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RESUMO

Estudos microestruturais e texturais em milonitos quartzo-feldspaticos sao
fundamentais para compreender como a deformagdo € localizada na crosta
intermediaria. Contudo, estudos de tais naturezas em zonas de cisalhamento
brasileiras s&o escassos. Dentre estas estruturas, se destaca o lineamento Patos,
uma zona de cisalhamento com mais de 600 km de extensdo de que deformou o
embasamento paleoprotoerozoéico da Provincia Borborema sob diferentes condigdes
de temperatura. De modo a compreender os processos no estado sodlido
responsaveis por localizar e acomodar a deformagao ao longo do Lineamento Patos,
e o0 consequentemente enfraquecimento crustal promovido pelo seu
desenvolvimento, milonitos quartzo-feldspaticos foram investigados por meio de
microscopia oOptica, microscopio eletrénico de varredura e principalmente por meio
da técnica de difracdo de elétrons retroespalhados (EBSD). Os resultados obtidos
indicam uma deformacdo extremamente heterogénea, caracterizada pela
acomodacdo da deformacdo em zonas cada vez mais estreitas conforme a
temperatura decresce durante o soerguimento das rochas afetadas pelo lineamento.
Em condigdes de altas temperaturas (>700°C), apdés uma deformacéao
predominantemente no estado magmatico, camadas ricas em biotita tornam-se os
dominios reolégicos mais fracos, com a deformagcdo sendo principalmente
acomodada nestas camadas por meio da fluéncia de deslocacgdes nos feldspatos,
que registram a ativagéao do sistema (010)[100], e no quartzo, que registra a ativagao
dos sistemas Prisma-<a> e Prisma-[c]. Sob condicbes de temperaturas
intermediarias (550-480°C), a deformacao foi principalmente acomodada pela
fluéncia de deslocacgdes no quartzo e no plagioclasio, e de modo restrito no feldspato
potassico. O quartzo apresenta microestruturas que indicam recristalizacdo durante
a transicdo de migracao por borda de gréo para rotagdo de subgréo. Os principais
sistemas de deslizamento ativos foram (010)[100], (010)[001] e possivelmente
(011)[100] no plagioclasio, (010)[100] no feldspato potassico, e prisma-<a> no
quartzo. Recristalizagdo do plagioclasio e mimerquitizagcdo do feldspato potassico
seguido pela sua precipitacdo ao longo de sombras de pressdo promoveram a
reducdo do tamanho dos grdos e a formacédo de agregados polimineralicos de
granulacao fina, que deformaram por meio de deslizamento de borda de grao

assistido por fluéncia de deslocagdes ou por fluido, com a possivel ativacao dos



sistemas (011)[1-11], (010)[100], (10-1)[111] e (1-1-1)[110], deste modo promovendo
mais enfraquecimento nas rochas deformadas. Sob condicdes de baixas
temperaturas (<450°C), na faixa sul do lineamento, o feldspato registra deformacao
por meio de fraturamento e fluéncia por dissolugao e precipitagdo. O quartzo mostra
evidéncias de recristalizacao por bulging e fluéncia de deslocagdes, com a ativagao
dos sistemas prisma-<a> e romboédrico-<a> de modo subordinado. A expressao
desta deformacao nos milonitos de media a alta temperatura ao norte da borda sul
ocorre na forma de delgadas zonas de cisalhamentos localizadas ao longo de
descontinuidades estruturais como contato entre camadas e fraturas
transgranulares. Além disso, foi sugerido que os sistemas (100)[010] no feldspato
potassico e (021)[1-12] no plagioclasio reportados em trabalhos prévios podem ser

fruto de interpretacdes erroneas.

Palavras-chave: EBSD. Quartzo. Feldspato. Mecanismos de deformacao. Zona de
cisalhamento Patos.



ABSTRACT

Microstructural and textural Studies of quartzo-feldspathic mylonites are
essential to understand how the strain is localized and accommodated in the mid-
crust. However, such studies in Brazilian shear zones are few. One of these
structures is the Patos Lineament, a ~600 km long shear zone that deformed the
paleoproterozoic basement of Borborema Province under different temperature
conditions. In order to comprehend the solid-state processes responsible for strain
localization and accommodation in the Patos shear zone, and the consequent crustal
weakening promoted by its development, quartzo-feldspathic mylonites were
investigated by means of optical microscopy, scanning electron microscopy and
electron backscattering diffraction technique (EBSD). The results obtained from this
study point out a heterogeneous deformation characterized by the accommodation of
deformation in increasingly thinner high strain zones under decreasing temperatures
during uplifting. At high-temperature deformation conditions (>700°C), after
magmatic-state deformation, biotite-rich layers turn into the rheologically weaker
domains which accommodated strain via dislocation creep, with the activation of
(010)[100] in feldspar and prism-<a> and prism-[c] in quartz. Under medium-
temperature conditions (550-480°C), deformation was mainly accommodated by
dislocation creep in the quartz and plagioclase, and in a restricted way in the K-
feldspar. The quartz display microstructures that indicate recrystallization during the
transition from Grain boundary migration to subgrain rotation. The main active slip
system were (010)[100], (010)[001] and possibly (011)[100] in the plagioclase,
(010)[100] in the K-feldspar, and prism-<a> in the quartz. Recrystallization of
plagioclase and myrmekitization of k-feldspar followed by the precipitation by solution
in strain shadows promoted grain-size reduction and formation of the fine-grained
polymineralic aggregates which deformed by dislocation-accommodated or fluid-
assisted grain boundary sliding, with the activation of the easy slip systems (011)[1-
11], (010)[100], (10-1)[111] and (1-1-1)[110], thus favouring further strain weakening
of rocks. Under low-temperature conditions (<450°C), in the southern part of Patos
shear zone, the feldspar record deformation by fracturing and dissolution-
precipitation creep. The quartz show evidence of bulging recrystallization and
dislocation creep, with the activation of prism-<a> and minor rhomb-<a> slip systems.

The low-temperature deformation in the medium- to high-temperature mylonites



located at the northern block of the Patos shear zone is expressed by small-scale
shear zones localized along structural discontinuities like layer contacts and
transgranular fractures. Furthermore, was suggested that the slip systems (100)[010]
in K-feldspar and (021)[1-12] in plagioclase reported in previous studies may be

products of misinterpretation.

Key-words: EBSD. Quartz. Feldspar. Deformation mechanisms. Patos Shear Zone.
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Fabric strength is indicated by the M-index. The number of grains is referred to as n.
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1 INTRODUGCAO

A deformacgao na crosta é extremamente heterogénea e tende a se localizar
ao longo de estruturas denominadas de zonas de cisalhamento (Ramsay, 1980;
Fossen e Cavalcante, 2017). A maneira na qual as rochas na litosfera respondem a
deformacao imposta nestas estruturas é controlada pela reologia de seus minerais
constituintes, sendo que na parte intermediaria da crosta este controle é
principalmente exercido pela reologia do quartzo e do feldspato. O contraste
reoldgico entre estes dois minerais durante a deformagao depende do mecanismo
pelo qual cada um a acomoda, que por sua vez, depende de fatores como taxa de
deformacdo, tensdo diferencial, temperatura, pressdo, presenca de fluidos e
distribuicdo e tamanho inicial das fases (Handy, 1994; Burlini e Bruhn, 2005; Lopez-
Sanchez e Llana-Funez, 2015). A caracterizagdo de tais mecanismos, o
entendimento de como eles acomodam a deformagao durante a evolugédo das zonas
de cisalhamento, e a determinacdo dos parametros condicionantes, tem levado
geocientistas a se debrugar no estudo das microestruturas e texturas (ou
orientagdes cristalograficas preferenciais - OCPs) de rochas monomineralicas ou
polimineralicas deformadas naturalmente e experimentalmente por meio de diversos
instrumentos, tais como microscopio optico, microscopio eletrénico de transmissao
(MET) e de varredura (MEV) e estagio universal (e.g., Behrmann e Mainprice, 1987;
Hirth and Tullis, 1992; Stunitz et al., 2003). Desde a década de 90, diversos
trabalhos tém se utilizado da difragcao de elétrons retroespalhados para investigar as
OCPs (Prior et al., 1999, Randle, 2010). Esta técnica permite a aquisicdo de uma
alta quantidade bruta de dados de orientagdes cristalograficas de diferentes minerais
de maneira rapida e relativamente simples, e vem se mostrando de grande
importancia no estudo de rochas deformadas.

No presente trabalho, utilizando a técnica de elétrons retroespalhados, foram
investigadas as microestruturas e as texturas de milonitos quartzo-feldspaticos,
formados sob diferentes condigdes de temperaturas durante o desenvolvimento da
zona de cisalhamento Patos a fim de compreender os processos responsaveis pela
localizacdo e acomodacdo da deformacgdo, e o consequente enfraguecimento

crustal.
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1.1 ESTRUTURA DA DISSERTACAO

A dissertacao esta dividida em 7 capitulos. Os 4 primeiros sao referentes a
introducéo da dissertagdo, com as justificativas, objetivos gerais e especificos, e
localizagdo da area de estudo (capitulo 1); Contexto geoldgico da area do estudo,
sumarizando os estudos regionais prévios que trabalharam na regiao (Capitulo 2);
fundamentacéo tedrica na qual foi baseada a pesquisa (capitulo 3); e os materiais e
métodos utilizados (capitulo 4). Os resultados (capitulo 5), estdo apresentados na
forma de um manuscrito em inglés intitulado “Microstructures, slip systems and strain
localization in quartzo-feldspathic mylonites from Patos shear zone revealed by
EBSD data”, e incluem os principais resultados e discussdes do trabalho. No
capitulo 6 estdo inclusas as consideracdes finais e as recomendacdes, onde sao
discutidas as principais conclusdes e contribuicdes da pesquisa na area além das
recomendagdes para trabalhos futuros. As Referéncias bibliograficas utilizadas na
dissertacao, fora o manuscrito, estdo apresentadas no capitulo 7. Os dados referidos
no manuscrito como “supplementary material” estdo anexados no final da

dissertagao, nos apéndices.

1.2 JUSTIFICATIVA E OBJETIVOS GERAIS E ESPECIFICOS

Estudos, envolvendo analises microestruturais e do desenvolvimento de
OCPs, tem sido realizados por diversos pesquisadores internacionais em diversas
zonas de cisalhamento desde 1960, com diversos avangos tem sido feito em relacao
a compreensao de como a deformacao € localizada e acomodada nestas estruturas.
Contudo, estudos desta natureza no ambito nacional sdo escassos, e apenas
recentemente avancos tém sido feitos em relacdo ao estudo das microestruturas e
da textura de rochas deformadas por zonas de cisalhamento em territério nacional.
Neste contexto, o lineamento Patos, uma mega estrutura de escala continental que
atravessa o nordeste brasileiro e possui conexao com lineamentos no continente
africano, € uma zona de cisalhamento de grande relevancia tecténica, e na qual
pouco se conhece sobre os mecanismos na escala do grdo que possibilitaram a
localizacido e a acomodacao da deformacgao no decorrer se seu desenvolvimento.

Deste modo, o presente trabalho tem como objetivo geral, investigar os
processos responsaveis pela localizagao da deformacéo e os mecanismos pelo qual
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0 quartzo e o feldspato acomodaram a deformacdo, a partir do estudo das
microestruturas e OCPs em milonitos quartzo-feldspaticos deformados sob

diferentes condigdes de temperatura. Dentre outros objetivos mais especificos estao:

% Estimar de modo qualitativo as condicbes de deformacéo dos milonitos;

*

% Determinacao dos sistemas de deslizamento ativos no feldspato e no quartzo;
% Comparar os mecanismos observados nos diferentes dominios;
s Caracterizar o particionamento da deformagdo durante a evolugao

microestrutural do Lineamento Patos.

1.3 LOCALIZAGAO DA AREA DE ESTUDO

FIGURA 1 - a) Areas estudadas no contexto da Provincia Borborema. b) Pontos de estudo e de
coleta de amostras no dominio Oeste do Lineamento Patos. c) Pontos de estudo e de
coleta de amostras no dominio Central, proximo a cidade de Patos.
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O Lineamento Patos é uma mega estrutura que abrange os estados do Piaui
(PI), Ceara (CE), Rio Grande do Norte (RN) e Paraiba (PB) e é dividida em trés
dominios (Oeste, Central e Leste). O presente trabalho se concentrou na porgao
leste do dominio Oeste, que abrange as cidades de Cajazeiras (PB) e Aurora (CE) e
no dominio Central, na regido da cidade de Patos (PB)(FIGURA 1a). A fim de
investigar os diversos aspectos da zona de cisalhamento Patos, a coleta de
amostras ocorreu em dois perfis norte-sul, onde foram amostrados milonitos de alta

a baixa temperatura. O mapa de pontos esta indicado nas FIGURAS 1b e 1c.

2 CONTEXTO GEOLOGICO

2.1 PROVINCIA BORBOREMA

A Provincia Borborema (Almeida et al., 1981) situa-se no nordeste do
Brasil, sendo limitada ao sul pelo Craton do Séo Francisco (CSF), a oeste pela Bacia
do Parnaiba, e de norte a nordeste pela Provincia Costeira (FIGURA 1a)(Brito Neves
et al., 2000). Esta faixa orogénica é resultante da aglutinagdo dos paleocontinentes
Sao Francisco/Congo, Amazdnico e Oeste-Africano/S&do Luis durante a
amalgamacdo do Gondwana ocidental no Neoproterozéico. A provincia é
constituida, de modo geral, por um embasamento arqueano-paleoproterozdéico
gnaissico/migmatitico, faixas xistosas neoproterozdicas semicontinuas, além de
inumeras intrusdes Brasilianas (Neves, 2003). Estas unidades compdem dominios e
terrenos tectdnicos limitados por uma rede de zonas de cisalhamento regionais
denominada de Sistema de Cisalhamento Borborema (SCB), que também é
correlacionada com estruturas similares no continente africano (Vauchez et al.,
1995) (FIGURA 2).

A SCB é dividida nos dominios oeste e dominio leste. O dominio oeste,
situado majoritariamente no estado do Ceara, compreende zonas de cisalhamento
retilineas de tendéncia NE-SW, predominante dextrais, e incluem as zonas de
cisalhamento Granja, Sobral, Senador-Pompeu, Tatajuba e Potengi. O dominio leste
apresenta um arranjo mais complexo, sendo caracterizado por dois lineamentos
continentais de tendéncia EW (Zona de Cisalhamento Patos e Pernambuco) que

convergem para faixas transpressionais (Faixas Serido e Cachoeirinha) e zonas de
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cisalhamento subsidiarias de tendéncia NE, com evidéncias de movimento
inicialmente dextral e sinistral tardiamente (Vauchez et al., 1995). As zonas de
cisalhamento que compbée o SCB compartiham de diversas caracteristicas em
comum tais como: deformagdo cisalhante concomitante a um magmatismo
sincinematico; intrusdes de diques paralelos a foliagdo milonitica; presenca de
migmatitos e faixas miloniticas de alta e baixa temperatura coexistentes (Vauchez et
al., 1995; De witt et al., 2003; Van schmus et al., 2008).

FIGURA 2 - Sistema de Cisalhamento Borborema
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2.2 ZONA DE CISALHAMENTO PATOS

A Zona de Cisalhamento Patos (ZCPa) (FIGURA 3) € uma falha de rejeito
direcional de cinematica dextral de aproximadamente 600 km de extensao e com até
30 km de largura em seu segmento central (Viegas et al., 2013). Ela separa o bloco
norte, constituido de rochas arqueanas a paleoproterozéicas que formam o
embasamento da Faixa Seridd (FS), do bloco sul, que compreende rochas meso- a
neoproterozoicas da Zona Transversal (Brito Neves et al., 1995). No contato com o
bloco sul, a ZCPa é separada do terreno Cachoeirinha-Salgueiro por uma faixa de

milonitica em facies xisto verde de 1-2 km de espessura (Corsini et al., 1991;
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Vauchez et al., 1995). As principais unidades afetadas pela ZCPa consistem no
embasamento gnaissico-migmatitico paleoproterozéico (Complexo Caico e
Granjeiro), faixas metassedimentares neoproterozoicas representada pelo grupos
Serid6 e pela Formacao Lavras de Mangabeira, além de diversos corpos pluténicos
anatéticos sin-cinematicos.

A ZCPa é compartimentada por alguns autores em trés dominios estruturais
chamados de Dominio Leste, Central e Oeste (Viegas et al., 2014; Cavalcante et al.,
2016). No Dominio Leste, localizado a leste da FS, a ZCPa sofre uma diminuicéo na
espessura, as estruturas sao rotacionadas de E-W para NE-SW e o seu braco sul se
conecta com a zona de cisalhamento Campina Grande em uma configuragao tipo
en-échelon (Vauchez et al., 1995). O dominio central compreende ortognaisses
miloniticos e milonitos de alta temperatura de direcdo EW que migram para
anatexitos na conexdao com a FS. Nesta conexdo as estruturas mudam
progressivamente sua orientagdo para NE, indicando uma continuidade mecanica
entre a ZCPa e a FS (Corsini et al., 1991). O dominio oeste é caracterizado por uma
estrutura em duplex, denominado Duplex Lavras de Mangabeira (DLM), que se
conecta com as zonas de cisalhamento Tatajuba e Potengi, pertencentes ao dominio
oeste do SCB (Vauchez et al., 1995; Corsini et al., 1996).

FIGURA 3 - Mapa simplificado das principais unidades afetadas pela zona de cisalhamento Patos. Os
afloramentos visitados indicados pelas estrelas vermelhas.
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2.3 DUPLEX LAVRAS DA MANGABEIRA

Situado no dominio oeste da ZCPa, e um dois principais alvos deste
trabalho, o DLM (FIGURAS3) consiste em uma estrutura duplex que acomoda a
mudancga na direcdo de rejeito que ocorre na transi¢do da PSZ para as zonas de
cisalhamento Potengi e Tatajuba (Vauchez et al., 1995). A norte, o duplex ramifica
nas zonas de cisalhamento Porto Alegre e Jaguaribe de direcao NE. Esta estrutura,
com espessura maxima de 50 Km e aproximadamente 150 Km de extensao, é
caracterizada por um arranjo arqueado de zonas de cisalhamento anastomosadas
de espessura quilométricas que envolve lentes de material nao milonitizado (Corsini
et al.,, 1996). A leste, préximo a cidade de Cajazeiras, todas as zonas de
cisalhamento convergem juntas para formar o segmento central da ZCPa. Diversos
indicadores cinematicos indicam uma cinematica dextral, e a geometria e as
estruturas geoldgicas presentes sugerem um regime deformacional transpressivo,
caracterizando uma estrutura em flor positiva assimétrica (Corsini et al., 1996). O
mergulho da foliagdo dentro do DLM diminui progressivamente de sul para norte e
cavalgamentos subsidiarios sobrepde unidades do embasamento sobre sequéncias
metassedimentares mais jovens (Corsini et al., 1996). E possivel que essa
configuragao tenha sido favorecida por uma trama de baixo angulo pré-existente a
zona de cisalhamento.

O nucleo do DLM ou Bloco Assaré (Caby et al., 1995) compreende o
embasamento arqueano-paleoproterozoico representado pelos Complexos Granjeiro
e Caico e pelas rochas metassedimentares da Formacao Lavras da Mangabeira de
idade Neoproterozoica.

O Complexo Caico, principal unidade estudada neste trabalho, representa o
embasamento do Grupo Serid6 e de suas formacdes metassedimentares correlatas
(Souza et al., 2007). Na regido, ela ocorre nas bordas do DLM, envolvendo o
Complexo Granjeiro. O complexo é composto de granitdides e ortognaisses
migmatiticos de composigdo tonalitica a granodioritica, com rochas
metassedimentares e anfibolitos subordinados (Caby et al., 1995). Idades U-Pb
apontam um periodo de formacgéo entre 2.1 e 2.24 Ga (Hackspacher et al., 1990;
Legrand et al., 1991; Dantas, 1996). A assinatura geoquimica destas rochas sugere
duas interpretagdes genéticas. A primeira onde os ortognaisses consistem de uma

suite arqueana tipo TTG formada por varios pulsos de magmatismo e processos
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associados de mixing e migling de magma (Dantas, 1992; Petta, 1995). O segundo
sugere que magmas parentais foram derivados a partir da fusdo parcial de um

mando enriquecido (Souza et al., 1993).

2.4 CONDIGOES DE DEFORMAGCAO NA ZCPA

A ZCPa apresenta um complexo padrdao de estilos e regimes
deformacionais. No Dominio central, proximo a cidade de Patos (PB), a assembleia
metamoérfica em metapelitos e leucossomas sin-cinematicos sugerem temperaturas
acima de 700°C e pressoes que variam de 3 a 4 Kbar (Caby et al., 1995; Vauchez et
al., 1995; Corsini et al., 1996; Corsini et al., 1998). Préximo a Cajazeiras (PB),
temperaturas em torno de 700 °C e pressdes de 5 a 6 Kbar foram obtidas em
metepelitos (Corsini et al., 1996). No nucleo do bloco Assaré, assembleias
metamorficas em metapelitos apontam temperaturas em torno de 600°C e pressdes
em torno de 3 a 3,5 Kbar (Caby et al., 1995; Monié et al., 1997). Além disso, a
presenca de veios e pacotes de leucossomas cisalhados, o paralelismo da foliagao
magmatica dos migmatitos com foliagdo de estado-solido nos ortognaisses
miloniticos encaixantes, além da transigcdo de microestruturas de estado-solido para
magmaticas nos milonitos de oeste para leste indicam que a deformagao cisalhante
de alto grau foi concomitante a fusdo parcial. As estimativas de temperaturas
supracitadas juntamente com microestruturas sugerem que a deformagao na ZCPa
ocorreu em facies anfibolito e em baixas pressdes, acompanhado por fusdo crustal
(Corsini et al., 1991). Andlises “°Ar/*°Ar em cristais de hornblenda e biotita nos
dominios central e oeste, indicam uma taxa de resfriamento mais lenta no primeiro
em relagdo ao segundo. Tais caracteristicas indicam um gradiente termal na ZCPA,
com uma diminuicdo da temperatura de leste a oeste e diferentes histérias de
resfriamento, possivelmente devido ao maior volume de material fundido presente no
dominio central da ZCPa (Monié et al., 1997; Corsini et al., 1998).

3 FUNDAMENTAGAO TEORICA

3.1 DEFORMACAOQ CRISTAL-PLASTICA (OU INTRACRISTALINA)
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Sob elevadas temperaturas, minerais podem se deformar permanentemente
sem que haja rompimento de sua estrutura cristalografica devido a presenca e
mobilidade de defeitos cristalinos. Isto € chamado de deformacao intracristalina ou
deformacéao cristal-plastica. Os defeitos podem ser divididos em defeitos pontuais,
defeitos lineares e defeitos planares. Os defeitos pontuais podem ser classificados
em “vacancias” ou “impurezas” (FIGURA 4a), caracterizados respectivamente pela
auséncia de atomos e pela presenga atomos extras no reticulo cristalino do cristal.
Este ultimo ainda pode ser do tipo intersticial, caracterizados pela ocupagao de um
espacgo vazio no reticulo cristalino, ou substitucional, em que ocorre a substituicdo

de um atomo do reticulo por um outro diferente (FIGURA 4b).

FIGURA 4 - Defeitos cristalinos mais comuns. a) Vacéncias (v) e impurezas (i); b) Impurezas,
podendo ser do tipo substitucionais (Il) ou intersticiais (I).
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FONTE: a) Modificado de Hull e Bacon (2011)

Os defeitos lineares, ou deslocagdes, sao definidos pela presenca de um
plano cristalografico extra no reticulo cristalino que delimita uma regido que se
deslocou em relagéo a outra. Elas geralmente nucleiam a partir de pequenas regides
chamadas fontes de Frank-Read (Frank-Read sources) e se espalham no reticulo na
forma de loops expansivos (Hobbs et al., 1976; Tullis, 2002). Uma deslocagéo pode
ser descrita por meio de um vetor i paralelo a linha de deslocacdo e pelo vetor
burger que indica a direcdo do deslocamento. Quando os vetores séao
perpendiculares definem um edge dislocation (FIGURA 5a), e quando paralelos, um
screw dislocation (FIGURA 5b), ambos membros finais de uma série de
combinagdes chamadas de deslocagdes mistas (Hull e Bacon, 2011).

O movimento de deslocagbes € um processo denominado de deslizamento

de deslocagdes (dislocation glide), e ocorre pela ativagcdo de um ou mais sistemas
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de deslizamento (slip system) assim que a sua energia de ativagdo de mogao €
atingida (van der Pluijm e Marshak, 2004). Um sistema de deslizamento é
caracterizado por um plano de deslizamento (slip plane) e uma direcdo de
deslizamento (slip direction), sendo representados pelas notagdes (hk/)[uvw] ou
{hkl}<uvw> (quando se refere a um conjunto de planos e direcbes simetricamente
equivalentes, Miranda et al., 2016) que descrevem respectivamente os indices de
Miller do plano e da dire¢do do sistema. Para que um sistema seja ativado é
necessario que a tensao cisalhante critica resolvida (Critical resolved shear stress ou
CRSS) do sistema seja excedida, cujo valor varia para cada sistema de
deslizamento, e depende da temperatura, tensao diferencial, atividade quimica e da
taxa de deformacgédo (Passchier e Trouw, 2005). A fonte da forga motriz do
deslizamento pode ser a distor¢ao do reticulo ao redor de uma deslocacao ou devido
a aplicacdo de uma tensao diferencial (van der Pluijm e Marshak, 2004). Via de
regra, os planos cristalograficos mais compactados e as dire¢des cristalograficas
com os vetores reticulares mais curtos e com ligagdes mais fracas do cristal tendem

a definir os sistemas de deslizamento (Tullis, 2002; Twiss e Moores, 2007).

FIGURA 5 - llustragao simplificada de uma deslocacao do tipo “edge” e do tipo “screw’”.
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FONTE: Adaptado de Passchier e Trouw (2005)

Quando as temperaturas nao sado o suficientemente altas a movimentagcao
de deslocagbes pode ser bloqueada ou dificultada pela presengca de impurezas

normalmente presentes no reticulo cristalino do material, podendo levar a um
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aumento na densidade de deslocagdes e a criagdo de locais de acumulacdo de
deslocagbes chamados de emaranhados de deslocagdes (dislocation tangle), que
por sua vez, resulta em endurecimento por deformacéao (strain hardening) (Tullis e
Yund, 1987; Van der Pluijm e Marshak, 2004; Passchier e Trouw, 2005). Se a
temperatura for elevada o suficiente, o material tende a diminuir a densidade de
deslocacdes por meio de varios processos que facilitam o movimento das edge
escrew dislocations, tais como escalada de deslocagdes (dislocation climb) em
relacdo a primeira e deslizamentos cruzados (cross-slip) em relagdo a segunda. A
atuacao conjunta destes processos com o deslizamento de deslocagdes caracteriza
a fluéncia de deslocagbes (dislocation creep) (Tullis, 1983; Passchier e Trouw,
2005).

O aumento na densidade de deslocagbes em um cristal por meio do
acumulo de defeitos e de emaranhados de deslocagdes devido a resposta a uma
tensdo diferencial aplicada, leva a um aumento na energia deformacional interna
(Passchier e Trouw, 2005). A fim de reduzir esta energia diversos processos atuam
para diminuir a densidade de deslocag¢des sem envolver a formagao de novos graos,
um processo chamado de recuperagao (Hobbs et al., 1976; White, 1977). Além dos
processos citados anteriormente (climb e cross-slip), mecanismos de aniquilagao e a
formagao de subgraos (FIGURA 6) sdo meios que atuam para rearranjar e eliminar
deslocagdes (Hobbs et al., 1976; Trimby et al., 1998; Tullis, 2002). O processo de
recuperacao € evidenciado pela presenca de bandas de deformacéo (deformation

bands) e subgraos (Vernon, 2004; Passchier e Trouw, 2005).

FIGURA 6 - Formagao de um subgrao por meio do processo de recuperagao.
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FONTE: Adaptado de Passchier e Trouw (2005)
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A recristalizacdo de um agregado policristalino que ocorre na auséncia de
uma deformac&o é denominada de recristalizagdo estatica (Urai et al., 1986). Este
tipo de recristalizagdo envolve varios processos que buscam a eliminacdo de
deslocacgbes, bordas de subgraos e formas irregulares dos cristais, a fim de chegar a
um estado de energia livre interna minimo. Tais processos incluem aqueles
presentes na recuperacao e a reducao da area de borda de graos (grain boundary
area reduction, Passchier e Trouw, 2005). Dentre as principais evidéncias deste
processo estdo o crescimento de cristais opticamente livres de deformacéao interna,
poligonais, com bordas retilineas ou levemente curvadas e de granulagdo grossa
(Vernon, 2004; Passchier e Trouw, 2005).

3.2 RECRISTALIZACAO DINAMICA

FIGURA 7 - Caracteristicas comuns das tramas resultantes dos mecanismos de recristalizagao. a)
BLG; b) SGR e ¢) GBM.

FONTE: Adaptado de Stipp et al. (2002)
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A recristalizagcdo dinédmica pode ser definida como o retrabalhamento do
tamanho, forma ou orientacdo dos cristais induzido por deformagédo, com pouca ou
nenhuma mudanga quimica (Poirier e Guillopé, 1979). Esta recristalizacédo é
governada por dois processos principais, denominados de migragao de borda de
grao e rotagado de subgrdo. Estes processos ndo operam de modo independente,
mas interagem de modo a definir, de acordo com Stipp et al., (2002), trés principais
tipos de mecanismos de recristalizagdo chamados de: i) recristalizagdo por bulging
(Bulging recrystallization - BLG); ii) recristalizagao por rotagdo de subgrao (subgrain
rotation recrystallization - SGR) e iii) recristalizacdo por migracao de borda de grao
(grain boundary migration recrystallization - GBM) e correspondem respectivamente
aos regimes 1, 2 e 3 de fluéncias de deslocagdes de Hirth e Tullis (1992). A
transigdo sucessiva do regime 1 ao 3 ocorre com o aumento da temperatura e/ou
diminuicdo da taxa de deformacédo (além da presenca de fluidos) e resulta em
tamanhos de graos progressivamente maiores.

A recristalizagcado por bulging (FIGURA 7a) é caracterizada por uma
mobilidade de borda de gr&o localizada, na qual a borda de um cristal migra em
direcdo a outro com maior densidade de deslocagao, formando um diminuto novo
cristal, geralmente livre de deformacgéao (Urai et al., 1986, Stipp et al. 2002). Os
novos graos recristalizados tendem a nuclear em jungdes triplices, bordas de graos
normais a foliagdo e fraturas. Os graos reliquiares tendem a apresentar bordas
irregulares e lobadas com lobos do tamanho dos novos graos (Passchier e Trouw,
2005), além de apresentarem extingdo ondulante, lamelas de deformagdes e até
fraturamento ruptil. A SGR é caracterizada pela continua adicao de deslocacobes a
bordas de subgrédos de modo que a desorientagdo entre o subgrao e o cristal
hospedeiro € aumentada até que defina um novo grao recristalizado, ou seja, por
uma rotacdo do subgrao (Passchier e Trouw, 2005). As principais evidéncias deste
mecanismo sao a presencga de graos recristalizados livres de deformacao interna e
de tamanho uniforme e similar aos subgraos, os graos relictos em geral sao
achatados, formam corddes (ribbons), apresentam microestruturas tipicas de
deformacéo intracristalina e contém bordas na qual ha uma transigdo gradual dos
subgrédos para os novos graos recristalizados (FIGURA 7b, Stipp et al., 2002;
Passchier e Trouw, 2005). A GBM ¢é caracterizada pela rapida e extensiva migragao
de borda de gréao na qual pode chegar a consumir graos inteiros, removendo

deslocagdes e subgréos. A rotacdo de subgrdo pode ainda estar ativa durante o
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processo, mas as bordas de subgrdo se tornam altamente moveis assim que se
tornam novos graos (Passchier e Trouw, 2005). Os gréos recristalizados s&o
grandes e tendem a apresentar formas ameboides com bordas bastante lobadas e
com interdigitacbes (FIGURA 7c). Este mecanismo produz algumas microestruturas
tipicas como as microestruturas do tipo pinning, window, dragging, left-over grains e
castellate que podem ser utilizadas para indicar a direcdo de migracao (Jessel,
1987). Stipp et al. (2002) ainda sugeriu a subdivisdo deste mecanismo em dois tipos,
recristalizacdo por migracéo de borda de gréo do tipo | (controlados por impurezas)
e do tipo Il (ndo controlado por impurezas), dependendo do controle do pinning na
mobilidade das bordas.

3.3 MECANISMOS SENSIVEIS AO TAMANHO DO GRAO

Alguns mecanismos de deformacgao sao ativados quase que exclusivamente
em agregados de granulagcdo muito fina. Tais mecanismos s&o denominados
coletivamente de mecanismos sensiveis ao tamanho do grao (Rutter e Brodie, 1988;
Fukuda et al.,, 2012), e exercem grande influéncia na reologia do material e na

localizagdo da deformacgao (Menegon et al., 2013; Platt, 2015).

FIGURA 8 - Tipos de fluéncia difusiva que ocorrem através do reticulo cristalino (Nabarro-Herring) ou
ao longo das bordas dos cristais (Coble).
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FONTE: Modificado de McClay (1977).
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Sob altas temperaturas e baixas tensdes diferenciais, os cristais podem se
deformar por meio da migracdo de vacancias e de atomos através do reticulo
cristalino entre areas onde as tensdes aplicadas sdo maximas e minimas, em um
processo denominado de transferéncia de massa difusiva na escala do grao (Grain-
scale diffusive mass transfer; Passchier e Trouw, 2005; Venon, 2004). Este processo
€ divido em dois tipos: Fluéncia de Coble e fluéncia de Nabarro-Herring (FIGURA 8).
Sendo o primeiro caracterizado pela difusdo ao longo das bordas do material e o
segundo por meio da difusdo através do reticulo cristalino. A fluéncia de Coble tende
a ser mais rapida e é mais efetiva em menores temperaturas do que a fluéncia de
Nabarro-Herring, pois apresenta uma energia de ativagdo mais baixa (Poirier, 1985;
Twiss e Moores, 2007).

FIGURA 9 - llustragao simplificada do mecanismo de fluxo granular, evidenciando a atuagao do
deslizamento de borda de gréo no cristal do arcabougo (rosa), com os vazios criados
sendo preenchidos por material transportado por solugéo ou difusdo (amarelo).

FONTE: Modificado de Poirier (1985).

Em agregados muito finos, um gréo pode deslizar em relagdo ao outro sem
que haja perda de coesdao em um processo chamado de deslizamento de borda de
grao (Grain boundary sliding, Ashby e Verrall, 1973). Este mecanismo normalmente
produz incompatibilidades que sdo acomodadas ou limitados por outros mecanismos
tais como fluéncia de deslocagdes (Dislocation-accommodated GBS — DisGBS) ou
formacédo de lacunas, que sédo preenchidas por material advindo via transferéncia
difusiva de massa ou por dissolugéo e precipitacdo (FIGURA 9, Etheridge e Wilkie,

1978), um mecanismo chamado por alguns autores de fluxo granular (Tullis, 2002;
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Oliot et al., 2014). Diversos trabalhos apontam como indicios da atuagao da fluéncia
difusiva e deslizamento de borda de grdos a falta de orientagbes cristalograficas
preferenciais e de forma (shape preferred orientation-SPQO), e a mistura de fases em
agregados com graos equidimensionais muito finos (e.g., Kilian et al., 2011; Oliot et
al., 2014; Mehl e Hirth, 2008). Outros autores ainda sugerem o termo
superplasticidade, que caracteriza um material com graos uniformes muito finos, e
que sob altas temperaturas e por intermédio do fluxo granular, pode sofrer intensa

deformacgéo sem sofrer salsichamento (boudinage, Passchier e Trouw, 2005).

3.4 ORIENTACOES CRISTALOGRAFICAS PREFERENCIAIS

A deformacéo plastica de volume rochoso pode acarretar no desenvolvimento
de uma textura cristalografica, isto €, uma orientacao cristalografica preferencial
(OCP), definida pelo arranjo sistematico de planos e eixos cristalograficos dos
cristais. O padrao de uma OCP de uma rocha deformada é resultado de um conjunto
de fatores, dentre eles o tipo de mecanismo de deformacéo, histéria deformacional
(trajetoria, magnitude e geometria do elipsoide da deformacéo finita) e dos sistemas
de deslizamento ativos (FIGURA 10a, Schmid e Casey, 1986; Law, 1990; Barth et
al., 2010). Portanto, a analise acurada dos OCPs de uma rocha deformada pode
revelar informagdes sobre a geometria da deformag&o aplicada, mecanismos de
deformacédo e a temperatura de deformagdo na qual a rocha esteve submetida
durante a deformacéao (e.g., Kruhl, 1996; Bons e Brok, 2000; Menegon et al., 2008).

Embora uma OCP possa ser obtida por outros mecanismos de deformacao,
como por exemplo fluéncia por dissolugcao e precipitagdo (e.g., Bons e den Brok,
2000; Menegon et al., 2008), a fluéncia de deslocacdes € tido como o principal
mecanismo responsavel pelo desenvolvimento de OCPs em rochas deformadas
plasticamente (Bons e Brok, 2000). De acordo com Hobbs et al.,, (1976) o
desenvolvimento de uma OCP mediante fluéncia de deslocagdes pode ser resultante
de dois processos: i) via rotagdo de corpo rigido e atividade de sistemas de
deslizamento particulares nos gréos; ii) por meio de mecanismos de recristalizagao.
No primeiro caso, quando um cristal se deforma por meio de um unico sistema de
deslizamento, o plano e a diregdo de deslizamento deste sistema tendem a
rotacionar de modo a se paralelizar com o eixo de estiramento maximo (A1) de modo

a acomodar a incompatibilidade gerada entre a vorticidade interna e a externa (Lister
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et al.,, 1978). Deste modo, um sistema de deslizamento pode ser indiretamente
inferido observando a distribuicdo dos planos e dire¢cdes em relagado a um referencial
do elipsoide de deformagdo. No caso de rochas os referenciais geralmente séo
foliagdes e lineagdes minerais ou de estiramento (e.g., Schmid e Casey, 1986;
Heidelbach et al., 2000; Keller and Stipp, 2011). Contudo, a fim de manter uma certa
compatibilidade durante deformacao, os cristais de um agregado deformando-se
desta maneira devem ter pelo menos cinco sistemas de deslizamentos
independentes ativos (teoria de Taylor-Bishop-Hill), ou devem rotacionar de modo
gue minimizem o desajuste (misfit) geométrico em um agregado que deforma com
um limitado numero de sistema de deslizamentos (modelo de minimizagdo de
desajuste, Twiss e Moores, 2007). Diversas simulagbes utilizando tais modelos
tedricos tem reproduzidos padrdes de orientagdes cristalograficas bastante similares
aos observados naturalmente (e.g., Lister e Dornsiepen, 1981; Stipp et al., 2002) e
experimentalmente (Wagner et al., 1982; DellAngelo e Tullis, 1989). A
recristalizacdo dinamica atua normalmente consumindo cristais ndo favoraveis ao

deslizamento, embora o inverso também possa ocorrer (Schmid e Casey, 1986).

FIGURA 10 - a) Padrdo de OCP de acordo com o tipo de deformagéo. b) Tipos de guirlandas
cruzadas.
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FONTE: a) Modificado de Urai et al. (1986).
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Ha diversas maneiras de representar graficamente orientagdes
cristalograficas (ver capitulo 4.3), a mais comumente utilizada € por meio de figuras
de polo (FIGURA 10). Nas figuras os padrbes geralmente ocorrem na forma de
elementos geométricos como pontos maximos, guirlandas circulares pequenas ou
grandes, ou guirlandas singulares (single girdles) e cruzadas (crossed girdles)
(FIGURA 10b). Os padrdes sao interpretados de acordo com sua assimetria interna

(forma do padrao) e externa (com relagéo a um referencial externo) (Law, 1990).

FIGURA 11 - Padrées de OCP do quartzo de acordo com os sistemas de deslizamento ativos e a
temperatura. a) Planos e dire¢cdes de deslizamento principais do quartzo. b) Posi¢do
dos planos nas figuras de polo de acordo com o sistema de deslizamento ativo. C)
Mudanca no padrdo de OCP de acordo com a temperatura e com o acumulo de strain.
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FONTE: Modificado de Hunter et al. (2018).

Como um sistema de deslizamento é termicamente ativado, a ativagcdo de um
ou mais sistemas também ira depender da temperatura (Law, 1990; Tullis, 2002) e

da presenca de fluidos (Law, 2014) como ilustrado na FIGURA 11c. Alguns autores
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sugerem que a abertura das guirlandas cruzadas tem correlagdo com a temperatura,
e podem ser utilizadas como geotermdémetros (Kruhl, 1996, 1998; Hunter et al.,
2018).

O padréao das OCPs também reflete a geometria da deformacéo, logo, a
forma do padréo pode revelar informagdes sobre o tipo ou a simetria da deformagao
(Figura 10a). Um volume de rocha deformado coaxialmente dispde de padrdes de
OCP simétricos, sendo bastante comum o desenvolvimento guirlandas cruzadas do
tipo | e do tipo Il (FIGURA 10b, Lister, 1978). Aqueles que refletem uma trajetdria de
deformacédo nao coaxial apresentam padrdoes assimétricos, normalmente na forma
de guirlandas singulares ou cruzadas assimétricas (FIGURA 11c), e pode ser
utilizado como indicador cinematico (e.g., Law, 1990; Kilian et al., 2011). O tipo de
deformagédo uni-, bi- ou triaxial (como achatamento, deformagdo planar ou
constricdo) também formam distintos padrdes de guirlanda para um mesmo sistema
ou conjunto de sistemas de deslizamento ativos (Lister e Hobbs, 1980), como
ilustrado na FIGURA 10a. Além disso, a progressdao da deformagcdo em um
agregado pode acarretar na ativagao de diferentes sistemas de deslizamentos e na
acentuacao de uma OCP (FIGURA 11c) (e.g., Heilbronner e Tullis, 2006).

3.5 REOLOGIA DO QUARTZO E FELDSPATO

A crosta continental € uma zona extremamente heterogénea, e por ser
constituida por rochas com diferentes composi¢gdes mineraldgicas, seu
comportamento reolégico € bastante complexo, sendo controlado essencialmente
por agregados polimineralicos (Handy, 1990; Kenis et al., 2005). Além disso, os
minerais apresentam diferentes resisténcias (strength) e deformam-se por meio de
diferentes mecanismos de deformacdo dada a mesma condicdo fisico-quimica de
deformagéo (DellAngelo e Tullis, 1996; Tullis, 2002). Visto que, na porgao
intermediaria da crosta, devido a sua composi¢gao majoritariamente granitica, ha uma
grande influéncia da reoldgica do quartzo e do feldspato (Fitz Gerald e Stuniz, 1993;
Mukai, 2014; Wehrens et al., 2016), o estudo de ambas as fases € de suma
importancia para compreender o comportamento mecanico da crosta intermediaria e
o desenvolvimento de zonas de cisalhamento que comumente nucleiam nesta zona
e acomodam grande parte da deformacéao crustal (FIGURA 12) (e.g., Schulmann et
al., 1996; Park, 2006).
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FIGURA 12 - Perfil reolégico simplificado da crosta superior e intermedidria indicando os mecanismos
de deformagéo mais comuns observados no quartzo e feldspato.
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3.5.1 Quartzo

O quartzo é um dos minerais mais amplamente estudados, com diversos
trabalhos caracterizando experimentalmente e naturalmente as condigdes fisico-
quimicas em que ocorrem 0os mecanismos de deformacgao cristal-plastica e na qual
os sistemas de deslizamentos s&o ativados (e.g., Hirth e Tullis, 1992; Stoeckert et
al., 1999; Stipp et al., 2002). Tais trabalhos sugerem que geralmente, entre 280 e
310°C, o deslizamento de deslocacdes supera o fluxo cataclastico como principal
mecanismo de deformagdo do quartzo, definindo a chamada zona de transigcao
ruptil-ductil em uma crosta de composigao granitica (Sibon, 1977). A partir desta
temperatura, microestruturas tipicas de recuperacdo e deformacéo intracristalina se
tornam recorrentes e a recristalizacéo por bulging comecga a operar. A partir de 400
°C, a fluéncia por deslocacdes passa a ser dominante, com a SGR sendo o principal
mecanismos de recristalizagdo. Acima de temperaturas de 500°C a recristalizagao
via GBM é prevalente. Stipp et al., (2002) ainda sugere que acima de 630°C a
recristalizacdo por migragao de borda ocorre sem influéncia de pinning, juntamente

com a transicdo do quartzo-a para o quartzo-, e com o aparecimento de extingao
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do tipo “xadrez” (chessboard extinction). Sob condigdes hidratadas o comportamento
reologico se torna mais complexo (Tullis, 2002), e a temperatura na qual os
mecanismos atuam diminuem drasticamente, sendo reportados a transicdo entre os
trés mecanismos em intervalos que compreendem 250 a 330°C (Dunlap et al.,
1997).

Sua estrutura cristalografica, definida por tetraedros de silica em arranjos
trigonais no quartzo-a (baixa temperatura) ou hexagonais no quartzo-B (alta
temperatura) é bastante estavel, e o deslizamento ocorre pelas quebras das ligagdes
Si-O nas direcbes mais curtas (Lister et al., 1978). No quartzo os planos de
deslizamento mais comuns sao respectivamente os planos prismatico{m},
romboédrico positivo{r} e negativo{z}, e basal (c), e as diregbes séo os eixtos <a> e
[c] (FIGURAS 11a e 11b, Lister et al., 1978; Tullis, 2002). O quartzo também
apresenta outros sistemas de deslizamentos, mas em geral sdo subordinados, e

raramente reportados em rochas naturalmente deformadas.

3.5.2 Feldspato

Devido a presenga de clivagens excelentes, largas celas unitarias e baixa
simetria os feldspatos possuem sistemas de deslizamentos mais restritos e
complexos do que os apresentados pelo quartzo, o que dificulta o deslizamento de
deslocacgdes (Tullis, 1983). Consequentemente o feldspato comega a apresentar um
comportamento ductil em temperaturas superiores em relagdo ao do quartzo (450-
500°C, Tullis, 2002). Além disso, a transi¢cdo de deformacdo dominada por fluxo
cataclastico para dominada por fluéncia de deslocacbes acomodada por
recristalizacdo pode ocorrer sobre um amplo intervalo de temperaturas (Tullis e
Yund, 1987), com o feldspato, mesmo sob altas temperaturas (>700°C), ainda
podendo apresentar comportamento ruptil devido a sua complexidade estrutural e
quimica (Tullis, 2002; Menegon et al., 2013). Alguns trabalhos sugerem que os
primeiros indicios de deformacao intracristalina do feldspato (extingado ondulante,
kink bands, geminagdes mecanicas) comegam a surgir por volta de 400 a 500 °C de
temperatura (Passchier e Trouw, 2005). Apesar de que algumas destas
microestruturas possam ser produto de microfissuramento (Tullis e Yund, 1987), a
transicdo de regime ruptil-ductil para ductil na crosta situa-se em torno desta

temperatura. De acordo com Tullis (2002) entre 400 e 650°C os cristais de
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feldspatos podem comegar a ser afetados pela recristalizagdo por bulging (regime 1
de fluéncia de deslocacdes). Ja a recristalizagdo por rotagdo de subgréo (regime 2)
€ dominante em condi¢cdes de alto grau metamdérfico de facies anfibolito superior,
granulito ou eclogito (cerca de 600 e 850°C). Por outro lado, a recristalizagado por
migracéo de borda de grao (regime 3) s&o muito raras, sendo observadas em rochas
deformadas em condicbes de ultra-alto grau metamoérfico (>850°), proximo ao
solidus da rocha. Contudo, a presenca de agua pode reduzir drasticamente a
temperatura na qual a recristalizagdo comeca a atuar.

Como abordado previamente, os sistemas de deslizamento nos feldspatos
sao bem restritos, e os sistemas variam conforme a composigéo e estrutura cristalina
do tipo de feldspato. Em geral, os planos de deslizamento mais comuns sdo aqueles
associados a planos com menor quantidade de ligagées T-O por area, como 0s
planos de clivagem (010) e (001), e as direcbes de deslizamento com a distancia de
repeticdo mais curtas como [001], [110] e [100] (Tullis, 2002). Os sistemas de
deslizamento mais comuns observados naturalmente para o plagioclasio sao
(001)[100], (010)[100] e (001)<110> (Satsukawa et al., 2013); ja para os feldspatos
alcalinos € o plano (010) nas diregbes [100], [001] e [101] (Menegon et al., 2008). A
tabela 1 e a Figura 13 lista outros sistemas de deslizamentos reportados na literatura

tanto para o plagioclasio, quanto para o feldspato potassico.

FIGURA 13 - Projecao dos planos e dire¢cdes de deslizamento mais comuns no (a) feldspato alcalino
monoclinico (2/m) e no (b) plagioclasio com estrutura C1.
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TABELA 1 - Sistemas de deslizamentos determinados em cristais experimentalmente e naturalmente
deformados de feldspato potassico e plagioclasio reportados na literatura. Legenda: M.A
= Método analitico, E = Espécime experimentalmente deformada, N = Espécime
naturalmente deformada, TEM = Microscépio eletrénico de transmissao, EBSD =
Difragéo por elétrons retroespalhados, US = Estagio universal.

Sistemas de deslizamento em feldspatos alcalinos

Planos Diregbes Deformagdo da amostra M.A
(010) [100] E(1,2);N(4,5,6) TEM, EBSD
[001] E(1,2);N (4,5, 7,9, 10) TEM, EBSD
[101] E(1,2); N (4) TEM, EBSD
%[1-12] N (4) TEM, EBSD
(001) [100] N (6) EBSD
%[110] E(1,2) TEM, EBSD
(100) [010] N (8) EBSD
[001] N (9) EBSD
(110) %[1-12] E(1,2) TEM, EBSD
(101) [010] N (8) EBSD
(10-1) [101] N (3) TEM
(1-2-1) [101] E(1,2);N(4) TEM, EBSD
(1-11) %[110] E(1,2) TEM, EBSD

1: Willaime et al. (1979)
2: Scandale et al. (1983)
3: Willaime e Gandais (1977)
4: Sacerdoti et al. (1980)

5: Schulmann et al. (1996)
6: Martelat et al. (1999)
7: Franek et al. (2006)

8: Ishii et al. (2007)

9: Oliot et al., (2014)
10: Czaplinska et al., (2015)

Sistemas de deslizamento no plagiocldsio

1977b)

2: Olsen and Kohlstedt (1984)

3: Kruhl (1987)

4: Shaocheng e Mainprice (1988)

6: Stiinitz et al., (2003)

7: Mehl e Hirth (2008)

8: Svahnberg and Piazolo (2010)
9: Satsukawa et al., (2013)

Planos Direcoes Deformacgdo da amostra M.A
(010) [100], %4[100] E(1),N(3,9,7) TEM, EBSD
[001], %4[001] N(2,3,4,5,6,78,10,11) TEM, EBSD, US

%[110] N (11) TEM
[101] N (2) TEM

(001) [100] E (1), N (9, 10) TEM, EBSD

[110], %[110] N(2,5,6,8) TEM, EBSD
%[1-10] N (2) TEM
(110) %[1-12] N (2) TEM
(1-10) [110] E(1) TEM
(0112) [100] N (10) EBSD
[1-11] N(12) TEM
(101) %[111] E(1) TEM
%[1-11] E (1) TEM
%[201] E(1) TEM
[101] E(1) TEM

(10-1) %[111] E (1), N (10) TEM, EBSD
%[1-11] E(1) TEM

(111) [110] N (6, 10) TEM, EBSD
(11-1) %[1-10] N(2) TEM
%[112) N(2) TEM

(1-1-1) [110], %[110] N (2,5, 10) TEM, EBSD
(11-2) %[201] E(1) TEM
(13-2) %[111] E(1) TEM
%[201] E(1) TEM

(021) [1-12] N (3, 8, 13) EBSD, US
1: Marshall e Maclaren (1977a, 5:Kruse et al., (2001) 10: Miranda et al., (2016)

11: Olsen e kohlstedt (1981)
12: Montard and Mainprice (1987)
13: Baratoux et al., (2005)
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4 MATERIAIS E METODOS

4.1 MICROSCOPIO ELETRONICO DE VARREDURA

O Microscopio Eletrénico de Varredura (MEV) é um dos instrumentos de
imageamento mais versateis e amplamente utilizado nas geociéncias para a
caracterizacao das superficies dos materiais em escala nanométrica a micrométrica,
devido principalmente a simplicidade de preparo da amostra e ao baixo custo de
operagao. Um tipico MEV consiste de uma fonte de emissao, na qual gera um feixe
concentrado de elétrons altamente energéticos dentro de uma cédmara selada a alto
vacuo e detectores para a captacdo de diferentes tipos de radiagdo. A interacao
entre os elétrons do feixe e o espécime é utilizado para obter informacdes acerca da
topografia, composicao, cristalografia, dentre outras propriedades fisicas e quimicas

de um espécime (Goldstein et al., 2018).

FIGURA 14 - llustracao simplificada dos diversos tipos de eventos de espalhamento que ocorrem
dentro do volume de interacao.
Feixe de Elétrons

Elétrons Secundarios (SE)

Elétrons Retroespalhados (SE)
Radiacao de freamento
(Bremsstrahlung)

Elétrons Auger (AE)

Raios-x Caracteristico (EDX)

Catodoluminescéncia (CL)

4

Amostra

FONTE: Modificado de Ezzahmouly et al., 2019

Assim que um feixe de elétrons de alta energia atinge a superficie de um
material, os elétrons do feixe interagem com o alvo por meio de uma série de

‘eventos de espalhamentos”, dentro de uma regido denominada de volume de



48

interagdo ou “pera de ionizagdo” (Goldstein et al., 2018). Dentro deste volume os
elétrons do feixe interagem com os atomos do espécime, transferindo a energia do
feixe para os atomos do espécime. Tais eventos incluem interagdes elasticas e
inelasticas, além da emissdo de elétrons secundarios e retroespalhados (produtos
das interagdes elasticas e inelasticas respectivamente), elétrons auger, raios-Xx,
catodoluminescéncia e de elétrons transmitidos (FIGURA 14). A microscopia
eletrdbnica de varredura trabalha principalmente na captacdo e processamento
destas radiagdes, gerando produtos tais como imagens topograficas ou de
contrastes composicionais a partir da captacdo de elétrons retroespalhados e
secundarios por meio de seus detectores. Outros detectores podem ser acoplados
ao equipamento para a deteccdo de outras tipos de emissado tais como a

catodoluminescéncia.

4.2 DIFRACAO DE ELETRONS RETROESPALHADOS (ELECTRON
BACKSCATTER DIFFRACTION — EBSD)

Introduzida no MEV, a Difragdo de elétrons retroespalhados (Electron
Backscatter diffraction — EBSD) é uma das técnicas analiticas mais amplamente
utilizadas nas ciéncias da terra para uma completa analise textural quantitativa de
diversos materiais geoldgicos. Em comparagéo as técnicas mais antigas, tais como a
platina universal acoplada em um microscopio optico ou o difratbmetro de Raios-X
com gonidmetro de texturas, o EBSD permite uma rapida aquisicdo de dados
cristalograficos de forma relativamente simples, rapida, automatica e
estatisticamente significante de diversos minerais pertencentes aos sete sistemas
cristalograficos, desde o cubico ao ftriclinico (Mariani et al., 2008). A técnica
possibilita a investigagdo e obtencdo de diversas informagdes a respeito do
espécime analisado, que incluem a identificacdo de fases minerais e a obtencao de
desorientacdes, orientagdes cristalograficas, mapas de orientagdo, geometria de
bordas de grdos e subgraos, medicdo de strain, entre outros (Mariani et al., 2008;
Randle, 2008).

4.2 .1 Principio
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Dentre as principais formas de interacdo entre os elétrons do feixe e os
atomos do espécime estao as interacdes inelasticas e elasticas. Os espalhamentos
inelasticos consistem de diferentes tipos de processos fisicos que tendem a reduzir
a energia dos elétrons do feixe transferindo sua energia para os atomos do
especime. Ja os espalhamentos elasticos envolvem deflexdes ao redor do campo
elétrico de um atomo com angulos que variam entre 0 e 180° de acordo com a
proximidade do elétron com o nucleo do atomo do espécime, em que ha pequena ou
nenhuma perda significante de energia (Prior et al., 1999). Como o didmetro do feixe
€ maior do que o espagamento atdbmico, os elétrons incidentes encontram-se em
diferentes distancias em relacao aos atomos do espécime, e, consequentemente,
irdo ser espalhados em diversas direcdes. Aqueles elétrons que sofrem um ou mais
eventos de espalhamento e emergem do espécime via superficie de incidéncia sao
chamados de elétrons retroespalhados (Mariani et al.,, 2008). Dentre os elétrons
retroespalhados, aqueles que satisfazem a equacao de Bragg (Eq. 1) para certos
planos cristalograficos sofrem a difracdo, percorrendo trajetorias que,
tridimensionalmente, apresentam formas conicas, sendo denominados de cones de
difracao ou cones de Kossel (FIGURA 15).

nA = 2dsinf (Eq. 1)

Cada plano cristalografico gera dois cones de difragao, cuja intensidade
depende do tipo de atomo presente no plano (Prior et al., 1999). Em seguida, os
cones sao projetados e imageados em uma tela fosforescente como mostrado na
FIGURA 15. A equacao de Bragg mostra que comprimentos de onda curtos de
elétrons, tipicos da voltagem de aceleragcéo usada no MEV (10-30 kV), resultam em
angulos de Bragg de aproximadamente 2°, por consequéncia a projecao destes
cones na tela ocorre na forma de duas linhas paralelas aproximadamente retilineas
denominadas de linhas de Kikuchi e que formam as bandas de Kikuchi (FIGURA
15). As linhas de uma banda sdo separadas por uma distdncia que equivale ao
dobro do angulo de Bragg. A linha mediana da banda representa o plano
cristalografico que difratou o feixe. As bandas de kikuchi se intersectam em varios
pontos luminosos chamados de eixos de zona, que correspondem as diregdes
cristalograficas. As bandas de Kikuchi juntamente com eixos de zonas formam o
padrdao de elétrons retroespalhados (electron backscattering pattern — EBSP) ou

padrdao de Kikuchi na qual pode ser interpretado como a projegdo goniométrica da
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estrutura cristalina do espécime (Schwarzer et al., 2009), deste modo, a partir de um
processo chamado de indexacgao, os elementos de simetria da estrutura cristalina
podem ser reconhecidos e a orientagao da estrutura em relagédo a um sistema de

referéncia pode ser obtida.

FIGURA 15 - llustracao simplificada da difracao de elétrons retroespalhados e a geracao das linhas
de kikuchi.
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FONTE: Randle (2010).

4.2.2 Configuragao e condigdes de rotina

A técnica MEV-EBSD compreende 3 componentes principais (Schwarzer et

al., 2009):
= MEV
= Dispositivo de aquisi¢gdo de padréo (ou camera)
=  Software

Estes componentes sao integrados conforme ilustrado na FIGURA 16.
Nesta configuracdo a amostra é fixada em um estagio dentro da camara do MEV
inclinado a 20° em relag&o ao feixe de elétrons disparado geralmente por um canh&o
de emissao de campo (Field Emission Gun — FEG) situado geralmente entre 15 e 30

mm de distancia (working distance). O dispositivo de aquisicdo € composto por uma
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tela fosforescente e uma camera CCD posicionada logo atras. O dispositivo é movel
e geralmente é posicionado a 2 cm da amostra, na qual permite que a tela capture
um EBSPs com um grande alcance angular (Mariani et al., 2008). Esta distancia
entre o ponto de origem (source point) e o centro do padrao (pattern center) é
chamada de distancia tela-espécime. O software é responsavel pelo controle da
camera, processamento de dados, indexamento de padrdes, analises e pela

geracgao dos dados de saida (outputs).

FIGURA 16 - Configuracdo dos componentes presentes em um MEV com detector de EBSD
acoplado.
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FONTE: Modificado de Randle (2010).
4.2.3 Preparacao das amostras

A rotina de preparagdo segue 3 etapas: polimento mecanico, polimento
quimico e o revestimento. O polimento mecanico é feito com pasta diamantada,
nessa etapa é realizada a remocao de irregularidades na superficie do espécime
com o objetivo de se obter uma superficie o mais plana possivel. O polimento
quimico é realizado utilizando uma solugao de silica coloidal, que é responsavel pela
eliminacao da camada amorfa produzida durante o desbaste mecénico. A rotina de

preparagdo adotada esta ilustrada de maneira simplificada na FIGURA 17. O
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polimento mecénico consistiu em 3 estagios de polimento consecutivos de 30
minutos cada em uma politriz, utilizando-se de pastas diamantadas de 3, 1 e 0,25
Mm. A seguir, as amostras foram polidas quimicamente durante 90 minutos. Apos o
polimento as laminas foram limpas utilizando-se de um equipamento de ultrassom e
as areas a serem analisadas foram delimitadas por fitas de cobre. O revestimento
por fita de cobre ou carbono € essencial para espécimes nao condutoras, pois ele

reduz o efeito do carregamento e o do dano do feixe (beam damage) (Randle, 2010).

FIGURA 17 - Rotina de preparagao das amostras para EBSD e MEV.
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1h30min
; |
MEV-EBSD

Para a realizacdo das analises no microscoépio eletronico de varredura para
a aquisicao das imagens de retroespalhamento, as laminas polidas foram cobertas

com uma fina camada de carbono.

4.3 REPRESENTACAO DAS TEXTURAS

Apos a indexagao dos padrdes e as devidas corregcdes cada ponto analisado
€ armazenado com informacdes sobre a fase, orientacéo cristalografica (expressa
em angulos de Euler), coordenadas espaciais, indice de confidéncia, dente outros.
Ha diversos meios de expressar tais dados graficamente com o intuito de investigar

a textura da amostra.

4.3.1 Angulos de Euler (Euler Angles)
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Por meio dos angulos de Euler € possivel realizar no software operagdes de
rotacdo e transformacao entre sistemas de coordenadas presente no EBSD. Este
método se refere a trés rotagbes que transformam um sistema de coordenada em
outro. Existem diversas convengdes para expressar os angulos de Euler. A
convengao mais utilizada, definida por Bunge (1965) (FIGURA 18), define que as
trés rotagdes sdo operadas sucessivamente na seguinte ordem:

¢1 = Rotacdo em torno do eixo Z
¢ = Rotagdo em torno do eixo X’

¢2 = Rotacdo em torno do eixo Z”

Onde ¢1, @, ¢2 sdo os angulos de Euler.

FIGURA 18 - Operagdes que definem os trés angulos de Euler (¢1, @, ¢2).
’

Zob

FONTE: Modificado de Bunge (1982).

4.3.2 Figura de polo e figura de polo inversa (Pole figure and Inverse Pole figure)

A figura de polo (FIGURA 19c) € um dos meios mais tradicionais de se
representar as texturas devido a facilidade na visualizagado das orientagdes de certos
planos e diregdes cristalograficas. A diregdo de qualquer vetor - seja normal a um

plano cristalografico ou representando uma direc&o cristalografica - pode ser plotada



54

em uma esfera unitaria atrelada a um referencial externo, no caso o sistema de
coordenadas do espécime, que em amostras geoldgicas correspondem a orientagao
da foliagcéo e lineagao. A interseccao deste vetor com a esfera de referéncia origina
um polo, que é projetado em um plano bidimensional horizontal no centro da esfera
conforme ilustrado na FIGURA 19a. A posi¢cao deste polo no espaco é dada pelos
angulos a e B, que descrevem respectivamente os angulos azimutais e de rotagao

ao redor do eixo polar.

FIGURA 19 - a) Esfera de referéncia e a projecao de um polo referente a um eixo de um objeto no
plano de projegdo equatorial. b) Representagédo da orientagdo de um objeto no espago
de Euler, principio de construgdo de Fungbes de Distribuicdo de Orientagdes. c) Figura
de Polo e (d) figura de Polo Inversa mostrando respectivamente a projecao de um polo
corresponde ao plano basal (0001) do quartzo e de um polo correspondente ao eixo x
do espécime.
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FONTE: a) Modificado de Randle (2010) e b) Passchier and Trouw (2005).

Ao invés de representar eixos cristalograficos usando o sistema de
coordenadas do espécime como referéncia pode se fazer o inverso, ou seja,
representar os eixos do espécime no sistema de coordenadas do cristal na chamada
figura de polo inversa (FIGURA 19d). A projecdo dos eixos do espécime é realizada

de forma similar as feitas nas figuras de polo. Contudo, devido aos elementos de
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simetria presentes nos cristais, ndo € necessario representar o estereograma em
sua totalidade, mas partes equivalentes simétricas (exceto para cristais de simetria

triclinica).
4.3.3 Funcgdes de Distribuicao de Orientagbes (ODFs)

A representagao das orientagbes de planos e dire¢des cristalograficas nas
figuras de polo, um espaco bidimensional, resulta em orientagbes nao totalmente
definidas, pois contam com apenas duas das trés variaveis necessarias para uma
determinacao inequivoca da orientagdo de um vetor em um espaco. Afim de superar
a perda de informacgao, pode-se representar uma orientagéo por meio de angulos de
Euler em um espaco de Euler, tal como mostrado na FIGURA 19b.

Informagdes quantitativas relativas as orientagdes cristalograficas de uma
populagcado de cristais em um volume do espécime podem ser obtidas por meio das
funcdes de distribuicdo de orientacéo (orientation distribution function — ODF). Tais
funcbes sao funcdes densidade de probabilidade que descreve, por meio dos
angulos de Euler, uma fracdo de volume de elementos de um material com uma
orientagdo cristalografica particular dentro de um certo elemento infinitesimal de
orientagao (Wenk, 1985). Por meio dos ODFs € possivel calcular o indice de textura

de uma populagéo de cristais conhecido como J-index (Bunge, 1982).

4.3.4 Mapas de orientagao (Orientation maps)

FIGURA 20 - Tipicos mapas produzidos a partir de dados de EBSD. a) Mapa de fases; b) mapa de
contraste de banda; c) Mapa de orientagao (sobre o contraste de banda) e d) mapa
com as bordas entre os cristais
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Uma outra forma de representar espacialmente os dados cristalograficos é
por meio dos mapas de orientagdes. Tais mapas combinam informacgdes sobre as
orientagdes cristalograficas com a informagéao espacial da microestrutura (Randle,
2010). Estes mapas destacam visualmente diversas caracteristicas morfologicas e
fisicas dos cristais, tais como a distribuicdo das fases (FIGURA 20a), orientagdo dos
cristais (FIGURA 20c), textura, desorientagdes entre os cristais (bordas entre os
cristais) (FIGURA 20d) além da intensidade de deformacado interna (strain),
observado principalmente via mapas de contraste de banda (FIGURA 20b), dentre

outros.

4.3.5 Desorientagao entre cristais (Misorientations)

Dentro de uma populagao de cristais em um espécime, € possivel expressar
a orientagcdo de um cristal em relacdo ao sistema de coordenadas de outro cristal,
podendo ser vizinho ou ndo. Desta forma, quando se trata da mesma fase, a
orientacdo dos eixos de um cristal A expressa em relacdo ao cristal B define uma

desorientacédo (FIGURA 8). A desorientagao entre dois cristais A e B é dada por:

G = A™'B (Eq. 2)

Na qual G é a matriz que representa a desorientacdo entre o cristal A e B, em que o
cristal A é o referencial. A notagdo € expressa pelo par eixo/angulo de
misorientacao, cujo eixo de rotagcao €, por definicdo, representado por uma direcao
cristalografica comum aos dois cristais (FIGURA 21) e, portanto, pode ser
representada por um unico ponto (Randle, 2010).

Os eixos e angulos de misorientacdo geralmente sdo representados
separadamente. Os eixos em geral sdo plotados em estereogramas cujo sistema de
coordenadas pode ser o do espécime (FIGURA 22a) ou do cristal (FIGURA 22b). A
distribuicdo dos angulos de misorientagdo de uma populagédo de cristais pode ser
representada por meio da distribuicdo estatistica em histogramas, na qual séo
comparadas as distribuicdes das misorientacdes entre pares de cristais vizinhos,
entre pares nao vizinhos e de uma populacgéao tedrica cuja distribuicdo é randémica

(cujo aspecto varia dependendo da simetria do material) (FIGURA 22c).
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FIGURA 21 - Desorientacao entre dois cristais hipotéticos definido pela rotacdo de 50° em torno do
eixo [001] compartilhado por ambos os cristais.

Eixo em comum
[uvw]=[001]
A

R Y
Angulo de ’
rotacao w

FONTE: Modificado de Randle (2010).
FIGURA 22 - Eixos de desorientagao plotados em relagédo ao (a) sistema de coordenadas do
espécime e ao (b) sistema de coordenadas do cristal. ¢) Histogramas mostrando a

frequéncia de angulos de desorientagbes entre pares correlatos (barras pretas) e nao
correlatos (barras cinzas), bem como a curva de distribuigdo randémica tedrica.
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FONTE: Modificado de Wheeler et al. (2001).

Vale ressaltar que para cristais de alta simetria ha mais de uma solugao para
o calculo da misorientacdo devido ao problema das variantes simétricas. Devido a

isto, normalmente se utiliza por convengdo o par com menor angulo de
misorientacao.



58

5 RESULTADOS - MICROSTRUCTURES, SLIP SYSTEMS AND STRAIN
LOCALIZATION IN QUARTZO-FELDSPATHIC MYLONITES FROM PATOS
SHEAR ZONE REVEALED BY EBSD DATA

5.1 INTRODUCTION

The ductile deformation of the lithosphere is commonly accommodated along
localized ductile high-strain zones which register large amounts of kilometric
displacement (Burlini and Bruhn, 2005; Fossen and Cavalcante, 2017). The
localization and evolution of these structures in the micro-scale have been discussed
in terms of the rheological contrast among the different phases and the processes
which lead to strain weakening (Handy, 1990, Handy, 1994, Platt, 2015; Cross et al.,
2020). At mid-crust conditions, due to the predominant granitic composition, the bulk
rheology is generally taken as controlled by the quartz and feldspar rheology (Fitz
Gerald and Stunitz, 1993; Schulmann et al., 1996) with both minerals undergoing
intracrystalline plasticity (Simpson, 1985; Tullis, 2002; Behr and Platt, 2011).
However, due to the polymineralic nature of rocks, the deformation during the shear
zone evolution is far from being homogeneous.

Several mechanisms like softening reactions (e.g., Oliot et al., 2010; Ceccato
et al., 2018), dynamic recrystallization (e.g., Shigematsu, 1999; Bestmann and Prior,
2003), solution-transfer mechanisms (e.g., Wintsch and Yi, 2002; Fukuda and
Okudaira, 2013) and fracturing (e.g., Ree et al., 2005; Menegon et al., 2013) may act
to reduce the grain size of minerals and/or produce weak minerals. Thus, the strain is
localized by reducing the strength of the rock (Linckens et al., 2011; Platt and Behr,
2011). Grain-size reduction results in the switch to grain size sensitive (GSS)
mechanisms like grain boundary sliding, diffusion creep or granular flow (e.g.,
Behrmann and Mainprice, 1987; Oliot et al., 2014) which allow the high strain zones
to accommodate more strain at low stress (Platt, 2015). Nevertheless, most of the
studies that investigated the role of grain-size reduction mechanisms during the
mylonitization of quartzo-feldspathic rocks focus on small shear zones (e.g.,
Menegon et al., 2006; Kilian et al., 2011; Oliot et al., 2014; Czaplinska et al., 2015)
with few studied in detail both quartz and feldspar to constrain the microstructural
evolution and deformation partitioning on large scale shear zones (e.g., Dong et al.,

2019). Therefore, the study of deformation mechanisms and deformation partitioning
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between quartz and feldspar in large zones of high strain is one more key for
understanding how these structures produce crustal weakening in the middle crust.

The Patos shear zone (PSZ) is a large syn-magmatic shear zone nucleated
and developed during the last stages of Brasiliano orogeny (ca. 565 Ma, Viegas et
al., 2014). PSZ consists mostly of quartzo-feldspathic basement rocks mylonitized
under low- to high-temperature conditions that allowed a record of the deformation
under several conditions during the uplifting (Corsini et al., 1991). It is well known
that the PSZ was nucleated during the widespread partial melting. However, the
microstructural evolution during the solid-state partitioning is still poorly understood
since previous studies have been concentrated on structural, geochronological and
geochemical investigations (e.g., Corsini et al., 1991; Hackspacher et al., 1997;
Monié et al., 1997; Corsini, 1998). Recent studies by Viegas et al., (2013) and Viegas
et al., (2014) addressed aspects of the microstructures and crystallographic textures
of the PSZ and pointed out the heterogenous nature of deformation. Nevertheless,
those studies concentrated in parts of the shear zone and a broader investigation in
other parts of the PSZ are still lacking.

In this contribution, we investigate in different scales the microstructures and
the texture of quartz and feldspar in mylonites deformed under different conditions
along the Western and Central segments of PSZ in order to comprehend the solid-
state deformation partitioning and the processes which led to the strain localization

and crustal weakening during the PSZ uplifting.

5.2 GEOLOGICAL CONTEXT

The Patos Shear Zone (PSZ) consists of a ~600 km long and up to 30 km
wide E-trending strike-slip ductile shear zone (Viegas et al., 2013) which constitute a
tectonic boundary that separates the Archean/Paleoproterozoic basement of the Rio
Grande do Norte Domain (RGND) to the north from the Meso- to Neoproterozoic
rocks of the Transversal Zone (ZT) to the south (Van Schmus et al., 2008; Van
Schmus et al., 2011) and has been interpreted as an ancient continental transform
fault (Brito Neves et al., 2016). It is part of the western domain of the Borborema
Shear Zone system (Fig. 1a), a continental network of large-scale shear zone
developed due to the convergence between the Congo-Sao Francisco, Amazon and

West-African/S&o Luis cratons during the Neoproterozoic Pan-African/Brasiliano
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orogeny (Vauchez et al., 1995; Arthaud et al., 2008). The PSZ is composed of an
anastomosed network of high-temperature shear zones characterized by medium- to
high-grade mylonites and less deformed lens where crops out migmatitic granites
and anatexites (Archanjo and Fetter, 2004). The southern border of the PSZ is
limited by a ~1-2 km wide discontinuous low-grade mylonites and ultramylonites belt
(dashed black lines in Figure 1a) which rework the high-grade rocks and separates
its northern part from the low-grade Cachoeirinha-Salgueiro belt (Corsini et al., 1991;
Vauchez et al., 1995).

N
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FIGURE 1 - (a) Schematic map of Borborema Shear Zone System showing the major shear zones,
tectonic domains and the two studied areas (adapted from Neves, 2000 after Vauchez et al., 1995).
The numbers indicate Basement rocks (1); Brasiliano granitoids (2); Schist belts (3); High-
Temperature Shear Zones (4); Basins (5); Sdo Francisco Craton (6). The low-temperature shear
zones are represented by the dashed black lines. (b) and (c) are simplified geological maps of the
studied areas showing the main rocks and trend of structures present in the Western and Central
Domain of the PSZ, respectively. The stars indicate the outcrops visited and the blue stars mark the
sites where samples were collected for EBSD analysis. The Geological map of the studied area was
compiled from Angelim et al., (2004); Medeiros et al., (2005); Viegas et al., (2013); Hollanda et al.,
(2015); Costa et al., (2018); Palheta et al., (2019).

The PSZ is divided into three structural domains: Western, Central and
Eastern domain (Viegas et al., 2013; Cavalcante et al., 2016). The Western domain
(Fig. 1b) is characterized by a strike-slip duplex structure referred to as Lavras da
Mangabeira Duplex (LMD; Corsini, 1996; Hollanda et al., 2015). The duplex connects
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the PSZ with the Potengi and Tatajuba Shear Zones. It juxtaposes basement rocks
as Archean gneiss of Granjeiro Complex and Paleoproterozoic orthogneisses of
Caico Complex with supracrustal units such as Neoproterozoic metapelites of Lavras
da Mangabeira formation and syn-kinematic granitoids through a network of
anastomosed shear zones and thrusts slices (Corsini, 1996). In the eastern part of
LMD, the trend of the shear zone-related structures converges into the central
domain of PSZ. The Central domain (Fig. 1c) of PSZ is mainly composed of high-
grade mylonites, migmatitic orthogneisses and migmatitic granites of Caicé Complex
and minor metapelites and quartzites of the Seridd and Equador formation
respectively. The domain is characterized by an E-W trending ductile high strain
zones which converge progressively into NE-SW structures at the connection with
the Seridd belt to the east (Corsini et al., 1991; Vauchez et al., 1995). Toward
eastern there is an increase in the melt volume, with migmatitic gneiss grading to
anatectic migmatites near the PSZ-Seridd belt transition, mainly represented by
Espinho Branco and Santa Luiza anatexites (Archanjo et al., 2012; Viegas et al.,
2013). In the Eastern domain, the trend of the structures acquires a NE-SW strike as
a consequence of the convergence of the PSZ with the Campina Grande Shear Zone
(Fig. 1a) in an en-echelon array.

Previous studies suggest that nucleation and initial development of PSZ
occurred during high-temperature/low-pressure metamorphism accompanied by
extensive partial melting with initial strain accommodated by a melt-presence
mylonitization (Corsini, 1991; vauchez et al., 1995; Neves et al., 1996; Viegas et al.,
2013; Viegas et al., 2014; Cavalcante et al., 2016). U-Pb zircon dating of granites
and anatexites emplaced during syntectonic magmatism suggested that the PSZ
nucleated at 565 Ma (Viegas et al., 2014). The subsequent mylonitic activity of the
PSZ is marked by a widespread solid-state deformation during diachronic evolution
with domains recording different exhumation rates and cooling histories. Ar-Ar
analysis of the amphibole, muscovite and biotite from deformed rocks of PSZ
revealed that the Central domain undergoes a later and slow cooling rate (3-4°C/Myr)
and slow uplift rate than the recorded in the Western domain (12°/Ma to 17°/Ma)
(Monié et al., 1997; Corsini et al., 1998; Archanjo et al., 2021) between 565 and 500
Ma. This cooling rate contrast is probably due to the greater degree of partial melting
and larger volume of hot rocks present in the Central domain (Monié et al., 1997).

The later stages of the PSZ are marked by localized shear zones which reworked the
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high-grade older units and high-grade mylonites under greenschist-facies, possibly
associated to a regional uplift that took place between 545 and 500 Ma in the
Borborema Province according to published «Ar-=Ar and U-PB zircon ages (Monié et
al., 1997; Corsini et al., 1998; Hollanda et al., 2010).

FIGURE 2 - Examples of mesoscale structures of Caicé complex mylonites observed in the Western
domain outcrops of PSZ. LMD-12: (a) Folded high-temperature ultramylonite between augen gneiss
layers (AGn), with the recrystallized K-feldspar porphyroclasts indicating the dextral sense of shear.
The magmatic foliation in the augen gneiss is commonly parallel to the mylonitic foliation; (b) isolated
boudins and pinch-and-swell structures of leucosome veins (L) surrounded by a mylonitized Hbl and
Bt-rich layer, indicating the rheological contrast between the melt products and the paleosome. LMD-
11: (c) Ultramylonitized porphyritic granite dyke cross-cutting leucogranite (Lg) layers (M.Z - mylonite
zone; U.Z - ultramylonite zone). LMD-01: (d) Disrupted pegmatitic pods and layers (pink arrow)
truncated by C’-type shear bands. The orthogneiss (paleosome) is shown in the upper part of the
picture; (e) close picture of mylonitized orthogneiss showing the typical S-C-C’ fabric. The highlighted
o-object, defined by a recrystallized K-feldspar porphyroclast indicates a dextral sense of shear. LMD-
02: (f) Localized, cm-thick, high-strain zone (highlighted by the dashed white line) truncating the limb
of an isoclinal plunging upright fold and transposing the previous contact between the leucogranitic
layer (Lg) and the migmatitic orthogneiss (Ogn) (dashed yellow lines); (g) 3 cm thick shear zone
localized in the contact between the orthogneiss and the domino-type fragmented leucogranitic dyke
(Lg. Dyke). LMD-10: (h) Aspect of L-Tectonite present in the low-temperature mylonitic belt located at
the south of the LMD.
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5.2.1 Field observations

Seven outcrops studied in the Western domain are constituted of mylonitized
diatexites and metatexites of Caicé Complex while four outcrops of the Central
domain comprise mylonitized migmatites and orthogneiss, and syn-kinematic
anatexites (Espinho Branco anatexite). Asymmetric boudins, sigmoidal structures, o-
and &-objects (Fig. 2a, e) and asymmetry of intrafolial folds in the outcrops are

consistent with the regional dextral shear sense.

5.2.1.1 Western domains lithologies

The outcrops of the Caicd complex in the LMD, near Cajazeiras (outcrops
LMD-11, LMD-12, LMD-14 and LMD-15), comprises a few to tens of meters high-
strain zones of augen gneiss and diatexites mylonitized at high-temperature.
Commonly, less deformed augen gneiss or leucosomes veins of leucogranitic
composition occur as boudinaged layers within ultramylonitized dark-grey
hornblende-biotite-rich layers (Fig. 2b). Less deformed domains or boudins show
evidence of magmatic flow like the presence of preferred alignment of up to a few cm
long, elliptical and tabular crystals of K-feldspar (Fig. 2a). In general, the magmatic
foliation is parallel to the steeply NNE-dipping mylonitic foliation and the
compositional banding of migmatites (Fig. 2a, b). Both sheared leucogranite and
leucosome veins and undeformed leucosome cross-cutting the mylonitic foliation and
filling shear bands indicate partial melting concomitant to the mylonitization. Some
dykes of porphyritic granite cross-cutting less deformed leucogranite layers transition
into banded ultramylonites in high-strain zones as indicated by the presence of very
coarse-grained recrystallized K-feldspar porphyroclasts (Fig. 2c).

Southward of LMD, near Aurora (outcrops LMD-01 and LMD-02), the melt
volume decreases considerably. The outcrops are mainly composed of migmatitic
orthogneiss and leucogranitic dykes mylonitized at medium temperatures. The
Steeply N- to S-dipping compositional banding comprise leucosome veins and layer-
parallel intrusions of leucogranite dykes interlayered with the gneissic banding of
paleosome defined by alternating hornblende-biotite-rich and quartzo-feldspathic
bands (Fig. 2d-f). Leucogranites or pegmatites dykes also occur occasionally
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boudinaged between layers of mylonitized gneiss (Fig. 2g). Furthermore, lens-
shaped pods of coarse-grained granites or pegmatites within mylonitic corridors
sporadically are found disrupted by C’ shear bands (Fig. 2d). The strained
orthogneiss is marked by a smooth mylonitic foliation parallel to the gneissic and
compositional banding. The mylonitic foliation is characterized by an S-C-C’ fabric
defined by the alignment of elongated medium-grained biotite flakes and
recrystallized feldspar porphyroclasts (Fig. 2e). Biotite flakes and stretched quartz
ribbons and porphyroclasts define a lineation that plunges gently to the west. In less
deformed zones localized between high strain zones, the migmatitic orthogneiss

shows a sub-horizontal compositional banding.

5.2.1.2 Central domains lithologies and the Low-temperature mylonites

FIGURE 3 - Outcrops structures observed in the Central domain of the PSZ. Espinho Branco outcrops
(PSZ-20 and PSZ-21: (a) Schollen diatexite exhibiting complex folding patterns. The preserved
paleosome (grey orthogneiss) is shown in the upper part of the photo. (b) Stromatic metatexite
characterized by intercalated leucocratic, melanocratic layers as well as bands with intermediate
compositions. The yellow arrow indicates the presence of leucosomes in dilational sites in the
paleosome (red arrow). The migmatitic banding is found displaced by a mesoscale syn-magmatic
shear zone at the left of the photo. PSZ-17: (c) typical coarse-grained S-C mylonite characterized by
sheared leucosomes (Q domains, pink arrows) wrapped by the mylonitic foliation (M domains, dark
blue arrows) with high content of medium-grained flakes of biotite (so-called transitional mylonites by
Viegas et al., 2014). PSZ-18: (d) example of the fined-grained mylonite present in the low-temperature
mylonitic belt located at the south of the outcrop PSZ-17. The feldspar porphyroclasts are affected by
T-fractures and are found immersed in a quartz-feldspathic matrix.
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In the Central domain, the melt volume in migmatites increases significantly
compared to the Western domain. The Espinho Branco outcrops (PSZ-20 and PSZ-
21) are mainly constituted by deformed stromatic metatexite and schlieren- and
schollen-structured diatexites (Fig. 3a-b). The diatexites were mainly deformed under
magmatic state and show complex geometries (Fig. 3a) with rare local solid-state
overprint (Viegas et al., 2013). Southward from the Espinho Branco anatexite (PSZ-
17), the solid-state mylonitization in stromatic metatexites is represented by an
increase in mafic phases, an S-C fabric defined by medium-grained biotite flakes and
Q-domains constituted by sheared coarse-grained leucosomes defining the so-called
transitional mylonites by Viegas et al., (2014) (Fig. 3c).

The two outcrops were studied in the low-temperature shear zone, with one
and the other located at the south of Western (LMD-10) and Central domains (PSZ-
18), respectively. The Western outcrops comprise low-temperature L-tectonites and
the Central outcrops consist of medium-temperature mylonites. Both are cut by
several shear fractures. The L-tectonite is characterized by stretched quartz and
feldspar grains with the stretching lineation plunging 10-15° to the west (Fig. 2h). The
medium-temperature mylonite is characterized by fractured K-feldspar porphyroclasts
surrounded by a very fine-grained felsic matrix with biotite films delineating a

subvertical C-type shear band (Fig. 3d).

5.2.2 Small-scale Shear Zones

In several outcrops, few mm- to 20 cm-wide subvertical shear zones occur in
discontinuities like contacts between layers (see the dashed white line in Figure 2f) or
between dykes and the host rock (Fig. 2g). These high strain zones are
characterized by an increase in phyllosilicate content and an extreme reduction of
grain size in comparison to the surrounding host rock. The shearing material of these

minor shear zones appears to fill gaps present in pressure shadows (Fig. 29).
5.3 METHODS
We studied eight samples representing different temperatures and degrees

of deformation (proto to ultramylonites) from two domains of PSZ. Four of these

samples were collected in the Western domain and represent a high-temperature
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ultramylonite (LMD-12), a boudinaged augen gneiss (LMD-11), and two transitional
mylonites which comprise protomylonitized (LMD-01) and mylonitized (LMD-02)
migmatitic orthogneisses. Two samples were collected in the Eastern domain, with
one representing a deformed anatexite (PSZ-21) and other representing the
transitional mylonite (PSZ-17). The samples LMD-10 (Western domain) and PSZ-18
(Central domain) were collected in the low-temperature belt located at the south of

PSZ. Supplementary Table 1 summarizes the descriptions of the collected samples.

X, Western Domain Central Domain
LMD-12 LMD-11 PSZ-21

b

Northen block of PSZ
(high- to medium-T mylonoites)

Low-T
mylonite belt

FIGURE 4 - Scanned thin sections (crossed polars) of collected Western and Central domain samples.
Red boxes show the large areas analysed in this study. The yellow boxes indicate the regions of the
detailed EBSD maps.

We cut the samples parallel to the stretching lineation (shear direction) and
perpendicular to the foliation plane (XY plane of the finite strain ellipsoid). To remove
the surface relief, the thin section was mechanically polished using diamond paste
followed by mechano-chemical polishing using colloidal silica solution to eliminate the
surface damage. To mitigate charge problems, the analysed area from all samples
were surrounded by copper tape. Before the analysis, the thin sections were
described using an optical microscope. Backscattered electron (BSE) images were
collected to study morphology and spatial arrangement of mineral phases in the very

fine-grained domains. The BSE images were acquired using a Thermo-FEI Quanta
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FEGSEM 450 at the Federal University of Parana using an accelerating voltage of 10
kV under high-vacuum conditions. EBSD analysis was carried out using a FEG-SEM
Mira3 LM, equipped with an EBSD detector from Oxford instruments Nordlys, and
Aztec EBSD acquisition software at the Structure and Material Laboratory at the
LACTEC institute (Curitiba, Brazil). The analysis was performed using 20 kV
accelerating voltage, 74 yA beam current and 25 mm of working distance. The large-
area maps were obtained moving the beam on a grid with a fixed step size of 10 ym
or greater (15-20 um) for coarse-grained rocks while for detailed maps were used 2-4

pum of step size.

FIGURE 5 - Optical photomicrographs of the typical microstructures and fabrics observed in the
Western (a-f) and Central (g-i) domains. High-temperature mylonite fabric (LMD-12): (a) plagioclase
with bent twins (green arrow) and myrmekite structure in the framework interstices (red arrow); (b)
quartz grain with chessboard extinction (red arrow) and quartz filling the framework interstices (yellow
arrow). Transitional mylonites (LMD-11, LMD-01 and LMD-02): (c) Boudinaged ribbon (highlighted by
the yellow dashed line) with oblique foliation. The BSE image of the orange box area is shown in Fig.
7a; (d) quartz aggregate with ameboid-shaped grains and (e) quartz grains filling an open fracture
between K-feldspar porphyroclasts. (f) Aspect of the two microstructural domains (feldspar aggregate
and quartz ribbon) which characterized the low-temperature sample (LMD-10). Note the presence of
very fine recrystallized quartz grains indicated by the yellow arrow. (g) Quartz films (yellow arrows)
between feldspar grains in the deformed anatexite (PSZ-21). Microstructures observed in the PSZ-18
sample: (h) K-feldspar porphyroclasts with tensile fractures wrapped by quartz ribbons (yellow arrow)
and a fine-grained feldspathic matrix; (i) extension fracture filled by precipitated K-feldspar grains with
the long axis perpendicular to the fracture walls.
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The EBSD data were processed using MTEX toolbox 5.7.0 for MATLAB
(Bachman et al.,, 2010) which was used to generate the orientation maps, pole
figures (PF), inverse pole figures (IPF) and the misorientation profiles. The denoising
routine of the EBSD raw data comprised the elimination of wild pikes, inaccurate
orientation measurements (pixels with a high mean angular deviation) and grains
with size < 2 or 3 indexed pixels which were interpreted as grains constructed from
points with a wrong solution (Cross et al., 2017). During grain reconstruction, we
state misorientation angles = 10° as grains boundaries and from 2 to 10° as subgrain
boundaries. The one point per grain pole figures and inverse pole figures were
plotted in the upper hemisphere equal-area projection. The structural coordinate of
the pole figures is established with X-axis being parallel to the stretching lineation
and Z-axis normal to the foliation plane. Misorientation angle distributions (M.A.D) for
quartz and feldspar was represented in frequency histograms for correlated (blue
bars) and uncorrelated (red bars) point pairs with a curve (orange line) representing
the theoretically random distributions. Also, to evaluate quantitatively the fabric
strength for quartz and feldspar in the microdomains we used M-index (Random 0O to
single crystal fabric 1; Skemer et al.,, 2005) using a computational method
implemented in MTEX (Mainprince et al., 2015). The mineral abbreviations of this
study follow Whitney and Evans (2010).

5.4 RESULTS

5.4.1 Sample microstructures

5.4.1.1 Western domain mylonites

The mylonites in the Western domain are composed of variable amounts of
quartz (13-39%), K-feldspar (6-48%), plagioclase (28-57%), biotite (1-18%) and
hornblende (0-5%). The high-temperature mylonite sample (LMD-12) consists of
alternating medium-grained polyphase matrix and coarse-grained quartzo-feldspathic
bands (Fig. 4) with elongated perthitic K-feldspar and plagioclase grains. The grains
boundaries are generally sutured, diffuse or lobated. The quartz and feldspar show
microstructures indicative of crystal-plastic deformation (Fig. 5a, supplementary

Table 1). Quartz grains are not significantly affected by dynamic recrystallization, but
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exhibit chessboard extinction (Fig. 5b). Flame perthite and myrmekite are commonly
observed (Fig. 5a, b), but the myrmekite does not show any preferred site of
nucleation. Aligned biotite flakes define the foliation and pinning the framework
grains. Melt-related microstructures like quartz films (Fig. 5b) or as small drop-like
inclusions in feldspar grains are present. Similar microstructures were observed in

less deformed areas of the protomylonitized augen gneiss (LMD-11).

Qtz + Pl £ Kfs

- -« ”

Qtz ribbon

FIGURE 6 - BSE images of the transitional mylonites. (a) Tails and rims of recrystallized K-feldspar
(light grey) around elliptical plagioclase porphyroclasts (grey). Quartz ribbons (dark grey) impinged by
Pl porphyroclasts define a boudin-like structure (LMD-01). (b) Recrystallized aggregate between K-
feldspar (top) and plagioclase (bottom) porphyroclasts. Note the presence of diamond-shaped quartz
and irregular Kfs between friple junctions and filling the interstices (LMD-11). c) Kfs porphyroclasts
surrounded by a rim of myrmekite immersed in a polyphase (Pl + Qtz + Kfs + Hbl) matrix (PSZ-18). (d)
and (e) are the detailed regions indicated in (c) showing the transition of the myrmekite structure to the
polyphase matrix. Note the presence of non-oriented flame perthites (pink arrows) in K-feldspar grains
with a dissected aspect and the interstices and triple points filled by K-feldspar and quartz in the
matrix.
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The quartz in the samples LMD-01 and LMD-02, and along S-C surfaces of
the sample LMD-11 occurs as polymineralic ribbons and/or as irregular aggregates.
Figure 9 show that the size of quartz grains decreases from the samples with relict
quartz grains (LMD-12) or quartz aggregates (LMD-01) to samples dominated by
quartz ribbons (LMD-02 and LMD-11). The quartz in aggregates have ameboid
shapes with lobated boundaries (Fig. 5d), display widespread polygonal subgrains
and microstructures like left-over grains and dissected grains. In contrast, the quartz
ribbons display equigranular moderately elongated grains defining oblique foliations
and occasionally occur as boudin-like structures (Fig. 5c). The feldspar
porphyroclasts are elliptical or square-shaped and display low aspect ratios (Fig. 5a
and 15c¢). They occur commonly fragmented and exhibit intracrystalline deformation
microstructures (see supplementary Table 1). The size of porphyroclasts is variable
depending on the protolith, ranging from centimetric clasts in the case of augen
gneiss (LMD-11) to millimetric porphyroclasts (~0.25-0.28 mm of average) in the
mylonitic orthogneiss (LMD-01 and LMD-02). In all samples, the K-feldspar
porphyroclasts display flame perthites and are surrounded by myrmekite rims along
the high normal stress borders (e.g., normal to the instantaneous shortening axis,
Figures 14c-f). High normal stress sites in plagioclase porphyroclasts instead show
concentrations of very fine recrystallized plagioclase grains (Fig. 14c, d). Sites of low-
stress concentration like strain shadows or pull-apart structures are preferentially
filled either by K-feldspar or rarely by quartz (Fig. 5e). The fine-grained polyphase
matrix increases in proportion from LMD-11, LMD-01 to LMD-02. Detailed
descriptions of the matrix are given in section 5.4.3.4. Biotite away from shear bands
occurs as preferred aligned medium-grained flakes.

The low-temperature L-tectonite (LMD-10) display quartz ribbons with grains
coarser than the transitional mylonites (Fig. 9). The grain boundaries are serrated
and very fine-grained quartz occur between the contacts of the larger crystals (Fig.
5h). Intracrystalline plastic features like undulose extinction and deformation bands
are common and indicate an opposite shear sense regarding the regional dextral
shear sense. Transgranular and intragranular fractures are often observed in ribbons.
The feldspar occurs as aggregates characterized by strain-free grains with a
preferential alignment of their long axis. Preferred elongation of feldspar grains
constitutes an oblique foliation consistent with a sinistral shear sense (Fig. 5h). Rare

K-feldspar grains are elongated and extensively cut by fractures.
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Figure 7 - Photomicrographs of micro-shear zones present in the samples PSZ-17 (a), LMD-02 (b) and
the shear bands (white arrows) in the samples LMD-12 (c) and LMD-01 (d). The BSE image indicated
by the red box in (a) is shown in Fig. 8a. Note the anastomosing character of the interconnected
phyllosilicate-rich layers wrapping quartz-feldspar domains, the further grain size reduction and the
increase in the content of very fine-grained phyllosilicate in comparison to the surrounding rock.

5.4.1.2 Central domain mylonites

The deformed anatexite (PSZ-21) comprises coarse-grained quartz-feldspar
bands and equigranular medium-grained biotite-bearing bands (Fig. 4). The quartz
occurs as anhedral larger grains with straight to slightly lobate boundaries and

occasionally show intracrystalline microstructures. The quartz also occurs as rounded
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grains, filling the interstices or triple junctions in the feldspar framework and as drop-
like inclusions in feldspar (Fig. 5g). In general feldspar grains are strain free, but
occasionally some K-feldspar grains show flame perthites. Myrmekite are widespread
in the sample and do not show any preferred sites of nucleation.

The transitional mylonite (PSZ-17) is characterized by equigranular,
moderately-elongated medium-grained anhedral plagioclase and quartz grains with
relatively high aspect ratios (2.28 and 1.85 of average respectively) (Fig. 4). The
grains display straight to lobate boundaries and are extensively cut by intragranular
fractures, mainly in the crystal corners and both show intracrystalline plasticity
features. The feldspar grains show little intracrystalline plastic features. Preferred
aligned medium-grained biotite flakes define the S-C’ fabric of the sample.

The low-temperature mylonite PSZ-18 is characterized by subelliptical and
tabular K-feldspar porphyroclasts with tails of recrystallized Kfs immersed in a
banded matrix composed of continuous quartz ribbons and polymineralic aggregates
with variable amounts of quartz, K-feldspar, plagioclase, hornblende and subordinate
biotite. High normal stress borders of porphyroclasts display myrmekite rims (Fig. 6¢)
which transition into quartzo-plagioclase aggregates (Figs. 6d and e). In these
aggregates, in general, the framework is defined by equant grains of plagioclase with
rounded quartz present in triple junctions and K-feldspar occurring either as very
irregular relict grains which show flame perthites with albitic lamellae (see pink
arrows in Figs. 6d and e) or as rare grains filling the interstices. The dissected-
shaped Kfs are derived from the desegregation of recrystallized tails. The Kfs
porphyroclasts occasionally exhibit intracrystalline microstructures like deformation
bands and subgrains, and are commonly cut by fractures (Fig. 5h). Open fractures
are filled by K-feldspar (Fig. 5i) and rarely by quartz. Very fine-grained hornblende
and subordinate biotite forms interconnected narrow layers which envelopes the
porphyroclasts and delineate the C-C’-type shear bands of the sample. The

descriptions of the samples are also summarized in the supplementary Table 1.
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s

' Qtze Bt IS

FIGURE 8 - BSE images of the micro-shear zones and shear bands. LMD-01: (a) and (b) show shear
bands cross-cutting the protomylonitic fabric. Note the further grain-size reduction, phase mixing and
the lack of alteration of biotite. Myrmekite structure is indicated by the red arrow. c) Mature low-
temperature shear zone characterized by grain size-reduction and phase mixing between the new
(muscovite - Ms) and old phases (Bt + Qtz). d) Alteration of biotite to muscovite (M) in an immature
micro shear zone developed along the transgranular fractures. Note the preferential trace of fracture
and minor cataclasis throughout the interphase boundaries.
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FIGURE 9 - Grain size distribution for quartz in the studied samples.

5.4.2 Micro-scale shear zones and shear bands

The mylonitic fabric of some medium- to high-temperature mylonites are cut

by micro-scale shear zones or shear bands characterized by an anastomosed

network of interconnected layers of phyllosilicates wrapping around fine-grained

quartzo-feldspathic domains or porphyroclasts (Fig. 7a-d) and occur preferentially

along rock discontinuities like contacts between (Fig. 7b) layers of different
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compositions or grain sizes (Fig.7a and b). The sizes of grains in these high strain
zones are smaller than the surrounding rock (Fig. 8a and c) and BSE images show
that there is considerable mixing of phases (Fig. 8c). Figures 7c and 8d show that
possible precursors of these micro shear zones are transgranular fractures
preferentially localized along interphase boundaries. Local microcracking in the grain
corners and alteration of minerals like biotite and feldspar to low-temperature
minerals like muscovite (Fig. 8d) or white mica are commonly observed along these
fractures. Phyllosilicates also align to form interconnected layers. On the other hand,
significant mineral alteration is not observed in the shear bands. Kinematic indicators
as o-objects and deflection of mylonitic fabric suggest that these micro-shear zones

maintain the same shear sense as the host rock (Fig. 8a and d).

5.4.3 Textural Analysis

5.4.3.1 Quartz CPO

The quartz pole figures and inverse pole figures for the Western and Central domains

samples are shown in Figures 10a and 10b.

5.4.3.1.1 Western domain samples

The sample LMD-12 display a weak poorly defined [c]-axis pattern similar to
an asymmetric type-l cross-girdle consistent with dextral shear sense. The Inverse
pole figure (IPF) reveals the clustering of negative {z} rhombs around the Z-axis,
which suggests the activation of the easy slip system negative rhomb<a>. [c]-
maximum near lineation also is consistent with the activation of prism-[c] easy slip
system. On the other hand, the quartz pole figure for the sample LMD-01 displays a
stronger CPO with c-axis maximum spreading from near Y-axis to normal to the
foliation and <a>-axes maximum parallel to the stretching lineation which is indicative
of the activation of easy slip on the planes basal, prism and rhomb on the direction
<a>. The CPO of LMD-11 and LMD-02 display a quite similar strong CPO,
characterized by [c]-axis maximum centred on the Y-axis, with a slight spread into
intermediates positions. The <a>-axes form maxima near or gently inclined clockwise

~10° from the lineation. The pattern is also clear in the IPFs, with Z-axis and X-axis
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clustering around directions which corresponds to the {m}(0001) and <a><-12-
10>axes respectively. This pattern is indicative of dominant easy slip system
prism<a> and minor rhomb<a>. The asymmetry is consistent with the regional and
local dextral shear sense. The m-index show a strengthening of CPO from the
sample LMD-12 (0.008) to LMD-11 (0.16) and from the sample LMD-01 (0.14) to
LMD-02 (0.2) consistent with the development of high-strained quartz ribbons from
quartz aggregates or relict grains. In contrast, the sample LMD-10 (Low-temperature
mylonite) show a strong (M-index = 0.099) asymmetric incomplete crossed-girdle
with [c]-axis maximum localized near the centre and in the upper half of the pole
figure and two <a>-axes maximum inclined counter-clockwise at ~30° with respect to
the lineation. This indicates the activation of the dominant slip system rhomb-<a>,
prism-<a> and minor basal-<a>. The asymmetry of the pattern indicates a local

sinistral shear sense, consistent with the sense observed in deformation bands.

5.4.3.1.2 Central domain samples

The quartz CPO for the Central domain samples show a clear strengthening
of fabric from the deformed anatexite (PSZ-21) to the low-temperature mylonite
(PSZ-18). While the deformed anatexite (PSZ-21) show no clear CPO pattern and a
weak fabric (m-index = 0.0058) the transitional mylonite shows a relatively stronger
CPO (m-index = 0.0344) with a pattern similar to a slightly asymmetric type-I crossed
girdle with [c]-axis maxima around Y-axis indicating dominant easy slip on the
dominant prism-<a> and minor rhomb- and basal-<a> systems. The CPO strength of
the sample PSZ-18 increased considerably compared to the other samples (m-index
= 0.2). The c-axis display maxima centred on the y-axis and at intermediate
positions. The Inverse pole figure shows that the poles to negative rhombs have a
maximum normal to the foliation. This pattern is consistent with slip on the dominant

prism-<a> and minor rhomb-<a> systems.

5.4.3.2 Quartz misorientation and slip system analysis

To evaluate the slip system responsible for the development of subgrains
and the new recrystallized grains, we plot the misorientation axis that corresponds to

low-angle boundaries relative to the crystal and specimen coordinate system
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(Figures 11a). For the subgrain analysis, we considered only low misorientation
angles ranging between 2-9° and 9-15°, since the first interval comprising “true
subgrain boundaries” prior to the transition to grain boundaries which is suggested to

occur in the second-mentioned interval (Kilian et al., 2017; Shigematsu et al., 2006).

Quartz CPO

(C)0001) {a}<i2f0> {m}1070} {F)(1071)  {z}(0111)

29

T

22

LMD-12
n:1329
M-indlex: 0.0086

LMD-11
n:1377
M-index: 0.1671

LMD-01
n:3357
M-index: 0.1455

Western Domain

LMD-02
n:2527
M-index: 0.204

LMD-10
n:6358
M-index: 0.0995

PSZ-21
n:1849
M-index: 0.0055

PSZ-17
n:5473
M-index: 0.0344

PSZ-18
n:749
M-index: 0.2124

Central Domain

FIGURE 10 - Quartz texture of Patos mylonites displayed as (a) contoured pole figures for (c)(0001),
<a><10-10>, {mK01-10}, {r}{10-11} and {z}{01-11} axes and as (b) inverse pole figures. The pole
figures are plotted with respect to the directions normal to the shear plane (Z-axis) and parallel to the
stretching lineation (X-axis). For the sample LMD-11, we plotted the trace of the local shear plane (red
dashed line). Fabric strength is indicated by the M-index. The number of grains is referred to as n.
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FIGURE 11 - Misorientation analysis of the quartz in the studied samples: (a) Misorientation axes
plotted in crystal and specimen coordinates for angles comprising subgrains boundaries (2-9°) and the
transition to grain boundaries (9-15°). The inverse pole figure at the top shows the crystallographic
directions and the rotation axes associated with the quartz slip systems (modified from Neuman et al.,
2000). b) Misorientation angle distribution (MAD) histograms for quartz showing the correlated (blue
bars) and uncorrelated (red bars) pairs and the theoretical random distribution (orange line).
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All samples display misorientation axis clustering close to the [c]-axis in
crystal coordinates which indicate a great contribution of {m}<a> slip system to
subgrain formation. The maximum is stronger for the samples with [c]-maximum
centred on the Y-axis. The samples LMD-12 and PSZ-21 also show a minor
concentration around the <a>-axis which corresponds to the {m}[c] slip system and is
consistent with the high-temperature deformation undergone by the samples.
Significative clustering around other directions that are equivalent to basal- and
rhomb-<a> slip systems was not observed. The misorientation axis plotted with
respect to the specimen coordinate system show that most of the axes are located at
or near the Y-axis, indicating the predominance of tilt boundaries. The IPFs for the
misorientation axis of boundaries with 9-15° of misorientation angle still show a
maximum centred on the [c]-axis but also display several minor clustering around
other axes like <z>, <m>, <> and <r> axes which indicate a contribution of other slip
systems (see legend in Fig. 11) during the subgrain-grain transition.

The misorientation angles distribution (MAD) for quartz grains illustrated in
Figure 11b show a high frequency of correlated low-angle boundaries (<10°) in all
samples, except for PSZ-21. A peak at 60° corresponding to the dauphiné twin is
also observed in all histograms and is remarkably high in the sample PSZ-21. The
samples LMD-11, LMD-02, LMD-01 and PSZ-18 also show a high frequency of
correlated and uncorrelated misorientation angles ranging from 2° to 35-60°. The
histograms for central domain samples show that there is an increase in the
frequency of low-angle boundaries from the highest-temperature sample (PSZ-21) to
the lowest (PSZ18).

5.4.3.3 Feldspar CPO

Figure 12 and 13 shows the poles figures for feldspar of Western and Central
domain mylonites respectively. The Kfs pole figures for samples with negligible
amounts of K-feldspar grains (<5%) in the analysed areas were not represented. For
the feldspar pole figures of samples LMD-01, LMD-02 and LMD-11 we plotted the
uncountored poles of porphyroclasts color-coded according to the grain orientation
spread (GOS) and the contoured bulk poles figures for comparison. For these

samples, pole figures with other axes are shown in Supplementary figure S1.
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Western Domain - K-feldspar Fabric
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FIGURE 12 - Crystallographic preferred orientation of feldspar from Western domain samples
displayed as countered, equal area, upper hemisphere, pole figures. The common planes and
directions associated with the slip system for monoclinic K-feldspar (2/m) and triclinic plagioclase (C-1)
are plotted. For the samples LMD-11, LMD-01 and LMD-02 were plotted the matrix grains (contoured)
and the poles of feldspar porphyroclast coloured according to the grain orientation spread (GOS).
Fabric strength is indicated by the M-index. The symbol n is the number of grains.
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Central Domain

Plagioclase Fabric K-feldspar Fabric
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FIGURE 13 - Crystallographic preferred orientation of feldspar from Central domain samples displayed
as countered, equal area, upper hemisphere, pole figures. For the sample PSZ-18, we show the poles
figures for K-feldspar present in a very high aspect ratio (15:1) strain shadow (ribbons, see the red
dashed box of sample PSZ-18 in Fig. 4) and in the matrix.



82

5.4.3.3.1 Western domain

The K-feldspar CPO of high-temperature mylonite displays a strong
peripheric single maximum (m-index = 0.12) of (010) plane normal to the foliation and
[100] axis maxima parallel to stretching lineation, consistent with the easy slip system
(010)[100]. The transitional mylonites show a weakening of the bulk CPO as the
recrystallized matrix increases in proportion (M-index of 0.014 and 0.012). Both
samples display a poorly defined concentration of poles to (010) planes of
porphyroclasts near the periphery, rotated 30° from the Z-axis and a poor
concentration of [100] axis in the left periphery of pole figure which argues for the
activation of the easy slip system (010)[100]. The asymmetry is also consistent with
the dextral shear sense. The lighter colours of the poles indicate that most of the
porphyroclasts display low internal lattice distortion. The similarity between the bulk
and porphyroclasts CPO indicates some degree of porphyroclast control on the
orientation of the new recrystallized grains. A similar CPO pattern is observed in the
sample LMD-10 with (001) plane peripheral maximum near Z-axis and the (010) and
[010] axes showing peripheral maxima rotated clockwise (~20°) relative to the Z- and
X-axis respectively. This may indicate slip on the (001) and (010) planes in the
direction [100], however, the CPO asymmetry is inconsistent with the local shear
sense of the sample indicated by the quartz CPO and microstructures.

The plagioclase pole figure for the sample LMD-12 display a relatively strong
CPO (M-index = 0.031) with a (010) plane maximum normal to the foliation and [010]
direction maximum parallel to the lineation consistent with the easy slip system
(010)[100]. A weakening in CPO strength is also observed as the proportion of
recrystallized grains increase (See M-index in Fig. 12). The plagioclase CPO for the
bulk rock and porphyroclasts of the samples LMD-11, LMD-01 and LMD-02 display
(011) and (021) planes with maxima nearly normal to the foliation with the [1-11] and
[1-12] axis widely distributed along a great circle rotated ~20° counter-clockwise from
the X-axis which suggests the activation of the easy slip systems (011)[1-11] and
(021)[1-12]. The asymmetry shown by the CPO argue for a sinistral shear sense,
however, the IPF show the Z- and X-axis clustering around the (011) and (021)
planes and [1-11] and [1-12] directions which indicate that most of the grains are in
“soft” orientations for easy slip on these systems. The bulk CPO for the samples

LMD-01 band LMD-02 also show [100] axis maxima nearly parallel to the lineation
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and peripheral concentrations of poles to (010) plane rotated ~30° from Z-axis occur
in the sample LMD-02, which is consistent with the easy slip on the systems
(011)[100] and possibly (010)[100]. In contrast, the porphyroclasts in these samples
are in “hard” orientations for slip on the (010)[100] system. The low-temperature
mylonite (LMD-10) show a slightly strengthening of CPO (m-index = 0.03) which is
characterized by a well-defined (001) plane single girdle rotated ~13° from the Z-axis
and perpendicular to the orientation of the long axis of grains. (010) and [100] axes
show peripheral maxima inclined ~14-20° from X-axis, parallel to the grains long axis.
This could indicate the slip on the (001) plane in the [010] and [100] directions but
this is inconsistent with the shear sense of the sample.

K-feldspar
Plagioclase

Biotite

A Twin boundary (Kfs)

P2 : ; o A Subgrain boundary

AR

Figure 14 - Optical photomicrographs and the correspondent EBSD maps of the areas of the samples
LMD-11 (a-b), LMD-02 (c-d) and PSZ-18 (e-f) analysed in detail (see the yellow dashed boxes in Fig.
4). The grain boundaries (black lines), subgrains boundaries (white lines) and twin boundaries for K-
feldspar (blue lines) and plagioclase (red lines) are indicated.

5.4.3.3.2 Central domain

The deformed anatexite (PSZ-21) displays a very weak CPO (M-Index =
0.017) with a very poor clustering of (010) roughly normal to the foliation and a

peripheral clustering of [001] directions parallel to the lineation, which may indicate
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the slip system (010)[001]. The Kfs CPO of ribbons and matrix of sample PSZ-18 are
similar, characterized by the (100) and [010] axes maxima normal and parallel to the
mylonitic foliation respectively, consistent with the easy slip system (100)[010]. The
CPO is stronger for the Kfs precipitated in strain shadows (M-index = 0.019) than the
present in the matrix (M-index = 0.011).

Both sample PSZ-21 and PSZ-17 display very weak CPO (M-index = 0.014-
0.016) with no clear pattern. On the other hand, the pole figure for the Qtz-PI
aggregate of the sample PSZ-18 shows a slightly strengthening of CPO (m-index =
0.017 with the (10-1) and (1-1-1) planes maxima normal to the mylonitic foliation and
the [111] and [110] directions maxima parallel to the lineation, consistent with the
easy slip system (10-1)[111] and (1-1-1)[110].

Plagioclase Porphyroclasts z

E5x

d|Clast Il

Frequency (%}

Misorientation angle (degrees)

(001) (011) @x

[1i1]

Clasts | & I

Plagioclase

Figure 15 - EBSD data of plagioclase porphyroclasts and the recrystallized fine-grained matrix in
protomylonite sample LMD-11. (a) Mis2Zmean map of the plagioclase porphyroclasts | and Il and grain
orientation spread (GOS) maps of the (b) recrystallized plagioclase grains (area |) over band contrast
map. (d) Pole figure of the crystallographic orientation data of Pl porphyroclast color-coded according
to the mis2mean and one point per grain pole figure of the fine-grained plagioclase grains in the area
indicated in (b) coloured according to the GOS of the correspondent grain. The pole figures are plotted
with respect to an external reference frame (structural XYZ coordinate system) and the local reference
frame (S-C foliation). (e) Misorientation axis orientation of the inner subgrain boundaries (2-9°) of PI
porphyroclast plotted in crystal and sample coordinate. (f) Misorientation angle distribution for

plagioclase with the correlated and uncorrelated pairs and the theoretical curve for random
distributions of the analysed area.
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5.4.3.4 Porphyroclast-Matrix relationship

To understand the mechanisms responsible for the grain-size reduction of
porphyroclasts and the consequent development of a very fine-grained recrystallized
matrix, we performed detailed EBSD analysis to investigate the crystallographic
relationship between the feldspar porphyroclasts and the adjacent recrystallized
matrix from two Western domain samples (LMD-02 and LMD-11) and one from the
Central domain (PSZ-18). Additional analyses are in the Supplementary figures S1
and S2.

5.4.3.4.1 Plagioclase

LMD-11

The studied area of the sample LMD-11 consists of two plagioclase
porphyroclasts cut by an S-C surfaces (Fig. 14a, b). These surfaces comprise fine-
grained quartz-plagioclase aggregates (~22 um of average, Fig. 6b). Kfs grains in the
recrystallized matrix occur as rare irregular fine grains that fill the framework
interstices (Fig. 6b). Figure 15a shows the porphyroclast | and Il color-coded
according to the internal misorientation angle (mis2mean). While the porphyroclast |
display a low mis2mean value (~10°) the porphyroclast Il has a high internal lattice
distortion (~30° of mis2mean). The high distortion in the lower left part of the
porphyroclast is accompanied by the increase in the subgrain boundary density (See
Figure 14b). The pole figure show the porphyroclasts | and Il (Fig. 15c) in a “soft”
orientation for slip on the system (011)[100], with the poles to (011) and [100] axes
spreading near the periphery toward the orientation normal and parallel with the c-
surface respectively. On the other hand, misorientation axis of Porphyroclast Il
subgrains in crystal coordinate (Fig. 15d) displays a distribution of the axes along the
trace of the plane (010), with two maxima located at the periphery and near the [101]
axis, which is consistent with the activation of the systems (010)[100] and (010)[001].
The predominance of misorientation axes maxima away from the Y-axis in specimen
coordinates indicates a predominance of twist or mixed boundaries. The presence of

twist and mixed boundaries are supported by the boundary trace analysis (Fig. 19a)
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in which the dispersion of the axes define a poor rotation axis at the upper right

periphery of the pole figure and not fit well with the subgrain trace.
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Figure 16 - EBSD data of plagioclase porphyroclast and the surrounding feldspathic matrix in mylonite
sample LMD-02. (a) Mis2mean map over band contrast map of the plagioclase porphyroclast and the
grain orientation spread (GOS) maps over band contrast map for (b) the adjacent recrystallized
plagioclase grains in sites of high-stress (areas | and Il) and for (c) precipitated fine-grained K-feldspar
in a strain shadow. (e) and (d) are respectively the pole figures of the crystallographic orientation data
of plagioclase porphyroclast colour coded according to the mis2mean and the one point per grain pole
figures of the plagioclase and K-feldspar grains present in the surrounding recrystallized matrix (areas
I, I and Ill) colored according to the grain orientation spread (GOS) of the correspondent grain. (f)
Rose diagram showing the orientation of the long-axes of K-feldspar grains in area Ill. (g)
Misorientation axis orientation of the inner subgrain boundaries (2-9°) of Kfs porphyroclast plotted in
crystal and sample coordinate. (h) Misorientation angle distribution for plagioclase with the correlated
and uncorrelated pairs and the theoretical curve for random distributions of the analysed area.
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The recrystallized grains (Area |, Fig. 15b) have relatively moderate values of
GOS, especially the larger grains. The correspondent pole figure shows a
concentration of (011) planes normal to the s-surface and the [1-11] spreading out
along this surface which is consistent with the (011)[1-11] easy slip system. The
histogram (Fig. 15e) shows a relatively high frequency of the low-angle boundaries
(for correlated and uncorrelated pairs) which suggest a crystallographic relationship

between the new grains and the porphyroclasts.

LMD-02

Figure 16a shows the mis2mean map of a Pl porphyroclast and three areas
that represent the fine-grained recrystallized plagioclase in sites of high-stress
concentration (areas | and Il, Fig. 16b) with an average grain size of ~11-12 ym and
a tail (area Ill, Fig. 16c) of recrystallized K-feldspar (~19 um of average). Both
recrystallized plagioclase and K-feldspar grains show low values of GOS. The
porphyroclast displays a high mis2mean (> 25°) and the correspondent pole figure
(Fig. 16e) indicate a “soft” orientation for slip on the (011)[1-11] system. The other
two Pl porphyroclasts analysed show similar characteristics (see Supplementary
figure S2). On the other hand, the misorientation axes correspondent to the subgrain
boundaries within the three PI porphyroclasts analysed in crystal coordinate (Fig.
16g) display maxima at the periphery of the trace of (010) plane or near [100] which
may indicate the activity of (010)[001] and (011)[1-11] slip systems. Concentration
around [10-1], associated with the activity of the system (010)[001], is also observed.
The misorientation axes in specimen coordinates show an equal contribution of low
angle tilt, twist and mixed boundaries. The boundary trace analysis (Fig. 19b and
Supplementary figure S2) show the rotation axis near the Y-axis and lie within the
plane (010) which point out the system (010)[001] as the main responsible for the tilt
boundary development.

The poles figure for recrystallized plagioclase in areas | and Il (Fig. 16e)
show a large scattering of crystal orientations. The pole figures show weak clustering
in similar orientations to the parent grain, which argues for initial host control. This is
supported by the relatively higher frequency of correlated and uncorrelated low-angle
boundaries than the random curve (Fig. 16h) shown by the misorientation angle
distribution. On the other hand, the recrystallized Kfs pole figure (Fig. 16d) show
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concentrations of (010) planes and [100] directions roughly similar to the host. This
show a crystallographic relationship between the Pl porphyroclast and the

precipitated Kfs grains.

5.4.3.4.2 K-feldspar

LMD-02

The analysed K-feldspar porphyroclast of the sample LMD-02 (Fig. 17) show
a moderate internal lattice distortion (~14° of mis2mean, Fig. 17a). The pole figures
of porphyroclast (Fig. 17e) indicate a “soft” orientation for slip on the (010)[100]
system, with the poles to (010) planes and [100] directions slightly inclined (~10°)
from the Z- and X-axis, respectively. The Misorientation axes of low-angle inner
boundaries in crystal (Fig. 17g) support the activation of this system, with a maximum
just below the [001]. The boundary trace analysis (Fig. 19c) and misorientation axes
in specimen coordinates (Fig. 17g) suggest that the tilt walls are associated with the
activation of the system (010)[100].

The recrystallized K-feldspar grains analysed in areas | and Il (Fig. 17b)
show contrasting textures and shapes. While area 1 is marked by irregular grains
with variable grain sizes (up to ~92 pm), high values of GOS and crystal orientations
quite similar to the porphyroclast (Fig. 17e), the recrystallized K-feldspar in area 2
consist of small (~13 um of average) slightly elongated grains with low values of GOS
and marked by a weak CPO. The higher frequency of low-angle boundaries in area |
than area Il (Fig. 17h) point out the host control exerted by the porphyroclast in the
new recrystallized grains of area |. The analysis of a well developed recrystallized tail
shows a random CPO and the distribution of correlated and uncorrelated
misorientation angles are near the random (Supplementary figure S3). The
myrmekitic rim analysed in a high-stress site of Kfs porphyroclasts (area lll, Fig. 17c)
consist of relatively large plagioclase grains protruding into porphyroclast. The grains
have low GOS values and similar grain orientations of (010) and [001] axes with the

host, which indicate some crystallographic control.
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Figure 17 - EBSD data of K-feldspar porphyroclast and the adjacent recrystallized feldspathic matrix in
the sample LMD-02. (a) Mis2mean map of the K-feldspar porphyroclast and grain orientation spread
(GOS) maps of the (b) aggregates (area 1) and tails (area Il) of recrystallized K-feldspar and (c)
plagioclase in myrmekitic rim (Area 3). (e) and (d) are respectively the pole figure of the
crystallographic orientation data of K-feldspar porphyroclast colour coded according to the mis2mean
and the one point per grain pole figures for recrystallized K-feldspar (area | and 1) and myrmekitic
plagioclase (area lll) colored according to the grain orientation spread (GOS) of the correspondent
grain. (f) Rose diagram showing the orientation of the long-axes of K-feldspar grains in the
recrystallized tail (area Ill). (g) Misorientation axis orientation of the inner subgrain boundaries (2-9°) of
Kfs porphyroclast plotted in crystal and sample coordinate. (h) Misorientation angle distribution for
plagioclase with the correlated and uncorrelated pairs and the theoretical curve for random
distributions of the analysed area.
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Figure 18 - EBSD data of K-feldspar porphyroclast and the adjacent recrystallized feldspathic matrix in
the sample PSZ-18. (a) Mis2mean map of the Kfs porphyroclast and grain orientation spread (GOS)
maps of the (b) tails of recrystallized K-feldspar (areas | and Il) and (c) plagioclase in myrmekitic rims
(Area 3). (e) and (d) are respectively the pole figure of the crystallographic orientation data of Kfs
porphyroclast colour coded according to the mis2mean and the one point per grain pole figures for
recrystallized K-feldspar (areas | and Il) and myrmekitic plagioclase (area Ill) colored according to the
grain orientation spread (GOS) of the correspondent grain. (f) Rose diagram showing the orientation of
the long-axes of K-feldspar grains in the recrystallized tail (area Ill). (g) Misorientation axis orientation
of the inner subgrain boundaries (2-9°) of Kfs porphyroclast plotted in crystal and sample coordinate.
(h) Misorientation angle distribution for plagioclase with the correlated and uncorrelated pairs and the
theoretical curve for random distributions of the analysed area
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PSZ-18

Figure 18 show the EBSD data for the elongated K-feldspar porphyroclast
and the adjacent areas (Fig. 14e, f) which comprise a tail of recrystallized K-feldspar
(area |) and myrmekite rims (area Il). The mis2Zmean map (Fig. 18a) shows that the
Kfs porphyroclast have a relatively high internal lattice distortion (~22°), but the
distortion is higher at the extremities. The correspondent pole figure (Fig. 18e) shows
the poles to (010) and [100] in the periphery of the pole figure rotated clockwise
(~25°) from the respectively Z- and X-axis, consistent with a “soft” orientation for the
slip on the (010)[100] system. The misorientation axes in crystal coordinates display
a wide concentration just below the [001] axis and a maximum near [111] which
corresponds to the activity of slip systems (010)[100] and the tentative (-110)[001].
The axes plotted in specimen coordinate indicate a greater contribution of twist
subgrain boundaries compared to the tilt subgrain boundaries. The boundary trace
analysis of the orientation dispersion (Fig. 19d) show the rotation axis lying within the
plane (010) and away ~90° from the [100] axis which is consistent with tilt boundaries
produced by the activation of the system (010)[100].

The recrystallized tail (area |) is composed of large and elongated K-feldspar
grains (~36 pm of average) with a significant presence of subgrains boundaries
perpendicular to the foliation (Fig. 14f) but low values of GOS (Fig. 18b). The
recrystallized Kfs CPO (Fig. 18e) is characterized by some grains with orientations
similar to the porphyroclasts which indicates an initial host control. The poles to (100)
planes scatter toward orientations normal to the preferred orientation of the grains
long axis (Fig. 18f) with some poles to [010] axis aligned parallel to it. The host
control and the presence of subgrains are also supported by the misorientation angle
distribution which shows a high frequency of low-angle boundaries. On the other
hand, the CPO of the neighbour plagioclase grains (area Il, Fig. 18c) is random and
indicates no host control relationship between the myrmekitic plagioclase and the
porphyroclast. The plagioclase grains also show low values of grain orientation

spread and a random CPO pattern (Fig. 18d).
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5.5 DISCUSSIONS

5.5.1 Deformation mechanisms and slip systems

5.5.1.1 Magmatic-state deformation

The outcrops of deformed anatexite of this rock typically exhibit structures
formed during a magmatic-state deformation like leucosome filling shear bands (Fig.
3b), complex fold patterns (fig. 3a) and magmatic foliation. Field and microscope
observations show that the rock displays little evidence of solid-state deformation.
The fabric is characterized by a weak CPO and a limited degree of recrystallization.
The quartz and feldspar grains are only affected by intracrystalline deformation, with
features typically developed during the activity of recovery processes. These
characteristics suggest deformation under an exclusively magmatic state (e.g.,
Vernon, 2000) which also was proposed by Viegas et al., (2014). Furthermore,
Viegas et al., (2013) demonstrated that Espinho Branco anatexite displays magnetic

fabrics compatible with the regional strain field.

5.5.1.2 Submagmatic-solid-state transition

The outcrops LMD-11 and LMD-12 display structures which indicate melt-
assisted deformation. These structures, that include leucosome veins cutting
mylonitic foliation and filling shear bands, are concomitant with the solid-state
deformation. Leucosome veins and leucogranite dykes occurring as boudins or
pinch-and-swell structures (Fig. 2b) suggest that the melt products were the
competent domains during high-temperature shearing (e.g., Cacalvante et al., 2016).

Microscopically, the ultramylonite shows melt-related microstructures (Fig.
5a) and the feldspar consist of irregular- and elongate-shaped grains with
intracrystalline microstructures and with a CPO pattern indicative of the activation of
(010)[100] slip system. This slip system was observed in plagioclase-rich rocks
deformed at temperatures higher than 700°C (Zavada et al., 2007; Mehl and Hirth,
2008). Satsukawa (2013) commented that this CPO pattern may be developed by
crystal-plastic deformation overprinting magmatic flow which supports melt-assisted

crystal-plastic deformation. The quartz CPO displays a weak pattern that may
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indicate the activity of rhomb-<a> and minor prism-[c]. However, the misorientation
axis analysis shows that the subgrains are associated with the slip systems prism-
<a> and minor prism-[c] (Fig. 11), which is consistent with the high-temperature
deformation and the chessboard extinction present within quartz (e.g., Mainprice et
al., 1986). In addition, the weak CPO pattern and preserved magmatic quartz
suggest that the quartz undergone limited dislocation creep after melt crystallization.
Finally, micro-scale observations allied with outcrop observations suggest that this
sample was deformed during the transition from submagmatic to solid-state flow
(e.g., Vernon, 2000).

5.5.1.3 Solid-state Deformation

5.5.1.3.1 Medium-temperature deformation (transitional mylonites)

The transitional mylonite from the Central domain (PSZ-17) shows sheared
leucosome lens (Fig. 3c) but no melt-related structures, which indicate solid-state
flow. The presence of equally elongated grains as well as quartz CPO defined by a
type-l cross-girdle argues for a component of coaxial deformation. The crystal-plastic
microstructures, CPO and misorientation analysis suggest deformation
accommodated by dislocation creep with dominant slip on the system prism-<a> for
quartz. The lack of CPO and crystal-plastic microstructures in the elongated
plagioclase grains could indicate that the feldspar behaves as a rheological rigid
object during the shearing, with quartz and biotite accommodating most of the bulk
strain (clast-matrix structure of Handy, 1990).

Some transitional mylonites from the Western domain (LMD-01 and LMD-02)
have quartz aggregates characterized by grains with very lobate boundaries and with
microstructures typical of recrystallization by GBM like left-over grains or dissection
grains (Jessel, 1987; Stipp et al., 2002). The quartz aggregate CPO consist of an
incomplete single girdle (see pole figure for sample LMD-01). On the other hand, the
samples dominated by quartz ribbons (LMD-02 and LMD-11) display [c]-axis CPOs
with a strong single Y maximum and are constituted by slightly elongated grains
defining oblique foliations, which suggest recrystallization during GBM-SGR transition
(Passchier and Trouw, 2005), with the activation of the dominant slip system prism-
<a>. The high frequency of low-angle boundaries (2-40°) of correlated and
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uncorrelated pairs also argue for a high frequency of new grains generated by SGR.
Heilbronner and Tullis (2006) suggest that the transition from an incomplete single
girdle to a single maximum near Y-axis accompanied by an increase in fabric
strength may occur with increasingly shear strain. The transition from GBM to SGR
may also occur under decreasing temperatures at temperatures ~500°C (Stipp et al.,
2002). Therefore, the local strengthening of CPO and in the single Y maximum may
be attributed to a strain increase during GBM-SGR transition as the new “soft” are
formed by SGR.

The feldspar porphyroclasts of the transitional mylonites and of the low-
temperature sample PSZ-18 display microstructures like deformation bands, bent
and deformation twins that suggest crystal-plastic deformation (e.g., Shaocheng and
Mainprice, 1990; Kruse et al., 2001). The Kfs porphyroclasts CPO show that most of
them are in “soft” orientations for slip on the (010)[100] system and exert a strong
crystallographic control in the new recrystallized grains, which suggest deformation
by dislocation creep. The clasts in “soft” orientations also have high-aspect ratios but
lower GOS values than PI porphyroclasts (Compare Figs. 17 and 18 with the
Supplementary figure S2). The lower GOS values may be explained by the
consumption of grains by myrmekitization. The boundary trace and misorientation
axis analysis indicate that low-angle tilt boundaries are associated with the slip
system (010)[100], whereas twilt and mixed boundaries are probably associated with
the systems (010)[001]. The tentative (-110)[001] inferred by the misorientation axis
is unlikely since the (-110) plane has never been observed by either TEM or EBSD
analysis (Willaime et al., 1979; Sacerdoti et al., 1980; Scandale et al., 1983).

The PI porphyroclasts CPOs show that most of them are in favourable
orientations for slip on the (011)[1-11], (011)[100] and (021)[1-12] systems. However,
the porphyroclast, in general, have low-aspect ratios, and the asymmetry shown by
the CPO is the opposite of pointed out by the mylonitic foliation asymmetry (Fig. 12).
In fact, only the Pl porphyroclasts of sample LMD-01 regarding the system (011)[100]
and the new recrystallized grains are in favourable orientations for slip on the
systems (011) in the directions [100] and [1-11], and (010)[100], as indicated by the
IPFs (Supplementary figure S1). Furthermore, the dispersion of porphyroclast
orientations is consistent with a dextral shear sense and the boundary trace and
misorientation axis analysis of Pl porphyroclasts indicate a great contribution of the

slip systems (010)[001] in plagioclase during the tilt and mixed boundary
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development (Figs. 15d and 16g). Other slip systems like (010)[100] and possibly
(011)[1-11] in plagioclase are possibly associated with the development of twist or
mixed boundaries. Contrasting easy slip systems and subgrain-related slip systems
were recently addressed by some studies (e.g., Kilian, 2015; Kilian, 2017; Jung et al
.,2021), but whether this represents different conditions of deformation (e.g., Jung et
al., 2021) or if this indicates that accommodation of homogenous deformation by
dislocation glide operate different slip systems of those responsible by subgrain
development (e.g., Kilian, 2015) is not well understood yet.

Our observations resulted in some interesting findings. Both (011)[1-11] and
(021)[1-12] are slip systems that have been reported by previous studies. However,
while the first was observed by TEM analysis (Montard and Mainprice, 1987), the
second only was inferred by the use of the easy slip system method (e.g., Kruhl,
1987; Baratoux et al., 2005; Svahnberg and Piazolo, 2010), with no TEM study
confirming its existence (e.g., Marshall and MaclLaren, 1977a, b; Olsen and
Kohlstedt, 1984; Stunitz et al., 2003). Some EBSD studies in Pl-rich rocks also
advocate for (011) as a possible slip plane (Cross, 2015; Miranda et al., 2016) and
[1-11] as a slip direction (Marshall and MacLaren, 1977a). Moreover, the papers that
reported the (021)[1-12] system did not show the pole figures for (011) and [1-11]
axes. Since the planes (011) and (021), as well as the directions [1-11] and [1-12],
are very close to each other, both may define similar CPO patterns whether one or
the other was active during easy slip as evidenced by this study. Thus, we suggest
that the (021)[1-12] slip system is derived from a misinterpretation of the plagioclase

CPO developed by the easy slip on the system (011)[1-11].

5.5.1.3.2 Low-temperature deformation

The mylonite sampled at the southern part of Central domain (PSZ-18) show
microstructures indicative of higher temperatures than the sampled in the Western
domain (LMD-10). The first exhibits continuous ribbons of elongated quartz grains
recrystallized by SGR with local overprint by BLG and the [c]-axis display a strong Y
maximum which is indicative of dominant prism-<a>. In contrast, the quartz ribbons of
the second are discontinuous and show microstructures typical of recrystallization by
strain-induced grain boundary migration (BLG) and a CPO pattern that indicates the

activation of easy slip systems basal, rhromb and prism-<a>. However, the quartz
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misorientation analysis of subgrains from the sample LMD-10 argues only for
prism<a>. Clustering around axis associated with rhomb-<a> and basal-<a> are few
and are only found when we analyse the misorientations angles that comprise the
transition of subgrains to grains (9-15°). This inconsistency has been discussed by
some recent studies (Kilian et al., 2017 and references therein) which argue that
basal-<a> is not a significant slip system. In addition, Keller and Stipp (2011) suggest
that peripheral single [c]-axis maximum can be achieved by other slip systems not
suitable for easy slip. Therefore, we propose dominant prism<a> and minor rhomb-
<a> as active during deformation of quartz ribbons in the sample LMD-10.

Despite the Kfs porphyroclasts of the sample PSZ-18 display microstructures
that indicate recrystallized-accommoddation dislocation creep as discussed before, in
the both LMD-10 and PSZ-18 the Kfs grains are extensively cut by several fractures
oriented at high angles to foliation. Subgrains with the same orientation of fractures
observed in feldspar grains may have been formed due to this microfracturing (e.g.,
Tullis and Yund, 1987) but its crystal-plastic origin is not unlikely. However, fine
grains along fracture surface were not observed, which indicate that fracturing was
more a support mechanism for solution-precipitation creep than a grain-size
reduction mechanism (e.g., Fukuda et al., 2012). On the other hand, the feldspar
aggregate in the sample LMD-10 shows evidence for dissolution-precipitation creep
and anisotropic growth, which include: i) the presence of polygonal, moderately
elongated free-strain grains defining SPO, with the long axis parallel to the
extensional Instantaneous extensional axis and ii) Well developed CPO with the
planes of fast and slow reaction rate parallel to the long and short axis respectively
(Bons and Brok, 2000; Menegon et al., 2008). According to our observations, for
plagioclase, the slow reaction rate axis is (001) and the fast reaction rate axes are
the [010] and [100] directions which are similar to the axes proposed for albite
(Heidelbach et al., 2000, Arvidson et al., 2004).

5.5.2 Grain-size reduction mechanisms

Our observations indicate three main mechanisms responsible for grain size
reduction and polyphasic matrix formation: i) recrystallized-assisted dislocation creep;
ii) reaction softening and iii) solution precipitation creep. In this section, we discuss

the contribution of each mechanism.
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Figure 19 - Boundary trace analysis of the analysed porphyroclasts. (a) and (b) correspond to the PI
porphyroclasts of the samples LMD-11 (see Fig. 15a and c) and LMD-02 (see also Fig. 16a and e)
analysed in detail. (c) and (d) are the analysed K-feldspar porphyroclasts of the samples LMD-02 (see
Fig. 18a and e) and PSZ-18 (see also Fig. 19a and e) respectively. The direction which best fit with
the most probable rotation axis is indicated as a blue point in the specimen coordinate.

5.5.2.1 Grain-size insensitive mechanisms

Recrystallized grains with relatively high GOS and strong host control are
observed around Kfs clast, but they are few and relatively larger. On the other hand,
the plagioclase porphyroclasts often show very fine recrystallized grains normally in
sites of high normal stress (~45° from foliation) with some or no initial control from the
host. Sites with high-stress concentrations may accumulate dislocations and strain
energy (e.g., Simpson and Wintsch, 1989) which may favour the strain energy-driven
nucleation of new grains (Kruse et al., 2001). Furthermore, the higher subgrain
density and GOS values in the Pl porphyroclasts than K-feldspar porphyroclasts,
indicate that strain-driven recrystallization was more active in plagioclase than
alkaline feldspar, which is consistent with the observed in previous studies (e.g.,
Pryer, 1993; Schulmann et al., 1996). Therefore, we suggest that the high normal

stress borders of plagioclase accumulate high strain energy during shearing which
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recrystallization.

Table 1 - Summary of the deformation mechanisms and slip systems inferred for quartz and feldspar

the nucleation of new fine

of Patos mylonites from this study

recrystallized grains by strain-driven

Deformation

Samples flow type Quartz K-feldspar Plagioclase
LMD-12 Magmatic/ Dislocation Creep Dislocation creep  Dislocation creep
solid-state Prism-<a> (010)[100] (010)[100]
transition Prism-[c]
LMD-11 Solid-state Dislocation Creep Myrmekitization Dislocation creep
SGR Sol-prep. Creep (010)[100][001]
Prism-<a> DisGBS
(011)[1-11]
LMD-01 Solid-state Dislocation Creep Dislocation creep  Dislocation creep
GBM-SGR (010)[100] (011)[100]?
Prism-<a> Myrmekitization
Sol-prep. creep
GBS
LMD-02 Solid-state Dislocation Creep Dislocation creep  Dislocation creep
SGR (010)[100][001] (010)[001][100]
Prism-<a> Myrmekitization DisGBS
Sol-prep. Creep  (010)[100]?
GBS
LMD10 Solid-state Dislocation Creep Fracturing Diss-prep. creep
BLG Diss-prep. creep
Prism-<a>
minor Rhomb-<a>
PSZ-21 Magmatic- Limited intracrystalline  Not determined Not determined
state plasticity
PSZ-17 Solid-state Dislocation Creep Minor fracturing
Prism-<a>
Minor fracturing
PSZ-18 Solid-state Dislocation Creep Limited Dis. DisGBS
SGR Creep (10-1)[111]
Prism-<a> (010)[100] (1-1-1)[110]
Myrmekitization
Sol-prep. Creep
Fracturing;

5.5.2.2 Reaction softening and dissolution-precipitation creep

The Kfs porphyroclasts of transitional mylonites and from the sample PSZ-18
commonly have dissected habits and are surrounded by myrmekitic rims, especially
in high normal stress sites (e.g., Simpson and Wintsch, 1989; Vernon, 1991).
Subsequent disruption and shearing of myrmekite structure form the fine-grained
Qtz-Pl aggregates (Fig. 6d-e), a process similar to that observed by Ceccato et al.,
(2018). The Potassium released tend to precipitate as smaller Kfs grains in sites of
low normal stress (e.g., Simpson and Wintsch, 1989; Tsurumi et al., 2003). In our

samples, these sites are strain shadows, dilational sites between porphyroclasts
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fragments or between framework grains in fine aggregates (Fig. 5e, i). All this
evidence, allied to limited dynamic recrystallization of Kfs porphyroclasts, suggest
coupled myrmekitization and solution-precipitation creep as the main processes
responsible for the grain-size reduction and formation of the fine-grained Kfs tails,
which favour phase mixing and switch to grain-size sensitive mechanisms
(e.g., Menegon et al.,, 2006; Ceccato et al., 2018). The presence of local flame
perthites in the fine aggregates without preferred orientation also argue for Interface-
coupled replacement of K-feldspar by albite during dissection of recrystallized tails
due to chemical disequilibrium (e.g., Hentschel et al., 2019).

The K-feldspar grains in strain shadows show evidence of anisotropic growth
characterized by a preferred elongation of strain-free grains. These grains display a
CPO characterized by the poles to (100) planes orthogonal to the long axis and the
[010] directions parallel to it. This pattern is stronger in the medium-grained K-
feldspar ribbons (PSZ-18) but weaker or inexistent in the tails of fine recrystallized
Kfs grains in the transitional mylonites. This CPO pattern suggests that the directions
of slow and fast reaction rate are respectively (100) and [010] axes, the opposite of
proposed by Menegon et al., (2008) and corroborated by Fukuda et al., (2012). A
similar CPO pattern was found by Ishii et al., (2007) and was subsequently reported
as a possible slip system by Menegon et al., 2008 and Viegas et al., (2014).
However, TEM analysis in both experimental and natural deformed K-feldspar-rich
rocks or single crystals never observed the presence of this slip system (Willaime
and Gandais, 1977; Willaime et al., 1979; Sacerdoti et al. 1980; Scandale et al.,
1983). Tullis (1983) argue that the direction [010] is a very large burger vector to be
considered a suitable slip direction, and this vector must dissociate into 72[110] and
¥2[-110]. Furthermore, the EBSD data for precipitated K-feldspar in dilational sites
indexed by using the structure of microcline display the same CPO pattern proposed
by Menegon et al., (2008), but show wrong solutions when used to index the Kfs
porphyroclasts (See the supplementary Figure 4). This contradiction may be
explained by the preserved monoclinic structure in porphyroclasts. Some studies
suggested that even temperatures below of considered for orthoclase-microcline
inversion (~500°C, Deer et al., 1992), some regions of crystals can retain partially
ordered orthoclase structure (MacKenzie, 1954, Eggleton and Buseck, 1980; Fitz
Gerald and McLaren, 1982). On the other hand, a fully ordered microcline can be

precipitated from the solution at temperatures below ~500°C (Waldron et al., 1993).
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Therefore, the CPO pattern for precipitated Kfs may be a product of a misguided
solution during the indexing of fully ordered microcline grains using the monoclinic K-
feldspar structure. Finally, if our interpretation is true, the dissolution-precipitation
creep must have occurred under temperatures lower than ~500°C in the sample
PSZ-18.

In conclusion, we suggest that, at temperatures that comprise ~450 - 500°C,
the coupled reaction softening and solution-precipitation transfer are the main
mechanism responsible for the grain-size reduction of K-feldspar and the formation of

the quartz-plagioclase aggregates in the transitional mylonites of PSZ.

5.5.2.3 Grain-size sensitive creep mechanisms

The shearing of myrmekite rims, fine-grained recrystallized Pl aggregates
and fine-grained Kfs aggregates in recrystallized tails are all accompanied by the
scattering of the orientations from the host, phase mixing and reduction of low-angle
boundaries which suggest deformation by grain boundary sliding (Jiang et al., 2000;
Bestmann and Prior, 2003). However, the presence of CPO, some grains with
moderately internal lattice distortion and grains larger than 10 um argue that the GBS
was rate-limited by dislocation glide with the activation of the easy slip systems (10-
1)[111] and (1-1-1)[110] in the sample PSZ-18 (Fig. 13), (011)[1-11] in the sample
LMD-11 and possibly (010)[100] in the sample LMD-02 (Fig. 12), which are notably
distinct from those deduced by subgrain analysis. Deformation by both GBS and
dislocation glide on the easy slip system is commonly attributed to DisGBS (warren
and Hirth, 2006, Tokle et al., 2019) and have been documented in fine-grained
quartzo-feldspathic aggregates (e.g., Svahnberg and Piazolo, 2010; Czaplinska et
al., 2015). DisGBS may promote weakening by geometrical softening and phase
mixing (Hansen et al., 2012) which turn the fine-grained aggregate rheologically
weaker than the feldspar porphyroclasts, which behave as “rigid” objects rotating
passively into “hard” orientations during shearing (e.g., Handy, 1990; Miranda et al.,
2016). This may explain the incongruence between GOS, CPO and subgrain-related
slip systems in the porphyroclasts. Furthermore, the voids typically created by the
sliding of grains are compensated by the elongation of grains which explain the lack

of K-feldspar precipitated in the interstices of some Qtz-Pl aggregates. The grain size
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is maintained small mainly by the presence of mixed grains derived from myrmekite
and precipitated by solution-precipitation creep, which avoids grain growth.

Based on these arguments, our results indicate that the GBS plays an initial
role in the new recrystallized grains by rotating the grains into orientations favourably

to dislocation glide in the easy slip systems limiting the rate of GBS.

5.5.3 Strain localization in micro-scale high strain zones

Many studies demonstrated that discontinuities like fractures, dykes or layer
contacts serve as structural precursors that favour the nucleation and initial
development of shear zones (e.g., Segall and Simpson, 1986; Oliot et al., 2014;
Goncalves et al., 2016, Wehrens et al., 2017; Zibra et al., 2018). This is consistent
with our field, optical and SEM observations which show high-strain zones localized
in discontinuities between rheological domains like paleosome-leucosome, dykes-
host rock contacts or domains of different composition or grain sizes at grain-scale
(Fig. 2f, g). These ductile structures seem to nucleate from sites with local fracturing
and develop as intergranular fractures reducing the framework grains and
interconnecting the phyllosilicates. In our samples, sites with stress concentrations
exhibiting flame perthites or local microcracking are located preferentially in
interphase boundaries (Fig. 8d). This is consistent with experiments conducted by
Holyoke and Tullis (2006a, b) in mica-quartz-feldspar aggregates, which show that
cataclasis due to stress concentrations in biotite-framework grains boundaries
promote the interconnection of the phyllosilicates (weak phases) by easy slipping.
Once nucleated, the fracture propagates throughout the grain boundaries allowing
fluid influx and hence promoting the alteration of both feldspar and biotite to low-
temperature phyllosilicates (e.g., Ingles et al., 1999; Oliot et al., 2010; Oliot et
al., 2014). On the other hand, the substantial lack of mineral alteration in the shear
bands points out higher temperatures of formation than those attributed to micro-
shear zone development. The interconnectivity of layers may cause significant
weakening during initial shearing (Dell’Angelo and Tullis, 1986; Holyoke and Tullis,
2006a, b; Hunter et al., 2016) and enhance softening reactions which lead to further
strain weakening and localization (e.g., Ingles et al., 1999; Chakraborty et al., 2020;
Mansard et al.,, 2020). Subsequent coalescence and widening form the

anastomosing network of interconnected layers observed in our samples (e.g., Oliot
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et al., 2014). These localized high strain zones promote enhanced grain size
reduction and phase mixing by GBS (see Fig. 8a and c) weaken further the rock

strength by creating weak zones where the strain is localized.

5.5.4 Deformation conditions of Patos mylonites

The high-temperature mylonite from Western domain show quartz with
chessboard extinction and microstructures that suggest melt-assisted deformation
which indicate temperatures higher than 650°C for the high-temperature (e.g., Kruhl,
1996; Garlick and Gromet, 2004). Quartz c-axis fabric with opening angles of ~100°
points out temperatures around 718°C using the calibration of Faleiros et al., (2016).
This is consistent with temperatures higher than 700°C suggested by Corsini et al.,
(1996) using garnet-biotite rims in metapelites near Cajazeiras. Similar temperature
was estimated by Caby et al., (1995) in the Central domain. Furthermore, Viegas et
al., (2014) described microstructures and deformation mechanisms very similar to
those observed in our samples. This show that both domains record similar thermal
history during high-temperature deformation that occurs during concomitant partial
melting at 565 Ma (Viegas et al., 2014, Archanjo et al., 2021).

The transitional mylonites from the Western domain exhibit microstructures
and deformation mechanisms that are consistent with deformation at upper
greenschist to lower amphibolite facies conditions (Pryer, 1993; Tullis, 2002) and
suggest temperature higher than at least 500°C and lower than 550° for the medium-
temperature mylonites (Stipp et al.,, 2002; Czaplihska et al., 2015). The opening
angle of quartz c-axis fabric (~65°) of the transitional mylonite from the Central
domain indicate a temperature around 500°C. Ar-Ar ages on hornblendes (Corsini et
al., 1998; Monié et al., 1997) suggest that medium-temperature deformation occurred
at 545 Ma, since the closure temperature for metamorphic amphibole range between
550-500°C (Harrison, 1981). Hollanda et al.,, (2010) attribute this age to a
mylonitization at upper greenschist to lower amphibolite facies conditions
concomitant to dyke intrusions in Coxixola Shear zone and suggest that this event
may be related to late collisions during the Gondwana formation. The augen gneiss
deformed at these medium temperatures indicates that the reactivation was not
restrained in the southern borders of PSZ, but may occur distributed throughout the

lineament as narrow high-strain zones.
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The fracturing and dissolution-precipitation creep of feldspar porphyroclasts,
lack of mineral alteration and recrystallization by BLG of quartz grains suggest that
the low-temperature deformation occurred under lower greenschist facies conditions,
at temperatures smaller than ~450°C (e.g., Stipp et a., 2002; Tullis, 2002). The
medium-temperature microstructures observed in the sample PSZ-18 attribute a
transitional character between the medium- to low-temperature deformation. The
presence of limited dislocation creep observed in K-feldspar porphyroclasts and
aggregates of the sample PSZ-18 argue for a transitional character between the
medium- to low-temperature deformation (Viegas et al., 2014) and is consistent with
the lower cooling rate during uplift recorded by the Central domain compared to the

Western domain.

5.5.5 Solid-state flow and strain localization in the Patos Shear Zone

On the basis of our discussion and previous studies, we propose a simplified
trajectory of microstructures during the evolution of PSZ. The main deformation
mechanism for quartz and feldspar are summarized in Table 1.

During deformation concomitant with partial melt, at 565 Ma, the presence of
biotite in biotite-rich layers prevent grain growth by pinning the grains and
consequently keep the size of grains smaller than the biotite-absent layers (e.g.,
Hunter et al., 2016). Furthermore, the development of a feldspar CPO by dislocation
creep promotes further weakening by geometric softening (e.g., Shaocheng and
Mainprice, 1988; Burlini and Bruhn, 2005). The consequence is that, with the
crystallization of the melt, the phyllosilicate-rich layers became the weaker domains,
and accommodate most of the bulk strain.

During the later reactivation at 545 Ma, both feldspar and quartz initially
accommodated strain by recrystallized-assisted dislocation creep. Sites of high
normal stress favour the myrmekitization of Kfs porphyroclasts with precipitation in
strain shadows and strain energy-driven recrystallization in Pl porphyroclasts which
promote the grain-size reduction of large grains (e.g., Pryer, 1993). The new fine-
grained recrystallized aggregates deform by either dislocation creep-accommodated
or fluid-assisted GBS. As the strain is accumulated during the transition from GBM to
SGR recrystallization, the quartz aggregates turn into quartz ribbons, marked by the
dominant activation of dominant Prism-<a>. The late development of shear bands
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promotes interconnection between biotite flakes, grain size reduction and phase
mixing along narrow surfaces which promote further weakening (e.g., Stunitz and
Tullis, 2001; Menegon et al.,, 2008; Papeschi and Musumeci, 2019). While the
feldspar porphyroclasts and quartz ribbons behave as hard domains as evidenced by
the boudinaged of ribbons, the weak layers are constituted by new fine-grained
recrystallized aggregates and the grains along shear bands deforming via grain-size
sensitive mechanisms (e.g., Menegon et al., 2008; Miranda et al., 2016). These fine-
grained aggregates control the bulk rheology of the rock and reduce the viscosity
contrast between layers of the compositional banding, resulting in an isoviscous flow
at the outcrop-scale, as evidenced by the lack of significant boudinage and pinch-
and-swell structures between the layers (e.g., Hunter et al., 2019).

During the last stages of PSZ, under greenschist facies conditions, fracturing
and dissolution-precipitation creep are the dominant deformation mechanisms that
affect the feldspar. High-temperature microstructures in quartz ribbons are
overprinted by BLG recrystallization. Rocks deforming only by dislocation creep and
dissolution-precipitation creep may have higher viscosity compared to the
surrounding rocks deforming by GSS creep (e.g., Platt, 2015). The viscosity contrast
during deformation partitioning may explain the local constrictional strain recorded by
the L-tectonite as proposed by Yang et al., (2019). However, was not possible to
determine if the observed opposite shear sense recorded by these L-tectonites is
either a product of local vorticity contrast during the flow or an expression of a
regional sinistral shearing that affect the Transversal zone (Vauchez et al., 1995).
Discontinuities played an important role during the low-temperature deformation,
especially in the northern block of PSZ. Layer contacts and transgranular fractures
developed along interphase boundaries favour fluid influx and stress concentrations
which lead to local cataclasis and reactions that generate weak phases at the
expense of “hard” phases like feldspar. This leads to the nucleation and development
of small-scale, localized shear zones along these discontinuities. These zones
promote further grain-size reduction, phase mixing and softening by reactions that
reduce the rock strength. The fact that these micro-shear zones are pervasively
distributed throughout the PSZ indicates that the medium- to low-temperature
deformation was not restrained to the southern zone of PSZ, although the expression

of this deformation in the northern block was more localized than the southern block.
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5.6 CONCLUSIONS

We study quartzo-feldspathic rocks of PSZ mylonitized under High, medium
and low-temperature conditions. Our results demonstrated that PSZ record an
inhomogeneous deformation with the strain being accommodated and localized in
increasingly thinner high strain zones as the temperature decrease. A model was
proposed, which shows as different processes acted to promote crustal weakening
during the uplifting of PSZ. The model state that:

I: After melt crystallization and under high temperatures conditions (>700°C),
biotite and geometric softening by CPO development was the main mechanisms
responsible for initial strain weakening in biotite-rich layers in relatively thick high
strain zones

[I: During deformation under medium-temperature conditions (550-480°C),
strain weakening is promoted by the formation of fine-grained recrystallized
aggregates by couple myrmekitization and solution transfer of K-feldspar
porphyroclasts and strain-driven recrystallization in plagioclase porphyroclasts. The
matrix deforms via dislocation-accommodated or fluid-assisted GBS. Further
weakening is promoted by localized shearing along shear bands and S-C surfaces.

II: In the last stages of PSZ, under low-temperature conditions (<450°C) the
main mechanisms are fracturing and dissolution-precipitation creep. Strain is
localized along micro-shear zones developed from discontinuities. These zones
promote additional weakening by further grain-size reduction, softening reactions and
phase mixing.

Our slip system analysis indicates that systems responsible for the subgrain
formation in plagioclase are notably different from those attributed to accommodate
strain by easy slip. The plagioclase porphyroclasts record the activation of (010)[100]
and (010)[001] slip systems and the fine-grained aggregates record the activation of
(011)[100], (011)[1-11], (10-1)[111] and (1-1-1)[110] easy slip systems. The K-
feldspar porphyroclasts and recrystallized grains record the activation of (010)[100]
slip systems. We also proposed that the (021)[1-12] slip system for plagioclase and
(100)[010] for K-feldspar are products of misinterpretation. The first is derived from
the proximity of the (021) planes and [1-12] directions to (011) and [1-11] axes,
respectively that lead to similar CPO patterns in pole figures. The second is derived

from an indexing problem related to the degree of triclinicity in the potassic feldspar.
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This show that the easy slip method must be used carefully and supported by other
methods like subgrain boundaries analysis or boundary trace analysis, especially if

the easy slip system was never observed in TEM analysis.
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6 CONSIDERAGOES FINAIS E RECOMENDAGOES

Os resultados apresentados neste trabalho se somam aqueles apresentados
por trabalhos préviso no que diz respeito a compreensao dos processos que levaram
a acomodacao e a localizacdo da deformacao na zona de cisalhamento Patos. As
conclusées chegadas neste estudo apontam uma deformagdo heterogénea,
dinamicante particionada e acomodada nos dominios redlogicos menos
competentes devido ao contraste de viscosidade entre as camadas dos metatexitos
na macroescala e entre as fases na microescala. Os agentes de tal enfraquecimento
variam conforme as condi¢cdes de temperatura da deformacgao, sendo filossilicatos e
a criacao de OCPs durante a deformacgao em altas temperaturas e na presencga de

material fundido (>700°C), interconeccg¢ao de filossilicatos e formag¢ao de agregados
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recristalizados finos durante deformagdes sob temperaturas medianas (450-550°C),
ocasionando uma mudanga de mecanismos insensiveis para mecanismos sensiveis
ao tamanho do grdo que acomodam grande parte da deformagdo em zonas
localizadas, e descontinuidades mecanicas na micro e na macroescala e influxo de
fluidos durante deformagdes em baixas temperaturas (<400°C).

Como consequéncia deste trabalho, também foi encontrado algumas
inconsisténcias na literatura com relagdo a alguns sistemas de deslizamentos
reportados tais como (100)[010] no feldspato alcalino e (021)[1-12] no plagioclasio.
Isto mostra que as interpretagdes obtidas pela aplicagdo da técnica EBSD em
minerais de baixa simetria ou que ocorrem como polimorfos, como o feldspato, deve
ser feita com cautela, e corroboradas com auxilio de mais de um método analitico
além do método de “orientagdo favoravel ao sistema de deslizamento” (easy slip
system) e utilizando como base os sistemas de deslizamento determinados a partir
do microscopio eletrénico de transmissdo em trabalhos prévios.

Ademais, é recomendado que os futuros trabalhos na ZCPa envolvam
estudos paleo(geo)termobarométricos dos milonitos de alta a baixa temperatura,
afim de determinar as condi¢cbes de deformacéao (temperatura, pressao e fluidos) na
qual atuaram os mecanismos de deformagao observados, e assim correlacionar com
as idades “°Ar/*°Ar previamente reportadas da literatura de modo a construir
modelos evolutivos mais robustos.

Para finalizar, a zona de cisalhamento Patos é uma estrutura fascinante e
um verdadeiro laboratério natural que expde belos afloramentos que compreendem
milonitos formados sob diversas condicbes de deformacdao e preservados do
intemperismo. Espera-se que este trabalho tenha contribuido de algum modo para o
seu entendimento e também para colaborar com o e geral sobre a acomodacéo da

deformacédo em zonas de cisalhamento.
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APENDICE 2 - SUPPLEMENTARY FIGURE S1

Figure S1 — a) Additional pole figures displaying the (021) planes and [1-12]
directions of plagioclase from the transitional mylonites LMD-01, LMD-02 and LMD-
11. b) Correspondent Inverse pole figures with the planes and directions that define
slip systems in plagioclase.

PLG PORPHYROCLAST - TRANSITIONAL MYLONITES (WESTERN DOMAIN)
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APENDICE 3 - SUPPLEMENTARY FIGURE S2

Figure S2 — EBSD data of K-feldspar porphyroclasts and the adject tail of
recrystallized K-feldspar in the sample LMD-02. (a) Mis2Mean map of the Kfs
porphyroclasts and grain orientation spread (GOS) maps of the (b) Kfs in
recrystallized tails (Area ) and (c) recrystallized grains around the Kfs porphyroclasts
(Area Il). Pole figures for Kfs grains in (d) area | and (e) area Il with respect the poles
for Kfs porphyroclast color-coded according with the Mis2Mean. f) Misorientation

angle distribution for the tail of recrystallized Kfs grains (area I).

Kfs porphyroclast Areall

Frequency (36)
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APENDICE 4 - SUPPLEMENTARY FIGURE S3

Figure S3 — Boundary trace and misorientation analysis of two plagioclase
porphyroclasts in the sample LMD-02 (A and B). a) Mis2Mean map highlighting the
high lattice distortion of Pl porphyroclasts expressed by the sweeping undulose
extinction and deformation band. (a) Boundary trace analysis and (c) misorientation
axes in crystal and specimen coordinate of Pl porphyroclast A. (e) Boundary trace
analysis and (d) misorientation axes in crystal and specimen coordinate of PI

porphyroclast B.
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APENDICE 5 - SUPPLEMENTARY FIGURE S4

Figure S4 — a) EBSD map of a Kfs porphyroclast and the adjacent strain shadow with
precipitated Kfs grains in the sample PSZ-18 indexed using both microcline (1) and
monoclinic K-feldspar (2/m). b) Pole figures for the indexed microcline and orthoclase
grains in the area correspondent to the porphyroclast. ¢c) One pole per grain pole

figures for the grains in the strain shadow.
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