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RESUMO

Durante a Orogénese Brasiliana, extenso magmatismo granitico foi gerado na Provincia
Borborema, nordeste do Brasil. No Dominio Central desta provincia, 0s granitoides que
correspondem ao pulso mais antigo (640 — 620 Ma) sdo principalmente granodioritos e tonalitos,
calcio-alcalinos de alto K, metaluminosos, com epidoto magmatico. Novos dados do pluton Carmo,
intrusivo nas rochas metassedimentares do Dominio Cachoeirinha-Salgueiro sédo apresentados
neste trabalho. O stock Carmo é constituido por monzogranitos e granodioritos porfiriticos, com
megacristais de plagiocldsio. As rochas contém abundantes enclaves microgranulares maficos
(MMEs) de composi¢do quartzo monzodioritica e clots ricos em anfibolio, ambos distribuidos
aleatoriamente no pluton. Dados U-Pb LA-ICP-MS em grédos de zircdo indicam cristalizacdo em
torno de 615 para os granitoides Carmo. Pressdes de solidificacdo de 6 a 7 kbar, temperaturas (TZr)
proximas ao liquidus (749 a 776°C), e condi¢cbes moderadamente oxidantes, ligeiramente abaixo
do tampdo NNO (ANNO de -1,2 a -0,4), foram estimadas para o granodiorito Carmo, e séo
consistentes com a presenca de epidoto magmatico cristalizando a altas pressdes. Granitdides e
MMEs apresentam padrfes de REE normalizados em relacdo a condrito enriquecidos em LREE e
empobrecidos em HREE, sendo moderadamente fracionados para os granitoides ([La/Yb]N =
17,36 — 25,82) e mais horizontalizados para os MMEs ([La/Yb]N = 5,33 — 12,39). As rochas
apresentam enriquecimento em elementos LILE (e.x., U, K e Ba) e empobrecimento em HFSE
(e.x., Nb, Ti e P) em diagramas multielementares normalizados em relacdo ao manto primitivo. As
composigdes isotopicas sdo sobrepostas para 0s MMES e granitdides hospedeiros, com altas raz6es
(87Sr/86Sr)i (0,70786 — 0,70968), eNd(t) fracamente negativo (-2,1 a -3,1) e idades modelo TDM
de 1,31 - 1,40 Ga. A similaridade dos valores isotopicos junto com evidéncias petrograficas, tais
como a presenca de megacristais de feldspato inclusos nos MMEs, apatita acicular, quartzo ocelli
e plagioclasio com zonacéao oscilatoria, indica que MMEs representam bolhas de magma méfico
derivado do manto injetado em uma camara magmatica félsica evoluindo. Dados de quimica dos
minerais ferromagnesianos, geoquimica de rocha total e isotdpicos sugerem que a fonte do
granodiorito Carmo tem componentes do manto e da crosta. As composic¢des isotopicas de Sr-Nd-
O sdo sugestivas de crosta oceanica alterada hidrotermalmente como a fonte méafica, enquanto que
as altas razdes de Th/La e (La/Sm)N, bem como a presenca de lumps de quartzo nos granitéides,
apontam para a participacdo de sedimentos na fonte. Assim, é concluido neste trabalho que os

granitéides foram produzidos a partir da fusdo parcial de crosta oceanica mais sedimentos. O



conjunto de dados petroldgicos, geocronoldgicos e geoquimicos combinados com as caracteristicas
geoldgicas regionais sugerem que o stock Carmo foi mais provavelmente gerado em um ambiente

sin-colisional apds o rompimento cedo de uma placa oceénica relativamente fraca.

Palavras-chave: magmatismo sin-colisional; fuséo da placa; contribuicdo de sedimentos; enclaves

microgranulares méficos; granitos tipo I; Provincia Borborema



ABSTRACT

During the Brasiliano Orogeny, extensive granitic magmatism was generated in the
Borborema Province, northeastern Brazil. In the Central Domain of this province, granitoids that
correspond to the oldest pulse (640 — 620 Ma) are mainly magmatic epidote-bearing metaluminous,
high-K calc-alkalic granodiorites and tonalites. New data from the Carmo pluton, intrusive in
metasedimentary rocks of the Cachoeirinha-Salgueiro Domain are presented in this work. The
Carmo stock consists of porphyritic monzogranites and granodiorites, with plagioclase megacrysts.
The rocks contain abundant mafic microgranular enclaves (MMEs) of quartz monzodioritic
composition and amphibole-rich clots, both randomly distributed in the pluton. LA-ICP-MS U-Pb
data on zircon grains indicate crystallization ages around 615 for Carmo granitoids. Solidification
pressures of 6 to 7 kbar, temperatures (TZr) close to liquidus (749 to 776°C), and moderately
oxidizing conditions, slightly below the NNO buffer (ANNO from -1.2 to -0.4), were estimated for
the Carmo granodiorites, and are consistent with the presence of magmatic epidote crystallizing at
high pressures. Granitoids and MMEs show chondrite-normalized REE patterns enriched in LREE
and depleted in HREE, with moderately fractioned patterns for granitoids ([La/Yb]N = 17.36 —
25.82) and more horizontalized patterns for MMEs ([ La/Yb]N = 5.33 - 12.39). Both rock types
show enrichment in LILE (e.g., U, K and Ba) and depletion in HFSE (e.g., Nb, Ti and P) in
primitive mantle-normalized multielement diagrams. The Sr-Nd isotopic compositions are
superimposed for host MMEs and granitoids, with high initial 87Sr/86Sr (0.70786 — 0.70968)
ratios, weakly negative ¢Nd(t) (-2.1 to -3.1) values and TDM model ages from 1.31 to 1.40 Ga.
The similarity of isotopic compositions together with petrographic evidence, such as the presence
of megacrysts of feldspar included in MMEs, acicular apatite, quartz “ocelli” and plagioclase with
oscillatory zonation, indicates that MMEs represent blobs of mafic magma derived from the mantle
injected into a felsic magma chamber evolving. Ferromagnesian mineral chemistry, whole-rock
geochemistry and isotopic data suggest that the Carmo granodiorite source has both mantle and
crustal components. The Sr-Nd-O isotopic signatures are suggestive of hydrothermally altered
oceanic crust as the mafic source, while the high Th/La and (La/Sm)N ratios, as well as the presence
of quartz lumps in the granitoids, point out for the participation of sediments in the source. Thus,
it is concluded in this work that the granitoids were produced from the partial melting of oceanic

crust and sediments. The petrological, geochronological and geochemical data, combined with



regional geological features, suggest that the Carmo stock was most likely generated in a syn-
collisional tectonic setting following the early break-off of a relatively weak oceanic slab.

Keywords: syn-collisional magmatism; slab melting; sediment contribution; mafic microgranular

enclave; I-type granitoids; Borborema Province
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1 INTRODUCAO

Epidoto € um mineral que ocorre comumente em rochas igneas plutdnicas intermediarias a
acidas. No entanto, sua importancia como um mineral magmatico somente foi reconhecida a partir
do estudo experimental conduzido por Naney (1983), no qual foi demonstrado que em pressdes de
6 a 8 kbar esse mineral se cristaliza como fase priméria em magmas de composic¢Ges graniticas e
granodioriticas. Posteriormente, estudos experimentais e naturais mostraram que dependendo da
fugacidade de oxigénio, o campo de estabilidade do epidoto pode ser expandido para pressdes de
cristalizagdo em torno de 3 kbar (e.x., Schmidt & Thompson, 1996; Sial et al., 1999; Ferreiraet al.,
2011). Além disso, tem sido reconhecido que a dissolucdo de epidoto em magmas graniticos é
relativamente rapida, pelo que a sua sobrevivéncia nesse tipo de magmas implica transporte
ascendente rapido (e.x., Brandon et al., 1996; Sial et al., 2008; Silva et al., 2020). Portanto, a
presenca de epidoto magmatico em rochas graniticas tem sido estudada como um possivel
indicador para restringir condicGes de cristalizacdo especificas, tais como pressao de solidificacéo,

estado de oxidacao e taxas de ascensdo dos magmas.

VVolumoso magmatismo granitico foi gerado na Provincia Borborema durante os diferentes
estagios de evolucdo da Orogénese Brasiliana/Pan Africana (Brito Neves et al., 2000).
Granodioritos e tonalitos calcio-alcalinos de alto K, metaluminosos, com epidoto magmatico,
também chamados de plutons tipo Conceicdo (Almeida et al., 1967; Sial, 1986), sdo os principais
representantes do pulso magmatico mais antigo (640 — 620 Ma) gerados durante o Neoproterozoico
tardio, na Subprovincia Central. Estudos petrolégicos, geoquimicos e isotdpicos sistematicos
desenvolvidos nas Ultimas décadas tém sugerido que componentes crustais e juvenis estiveram
envolvidas na formacdo desses granitdides (e.x., Ferreira et al., 2004; Guimardes et al., 2011).
Nesse cenario, diversos ambientes tectbnicos tém sido propostos para explicar a génese dos
granitos tipo Conceicao. Estudos recentes frequentemente associam a géneses desse magmatismo
a um ambiente de arco magmatico continental (Brito Neves et al., 2016; Santos et al., 2019, 2020;
Caxito et al., 2021). As principais evidéncias citadas por esses autores para 0 modelo de subduccédo
sdo: ocorréncia local de retroeclogitos, granitdides com assinatura geoquimica de arco magmatico
e possivel participacdo de uma componente juvenil na geracdo desses magmas. No entanto, o
modelo de arco magmatico continental é ainda questionado, devido a auséncia de caracteristicas

geoldgicas tipicas de zonas de subducgdo, tais como complexos acrescionarios e/ou rochas
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metamorficas de alta pressdo. Alternativamente, um cenario sin colisional poderia explicar a
geragéo desse magmatismo (Neves, 2018), contudo esse modelo tectdnico ndo tem sido abordado

até agora.

Esta dissertacdo apresenta dois artigos cientificos, os quais foram submetidos em periodicos
internacionais como parte dos requisitos para a obtencdo do titulo de Mestre em Geociéncias, na
area de Geoquimica, Geofisica e Evolugédo Crustal do Programa de P6s-Graduacdo em Geociéncias
da Universidade Federal de Pernambuco. O primeiro artigo intitulado: “Crystallization conditions
of the Carmo stock, NE Brazil: Implications for magmatic epidote-bearing granitoids petrogenesis”
aborda observacdes de campo e petrogréficas, juntamente com dados de quimica mineral do stock
Carmo, os quais sdo usados para restringir suas condi¢des de cristalizacdo e alojamento. O trabalho
também aborda uma discussdo sobre as implicacdes petrogenéticas na geracdo de granitdides
calcio-alcalinos com epidoto magmatico na Provincia Borborema, nordeste do Brasil. O segundo
artigo intitulado: “Petrogenesis of the Late Neoproterozoic Carmo stock, northeastern Brazil:
Implications for partial melting of oceanic crust and sediments in a syn-collisional setting”
apresenta novos dados geoquimicos de rocha total, isotopicos (Rb-Sr e Sm-Nd) e geocronologicos
(zircdo U-Pb) dos granodioritos e monzogranito do stock Carmo, para restringir 0S processos
petrogenéticos que atuaram na formacao dos granitéides tipo Concei¢édo no Dominio Cachoeirinha-
Salgueiro. Este artigo também discute as implicacbes tectbnicas no contexto geoldgico da
Provincia Borborema e propde que um cenario sin colisional apds o rompimento cedo de uma placa
oceanica relativamente fraca é o modelo tectdnico mais viavel para explicar a evolugdo geoldgica

desta regiéo.

1.1 CONTEXTO GEOLOGICO REGIONAL

A Provincia Borborema, localizada no nordeste do Brasil, foi inicialmente definida por
Almeida et al. (1977) e descrita como um complexo sistema de dobramentos Brasilianos. As
principais caracteristicas tectonoestruturais da provincia foram desenvolvidas no Neoproterozoico,
como resultado da convergéncia dos cratons S&o Francisco-Congo, Africa Ocidental e Amazonia
que deu origem ao oeste de Gondwana durante a Orogénese Brasiliana/Pan-Africana (Almeida et
al., 1981; Brito Neves et al., 2002; Van Schmus et al., 2011). Extensas zonas de cisalhamento
transcorrentes com tendéncias E-W e cinematica destral, geradas durante o estagio tardio da
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orogenia, sdo usadas para dividir a Provincia Borborema nas subprovincias Norte, Central e Sul
(Brito Neves et al., 2000; Neves, 2003; Van Schmus et al., 2011).

A Subprovincia Central (Fig.1) (também chamada de Zona Transversal; Ebert 1970; Jardim
de S4, 1994), localizada entre as zonas de cisalhamento Patos e Pernambuco, é constituida por
rochas gndissicas Paleoproterozoicas, sequéncias metavulcanicas e metassedimentares
Neoproterozoicas e raros nucleos Arqueanos, que foram posteriormente retrabalhadas e intrudidas
por numerosos batolitos e plutons durante o Neoproterozoico tardio (Van Schmus et al., 2011;
Neves, 2015). Um complexo sistema de zonas de cisalhnamento com tendéncia NE-SW divide a
subprovincia em cinco terrenos ou dominios tectonoestratigraficos, os quais de leste a oeste séo:
Rio Capibaribe, Alto Moxoto, Alto Pajet, Cachoeirinha-Salgueiro e Sdo José do Caiano (Brito
Neves et al., 2000; Santos et al., 2010; Van Schmus et al., 2011).

Figura 1. Mapa geologico simplificado da Provincia Borborema mostrando os principais dominios e distribui¢do dos
plutons graniticos Brasilianos. A localizagdo aproximada da area de estudo no contexto regional esté4 destacada pelo

retangulo verde.
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A érea de estudo desta pesquisa esta localizada no Dominio Cachoeirinha-Salgueiro
(também chamado de Pianco-Alto Brigida; Brito Neves, 1975). Este dominio compreende duas
principais unidades litoldgicas: (1) Sequéncias metavulcanossedimentares de baixo a médio grau
metamorfico (Grupos Cachoeirinha e Salgueiro); (I1) Numerosos plutons graniticos intrudidos nas
rochas metassedimentares como pequenos stocks (Sial, 1990, 1993; Brito Neves et al., 2016; Sial
& Ferreira, 2016). O Grupo Cachoeirinha tem sido interpretado como uma antiga bacia de
sedimentacdo marinha costeira que sofreu acrescdo seguida de colisdo durante o Criogeniano-
Ediacariano (Brito Neves et al., 2018). Esse grupo € constituido pelas formacdes Serra do Olho
D"Agua e Santana dos Garrotes. Apesar de que a relacdo espacial e temporal entre as duas
formacOes ainda é debatida, estudos geocronoldgicos em populagbes de zircdo detritico tem
mostrado que a deposi¢do da Formacdo Santana dos Garrotes (690 — 620 Ma; Van Schmus et al.,
2011; Marulanda, 2013; Brito Neves et al., 2018) provavelmente sucedeu a deposi¢éo da Formacao
Serra do Olho D’Agua (1080 — 950 Ma; Marulanda, 2013). A Formagcio Serra do Olho D’Agua ¢
composta por metaconglomerados e metarenitos polimiticos, enquanto que a Formacdo Santana
dos Garrotes é composta principalmente por metassiltitos e metarenitos, com ocorréncias locais de
carbonatos, formac6es ferriferas bandadas e rochas metavulcanicas (Bittar, 1998; Medeiros, 2004;
Marulanda, 2013; Brito Neves et al., 2018; Usma et al., 2021).

1.2 OBJETIVOS

A presente dissertacdo tem como objetivo geral contribuir para o conhecimento da génese
de granitos célcio-alcalinos com epidoto magmatico, através do estudo petroldgico, geoquimico e

geocronolégico do stock Carmo no Dominio Cachoeirinha-Salgueiro.
Os objetivos especificos sdo:

l. Identificar e mapear diferentes dominios petrograficos/texturais das litologias presentes e

suas relacOes de contato;

Il. Caracterizar a petrogénese e parametros intensivos de geracdo do magma e sua cristalizacao

através de estudos de quimica mineral, geoguimicos, isotdpicos e geocronologicos;

1. Correlacionar os dados geoquimicos e isotopicos do stock Carmo com os de outros granitos
com epidoto magmatico de 640 — 620 Ma localizados na Subprovincia Central.
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1.3  LOCALIZACAO E VIAS DE ACESSO

A éarea de estudo esta inserida no municipio de Sdo José do Belmonte, localizado a
aproximadamente 472 km a oeste de Recife (Fig. 2), capital do estado de Pernambuco. Partindo de
Recife, percorre-se pela rodovia pavimentada BR-232, sentido oeste, até a cidade de Bom Nome,
onde o sentido muda para noroeste, trafegando pela PE-361 até S&o José do Belmonte. O municipio
de Sdo José do Belmonte ocupa uma area de 1484,2 km2, compreendido na folha topogréafica
SUDENE de Séo José do Belmonte (SB.24-V-I11) na escala 1:100.000. A area estudada é limitada
pelas coordenadas UTM, segundo o datum WGS 84 e zona 24L: 519117m e 539117m, 9147429m
e 9137429m, e coordenadas geograficas 38°49°35,91” e 38°38’42,73*" a oeste da linha de
Greenwich, e 7°42°46,71” ¢ 7°48°11,95” a sul da linha do Equador.

Figura 2. Mapa esquematico de localizagdo e principais vias de acesso a area de estudo (retangulo preto).
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1.4  METODOLOGIA

Para alcancar os objetivos previamente mencionados, as principais atividades realizadas

durante o desenvolvimento desta dissertacdo séo descritas abaixo:

. Aquisicdo de Dados Preliminares
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A revisdo bibliografica é uma etapa fundamental desta pesquisa e foi realizada ao longo do
seu progresso, a fim de melhorar as discussdes referentes aos temas abordados e técnicas utilizadas.
Durante essa fase foram realizadas leituras de artigos, livros, teses de doutorados e dissertacGes de
mestrado sobre a geologia da Provincia Borborema e trabalhos especificos publicados em revistas

de alta qualidade pertinentes aos temas tratados no desenvolvimento deste trabalho.
. Trabalho de Campo

A realizagéo desta etapa ocorreu durante trés trabalhos de campo, onde foram anotados
detalhes caracteristicos de cada afloramento, tais como litologia, mineralogia, caracteristicas
texturais, e quando possivel, foram feitas medi¢6es estruturais com o auxilio de uma bdssula tipo
Clar. Todos os afloramentos visitados tiveram suas coordenadas (UTM) anotadas segundo o datum
WGS 84 e fotografados. Amostras de litologias representativas foram coletadas e etiquetadas com
a sigla BCAR seguida do numero da ordem na qual os afloramentos foram visitados.

. Trabalho de Laboratério

Apds etapas de campo, foram separadas amostras para a confec¢do de laminas petrogréaficas
no Laboratorio de Preparacdo de Lamina Delgada do Departamento de Geologia — UFPE. A partir
do estudo das fases minerais primérias e secundarias, e suas relagfes texturais foram selecionadas
algumas amostras para confeccdo de secOes polidas na Universidade de S&o Paulo, e

posteriormente analise quimica mineral por microssonda eletronica na Universidade de Brasilia.

Todas as amostras coletadas passaram pelas etapas de britagem, pulverizacdo e
quarteamento, no Laboratdrio de Preparacdo de Amostras do NEG-LABISE (Nucleo de Estudos
Geoquimicos - Laboratério de Is6topos Estaveis, Universidade Federal de Pernambuco), para
analises quimicas de rocha total de elementos maiores. Amostras representativas dos granitoides e
seus enclaves méaficos associados foram selecionadas para analise de rocha total de elementos
tracos (SGS Geosol - Laboratorios Ltda) e isotdpicas Rb-Sr e Sm-Nd (Centro de Pesquisa
Geocronoldgicas — CPGeo, Universidade de Sdo Paulo). Além disso, uma amostra foi selecionada
para analise geocronoldgica U-Pb em zircdo, realizada por LA-ICP-MS no CPGeo. Os dados
analiticos obtidos foram tratados e usados para confeccionar diagramas de quimica mineral,
geoquimicos e isotopicos utilizando os softwares Microsoft® Office Excel 2020, Grapher 12 e

IsoplotR.
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Finalmente, a interpretacdo e integracdo dos dados de campo, petrogréaficos, geoquimicos,
isotopicos e geocronoldgicos obtidos durante esta pesquisa, junto com os dados disponiveis na
literatura, resultaram na elaboracdo desta dissertacdo. Portanto, essa pesquisa constitui uma
importante contribuicdo para evolucdo magmatica dos granitdides calcio-alcalinos com epidoto
magmatico (640 — 620 Ma) no Dominio Cachoeirinha-Salgueiro, e propde um modelo de evolugdo

geotectdnica para esta regido da Provincia Borborema.
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2 RESULTADOS

Os resultados obtidos ao longo desta dissertacdo sao discutidos através de dois artigos, o
primeiro publicado na revista Journal of South American Earth Sciences, o segundo artigo também
foi submetido no mesmo periddico cientifico. Os artigos sdo apresentados na integra neste topico
e as cartas de submissdo e aceito de cada publicagdo encontram-se no ANEXO A.
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Abstract

The Carmo stock is part of a 650 — 620 Ma magmatic-epidote bearing metaluminous calc-alkalic
magma association intruded within the Cachoeirinha-Salgueiro domain (CSD, Northeastern
Brazil). The pluton consists mainly of granodiorites and monzogranites, with abundant mafic
microgranular enclaves (MMEs). Textural and chemical evidence indicate that epidote is
magmatic, while titanite was partially re-equilibrated during subsolidus processes. Amphibole in
granitoids is hastingsite, and varies in composition from edenite to pargasite in the MMEs. Biotite
exhibits similar values of Al'Y (2.3 — 2.5 apfu) in the MMEs and host rocks, but shows lower
Fe/(Fe+Mg) ratios in the former than in the host granitoids (0.53 — 0.56 and 0.56 — 0.60,
respectively). Pressures between 6 and 7 kbar and temperatures between 656 and 735 °C were
estimated from the Al-in-hornblende geobarometer and the amphibole-plagioclase
geothermometer, which are consistent with presence of magmatic epidote. The zircon saturation
thermometer provided higher temperatures, between 749 and 776 °C, and are interpreted as near-
liquidus temperatures. Estimative of fO> indicates moderately oxidizing crystallization conditions
slightly below the NNO buffer (ANNO from -1.2 to -0.4). The initial water content estimated for
these magmas suggests that they were highly hydrated (~ 5 — 6 wt%), consistent with presence of
early-crystallized hornblende. The chemical composition of ferromagnesian minerals indicates that
the rocks of Carmo stock crystallized from I-type calc-alkalic magma and suggests interaction
between juvenile and crustal components. Based on these new data, in combination with previously
published data, we suggest that magmatic epidote-bearing granitoids from CSD were likely derived

from partial melting of mantle-like sources along with recycled terrigenous sediment.
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1. Introduction

The presence of magmatic epidote (mEp) was first recognized by Keyes (1892), however
for almost a century after publication of this work, epidote in igneous rocks was still considered as
a mineral of metamorphic origin. The importance of this phase as a magmatic mineral was given
from the experimental study by Naney (1983), who demonstrated that at pressures of 6 — 8 kbar,
epidote can crystallize as a primary phase in magmas of granitic composition. Subsequently,
natural and experimental studies have shown that the minimum crystallization pressure may be
lower than that reported by Naney (1983), depending on the fugacity of oxygen (e.g., Schmidt &
Thompson, 1996; Sial et al., 1999; Ferreira et al., 2011), and that dissolution of epidote in granitic
magmas is relatively fast and, therefore, its survival in granitic magmas implies rapid upward
transport (Brandon et al., 1996; Sial et al., 2008). Thus, magmatic epidote is not only useful for
determining the solidification pressure, but also for providing information about the reducing and

oxidizing states and ascension rates of magmas.

The generation of extensive granitic-syenitic magmatism in the Borborema Province during
the Neoproterozoic constitutes one of the main characteristics of the Brasiliano/Pan-African
Orogeny that affected northeast of Brazil (Fig. 1A; Almeida et al., 1981; Caby et al., 1990; Brito
Neves et al., 2002; Van Schmus et al., 2011). Based on petrographic, geochemical and
geochronological characteristics, this magmatism has been grouped into different time intervals
and magma associations (e.g., Almeida et al., 1967; Sial, 1986; Ferreira et al., 2004; Guimaraes et
al., 2004; Sial & Ferreira, 2016). Among the associations, mEp-bearing calc-alkalic and high-K
calc-alkalic tonalites/granodiorites plutons (650 — 620 Ma) have been strongly studied from a
petrological and geochemical perspective, given the importance of the presence of mEp in
determining the conditions of crystallization and relative rate of magma ascent (Sial, 1990; Sial et
al., 2008; Ferreira et al., 2003, 2011; Brasilino et al., 2011; Silva et al., 2020).
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The Carmo stock, as well as other intrusions in the CSD (Sial, 1986, 1990; Sial & Ferreira,
2016; Sial et al., 1998, Van Schmus et al., 1995; Kozuch, 2003; Ferreira et al., 2004; Siqueira et
al., 2018; among others), consists mainly of granodiorites and monzogranites with mEp and
abundant MMEs. The genesis of these granitoids has been linked by several authors to a subduction
environment (Medeiros 2004; Caby et al. 2009; Brito Neves et al., 2016; Sial & Ferreira, 2016;
Caxito et al., 2021). However, due to the scarcity of coeval mafic magmas and other typical
characteristics of subduction zones, there is controversy about petrogenesis and the geodynamic

setting of these granitoids (Neves, 2018).

Chemical composition of the minerals of a given mineral assemblage in equilibrium is
related to the bulk composition of the melt and the conditions involved during the crystallization
processes (Abbott & Clarke, 1979; Yousefi et al., 2017). The evaluation of the physical-chemical
characteristics of granitic rocks, through analysis of mineral chemistry, provides useful information
on the petrogenetic processes and evolution of the magma, such as pressure, temperature, depth of
crystallization, oxygen fugacity and rates of magma ascent (Anderson, 1996; Ridolfi et al., 2010;
Sial et al., 2008; Brasilino et al., 2011; Massawe & Lentz, 2020).

In this paper, we present petrographic aspects and mineral chemistry data, obtained by
electron microprobe analyses from the Carmo granitoids and their MMEs. Based on these data, we
infer the crystallization conditions (e.g., temperature, pressure, oxygen fugacity, and water content)
associated with the evolution and emplacement of the Carmo stock and evaluate the petrogenetic
implications in the generation of mEp-bearing granitoids in the Borborema Province, northeastern

Brazil.

Figure 1. (A) Simplified geological map of the Borborema Province showing the main domains and distribution of
Brasiliano granitic plutons (modified from Medeiros, 2004); (B) Geological sketch-map of the domains of the
Transversal Zone Domain: SICD = S&o José do Caiano Domain; CSD = Cachoeirinha-Salgueiro Domain; RGD =
Riacho Gravata subdomain; APD = Alto Pajed Domain; AMD = Alto Moxotd Domain, and their main magma
association with the studied area highlighted by the black rectangle (modified from Sial & Ferreira, 2016); (C)
Detailed geological map showing facies distribution of the Carmo stock.
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2. Geologic setting

The Borborema Province, as initially defined by Almeida et al. (1977), is located on the
eastern edge of the South American Plate, north of the Sdo Francisco Craton (Fig. 1A). It is limited
to the east and north by the Atlantic Ocean and to the west by the Parnaiba Basin, with an extension
of approximately 450,000 km2. Its main characteristics were developed during the late
Mesoproterozoic to early Neoproterozoic, during the so-called Cariris Velhos event, and the late
Neoproterozoic, during the Brasiliano/Pan-African Orogeny (Brito Neves et al., 2000). This last

tectono-thermal event was marked by regional low-angle foliation and by intense magmatic
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activity, evidenced by numerous batholiths and small plutons intruded in the gneissic basement and
metasedimentary cover, accompanied by the development of regional-scale transcurrent shear
zones (Fig.1A; Neves et al., 2000; Neves, 2015).

The dextral Patos and Pernambuco shear zones have commonly been used as boundaries
that divide the Borborema Province into three major subprovinces: Northern, Central, and Southern
(Vauchez et al., 1995; Brito Neves et al., 2000; Neves, 2003; Van Schmus et al., 2011). In the
Central Subprovince, also called Transversal Zone Domain (Jardim de Sa, 1994), NE-SW-striking
sinistral shear zones separate five tectonostratigraphic terrains/ domains, which from east to west
they are: Rio Capibaribe, Alto Moxoto, Alto Pajeu, Cachoeirinha-Salgueiro and S&o Pedro or S&o
José do Caiano (Fig. 1B; Santos & Medeiros, 1999; Brito Neves et al., 2000; Van Schmus et al.,
2011).

The CSD (Piancd-Alto Brigida belt, in the sense of Brito Neves, 1975), is considered as a
coastal marine basin that during the Cryogenian-Ediacarian periods underwent accretion and
collision processes (Brito Neves et al., 2018). The domain consists of a sequence of low grade
metaturbidites from the Cachoeirinha Group and low to medium grade micaschists from the
Salgueiro Group. The Cachoeirinha Group comprises the Serra do Olho D'Agua and Santana dos
Garrotes formations, but the stratigraphic relationship between them is still uncertain due to the
deformation processes that affected these rocks during the evolution of the Brasiliano Orogeny.
However, detrital zircon U-Pb ages suggest that the deposition of the Santana dos Garrotes
Formation was latter than that of the Serra do Olho D'Agua Formation, as constrained by the
youngest detrital zircon populations (688 — 620 Ma and 1080 — 950 Ma, respectively; Marulanda,
2013). The Serra do Olho D'Agua Formation is composed of polymitic metaconglomerates and
metarenites, while the Santana dos Garrotes Formation predominantly comprises metasiltites and
metarenites, with local occurrences of carbonates, banded iron formations and metavolcanic rocks
(Bittar, 1998; Medeiros, 2004; Marulanda, 2013; Brito Neves et al., 2018; Usma et al., 2021).
Detrital zircon grains dated at ca. 620 Ma in the Santana dos Garrotes Formation and crystallization
ages of ca. 635 — 600 Ma obtained from metavolcanic rocks (Van Schmus et al., 1995, 2011;
Kozuch, 2003; Medeiros, 2004; Brito Neves et al., 2018; Caxito et al., 2021), suggest that this
sequence was deposited just before the metamorphic peak (610 — 590 Ma; Van Schmus et al. 2011)

of the Brasiliano Orogeny.
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The Brasiliano magmatic activity in the CSD was marked by intrusive igneous rocks
composed mainly of metaluminous granodiorites to tonalites, containing biotite and calcic
amphibole as the main mafic phases, as well as mEp occurring as crystals up to 2 mm in length
(Sial, 1990; Sial et al. 1998, 2008; Sial & Ferreira, 2016). The presence of dioritic to quartz dioritic
MMEs and amphibole clots is a characteristic commonly observed in these granitoids. In addition,
unusual high-pressure thermal aureoles with a mineral assembly composed of garnet, kyanite,
staurolite, muscovite, biotite, plagioclase + quartz, were developed locally around these granites
(Caby et al., 2009). The Carmo stock intrudes the metasedimentary rocks of the Serra do Olho
D’Agua Formation and is dominated by granodiorites and monzogranites enclosing mafic enclaves
and minor amphibole clots.

3. Analytical methods

Petrographic description and modal analyses (ca. 1500 points per thin section) of
representative samples was done using a transmitted light microscope. The rocks were classified
following the recommendations of the Subcommission on the Systematics of Igneous Rocks of the
IUGS (Le Maitre et al., 2002). Five representative samples of the granitoids and MMEs (BCAR-
56; BCAR-57; BCAR-60; BCAR-20E; BCAR-25E) were selected for mineral chemistry analysis.
Electron probe microanalyses (EPMA) of mineral assemblages were performed using a JEOL JXA-
8230 Superprobe, equipped with five wavelength dispersive spectrometers (WDS) and an
integrated Energy Dispersive Spectrometer (EDS) detector, at the Institute of Geosciences of the
University of Brasilia. The operating conditions were 15 kV accelerating voltage, 10 nA current,
and 5 pm beam diameter. The analyzed minerals were feldspars, biotite, amphibole, titanite and
epidote. Structural formula from analyzed minerals was calculated on the basis of 8, 22, 23, 5 and
12.5 oxygens, respectively. Amphibole and biotite structural formulas (including ferric contents)
were calculated using the spreadsheets of Locock (2014) and Li et al. (2020), respectively. The
Mica+ (Yavuz, 2003) computer program was used to calculates log ratios (e.g., Xr/XoH, Xmg/Xre)

of the mica analyses.

The geobarometric calculation were obtained using Al-in-hornblende geobarometers
proposed by Schmidt (1992), Anderson & Smith (1995) and Mutch et al. (2016). Amphibole-
plagioclase pairs were used to estimate crystallization temperatures according to Holland & Blundy
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(1994) method. Zircon saturation thermometers (Watson & Harrison, 1983 and Shao et al., 2019)
were also used to calculate near-liquidus temperatures. The whole-rock geochemistry data used in
this approach are from Lima & Ferreira (2019). The equation proposed by Wones (1989) and the
spreadsheet of the Ridolfi et al. (2010) were used to estimate fO, values. In addition, also we
estimate the initial water content of the magma using the models by Putirka (2005) and Ridolfi et
al. (2010).

4. Results
4.1. Field relationships and petrography

The Carmo pluton is limited to the north by the western branch of the Juru-Belém shear
zone and to the south it is partially covered by sandstones of the Sdo José do Belmonte basin (Fig.
1C). This intrusion occurs as a stock, with an area of about 45 km?, intruded into Neoproterozoic
metasedimentary rocks of the Serra do Olho D’Agua Formation at the CSD. The Carmo stock
consists of porphyritic monzogranites to granodiorites (Fig. 3A) with plagioclase megacrysts up to
11 cm in length (Fig. 2C). These rocks are coarse-grained and have seriate texture in the central

part, but they become finer-grained toward the margin.

Figure 2. (A) Contact between host granitoids and mafic enclave. Note the plagioclase and quartz xenocrysts within
the enclave; (B) Amphibole-rich clot in granodiorite, showing their sharp boundaries; (C) Plagioclase megacryst of
11 cm in length; (D) Typical mineral assemblage of the host granodiorite-monzogranite containing plagioclase (Pl),
quartz (Qz), alkali feldspar (Kfs), biotite (Bt), amphibole (Amp), epidote (Ep), titanite (Ttn) and allanite (Aln); (E)
mEp with allanite core included in biotite. Note that euhedral faces are preferred in the Ep-Bt contacts contrasting
with the irregular shape of the Ep-Qz contact; (F) mEp in contact with biotite and amphibole; (G) Plagioclase crystal
with core partially altered to sericite and abundant Amp inclusions indicating that Amp was previous in the
crystallization sequence; (H) Quartz xenocryst (‘ocelli’) with amphibole-rich rim in a mafic enclave; and (1) Presence
of apatite with acicular shape in the MME, evidencing rapid cooling. Mineral abbreviations from Whitney & Evans
(2010).
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The granodiorites-monzogranites contain abundant quartz monzodioritic MMEs and
amphibole-rich clots, both randomly distributed in the pluton. The quartz monzodioritic enclaves
range from a few centimeters to almost one meter in size (Fig. 2A) and show spheroidal to
ellipsoidal shapes. Most quartz monzodioritic MMEs shows rounded shape, irregular boundaries
and gradual contacts with the host rock. The presence of plagioclase megacrysts from the host
granite is a characteristic widely observed in these MMEs. The amphibole-rich clots have angular

shapes up to 8 cm long and their contact with the host rock is often sharp (Fig. 2B).

The host granodiorite-monzogranite samples are mainly composed of plagioclase (32 —
40%), quartz (22 — 36%), alkali feldspar (11 — 28%), biotite (9 — 14%), amphibole (< 3%), with
accessory minerals such as titanite, epidote, apatite, allanite and zircon (Fig. 2D), in decreasing
order of abundance. The plagioclase megacrysts are euhedral to subhedral, sometimes zoned and
often altered into sericite and clay minerals. Some plagioclase megacrysts exhibit poikilitic texture,

with amphibole, biotite and apatite inclusions. Plagioclase crystals present in the matrix or included
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in other minerals show a lower degree of alteration. Alkali feldspar is microcline and orthoclase,
both occurring as large subhedral crystals and as small euhedral to subhedral crystals. A poikilitic
texture is characteristic in samples that contain large alkali feldspar phenocrysts, with inclusions
of biotite, amphibole, plagioclase, titanite and other accessory minerals. Quartz is anhedral and
occurs as interstitial mineral phase. Biotite usually appears as subhedral crystals dispersed in the
matrix or included in plagioclase and alkali feldspar. Some biotite crystals contain inclusions of
epidote, zircon, titanite and rare opaque minerals, and sometimes is altered into chlorite, along its
cleavages. Amphibole is present as small euhedral to subhedral crystals, with pleochroism that
ranges from green to greenish brown, rarely showing inclusions. The modal content of amphibole
decreases towards the center of the pluton, while the modal content of biotite and epidote increases.
Titanite is predominantly euhedral and occurs as small diamond-shaped crystals, some of them
with inclusions of Fe-Ti oxide minerals. They are included in other minerals, usually biotite, or
dispersed in the matrix. Epidote is observed in all Carmo samples occurring as three different
textural types. Type | epidote appears as euhedral to subhedral crystals with allanite cores and
partially rimmed by biotite (Fig. 2E). Type Il epidote occurs as smaller euhedral to subhedral
crystals lacking allanite core and totally rimmed by biotite. Finally, type I11 epidote is subhedral to
anhedral in shape and occurs in contact with biotite and less often with amphibole (Fig. 2F). Thus,
type | and Il epidote shows textural characteristic similar to those suggested by Zen &
Hammarstrom (1984), Sial (1990) and Schmidt & Poli (2004) to represent a magmatic origin, while

type 111 epidote possibly resulted from subsolidus reactions.

In comparison with the host granitoids, the MMEs present the same mineral assemblage but
with different modal proportions. The MMEs have a fine-grained equigranular texture but
occasionally is also observed a porphyritic texture. The enclaves consist of plagioclase (37 — 45%),
amphibole (21 — 29%), biotite (12 — 14%), quartz (~ 12%), alkali feldspar (8 — 10%), and are
classified as quartz monzodiorite (Fig. 3A). Accessory minerals include titanite, epidote, apatite
and zircon. Plagioclase occurs as euhedral to subhedral crystals frequently zoned, sometimes with
amphibole and biotite inclusions. Amphibole is subhedral to anhedral, in some samples occur as
elongated and twinned crystals. Biotite is usually subhedral and contains inclusions of zircon,
titanite and epidote. Quartz is an interstitial mineral phase and sometimes appears as ocelli quartz,
surrounded by a reaction rim of biotite and hornblende (Fig. 2H). Alkali feldspar is mostly

microcline but rare perthitic orthoclase is present. Apatite is a common mineral in the MMEs and
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is predominantly acicular (Fig. 21), although prismatic crystals also exist. The presence of ocelli
quartz and acicular apatite in the MMEs are suggestive of an injection of hotter mafic magma into

a cooler granitic magma (e.g., Didier & Barbarin, 1991).

Figure 3. (A) Modal classification of the Carmo stock in Q-A-P diagram (Streckeinsen, 1976). (B) An-Ab-Or ternary
diagram showing composition of plagioclase and alkali feldspar, field boundaries are from Deer et al. (2013). (C)
Biotite classification ternary diagram in terms of Mg, AlVI, Fe®*, Ti, Fe?* and Mn (Foster, 1960). (D) Diagram based
on Fe/(Fe+Mg) versus Al'Y showing classification of biotite (Deer et al., 1992). (E) Mg versus Alr diagram showing
the composition of magma based on biotite composition (Nachit et al., 1985). (F) FeO versus MgO diagram showing

the composition of magma based on biotite composition by Abdel-Rahman (1994).
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4.2. Mineral chemistry

In this section, results from the electron microprobe analyses are presented and the more
interesting chemical features regarding feldspar, biotite, amphibole, titanite and epidote are
discussed. The representative compositions of the analyzed minerals from MMEs and host
granitoids are given in Table 1 to 5.

4.2.1. Feldspar

The composition of feldspars from granitoid rocks and their MMEs is relatively similar
(Table 1 and Fig. 3B). Plagioclase from granitoids shows contents of 3.4 to 8.3 wt% CaO, 21.8 to
27.0 wt% Al;Ozand 6.6 to 9.7 wt% Na2O, while MMEs have more restricted contents of CaO (6.6
— 7.0 wt%), Al,O3 (24.7 — 25.4 wt%) and Na2O (7.2 — 7.63 wt%). Therefore, in the An-Ab-Or
ternary diagram (Fig. 3B), plagioclases from granitoids show composition ranging from oligoclase
to andesine (Anies-40), Whereas most of the plagioclase from enclaves are andesine (Anzz-z4). The
plagioclase crystals in the granitoids show compositional zoning with a calcium-rich core (Anig-

40). Alkali feldspar in all samples falls within the orthoclase field (Orgg-g6).

4.2.2. Biotite

Biotite from the granitoids is characterized by higher FeO contents (20.8 — 22.9 wt%) and
lower MgO (8.2 — 9.5 wt%) than that from the MMEs (19.7 — 20.6 wt% and 9.1 — 10.1 wt%,
respectively), but both exhibit similar Al>Osz contents (15.1 — 16.0 wt% and 14.8 —16.4wt%) (Table
2). According to the classification diagram proposed by Foster (1960), biotites from both granitoids
and MMEs plot in the field of Fe-biotite, however due to the slightly higher MgO values of the
MMEs, some their crystals plot in the field of magnesian biotite (Fig. 3C). The Fe/(Fe+Mg) ratios
of biotite from granitoids (0.56 — 0.60) are slightly higher than that of the MMEs (0.53 — 0.56).
Hence, in the classification diagram Fe/(Fe+Mg) versus Al'Y, the analyzed biotite crystals present
compositions close to the siderophyllite end-member (Fig. 3D), reflecting the relatively high Fe
and AI'Y values. All of the biotite analyses from both rock types plot within calc-alkaline field
(Figs. 3E, 3F) in the discrimination diagram of Nachit et al. (1985) and Abdel-Rahman (1994).
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4.2.3. Amphibole

Amphibole in rocks from the Carmo stock does not show significant compositional
differences (Table 3). Electron microprobe analysis has shown that amphibole from the granitoids
have slightly higher FeO contents (18.4 — 21.1 wt%) but lower MgO (6.9 — 9.0 wt%) than that from
the MMEs (17.1 — 19.6 wt% and 8.2 — 10.1 wt%, respectively). These results indicate that
amphibole from both rock types has compositions that suggest magmatic origin (Fig. 4A;
Czamanske & Wones, 1973). All of the analyzed amphibole grains belong to the calcic-amphibole
group with values of (Ca + Na)s = 2 and similar Nag values for the host granite (0.10 — 0.20) and
MMEs (0.05 - 0.16). Based on the classification by Leake et al. (1997), amphiboles from the host
granitoids are mostly hastingsite, with higher Fe* values (0.1 — 0.6 apfu) than AIV' (0.3 — 0.5 apfu),
whilst MMEs amphibole ranging from edenite to pargasite, and their ferro-end-members (Fig. 4B).
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Figure 4. (A) Si versus Ca+Na+K classification diagram for amphibole, field boundary is from Czamanske & Wones

(1973). (B) Amphibole composition classification diagram based on Si versus Mg/(Mg+Fe?*) according to the

nomenclature of Leake et al. (1997). (C) Al+Fe versus Ti diagram for compositional variations of titanite. (D) Al

versus Fe diagram showing the compositional distribution of titanites, field boundaries defined by Kowallis et al.
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Titanite from both granitoids and MMEs shows only few differences in the concentrations

of the major elements and F (Table 4). Titanite from granitoids contains more TiO; (38.7 — 34.58
wit%), Al,O3 (1.27 — 2.20 wt%), FeO (0.68 — 1.26 wt%) and F (0.11 — 1.04 wt%) relative to titanite
from MMEs (with TiO> values of 36.88 to 37.61 wt%, Al>03 1.15 to 1.79 wt%, FeO 0.73 to 1.08
wit%, F 0.12 to 0.60 wt%). Both granitoids and enclaves titanites display negative correlation on

Al+Fe3* versus Ti diagram (Fig. 4C), which reflects the common substitution of Al and Fe for Ti

in the octahedral site (Cao et al., 2015). According to the titanite chemistry descriptions mentioned

above and using the fields defined by Kowallis et al. (1997), it is observed that all analyzed titanites

fall between the fields suggested for magmatic and metamorphic titanites (Fig. 4D). This is
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consistent with the petrographic observations, which indicate that titanite was crystallized early but
had its initial composition subsequently re-equilibrated during post-magmatic processes.

4.2.5. Epidote

The composition of epidote has very restricted composition: SiO2 35.8 — 38.0 wt%, Al2O3
20.4 — 24.5 wt%, FeO 10.2 — 14.2 wt%, CaO 22.4 — 23.3 wt% (Table 5). According to the criteria
proposed by Tulloch (1979) and Evans & Vance (1987), epidote can be interpreted as magmatic in
origin if it presents pistacite component (Ps = molar [Fe**/ (Fe3*+ Al)] x100) >25% and < 0.2 wt%
TiO». Epidote from the Carmo stock have Ps contents varying between 23 and 33 mol% and TiO-
contents are always < 0.2 wt%. A comparative study carried out by Pandit et al. (2014), between
magmatic and hydrothermal epidotes, showed an overlap of the values obtained from the Ps
content. Nevertheless, the importance of the petrography, texture and mineral assemblages was
highlighted by these authors, allowing to discriminate both varieties of epidote. Thus, the textural
evidence and the chemical composition of the analyzed epidotes clearly point to a magmatic origin.
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Table 1 - Representative microprobe analyses of plagioclase from Carmo granitoids (BCAR) and MMEs (BCAR E). C — Center, R — Rim, <dIl — below detection

limits. Stand. at 5 cations and 8 oxygen.

Sample

BCAR56 BCARS56 BCAR56 BCARS6 BCAR57 BCAR57 BCAR60 BCAR60 BCAR20E BCAR20E BCARZ20E

-C3 -C3 -C5 -C5 -C2 -C2 -C2 -C2 -C1 -C2 -C3
Position C R C R C R C R C C C
SiO; 64.29 62.67 56.82 62.78 62.54 62.97 59.58 63.81 60.18 60.50 60.60
TiO, <dl <dl <dl 0.01 0.03 0.07 0.04 0.01 0.03 0.05 0.09
Al;O;3 21.83 23.07 26.9 23.57 23.39 22.72 25.01 22.33 25.39 24.72 24.84
Cr03 <dl <dl 0.07 0.01 0.01 0.03 0.04 0.06 <dl 0.03 0.05
FeO 0.03 0.02 0.12 0.23 0.15 0.08 0.01 0.09 0.09 0.02 0.03
MnO <dl <dl 0.01 <dl <dl <dI <dl 0.05 <dl <dI <dl
MgO 0.01 0.02 0.02 <dl 0.03 0.01 0.01 <dl 0.00 <dl 0.01
CaO 3.55 4.30 8.27 4.35 4.05 3.4 6.84 4.45 6.70 6.46 6.99
Na.O 9.68 8.28 6.61 9.36 9.17 9.7 7.6 9.16 7.16 7.63 7.24
K20 0.11 1.19 0.22 0.27 0.18 0.27 0.26 0.13 0.26 0.12 0.15
Total 99.50 99.55 99.13 100.58 99.55 99.25 99.39 100.09 99.81 99.52 99.99
Si 2.851 2.796 2.565 2.755 2.776 2.794 2.671 2.823 2.696 2.712 2.712
Ti <dl <dl <dl <dl 0.001 0.002 0.001 <dl 0.001 0.002 0.003
Al 1.141 1.213 1.436 1.219 1.223 1.188 1.321 1.164 1.341 1.306 1.310
Cr <dl <dl 0.002 <dl <dl 0.001 0.001 0.002 <dl 0.001 0.002
Fe's <dl <dl 0.004 0.008 0.005 0.003 <dl <dl <dl <dl <dl
Fe*? 0.001 0.001 <dl <dl <dl <dl <dl 0.003 0.004 0.001 0.001
Mn <dI <dI <dl <dl <dl <dl <dl 0.002 <dl <dI <dl
Mg 0.001 0.001 0.001 <dl 0.002 0.001 0.001 <dl <dl <dl 0.001
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Ca 0.169 0.206 0.400 0.205 0.192 0.161 0.329 0.211 0.322 0.310 0.335
Na 0.832 0.716 0.579 0.796 0.789 0.834 0.661 0.786 0.622 0.663 0.628
K 0.006 0.068 0.012 0.015 0.010 0.015 0.015 0.007 0.015 0.007

An 16.751  20.771  40.360  20.127 19.398  15.969  32.732  21.020 33.579 31.643 34.484
Ab 82.637 72369 58370 78363  79.564 82547  65.815  78.255 64.889 67.657 64.635
Or 0.613 6.860 1.261 1.510 1.039 1.484 1.453 0.725 1.533 0.700 0.881

Table 2 - Representative microprobe analyses of biotite from Carmo granitoids (BCAR) and MMEs (BCAR E). C — Center, R — Rim, <dl — below detection

limits. Stand. at 22 oxygen.
BCAR56- BCAR56- BCAR56- BCAR56- BCAR56- BCAR56- BCARG60- BCAR60- BCAR20 BCAR25 BCAR25
Sample C2 Cc2 C5 C5 c7 C7 C1 C3 E-C2 E-C1 E-C2
Position C R C R C R C C C R C
SiO; 35.62 35.58 35.61 35.87 35.92 36.02 36.11 37.16 37.68 36.73 36.01
TiO; 2.47 2.95 1.84 2.08 2.37 1.96 2.43 1.97 3.00 2.12 1.88
Al,O; 15.60 15.14 15.63 15.72 15.69 15.96 16.05 15.10 14.80 16.11 16.40
FeO 21.92 22.92 21.88 21.12 21.86 21.88 20.84 21.90 20.57 20.06 20.29
MnO 0.38 0.34 0.18 0.27 0.33 0.26 0.36 0.36 0.27 0.29 0.31
MgO 8.56 8.63 8.56 8.18 9.00 9.27 9.12 9.49 9.08 9.85 10.14
CaO <dl <dl <dl <dl 8,998 <dl <dl <dl <dl <dI <dI
Na2O 0.04 0.09 0.15 0.13 0.15 0.10 0.14 0.04 0.10 0.11 0.12
K20 9.18 9.48 8.91 9.24 9.56 9.62 9.19 9.56 9.27 9.29 9.39
Cr203 0.02 <dI 0.06 0.06 0.03 0.04 <dI 0.03 0.00 0.04 0.05
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NiO <dl <dl <dl 0.01 8,998 0.02 <dl 0.02 0.07 0.00 0.08
F 0.54 0.26 0.32 0.44 0.29 0.25 0.47 0.10 0.15 0.47 0.36
Cl 0.01 <dl 0.03 0.02 0.01 0.02 0,01 0.01 <dI 0.02 0.01
Total 94.34 95.38 93.18 93.15 95.20 95.41 94.72 95.74 94.99 95.08 95.02
Si 5.549 5.507 5.592 5.623 5.529 5.526 5.546 5.631 5.693 5.577 5.503
Al 2.451 2.493 2.408 2.377 2471 2.474 2.454 2.369 2.307 2.423 2.497
AV 0.413 0.268 0.486 0.527 0.376 0.411 0.452 0.328 0.329 0.460 0.456
Ti 0.289 0.343 0.217 0.246 0.275 0.226 0.281 0.225 0.341 0.242 0.216
Cr 0.003 <dl 0.008 0.007 0.004 0.005 <dl 0.004 <dl 0.005 0.006
Fes 0.135 0.187 0.157 0.020 0.168 0.217 0.096 0.020 <dl 0.100 0.225
Fet? 2.738 2.801 2.735 2.773 2.673 2.617 2.603 2.792 2.631 2473 2.391
Mn 0.050 0.045 0.024 0.035 0.043 0.034 0.046 0.046 0.035 0.038 0.040
Mg 1.988 1.992 2.005 1.912 2.065 2.120 2.089 2.143 2.044 2.228 2.310
Ni <dl <dl <dl 0.002 <dl 0.003 <dl 0.003 0.009 <dI 0.009
Ca <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl
Na 0.012 0.027 0.046 0.040 0.044 0.031 0.043 0.012 0.030 0.031 0.034
K 1.825 1.871 1.784 1.847 1.877 1.882 1.801 1.849 1.787 1.799 1.829
F 0.267 0.126 0.160 0.217 0.139 0.124 0.226 0.048 0.069 0.226 0.175
Cl 0.002 <dl 0.009 0.006 0.002 0.007 0.002 0.002 0.001 0.006 0.003
Fe/(Fe +
Mg) 0.590 0.598 0.589 0.591 0.577 0.570 0.562 0.564 0.560 0.533 0.529
Mg/(Fe +
Mg) 0.410 0.402 0.411 0.409 0.423 0.430 0.438 0.436 0.440 0.467 0.471
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Table 3 - Representative microprobe analyses of amphibole from Carmo granitoids (BCAR) and MMEs (BCAR E). C — Center, R — Rim, <dl — below detection
limits. Stand. at 23 oxygen.

S | BCAR56 BCAR56 BCAR56- BCAR56 BCAR57- BCAR57 BCAR60 BCAR60 BCAR20E BCAR25E BCAR25E
ample

-C1 -C1 c7 -C7 C4 -C4 -C2 -C2 -C2 -Cl -C1

Position C R C R C R C R C C R
SiO; 41.36 41.33 41.55 40.82 42.40 42.49 41.27 42.71 40.18 44,78 43.44
TiO; 1.63 1.26 1.01 1.54 1.53 1.52 1.78 1.60 1.34 1.05 131
AlO; 11.28 11.38 10.95 11.16 11.15 10.96 11.42 10.97 10.56 10.34 9.81
FeO 20.25 20.58 20.43 21.11 18.37 19.10 20.54 19.80 19.62 17.10 18.85
MnO 0.41 0.47 0.44 0.42 0.41 0.33 0.49 0.48 0.42 0.37 0.45
MgO 7.84 7.55 7.94 7.25 8.96 8.80 6.87 7.52 8.20 10.05 8.42
Cao 11.36 11.30 11.44 11.33 11.30 11.14 11.30 11.43 11.55 11.63 11.39
Na.O 1.59 151 1.57 1.47 1.68 1.59 1.72 1.45 1.59 1.33 1.55
K20 1.40 1.54 1.25 1.35 1.10 1.14 1.52 1.33 1.32 0.93 131
Cr.03 <dl 0.02 0.02 <dl <dl 0.05 0.07 <dl 0.02 <dl 0.01
NiO <dl 0.04 <dl <dI <dI <dl <dl <dl <dI <dl 0.04
F <dl 0.42 0.63 0.26 0.30 <dl 0.26 0.41 0.23 0.08 0.31
Cl 0.01 0.02 <dl 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.02
Total 97.14 97.39 97.23 96.72 97.23 97.12 97.26 97.72 95.03 97.68 96.90
Si 6.337 6.352 6.391 6.322 6.427 6.426 6.391 6.531 6.322 6.664 6.666
AlY 1.663 1.648 1.609 1.678 1573 1574 1.609 1.469 1.678 1.336 1.334
AlV! 0.373 0.413 0.375 0.359 0.419 0.380 0.475 0.508 0.280 0.478 0.439
Ti 0.188 0.145 0.116 0.179 0.175 0.173 0.208 0.184 0.159 0.117 0.151

Cr <dl 0.002 0.002 <dl <dl 0.006 0.008 <dl 0.002 <dl 0.001
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Fe's 0.440 0.471 0.513 0.493 0.426 0.548 0.147 0.161 0.438 0.353 0.129
Fet?2 2.155 2.174 2.115 2.241 1.902 1.867 2.512 2.371 2.143 1.775 2.290
Mn 0.054 0.062 0.057 0.055 0.052 0.042 0.065 0.062 0.056 0.047 0.059
Mg 1.791 1.729 1.821 1.673 2.025 1.983 1.585 1.714 1.922 2.230 1.927
Ni <dI <dI <dl <dl <dl <dl <dl <dl <dl <dl 0.004
Ca 1.864 1.861 1.886 1.879 1.836 1.804 1.874 1.872 1.946 1.854 1.872
Na 0.472 0.449 0.469 0.443 0.495 0.466 0.516 0.430 0.484 0.385 0.461
0.274 0.301 0.245 0.266 0.212 0,220 0.300 0.260 0.264 0.177 0.257

F <dl 0.202 0.307 0.127 0.145 <dI 0.129 0.200 0.112 0.038 0.148
Cl 0.003 0.005 <dl 0.004 0.003 0.003 0.005 0.005 0.006 0.004 0.005

(Ca+N)s 2 2 2 2 2 2 2 2 2 2 2

Nag 0.136 0.139 0.114 0.121 0.164 0.196 0.126 0.128 0.054 0.146 0.128

Table 4 - Representative microprobe analyses of titanite from Carmo granitoids (BCAR) and MMEs (BCAR E). C — Center, R — Rim, <dl — below detection

limits. Stand. at 5 oxygen.

BCAR56- BCARS56- BCARS56- BCARS6- BCARS7 BCAR57 BCAR60 BCAR60 BCAR20E BCAR20E BCARZ20E

Sample
C3 C3 C5 C8 -C3 -C3 -C5 -C7 -C2 -C4 -C4.1
Position C R R C C R R C C C C
SiO; 30.18 30.13 29.69 28.45 29.56 29.45 29.91 29.49 28.92 29.33 29.23
TiO; 35.64 36.43 36.80 36.50 38.72 38.66 34.58 36.94 37.61 37.17 36.88
Al;03 2.20 2.19 1.53 1.50 1.44 1.49 2.10 1.27 1.48 1.79 1.77

FeO 1.26 1.24 0.97 0.87 0.68 0.87 1.24 0.84 0.81 1.04 1.08
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MnO 0.02 0.01 0.10 0.12 0.07 0.12 0.11 0.08 0.11 0.14 0.11
MgO 0.02 0.01 <dl <dl 0.03 0.03 0.01 <dl <dl <dI 0.01
CaO 28.08 28.04 27.76 27.45 27.60 27.36 28.14 27.53 28.17 27.90 27.69
Na20 0.03 0.04 0.02 0.08 0.02 <dl 0.06 <dl <dl 0.02 0.01
K20 0.09 0.03 0.02 0.03 0.01 0.03 <dl <dl 0.01 0.01 0.02
P20s 0.46 0.26 0.11 0.07 0.11 0.11 0.02 0.06 0.01 0.03 0.03
Cr03 <dl 0.04 <dl <dl 0.05 0.07 0.04 0.09 0.03 0.06 0.06
NiO 0.03 <dI 0.01 0.04 0.02 0.03 <dl 0.02 <dI <dl <dI
V203 0.37 0.31 0.39 0.34 0.44 0.40 0.37 0.41 0.24 0.38 0.33
F 0.72 0.12 1.04 <dl 0.17 <dl 0.33 0.60 0.60 0.12 0.45
Total 99.10 98.84 98.44 95.44 98.93 98.61 96.91 97.33 98.00 98.00 97.66
Si 0.994 0.996 0.987 0.978 0.977 0.977 1.011 0.991 0.968 0.981 0.981
Ti 0.884 0.906 0.920 0.944 0.963 0.965 0.879 0.934 0.947 0.935 0.931
Al 0.086 0.085 0.060 0.061 0.056 0.058 0.084 0.050 0.058 0.071 0.070
Fe 0.035 0.034 0.027 0.025 0.019 0.024 0.035 0.024 0.023 0.029 0.030
Mn 0.001 <dl 0.003 0.004 0.002 0.003 0.003 0.002 0.003 0.004 0.003
Mg 0.001 <dl <dl <dl 0.001 0.001 <dl <dl <dl <dl 0.001
Ca 0.991 0.993 0.988 1.011 0.977 0.972 1.019 0.991 1.011 1.000 0.996
Na 0.002 0.003 0.002 0.005 0.001 <dl 0.004 <dl <dl 0.001 0.001
K 0.004 0.001 0.001 0.001 <dl 0.001 <dl <dl 0.001 <dl 0.001
P 0.013 0.007 0.003 0.002 0.003 0.003 0.001 0.002 <dl 0.001 0.001
Cr <dl 0.001 <dl <dl 0.001 0.002 0.001 0.002 0.001 0.001 0.002
Ni 0.001 <dl <dl 0.001 0.001 0.001 <dl <dl <dl <dl <dl
\% 0.010 0.008 0.010 0.009 0.012 0.011 0.010 0.011 0.006 0.010 0.009
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F 0.075 0.012 0.109 <dl 0.017 <dl 0.035 0.063 0.064 0.013 0.047

Table 5 - Representative microprobe analyses of epidote from Carmo granitoids (BCAR) and MMEs (BCAR E). C — Center, R — Rim, <dI — below detection
limits. Stand. at 12 oxygen.

BCARS6 BCAR56- BCARS6- BCAR56- BCAR5 BCARS5 BCARS5 BCAR5 BCAR6 BCAR6 BCAR6 BCARG6

Sample

-C4 C4 C5 C5 6-C7 7-C4 7-C4 7-C5 0-C5 0-C5.1 0-C6 0-C6

Position C R C R C C R C C C C R
SiO; 37.22 37.15 37.34 37.98 35.82 37.64 37.92 36.75 37.40 37.02 36.96 37.04
TiO2 0.07 0.10 0.11 0.06 0.14 0.01 0.06 0.25 0.04 0.08 0.15 0.07
Al,O; 24.54 23.02 21.68 20.42 21.78 23.47 23.36 23.95 22..90 22.25 22.23 22.46
FeO 10.48 12.18 13.26 14.18 13.62 12.73 12.70 12.41 12.81 12.91 12.47 12.75
MnO 0.23 0.17 0.19 0.14 0.18 0.20 0.19 0.24 0.15 0.20 0.14 0.17
MgO 0.01 <dl 0.02 <dl 0.01 0.02 0.03 0.03 0.01 0.04 0.04 0.02
CaO 23.35 23.22 22.89 22.74 22.93 22.80 22.94 2291 22.86 23.05 22.37 23.05
Na,O 0.01 0.03 0.06 <dl 0.01 0,01 <dl <dl 0.04 0.03 <dI 0.01
K20 0.02 0.02 0.02 0.01 <dl <dl <dl 0.02 <dl 0.01 0.02 <dl
Total 95.92 95.89 95.57 95.54 94.49 96.87 97.20 96.57 96.20 95.58 94.37 95.57
Si 2.976 2.987 3.019 3.074 2.942 2.989 3.000 2.930 2.995 2.992 3.015 2.991
Ti 0.004 0.006 0.006 0.004 0.009 0.001 <dl 0.020 0.002 0.005 0.009 0.004
Al 2.312 2.181 2.066 1.948 2.108 2.197 2.180 2.250 2.161 2.119 2.137 2.138
Fe*s 0.701 0.819 0.897 0.960 0.936 0.845 0.840 0.830 0.858 0.873 0.851 0.861

Mn 0.016 0.012 0.013 0.009 0.012 0.014 0.020 0.010 0.014 0.010 0.011
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Mg 0.001 <dl 0.003 <dl 0.001 0.003 0.010 <dl 0.001 0.004 0.004 0.003
Ca 2.000 2,000 1.983 1.972 2.018 1.940 <dl 1.960 1.962 1.997 1.955 1.995
Na 0.001 0.005 0.009 <dl 0.002 0.001 1.950 <dl 0.006 0.004 <dl 0.002
K 0.002 0.002 0.002 0.001 <dl <dl <dl <dl <dl 0.001 0.002 <dl

Ps 23.3 27.3 30.3 33.0 30.7 27.8 27.8 26.9 28.4 29.2 28.5 28.7
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4.3. Magmatic physicochemical conditions
4.3.1. Al-in-hornblende geobarometry

Calcic amphibole is a common mineral in calc-alkalic granitic rocks. Its presence in this
type of rock has been considered as a useful tool to estimate the thermobarometric conditions
under which the magmas crystallized (Anderson, 1996; Anderson et al., 2008). Considering the
linear relationship between amphibole aluminum content and pressure, Hammarstrom & Zen
(1986) proposed an empirical barometer that has been discussed and recalibrated by several
authors, using estimates from natural pluton (Hollister et al., 1987) or experimental studies
(Johnson & Rutherford, 1989; Thomas & Ernst, 1990; Schmidt, 1992). These studies calibrated
the geobarometer for pressures in the range of 2 — 14 kbar and a mineral assemblage that
includes quartz + alkali feldspar + plagioclase + hornblende + biotite + Fe-Ti oxides + titanite
+ melt + fluid. Anderson & Smith (1995) assessed the sensitivity of the Al-in-hornblende
barometer to variations in temperature and oxygen fugacity and recalibrated the previously
proposed formulation. These authors used the experimental data of Johnson & Rutherford
(1989) and Schmidt (1992) to incorporate the effect of temperature. They also limited the use
of the barometer to amphiboles with Fet/(Fer+Mg) ratios ranging from 0.40 to 0.65, in order to
assess oxygen fugacity before applying the barometer. More recently, Mutch et al. (2016)
proposed a calibration of the Al-in-hornblende barometer based on an experimental study of
amphibole stability in granitic magmas. This study recognized a non-linear relationship at low

pressures (< 2.5 kbar), which has not been explored by previous calibrations.

In order to constraint geobarometry of granitoids from the Carmo stock, we used
calibrations of Schmidt (1992), Anderson & Smith (1995) and Mutch et al. (2016) and compare
the values obtained according to their uncertainties. Results of the calculated crystallization
pressures are presented in Table 6. The values calculated by the calibrations of Schmidt (1992)
and Anderson & Smith (1995) are 6.4 — 7.4 kbar and 5.7 — 7.4 kbar, respectively. The
differences between the two calibrations are within absolute errors (= 0.6 kbar for both).
Estimates based on Mutch et al. (2016) yield consistently lower values (between 5.0 and 6.0
kbar; Table 6). Given that the relative uncertainty of the calibration by Mutch et al. (2016) is +
16%, it fits well for typical granitic amphibole Alr values (< 1.5 apfu). However, for unusual
values (> 2.0 apfu), the relative uncertainty of Mutch et al. (2016) translates to an absolute
uncertainty in the estimated pressure of > 0.8 kbar. All analyzed hornblende grains in this study
have Aly values > 1.9 apfu, therefore the calibration by Mutch et al. (2016) is inappropriate to

estimate the unusual crystallization conditions of the Carmo stock. Thus, we use the pressures
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obtained from Anderson & Smith (1995)’s calibration, which are in good agreement with
pressure values previously calculated for mEp-bearing granitoids of the Transversal Zone
Domain (Sial, 1986, 1990, 1993; Brasilino et al, 2011; Ferreira et al., 2011). Assuming an
average crustal density of 2.7 g/lcm® (Mutch et al., 2016), the amphibole crystallization depth
calculated of the Carmo granitoids ranges from 22 to 27 km, which corresponds to the middle
to lower crust depths.

Table 6 - Summary of the estimation of crystallization condition of the Carmo granitoids.

Sample BCAR56 BCAR57 BCARG60
Al-in-hornblende geobarometry
Schmidt (1992) 6.7 6.8 7.1 6.4 6.9 6.4 7.2 7.4
Anderson & Smith (1995) 5.7 6.1 7.2 6.4 6.8 6.6 7.1 7.4
Mutch et al. (2016) 53 54 5.7 5.0 55 5.0 5.8 6.0
Depth (km) 22 23 27 24 26 25 27 28

Amphibole-plagioclase
geothermometry
Holland & Blundy (1994) 735 723 665 670 686 656 682 675

Zircon saturation

geothermometry
Watson & Harrison (1983) 781 779 763
Shao et al. (2019) 769 767 749
Oxygen fugacity
Wones (1989) -14.1 -147 -161 -157 -159 -17.1 -155 -158
Ridolfi et al. (2010) -158 -161 -174 -172 -175 -180 -171 -17.3
ANNO -0.72 -0.70 -055 -0.41 -1.18 -0.88 -0.69 -0.70
Water Content
Putirka (2005) 5.4 5.4 6.3 6.8 5.2 6.5 6.5 6.9
Ridolfi et al. (2010) 6.7 6.8 7.3 6.6 6.9 7.5 7.1 7.7

4.3.2. Hornblende-plagioclase geothermometry

The geothermometer based on amphibole-plagioclase equilibria has often been used to
estimate the crystallization temperature in calc-alkalic igneous rocks (Anderson, 1996;
Anderson et al., 2008). Blundy & Holland (1990) developed a thermometer for silica-saturated
rocks based on the reactions edenite+ 4quartz = tremolite + albite (reaction A) and pargasite +
4quartz = hornblende + albite (reaction B). Subsequently, Poli & Schmidt (1992) noted that this
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thermometer produced erroneously high temperatures, which led Holland & Blundy (1994) to
review the calibration for the reaction A and formulate a new calibration based on the
equilibrium edenite + albite = richterite + anorthite. Anderson (1996) recommends the use of
the edenite-richterite thermometer proposed by Holland & Blundy (1994), since it produces
more reliable temperature values than other thermometers used to estimate magmatic
temperatures. In this study, we used the formulation proposed by Holland & Blundy (1994) to
calculate the crystallization temperature of the studied granitoid. The crystallization calculated
temperatures range from 656 to 735°C (average = 689 °C; + 27 °C). These temperatures
estimated from the amphibole-plagioclase equilibrium are consistent with temperature close to
the haplogranite solidus (725 + 75 ° C; Mutch et al., 2016). These calculated temperatures
decreased towards the center of pluton, an observation that correlates with decrease of the grain
size from center towards the margins of pluton, and indicates slow cooling after magma

emplacement.

4.3.3. Zircon saturation geothermometry

Through pressure/temperature experimental studies, Watson & Harrison (1983)
observed that the crystallization and dissolution of zircon in magmatic systems are strongly
dependent on the temperature and melt composition (M = (Na + K + 2Ca)/(Al.Si)). Their studies
allowed to calibrate a thermometer for rocks of intermediate to felsic compositions (M = 0.9 to
1.9), which was later used in several petrological studies as an estimate of the magmatic
temperatures near-liquidus (Hanchar & Watson, 2003; Anderson et al., 2008; Siegel et al.,
2018). In the last decades, this thermometer has been revised and extended to peraluminous and
peralkaline compositions (Boehnke et al., 2013; Gervasoni et al., 2016; Shao et al., 2019).

The temperatures of granitoids from the Carmo stock have been estimated using the
zircon saturation geothermometer (Tz) based on the original work by Watson & Harrison
(1983) and on the latest review developed by Shao et al. (2019). Samples with M values outside
the calibration range (M > 1.9) were excluded from the calculations. Representative zircon
saturation temperatures for Carmo granitoids are presented in Table 6. The Tz, calculated using
the geothermometer of Watson & Harrison (1983) range from 763 to 787 °C, and are slightly
higher than the temperatures obtained from Shao et al. (2019)’s equation (749 — 776 °C).

Because zircon is an early phase during felsic magma crystallization, Tz are widely

interpreted to represent the minimum liquidus temperature of magma, and to estimate partial
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melting temperatures (e.g., Collins et al., 2016; Basak & Goswami, 2020). The thermometer
originally proposed by Watson & Harrison (1983), however, contains certain limitations that
denote some uncertainties. The method assumes that the bulk-rock composition is similar to the
melt composition and that all zircons present in the rock are autocrysts. Nevertheless, fractional
crystallization processes are common in granitic rocks, which can lead to an increase of Zr
content and decrease of M, thereby raising Tz (n; Siegel et al., 2018). In addition, the presence
of inherited or antecrystic zircon grains can result in overestimated values (Anderson et al.,
2008; Siegel et al., 2018). The average Tz calculated for granitoids in the Carmo stock is ~ 769
° C (ranging from 749 to 787 ° C; Table 6), which is consistent with the petrographic
observations and temperatures determined by the amphibole-plagioclase geothermometer.
These estimates are within the limit shown by Miller et al. (2003) for "cold" granitoids, and

suggest that Tz can be considered maximum temperatures.

4.3.4. Oxygen fugacity

The redox state of magma plays an important role in controlling the stability field of
some minerals. Its nature is a primary characteristic inherited from its source, although
magmatic differentiation and assimilation processes can be locally important (Carmichael,
1991; Blevin, 2004). The oxygen fugacity (fO2) is an intensive parameter that exerts an
important control on the composition of minerals, controlling the abundance of Fe-Ti oxides,
modal proportion of mafic minerals, and their Fe/Mg ratios (Anderson, 1996; Anderson et al.
2008). The equilibrium expression log fO, = -30930/T+14.98+0.142(P-1)/T, proposed by
Wones (1989), is widely applied to estimate fO, values in granitic rocks with mineral
assemblage that include titanite + magnetite + quartz. The estimated fO> values for the Carmo
stock using this equation show a small variation from -14.9 to -17.3, indicating that these
granites crystallized under conditions above the fayalite-magnetite-quartz (FMQ) buffer (Fig.
5A). These values are consistent with moderate oxidation conditions during magma

crystallization.

To better determine the fO2 conditions during the crystallization of the Carmo granitoids,
we also applied the formulation proposed by Ridolfi et al. (2010), for amphiboles in calc-alkalic
magmas. The results calculated from this formulation vary from -15.8 to -18, suggesting
crystallization conditions between the NNO (nickel-nickel-oxygen) and FMQ buffers (Fig. 5B),

confirming moderately oxidized conditions.
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Figure 5. (A) 103/T versus log fO diagram to estimated redox conditions, showing the stability field of several
mineral assemblages (Wones, 1989). (B) T versus log fO, diagram showing the formation temperature and fO;
conditions calculated according to Ridolfi et al. (2010). (C) T versus P diagram displaying liquidus curves,
which indicate the minimum water content that can be dissolved in granite systems (Holtz et al., 2001). (D) H.O
versus T diagram showing mafic phase stability fields, based on experiments of Naney (1983) in granodioritic
compositions at 8 kbar. Note that the increase in the abundance of biotite and mEp towards the center of the

pluton due to the decrease in hornblende is consistent with the amphibole reacts out before the magma reaches

the solidus.
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4.3.5. Estimation of water contents

Water is the main fluid component in silicic magmas and is responsible for the
stabilization of the hydrated minerals, such as amphibole and biotite, which form part of the
mineral assemblages of calc-alkalic granitoids (Holtz et al., 2001; Castro, 2013). Empirical and
experimental studies have shown that water content is a primary feature of the magma and,
although assimilation and magma mixing processes can change the content, it depends
fundamentally on the initial water content in the system (e.g., Wyllie et al., 1976; Naney, 1983).
Given that most of the water content of a magma is lost during the crystallization process,
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consequently the initial water content in granitic magmas can only be estimated through indirect
approaches (Castro, 2013).

The minimum water content to stabilize the system in its liquidus can be estimated
following the methodology developed by Holtz et al. (2001), as a function of initial temperature
and pressure. Therefore, using the pressure calculated based on the approach by Anderson &
Smith (1995) and the zircon saturation temperatures (Watson & Harrison, 1983), as an estimate
of the liquidus temperature, the minimum water content in Carmo granodiorites-monzogranites
varies from ~ 5 to 6 wt% (Fig. 5C). Furthermore, we used the formulation proposed by Putirka
(2005), based on plagioclase-melt compositions, for the calculation of the water content.
According to this hygrometer the average water content in the studied granitoids is ~ 6.11 wt%.
Finally, the water content estimated in the initial melt, using the equation by Ridolfi et al. (2010)
ranges from 6.6 to 7.7 wt% (Table 6). These results are consistent with the presence of hydrated
phases in the Carmo stock, such as hornblende and biotite, and agree with the typical values for
calc-alkalic granitoids (ca. 4 — 6 wt% H20O; Scaillet et al., 1998).

5. Discussion

5.1. Petrogenetic Implications

Different intensive parameters (e.g., temperature, pressure, fO2) have been addressed in
this work to allow the evaluation of the crystallization conditions that accompanied formation
of mEp-granitoids from the Carmo stock. The calculated pressures (~ 6 — 7 kbar), from the Aly
content in hornblende, are within the range estimated for other mEp-bearing granitoids in the
CSD (6 to 9 kbar; Sial, 1990, 1993) and close to that used in the experimental work of Naney
(1983), where epidote was reported to be in equilibrium with melts of granitic-granodioritic
composition at 6 — 8 kbar. On the other hand, more extensive experimental work carried out by
Schmidt & Thompson (1996), showed that the minimum crystallization pressure of mEp
depends on fO>. In that study, epidote was a stable phase at temperatures above the water-
saturated solidus and at pressures greater than 5 kbar, under conditions of fO> buffered to NNO.
Nonetheless, experiments carried out under more oxidizing conditions (fO. buffered to
hematite-magnetite (HM)) resulted in an increase of the stability field of epidote. Under these
conditions, the minimum crystallization pressure of mEp occurs at about 3 kbar. The ANNO
values, estimated for the studied granitoids, exhibit restricted variations from -1.2 to -0.4 (Table

6), which suggests moderately oxidized conditions buffered by NNO (Fig. 5B). Taken together,
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our results reinforce the idea that the occurrence of mEp, when combined with oxybarometric
data, provides additional information on the magma emplacement depth (Zen & Hammarstrom,
1984; Vyhnal et al., 1991; Sial et al., 2008; Ferreira et al., 2011). Independent constraints for
estimate emplacement pressures include barometric calculations on appropriate mineral
assemblages in contact metamorphic aureoles around igneous intrusions (Anderson et al., 2008;
Mutch et al., 2016). Caby et al. (2009) described contact metamorphism aureoles in two plutons
with mEp, located in the CSD, with mineral assemblage garnet, kyanite, staurolite, muscovite,
biotite, plagioclase + quartz, and interpreted this as additional evidence indicating high

emplacement pressure for these intrusions.

As discussed above, Tz (749 — 787 °C) are relatively close to the temperatures estimated
by Holland & Blundy’s method (656 — 735 °C), probably suggesting that the hornblende was
an early-crystallized phase. Experimental studies in acidic to intermediate calcic-alkalic
systems have shown that under water-undersaturated conditions, pyroxene and plagioclase,
instead of hornblende, are the first phases to crystallize, indicating that the liquidus temperature
was higher than the upper limit of hornblende stability, which is around 900 — 950 °C
(Dall'Agnol et al., 1999; Castro, 2013). Nonetheless, very high initial water contents, close to
saturation, can reach the liquidus temperature values necessary to hornblende stability (Castro,
2013).

The estimates of the initial water content, from different approaches, of the Carmo
granitoids show values > 5wt% (Fig. 5D), compatible with the minimum values required to
stabilize hornblende as near-liquidus phase at 8 kbar (> 4.5 wt% H>O; Naney, 1983).
Furthermore, crystallization sequence deduced from textures of the studied granodiorites
indicate that hornblende, and not plagioclase, is the near-liquidus phase (Fig. 2G). In this sense,
the decrease in modal abundance of hornblende towards the center of the pluton, accompanied
by the increase in biotite and epidote, could be reflecting the reaction that delimits the stability
of epidote in tonalitic melts with excess H.O (Ep + Bt + Qz + H20 = Hbl + Pl + Mag + melt;
Schmidt & Thompson, 1996).

Some mEp-bearing plutons, intruding low-grade metasedimentary rocks of the CSD,
have also been reported for presenting clinopyroxene phenocrysts (Sial, 1993; Sial & Ferreira,
2016; Siqueira et al., 2018). Thus, given that all of these mEp-bearing plutons, in this domain,
share similar mineralogical, geochemical and isotopic characteristics (Sial, 1990; Sial &
Ferreira, 2016), the studied granitoids could also represent a residual melt that became colder

and sufficiently rich in water, during magma crystallization, reaching the experimental



48

requirements to crystallize hornblende. This is viable with the anhydrous assemblage
(clinopyroxene and plagioclase) being consumed through a peritectic reaction, leading to an

increase in the water content of residual melt (Castro, 2013; Jiang & Zhu, 2018).
5.2. Nature of magma

The mineral chemistry of ferromagnesian minerals has become an effective tool to
constraint the nature of magmas and potentially infer the tectonic environment in which granitic
magmas were formed (Nachit et al., 1985; Zhou, 1986; Brimhall & Crerar, 1987; Abdel-
Rahman, 1994). Here, chemical compositions of biotite and amphibole are used to infer the
nature of the magma from which the Carmo granites crystallized. In the Al,03-MgO-FeO
ternary diagram (Fig. 6A; Abdel-Rahman,1994), all of the analyzed biotite flakes are
moderately enriched in Mg, in relation to Al and Fe, plotting in the field of calc-alkalic orogenic
suites. As shown in Figure 6B, the progressive increase of Fe?* and the Fe2*/ (Fe**+Mg) ratios
in biotite structure defines a characteristic trend of I-type granitoids (Villaseca et al., 2017). In
addition, biotite compositions plotted on the Alr versus Fe# diagram (Fig. 6C; Anderson et al.,
2008) indicate that the Carmo granitoids were generated under moderately oxidized fO>
conditions, typical of calc-alkalic I-type granitoids (Chappell & White, 1974; Ishihara, 1977).
Despite magnetite is lacking in rocks from the Carmo stock, several lines of evidence suggest
that the studied granitoids correspond to relatively oxidized, magnetite-series I-type granitoids.
This apparent contradiction was discussed in the experimental studies of Schmidt (1992) and
Schmidt & Thompson (1996), who point out that magnetite is less abundant in epidote-bearing
granitoid intrusions. This was also found by Sial et al. (1999) for Neoproterozoic plutons in NE
Brazil, Early Palaeozoic granitoids in Argentina and Late Palaeozoic in Chile, and indicates
that epidote is the main phase containing Fe*" at pressures > 5 kbar. Instead, at low pressures
and under fO, buffered to HM, Fe®*" is mainly associated with the magnetite structure (Schmidt
& Poli, 2004).

Figure 6. (A) FeO-MgO-Al,O; discrimination ternary diagram based on biotite composition (Abdel-Rahman,
1994). (B) Fe?*/(Fe?*+Mg?*) versus Fe?* classification diagram showing trends for I-type and S-type granites
defined from biotite composition (Villaseca et al., 2017). (C) Al+ versus Fe/(Fe+Mg) diagram for biotite
compositions, showing variations in ilmenite-series and magnetite-series granites, according to Anderson et al.
(2008). (D) Ca-Fer-Mg ternary diagram for the amphibole showing interaction between juvenile and crustal
components (Xie & Zhang, 1990). (E) MgO versus FeO/(FeO+MgO) diagram for biotite showing the
components present in the magma source (Zhou, 1986). (F) log (Xmg/Xre) versus log (Xe/Xow) discrimination
diagram for classification of magma type according to the biotite composition, field boundaries are from
Brimhall & Crerar (1987).



49

MgO
4 -
3 '
Calc-alkaline 29
orogenic suites i
1
Anorogenic Peraluminous suites
alkaline suites (including S-type) 0 —T T T T
FeO Al,O4 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Fe?/(Fe?*+Mg?")
Biotite + K-feldspar + Magnetite ~AQFM @
4 Ca
. .1
limenite
series
0.8
-0
206 - ] B
% . Magqetite
@ 1 series o)
D04
g ~+3
02 - Crust type Mantle type
Fe M
0 T T T T T T T T T . 9
2 24 2.8 3.2 3.6 4
Al;
@ Granitoids < Reduced I-type : Oxyded I-type
Fe-biotite @ MMEs 7 ;
5 0.8 - Crustsource 0 ' -
— 4 ]
g ] o §
T od 9 05 1 _
% 0.6 - Mg-biotite e R suor:!glz(-]:ong‘u‘v\v,a(ec cor?t‘ar?v::ﬁlavled é
and reduced |- ¥ =
L Mantle-crust 1; ] = Ee c
% 7 mixed source o ey | g
w b Jmilati P contamin: 2
04 - - — e i
3 Phlogopite ‘ Weakly Primitve
- contaminated I-type
Mantle source I-type melts
0.2 T T T T T 2 ! T v T ¥ T & )
5 10 15 20 -1.2 -0.8 -0.4 0 0.4
MgO IOg(XMg/XFe)

These results are in accord with whole-rock geochemical studies of mEp-bearing
granitoids in the Transversal Zone Domain (Brasilino et al., 2011; Ferreira et al., 2011; Sial &
Ferreira, 2016). These studies have indicated that these rocks are metaluminous and calc-alkalic
in character, indicative of an I-type affinity for these granitoids (Sial & Ferreira, 2016; Lima &
Ferreira, 2019). The source of these magmas, however, is debated. Petrogenetic studies carried
out in several mEp-bearing plutons, in the Borborema Province, suggest the participation of a

juvenile component in the genesis of these granitoids (Guimarées et al., 2004; Ferreira et al.,
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2004; Silva et al., 2016). The Mesoproterozoic Nd model ages and the slightly negative eNd
values support this interpretation (Guimarées et al., 2011; Ferreira et al., 2004).

The chemical composition of the amphibole and biotite of the Carmo granodiorites-
monzogranites and their MMEs reflects an origin that involves interaction between juvenile and
crustal components (Figs. 6D, 6E). This interaction is also evident in Figure 6F, where the
variation in the Mg/Fe and F/OH ratios of biotite is used to examine the degree of contamination
of primitive I-type melts with continental crust components (Brimhall & Crerar, 1987,
Babazadeh et al., 2019). Biotite from the Carmo granitoids and related MMEs straddles the
boundary between oxidized and reduced I-type granites with low to moderate degree of crustal
contamination (Fig. 6F). In the works of Ague & Brimhall (1988a, 1988b), in granitic batholiths
of California, the limit between reduced and oxidized granites separates rocks that contain
mineralogical assemblages with muscovite, garnet and tourmaline, from those devoid of these
phases. The chosen limit (log Xmg/Xre = -0.21) was determined from the calculated fO, values
based on a representative temperature of 800 °C (Zhang et al., 2016). However, the
experimental work of Wones & Eugster (1965) showed that biotite crystallized at low
temperatures (i.e., at 700 °C and buffered by NNO), with constant Fe/Mg ratios, represent more
oxidizing conditions. Calculated temperatures for Carmo granitoids are lower than those
estimated by Ague & Brimhall (1988b), and close to those reported by Wones & Eugster
(1965). Accordingly, the values plotted in the strongly contaminated and reduced I-type granites
field could represent oxidized I-type granites, and the line dividing the two fields could be lower
than -0.21, as also stated by Zhang et al. (2016). Another explanation for what is observed in
Figure 6F, is the participation of a reducing component such as submarine sediments in the
magma source that formed the Carmo granitoids. This may explain the relatively higher
Xwmgl Xre Values presented in the biotite of MMEs, which plot outside the reduced I-type granites
field. In any case, ferromagnesian minerals compositions together with bulk-rock geochemical
and Nd-Sr isotopic data from previous studies (Sial & Ferreira, 2016 and references therein),
clearly demonstrate that interaction between two end-member components occurred during the
generation of the Carmo magma. Such interaction, however, could be explained by a variety of

mechanisms such as partial melting, wall-rock assimilation and magma mixing.

Magma mixing/mingling is a model often invoked to account for the hybrid mantle-
crust geochemical signatures that present certain igneous rocks and the most popular
mechanism to explain the generation of MMEs (e.g., Didier, 1973; Barbarin & Didier, 1991;

Perugini et al., 2003; Barbarin, 2005). In the Carmo stock, interaction between acid and basic
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magmas is evidenced by a series of petrographic characteristics of MMEs and field relations
with their host rocks. The spheroidal to ellipsoidal shape of MMEs, the presence of K-feldspar
and plagioclase megacrysts and quartz grains partially included in MMEs, and micro-
petrographic observations such as acicular apatite, ocelli quartz and plagioclase with oscillatory
zoning suggest that the MMEs may represent globules of a hot mafic magma that was injected
into the host felsic magma (e.g., Vernon, 1984; Barbarin & Didier, 1991; Hibbard, 1991; Baxter
& Feely, 2002; Kocak et al., 2011). However, all of these characteristics are more likely to
result from physical interaction (mingling or co-mingling) rather than from chemical
interactions (magma mixing). Thus, the effect of these processes on the chemical composition
of granodiorite-monzogranite magma was limited, at least without significant effect on the
whole-rock and mineral chemical composition, probably due to the inefficient diffusion that
granitic magmas have under sub-liquidus conditions (Ramos & Reid, 2005; McLeod et al.,
2012).

The lack of partially disaggregated metasedimentary enclaves and resorbed contacts in
the studied granitoids rule out assimilation processes (Kemp et al., 2007). Moreover, although
local wall-rock assimilation may have occurred near the contacts with host rocks, this process
does not explain the widespread hybrid features present in all plutons throughout the CSD.
Therefore, assimilation of country rocks has probably only played a limited role, but could have
occurred in the partial melting region. Assimilation at depth of a thick sequence of
metasedimentary rocks by ascending calc-alkalic magma is a plausible scenario for this
interpretation. This hypothesis has recently been proposed to interpret the atypical granodiorite-
tonalite magmatism from Southern Iberia (Castro et al., 2020). Nonetheless, the melt resulting
from this process is markedly peraluminous (A/CNK = 1.2; Castro et al., 2020), unlike epidote-
bearing granitoids of the CSD that are typically metaluminous (Sial & Ferreira, 2016). On other
hand, partial melting of recycled mature crustal materials (e.g., terrigenous sediments) and
mantle-like sources would produce metaluminous granodioritic melts with geochemical
signatures and Sr-Nd isotopic compositions that approaching those of the studied granitoid
rocks (Castro et al., 2010; Errdzuriz-Henao et al., 2019; Fu et al., 2019; Zhu et al., 2019). This
hypothesis has recently been invoked in several Asian orogenic belts to explain syn-collisional
felsic magmatism (Mo et al., 2008; Huang et al., 2014; Chen et al., 2017; Kong et al., 2020).
We thus infer that the mEp-bearing Carmo granitoids were derived from mantle-like sources
(e.g., basaltic oceanic crust derived from mantle) along with assimilation of terrigenous

sediments in the source. This conclusion requires a geodynamic environment where interaction
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between juvenile and crustal components may have occurred. Active continental margins are
primary sites where such interaction can occur (Sen & Stern, 2021 and references therein), but
the existence of a subduction zone in the Transversal Zone Domain of the Borborema Province
during the Brasiliano Orogeny is not a consensus among geologists owing to the lack of robust
evidence to support this model (Brito Neves et al., 2016; Sial & Ferreira, 2016; Neves, 2018;
Caxito et al., 2020, 2021). Although there is evidence that argues in favor of Ediacaran
subduction (see discussion in Caxito et al., 2020), it is still questioned whether this was of long
standing and whether a continental magmatic arc was developed during this period (Neves,
2018).

Alternatively, the interaction between two end-member components may have also been
generated in a syn-collisional setting (e.g., Mo et al., 2008; Fu et al., 2019), which is more
consistent with regional geological features. In this scenario, the remaining oceanic crust (with
mantle-like isotopic signature) along with terrigenous sediments are slowly underthrust below
the overlying lithosphere during the early collisional stage. At this point, hydrated oceanic crust
and sediments would melt when thermal equilibrium with the previously heated continental
lithosphere is reached, evolving along a high T/P path (Mo et al., 2008; Niu et al., 2013).
Another possibility invokes the slab break-off model (Davies & von Blanckenburg, 1995),
which causes the asthenosphere upwelling and supplies the heat required to trigger the partial
melting of the materials involved (oceanic crust and sediments) (e.g., Fu et al., 2019). In any
case, testing any of these models is beyond the scope of this paper, and further research is
needed to better constrain the tectonic setting of the Carmo magma generation.

6. Conclusions

The application of Al-in-hornblende geobarometer in the granitoids of the Carmo stock
gave pressures of ~ 6-7 kbar, indicating that the crystallization of this phase occurred at depths
of lower-middle crust (~ 22 — 27 km). The high pressures, together with the moderately oxidized
conditions determined for the rocks of this pluton (fO2 buffered to NNO), are consistent with
the presence of mEp and demonstrates the importance of this phase as an effective tool to

indirectly estimate pluton emplacement depth.

Zircon saturation thermometry provided temperatures between 749 and 776 ° C (Shao
et al.,, 2019) and are interpreted as near-liquidus temperatures. The proximity between the
temperatures determined by plagioclase-amphibole thermometry (656 — 735 ° C) and the Tz,
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the high initial water content (~ 5 — 6 wt%), and textural observations, suggest that hornblende
was an early crystallized phase in the history of crystallization.

The chemical composition of primary biotite and amphibole are consistent with
crystallization from calc-alkalic I-type magma and suggest interaction between two end-
member components. Our new data, integrated with those from previous studies from CSD,
suggest that mEp-bearing granitoids are best explained by partial melting of mantle-like sources
(e.g., ocean crust derived from mantle) along with recycled terrigenous sediment, presumably

in a syn-collisional setting.
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4 ARTIGO 2 — Petrogenesis of the Late Neoproterozoic Carmo stock, northeastern
Brazil: Implications for partial melting of oceanic crust and sediments in a syn-collisional

setting
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Neves
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Abstract

Granitic magmatism is undoubtedly the main geological feature of the Brasiliano Orogeny in
the Borborema Province, northeastern Brazil. However, the petrogenesis and tectonic setting of
the oldest magmatic pulse (640 — 620 Ma; Conceicdo-type granites) in the Central Subprovince
is still hotly debated. The Carmo stock consists of calc-alkalic magmatic epidote-bearing
Conceicao-type porphyritic granodiorite and monzogranites that carry abundant mafic
microgranular enclaves (MMEs). LA-ICP-MS zircon U-Pb data indicate crystallization around
615 Ma for these granitoids. Granitoids and MMEs exhibit similar chemical characteristics,
both of which show high-K calc-alkalic, metaluminous and magnesian compositions. All
studied rocks are enriched in large-ion lithophile elements (LILE) and light rare-earth elements
(LREE), and depleted in high-field-strength elements (HFSE) and heavy rare-earth elements
(HREE). Host granitoids are characterized by high initial 7Sr/%éSr ratios (0.707863 —
0.709677), weakly negative eNd(t) values (-2.1 to -3.1), and Tom model ages of 1.31 — 1.36 Ga.
These geochemical and isotopic signatures, together with the low Ba/Th and Sm/La ratios and
high La/Sm and Th/La ratios, suggest that granodiorites and monzogranites were generated
from the partial melting of altered oceanic crust and subducted sediments. The MMEs have Sr-
Nd isotopic compositions almost indistinguishable from their host granitoids, with initial
87Sr/8Sr ratios of 0.708895, eNd(t) values of -2.8 and Tom model ages of 1.40 Ga. The
similarity in isotopic compositions and the petrographic evidence indicate that magma mixing
and mingling played an important role in the formation of MMEs. Based on the new
geochemical and isotopic data, together with regional geological features, we infer that the
Carmo stock rocks, as well as Conceigédo-type granites, were most likely formed in a syn-

collisional tectonic setting following the early break-off of a relatively weak oceanic slab.
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1. Introduction

The oceanic crust is a fundamental piece in the typical geodynamic processes that drive
plate tectonics. It is constantly formed at mid-ocean ridges by partial melting of the mantle and
is recycled in an altered form into the deep mantle at subduction zones (White and Klein, 2014).
Partial melting of oceanic crust can occur at active continental margins and is a mechanism
often invoked to explain the geochemical features (e.g., high Sr/Y and La/Yb ratios) shown by
adakites (Defant and Drummond, 1990; Martin, 1999). This process is restricted to hot
subduction systems, where the subducted lithosphere is young, or where the slab subduction
has recently initiated (Peacock et al., 1994; Martin, 1999), both resulting in geothermal
gradients high enough to partially melt the oceanic slab. However, in modern subduction zones,
due to the lower thermal gradient, oceanic crust dehydrates before reaching the temperatures
required to melt (Syracuse et al., 2010; Hernandez-Uribe et al., 2020), so the magmatism
generated in these environments is most likely derived from the melting of the mantle wedge
via lowering the peridotite solidus. Subducted sediments can also participate in the melting
processes and their role in influencing the geochemical and isotopic variations of subduction-
related magmas has been widely debated through experimental and natural studies (e.g., Patifio
Douce, 1995, 1999; McCarthy and Patifio Douce, 1997; Tatsumi, 2001; Hermann and Spandler,
2008; Castro et al., 2010; Behn et al., 2011; Zhu et al., 2019; Errazuriz-Henao et al., 2019; Zang
et al., 2020; Wang et al., 2021).

There is increasing evidence indicating that partial melting of subducted oceanic crust
and sediments can also take place during continental collision (Mo et al., 2008; Niu et al., 2013;
Huang et al., 2014; Zhang et al., 2016; Shao et al., 2017; Chen et al., 2017, 2018; Fu et al.,
2019; Kong et al., 2020). In this scenario, when the collision begins, altered oceanic crust along
with terrigenous sediments are slowly underthrust beneath/against the overlying lithosphere.
When the thermal equilibrium with previously heated continental arc lithosphere is attained,
the hydrated oceanic crust and sediments evolve along a high T/P path capable of reaching the
hydrous basaltic/granitic solidus (Mo et al., 2008; Niu et al., 2013).
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Voluminous granitic magmatism is the most significant tectonic expression of the
Brasiliano/Pan-African Orogeny in the Borborema Province (Fig. 1A) (Almeida et al., 1981;
Brito Neves et al.,, 2000; Van Schmus et al., 2011). In the last decades, systematic
geochronological studies in the Central Subprovince have allowed to establish that this
magmatism occurred in different time intervals, at the successive stages of the orogeny
evolution (Ferreira et al., 2004; Guimarées et al., 2004; Sial and Ferreira, 2016; Caxito et al.,
2020; Neves et al., 2020). The oldest pulse (640 — 620 Ma) in this region is represented by I-
type granitoids with geochemical features that resemble the magmatic rocks generated under
subduction environments. Indeed, some workers have interpreted these granitic and
granodioritic plutons as developed within a continental magmatic arc setting (Brito Neves et
al., 2016; Santos et al., 2019, 2020; Caxito et al., 2021). Such a long-lived subduction episode,
however, remains controversial because of the lack of robust geological evidence to support its
existence (Neves, 2018). The latter author suggested that these calc-alkaline plutons more likely
represent syn-collisional magmatism. The tectonic setting and petrogenesis of these granitoids
is, therefore, in question and open for debate. In this paper, we conducted a detailed study of
the Carmo stock using field observations and petrographic, whole-rock geochemical, isotopic
(Rb-Sr and Sm-Nd) and geochronological (zircon U-Pb) data, to constrain the petrogenesis of
these granitoids and to assess the role of partial melting of the subducted oceanic crust and
sediments. From the new data and those available in the literature, we evaluate the possible

tectonic scenarios involved in the generation of this magmatism.

Figure 1. (A) Simplified geological map of the Borborema Province showing the main domains and distribution
of Brasiliano granitic plutons (modified from Medeiros, 2004); (B) Geological sketch-map of some domains of
the Central Subprovince: SICD = S&o José do Caiano Domain; CSD = Cachoeirinha-Salgueiro Domain; RGD =
Riacho Gravata subdomain; APD = Alto Pajet Domain; AMD = Alto Moxotd Domain, and their main magma
association (modified from Sial and Ferreira, 2016). Also shown are U-Pb ages of some calc-alkaline granitoids
from the oldest magmatic pulse (640 — 620 Ma) in the Central Subprovince. The studied area is highlighted by
the black rectangle; (C) Detailed geological map showing facies distribution of the Carmo stock and U-Pb dating

sample locations.
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2. Geological background and petrography

The Borborema Province located in the northeast Brazil (Fig. 1A), involves a system of

orogens characterized by several deformational, metamorphic and magmatic events, whose

final structural framework was developed in the Brasiliano/Pan-African Orogeny (Neves, 2015;
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Caxito et al., 2020, and references therein). Large E-W trending dextral shear zones, resulting
from the transpressive tectonics developed during the late stages of Brasiliano Orogeny, are
currently the basis for dividing the Borborema Province into the Northern, Central and Southern
subprovinces (Vauchez et al. 1995; Brito Neves et al., 2000; Neves, 2003; Van Schmus et al.,
2011). The Central Subprovince (also called Transversal Zone; Ebert, 1970; Jardim de S4,
1994) is composed of Paleoproterozoic gneissic basement rocks, Early Neoproterozoic
supracrustal sequences and rare Archean nuclei, that were later reworked and intruded by
numerous plutons and batholiths during the Late Neoproterozoic (Van Schmus et al., 2011;
Neves, 2015). A complex system of NE-SW-striking sinistral shear zones, connected to the
main dextral shear zones, cut the basement of the Central Subprovince subdividing it into the
following domains or terranes: Sdo José do Caiano, Cachoeirinha-Salgueiro (Pianco-Alto
Brigida belt in the sense of Brito Neves, 1975), Alto Pajel, Alto Moxot6 and Rio Capibaribe
(Fig. 1B) (Santos et al., 2010; Van Schmus et al., 2011).

The Serra do Caboclo and Boqueirdo dos Cochos sigmoidal shear zones separate the
Cachoeirinha-Salgueiro Domain (CSD) from the Tonian orthogneisses and supracrustal rocks
of the Alto Pajet Domain (APD) to the east, and the Paleoproterozoic basement of the S&o Jose
do Caiano Domain to the west, respectively (Fig. 1B) (Brito Neves and Campos Neto, 2016;
Brito Neves et al., 2018). The CSD consists of a sequence of low-grade metavolcano-
sedimentary rocks (Cachoeirinha Group; Kozuch, 2003; Medeiros and Jardim de Sa, 2009;
Brito Neves et al., 2018), which is thought to represent an old coastal marine sedimentation
basin that later suffered accretion and collision during the Cryogenian-Ediacaran (Brito Neves
et al., 2018). The Cachoeirinha Group can be divided into at least two lithostratigraphic units,
the Santana dos Garrotes Formation and the Serra do Olho D'Agua Formation (Bittar, 1998;
Medeiros, 2004; Medeiros and Jardim de S&, 2009; Brito Neves et al., 2018). The stratigraphic
relationship between them, however, has been a matter of debate. (see discussion in Marulanda,
2013). The youngest detrital zircon population in the Santana dos Garrotes Formation yielded
an age range of 690 — 620 Ma (Van Schmus et al., 2011; Marulanda, 2013; Brito Neves et al.,
2018) whereas in the Serra do Olho D'Agua Formation the range varies from 1080 to 950 Ma
(Marulanda, 2013), suggesting that the deposition of the Serra do Olho D’Agua Formation
probably preceded that of the Santana dos Garrotes Formation. The Santana dos Garrotes
Formation is composed of metapelites and metapsammites with local occurrences of

carbonates, banded iron formations and metavolcanics rocks, while the Serra do Olho D'Agua
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Formation consists dominantly of metaconglomerates and minor metapelites (Bittar, 1998;
Medeiros, 2004; Marulanda, 2013; Brito Neves et al., 2018; Usma et al., 2021).

Numerous granitoid plutons intruded the CSD metasedimentary rocks as small stocks
from ca. 640 to 620 Ma (Fig. 1B) (Sial, 1990, 1993; Brito Neves et al., 2003, 2016; Sial and
Ferreira, 2016). Magmatism in this time interval is mainly composed of magmatic epidote-
bearing calc-alkaline and high-K calc-alkaline tonalites and granodiorites (Sial and Ferreira,
2016). Granitoids with similar geochemical and isotopic features intruded into the APD,
although to a lesser extent, in the same time interval and therefore are often considered as a
single group (Conceicdo-type plutons; Almeida et al.,, 1967; Sial, 1986), whereby the
petrogenetic and tectonic implications are generally the same for both (e.g., Sial and Ferreira,
2016). Nevertheless, as will be discussed below, granitoids from the CSD show certain
petrographic and geochemical differences with those intrusive from the APD. Moreover, it is
worth noting that despite the apparent large number of studies on this group of granitoids, the
ages of the plutons intruded in the two domains (Cachoeirinha-Salgueiro and Alto Pajel

domains) are still poorly constrained.

The Carmo stock, located between the western branch of the Juru-Belém shear zone and
the S&o José do Belmonte basin (Fig. 1C), intrudes metasedimentary rocks of the Serra do Olho
D'Agua Formation and is mainly composed of coarse-grained porphyritic monzogranites and
granodiorites, with plagioclase megacrysts up to 11 cm in length (Figs. 2A—-2F). The rocks
consist of plagioclase (40 — 32 vol%), quartz (36 — 22 vol%), alkali feldspar (11 — 28 vol%),
biotite (9 — 14 vol%), amphibole (< 3 vol%), and titanite, primary epidote, apatite, zircon and
allanite as accessory phases (Figs. 2F, 2G). Fine-grained mafic microgranular enclaves (MMES)
and amphibole-rich clots are common and are randomly distributed within the pluton (Figs.
2B-2D). MMEs are spheroidal to ellipsoidal in shape and ranging from 5 cm to 1 min size. In
general, MMEs show irregular boundaries and gradual contacts with the host granitoids. They
are quartz monzodiorite in composition and consist predominantly of plagioclase (37 — 45
vol%), amphibole (21 — 29 vol%), biotite (12 — 14 vol%), quartz (~ 12 vol%), alkali feldspar (8
— 10 vol%), and accessory minerals including titanite, epidote, apatite, zircon and rare opaque
minerals. Quartz ocelli and acicular apatite are petrographic features present in all MME
samples (Figs. 2H, 2I), which suggests magma mixing processes in their genesis (Vernon, 1990,
2014; Hibbard, 1991; Baxter and Feely, 2002). The amphibole-rich clots are a few centimeters
in size (up to 8 cm) and have angular shapes (Fig. 2D). The contact relationships between

granitoids and amphibole-rich clots are mostly sharp. Angular quartz lumps are also observed
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included in both MMEs and host granitoids (Fig. 2E), and appear to be a common feature of
the so-called Conceigéo-type granites (Sial et al., 1998; Guimaraes et al., 2011).

Figure 2. (A) Contact between host granitoid and mafic enclave; (B) Rounded plagioclase phenocrysts and
quartz xenocrysts within the enclave; (C) Plagioclase megacryst with corroded margin in the contact between the
enclave and host granitoid; (D) Amphibole-rich clot into the granodiorite, showing their sharp boundaries; (E)
Quartz lump of 7 cm in length within the host rock; (F-G) Typical mineral assemblage of the host granodiorite-
monzogranite containing plagioclase (PI), quartz (Qz), alkali feldspar (Kfs), biotite (Bt), amphibole (Amp),
epidote (Ep); (H) Quartz xenocryst (‘ocelli”) with amphibole-rich rim in a mafic enclave; (1) Mafic clots

predominantly composed of amphibole and apatite with acicular shape in the MME, evidencing magma mixing.

Mineral abbreviations from Whitney and Evans (2010).

3. Analytical methods

In this study, fresh samples from the Carmo stock were selected for whole-rock major
and trace element analyses. All samples were crushed in a jaw crusher and then powdered
through a 200-mesh screen using a tungsten carbide ring mill. Whole-rock major element

chemical analyses were determined on fused discs of samples mixed with lithium tetraborate
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flux using a fully automated X-ray fluorescence spectrometer (Rigaku ZSX Primus 1), by the
method of calibration curves, at the Laboratory for Geochemical Studies, Department of
Geology, Federal University of Pernambuco, Brazil. The calibration curves were prepared
using international reference materials (AC-E, AL-I, AN-G, BE-N, IF-G, and MA-N from the
International Working Group (IWG), DR-N, FK-N and UB-N from the Association Nationale
de la Recherche et de la Technologie (ANRT), GA, GH, MICA-MG, PM-S and WS-E from the
Centre de Recherches Pétrographiques et Géochimiques (CRPG). Trace -element
concentrations were analyzed by ICP-MS at the SGS Geosol laboratories, Belo Horizonte,
Brazil. The analytical protocol at the SGS Geosol laboratories included the analysis of standard
STD SG-142 e GRE-04 and of three sample duplicates. Representative whole-rock chemical

analyses for the Carmo stock are listed in Table 2.

Conventional techniques were used to separate the zircon crystals, such as crushing,
sieving and magnetic and heavy liquid separation. Zircon concentrates were cleaned using
concentrated hydrofluoric acid (HF) and subsequently sulfuric acid (H2SO.), at the Stable
Isotope Laboratory (LABISE) of the Federal University of Pernambuco, Brazil. The zircon
grains were selected by handpicking under a binocular microscope and mounted in epoxy resin
disks and then polished with 3 um and 1 um diamond paste to give a scratch-free surface. In
order to examine the internal structure of individual zircon grains, images were taken by
cathodoluminescence (CL). Zircon U-Pb isotope analyzes were performed at the
Geochronological Research Center (CPGeo), University of Sdo Paulo (USP), using a
NEPTUNE inductively coupled plasma-mass spectrometer (ICP-MS) and an excimer laser

ablation (LA) system.

The procedures used for LA-ICP-MS zircon U-Pb analyses were described by Sato et
al. (2012) and Souza et al. (2017). The laser parameters used during the analysis were: 6 Hz
frequency, 9.98 J/cm? fluence, ablating during approximate a minute and 32 pum spot size. The
U-Pb analysis was performed in the following order: two blanks, two 612 NIST standard
glasses, three external standards, 13 unknown samples, two external standards, and two blanks.
The 2°U isotope signal was not measured, but obtained mathematically by dividing the 238U
signal by the relative abundance 28U/%%U = 137.88. The 2°Hg interference on 2%Pb was
corrected using 2°Hg. The 2%Pb/2%PDb, 207Pb/?%*Pb, and 2%8Pb/?%Pb relative abundances were
calculated and corrected for common Pb fraction using the partially corrected 2°’Pb/2%Pbp ratio.
Analyzes of the GJ-1 standard (Jackson et al., 2004) were performed periodically, in order to

correct the uncertainties and/or variations introduced by laser-induced fractionation of elements
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and mass instrumental discrimination. The complete procedures follow those outlined in Kosler
and Sylvester (2003). The statistical assessments were calculated using IsoplotR (Vermeesch,
2018). The zircon isotope data for single spot analyses are listed in Table 1. The uncertainties

in the isotopic ratios and the ages are reported at the 1o level.

Whole-rock Sr-Nd isotopic data were obtained using a Triton thermal ionization mass
spectrometer (TIMS), at the Geochronological Research Center (CPGeo), University of Sdo
Paulo, Brazil. Sr and Nd isotopes were obtained using procedures similar to that described by
Kawashita (1972) and Sato et al. (1995), respectively. The Sr isotopic ratios were normalized
to the values of #Sr/Sr = 0.1194 and the Nd isotopic ratios were normalized to 1**Nd/**4Nd =
0.7219. International reference materials (NBS-987 and JNdi-1) were used to assess the stability
of the equipment during the analysis of the samples. The average measured ratios of the
standards were 87Sr/%Sr = 0.710257 + 0.000020 for NBS-987 and *3Nd/***Nd = 0.512106 for
JNdi-1. Diagrams constructed using isotopic and whole-rock geochemistry data were
performed with Grapher 12 software.

4. Results

a. Zircon U-Pb ages

One host granitoid sample (BCAR-60) was selected for LA-ICP-MS zircon U-Pb
dating. CL images of representative zircon grains and U-Pb concordia diagrams are shown in
Figure 3A. Most zircon grains are euhedral to subhedral prismatic of 150 — 300 um in length
and length/width ratios of 2:1-3:1. They show oscillatory zoning and have Th/U ratios ranging
from 0.1 to 0.6, typical of magmatic origin (e.g., Williams and Claesson, 1987; Hoskin and
Schaltegger, 2003).

A total of 17 spots were analyzed in the selected sample (Table 1). Five analyzes give a
cluster of data, defining a concordia age of 615.3 + 1.7 Ma (MSWD = 1.2). Among the 17
analyzes, four grains yield older relatively concordant 2°Pb/?%U ages (673, 697, 709 and 1355
Ma), which could represent inherited zircons, whereas the 8 remaining zircon grains define a
discordia line with an upper intercept age of 622.4 + 14.3 Ma (MSWD = 0.2). The two
calculated ages are similar, however, the analyses of the discordant zircon grains show elevated
common Pb content (5.1 — 9.4 %; Table 1). Thus, concordia age of 615 Ma is interpreted as the

magma crystallization age of the granitoids from the Carmo stock. This age is identical (within
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the error) to the SHRIMP U-Pb zircon age of 620 + 5.5 Ma (MSWD = 1.2) previously
determined by Marulanda (2013) for a granodiorite from the Carmo stock (Fig. 3B).
Figure 3. (A) Representative cathodoluminescence images of selected zircon crystals with indication of analyzed

spots and U-Pb concordia diagram for the sample BCARG60; (B) U-Pb concordia diagram for the analyzed zircon

grains from the Carmo stock by Marulanda (2013).
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b. Major and trace elements geochemistry

Whole-rock major and trace elements chemical analyses of the host granitoids and their
associated MMEs from the Carmo stock are given in Table 2. Granodiorites and monzogranites
exhibit narrow variations in SiO2 (62.63 — 66.44 wt%) and relatively high K>O content (3.63 —
4.90 wt%), and plot in the field of high-K calc-alkaline series (Fig. 4A). They also plot in the
calc-alkalic to alkali-calcic series on the (Na.O+K20-CaO) vs. SiO2 diagram (Fig. 4B). The
rocks have moderate Na>O (3.32 — 4.03 wt%), CaO (2.27 — 3.48 wt%), MgO (1.13 — 1.70 wt%),
Fe20s1 (3.29 — 4.82 wt%), and Mg# values from 38.61 to 45.68. The Al.O3 contents (14.35 —
15.37 wt%) with A/CNK (molar Al03/[Ca0 + Na2O + KzQ]) ratios of 0.73 — 0.91, denote a
metaluminous affinity (Fig. 4C). Additionally, granitoid samples have low Fe# ratios ranging
from 0.68 to 0.74, indicative of a magnesian character (Fig. 4D). In the Harker variation
diagrams, the samples studied display a negative correlation trend with SiO> for most of the
major oxides (Figs. 5SA-5F), except for Na.,O, K>O and Al,O3 (Figs. 5G-5I), which exhibit
relatively constant contents and not well-defined correlation with SiO2. These characteristics
likely reflect the fractionation of ferromagnesian phases, such as biotite and amphibole, during

magma evolution.
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Figure 4. (A) K20 versus SiO; diagram with fields after Peccerillo and Taylor (1976); (B) Modified alkali-lime
index (Na,O+K,0-CaO) versus SiO; diagram (Frost et al., 2001); (C) A/NK (molar Al,O3/[Ca0 + Na;O + K;0])
versus A/CNK (molar Al,Os/[Na;O + K;0]) diagram (Shand, 1947; Maniar and Picolli, 1989); (D) FeO+/(FeOr

+ MgO) versus SiO; diagram (Frost et al., 2001). Published data of granitoids in the CSD and APD are shown

from: Sial (1986), Cunha (1994), Medeiros (1995), Pessoa (2001), Brasilino (2003), Guimaraes et al. (2004),
Siqueira (2017), Fonseca (2019).
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Figure 5. Harker variation diagrams of major oxide versus SiO- for samples from the Carmo stock. Data sources

for comparison with CSD and APD plutons are the same as in Fig. 4.
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According to the chondrite-normalized rare earth element (REE) patterns (Fig. 6A), the
host rock samples are enriched in ligth REE (LREE) and depleted in heavy REE (HREE), with
(La/Sm)n = 3.47 — 4.29 and (Gd/Yb)n = 2.95 — 3.83. They have moderately fractionated REE
patterns ([La/Yb]n = 17.36 — 25.82), with weak negative Eu anomalies (Eu/Eu* = 0.78 — 0.84).
On the primitive mantle-normalized multi-element diagram (Fig. 6B), the granitoid samples
show enrichment in large ion lithophile elements (LILE) and depletions in high field strength
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elements (HFSE), with notable positive anomalies of U and K and negative anomalies of Nb,
P, Ti.

Figure 6. (A) Chondrite-normalized rare earth element patterns, and (B) Primitive mantle-normalized multi-
element diagrams for host granitoids and MME of the Carmo stock; (C) Chondrite-normalized rare earth element
patterns from the Carmo stock and CSD and APD plutons; (D) Primitive mantle-normalized multi-element
diagrams from the Carmo stock and CSD and APD plutons. The orange lines indicate patterns for experimental
glasses of granodiorite compositions in equilibrium with Grt and in a Grt-free assemblage from the experimental
work by Castro et al. (2010). Published data of granitoids in the CSD and APD are shown from: Cunha, (1994),
Medeiros (1995), Brasilino (2003), Guimaraes et al. (2004), Siqueira (2017).
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Compared with the host granites, the MME samples are characterized by lower SiO>
(53.16 — 59.75 wt%), Al>O3 (12.21 — 14.57 wt%), Na2O (2.41 — 3.95 wt%) and KO (2.44 —
4.03 wt%) and variable Fe>O3 (6.88 — 13.12 wt%) contents. They have higher CaO (4.14 — 6.53
wt%), MgO (3.22 —5.12 wt%), Mg# (41.73 — 48.57) than the host granitoid (Table 2) and plot
in the field of high-K calc-alkaline series (Fig. 4A). These rocks show metaluminous and
magnesian affinity (Figs. 4C, 4D), with A/CNK ratios of 0.65 — 0.89 and Fe# = 0.65 — 0.71.
The XREE (79 — 124 ppm) contents of the MMEs are lower than the host granitoids (111 — 170
ppm) and exhibit more flat REE patterns ([La/Yb]n = 5. 33— 12.39) (Fig. 6A), which is

consistent with their higher modal proportion of hornblende. The primitive mantle-normalized
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multi-element diagram (Fig. 6B) shows positive Ba, K and slight P anomalies, and depletions
in Nb and Ti.

c.  Whole-rock Sr-Nd isotopes

Whole-rock Rb-Sr and Sm-Nd isotopic compositions of the host granitoids and quartz
monzodiorite enclaves are given in Table 3 and plotted in the diagram of eyq(t) versus initial
87Sr/8Sr (Fig. 8A). Initial 87Sr/%8Sr and ey4 values were calculated using the crystallization age
of 615 Ma (LA-ICP-MS zircon U-Pb), obtained from the granodiorite of the Carmo stock. The
host granitoids (samples BCAR-1, BCAR-12, BCAR-24, and BCAR-39) have high initial
87Sr/%Sr ratios ranging from 0.707863 to 0.709677, weakly negative ey4(t) values ranging from
—2.1t0-3.1, and Tpm values of 1.31 — 1.36 Ga. The Sr-Nd isotope compositions of the MME
(sample BCAR-20E) overlap those of the host granitoids, with initial 8’Sr/%Sr ratios of
0.708895, eyq4(t) values of -2.8 and Tpwm of 1.40 Ga.
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Table 1 - LA-ICP-MS zircon U-Pb data for the sample BCARG60 from the Carmo stock.

Apparent age (Ma)

Grain spot PoT T v Th/U  207Pb/?%ph * 207pp/235Y * 206phy/238 * + + Conc.
(%) (ppm) (ppm) (Io) (Io) (Ie) Rho ?2%pp/z8y 207pp/235Yy

(1o) (o) (%)

24.1 04 621 1255 0.5 0.0596  0.0023 0.8240 0.0279 0.1003 0.0007 0.47 616 4 610 16 100
23.1 0.0 1314 2219 0.6 0.0604 0.0015 0.8379 0.0173 0.1006 0.0008 0.23 618 5 618 10 99
17.1 25 224 2957 0.1 0.0604 0.0015 0.8573 0.0222 0.1029 0.0007 0.85 632 4 629 12 100
4.1 10 268 1841 0.1 0.0616  0.0020 0.8273 0.0244 0.0974 0.0010 0.89 599 6 612 14 97
18.1 0.0 874 1555 0.6 0.0622 0.0021 0.8410 0.0291 0.0981 0.0007 0.53 603 4 620 16 97
121 94 219 3827 0.1 0.0636 0.0016 0.6773 0.0149 0.0772 0.0006 0.83 479 4 525 9 91
21.1 75 1276 3040 04 0.0628 0.0014 0.7003 0.0155 0.0809 0.0007 O0.77 501 4 539 9 93
19.1 9.2 56.6 3048 0.2 0.0637 0.0014 0.7097 0.0159 0.0808 0.0006 0.81 501 4 545 9 91
16.1 6.2 70.6 3199 0.2 0.0620 0.0015 0.7081 0.0180 0.0828 0.0006 0.91 513 4 544 10 94
9.1 55 295 3344 0.1 0.0618 0.0017 0.7557 0.0190 0.0887 0.0006 0.77 548 4 572 11 95
10.1 51 325 3373 0.1 0.0640 0.0015 0.6919 0.0150 0.0784 0.0006 0.92 486 3 534 9 91
3.1 94 886 3715 0.2 0.0638 0.0017 0.7085 0.0171 0.0805 0.0007 0.93 499 4 544 10 91
6.1 72 491 3659 0.1 0.0638 0.0015 0.6839 0.0165 0.0778 0.0008 0.73 483 5 529 10 91
20.1 29 1949 3793 05 0.0659 0.0013 1.0562 0.0233 0.1162 0.0008 0.94 709 5 732 11 96
13.1 00 172 485 04 0.0647 0.0036 09825 0.0403 0.1101 0.0016 0.47 673 10 695 22 96
141 0.6 33.0 1128 0.3 0.0663 0.0020 1.0449 0.0304 0.1142 0.0011 0.66 697 6 726 15 95

15.1 08 333 3326 01 0.1183  0.0023 3.8152 0.0755 0.2339 0.0018 0.98 1355 9 1596 15 84




Table 2 - Representative whole-rock major (wt%) and trace elements (ppm) chemical analyses of the Carmo granitoids (BCAR) and MMEs (BCAR E).
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Sample BCAR-1 BCAR-12 BCAR-14 BCAR-16 BCAR-17 BCAR- BCAR- o CAR25 BCAR.39 " BCAR-16E BESAER_
Si0, 6516  66.19 6555 6447 6644 6474 6560 6263 6539  57.01 53.16 56.72
ALO; 1517 1480 1502 1477 1462 1531 1473 1523 1537 1352 12.21 13.01
MgO 1.40 1.19 152 1.56 1.53 1.66 1.21 1.70 113 369 5.12 4.36
MnO 0.06 0.06 0.06 0.07 0.06 0.07 0.05 0.07 005 017 0.27 0.20
Ca0 2.88 227 2.89 3.13 2.77 3.06 2.69 3.48 309 478 6.53 5.52
Na;,0  3.60 3.75 3.50 3.32 3.49 3.63 3.54 3.51 395 282 2.50 2.41
K20 4.17 4.76 4.20 4.05 4.00 3.89 4.32 3.87 377 287 2.68 4.03
Tio; 0.59 0.57 0.60 0.67 0.59 0.69 0.56 0.71 057 0.7 0.85 0.68
P.Os 0.19 0.18 0.20 0.23 0.20 0.22 0.18 0.24 019 038 0.32 0.31
Fe.O;r  3.90 3.52 4.16 4.50 4.15 4.54 3.68 4.82 375  10.18 13.12 9.63
P.F. 1.72 2.25 1.58 2,52 1.31 1.35 1.62 1.29 114 185 1.69 255
Total 9884 9954 9928 9929 9916  99.16 9818 9755 9859  98.13 98.45 99.42
AINK 145 1.31 1.46 1.50 1.45 1.50 1.40 153 145 175 1.74 1.56
AICNK 097 0.96 0.97 0.95 0.97 0.97 0.96 0.93 095  0.82 0.65 0.71
Fe 7148 72690 7112 7219 7094 7111 7324 7184 7203 7134 69.75 66.53
Mg# 4156 4011 4199 4071  42.20 42 3044 4113 4090 4172 43.60 47.28
Ba 836 788 703 899 922 462 1532
Rb 160.10 14630  157.90 158  159.40 170.40 145.70
Sr 344 359 307 366 382 245 275
Zr 177 171 152 173 160 162 135
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25
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0.45
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0.13

7.40
2.64

10.29

24.60
46.90
5.68
21.50
3.90
0.96
3.29
0.39
1.99
0.33
0.86
0.12
0.80
0.11

7.60
3.72

12.30
9.83
22
28
53.10
6.47
23.80
4.80
1.15
3.78
0.51
2.53
0.44
1.06
0.16
1
0.16
5.20
9.50
3.43
35
22.20
61

12.63
9.47
26
28
55
6.67
25.20
5
1.26
4.10
0.53
2.77
0.48
1.23
0.16
1.10
0.16
5.06
8.30
2.59
2.12
21
68

11.63
9.05
32
24.2
48.80
5.89
22.40
4.50
1.17
3.83
0.51
2.51
0.42
1.09
0.15
1
0.15
4.92
8
3.31
1.50
21.80
68

18.62
9.56
30
43.20
61.10
9.14
34.70
6.50
1.62
5.55
0.72
3.49
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1.42
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77

9.41
8.16
21
27.60
55
6.32
22.60
4.50
1.13
3.54
0.43
2.11
0.34
0.87
0.11
0.8
0.12
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9.40
2.44
1.07
23.50
53

10.72

235
46.70
5.65
21.80
4.20
1.06
3.44
0.44
2.18
0.37
0.94
0.14
0.80
0.12

7.20
2.56

13.62
6.97
44
22.20
40.80
4.82
18.20
3.90
0.87
3.59
0.47
2.76
0.51
1.49
0.19
13
0.23
4.86
6.10
1.22
0.61
27.8
141

17.27
6.40
73
11.90
26.40
3.94
18.10
4.40
1.24
4.60
0.61
3.53
0.67
1.84
0.24
1.60
0.24
5.20
2.70
1.26
0.45
225
126

80
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Co 11.20 12 11.30 12.90 9.80 24.9 24.40
Cs 9.80 7.21 8.59 9.34 9.88 13.41 7.39
Cu 7 9 5 46 38 92 54
Zn 104 94 84 220 94 178 163
Sn 2.80 2.30 2.10 2.90 2.30 4.30 4.30
Eu/Eu* 0.81 0.80 0.80 0.83 0.84 0.80 0.84 0.83 0.70 0.84
(La/Yb)n 2242 22.06 20.08 18.26 17.36 25.82 24.75 21.07 12.25 5.33
(La/Sm)n 3.51 4.07 3.77 3.62 3.47 4.29 3.96 3.61 3.67 1.75
(Gd/Yb)n 3.30 3.40 3.13 3.08 3.17 3.83 3.66 3.56 2.28 2.38
Table 3 - Rb-Sr and Sm-Nd isotopic analyses for samples from the Carmo granitoids (BCAR) and MMEs (BCAR E).
Rb Sr (87Sr/%sr) Sm Nd (*'Sm/*Nd) (***Nd/**4Nd) Tom
Sample (3 ’Rb/*eSr) (®'Sr/®Sr)i  &Sr(t) eNd(t)
(ppm)  (ppm) measured (ppm) (ppm) measured measured (Ga)
BCAR1 158 457  0.717370 1.001246 0.708732 70.44 4.10 21.23 0.1167 0.512208 -2.10 1.31
BCAR12 194 397  0.721892 1.415808 0.709677  83.87 4.21 22.02 0.1156 0.512178 -2.59 1.34
BCAR24 140 439  0.716301 0.923459 0.708334  64.79 4.60 24.45 0.1137 0.512146 -3.08 1.36
BCAR39 116 507  0.713577 0.662350 0.707863  58.09 4.08 21.34 0.1156 0.512202 -2.12 1.30
BCAR20E 149 494  0.716431 0.873411 0.708895 72.76 4.64 22.84 0.1228 0.512199 -2.76 1.40
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5. Discussion
a. Petrogenesis of the Carmo stock

i.  Origin of enclaves

MMEs occur in many granitoid plutons worldwide, regardless of the nature and tectonic
setting from which their host rocks were formed (Didier, 1973; Vernon, 1984; Didier and
Barbarin, 1991; Barbarin, 2005; Clemens et al., 2017; Wu et al., 2020). They are almost
ubiquitous in I-type calc-alkalic granites, but occurrences in other types of granitoids, such as
A- and S-type granites, have also been reported and studied (e.g., Schodlbauer et al. 1997,
Chappell and Wyborn, 2012; Hari et al., 2018). The origin of MMEs has long been a matter of
debate and four main hypotheses have been proposed to explain their formation: (1) xenoliths
of country rocks (e.g., Vernon, 1983), (2) residual phase assemblages from source rocks (restite
model) (e.g., Chappell et al., 1987; Chappell and White, 1991; White et al. 1999; Chappell and
Wyborn, 2012; Huang et al., 2018), (3) segregation of early-formed magmatic crystals from the
host magma (cumulate/autolith) (e.g., Dahlquist, 2002; Donaire et al., 2005; Chen et al., 2015,
2016), (4) magma mixing or mingling (e.g., Vernon, 1984; Castro et al., 1990; Barbarin and
Didier, 1991; Hibbard, 1991; Baxter and Feely, 2002; Barbarin, 2005; Kocak et al., 2011;
Kumar, 2020).

The MMEs from the Carmo stock are spheroidal to ellipsoidal in shape (Figs. 2B, 2C),
without evidence of solid-state deformation. They are finer-grained than their host rocks and
show a clearly magmatic fabric. These characteristics rule out the possibility that MMEs
represent xenoliths entrained during the magma ascent. In addition, the initial 8"Sr/®Sr ratios
and eyq Vvalues of the MMEs are indistinguishable from their host granitoids (Table 3),
reinforcing that the Carmo MMEs are not xenoliths. The MMEs with restite origins should
show metamorphic microstructures and refractory mineral assemblages as residual products
after partial melting (Chappell et al., 1987; Chappell and White, 1991; Vernon, 2014), which

are not observed in the Carmo enclaves. Thus, restite model can also be excluded.

Despite the mixing of mafic and felsic magmas has always been the most popular
petrogenetic process to explain the generation of MMEs, the cogenetic cumulate hypothesis has
been widely invoked in recent years as a potential mechanism, mainly in syn-collisional settings
where the participation of mantle-derived magmas is questioned (e.g., Niu et al., 2013; Huang
et al., 2014; Chen et al., 2015, 2016, 2018; Zhang et al., 2016; Shao et al., 2017; Kong et al.,
2020). Such autolithic origin is favored by these authors based on the following textural and
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chemical observations that usually present MMEs: (1) cumulate textures, (2) similar
crystallization ages and whole-rock 8Sr/®Sr and syq4(t) values to the host granitoids (3)
identical mineral assemblage and mineral compositions in MMEs and host rocks, (4) linear
geochemical trends for the enclaves and host granitoids in the Harker diagrams, (5) parallel
REE patterns between the MMEs and the hosts, and (6) Rb-Sr data of enclaves and granitoids

showing excellent co-linearity along Rb-Sr isochrons.

Nonetheless, these observations are not exclusive to a cognate origin, and many of them
are also used as evidence to argue in favor of the classic model of magma mixing and mingling.
Although some of the observations mentioned above are found in MMEs from Carmo stock
and other plutons in the CSD (e.g., Sial, 1993; Sial et al., 1998), several lines of evidence argue
against this model. The apparently linear correlation trends of CaO, Fe2Ost, MgO, TiO2, MnO
with SiO2, between MMEs and hosts (Figs. 5A-5E), could be interpreted as reflecting cumulate
nature. However, a detailed individual observation of the diagrams shows that actually
granitoids and enclaves exhibit parallel trends, which is inconsistent with MMEs and host

granites being generated from the same magma.

On the other hand, the mafic phases vary not only in modal abundance, but also in
chemical composition. For example, Lima et al. (2021) found that biotite in MMEs from the
Carmo stock has Fe/(Fe+Mg) ratios ranging from 0.53 — 0.56, while host rock biotite ranges
from 0.56 — 0.60. Amphibole crystals in the Carmo MMEs have Mg# up to 56, while the host
rocks contain amphibole with Mg# ranging from 39 to 52, whereby amphibole in granitoids is
mostly hastingsite whereas in MMEs it ranges from edenite to pargasite (see Fig. 4B in Lima
et al., 2021). Furthermore, magmatic epidote has long been recognized as an important phase
in these granitoids (Conceicdo-type granites) (Sial, 1990; Sial et al., 2008; Ferreira et al., 2003,
2011; Brasilino et al., 2011; Sial and Ferreira, 2016). The role of this phase during intermediate
magma crystallization has been studied experimentally and from natural intrusive rocks (e.g.,
Naney, 1983; Zen and Hammarstrom, 1984; Schmidt and Thompson, 1996; Sial et al., 1999;
Ferreiraetal., 2011). These studies suggest that epidote appears before or is coeval with biotite,
but always after hornblende (Schmidt and Poli, 2004, and references therein), a fact that has
also been observed in the Carmo stock and other magmatic epidote-bearing granitoids in the
CSD (e.g., Sial, 1990, 1993; Lima et al., 2021). Thus, given that the epidote is not an early-
crystallized phase, therefore, its occurrence in the MMEs from the Carmo stock is hard to

reconcile with the cumulate model.
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As shown above, Carmo granitoids and enclaves have relatively uniform Nd-Sr isotopic
compositions and relatively parallel REE and incompatible element patterns (Fig. 6A, 6B), but
this does not necessarily indicate a genetic connection between them. Experimental and natural
studies of enclaves (e.g., Baker, 1989; Lesher, 1990, 1994; Elburg, 1996; Holden et al., 1991,
Poli et al., 1996; Tepper and Kuehner, 2004) have indicated that during magma mixing
processes significant chemical changes take place in basic magmas. These studies also showed
that isotopic diffusion is at least three times faster than chemical diffusion (Baker, 1989; Lesher,
1990), indicating that isotopic re-equilibrium is theoretically feasible while the diffusive
exchange of major elements is limited and slower. Accordingly, the Sr-Nd isotopic signatures
in the Carmo MMEs are most likely the result of diffusion and homogenization processes during
magma mixing rather than evidence of cumulate or autolith origin. This conclusion is further
supported by the following field evidence and petrographic observations found in the MMEs
from the Carmo stock. Feldspar megacrysts in MMEs, sometimes cross-cutting the contact
between MME and host granitoid (Fig. 2A—2C), are often interpreted as derived from their host
magmas via mechanical interaction (Baxter and Feely, 2002; Slaby et al., 2008). Moreover,
chilled margins and acicular morphology of the apatite (Fig. 2I) imply thermal quenching
during the injection of a hotter mafic magma into a cooler granitic magma (Hibbard, 1991).
Quartz ocelli (Fig. 2H), which is interpreted as quartz xenocrysts reacting with the enclosing
mafic magma (Vernon, 1990), is another evidence of the interaction between contrasting
magmas. Consequently, we conclude that the available evidence is consistent with the
interpretation that MMEs represent mafic magma blobs injected into an evolving felsic magma

chamber.

In contrast, the magma sources of the MMEs is difficult to establish, as the Sr-Nd
isotopic composition may have been significantly modified, or even entirely overprinted by
those of their host rocks. However, as pointed out previously, chemical diffusion coefficients
are much lower than isotopes during the interaction of a basic magma with an acid magma, so
elemental interdiffusion is less likely (Poli et al., 1996). Thus, assessing the major and trace

element chemical compositions of the MMEs is key to constraint the magma sources.

The Carmo MMEs have relatively lower SiO2 (53.2 — 59.8 wt%) and higher MgO (3.2
— 5.1 wt%) and Fe.O3 (6.9 — 13.1 wt%) contents than the bulk continental crust (SiO2 = 60.6
wit%, MgO = 4.7 wt% and Fe.O3 = 7.4 wt%) (Rudnick and Gao, 2014), indicating that a mantle-
like magmatic component was involved. Juvenile lower crust could be a possible source,
however, the SiO, and Mg# (42 to 49) in the MMEs studied are significantly different (Fig. 7C)
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to the values found in experimental melts derived from basaltic lower crust (SiO2 > 53 wt% and
Mg# < 40) (e.g., Beard and Lofgren, 1991; Patifio Douce and Johnston, 1991; Rapp and Watson,
1995; Patifio Douce and Beard, 1995; Sisson et al., 2005), thus excluding this possibility.
Therefore, mantle-derived magmas are required to explain their generation. Nevertheless, the
MMEs have lower Cr (274 — 342 ppm) and Ni (44 — 73 ppm) contents and Nb/Ta (11.4 — 14.2)
ratios than primary-mantle-derived melts (Cr > 1000 ppm, Ni > 400 ppm and Nb/Ta ~ 15)
(Wilson, 1989; Stern and Kilian, 1996; Salters and Stracke, 2004; Karsli et al., 2007),
suggesting that MMEs do not represent the parental magmas. Furthermore, on the SiO2 vs.
Mg# diagram (Fig. 7C), data for MMEs plot outside the field of mantle melts and apparently
follow the crustal assimilation and fractional crystallization (AFC) curve. This assumption is
also supported by the linear correlation trends that show the MME samples (Fig. 5), which
indicates that the enclave magmas may have been modified by fractional crystallization. In
summary, based on the above interpretations, we propose that the Carmo MMEs were generated
from a relatively evolved mantle-derived melt and are thermally quenched magma globules into

the host felsic magma.
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Figure 7. (A) K20 versus SiO, (B) NazO versus SiO2, and (C) Mg# versus SiO; diagrams. The fields of partial
melts determined in experimental studies are from Beard and Lofgren (1991) (amphibolites; 1, 3, 6, 9 kbar; 800—
1000 °C), Patifio Douce and Johnston (1991) (pelitic rocks at 7-13 kbar and 825-950 °C); Rapp and Watson
(1995) (metabasalt; 8—32 kbar; 1000-1125 °C), Patifio Douce and Beard (1995) (quartz amphibolites; 3-15 kbar;
850-930 °C and biotite gneiss; 3-15 kbar; 850-930 °C), and Sisson et al. (2005) (medium- to high-K basaltic
rocks; 7 kbar; 825-975 °C). Field of adakites derived by partial melting of subducting oceanic crust and crustal
AFC curve are Stern and Kilian (1996). (D) (La/Yb)n versus (Yb)n diagram (Defant and Drummond, 1990).
Data sources of the CSD and APD plutons are the same as in Fig. 4.
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ii. Generation of the Carmo granitoids: Assessing the model of partial

melting of oceanic crust and sediments

The Sr-Nd isotopic composition of the granodiorites and monzogranites from the Carmo
stock is very similar to that of the granitoids that intruded the Cachoeirinha-Salgueiro and Alto
Pajeu domains during the 640 — 620 Ma time interval (see review in Sial and Ferreira, 2016).

Indeed, based on these isotopic similarities, both groups of granitoids (from both CSD and
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APD) are interpreted as a single group and the inferences about the source rocks and the tectonic
environment are generally the same (Guimarées et al., 2004; Brito Neves et al., 2016; Sial and
Ferreira, 2016). Nonetheless, at this point, it is worth noting that CSD granitoids show
indisputable differences with those that intruded APD. Granitoids from CSD are mainly
tonalites to granodiorites and, to a lesser extent, monzogranites (as in the Carmo stock), while
those from APD are mostly monzogranites. Although both groups of granitoids are porphyritic
in texture, the megacrysts in CSD granodiorites are plagioclase, while in APD monzogranites
they are microcline. Unusual magmatic and flow structures, such as ladder dikes, snail
structures, mushroom-shaped blobs, and pillow-like structures, are common in granitoids that

intrude APD (Weinberg et al., 2001), but are rare or absent in granitoids from the CSD.

Remarkable differences are also evident in the whole-rock chemical composition (Figs.
4-T7). Overall, CSD granitoids are less silicic than APD granitoids, but there is some degree of
overlap (Figs. 4 and 5). In the Harker correlation diagrams, data from both groups of granitoids
form parallel trends (Figs. 5A-5F) rather than continuous linear trends, which would be
expected in rocks that share a genetic link. In addition, APD granites have more fractionated
HREE patterns (Fig. 6C) (average [Gd/Yb]n of 5.5) and higher (La/Yb)n ratios (Fig. 7D) than
CSD granitoids (average [Gd/Yb]n of 3.3). In the spider diagrams, APD monzogranites are also
relatively more depleted in HFSE than CSD granodiorites (Fig. 6D). Available
geochronological data for both groups of granitoids are scarce (Fig. 1B), and although the
plutons intruding the APD are apparently older than the CSD intrusions, this assumption is
poorly supported as the current data are not very robust. Therefore, care must be taken when
interpreting these two types of granitoids as being generated from a common source or under

the same tectonic setting.

Despite intensive research, the petrogenesis of the 640 — 620 Ma granitoids has been
enigmatic and several source rock candidates, such as Tonian crustal rocks (Guimaraes and
Silva Filho, 2000; Guimaraes et al., 2004, 2011), mixture of mantle-derived and crustal magmas
(Ferreira et al., 2004), and subducted oceanic basaltic crust (Ferreira et al., 2011; Sial and
Ferreira, 2016; Santos et al., 2020), have been proposed. Most of these models have in common
that they invoke a mantle-like juvenile component to explain the dominantly Mesoproterozoic
Nd model ages, which are unknown in this region of the Borborema Province. However, they
differ in the relative contribution of a crustal component (metasedimentary and/or igneous) and
in the tectonic context associated with the generation of the granitoid magmas.
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Partial melting of Tonian crustal rocks (metagraywackes) (Guimarées and Silva Filho,
2000; Guimarées et al., 2004) or even a hybrid source consisting of metagraywackes and mafic
rocks (Guimardaes et al., 2011) are possible sources that would explain some of the geochemical
features present in the Carmo stock. For example, a mafic source is suggested by the K>O and
Na2O versus SiO> contents of the rocks (Figs. 7A, 7B), which approximate the composition of
experimental melts derived from medium- to high-K basaltic rocks (Sisson et al., 2005).
Nevertheless, the Mg# values of the Carmo granitoids, and those intruding CSD, are higher
than expected for pure crustal melts (Fig. 7C). Furthermore, Tonian supracrustal rocks in the
Central Subprovince have slightly older Nd model ages (Tom from 1.4 to 1.8 Ga; Santos et al.,
2010) than those of the granitoids studied (Tom < 1.4 Ga; Table 3 and Fig. 8B), so again a

juvenile component is required.

A mixture of mantle-derived and crustal magmas is perhaps the most immediate
explanation because it can justify the radiogenic Sr and slightly radiogenic Nd values. However,
other lines of evidence question this model. In the eyq Vvs. 87Sr/28Sr diagram, melts derived from
such a mixture would exhibit a curvilinear trend towards lower crust composition (Fig. 8A).
Instead, the isotopic compositions of the Carmo samples show nearly constant eyq Values and
variable 8/Sr/®Sr ratios, a typical feature of basaltic oceanic crust that interacted with seawater
(Staudigel, 2003; Hauff et al., 2003). On the other hand, the 620 isotopic compositions of the
Carmo granodiorite-monzogranite (whole-rock 5§80 ~ 12%o; Sial, 1990, 1993) and other CSD
plutons (zircon 580 up to 10%o; Sial and Ferreira, 2016), are different from mantle wedge-
derived magmas (zircon 580 of 5.3 = 0.3 %o; Valley et al., 2005). Even considering a mixture
of mantle (*30-poor) and crustal (*¥O-rich) magmas, the resulting melts could balance and
produce a 5§80 value lower than that of the CSD granitoids (Bindeman et al., 2005). Based on
these anomalously high 880 characteristics, some authors have proposed hydrothermally
altered oceanic slab as the magma source for these granitoids (Sial, 1993; Ferreira et al., 2011;
Sial and Ferreira, 2016). In fact, melts derived from a hydrothermally altered basaltic crust
would have chemical and isotopic compositions similar to those of the Carmo granitoids,
including the high 87Sr/%Sr ratios generated by the interaction with seawater. Nonetheless, as
discussed above, the eyq Values and the Nd model ages suggest the participation of a radiogenic
component (Figs. 8A, 8B). Moreover, it is known that slab melting produces adakite-type melts
with high Sr/Y and La/Yb ratios, features that are absent in the studied granitoids. Hence,

hydrothermally altered oceanic crust may be important in the generation of the Carmo stock
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granitoids, but it cannot be the only component involved in creating the chemical and isotopic

compositions observed in these granites.

Figure 8. (A) engg Versus (8Sr/88Sr); diagram for the granodiorite and monzogranite samples of the Carmo stock

and CSD granitoids; (B) &ng (620 Ma) versus Tpm (Ga) diagram for the host granitoids studied. Isotopic data

from the CSD granitoids, Olho D’Agua Formation and Riacho Gravata Complex are plotted for comparision (see

discussion in the text). The isotopic compositions for GL-08B sample (Lages and Dantas, 2006), global

subducted sediments (GLOSS) (Plank and Langmuir, 2014), altered oceanic crust (AOC) (Gale et al., 2013),
lower continental crust (LCC) (Rudnick and Gao, 2014) were recalculated to 620 Ma. Sr-Nd isotopic data of the

eNd (1)

sediments play an important role in the generation of granodiorite magmas, regardless of
geodynamic context (e.g., Castro et al., 2010; Niu et al., 2013; Zang et al., 2020). The Th/La

CSD and APD lithologies are from the following references: Van Schmus et al. (2011), Marulanda (2013),

Siqueira (2017), Brito Neves et al. (2005).
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and Ba/Th ratios are often used to explore the participation of sediments in the genesis of

intermediate magmas (e.g., Zhang et al., 2019). Subducted sediments have higher Th/La and

lower Sm/La ratios than mantle-derived magmas (Plank, 2014), which makes this trace element

ratio useful for tracing the involvement of sediment-derived melt. Carmo stock samples have
low Ba/Th and Sm/La and high La/Sm and Th/La (Figs. 9A, 9B), similar to values of modern

marine sediments and global subducting sediments (GLOSS), indicating the incorporation of

sediment melt in the magma source. This conclusion is further evidenced by the inherited zircon

cores found in the Carmo granitoids (Fig. 3A and Table 1).

Figure 9. (A) Th/La versus Sm/La diagram (Plank, 2014); (B) Ba/Th versus (La/Sm)x diagram (after Tatsumi,
2006). Data for MORB are from Niu and Baltzar (1997), marine sediments and global subducting sediment

(GLOSS) are from Plank and Langmuir (1998). Data sources of the CSD and APD plutons are the same as in

Fig. 6.
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The above observations indicate that partial melting of basaltic oceanic crust along with
subducted sediments should be an appropriate model for the generation of the Carmo
granodiorites. Experimental data (Hermann and Splander, 2008; Castro et al., 2010; Zang et al.,
2020) and geochemical evidence (e.g., Zhu et al., 2019; Chen et al., 2017; Errazuriz-Henao et
al., 2019; Wang et al., 2021) show that partial melting of a mixture of subducted oceanic basalts
and sediments can produce granodiorite melts with hybrid isotopic signatures that resemble
those in the Carmo granodiorites. In addition, the (La/Yb)n ratios and Ybn contents of the
granodiorite can be well modelled by the partial melting of MORB with residues of amphibolite
(Fig. 7D). This is consistent with the hypothesis that amphibole-rich clots found in the CSD
plutons likely represent fragments or restites from melting of the source rocks (Sial et al., 1998;
Ferreira et al., 2003). The relatively high (La/Yb)n ratio could be explained by less than 10%
residual garnet, which is always a peritectic phase in partial melting experiments on basalt-
sediment mixtures at pressures > 1 GPa (Castro et al., 2010; Zang et al., 2020). This conclusion
is also supported by the fact that all the samples from the Carmo stock show REE and
incompatible elements patterns almost identical to those of experimental glasses in equilibrium
with garnet from the experimental work by Castro et al. (2010) (Fig. 6C, 6D). Other
geochemical features present in Carmo granodiorites, such as enrichment in LILE (e.g., K, Rb,
Ba, Th and U) and depletion in HFSE (e.g., Nb, Ta, Ti) (Fig. 6B), are also supported by the
combined effect of ilmenite as a residual phase and the addition of sediments (Hermann and
Splander, 2008; Mo et al., 2008; Zang et al., 2020).

To evaluate the relative contribution of the components (ocean crust and subducted
sediments) involved in the magma source, we conducted a simple binary simulation using the
whole rock Sr-Nd isotopic compositions (Fig. 8A). The selected end-members are represented
by the mean compositions of oceanic ridge basalts (considering Sr enrichment for seawater
alteration; Gale et al., 2013) and global subducted sediments (Plank, 2014). An amphibolite
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garnet sample (GL-08B), interpreted as a possible remnant of a Neoproterozoic oceanic crust
(Lages and Dantas, 2016), was also chosen as the mafic end-member. According to the
simulated results the Carmo granodiorites could have formed from a mixture of ~ 70 — 50%
altered oceanic crust and ~ 50 — 30% subducted sediments. Nevertheless, the lack of Rb-Sr data
from the lithologies assumed as sources of the subducted sediments (Riacho Gravatd Complex
and/or Olho D'Agua Formation) (Fig. 8B), makes a more robust calculation impossible. Thus,
it is worth noting that the proportion of sedimentary component involved in the mixture could
be overestimated. Finally, quartz lumps present in the ~ 640 — 620 Ma plutons from the CSD
and APD is a feature that has not been studied so far and could be key to understanding the
petrogenesis of these granitoids. We speculate that the quartz lumps may be remaining from the
partial melting of silica-rich sediments (cherts?) but this assumption must be evaluated from
more detailed studies, that could include Si and O isotope analysis which are used to unravel
the contribution of sedimentary components, such as pelites and cherts, to granitoid magmas
(e.g., Dengetal., 2019). In summary, the evidence discussed here suggests that the petrographic
observations and the geochemical and Sr-Nd-O isotope compositions of the Carmo stock
granitoids are best explained by a model involving partial melting of hydrothermally altered

oceanic crust and subducted sediments.

iii. Geodynamic implications: Syn-collisional or subduction-related

magmatism?

The tectonic setting from which the ~ 640 — 620 Ma plutons from the CSD and APD
were generated is debated, with previous studies proposing a continental magmatic arc setting
(Medeiros, 2004; Caby et al., 2009; Sial and Ferreira, 2016; Brito Neves et al., 2016; Brito
Neves and Campos Neto, 2016; Santos et al., 2019, 2020; Caxito et al., 2021) or a syn-
collisional setting (Guimaraes et al., 2004, 2011; Neves, 2018). The debate stems from
insufficient petrogenetic and geochronological constraints on the Conceicdo-type granitoids, as
well as the scarce of robust evidence to argue in favor of subduction, such as accretionary

complexes and/or high-pressure metamorphic rocks.

Most models advocating a magmatic arc setting suggest a southeast-dipping subduction
zone. The main lines of evidence for this model are: (1) occurrence of mafic and ultramafic
rock lenses near the southwestern boundary of the CSD, interpreted as retroeclogites (Beurlen
et al., 1992; Lages and Dantas, 2016), (2) arc-like geochemical signature of Conceicéo-type
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granitoids, (3) Sr-Nd isotopic compositions indicative of the participation of a juvenile
component, and (4) presence of multiple mafic enclaves suggesting interaction processes
between contrasting magmas, which is common in continental magmatic arcs. The first
evidence is consistent with high-pressure metamorphism in the CSD. All other evidence is
common in magmatic arc rocks, but is not unique to this environment. Thus, oceanic crust in
this region of Borborema Province was probably developed, but the development of a

continental magmatic arc is still questioned.

Santos et al. (2020), proposed a continental magmatic arc setting to explain the genesis
of the Riacho do Ic6 stock, a granitoid pluton intruding APD. Based on the geochemical data,
the authors suggested that Riacho do Ic6 magma could have resulted from the partial melting
of an oceanic slab. Nonetheless, although the samples from the Riacho do Ic6 stock have
features of adakitic rocks (high Sr/Y), the MgO (0.6 — 1.2 wt%) and Mg# (38 — 44) values of
these granitoids are lower than the subducted oceanic crust-derived adakites (1 — 6 wt% MgO
and Mg# > 50; e.g., Martin et al., 2005; Wang et al., 2006). These features together with the
high K2O/NazO ratios (0.8 to 1.0), relative to typical adakites (~ 0.4; Martin et al., 2005),
indicate that these rocks most likely correspond to continental adakites, presumably generated
from melting of a thick lower crust (Moyen, 2009). SHRIMP U-Pb zircon dating for this
granitoid gave an age of 607 £ 3 Ma, which is in the assumed time interval for the peak of the
Central Subprovince regional metamorphism (610 — 595 Ma; e.g., Van Schmus et al., 2011),
thus reinforcing the hypothesis that these adakite-like rocks could be derived from a thick

continental crust and not from a subduction-related oceanic slab.

More recently, Caxito et al. (2021) proposed a tectonic model that invokes a northwest-
dipping subduction zone. According to this model, the Alto Pajed and Cachoeirinha-Salgueiro
domains constitute the upper plate, while the Alto Moxoté Domain corresponds to the lower
plate. This interpretation is based on the nappe-like structures found in the Serra de Jabitaca
shear zone, which indicate that the APD thrusts the Alto Moxotdé Domain, on the interpretations
of geophysical data that suggest that this structure (Serra de Jabitacd nappes system)
corresponds to an ancient suture zone, as well as the occurrence of mafic-ultramafic rocks along
the boundary of the Alto Pajet and Alto Moxoté domains, interpreted as ophiolite remnants in
the Gurjao region (Lages et al., 2017) and as retroeclogites in the Floresta region (Lages and
Dantas, 2016). All these characteristics are undoubtedly evidence of accretionary processes
between the Alto Pajed and Alto Moxotd domains, however the age of this event is not yet very

restricted, so the inference of an Ediacaran age is speculative. Indeed, mafic-ultramafic rock
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lenses, with petrographic and geochemical features similar to those found by Lages et al.
(2017), have been described further southeastern of the Gurjdo region and dated at 1870 + 27
Ma (Almeida et al., 2005, 2009).

In the model by Caxito et al. (2021), the granitoids intruding the APD represent the
central belt of the arc system, while the Santana dos Garrotes formation would have been
deposited in a continental back-arc basin. In this context, the CSD granodiorites (including the
Carmo stock) would have been generated in an arc extensional environment. This model would
well explain the similarities between the younger detrital zircon populations in the Santana dos
Garrotes Formation and the crystallization ages of the Conceicéo-type plutons (Cawood et al.,
2012), as well as the nature of the sequence (turbidite deposit; Brito Neves et al., 2018), but it
is not consistent with the geochemical characteristics of the granitoids intruding the
Cachoeirinha-Salgueiro and Alto Pajet domains. For example, the central belt of an Andean-
type arc system (the APD plutons in the model by Caxito et al., 2021) should comprise a
complete suite of calc-alkaline rocks, including important volumes of mafic and intermediate
rocks (50 — 80 wt% SiOg; e.g., Stern, 2002). Nevertheless, the plutons intruding the APD are
all granitic in composition (63.7 — 71.7 wt% SiO; Figs. 4 and 5). In turn, volcanism in the back-
arc zones is often bimodal (e.g., Shinjo and Kato, 2000), and plutons developed in this setting
generally have characteristics of intraplate granites (e.g., Zhang and Zhang, 2014; Zhu et al.,
2017; Lee et al., 2019), evidence which is lacking in the CSD plutons and their volcanic
equivalents. Furthermore, the volume of rock produced usually decreases towards the back-arc
region while high-K calcic-alkaline rocks increase (Frisch et al., 2011). An opposite situation
occurs in the Alto Pajet and Cachoeirinha-Salgueiro domains, where the K>O contents are
relatively lower in the CSD granodiorites (Fig. 5H) and the intrusive volume decreases into the
APD (Fig. 1B). On the other hand, if the CSD granitoids were generated in the back-arc basin
they would have crystallization ages younger than those in the central belt of the arc system,
assuming that the development of a back-arc basin always succeeds to arc formation.
Nonetheless, geochronological data for both groups of plutons are almost indistinguishable
(Fig. 1B).

Our geochemical and isotopic data from Carmo granodiorite suggest that melting of
altered oceanic crust along with sediments are possible source rocks for these granitoids. This
conclusion requires a geodynamic context where such lithologies are available to melting. The
immediately intuitive alternative is a subduction zone, where partial melting of oceanic crust

and sediments could occur along a hot slab-top geotherm (e.g., Hernandez-Uribe et al., 2020).
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However, as discussed above, there is still no robust evidence to support the subduction model.
In addition, oceanic crust-derived melts plus sediment below a subduction zone are expected to
interact with the mantle wedge. Such an interaction between slab melts and the peridotitic
mantle would produce high-Mg andesites (e.g., Tatsumi et al., 2006) or low-silica adakites
(Martin et al., 2005). These features are absent in our studied granitoids. Consequently, it is
unlikely that the melting of oceanic crust plus sediment invoked in this paper had been

generated in a continental arc configuration.

Alternatively, the Conceicdo-type granites could be the record of syn-collisional
magmatism (Neves, 2018). Recent studies on syn-collisional granitoids from several orogenic
belts suggest that melting of oceanic crust and sediment may occur during the onset of a
continental collision (e.g., Mo et al., 2008; Huang et al., 2014; Chen et al., 2017; Fu et al., 2019;
Kong et al., 2020). In general, two models are proposed to explain the syn-collisional oceanic
crust melting. In the first model (Mo et al., 2008; Niu et al., 2013), when the collision begins,
the remaining oceanic crust (and sediments) is slowly underthrust beneath the warmer
continental lithosphere. This causes the subducted slab to evolve along a high T/P path, trying
to reach thermal equilibrium with the continental lithosphere. This model, however, requires
the development of an active continental margin prior to the collision event (see Fig. 7 in Mo
et al., 2008). The other model proposes that the partial melting of the involved lithologies
(altered oceanic crust and sediments) was in response to slab break-off and asthenospheric

upwelling (e.g., Fu et al., 2019).

In the geological context of the study area, a continental lithosphere previously heated
by a protracted subduction event is unlikely, as a long-lived subduction zone probably never
existed in this region of Borborema Province (see discussion in Neves, 2018). Nonetheless, an
extensional event prior to the Brasiliano Orogeny (Neves, 2021) may have contributed the heat
required for the oceanic slab to evolve along a high T/P path. A similar model is proposed by
Neves et al. (2020) to explain the generation of magmatism in the eastern region of the
Pernambuco-Alagoas Domain, during the early stages of the Brasiliano Orogeny. This model
would theoretically justify the generation of granodiorite magmas, but it fails to explain the
formation of enclave magmas, which require contribution from the mantle. Conversely, a local
slab break-off model is plausible for the generation of the Carmo granitoids. Numerical
modeling (Hunen and Allen, 2011) demonstrated that the viability and style of the slab break-
off is mainly controlled by the strength and age of the previously subducted oceanic plate. This

study also concludes that when the oceanic plate is relatively weak (and young in age), it cannot
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drag down the buoyant continent to great depths and therefore would lead to an earlier and
shallower break-off. The implication is that the continental crust would not reach the depths
necessary to form high- and ultrahigh-pressure rocks and/or to promote the onset of arc

magmatism.

Similar to other supracrustal sequences in the Borborema Province, the Santana dos
Garrotes Formation, which is interpreted as an ancient coastal marine sedimentation basin,
contains detrital zircon populations younger than ca. 690 Ma (Marulanda et al., 2013), so
oceanic crust may have formed in the CSD only after this age. By analogy with other places
where continental rifting evolved to oceanic basin formation (e.g., the Red Sea), it is possible
to assume that oceanic crust occurs approximately 20-30 Ma after the initial rift (Bosworth,
2015; Stern and Johnson, 2019). If this is true, and assuming that the beginning of the
contractional deformation in the Central Subprovince took place at ca. 640 — 630 Ma (Neves et
al., 2015, 2020), so the oceanic crust developed at CSD would be sufficiently young and weak
to break-off early and avoid the generation of high-pressure rocks and the formation of a
magmatic arc. This is further supported by a study of the metamorphic facies of mafic-
ultramafic rocks from the Bodocé region (Silva et al., 2019), which suggests that these rocks
actually reached the blueschist facies and not the eclogite facies.

We propose, therefore, the following scenario to explain the tectonic evolution of this
region of the Borborema Province and the generation of the Carmo granodiorites and all
Conceicdo-type granites in the CSD. During the Cryogenian, extensional tectonics generated
the opening of small basins that may have evolved later to a proto-oceanic stage. At ca. 640 —
630 Ma, the tectonic regime shifted to a compressional setting. With the onset of convergence,
the weak oceanic crust subducted beneath the continental lithosphere, but this ephemeral
subduction did not generate any magmatism. Afterwards, due to the low strength of the oceanic
crust, slab break-off might have taken place, causing rising of the asthenosphere. During this
process, asthenospheric mantle-derived magma supplied both the heat needed to melt the
underthrusting oceanic crust and sediments, and the mantle material required to generate the
enclave magmas. The melting of the altered oceanic crust along with sediments (probably

derived from APD) produced the granodiorite magmas from the Carmo stock.

6. Conclusions
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LA-ICP-MS zircon U-Pb geochronology indicates that the granitoids from the Carmo
stock were formed at ca. 615.3 —622.4 Ma. Whole-rock geochemical data and Sr-Nd-O isotopic
compositions suggest that granodiorite-monzogranites were produced by melting of altered
oceanic crust and sediments, while quartz monzodiorite MMEs most likely represent a
relatively evolved mantle-derived melt. Magma mixing and mingling played an important role
in the generation of the MMEs, as indicated by field and petrographic observations and
chemical analyses. The petrological, geochronological and geochemical data combined with
the regional data available so far point out that the Carmo stock and Conceicao-type granites
were generated in a syn-collision setting following the early break-off of a relatively weak
oceanic slab.
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5 CONCLUSAO

O stock Carmo é composto de granodioritos e monzogranitos porfiriticos com
megacristais de plagioclasio e varidveis propor¢des modais de anfibdlio, biotita e epidoto. A
abundancia modal de biotita e epidoto magmatico aumenta em dire¢do ao centro do pluton,
associado com a diminuicdo de hornblenda. Os enclaves de composi¢do quartzo dioritica e clots
ricos em anfibdlios sdo uma caracteristica notavel e estdo amplamente distribuidos em todo o
pluton. Os enclaves microgranulares maficos (MMESs) tem assembleia mineral semelhante ao
que ocorre nos granitdéides hospedeiros, mas com maior proporcdo dos minerais
ferromagnesianos.

A mineralogia e quimica mineral dos granitoides do stock Carmo, estdo relacionadas
com a composicao e condicdes fisico-quimicas do magma durante sua cristalizagdo. Presses
entre 6 a 7 kbar foram calculadas de acordo com o geobarometro Al em hornblenda e condicdes
moderadamente oxidadas tamponadas por NNO foram estimadas para esses granitoides. Ambos
os resultados séo consistentes com a presenca de epidoto magmatico. Diversas evidéncias
sugerem que o anfibolio provavelmente foi uma fase mineral cristalizada cedo, tais como a
proximidade entre os valores de temperaturas estimados a partir dos geotermdmetros anfibolio-
plagioclasio e saturacdo de zircdo (656 — 735 °C e 749 — 776°C, respectivamente), elevado
conteddo inicial de agua (~ 5 — 6 wt%) e a sequéncia de cristalizacdo mineral.

Dados U-Pb LA-ICP-MS em gréos de zircdo forneceram uma idade de cristalizagédo de
615 Ma para os granitoides do stock Carmo. Os granodioritos, monzogranitos e enclaves
maficos associados sdo célcio-alcalinos de alto K, metaluminosos e magnesianos. Todas as
rochas estudadas mostram enriquecimento em elementos litéfilos de grande raio i6nico (LILE)
e elementos terras raras leves (LREE), e empobrecimento em elementos de alta forca de campo
(HFSE) e elementos terras raras pesados (HREE). As composi¢des isotopicas Sr-Nd dos
granitoides hospedeiros e MMES se sobrepdem dentro de uma estreita variagdo com altas raz6es
iniciais de 87Sr/%Sr (0,707863 — 0,709677), valores de eNd ligeiramente negativos (-2,1 a -
3,1) e idades modelo Tpwm de 1,31 — 1,40 Ga.

As semelhancas nos valores isotopicos entres os MMEs e suas rochas hospedeiras
podem ter sido resultado da homogeneizacédo e difusdo isotdpicas durante processos de mistura
de magma. Além disso, uma série de caracteristicas de campo e petrogréaficas, tais como a
presenca de megacristais de feldspato inclusos nos MMEs, apatita de morfologia acircular,
quartzo “ocelli” e plagioclasio com zonacao oscilatoria indicam que mistura de magma jogou
um papel importante na formag&o dos enclaves. A assinatura geoquimica dos enclaves sugere
que elas foram geradas a partir de um fundido relativamente evoluido derivado do manto que
foi injetado como bolhas dentro de uma camara magmatica félsica.

Os granodioritos e monzogranitos do stock Carmo apresentam valores moderados de
Mg# (38,61 — 45,68) e assinaturas isotdpicas Sr-Nd ligeiramente radiogénicas, indicando a
participacdo de uma componente juvenil na sua génese. No entanto, as caracteristicas
geoquimicas de elementos tragos desses granitoides, tais como baixas razdes Ba/Th e Sm/La e
altas razdes La/Sm e Th/La, sdo semelhantes aos valores obtidos para sedimentos marinhos
modernos e sedimentos globais subduzidos, o qual indica o envolvimento de sedimentos na
fonte do magma. As observacbes petrograficas, as composi¢des isotopicas e os dados de
geoquimica de rocha total sugerem que o magma do stock Carmo foi formado por fuséo parcial
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de crosta oceanica alterada hidrotermalmente mais sedimentos. Essa conclusdo também é
corroborada pelas composic¢des quimicas dos cristais de hornblenda e biotita, 0s quais sugerem
fontes misturadas.

Os novos dados geoquimicos, isotdpicos e geocronoldgicos, junto com as caracteristicas
geoldgicas regionais, sugerem que os granitoides do stock Carmo, bem como os granitos calcio-
alcalinos com epidoto magmatico tipo Conceicdo, foram mais provavelmente formados sob um
regime tecténico sin-colisional apos a quebra cedo de uma placa oceéanica relativamente fraca.
A ascensdao do manto astenosférico além de ser fonte de calor, também pode ter fornecido
material para a geracdo dos MMEs.
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