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RESUMO

Na Provincia Carajas (PC), durante os estagios finaidedarqueano (2.78.73 Ga),
foram formados no Dominio Sapucaia e Canad dos Carajas, granitoides representados
respectivamente pelas Suites Vila Jussara e Planalto. Tais suites apresentam carater
metaluminoso e afinidade geoquimica com granitosAigoraz® FeO/(FeO+MgO) em rocha
total variaveis desde ferrosas até magnesianas. Estudos guoime&alogicos realizados nos
granitos neoarqueanos, envolvendo microscopia Otica, microscopia eletrénica de varredura,
microssonda eletrbnica e petrologia experimentavelaram notaveis variacdes entre as
principais fases minerais. Epidoto € uma fase comum nas variedades ferrosas reduzida, oxidada
e magnesiana da Suite Vila Jussara, exibindo contetudo de pistacita entre 25 e 30 mol.%. Na
Suite Planalto e demais gramitesneoarqueanos da PC, epidoto € uma fase ausente. O estudo
da cinética de dissolucédo dos epidotos da PC mostra que sua formacao e estabilidade esta
diretamente relacionada as condi¢des de pressédo, temperatura e fugacidade de oxigénio, porém
sua estabitlade também € condicionada gel mecanismos de ascensdo, colocacdo e
cristalizacdp que influenciam a intensidade de dissolucdo dos crigEsRIdos quimico
mineraldgicos realizados em titanita daftes Vila Jussara e Planalto e paleoproteroaoita
Suite Jamon, revelaram notaveis variagcfes texturais e composicionais neste mineral. As razdes
Fe/Al em titanita sdo bastante variaveis nos granitos estudados, tendo sido distinguidos com
base nelas trés grandes grupos de titanitas: 1) razdo Fe/Al altd ¥Be3) 2) moderada
(0. 50Fe/ Al 60.25); e 3) baixa (FelAl <0.25)
corroboram a tendéncia de maior estabilidade da titanita em condi¢Bes oxidantes, proximas do
tampdo NiqueNiquelOxigénio (NNO), porém, a ocorréia de titanita magmatica em
variedades reduzidas das suites Vila Jussara e Planae#iivaque é possivebcorrer sua
cristalizacdo em condi¢cBes préoximas ao tampao FaMhbignetitaQuartzo (FMQ). Ademais
estudos de petrologia experimental realizadosmesnas suites neoarquenas, mostram que a
amostra MDPO2E, com composicdo tonalitia@presentando o magma magnesiano oxidado
da Suite Vila Jussara, exibe conteido de 8i®torno de 60% em rocha total e 61,05% no
vidro experimental, enquanto a amostadmposi¢cao sienogranitica (AMHE.6), pertencente
a variedade fortemente reduzida da Suite Planalto, apresenta teor @enSizha total em
74,13% versus 73,17% no vidro, indicando que as condi¢cdes experimentais inicialmente
calibradas, se aproximaramsicondicdes magmaticas naturAis.condi¢cdes de cristalizagéo
do magma tonalitico e sienograniticodim efetuads a partir denove experimentosasduas

amostras, com calibra-»es pem+N@Gle3flcGiuradade e m



log abaixo do tampao NNO) e temperatura variando de 850°C a 668°C e conteuQcedé&éd

9% e 6% em peso. Aléndisso, doisexperimentoe m 2&~8NO+2.4, com temperaturas
variando de 800°C a 700°C, com mesma pressado e variacadlo@e dos experimentos
reduzidos. Subordinadamente, foram realizados experimentokleme® kbar, com condicao

redox variavel. Tais experimentos mostram que o tonalito da Suite Vila Jussara cristalizou em
~4 kbar, a partir de um magma com alta concerade HO >5% em peso0) e e
oxidante, provavelmente entre NNO e NNO+1. Por outro lado, os experimentos realizados na
composicao sienogranitica da Suite Planalto (AMR), mostram uma paragénese principal
definida por Cpx+Fa, diferindo fortemente dosinerais naturais, sugerindo que o0s

experimentos ndo atingiram condi¢cdes proximas as naturais.

Palavras chavespetrologia experimentafjuimica mineralProvincia CarajgsNeoarquenc;

granitades



ABSTRACT

In the Carajas Province (CP), during the late stages of the neoarcheaf.{3)75n
the Sapucaia and Canda dos Carajas domains granitoids represented by the Vila Jussara anc
Planalto suites were formed respectively. These suites are metaluminous andh hav
geochemical affinity with Aype granites and FeO/(FeO+MgQO) whole rock ratios that vary
from ferroan to magnesian. Chemigaineralogical studies performed in these neoarchean
granites, based on optical microscopy, scanning electronic microscopyoreletstroprobe
and experimental petrology revealed notable variation between the main mineral phases.
Magmatic epidote is a common mineral phase in the reduced, oxidized and magnesian varieties
of the Vila Jussara suite, with pistacite contents betweam@30% mol. In the Planalto Suite
and others neoarchean granites of the CP magmatic epidote is absent. The study of the
dissolution kinetics of Archean epidotes of the CP reveals that its formation and stability are
directly linked to pressure, tempenawand oxygen fugacity conditions, however, its stability
is also conditioned by mechanisms of magma rise, emplacement and crystallization, which
affected the dissolution intensity of the epidote crystals. Chemmicedralogical performed on
titanites of he Vila Jussara and Planalto Suites and the paleoproterozoic Jamon Suite revealed
notable textural and compositional vari ati c
the studied granites, three major titanite groups were distinguidhetigh Fe/Al ratio
(Fel Al >0. 5) ; 2) moderate Fel Al ratio (0. 50l
Furthermore, in general, the obtained data support the major titanite tendency to stabilize under
oxidizing conditions, near theickelnickel oxide bifer (NNO), however, the occurrence of
magmatic titanite in the reduced varieties from the Planalto and Vila Jussara Suites ratifies that
its crystallization is possible under conditions near the fayalignetitequartz buffer (FMQ)
Moreover, experimeat petrology studies performed on the same neoarchean suites, reveal that
the sample MDF2E, with tonalitic composition, which represents the magnesian oxidized
magma from the Vila Jussara suite, exhibits ;Si@ntent around 60% in the whole rock
composition and 61.05% in the experimental glass, while the sample with sienogranitic
composition (AMR116), from the strongly reduced variety of the Planalto Suite, shows SiO
content of 74.13% in whole rock and 73.17% in glass, pointing out that tiadlyrsalibrated
experimental conditions approach the natural magmatic conditions. To characterize the
crystallization parameters of the tonalitic and sienogranitic magma, nine experiments were
performed on the two samples, with the following conditionseps s ur e ~MNOKBar , &

(2.3 log unit bellow the NNO buffer) and temperature varying from 850°C to 668°C and water
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content from 9% to 6% i+NNOAHR.4anthtemperdures & 80D°@e n t
to 700°C with similar pressures and water eamntariations of the reduced experiments were

also performed. Subordinately, experiments with pressures of 8 to 2 kbar with variable redox
conditions were performed. These experiments show that the tonalite from the Vila Jussara
Suite was crystallized at4 kbar from a waterich magma¥5% i n we i gpkdizing i n &
conditions, probably between NNO and NNO+1. On the other hand, the experiments performed
on the sample with sienogranitic composition from the Planalto Suite show a main paragenesis
of Cpx+Fa which substantially diverge from the natural minerals, suggesting that the

experiments did not reach the natural conditions.

Key-words: experimental petrologymineral chemistryCarajas ProvingeNeoarchean

granitoids
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Figure 3 Histogram of compositional variation in the pistacite component (Ps: molar
[Fe**/Fe**+Al]/100), in molecular percentage (mol.%), in Sapucaia TT epidotes,
Ourilandia do Norte sanukitoids and Vila Jussara granitoids. Ranges of compositional
variation in Ps in magmatic and secondary epidotes formed by plagioclase and biotite

alteration arel80 INAICALE. ........ooeiee e et 30

Figure 4: Textural aspects of thin sections used indissolution kinetic study of epidote in
the Archean granitoids from the CP. The original shapes of the corroded epidote crystals
are indicated by black lines; dotted lines indicate the largest dimension of the crystal,
and red lines delimit the current rdour of the corroded crystals. Line segments
delimited by arrows show where were defined the maximum dissolution values for each
crystal. The PFAL4 sample represents the Sapucaia tortbtadhjemite; the NDR7
and NDPR101 samples represent the Ourdéndo Norte sanukitoid; and the MYH
sample represents the VJS bictienblende monzogranite variety. (a) and (b) epidote
crystals are best preserved when in contact with biotite and partly reabsorbed by the
residual magmatic fluid currently represeshtby feldspars; (c) epidote involving an
allanite euhedral core partly surrounded by biotite and exhibiting maximum dissolution
in contact with felsic minerals; (d) subhedral epidote crystal heavily corroded when in
contact with feldspars; (e) epidote Wwitharked resorption at the edges, which is less
marked in contacts with biotite; and (f) allanite with an epidote rim, preserved when in
contact with biotite and corroded along those with felsic minerals that formed from

FESIAUAL MBI . . e 32

Figure 4 continuationTextural aspects of epidote in the VJS granitoids. Sample1IBARs
representative of the biotteornblende monzogranite variety; samples MIZA and
LIF-04A are representative of the biotite monzogranite variety and sampleO2b B
representative ofibtite-hornblende tonalite. (g) anhedral epidote in irregular contact
with hornblende showing a more pronounced resorption in contacts with feldspars and
guartz; (h) subhedral epidote crystal with intensely corroded portions; (i) epidote with
rectilinear ontacts with biotite and irregular contacts with opaque minerals and
feldspars; (j) allanite surrounded by epidote and in association with opaque minerals,
corroded in contacts with feldspars; and (k) and (I) heavily corroded epidote crystals in
contact wih hornblende and felsic minerafsbbreviations according to Kretz (1983).
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Figure 5 Diagram showing the variation in the calculated magma viscosity of TT, sanukitoid
ard the three varieties from the VJS from the CP as a function of temperature. Viscosity
was calculated based on the model by Giordano et al. (2008). The red circle at the

beginning of the curve represents the estimated liquidus temperature of each magma.

CAPITULO 3

Figure t (a) Location of the Carajas Province in the Amazonian Craton; (b) Simplified
geologtal map of the CP showing the division of the Rio Maria, Sapucaia, Canaa dos
Carajas and Carajas Basin domains. The rectangles correspond approximately to the
areas detailed in panels ¢ and d; (c) Geological map of the Canaad dos Carajas and
Sapucaia domag with the location of the studied samples from the Planalto Suite (in
the Canad dos Carajas Domain) and Vila Jussara Suite (in the Sapucaia Domain); (d)
Geological map of the Jamon Suite in the Rio Maria Domain, with the location of the

Jamon Granite sgptes studied, in letter a, and Bannach, in letter. f................... 59

Figure 2 Diagrams showing the correlation between the major elements in the titanites of the
Vila Jussara suite: a) Al versus Fe, b) F versus Fe, and c) Al versus Ti. The colors
represent the variation in the Fe/Al ratio of the titanites: high (Fe/AlI>0.5; in red),
moderate (0.5 OFe/ Al O00.25; i.n.p.urgd e) a

Figure 3 Backscattered electrons images (EPMA) showing the textural relationships of the
redwed ferroan (Figs. 3a, b, ¢) and oxidized ferroan (Fig. 3d) of the Vila Jussara Suite,
correlated with the proposed Fe/Al ratios: (a) Titanite exhibiting a corona texture,
surrounding ilmenite, and in direct contact with biotite. The Fe/Al ratios idehtiie
moderate (0.50Fe/ Al O0.25; in purple) and
anhedral titanite, with little evident zoning between the central portion and edges of the
crystal. The central portion exhibits different shades of gray and RigllE0.5; in
red) to moderate Fe/ Al ratios (0.50Fe/ Al
dark gray tone and it presents a low Fe/Al ratio (Fe/Al<0.25; in green). (c) Subhedral to
euhedral titanite in association with ilmenite, exhibitingpaiag pattern similar to that
in Fig. 3b. (d) Titanite with a textural appearance in multiple grains, associated with
opaque mi neral s and with moder at e Fel A
Abbreviations according t8retz (1983).......ccooiiiiiiiiiiiiieeer e 68
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Figure 4 Backscattered electrons images (in EPMA) showing the textural relationships of
titanites of the magnesian variety of the Vila Jussara Suite: (a) Anhedral titanites in
direct contact with the biotite, exhibiting an intermediate degree of fracturing and with
more pronounced zoning between center, with a predominance of high Fe/Al ratio
(FeAl >0.5; in red) and punctually at the
in purple); (b) Anhedral to subhedral titanite with a textural appearance similar to that
described in Fig. 4a, but in association with magnetite; (c) Ceextared titaite
involving magnetite, showing a consistently high Fe/Al ratio (Fe/Al>0.5; in red).
Abbreviations according tretz (1983).......uviiiiiiiiiiiiie e 71

Figure 5 Diagrams showing the correlation between tl@amelements in the Planalto suite

titanites: a) Al versus Fe; b) F versus Fe; Al VersusS..Ti.........cccvvvvvvvvvieeeeeeeneee, 72

Figure 6 Backscattered electron images (in EPMA) showing the textural relationships of
strondy reduced (6a and 6b) and moderately reduced (6¢c and 6d) varieties of the
Planalto Suite: (a) Subhedral to euhedral titanites in direct contact with biotite,
exhibiting a high degree of fracturing and low contrast between center and edge. The
moderate (8 OFe/ Al 00.25; in purple) and | ow
not exhibit a clear pattern. b) Anhedral titanite, probably associated with the
consumption of ilmenite for its formation. It presents direct contact with the biotite and
an irregularzoning pattern, ranging from moderate (purple) to low (green) Fe/Al ratio.
(c) Euhedral titanite in direct contact with amphibole, exhibiting regular cyclic zoning,
starting from the center to the edge of the crystal, with Fe/Al ratios varying between low
(in green) and moderate (in purple). (d) Euhedral titanite, exhibiting direct contact with
biotite and a zoning pattern and Fe/Al ratio similar to those described in Fig. 6c.
Abbreviations according tretz (1983)..........ccooiiiiiiiiiiiiiieeee e 73

Figure # Diagrams showing the correlation between the major elements in the Jamon Suite

titanites: a) Al versus Fe; b) F versus Fe; c) Al versus.Ti.......cccccevvvvvvvvvieecnnnnn 44
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Figure 8 Backscattered electron images (in EPMA) showing the textural relationship of the
titanites of the Jamon (8a and 8b) and Bannach granites (8c and 8d), belonging to the
Jamon suite: (a) Subhedral to anhedral titanite in direct contact with magnetite and
zircon, with little evident zoning and moderate to low fracturing; (b) Anhedral titanite
crystals associated with biotite, magnetite and ilmenite; the zoning and fracturing are
similar to those described in image 8a; (c) Subhedral to anhedral titanite, with little
evidenced zoning, incipient fracturing, in direct contact with amphibole tsyaiel
displaying high Fe/Al ratio (Fe/Al>0.5; in red); (d) Subhedral titanite in direct contact
with magnetite, exhibiting a greater degree of fracturing throughout the crystal, but with
zoning, with the limit of the zones following the major axis of thi@eral. The red
circles represent Fe/Al ratios >0.5. Abbreviations accordingetz (1983)........... 75

Figure 9 Comparative diagrams showing compositionald$ of the major elements of the
entire set of analyzed titanites of the Vila Jussara, Planalto and Jamon suites: (a) Al
versus Fe, (b) F versus Fe, and (C) Al VErsuS.Ti......cccoooiiiiiiiiiiicce e 77

CAPITULO 4

Figura * a) Localizacdo da Provincia Carajas no Craton Amazénico; b) Mapa geoldgico
simplificado da Provincia Carajas mostrando a divisdo dos dominios Rio Maria,
Sapucaia, Canad dos Carajas e Bacia Carajds. O retangulo corresponde
aproximadamente a area detalhada no painel c; Mapa geoldgico dos Dominios Canaa
dos Carajas e Sapucaia, com a locaipadas amostras estudadas da suite Planalto (no

Dominio Canaé dos Carajas) e suite Vila Jussara (no Dominio Sapucaia)......99

Figura 2 a) Vidro pulverizado apds duas fus6es em teatpea de ~1400°C e resfriamento em
agua; b) Cépsulas do Au com base soldada; c) Higienizacdo das capsulas de Au com

agua deionizada; d) Capsulas preenchidas e soldadas para isolamento completo de base

Figura 3 a) e b) Recipiente para insercéo e cobertura das capsulas deafitgataves com
aquecimento internarfternally heated pressure vesséHPV); d) Equipament@ros
Bleu para com controle da calibragdo de temperatura e pressédo, colansaao do

gas Ar; e) Sistema para controle gradual do aumento da pressaa................ 106
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Figura 8 Diagramas de fases isobéaricoas para a composicao sienogranitica da Suite Planalto
(AMR-116) em funcdo da temperatura e do teor g kb melt. Os nimeros inseridos
na abscissa sao %8=[H>0/ (H-O+CQOy)] em % molar. As curvas solidus sdo baseadas
nos tr abal hoesal(@99) ®&Bobaer@tAlg20@6). a) Diagrama de fases
com condi - »e s~NNG-D3a pprassédo enm~4 &b@r, exibindo variacdo da
temperatura entre 850°C e 668°C e conmegidb de O de 9% a 6% b) Diagrama de
fases com condiNN@t2.4 g pregsaocktia s4 kieane vari@cdode T e
H20 similar a figuraBa. Abreviagbes minerais segu&ihitney & Evans (201Q)lIm:
ilmenita; Mag: magnetita; Cpx: clinopiroxénio; Faialda; Amp: anfibdlio; Bt: biotita;
Pl: plagioclasio; Afs: alcalfeldspato; Zrn: zircdo; Afs: alcaleldspato; Tnt: titanita;

Aln: allanita; QzZ: QUAMZO0.........cceeeiieeeeeeeeeeee e 118

Figura 9 Di agrama de f ases ¢ omNbBONO3d temperaurafde x a d
~750°C, com variacéo da pressdo em 2, 4 e 8 kbar e concentracdo de H20 entre 3% e
6,5%. Abreviagbes minerais seguem Whitge¥vans (2010) Mag: magnetita; Cpx:

clinopiroxénio; Fa: faialita; Zrn: zircdo; Aln: allanitapx: pigeonta; Ilm: ilmenitall9

Figura 10 Teor médio de anortita (An) do plagioclasio da amostra NIRP, plotado em
funcdo da concentracdo de(H no melt para diferentes temperaturas e pressoes
experi mentais. a) Diagr ama 2d\&O1L.Zepessdoc o m
em ~4 kbar, exibindo variacdo da temperatura entre 850°C e 668°C e concentragao de
HOentre 9% e6% ) Di agrama de fases eMNO+t2ddendi -
pressdo em ~4 kbar e variacdo de T similar a figura 8@ehtre9% e8%. c) Diagrama
def ases com condi >»>NNOsL.3 €& temperdtars de e-1H0°@, ©om
variacao da presséo em 2, 4 e 8 kbar e concentraca&®dekie3,5% e 6,5% A linha

vermelha corresponde a variacdo composicional detectada....................c..... 124
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CAPITULO 1: INTRODUCAO
1.1 APRESENTACAO

Durante o Neoargueano, formea naporcédo centraorte da Provincia Carajas um
expressivo magmatismo granitoide neoarqueando/%273 Ga) representado pelo Granito
Igarapé Gelad¢Barbosa 2004)Complexo EstreléBarroset al. 2001 e 2009)Granito Serra
do Rabo(Sardinhaet al. 2006, Granitoides Vila UniagMarangoanhat al. 2019)e pelas
suites PlanaltHuhnet al. 1988 Feioet al 2012 2013 Cunhaet al 2016)e Vila Jussara
(Teixeiraet al. 2013 Da | | 6 & gl.r2@LY, Silva et al 202Q Sousaet al 2022) A origem
desses granitos tesido associada a fusao parcial de rochas maficas a intermediérias da crosta
inferior, e s&o classificados como granitoidesm afinidade tipo A, subalcalinos,
metaluminosos a fracamente peralumindSasdinhaet al. 2006 Barroset d. 2009 Feio et
al. 2012 Marangoanhat d. 2019) Com relacéo aazbes FeO/(FeO+MgO) em rocha tpts
granitoides das Suite Vila Jussara e Planalto exibem uma varigsie ferrosas até
magnesianas, no sentido lei@stet al. (2001) Além dissoFeioet al. (2012)eDal | 6 &g n o |
al. (2017)aventaam a hipétese de os granitoides neoarqueanos representarem na realidade

granitoides de sérieharnoquitica hidratadas

Esses gmitoides Neoarqueanos,egalmente se apresentam como corpos alongados e
orientados segundo toend WNW-ESE a EW, fortemente fahdos com orientagdo mineral
evidenciad pelos méaficos anfibdlio e biotitalém disso, sdafetados por zonas de cisalhamento,
ao longo daguais ogyranitosseencontram milonitizado@Huhnet al. 1988 Barroset al 1997,

2001, 2009Sardinhaet al 2006 Feioet al 2012 2013) A Suite Planalto é constituida por

sete plutons e urstock todos com menos de 10 km em sua maior dimensd&o, constituidos por
monzogranitos e sienogranitos com conteado modal variavel de biotita e hornBeratzhas

desta suite sao intrusivas nas unidades mesoarqueanas e no Supergrupo ltacaiinas, no Dominic
Canaa do Carajas. A Suite Vila Jussara é formada por corpos com dimensdes similares ou um
pouco maiores do que aqueles da Suite Planalto, localizadssaemaioria nos arredores de

Vila Jussara, na por¢ao central do Dominio Sapucaia, pseéastendendo para o leste, até o
limite entre o Craton Amazénico e o Cinturdo Aragai2a a | | @tAalR0ld)INa Suite Vila
Jussara, também predominam monzogranitos, porém granodioritos e tonalitos sdo muito mais
abundantes do que nos demais gramtasarqueanos, além de apresec#aéiter magnesiano

( Dal | etAalgald)l



Estudos recentes mostram queuée neoarqueana Vila Jussdii@ixeiraet al 2013
Dal | 6 étgliROLF, Silva et al. 202Q Sousaet al. 2022)é similar geoquimicamente aos
granitos tipeA do Dominio Canaa do Carajas e da Bacia Carajas, por apresentar anfibdlio e
biotita como principais fases méaficas e também, ilmenita, por vezes com magnetita associada,
como principais 6xidos de Fé, além de aros cristais reliquiares de clinopiroxénio e auséncia
de ortopiroxénio. De acordo cof@unhaet al (2016) a Suite Planalto foi formada em
condicOes reduzidas, proximas ao tampao FMQ e apresenta: anfibolios fHredfes+Mg)
>0.8] predominantemente da variedade potabagtingsita e subordinadamente, cloro
potdssio hastingsita; biotitas com razdes Fe/Ng *o tipo annita, embora relativamente
enriquecidas em Al; ilmenita e magnetita com composi¢cdes proximas de seus membros
extremos ideais, embora a ilmenita mostre proporcdes variaveis de pyrophanita ¢gMeTiO
titanitas com razéo Fe/Al variaveis. Na Suite Vila Jugsddaa | | @tAl@0l6) bs anfibdlios
das variedades ferrosa reduzida e oxidada sao similares aqueldsedal&halto (potassio
hastingsita), ao passo que nos granitos magnesianos o anfibdlio é potgsésio
hastingsita. As biotitas nos granitos ferrosos reduzidos sdo similares aquelas descritas no
Planalto (annita), porém nas variedades ferrosa oxidasagmesiana as biotitas exibem
variacdo composicional entre ferrosa e magnesfaom uso de geobardometro se sugere que
0s granitoides neoarqueanos daftes Planalto e Vila Jussara foram formados a partir de
magmas gerados em pressdes crustais de ~ 8000iPa e colocados na crosta a pressoes
entre 300 e 500MP&unhaet al. 2016 Da | | 6 & gl 20d7)

Além disso, uma série de estudos quinmdaeraldgicos e geoquimicos vem sendo
realizada nas suites Planalto, Vila Jussara gnaogtoides Vila Unido com objetivo de estimar
os parametros fisicos reinantes durante a evolucao dos seus rf@tivears etal. 201Q Feio
etal.2012,Cunhaet al.2016 Da | | 6 & g.2047 Silvaet al.202Q Souseet al 2022) Em
funcdo do acentuado contraste existente entre os granitoides neoarqueanos da PC, se torne
necessario aprofundar o estudo sobrprosessos envolvidos na geracao dos seus magmas e
definir de forma mais rigorosa os parametros fisicos atuantes durante sua cristalizacdo. Em
razao disso, devido a natureza ferrosa da maioria dos granitos neoarqueanos das suites Planaltc
e Vila Jussara, ada permanecem incertezas quanto a definicdo de determinados parametros de
cristalizacao, principalmente a pressao de geracédo e de colocacdo dos magmas e o intervalo de
temperatura em que se deu a sua cristalizacdo. O teaiGledttido nos magmas também
necessita ser melhor definiddNeste contexto, a pesquisa a ser desenvolvida nessa tese de

doutorado tem como propésito aprofundar a caracterizagdo quimmesalogica de fases



acessorias primariasspecificamente epidotoitanita, além d efetuar estudos experimentais
para obter melhor entendimento dos processos de formacéo e evolu¢cao dos magmas formadores

deses granitoidedleoarqueanos dadvinciaCarajas

Esta pesquisa estd sendo desenvolvida em colaboracdo com detekmitorado de
Fernando Fernandes da Silva, sob orientacdo do Prof. Davis Carvalho de Oliveiraeque te
como objetivo definir a(s) fonte(s) e os processos de diferenciagdo magmatica envolvidos na
formacédo e evolucao do(s) magma(s) da suite Vila JuSsardoém conta com a colaboracao
da dissertacdo de mestrado de Luan Alexandre Martins de Smmajnformacfes de
petrologia magnética e caracterizacdo dos minerais 6xidos-fledes granitoides da Suite
Vila Jussara. As pesquisasimamencionadagoram desenvolvidas no Programa de Pos
graduacdo em Geologia e Geoquimica deURPA, por membros do Grupo de Pesquisa
Petrologia de Granitoide®©s estudos experimentaisram realizados em parceria com o
Institute des Sciences de la TerrgISTO), daUni ver si t ®sobdodedtacia®don s
pesquisador Dr. Bruno Scaill@oorientador dessa tese

Os resultados apresentados nessa pesquisa foram financiados pelo Conselho Nacional de
Desenvolvimento Cientifico e Tecnolégico (CNPq) pela codmesta bolsa de estudo
(Processd 70656/201) e taxa de bancada, além da cooperaca®imrama Institucional
de DoutoradeéSanduiche no Exterior PDSE, implementado pelaCoordenacdo de
Aperfeicoamento de Pessoal de Nivel Supd@HPES) através do processo
88881.190063/20181. As traducdes doartigos referentes aos capitulos 2 e 3 da thsam
financiadospelo Programa deApoio a Publicacdo Qualificaddnculado a PréReitoria de
Pesquisa da Universidade Federal do RParavés d editd 02-2022/PROPESRIFPA

A compartimentacdo dessa tese de doutocadisiste entinco capitulos. Wn capitulo
introdutériodenominaddCapitulo 1,abordanda apresentacddocalizacao da area de estudo
e contexto geologico regional da Provincia Carajas, destaque aassociacdes litolégicas do
Dominio Sapucai® Canaad dos Caraja&léem daapresentacdoadproblematica e estudo
objetivos a serem alcancados e metodologia aplicadaca@isulos 2 e 3apresentam os
resultados alcancados nessa tessdo difundidos na forma de dois artigos cientificos
publicados e/ou submetidospariddicos internacionais com Qualis A2. Da mesma forma, o
capitulo 4apreseta osresultadoexperimentais e diagramas de fagbsdosnaaplicacdo da
petrologia experimentahas suites Vila Jussara e Planaltom planejamento futuro de


https://www.gov.br/capes/pt-br/acesso-a-informacao/acoes-e-programas/bolsas/bolsas-e-auxilios-internacionais/encontre-aqui/paises/multinacional/programa-de-doutorado-sanduiche-no-exterior-pdse
https://www.propesp.ufpa.br/index.php/programas-da-propesp/989-papq-programa-de-apoio-a-publicacao-qualificada

publicacdo em p@&dico internacionalAl. Por fim, o capitulo Strata das conclusdes e
consideragdes finais, com compilacéo dos resultados alcancados na tese de doutorado

1.2 LOCALIZACAO E ACESSO

A area de Canaa dos Carajkgy(1a) situase imediatamenteos Dominios Sapucaia e
Canaa do Carajasntre a Bacia Carajas e o Dominio Rio Maria na Provincia CaFaja2é
e b). Partindo de Belém, o acesso a area de estudo pode ser feito por via terrestre ou aérea ate
as cidades de 8tabéa ou CarajdRor via terrestre, acesso a area de estudeito partndode
Marabapela BR 150até Eldorado dos Carajas, posteriormente, seguindo a PA 275 até
Parauapeba&m seguidao percurso pode ser feito p&lA 160(via pavimentada) em direcéo
a0 municipio de Canaéa dos Caragaor fim, estradas de acesso ndo pavimentadas permitem
alcancaros vilarejos denominados VilRlanalto eVila Jussarainseridos na area de estudo,

permitindo tambémgcessans limites nortee su da aredFig. 1b)

1.3 CONTEXTO GEOLOGICO REGIONAL

A Provincia Carajas (PC), localizada na por¢édo sudeste do Craton Amazénico (CA),
constitui um dos seus principais terrenos arqueanos. A PC é inserida no dominio Arqueano da
Provincia Amazb6nia Centrdlfassinari& Macambira 2004pu, de acordo com o modelo
proposto por Santat al.(2006), representaria uma provincia arqueana independent2af-ig.
Ao longo das ultimas décadas foram propostos diversos modelos de compartimentacdo
tectonica para a P@lthoff etal.2000 D a | | 6 & @.8043 Souzeet al.1996) Vasquezt
al. (2008) seguindo proposta dBantos (2003)propuseram denominar a porcao sul da
provincia de Dominio Rio Maria (DRM) e a sua porcéo central e norte de Dominio Carajas
(DC). Em modelo mais recente,a | | 6 & gl (201B)mantiveram o DRM e subdividiram o
DC em Dominio Sapucaia (DS), Dominiorda dos Carajas (DCC) e Bacia Carajas (BC).
Esses trés dominios teriam tido evolucao distinta daquela proposto para o Dominio Rio Maria
(Fig. 2b). Esta interpretacdo ndo foi seguida fOostaet al. 2020) que consideram que
estruturas do tipdome and keaontrolaram a evolugdo do Dominio Rio Mazida porcéo sul
do antigo Dominio Caraja®liveiraet al (em preparacdo) e Nascimento (2023) seguem em
l i nhas gerais a aal{@pl8)snasaadothm asienbnminagdesaeaio

Sapucaia e Terreno Canaa dos Carajas.
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O Dominio Rio Maria é um terreno Mesoarquean® (& 286 Ga), composto
dominantemente por sequénciasgieenstone belf3.0 a 290 Ga;(Macambira& Lancelot
1996 Souzeet al.2001)e granitoides do tipo TTG @8 a 293 Ga;Almeidaet al.2011, 2013)
além de rochas sanukitoides, suites graniticas a leucogranodioriticas de -8toeBa
leucogranitos potéssicos (2-886 GaAlthoff etal.2000 D a | | 6 & g.2006 Oliveiraet
al. 2011, Silvaet al.2018)

2 Limites Tectonicos ~ Falhas
#  Zona de Cisalhamento Dictil
[ Cinturdo Araguaia
Bl Granitos Anorogénicos
Bacia Carajis ¢ Dominio Canda dos Carajas
[ Cobertura sedimentar
3 Granitos indiferenciados (Suite Plaqué)
Bl Diopsidio-Norito Pium ¢ rochas afins
Wl Magmatismo Mafico-Ultramafico
@@ Granitos Subalcalinos: Suitc Planalto (P1);
Serra do Rabo (Sr); Igarapé Gelado (1G)
Complexo Granitico Estrela (CE); Vila Unido (VU)
[ Suite Pedra Branca
3 Supergrupo Itacaitnas
3 Leucogranitos Célcio-alcalinos- Bom Jesus (bj);
Cruzadio (Cz); Boa Sorte (Bs);
Serra Dourada (Ds)
B Complexo Tonalitico Campina Verde
3 Trondhjemito Rio Verde
B Granito Canaa dos Carajas
3 Complexo Xingu
Bl Tonalito Bacaba
I Ortogranulito Chicrim-Cateté
°0'S{  Dominio Sapucaia
[ Leucogranito Velha Canada
[ Suite Vila Jussara
[ Charnoquitos indiferenciados
B Leucogranito Potassico: Xinguara
[ Leucogranodiorito/granito alto Ba-Sr
(Nova Canada e Pantanal)
3 Trondhjemito Colorado e rochas afins
] Sanukitoides - Agua Azul (aa) e
Agua Limpa (al) granodioritos
B Tonalito Sao Carlos
B Tonalito Caracol
Bl Greenstone Belts (Grupo Sapucaia)
Dominio Rio Maria
3 Grupo Rio Fresco
B Leucogranito Potassico (Mata Surrdo)
[ Suite Guaranta e rochas afins
[ Suite Rio Maria e rochas afins
3 Tonalitos-trondhjemitos
Bl Supergrupo Andorinhas

Figura 2- a) Localizacdo da Provincia Carajas no Craton Amazoénico; b) Compartimentagao t
da Provincia Carajas nos Dominios Rio Maria, Sapucaia, Canaéd dos Carajas e Bacia Carajé
Dal | 0 gli2013) (c) Mapa geologico da Provincia Carajganaetangulo corresponde a ¢
de estudo referentes as Suites Vila Jussara, localizada no Dominio Sapucaia e Planalto, n
Canaa dos Carajas.

Dominio Bacaja

oW

O Dominio Sapucaia (25 a 273 Ga) € formado por rochas TTSantost al.2013
Leite-Santos& Oliveira 2014 Silva et al. 2014) sanukitoideqGabriel & Oliveira 2014)
leucogranodioritos com alto Ba e Sr e leucogranitos potas@iebseiraet al. 2013 Leite-

Santosk Oliveira 2016) apresentando fortes analogias em termos litoldgicos com o DRM (Fig.
2c). No entanto, as rochas do DS foram intensamente deformadas durante o Neoarqueano (2.75
2.73 Ga) e seccionadas pelos granitoides da Suite Vila JusBaaal | @tAlR0OLE Silvaet

al. 2020)e por leucogranitos potassicos, ambos de idade Neoardqleé@rssantost Oliveira

2016)



O Dominio Canaa dos Carajas € constituido essencialmente por gsaittossensu
e associa¢cfes charnoquiticas (FAg). De acordo com Feiet al (2013), o DCC apresenta
quatro principais eventos magmaticos, trés de idade Mesoarqueana e um de idade Neoarqueana
Em 3.053.0 Ga, ocorreu a formacéao do protolito do Complexo FRingeonret al.2000) do
Tonalito Bacaba (=B Ga;Moreto et al. 2011)e de outras rochas com idades semelhantes.
Entre 296-2.93 Ga formaranse 0 Granito Canad dos Carajads e as rochas mais antigas do
Trondhjemito Rio Verde. No periodo de82 a 283 Ga detse a cristalizacdo do Complexo
tonalitico Campina Verde, do Tronénjito Rio verde e dos granitos Cruzadéo, Bom Jesus,
Boa Sorte e Serra Dourada. No Neoarqueano, entf® €2273 Ga, se deu a formacéo dos
granitos subalcalinos da Suite Planalto, dos granitos sodicos da Suite Pedra Branca e das rocha:
charnoquiticas do@nplexo Pium(Feioet al.2012 Santoset al.2013 Rodrigue<et al.2014)

1.4 APRESENTACAO DO PROBLEMA

As suites Planalto e Vila Jussara foram previamente estudadas por diversos autores
(Huhn et al. 1988 Santoset al. 2013 Feio et al. 2012, 2013 Santos& Oliveira 2014
Dal | 0&kg.R047 Silvaet al.202Q Souseaet al.2022) os quais efetuaram a caracterizacao
geoldgica, petrografica, geoquimica e geocronoldgica das referidas suites. Estudos quimico
mineraldgicos e estimativas dos priraig parametros de cristalizacdo de granitos da Suite
Planalto foram apresentados gamhaet al (2016)e dos granitoides da Suite Vila Jussara por
Dal | 6 &tqin(8017) e Sousaet al (2022) A Suite Planalto apresenta caracteristicas
petrograficas e quimiemineraldogicas similares as observadas no Complexo Estrela e no
Granito Serra do Rabo, sendo composta predominantemente por monzogranitos e
sienogranitos, com carater ferroso reduzido.uantp que a Suite Vila Jussara € constituida
por monzogranitos, com sienogranitos, granodioritos e tonalitos subordinados, os quais
apresentam variedades ferrosas reduzidas, ferrosas oxidadas e magiiesifhas Da&% | 6 Ag
Oliveira 2007 Frostetal.200, D a | | 6 exa.20&7) Portanto, embora existam semelhancas
petrograficas, quimicmineralégicas e geoquimicas notaveis entre 0s granitos neoarqueanos
da Provincia Carajas, ha também contrastes entre as rochas das diferentes suites neoarqueans
gue precisam ser melhor explicados de modo a esclarecer a origem e cristalizacdo dos seus
magmas. Isto implica a necessidade de definir com mais rigor os parametros fisicos prevalentes
durante a sua evolugdo magmatica, entre eles intervalo de temperatuistalieacéo, as
pressdes em que se deram a geracao e colocacao do(s) magma(s), condi¢cdes de fugacidade d

oxigénio e o conteudo de:8 nesses magmas.
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A cristalizacdo de uma rocha ignea é o resultado final de processos complexos de
evolucdo de um magngue vao desde a sua formacao, seguida de sua ascensdao, colocacéo e
solidificacdo. A rocha ignea é o Unico testemunho desta longa trajetoria, sendo fundamental
buscar dentro dela 0 maximo de informacgGes que nos auxiliem a decifrar sua petrogénese e
cristalzacéo. Dentre as diversas ferramentas utilizadas para a melhor compreensao da origem
de uma rocha ignea, as observacdes de campo, os estudos-quiimeieddgicos, petrograficos
e geoquimicos, ao lado dos estudos de geoquimica isotopica, sdo essensatdpestudos
experimentais obtidos em condi¢cdes condizentes com o ambiente geoldgico estudada fornece
valiosos complementos aos métodos menciongusitindoa elaboracdo de diagramas de
fases em que a influéncia na cristalizacdo dos principaéngtmns intensivos, tais como
temperatura (T), pr es s « 02 e(cénjeydo deudy XHO)dda de d
magma, pode ser avaliada de modo mais criterioso. Tais experimentos mgreduzir
condicdes préximas e/ou compativeis com aquelas supeste reinantes durante a formacao
e cristalizacdo dos magmgsradoresios granitosneoarqueanosSCom issQ possibilitando
definir de modo mai s ri gor osoeinant®s ddranfeasuant e
evolucdo além de auxiliar na compreensdo dos contrastes astm@azéede/Mge 4 O

observads entre os grarotdesestudados.

O perfeito conhecimento da composicdo quimica dos minerais constituintes dos
granitoides neoarqueantanbém € de grande relevancia, porgue tais informacfes poderao ser
confrontadas com as composicdes das fases obtidas em experimentos equdbuir na
definicdo dos parametros de cristaliza¢ab aAlgrold@t al. 1999 Bogaertset al. 2006) Os
principais minerais ferromagnesianos presentes nos granitoides neoarqueanos da Provincia
Carajas sao anfibdlio e biotita, os quais ja foram estudados em trabalhos ar(tetinheet
al. 2016 Da |l | 6 &t @In2017) Da mesma formaSousaet al (2022) caracterizaram o0s
oxidos de F€Ti da Suite Vila Jussarassim compestudogjuimicomineralégicode epidoto
foram iniciados poD a | | 0 ét @ln(2017)na mesma suit@orém,tornase indispensavel
aprofundara caracterizacaquimicomineralogico de epidotoa Suite Vila Jussarppis, sua
formacdo auxiliana compreensdevolutivade magmas arqueanos, além dostrastes em

relacdo &uséncia de epidoto salite Planalto.

Em relacdo a titanita, estudos swgerque sua composi@ quimica pde fornecer
indicacGes quanto a sua origem magmatica ou metamaorfica/hidro{éteiaikoff et al.2002

Kowallis et al.2022) entretantoa sua cristalizagdo é geralmente complexa e nem sempre pode



se tirar conclusbes com base apenas emvsues;0es composicionaigois zoneamento em
setoresé consideradofeicdo muito comum em titanitédkohn, 2017) Nesse contexto,
zoneamentdoi amplanente identificadanos cristais de titanita dos granitoides das suites
Planalto e Vila Jussarpodendo corresponder a proceiggeo ou reequilibrio do cristal devido
efeitos secundarios Como as suites neoarqueanas se situam num dominio afetado por
importantes eventos tectonicos, cpropostas denetamorfismae hidrotermalismassociado,
tornase importante avaliar se as diferentes zonas dos cristais de titanita se faymafeem

periodos distintos.

Desse modo, apesar dos estudos ja realizados e dos expressivos dados disponiveis na
literatura sobre os granitos neoarqueanos da Provincia Carajas, para avancar na compreensac
da origem destes granitos, se faz necessario realizar esijgkramentais para esclarecer a
evolucdo magmatica e definir com mais rigor os parametros intensivos de cristalizacdo. Em
paralelo, serdo efetuados estudos complementares de quimica mineral voltados para fases
acessorias dos granit@specificamentepiddo e titanitadas variedades pertencentes as Suites
Planalto e Vila JussarBretendese integrar os resultados obtidos nesta pesquisa com os demais
dados disponiveis na literatura, com a finalidade de avancar nas discussdes sobre a natureza ¢
processos @lutivos dos magmas responsaveis pela formagédo dos granitos neoarqueanos da
Provincia Carajgsalém disso, pretenegs® comparar os resultados com os de rochas

mesoarqueanos e paleoproterozoicas da provincia.

1.5 OBJETIVOS

Tendo em vista os problemas disdas no item anterior, a pesquisa a ser desenvolvida
nesta tese de doutorado tem como principal objetivo, realizar estudos de petrologia
experimental para elaborar diagramas de fase e definir os parametros fisicos reinantes durante
a cristalizacéo das saft Vila JussaraPlanaltoe com isso, contribuir para esclarecer a origem
e evolucdo de seus magmas. Em paralelo, premd@rofundar a caracterizagcdo quimico
mineraldgica de epidote titanita auxiliando na compreensédo dos contrastes existentes entre

as suites neoarqueanas da PC.
Os objetivos especificos sao listados a seguir:

(1) Definir os intervalos de temperatura de cristalizacdo e as pressdes de geracdo e

colocacdo dos magmas;

(2) Determinar o contetudo de agua no magma,
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(3) Investigaro contraste de fugacidade de oxigénio nas facies;

(4) Definir a ordem de cristalizagdo dosnerais das principais variedadasavés de

diagramas de fasges

(5) Determinar a composicao do epidoto magmatico da Suite Vila Jussara e estabelecer

suas condi¢des de formacao;

(6) Analisar a composicdo quimica e 0 zoneamento das tit@nftescurar edarecer se

este é de origem magmaticasecundaria

(7) Comparar as composicfes quimicas e aspectos texturais da titanita dos granitoides

neoargueanos com aquelas de titanita de granitos paleoproterozoicos da Provincia Carajas.

(8) Idem com epidoto mamyatico dos granitoides neoarqueanos em relacdo ao epidoto

presente em granitoides mesoargueanos da Provincia Carajas.

1.6 MATERIAIS E METODOS
1.6.1 Pesquisa bibliografica e pesquisa orientada

Durante o desenvolvimento da pesquisa foi feito um levantamahtiografico da
geologia Argueana da Provincia Carajds com énfase no magmatismo granitoide e,
particularmente, suas caracteristicas petrograficas, geoquimicas e mineralégicas. Podem ser
destacados trabalhos abordando o contexto geoldgico, estudos petrograficos e petrologicos de
rochas graniticas neoarqueanas da porcao sudeste do Craton Amékdhic@t al. 1988
Barroset al.1997 Da | | 0 & gl.41999 Barroset al. 2001, 20090liveiraet al.201Q Feio
et al.2012, 2013Cunhaet al.2016 Santos& Oliveira 2014 Sardinhaetal. 2006 Teixeiraet
al. 2013) Além disso, também foram considerados outros artigos sobre granitoides arqueanos,
tanto da Provincia Carajas, quanto de outros cratons arquSamos Hanson 199]Althoff
et al.200Q Bandyopadhyawgt al.2001, Moyenet al.2003 Matrtin et al.2005 Jayanandat al.

2006 Champion& Smithies 2007Rajesh, 2008Heilimo et al. 201Q Oliveira et al. 2010
Almeidaet al. 2011, 2013 Moyen & Martin 2012; Gabrie& Oliveira 2014 Laurentet al.
2014 Zhouet al.2015 Santosk Oliveira 2016).

O planejamentaedrico, foi feib, sob supervisdo direta do orientador da teadprma
depesquisa orientada abordando os conceitos termodinamicos, diagramas de fase e estudos de
petrologia experimental voltados para sistemas graniticos eglics;0es. Diversos artigos e
capitulos de livros foram discutidos em maior profundidade nesta(étsila & Bowen 1958,

Yoder & Tilley 1962 Ehlers 1972Whitney1975Coxet al.1979 Morse 1970, 198Winkler
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1979,Manning 1981aNaney 1983Skjerlie & Johnston 199Zohannes e Holtz 199Batifio
Douce 1997D a | | 0 &t a@l.2999,Xiong et al.1999,Kaufman 2002|_ukkari & Holtz 2007,
Watkinset al.2007).

Além disso, tém sido priorizadas consultas na literatura a pesquisas envolvendo estudos
de quimica mineral e de geobarometria e geotermometria aplicados a rochas graniticas, com
énfasena determinacdo de parametros de cristalizacao e sua influénciaemasigraniticos
(Hammarstron& Zen 1971Ishihara 197 /AWatson& Harrison 1983Harrison& Watson 1984
Hollister et al. 1987, Johnsor& Rutherford 1989Blundy & Holland 1990 Carmichael 1991
Schmidt 1992Anderson& Smith 1995Andersoret al. 2008 Ridolfi et al.201Q Erdmannet
al. 2014 Papouts& PePiper 2014).

1.6.2 Coleta de dados

O Grupo de Pesquisa Petrologia de Granitoides (GPPG) possui no seu acervo um grande
volume de dados geoldgicos, petrograficos, geoquimicos e geocronolégicos das suites
neoarqueanas da Provincia Carajas, os quais serviram de base para a presente pesquisa. /
primeira etapa do trabalho consistiu na integralizacéo de todos os dados disponiveis na literatura
sobre as suites Planalto e Vila Jussara da Provincia Carajas, com a criagcdo de um banco de
dados reunindo todas as informacfes disponiveis sobre amossrasomp@s graniticos
submetidas a estudos petrograficos, mineraldgicos, geoquimicos e geocronoldgicos, realizados
em trabalhos anteriores por pesquisadores do referido grupo. A etapa seguinte foi localizar na
litoteca do Instituto de Geociéncias da UFPA, amsostras selecionadas para estudos
complementares que se pretende realizar nessas suites, verificando ao mesmo tempo a
disponibilidade de amostragem dos estudos anteriores. Foram assim selecionadas amostras
representativas da Suite Planalto e da Suite Miksara consideradas significativas para o

desenvolvimento desta pesquisa.

Complementarmente, no periodo de 01 a 06 de agosto de 2017, foi realizada campanha
de campo na regido de Canad dos Carajas, para reavaliagdo de campo e reamostragem do.
granitoices da Suite Vila Jussara. Esse trabalho de campo ocorreu sob a supervisédo do professor
Davis Carvalho de Oliveira e foi efetuado em conjunto com o doutorando Fernando Fernandes
da Silva e o mestrando Luan Alexandre Martins. Com base em informacg0es deletegapo
anteriores, foram selecionados previamente pontos considerados de maior interesse para a
pesquisa, onde ja se dispunha de amostragem e de informacdes petrograficas e geoquimicas, a:

quais indicavam maior complexidade nas relagOes entre asntbfeifdcies da suite. Nesta
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etapa, foi feita coleta de novas amostras para complementar os dados ja existentes e,
principalmente, se procurou compreender as relagdes de campo existentes entre as variedade:

de rocha da Suite Vila Jussara.

1.6.3 Quimica mireral
1.6.3.1Microscopia Eletronica de Varredura (MEV)

Foram registradas imagens de elétrons retroespalhados de secdes previamente
selecionadas, buscando melhor compreenséo das relacdes texturais entre as diferentes fase:
minerais. Foram entéselecionados pontos para realizacdo de analises semiquantitativas de
minerais naturais, tais comanfibdlio, biotita, titanita e epidoto de amostras da Suite Vila
Jussaraassim como, fases experimentais dos experimentos referentes as Suites Vila Jussara
Planalto.Os espectros de raiese as composicdes foram obtidas jorergy Dispersive
Spectrometry(EDS). As laminas polidas utilizadas nessa etapa foram confeccionadas na
Oficina de Laminacao do Instituto de Geociéncias da Universidade Federal GRaFPA),
seguidas de metalizacdo em carbono, realizada no Laboratério de Microanalises do IG/UFPA.
As andlises realizadas neste mesmo laboratério foram efetivadas por meio do microscopio
eletrénico de varredura (MEV) LEO modelo 1430, sob condicbes dageoh de 20kv.
Enquanto as pastilhas com os produtos experimentais foram confeccionais no Laboratério de
preparacao ddnstitut des Sciences de la Terda Université d'Orléans preliminarmente
analisadosnicroscépio eletrbnico de varredura, modelo ZeAd&m disso,umafase final de
identificacdo das fases experimentais por EDS em MEV foi realizadaalmoratorio de
Microscopia Eletronica (LMEYo Museu Paraense Emilio Goeldi, por meio do microscopio
eletrénico de varredura (MEV) do tipo Mira3 TescAssim como, este laboratério também
foi utilizado para obtencdo de composicdes e imageameat titanitas dos granitos

paleoproterozoicos, Jamon e Bannach.

O tratamento dos dados foi feito através do uso de tabelas modeladas para calculos de
férmulas estruturais e, posteriormente, os minerais de interesse foram classificados e agrupados
de acordo com a textura, conteudo de minerais maficos e principalmente, razdo Fe/(Fe+Mg).
Os dados obtidos no MEV permitiram uma visualizacao relativamerida idgs caracteristicas
dos minerais de interesse e sgmnde base para a sele¢céo de sec¢des e pontos a serem analisados

em microssonda eletronica.
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1.6.3.2Microssonda Eletronica

Para complementar os dados de quimica miner@lushaet al. (2016)e Dall 6 A geh o |
al. (2017) foram executadas andlises quantitatmasepidoto e titanita pertencenteSagtes
Vila JussaraPlanalto, além @ epidotos do3 T de Sapucaia e sanukitoide de Ourilandia do
Norte As analises foram feitagtilizando Wavelength Dispersive SpectroscdpyDS) em
microssondaletronica no Laboratério de Microanalises deWEPA. Paraasanalises de WDS
realizadas nestpesquisa foi utilizada microssonda eletronica JEOL -82BQ com cinco
espectrémetros em WDS e um em EBS |aminas polidas utilizadas foram metalizadas com
carbono e as analises por EDS foram realizadas em condi¢cbes de 20 kV, enquanto que, as
andlises poWDS seguiramde forma geral, aseguintes condi¢cdes de operacdo: Coluna de
aceleracdo da voltagem de 15 kV; corrente de 20 nA; tempo de analise de 40 segundos para F,
Na, Al, Cr, K, Sr, Ni, Mn, Ba, Ti, Cl, V, Y, Ce, La e 20 segundos para Mg, Si, Ca@de
cristais usados para as analises foram PETH para Cl e V; LIF para Ni, Fe, Mn, Ba e Ti; PETJ
para Cr, Ca, K e Sr; TAP para Na, Mg, Al e Si; e LDE1 para o F. Os padrdes usados para a
calibracdo foram ortoclasio (Si@ K>O), rutilo (TiQ), anortita (AbOs), magnetita (FeO),
diopsidio (MgO), rodonita (MnO), wolastonita (Ca0O), sodalitaNa Cl), fluorita (F), barita
(Ba), vanadinita (YOs), Celestina (SrO), 6xido de cromo §Og) e 6xido de niquel (NiO). Os

minerais analisados foram anfibdlio, biotiianita e epidoto.

Além disso,foram efetuadas andlises por WD8s experimentoke Il em associacao
com os estudos experimentagalizadosno Institut des Sciences de la Texa Université
d 6 Or | Nestanesapaxperimentgltornase necessariealizar o imageamentoi@entificar
as fases minerais cristalizadas em cada experimento, tarefa nem sempre facil devido ao tamanho
micrométrico da maioria dos cristasssim comogdeterminar a composi¢cao quimidassas
fases Para $sq € essencialutilizar microssonda eletrbnica. Posteriormente, uma vez
identificadas as fases presentes em cada experiménpossiveldefinir os campos de
estabilidade de cada minerat@m issoglaborar diagransade fases para as rochas das suites
Planalto e Vila Jussara estudadas experimentalmente. Neste estagio € muito importante
estabelecer comparacdes entre os resultados experimentais e as informacdes petrograficas ¢

mineraldgicas disponiveis sobre as rochas selecionadas para estudo.

1.6.4 Petrdogia experimental
Osestudos experimentagsn quatrcamostras representativas dos granitoides das suites

Planalto e Vila Jussafaram realizadosm colaboragcao cominstitut des Sciences de la Terre



14

daUni ver si t,&rawddoestagoaledoutorado sanduiche no exterior, financiado pelo
programa PDSECAPES A metodologiadesenvolvida nos experimentos ajustada de acordo

com os estudos termobarométricos realizados anteriormente nessasassitesomo, com

base en discussdes mais aprofundadas com o coorientador da tese, pesquisador Bruno Scaillet
Dessa forma, ® experimentos realizados s&o de cristalizagdo, os quais permitem atingir o
equilibrio em periodos de tempariaveis entre 7 e 21 diaBm cada série dexgerimentos,
fugacidade de oxigénio e presdacam fixadas a primeira em condi¢des reduzidas (~NNO

1.3) e em alguns casos, oxidada (~NNO+2.4), enquanto a pressdo predominante estudada foi
em ~4 kbar e subordinadamenteg 3B kbar. Com isso, a principaisvaridveis a serem
monitoradasaotemperaturavariando de 850°C a 668%teor de HO entre9% e 6% em

peso A fase experimentam laboratorio foirealizado no periodde nove meses e por isso,

foram realizadospena® ex per i me nt osem~NNOL.Derpregsaorenh @ kbar,O
dessa forma, as variedades fortemente reduzidas das Suites Vila Jussara e Planalto puderam se
avaliadas, entretanto, ciente de que a SulteJdssara foi formada em condi¢des predominante
oxidant es, n«o f oi poss?vekrNNOe2t4adevidaaprazn di a
designado pela@ontrato de permanéncia no exterintretanto, de forma geral, os nove
experimentos representandicdesfortementeaedutoras€<FMQ-tampao FaialitaMagnetita

Quartzo) até oxidantesNINO-tampé&o NiqueNiquelOxigénig e pressbées desde elevadas
baixas(~8 kbara ~2 kbar). O produto iniciadas amostras da Suite Vila Jussara (MR2E,

PFA-77, MDP-02A) e Planalto (AMRL16) foi obtido depois deduas fusGes em alta
temperatura(~1400°C) ea pressdo atmosférica. Desg$asdes foi gerado unvidro seco
representativo de cada amostra,qual sdoacrescentadosm capsulasjue possibilitam um
isolamenb. Internamente, as cépsulas de Au utilizadas nos experimentos apresentam
proporc¢des variavede agua e CQ este ultimo sob forma de oxalato de pratac(A@4). Os
experimentosforam efetuados em autoclaves com aquecimento intamerrfally heated
presure vesset IHPV), pressurizadas com misturas deHyre equipadas de sistemas de
hidratagdo rapida, permitindo preservar o equilibrio a elevadas temperaturas, inibindo a

cristalizacao durante a hidratacao.

O intervalo de temperatura a ser investigselsituouentre -850°C e668°C de modo a
cobrir o provavel intervalo entréquidus e solidus de sistemas graniticoseguindo a
fundamentacéo experimentaldaney (1983)Scailletet al.(19959, D a | | 0 &t @. (1998)
Nas diferentes temperaturas de cada série de experinfentmsinvestigadogl a 3teores de

agua diferentesvariando entre os limites de 9% e 6% d®Hcorrespondedoa um numero
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de30experimentos para cada amostra e consequentemente, um iddkaperimentos para
o conjunto do programanalitico experimental.lUm maior detalhamento da preparacéo de
amostras, assim como, dos equipamentos e padrdes utilzedesperimentasao informados

ao longo @ topico3 do Capitulo 4 dessa tese de doutorado.
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ABSTRACT

In the Rio Maria and Sapucaia Domains of the Carajas Province, during the
Mesoarchean, tonaldeondhjemitegranodiorite (TTG) series (2.9892 Ga; Colorado
Trondhjemite) and sanukitoid rocks (~2.87 Ga; Riaisl&uite of Ourilandia do Norte) were
formed. They were followed, in the Neoarchean (278 Ga), by numerous stocks of
granitoids similar to Atype granites (Vila Jussara Suite). Despite the compositional differences
between these granitoids, epidageai mineral phase common to all of them, with pistacite
contents of 229 mol% in TTGs, 233 mol% in sanukitoids and 22 mol% in Neoarchean
granitoids. The study of the dissolution kinetics of Archean epidotes of the Carajas Province
reveals that the pgal dissolution time of their crystals was-18 years, with corresponding
magma ascent rates of8dkm/year. Magma viscosities at liquidus temperature were estimated
at 103 Pa s for TTG magma and 40Pa s for sanukitoid magma, whereas monzogranitic
magmas of the Vila Jussara Suite exhibited a viscosity tfR8 s. In contrast, the viscosity
of tonalitic magma of the Vila Jussara Suite wa3°1®a s. The preservation of magmatic
epidote in Archean granitoids requires that the plutons grew inceenmiental way, similar to
their Phanerozoic counterparts, with the stacking of smalligkdés of about 100 m thickness
each intruded in a rather cold crust, allowing fast cooling rates so as to prevent complete

dissolution of epidote at the final emplazent level.

Keywords: magmatic epidote, Archean, Carajas Province, dissolution, viscosity, incremental
growth



18

1INTRODUCTION

In the Archean, the upper mantle temperature was estimated to be approximately 1600°C,
near ~250°C above its curremierage temperature (Sizova et al., 2015). This was due to the
higher production of radiogenic heat and drastically affected the thickness and composition of
the crust (Sizova et al.,, 2015 and references therein). The onset of the continental crust
formation resulted from the cooling and differentiation of the Earth and was combined with
continuous magma extraction from the mantle. This caused changes in the crustal growth rates
and resulted in an increase of crustal volume. These processes began ily theclea@an but
were intensified at the end of the Mesoarchean and throughout the Neoarchean (Taylor and
McLennan, 1985; Kramers and Tolstikhin, 1997; Belousova et al., 2010; Dhuime et al., 2011,
Guitreau et al.,, 2012) when, in addition to tonafittndhjemite-granodiorite (TTG)
associations, larger volumes of sanukitoids, hybrid granitoids and potassic granites were
formed, resulting in rocks with more diversified geochemical signatures (Martin, 1987; Moyen
et al., 2003; Jayananda et al., 2006; Barros.e2@09; Feio et al., 2012; Moyen and Martin,
2012; Al meida et al., 2013; Laurent et al .,
et al., 2017; Silva et al., 2018). This geochemical variability is evidenced by marked variations
in the continetal crust. It occurred between 3.0 and 2.5 Ga, when more than 50% of the current

continental crust volume was formed (Bédard, 2017).

TTGs are the oldest and largely dominant felsic plutonic association in Archean times.
Accordingly, their origin and reletnship with tectonic regimes have been widely discussed
(Moyen and Martin, 2012; Sizova et al., 2015; Moyen and Laurent, 2018; Smithies et al., 2019).
Conversely, highvilg monzodiorites and granodiorites, known as sanukitoids, are less
voluminous componestof late Archean terranes, formed from interactions between the
peridotitic mantle and a component rich in incompatible elements (Martin et al., 2005; Oliveira
et al., 2010, 2011; Heilimo et al., 2010; Laurent et al., 2014; Sizova et al., 2015). Cdrsidera
volumes of leucogranodioritic and granitic rocks were also formed in the final stages of the
Archean (Jayananda et al., 2006; Almeida et al., 2013, 2017; Silva et al., 2018). This process
of granitoid magma migration enabled the transfer of heat asd fmam the lower to upper
crust, resulting in the chemical differentiation of the continents and thermal and mechanical

interactions during magma rise and emplacement (Brown and Solar, 1988).

In this context, it is relevant to determine variations ofvilseosity of silicate magmas,

because this parameter plays a key role in the transport dynamics, type of eruption and rates of
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physicochemical processes of natural magmas (Giordano et al., 2008), being crucial for a
quantitative understanding of igneousogesses (Persikov, 1991). The viscosity strongly
depends on the composition of the melt, particularly its; $@tent, which determines its
degree of polymerization, but also on temperature, content and nature of volatile species, cation

types, among o#r factors (Cruden and Weinberg, 2018).

The Carajas Province (CP) presents a wide diversity of granitoid rocks formed from the
Mesoarchean to the Neoarchean (~3.0 to 2.57 Ga). The present study focuses on three different
types of granitoids that occurtihe Sapucaia Domain of this province and at its border with the
Rio Maria Domain. Such granitoid rocks include tonalites and trondhjemites of TTG
associations (Santos et al., 2013; Teixeira et al., 2013; Silva et al., 2014Saeits and
Oliveira, 2014)and sanukitoids (Gabriel and Oliveira, 2014; Santos and Oliveira, 2016; Silva
et al., 2018), both of Mesoarchean age (2.93 a 2.85 Ga), as well as ferroan to magnesian
Neoarchean granitoids (~2.75 to 2.73 Ga), geochemically akirttoyAp e gr annd es (
et al., 2017; Silva et al., 2020).

Despite the geochemical and petrological differences among TTGs, sanukitoids and
Neoarchean granitoids, magmatic epidote is a common mineral phase in these rocks. It is known
that epidote stability strongly depends thie physicochemical parameters prevailing during
magma evolution (Brandon et al., 1996; Keane and Morrison, 1997; Sial et al., 2008; Brasilino
et al., 2011; Nagar and Korakoppa, 2014; Long et al., 2019). Hence, this study aims at, on the
basis of the textral and chemicainineralogical characterization of the epidote present in
Mesoarchean and Neoarchean granitoids of the CP, estimating epidote partial dissolution time
scale, the ascent rates and initial viscosity of each granitoid magma, and the &abiigy o
magma to preserve epidote during pluton emplacement and crystallization in upper crust. Our
study allows us to more accurately assess the physicochemical conditions of the formation of
these granitoid magmas and to better understand the evolutimagrhatic epidote. In the
following, we start by a brief overview of factors controlling epidote stability in granitoid
magmas, and then present the data obtained in the study area and their implications.

2 STABILITY OF EPIDOTE IN MAGMAS AND TEXTURAL CRITER IA FOR ITS
IDENTIFICATION

Epidote is a key indicator of variations in crystallization parameters (Schmidt and
Thompson1996) because it is extremely sensitive to changesHéRconditions and it may
be destabilized and completely dissolved during emplacement (Long et al., 2019). Based on
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experiments conducted over the past few decades, the role of epidote during magmatic
crystallization is relatively well understood, and expemtal results have confirmed the
paragenesis of natural rocks produced under differéiR2 conditions (Schmidt and Poli

2004).

Experimental studies demonstrate the stability of epidote above 300 MPa; however,
depending on the composition and oxygemafcity, the minimum pressure for epidote
crystallisation may vary (Schmidt and R@004). Crawford and Hollister (1982), based on the
intersection of the solidus curve with that of epidote (Li®¥3), proposed that in2B-
saturated granites, magmatepidote requires a minimum pressure of ~600 MPa. In
granodioritic and tonalitic magmas, epidote is stable at pressures between 800 and 1000 MPa
at temperatures near the solidus curve (Naté83; Lioy 1993; Schmidt and Thompson
1996). However, epidote mayr yst al | i se at pressuJgneastheas |
HematiteMagnetite buffer, whileat NNi O, it i s only stabl e at
1983; Schmidt and Thompsot996). In general, epidote stability increases under more
o x i di zdomdgonsiLivu, 1973; Schmidt and ThompsatR96; Poli and Schmidt, 2004;
Schmidt and Poli, 2004; Oliveira et al., 2010), and the pistacite contents characteristic of
magmatic epidotes observed in experiments are mainly found between hemagfitetite
(HM) and nickeINNO buffers (Liou, 1973). Oscillatory zones in epidote crystals may reflect
changes in composition or in oxygen fugacity (Franz and Liebscher, 2004; Pandit et al., 2014).
At low-pressures, outside the stability field of epidote, magnetite iallyshe main F&-
containingphase (Drinkwater et al., 1991) and its modal content increases in rocks without

epidote crystallization (Hammarstrom and Zen 1992; Schmidt, 1993).

The following equilibrium appears to control epidote stabilitgrianitoids (Schmidt and
Poli, 2004):

hornblende + Kfeldspar + plagioclase + magnetite Q4= epidote + biotite + quartz

Archean granitoids described below exhibit textural facies consistent with the
concomitant formation of epidote and biotite, both diick are magmatic. This relationship

can be explained by the peritectic reaction below (e.g., Sial #08D).
plagioclase + amphibole + melt = biotite and epidote

Experimental studies in tonalitic compositions show that epidote + biotite can be formed
through peritectic hornblende resorption without completely consuming the hornblende in the
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system, decreasing only its abundance proportionally to the modal increase in biotite + epidote
(Schmidt and Poli, 2004 and references therein).

Textural and compatsonal criteria used to distinguish between magmatic and secondary
epidotes, include (1) euhedral to subhedral crystals with prismatic or hexagonal shapes; (2)
mineralogical associations with primary hornblende and biotite; (3) epidote with oscillatory
zoning, allanite core and irregular contact with quartz and plagioclase; (4) pistacite content
ranging from 25 to 35%; and (5) i@ ont ent O 0. 137% (Liou, 197
Hammarstrom, 1984; Zen, 1985; Evans and Vance, 1987; Dawes and EvdnsSdi@aidt
and Poli, 2004; Sial et al., 2008).

In granitic systems, allanite crystallizes at temperatures significantly abbaas it can
be later shielded by epidote rims and finally isolated epidote crystals can also occur (Gieré and
Sorensen, 2004Pawes and Evans (1991) proposed that allanite cores surrounded by epidote
form due to magma impoverishment in rare earth elements during crystallization, which inhibits
allanite crystallization and enables epidote epitaxial growth. However, the oxigtiernf Fe

when inserted in the crystalline structure of allanite is controlled by the reaction:
FE*+OH z Fe'+ O +12 H

Based on this reaction, Gieré and Sorensen (2004) suggested that the stability of allanite
in magmas may be more dependent an il d » tliadon the content of rare earth elements.

3 REGIONAL GEOLOGY

Located in the southeast section of the Amazonian craton, the Carajas Province is one of
the main Archean terranes of this craton. The CP is inserted in the Archean domain of the
Central Amazonian Province (Tassinari and MacamBio@4), or alternatively, according to
the model proposed by Santos (2003), it represents an independent Archean province (Fig. 1a).
In recent decades, various tectonic segmentation models have beergifoptise CP (Souza
et al, 1996; Althoffetal,2 0 0 O ; Dal |l 6 Agnol et al ., 2006, 2
with Santos (2003), proposed naming the southern section of the province as the Rio Maria
Domain (RMD) and its central and northern gats as the Carajas Domain (CD). In a more
recent mo d e | ,. (2@ 3) Imhkidtaingdntiee IRM2 lut sabdivided the CD into the
Sapucaia Domain (SD), Canaa dos Carajas Domain (CCD) and Carajas Basin (CB). These three
domains would have evolved diffetgnfrom the RMD (Fig. 1b). This interpretation was not

followed by Costa et al. (2020), who suggested that dmmekkeel structures controlled the
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evolution of both the RMD and the southern section of the old CD, which would be an extension

of that domain

The Rio Maria Domain is a Mesoarchean terrane (3.0 to 2.86 Ga), predominantly
consisting of greenstone belt sequen(@3to 2.90 Ga; Macambira andicelot, 1996; Souza
et al., 2001) and TTG granitoids (2.98 to 2.93 Ga; Almeida et al. 2011, 2013), in addition to
sanukitoids, high B&r graniticto-leucogranodioritic suites and potassic leucogranites {2.87
2.86 Ga; Althoff elL20@6|AmeidaZ2tab, Q010, ZDAa3t Olieiragtrala | e
2011; Silva et al2018).
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Figure 1- (a) Tectonic provinces of the Amazonian Craton with the location of the Carajas P
shown (based on Santos et al., 2003); (b) Simplified geological map of the Carajas Province hig
the division into the Rio Maria, Sapucaia, Canaé dos Carajaaids and Carajas Basin (Source: ¢
et al.2018, modified); (c) Geological map of the Sapucaia Domain and its transition into the Cz
Carajas and Rio Maria Domains, with the location of the studied samples from the Vila Juss
granitoids,the tonaliteColorado Trondhjemite association of Sapucaia and the Ourilandia dc
Suite sanukitoids.

The Sapucaia Domain (2.95 to 2.73 Ga) comprises TTG rocks (Santos et al., 2013; Leite
Santos and Oliveira, 2014; Silva et al., 2014), sanukitoids (Gabri@lareira, 2014; Gabriel
et al., 2014), high B&r leucogranodiorites and potassic leucogranites (Teixeira et al., 2013;
Leite-Santos and Oliveira, 2016), showing strong lithological similarities to the RMD (Fig. 1c).
However, SD rocks were intensely def@unduring the Neoarchean (2:Z¥3 Ga) and
intruded by granitoids of the Vila Jussar a

potassic leucogranites (Leifantos and Oliveira, 2016), both of Neoarchean age.
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The Canad dos Carajas Domain consists of grasigesu strictoand charnockite
associations (Fig. 1c). According to Feio et(2D13), the CCD presents four main magmatic
events, three of Mesoarchean age and one of Neoarchean age. The protolith afthe Pi
Complex (Pidgeon et al., 2000), the Bacaba Tonalite (~3.0 Ga; Moreto et al., 2011) and other
rocks with similar ages were formed in 3:B® Ga. The Canaé dos Carajas Granite and the
oldest rocks of the Rio Verde Trondhjemite were formed between 2®&.88 Ga.The
Campina Verde Tonalite Complex, the Rio Verde Trondhjemite and the Cruzad&o, Bom Jesus,
Boa Sorte and Serra Dourada Granites crystallized from 2.87 to 2.8Bh@&asubalkaline
granites of the Planalto Suite, the sodic granites of the Pedne@Suite and the charnockitic
rocks of the Pium Complex were formed in the Neoarchean between ~2.75 and 2.73 Ga (Feio
et al., 2012; Santos et al., 2013; Rodrigues et al., 2014).

4 GEOLOGY, PETROGRAPHY AND GEOCHEMISTRY OF THE SELECTED
MESOARCHEAN AND NEO ARCHEAN GRANITOIDS

4.1 TONALITE-TRONDHJEMITE ASSOCIATION OF SAPUCAIA
The Mesoarchean magmatism (2.93 to 2.85 Ga) exposed in the SD is marked by abundant

TTG granitoids, predominantly trondhjemitic rocks with subordinate tonalites and
granodiorites, groupkstratigraphically as undifferentiated TTGs and Colorado Trondhjemite
(2.87 Ga; Silva et al., 2014). These TTG granitoids are distributed from Agua Azul do Norte to
Sapucaia, at the border between the Amazonian craton and the Araguaia Belt (Fig. ¥c; Santo
et al., 2013b; Silva et al., 2014; Lefsantos and Oliveira, 2014). Structurally, these rocks show
E-W penetrative foliation and shear zones in the same direction. These rocks also exhibit
compositional banding,-8 structures, drag folds and typicahferes of plastic flow, mostly
indicating sinistral kinematics. In general, such rocks show porphyroclastic textures resulting
from an intense recrystallization and mineral comminution process, marked by mytienitic

ultramylonitic tectonic fabrics (Santes al., 2013b).

In mineralogical terms, the Sapucaia TT essentially consists of plagioclase and quartz,
with highly subordinate microcline and with biotite as the main mafic phase, accompanied by
epidote, opaques, allanite, titanite, apatite and zirs@teessory minerals. Geochemically, the
granitoids are calalkaline with generally peraluminous compositions, no significant Sr and Eu
anomalies, silica content ranging from 59 towt4 %, relatively low ferromagnesian content
(FeOz+MgO+MnO+TiO, < 5 wt. %), moderate Mg# (0.20.47) and high alumina values
(Al203 > 15wt. %) (Santos et al., 2013b). The samples selected for analysis derive from the

eastern section of the SD (Fig. 1c) and belong to the Colorado Trondhjemite. Sartos et a
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(2013b) reported the presence of magmatic epidote in these rocks and conducted a preliminary
mineralogical study based on scanning electron microscopy and EDS analyses.

4.2 OURILANDIA DO NORTE SANUKITOID

The Ourilandia do Norte area is located nearlibelers of the Rio Maria, Canaé dos
Carajas and Sapucaia domains in the CP. This area is marked by a diverse Mesoarchean
magmatism, mainly characterized by leucogranites, sanukitoids and associated rocks (Santos
and Oliveira, 2016; Silva et a018). TheMesoarchean sanukitoids of the Ourilandia do Norte
region are identified as a composite body, predominantly consisting of granodiorites and
equigranular tonalites, with subordinate quartz diorite and quartz monzodiorite, which form

elongated and deforméeises along the-E/ direction.

In petrographic terms, the sanukitoid rocks exhibit spediserved igneous textures, but
are also marked by protomylonitic to mylonitic tectonic fabrics. The mineral assemblage
essentially consists of quartz, plagioclaseiots proportions of Keldspar and mafic clusters
formed by amphibole, biotite and epidote. The main accessory minerals consist of epidote
(zoisite and clinozoisite), allanite, titanite, zircon, apatite, magnetite and ilmenite.
Geochemically, sanukitoidand associated rocks exhibit a highly variable ;Sténtent,
moderate KO values and high Mg#, Cr and Ni values. They have a predominantly
metaluminous character and a ealkaline to highK calc-alkaline signature (Santos and
Oliveira, 2016; Silva et gl2018).Two textural types of magmatic epidote were distinguished:
crystals with zoned or unzoned allanite cores and euhedral to subhedral crystals associated with

biotite and hornblende, partly surrounded by them (Santos and Oliveira, 2016).

4.3 VILA JUSSARA SUITE

The Vila Jussara Suite (VJS) granitoids occur in the central and northern sections of the
SD, stretching northward to the vicinity of the CCD and eastward to the border between the
Amazonian craton and the Araguaia Belt (Figs. 1b, c). The Mieean granitic bodies (~2.75
2.73 Ga) of the VJS intrude the Mesoarchean units (Colorado Trondhjemite and Pantanal
Leucogranodiorite; Teixeira et al ., 201 3;
plutons are associated with shear zones amdjated in the BV direction. Field, petrographic
and microstructural evidence reveal that the VJS rocks were affected by heterogeneous
deformational processes of varying intensity, exhibiting structures ranging from protomylonitic
to mylonitic (Silva et al 2020).
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Four main petrographic varieties were identified in the VJS: bibotaeblende
monzogranite (BHMzG), biotitbornblende tonalite (BHTnl), biotite monzogranite (BMzG)
and hornblenddiotite granodiorite (HBGd). The different rock varieties of #&S are
characterized by a similar mineralogy, from essential tectosilicates (quartz, plagioclase and
potassic feldspar) to mafic minerals (hornblende and/or biotite), and by the main primary
accessory minerals, ilmenite, magnetite, apatite and zircoichvaan also include titanite,
allanite and epidote. Geochemically, the VJS consists of ferroan granitoids (reduced and
oxidized At ype granites) and mildly magnesian gr
2019). The four petrographic varieties b&tVJS were formed under different conditions of
oxygen fugacity. The reduced to moderately reduced BHMzG was formed under conditions
varying from <FMQ to FMQ + 0.5. The oxidized BHMzG was generated under moderately
oxidizing conditions (between NNO and MMND.5), whereas the magnesian granites were
crystallized under oxidizing conditions, wit@. ranging from NNO to NNO+1 (Sousa, 2019).
Dal |l 6 Agnol et al . (2017) described the tex:

epidote of the specific VJS varieties.

5 TEXTURAL ASPECTS OF EPIDOTE IN THE STUDIED GRANITOIDS
Typical magmatic epidoterystals are hexagonalhedral and greenigdink to pinkish
yellow or colorless, with oblique extinctions (Dawes and Evans, 1991; ScamaidRoli, 2004).
In granitoid rocks, magmatic epidote crystals are usually subhedral and generally associated

with biotite, hornblende and plagioclase (Pandit et al., 2014).

In the Archean granitoids selected for analysis, epidote is a common accessory mineral phase,
sometimes present in appreciable modal proportions. In the Sapucaia TT, biotite is the main
mafic phaseand the epidote modal content ranges from trace to 4%. The epidote exhibits two
textural aspects (Santos et al., 2013b): (a) euhedral to subhedral crystals witllefinet

faces, usually with automorphic contacts with biotite and irregular contactgjuaitiz and
feldspars (Fig. 2a); and (b) crystals involving allanite cores, either metamictized or preserved
(Fig. 2b). The sanukitoids of Ourilandia do Norte (Santos and Oliveira, 2016) have a high
amphibole content, and epidote is a significant accessorgral (ranging from trace to 3.9%

and reaching 6.2% in the epiddimtite-amphibole diorite variety). Mafic aggregates
consisting of hornblende + actinolite, biotite, epidote, titanite andifxides are common.
Epidote occurs as zoned crystals, wothwithout allanite cores, or as euhedral to subhedral
crystals that are partly or completely surrounded by biotite and/or hornblende (Fig. 2c).
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Figure2- Textural relationship of the magmatic epidotes in the CP Archean granitoids. Tronct
tonalites of Sapucaia: (a) subhedral epidote partly surrounded by biotite and hornblende, exh
irregular shape in contact with alkédildspar; (b) allaniterystal with an epidote rim, showing gener
regular contacts with hornblende and irregular contacts with quartz; Ourilandia sanukitoids: (c
with an irregular shape and signs of resorption through residual magmatic fluid in conte
hornblerde, quartz and plagioclase; dissolution is apparently more intense when in contact w
minerals; (d) mafic aggregate of epidote, hornblende, biotite, titanite opaque minerals and a|
epidote crystal with irregular contacts with hornblerslegwing more intense dissolution in cont
with plagioclase and alkafeldspar; and (f) anhedral epidote surrounded by hornblende, with ir
contacts resulting from partial resorptiébbreviations according to Kretz (1983
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In the VJS, oxidized ferroan biotiteornblende monzogranite is the predominant variety,
whose epidote has a modal content O 1. 0 %.
occurs in a smaller proportion, is absent from most samples and is pradtdynfiound as
anhedral and rarely subhedral crystals with signs of intense corrosion. In the biotite monzogranit
variety, epidote is only absent from one sample and exhibits variable modal content, albeit
generally <1% and peaking at 2.7%. The hornbldnd#te tonalite group has a smaller
exposure area than that of other VJS varieties, and when present, the magmatic epidote content

ranges from 0.2 to 0.4%.

In general, the epidote present in the study granitoids is commonly found in association
with mafic aggregates consisting of biotite + hornblende + zircon * apatite + allanite * titanite

+ opague minerals. Based on textural aspects, the following types of epidote can be
distinguished: (a) euhedral to subhedral crystals that are predominantly adsediatsiotite

that shares straight contacts with epidote (Figs. 2a, 4c, 4d); (b) epidote in rims around allanite
(Figs. 2D, 4c, 4f); and (c) anhedral to subhedral epidote with irregular contours with amphibole
and/or feldspars (Figs. 2c, 2e, 2f). Whegantact with biotite, the original shape of the epidote

is generally preserved (Figs. 2a, 4c, 4f). In contrast, when in contacts with hornblende and felsic
minerals, epidote crystals show signs of marked corrosion (Fig. 2e), which sometimes almost
completdy destroys the original facies. Allanite is also an accessory mineral commonly found
in these granitoids, generally exhibiting a subhedral to anhedral habit. It is sometimes zoned
and generally totally or partly surrounded by epidote (Figs. 2b, 4c). @ohtely, epidote is
identified as a pognagmatic phase, forming irregular grains that are preferentially associated

with altered plagioclase.

The textural aspects observed in the Archean granitoid epidotes of the CP are similar to
those interpreted by eéh and Hammarstorm (1984), Bédard (2003) and Schmidt and Poli
(2004), as diagnostic of magmatic epidote. However, Keane and Morrison (1997) stressed out
that the shape of crystals is insufficient to differentiate the magmasichsolidusorigin of
epidoes because the absence or development of euhedral faces is not exclusive to direct
magmatic crystallization. Accordingly, only the combination of textural, compositional and

isotopic criteria can reliably indicate the origin of an epidote crystal.
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6 MINERA L CHEMISTRY

Epidote crystals with textural evidence of magmatic origin were analyzed on a JEOL
JXA-8230 electron probe microanalyzer (with five spectrometers in waveldmggérsive
spectroscopy (WDS) mode and one in endligpersive spectroscopy (EDS)de) at the
Microanalysis Laboratory, Institute of Geosciencest{tuto de Geociéncias IG), Federal
University of Pard niversidade Federal do Paréd UFPA). The analytical procedure was
performed on polished thin carbon coated sections under the following operating conditions:
15 kV voltage acceleration; 20 nA current; 5 um beam diameter; and 20 second analysis times
for F, Na, Al, Cr, K, Sr, Ni, MnBa, Ti, Cl, V, Y, Ce, and La, and 10 second analysis times for
Mg, Si, Ca, and Fe. The crystals used for the analyses were LIF for Fe, Mn, Ba, and Ti; PETJ
for Ca and K; TAP for Na, Mg, Al, and Si; and LIFH for Ce and La. The standards used for
calibration were orthoclase (Siand K0), rutile (TiQ), anorthite (AtOs), magnetite (FeO),
diopside (MgO), rhodonite (MnO), wollastonite (CaO), sodaliteMand CePQ(Ce0Os and
Laz0g).

In total, 105 analyses were performed (Table 1), with 41 in the SagucéirFA-14 and
PFR33A); 42 in the Ourilandia do Norte sanukitoids (NBPand NDP101); and 22 in the
VJS granitoids (ADED1D, AFD-11A, and AMR77). The VJS analyses were added to those
obtained by Dall 6Agnol et al. (2017).

Tulloch (1979) and Vyhnal et .a(1991) evaluated the origin of epidote based on its
chemical composition and concluded that pistacite contents (Ps: motaiF§Ee-Al)/100)
ranging from 25 to 29% (molecular weight) correspond to magmatic epidotes, differing from
those formed bgubsoidusalteration of plagioclase (Ps) and biotite (Ps4s). Experimental
studies on synthetic rocks (Liou, 1973) also show that pistacite contents ranging from 25 to

35% correspond to magmatic epidote.

In Sapucaia TT, the pistacite (Ps: molar’[fee**+Al]/100) content ranges from 26 to
29 mol%, with values primarily clustering between 27 and 28 mol%, thus suggesting a
magmatic origin of the crystals (Fig. 3; Table 1). In the Ourilandia do Norte sanukitoids, the Ps
content of epidote ranges from 2233 mol%, with values concentrating from 29 to 30 mol%,

that is predominantly in the magmatic origin field as well (Fig. 3; Table 1).



Table 1- Representative electron microprobe analyses of Archean granitoid epidotes from the Carajas Province

Sapucaiaonalitetrondhjemite Ourilandia do Norte Sanukitoid Vila Jussara Suite
Sample PFA-14 PFR33A NDP-47 NDP-101 ADE-01D AFD-11A AMP-77
Analyses Cll4 C115 ClLl6 CLL1 C213 C214 C212 C213 C3.11 C313 C3.14 C3.15 C316 C314 C3.16 C218 C3.1l C312 C2Ll C213 C216 C217 C218
Sio, 37.74 38.23 37.82 37.62 38.2,503 38.05 38.21 38.16 37.93 37.53 37.61 37.93 37.51 37.60 37.86 37.92 37.59 37.76 37.55 37.82 37.96 37.82 37.59
TiO, 0.10 0.09 0.07 0.10 0.04 0.05 0.10 0.11 0.09 0.05 0.04 0.09 0.13 0.09 0.04 0.08 0.01 0.10 0.09 0.09 0.06 0.00 0.07

Al03 23.10 23.74 23.01 22.63 23.18 23.22 2490 24.48 23.84 21.37 21.28 24.31 20.64 22.04 22.24 23.28 23.04 22.68 23.45 23.28 24.08 23.96 22.34
FeOs 13.49 1298 13.92 12.83 13.50 13.49 9.73 10.19 12.72 1539 15.61 11.78 1571 13.60 14.84 13.41 14.04 1464 1237 1383 12.76 13.13 15.12

MnO 0.19 0.19 0.25 0.38 0.36 0.37 0.18 0.16 010 013 016 016 0.14 0.10 016 0.21 0.18 0.20 0.19 0.23 021 022 0.8
CaO 23.70 23.53 23.45 2323 23.13 2316 23.48 23.52 23.42 23.28 22.45 23.35 22.69 23.25 23.23 23.67 23.36 23.04 23.27 23.31 23.48 23.29 23.08
Na,O 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.01 0.02 0.00 0.00 o0.01 0.00 0.00 0.00 0.02 0.00 0.02 0.00 0.01 0.01 0.01
K20 0.00 0.01 o0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.02 0.00 0.01

Ce0s 0.05 0.02 0.01 0.00 0.00 0.08 0.03 0.03 0.01 0.00 0.00 0.06 0.00 0.01 0.04 0.04 0.00 o0.01 0.03 0.00 0.00 0.05 0.01
La,Os3 0.00 0.04 0.04 0.00 0.00 0.02 0.03 0.00 0.01 0.02 0.00 0.03 0.02 0.00 0.01 0.00 0.05 0.07 0.04 0.00 0.00 0.00 0.00

Total 98.37 98.83 98,59 96.80 98.23 9847 96.67 96.66 98.14 97.79 97.15 97.72 96.86 96.70 98.42 98.61 98.30 9851 97.01 98.54 98.58 98.47 98.43
Number of cations on the basis of 13 oxygens

Si 3.120 3.134 3.122 3.121 3.140 3.138 3.141 3.142 3.127 3.140 3.160 3.132 3.169 3.126 3.137 3.124 3.113 3.124 3.103 3.118 3.117 3.112 3.118
Ti 0.006 0.006 0.005 0.006 0.002 0.003 0.006 0.007 0.006 0.003 0.002 0.005 0.008 0.006 0.003 0.005 0.001 0.006 0.006 0.005 0.004 0.000 0.004
Al 2251 2.294 2239 2213 2256 2.258 2.413 2376 2317 2.107 2.108 2.366 2.055 2.159 2.172 2.260 2.249 2.211 2.283 2.262 2.330 2.324 2.183
Fe 0.839 0.800 0.865 0.890 0.839 0.837 0.669 0.702 0.789 0.969 0.987 0.732 0.999 0.946 0.926 0.832 0.875 0.911 0.855 0.858 0.788 0.813 0.944
Mn 0.013 0.013 0.018 0.026 0.025 0.026 0.013 0.011 0.007 0.009 0.011 0.011 0.010 0.007 0.011 0.014 0.013 0.014 0.014 0.016 0.015 0.015 0.013
Ca 2.099 2.067 2.073 2.064 2.047 2.047 2.068 2.075 2.068 2.087 2.021 2.066 2.054 2.071 2.063 2.089 2.073 2.042 2.060 2.059 2.066 2.053 2.051
Na 0.000 0.000 0.000 0.000 0.000 0.004 0.002 0.002 0.001 0.003 0.000 0.000 0.001 0.000 0.000 0.000 0.003 0.000 0.003 0.000 0.001 0.002 0.002
K 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.002 0.000 0.001
Pistacite 27 26 28 29 27 27 22 23 25 32 32 23 33 30 30 27 28 29 27 28 25 26 30

29
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The VJS varieties has Ps values ranging from 25 to 30 mol% (Fig. 3; Table 1), corroborating
the findingdal@017)arainliné with amagmagc origin. Oliveira et al. (2010)
found Psvalues ranging from 26 to 33 mol% for the epidotes from the sanukitoid Rio Maria

Suite, mostly overlapping with those of their analogues from Ourilandia do Norte.

50
= Sapucaia TT

B ourilandia do Norte Sanukitoid
[ Vila Jussara Suite
407} B Vila Jussara Suite (Dall’Agnol et al. 2017)
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Figure 3- Histogram of compositional variation in the pistacite component (Ps:
[Fe*/Fe**+Al])/100), in molecular percentage (mol.%), in Sapucaia TT epidotes, Ourilandia dc
sanukitoids and Vila Jussara granitoids. Rangfesompositional variation in Ps in magmatic
secondary epidotes formed by plagioclase and biotite alteration are also indicated.

In addition to the molar Ps content, previous empirical and experimental studies (Tulloch,
979; Vyhnal et al ., 1991; Liou, 1993; Sial
2017) suggest that a Ti@ ont e nt in epidote O 0.137 wt.
formation. The Sapucaia TT and VJS granitoid epidotes displayvBl@es always lower than
0.137 wt. % (Table 1), corroborating the textural and compositional assessments above
indicative ofmagmatic origin. In the Ourilandia do Norte sanukitoids, the epidotes haye TiO
values predomi nant | ThusGhe Sapuc&@arTT antl Vila Mssdralgeabitbicc 1
epidotes with textural evidence of magmatic origin exhibit compositi@arations compatible
with magmatic origin (Fig. 3; Table 1). Comparatively, despite predominantly plotting in the
magmatic field, the Ourilandia do Norte sanukitoids epidotes have subordinate compositions

compatible with their formation from altered piaglase (Fig. 3). In this regard, these epidotes
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diverge from those of the Rio Maria Suite sanukitoids, which only show compositions within
the range assigned to magmatic epidotes (Oliveira et al., 2010).

Studies conducted so far on Neoarchean granitoid from the Carajas Province (CP)
corroborate the results of experimental researches showing that epidote formation depends on
a Qand pressure, as shown by the Estrela Complex, SeRalmand Planalto Suite granites,
which formed under strongly reduced conditions and lack epidote. Conversely, the Villa Jussara
Suite (VJS) (Dall 6Agnol et al ., 2017) =and
which are mostly formed under oxazitig conditions, generally present epidote as an important
accessory phase. The epidote crystals of the VJS show no considerable variatiotis in Fe
content between the core and rims of the crystals and rarely display zoning, thus suggesting that
in the firal stages of crystallization, the residual melt was not impoverishecfiraf@ that

a @Qremained constant, thereby favoring epidote stability.

7 EPIDOTE DISSOLUTION AS A MAGMA ASCENT RATE INDICATOR

In general, epidote crystallization occurs nearsthi@lustemperature at relatively high
pressure (Schmidt and Poli, 2004). Howe\epidote phenocrystals in dikes in which the
matrix, representative of the residual melt, accounts for approximatelthimis of the rock
volume were described (Dawes and Evd®91). The presence of epidote in granitic rocks that
finished its crystallization at relatively lepressure conditions indicates that epidote likely
started forming at greater depths and then was transported quickly enough to prevent its
complete resqtion during magma rise (Brandon et al., 1996). The absence of epidote may also
result from its complete dissolution by residual magmatic melt. In turn, the presence of allanite
cores surrounded by epidote may be due to the magma impoverishment intraeteeaents
during crystallization, which would inhibit allanite crystallization and enable epidote epitaxial
growth (Dawes and Evans, 1991).

Experimental evidence shows that the intensity of epidote crystal dissolution is directly
related tochanges in intensive crystallization parameters during magma rise. Accordingly,
magma transport rates have been estimated based on the degree of epidote dissolution (Brandon
et al., 1996; Sial et al., 2008; Brasilino et al., 2011; Pandit et al., 2014)mEthod was used
to measure the ascent rate of Archean granitoid magmas from the CP, based on the

methodological criteria detailed below:

(1) Euhedral and subhedral epidote crystals allow us to more accurately infer the original
shape of the crystal and thime are prioritized when estimating the degree of
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PFR-16A M, > P-02A

L]

Figure4- Texturalaspects of thin sections used in the dissolution kinetic study of epit
the Archean granitoids from the CP. The original shapes of the corroded epidote cry
indicated by black lines; dotted lines indicate the largest dimensithre afrystal, and re
lines delimit the current contour of the corroded crystals. Line segments delimited by
show where were defined the maximum dissolution values for each crystal. Th&4
sample represents the Sapucaia ton#idedhjemite; te NDR47 and NDP101 sample
represent the Ourilandia do Norte sanukitoid; and the MYBample represents the \
biotite-hornblende monzogranite variety. (a) and (b) epidote crystals are best presen
in contact with biotite and partly reabsorbby the residual magmatic fluid currer
represented by feldspars; (c) epidote involving an allanite euhedral core partly sur
by biotite and exhibiting maximum dissolution in contact with felsic minerals; (d) sub
epidote crystal heavily corred when in contact with feldspars; (e) epidote with me
resorption at the edges, which is less marked in contacts with biotite; and (f) allanite
epidote rim, preserved when in contact with biotite and corroded along those wit
minerals tlat formed from residual melt
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Figure4 continudion- Textural aspects of epidote in the VJS granitoids. SamplelBPrRs
representative of the biotigornblende monzogranite variety; samples MIDA and LIF
04A are representative of the biotite monzogranite variety and sample-O2BHRs
representative ofibtite-hornblende tonalite. (g) anhedral epidote in irregular contaci
hornblende showing a more pronounced resorption in contacts with feldspars and qt
subhedral epidote crystal with intensely corroded portions; (i) epidote with rectilorgact
with biotite and irregular contacts with opaque minerals and feldspars; (j) allanite suri
by epidote and in association with opaque minerals, corroded in contacts with feldsg
(k) and (I) heavily corroded epidote crystals in contath\Wwornblende and felsic miner:
Abbreviations according to Kretz (1983).
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dissolution. Generally, these crystals are associated with biotite, amphibole and residual
magmatic melt, which are currently represented by quartz and feldspar crystals;

(2) In the absence of isolated epidote crystals, epidote crystals involving allanite cores in
epitaxial growth can be used;

(3) The pistacite content of the selected epidwtestals should fall within the magmatic
field (Ps: 2535 mol%; Liou, 1973);

(4) Calculating the crystal corrosion intensity is crucial, and these calculations must be
based on maximum extent of dissolution identified in the petrographic microscope and
alwayswith measurements perpendicular to the crystal faces affected by corrosion;

(5) The duration of the corrosion process is calculated using the minimum apparent
diffusion coefficient between tonalitic magma and epidote (3% s*for Si, Al, Ca
and F) at aemperature of 750°C, which can also be applied to other granitoid magmas,

according to criteria formulated by Brandon et al. (1996), using the equations below:

dz= [(Dappx t)*4
t= d2/(5x10%7)

with

d; = dissolution zone width (m);

Dapp= apparent diffusion coefficient (5x1'0m? s'%); and
t = partial epidote dissolution time (s)

(6) The magma emplacement depth is estimated using tirel&drnblende geobarometer
and is compared with estimates based on the geological and structural context of the
study rocks. The magma generation depth is generally deduced from petrological
criteria;

(7) The magma transport rate is calculated using the ratio between the path length
(difference between magma generation depth and emplacement depth) and the average
corrosion time of the epidote exposed to melt. In the original proposal, the path length
correponds to the difference between 10 kbar, initial epidote crystallization pressure,
and emplacement depth (Brandon et al., 1996):

Tr =L/t
Tr = transport rate (m/yr)

L= path length (m), defined by the equation:
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L= (10-Pe)104/3 (m)
Pe= emplacement pressure (kbar)
t = partial dissolution time do epidote (yr)

The dimensions and length of the maximum dissolution of epidote crystals were
measured on thin sections representative of the Archean varieties of interest (Fig. 4).
Subsequently, #aresulting values were clustered, and the arithmetic mean was assumed to be
representative of each sample, enabling calculations of average epidote dissolution and

transport rates of each magma (Table 2).

The epidote dissolution and magma transport ratexe calculated in the PF24
sample for the Sapucaia TT (Figs. 4a, b; Table 2) and in theANT#d NDP101 samples for
the sanukitoids from the Ourilandia do Norte region (Figs. 4c, d, e; Table 2). Granitoids from
the VJS contain mineralogical and geewctical evidence of origin of the three study varieties
from different magmas. Thus, the epidote crystal dissolution and magma transport rate were
estimated separately in each variety. The bidtdenblende monzogranite variety is epresented
by the MYFR77 (Fig. 4f) and PFRL6A (Fig. 4g) samples, biotite monzogranite is represented
by the MDRO2A and LIFO4A samples (Figs. 4h, i, j) and biotiernblende tonalite is
represented by the MD&2E sample (Figs. 4k, ).

The emplacement pressure of the study granitoids is an important variable for
cal culating the magma transport rate. Dal | ¢
formed the VJS were generated under pressures between 800 and 1000 MPa, and emhplaceme
pressures were estimated to range from 300 to 500 MPa based -ioramphibole
geobarometer and geological evidence; a value of 400 MPa is assumed here as the emplacement
pressure of these granitoids. The Ourilandia do Norte sanukitoids exhibit dtrcitieires and
evidence of penetrative deformation associated with mylonitic structures (Santos and Oliveira,
2016; Silva et al., 2018; Nascimento, 2020). Nascimento (2020), basedimmdhblende
geothermometer measurements, estimated an emplacerasstiner of ~200 MPa for those
sanukitoids. However, considering the structural features described in the present study, a
higher emplacement pressure of ~350 MPa corresponding to the mesozone is estimated for the
Ourilandia do Norte sanukitoids. The pregsuduring sanukitoids production in the Rio Maria
region were estimated at 600 to 900 MPa by Oliveira et al. (2010), a range which we use in the
present work. In regard to the Sapucaia TT, Santos et al. (2013b) demonstrated that these rocks
show affinity b the TTG with high La/Yb and Sr/Y ratios of the CP, suggesting that they were
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Table2- Estimation of the transport rate of magmas based on the kinetic dissolution study of
the Archean granitoid epidotes from the Car&jésvince.

Sapucaia tonalitrondhjemite

Grain width Maximum width of Partial dissolution Transport rate
Sample . : .
(um) dissolution (um) time (years) (mlyear)
PFA-14
Spot 1 519 80 4.1 4109
Spot 2 73 3.4 4935
Spot 3 259 82 4.3 4693
Average 4 4579
Ourilandia do Norte Sanukitoid
Grain width Maximum width of Partial dissolution Transport rate
Sample . : .
(um) dissolution (um) time (years) (mlyear)
NDP-47
Spot 1 85 4.6 4732
Spot 2 440 79 4.0 5478
Spot 3 99 6.2 3488
Spot 4 68 2.9 7393
Spot 5 498 122 9.4 2297
Spot 6 88 4.9 4415
NDP-101
Spot 1 121 9.3 2335
Spot 2 609 81 4.2 5211
Spot 3 98 6.1 3560
Average 6 4323
Granitoids of the Vila Jussara Suite
Grain width Maximum width of Partial dissolution Transport rate
Sample . . .
(um) dissolution (um) time (years) (m/year)
MYF-77
Spot 1 415 65 3 7469
Spot 2 63 3 7951
PFR16A
Spot 1 a7 1 14286
Spot 2 253 155 15 1314
Spot 3 60 2 8766
Average 5 7957
Grain width Maximum width of Partial dissolution Transport rate
Sample . : .
(um) dissolution (um) time (years) (mlyear)
MDP-02A
Spot 1 812 110 8 2608
Spot 2 279 49 405
LIF-04A
Spot 1 132 11 1811
Spot 2 464 107 7 2756
Spot 3 65 3 7469
Spot 4 60 2 8766
Spot 5 600 34 1 27299
Spot 6 51 2 12133
Average 10 7906
Grain width Maximum width of Partial dissolution Transport rate
Sample . : .
(um) dissolution (um) time (years) (mlyear)
MDP-02E
Spot 1 541 74 3 5763
Spot 2 96 6 3424
Spot 3 337 74 3 5763
Spot 4 42 1 17890
Average 3 8210
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derived from amphibolite garnétised sources under high pressures (approximately 1500
MPa). Finally, based on the ductile deformational structures observed in these rocks, we

estimate an emplacement pressure of ~500 MPa for the Sapucaia TT magma.

Using the equations proposed by Brandon et al. (1996), the average durations of epidote
crystal dissolution of the study granitoids are estimated at ~4 years in the Sapucaia TT and ~6
years in the Ourilandia do Norsanukitoids, whereas these periods are estimated at ~5 year
in bt-hb monzogranite, ~10 years in bt monzogranite and ~3 yeardimtbhalite for the VIS
varieties (Table 2). The results show that the Sapucaia TT magma rose in the crust at an ascent
rate of 4600 m/year, whereas the Ourilandia do Norte sanukitoayma moved at4300
m/year. Finally, in the VJS, the calculations show a comparatively higher magma ascent rate
for the three magmas (bb monzogranite at8000m/year; bt monzogranite a¥900m/year;
and bthb tonalite at 8200m/year Table 2).

8 DISCUSSION

8.1 VISCOSITY AND LIQUIDUS TEMPERATURE IN THE STUDIED GRANITOID
MAGMAS

The emplacement of a granitoid body in the Htmaipper crust is the end point of a
largescale mass and energy exchange, which begins with magma generation and segregation
in the lower crust and is followed by magma ascent and the formation of plutons, batholiths and
stocks(Cruden, 1998). During magma ascent, the behavior of the silicate melt is primarily
determined by its viscosity, density, composition and volatile contdnthwdetermine the
magma ability to rise when combined with the geometric characteristics of the conduit (see
below). Among the physical properties, viscosity is one of the parameters with the strongest
effect on the production, transport and eruptiorilafage magmas, varying in the range10
10"* Pa s (Giordano et al., 2008). This variation in viscosity by 15 orders of magnitude

determines the magmasd resistance to fl ow,

Experimental studies on the viscosity of silicate melts enabled Giordano et al. (2008) t
formulate a general model, which includes the effect.0f Bihd F, to predict the ngfrrhenius

Newtonian viscosity of silicate magmas, with the following equation:
VFT[logd= A + B / (T (K) 1 C)],

where A is the upper temperature limit for the viscosity of all silica melts, whidh5S
(+0. 2) (for e ®Pangp),| avd B dnd § are patadeters that describe the
compositional control on viscosity (see Giordano et al., 2008). The ratfonttie A parameter
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being unique is that at supkguidus temperatures, all silicate melts become highly dissociated
liquids regardless of their lower temperature structure and converge to lower limiting value of
viscosity, in accordance with experimdrihservations and theory. The B and C terms embody

17 parameters (oxides content and various combinations of them, including volatiles.) that
allow to describe faithfully the viscous behavior of the vast majority of terrestrial magma
compositions, over flieen log units of viscosity (1810 Pa s). The model is regressed on
more than 1770 experimental measurements, performed either at 1 bar or at high pressure (ie
with volatiles dissolved into the melt). Given that the compositions dealt with here lelong
common magma types, we believe that the application of Giordano et al model retrieves the
correct order of magnitude of melt viscosity, provided temperature a@dcehtent are well

estimated, as discussed below.

The following representative samplesreveselected: the MYH9A sample, containing
69.3 wt. % SiQ, was chosen for the Sapucaia TT magma, whereas the viscosity of the
Ourilandia do Norte sanukitoid magma was calculated based on the composition of the BRM
113B sample, with 65.7 wt. % SiQTable3). For the VJS, the PFR6, MDR-02A and MDR
02E samples with 71.4, 71.2 and 60 wt. % Sdontents, respectively, were chosen as
representatives of #tb monzogranite, bt monzogranite andhbttonalitenagmas, respectively
(Table 3).

Table3- Whole rock geochemical composition used to calculate the viscosity of the Sapucaia
tonalitetrondhjemité”, Ourilandia do Norte sanukitdfdand Vila Jussara Suftemagmas.

Lithology 1T Sanukitoid Vila Jussara Suite
Sample MYF-19A BRM-113B PFR16A MDP-02A MDP-02E
SiOz 69.30 65.68 71.44 71.20 60.00
TiO2 0.30 0.41 0.36 0.49 1.06
Al203 16.20 15.52 12.89 13.90 13.90
FeQ 2.79 3.49 4.28 2.97 8.18
MnO 0.04 0.04 0.06 0.03 0.12
MgO 0.77 2.07 0.30 0.80 2.78
CaO 2.85 3.43 1.91 2.23 5.56
NaO 5.20 4.90 3.46 3.42 3.38
K20 1.50 2.30 3.93 3.91 1.75
P20s 0.09 0.16 0.07 0.13 0.31
H.0* 2.0 7.0 4.0 4.0 4.0

* Ho,0 wt. % estimate based on rock mineralogy and experimentaDagtasources?Santos
et al.(2013)@Santos and Oliveira (20169D a | | 6 A g (R01F) arel Silvaa(2019).

As the magmas of the studied granitoids were derived from different sources, the

temperature ranges were estimated from experimental studies conducted on systems with
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similar compositions than those selected above, so as to constrain initial (liquiddsjahnd
(solidus) crystallization temperatures. For the TTG, the most accepted mechanism for the origin
of their parental magmas is the partial melting of hydrated metabasaltic rocks, including
greenstones, amphibolites and eclogites, in different tecemiconments (Martin, 1987;
Winther, 1996; Condie, 2005; Clemens et al., 2006; Moyen and Martin, 2012). In particular,
Clemens et al. (2006) proposed that TTG magmas are produced at temperatures between 900°C
and 1000°C and that crystallization would s&rt+880°C, which was the liquidus temperature
estimated for Sapucaia TT magma. In turn, the absence of amphibole in these rocks suggests a

low H20 content (Naney et al., 1983), which was estimated at 2% weight in the present study.

Sanukitoid suites areegarded as key components of late Archean terranes42%95
Ga), presenting geochemical characteristics similar to those of mantle crusiderived
magmatic rocks (Moyen et al., 2003; Condie, 2005; Martin et al., 2005; Oliveira et al., 2010,
2011) withhigher temperatures compared to TTG. Oliveira et al. (2010) estimated a liquidus
temperature of ~950°C and a® content of ~7% for the Rio Maria sanukitoids, which are

used in this study for the Ourilandia do Norte sanukitoids.

8

SapucaiaTT

Vila Jussara Suite
Bt-Hb Monzogranite
Bt Monzogranite
Tonalite

Our. do Norte Sanukitoid

Viscosity log n
S

950 930 910 890 870 850 830 810 790 770 750 730 710

Temperature °C

Figure5- Diagram showing the variation in the calculated magma viscosity of TT, sanukitoid an
three varieties from the VJS from the CP as a function of temperature. Viscosity was calculatec
on the model by Giordaret al.(2008). The red circle at thedianing of the curve represents the
estimated liquidus temperature of each magma.

The VJS varieties are derived from at least three magmas, two of monzogranitic
composition (bthb monzogranite and bt monzogranite) and one tonalitibl{libnalite), but

the temperatures estimated byiddh or nbl ende and zircon satur at
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et al., 2017) indicate that the granitic and tonalitic magmas were formed at similar temperatures.
Thus, a liquidus temperature of ~890°C and a solidus tempeddta?®0°C was assumed for

the three magmas that formed the VJS.

Table 4- Viscosity? of Archean granitoid magmas from the Carajas Province at different

liquidus®? to solidus temperatures

Melt TT Sanukitoid Vila Jussara Suite
Sample MYF-19A BRM-113B PFR16A MDP-02A MDP-02E
Temperature (°C) Viscosity (10 Pa s)

950 2.5

940 2.6

930 2.7

920 2.7

910 2.8

900 2.9

890 2.9 4.4 4.4 3.5
880 5.3 3.0 4.5 4.5 3.6
870 5.4 3.1 4.6 4.6 3.7
860 5.6 3.2 4.7 4.7 3.8
850 5.7 3.2 4.8 4.8 3.9
840 5.8 3.3 4.8 4.9 4.0
830 5.9 3.4 4.9 5.0 4.1
820 6.0 3.5 5.0 5.1 4.2
810 6.1 3.6 5.1 5.2 4.3
800 6.2 3.6 5.2 5.3 4.4
790 6.4 3.7 5.3 5.4 4.6
780 6.5 3.8 54 55 4.7
770 6.6 3.9 5.5 5.6 4.8
760 6.8 4.0 5.7 5.7 4.9
750 6.9 4.1 5.8 5.8 5.0
740 7.0 4.2 5.9 5.9 5.2
730 7.2 4.3 6.0 6.0 5.3
720 7.3 4.4 6.1 6.2 54
710 7.5 4.5 6.2 6.3 5.6
700 7.6 4.6 6.4 6.4 57

(1)Viscosities calculated on the basis of the model propos&idrdano et al. (2008); (2) The
liquidus temperatures of the various magmas are given on Table 5.

The calculated viscosity of each granitoid magma is listed in Table 4 and its variation as
a function of temperature is shown on Fig. 5. The TT magma, with a relatively high content of
silica and a low content of ferromagnesian components and water has a viscosity*d?a-10
s, which is the highest among all Archean magmas of this study (Fig. 5; Table 4). Conversely,
the sanukitoid magma, which has a higher liquidus temperature (~950°C), a lower silica content
and a higher concentration of ferromagnesian constituents ated, whows a comparatively

lower viscosity of ~18°Pa s (Fig. 5; Table 4). Finally, both monzogranitic magmas of the VJS
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show a viscosity of ~¥@ Pa s based on the liquidus temperature given their geochemical
similarities, whereas the tonalitic magwiathe same suite has a somewhat lower viscosity of
~10*°Pa s (Fig. 5; Table 4).
8.2 EFFECT OF PHYSICAL PROPERTIES ON MAGMA ASCENT AND EPIDOTE
DISSOLUTION

The compositional diversity of igneous rocks reflects the variation in processes and
sources involved in magma generation (Pitcher, 1979; Huppert and Sparks, 1988; Whitney,
1988; Patifio Douce, 1995; Brown, 2013; Scalillet et al., 2016; Cruden and Weinberg, 2018).
Nevertheless, for decades, researchers have assumed that felsic magmesnrateeper
regions of the crust through diapirism essentially because the high viscosities assumed for these
liquids seemingly precluded any form of rapid and channeled rise (Cruden and Weinberg,
2018), and also because of the broadly circular shape irvieampf most granitic intrusions.
However, field observations, experimental studies on the viscosity of magmatic liquids (Scaillet
et al., 1996; Dingwell, 1999; Caricchi et al., 2007; Giordano et al., 2008) as well as theoretical
considerations have densirated that felsic magmas can also quickly rise to different crustal
levels through dikes, faults and shear zones (Clemens and Mawer, 1992; Petford et al., 1994,
2000; Oliveira et al., 2008; Cruden and Weinberg, 2018), in much the same way than more

mafic magmas, such as basalts, do.

In this context, differences in physical properties and ascent rates between magmas may
help to understand the textural differences observed in the epidotes of Archean granitoids of
the CP. The millimetric dimension and eutadcharacter of the epidote grains suggest
protracted periods of continuous granitic magma crystallization. Conversely, the textural
evidence of corrosion and resorption indicates significant epidote dissolution during magma
transport and crystallizatiom the crust due to changes in the physicochemical conditions
(Pandit et al., 2014).

For the TT magma, with a generation pressure of 1500 MPa, a liquidus temperature
estimated at ~880°C, a low@ content (~2%) and a relatively high silica con{&0®o weight)
markedly increase the viscosity, resulting in a magma rise rate of ~4600 m/year (Table 2).
However, such transport rates only correspond to the initial stages of magma rise because
during the process, the magma temperature may decreasewithiehreflected in the increase
in the degree of crystallinity and viscosity, thereby decreasing the magmatic flow. In turn,
sanukitoid magma, with an estimated generation pressure between 900 and 600 MPa and

emplacement in a syntectonic regime linkedrémscurrent shear zongsantos and Oliveira,
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2016; Silva et al., 2018; Nascimento, 2020), shows low viscd<ity Pa s), reflecting its high
temperatures (Fig. 5; Table 4) and relatively higlblontent (7%, Table 3), with a relatively

fast magma ge rate of ~4300 m/year. Moreover, sanukitoids have epidote crystals with a more
preserved shapes and a dissolution time estimated at ~6 years (Table 2), whereas TT epidotes
exhibit comparatively more intense corrosion and a shorter dissolution time grs} yable

2). In contrast, TT magma transport is fastest compared to sanukitoid magmas analyzed in this
study (Table 2). Therefore, for these two magmas, there is no clear correlation between

estimated magma ascent rates and mineral dissolution time.

Finally, the magma viscosity calculated for the VJS indicates that near the liquidus
temperature, the two monzogranitic magmas exhibit a similar viscosity-{P&0s), which
subtly diverges during crystallization (Fig. 5). As the temperature decreasesctisty of bt
monzogranite becomes slightly higher than that ehtbtmonzogranite (Table 4, Fig.5),
reflecting the higher magma water content of the latter, which is necessary to stabilize
hornblende and capable of depolymerizing the magma, thus rgdisoiscosity. Accordingly,
bt-hb monzogranite exhibits an estimated partial epidote dissolution time of ~5 years, whereas
bt monzogranite has a dissolution time of ~10 years, both with inferred ascent rates of ~7900
m/year (Table 2). In turn, the tonai magma has the lowest viscosity among the suite
granitoids (0*%Pa s; Table 3pnd therefore the fastest ascent rate (~8200 m/year) and the
lowest partial dissolution time of the epidote crystals (~3 years; Table 2).

It needs to be stressed that tlseemt rates calculated above reflect not only the magma
viscosity but also the conduit width. This can be appreciated through the following classical

relationships which relates both parameters (Furbish, 1996):
l’) - Z ”

which gives heaverage rate of magma flow w (m)sn a dyke of width b (m) where
is the density of host rocks (about 2700 k§)rand” the density of melt (about 2350 kg®n
[ the magma viscosity (Pa s), and g the gravitational acceleration {§3. ®iven that
densities of both host rocks and melts are broadly similar, variations in w will mainly arise from
those ofl] and b. A somewhat wider dike width for TT magma could thus explain its faster
ascent rates relative to that of Sanukitoid, despite ther la#tving a lower viscosity than the

former.
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8.3 EPIDOTE AS A PETROLOGICAL INDICATOR OF MAGMA EMPLACEMENT IN
THE ARCHEAN

Recent multidisciplinary studies involving high resolution geochronology and numerical
simulations suggest that most plutons are fartheough the accumulation of smaller bodies.
Thus, plutons result from different pulses of magmatic activity. This factor and the magma
composition, emplacement rates of individual pulses, cooling rate and emplacement geometry
control the evolution of alpton and its relationship with the tectonic environment (Annen,
2011; de Saint Blanquat et al., 2011; Zibra et al., 20ld)analyze magmatic transport, in
addition to the distance travelled by the magma before solidifying, its restite content and the
physical properties of the host rocks, the physical and chemical properties of the melt (T, P,

a @ XH20) and the phases pesg in the system must also be considered (Brown, 1994).

In this context, the epidote kinetics elaborated by Brandon et al. (1996) can be useful in
the research of emplacement mechanisms. Those authors have shown that the process of epidote
crystal dissoltion to be fast: at 76800 °C, grains with sizes of 62mm would only need 2
to 2,000 years to dissolve (Schmidt and Poli, 2004). Another aspect is the size of magmatic
intrusions and the construction time of Archean plutons. To a first order, thegbole (s) of
a magma sill of x (m) thickness can be estimated by applying the following standard equation

(e.g., Jaupart and Mareschal, 2010):
t:XZ/Dheat

where (Dea) is the heat diffusion (10m?%s). A 100 m thick sill would fully crystallize
in about1000 years. This time interval is long enough to dissolve an epidote crystal ~1.2 mm
(Brandon et al., 1996). Assuming this calculated value, the formation of an Archean pluton in
the CP, with an estimated thickness of ~4 km, would require the juxtapositldOm-thick
sills fed by successive pulses and ~42,000 years of magmatic injection to form the pluton body.
However, geologically, variable times can occur between intrusions, with shorter or longer
periods depending fundamentally on the ability & slource to supply magma to the surface
system. Altogether, the dissolution kinetics of the epidote, which formed grains of varying sizes
in the CP, suggests that the mode of emplacement of Archean granitoid magmas was also
dominated by a sequential proses e. incremental growth, similar to that inferred for their
postArchean counterparts, with crystallization of small individual bodies with an estimated

thickness in the order of a hundred meters.

We note that in the case of the Ourilandia do Nortmnigvids, Silva et al. (2018)

suggested that such granitoids were formed through magma migration and accommodation of
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several mantleand crustderived pulses in a short period, corroborating the above hypothesis

of progressive magma amalgamation via stmaithes. Similarly, the VJS was likely generated

by different magmatic pulses from different
Sousa, 2019)in detail, the TT magma appears to have been emplaced at somewhat deeper
crustal pressures (66 MPa; Table 5) relative to the sanukitoids (~350 MPa; Table 5) and VJS
(~400 MPa; Table 5) magmas. This would impart a comparatively slower crystallization rate
and therefore a longer epidote reaction with the magmatic melt, allowing more intens®gorrosi

of epidote crystals. In contrast, the shallower emplacement of the sanukitoid and Vila Jussara
granitoid magmas allowed for a faster crystallization owing to slightly cooler host rocks.
Accordingly, the process of epidote crystal dissolution was maoklgunterrupted because

their shielding was favored, resulting in crystals with less corrosion than those observed in the
TT.We note also that experi ment aenhantesapidates h a
stability (Schmidt and Poli, 2004), which may have been an additional controlling factor of the
extent of epidote di ssobrualiaotni emevepghihgielgehn oaun
being equal). Overall, as discussed abofasamagma rise combined with a more superficial

emplacement and a fast crystallization promote epidote preservation.

Thus, in addition to providing a more accurate characterization of the nature of magmas,
the analysis of physical properties, when comthirvéith experimental studies, epidote
dissolution kinetics (Table 2) and viscosity estimates (Table 4), help to understand the magma
rise, emplacement and crystallization processes of the Archean plutons in the CP.

Table 5- Estimates of intensive crystallization parameters of representative samples of
Sapucaia tonalittrondhjemite, Ourilandia do Norte sanukitoid and Vila Jussara Suite magmas

Sapucaia Ourilandia do

Lithology T Norte Sanukitoid® Vila Jussara Suit&
PFR MDP-  MDP-

Sample MYF-19A BRM-113B 16A 02A 02E
Generation Pressu(e 800 800 800
MPa) 1500 600-900 1000 1000 1000
Emplacement PMPa) 500 350 400 400 400
Liquidus Temperature
(T°C) 880 950 890 890 890
Solidus T (°C) 700 700 700 700 700
Saturation in Zr T (°C) 794 750 856 888 778
XH20 (wt. %) 2 7 4 4 4
40 NNO=0.5 and FMQ=0.

NNO=0.5 NNO+2.5 5 NNO+0.5 NNOz1

*Estimates based on (1) Clemens et(2006) and Santos et al. (2013b); (2) Oliveira et al.
(2010) and Santos and Ol i(20E/);cf.8ext( 2016) ; ( 3)
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9 CONCLUSION

Magmatic epidote is commonly found in various Archean granitoids of the CP. By
combining a detailed study dfi¢ textural aspects with the determination of magmgsicce
chemical properties, epidote dissolution kinetics and viscosity, we reached the following

conclusions:

(1) The epidote of the TT and VJS varieties has pistacite contents indicative of a magmatic
origin, whereas that of the Ourilandia do Norte sanukitoid has a Ps content predominantly
compatible with primary formation and to a lesser extent with formation through
plagioclase and biotite alteration. In addition, thesTdOo nt ent ( QinGhe 1 3 7
epidote of these granitoids also indicates magmatic origin

(2) The kinetics showed that the epidote dissolution time of toratitelhjemite was
shorter (~4 years) than that of sanukitoid (~6 years). In turn, at the beginning of the
magma rise, the TT agma transport speed was faste46B80 m/years) than that of
sanukitoid (4300m/years). Conversely, in the VJS, monzogranitic magmas exhibited
epidote dissolution times of ~5 years forhtt monzogranite and ~10 years for bt
monzogranite, even though timtial magma transport rates were similar$90m/year
and ~7906 m/year for #tb monzogranite and bt monzogranite, respectively). In turn, the
VJS tonalitic magma had the shortest epidote dissolution time (~3 years) and the highest
magma rise rate 8210 m/year).

(3) The viscosity of the CP Archean magmas increases from sanukitoid to the tonalitic
variety of the VJS, followed by monzogranitic magmas of the same suite and peaks in
tonalitetrondhjemite. These variations in viscosity, in the case of tortaditelhjemite
and sanukitoid magmas, show no clear match with magma ascent rates, these magmas
having similar ascent rates but different viscositieS{Hhd 16° Pa s, respectively).

This probably reflects variations in conduit width that may have fatethmagma ascent

rates. In contrast, in the VJS, the correlation between viscosity and magma rise rate seems
more coherent. The monzogranitic magmas show similar viscosity values' P4 ®)

and very similar magma rise rates. They contrast with tnait@ magma, which shows

the fastest rise among all studied granitoids and a viscosity PEOs) lower than that of

the VJS magmas.

(4) The sanukitoid and Vila Jussara granitoid magmas are emplaced closer to the surface and
therefore tend to crystallizaore rapidly than the TT magma, which displays epidote

crystals more intensely corroded than those of the first two magmas.
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(5) The short epidote crystal dissolution time in the CP suggests that these Archean magmas
were emplaced through a mechanism involimgemental stacking of sillke bodies
with a thickness of about a hundred meters, each cooling in approximately 1000 years. In
such a view, approximately 42,000 years of magmatic feeding would have been required
through several pulses to form -keh-thick plutonic bodies, assuming no time interval
between each injection.

(6) Magmatic epidote is generally considered to be a phase absent from granitoids of
different Archean cratons worldwid&¢hmidt and Poli, 2004§lespite being relatively
common in the CPThis study shows that magmatic epidote crystals can be preserved,
albeit rarely, in Archean granitoids under fast magma rise and crystallization conditions.
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ABSTRACT

Chemomineralogical studies on titanite of reduced to oxidized Neoarchean granites of
the Planalto and Vila Jussara suites and oxidized Paleoproterozoic rocks of the Jamon Suite of
the Carajas Province in the Amazonian Craton, were performed via opticaisoapy,
scanning electron microscopy and electron microprobe, revealing remarkable textural and
compositional variations in this mineral. The Fe/Al ratios of titanite are quite variable in the
granites studied. Three groups of titanites were distinguidh)ddgh Fe/Al ratio (Fe/Al>0.5);

2) moderate Fe/Al ratio (0.50Fe/ Al 00.25);
of the granites of the Vila Jussara Suite show marked variations in the Fe/Al ratio and are
distributed inall three groups, whithose of the Planalto Suite are located only in the groups
with moderate and low Fe/Al ratio. In turn, the titanites of the Jamon Suite granites show great
uniformity and are marked by high Fe/Al ratios, except in the associated dikes that show
variations forin-the moderate ratio group. A clear relationship was observed between the nature
of the titaniumbearing minerals, textural and compositional variations in the titanite and
oxygen fugacity. The granites of the Vila Jussara and Planalto suitesdfamder strongly
reduced conditions exhibit a predominance of titanites involving ilmenites, aaitbrona

texture and irregular zoning. In these same suites, with a slight increase in oxygen fugacity for
moderately reduced conditions, in addition to tleeona texture, the titanites form isolated
crystals that differ because they are subhedral and without marked zoning in the Vila Jussara
Suite, while in the Planalto Suite, they are euhedral with regular oscillatory zoning. Neoarchean
granites formed uret oxidizing conditions occur onlin the Vila Jussara suite and in its
oxidized ferroan variety, titanite appears as isolated subhedral crystals or in the form of fine
grained aggregates, while in the magnesian varieties, it forms subhedral to anlystat, cr
rarely fractured and may locally exhibit a corona texture involving magnetite. The titanites of
the granites of the Jamon Suite, formed under oxidizing conditions, exhibit a textural aspect
similar to that observed in the magnesian varieties dftlheJussara Suite. In general, there is

a clear decrease in the Fe/Al ratio from the center to the edge of the crystals, although the zones
are not regular. The titanites of the Archean magnesian granites and Paleoproterozoic ferroan
granites formed undeoxidizing conditions exhibit predominantly high Fe/Al ratios and
correspond perfectly to the pattern generally observed in magmatic titanites. On the other hand,
the reduced to moderately reduced varieties of Archean granites have moderate to low Fe/Al
ratios in titanite, even in euhedral titanites with regular oscillatory zoning. This textural aspect
indicates that the titanite present there is also of magmatic origin and not metamorphic or
hydrothermal. A geobarometer of Al in titanite was tested, winels more coherent for
granites formed under oxidizing conditions, providing pressures of ~300 MPa in the titanites of
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the magnesian varieties of Vila Jussara and in the oxidized ferroan Jamon granite. However,
the pressures obtained using this geobarametre inconsistent in the titanites of the
Neoarchean granites formed under reduced conditions. In general, the data obtained corroborate
the trend of a greater stability of titanite under oxidizing conditions, close to the-nickel

oxide buffer, buthe occurrence of magmatic titanite in reduced varieties of the Vila Jussara
and Planalto suites confirms that it is possible its crystallization under conditions close to the
fayalitemagnetitequartz buffer.

Keywords: titanite, titanite geobarometer, xygen fugacity, Neoarchean,
Paleoproterozoic, Carajas Province.

1. INTRODUCTION

Titanite (CaTiSi@) commonly occurs in igneous rocks as an accessory mineral. It
exhibits a characteristic sphenoidal shape and is the dominant titanium mineral in many
intermediate to acidic plutonic rockBder et al., 2013)Titanite is usually more abundant in
rocks formed undeo x i di zi ng enean the nickebicked oxideaNINO - buffer);
however, iniromr i ch r ocKk s, it can anes the fayaliprmagnetitel | z e
quartz (FMQ) buffer Erost et al., 2000 In addition, titanite is common in metamorphosed
igneous rockgKohn, 2017) Because it i s sditarste is donsidered®@ c h
marker capable of monitoring the temgteire, pressure and chemical composition of magmatic
sources(Mcleod et al., 2011)Therefore, titanite has recently been used as an important
indicator in petrochronological studies because its textures and compositional variations help

in the interpréation of complex magmatic evolutigkohn, 2017)

During the Neoarchean, granitoid magmatism (~2.73 Ga) occurred in the nofth
central portion of the Carajas Province (CP), represented by the Igarapé Gelado Granite
(Barbosa, 2004)Estrela ComplexBarros et al., 2001, 2009, 200%Berra do Rabo granite
(Sardinha et al., 2006Yila Unido granite§Marangoanha et al., 201®lanalto Suit€dCunha
et al., 2016; Feio et al., 2012a, 20884 Vila Jussar§uite( Dal | 6 Ag n o ISilvedat al
al.,, 2020; Sousa et al., 2022Among these granites, with metaluminous to weakly
peraluminous character and geochemical affinity wityge granites, those from the Planalto
and Vila Jussara suites were selected for the present study. Thwffisssts only of ferroan
granites, according to the classificationFobst et al. (2001)while the second presents strong
variations of Fe@FeQ +MgQy) ratios in the whole rock, ranging from ferroan to magnesian,
according to the same classificatidn addition, marked Paleoproterozoic magmatism occurs
in the CP, which is represented in its southern portion by the Jamon Suitel @686a;

Dal |l 6 Agnol et al ., 1999a, b ; Tei composed et
predominantly of ampbble-biotite monzogranites to syenogranites associated with rhyolitic
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and dacitic di keosdition&leegamordSuite diffets fraan thie Planalto and

Vila Jussara suites in that its crystallization occurred exclusively under oxidizingicoadit
Geochemically, the Jamon Suite is formed bytype metaluminous to moderately
peraluminous granites, with high FeO/MgO ratios, classified as oxidized ferroan granites
(Dall 6Agnol et al ., 1999a,. 2005; Dal |l 6 Agnol

Both the Planalto and Vila Jussara suites, as well as the Jamon Suite, have titanite as
an important accessory mineral constituent, but they differ in intensive crystallization
parameters, mainly with respect to the oxygen fugacity and the emplacenmegtaéasetting,
which is synkinematic and with expressive deformation in the case of the Neoarchean suites
and anorogenic and without significant deformation in the case of the Paleoproterozoic granites.
Therefore, this study aims to define the chemieadtural and mineralogical characteristics of
the titanites present in these suites, which were formed under different conditions of oxygen
fugacity, to investigate how this parameter influences the compositional variations of titanite
and to evaluate thapplicability of classifications of titanite based on its composition (e.g.,
Kowallis et al., 2022)as well as the applicability of a titanibased geobarometer presented in
the literaturg Erdmann et al., 2019)

2. GEOLOGICAL CONTEXT AND CHARACTERIZATION OF THE STUDY
SUITES

The CP, located in the southeastern portion of the Amazonian Craton, is the main
Archean domain of this craton (Fig. 1a). Over the past few decades, several proposals for
tectonic subdivision have been presented frphovince( Al t hof f et al ., 20
al., 2006; Souza et al., 1996; Vasquez et al., 20@8)e recentlyDal | 6 Agnol et a
proposed a new tectonic subdivision, dividing the CP from south to north into the Rio Maria,
Sapucaia and CaA dos Carajas domains and the Carajas Basin (Fig. 1b). The Rio Maria
Domain (Fig. 1b, d), located in the southern portion of the CP, houses the Paleoproterozoic A
type granites of the Jamon Suite (~1.88Ba; | | 6 Ag n o |, 20@5 Teixaita et A, 2018, 9 9
2019) which are intrusive in Mesoarchean units, representegtdgnstone belt&3.0 to 2.90
Ga;Macambira and Lafon, 1995; Souza et al., 2@d) diversified granites, including tonatite
trondhjemitegranodiorite (TTG)associations, sanukids, leucogranodiorites and potassium
granites (2.98 Ga to 2.86 Galiveira et al., 2009, 2011; Almeida et al., 2011; Almeida et al.,
2013; Santos and Oliveira, 201Z4he Sapucaia Domain (Figs. 1b, c; ~2.95 to 2.73 Ga) is also
formed by Mesoarcheagreenstone beltand granitoids similar to the Rio Maria Domain
(Santos et al., 2013; Teixeira et al., 2013; Gabriel and Oliveira, 2014:3anites and Oliveira,
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2014; Silva et al., 2014; Santos and Oliveira, 20H&)wever, the Sapucaia Domain was
intensely deformed during the Neoarchean and intruded by the granitoids of the Vila Jussara
Suite( Dal | 6 Ag n ol InthetCarmd dos Caraj@slargg, belonging to the homonymous
domain (Fig. 1b, c)Feio et al. (2013Qistinguished four main magmatevents, three of
Mesoarchean age and one of Neoarchean age. In the Mesoarchean events, diversified granitoids
were generated with ages ranging from 3.05 Ga to 2.83 Ga. The Neoarchean event, dated at
2.75 to 2.73 Ga, it occurred the formation of the Ptan@&eio et al., 2012, 2013nd Pedra
Branca(Silva et al., 2020) suiteas well as the charnockitic rocks of the Pidomplex(Santos

et al., 2013)

W
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—= + - ® Planalto suite +#” Tectonic limit .~ Ductile shear
& ® Vila Jussara suite zone

CANAA DOS CARAJAS DOMAIN AND CARAJAS BASIN
[ Anorogenic granites: 1.88 Ga
[ Sedimentary cover (Aguas Claras and Gorotire formation)
[ Pium diospide-norite: 2.74 Ga
_________ Il Mafic-ultramafic rocks (Luanga complex and Cateté suite): 2.76 Ga
3 Planalto suite 2.73 Ga
[ Serra do Rabo granite 2.74 Ga
[ Pedra Branca suite: 2.76 Ga
3 Itacaidnas supergroup: 2.77 - 2.73 Ga
[ Potassic leucogranites - Bom Jesus (bj), Cruzadio (cz),
and Serra Dourada (sd) granites: 2.86 - 2.83 Ga
B Campina Verde tonalitic complex: 2.87 - 2.83 Ga
[ Rio Verde trondhjemite: 2.96 - 2.93 Ga
B Canad dos Carajas granite: 2.96 - 2.93 Ga
[ Xingu complex: 2.97 - 2.85 Ga
I Bacaba tonalite: 3.0 Ga
SAPUCAIA DOMAIN
3 Velha Canadd leucogranite: 2.74 Ga
Il Vila Jussara Suite: 2.75-2.73 Ga
[ High Ba-Sr leucogranodiorite/granite (Nova Canada (nc) and
Pantanal (p) leucogranodiorites) 2.87 Ga
[ Agua Fria trondhjemite: 2.86 Ga
3 Colorado trondhjemite and similar rocks: 2.93-2.85 Ga
Bl Sio Carlos tonalite: 2.93 Ga

B Greenstone belt (Sapucaia group)

upEIog

spleaw:y sop
veus)

S
n
<’\%ﬁ.? Fi
\.
= Brazil e
by té
South American Platform.

uruioq osandos

! N
50°0'0"W g
Bacaji Domain A |

6°50°0"S

o)
ADR-325-1 (L BRADR -S54

@ City —— Ductile lineament
kS Samples of the studied granitoid Brittle Lineament
E Bannach granite / p
[#1) A _'/ Transpressional shear zone
= @ Jamon granite i A
Q. [ Jamon suite 2 Serra dos Carajas suite and RIO MARIA DOMAIN
; e "/;‘"”"" similar granftes I Jamon Suite - 1.88 Ga
] ;__ wgﬁf,l ioara g - Cigano a - Jamon; b - Musa: ¢ -Marajoara; d - Bannach
S

La i h - Serra dos Carajas i 3
?_ );/gyzngg LU P:gjuca v B High K Leucogranites: Mata Surrdo (ms) - 2.87 Ga

f- Bannach 3 Guaranta Suite - 2.87 Ga
3 Neoarquean A type granites 3 Suite Rio Maria Suite - 2.87 Ga '
a - Igarapé Gelado  d - Planalto suite B Old TTGs 2.98 - 2.92 Ga:Arco Verde tonalite (A),
b- Estrela complex e - Vila Jussara suite Mogno trondhjemite (B), and Mariazinha tonalite (C)
¢ - Serra do Rabo B Greenstone belts - 3.0 2.9 Ga

£°0'0"S

Figurel- (a) Location of the Carajas Province in the Amazonian Crato®ifylified geological me
of the CP showing the division of the Rio Maria, Sapucaia, Canaa dos Carajas and Cara
domains. The rectangles correspond approximately to the areas detailed in panels ¢ and d; (c)
map of the Canaa dos Carajasl &apucaia domains, with the location of the studied samples fr
Planalto Suite (in the Canaéa dos Carajas Domain) and Vila Jussara Suite (in the Sapucaia Dc¢
Geological map of the Jamon Suite in the Rio Maria Domain, with the location dathen Granit
samples studied, in letter a, and Bannach, in letter f.

The Planalto and Vila Jussara Neoarchean suites (Fig. 1c) were formed by various
granitoids that have geochemical affinity withtype granites. They occur as elonghte
syntectonicstocksor i ented in the WNW ESE to E W dir
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foliated rocks that were affected by shear zgnései o et al ., 2013, 2012
Silva et al., 2020)They have petrographic amgineralogical similarities, in addition to very
similar crystallization conditions in terms of pressure, temperature gdaéhtent; however,

they are different in terms of the oxygen fugacity paranfet€ru n ha et al ., 201E¢€
al., 2017; Sousat al., 2022) The Planalto Suite (Fig. 1c) was formed by ferroan granites
(FeQ/FeQ+Mg0O>0.8) and is divided into two grouffSunha et al., 2016)he former presents

only ilmenite as Fa i oxi de, a | ow magnetic oswithscept
crystallization below the fayalitmagnetitequartz (FMQ) buffer. The second group presents
magnetite and ilmenite as He oxides, moderate magnetic susceptibility and crystallization
under moderately reduced conditions between FMQ and FMQ+0.5. Inherkjla Jussara

Suite (Fig. 1c) presents a more complex evolution, being formed by at least three magmatic
pulses, two of monzogranitic composition (biotiternblende monzogranite, BHMzG, and
biotite, monzogranite, BMzG), and a tonalitic one (bietitgrblende tonalite, BHTnl)and

there is also a fourth petrographic variety, hornblendéte granodiorite (HBGd), of hybrid

origin (Silva et al., 2020; Sousa et al., 2022). The varieties of the Vila Jussara Suite were formed
under different oxygen fugacitgonditions( Dal | 6 Agn ol et al ., 2017;
2020; Sousa et al, 2022)BHMzG always exhibits ferroan characteristics
(FeQ/(FeQ+Mg0)>0.80), and crystallized under reduced to moderately reduced conditions
wi t hradgi@g from <FMQ d FMQ+0.5,similar to those observed in the Planalto Suite,
however, unlike this one, it presentvariety generated in moderately oxidizing conditions
(betweerNNO-0.5 and NNO; ridized BHMzQ. The varieties BHTnl, BMzG and HBGd are
classified as magnesi FeQ/(FeQ+Mg0O)<0.80) and were crystallized under oxidizing
conditions, withA @from ranging NNGO.5 to NNO+1(Sousa, 2019; Sousa et al., 2022).

The Jamon Suite is of Paleoproterozoic age (~1.88&aj] | 6 Agnol,2085 al
Teixeiraetal 2018,2019%t he U Pb ages of the zircon and
the suite are coincident within the error limits, which proves the magmatic nature of the titanite;
cf. Machado et al., 1991; Teixeira et al., 2018) and is composed ahsmogenic granitic
plutons (Fig. 1b, d): MarajoaréSantos et al., 2018Jamon( Dal | 6 Agnol et é
Dal |l 6Agnol ,Musa(®Dla.l,| 6A9g9Db) et al Manda $d848chken ; Ga
2001) Bannach(Almeida et al., 20062007; Huhn et al., 1988; Mesquita et al., 20a8)
RedencéqBarbosa et al., 1995; Montalvao et al., 1982; Oliveira et al., 2009, .20t8%e
plutons were emplaced at shallow crustal legeal | 6 Agnol et al ., 20
1999a; Dlal led Aganl . 1999b,; Dal bBnd Aug ncomposed n d
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predominantly of monzogranites, with subordinate syenografitesida et al., 2006, 2007;

Dal |l 6 Agnol et al ., 2005; Dal | 6Agnol teat al
crystallized under oxidizing conditions (NNOx0B;a |l | 6 Agn ol et al ., 199
1999a; Mesquita et al., 2018l within the granites of the magnetite serietsbfhara (1977),

and were classified as oxidized ferroan granitd3 a | | | @ ®liveira, 2007). Mesquita et

al. (2018) considering the mineralogical compositions (amphibole and biotite) and
assemblages of FE oxide minerals, estimated the oxygen fugacity during the magmatic
evolution of the Bannach Granite and suggestad@between NNG0.5 and NNO, slightly

lower than that of the Jamon Granite (NNO+@5a | | 6 Agn ol et al ., 199
1999a; Dall 6Agnol and Oliveira, 2007)

3. RESULTS
3.1 MINERAL CHEMISTRY

The titanites from the Planalto and Vila Jussara suée well as the Bannach Granite,
were analyzed in a JEOL JX@230 electron microprobe (EPMA) with five wavelength
dispersive spectrometeasd one energy dispersiveray spectrometer at the Laboratory of
Microanalysis of the Institute of Geoscienceshaf Federal University of Para. The analytical
procedure was performed on carbon coated polished thin sections, under the following
operating conditions: acceleration column voltage of 15 kV; current of 20 nA; beam diameter
of 5 um; analysis time of 40 seieds for Y, Na, K, Mn, Ti, Ce, and La and 20 seconds for Si,
Mg, Al, Ca, and Fe. The crystals used for the analyses were LIF for Fe, Mn and Ti; PETJ for
Ca and K; TAP for Si, Al, Mg, Na, and Y; and LIFH for Ce and La. The standards used for
calibration wee wollastonite (Si@and CaO), rutile (Ti¢), sodalite (AtOs), specularite (FeO),
diopside (MgO), rhodonite (MnO), sodalite (0§, orthoclase (KO), yttrium (Y203), cerium
oxide (CeOz) and lanthanum oxide (k@s). The titanites of the Jamdsranite were analyzed
at the Microanalysis Laboratory of the University of Nancy, France, and the analytical

conditions are described in Dall'Agnol et al. (1999b).

The microprobe analyses were preceded by detailed petrographic studies using
reflected andransmitted light optical microscopy, followed by observations using a scanning
electron microscope, used to better understand the zoning and textural variations, as well as to
select crystals for microprobe analysis. The set of titanite analyses perfrchetes 239
analyses in samples from the Vila Jussara Suite (Tables 1 and 2), 256 analyses in those from

the Planalto Suite (Table 3) and 54 in samples from the Jamon Suite (39 in the Jamon Granite,
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Table 4; and 15 in the Bannach Granite, Table 5),ihgt&49 analyses. Representative analyses
of the titanites of the different suites are shown in Tables 1 to 5.

3.2 COMPOSITIONAL VARIATIONS IN THE STUDY OF TITANITES

Natural titanite involves a solid solution with three end members, CadiSiO
CaAlSiOy(OH) and CaAISiQ(F) (Frost et al., 2000)ith Fe and Al substitutions in the titanite
structure, in addition to Ti by Al exchanges, offset by the replacement of oxygen by F (cf.
Nakada, 1991; Kohn, 201 Nakada (1991¢bserved that titanitdeom igneous plutonic rocks
exhibited Fe/Al ratios varying between 1 and 0.5, while those from volcanic rocks had ratios of
approximately 1, and those from metamorphic rocks had ratios lower thaoallis et al.
(2022),based on the organization antkerpretation of a large database of chemical analyses of
titanites and textural studies representative of different types of igneous and metamorphic rocks,
also highlighted the relevance of the Fe/Al ratio obtained in the structural formulas of titanite
to evaluate the origin and better understand the evolution of this mineral. They concluded,
similar to Nakada (1991)that igneous titanites generally exhibit Fe/Al ratios close to 1 and
almost always >0.5, while titanites present in metamorphic rooks commonly exhibit Fe/Al
ratios <0.5. Despite emphasizing this general dmyallis et al. (2022)discussed several

examples where such trends are not followed.

The titanites of the suites of Carajas Province, when considered together, show marked
variations in the Fe/Al ratios (Tables 1 to 5), but these ratios vary less in the titanites of the
Jamon (Tables 4 and 5) and Planalto (Table 3) suites. The largest variation was observed in
titanites from the Vila Jussara Suite (Tables 1 and 2). Altogdtiese Fe/Al ratios, with rare
exceptions, are less than 1 and reach values less than 0.1. To avoid any bias in the interpretation
of the possible origin of the titanites of these suites, it was decided to divide the titanites into
three large groups, ipart aligned with the limits defined IlNakada (1991andKowallis et al.

(2022) titanites with high Fel/ Al ratios (Fel A
Fe/Al ratios (Fe/Al<0.25). In the backscattered electron images that illusidtathites of the
different rock varieties and their textural variations, zones with high (red), moderate (pink), and
low (green) Fe/Al ratios are distinguished. In addition to the behavior of Fe and Al in the
titanites, the variations in F and Ti werensa@ered, as they are important elements in their
structure(Frost et al., 2000)

As previously mentioned, the titanites from the Vila Jussara Suite exhibit the most
marked variations in the Fe/Al ratios among those studied, occurring in the thres, droup

with sharp contrasts in the distribution of their different varieties reflecting variations in the
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fugacity of oxygen. Thus, among the reduced ferroan varieties of this suite (Fig. 2a), the PRF
16A sample, formed under strongly reduced oxygen fuiggci o cér@itions (below FMQ;

Sousa etal., 2022, exhibits moderate (0.50Fe/ Al O00. 2
high (Fel Al 00. 5) rat i os-77A,Ceprederitaive of tgfarétes h a
crystallized i n onfeMQeto BMQed.5y Sousa et il 8022), résents
titanites with a predominance of moderate ratios and, to a lesser extent, low ratios (Fig. 2a),
with few high ratios that are always slightly greater than 0.50. In turn, in the oxidized ferroan
variety of theVila Jussara Suite, crystallized under comparatively more oxidizing conditions
(NNO-0.5; Sousa et al., 2022), the PB8A sample exhibits dominance of zones with moderate
Fe/Al ratios (Fig. 3d), in contrast with the AMH A sample, which shows Fe/Al ratienging

from high to moderate but close to 0.50. Finally, samples-88@nd MYF40, representative

of the magnesian varieties of the Vila Jussara Suite (Fig. 2), crystallized under oxidizing
conditions (NNO to NNO+1Sousa et al., 2022nd have titames with mostly high Fe/Al ratios

and locally moderate Fe/Al ratios (Fig. 4).
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Tablel- Representative electron microprobe analyses of Archean titanite of the reduced ferroan variety of the Vila Jussara suite.

REDUCED FERROAN

Samples PFR16A PFR16A PFR16A PFR16A PFR16A PFA77A PFA77A PEA77TA PFA7T7TA PEAT7A PFA7T7TA PFATTA PEATTA

Analysis C3-1.2 C31.3 C315 C31.7 C31l.12 C11.2 Ci1-13 Ci1-1.11 C1-1.12 C311 C317 C319 C31.14
SIO, 31.638 31.471 30.947 31.012 31.813 30.921 30.992 30.802 31.189 30.732 30.780 31.545 30.716
TiO2 28.249 29.603 31.962 31.952 29.718 34.975 34.433 35.518 33.589 34.364 34.741 33.923 35.925
Al Os  7.740 6.713 4470 4922 7.331 2597 3549 2355 4448 2.648 2.890 4.174 2.382
FeOs 1.105 1.388 2.261 2.013 0917 2103 1399 1586 0981 2164 2.078 1.185 1.857
MnO 0.102 0.122 0.110 0.136 0.059 0.095 0.073 0.087 0.047 0.123 0.108 0.065 0.122
MgO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CaO 27.406 27.321 26.544 26.954 27.547 27.311 27.551 27.203 27.867 26.577 26.887 27.529 26.772
NeeO 0.013 0.032 0.053 0.036 0.008 0.015 0.013 0.057 0.003 0.025 0.010 0.007 0.026
F 2245 1908 1513 1599 2201 0900 1.049 0.952 1365 1.046 1.014 1319 0.770
Total 98.498 98558 97.860 98.624 134.283 98.917 99.059 98.560 99.489 97.669 98.508 99.747 98.570
Number of cations on the basis of 5 oxygens

Si 1.05 1.05 1.04 1.03 1.05 1.023 1.023 1.025 1.027 1.02 1.02 1.03 1.02
Ti 0.71 0.74 0.81 0.80 0.74 0870 0.855 0.889 0.832 0.85 0.87 0.84 0.90
Al 0.30 0.26 0.18 0.19 0.28 0.101 0.138 0.092 0.173 0.10 0.11 0.16 0.09

Fe 0.03 0.03 0.06 0.05 0.02 0.052 0.035 0.040 0.024 0.05 0.05 0.03 0.05
Mn 0.00 0.00 0.00 0.00 0.00 0.003 0.002 0.002 0.001 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.000 0.000 0.000 0.000 0.00 0.00 0.00 0.00
Ca 0.98 0.97 0.95 0.96 0.97 0968 0975 0970 0984 094 0.96 0.97 0.95
Na 0.00 0.00 0.00 0.00 0.00 0.001 0.001 0.004 0.000 0.00 0.00 0.00 0.00
F 0.24 0.20 0.16 0.17 0.23 0.095 0.110 0.101 0.143 0.11 0.11 0.14 0.08
Fe/Al  0.09 0.13 0.32 0.26 0.08 0.52 0.25 0.43 0.14 0.52 0.46 0.18 0.50
P (MPa) 846 741 513 559 804 323 420 298 511 328 353 483 301

*P(MPa) calculated on the basis of the barometer proposgddoyann et al. (2019).
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Table2- Representative electron microprobe analyses of Archean titanite of the oxidized ferroan and magnesian varieties osdard/daite.

OXIDIZED FERROAN MAGNESIAN

PFA- PFA- PFA- PFA- PFA- AFD- AFD- AFD- AFD- AFD- MYF- MYF- MYF- MYF- MYF-
Samples 39 39 39 39 39 08 08 08 08 08 40 40 40 40 40
Analysis C1-1.2 C1-1.3 C313 C315 C316 Cl25 Ci1-2.11 Cl2.12 C1-2.13 C1-2.14 Ci1-1.1 C1-19 Cl1.11 C1-2.3 C128
SiO; 31.041 31.043 31.154 31.117 31.191 30.442 30.944 30.992 30.799 30.740 30.658 30.483 30.574 30.391 30.468
TiO; 36.642 37.027 36.637 37.378 36.046 36.588 35.663 34.530 37.202 36.320 37.607 36.379 37.082 36.493 37.182
Al203 2410 1974 2358 2158 3.150 1.765 2.818 3.130 1969 2.014 1.694 1.787 2.130 1.940 1.573
FeOs 1238 1.256 1.108 1.085 1.347 1526 1.484 1788 1584 1.707 1577 1.705 1.358 1.833 1.783
MnO 0.125 0.123 0.111 0.093 0.065 0.111 0.063 0.115 0.145 0.135 0.146 0.093 0.144 0.183 0.117
MgO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CaO 27.987 27.917 28.270 28.353 28.420 26.912 27.399 27.273 26.961 26.878 26.614 26.241 27.190 26.246 26.724
NaO 0.048 0.017 0.026 0.019 0.017 0.000 0.018 0.017 0.024 0.024 0.023 0.017 0.005 0.009 0.013
F 0.982 0.737 0.792 0.764 1.224 0.617 0.957 0984 0596 0.741 0.487 0.533 0.688 0.596 0.480
Total 100.473 100.094 100.456 100.967 101.460 97.961 99.346 98.829 99.280 98.559 98.806 97.238 99.171 97.691 98.340
Number ofcations on the basis of 5 oxygens
Si 1.01 1.02 1.02 1.01 1.01 1.02 1.02 1.03 1.01 1.02 1.01 102 101 1.02 1.01
Ti 0.90 0.91 0.90 0.91 0.88 0.92 0.88 0.86 0.92 0.91 093 092 0.92 0.92 0.93
Al 0.09 0.08 0.09 0.08 0.12 0.07 0.11 0.12 0.08 0.08 0.07 0.07 0.08 0.08 0.06
Fes 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.05 0.04
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.98 0.98 0.99 0.99 0.99 0.96 0.97 0.97 0.95 0.96 094 094 0.96 0.94 0.95
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F 0.10 0.08 0.08 0.08 0.13 0.07 0.10 0.10 0.06 0.08 0.05 0.06 0.07 0.06 0.05
Fe/Al 0.33 0.41 0.30 0.32 0.27 055 0.34 0.36 0.51 0.54 059 061 041 0.60 0.72
P (MPa) 304 260 299 278 379 238 345 377 259 264 231 241 276 256 219

*P(MPa) calculated on the basis of the barometer proposgddoyann et al. (2019).
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When correlating the F versus Fe content in the titanites of the Vila Jussara Suite (Fig.
2b), a pattersimilar to that observed in the Al versus Fe diagram was observed, with a slight
decrease in Fe parallel to the marked increase in fluorine. This reflects the fact that the
introduction of F into the structure of titanite is generally associated witkephecement of Ti
by Al. The F content in the titanites increases markedly from the varieties of granites formed
under oxidizing conditions to the reduced ones. The Al versus Ti diagram (Fig. 2c) shows a
strong negative correlation between Al and Ti, whionfirms the relevance of replacing Ti
with Al in the structure of titanite. The Ti contents generally decrease from oxidized to reduced

granites.

The study of the compositional variations in titanite is associated with the observation of
the textural femres of its crystals, with emphasis on zoning. Titanite exhibits a strong
propensity to develop sector zoning, which is manifested by variations in composition
controlled by crystallographic features. Sector zoning is attributed to differences in theathem
partition between distinct crystalline faces and is commonly preserved because the crystal
growth rate is faster than intracrystalline diffusi@gohn, 2017 and references therein). The
zoning is commonly marked in the titanite crystals of the itganstudied, having been
identified in the observations of backscattered electron images from scanning electron
microscopy (SEM). The compositional variations and the images presented here of the different
zones of the crystals were obtained using antreleanicroprobe, which made it possible to
relate the various zones with the three groups of titanites distinguished based on the Fe/Al ratios.
Figs. 3, 4, 6 and 8 shathe textural variations in the titanite crystals and establish relationships

betweenhe crystal zones and the groups with high, moderate and low Fe/Al ratios.

In the strongly reduced ferroan variety of the Vila Jussara Suite (sampié@RIFig.
3a), the titanite typically occurs in the form of coronas around the ilmenite, with a moderate
Fe/Al ratio in the inner zones and a low Fe/Al ratio at the edges (Fig. 3a; Table 1). In turn, the
moderately reduced variety of titanites (sample FFAFigs. 3b, c) exhibit subhedral fractured
crystals, with dominance of moderate Fe/Al ratios in thenraanes with variations to low
ratios at the edges or to high ratios (maximum of 0.52; Table 1) in dispersed points near the
center. In general, the titanites of the strongly and moderately reduced granites of the Vila
Jussara Suite show irregular zon{Rggs. 3a, b, c), with central portions usually showing lighter
to intermediate tones and edges exhibiting darker tones, coincident with the titanites with low

Fe/Al ratios.



Table3- Representative electron microprobe analyses of Archean titanite of the strongly reduced and moderately groups of thdgtBlanalto

STRONGLY REDUCED MODERATELY REDUCED

Sampl AMR- AMR- AMR- AMR- ARC- ARC- ARC- AMR- AMR- AMR- AMR- AMR- AMR- AMR- AMR-
es 149 149 149 149 147 147 147 137 137 137 137 140 140 140 140

Analys C1l-

is ’ Cl111 Ci11.17 C1-1.22 C1-1.28 C1-1.1 Ci1-1.7 1.5 C2-1.27 C2-1.12 C21.28 C31.2 (C313 C314 C319 C31.12
SiO, 31.013 30.854 31.245 30.823 30.957 30.581 31.119 30.625 31.605 30.993 39.724 31.041 31.227 31.679 31.087
TiO, 32.241 33.430 29.432 34.413 32.908 34.377 30.345 32.585 28.532 31.465 25.664 31.646 30.231 28.242 31.565
Al,O3 4942 3423 7.108 3.339 4410 3.191 6.174 4.282 7920 4.643 6.277 5.106 6.253 8.139 4.982

FeOs; 1457 1961 0905 1546 1511 2174 1.317 2.049 0.759 2437 1.728 2140 1544 1.041 2.150

MnO 0.089 0.039 0.105 0.115 0.101 0.132 0.054 0.123 0.072 0.070 0.080 0.127 0.078 0.097 0.113

MgO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000

CaO 27.070 27.089 27.494 26.630 27.080 26.754 27.554 26.866 28.022 26.972 24.312 27.139 27.793 28.109 27.217
NaeO 0.066 0.034 0.015 0.045 0.031 0.050 0.025 0.046 0.019 0.031 0.005 0.037 0.012 0.011 0.049

F 1546 1.086 1965 1.088 1.301 1.108 1816 1.368 2.256 1538 1.741 1841 1910 2.392 1.603

Total 98.424 97.916 98.269 97.999 08.299 98.367 98.404 97.944 99.185 98.149 99.531 99.078 99.048 99.710 98.766
Number ofcations on the basis of 5 oxygens

Si 1.03 1.03 1.04 1.03 1.038 1.02 1.04 1.03 1.05 1.04 1.26 1.03 1.04 1.04 1.03
Ti 0.81 0.84 0.74 0.86 0.82 0.86 0.76 0.82 0.71 0.79 0.61 0.79 0.76 0.70 0.79
Al 0.19 0.14 0.28 0.13 0.17 0.13 0.24 0.17 0.31 0.18 0.24 0.20 0.24 0.32 0.20

Fe®  0.04 0.05 0.02 0.04 0.04 0.05 0.03 0.05 0.02 0.06 0.04 0.05 0.04 0.03 0.05
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.97 0.97 0.98 0.95 0.97 0.96 0.98 0.97 0.99 0.97 0.83 0.97 0.99 0.99 0.97
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F 0.16 0.12 0.21 0.12 0.14 0.12 0.19 0.15 0.24 0.16 0.18 0.19 0.20 0.25 0.17

Fe/Al 0.19 0.37 0.08 0.30 0.22 0.43 0.14 0.31 0.06 0.34 0.18 0.27 0.16 0.08 0.28
P
(MPa) 561 407 782 398 507 383 687 494 864 531 697 578 695 886 565

*P(MPa) calculated on the basis of the barometer proposgddoyann et al. (2019).
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Titanites

@ Fe/Al <0.25

@ 0.52Fe/Al=0.25
® Fe/Al >0.50
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Figure 3- Backscattered electrons images (EPMA) showing the textural relationships of the
ferroan (Figs. 3a, b, ¢) and oxidized ferroan (Fig. 3d) of the Vila Jussara Suite, correlated
proposed Fe/Al ratios: (a) Titanite exhibiting a corona textungpunding ilmenite, and in direct con
with biotite. The Fel Al ratios identified
in green). (b) Subhedral to anhedral titanite, with little evident zoning between the central poi
edyes of the crystal. The central portion exhibits different shades of gray and high (Fe/Al>0.5; i
moderate Fe/ Al ratios (0.50Fe/ Al O0.25; in
presents a low Fe/Al ratio (Fe/Al<0.25; in grg. (¢) Subhedral to euhedral titanite in association
ilmenite, exhibiting a zoning pattern similar to that in Fig. 3b. (d) Titanite with a textural appeal
mul tiple grains, associated with opalQMAle ol
purple) Abbreviations according kretz (1983).

In the oxidized ferroan variety of the Vila Jussara Suite (samples3BFhd AMP47;
Fig. 3d), the titanites show marked textural variations. Several crystals show moderate Fe/Al
ratios (Fg. 3d; Table 2) and the presence of subgrains, which mask the zoning. Some subhedral
grains exhibit incipient zoning and moderate to high Fe/Al ratios (observations limited to SEM
in the case of the AMR7 sample). Finally, in the more strongly oxidizedtigties of this suite
(samples of magnesian granites; ABB and MYF40; Fig. 4), the titanite crystals are
subhedral to anhedral and exhibit moderate to low fracturing and irregular zoning, with the
main zones presenting high Fe/Al ratios, while the éuiges of a darker shade have moderate

ratios (Figs. 4a, b). In addition, in this variety, titanite was observed to form a coronitic texture



Table4- Representative electron microprobe analyses of Paleoproterozoic titanites of the Jamon granite.

TITANITES OF THE JAMON GRANITE

Facies HBMzG BMcG BMzG Porphyry granite Porphyry dacite
CRE CRE CRE HZR HZR HZR HZR AU AU AU CRE CRE CRE CRE CRE
Sample  78A 78A 78A 752 752 751B 751B 375 375 375 106A 106A 106A 106B 106B
Analysis 41 42 45 50 51 89 90 94 95 96 27 28 32 36 39
SiOz 29.365 29.906 30.627 28.936 30.406 30.125 30.557 27.755 30.597 28.702 30.051 30.519 30.204 30.632 30.349
TiO2 35401 36.330 35.737 33.429 33.008 32.258 32.734 29.404 31.125 29.157 30.812 28.652 29.596 29.954 36.003
Al20s3 2.313 1.713  2.007 2.401 2.606 3.036 3.061 3.162 3.792 3370 2.618 5.333 4.152 5.437 1.847
FeOs 2.830 1.678 2.122 2.436 3.207 3.022 2.662 4805 2972 5320 3.175 3.178 3.367 2.208 1.811
MnO 0.253 0.052 0.133 0.255 0.210 0.131 0.309 0.338 0.238 0.285 0.248 0.070 0.205 0.021 0.000
MgO 0.074 0.040 0.000 0.061 0.111 0.110 0.090 0.122 0.092 0.146 0.109 0.196 0.228 0.126 0.030
CaO 27.746  28.684 28.525 28.338 28.344 26.976 28.095 20.736 27.768 21.719 27.669 28.498 27.652 29.600 29.058
NaO 0.022 0.015 0.001 0.061 0.027 0.000 0.030 0.012 0.067 0.151 0.014 0.000 0.013 0.000 0.000
F 0.647 0.646 0.710 0.854 0.852 0.915 1.154 0.930 1.379 0.848 1.006 1.872 1513 1.642 0.443
Total 98.651 99.064 99.862 96.772 98.770 96.573 98.692 87.264 98.028 89.697 95.701 100.612  96.930 101.912  99.541
Number of cations on the basis of 5 oxygens
Si 0.99 1.00 1.02 1.00 1.03 1.03 1.03 1.05 1.04 1.06 1.05 1.04 1.04 1.02 1.01
Ti 0.90 0.91 0.89 0.87 0.84 0.83 0.83 0.84 0.80 0.81 0.81 0.73 0.77 0.75 0.90
Al 0.09 0.07 0.08 0.10 0.10 0.12 0.12 0.14 0.15 0.15 0.11 0.21 0.17 0.21 0.07
Fe's 0.07 0.04 0.05 0.06 0.08 0.08 0.07 0.14 0.08 0.15 0.08 0.08 0.09 0.06 0.05
Mn 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00
Ca 1.00 1.03 1.01 1.05 1.02 0.99 1.01 0.84 1.01 0.86 1.03 1.04 1.02 1.06 1.03
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
F 0.07 0.07 0.07 0.09 0.09 0.10 0.12 0.11 0.15 0.10 0.11 0.20 0.17 0.17 0.05
Fe/Al 0.78 0.63 0.68 0.65 0.79 0.64 0.56 0.97 0.50 1.01 0.77 0.38 0.52 0.26 0.63
P (MPa) 294 233 263 303 324 368 370 381 444 402 325 601 481 612 247

*P(MPa) calculated on the basis of the barometer proposEddoyann et al. (2019Abbreviation:HBMzG i HornblendeBiotite Monzogranite;
BMcG i Biotite Microgranite; BMzG' Biotite Monzogranite.
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Table5- Representative electron microprobe analyses of Paleoproterozoic titanites of the Bannach granite.

BANNACH GRANITE

Sample ADR-55A ADR-32B1

Analysis C1-1.1 C11.2 C1-13 Ci1-14 C115 Cl116 Ci117 C211 C212 C213 C214 C215 C2l1l6 C21.7 C218
SIO, 30.430 30.510 30.520 30.350 30.350 30.430 30.470 30.790 30.020 29.970 29.940 30.090 29.650 29.540 30.020
TiO2 31.160 30.890 30.980 30.770 30.830 30.940 31.110 28.340 29.410 29.480 29.050 29.470 29.600 29.430 29.060
Al20s3 4.060 4.300 4.180 3.980 3.980 4.210 3950 4.860 4.330 4.400 4510 4.490 3.860 4.070 4.140
FeOs 4038 3.828 3.767 3.730 3.915 3569 3.989 4.668 4.656 4.211 4545 4421 4.742 5.298 4.915
MnO 0.210 0.160 0.160 0.170 0.200 0.160 0.170 0.200 0.210 0.200 0.210 0.210 0.200 0.170 0.200
MgO 0.120 0.150 0.130 0.130 0.140 0.120 0.170 0.370 0.330 0.280 0.340 0.300 0.270 0.330 0.320
CaO 26.380 26.700 26.880 26.260 26.250 27.160 26.980 24.140 24.950 25.460 25.190 25.250 24.210 23.740 24.750
NaO 0.060 0.030 0.050 0.060 0.050 0.050 0.080 0.400 0.080 0.080 0.060 0.080 0.120 0.130 0.100
K20 0.034 0.028 0.027 0.019 0.022 0.011 0.049 0.041 0.035 0.008 0.030 0.021 0.041 0.040 0.021
F 1.359 1592 1578 1328 1357 1588 1323 1364 1567 1477 1691 1470 1.088 1.279 1.362
Total 97.851 98.188 98.272 96.797 97.094 98.238 98.291 95.173 95.588 95.566 95.566 95.802 93.781 94.027 94.888
Number of cations on the basis of 5 oxygens

Si 1.04 1.04 1.04 1.04 1.04 1.03 1.03 1.07 1.05 1.04 1.05 1.05 1.05 1.05 1.05

Ti 0.80 0.79 0.79 0.79 0.79 0.79 0.79 0.74 0.77 0.77 0.76 0.77 0.79 0.78 0.77

Al 0.16 0.17 0.17 0.16 0.16 0.17 0.16 0.20 0.18 0.18 0.19 0.18 0.16 0.17 0.17

Fe3 0.09 0.09 0.09 0.09 0.09 0.08 0.09 0.11 0.11 0.10 0.11 0.10 0.11 0.13 0.12

Mn 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Mg 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.02 0.02

Ca 0.96 0.97 0.98 0.97 0.96 0.99 0.98 0.90 0.93 0.95 0.94 0.94 0.92 0.90 0.93

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.01 0.01 0.00 0.01 0.01 0.01 0.01

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

F 0.15 0.17 0.17 0.14 0.15 0.17 0.14 0.15 0.17 0.16 0.19 0.16 0.12 0.14 0.15

FelAl 0.57 0.51 0.52 0.54 0.57 0.49 0.58 0.55 0.62 0.55 0.58 0.57 0.71 0.75 0.69

P (MPa) 472 496 484 464 464 487 461 553 499 506 517 515 451 473 480

*P(MPa) calculated on the basis of the barometer proposEddoyann et al. (2019).

70



71

(Fig. 4c); however, unlike the reduced ferroan variety of titanite with a similar textural
appearance (Fig. 3a), in this case, the titanite exhibits exclusively a high Fe/Al ratio, in addition

to involving magnetite rather than ilmenite.

Titanites
@ 0.52Fe/Al20.25
@ Fe/Al >0.50

Magnesian Oxidized ) MYF-40

Figure4- Backscattered electrons images (in EPMA) showing the textural relationships of tita
the magnesian variety of the Vila Jussara Suite: (a) Anhedral titanites in direct contact with th
exhibiting an intermediatéegree of fracturing and with more pronounced zoning between cente
a predominance of high Fe/Al ratio (Fe/Al>0.5; in red) and punctually at the edges, moderate F
(0.5 OFe/ Al 00.25; in purple); tu@mppearanch sindilar
that described in Fig. 4a, but in association with magnetite; (c) Goeghaed titanite involvin
magnetite, showing a consistently high Fe/Al ratio (Fe/Al>0.5; in red). Abbreviations accorHiretz
(1983).

In the Planalto Gite, the Fe/Al ratios of titanite range from moderate to low, both in the
strongly reduced variety (Fe/Al ratios between 0.08 and 0.43) and in the moderately reduced
variety (0.22 to 0.34and, unlike in the Vila Jussara Suite, it does not present ¢isanith high
ratios (Fig. 5a; Table 3). The compositional intervals are very close and largely overlap with
those observed for the equivalent Vila Jussara Suite varieties. The moderately reduced variety
(samples AMR137A and AMR140) exhibited a higher pportion of low ratios compared to
moderate ratios. The F behavior in the titanite of these varieties follows a pattern (Fig. 5b)

similar to that described in thélla Jussara Suite. In general, the titanites of the moderately
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reduced variety of the PlanalBuite are more enriched in Al and F than those of the strongly
reduced variety, with the opposite pattern for Ti, which decreases from the strongly reduced to
the moderately reduced variety (Fig. 5¢). In additrergative correlations among-Rk, FFe,

and TtAI are observed for the set of samples.
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Figure5- Diagrams showing the correlation between the major elements in the Planalto suite
a) Al versus Fe; b) F versus Fe; Al versus Ti.

Titanite of the strongly reduced variety of the Planalto Suitengées AMR149 and
ARC-147) is presented as strongly fractured, subhedral crystals, that show very irregular zoning
with moderate Fe/Al ratios dominating in the lighter shade central portions and low ratios,
clearly concentrating at the darker tone edgegs(F6a, b). In addition, there are locally,
remnants of partially replaced ilmenite crystals, surrounded by titanite (Fig. Blovedllis et
al., 2022 Figs. 9 and 10). The titanites of the moderately reduced group of the Planalto Suite
(samples AMR137A and AMR140) strongly differ in textural aspect from the titanites of the
strongly reduced group. In the moderately reduced variety, the titanite crystals are euhedral
with low to medium fracturing and wellefined oscillatory zoning with the zones tmmming
to the faces (Fig. 6¢) or being marked by irregular zones (Fig. 8d). In the strongly reduced

variety, the moderate Fe/Al ratios are concentrated preferably in the innermost zones of the
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crystals and the low ratios are concentrated at their edmggss @&, b), while in the moderately
reduced variety, there is no clearly defined distribution pattern and there are crystals with only

low ratios in the different ztes (Figs. 6c, d).

Titanites b e
® Fe/Al <0.25
® 0.52Fe/Al20.25 §&

b,

Strongly Reduced

@/\

\ o
, Moderately Reduced

Figure 6- Backscattered electron images (in EPMA) showing the textural relationshiisoogly
reduced (6a and 6b) and moderately reduced (6¢ and 6d) varieties of the Planalto Suite: (a)
to euhedral titanites in direct contact with biotite, exhibiting a high degree of fracturing and low
between center and edge. The motdega ( 0. 50Fe/ Al O00.25; in pt
Fe/Al ratios do not exhibit a clear pattern. b) Anhedral titanite, probably associated v
consumption of ilmenite for its formation. It presents direct contact with the biotite andegula
zoning pattern, ranging from moderate (purple) to low (green) Fe/Al ratio. (c) Euhedral titanite
contact with amphibole, exhibiting regular cyclic zoning, starting from the center to the edg
crystal, with Fe/Al ratios varying betwa low (in green) and moderate (in purple). (d) Euhedral tit
exhibiting direct contact with biotite and a zoning pattern and Fe/Al ratio similar to those desc
Fig. 6¢. Abbreviations according Kretz (1983).

In contrast to the titanites of the Neoarchean granites of the CP, the titanites of the
oxidized ferroan Paleoproterozoic Jamon Suite granites exhibit high Fe/Al ratios (0.50 to 1.01;
Fig. 7a; Tables 4 and H)utBannach Granite titanites are more enriched in Fe and Al, with the
opposite trend for Ti. In turn, the titanites from the dikes associated with the Jamon Granite
(samples CRE.O6A and CREL06B) exhibit high to moderate Fe/Al ratios, with a single
analysisshowing a low Fe/Al ratio (Fig. 7a). These titanites with moderate to low Fe/Al ratios

are relatively enriched in Al and depleted in Ti compared to the other analyzed titanites from
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the Jamon Suite (Fig. 7a). The F versus Fe diagram (Fig. 7b) maintaineagaanalogy with

what is observed in the Al versus Fe diagram. In the Al versus Ti diagram (Fig. 7c), as in the

Neoarchean granites, there is a strong negative correlation, with the Jamon Granite titanites

presenting the highest concentrations of Titnode of the Bannach granite and the dikes being

comparatively depleted in Ti.
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Figure 7- Diagrams showing the correlation between the major elements in the Jamon Suite ti
a) Al versus Fe; b) F versus Fe; c¢) Al versus Ti.

The Jamon Granite presents dominant magnetite and subordinate ilmenite and the titanite

crystals are subhedral to anhedral with moderate fracturing and irregular and sometimes slightly

marked zoning (Figs. 8c, d). The titanites of the Bannach granittorplexhibit textural

variations, with the crystals of the hornblerdetite monzogranite (sample ABS5A) being

anhedral and apparently interstitial, filling spaces between slightly fractured hornblende grains

(Fig. 8c), while those of biotite leucomonzagite are subhedral, with more intense fracturing

and zoning characterized by the presence of two large zones that exhibit irregular contacts
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(Fig.8d). Regardless of the textural variations, the titanites of the Jamon Suite granites always
exhibithigh Fe/Al ratios (Figs. 8a, b, c, d; Talslp

Titanites
® Fe/Al >0.50 |~

Oxidized

Oxidized " Oxidized = WUWLs
Figure 8- Backscattered electron images (in EPMA) showing the textural relationship
titanites of the Jamon (8a and 8b) and Bannach granites (8c and 8d), belonging to tl
suite: (a) Subhedral to anhedral titanite in direct contact mwégnetite and zircon, with litf
evident zoning and moderate to low fracturing; (b) Anhedral titanite crystals associai
biotite, magnetite and ilmenite; the zoning and fracturing are similar to those described
8a; (c) Subhedral to anhedtighnite, with little evidenced zoning, incipient fracturing, in di
contact with amphibole crystals and displaying high Fe/Al ratio (Fe/AlI>0.5; in rec
Subhedral titanite in direct contact with magnetite, exhibiting a greater degree of fre
throughout the crystal, but with zoning, with the limit of the zones following the major i
the mineral. The red circles represent Fe/Al ratios >0.5. Abbreviations accordiKrgtt
(1983).

4. DISCUSSION
4.1 COMPOSITIONAL VARIATIONS IN THE TITANITES OF THE STUDIED
GRANITES

The comparison between the titanite compositions of the Neoarchean and
Paleoproterozoic suites of the (fRg. 9) was based on the compositional fields defined for the

different varieties of the three suites in Fe vs. Al, Fe vs. F and Ti vs. Al diagrams. It is evident
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in these diagrams that the titanites of the Vila Jussara and Planalto suites tend to have higher
concentrations of Al, F and Ti and lower Fe contents thase of the Jamon Suite. Considering

only the titanites of the Vila Jussara and Planalto suites, those of the strongly and moderately
reduced varieties define fields with wide overlap, while those of the strongly oxidized
(magnesian) varieties are distitbd in a distinct field because they have lower Al contents. It
was observed that the titanites of the strongly oxidized varieties have high Fe/Al ratios, not
because they are enriched in Fe but because of their low Al contents (Fig. 9; Table 2). In the
Jamon Suite granites, the titanites define partially superimposed fields in the different diagrams
considered (Fig. 9), but the Bannach Granite tends to exhibit higher Fe contents and the Jamon
Granite Ti. In turn, the titanites of the suite dikes showdewariation in Al, and plot in a field
partially overlapping those of the titanites of the Neoarchean suites (Fig. 9). A remarkable
similarity is observed in the fields defined for the different suites and their varieties in Fe versus
Al and Fe versus Fiagrams (Fig. 9b), which reflects the dominant processes of element
substitution in the structure of titanite. In the Al versus Ti diagram (Fig. 9c), the fields of the
Neoarchean and Paleoproterozoic suites define two subp&elidébecause the Vila Jussara

and Planalto suites present titanites with slightly higher concentrations of Ti than the Jamon
Suite. Furthermore, the Al variation interval is smaller in the Paleoproterozoic suite (Fig. 9c).
The highest Ti and lowest Al conceatibns are observed in the titanites of the strongly
oxidized VJS variety. In contrast, the lowest Ti and highest Al values occur in the reduced
titanite varieties of the Vila Jussara and Planalto suites (Fig. 9¢). In turn, the fields defined in
this diagam by the granites and dikes of the Jamon Suite are largely superimposed, but the
titanites of the Jamon Granite represent the upper portion of the Paleoprotessahis they

are slightly enriched in titanium (Fig. 9c).
4.2 RELATIONSHIP BETWEEN THE OMPOSITION AND ORIGIN OF TITANITE

Nakada (1991) and Kowallis et al. (202a8gsumed that titanites from igneous plutonic

and volcanic rocks exhibit an Fe/Al ratio >0.5, usually close to unity, whereas titanites formed

in metamorphic rocks exhibit an Pefatio <0.5. The rocks of the Jamon Suite are undoubtedly

of igneous origin and were formed under oxidizing conditiddsa( | 6 Agnol et a
Dal |l 6 Agnol et al ., 199 9 brhettardlfediubeg absetvedannhed Ol
titanitesof this suite leave no doubt that they are of igneous origin, which is consistent with the
fact that they exhibit exclusively high Fel/
reinforced by the fact that the titanites of the granites ofgshisi t e wer e dat ed

method in SHRIMP and provided superimposed ages within the analytical error with those
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obtained by U Pb i n (Zeixeira et al., 2018Hawéver, irstlze mikes s a my
of the Jamon Suite, titanites with highaned der at e Fe/ Al ratios (0.
similar proportions. A possible explanation for this contrast between the titanites formed under
plutonic and hypabyssal conditions in the same suite would be the maintenance of greater
stability during plaonic crystallization, while the rocks of the dikes would have been subjected
to late reequilibration during their evolution, which would have affected the titanite, modifying

its original composition.
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Figure 9- Comparative diagrams showing compositional fields of the major elements of the e
of analyzed titanites of the Vila Jussara, Planalto and Jamon suites: (a) Al versus Fe, (b) F
and (c) Al versus Ti.

Similar towhat was observed in the granites of the Jamon Suite, titanites of the Vila
Jussara Suite magnesian varieties formed under strongly oxidizing conditions exhibit a marked
predominance of high Fe/Al ratios (Figs. 4a, b). Narrow zones were identified wilexate
ratio. Titanite with a corona texture involving magnetite was identified in this variety (Fig. 7c);
however, it presented a high Fe/Al ratio at all analyzed points. Based on the compositions and
textural aspects, it can be assumed that the titaoitihese oxidized magnesian varieties of the
Vila Jussara Suite are magmatic, with the edges of their crystals having moderate ratios,



78

undergoing resquilibration in late magmatic or hydrothermal stages, in the latter case under
subsolidusconditions. Inturn, the titanites of the oxidized ferroan granites of the Vila Jussara
Suite exhibit greater complexity. Some of its crystals show the formation of subgrains that
involve partially replaced ilmenite crystals (Fig. 4d), but there are also crystalstivisetees

not occur. These two textural varieties generally exhibit moderate Fe/Al ratios (Table 2) and
high Fe/Al ratios (slightly higher than 0.50) are more common in crystals where no subgrain
formation is observed. It may be questioned whether thesenwaeduction in the Fe/Al ratios

of the titanites during the formation of the subgrains, but as there is no very marked
compositional variation in these in relation to the crystals where the presence of subgrains was
not recorded, it is more likely thahe ratios obtained are representative of the original

composition of titanite or, at least, that are close to it.

The strongly reduced variety of the Vila Jussara Suite presents titanites in coronas, with
moder ate Fe/ Al r at i o snerindst pbrioasFoetheActysddds.a@dSiow i n
(Fe/Al<0.25) in the edges. Furthermore, the textural features suggest its formation through
consumption of Ti from the central ilmenite (Fig. 3a). In contrast, the moderately reduced
variety of titanite crystals atis suite are subhedral with irregular zoning and show sparse
points in their center with high Fe/Al ratios, while in most crystals, a moderate Fe/Al ratio is
observed, which becomes low at the edges (Figs. 3b, 3c). The strongly reduced variety of the
Planalto Suite presents a pattern of zoning and compositional variation (Figs. 5a, b) similar to
that described in the moderately reduced variety of VJS, with the difference that it does not
present high Fe/Al ratios at any of the analyzed points, and soesetihere is a low Fe/Al
ratio more internally in the crystals, probably due to the high degree of fracturing. limenite
surrounded by titanite also commonly occurs in the strongly reduced variety of the Planalto
Suite. On the other hand, in the moderatetjuced variety of the Planalto Suite, titanite forms
euhedral crystals with straight contacts with amphibole and biotite and sometimes exhibits well
defined regular oscillatory zoning (Figs. 5c, d). In these crystals, with rare exceptions, in the
differert zones, there is a predominance of low Fe/Al ratios, with moderate ratios occurring in
the lighter zones. Although the classification Kidwallis et al. (2022)suggests secondary
formation and metamorphic character for titanites with Fe/Al ratios lolger 0.5, such as
those of the strongly and moderately reduced varieties of the Vila Jussara and Planalto suites,
those authors suggested that magmatic titanites have the main characteristic of the formation of
euhedral crystals with faces wedgw diamonl-shaped, while metamorphic titanites have

crystals with poorly defined and rounded fa¢swallis et al., 2022) Therefore, the set of



79

textural features of the titanites of the reduced varieties of the Neoarchean suites studied here
casts doubt on wheer the aforementioned classificationKdwallis et al. (2022)ould be

applied to such granites. The compositions of the titanites of the granites studied here confirm
that Fe/Al ratios >0.5, as proposedMgkada (1991) and Kowallis et al. (202&jy function

as a good indicator of the igneous origin of titanite, as exemplified by the Paleoproterozoic
Jamon and Bannach granites, part of the dikes of the Jamon Suite and the oxidized magnesian
variety of the Vila Jussara Suite. The igneous originitahite is corroborated by previous
studies, demonstrating that the anorogenic Jamon and Bannach plutons were formed by typical
igneous mineral paragenegsidDal | 6 Agnol et al ., 199MNeaquitab; D.
et al., 2018pnd that theitanite exhibits ages superimposed on those of the zircon, both being
undoubtedly formed in the magmatic stadgeixeira et al., 2018)Ilt would be tempting to
generalize this conclusion to the oxidized granites, but the oxidized ferroan granitesérom th
Vila Jussara Suite (Fig. 4a) show moderate to slightly high Fe/Al titanites. This aspect could
perhaps be related to the presence of subgrains in some of the analyzed titanite crystals, but
other crystals that do not exhibit such textural aspects atsadpd similar ratios, although

they tend to be higher. On the other hand, the reduced varieties of the Vila Jussara and Planalto
suites have titanites with ratios that systematically vary from moderate to low, which would
indicate a metamorphic or hydretimal origin according to the aforementioned classifications.
However, the textures and zoning exhibited by the titanite (Figs. 3a, b, c; Figs. 5a, b, c, d) and
the generally accepted origin for the Neoarchean granites of th@C@tha et al., 2016;

Da |l dgndl At al., 2017b; Sousa et al., 2022; Marangoanha et al., 2018t support this
hypothesis.

Kowallis et al. (2022present examples of granites in which the titanite does not follow
the dominant pattern admitted by them, despite its igneous origin (their Fig. 16). One of these
cases is related to the Cenozoic Red River alkaline igneous belt in Southwest China, which
presents porphyry copper deposits and titanites that exhibit Fe/Al ratios of approximately 1:1
in the mineralized intrusions and from 1:2 to 1:4 in the barren intrusions, although in both cases,
the rocks show typical plutonic igneous features. Their seeaathple is the Takomkane
batholith, with which the Boss Mountain molybdenum deposit is associated, whose titanite
shows Fe/Al ratios close to 1:1 typical of igneous titanite, while the titanite of the associated
Dublin Gulch stock with the Ray Gulch tungstdeposit is subhedral and shows an Fe/Al ratio
ranging from 1:4 to 1:8, more compatible according to them with metamorphic or hydrothermal

origin Kowallis et al. (2022)juestioned whether the titanites of the aforementioned stock are
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effectively magmac. These examples illustrate that although the Fe/Al ratios may provide
good indications about the probable origin of titanite, there are examples in which the simple
application of the ratios indicated bijakada (1991andKowallis et al. (2022Hoesnot seem
entirely consistent. Among the granites studied, those formed under oxidizing conditions
showed results more consistent with the classification proposed by them, but in the granites
crystallized under reduced conditions, the opposite was obséiisdeads to the possibility

that the oxygen fugacity exerts a strong control on the Fe/Al ratios of titanite. Since the titanite
of the granitoids is preferentially formed under oxidizing conditit?de(h e s, 1989 ; Da
et al., 1999; Frost et aR000;) it would more commonly tend to exhibit relatively high Fe/Al
ratios. Therefore, investigating more examples of titanite formed in reduced igneous rocks is
necessary to test this hypothesis and to verify to what extent the oxygen fugacity oencmfl

the composition of the titanite. We intend to deepen this discussion on the oxygen fugacity

below.

42 INFLUENCE OF OXYGEN FUGACITY AND OTHER PARAMETERS ON THE
STABILITY OF TITANITE

In igneous rocks, titanite commonly forms in an advanced stageystallization, and
its stability is strongly2imaimlduevmad ed). ettt lve
t heJdtaeOmper ature (T) space, t hyeorbhdteassoagated eani n
lead to the formation of titanite throughe reactions belowKohn, 2017, and references
therein):

3 CaFeSiOg (clinopyroxene) + 3 FeTigXilmenite) + Q = 3 CaTiSiQ (titanite) +
2 FeO4 (magnetite) + 3 SieXquartz) (2)

CaFeSiOs (clinopyroxene) + FeTie)ilmenite) = CaTiSiQ (titanite) + FeSiOs
(olivine) (3)
Previous studies indicate that the Neoarchean granites were formed from liquids very rich
in water (estimated at >4% by weight) and that they commonly contain in their paragenesis the
association otalcic amphibole and titanite, with clinopyroxene occurring only in rare relict
grains( Fei o et al ., 2012, Cunha ,exceptanlthe Estr@a 1 6 ;
Granitic Complex, where clinopyroxene occurs in a significant modal propontioa
subordinate varietyfBarros et al., 1997)It is known that high water activity favors the
formation of the calcium amphibole + titanite association, as exemplified by the reaction in
Equation 4(Frost et al., 2000; Kohn, 2017)

7 CaFeSiOs (clinopyroxene) + 3 FeTigXilmenite) + 5 SiQ (quartz) + 2 HO =
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2 CaFesSigO22 (OH), (Caamphibole) + 3 CaTiSig)titanite) (4)

According toFrost et al. (2000Q}itanite is more commonly found in igneous rocks with
metaluminous compositions ahdype granitoids with intermediate Sg@ontents and may be
absent in most evolved granitoids because the decrease in CaO content with increasing SiO
prevents the formation of this mineral. Thus, titanite becomes rare or absent in peralkaline
granites ad in peraluminous granites because rocks with such chemical characteristics exhibit
low Ca/Al ratios. Regarding magnesium rocksyst et al. (20003uggest that the stability of
titanite is usually restricted to the oxygen fugacity in one or more ainitge the FMQ buffer.
However, in irorrich rocks,Frost et al. (2000¢mphasize that its stability domain can extend
to the FMQ buffer. Furthermore, the limitations of the titanite equilibrium under relatively
oxidizing conditions apply to only anhydmassociations because, as shown by Equation 4,
the high water activity allows the stabilization of titanite together with calcium amphibole and,

in magmas rich in iron, this can occur even under reduced conditions.

Addi ti onal | y pdirectly mfluenteithe onsstallization@fGon and titanium
oxide minerals and are determining factors in the understanding of the crystallization of
magmatic titanites because the abundance of the ilmenite and ulvospinel components in the
rhombohedral and cubixmles is dependent on the oxygen fugaddyddingtonandLindsley,

1964; SpenceandLindsley, 1981; Frost et al., 2000hus, in most igneous rocks, the stable

Ti phases are titanomagnetite and ilmenkeo$t and Lindsley, 1991)nstead of titanite
because, at a very low oxygen fugacity, ilmenite is the stable phase instead of titanite (Equations
5 and 6). Therefore, titanite is most commonly found in rocks formed under relatively oxidizing
conditions YWones, 1989nd is much more likely to occurrocks containing hornblende than

in anhydrous rocks because the former were formed from liquids with significant water contents
(Equation 4). During magma cooling, titanite can crystallize in association with pyroxene
hydration reactions, leading tcsitransformation into hornblende. Depending on the water
activity in the magma, this hydration can occur both in the magmatic stage and during deuteric
alteration(Frost et al., 2000)

Ferroactinolite + 4 titanite + 5 ulvospinel = 6 hedenbergite #reiite + 2 HO (5)
As the Neoarchean granites usually present clinopyroxene only as rare relict crystals and
are generally rich in amphibole with associated titanite, it can be assumed that the reactions in
Equations 4 and 5 have played an important role in their evolatlmcommon presence of

remnants of ilmenite crystals surrounded by titanite strengthens this hypothesis.
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In this context, when we associated the assumptiof®loh (2017)with the different
features of the Paleoproterozoic granites and dikes of thenJ&uite of the CP, it was
concluded that these rocks represent favorable conditions to form titanite in the magmatic stage,
especially in their lesdifferentiated varieties that are amphibblearing. In contrast, the
granitoids of the Neoarchean Vilaiskara and Planalto suites, both formed under similar
conditions, generally contain amphibole as an important ferromagnesian mineral, exhibit a
metaluminous character and derive from magmas with highddntents (>4.0%Cunha et al.,
2016 ; Dal I,&@9) MHowevere their particularity is that their FgGeQ+MgO)
ratios in whole rock, as well as in amphibole and biotite, exhibit wide variation in the Vila
Jussara Suitda | | 6 Ag n o | Soash et al.l 2022ndicdiig that its rocksaried from
reduced ferroan to magnesian (close to the limit with the field of ferroan granites; classification
of Frost et al., 2001 while those in the Planalto Suite are distributed exclusively in the reduced
ferroan field(Feio et al., 201R Thus, the strongly and moderately reduced ferroan varieties of
the Vila Jussara and Planalto suites present aw/(FeQ+MgO) total rock ratio that varies
between 0.89 and 0.99Fei o et al ., 2012; Dal | 6,Avgilaio | et
the oxidized ferroan variety of the Vila Jussara Suite, this ratio generally varies between 0.84
and 0.89, and in the more strongly oxidized magnesian variety of the same suite, it varies
between 0.75 and 0.81.

Therefore, the Neoarchean granites offer an lede opportunity to improve the
understanding of t hearigdamsos thddorepositionfof titarete f the o f
dominant trend in igneous rocks is considered, sucNakada (1991)hand Kowallis et al.

(2022) the titanites of only thgranitoids formed under more strongly oxidizing conditions
have compatible Fe/Al ratios (>0.5) because the titanites of the other varieties almost always
have Fe/Al ratios <0.5, which are, at first, contradictory to the igneous origin assumed for these
rocks. A possible explanation for such low ratios would be the existence of some form of
dependence between the Fe/Al ratio of titanite and the oxygen fugacity, implying that in igneous
rocks formed under conditions of a lower oxygen fugacity, which arédessable for titanite
formation, low Fe/Al ratios should be seen as likely to occur during igneous crystallization.
Following the reasoning above, the most common occurrence of titanites with high Fe/Al ratios
in igneous rocks is because titanite is mavandant and more frequent in rocks formed under
oxidizing conditions that could, inversely, favor such occurrences. This hypothesis could be

tested developing other compositional studies of titanite formed under reduced conditions.
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Given the above, th&tudy of Neoarchean and Paleoproterozoic titanites from the Vila
Jussara, Planalto and Jamon suites strengthens the assumgiimst ef al. (2000) and Kohn
(2017) that the crystallization of magmatic titanite can occur close to the FMQ buffar &ut i
more restricted manner, as observed in the moderately reduced varieties of the Planalto and
Vil a Jus s axFRMQesrirMQ+e.5Curthadbal., 201&ousa et al., 2022However,
the stability of magmatic titanites is increased under moré bxz i b apndido@s Wones,
1989),close to NNO, such as those recorded in the oxidized magnesian variety of the Vila
Jussara Suite (NNO to NNO+D;a | | 6 Ag n o |; Sada etal., 2022)n2h@ Bannach
Granite (NNW to NNGO.5; Mesquita et a).201§ and Jamon Granite (NNO +0B;al | 6 Agn ol
et al., 1999h

43 TITANITE GEOBAROMETERY

In the last decade, geobarometers have been proposed to calculate the pressure (P) of
magma crystallization using the chemistry of titanite in equilibrium with other min(i&wais,
2017; Erdmann et al., 2013%owever, titanite geobarometry is not y@ty considered in the
literature. Here, the data obtained in the studied granites was used to test the applicability of the
geobarometer proposed EBydmann et al. (2019)Studies aimed at defining crystallization
parameters previously performed in Blanalto, Vila Jussara, and Jamon suites were taken into

accounf Cunha et al ., 2016 ; Dal |l 6 Agnol et al .,

Estimates of the crystallization pressure for igneous systems provide important
information on crustal magma formationa variety of geodynamic configuratiorisrdmann
et al., 2019%nd references). Among the various geobarometers found in the literature, those
based on Al in hornblendg&lammarstrom and Zen, 1971; Hollister et al., 1987; Johnson and
Rutherford, 1989; Hlland and Blundy, 1994; Anderson and Smith, 1995; Ridolfi et al., 2010;
Erdmann et al., 2014; Mutch et al., 2016; Putirka, 26a6% been the most widely used mineral

geobarometers for silicate plutonic systems.

Erdmann et al. (2019alibrated a tanite geobarometer (Equation 6) for granites
crystallized in magmatic conditions close to sleidusand in rocks with a mineral assemblage
in equilibrium formed by titanite + amphibole + biotite + quartz + plagioclasefeld§par +
magnetite * ilmenit@nd concluded that this geobarometer in titanite is useful and similar to
the Al geobarometers in hornblende existing in the literature. However, the titanite

geobarometer could be used in cases where variations in the intensive parameters, in addition
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to pressure (e.g., temperature and composition), are limited during crystallization and/or when
the use of Al hornblende geobarometer is not possible.

P (MPa) = 101.66 X (ADs titanite wt%) + 59.013 (6)

Table6- Pressao de colocacao para as variedades neoargueanas e paleoproterozoicas das suite
Vila Jussara. Planalto e Jamon. Estimativas baseadas no geobarbmetro de Al em titanita
proposto poErdmann et al. (2019).

PressagMPa)

Suites Variedades Fel Al Fel Al Fe/Al <0.25

Strongly reduced - 513559 741-846

. Moderately reduced 301-323 353420 483511

Vila Jussara o

Ferroan Oxidized 260379

Magnesian Oxidized 219259 276377 -

Strongly reduced - 383407 507-782
Planalto

Moderately reduced - 494578 685884

Jamon Granite 233444 - -
Jamon Dyke 247-481 601-612 612-623

Bannach 451-553 - -

The presence of magnetite in the experimental paragenesis demonstrates that this
geobarometer could not be applied to rocks formed under strongly reducing conditions, below
those corresponding to FMQ and thus are outside the domain of magnetite stdisliefore,
this geobarometer should not be applied to the strongly reduced varieties of the Planalto and
Vila Jussara suites. Nevertheless, Equation 6 was used to calculate the possible emplacement
pressures of the different varieties, regardless ofutpecity conditions and without taking into
account, at first, the textural features of the analyzed titanites. The results obtained are shown
in Table 6.

When applying the Al geobarometer to the titanites with high Fe/Al ratios of the
monzogranitic plutoie variety of the Jamon Granite, the emplacement pressures obtained
suggest a variation between 233 and 444 MPa (Table 6), close to the value of 300 + 100 MPa
previously estimated bpa |l | 6 Agnol baded anthe Aafhphibo®e Ydoharometer.

The hgh-Fe/Al-r ati o ( Fel Al 00. 5) titanites of t he
between 247 and 481 MPa (Table 6), while the mode(fa#2Al<0.50) or scarcely lovire/Al-

ratio titanites (Fe/Al<0.25) provided pressures between 623 MPa and 601 MBdy cl
differing from the values obtained in the titanites of the Jamon Granite. In the Bannach Granite,
the pressures obtained in the Rhig&/Al-r at i o ti tanites (Fel Al oo0.
553 MPa (Table 6) and are therefore higher than thbsgned for the Jamon Granite. In
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addition, these values differ from the pressure of 300 + 50 MPa propoddddoyita et al.
(2018)for the emplacement of the Bannach Granite based on structural and field evidence. The
higher pressures in the dikes whdganites have lower Fe/Al ratios most likely result from the
fact that such titanites have undergonesgeilibration and are not representative of the

magmatic stage.

It was suggested in previous studies that the magmas of the Planalto and Vila Jussar
suites were generated in the crust at pressures of -80DWMIPa, and based on geological and
structural evidence, they would have been emplaced at pressures of 200 to 5@uMRReet
al ., 2016 ; D a | .lIndthegenwm Isuites,teaclattieir variee® Wwasg fonsidered
separately because t hey pThe sxelipetdt magnegam vafigtyc a n t
of the Vila Jussara Suite, characterized by the predominance of titanites with high Fe/Al ratios
in the main zones, provided thewlest emplacement pressure of the suite, with restricted
variation between 219 and 259 MPa, while the edges of the crystals, with moderate ratios
(Fe/Al<0.50), indicated pressures of 276 to 377 MPa (Table 6; Figs. 4a, b, c). In the oxidized
ferroan varietyof the Vila Jussara Suite, the pressure obtained varies between 260 and 379 MPa
(Table 6; Fig. 3d). In the moderately reduced variety of the Vila Jussara Suite, represented by
the PFA77 sample (Table 6; Figs. 3b, c), which has titanites with largely dohimoderate
Fe/Al ratios, the compositions indicate pressures of 353 to 420 MPa, while the few analyzed
points with high or low ratios suggest pressures ranging from 301 to 323 MPa and 483 to 511
MPa, respectively (Table 6). The moderately reduced gepitehe Planalto Suite show a
distinct behavior in terms of texture (Figs. 6¢, d) from their Vila Jussara Suite counterparts and
differ from them in composition because they show dominance of low Fe/Al ratios and no high
Fe/Al ratios. The pressures obtdhfor the zones of titanite with moderate Fe/Al ratios are on
the order of 494 to 578 MPa, while the zones with low Fe/Al ratios suggest higher pressures,
between 685 and 884 MPa (Table 6; Figs. 6c, d). Finally, in the strongly reduced variety of the
Plaralto and Vila Jussara suites, the pressures varied greatly, increasing with decreasing Fe/Al
ratio. In the Vila Jussara Suite representative sample, in the most central zones with moderate
ratios (Fel Al 60.25) , t he ¢ 613 toES9viPa dhileniy p r e
the edge zones with low ratios (Fe/Al<0.25), the pressures are highe3g&#Pa (Table 6;

Fig. 3a). In the Planalto suite, the strongly reduced variety is represented by sampldgi8MR

and ARG147, whose titanite crystals ekititextural features similar to those of the moderately
reduced variety of Vila Jussara Suite, con:
and 507 to 782 MPa (Fe/Al<0.25) (Table 6; Figs. 6a, b).
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It is concluded that, in general, in the titaniwggh zones defined by high Fe/Al ratios,
formed under oxidizing conditions, the geobarometer proposeHrthynann et al. (2019)
indicates magma emplacement pressures that are reasonably consistent with the geological
context of the CP and previous estiemfor the Neoarchean and Paleoproterozoic suites
(Dall 6AgnolCenhalet, dl999b2016,; Dal |l 6 Ag.nol e
There was a systematic indication of lower pressures in the early and central zones of the titanite
crystls and higher pressures at the edges, which disagrees with the previous pressure estimates.
This indicates that the edges of the titanite crystals were often partigityuidrated and that
these zones should not be formed in comparable conditionstivaisie of the experimental
study. The varieties of the Neoarchean Vila Jussara and Planalto suites with reduced character
provide very high pressures that seem inconsistent and reinforce the limitation arising from the

absence of magnetite in their paragss.

5. CONCLUSIONS

The use of the Fe/Al ratio of Neoarchean and Paleoproterozoic titanites from the Carajas
Province proved to be valid to separate three main groups, defined by zones with high
(Fe/ Al >0.5), moderate (0.50Fe/ Al O0. 2iBrof and
mineralogical and textural features with Fe/Al ratios of the titanites showed that the strongly
reduced varieties of the Vila Jussara and Planalto suites have similarities, with the main textural
aspect being coronas of titanite in ilmenite, moteta low Fe/Al ratios and crystals with
irregular zoning. In the moderately reduced variety of these Neoarchean suites, some similarity
is maintained, such as a predominance of moderate to low Fe/Al ratios. However, in the Vila
Jussara Suite, central ports of isolated titanite crystals show zones with high Fe/Al ratios;
this feature was absent in the Planalto Suite. In addition, in the moderately reduced Neoarchean
varieties, the textural aspect of the titanites also shows divergences; in the Vila, litasdes
are subhedral to anhedral with irregular zoning, while the titanites from the Planalto exhibit

euhedral crystals with regular oscillatory zoning that suggests typical magmatic crystallization

Moreover, in the Vila Jussara Suite, the oxidiZerroan and oxidized magnesian
varieties were f onr ooadiions imdhe oxidieed fedoare varrety, tha O
titanites exhibit textural variations, with the formation of subgrains with predominantly
moderate Fe/Al ratios, in addition to swohal crystals with moderate to high ratios. The
oxidized magnesian variety exhibits subhedral to anhedral titanites with irregular zoning,
marked by high Fe/Al ratios (>0.5); however, edge zones show decreased ratios to moderate
val ues (0. 5@k Ed/ANatioD (>255 dre alstHrecorded in the titanites of the
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Paleoproterozoic Jamon and Bannach granites, which crystallized under exclusively oxidizing
conditions. However, in the dikes associated with the Jamon Granite, beyond the predominant
high Fe/Al titanites, there are also titanites with moderate to low Fe/Al ratios, suggesting that,
in hypabyssal bodies, primary titanites were more susceptible to postmagmatic changes than

under plutonic conditions.

The crystallization of titanite in Neoarchean and Paleoproterozoic granites from the CP
shows that its stability is directly linked to the oxygen fugacity because titanites of the
Neoarchearoxidized magnesian variety of the Vila Jussara Suite, as wElhlagproterozoic
titanites of the Jamon and Bannach granites, exhibit Fe/Al ratios and textural aspects that
indicate magmatic crystallization. Higher modal titanite contents in these rocks are due to the
greater stability of this mineral under conditiariese to those of the NNO buffer, unlike that
observed in the strongly reduced varieties of Vila Jussara and Planalto, which crystallized below
the FMQbuffer,where titanite is scarce and crystallized late. The results obtained confirm that
it is possibé to crystallize magmatic titanite & Qreducedunder conditions close to the FMQ

buffer, albeit in a more restricted manner.

In general, the titanites of oxidized granites show Fe/Al ratios >0.50, compatible with
those recorded in titanites of igneaursgin, according tdNakada (1991and Kowallis et al.
(2022) However, the titanites of the other varieties, considered equally igneous, almost always
have Fe/Al ratios <0.5 and do not follow the dominant model proposed by those authors. It is
hypothesized that low Fe/Al ratios reflect the existence of some form of dependence between
the Fe/Al ratios of titanite and the oxygen fugacity, implying that, in igneous rocks formed

under conditions of lower oxygen fugacity, low Fe/Al ratios of titanite coatdir.

The use of the Al geobarometer in titanite was more coherent for granites formed under
oxidizing conditions, providing pressures of ~300 MPa in the titanites of the magnesian
varieties of Vila Jussara and in the oxidized ferroan granite of Janooveudr, the pressures
obtained in the titanites of the Neoarchean granites formed under reduced conditions were
inconsistent. Therefore, the methodologies present&tbimallis et al. (2022andErdmann et
al. (2019)exhibit greater consistency whempéipd to rocks formed under oxidizing conditions,
indicating the possibility that the oxygen fugacity exerts a strong control on the Fe/Al ratios of
the titanites, in addition to confirming the limitation for the application of the geobarometer on

titanitein reduced paragenesis.



88

ACKNOWLEDGMENTS

The authors thank technicians GT Marques and APP Corréa for their assistance,
respectively, with the electron microprobe and scanning electron microscopy analyses
conducted at the Microanalysis Laboratory, Institute of Geosciences, Federal University of Pa
(Universidade Federal do Pdd&PA). We also thank to H.T Costi folidhaid with scanning
electron microscopy analyses conducted at the Electron Microscopy Laboratory (EML) of the
Museum Emilio Goeldito the National Council for Scientific and Techrgilzal Development
(Conselho Nacional de Desenvolvimento Cientifico e TecnoloédiddPq) for grants to IRVC
(Proc.170656/2010) and RD (Proc. 306108/20B4and 3046420191); to CAPES and
UFPA for granting a scholarship for a Sandwich PhD Abrdaduforado Sanduiche no
Exterior) to IRVC (Proc. CAPES’DSE 88881.190063/204%8L); to PROPESPP{6-reitoria
de pesquispat the Federal University of Para for funding the translation of this article.



89

REFERENCES

Almeida, JA.C.Dal | 6 Agnol , R. , Ol i veir a, D. C. , 200
Anorogénico Bannach, terreno Grar@oeenstone de Rio Maria, Para. Revista Brasileira
de Geociéncias 36, 2885 (in Portuguese).

Al meida, J. A.C. , Dal | &anpira,dV.],B., Rmentel, MLM., Ra@mo,r a ,
O.T., Guimaraes, F.V., Leite, A.A.S., 2011. Zircon geochronology, geochemistry and
origin of the TTG suites of the Rio Maria Gran{Beeenstone Terrane: Implications for the
growth of the Archean crust of the Carapsvince, Brazil. Precambrian Res 187, 201
221. https://doi.org/10.1016/J.PRECAMRES.2011.03.004

Al mei da, J. A. C. , Gui mar «e s, F. V., Dal | 6Agn
anorogénico Bannach, terreno Grar@@8oeenstone de Rio Maria, Para. RetaiBrasileira
de Geociéncias 37, 436 (in Portuguese).

Althoff, F., Barbey, P., Boullier, A.M., 2000. 280 Ga plutonism and deformation in the SE
Amazonian craton: the Archaean granitoids of Marajoara (Carajas Mineral Province,
Brazil). Precambrian Rel04, 187206. https://doi.org/10.1016/S03@268(00)00103

Anderson, J.L., Smith, D.R.,odtBeAbn-horiblerede e f f e
barometer. American Mineralogist 80, 5899. https://doi.org/10.2138/af®955-614

Barbosa, A.A., lafon, J.M., Neves, A.P., Vale, A.G., 1995. GeocronologiéSRb PbPb do
Granito Redencéo; SE do Para: Implicaces para a evolucdo do magmatismo Proterozoico
da regido de Redencdao. Boletim do Museu Paraense Emilio Goeldi; Série Ciéncias da Terra
7, 147164 (in Portuguese).

Barbosa, J.P.O., 2004. Geologia estrutural, geoquimica, petrografia e geocronologia de
granitdides da regido do Igarapé Gelado, norte da Provincia Mineral de Carajas (M.Sc
Thesis). Graduated Program on Geology and Geochesmistry, Fdderaisity of Pard,

Belém (in Portuguese).

Barros, C. E. de M. , Dal | 6Mgledy.lGeoch&misiry oBther b e y
Estrela Granite Complex, Carajas region, Brazil: an example of an Archaggre A
granitoid. Journal of South American Har Sciences 10, 32330.
https://doi.org/10.1016/S0898811(97)00015

Barros, C.E.M., Barbey, P., Boullier, A.M., 2001. Role of magma pressure, tectonic stress and
crystallization progress in the emplacement of syntectonic granites. -Tyyge/fEstrela
Granite Complex (Carajas Mineral Province, Brazil). Tectonophysics 3431093
https://doi.org/10.1016/S0041951(01)00268

Barros, C.E.M., Sardinha, A.S., de Oliveira Barbosa, J. d. P., Macambira, M.J.B., Barbey, P.,
Boullier, A-M., 2009. Structure, petimgy, geochemistry and zircon U/Pb and Pb/Pb
geochronology of the synkinematic Archean (2.7 Gaype granites from the Carajas
Metallogenic  Province, northern Brazil. The Canadian Mineralogist 47.
https://doi.org/10.3749/canmin.47.6.1423

Cunha, LRV., 1 | 6 Agnol , R. , Fei o, G.R. L., 2016. \Y
of the Archean Planalto Suite, Carajas Provindenazonian Craton: Implications for the
evolution of ferroan Archean granites. Journal of South American Earth Sciencesi67, 100
121 https://doi.org/10.1016/}.jsames.2016.01.007


https://doi.org/10.1016/j.jsames.2016.01.007

90

Dall 6 Agnol, R., Cunha, l . R. V. da, Gui mar «es
G.R.L.,Lamaréo, C.N., 2017a. Mineralogy, geochemistry, and petrology of Neoarchean
ferroan to magnesian granites of Carajas Province, Amazonian Craton: The origin of
hydrated  granites  associated with  charnockites.  Lithos  277;32. 3
https://doi.org/10.1016/J.LITH®.2016.09.032

Dall 6Agnol, R., Cunha, I .R.V., Guimar«es, F
Lamaréo, C.N., 2017b. Mineralogy, geochemistry, and petrology of Neoarchean ferroan to
magnesian granites of Carajas Province, Amazonian Crato@: ofigin of hydrated

granites associated with charnockites. Lithos 277, -323
https://doi.org/10.1016/J.LITHOS.2016.09.032
Dal |l 6 Agnol , R. , Lafon, J. M., Macambir a, M. J

the Central Amazonian Province, Amazon@maton: Geochronological, petrological and
geochemical aspects. Mineral Petrology 50,-138. https://doi.org/10.1007/BF01160143

Dal |l 6 Agnol , R. , Ol i vei r a;serid3, r&pakiviyp@ @rdhites of Ox i d
Carajas, Brazil: Implications farlassification and petrogenesis oftype granites. Lithos
93, 215 233. https://doi.org/10.1016/j.lithos.2006.03.065

Dal |l 6 Agnol , R. , Ol i veira, D. C. , Gui mar «e s,
Althoff, F.J., Santos, P.A., Teixeira, M.F.Bilva, A.C., Rodrigues, D.S., Santos, M.J.P.,
Silva, C.R.P., Santos, R.D., Santos, P.J.L., 2013, 2013. Geologia do Subdominio de
Transicdo do Dominio Carajas e Implicacdes para a evolucdo arqueana da Provincia
Carajas e Para. SBG, Simposio de Geologiardazonia, 13 (in Portuguese).

Dal |l 6 Agnol , R. , Pi ¢ hav an t-Titanitvin OxideCNtireeralp aff theo i s
Jamon Granite; Eastern Amazonian Region; Brazil: Implications for the Oxigen Fugacity
in Proterozoic, Atypegranites.Anis da Academia Basileira de Ciéncias (in Portuguese).

Dal |l 6 Agnol , R. , Ra mo | o. T., Ma gPetlology ®fsthe M. S
anorogenic, oxidised Jamon and Musa granites, Amazonian Craton: implications for the
genesis of Proterozoic-fype granites. Lith® 46, 432462. https://doi.org/10.1016/S0024
4937(98)0007+2

Dal |l 6 Agnol , R. , Scaill et B. , Pichavant,
Proterozoic Atype granite from theEastern Amazonian Craton, Brazil. Journal of
Petrology 401673 1698. https://doi.org/10.1093/petroj/40.11.1673

Dal |l 6 Agnol , R. , Tei xeira, N. P. , R2& mo , O. T.
D.C., 2005. Petrogenesis of the Paleoproterozoic rapakiypé granites of the Archean
Carajas metallogenic prowe, Brazil. Lithos 80, 10129.

https://doi.org/10.1016/).lithos.2004.03.058

Deer, W.A., Howie, R.A., Zussman, J., 2013. An Introduction to the ffociking Minerals.
Mineralogical Society of Great Britain and Ireland. https://doi.org/10.1180/DHZ

Erdmann,S., Martel, C., Pichavant, M., Kushnir, A., 2014. Amphibole as an archivist of
magmatic crystallization conditions: problems, potential, and implications for inferring
magma storage prior to the paroxysmal 2010 eruption of Mount Merapi, Indonesia.
Contributions to Mineralogy and Petrology 167. https://doi.org/10.1007/s6044Q0016
4

Erdmann, S., Wang, R., Huang, F., Scalillet, B., Zhao, K., Liu, H., Chen, Y., Faure, M., 2019.
Titanite: A potential solidus barometer for granitic magma systems. ComptesisRend
Geoscience 351, 58361. https://doi.org/10.1016/j.crte.2019.09.002



91

Fei o, G.R. L., Dal l 6 Agnol , R. , Dant as, E. L.,
Oliveira, D.C., Santos, R.D., Santos, P.A., 2012. Geochemistry, geochronology, and origin
of the Neoarchean Planalto Granite suite, Carajas, Amazonian cratgpe Ar hydrated
charnockitic granites? Lithos 151,i%8. https://doi.org/10.1016/J.LITHOS.2012.02.020

Fei o, G.R. L., Dall 6Agnol , R. , Dan tthaf§ FJ.,E. L.
Soares, J.E.B., 2013. Archean granitoid magmatism in the Canad dos Carajas area:
Implications for crustal evolution of the Carajas province, Amazonian craton, Brazil.
Precambrian Res 227, 18I85. https://doi.org/10.1016/J.PRECAMRES.2012.04.00

Frost, B.R., Barnes, C.G., Collins, W.J., Arculus, R.J., Ellis, D.J., Frost, C.D., 2001. A
Geochemical Classification for Granitic Rocks. Journal of Petrology 42,-2083.
https://doi.org/10.1093/petrology/42.11.2033

Frost, B.R., Chamberlain, K.R., Sahacher, J.C., 2000. Sphene titanite: phase relations and
role as a geochronometer, Chemical Geology. https://doi.org/10.1016/S0009
2541(00)0024®

Frost, B.R., Lindsley, D.H., 1991. Occurrence of itanium oxides in igneous rocks, in:
Oxide MineralsDe Gruyter, pp. 43368. https://doi.org/10.1515/978150150868%6

Gabriel, E.O., Oliveira, D.C., 2014. Geologia, petrografia e geoquimica dos granitoides
arqueanos de alto magnésio da regido de Agua Azul do Norte, por¢do sul do Dominio
Carajas, Par®oletim do Museu Paraense Emilio Goeldi. Ciéncias Naturais 95633in
Portuguese).

Gastal, M.C.P., 1987. Petrologia do Maci¢co Granitico Musa, Sudeste do Para. (Master Thesis).
Federal University of Pard, pp 316 (in Portuguese).

Hammarstrom, J.M., Zen, E1971. Aluminum in hornblende: An empirical igneous
geobarometer. American Mineralogist 71, 12%B13.

Holland. T, Blundy. J, 1994. Neideal interactions in calcic amphiboles and their bearing on
amphiboleplagioclase thermometry. Contributions to Mineggl@and Petrology 116, 433
47.

Hollister, L.S., Grissom, G.C., Peters, E.K., Stowell, H.H., Sisson, V.B., 1987. Confirmation
of the empirical correlation of Al in hornblende with pressure of solidification of calc
alkaline plutons. American Mineralogist 7231-239.

Huhn, S.R.B., Santos, A.B.S., Amaral, A.F., Ledsham, E.J., Gouveia, J.L., Martins, L.B.P.,
Montalvao, R.M.G., Costa, V.G., 1988. O terreno granitogreenstone da regido de Rio Maria
- Sul do Para. Congresso Brasileiro de Geologia 3,143 (in Potuguese).

Ishihara, S., 1977. The MagnetBeries and lImenit&eries Granitic Rocks. Mining Geology
27, 293305.

Johnson, M.C., Rutherford, M.J., 1989. Experimental calibration of the alumimum
hornblende geobarometer with application to Long Vallaljgera (California) volcanic
rocks. Geology 17, 83841. https://doi.org/10.1130/0091
7613(1989)017<0837:ECOTAI>2.3.CO;2

Kohn, M.J., 2017. Titanite Petrochronology. Mineral Geochemistry 83,-4419
https://doi.org/10.2138/rmg.2017.83.13

Kowallis, B.J., Christiansen, E.H., Dorais, M.J., Winkel, A., Henze, P., Franzen, L., Mosher,
H., 2022. Variation of Fe, Al, and F Substitution in Titanite (Sphe&bepsciences (Basel)
12, 229. https://doi.org/10.38@eosciences12060229



92

Leite, A.A.S., 2001. Geoquimica, petrogénese e evolugdo estrutural dos granitéides arqueanos
da regiao de Xinguara, SE do Craton Amaz6r(lebD Thesis). Federal University of Para,
Belém (in Portuguese).

Leite-Santos, P.J., Oliveira).C., 2014. Trondhjemitos da area de Nova Canada: novas
ocorréncias de associa¢cdes magmaticas tipo TTG no Dominio Carajas. Boletim do Museu
Paraense Emilio Goeldi, Ciéncias Naturais 9-683% (in Portuguese).

Macambira, M.J.B., Lafon, J.M., 1995. Geoatmyia da Provincia Mineral de Carajas, Sintese
dos dados e novos desafios. Boletim do Museu Paraense Emilio Goeldi. Ciéncias Naturais
7, 263287 (in Portuguese).

Marangoanha, B., Oliveira, D.C., Oliveira, V.E.S., Galarza, M.A., Lamardo, C.N., 2019.
Neoartiean Atype granitoids from Carajds province (Brazil): New insights from
geochemistry, geochronology and microstructural analysis. Precambrian Res-308, 86
https://doi.org/10.1016/J.PRECAMRES.2019.01.010

Mcleod, G.W., Dempster, T.J., Faithfull, JWQ1A. Deciphering magmaixing processes
using zonedtitanite from the Ross of Mull Granite, Scotland. Journal of Petrology-52, 55
82. https://doi.org/10.1093/petrology/egq071

Mesquit a, c.J.sS., Dall 6 Agnol , R. , Al mei de
crystallization parameters of the-tpe Paleoproterozoic Bannach Granite, Carajas
Province, Para, Brazil. Brazilian Journal of Geology 48, -605.

https://doi.org/10.1590/2314889201820170082

Montalvdao, R.M.G., Bezerra, P.E.L., Prado, P., FernandesCGC.8ilva, G.H., Brim, R.J.P.,
1982. Caracteristicas petrograficas e geoquimicas do Granito Redencdo e suas
possibilidades metalogenétic&ongresso Brasileiro de Geologia (in Portuguese).

Mutch, E.J.F., Blundy, J.D., Tattitch, B.C., Cooper, F.J., Brgdkek., 2016. An experimental
study of amphibole stability in Iopressure granitic magmas and a revisednAl
hornblende geobarometer. Contributions to Mineralogy and Petrology 171.
https://doi.org/10.1007/s0044116-12989

Nakada, S., 1991. Magmatic pesses in titanitdbearing dacites, central Andes of Chile and
Bolivia. American Mineralogist 76, 54860.

Ol'iveira, D. C. , Dall 6 Agnol , R. , Mesquita
geochemistry and magmatic evolution of the paleoproterozoimgemic oxidized Atype
Redencao granite of the Jamon suite, eastern Amazonian Craton, Brazil. The Canadian
Mineralogist 47. https://doi.org/10.3749/canmin.47.6.1441

Ol'iveira, D. C. , Neves, S.P., Trindad2910. R. |
Magnetic anisotropy of the Redencédo granite, eastern Amazonian craton (Brazil):
Implications for the emplacement of-t§pe plutons. Tectonophysics 493, -47.
https://doi.org/10.1016/).tect0.2010.07.018

Putirka, K., 2016. Amphibole thermometers dratometers for igneous systems and some
implications for eruption mechanisms of felsic magmas at arc volcanoes. American
Mineralogist 101, 84B58. https://doi.org/10.2138/af0165506

Ridolfi, F., Renzulli, A., Puerini, M., 2010. Stability and chemicalikigrium of amphibole in
calcalkaline magmas: an overview, new thermobarometric formulations and application
to subductiorrelated volcanoes. Contributions to Mineralogy and Petrology 166645
https://doi.org/10.1007/s00440D9-04657



93

Santos, M.N.S. as, Oliveira, D.C., 2016. Rio Maria granodiorite and associated rocks of
Ourilandia do NorteCarajas province: Petrography, geochemistry and implications for
sanukitoid petrogenesis. Journal of South American Earth Sciences 730279
https://doi.org/10.1016/].jsames.2016.09.002

Santos, P. A. , Tei xeira, M. F. B. , Dall 6Agnol ,
e geoquimica da associacao Tonalitondhjemito-Granodiorito (TTG) do extremo leste
do subdominio de transi¢do, Provincia Carajas e Par&. Boletim do Museu Paraense Emilio
Goeldi. Série Ciéncias Terra 8, 2890 (in Portuguese).

Santos, R.D., Galarza, M.A., Oliveira, D.C., 2013. Geologia, geoqaimigeocronologia do
DiopsidioNorito Pium, Provincia Carajas. Boletim do Museu Paraense Emilio Goeldi.
Série Ciéncias Terra 8, 3882 (in Portuguese).

Santos, R.F.S., Oliveira, D.C. de, Silva, F.F. da, 2018. GeocronoleBia, dlassificacdo e
aspectosevolutivos do Granito Marajoara, Provincia Carajads. Geologia USP. Série
Cientifica 18, 89124 (in Portuguese) https://doi.org/10.11606/issn.230895.v18
145323

Sardinha, A.S., Barros, C.E. de M., Krymsky, R., 2006. Geology, geochemistry,i&id U
geochronology of the Archean (2.B&) Serra do Rabo granite stocks, Carajas
Metalogenetic Province, northern Brazil. Journal of South American Earth Sciences 20,
327-339. https://doi.org/10.1016/J.JSAMES.2005.11.001

Sil va, A. C. , Dal |l 6 Agnol , R. , Gui mar «e s, F.
geoquimica de associacdedbiticas e trondhjemiticas Arqueanas de Vila Jussara,
Provincia Carajas, Para. Boletim do Museu Paraense Emilio Goeldi, Série Ciéncias
Naturais 9, 1315 (in Portuguese).

Sil va, A. S. da, Fei o, G. R. L., Al ves$omes . P. S
A.C.B., 2020. Mineralogy, petrology, and origin of the Pedra Branca Suite: a tenalitic
trondhjemitic association with high Zr, Ti and Y, Carajas Province, Amazonian Craton.
Brazilian Journal of Geology 50. https://doi.org/10.1590/2388920202019048

Silva, F.F, Oliveira, D.C,Dal | 6 Agnol , ,Cknha IRS.j 2020.a.itholdgicaRand
structural controls on the emplacement of a Neoarchean plutonic complex in the Carajas
province, southeastern Amazonian craton (Brazil). J South Am Earth03¢i102696.
https://doi.org/10.1016/J.JSAMES.2020.102696

Sous a, L. A. M., Dal | 6Agnol , R., Cunha, Il . R.
petrology of the Neoarchean granitoids in the Vila Jussara Suite, Carajas Province,
Amazonian Craton. Bramn Journal of Geology 4,-30.

Souza, Z.S. Potrel, A. Lafon, J. M., Al t h
Oliveira, C.G., 2001. Nd, Pb and Sr isotopes in the Identidade Belt, an Archaean greenstone
belt of the Rio Maria region (Carajas Rimce, Brazil): implications for the Archaean
geodynamic evolution of the Amazonian Craton. Precambrian Res 10931393
https://doi.org/10.1016/S0364268(01)00164

Souza, S. Z. , Dall 6 Agnol , R. , Al t hof f | F. J. ,
province: geological, geochronological and tectonic constrasts on the Archean evolution of
the Rio Maria Granité&sreenstone Terrain and the Carajabldxtended Abstract (in
Portuguese).


https://doi.org/10.1016/j.jsames.2016.09.002
https://doi.org/10.11606/issn.2316-9095.v18-145323
https://doi.org/10.11606/issn.2316-9095.v18-145323
https://doi.org/10.1016/S0301-9268(01)00164-4

94

Tei xeir a, M. F. B. , Dal | 6 AgQleaimarao,RC.N,, Mc®Blaughton,s , J
N.J., 2018. Crystallization ages of Paleoproterozoiype granites of Carajas province,
Amazon cratonConstraints from LPb geochronology of zircon and titanite. Journal of
South American Earth Sciences 88, 33A. https://doi.org/10.1016/j.jsames.2018.08.020

Tei xeira, M. F. B., Dal |l 6 Agnol , R. , Santos, .
the Paleoproterozoic (Orosirian)-fype granites of Carajas Province, Amazon Craton,
Brazil: Combined in situ Hf O isotopes of zircon. Lithos 3383, 22.
https://doi.org/10.1016/}.lithos.2019.01.024

Tei xeira, M. F. B., Dal | 6 Aqg,r2@l8. Geolggia, pet®grdfia & , A
geoquimica do Leucogranodiorito Pantanal e dos leucogranitos arqueanos da area de
Sapucaia, Provincia Carajas, PA: implicacdes petrogenéticas. Boletim do Museu Paraense
Emilio Goeldi, Série Ciéncias Naturais 8, 2Z843(in Portuguese).

Vasquez, L.V., Ros€osta, L.R., Silva, C.G., Ricci, P.F., Barbosa, J.O., Klein, E.L., 2008.
Geologia e recursos minerais do estado do Para: Sistema de Informacfes Geograficas e
SIG: texto explicativo dos mapas geoldgico e tectdnico e de oscoisierais do estado
do Para, p. 328 (in Portuguese).

Wones, D.R., 1989. Significance of the assemblage titanite+magnetite+quartz in granitic rocks.
American Mineralogist 74, 74449.



95

CAPITULO 4: PETROLOGIA EXPERIMENTAL DAS SUITES NEOARQUEANAS
VILA JUSSARA E PLANALTO, PROVINCIA CARAJAS, AMAZONIA, BRASIL.
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PETROLOGIA EXPERIMENTAL DAS SUITES NEOARQUEANAS VILA JUSSARA
E PLANALTO, PROVINCIA CARAJAS, AMAZONIA, BRASIL.

RESUMO: As suites Vila Jussara e Planalto situadas, respectivamente, nos terrenos Sapucaia
e Canad dos Carajas, na Provincia Carajas, possuem carater metaluminoso e afinidade
geoguimica com granitdgo-A, com razdo FeO/(FeO+MgO) em rocha total variaveis desde
ferrosas até magnesianas. Foram estudadas a amostr@2NH)EBom composi¢cao tonalitica e
representativa do magma magnesiano oxidado da Suite Vila Jussara, que exibe contetdo de
SiO, de 60% enrocha total e 61,05% no vidro experimental, e a amostra de composi¢cao
sienogranitica (AMRL16), pertencente a variedade fortemente reduzida da Suite Planalto, que
apresenta teor de Si@m rocha total de 74,13% e de 73,17% no vidro. Para caracterizar as
condicdes de cristalizacdo desses magmas, foram efetuados experimentos nas duas amostras
com calibra-»es prefer enxemaNNO1L2 (3 ynidasleslegc 0 d
abaixo do tamp&ao Niguéxido de Niquel), temperatura variando de 850°C a 668dDtetdo

de HO de 9% a 6% em peso. Foram efetuados aadp e r i me n L NNO+H.Mm a & O
temperaturas de 800°C e 700°C, com mesmas pressao e contelgfd destexperimentos
reduzidos. Adicionalmente, foram realizados experimentos em 8 e 2 kbar, cog@doaediox
variavel. Os resultados experimentais em tonalito da Suite Vila Jussara (amostG2E)DP
revelam que, em pressao variavel entre 4 e 2 kbar e conteld® amtre 9% e 6%, anfibdlio

e plagioclasio ocorrem desde temperaturas proximdisj@dus até onearsolidus tanto em

a Qredutoras, quanto oxidantes. A composicdo do plagioclasio é de andesina, com labradorita
ocorrendo apenas em altas temperaturas edigfies oxidantes, e, em ambos estados redox, o
teor de anortita diminui com o decréscimo da temperatura e conteudoQle THis
experimentos mostram que este tonalito pode ter cristalizado em presséo de ~4 kbar, a partir de
um magma com alta concentrac@®HO ( >5 % e m p eogsidante, @ovavaimerieO

entre NNO e NNO+1. Apesar do tonalito Vila Jussara (amostra-DEBERter se formado em
condicOes oxidantes, as composicdes dos anfibdlios formados em experimentos realizados em
a @ reduzida (~NNG@L.3) metram similaridades com os anfibélios naturais, com razao
Fe/(Fe+Mg) e Abtse sobrepondo parcialmente nas temperaturas de ~700°C e 750°C. Por outro
lado, os experimentos realizados em condi¢ces redutoras (ANBY@o sienogranito da Suite
Planalto (amdsa AMR-116) mostram um amplo dominio de estabilidade de
clinopiroxénio+faialita, com biotita+allanita+quartzo+feldspato alcalino+zircdo aparecendo
apenasem temperaturas proximaa 700°C Isto contrasta fortemente com o0s minerais
ferromagnesianos dominast na rocha, correspondentes a anfibdlio+biotita. Em condi¢cfes
reduzidas, em pressao de 4 kbar e 2 kbar, faialita cristaliza no intervalo de 800°C a 700°C e,
mostra razbes Fe/(Fe+Mg) superiores a 0.9, enquanto a pressdo de 4 kbar, o dominio de
estabilidadealo clinopiroxénio é ainda mais amplo, se estendendo no intervalo de temperatura
entre 850°C e 668°C, independente do conteldo & B clinopiroxénio também esta
presente em experimento em condi¢Bes redutoras a 8 kbar e temperatura de 750;@pporém
experimento a 2 kbaclinopiroxénio cristalizada na forma de pigeornitassa mesma amostra,

e m &NNO+2.4, a pressao de 4 kbar, e temperaturas de 800°C e 700°%g, testalizacéo

de magnetita e titanita, ndo ocorrem clinopiroxénio e faiadiba anfibdlio cristalizaado
préximoar00°C.

Palavraschave: granito metaluminoso; petrologia experimental; equilibrio de fases;
fugacidade de oxigénio; Faialita; Provincia Carajas; Neoarqueano.
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1. INTRODUCAO

Durante o Neoarqueano, formea na por¢cdo centrmorte da Provincia Carajas um
expressivo magmatismo granitoide (~22Z/33 Ga) representado pelo Granito Igarapé Gelado
(Barbosa 2004)Complexo EstrelgBarroset al. 1997, 2001, 2009)Granito Serra @ Rabo
(Sardinheet al.2006) e pelas suites Vila UnidgfMarangoanh&t al 2019 Oliveiraet al.em
preparacao)Planalto(Huhnet al 1988 Feio et al2012, 2013Feioet al 2012 Cunhaet al
2016) e Vila Jussard Da | | GetAaf) POt7) Silva et al. 202Q Sousaet al 2022) Esses
granitoides possuem carater metaluminoso a fracamente peraluminoso e afinidade geoquimica
com granitos tipeA, em termos de seus elevados conteudosigte field strength elements
(HFSE) e de elementos ternagas pesams, implicando razdes (La/Yh)geralmente baixas.
Entretanto, apresentam razfes FeO/(FeO+MgO) em rocha total variaveis desde ferrosas até
magnesianas, no sentido derost et al. (2001)Foi aventada a hipotese dos granitoides
neoarqueanos d&C representarem, na realidade, granitoides de séries charnockiticas
hidratadas(Feioetal 2012D a | | 6 &k @. B0&7) devido sua assinatura geoquimica mostrar
forte contraste com as dos granitoides dominantes em cratons arq(Mayes e Laurent,

2018) incluindo associacbes TT@Imeidaet al. 2011 Moyen& Martin 2012) sanukitoides
(Heilimo et al 201Q Oliveiraet al 2010, 2011Gabriel& Oliveira 2014)e leucogranodioritos
e granitos potassicgdimeidaet al 2013, 2017Leite-Santos& Oliveira 2016 Mikkola et al
2012)

Recentemente, uma série de estudos petrogréaficos, quitmeoaldgicos e geoquimicos
vem sendo realizada nas suites Planalto e Vila Ju§3laraira et al. 201Q Cunhaet al. 2016,
2021 Feioetal 2012Da | | 0€tg A04A7] Silvaet d. 2020 Souseet al 2022) na tentativa
de estimar os parametros fisicos reinantes durante sua cristalizacéo, assim como a evolug¢ao dos
seus magmas. Nesse contexto, a petrologia experimental permite simular em laboratério
condicOes especificas das variaveimtalinamicas e, com isso, chegar a estimativas daquelas
reinantes durante a cristalizacdo magmatica. Com as informacgdes obtidas em experimentos, sao
elaborados os diagramas de fases que delimitam as condi¢cdes de equilibrio entre diferentes
fases, em funcdale variagcbes dos parametros intensivos de cristalizacdo, tais como
composi -«0, temperatura (T), .@ceamsagdode@dir , f
(XH20).

Assim sendo, o capitulo 4 dessa Tese de Doutorado tem por objetivo, expor ososesultad
preliminares dos estudos experimentais realizados em rocha tonalitica, pertencente a variedade

magnesiana oxidada da Suite Vila Jussara, e em sienogranito fortemente reduzido da Suite
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Planalto. Pretendge com base nisso: a partir dos resultados d@siemgntos de cristalizacao,

(1) construir diagramas de equilibrio de fases; (2) estimar os parametros intensivos de
cristalizacao; (3) aprimorar a compreensao da evolucdo petroldgica dos magmas tonaliticos e
sienograniticos das suites mencionadas. Calb@odes|ue esse estudo experimental permanece
em andamento e esta sendo realizado em parceria com o pesquisador Bruno Sleestiattdo

des Sciences de la Tel&TO),daUniversité d'OrléangFranca).

2. GEOLOGIA REGIONAL

A Provincia Carajas (PC; figura 1a), localizada na por¢ao sudeste do Craton Amazénico,
representa um dos principais terrenos arqueanos do craton e foram apresentados dois modelos
tectbnicos para ela. O primeiro insere a PC no dominio Arqueano da Provimazbnia
Central (Tassinar& Macambira 2004) e o segundo, proposto por Saetad. (2003), a
considera uma provincia arqueana independente. Da mesma forma, foram propostos diversos
modelos de compartimentacao tectonica para €58Gzaet al. 1996 Dalld A g etall 2006
Althoff et al 200Q Vasquezet al 2008). Mais recentementeD a | | 6 Atgah @013)
apresentaram uma compartimentacdo mantendo o Dominio Rio Maria (DRM) e subdividindo
o Dominio Carajas (DC) em Dominio Sapucaia (DS), Dominio Canaéd dos Carajas (DCC) e
Bacia Carajas (BC). Esses trés dominios teriam tido evolucédo distinta daquela praposto p
Dominio Rio Maria (Fig 1b). Costaet al. (2020) ndo seguiram esta interpretacdo por
considerarem que estruturas do tiome and keaontrolaram a evolugcdo do DRM e da por¢ao
sul do antigo DC que representaria uma extensdo daquele dominio. Odiveita(em
prepar a- «o0) e Nascimento (2023) segetamn em

(2013), mas adotam as denominacdes deeiie Sapucaia e Terreno Canaa dos Carajas.

O Dominio Rio Maria é um terreno Mesoarqueano (3.0 a 2.86 Ga), composto por
greenstone belt€3.0 a 2.90 Gaylacambira& Lafon 1995 Souzaet al. 2001), granitoides do
tipo TTG (2.98 a 2.93 Gaimeidaet al 2011, 2013 rochas sanukitoides, suites graniticas a
leucogranodioriticas de alto E&x e leucogranitos potassicos (2886 GaAlthoff et al. 200Q
Dal | 6e&talad®d Almeidaet al 2011, Oliveiraet al 2011 Silvaet al 2018).

O Dominio Sapucaia (2.95 a 2.73 Ga) apresenta fortes analogias em termos litolégicos
com o DRM, sendo constituido por rochas T(Bantost al. 2013 Teixeiraet al 2013 Gabriel
& Oliveira 2014 Leite-Santos& Oliveira 2014; Silveet al 2014 Santos& Oliveira 2016)
sanukitoidegGabriel& Oliveira 2014) leucogranodioritos com alto Ba e Sr e leucogranitos

potassicoqLeite-Santos& Oliveira 2016 Teixeiraet al. 2013) (Fig. 1c). Todas unidades
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mesoarqueanas foram intensamente deformadas euvahleoarqueano (2.7573 Ga) e
seccionadas por granitoides da Suite Vila Jugs®aa | | @tAlg201d, Silva et al. 2020)e

por leucogranitos potassicos, ambos de idade neoarg(leateSantos& Oliveira 2016) O

Dominio Canaéa dos Carajas € formado dominantemente por gsrdtissense associacdes
charnockiticas (f§. 1c). Feioet al. (2013) definiram no DCC quatro eventos magmaticos
principais, ocorridos no Mesoarqueano e no Neoarqueano. Em 3.05 a 8@a@aformados

os protolitos do Complexo Piu(®idgeonet d. 2000) Tonalito Bacaba (~3,0 GMoreto et

al. 2011)e outras rochas com idades semelhantes, enquanto o Granito Canad dos Carajas e as
rochas mais antigas do Trondhjemito Rio Verde teriam sido gerados entre 2.96 a 2.93 Ga. Ja
entre 2.87 e 2.83 Ga, dee a cristalizacdo do Complexo tonalitico Campina Verde,
Trondhjemito Rio verde e granitos Cruzaddo, Bom Jesus, Boa Sorte e Serra Dourada. Durante
o Neoargueano, entre ~2.75 e 2.73 Ga, ocorreu a formacéo dos granitos subalcalinos da Suite
Planalto, granitos sédicos da Suite Pedra Branca e rochas charnodkitiCamplexo Pium

(Feioet al 2012 Santos 201,3Rodrigueset al. 2014 Santosk Oliveira2014).

Figural- a) Localizacdo da Provincia Carajas no Craton Amazoénico; b) Mapa geoldgico simg
da Provincia Carajas mostrando a divisdo dos dominios Rio Maria, Sapucaia, Canaa dos Care
Carajas. O retangulo corresponde aproximadamente a area detalipadtzel c; c) Mapa geoldgico (
Dominios Canaa dos Carajas e Sapucaia, com a localizacdo das amostras estudadas da suite
Dominio Canaé dos Carajas) e suite Vila Jussara (no Dominio Sapucaia).

3. BACKGROUNDEXPERIMENTAL
3.1 PREMISSAS DO ESTUDO EXPERIMENTAL

A utilizacdo de geotermdmetros e geobarome(iatson& Harrison 1983Harrison&
Watson 1984Hammarstron& Zen 1971Johnsor& Rutherfad 1989 Schmidt 1992Blundy
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