age, lithotype, isotopic signature and composition to try and
partially reconstruct this 2.4-1.9 Ga subduction-to-collision system, that spans a
large portion of the Brazilian territory and surrounds the Archean core of the Séo

Francisco Craton. We named this orogen the Greater Sao Francisco Orogen.

4.2. Regional setting
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4.2.1 The Borborema Province

The Borborema Province (BP; Fig. 1) is an orogen formed during the
Neoproterozoic Brasiliano/Pan-African Orogeny, through the successive collision
of the Sao Francisco-Congo, Sao Luis-West Africa and Amazonian Cratons that
formed a portion of West Gondwana (Van Schmus et al., 1995). The BP is
subdivided into three subprovinces, the North subprovince, Central subprovince
and South subprovince, separated by relatively wide shear zone systems
oriented E-W (Van Schumus et al., 1995; Costa et al., 2018). The BP is
considered a transpressive orogen, and one of its most conspicuous
characteristics is a dense anastomosing network of mostly dextral shear-zones
that crosscut the whole orogen and follow partial melting and granitoid formation
(Hackspacher et al., 1997; Neves et al., 2000; Archanjo et al., 2021; Fossen et
al., 2022).

The oldest nuclei of the Borborema Province (BP; Fig. 1) vary in age from
~3.5 Ga (Séo José do Campestre Massif) to approximately 2.5 Ga and are
usually dominated by felsic migmatitic orthogneisses, locally with amphibolite
residual boudins, and with a composition varying from sodic (TTG) to potassic
(granites and sanukitoids) (Dantas et al., 1998, 2004, 2013; Ganade et al., 2017,
Costa et al., 2018; Santos et al., 2018; Pitarello et al., 2019; Ferreira et al., 2021).

The North subprovince of the BP is made up mostly of migmatitic
orthogneisses of Paleoproterozoic age (dominantly 2.2 to 2.1 Ga) and restricted
Archean fragments (Dantas et al., 2004, 2013 ; Viegas et al., 2014; Souza et al.,
2016; Hollanda et al., 2015; Costa et al., 2018; Ruiz et al., 2019; Ferreira et al.,
2021), overlain by metamorphosed volcano-sedimentary successions, possibly
of varying age and tectonic setting, as well as syn- to late-tectonic granitic bodies
(Hollanda et al., 2011, 2015; Archanjo et al., 2013; Basto et al., 2019).

The basement of the Central subprovince, which is separated from the
Northern subprovince by the Patos Shear Zone System (PSZS), is made up of
Paleoproterozoic-Archean migmatitic orthogneisses of varying bulk composition,
but dominantly felsic (Brito Neves et al., 2022), Mesoproterozoic alkaline granites

(~1.6 Ga) and Tonian rocks are juxtaposed by accretionary events from ~1.0 to
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0.92 Ga, known as the Cariris Velhos Orogeny (e.g., Santos et al., 2018; Van
Schmus et al., 2011; Caxito et al., 2020a). It is worth noting that there is no
evidence of the Cariris Velhos Orogeny in the Northern segment of the
Borborema Province, which suggests the Patos Shear Zone System, described
in detail below, constitutes a tectonic boundary that limits blocks of distinct crustal
evolutionary histories (Vauchez et al., 1995; Van Schmus et al., 2008, Archanjo
et al., 2021).
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Figure 1) Schematic map of the Borborema Province. Adapted and modified from Fachetti et al.
2024.
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2.2 The Patos Shear Zone System

The Patos Shear Zone System (PSZS), where the migmatities were
collected, is approximately 400 km long and 20-40 km wide, characterized by a
dense network of anastomosing shear zones, where high temperature mylonites
dominate, separated from lower strain domains dominated by migmatites with
Paleoproterozoic or Archean protoliths (e.g., Viegas et al., 2013, 2014; Archanjo
etal., 2021; Fossen et al., 2022). The Patos Shear Zone System (PSZS) extends
to west Africa as the Garoua Lineament south of lake Chad and extends towards
the south of Libia (Caxito et al., 2020Db).

Beneath the Neoproterozoic metasedimentary cover, most of the rocks
that crop out in the central segment of the PSZS are orthogneiss migmatitic
complexes that locally grade into high- to medium-temperature mylonites, and
are characterized by widespread partial melting and the formation of large
leucosome bodies in diatexites, as well as boudinaged amphibolitic residual rafts
(Fig. 2; Viegas et al., 2013,was 2014; Hollanda et al., 2015). In the northern
segment of the PSZS, mylonitization took place at granulite facies conditions,
whereas medium temperature mylonitization is reported in the south, possibly
related to exhumation (Viegas et al., 2014).
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Figure 2) Geological map of the Patos Shear Zone System. Adapted and modified from Viegas
et al. (2014).

In the western segment of the PSZS, there is the Granjeiro Complex,
dominated by orthogneisses of Archean age (3.0 to 2.5 Ga) tectonically
intercalated with Paleoproterozoic orthogneisses and supracrustals (2.5-2.0 Ga),

as well as Neoproterozoic cover (Hollanda et al., 2015).

4.3. Methodology

4.3.1 Zircon U-Pb

Zircon grains from twelve rock samples were analyzed on a Thermo-Fisher
Neptune LA-ICP-MS coupled to a Nd:YAG UP213 New Wave laser at the
Geochronology Laboratory of the University of Brasilia (UnB). Thirty micrometer
ablation spots were used with a laser frequency at 10 Hz. Sample analyses were
bracketed between standard GJ-1 (Jackson et al., 2004) and blank analyses. A
91500 zircon standard was used to control accuracy and raw data were reduced
in an Excel spreadsheet. Common lead corrections were not necessary due to
low 29Pb counts in most samples. For more information on the methodology
applied at the Geochronology Laboratory of the University of Brasilia, the reader
is referred to Buhn et al. (2009).

4.3.2 Zircon Lu-Hf

Seven samples were selected for Lu-Hf analyses at the Geochronology
Laboratory of the University of Brasilia (UnB) in a Neptune LA-ICP-MS coupled
to a Nd:YAG UP213. Spot sizes of 50 um were selected with 50 second ablation
time. Concomitant with the analyses of the selected samples, a GJ-1 zircon
standard yielded a Y76Hf/1""Hf value of 0.2820052+15 (20), similar to the average
value reported by Morel et al ( 2008). Isobaric interference of 176Yb and 176Lu
were adjusted based on measured ’1Yb, 13Yb and 1’°Lu (Chu et al., 2002). Hf
isotopic ratios were normalized for °Hf/1""Hf of 0.7325 (Patchett, 1983) and the

decay constant (A) of 1.865x101! (Scherer et al., 2001) and CHUR values of
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8 u/t""Hf = 0.0332 and 17®Hf/17"Hf=0.282772 (Blichert-Toft and Albaréde,
1997), were used to calculate €Hf(t). Model ages (Tom) were calculated from the
initial Hf isotopic composition of analyzed grains, the average continental crust
L78_u/*""Hf ratio of 0.010 (Pietranik et al., 2008) and the depleted mantle (DM)
ratios of 178Lu/1"’"Hf=0.0384 and 176Hf/1’"Hf=0.28325 (Chauvel and Blichert-Toft,
2001). For more information on the Lu-Hf procedures adopted at the
Geochronology Laboratory of the University of Brasilia can be found in Matteini
et al. (2010).

4.3.3 Whole-rock Sm-Nd

Whole-rock Sm-Nd analyses were performed on a TRITON TIMS
multicollector at the University of Brasilia (UnB). Pulverized samples were spiked
with a %°Sm-1Nd solution and subsequently dissolved. Conventional
chromatography ion exchange techniques were followed to determine the
concentration of Sm and Nd, with Teflon columns and LN-Spen resin. Based on
repeated analyses of international standard BHVO-1, uncertainties for Sm/Nd
and *3Nd/***Nd were better than 0.1% (2 o) and 0.0015 (10), respectively. The
obtained 1%3Nd/'#4Nd values were normalized to 46Nd/***Nd=0.7219 and the
applied decay constant was of () 6,54x10712. Model ages (Towm) were calculated
using the method of DePaolo (1981). For more information on the Sm-Nd
methodology applied at the Geochronology Laboratory of the University of

Brasilia the reader is referred to Gioia and Pimentel (2000).

4.4. Results

4.4.1 Petrography and field aspects

Migmatitic orthogneisses are the most abundant lithotype in the
Patos Shear Zone System (PSZS) and the focus of this contribution (Fig. 3). They
occur tectonically intercalated with subordinate mylonitic orthogneisses, with
leucosomes characterized by K-feldspar porphyroclasts (Fig. 3D), garnet-biotite
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paragneisses, metric marble and calc-silicate rock lenses and banded iron
formations. The dominant migmatitic orthogneisses exhibit a complex framework
(Fig. 4), with metaxite (Fig. 4A, C, F) and stromatic migmites (Figs. 3 E, F and
4F, G).

The stromatic metatexites (analyzed samples AE02, J10, J11, J19,
AC102B and AE24C; Fig. 3) locally present peritectic hornblende (Fig 4F) and
boudinaged layers with leucosome injected perpendicular to the gneissic banding
at low-pressure zones (Fig. 4G). At the terminal stages of the metatexite-diatexite
transition, leucosomes become interconnected and form relatively large
pegmatite pockets (Fig. 4D). The melanosome of metatexites varies in
composition from biotite-bearing tonalitic (Fig. 5F) to amphibolitic, whereas
leucosomes are mostly granitic in composition, locally with peritectic hornblende
(Fig. 5D), and with accessory biotite, titanite, allanite, epidote, zircon, apatite,

ilmenite and muscovite.
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Figure 3) Field aspects of migmatites from the Patos Shear Zone System (PSZS). A) stromatic
migmites; B) alkaline dick cutting the main foliation; E) Diatexite D) mylonitic orthogneisses, with
leucosomes characterized by K-feldspar porphyroclasts; E) folded stromatic migmites; F) Hornblende rich

stromatic migmites

Diatexites (analyzed sample J39) commonly present residual amphibolite
rafts (Fig. 5B), schlieren or melanosome bands rich in hornblende and biotite,
whereas locally tonalitic gneiss enclaves are present (Fig. 4C). The melanosome
of diatexites is rich in hornblende, biotite and plagioclase, and little-to-absent K-
feldspar and quartz, with accessory zircon, apatite, allanite, epidote and titanite.
Leucosomes are mostly granitic in composition and present accessory
hornblende (locally peritectic), titanite, ilmenite, apatite, allanite, epidote and
zircon. K-feldspar can occur as thin, small lenses between grain boundaries (Fig.
5C). Titanite may occur as reaction rims mantling ilmenite crystals (Fig. 5C) and

epidote coronae surround allanite crystals (Fig. 5E).

|= 38588 Amphibolic schlieren

Injected leucosome

Figure 4) Mesoscopic aspects of migmatites from the PSZS. A) Metatexite with vertical banding.
B) Amphibolitic schlieren in metatexite-diatexite transition. C) Injected pegmatitic leucosome in diatexite.
D) Pegmatitic leucosome pockets formed by melt migration. E) Hornblende-rich melanosome (residue) in

diatexite. F) Peritectic hornblende in leucosome of metatexite. G) Boudins filled with leucosome.
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4.4.2 Isotopic analyses: U-Pb, Lu-Hf and Sm-Nd

Analyses of nuclei and rims of zircon grains were performed in twelve
samples, eleven of migmatitic orthogneisses (AE02, J10B, J11B, J39B e AE24C,
J19A, J10A, J11A, J29, J39A, AC102B) and one of a calc-silicate rock (J49)
associated with a marble lense.

Backscatter scanning electron microscope (SEM) images were obtained
at the Geochronology Laboratory of the University of Brasilia and were used to
locate the spots of LA-ICP-MS analyses and aid geochronological interpretations.
Complete U-Pb, Lu-Hf and Sm-Nd tables can be found in Supplementary Material
1.

4.4.2.1 Metatexite J19A (melanosome)

Zircon crystals of metatexite J19A are large (200-300 pm), mostly
prismatic. Two distinct groups of zircon grains were separated based on SEM
backscatter images. The first group is characterized by prismatic grains with
oscillatory zoning in SEM images, some with irregular corroded boundaries, that
yielded a Discordia age of 2477 + 15 Ma (MSWD = 0.15; n = 6), interpreted to
represent an inherited population. The second group is composed of prismatic to
rounded grains, with oscillatory-zoned or homogenous internal structures (Corfu,
2003; Fig. 6A), that were used to calculate a Discordia age of 2193 + 8 Ma
(MSWD = 0.97; n = 21; Fig. 6A), interpreted to represent the crystallization age
of the protolith. Whole-rock Sm-Nd analysis yielded an ENd(2193 ma) 0f 2.19 and a
Towmof 2.45 Ga (Fig. 8B).

4.4.2.2 Metatexite AEO2 (leucosome)

Zircon crystals of metatexite AEO2 have between 150 and 300 pum, and
yielded oscillatory zoned grains in SEM images (Fig. 6B) with a calculated
Discordia age of 2259 + 22 Ma (MSWD = 0.81; n = 22; Fig. 6B). One zircon grain
was analyzed for Lu-Hf and its EHf is of -1.02 (Fig. 8A) with a calculated Towm of
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2.65 Ga. The whole-rock Sm-Nd analysis of AE02 yielded an ENd, of -1.02 (Fig.
8B) and a Towm of 2.53 Ga.

Figure 5) Microscopic aspects of migmatites from the PSZS. A) Tonalitic residue of sample J19A.
B) Amphibolitic residue of sample J10A. C) Titanite coronae surrounding ilmenite; plagioclase crystals
with subrounded corners and thin melt pockets made up of plagioclase and K-feldspar (J39B). D)
Peritectic hornblende from leucosome of sample J11B. E) Epidote corona around allanite in a granitic

leucosome. F) Granitic leucosome with myrmekitic K-feldspar crystals. Abbreviations: All = allanite; Bt =

biotite; Ep = epidote; Hb = hornblende; Kfs = K-feldspar; Plg = plagioclase; Qtz = quartz.

4.4.2.3 Metatexite J10B (leucosome)

Zircon crystals of metatexite J10B can be divided into two populations
based on size and morphology in SEM images (Fig. 6C). One population is
composed of large grains with oscillatory-zoned cores and yielded a Discordia
age of 2231 + 25 Ma (MSWD = 2.0; n = 11, Fig. 6C), interpreted to represent the

crystallization age of the protolith. One zircon crystal belonging to this population
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was analyzed for Lu-Hf and its EHf( is of 0.52 and its calculated Towm is of 2.64
Ga (Fig. 8A). The zircon population is composed of smaller rounded crystals, with
homogenous internal structure in SEM images (Fig. 6C). These grains were used
to calculate a Concordia age of 574 + 3 Ma (MSWD = 0.13; n = 2) and based on
their morphology and low Th/U (Rubatto, 2002) were interpreted to represent a
metamorphic event. These younger crystals were analyzed for Lu-Hf and yielded
EHfy values of -33.89 and -30.15 and Towm of 2.29 and 2.45 Ga (Fig. 8A).

4.4.2.4 Metatexite J10A (melanosome)

Similar to J10B, two popuations of zircon crystals were identified for J10A
(Fig. 6D). The larger, prismatic crystals yielded a Discordia age of 2197 + 7 Ma
(MSWD = 1.4; n = 22; Fig. 6D), interpreted to represent the crystallization age of
protolith. Two crystals from this Paleoproterozoic population were analyzed for
Lu-Hf and produced EHf) values of 1.75 and -7.34, as well as Tom ages of 2.45
and 2.81 Ga (Fig. 8A). The other zircon grain population is composed of smaller
sub-rounded grains (soccer ball), and one of these grains yielded a %°’Ph/?%Ph
age of 572+16 Ma, as well as an EHf() of -41.27 and a Tom of 2.7 Ga (Fig. 8A).
Based on the zircon morphology and low Th/U, this was interpreted to represent
the age of metamorphism.

4.4.2.5 Metatexite J11B (leucosome)

Zircon crystals of metatexite J11B are prismatic and dark to homogenous
in backscatter SEM images, some with faint oscillatory zoning (Fig. 6E). Analyses
on the nuclei of grains produced a Discordia age of 2262 + 8 Ma (MSWD = 0.82;
n = 28; Fig. 6E). Whole-rock Sm-Nd analysis of J11B produced an ENd of -9.36
(Fig. 8B) and a Tom of 3.43 Ga.

4.4.2.6 Metatexite J11A (melanosome)

Zircon crystals of metatexite J11A are prismatic and characterized by
oscillatory and complex zoning in backscatter SEM images (Fig. 6F). Analyzed
grains produced a Discordia age of 2246 + 9 Ma (MSWD = 0.56; n = 32; Fig. 6F).
Whole-rock Sm-Nd analysis yielded an ENd) of 0.04 and a Towm of 2.37 Ga (Fig.
8B).
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Figure 6) SEM backscatter zircon images and Wetherill plots of analyzed samples. Ages are in
millions of years (Ma). Errors are 20.

4.4.2.7 Diatexite J39B (leucosome)

Zircon grains of diatexite J39A are prismatic, large (400 to 100 pm) and
show oscillatory zoning in backscatter SEM images (Fig. 7A). Analyzed nuclei
yielded a Discordia age of 2200 + 8 Ma (MSWD = 0,94; n = 30; Fig. 7A),
interpreted to represent the crystallization age of the protolith, and two crystals
were analyzed for Lu-Hf, which produced EHf) of -2.36 and -5.54 and model ages
(Tom) of 2.59 and 2.67 Ga (Fig. 8A). Whole-rock Sm-Nd analyses produced an
ENd of -3.26 and a Towm of 2.55 Ga (Fig. 8B).

4.4.2.8 Diatexite J39A (melanosome)

Zircon grains of the melanosome of diatexite J39A, of tonalitic
composition, are prismatic with oscillatory-zoned cores in SEM images and a
subordinate population of smaller grains with homogenous internal structure in
backscatter images (Fig. 7B). The first population produced a Discordia age of
2217 + 11 Ma (MSWD = 1,7; n = 23), interpreted to represent the crystallization
age of the protolith, and one grain from the latter population was analyzed and
yielded a 2°’Pb/?%6Pb age of 573 + 18Ma (Fig. 7B), interpreted to be the result of
metamorphic overprint. Whole-rock Sm-Nd analyses produced an ENd) of -3.12
(Fig. 8B) and a Tom of 2.59 Ga.

4.4.2.9 Metatexite AC102B (melanosome)

Zircon crystals from this amphibolitic residue (melanosome) are
characterized by oscillatory zoning in SEM images (Fig. 7C). Analyses on the
nuclei of the oscillatory-zoned grains yielded a Discordia age of 2211 + 27 Ma
(MSWD =1.9; n = 27; Fig. 7C), interpreted to represent the crystallization age of
the protolith. Two grains were anlyzed for Lu-Hf and produced EHf ) of -5.22 and
-5.17 (Fig. 8A) and Towm of 2.66 and 2.69 Ga. Conversely, whole-rock Sm-Nd
analysis yielded an ENd ) of -14.65 and a model age (Towm) of 3.99 Ga (Fig. 8B).

4.4.2.10 Metatexite AE24C (leucosome)
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Zircon crystals from metatexite AE24C have oscillatory-zoned grains (500-
300 pm) in SEM backscatter images (Fig. 7D). Analyses on grain cores yielded
a Discordia age of 2170 + 8 Ma (MSWD = 1.9; n = 24; Fig. 7D), interpreted to
represent the crystallization age of the protolith. Three zircon grains were
analyzed for Lu-Hf and produced EHf ) of -1.61, 0.05 and 3.13, as well as Towm
ages of 2.58, 2.52 and 2.38 Ga, respectively (Fig. 8A).

4.4.2.11 Calc-silicate paragneiss J49QL

Zircon grains from calc-silicate paragneiss J49QL (marl protolith),
associated in the field with marbles, are characterized by oscillatory zoned cores
surrounded by bright homogenous rims in SEM backscatter images (Fig. 7E).
Analyses from cores and rims yielded indistinguishable results that form a single
population and were used together to calculate a Discordia age of 2246 + 25 Ma
(MSWD = 1.7; n = 16; Fig. 7E), considered as the maximum depositional age for
this metasedimentary rock. Analyses on two crystals, with homogenous internal
structures in SEM images, were used to calculate a Concordia age of 574 + 2
(MSWD = 0.24), interpreted to represent the age of metamorphism. One of these
younger grains was analyzed for Lu-Hf and generated an EHf ) of -43.1 and a
Towm of 2.81 Ga (Fig. 8A).

4.4.2.12 Mylonitic orthogneiss J27QL

In the field, mylonitic orthogneiss J27QL is in tectonic contact with marbles
and calc-silicate rocks. In backscatter SEM imagens, zircon grains from J27QL
exhibit varying sizes and morphologies, as well as no distinguishable internal
structures (homogenous; Fig. 7F). Zircon analyses were used to calculate a
Discordia age of 2071 + 15 (MSWD = 2.4; n = 24; Fig. 7F), interpreted to
represent the crystallization age of the protolith.
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Figure 7) SEM backscatter zircon images and Wetherill plots of analyzed samples. Ages are in
millions of years (Ma). Errors are 20.
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Figure 8) A) EHf (t) versus age and B) ENd (t) versus age.

4.5. Discussion

45.1 A Rhyacian (2.26-2.07 Ga) continental magmatic arc in the
Neoproterozoic Patos Shear Zone System (PSZS)

The Borborema Province, including the Patos Shear Zone System (PSZS),
is characterized by basement rocks composed mainly of polymetamorphic
migmatitc orthogneisses of Archean (~3.5-2.5 Ga) to Paleoproterozoic age (2.3-
2.0 Ga), that were deformed, metamorphosed and underwent partial melting
associated with granitoid intrusions during successive regional tectono-thermal
events (Souza et. al., 2007, 2023; Hollanda et al., 2011; Dantas et. al., 2004,
2013, Ferreira et al. 2021; Neves, 2021).

Locally in the studied area, Archean rocks were emplaced between 3.5
and 2.5 Ga (Archanjo et al., 2021; Fachetti et al., 2024) and are intruded by
migmatitic orthogneisses of felsic protolith, mostly of Rhyacian age (2.3-2.05 Ga).
Paleoproterozoic migmatitic orthogneisses analyzed here yielded U-Pb
crystallization ages between 2.26 and 2.07 Ga, and most samples produced
Archean Nd-Hf model ages (Tom) and moderately to highly negative EHf and ENd
values (Figs. 8 and 9B), thus providing evidence for pervasive reworking of
preexisting Archean rocks between 2.26 and 2.07 Ga. In support of this

interpretation, inherited Archean grains have been reported from 2.1 Ga old rocks
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in the PSZS, as well as soccer-ball zircon grains in Archean samples that
evidence high-grade migmatization during the Paleoproterozoic (Fachetti et al.,
2024), as was similarly reported elsewhere in the Borborema province (e.g.,
Hollanda et al., 2011; Costa et al., 2018; Ferreira et al., 2021).

On the other hand, some Paleoproterozoic (2.26-2.07 Ga) rocks yielded
Hf-Nd model ages (Tom) below 2.5 Ga, the age of the youngest Archean rocks in
the PSZS (Archanjo et al., 2021), and close to their crystallization age (e.g., 2.29
Ga), associated with moderately positive EHf and ENd values (Figs. 8 and 9B),
that point to juvenile input during the 2.26-2.07 Ga magmatism, in addition to
concomitant reworking discussed in the paragraph above (this study; see also
Fachetti et al., 2024).

In summary, Paleoproterozoic rocks of the PSZS are dominated by
migmatitic orthogneisses of felsic protoliths that are the result of reworking of
older Archean rocks concomitant with juvenile magmatic inputs. These
characteristics are typical of Andean-type continental magmatic arc systems. The
predominance of Hf-Nd unradiogenic signatures in continental arcs (Xia and Ll,
2019), similar to those reported here, may be either due to contamination in the
mantle source following subduction erosion (e.g., Stern, 2011) or in the thick
continental crust during emplacement (Hildreth and Moorbath, 1988). The latter
is preferred for the Paleoproterozoic orthogneisses of the PSZS, given that
inherited Archean grains have been reported for these rocks (Fachetti et al.,
2024). Therefore, we propose that the migmatitic orthogneisses studied here
represent the root of a Paleoproterozoic (2.26-2.0.7 Ga) magmatic arc system,
established on Archean continental crust (3.5-2.5 Ga), that may have evolved
from an early Paleoproterozoic (2.5-2.4 Ga) arc stage evidenced in this study by
inherited grains (Fig. 6A), likely related to the early stages of magmatic arc
formation, similar to what has been proposed for the Southern Sao Francisco
Craton (Barbosa et al., 2019).

In addition, in tectonic contact with the Paleoproterozoic orthogneisses
there were metasedimentary rocks, namely biotite schists, banded iron
formations (BIFs), calc-silicate paragneisses and marbles. One sample of a calc-
silicate paragneiss was analyzed for U-Pb and yielded mostly Rhyacian ages,
with a dominant peak at 2.1 Ga (Fig. 7E), whereas one BIF was analyzed for Sm-

Nd and yielded a Paleoproterozoic model age (Fig. 8B). At first, this might lead
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to the interpretation that the mapped metasedimentary unit is part of a
Paleoproterozoic sequence, established in a shallow sea and metamorphosed
during the Brasiliano Orogeny. However, given the high variability of zircon age
patterns in metasedimentary successions (Cawood et al., 2012; Marimon et al.,
2023), especially in Neoproterozoic metamorphosed passive margin sequences
that surround the Sao Francisco Craton, where many samples yield dominant
Paleoproterozoic age peaks with absent younger grains (Marimon et al., 2020a;
2021), we cannot therefore discard that the studied metasedimentary is of
Neoproterozoic age. However, BIFs are less common in younger sequences and
there have been reports of marbles and calc-silicate rocks of Paleoproterozoic
age affected by a late Paleoproterozoic (~2.0 Ga) orogenic event elsewhere in
the Borborema Province (Santos et al., 2013). Therefore, we prefer the
preliminary interpretation that the metasedimentary sequence studied here is of
Paleoproterozoic age, but more data are needed to accurately unravel the age
and tectonic setting of the succession studied here. Long-lived continental
magmatic arcs tend to be cyclic, with distinct extensional and compressional
phases, and sedimentary basins are established in continental arcs usually

during an extensional phase (Ducea et al., 2015)

4.5.2 A long Rhyacian continental magmatic arc surrounding an Archean
nucleus: the Greater Sado Francisco Orogen

Felsic-to-intermediate migmatitic orthogneisses and igneous/metaigneous
rocks, with similar age (2.4-2.0 Ga), composition and isotopic sighatures to those
studied here have been reported throughout the Sdo Francisco Craton and its
borders reworked during the Neoproterozoic (Brasiliano Orogeny), including
basement inliers in the Araguai, Ribeira and Brasilia orogens (black in Fig. 1;
Avila et al., 2010; Heilbron et al., 2010; Seixas et al., 2013; Teixeira et al., 2015;
Cioffi et al., 2016; Cruz et al., 2016; Barbosa et al., 2017; Nascimento et al., 2017;
Degler et al., 2018; Pinheiro et al., 2019; Marimon et al., 2020b; Bruno et al.,
2020, 2021; Neves, 2021; Bersan et al., 2022). It is important to point out that the
Sao Francisco Craton is, by definition, a crustal segment, with Archean to

Paleoproterozoic basement, that was only affected by low-grade (greenschist
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facies or lower) regional metamorphism during the Neoproterozoic (660-590 Ma)
Brasiliano Orogeny (green dashed line in Fig. 1). Still, there are basement rocks
from Brasiliano Orogens (e.g., Ribeira, Aracguai, Brasilia and Borborema) that are
thought to have been part of the S&o Francisco Craton before the Neoproterozoic,
representing reworked cratonic borders and are hereafter called “basement
inliers”. We employ the term Sao Francisco Paleocontinent to refer to the Sao
Francisco Craton plus surrounding basement inliers in Neoproterozoic orogens,
in other words the configuration of the S&o Francisco prior to the Neoproterozoic
orogeny, which is widespread in the South American Platform.

The Paleoproterozoic (2.4-1.9 Ga) crust of the S&o Francisco
Paleocontinent is interpreted to have been formed in subduction to continental
collision and post-collision environments. The main lines of evidence that support
a subduction scenario from 2.4 to 2.1 Ga around the Archean core of the S&o
Francisco Paleocontinent, in other words a magmatic arc, are (Fig. 1; Giustina et
al., 2009; Avila et al., 2010; Heilbron et al., 2010; Teixeira et al., 2015; Moreira et
al., 2018; Bruno et al., 2021; Ferreira et al., 2021; Araujo et al., 2021; Neves et
al., 2023; Fachetti et al., 2024): 1) highly positive (close to DM) to negative Hf-Nd
isotopic signatures (e.g., Fig. 9), which suggest juvenile input together with crustal
assimilation (reworking) of older Archean crust (country rock); 2) a large
magmatic compositional diversity during the period, mostly composed of TTGs,
sanukitoids, biotite- two-mica granites and diorites, all common products of
subduction environments; 3) trace element geochemical signatures typical of arc
magmatism, such as high Th/Nb and Nb-Ta-Ti anomalies, including in less
differentiated diorites. In addition, Hf cyclic variations from negative to positive
(dashed white line in Fig. 9A) through time may indicate varying contributions
from the upper continental crust of Archean age along the arc’s history, as is
typical for younger continental magmatic arcs (Ducea et al., 2015).

Subduction systems, as the consumption of intervening oceanic
lithosphere progresses, tend to develop into continental collisional belts. In the
Paleoproterozoic basement rocks of the S&o Francisco Paleocontinent there is
widespread evidence for continental collision, that include high-grade
metamorphism, shear zone development, granulitization and migmatization
between ~2.1 to 2.0 Ga, as evidenced by U-Pb dating of soccer-ball zircon grains

(collected from high-grade migmatites and granulites, constrained by
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geothermobarometry), zircon overgrowths and monazite from medium- to high-
grade metamorphic rocks (e.g., Leite et al., 2009; Cordeiro and Oliveira, 2014;
Barbosa et al., 2017; Aguilar et al., 2017, Carvalho et al., 2017; Cutts et al., 2018;
Bruno et al., 2021; Fachetti et al., 2024). High-grade metamorphism is
accompanied by syn-collisional magmatism (biotite- two-mica granites), resulting
from the anatexis of the continental crust (Bruno et al., 2021). The late- to post-
collisional stage (younger than 1.93 Ga) is characterized by bimodal magmatism
in an extensional setting (e.g., Bersan et al., 2022). The Paleoproterozoic tectonic
evolution of the S&o Francisco Paleocontinent is summarized in Figure 9C.

The abundance of Rhyacian magmatic rocks in the eastern segment of the
Séo Francisco Paleocontinent (Fig. 1), combined with their similarity in age, Nd-
Hf isotopic signature, petrography and geochemistry, prompted investigators to
propose they belonged to a single orogenic system, called the Minas-Bahia
Orogen, characterized by arc magmatism (2.4-2.1 Ga) succeeded by continental
collision between 2.1 and 2.0 Ga (Fig. 1; e.g., Bruno et al., 2021; Araujo et al.,
2021; Grochowski et al., 2021; Almeida et al., 2022; Mauri et al., 2023). However,
the rocks that make up the Minas-Bahia Orogen are also largely similar to those
located to the northeast, such as the migmatites investigated here (Fig. 9;
Fachetti et al., 2024) and form most of the basement rocks in the Neoproterozoic
Borborema Province (Fig. 1; Souza et al., 2007; Hollanda et al., 2011; Ferreira et
al., 2021; Neves, 2021), which are considered inliers related to the S&o Francisco
Craton (Fig. 9A and B), as previously recognized (e.g., Neves, 2021; Ganade et
al., 2021).

It follows that the Paleoproterozoic basement of the Borborema Province
likely represents the continuation of the Paleoproterozoic (2.4-1.9 Ga) Minas-
Bahia Orogen towards the northeast, as shown in Fig. 1 (black). Furthermore,
Paleoproterozoic rocks from the eastern and northeastern S&o Francisco
Paleocontinent (Minas-Bahia Orogen and Borborema Province) are also
strikingly similar to rocks from its western segment, represented by basement
inliers from the Brasilia Orogen (Fig. 1, including southern and northern Brasilia
Orogen), in that they are also characterized by a spread of EHf and ENd values,
from highly positive (juvenile additions) to negative (reworking of Archean crust;
Fig. 9), identical crystallization and metamorphic U-Pb ages, as well as similar

granitoid composition (Giustina et al., 2009; Fuck et al., 2014; Cordeiro et al.,
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2014; Sousa et al., 2016; Cioffi et al., 2016; Cuadros et al., 2017; Cordeiro and
Oliveira, 2017; Sabdia et al., 2020; Filgueiras et al., 2020; Oliveira et al., 2019;
Pinheiro et al., 2019, 2022; Martins-Ferreira et al., 2020; Fontainha et al., 2021,
Moura and Campos, 2022).
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Figure 9) A) Compilation of Paleoproterozoic igneous/metaigneous basement rocks from the
Sao Francisco Craton and inliers from the Araguai-Ribeira and Brasilia Orogens (data compiled by
Marimon et al., 2020b). B) Compilation of Paleoproterozoic igneous/metaigneous rocks from the
basement of the Borborema Province (from Ganade et al., 2021), including a compilation from the Patos
Shear Zone System (Hollanda et al., 2011, 2015; Archanjo et al., 2021; Fachetti et al., 2024; this study).
C) A schematic figure representing the tectonic evolution of the Greater S&o Francisco Orogen.

Therefore, given the striking similarity between Paleoproterozoic
basement rocks that surround the Archean core (e.g., Marimon et al., 2022) of
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the S&o Francisco Paleocontinent (black in Fig. 1 and Fig. 9), we propose these
rocks were part of a coeval subduction-to-collision orogenic system, dated
between 2.4 and 1.9 Ga (Fig. 9), and possibly continuous at the time of formation.
However, the exact geometry of this Paleoproterozoic orogenic system is hard to
precisely constrain, given Neoproterozoic overprint and Phanerozoic
sedimentation (Fig. 1). Following these considerations, we propose the
Paleoproterozoic crust of the Sdo Francisco Paleocontinent, that shares a similar
history and tectonic setting (Fig. 9), be collectively called the Greater Sao
Francisco Orogen (2.4 to 1.9 Ga; black in Fig. 1). Although the term Minas-Bahia
Orogen is widespread in the literature, we cannot just expand the original
definition and keep the terminology given the geographic constraints of the term,
as Minas and Bahia are two Brazilian states, and by no means the
Paleoproterozoic orogenic system here discussed is restricted to these states,
hence the need for a more comprehensive homenclature. This orogenesis is
thought to represent the beginning of the Columbia supercontinent formation
(Meert, 2012; Meert and Santosh, 2017).

4.5.3 Timing of partial melting events and the assembly of Gondwana

In previous studies focused on the PSZS, investigators have
obtained both Paleoproterozoic (2.1-2.0 Ga) and Neoproterozoic (580-560 Ma)
metamorphic/migmatization ages, based on the dating of zircon overgrowth rims
and soccer ball grains, with homogenous internal structures in SEM images
(Viegas et al., 2014; Archanjo et al., 2021; Fachetti et al., 2024). In this study, we
obtained metamorphic zircon ages of 574 Ma (Fig. 6C, 7E), similar to those
obtained in other studies for the PSZS (Viegas et al., 2014; Fachetti et al., 2024).
Data from the literature (Viegas et al., 2014; Fachetti et al., 2024), combined with
data from this study, underpin the notion that the PSZS is a major Neoproterozoic
(Brasiliano) structure, related to the formation of West Gondwana, that
reactivated structures formed during a previous high-grade tectono-metamoprhic
Paleoproterozoic episode. Both events resulted in widespread crustal reworking,
migmatization and granitogenesis. The protolith of sample J27 (Fig. 7L)

crystallized at ~2.07 Ga, which overlaps the period of high-grade metamorphism
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obtained for the Paleoproterozoic tectonic cycle, both in the PSZS (Fachetti et
al., 2024) and in the wider Sdo Francisco Craton (Marimon et al., 2020b), which
evidences granitogenesis accompanied metamorphism and migmatization
between 2.1-2.0 Ga.

Neoproterozoic rifting and subsequent orogenesis roughly coincided with
previous Paleoproterozoic orogens (compare thick dashed red and green lines in
Fig. 1). This was likely because suture zones represent weakened planes in the
continental crust and therefore preferred locations for rifting and later continental
collision. This is the reason many cratons (e.g., Amazonian and North American
shield) have grown concentrically, along older orogenic belts, and preserved

Archean nuclei.

4.6. Conclusions

After an extensive isotopic investigation of Paleoproterozoic basement
migmatitc orthogneisses (metatexites and diatexites) from the Neoproterozoic
Patos Shear Zone System (PSZS), Borborema Province (NE Brazil), the
conclusions of this study are as follows:

- Many Paleoproterozoic migmatitic orthogneisses analyzed here, that
intrude Archean crust (e.g., Fachetti et al., 2024) and have U-Pb zircon ages of
2.26-2.07 Ga, yielded Archean Nd-Hf model ages (Tom) and moderately to highly
negative EHf and ENd values (Figs. 8 and 9B), as well as inherited Archean zircon
grains (Fachetti et al., 2024). This clearly evidences pervasive reworking of
Archean basement rocks between 2.26 and 2.07 Ga. Conversely, other
Paleoproterozoic (2.26-2.07 Ga) migmatitic orthogneisses produced Hf-Nd model
ages (Tom) below 2.5 Ga (youngest Archean rock in the region) and close to their
crystallization age (e.g., 2.29 Ga). This, together with moderately positive EHf and
ENd values (Figs. 8 and 9B), point to juvenile inputs during the 2.26-2.07 Ga
magmatism. Juvenile addition combined with reworking of older crust is a typical
feature of Andean-type continental magmatic arcs, therefore the migmatitic
orthogneisses analyzed in this study likely form a Paleoproterozoic (2.26-2.0.7

Ga) magmatic arc system, established on Archean (3.5-2.5 Ga) crust.
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- Felsic-to-intermediate migmatitic orthogneisses and
igneous/metaigneous rocks with similar age (2.4-2.0 Ga) and Hf-Nd isotopic
composition (radiogenic to unradiogenic) to those studied here have been found
throughout the S&o Francisco Craton, by definition only affected by the
Neoproterozoic (660-580 Ma) regional metamorphism (Brasiliano) at greenschist
facies conditions or lower, and in adjacent basement inliers in Neoproterozoic
orogens, thought to represent the reworked cratonic margin (e.g., Avila et al.,
2010; Heilbron et al., 2010; Nascimento et al., 2017). This Paleoproterozoic crust
(2.4-1.9 Ga) is thought to have been formed in subduction to continental collision
and post-collision settings. The main lines of evidence that support subduction
from 2.4 to 2.1 Ga in the S&o Francisco Paleocontinent are the magmatic
assemblage, mainly formed of rocks found in subduction environments, such as
TTGs, sanukitoids and diorites, with subordinate biotite- two-mica granites
related to crustal anatexis (e.g., Bruno et al., 2021; Araujo et al., 2021). In
addition, these rocks have positive (close to DM) to negative Hf isotopic
signatures (Fig. 9), which suggest juvenile input together with crustal assimilation
(reworking) of older Archean crust (country rock) in a continental magmatic arc.
This magmatic arc environment developed into a continental collision orogen,
from ~2.1 to 2.0 Ga, as evidenced by high-grade regional metamorphism,
granulitization, migmatization and crustal anatexis (e.g., Leite et al., 2009;
Barbosa et al., 2017; Cutts et al., 2018; Fachetti et al., 2024), followed by post-
collision (< 1.9 Ga) relaxation and bimodal magmatism (Bersan et al., 2021). We
propose that the Paleoproterozoic crust of the S&o Francisco Craton and adjacent
basement inliers, that carries a similar tectonic history, be regarded as a coeval
orogenic system, that was possibly continuous at its formation, and be known as
the Greater S&o Francisco Orogen (black in Fig. 1). This orogenic system

surrounds the Archean nucleus of the S&o Francisco Craton (black in Fig. 1).

- In this study, we obtained metamorphic zircon ages of 574 Ma (Fig. 6C
and 7E) for some orthogneisses of the Patos Shear Zone System (PSZS),
Borborema Province. Considering that Fachetti et al. (2024) have obtained
several metamorphic ages between 2.1 and 2.0 Ga in the same region, we

suggest that the PSZS is composed of Paleoproterozoic structures, likely formed
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in a continental collision environment, reactivated during the formation of West

Gondwana in the Neoproterozoic.
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Consideragdes Finais

A Zona de Cisalhamento Patos é uma extensa estrutura de sutura com
orientacdo W-E, que separa dois dominios com histérias evolutivas distintas,
sendo a sul a sub-provincia da Zona Transversal e ao Norte o Dominio Rio

Grande do Norte, e guarda fragmentos crustais arqueanos e proterozoéicos

As rochas de idade paleoarqueana localizam-se em dois nucleos, um
mais antigo (Migmatito AE 11B de 3,5 Ga), localizado préximo ao distrito de
Itajubatiba, pertencente ao municipio de Catingueira, e outro mais jovem
(Migmatito AE 23A de 3,3 Ga) no municipio de Patos. Esses nucleos foram
submetidos a diversos eventos tectonometamdérficos, que geraram crescimento
e retrabalhamento crustal. As estruturas desses eventos foram obliteradas pelo
evento posterior, A Orogenia Brasiliana. As idades de 3,45 Ga (nucleo Bom
Jesus), 2,15 Ga (embasamento da Provincia Borborema) e 2,0 Ga (faixas
paleoproterozoicas do Craton do S&o Francisco), evidenciam que essas rochas

podem ter participado da colagem que formou o Supercontinente Atlantica.

As rochas de idade paleoproterozoica do Complexo Patos sdo migmatitos,
gnaisses e anfibolitos com assinatura geoquimica isotépica de arco magmatico.
Os migmatitos paleoproterozoicos possuem idade de cristalizacdo em
aproximadamente 2,2 Ga, com valores €Nd entre 0,17 e -5,46, ¢Hf positivo a
fracamente negativo, sugerindo interacdo de magmas de fontes mantélica e

crustal.

Tanto os migmatitos arqueanos quanto os paleoproterozoicos exibem
leucossomas de composicao monzogranitica e sienogranitica, com idades U-Pb
em zircao entre 570 e 580 Ma, evidenciando processos de migmatiza¢cao durante
a Orogénese Brasiliana, que atuaram diferencialmente nos segmentos crustais
da Provincia Borborema. Os valores €Nd e eHf fortemente negativos sugerem
que se trata exclusivamente de retrabalhamento da crosta continental,
corroborados ainda pelas razbes Th/U >0.01 nos cristais de zircdo
neoproterozoico. Este evento metamorfico afetou de forma ampla todos os
dominios, deformando e metamorfizando as faixas neoproterozoicas e o
embasamento com geracdo de grande quantidade de granitos alcalinos. Os

dados isotépicos de U-Pb, Lu-Hf e Sm-Nd demonstram concordantemente a
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presenca de duas fontes magmaticas para as rochas ao longo do Complexo
Patos. O primeiro episdédio magmatico é representado pelo material mantélico
extraido ~3,66 e cristalizado em 3,5 Ga, submetidos a eventos de acrescao e
crescimento crustal que guardam rochas com idade de cristalizacdo e
sobrecrescimento em bordas de cristais de zircdo em 3,3, 3,2, 3,0, e 2.6 Ga.
Essa rocha apresentam uma coeva linha de evolucao gradativa dos parametros
eHf e eNd durante todo o Arqueano. A rochas estudadas mostram também
migmatizacao riaciana. Essas rochas passaram por intensa atividade de
magmatismo juvenil em ~2,2 Ga, com geracdo de magmatismo calcio-alcalino
com eNd em rocha total negativo e positivo e ¢Hf positivo a levemente negativo,
sugerindo que houve a interacdo de fontes mantélica e crustal. O conjunto foi
intensamente retrabalhado no Neoproterozoico (~570 Ma), com a injecao de
migmatitos de composi¢&o sienogranitica e monzogranitica, formando cristais de

zircao metamorficos com baixa razdo Th/U e eNd e eHf fortemente negativo.

Com base nos dados isotopicos, geoquimicos e petrogénese das rochas
do Complexo Patos, € possivel sugerir que se trata de fragmentos de terrenos
arqueanos, sugeridos neste trabalho como resquicios do Craton do Sé&o
Francisco, que sofreram multiplos episédios de retrabalhamento e foram
afetados pela orogénese riaciana, quando ocorreu a injecao de magma célcio-
alcalino de fonte mantélica com e€Nd positivo e negativo, culminando com um
segundo episddio de migmatizacdo durante a estruturacdo final no

Neoproterozoico.
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Anexo |l. Tabelas das analises U-Pb (LA-ICP-MS)
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Tabela I1.1. Dados da analise U-Pb por LA-ICP-MS da amostra AE-11B (Migmatito).

eF —a % =z 78 EE z8 s &F [ ze EE T 5z 19,10 = £0°0 6TT ez
oe [ a5 o 66 [ 6% = P e — = P 69 [ReE— = e e ez
6 [E— It [ 9z o 8z - +F [ — P E— 80 s | e ze0 210 a7
ot [ [ e 76 [ - [ 9 [ —— = [ER—— o TTLETO e e 50T ez
68 P oe s 6% [ e [ =5 e TF P S Coieeo | s 220 920 NEAZ
96 [ 72 e 8% = 6% [ 8 [ oF e 0 Foioen | tooier 80 820 Ttz
55 =t =2 e vz = 6z Lo oF P P PR —— 80 aoora | eooe 6T°0 8T0 ZHtZ
I8 [ £8 e e = 72 = 2 - 62 P e e | e == e Rz
e [ 78 [ vz e 62 [ oF - = [ — 80 [ [ — e ) 7
68 [ z9 [ERs = [ ae [ oF - 0z P oF [ e 6T°0 T2°0 Gtz
62 [ + e = EE ae [ 0 Eaen &F [ e 902210 e £0°0 ST Gtz
o9z s oz ot e =5 e s +Z poees &€ R 8z ZG5TE0 etz 200 260 STtz
29 1980 62 ZZTE sz 786t 72 ozet - SEO6ED oF S67E62 ) 8ZTET0 | 220862 260 o F q9THZ
8% [ + = = =5 e e zF [ — o [— P GESOT0 8 e 167¢ a9z
a5 [ = s 9t [ 9t e ez [ —— P [E—— oF [ ) ZrT NOEIZ
z0T 8580 6L a8ge e ovSe vz vzse vT T6EVL0 LT |eegosTe| 80 €90T€0 | €50022 210 66'T azTaz
16 2260 v6 1STE or LvEE zz zove 6T 86T€9°0 oz |vego09z| 20 v¥862°0 | 2T2SLL 0T'0 122 vatTaz
01T v16°0 08 608€ o z8se a1 95ve VT 855080 sT |evoeoee| S0 GE.62°0 | 8€S/6T 0€0 S.0 N8THZ
16 1¥5°0 6 99g€ € ozve v Zsve 60 £5589°0 LT |eezeosz| v 95962°0 | 8L9YVE 9€°0 6.T zazTaz
96 5180 0s ozee €z zove 81 TSPE 0T 09€29°0 z1  |szotsiz| 90 529620 | €IV6TE 120 €90 SuzZ
86 STL0 €€ 65€€ LT z6ee ST TIvE 90 €2€89°0 60 |evezziz| S0 G/882°0 | sozeLe Sv'0 00 ZTez
Z0T 8060 59 85ve oz zzve €T TOvE T 18600 €T |t19sL08z| vO 989820 | 2£96.9 S7°0 €LT 6uzZ
98 €090 99 9262 s eTze 1S L6€€ v 0Sv25°0 ez |l9s009zz| 81 ¥1982°0 | 09¥6% €20 €ge eazTaZ
96 2190 z8 152€ 5 geee €9 18€€ 9T 62,590 9z |i150s52| o2 8zv82°0 | 8066LT 9z'0 15T artdz
98 6760 621 1682 9g L1T€ 9z coee 8z 165950 6z |es6v8TZ| 80 866220 | 1,961 6€0 080 za64z
S6 8v.°0 ) z61€ 9T 962¢ zT 65€€ 90 580790 80 |svi89vz| vO 1€6.20 | 6.8688 800 Z8'T 2z
98 1920 €6 8682 0 S.1€ 15 osee 0z 192950 9z |veersTe| 21 198220 | 18Tv 1T0 12T T8z
68 0620 zs v562 1z 98TE ve ogee TT 121850 vT |zs.s0zz| 80 225,20 | €51992 vT°0 sze vTaZ
98 8780 0s 1282 sz LYTE 8T gzee TT 607950 €T |eL18TTZ| 90 1/€,20 | ssseTL ZT0 T a6dz
z6 2€9°0 8¢ 050€ vz 90ze 8z soee 80 €1509°0 ZT |eo9tszz| 60 ¥8692°0 | eT9vee ST 20 agTdz
} n8ee nsez Gd90Z oL ngec ol nsee ol Gd90Z | advoe n ©6) 902 oy
b6) w02 ouy °¢ | Tgasoz 9t ad.0z 9t Gdz0z | @) 149 | TGd90z | @) 1o | TGdZoz | @) 118 | TGdZ0z | Gdooe UL I3 )
sajualede sapep|
—— V4 LSONY




UnB|IG|PPG Geologia

continuagdo Dados da andlise U-Pb por LA-ICP-MS da amostra AE-11B (Migmatito).
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Tabela 11.2. Dados da analise U-Pb por LA-ICP-MS da amostra AE-23A (Migmatito).
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continuagdo Dados da analise U-Pb por LA-ICP-MS da amostra AE-23A (Migmatito).
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Tabela I1.3. Dados da analise U-Pb por LA-ICP-MS da amostra AE-24B (Melanossoma).
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continuagdo Dados da analise U-Pb por LA-ICP-MS da amostra AE-24B (Melanossoma).
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continuagdo Dados da analise U-Pb por LA-ICP-MS da amostra AE-24B (Melanossoma).
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Tabela I11.4. Dados da analise U-Pb por LA-ICP-MS da amostra AE-24C (Leucossoma).

86 70 ES #6062 £z stie 2 vete oF |gevsen | e% |[z¥reer | s0 | zozewo | oviEr | o 20 oFdZ
£6 0180 96 0861 £9 9562 0r 28t 8z |e96se0 | o8 |istreo | o |eseeto | 6092 980 280 8rHZ
86 +98'0 02 8262 % vt 2t 62t 80 |eeosed | ©F |veEvee | eo | oezewn | ziaoe | 80 e ez
o1 o760 vz 6812 8¢ 62t 22 6%t oc |oveeeo | =z |[o9etr | o0 |oeotere | gsest 820 280 o2dz
6 $06'0 89 6261 e z20T 92 8tie +t |eesve0 | &% |[z6ezes | o | ostewo | I668C se0 820 vz
06 9280 e 0%61 62 6t6T 8% £tie 60 |o6vven | TF |freeze | go | otteve | ovstez | ieo 580 8547
60% 6260 o2 622 8 a6t 6% 6% e |6oozro | =& |[zeeser | oo | e0ew0 | 89te99 | 2o TE0 s2d7
201 8160 05 orie 12 ezt 9% 1612 vE | fze6e0 | % [e6se6or | o | zeeewe | zovert | zzo 980 9tz
€6 £18'0 92 0961 % 202 st 2012 80 |gessed | ©F [zareee | o | oeoewo | 99906 | seo 280 027
88 060 96 +£8% 85 296 67 #6062 oe |zoszed | ve [s6e06G | vE | 6662F0 | 8TIz8 | e 280 9547
YT 9260 +E 7822 £t g 8y 602 8 | srvvo | ov | EvEe6 | vE | zeeeEe | zoety | ofo 520 Tz
60% £96'0 T 0122 e o1t st 6802 &% |z02er0 | 6% |eveeer | o | oe6cEe | oaryes | oo 2e0 2547
96 220 6% 7661 £% 82602 £% £802 90 |o6szoen | &6 |[zovvre | o | ssseEe | voswos | %o 10 8TdZ
ot 620 02 s9vT 9%t sert 9% 0162 80 |62e9z0 | ©F |2969tv | 90 |86:2F0 | ©89T 620 280 9247
6 0120 £2 981 9t or6E 9% 1£02 6 |zeeee0 | 66 |ovesrs | g0 | TeszEe | soseset | so 290 tedz
T T16'0 o9 orrE ze £69% 92 zzoT 8% |veoszo | o |#2862v | 0 |esveEo | 88vy 280 20 ted7
88 £86'0 99% 652% 26 S48t €8 9002 e |soeten| o6 |[e6osees | 60 | fvezve | szort 700 er'0 6547
vt 7980 vt 28T 8 TEE 69 2002 8z |aveszo | e |zooser | T |ozecEo | 2999 ze0 e 8247
00% 5280 62 9861 2 986% e +86% TF | #0980 | v¥ |asreree | o | Treewe | @itz | oo 020 redz
26 T80 82 181 8% 068 8% 6£6% 60 |veveeo | TF |zveers | o | esteve | oszovz | 60 60 HZEHZ
e+ 8220 02 96e1 9%t 8T9% 8% 206% 80 | efreo | ©F |[osesse | 9o | FretEe | geste 800 0 tedz
0T 2LLO 12 L€22 €1 1122 6 9812 90 |[6urtv0| L0 |vSozeL | €0 | €29€T0 | 80058 | TE0 BE'0 Tz
66 29L°0 9z 1912 1T v.ITe 9T 1812 L0 |[egeec0 | 60 |Geerss | S0 | €€9eTO | LLT9ZZ | TEO 520 6247
zoT vZL0 v vzze 1z 6612 ve 9.1 TT |[s611v0| ST |68T222| 0T |€6SETO | 2885€6T | 820 8%'0 Lz
0T 62270 sz z12e 91 0612 LT 012 r0 |oeeovo | 60 |is492 | S0 | 0SSETO | v16S5E | €0 220 zeyz
00T 160 vz €L12 ST 6912 1 9912 L0 [sgoovo| 80 |veoirsz| €0 | SISETO | S¥29rT | 620 620 vTdZ
16 9260 zs 1012 8z zeTe 91 2912 g1 |ezseeo| 91 |o9ters | S0 | z8vero | 9esise | vzo 820 Sz
16 5580 o€ 1602 1T 8212 1 6STZ 80 [orvee0 | 0T [0€SETZ | €0 | O9YETO | Z90€69 | ZEO 0€°0 84z
€01 660 0L 1622 se €612 0z 8S1Z 6T [t1sewo| o0z [e€e699L | 90 | 0SKETO [ 66¥LS 0€'0 620 vedz
16 880 9z 56T 9T €502 T 1512 80 |[zovseo | 60 |v8esS9 | €0 | €OVETO | SyL0OT | €E0 6€°0 94z
56 LE60 8v 0502 9z 8602 €1 Lv1Z v1 |oevie0 | ST |S8689 [ v0 | L9geT0 | S0.STT | 9€0 v'0 LTHZ
€6 €580 ze 66T 6T 9902 ST 6ETZ 60 |[avzoeo | TT |vrzs99 | 0 | TIEETO | evsL €0 S0 ez
0,
wowo| ow | 9 || 9t |wre| 90 | 9| eowe | e | e | warer | eome | e | wmer | T | 4| o
S9jualede sapep|
— V4 LSONY




UnB|IG|PPG Geologia

continuagdo Dados da analise U-Pb por LA-ICP-MS da amostra AE-24C (Leucossoma).
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Tabela I1.5. Dados da analise U-Pb por LA-ICP-MS da amostra JAMES-08 (Paleossoma).

11



UnB|IG|PPG Geologia

323 6% +82€ £6 88 o 865990 & |ez6tE0Z| 82 0220 | 868092 £80 0
ZIE v&z Z62€ 6% 68 6§ +£999°0 +§ |ezere6E| 82 voetz0 | Irzeee 0 610
v 88 09tz €5 05 2 £I86€0 62 |0888rFE| 9oF 126620 | 9929t 50 £20
98 88% 1072 86 62 +¥ 92570 ¢ |9889z2E| <2 #696%0 | €0S0€ 870 020
o7 £ 1062 62 85 % Y6E9E0 T2 8586 8% v9S6T0 | ©2e9e 570 210
ot 922 8682 96% 56 6 194950 +§ |s9trEstr| 62 vH6E0 | 688642 8€0 60
62 61F 82%2 Z9 62 X3 201680 e 128566 ) 69v8E0 | ZEErS 950 0
68 06 9462 55 £9 &2 895Y°0 ot |62660FF| 6F 1908%0 | €926F 90 620
89 14 £zt og v % 0590€0 +% 096507 +0 v679t0 | 9£8t0T e §20
96 5 8622 0g 74 % 928ZrD +% 897Y06 90 I2eSt0 | 04849 260 ZZ0
6% %t veSZ 19 oz 92 65t81°0 e |ve9seet| T2 PrEISED | vSEE6T 020 0%0
oz v Z09% 6% 74 60 028Z0 E £6885S ) 69evE0 | I8406 A’ 89
68 ++ I#8% 0s 85 2 ZBIEED 62 696169 +% 19620 | €8t 620 )
69 set 487 80t a7 fon 051820 +9 S0t on 068210 | 995882 20 20
#8 v 1737 of o 52 62700 +2 rOv86S % 2T | 2269vS Ze0 620
06 9t S+E £2 6% a7 00+EE0 &F 895425 50 69020 | 60Tir6 €0 €9
) 9z 609% ee 09 60 SYe8Z0 o2 29819 +% I+6TE0 | vovees 00 7e0
£8 9t 619t £z 8% &% 675820 +E 19689 50 £I6TE0 | 622628 14 e
79 8% 62t sz =14 80 022220 ot 18529 &% ve8tto | 78762 670 080
+9 8% £92% £6 02 69 679tZ0 9 95es7°e o0 695EE0 | TEr9T 10 520
85 89 I66% 68 las e 8YY8ED &l SELE6E ¥ 89YEED 8818 a2’ 0
65 2% 620F ST 62% £9 662+E0 8 865952 o6 ver0T0 | 9teT6 £60 860
99 a4 65T se 9t T2 £696F0 &2 £00162 % #1009 | 6849F ZZ0 520
0s e 67 st £6% x4 ¥9TET0 86 vE864% on] 106600 | 91T £20 £20
£s 9 4L 98 662 24 6E22E0 oy B8EO0SE 6 068800 | 5829 960 660
9z 7 066 #9 2% on Z667E0 el PEPYIE &€ 56460 €442 080 e
26 vS 6EVT 12 LT €T S0 0€'0 LT0
¥0T L€T zele 09 1€ TE 60 0€'0 ¥Z0
€ 9g 8vT € 0 ST 60 210 820
€ vz L0t 14 S TE 9¢ 8% €00
8 60 T2 ST 60 120
0 8T TZ Yk 6T°0

) 9U00 N8EZ 91 Nn8ez NSEZ 91 qdv02 _n_ ©6) 902

ad90z ©6) 11 qd9o0z | @) qdZ0Z | @) 14 qd90z f
mmmmmmmmmmmmmmm
0-s3

12



UnB|IG|PPG Geologia

Tabela I1.6. Dados da analise U-Pb por LA-ICP-MS da amostra JAMES-39 (Migmatito Espinho
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Tabela I1.7. Dados da analise U-Pb por LA-ICP-MS da amostra JAMES-10 (Migmatito).
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Tabela 11.8. Dados da analise U-Pb por LA-ICP-MS da amostra JAMES-11 (Migmatito).
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continuagdo Dados da andlise U-Pb por LA-ICP-MS da amostra JAMES-11 (Migmatito).
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Tabela 11.9. Dados da andlise U-Pb por LA-ICP-MS da amostra JAMES-49
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