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RESUMO

O Brasil é o terceiro maior produtor de grafita do mundo, ocupando o estado da Bahia, o
ranking de segundo maior produtor do pais sendo a maior parte da producéo oriunda da
Provincia Grafitica Bahia-Minas, no contexto geoldgico do Ordgeno Araguai. Além
desta, diversas regifes da Bahia registram ocorréncias de grafita, como a area de estudo
que localiza-se 350 km a norte dessa provincia e se situa no contexto tecténico do
Complexo Tanque Novo-Ipira (CTNI), Orogeno Itabuna-Salvador-Curacd, nordeste do
Craton do S&o Francisco. A area de estudo é constituida por rochas metassedimentares,
onde as rochas hospedeiras sdo xistos, marmores e granulito tendo como encaixantes
quartzitos, calcissilicaticas, marmores e formacgdes ferriferas do CTNI. As analises
petrogréaficas, com auxilio do MEV/EDS, apontam duas geracdes de grafita: a primeira é
associada ao processo de grafitizacdo gerada pelo metamorfismo, sendo classificada
como singenética apresentando flakes com trés associagdes distintas relacionados ao
metamorfismo progressivo de facies xisto verde, anfibolito e granulito; J& a segunda
geracdo, epigenética, € atribuida ao retrometamorfismo com percolacdo de fluidos
hidrotermais atribuidos ao facies xisto-verde com deposicdo de grafita em vénulas ou
como resultado de reacdes de carbonatacdo. Os corpos grafitosos apresentam um alto
Teor de Carbono Grafitico (TCG), analisados por infravermelho em LECO, variando de
8,70% a 15,98% e ocorrem em dois grupos distintos: aluminoso (paragnaisse e xisto) e
carbonético (méarmore). A litogeoquimica indica protélitos sedimentares com assinaturas
influenciadas por aporte detritico em um paleoambiente marinho, com alteracdes
diagenéticas, mas que ndo foram suficientes para alterar as anomalias de Ce/Ce* (0,64 a
1,49) e U/Th (0,04 a 1,30) que sugerem um paleoambiente predominantemente 6xico.
Nas hospedeiras o Cg é correlaciondvel com as razes P/Ti, Ba/Ti, Ni e Cu 0 que sugere
a deposicdo da matéria organica em um momento de alta paleoprodutividade organica.
Essa configuracdo deposicional pode indicar que a deposi¢do da matéria orgénica que
originou a grafita resulte do aumento da paleoprodutividade gerada ap6s o evento GOE
(Grande Evento de Oxigenacdo), que culminou no primeiro grande evento fosfogenético
do registro geologico. Essa dissertacdo representa uma primeira caracterizacao para as

mineralizacOes de grafita do CTNI.

Palavras-chave: Mineralizacdo de Grafita, Carbono grafitico, Paleoprodutividade,
Paleoproterozoico



ABSTRACT

Brazil is the third biggest producer of graphite worldwide, with the state of Bahia being
the second largest producer in the country, as most of the production comes from the
Graphite Province of Bahia-Minas. The study area is situated at 350 km to the north of
this producing region, in the Tanque Novo-Ipira Complex, Itabuna-Salvador-Curacgé
Orogen, Séo Francisco Craton. The area is comprised of host rocks with occurrences of
graphite such as schists, marbles, and granulites as well as country rocks characterized by
quartzites, calc-silicate rocks, marbles, and iron formations. The petrographic analysis
supported by MEV/EDS indicates two generations of graphite: the first one, connected to
the graphitization process generated by metamorphism (syngenetic), exhibit flakes with
three distinct associations related to the greenschist, amphibolite, and granulite facies in
which the host rocks were subjected; and the second generation, is related to the
percolation of hydrothermal fluids (epigenetic) due to retrograde metamorphism in the
greenschist facies that promoted the deposition of graphite in venules or as a result of
carbonation. The graphite bodies show a high total graphitic carbon (TGC), analyzed by
LECO infrared, ranging from 8.70 to 15.98wt% and they occur in two distinct lithologies:
aluminous and carbonate. The geochemical characteristics of the host and country rocks
indicate sedimentary protoliths with signatures influenced by diagenetic alterations and
detrital input in a marine paleoenvironment. However, they were not sufficient to change
the anomalies of Ce/Ce* (0.64 to 1.49) that alongside the ratios of U/Th (0.04 to 1.30)
suggest a paleoenvironment dominantly oxic. The analyzes of TGC with P/Ti, Ba/Ti, Ni
and Cu show correlations that suggest the deposition of organic matter in a context of
high organic paleo productivity. This depositional setting combining with the phosphorus
anomalies in the country rocks, deposited during the Paleoproterozoic in an oxic
paleoenvironment, suggest that the deposition of organic matter that originates the
graphite might be related to the increase in paleo productivity generated following the
Great Oxygenation Event (GOE), which culminated in the first major phosphogenesis

event in the geological record

Keywords: Graphite, total graphitic carbon, paleo productivity, Paleoproterozoic.
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CAPITULO 1 - INTRODUGCAO GERAL

O termo grafita deriva da palavra grega graphein (escrever) e descreve um mineral
caracterizado por baixa dureza e peso especifico, é altamente refratario, com ponto de
fusdo acima de 3600 °C, é inerte quimicamente tendo resisténcia a corrosao, um excelente
lubrificante e apresenta a maior condutividade térmica e elétrica dos ndo-metais (Pierson,
1993; Klein & Dutrow, 2012).

Os atomos de carbono na grafita estdo organizados em anéis de 6 membros nos
quais cada &tomo de carbono tem trés vizinhos préximos ordenados no sistema hexagonal.
O conjunto desses anéis ordenados forma laminas conhecidas como grafeno, que, por sua
vez, estdo empilhadas no sentido paralelo ao eixo cristalografico “c”. Existem dois tipos
de arranjos espaciais para o empilhamento das camadas de grafeno possiveis: a sequéncia
ABABAB... que caracteriza a estrutura hexagonal da grafita, mais frequente, e a
sequéncia ABCABC... que forma a estrutura romboédrica (Klein & Dutrow, 2012;
Kwiecinskaa & Petersen, 2004; Figura 1). A estrutura da grafita aqui descrita representa
um modelo ideal, contudo, na natureza encontrar tal estrutura bem cristalizado é possivel
apenas em poucos ambientes geoldgicos. Outros nomes para designar materiais
intermediarios entre a matéria carbonosa e o mineral grafita completamente ordenado,
sdo semi-grafita (Kwiecinskaa & Petersen, 2004) e carbono grafitico (Busseck &
Beyssac, 2014).

A formacdo do mineral grafita esta intimamente relacionada ao ciclo do carbono,
sendo a maior parte desse mineral gerada pela concentracdo de biomassa em sedimentos
e posterior metamorfismo destes, processo denominado de grafitizacdo (Beyssac &
Rumble, 2014). A grafitizacdo consiste na polimerizagdo e rearranjo estrutural de
conjuntos aromaticos para a sequéncia termodinamicamente estavel da grafita, o
empilhamento ABAB... (Beyssac & Rumble, 2014). Outras reac¢des para a formacédo da
grafita também sdo descritas na literatura como: emanacgdes gasosas, descarbonatacao,
liberacdo de CO2 em processos de silicificacdo, dissociacdo do metano e precipitacdo a
partir de fluidos contento C-O-H (Clark, 1921; French & Rosenberg, 1965; Salotti et al.
1971; Ridge, 1976; Kwiecinska & Petersen, 2004).
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L. Isometric view

Outline of
unity cell

Figura 1: llustracdo do cristal hexagonal de grafita e os parametros da célula unitéria (a e
c). La: Diametro médio de empilhamento; Lc: Altura do Empilhamento; doz): Distancia
interplanar. (Fonte: Kwiecinskaa & Petersen, 2004)

As ocorréncias de grafita analisadas nesse trabalho localizam-se no nordeste do
Brasil, estado da Bahia, e do ponto de vista geolégico no Complexo Tanque-Novo-Ipira
(CTNI), unidade metavulcano sedimentar representante de uma bacia polifasica de idade
paleoproterozdica-neoarqueana integrante do Orogeno Salvador-Curaca, Craton do S&o
Francisco (CSF; Kosin et al. 1993; Ribeiro, 2017). Esse complexo exibe a presenca de
um conjunto litolégico e ocorréncias de grafita, fosfato, marmores e quartzitos
semelhantes ao encontrado em séries khondaliticas como Kalahandi, India (Walker,
1902); Orissa, India (Dash et al. 1987; Bhattacharya, 2012); Craton do Norte da China
(Wang et al. 2011; Liu et al. 2016; Zhong et al. 2019); e Rio de Janeiro, Brasil (Pereira &
Guimarées, 2012). A presenca de importantes deposito de grafita nesses complexos
khondaliticos (Ji et al. 1994), principalmente na China e india, apontam para um elevado
potencial metalogenetico do CTNI.

Na Figura 2, pode-se observar as principais ocorréncias de grafita mapeadas pelo
Servigo Geologico do Brasil (CPRM) e notar que a area de estudo situa-se a norte da
Provincia Grafitica Bahia-Minas (Pedrosa-Soares et al. 1999; Belem, 2006; Daconti,
2004). Essa provincia localiza-se no contexto do Ordgeno Araguai, faixa Neoproterozdica
que limita a borda sudeste do CSF, registrando 3 minas distrivuidas nas cidades: de

Maiquinique, Pedra Azul e Salto da Divisa além de 1 deposito bem delimitado nas cidades
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de Itabela/Eunapolis. A quarta mina brasileira ocorre no sul do CSF, na cidade de
Itapecerica, em rochas arqueanas-paleoproterozoicas (Teixeira et al. 2017).

Esse estudo representa uma primeira caracterizagdo das mineralizagdes de grafita
no CTNI tendo como foco a descricdo das rochas hospedeiras e encaixantes da
mineralizacéo, grau de oxigenacdo e condi¢cdes paleoambientais, descri¢cdo dos processos
metalogenéticos formadores dos depdsitos de grafita, sua relagdo com ocorréncias de
fosfato e consequentes implicacdes em relagcdo ao Grande Evento de Oxigenacdo (GOE).

g
BRASILIA

.

Legend
@ Graphite occurrence
: : @& Graphite Mines
y o J - % T 1Y, Bahia-Minas Graphite Province
w > o X £ ‘J‘ @/ @ Sao Francisco Craton

T > 4 £ R ;l h Il Precambrian metasediments

- ; Study area
- km { * Capital city

Figura 2: Mapa de localizacdo da area de estudo em relacdo a Provincia grafitica Bahia-
Minas.

A grafita é, atualmente, considerada no mundo um mineral estratégico. Isso se
deve, principalmente, as suas caracteristicas fisico-quimicas que a torna versatil
possuindo diversos usos. Tem-se observado um constante aumento no preco dessa
commodity, devido a fatores como: as regulacbes ambientais na China levando ao
fechamento de algumas minas; e ao aumento na demanda da industria de tecnologia a
exemplo da aplicagdo de grafita como anodo nas baterias de litio utilizadas em veiculos
elétricos, sendo esperado um aumento de 10 vezes esta demanda até o ano de 2025
(Scherba et al. 2018: Jara et al. 2019). Noticias sobre as inovagdes tecnoldgicas advindas

da descoberta do grafeno e do aumento da demanda de oxido de grafeno (GO) tem gerado
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especulacdes no mercado e produz, um consequente aumento no prec¢o da grafita (Heider,
2017; Boggild, 2018; Siow, 2017).

O minério de grafita é classificado em trés tipos de depositos: veio (também
conhecido como lump ou chip), amorfo (grafita microcristalina) e flake. Estima-se,
atualmente, que a producédo global média de grafita natural seja da ordem de 1.2Mt por
ano. Destes 600 — 800k sejam de grafita flake, 300kt de grafita amorfa e 4kt de grafita em
veio (Scogings, 2019). Os principais usos sdo refratarios (28%), baterias (18%), cadinhos
(17%), lubrificantes (10%), aditivo de carbono (5%) e outros (22%; Scherba et al. 2018).
Os maiores produtores mundiais de grafita sdo: China (66%), sequida por india (14%) e
pelo Brasil (7%; Keeling, 2017). Apesar da producéo de grafita natural a grafita sintética
representa cerca de 90% do mercado que foi estimado em 14 bilhGes de doélares no pico
da demanda em 2012, tendo uma producdo de cerca de 1.5Mt por ano, sendo os principais
produtores China e Estados Unidos (Jara et al. 2019; Keeling, 2017).

Comercialmente a grafita natural é classificada de acordo com dois principais
fatores: (1) tamanho do flake variando de muito fino ou amorfo (<0,075 mm ou -200
mesh), fino (0,075 — 0,15 mm ou 100 — 200 mesh), medio (0,15 — 0,3 mm ou 80 — 100
mesh), coarse large (0,18 — 0,3 ou 48 — 80 mesh), coarse jumbo (>0,3 mm ou +48 mesh);
e (2) total graphite content — TGC (%) que varia de classes de 88 — 93%, 94 -95% e 95 —
97%. Especificidades técnicas para uso também influenciam no preco do minério, a
exemplo: contetdo volatil, umidade, densidade total, cristalinidade, area superficial
especifica, impurezas, temperatura pico de oxidacao e volume de expansdo (Scogings,
2019; Jara et al. 2019; Keeling, 2017).

Essa dissertacéo foi gerada no formato artigo, apresentando uma breve introducao
sobre o tema de pesquisa, o artigo submetido na Brazilian Journal of Geology. A revista
proposta atende aos requisitos estabelecidos pelo Programa de POs-Graduacdo em
Geologia - PPGEO. No ANEXO A, encontram-se as regras de formatacdo de submissédo

da revista. O apéndice A estdo justificados os motivos pela presenca dos coautores.
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Abstract

Brazil is the third biggest producer of graphite worldwide, with the state of Bahia being
the second largest producer in the country, as most of the production comes from the
Graphite Province of Bahia-Minas. The study area is situated at 350 km to the north of
this producing region, in the Tanque Novo-Ipira Complex, Itabuna-Salvador-Curaca
Orogen, S&o Francisco Craton. The area is comprised of host rocks with occurrences of
graphite such as schists, marbles, and granulites as well as country rocks characterized by
quartzites, calc-silicate rocks, marbles, and iron formations. The petrographic analysis
supported by MEV/EDS indicates two generations of graphite: the first one, connected to
the graphitization process generated by metamorphism (syngenetic), exhibit flakes with
three distinct associations related to the greenschist, amphibolite, and granulite facies in
which the host rocks were subjected; and the second generation, is related to the

percolation of hydrothermal fluids (epigenetic) due to retrograde metamorphism in the
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greenschist facies that promoted the deposition of graphite in venules or as a result of
carbonation. The graphite bodies show a high total graphitic carbon (TGC), analyzed by
LECO infrared, ranging from 8.70 to 15.98wt% and they occur in two distinct lithologies:
aluminous and carbonate. The geochemical characteristics of the host and country rocks
indicate sedimentary protoliths with signatures influenced by diagenetic alterations and
detrital input in a marine paleoenvironment. However, they were not sufficient to change
the anomalies of Ce/Ce* (0.64 to 1.49) that alongside the ratios of U/Th (0.04 to 1.30)
suggest a paleoenvironment dominantly oxic. The analyzes of TGC with P/Ti, Ba/Ti, Ni
and Cu show correlations that suggest the deposition of organic matter in a context of
high organic paleo productivity. This depositional setting combining with the phosphorus
anomalies in the country rocks, deposited during the Paleoproterozoic in an oxic
paleoenvironment, suggest that the deposition of organic matter that originates the
graphite might be related to the increase in paleo productivity generated following the
Great Oxygenation Event (GOE), which culminated in the first major phosphogenesis

event in the geological record.

Keywords: Graphite, total graphitic carbon, paleo productivity, Paleoproterozoic

1. INTRODUCTION

Graphite is a mineral characterized by its low hardness and density; it’s highly
refractory with a melting point over 3600°C, chemically inert, an excellent lubricant and
it has the highest thermal and electric conductivity of non-metals. (Pierson 1993; Klein
and Dutrow 2012; Jara et al. 2019).

Graphite ore is commercially classified into three types of deposits: vein (lump or
chip), amorphous (microcrystalline graphite) and flake, with the world's largest producers
being China, Brazil and India (Scherba et al. 2018). Average natural graphite production
is estimated to be in the order of 1.0 to 1.2Mt per year, of this 600-800kt of flake graphite,
300kt of amorphous graphite and 4kt of vein graphite (Scogings 2019). Despite this
natural graphite production, synthetic graphite accounts for about 90% of the market
(Keeling 2017). A rapid increase in the price of the ore has been observed due to market
speculation about graphene, but the main factors are: environmental regulations in China
that have led to the closure of some mines and the increase in demand for graphite as
anode in lithium batteries used in electric vehicles (Jara et al. 2019).
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The state of Bahia, Brazil presents several graphite occurrences mapped by the
Geological Service of Brazil (CPRM), with the Bahia-Minas Graphite Province being the
largest graphite producing pole in Brazil (Pedrosa-Soares et al. 1999; Belem 2006). This
province is located in the context of the Araguai Orogen, a Neoproterozoic belt that limits
the southeastern edge of the Sdo Francisco Craton (CSF), registering three mines in the
towns of Maiquinique, Pedra Azul and Salto da Divisa. The fourth Brazilian mine is
Paleoproterozoic and occurs in the southern CSF in the town of Itapecerica, correlated
with deposits from the northern China Craton by Teixeira et al. (2017).

The occurrences analyzed in this work belong to the Tanque-Novo-Ipira Complex
(CTNI) and are located north of the graphitic Bahia-Minas Province (Figure 1). CTNI is
a metavulcanosedimentary unit representative of a Paleoproterozoic basin integral of the
Itabuna-Salvador-Curagd Orogen, CSF (Kosin et al. 2003), which exhibits lithological
association, graphite and phosphate mineralizations similar to those found in Kalahandi
khondalite series, India (Walker 1902); Eastern Gates, Orissa, India (Dash et al, 1987,
Bhattacharya et al. 2012); North China Craton (Ji et al. 1994; Zhong et al. 2019);
Paraguayan Belt (Manoel and Leite 2018); and Ribeira Belt, Brazil (Pereira et al. 2016).
The similarity of the CTNI to the khondalite complexes point to a high metallogenetic
potential for graphite and phosphate.

This study represents a first characterization of the graphite mineralization at
CTNI focusing on the description of the host and surrounding rocks of the mineralization.
This characterization encompassed topics of basic geology, petrography and evaluation
of the metamorphic grade of two CTNI graphite occurrences located at Morrinhos Farm
and Serra do Camiséo, which differ mainly in the degree of deformation and
recrystallization. The geochemical characterization with interpretation of the degree of
oxygenation and paleoenvironmental conditions was concentrated only on the
occurrences of Morrinhos Farm due to the preservation of the primary signature. Finally,
an initial genetic model was generated with the description of the metallogenetic
processes forming the graphite deposit and its relationship with the phosphate
occurrences of the bedrock, generating implications with the Great Oxygenation Event
(GOE).
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Figure 1: Location map of the study area in relation to the Bahia-Minas Graphitic Province. Source: Vector
files, GeoSGB 2021.

2. REGIONAL GEOLOGICAL SETTING

The Séo Francisco Craton (CSF) corresponds to the crustal segment composed of
Archean rocks and stabilized at the end of the Paleoproterozoic, Riacian-Orosirian
periods, being limited by the orogenesis of the Brasiliano Cycle, between the
Neoproterozoic and Cambrian (Almeida 1977; Alkmim et al. 1993). In the CSF
stabilization event, the Gavido, Serrinha, Jequié and Itabuna-Salvador-Curaca blocks
collided, giving origin to the Itabuna-Salvador-Curaca Orogen (OISC), an event that
resulted in the emplacement of synchronic to post-tectonic granitoids and intrusion of
mafic-ultramafic rocks (Barbosa and Sabaté 2004).

The northern region of the OISC, where the occurrences that are the object of this
study are located (Figure 2A and 2B), is formed by three main lithostratigraphic units: (i)
the Caraiba Complex, (ii) the Sdo José do Jacuipe Suite (SSJJ), (iii) Tanque Novo-Ipira
Complex (CTNI), in addition to numerous Paleoproterozoic granitoid intrusions.

The CTNI represents the metavolcanosedimentary sequence and it is subdivided
into 6 informal units by Kosin (1993), being composed mainly of quartzites, calcsilicate

rocks, marbles, paragnaisses and graphite rocks. The U-Pb age obtained in detrital zircon



20

for the CTNI rocks indicate that this assemblage formed at least 2,128 Ma (Ribeiro et al.
2021).

This work focused on two occurrences of graphite at TNIC, the first located at
Morrinhos Farm and the second at Serra do Camisao, this second is a region with greater

interaction with granites and is known to have blue apatite mines (Figure 2C).
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Figure 2: Geological setting and location of the study area. A. S&o Francisco Craton (SFC). B. Salvador-
Curacé Orogen member of the SFC, northeast of Brazil. C. Study area located in the Tanque Novo-Ipira
Complex, polygon A — the Morrinhos Farm, and B — the Serra do Camiséo. Source: Vector files, GeoSGB
2021.
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3. METHODOLOGY

3.1 Lithogeochemistry

The samples for the geochemical studies were prepared and analyzed in the SGS-
Geosol laboratory. In total, 26 samples were analyzed: 13 graphite rocks, 5 calc-silicate
rocks, 5 marbles, and 3 iron formation rocks. The analytical procedure involved particle
size reduction of the samples by crushing 250g of rock.

The biggest elements (SiO2, Ti20, Al203, MgO, Fe203t, MnO, Ca0O, Na20,
K20, P205, and BaO) were measured using the technique of X-Ray fluorescence (FRX)
by wavelength dispersion (WD). In this analysis, 0.5g of the samples were fully digested
by fusion with lithium tetraborate at 1000°C, creating the molten pearl. The analysis was
performed on a WD-FRX, Axios FAST Model, obtaining results with a natural basis.

Trace elements (Rb, Ga, Zr, Sr, Cr, Ni, Co, and Y) and rare earth elements (REES)
were determined through digestion complete by fusion in a muffle at 950°C with lithium
metaborate (LiBO2) and dissolved by acid solution with nitric acid and tartaric acid
(HNO3 and C4H606). The trace elements were read by Inductively Coupled Plasma -
Optical Emission Spectrometry (ICP-OES), model Optima 7300DV. That acid solution
was also used to quantify rare earth elements that were read on a Nex lon 300X model
Mass Spectrometer (ICP-MS). ETR and Y (ETRY) concentrations were normalized using
the average composition of the Post-Archean Australian Shale (PAAS) obtained by
McLennan (1989);

Total Graphitic Carbon (TGC) and S analysis was preceded by a resistive
combustion furnace, with oxygen gas, at a variable temperature of 2500°C to 3000°C, and
infrared reading in LECO®. The values of C over 15% were reanalyzed with the prepared
samples by acid digestion (HCI) and calcination in a muffle, and the carbon graphite was
re-examined in LECO®.

3.2 Petrography and Scanning Electron Microscopy with Energy Dispersive
Spectroscopy (SEM-EDS)

This analysis occurred in the Laboratory of Microanalysis of the Multiuser
Geosciences Laboratory Complex at the Federal University of Sergipe (CLGeo-UFS).
The Tescan Vega LMU3 scanning electron microscope (SEM) has attached secondary
electron, backscattered electron, cathodoluminescence, and Energy Dispersive

Spectroscopy (EDS) detectors from Oxford Instruments, model x-act.
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The AZtecEnergy software was employed for automatic data acquisition,
operating in the Quant subroutine. The energy spectra obtained was analyzed individually
in order to eliminate the presence of false peaks, energy interference, and overlapping
peaks. Moreover, the ZAF correction was used in the treatment of the chemical data. The
EDS of the CLGeo is calibrated with copper’s energy and the reliability degree of the
analysis is evaluated based on the analysis of Astimex® international standards for
silicates and oxides.

For SEM analysis, the thin-polished blades studied received a thin layer of carbon
in order to optimize the readings. The analytical conditions in this study involved a
voltage of 15kV and a current intensity ranging between 15 and 17nA, producing an
electron beam with a diameter of 430nm. The average counting time was 60 seconds and
the relative error was under 2% for most elements with oxide content greater than 10%
by weight. Elements with concentrations below 5% exhibit an error from 4 to 19% and

the detection limit of the spectrometer is 0.1% wt.

4. GEOLOGICAL CHARACTERIZATION OF GRAPHITE OCCURRENCES

The graphite bodies occur distributed among the Archean-Paleoproterozoic
metavolcano-sedimentary rocks of the Tanque Novo-Ipird Complex, mainly amid the
counties of Ipird and Pintadas. These bodies are elongated for about 4 km and have an
apparent thickness varying from 60 to 5 meters, with an average of 20 meters. They follow
the regional NNW foliation pattern, have a subvertical dip, and arise among the calc-
silicate rocks (Figure 3A), marbles, quartzites and tremolites, interposed with lenses of
paragnaisses (Figure 3B), iron formations, and chert. This lithological set is intruded by
synchronic to late-tectonic granitoid bodies that exhibit pegmatite levels, milonitization
features, augen-like structures and have generated metasedimentary alterations in the
metasedimentary rocks.

The hosts of graphite occurrences are represented by schist (Figures 3C and 3D),
marbles (Figure 3E) and gneiss (Figures 3F and 3G). These rocks occur folded, stretched
generating the milonites or as lenses in granitoids (Figure 3H). Visually, graphite flakes
vary according to the lithologies in which they are hosted, with the largest flakes being
registered in the gneisses. The main alteration observed in these rocks is the formation of

a ferruginous layer due to the oxidation of the material (Figure 3I).
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Figure 3: A. Calcissilicate outcrop showing the fold flank, close to the eroded hinge. B. Paragneisse sample.
C. Fold in graphite schist, hammer is found in the hinge zone. D. Graphite schist with well-marked foliation.
E. Graphite marble with carbonate venule cutting foliation. F. Sample of graphite gneiss. G. Graphite gneiss
sample exhibiting large graphite flakes. H. Graphite lens between foliated granitoid. I. oxidized layer on

graphite-shale.

4.1 Morrinhos Farm

At the Morrinhos Farm, the lithologies that host the mineralization correspond
to graphite schist, graphite marble, and graphite ferruginous schist. The country rocks are
comprised of olivine marble, quartzites, calc-silicate rocks, tremolitites, and diopsidites,
being all intruded by granitoids (Figures 4A and 4B). The gradation between quartzites
and calc-silicate rocks is subtle, and they are shown as a single unit in the map and cross
section, whereas tremolites and diopsidites display halo alterations as a result of their
interaction with granitic fluids from veins and granitoid bodies. Furthermore, occurrences
of hydrothermal blue apatite in calciosilicates are also recorded.

The graphite flakes in the host lithologies present dimensions varying from 0.1 to
0.3 cm and in some outcrops it is possible to observe the formation of a ferruginous layer.
Locally, graphite milonites generated from these lithologies are observed, with a
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noticeable increase in the graphite content, but due to the milonitization process there is

a recrystallization of the flakes.
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Figure 4: A. Geologic map of the Morrinhos Farm. B. Cross section A-B showing graphite levels,
their country rocks, and phosphate ocurrences. Fonte: Author.

4.2 Serra do Camisdo

Serra do Camisdo is a region known for being home to several hydrothermal
apatite mines originating from the interaction of metasedimentary rocks and granitoids.
The graphite mineralization appears in the form of folded metasedimentary strata with an
apparent thickness of 20 meters. The graphite mineralization occurs in the form of folded
metasedimentary strata with an apparent uniform thickness of 20 meters. The host
lithology of the graphite mineralization is represented by a graphitic gneiss and the
underlying ones are marbles, calcsilicates and quartzites (Figures 5A and 5B). There are

also protomilonites originating from these graphite bodies and graphite lenses about 5 to
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20 cm thick embedded in foliated granitoids. In this location, the granitoid presents a
strong influence, exhibiting levels of pegmatites that print a contact metamorphism on

those metasedimentary rocks as well as metasomatism.

Legend .
Geological features
- Syenite o
— ——- Foliation - Sn
E¥¥] Syenogranite
Bl Skamn 7 / Reverse shear zone
I marble O®  Sinistral shear zone

- Graphite schist/ Gneiss schist
:l Quartzite and calc-silicate

Basement

Serra do Camisao - Cross Section B-A

EH: 1:10.000
EV: 1:2.000

\

0 100 200 300 400 500 600 700 800 900 1000

Figure 5: A. Geologic map of Serra do Camisdo. Adapted from Melo et al. (1991). B. Cross section A-B

showing graphite levels, their country rocks. Fonte: Author.

5. PETROLOGICAL ASPECTS OF MINERALIZATION HOST ROCKS

At the Morrinhos Farm, the host rocks of the graphite mineralization were named
schists and graphite marbles, being petrographically classified as graphite-cordierite-
actinolite schist, graphite-goethite-carbonate schist, hematite-graphite schist, graphite-
cordierite marble, and serpentine-graphite marble. In the Serra do Camisdo occurrence
the graphite host rocks, more homogeneous, have been described only as graphite-
chordierite granulite (Figures 6A, 6B and 6C).

The graphite schists are characterized by the orientation of graphite, biotite and
muscovite with the development of a lepidoblastic and sheaf-like texture, gradating to
granoblastic in places where there was a more intense recrystallization. Furthermore, it is
observed two main trends in prismatic minerals (Figures 6A, 6B e 6C). The graphite has
106 to 3000um of length, 50 to 600um of thickness, and a modal estimation between 8
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and 20%, being the minerals: quartz (40 to 50%); cordierite (5 to 15%), which is partially
to completely pinitized in some places; muscovite (5 to 10%); biotite (2 to 10%);
hornblende (2 to 8%); chlorite (2 to 6 %); diopside (2 to 5%); carbonates (0 to 5%);
feldspar (0 a 4%); rutile (< 1%); titanite (< 1%); pyrite (< 1%); chalcopyrite (< 1%);
baryte (< 1%); and apatite (< 1%). The supergenic minerals are comprised of iron oxide-
hydroxide (1 to 12%); aluminous minerals of phosphate (< 1%); and clay minerals of the
group of smectite (1 to 5%).

The graphite marbles from Morrinhos Farm exhibit massive to banded structures
generated by the carbonates (Figures 6D, 6E e 6F). It has granoblastic texture displaying
an incipient orientation, mainly from the graphite. The graphite contains granulometry
between 50 and 1000um, thickness varying from 20 to 600pum, and volume ranging from
7 to 25%. These large graphite flakes sometimes appear to be eroded by carbonate
concordantly and also perpendicular to the foliation. These rocks correspond to diopsite-
marble, where calcite/dolomite are predominant: calcite/dolomite (45 to 75%); diopside
(15 to 22%); olivine (2 to 4%); garnet (1 to 3%); serpentine (2 to 20%);
actinolite/tremolite (2 to 5%); hornblende (1 to 4%); epidote (1 to 5%); clay minerals (1
to 5%); muscovite (1 to 3%); and talc (1 to 3%). The accessory phases are: biotite (0 to
2%); goethite (0 to 2%); aluminous minerals of phosphate (< 2%); titanite (< 1%);
sillimanite (< 1%); pyrite (< 1%); baryte (< 1%); chalcopyrite (< 1%); and galena (< 1%).

At Serra do Camisdo the dominant lithology is graphite-cordierite gneiss
presenting granoblastic, locally nematoblastic, porphyroblastic and sheaf textures
generated by graphite and cordierite minerals (Figure 6G, 6H and 61). In these gneisses
the graphite crystals form large flakes with grain sizes in the range 106 to 7000 pm,
thickness 20 to 2000 pm and volume varies from 15 to 25%, and occur in association
with the minerals: quartz (40 to 55%); cordierite partially altered to pinite (8 to 12%);
feldspar (5 to 10%); biotite (2 to 8%); epidote (2 to 6%); muscovite (2 to 5%); hypersthene
(2 to 5%); hornblende (1 to 4%); chlorite (2 to 4%); hematite/goethite (1 to 4%); clay
minerals (3 to 5%). And as the accessory phases are: pyrite (< 1%); chalcopyrite (< 1%);
baryte (< 1%); titanite (< 1%); rutile (< 1%); apatite (< 1%); and phosphate (< 1%).
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Figura 6: A. Pinitized cordierite porphyroblasts and flakes to large flakes (150-300 pm) of folded Gr. B.
Flakes to large flakes of Gr in shale. C. Gr flakes with presence of Sme between the Gr sheets. D. Rounded
Gr flakes in graphite marble E. Graphite marble with Fe enrichment F. Polished section exhibiting Cal
between Gr sheets G. Graphite gneiss exhibiting large to super-jumbo flakes of Gr intergrown with pinitized
cordierite H. Subidioblastic to xenoblastic large to jumbo flakes of Gr. I. Super-jumbo flake of idioblastic
Gr in polished section. Calcite (Cal), cordierite (Cdr), goethite (Gth), graphite (Gr), pinite (pin), plagioclase
(PI), quartz (Qz), smectite (Sme) (Whitney and Evans, 2010).

The analyzed samples can be grouped into four metamorphic facies based on

paragenesis and their corresponding metamorphic microtextures.

1. Granulite Facies

In the metapelites, the mineral assemblage in the granulite facies is characterized
by Cpx (Hy), Grt, Cdr, Bt, Pl and Qz. The Cdr, Cpx (Hy) is a marker of the granulite
facies and when associated with Grt it suggests high pressures.. In this association, fibrous
inclusions of Sil in Pl and Cdr occurs.

In the granulite facies is attributed the crystallization of flakes (106-150 um) to
super-jumbo flakes (>500 um) mainly in the graphite-chordierite granulite presenting
idioblastics with tabular habits, straight edges, smooth textures, few inclusions and when
it occurs is observed mainly among the lamellae: cordierite, quartz, plagioclase and in a

secondary way micas and pyrite (Figures 7A and 8A). Graphite-associated pyrite occurs
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in three distinct microtextures: the first as microcrystals and rounded shapes (<2.5 pum;
Figure 7B). The second is characterized by straight edges and well-defined contacts (5 to
50 um). The third occurs in aggregates with barite (<100 pum; Figure 7C).

2. Amphibolite Facies

In the graphite schist samples it is possible to notice the crystallization of
hornblende on the edges of the pyroxenes that marks the amphibolite facies. While in the
graphite marbles the diopside marks the upper limit of the amphibolite facies, actinolite
and tremolite are minerals that indicate the lower amphibolite facies and are well marked
on the edges of the diopside and hornblende crystals.

The flakes of graphite, attributed to the amphibolite facies, are observed mainly
in schist rocks, marbles, and secondarily in the graphite-cordierite granulite. They form
flakes (106-150um) to jumbo flakes (300-500um), both idioblastics, and also
microcrystals (> 50um) to jumbo flakes of subidioblastic graphite showing tabular habits,
ragged to rounded edges, and smooth to botryoidal textures. Moreover, they present
inclusions consisting mostly of micas, quartz, hornblende, actinolite/tremolite,
carbonates, and secondary minerals corresponding to iron oxide-hydroxide and pyrite
(Figures 7D and 8B).

3. Greenschist Facies

In the graphitic schists the index minerals of the green schist facies are muscovite,
epidote, serpentine and chlorite. Whereas in the carbonate rocks those are serpentine, talc,
calcite, dolomite, and quartz, originating mesh and curtain textures during the process of
olivine’s alteration.

It is also attributed to these facies the formation of microcrystals of graphite with
rounded idioblastic to xenoblastic textures (<40um), smooth to botryoidal textures, and
inclusions of mica, Fe-rich carbonates, or siderite (Figure 7E). Graphite also occurs
associated with veins and venules containing quartz, muscovite, calcite, barite, apatite,
and sulfides with Au (Figures 7F and 7G).

4. Supergene alterations
The presence of clay minerals, primarily from the smectite and kaolinite groups,
represents supergene alterations and/or low-temperature fluids, stimulating the oxidation

and hydration of cordierite, besides the alteration of micas and serpentines. This
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weathering alteration is well preserved nearby the regions with small graphite crystals or
at the edges of the larger crystals (Figure 7H). It is also noticeable the formation of Fe
oxides and/or hydroxides from sulfides and the production of secondary carbonates and

phosphates (Figure 71).

Sme+Sd
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Figure 7: Electronic images obtained with a backscattering electron detector (BSE): A. Flakes to super-
jumbo flakes of tabular graphite (Gr) with straight edges in granulite. B. Gr associated in granulite facies,
note pyrite microcrystals and oxidized patterns of infilled framboids. C. Flakes to super-jumbo flakes of
Gr with tabular, ragged, rounded edges and aggregates of barite and pyrite. D. Tabular Gr flakes with
straight edges associated with amphibolite facies. E. Framboidal pyrite reliquites of filler or polybranched
near microcrystals of Gr associated with shale-greenstone facies and metamorphic pyrites. F. Venules
containing Brt, Gr and Cal; EDS element map showing: G. Venules containing impure Gr and Cal
containing Mg and Fe concordant and transverse to foliation H. Microcrystals to Gr flakes with tabular
and rounded edges near Sme and Sd. 1. super-jumbo flakes of Gr in contact with secondary phosphate
mineral (P). Barite (Brt), biotite (Bt), orthoclase (Or), pyrite (Py), and siderite (Sd) (Whitney and Evans
2010).
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Figure 8. Diagram relating cps/eV (count per second by electron volts) versus keV (kilo electron volt) of
minerals from the rocks studied. The images were obtained with a backscattered electron detector (BSE).
The compositions of the minerals are presented (A) in percent cations and (B) percent by weight in oxides.
The analytical error is indicated in the determinations and correspond to 1 sigma.

5.2 Lithogeochemistry

The results obtained for the biggest elements in the host rocks indicate two groups:
aluminous, which correspond to graphitic schists and gneisses; and carbonatic, which
correspond to graphitic marbles. SiO> varies from 53.71 to 72.83% in the aluminous host
rocks and 7.41 to 33.23% in the carbonatic host rocks, while CaO + MgO varies from
0.39 to 10.28% and 40.01 to 73.27%, respectively. The values in the aluminous and
carbonatic hosts vary: TiO, (0.81 to 1.63%; and 0.28 to 1.03%), Na>O (<0.1 to 1.19%;
and <0.01 to 0.26) and K20 (0.15 to 2.21%; and 0.07 to 1.19%), respectively, showing
low values in both host rock groups. Al>Osz varies from 6.36 to 12.66% and Fe>O3 from
0.92 to 25.79% in the aluminous host rocks, while in the carbonatic host rocks Al.O3
varies from 1.37 to 8.59% and Fe,Ogz varies from 0.32 to 2.34%. It is possible to observe
in the aluminous host rocks that the S values vary from 0.02 to 0.16%, while in the
carbonatic host rocks they vary from 0.02 to 0.26 %. High levels of graphitic carbon
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occur, varying from 8.60% to 14.82% in the aluminous hosts and 10.77 to 15.98% in the
carbonatic hosts.

Regarding the trace elements, Ni showed low values in the aluminous host rocks
of 8.0 to 83.0ppm and in the carbonatic host rocks of <5.0 to 38.0ppm, while in the group
of country rocks formed by calcisilicatics, marble and the iron formation there is a greater
variation from <5.0 to 301.0 ppm. Furthermore, the content of Co is low in both host
rocks, ranging from 1.0 to 12.4ppm in the aluminous group and from 0.9 to 18.4ppm in
the carbonate group, whereas in the country rocks the content of Co ranges from 1.5 to
66ppm. Finally, the values of Cu in the aluminous host rocks fluctuate between 35.0 and
1246.0ppm, and it ranges from 27.9 to 112.0ppm in the carbonatic host rocks, whereas
lower values (5.0 to 78.0ppm) are observed in the country rocks (Tables 2 and 3).

e Rare Earth Element and Yttrium (REY)

The sum of XETR ranges from 83.24 to 361.75 ppm in the aluminous rocks, 42.64
to 276.27 ppm in the carbonate rocks, and 5.90 to 375.70 ppm in the country rocks. The
ETR values were normalized based on the PAAS (McLennan 1989) and it is noted that
the aluminous hosts show a linear decreasing pattern indicating a slight enrichment of
ETRL relative to ETRP, while the carbonatic hosts show a near flat pattern having a slight
depletion relative to the normalizer (Figures 9A and 9B). In general, the country rocks
present flat patterns, although it is possible to identify subtle hat shapes at the calc-silicate
rocks and IF. Additionally, the country rocks show an overall depletion over the
normalizer — PAAS, except for the IF and the IB-87 marble sample, which exhibit
enrichment (Figures 9C and 9 D).

Negative Eu anomalies are well established in the host rocks, whereas the country
rocks display slightly positive Eu anomalies, excluding some samples that exhibit high
positive Eu anomalies (IB-11 and 1B-39). Slight negative Ce anomalies are observed in
both groups of host rocks and in most of the country rocks. Besides that, light negative
Sm anomalies and positive Y anomalies appear in the calc-silicate rocks and marbles.

The Prn/Ybn ratios vary from 0.66 to 3.25 and, in general, indicate enrichment of
LREE over HREE in most of the host rocks, while there was an enrichment of HREE in
most of the country rocks, with a variation in Prn/Ybn ratios between 0.27 and 2.03.
Smn/Prn. Ratios range from 0.92 to 1.18 in the host rocks and from 0.72 to 1.64 in the
country rocks and these ratios basically indicate enrichment of MREE over LREE for
most of the samples. In the host rocks, Smn/Ybn ratios vary from 0.76 to 3.98 and in
general denote an enrichment of MREE over HREE for most of the samples, whereas the
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country rocks record a variation of 0.44 to 1.58 and most of these samples show HREE
enrichment.

The calculations of the Eu/Eu*, Pr/Pr* and Ce/Ce* ratios reveal that the host
rocks: present mostly negative Eu/Eu* anomalies (0.28 to 1.12), weak positive Pr/Pr*
anomalies (1.03 to 1.12) and weak negative Ce/Ce* anomalies (0.64 to 0.98). The country
rocks, on the other hand, present a predominance of positive Eu/Eu* anomalies (0.82 to
2.42), slightly positive Pr/Pr* anomalies (0.88 to 1.23), excluding the IB-46 marble

sample; and a preponderance of negative Ce/Ce* anomalies (0.73 to 1.49).
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Figure 9: The ETRY pattern normalized by PAAS (McLennan, 1989): A. Aluminous host rocks. B.
Carbonatic host rocks. C. Calc-silicate group of the country rocks. D. Marble and Iron formation, group of
the country rocks.

Table 1: Lithogeochemical analyses of Total Graphitic Carbon (TGC), sulfur, major elements, and trace
and rare earth elements of graphite host rocks.

Semilts IB-_14 IB-1_48 IB-1_9A 1B-19B IB-2_0A IB-2_OB 1B-24A | 1B-24B IB-2_8A IB-Z_SB 1B-35 1B-54 IB-TA
Schist | Schist | Schist | Marble | Schist | Schist | Marble | Marble | Schist | Schist | Marble | Marble | Marble
C (Wt%) 13.19 | 14.82 8.60 15.83 12.29 9.38 13.89 15.98 - 12.86 10.77 11.89 15.87
S 0.02 0.04 0.02 0.04 0.02 0.16 0.04 0.26 - 0.03 0.04 0.02 0.06
SiO 67.53 71.64 64.46 23.44 72.83 53.71 33.23 14.56 - 55.45 29.56 7.41 21.52
TiO: 1.63 1.44 1.01 0.28 1.10 0.81 0.43 0.48 - 1.02 1.03 0.67 0.44
Al203 12.66 6.36 12.28 3.92 9.21 7.60 5.54 5.86 - 6.79 8.59 3.96 1.37
Fe:03 0.92 0.95 1.50 0.38 1.85 25.79 0.82 0.32 - 18.65 2.34 1.46 0.77
MnO 0.02 0.05 0.03 <0.01 0.02 0.08 <0.01 <0.01 - 0.01 0.03 <0.01 <0.01
MgO 0.55 0.32 4.40 18.41 0.27 0.18 17.01 20.10 - 0.41 13.63 28.91 17.55
CaO 0.28 0.62 5.88 27.62 0.20 0.21 23.00 32.98 - 0.23 31.32 44.36 30.49
Na.0 0.13 0.25 0.00 0.15 0.11 <0.01 0.20 0.00 - 0.13 0.26 <0.01 0.15
K20 1.18 0.85 0.20 0.79 0.15 0.18 1.29 1.29 - 1.89 0.96 0.07 0.22
P20s 0.09 0.05 0.06 <0.01 0.04 0.69 0.57 0.01 - 0.05 0.01 0.05 141
BaO <0.01 0.09 0.05 0.05 <0.01 | <0.01 0.17 0.06 - 0.08 0.07 <0.01 0.26
Total 98.20 | 97.50 | 98.50 90.90 98.10 98.80 96.20 91.90 - 97.60 98.60 98.80 90.10
Rb (ppm) 15.6 15.0 20.0 5.1 5.2 24 19.2 323 108.7 75.3 27.2 2.2 0.8
Ga 17.7 30.1 6.8 22.6 20.2 11.0 7.9 8.2 41.8 18.7 11.6 4.9 3.8
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Mo 3.0 2.0 3.0 53.0 6.0 6.0 2.0 2.0 8.0 5.0 2.0 3.0 2.0
Ni 22.0 36.0 8.0 37.0 83.0 79.0 <5 9.0 27.0 17.0 30.0 38.0 21.0
Co 2.0 24 1.0 18.4 8.3 124 15 0.9 3.9 1.2 5.6 2.4 2.0
Cu 1246.0 [ 35.0 73.0 112.0 137.0 256.0 78.0 27.0 47.0 40.0 58.0 79.0 29.0
Th 14.8 17.2 14.0 5.0 14.4 6.7 6.0 74 25.0 19.0 9.2 1.7 3.8
U 2.1 2.7 0.9 2.8 3.3 1.8 1.0 13 25 1.8 1.4 0.5 0.7
Y 38.3 24.5 18.2 61.2 37.6 26.8 16.3 20.9 7.8 5.0 15.5 6.2 6.7
La 68.4 90.4 17.6 62.7 60.9 44.2 20.4 28.7 31.8 25.8 325 14.0 26.4
Ce 124.2 140.6 32.2 108.6 101.6 62.0 42.5 53.2 63.9 51.4 60.2 15.2 21.7
Pr 14.3 18.3 4.1 13.0 11.9 7.5 4.9 6.5 7.7 6.1 7.5 1.9 3.5
Nd 52.8 733 15.4 46.9 45.3 25.5 18.5 22.8 27.7 20.5 26.3 6.6 14.2
Sm 9.4 12.2 3.0 8.8 8.8 4.5 3.2 4.8 4.6 3.9 5.3 11 2.1
Eu 0.8 1.7 0.2 0.8 0.6 0.8 0.3 0.3 0.3 0.2 0.3 0.2 0.3
Gd 8.7 12.4 3.0 9.2 8.5 4.6 3.3 4.1 3.6 24 4.3 1.0 1.8
Th 1.3 1.4 0.5 15 1.2 0.7 0.5 0.6 0.4 0.3 0.5 0.1 0.2
Dy 6.6 6.1 2.9 9.1 6.7 4.3 2.7 3.7 1.8 1.2 3.0 0.9 11
Ho 1.3 0.9 0.6 2.0 13 0.9 0.5 0.8 0.3 0.2 0.6 0.2 0.2
Er 3.6 2.1 1.8 6.1 3.6 2.7 15 2.0 1.1 0.7 15 0.6 0.6
Tm 0.5 0.3 0.3 0.9 0.5 0.4 0.2 0.3 0.2 0.1 0.2 0.1 0.1
Yb 3.0 1.8 15 59 3.2 2.5 1.4 1.7 1.4 0.8 13 0.6 0.5
Lu 0.4 0.3 0.2 0.8 0.5 0.4 0.2 0.3 0.2 0.1 0.2 0.1 0.1
YETR 295.3 361.8 83.2 276.3 254.5 161.1 100.1 129.7 144.9 113.8 143.6 42.6 78.9
XLREE 259.7 322.6 69.3 231.2 219.7 139.2 86.3 111.2 131.1 103.8 126.5 37.7 71.8
XHREE 15.4 11.5 7.3 24.8 15.7 113 6.6 8.7 5.0 3.2 6.8 25 2.7
YLREE/XHREE | 16.8 28.1 9.5 9.3 14.0 12.4 13.1 12.8 26.0 32.3 18.6 15.1 27.0
Ce/Ce* 0.9 0.8 0.9 0.9 0.9 0.8 1.0 0.9 0.9 0.9 0.9 0.7 0.6
Pr/Pr* 1.0 1.1 1.1 11 1.0 1.1 1.0 11 11 11 11 1.1 1.0
Eu/Eu* 0.4 0.6 0.4 0.3 0.3 0.8 0.5 0.3 0.3 1.1 0.3 0.7 0.7
Prv/Yby 15 3.2 0.7 0.9 1.2 1.0 1.1 1.2 1.7 24 1.8 1.0 2.3
Sm/Pry 1.04 1.06 1.18 1.08 1.18 0.96 1.04 1.17 0.96 1.02 1.13 0.92 0.95
Smn/Ybn 1.59 3.44 1.02 0.76 1.40 0.91 1.16 1.43 1.67 2.48 2.07 0.93 2.13
Table 2: Analyses of trace and rare earth elements of the country rocks.
samples 1B-11 | I1B22A 1B-32 1B-39 | 1B-41A | IB-41B 1B-46 | 1B-47A | IB-49A | IB-56C | IB-65A 1B-87 1B-88
Calc Calc IF Marble | Marble | Marble | Marble IF Calc IF Calc Marble | Calc
Rb (ppm) 15.2 2.6 6 0.9 35.5 0.8 0.6 1 111 1.9 25.4 1.2 3.8
Ga 2.4 14.4 17.9 24 20.7 0.8 24 12.3 4.8 15.4 17.3 0.1 2.8
Zr 116 105 159 27 120 12 33 143 138 142 39 16 46
Sr 149 32 75 49 93 44 50 82 32 29 195 241 23
Mo 4 5 4 3 3 3 3 5 3 26 6 4 4
Ni 43 301 171 35 57 9 11 137 17 200 114 33 5
Co 5.2 35.1 62.4 5.7 20.1 4.1 4 57.5 7 65.3 18.3 6.3 4.1
Cu 8 5 8 13 14 13 13 11 8 9 6 53 8
Th 13.6 4.2 9.6 0.4 3.8 <0.1 0.2 8.7 11.8 9.4 4.2 9.1 7.6
U 0.84 0.5 3.09 0.27 3.53 0.13 0.24 3.89 3.07 3.06 2.02 0.37 0.91
Y 61.94 21.98 50.3 4.33 26.73 6.86 6.83 38.44 16.42 44.43 29.28 43.93 5.34
La 39.6 3.9 43.3 7.9 18.9 1.6 4.2 33.8 20.9 45.2 21.9 124.3 5.4
Ce 50.8 9.3 79.4 15 36.2 5.4 14.5 70.5 38.2 75.7 44 228.1 13
Pr 6.34 1.26 10.79 1.77 4.83 0.82 1.19 8.19 5.09 10.39 5.94 24.81 1.87
Nd 23.6 5.1 41.4 5.7 19.3 2.8 4.2 31.2 17.6 39.8 22.9 80.6 6.1
Sm 4.3 1.3 8.3 0.7 3.9 0.2 0.6 7 3.3 8.1 5.1 12.1 1.1
Eu 2.52 0.43 2.34 0.26 1.07 0.11 0.2 1.73 0.59 2.1 1.08 1.84 0.26
Gd 5.37 2.27 8.38 0.8 4.33 0.59 0.79 7.72 2.86 8.5 4.99 9.17 1.02
Tb 0.79 0.4 1.31 0.1 0.66 0.08 0.13 1.2 0.48 1.27 0.81 1.24 0.17
Dy 4.9 2.69 8.67 0.67 4.49 0.6 0.79 7.45 2.89 8.01 4.84 7.14 0.95
Ho 1.11 0.58 1.7 0.13 0.9 0.14 0.15 1.37 0.61 1.53 0.97 1.45 0.19
Er 2.92 1.65 5.18 0.36 2.74 0.45 0.44 4 1.72 4.28 2.89 4.12 0.55
m 0.38 0.22 0.71 0.06 0.41 0.06 0.06 0.53 0.28 0.62 0.43 0.61 0.07
Yb 2 15 4.7 0.4 2.6 0.3 0.4 3.6 1.8 4 2.7 3.9 0.4
Lu 0.25 0.22 0.7 0.05 0.41 0.05 0.05 0.47 0.27 0.59 0.41 0.62 0.06
XETR 144.88 | 30.82 216.88 34 100.74 13.61 27.7 178.76 96.59 210.09 118.96 500 3114
YLREE 127.16 | 21.29 185.53 31.33 84.2 10.93 24.89 152.42 85.68 181.29 100.92 | 471.75 | 27.73
YHREE 17.72 9.53 31.35 2.57 16.54 2.27 2.81 26.34 10.91 28.8 18.04 28.25 3.41
ZLREE/ ZHREE 7.18 2.23 5.92 12.19 5.09 4.81 8.86 5.79 7.85 6.29 5.59 16.70 8.13
Ce/Ce* 0.73 0.95 0.85 0.92 0.87 1.00 1.49 0.98 0.85 0.81 0.89 0.95 0.92
Pr/Pr* 1.08 1.07 1.10 1.12 1.07 1.23 0.88 1.03 1.15 1.11 1.10 1.07 1.23
Eu/Eu* 2.42 1.10 1.32 1.52 1.21 0.94 1.33 1.10 0.90 1.18 1.01 0.82 1.15
Prn/Yby 1.01 0.27 0.73 1.41 0.59 0.65 0.95 0.73 0.90 0.83 0.70 2.03 1.49
Smw/Pry 1.08 1.64 1.22 0.72 1.28 0.97 0.80 1.36 1.03 1.24 1.37 0.78 0.94
Smn/Ybn 1.09 0.44 0.90 1.02 0.76 0.63 0.76 0.99 0.93 1.03 0.96 1.58 1.40

6. DISCUSSION

6.1 Metamorphism

The graphitization process is irreversible and a direct function of the metamorphic

temperature, with little to no influence of pressure (Luque et al. 1998; Aoya et al. 2010).
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Therefore, it becomes possible to associate graphitization with metamorphic evolution,
with three regressive metamorphic facies being clearly marked in the samples, ranging
from granulite to greenschist.

In the aluminous host rocks, the peak metamorphic assemblage attributed to the
granulite facies is characterized by Opx (Hy), Cdr, Grt, Bt, PIl, and Qz. These mineral
associations in the host rocks and calc-silicate rocks indicate metamorphic temperatures
of the order of 700°C (Bucher and Grapes 2011), to which are attributed the entire
ordering of the graphite crystal (Pasteris and Wopenka 1991). In graphite hosts, the
crystallization of flakes (106-150 pum) to super-jumbo flakes (>500 um) of graphite
idioblasts is attributed to the granulite facies.

The superposition of events during orogenesis makes it difficult to distinguish the
progressive/regressive amphibolite and green schist facies, especially when trying to
associate the crystallization of graphite. Therefore, it was possible to attribute to the
amphibolite facies regressive metamorphism, the crystallization of microcrystals (> 50
pm) to jumbo flakes (300-500 pum) of graphite with idioblastic to subidioblastic habits,
as the graphitization process is irreversible and records the last temperature metamorphic
that made possible the rearrangement of the graphite crystal. Finally, there is the
relaxation phase of the Salvador-Curaca orogen with percolation of fluids under
greenschist facies conditions and crystallization of graphite microcrystals (<40 pum).

There are relict textures in pyrites, occurring as pyrite microcrystals (<2.5 um), in
rounded shapes that suggest filling fambrids (10 um) or poly-fambroid aggregates (<100
pum), it can also be associated with this group the aggregates of pyrite and barite (<100
pm). The relict pyrites are distinguished from metamorphic pyrites because that last have
straight edges and well-defined contacts (5 to 50 pm).

The metamorphic evolution is registered in the samples by a granulite facies peak
and a retrograde metamorphism from amphibolite facies to greenschist, having in the final
events of the orogeny been registered the percolation of hydrothermal fluids. Based on
the information presented of the petrographic analysis, there are two types of graphite can
be classified as the syngenetic and epigenetic.

The first is associated with the process of graphitization generated during the
progressive metamorphism and stabilized in regressive metamorphism, which occurs in
most of the samples, and can be characterized as syngenetic with three distinct

associations that vary with the metamorphic facies: granulite, amphibolite and
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greenschist. The graphitization reaction can be synthesized in a simple way, according to
Busseck and Beyssac (2014):
C-H-0O-N-S (organic molecules) — Pure Carbon (Graphite)

The second typology is of the epigenetic type, attributed to percolation of
hydrothermal fluids and deposition of graphite in veins and venules, occurring
secondarily in the samples. The reactions below are referred to graphite deposition from
fluids, according to Kwiecinska and Petersen (2004):

2CO — C(graphite) + CO2
2C0O + 2 H20 — 2CO2 + 2H2 — C(graphite) + 2H20

Also, in relation to epigenetic graphite, it is noted that reactions with hydrothermal
fluids rich in Ca-C-Fe-Ba-S, recorded by carbonate, graphite, sulfate, and sulfide venules,
generate destabilization of syngeneic graphite, which is marked by the presence of eroded
edges, lower grain size, vermicular and botyroidal habits. Some retrograde reactions to
destabilize clinopyroxenes and Fe oxides can be attributed to this corrosion in graphite,
being:

3CaCOs(calcite) + 3Si02(Quartz) = CaSiOswollastonite) + Cgraphite) + O2; (Galvez et al. 2013).
6FeCO3(siderite) = 2Fe304(hematite) + 5CO2 + C(grapnite) (French and Rosenberg 1965).

6.2 Protoliths and Material Source

The country and host rocks have low Ni values when compared to primary
magmas that have a variation of Ni between 400 and 500ppm (Winter 2009). They also
have low Co values in comparison with ultramafic rocks that have an average of 150 ppm
of Co (Fleisher and Parker 1967). These results suggest a sedimentary origin of the
protoliths.

On the diagram developed by Simonen (1953), the carbonatic host rocks are
plotted in the field of calcareous sedimentary rocks, whereas the aluminous host rocks are
plotted in the fields of pelitic and arenaceous rocks (Figure 10A). On the other hand, on
the diagram developed by Herron (1988), the carbonate and aluminous host rocks are
distributed in the fields of arkose, ferruginous sandstones, and shales (Figure 10B). On
the Th vs. K diagram (Schlumberger 2009), which discriminates clay minerals, the
aluminous and carbonate host rocks are plotted close to the field of chlorite,
montmorillonite and heavy minerals containing Th.

This variation in composition suggests a mixture of clay minerals and expresses

the influence of detrital minerals containing Th, verified by the presence of thorite in
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petrography (Figure 10C). The TiO2 vs. Ni diagram (Floyd et al. 1989) indicates the
provenance from acid rocks and magmatogenic greywackes for the protoliths of the
aluminous host rocks and from acid rocks for the protoliths of the carbonate host rocks.
It suggests a predominantly acid basement as well as immature sediments as the source

material of the metasediments (Figure 10D).
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Figure 10: A. Diagram (al + fm)-(c + alk) versus Si for the hosts (Simonen 1953). B. Geochemical
classification and discrimination of the analyzed rocks using the log (SiO2/Al1203) versus log(Fe203/K20)
system of Herron (1988). C. Classicization of clay minerals according to K versus Th contents
(Schlumberger 2009). D. Ni versus TiO2 diagram indicating sources of acidic rocks and magmatogenic
grauvases (Floyd et al. 1989). Caption: green circles indicate aluminous hosts and green squares carbonate

hosts.

6.3 Paleoenvironmental Conditions

In the analysis of metasediments, the investigation of paleoenvironmental
conditions can be traced through the interpretation of the ETRY patterns that show
relative immobility in secondary geological processes. For this purpose, it is necessary to
evaluate the detrital contribution; the alteration degree of the primary signature, generated
by changes during post-depositional processes as diagenetic effects (Shields and Stille
2001; Bolhar and Van Kranendonk 2007); and the alteration provoked by metamorphic
and hydrothermal fluids (Bau and Dulski 1996; Alexander et al. 2008).
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Chemical sediments have the propensity to preserve, more consistently, the
geochemical signature at the time of deposition than detrital sediments (Bau and Dulski
1996). Ribeiro (2021) performed a lithogeochemical survey of the TNIC focusing on the
paleoenvironmental reconstruction and the description of the processes involved in
phosphogenesis in marbles and calc-silicate rocks. In order to locally observe some
variation of the pattern analyzed by the aforementioned authors and seeking to verify its
relationship with the aluminous and carbonatic hosts, the group of the surrounding areas
was analyzed: calcisilicates, marbles, and iron formations.

The Y/Ho ratio was applied to verify the presence of detrital components within
a basin in which an open marine environment is indicated by the Y/Ho ratio ranging from
40 to 80, whereas lower ratios (33 to 40) denote coastal or lagoon environments (Bau et
al 1997; Nozaki et al. 1997), and continental water bodies present a ratio close to PAAS
values of 27 (Tostevin et al. 2016). The Y/Ho ratios of the host rocks range from 21.65
to 31.38, whereas in the country rocks these ratios are higher and vary from 26.92 to
55.80. Considering that the metamorphic and diagenetic processes have a low influence
on the primary signature of the Y/Ho ratio (Bau 1999), the samples plotted in Figure 11A
suggest a higher marine contribution for the source rocks, while for the host rocks there
is a higher detrital contribution with values close to the PAAS.

The enrichment of Eu and La may be indicative of diagenetic alteration and/or
contribution of hydrothermal fluids in the seawater originating from fumaroles associated
with MORB-like volcanic rocks during the deposition of sediments in the paleobasin
(Khelen et al. 2019). The positive correlation between Eu/Eu * and Pr/Smy observed in
Figure 11B infers that the Eu was not dissociated from ETRY in redox reactions during
diagenesis (Bolhar and Van Kranendok 2007), neglecting the IB-11 sample since it
presented Ba/Nd > 145, which is suggestive of Ba interference in Eu values during the
analysis by ICP (Dulski, 1994). The analysis of Figure 8C evaluates the influence of
fumarole fluids in the metasediments, showing that the samples exhibit a positive
correlation between XREE vs. La and minor dispersion between the samples of each
group that suggests, consequently, a low influence of fumarole fluids (Manikyamba et al.
1993; Khelen et al. 2019).

The ratios of Eu/Sm vs. Y/Ho and Sm/Yb mark compositions of mixtures of
seawater with hydrothermal fluids (Klein and Beukes 1989; Khan et al. 1996). The model
proposed by Alexander et al. (2008) indicates that an influence <1% of hydrothermal

fluids in Archean sediments does not significantly alter the geochemical signature of the
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rocks. In Figures 11D and 11E, the country rocks, mainly calc-silicates and marbles, are
plotted closer to the field of seawater while the host rocks are plotted in the field of
sediments studied by Ribeiro (2021).

The Smn/Yby ratios are used to identify the fractionation between MREE and
HREE, whereas the Smn/Prn ratios identify the fractionation in MREE and LREE. In
Figure 11F, most of the host and country rocks are plotted close to the central region of
the graph. It indicates a low fractionation for these samples, but with an overall
enrichment in LREE and MREE suggesting the influence of diagenetic changes in the
samples and/or detrital contamination (Reynard et al. 1999; Samala et al. 2018). Some
aluminous host rocks (IB-19B and IB-79), calc-silicate rocks (IB-49A and IB-22A), iron
formation (IB-32 and IB-47A), and marble (IB-41A) exhibit an enrichment pattern in
HREE over MREE, which is a pattern similar to the marine signature (Piper and Bau
2013).

6.4 Degree of oxygenation of the paleoenvironment

The ionic states of Cerium (Ce) depend on the degree of oxygenation of seawater.
In anoxic environments, such as the Archean atmosphere, there was no Ce fractionation
causing the Ce/Ce* ratio to be close to 1. With increasing oxygen content in the
Paleoproterozoic atmosphere Ce fractionation began to occur, generating Ce/Ce*
anomalies between 1-0.55 (Kamber and Webb 2001; Bolhar and VVan Kranendonk 2007).
Nowadays, the seawater is oxygenated and exhibits strong negative anomalies of Ce/Ce*
< 0.55 (Planavsky et al. 2010).

Diagenetic effects and/or percolation of hydrothermal fluids generated a slight
enrichment in LREE and MREE observed in the host and country rocks (Bau and Duslki
1996; Webb and Kamber 2000). Despite these changes, the Ce/Ce* anomalies are mostly
positioned in the true negative anomaly field indicating oxic conditions for the source and
host depositional environment (Figure 12A), with only one source sample exhibiting a

positive Ce anomaly (1B-46).
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Figure 11: Diagrams for geochemical discrimination of primary signature change. A. Ratio of Y/Ho x
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From the analysis of the negative Ce/Ce* anomalies it can be suggested that the
samples exhibit oxidative conditions, similar to the calcissilicates and marbles analyzed
by Ribeiro (2021) at CTNI, from 2.33 to 1.85 Ga Paleoproterozoic carbonates of the
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Guanmenshan Formation, Sino-Korean Craton (Tang et al. 2013) and from
Paleoproterozoic graphite mineralization in the Jingshan Group, North China Craton
(Wang et al. 2019).

Uranium (U) is a sensitive element to redox reactions and it has a minor
enrichment in oxic to suboxic environments where it is in the soluble form of U%* or as
non-reactive chemical complexes (UO?(CO®)*), occurring in oxygenated environments
(e.g. modern continental margin sediments) in concentrations below 10 ppm (Algeo and
Maynard 2004). Thorium (Th), in contrast, is concentrated during weathering and also in
resistate minerals such as clays and heavy minerals, respectively (Jones and Manning
1994; Rimer 2004; Tobia and Mustafa 2016). In Figure 12B, it is observed that most of
the samples are plotted in the U/Th ratio field <0.75 indicating an oxic
paleoenvironmental condition, corroborating with the Ce/Ce* anomalies.

The low enrichment of Mo (<100 ppm) suggests that Mo is associated with the
adsorption of these metal on clay minerals since, in reducing environments, there would

be an enrichment in Mo correlated to precipitation of sulfides (Xu et al. 2012).
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Figurel2: Chemical diagrams indicating oxygen availability in geological environments. A. Pr/Pr* x
Ce/Ce* plot proposed by Bau and Dulski (1996) indicating that most samples are plotted in the field of true
negative Ce anomalies, suggesting an oxidizing environment; Guanmenshan Fm. (Tang et al. 2013); and
CTNI (Ribeiro 2021). F. Graph adapted from Jones and Manning (1994); McKirdy et al. (2011), comparing
Mo x U/Th, note the intersecting fields that corroborate the character of the oxic paleoenvironment of the
samples.

6.5 Trace elements and their relationship with total graphitic carbon

In the petrographic observations, it could be defined that the syngenetic graphites
formed during metamorphism and consequent graphitization of possible organic matter

present in sedimentary protoliths occur mostly, while the epigenetic ones formed by fluid
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percolation occur secondarily. Therefore, as the majority of syngenetic graphites occur,
it will be considered that the organic carbon was transformed into graphite and analyzed
as Total Graphitic Carbon (TGC) to evaluate its correlation with paleoenvironmental and
paleoproductivity trace elements.

Based on the analysis of the CaO + MgO vs. TGC graph, it is observed a high
positive correlation in the aluminous host rocks (R?=0.75), phenomenon less noticeable
in carbonate rocks which showed a weak positive correlation with R?=0.49. That weak
correlation in carbonate host rocks suggests that graphitic carbon already is already
present in the protolith and would not be derived mainly from reactions with carbonate
(Figure 13A).

Sulfur (S) is present in anoxic environments and in organic matter-rich sediments
as a consequence of the sulfate-reducing bacteria. Sulfate reduction occurs when all the
other oxidants such as 02> Oxides-Mn> NO3> Oxides-Fe have been used and are
depleted in oxigen (Marz et al. 2009). A moderate negative correlation between TGC and
S (R2=0.55) for the aluminous host rocks is shown in Figure 9B, while there is a weak
positive correlation with R2=0.49 (Figure 9B) for the carbonate host rocks. These results
indicate the existence of low interaction of sulfate-reducing bacteria due to the existence
of an oxidizing paleoenvironment as shown by anomalies of Ce/Ce*, U/Th ratio, pyrites’
texture in microcrystals, as well as infilled framboids pyrite that suggest the precipitation
of diagenetic pyrites in an oxic-suboxic environment (Liu et al. 2019).

Titanium (Ti) is an element associated with detrital origin, whereas Phosphorus
(P) and Barium (Ba) are primarily related to paleoproductivity of biogenic origin (Algeo
et al. 2011). Therefore, the P/Ti ratio was used to normalize paleoproductivity in relation
to the detrital input (Calvert and Pedersen 1993; Ferryday and Montenari 2016).

The results indicate that the aluminous host rocks have a strong negative
correlation with the TGC with an R2=0.80. It denotes that TGC is correlated with P and
the paleoproductivity of the depositional paleoenvironment, while the carbonate host
rocks exhibit a low positive correlation with an R? = 0.30 (Figure 9C). The low positive
correlation in the carbonate host rocks between TGC and P/Ti ratio can be attributed to
the precipitation of diagenetic pyrites. Pyrite’s precipitation diminishes the potential of
Fe-redox pumping, even close to an oxidizing environment, which makes the bacterial
sulfate reduction mechanism ineffective as a phosphogenesis booster. It happens because
the phosphate is released into the water column and efficiently recycled, not being fixed
as francolite in the sediment (Pufhal and Hiatt 2012).
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The association in the carbonate host rocks between TGC and the Ba/Ti ratio
shows an R?=0.55 (Figure 9D), suggesting that there is a moderate positive correlation
involving TGC and the paleoproductivity attributed to Ba (Dean et al. 1997; Algeo and
Maynard 2004). It is also worth mentioning that this moderate correlation of TGC with
Ba may indicate the remobilization of Ba during metamorphism and/or the precipitation
of barite from the oxidation of organic sulfides (Odin et al. 2016).

Nickel (Ni) is a sulfide-forming element, redox-sensitive, and an important
nutrient involved in the biological cycle during primary production, but when in excess it
becomes a biolimiting element (Lipinski et al. 2003; Tribovillard et al. 2006). In oxic and
suboxic environments, as indicated by tracer elements in this work, Ni is soluble as a
cation (Ni?*, NiCI*) or is adsorbed on humic or fulvic acids (Tribovillard et al. 2006).
Figure 9E exhibits a moderate negative correlation with the aluminous host rocks with an
R2=0.56, and a strong negative correlation with the carbonate host rocks (R2=0.77). The
moderate correlation of Ni with TGC in the aluminous host rocks may be related to its
dissociation in clay minerals because of diagenetic processes (Ferryday and Montenari
2016).

Copper (Cu), a redox-sensitive element precipitated by autonomous sulfides or
coprecipitated with Fe-sulfides, it is also present in the biocycle, fixing itself in reducing
conditions in sediments through organic matter and during the formation of clay minerals
such as nontronite and smectite (Algeo and Maynard 2004). Figure 9F presents strong
negative correlations with both the aluminous host rocks with an R2=0.90, and the
carbonate host rocks an R2=0.71. The strong negative correlation of TGC with Cu, noticed
in both groups of host rocks, might suggest Cu fixation through organic matter
(Tribovillard et al. 2006), even under confined reducing conditions.

Isotope data performed in the study area by Oliveira and Sighinolfi (1983) on
carbonate-bearing phosphates as well as their frequent association with extensive layers
of graphite, suggest organic phosphate precipitation in which graphite and carbonates
would be the consequence of an intense deposition of organic debris.

The Y/Ho ratio in the host rocks ranges from 21.65 to 31.38 with values near the
PAAS, which points to a detrital contribution, whereas in the country rocks this ratio
varies from 26.92 to 55.80, suggesting a higher marine contribution. Some aluminous
host rocks (IB-19B and 1B-79), calc-silicate rocks (IB-49A and 1B-22A), iron formations
(IB-32 and IB-47A), and marble (IB-41A) exhibit enrichment pattern of HREE over

MREE, which is a pattern similar to the marine signature (Ribeiro 2021). Combining that
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information alongside the correlations of TGC with the ratios of P/Ti, Ba/Ti, and with the
Ni and Cu metals, leads to suggest that the deposition of organic matter is associated with
paleoproductivity in a paleoenvironment with marine and detrital influence.

This association is suitable to the recent models of Precambrian phosphogenesis
(Papineau 2009; Nelson et al. 2010), which is in congruence with the results found in the
area by Ribeiro (2021). Based on these authors, the contribution of sediments rich in P
and Fe-oxyhydroxide is originated from the continent after deglaciation and chemical
weathering, increasing the primary productivity on the coastline and promoting francolite
precipitation.

The growth in river flow that carries P can sustain the rise in productivity of
organic carbon, which will be followed by an increase in alkalinity fluxes and detrital
carbonate proportion (Kump and Arthur 1999). The presence of high productivity is
regarded as an essential factor for the maintenance of sediments rich in organic matter
(Piper and Calvert 2009). Therefore, the preservation of organic carbon originated from
high productivity deposited in an oxidizing paleoenvironment may be the consequence of
a deposition higher than the rate of degradation on the substrate (Pedersen and Calvert
1990).

7. CONCLUSION

The petrographic analyses indicate two generations of graphite. The first one,
associated with the process of graphitization generated by metamorphism, is syngenetic,
has a greater granulometry as well as idioblastic flakes. The second one, connected to the
percolation of fluids and deposition of graphite, is epigenetic, has a smaller granulometry,
occurs deposited in venules or as a consequence of carbonation, displays vermicular and
botryoidal habits.

Syngenetic graphite can be classified as developed in 3 metamorphic facies. The
flakes associated with the peak of metamorphism, at the granulite facies, occur in gneisses
as well as developed crystals with tabular habits and straight edges. The flakes that are
attributed to the amphibolite facies appear mainly in schists and marbles with smaller
flakes, tabular habits, and ragged edges. Finally, there are also flakes associated with the

greenschist facies that present small crystals with granular and tabular habits.
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The lithogeochemical characteristics of the host and country rocks of the graphite
mineralization suggest that the deposition of sedimentary protoliths is linked to a marine
paleoenvironment, predominantly oxic, and influenced by detrital input. Analyzes of
TGC with tracer elements indicate that correlations are still preserved, suggesting the
deposition of organic matter in a context of high paleoproductivity in the paleobasin.
However, isotopic data are indispensable to verify this hypothesis. The growth in

paleoproductivity might have generated a conducive environment to the increase of the
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detrital carbon ratios, resulting in the carbonaceous layers and the enrichment in P
observed in the TNIC marbles and calc-silicate rocks.

The relation between the paleoproterozoic graphite host rocks deposited in the oxic
paleoenvironment and the phosphorus anomalies of the TNIC country rocks suggest that
the deposition of organic matter that originating graphite be correlated with the increase
in organic paleoproductivity generated after the GOE event — Great Oxygenation Event
which culminated in the first major phosphogenesis event in the geological record.
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CAPITULO 3 - CONCLUSOES

As andlises petrogréaficas identificaram duas geracGes de grafita, uma associada a
processo de grafitizacdo gerado pelo metamorfismo — singenética que apresenta uma
maior granulometria e flakes idioblasticos. A segunda geracdo de grafita é atribuida a
percolacdo de fluidos hidrotermais com deposicao de grafita — epigenética, marcada por
uma menor granulometria, depositada em vénulas ou resulta de reacdes de carbonatacao;
tém habitos vermiculares e botroidais.

A grafita singenética pode ser classificada como desenvolvida em 3 facies
metamorfica, onde os flakes associados ao facies granulito, pico do metamorfismo,
ocorrem em gnaisses grafitosos como cristais bem desenvolvidas com héabitos tabulares
e bordas retas. Os flakes atribuidos ao facies anfibolito sdo menores, tabulares e com
bordas esfarrapadas registrados principalmente nos xistos e marmores grafitosos. Nessas
rochas também ocorrem microcristais associados ao facies xisto verde que se apresentam
em habitos granulares a pequenos cristais tabulares.

As caracteristicas litogeoquimicas das rochas hospedeiras e encaixantes da
mineralizacdo de grafita sugerem que a deposi¢cdo dos protolitos sedimentares estejam
associados a um paleoambiente marinho, predominantemente éxico e com influéncia de
aporte detritico. As andlises do Cg com os elementos tracadores indicam que as
correlacdes ainda estdo preservadas sugerindo a deposicdo da matéria organica em um
momento de alta paleoprodutividade, entretanto dados isotopicos sdo indispensaveis para
a averiguacao dessa hipotese. O aumento da paleoprodutividade organica pode ter gerado
ambiente propicio para o aumento das razdes de carbono detritico, tendo como resultados
as camadas carbonosas e 0 enriquecimento em P encontrado nas calcissilicaticas e
marmores do CTNI.

A relacdo entre as rochas hospedeiras carbonosas paleoproterozoicas depositadas
em paleoambiente 6xido e anomalias de fosforo das encaixantes do CTNI, sugerem que
a deposicdo da matéria organica que deu origem a grafita possa estar correlacionada com
0 aumento da paleoprodutividade organica gerada apds o evento GOE - Grande Evento
de Oxigenacdo que culminou no primeiro grande evento de fosfégenese do registro
geoldgico.

O trabalho desenvolvido nessa dissertagcdo foi uma primeira contribuicdo para a

caracterizagdo das grafitas que ocorrem no Complexo Tanque Novo — Ipir, Salvador
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Curaca, Craton do Sdo Francsico. A caracterizacdo e entendimento dos processos
metalogenéticos formadores de depdsitos minerais auxilia no desenvolvimento da
pesquisa mineral o que pode trazer impactos positivos para a atividade mineral do estado
da Bahia.
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Figure captions

Ensure that each illustration has a caption. A caption should
comprise a brief title (not on the figure itself ) and a
description of the illustration. Keep text in the illustrations to
a minimum, but be sure to explain all symbols and
abbreviations used.

Tables

Please submit tables as editable text and not as images.
Tables can be placed either next to the relevant text in the
article, or on separate page(s) at the end. Number tables
consecutively in accordance with their appearance in the
text and place any table notes below the table body. Be spa-
ring in the use of tables and ensure that the data presented
in them do not duplicate results described elsewhere in the
article. Please avoid using vertical rules.

Citation in text

Please ensure that every reference cited in the text is also
present in the reference list (and vice versa). Any references
cited in the abstract must be given in full. Unpublished
results and personal communications are not recommended
in the reference list, but may be mentioned in the text. If
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these references are included in the reference list they
should follow the standard reference style of the journal and
should include a substitution of the publication date with
either ‘Unpublished results’ or ‘Personal communication’.
Citation of a reference as ‘in press’ implies that the item has
been accepted for publication.

Web references

As a minimum, the full URL should be given and the date
when the reference was last accessed. Any further in-
formation, if known (DOI, author names, dates, reference to
a source publication, etc.), should also be given. Web
references can be listed separately (e.g., after the reference
list) under a different heading if desired, or can be included
in the reference list.

Reference formatting

There are no strict requirements on reference format- ting at
submission. References can be in any style or format as
long as the style is consistent. Where applicable, name(s) of
author(s), journal title/book title, chapter title/article title, year
of publication, volume number/book chapter and the
pagination must be present. Use of DOI is highly
encouraged. The reference style used by the journal will be
applied to the accepted article by SCIELO at the proof stage.
Note that missing data will be highlighted at proof stage for
the author to correct.

Reference style

All publications cited in the text should be presented in a list
of references following the text of the manuscript. In the text
refer to the author’'s name (without initials) and year of
publication (e.g. “Since Almeida (1986) has shown that...”
or “This is in agreement with results obtained later
(Trompette 1994; Heilbron and Machado 2003).”

For three or more authors use the first author followed by “et
al.”, in the text. The list of references should be arranged
alphabetically by authors’ names. The manuscript should be
carefully checked to ensure that the spelling of authors’
names and dates are exactly the same in the text as in the
reference list.

References should be given in the following form:

Papers in scientific journals

Almeida F.F.M. 1986. Distribuicao regional e relacbes
tectbnicas do magmatismo pds-paleozéico no
Brasil. Revista Brasileira de Geociéncias, 16:325-349.

Costa I.P., Bueno G.V., Milhomem P.S., Silva H.S.R.L.,
Kosin M.D. 2007. Sub-bacia de Tucano Norte e Bacia de
Jatoba. Boletim de Geociéncias da Petrobras, 15:445-453.

Escayola M.P., Pimentel M.M., Armstrong R. 2007.
Neoproterozoic backarc basin: sensitive high-resolution ion
microprobe U-Pb and Sm-Nd isotopic evidence from the
eastern Pampean Ranges, Argentina. Geology, 35:495-498.
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Heilbron, M. and Machado, N. 2003, Timing of terrane
accretion in the Neoproterozoic-Eopaleozoic Ribeira orogen
(SE Brazil). Precambrian Research, 125:87-112.

Books and book chapters

Bedell R., Crésta A.P., Grunsky E. (eds.). 2009. Remote
Sensing and Spectral Geology. Littleton, Society of
Economic Geologists, 270 p.

Kaufman A.J., Sial A.N., Frimmel H.E., Misi A. 2009.
Neoproterozoic to Cambrian palaeoclimatic events in
southwestern Gondwana In: Gaucher C., Sial A.N., Frimmel
H.E., Helverson G.P. (eds.). Neoproterozoic- Cambrian
tectonics, global change and evolution: a focus on
southwestern Gondwana. Developments in Precambrian
Geology, 16, Amsterdam, Elsevier, p. 369-388.

Pankhurst R.J. & Rapela C.W. (eds.). 1998. The Proto-
Andean margin of Gondwana. London, Geological Society of
London Special Publication, 142, 382 p.

Trompette R. 1994. Geology of western Gondwana (2000—
500 Ma). Rotterdam, Balkema, 350 p.

Papers in scientific meetings

Astini R., Ramos V.A., Benedetto J.L., Vaccari N.E., Cafas
F.L. 1996. La Precordillera: un terreno exético a Gondwana.
In: 13°Congreso Geoldgico Argentino y 3° Congreso
Exploracion de Hidrocarburos. Buenos Aires, Actas, v. 5, p.
293-324.

Leite-Junior W.B, Bettencourt J.S., Payolla B.L. 2003.
Evidence for multiple sources inferred from Sr and Nd
isotopic data from felsic rocks in the Santa Clara Intrusive
Suite, Rondonia, Brazil. In: SSAGI, South American
Symposium on Isotope Geology. Salvador, Short Papers, p.
583-585.

Milani E.J. & Thomaz-Filho A. 2000. Sedimentary basins of
South América. In: Cordani U.G., Milani E.J., Thomaz- Filho
A., Campos D.A. (eds.). Tectonic evolution of South
America. 31st International Geological Congress. Rio de
Janeiro, p. 389-452.

Thesis and dissertations

Paes V.J.C. 1999. Geologia da quadricula Alvarenga, MG, e
a geoquimica: implicacdes geotectbnicas e metalogenéticas.
MS Dissertation, Instituto de Geociéncias, Universidade
Federal de Minas Gerais, Belo Horizonte, 144 p.

Avila C.A. 2000. Geologia, petrografia e geocronologia de
corpos plutdnicos paleoproterozoicos da borda meridional
do Craton Séo Francisco, regido de Sao Joao Del Rei,
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Janeiro, Rio de Janeiro, 401 p.

Printed maps

Inda H.A.V. & Barbosa J.F. 1978. Mapa geologico do Estado
da Bahia, escala 1:1.000.000. Salvador, Secretaria das
Minas e Energia, Coordenacgéo da Producéo Mineral.
Mascarenhas J.F. & Garcia T.M. 1989. Mapa
geocronoldégico do Estado da Bahia, escala 1:1.000.000.
Texto explicativo. Salvador, Secretaria das Minas e Energia,
Coordenacgédo da Producéo Mineral, 186 p.

Schobbenhaus C. (coord.). 1975. Carta Geoldgica do Brasil
ao Milionésimo — Folha Goiés (SD 22). Texto explicativo.
Brasilia, Departamento Nacional da Producéo Mineral, 114
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Internal reports
Internal reports will not be accepted, unless of open access
for the scientific community and authorized by ad hoc
consultants.

Submission checklist

The following list will be useful during the final checking of
an article prior to sending it to the journal for review. Please
consult this Guide for Authors for further details of any item.
Ensure that the following items are present:

One author has been designated as the corresponding
author with contact details:

E-mail address
Full postal address
All necessary files have been uploaded, and contain:

Keywords

All figure captions

All tables (including title, description, footnotes)
Further considerations:

Manuscript has been ‘spell-checked’ and ‘grammar-checked’.

All references mentioned in the Reference list are cited in the
text, and vice versa.

Permission has been obtained for use of copyrighted material
from other sources (including the Internet).

Rapid communications

Rapid communications are limited to 2000 words, including
references. Summary and abstract are limited to 100 words.
At the discretion of the editors, these communications may
be scheduled for the first available edition.

Articles with accelerated review process
An accelerated review process may be requested for
complete original studies, for which urgency of publication is
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adequately justified. At the discretion of the editors, these
can be programmed for the first available edition. They must
follow the same format described for original articles.

Editorials

Editorials should cover some aspect of the broad spectrum
of the Geological Sciences. They will be authored by the
editors of BJG, by people linked to the Brazilian Geological
Society or by industry personalities. These documents will
not be submitted to peer review and will be published at the
discretion of the editors.

Review articles

Review articles should cover relevant topics of Geology.
These articles may be requested by the editors, but
recognized experts may spontaneously submit review
articles in their field of expertise. In this case, potential
authors should contact the editors to ascertain their interest
prior to submitting the article

Manuscript submission

The submission of manuscripts must only be performed online
athttp://mc04.manuscriptcentral.com/bjgeo-scielo

There are no fees for submission and evaluation of articles.
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