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RESUMO*

O Macico Sao José do Campestre (MSJC) é um bloco crustal arqueano localizado na
Provincia Borborema. O MSJC é constituido por um conjunto de litotipos formados ao longo de
aproximadamente 700 milhGes de anos (3.41 — 2.65 Ga), posteriormente afetados por eventos
tectono-metamérficos no Paleoproterozéico — entre 2.15 e 2.0 Ga — e por expressivo
retrabalhamento crustal durante a Orogénese Brasiliana. Devido a sua idade e aos diversos
processos geoldgicos posteriores pelo qual passou, é plausivel presumir que algumas de suas
associacoes litologicas ndo guardam as caracteristicas dos seus periodos de formacdo, mas
que podem refletir condicGes metamorficas, metassomaticas e hidrotermais. Por outro lado, é
possivel notar que outra porgdo dos constituintes do MSJC preservam as herancas genéticas
primordiais e oferecem pistas sobre as composi¢cées e condicionantes quimicos do manto
arqueano, ou até mesmo sobre os aspectos fisico-quimicos de ambientes supracrustais
oceanicos e continentais, gerando fiéis interpretagcdes geotectdnicas. Junto a isso, as litologias
antigas do MSJC sado passiveis de apresentar teores anémalos de diversas substancias de
interesse econdmicos e prospectivo, principalmente no que diz respeito a rochas mafico-
ultraméficas, metassomatitos e formacdes ferriferas bandadas (Banded Iron Formations, BIFs),
sendo mais um fator motivador a pesquisa cientifica e mineral na regiéo.

Rochas maficas associadas a rochas piroxeniticas exéticas constituem o Corpo de
Serra Negra (CSN), aflorante na porgéo centro-sul do MSJC. O CSN tem dimens&es 1100x700
metros, € embasado por ortognaisses e estabelece contatos com granitos neoproterozdicos.
Foram delimitados, com auxilio de testemunhos de sondagem, cinco conjuntos litolégicos
arranjados sub-horizontalmente do topo para base do CSN: i) Associagao Piroxenitica Superior
(APS, ~40 metros de espessura); ii) Zona de Gruneritizagdo (~5 metros); iii) Zona Méfica
Principal (~30 metros); iv) Associac¢é@o Clinopiroxenitica (AC, ~12 metros); v) Zona Méfica Basal
(~15 metros). Adicionalmente foram contemplados dois corpos maficos subordinados das
imediacdes. As rochas piroxeniticas contém granulometria grossa, formada por clinoferrosilita,
ferrosilita, fayalita, magnetita, fe-horneblenda, quartzo e granada, arranjadas em texturas
granoblasticas com juncBes triplices. A APS é constituida por ortopiroxenititos,
clinopiroxenititos, grunerititos, BIFs e assembleias minerais tardias a grunerita, escapolita e
calcita. A AC é mais homogénea, formada essencialmente por clinopiroxenititos e grunerititos.
Nas zonas méficas, litologias de composi¢cdo gabro-anfibolitica (metaméficas) arranjam-se em
texturas cumulaticas e granoblasticas a plagioclasio, clinoferrosilita, diopsidio, hornblenda,
magnetita, ilmenita, calcopirita e pirrotita e por paragéneses secundarias a grunerita, calcita,
actinolita, granada e biotita. Estudos de quimica mineral indicam que a natureza da magnetita
das rochas piroxeniticas tém caracteristicas limiares entre cristais derivados de
metassomatismo (Skarn) e cristais oriundos de magmatismo. Ja a quimica dos cristais de
magnetita das rochas metamaficas aponta génese relacionada a processos francamente
igneos (Fe-Ti-V e Porphyry). As analises de rocha total mostram que as rochas gabro-
anfiboliticas sdo toleitos de baixo-K, alto-Fe (média de 13,8 wt.% de Fe,03), apresentando
conteudos intermediarios de MgO (média de 6,5 wt.%). Quanto aos piroxenititos, Fe,O3; e SiO,
juntos, perfazem, em média, 94,2 wt.% do conteddo dessas rochas, as quais mostram
intermediario MgO (média de 5,4 wt.%). Os comportamentos de ETR e elementos tracos
detectados para as litologias metamaficas mostram transi¢cdes entre assinaturas quimicas de
rochas do tipo E-MORB e rochas de Arco, derivadas de um manto hidratado. Anélises de U/Pb
realizadas sobre zirces de rocha piroxenitica, dotados de zoneamentos igneos preservados,
apontam idades de cristalizagdo de 3041+23 Ma, mesma idade das rochas mafico-ultramaficas
do Complexo Riacho das Telhas (CRT) do MSJC. Amostras de metamaficas e piroxeniticas
apresentam altas razdes isotopicas “*'Sm/**'Nd (>0.14), tipicas de rochas mantélicas, idades
Tpm variando entre 3.19 e 3.88 Ga e valores de &€y4(3.04) entre +0.65 e -9, mostrando
desbalanceamento do sistema isotdpico, refletindo metassomatismo e que as fontes mantélicas
juvenis sdo enriquecidas e passaram por contaminacdo crustal. Interpretamos que essas
rochas foram formadas e/ou colocadas a condi¢gbes de alto grau metamorfico, seguido de
retrometamorfismo até facies anfibolito baixo a hornfels, pela presenca de simplectitos e
hornblenda substituindo piroxénios. Ao menos um evento metassomatico, 0 que gerou



grunerita, escapolita, calcita e granada, atingiu essas litologias e tem relacdo com a
granitogénese tardia. Porém, é obscura ainda a definicao do protélito das rochas piroxeniticas,
as quais mostram padrées de ETR, elementos tracos e outras caracteristicas quimicas que
tanto podem ter relagdo com fluidos tardios relativos ao magmatismo do CRT, como podem
refletir BIFs colocadas a condi¢cdes de alto grau metamoérfico. Este estudo pode mudar as
direcdes de pesquisas e as perspectivas geoldgicas relacionadas as rochas do MSJC.

Na regido de Senador El6i de Sousa, ocorrem corpos métricos a quilométricos de BIFs
situados na porcdo central do Macico Sdo José do Campestre (MSJC), um nucleo arqueano da
Provincia Borborema, Nordeste do Brasil. Estabelecendo contatos com rochas méfico-
ultramaficas, calcossilicaticas, olivina marmores e granada gnaisses, as BIFs estdo inseridas
na Sequéncia Metavulcanossedimentar Serra Caiada, um possivel greenstone belt da regiéo.
Essas BIFs foram mapeadas e amostradas (escala 1:25.000) numa &rea de 45 km?. Essa
associacdo litolégica € metamorfisada a condigfes de alto grau e deformadas como uma
sinclinal. Amostras de BIFs sdo comumente constituidas de magnetita (45 - 55 %), quartzo (35
- 40 %) e tracos de apatita (<1 %), entretanto, foi possivel discriminar trés grupos de formacdes
ferriferas de acordo com os outros minerais constituintes. O Grupo A é composto por baixos
contetdos de grunerita (2 - 4 %) e o Grupo B tem maior composicdo modal deste anfibélio (6 -
10 %). O Grupo C mostra uma assembleia mineral mais heterogénea: grunerita (3 - 7 %),
hornblenda (2 - 6 %), clinopiroxénio (1 - 5 %), ortopiroxénio (~1%) e granada (~1%). Analises
de microssonda eletrdnica em cristais de magnetita do Grupo C mostram altos contetdos
elementares de Al, Co, Sn, médios de Cr, Mn, Ni e baixos de Mg, Ti, V, Zn, revelando
similaridades quimicas limiares a Skarns, a depésitos do tipo IOCG e a BIFs quimico-
exalativas. As distingBes entre os trés diferentes grupos de BIF sdo refletidas na quimica de
rocha total e expressas na cartografia, uma vez que esses grupos estdo distribuidos em zonas
bem definidas no mapa. O Grupo A mostra os maiores conteidos de metais base, ZETRY com
média de 36 ppm, e anomalias positivas de Eu (Eu/Eu*paas = 1,26 - 2,27). O Grupo B apresenta
conteldos médios de metais base, ZETRY médio de 87 ppm e auséncia ou diminutas
anomalias positivas de Eu (EU/Eu*paas = 0,92 - 1,22). O Grupo C apresenta 0os menores
contelidos de metais base, ZETRY médio de 88 ppm e auséncia ou suaves anomalias positivas
de Eu (Eu/Eu*paas = 0,84 - 1,26). Em sua maioria, todos grupos mostram reais anomalias
negativas de Ce (Grupo A, Ce/Ce*paps = 0,59 - 1,04; Grupo B, Ce/Ce*ppps = 0,62 - 0,89; Grupo
C, CelCe*ppans = 0.59 - 1.03) e 0s grupos A e B apresentam anomalias positivas de Y (Grupo A,
Y/Y*ppas = 0,97 - 1,64; Grupo B Y/Y*ppns = 1,42 - 1,64), enquanto que o Grupo C alterna entre
anomalias positivas e negativas (Y/Y*paas = 0,76-1,42). Os grupos A e B dispdem de padrdes
de ETRY levemente convexos depletados em ETR leves, e o Grupo C mostra variacdes
desses padrdes. Por comparac¢des com outras BIFs do mundo e internas ao MSJC, podemos
interpretar que essas formagGes ferriferas foram depositadas em ambientes submarinos.
Aparentemente os Grupos A e B sdo mais influenciados por fumarolas hidrotermais com pouca
contribuicdo sedimentar. O Grupo C mostra as maiores contribuigbes detriticas. Os altos
valores de ZETRY e as heterogeneidades quimicas do Grupo C podem ser explicadas,
respectivamente, pela presenca de apatita e granada e, além disso, confirmar as assinaturas
guimicas dos cristais de magnetita relacionadas a eventos tardios. BIFs como sedimentos
guimico-exalativos podem prover informagfes sobre as condi¢des fisicoquimicas de oceanos
antigos. Aparentemente a quimica das BIFs da por¢do central do MSJC preservam quase que
totalmente as assinaturas elementares de um oceano arqueano em avancado estagio de
fechamento, evidenciando transi¢cdes entre ambientes de MORB e de Arco. NGs sugerimos que
0s zoneamentos detectados para as BIFs podem servir como guias prospectivos para
depdsitos do tipo VMS.

*Nota: Os dois Ultimos paragrafos correspondem aos resumos dos dois artigos que
aqui serdo apresentados, e suas versdes em inglés (Abstracts) estdo respectivamente nos
capitulos Il e lll dessa dissertacao.

*Note: The two last paragraphs configures the Abstracts of the two papers that will be
presented in this dissertation. The English versions are presented respectively in chapters I
and Il of this dissertation.
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and Brito Neves et al. 2001) and its localization in South America; B. Geological map of the
SJCM,; C. Geological map of the south portion of the SJCM. B and C modified from Dantas et al.
(2004). Abbreviations: OJO - Oros-Jaguaribe Orogen, Pe-CaSZ - Pernambuco-Camardes Shear
Zone, Pa-GaSZ - Patos-Garoa Shear Zone, TZ - Transversal Zone, RND - Rio Grande do Norte
Domain, SO - Seridé Orogen, SQMA - Santa Quitéria Magmatic Arc.

Fig. 1.2 - Geologic map of the SNB and surrounding lithologies. Abbreviations: RTC - Riacho das
Telhas Complex, PJC - Presidente Juscelino Complex.

Fig. 1.3 - Analytic signal map (CPRM 2004) showing magnetic anomalies (strong pink colours)
bellow pyroxenitic and metamafic rocks (note suggested contours in 80 metres deep marked by
thin white lines). SNB contour is showing by black line. Minor metamafic intrusions contours are
showing by bolded white lines in the east part of this map. Drillholes, geologic points and sampled
points are also represented in this picture, according the legend.

Fig. 1.4 - Drillholes data. A. Drillhole logs. A correlation can be made between DD-001 e DD-004
holes, located in the main rock association. DD-005 e DD-006 holes are located above two
different minor metamafic intrusions and, in this way, a correlation cannot be made between these
holes. Black rectangles are indicating collected samples and its respective hames. Abbreviations:
UPA - Upper Pyroxenitic Association, MMZ - Main Mafic Association, CA - Clinopyroxenitc
Association, BMZ - Basal Mafic Zone, NI - No information; B. Section A-A'. C. Section B-B'. The
sections were made without vertical exaggeration and are located by white lines and white letters
in the map of Fig. 11.2.

Figure 1.5 - Photos. Pyroxenitites and iron formations macroscopic aspects. A. CA’s pyroxenitic
interval in the DD-001 drillhole, between 67 and 70 metres; B. lron Formation surface hand
sample alternating quartz-pyroxene bands with magnetitic bands, sample EAF-384; C. Coarse-
grained UPA’s magnetite-ferrosilite clinopyroxenitite surface hand sample EAF-341; D. Iron
Formation surface hand sample alternating quartz-pyroxene bands with magnetitic bands, sample
EAF-026. Some bands are emphasized with white lines; E. CA’s grunerite clinopyroxenitite,
drillhole sample F1-18; F. CA’s grunerite clinopyroxenitite with porphyroblastic pyroxenes, drillhole
sample F1-13; G. CA’s grunerite clinopyroxenitite truncated by vein, drillhole sample F1-19.

Fig. 1.6 - Photomicrographs under cross polarized light: A. Orthopyroxene porphyroblastic
geminate crystal in granoblastic texture of orthopyroxenitite, sample F1-01; B. Granoblastic
texture formed by clinopyroxene poligonal crystals (120° triple junctions) with interstitial escapolite
and calcite in ferrosilite clinopyroxenitite, surface hand sample EAF-409; C. Hornblende-grunerite
clinopyroxenitite showing pervasive grunerite, sample F1-15; D. Olivine clinopyroxenitite showing
triple junctions contatcs between olivine and clinopyroxene, sample F1-02; E. Garnet-grunerite-
clinoferrosilite-hornblende iron formation, sample F4-03; F. Magnetite-ferrosilite clinopyroxenitite
showing polygonal quartz grains, surface hand sample EAF-411. Abbreviations are the same of
Table I1.1.

Fig. 1.7 - Photos. Metamafic rocks macroscopic aspects. A. Outcrop of MMZ’s hornblende gabbro
truncated by subvertical granitic dyke, point EAF-027; B. MMZ's Metamafic interval in the DD-004
drillhole, between 17 and 24 metres; C. Detail of vertical variations between leucogabbros and
melanogabbros, DD-005 drillhole, 50 metres deep; D. Detail of amphibolitic gabbro intercalated
with leucogabbros portions, MMZ, DD-004 drillhole, 9 metres deep; E. Detail of coarse-grained
BMZ’s granoblastic and cumulatic gabbro with sulfide, DD-004 drillhole, 40 metres deep; F. Detall
of MMZ’s gabbro truncated by granitic vein, 30 metres deep.

Fig. 11.8 - Photomicrographs. A. Hornblende gabbro with cumulatic, granular and mosaicular
textures, sample F6-02; B. Hornblende gabbro with cumulatic and mosaicular textures, sample
F6-01; C. Clinopyroxene symplectitic texture growing up from magnetite core in metagabbro with
poligonal texture, MMZ, sample F1-08; D. Symplectitic hornblende in amphibolite with slight
mineral orientation, sample F6-05; E. Cumulatic olivine metagabbro and plagioclase
phenocryst, sample F1-09; F. Garnet, clinopyroxene and plagioclase symplectites, growing up
from magnetite, clinopiroxene, garnet and hornblende in hornblende-garnet metagabbro, sample
F6-03B. A., C., D. e F. are under plane polarized light and B. and E. are under cross polarized
light. Abbreviations are the same of Table II.1.

Fig 1.9 - Photomicrographs under reflected light: A. Magnetite granoblastic aglomerate replaced
by hematite (martitization) in UPA iron formation, sample EAF-026; B. Magnetite crystals showing
parcial replacment by hematite forming trellis texture in UPA clinopyroxenitite sample EAF-411; C.
Interstitial magnetite crystals between pyroxene crystals in CA clinopyroxenitite, sample F1-12; D.
llmenite crystals in hornblende metagabbro, sample F6-01; E. Pyrrhotite and magnetite
aglomerates in amphibolite, sample F4-01; F. Pyrrhotite, chalcopyrite and magnetite inside
grunerite crystals in gruneritite, sample F1-22.
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Fig. 11.10 - Photo A. Gruneritite hand sample EAF-411. Photomicrograph B. Grunerites pervasive
aglomerates in contact with granoblastics pyroxenes and magnetite, hornblende-clinoferrosilite
gruneritite, sample F1-24. Abbreviations are the same of Table II.1.

Fig. 1l.11 - SNB Stratigraphy

Fig. 11.12 - A. Content variations of ferrosilite (Fs), fayalite (Fa) e anortite (An) from Microprobe
analysis performed in DD-001 drillhole samples. B. Content variantions of An of the DD-006 Minor
Mafic Body.

Fig. .13 - A. Ternary diagram of pyroxene crystals compositional variation assuming extremes
like wollastonite, enstatite and ferrosilite; B. Binary diagram of hornblende crystals compositional
variation; C and D. Binary diagrams of grunerite and edenite crystals compositional variation. For
all minerals the ferric members are preponderant in the analyzes performed on the pyroxenitc
rocks.

Fig. I1.14 - Ternary diagram of plagioclase crystals compositional variations in metamafic rocks,
admitting extreme members as anortite (An), albite (Ab) e ortoclase (Or).

Fig. 11.15 - A. Ti versus Al binary plots of magnetite grains of pyroxenitic and metamafic rocks; B.
V versus Ti binary plots of magnetite grains of pyroxenitic and metamafic rocks. The fields in
figures A and B are extracted from Chung et al. (2015), and are showing compositions fields of
primary BIF's magnetite, hydrothermal (altered) magnetite and magmatic magnetite (see text for
explanations); C. Binary discriminant diagram of Ti+V versus Ni/(Cr+Mn) of magnetite
compositions in Opemiska, BIF, IOCG, Skarn, Kiruna, Porphyry e Fe-Ti-V deposits (Dupuis &
Beaudoin 2011). Magnetite grains of pyroxenitic rocks are plotted mainly above Skarn field, and
magnetite grains of metamafic samples are plotted mainly above Porphyry and Fe-Ti-V fields; D.
FeO versus Ti biplot of all magnetite grains.

Fig. 11.16 - Geochemistry AFM ternary diagram (Irvine & Baragar 1971) to the SNB metamafic
rocks showing plots mainly in tholeiitic field.

Fig. 11.17 - Representative major elements and main elements strip-logs of drillhole DD-001.
Abbreviations: UPA - Upper Pyroxenitic Association, CA - Clinopyroxenitic Association; MMZ -
Main Mafic Zone.

Fig 11.18 - Binary plots showing linear and approximate linear correlations between more relevant
elements of metamafic rocks.

Fig. 1.19 - A. Chondrithe-normalized REE patterns for metamafic rocks; B. Chondrithe-
normalized REE patterns for pyroxenitites and gruneritite; C. PAAS-normalized REE patterns for
pyroxenitites and gruneritite. Normalization values are respectively from Sun & McDonough
(1989) and (McLennan 1989).

Fig. 11.20 - N-MORB-normalized trace element patterns for A. pyroxenitites and metamafics and B.
samples F1-05, F1-19 and F6-03. In A are also showing N-MORB and E-MORB patterns.
Normalization values are from Sun & McDonough (1989).

Fig. I1.21 - REE patterns of mafic-ultramafic rocks (Philpotts 1990) compared with REE paterns of
Serra Negra Body (SJCM Central, this study) rocks and Intrusion of Riacho das Telhas' mafic-
ultramafic rocks (Alves de Jesus 2011). Normalization values are from Sun & McDonough (1989).
Fig. I1.22 - Cathodoluminescence images of A. typical igneous zoned zircons and B. metamorfic
zircons from sample FEM-293.

Fig. 11.23 - A. U/Pb data for individual mesoarchean zircon analysis from sample FEM-293; B.
U/Pb data for all zircon analysis from sample FEM-293.

Fig. 11.24 - Eng (3.04 Gyr) evolution model.

Fig. 11.25 - Metamafic discriminant tectonic diagrams. A. [La/Sm]n versus [Gd/Yb]n binary plots
(Gibson et al. 2000) showing similarities with ferropicrites; B. Nb/Yb versus Th/Yb biplots (Pearce
2008) showing MORB signatures to metamafic rocks. The samples are plotted between N-MORB
and E-MORSB fields; C. Nb/Yb versus TiO»/Yb indicating MORB signatures to metamafic rocks.
The samples are plotted between N-MORB and E-MORSB fields; D. Ti versus V biplots (Shervais
1982) indicating MORB signatures to metamafic rocks;

Fig. 11.26 - A. REE field patterns of pyroxenitic rocks confronted with REE patterns of Isua and
Kuruman Iron Formation, another archean iron formations (top/bottom IFs; middle IFs), high-T
hydrothermal fluid and ocean waters bellow 500 meters deep; B. Field of REE patterns of SICM
BIFs from Group 1 of Silva Filho (2012) and Groups | e Il of Figueiredo (2012). When normalized
by PAAS (McLennan 1989), pyroxenitic rocks REE patterns are similar to Isua and Kuruman IFs
REE patterns and whit SICM BIFs from Group 1 of Silva Filho (2012).

Fig. 11.27 - Cr versus Y biplot (Fedo & Whitehouse 2002) showing pyrixenitic rocks samples inside
Isua BIFs field.

CAPITULO IlI

Fig. lll.1 - Mapas Regionais referentes a area de trabalho e a sua localizacdo. A. Mapa Geoldgico
Simplificado da PB (modificado de Jardim de S& 1994 e Brito Neves et al. 2001) e sua localizacédo
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na América do Sul. Siglas: OJO - Oros-Jaguaribe Orogen, PeSZ - Pernambuco Shear Zone,
PaSZ - Patos Shear Zone, RND - Rio Grande do Norte Domain, SO - Seridé Orogen; B. Mapa
Geolégico do MSJC (modificado de Dantas et al. ,2004); C. Mapa Geolodgico do Sul do MSJC
(modificado de Dantas et al. 2004).

Fig. 1.2 - A. Mapa Geologico da area de trabalho; B. Perfil A-A"; C. Perfil B-B'; D. Perfil C-C'. Os
perfis estdo indicados por linhas e letras azul escuras no mapa. Sigla SCMVS - Serra Caiada
Metavolcano-Sedimentary Sequence.

Fig. 1ll.3 - Contornos cartograficos de silexitos, formagdo ferrifera, méfico-ultraméficas e
anfibolitos, sobrepostos em imagem geofisica magnética de primeira derivada (CPRM 2004).
Altos magnéticos tendem ao rosa e ao vermelho, e baixos a tonalidades amarelas e azuis (v.
escala de nT/m a direita). Notar anomalias e contrastes magnéticos realcando as estruturas e
litologias como formacdes ferriferas e mafico-ultramaficas. Os circulos indicam pontos
geoldgicos, sendo que 0s amarelos sdo 0s pontos amostrados.

Fig. lll.4 - Fotografias: A. Afloramento de BIF, ponto EAF-484; B. Detalhe de BIF, ponto EAF-442.
Fotomicrografias: C. GIF com hornblenda e cristais de magnetita inclusos e néo inclusos aos
silicatos, amostra EAF-100; D. GIF com grunerita, EAF-314; E. BIF com clinopiroxénio englobado
por banda magnetitica, contendo cristais euédricos de magnetita como inclusdes, amostra EAF-
098; F. Pequenos cristais de apatita em GIF, EAF-314; G. BIF com granada e grunerita, amostra
EAF-521; H. Cristais de magnetita com texturas trelica de transformacdo em hematita
(martitizagdo) em GIF, TG-058. C., E., F. e G. sob luz polarizada e nicéis descruzados. D. sob luz
polarizada e nicéis cruzados. H. sob luz refletida. Abreviagdes: Ap - Apatita, Cpx - clinopiroxénio,
Grt - granada, Gru - grunerita, Hbl - hornblenda, Mag - magnetita, Qtz - quartzo.

Fig. II.5 - A. Diagrama binéario discriminante de Ti+V versus Ni/(Cr+Mn), para composicdo de
magnetita em depdsitos do tipo Opemiska, BIF, IOCG, Skarn, Kiruna, Porphyry e Fe-Ti-V (Dupuis
& Beaudoin, 2011). As andlises dos cristais de magnetita das amostras de formag6es ferriferas
da éarea de trabalho (TAM-093, TAM-004 e TG-058) estdo posicionadas internas e nas
imediacbes dos campos de Skarn e IOCG; B. Diagrama binério de Ti versus Al para os cristais de
magnetita analisados. Os campos na figura sdo extraidos de Chung et al. (2015) e mostram as
composi¢cbes de magnetitas de formacdes ferriferas bandadas quimico-exalativas (BIF), de
magnetitas alteradas por hidrotermalismo (altered) e de magnetitas magmaticas (magmatic). Os
cristais de magnetita da area de trabalho estdo principalmente plotados sobre ou nas imediacdes
dos campos de magnetita hidrotermal.

Fig. 111.6 - Gréaficos em radar mostrando concentragcdes em ppm dos elementos dos intervalos de
confianga (parametro 0.95, Tabela IIl.4) analisados para magnetitica em formagdes ferriferas da
area de trabalho. As curvas tracejadas sdo de amostras de rochas piroxeno-ferriferas e
formacdes ferriferas da regido de Serra Caiada também no MSJC retiradas do trabalho de
Abrahdo Filho et al. (2016), a nivel comparativo. Notar que o formato dos graficos sédo similares
para as amostras comparadas. A., C. e E. mostram gréaficos em escala normal linear e comparam
respectivamente as amostras TAM-093, TAM-004 e TG-058 da area de trabalho com as amostras
F1-02, EAF-026 e F5-02 de Abrahdo Filho et al. (2016). B., D. e F. apresentam graficos em
escala logaritmica comparando as mesmas amostras na mesma ordem supracitada. Graficos
baseados em Nadoll et al. (2014).

Fig. 11l.7 - A. Gréficos de barras ilustrando médias dos contetdos de Fe,Oz e SiO, da &rea de
estudo, comparando as formacdes ferriferas da area de estudo com as rochas piroxeno-ferriferas
e formag0es ferriferas da regido de Serra Caiada no centro do MSJC (Abrah&o Filho et al. 2016),
com formacdes ferriferas do sul (Figueiredo 2012) e do norte do MSJC (Silva Filho 2012), do tipo
Algoma (Gross 1993), do tipo Superior (Klein & Beukes 1989), de Carajas (Lindenmayer et al.
2001) e do Quadrilatero Ferrifero (Spier 2005); B. Comparacéo do padrao de distribuicdo média
dos outros 6xidos analisados para as formacdes ferriferas da area com as mesmas formacgoes
ferriferas citadas no item A; C. Distribuicdo em spidergramas dos principais 6xidos que compdem
as formacdbes ferriferas da area de estudo.

Fig. 1.8 - Diagramas binérios dos principais 6xidos analisados em geoquimica de rocha total para
as amostras de formacdes ferriferas. Notar que o0s elementos maiores ndo discriminam os
diferentes grupos.

Fig. I11.9 - Diagrama binario de Cr x Y (a partir de Fedo & Whitehouse 2002) comparativo com o
posicionamento das amostras selecionadas e as formagdes ferriferas de Isua: é possivel
observar que a maior parte das amostras estéo inseridas no campo de Isua.

Fig. 111.10 - Padrbes de ETR das FFs da é&rea de trabalho. Acima os normalizados pelo PAAS
(McLennan 1989) e abaixo os normalizados pelo condrito (Sun & McDonough 1989)

Fig. 1ll.11 - Diagramas binarios envolvendo as razdes dos principais ETR utilizados para o estudo
de formacdes ferriferas, além do Y. A. Pr/Pr* versus Ce/Ce* evidenciando que as amostras de
todos os grupos contém verdadeiras anomalias negativas de Ce; B. Y/Ho (sem normalizagéo,
valores brutos) versus Y ilustrando que as amostras do Grupo C sdo as que principais
experimentaram contribuicdo sedimentar (a barra azul indica o campo de contribuicdo
sedimentar); C., D. e E. evidenciando as rela¢cfes de Y/Ho (normalizado) com Ce/Ce*, EU/Eu* e
Pr/Pr*.

Fig. I11.12 - Diagramas binarios utilizando principais elementos tragos e ETR discriminantes para
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analise de pureza de BIFs, segundo Viehmann et al. (2016) em estudos das BIFs e sedimentos
quimicos neoproterozdicos e BIFs de Urucum. A. Ti versus Zr, B. Zr versus Th e C. Ti versus Th.
Nesses graficos, o campo "detritus" indica onde estdo plotadas as amostras de sedimentos
siliciclasticos finos de Urucum. O campo "Pure BIF" reflete onde estdo plotadas as amostras de
BIFs puras de Urucum. As BIFs de Senador El6i de Sousa estdo posicionadas principalmente
internas ou nas imedia¢6es dos campos "Pure BIF", refletindo seus elevados graus de pureza. D.
Diagrama binario Zr versus Y/Ho BIFs de Senador El6i de Sousa estdo posicionadas
principalmente internas ou nas imedia¢Bes dos campos "Pure Urucum IF" e, principalmente em
relagdo ao Grupo C, internas aos campos "Impure Urucum IF". Essas analises graficas mostram
gue as BIFs de Senador El6i de Sousa contém baixissima contribuicdo sedimentar, mas que essa
atinge a todos os grupos, sendo mais intensa sobre o Grupo C.

Fig. 111.13 - A. Diagrama binario Al,O3 versus SiO; (Bonati 1975) mostrando tipo de formagao
ferrifera com relagdo ao processo genético; B. Diagrama ternario Al-Fe-Mn (Adachi et al. 1986),
mostrando tipo de formagéo ferrifera com relagdo ao processo genético. Processos genéticos
relacionados com fluidos hidrotermais de agua oceéanica séo comuns a todos os grupos de BIFs
de Senador El6i de Sousa.

Fig. lll.14 - Mapa com zoneamento das amostras de formacdes ferriferas de Senador Eloi de
Sousa. Grupos A e B nas porges mais centrais, com maior influéncia de input hidrotermal e
menor de contribuicdo sedimentar, configurando BIFs mais puras, e Grupo C nas bordas,
também com influéncia hidrotermal, porém com um pouco mais de influéncia sedimentar,
configurando BIFs mais impuras.

Fig. .15 - Graficos comparando a média dos conteddos de ETR refletido em padrbes de
spidergramas das formag@es ferriferas da area de trabalho com: as rochas piroxeno-ferriferas e
BIFs da porgdo central do MSJC (Abrah&o Filho et al. 2016), formacdes ferriferas do norte e do
sul do MSJC, com padrdes de ETR de FFs de Kuruman, Isua, de FFs abissais e plataformais, de
fluidos hidrotermais de alta temperatura e de aguas marinhas modernas profundas. Extraido e
modificado de Alexander et al. (2008), Silva Filho (2012) e Figueiredo (2012) .

Fig. I11.16 - A. Diagrama Al>,O3/(100-SiO3) x Fe>03/(100-Si0y) (Murray 1994) evidenciando que as
amostras de formagOes ferriferas de Senador El6i de Sousa tendem a campos de cadeias
oceanicas; B. Diagrama SiO, x Ka,O/Na,O (Roser & Korsch 1986) evidenciando amostras de
formacdes ferriferas de Senador El6i de Sousa tendendo a campos de margens continentais
ativas com transicdes a arcos de ilha.

Fig. .17 - Resumo esquematico do quadro geotectdnico existente no periodo da génese das
rochas na é&rea de trabalho durante o neo-arqueano. Ambiente de oceano em estagio
evolucionério avangado, com uma cadeia oceénica prestes a subductar. As mesmas conclusées
quanto a ambientag&o geotectbnica séo tiradas por Abrah&o Filho et al. (2016), estudando rochas
metamaficas e piroxeniticas (piroxeno-ferriferas) de Serra Caiada. A Fig. B trata-se de um zoom
da Fig. A, indicado por poligonos vermelhos tracejados. Abreviagdes: SCMVS - Serra Caiada
Meta-volcano-sedimentary Sequence, PJC - President Juscelino Complex, RTC - Riacho das
Telhas Complex.
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1. INTRODUCAO

1.1. Apresentacdo e Objetivos

O presente trabalho resulta de atividade de pesquisa realizada sobre formacdes
ferriferas, rochas maficas e litologias piroxeniticas exoticas de origem dubia, mapeadas na
porcdo central do Macico Sao José do Campestre (MSJC), nlcleo arqueano localizado no
nordeste do Brasil. Para esse estudo, duas areas distintas foram investigadas situadas no
estado do Rio Grande do Norte (Fig. I.1).

Os objetivos especificos dessa dissertacéo foram: i) mapear e realizar amostragem de
rocha em escala de 1:25.000 sobre a area situada a oeste da cidade de Senador El6i de Sousa
(Fig. 1.1), buscando delimitacdo de corpos de formagBes ferriferas e suas associa¢des
litolégicas; ii) mapear e realizar amostragem de rocha em escala de 1:5.000, fazendo uso
também de descri¢cbes e amostragens de furos de sondagem rotativa diamantada, sobre a area
situada a nordeste da cidade de Serra Caiada (Fig. I.1), com o intuito de entender as relacdes
entre rochas maéficas, rochas piroxeniticas, formacgdes ferriferas e grunerititos; iii) estudo da
quimica mineral de magnetita, olivina, piroxénios, anfibdlios e plagioclasios, com a finalidade de
usa-los como indicadores petrogenéticos e caracterizadores geoquimicos; iv) aplicacdo de
geoquimica dos elementos maiores, menores, tracos e terras raras a partir de andlises de
rocha total; v) realizagdo do método de is6topos de Sm-Nd em rocha total para o entendimento
da génese e natureza da fonte do material componente das rochas foco; vi) utilizagdo do
método de datacdo U/Pb em zircbes provenientes de rochas piroxeniticas. Esses objetivos
visaram uma maior contribuicdo ao cerne genético das rochas do MSJC, além de
apresentarem um viés metalogenético e prospectivo.

O escopo da dissertacado de mestrado é apresentado na forma de dois artigos a serem
submetidos em publicagbes de revistas internacionais. O primeiro responde pelo seguinte
titulo: "Tholeitic high-Fe mafic magmatism and the protolith of mesoarchean iron-rich exotic
pyroxenitic rocks in Sdo José do Campestre Massif, NE Brazil’. Tal artigo representa o
conteldo do Capitulo Il dessa dissertagdo e sera submetido no periédico “Precambrian
Research”, apdés eventual desmembramento. O segundo é intitulado “Petrografia, Quimica
Mineral de magnetita e Geoquimica das formac®es ferriferas da porcédo central do Maci¢co Sao
José do Campestre, regido de Senador Eléi de Sousa, Rio Grande do Norte, Brasil®,
representando o conteddo do Capitulo Il da dissertagdo. Esse artigo sera submetido no
periddico “Ore Geology Reviews”, apés traducdo para a lingua inglesa. Espera-se que esses
artigos sirvam como um novo referencial para o estudo da génese e de processos igneos,
metamoérficos, metassométicos e metalogenéticos relativos as rochas do MSJC e de outros

nucleos cratbnicos arqueanos.
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1.2. Localizacéo e Fisiografia

O poligono estudado tem aproximadamente 226 km” e engloba regionalmente duas
areas, uma de 4 km” e outra de 45 km?, inseridas respectivamente nos municipios de Serra
Caiada e Senador El6i de Sousa (Fig. I.1). Partindo da capital Natal até as areas de trabalho
segue-se pelas rodovias federais BR-304 até o inicio da BR-226 que da acesso as cidades de
Bom Jesus, Senador Eléi de Sousa, Serra Caiada e Tangara. As areas de estudo encontram-
se proximais e adjacentes a BR-226 e estdo separadas por aproximadamente 7 km em linha
reta (Fig. I.1).

A fisiografia da regido é formada por terrenos pouco acidentados, compostos por
espacados morros e pequenos morrotes de unidades mais ricas em silica que as vizinhas.
Esses morrotes variam entre cotas de 20 a 30 metros do sopé até o topo céncavo, passando
por vertentes médias a suaves, quando formados sobre rochas maficas mais resistentes e
supracrustais silicosas. Quando sdo nucleados em granitdides ou gnaisses, 0S mMOrIros
apresentam topos cdncavos suaves e vertentes médias a ingremes, chegando a atingir 80

metros de desnivel entre topo e base.

1.3. Materiais e Métodos

1.3.1. Mapeamento Geoldgico

O mapeamento geolégico fora feito em duas etapas de campo totalizando 18 dias. A
primeira etapa ocorrera no més de marco de 2014 e atendeu basicamente ao detalhamento
1:25.000 da area a oeste de Senador El6i de Sousa, buscando a cartografia de formacdes
ferriferas e suas associacdes litoldgicas. A segunda etapa, ocorrida em fevereiro de 2015,
objetivou a conclusdo do mapa da area supracitada e o mapeamento 1:5.000 da area proximal
a Serra Caiada, buscando detalhamento de rochas maficas e piroxeniticas do Corpo de Serra
Negra, outrora mapeado a 1:100.000 como um dos corpos do Complexo Riacho das Telhas por
Dantas et al. (2004).

Para realizacdo do mapa de semi-detalhe, foram executados tanto perfis geolégicos
perpendiculares ou obliquos a estruturacdo principal, como pontos isolados e pontos de
controles de facil aquisicdo, por exemplo, em estradas e acessos vicinais. A aquisicdo dos
dados de campo do mapa de detalhe fora realizada sobre linhas de picada de 500 metros de
comprimento espacadas de 100 metros, abertas perpendiculares a orientacao preferencial das
rochas méficas e piroxeniticas, obedecendo a um intervalo amostral de 50 metros. Onde nao
existiam picadas, a vegetacdo rala e pouco densa, bem como afloramentos no corte da estrada
principal, complementaram os caminhamentos de detalhe.

Por toda a regido a ocorréncia de afloramentos é restrita, sendo que dos 537 pontos
adquiridos durante os mapeamentos, 107 configuravam de fato afloramentos enquanto o
restante ou tratam-se de blocos in situ ou levemente rolados, ou tratavam-se de solos residuais

qgue refletem uma determinada litologia. A respeito de blocos in situ, é importante citar que
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muitos preservam a orientacdo principal da unidade considerada, refletindo em linhas e
adensamentos de blocos ordenados de acordo com um determinado trend. Esse trend, por sua
vez, corroborou as medidas e a orientacdo dos lineamentos de imagem de satélite e de
geofisica, servindo, dessa forma, como um forte auxiliador para o controle cartografico.

Durante os trabalhos de superficie foram coletadas amostras que atenderam a
petrografia, quimica mineral e geoguimica. Também foram aproveitados dados de geoquimica
e redescrita a petrografia de mais 10 amostras internas as areas de estudo, derivadas de
trabalhos pretéritos executados pelo grupo de pesquisa e dos trabalhos de Figueiredo (2012) e
Silva Filho (2012).

Para armazenamento dos dados de campo, estudos dos afloramentos e amostras in
locu foram utilizados: GPS Garmin 62, Martelo e Marreta Estwing Cabo Curto e Longo,
Bussolas Brunton e Clark, lupas de bolso, imas, solu¢do de HCI a 10%, Molibdato de Amédnia,
cadernetas, pranchetas, escalimetro, régua, etc.

Mosaicos de imagens de satélite do Google Earth Pro® numa resolucdo de 4K UHD
(Ultra High Definition) e imagem Landsat SPOT com resolu¢édo de 10 metros auxiliaram na
forma de mapas base para o campo, bem como na delimitagéo e interpretacdo dos contatos
litolégicos e tracados de lineamentos estruturais. Imagens geofisicas regionais de Sinal
Analitico e Primeira Derivada de Campo Magnético da CPRM, Folha Sao José do Campestre,
contribuiram para detec¢éo e delimitagdo de corpos de formacgdes ferriferas, rochas méficas e

piroxeniticas, bem como no tracado de descontinuidades geoldgicas.

1.3.2. Petrografia

Um total de 58 laminas delgadas polidas foi confeccionado visando descricdo de
silicatos, outros minerais formadores de rocha em microscépio de luz transmitida e minerais
opacos tais quais 6xidos e sulfetos em microscopio de luz refletida. 33 amostras sdo de
superficie e 35 sao derivadas de coletas pontuais de furos de sondagem rotativa diamantada.
As descrigBes macroscoépicas dos furos foram feitas metro a metro, intervalo por intervalo.

Foram utilizados os seguintes microscopios petrograficos: Zeiss Photomicroscope Il do
Grupo de Metalogénese da Universidade Federal da Bahia e Olympus BX60 pertencentes ao
Laboratério de Microscopia e ao Laborat6tio de Geocronologia do Instituto de Geociéncias da
Universidade de Brasilia. As fotomicrografias foram obtidas por meio de camera fotogréfica
modelo Olympus SC36 Type 123 acoplada ao microscapio.

1.3.3. Quimica Mineral

As andlises de quimica mineral foram distribuidas em 29 laminas, e contemplaram
cristais de olivina, piroxénios, anfibolios, plagioclasio e magnetita. As andalises foram realizadas
através de uma microssonda eletrénica modelo JEOL JXA-8230, pertencente ao Laboratério de

Microssonda Eletronica da Universidade de Brasilia. A voltagem usada na operacdo para
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silicatos fora de 15 kV com uma corrente de andlise de 20,10 + 0,10 nA; para Oxidos a
voltagem fora de 25 kV com uma corrente de 50,10 £ 0,10 nA. Para silicatos foram analisados
SiO,, TiO,, Al,O,, FeO, Cr,03, V,03, MnO, MgO, NiO, Cl e F. Para os cristais de magnetita,
foram analisados: SiO,, TiO,, Al,O3, FeO, Cr,03, V,03, MnO, MgO, NiO, ZnO, SnO, e CoO.

Os resultados de quimica mineral sédo analisados na forma de porcentagem em peso
de oxidos, bem como em proporgdes catidnicas, formulas quimicas estruturais, componentes
moleculares e diagramas de variagbes quimicas. Para isso foram organizadas tabelas no
software Excel ® (Pacote Office® Windows 7®), atendendo a recomendacfes, célculos e
férmulas predefinidas por Deer et al. (1992) para calculos das férmulas estruturais, Droop
(1987) para a proporcao Fe*/Fe**, e Morimoto (1990) para célculo da quimica geral dos
piroxénios. A distribuicdo dos componentes moleculares dos piroxénios é dada de acordo com
0 método de Cawthorn & Collerson (1974). Os valores sugeridos e estimados para pressao de
formacdo da hornblenda a partir da sua composi¢do sdo baseados no método geobarométrico
de Schmidt (1992) a partir da formula P(x6 Kbar) = - 3,01 + 4,76*(Al"Y + AlY"), definida por
calibracdo experimental. Na equacéo P é a pressdo em quilobares, Al"Y é o 4&tomo de aluminio
de valéncia quatro e AlY' é o aluminio de valéncia seis na sua formula estrutural. As
classificacdes utilizadas obedecem as recomendac¢des da IMA, International Mineralogical

Association.

1.3.4. Litogeoquimica

Foram realizadas determinacdes de elementos maiores, tracos e terras raras em 68
amostras que contemplaram formagcdes ferriferas, rochas maficas e piroxeniticas. As amostras
foram enviadas para analise no laboratério AcmeLabs Bureau Veritas Commodities Canada
Ltd. O método usado consta de submeter as amostras a calcinacdo a 1000°C para perda de
volateis, para posterior fusdo com tetraborato de litio. Os ions de elementos maiores séo
captados por Fluorescéncia de Raios-X (FRX) ou por ICP-AES, enquanto os de elementos
menores, tracos e terras raras foram captados por ICP-MS. Os gréficos utilizados para
tratamento desses dados foram confeccionados nos softwares Excel ® (Pacote Office®
Windows 7®), Petrograph (Petrelli 2007) e Corel Draw X7®.

1.3.5. Andlise Isotopica — Método Sm-Nd

As andlises de is6topos de Sm e Nd foram executadas no Laboratério de
Geocronologia da Universidade de Brasilia de acordo com os métodos descritos a seguir,
definidos a partir de Gioia e Pimentel (2000). As nove amostras selecionadas foram
primeiramente britadas, separando a porcao fresca da capa de alteracdo para em seguida
serem pulverizadas em moinho de anéis e cilindros. Apds a preparacao de cada amostra os
equipamentos sdo limpos para evitar qualquer contaminacdo de uma amostra para outra. A

cada amostra foram pesados 300 mg de rocha pulverizada para as mafico-ultramaficas e 150
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mg para as demais. Em todas as amostras foi adicionado 30 mg de spike que consiste em uma
solucao liquida tracadora com uma concentracdo conhecida de tal elemento cuja composicéo
isotopica foi modificada para enriquecer em um de seus is6topos. Essa quantidade de spike é
adicionada as amostra afim de garantir que haja uma quantidade suficiente do is6topo para ser
lida no equipamento. O volume de spike que fora adicionado foi deduzido ao final do valor
analitico da amostra. Apds esse procedimento, 50 mg das amostras séo dissolvidas em acido e
levadas para colunas de cromatografia onde se fez a purificagéo e separagao quimica de Sm e
Nd. As razdes isotdpicas de Sm e Nd foram medidas em espectrometro de massa multi-coletor
Finnigan MAT 262.

Idades modelo do manto depletado (depleted mantle, Tpy)foram calculadas a partir
DePaolo (1981) e levam em conta a nucleacdo de crosta continental a partir do manto. A curva
DM (Depleted Mantle) ilustra a evolucdo do manto empobrecido em Elementos Terras Raras
Leves (ETRL) em algum momento da histéria geoldgica a partir da retirada de magma
mantélico para a construgdo da crosta. A notacdo dos valores de €y4(0) refere-se ao tempo
atual, e o calculo é realizado com base nas andlises de “*Nd/***Nd de laboratério. Exg(T)
representa a composicdo isotopica da crosta em um determinado tempo T. Valores de &g
positivos sugerem fontes do manto empobrecidas em ETRL, enquanto que €yy negativos sédo
sugestivos de rochas provenientes de fusédo da crosta (retrabalhamento de crosta continental
antiga ou contaminacao crustal). A idade modelo Tpy resulta do intercepto da reta com a curva
DM e a idade modelo Tchyr, cOmM 0 intercepto a curva CHUR (Chondritic Uniform Reservoir).

Tal reta indica o intervalo de tempo no qual o magma foi extraido do manto.

1.3.6. Geocronologia — Método U/Pb

As andlises geocronologicas de U/Pb foram desenvolvidas no Laboratério de
Geocronologia do Instituto de Geociéncias da Universidade de Brasilia. Para tal, graos de
zircdo de uma amostra superficial de piroxenitito (FEM-263) foram selecionados a mao,
colocados em uma fita adesiva, armazenados em resina e polidos até aproximadamente
metade de suas espessuras originais. As andlises de U/Pb foram realizadas em um
Espectdmetro de Massa Multi-Coletor modelo Thermo Finnigan Neptune acoplado a um ICP,
seguindo os métodos descritos por Buhn et al. (2009). Tal método permite a obtencdo de
razbes isotdpicas com alta resolucdo espacial de micrdmetros. Para reducdo dos dados e
célculo das idades foram usados os programas PBDAT (Ludwig 1993) e ISOPLOT-Ex (Ludwig

2001). Os erros isotépicos ficaram na faixa de 10.

2. GEOLOGIA REGIONAL

2.1. Provincia Borborema

O MSJC esta localizado no NE da entidade geotectbnica Brasiliano—Pan-Africana

definida por Almeida et al. (1981) como a Provincia Borborema (PB) (Fig. I.2A). A PB ocupa
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uma area de aproximadamente 400.000 km” e é delimitada a norte e a leste pelo Oceano
Atlantico e pela Bacia Fanerozdica Potiguar, a sul-sudoeste pelo Craton do S&o Francisco, a
oeste pela Bacia do Parnaiba, a qual encobre os contatos entre a PB, Craton Amazénico e
Craton Séo Luis (Fig. 1.2A). Bacias fanerozoicas e coberturas sedimentares recentes recobrem
atualmente a regido (Caby et al. 1991; Trompette 1994; Jardim de Sa 1994; Dantas et al.
2004).

De acordo com Almeida et al. (1977, 1981) a PB é formada pela tectdnica direcional
ocorrida entre os cratons Amazonico, Oeste Africano—S&o Luis, Sdo Francisco—Congo, a qual
controlou o choque entre blocos crustais arqueanos e paleoproterozéicos como o MSJC, arcos
magmaticos e sequéncias supracrustais (Fig. 1.2A). Tal evento geotectdnico é resultado de
colisbes ocorridas durante as Orogéneses Cariris-Velho (1.1 — 0.9 Ga) e Brasiliana (0.7 — 0.6
Ga). Os blocos crustais funcionam como anteparo para as faixas méveis, e ambos representam
uma série de terrenos aldctones (Brito Neves 1983; Caby et al. 1991; Jardim de S& 1994; Brito
Neves et al. 1995; Brito Neves et al. 2000; Brito Neves et al. 2001).

Na PB, a marcada estruturacdo W-E com inflexdes a SW-NE forma um complexo
arranjo de mega-estruturas onde seus contatos refletem em mudancas bruscas da histéria
geoldgica cartografada. Essa estruturagdo € facilmente visualizada em imagens de satélite e
confirmada por modelagens gravimétricas regionais (Oliveira & Santos 1993; Jardim de Sa et
al. 1997). Configuram zonas de cisalhamento essencialmente transcorrentes que evoluem
localmente a empurrbes (faixas), as quais delimitam complexos gndissico-migmatiticos a
granuliticos menos deformados (dominios), sendo assim divididos (Jardim de S& 1994; Brito
Neves et al. 1995; Brito Neves et al. 2000; Brito Neves et al. 2001): Faixa Sergipana, Faixa
Riacho do Pontal, Faixa Seridd, Faixa Ords-Jaguaribe, Faixa Noroeste do Ceara, Dominio da
Zona Transversa, Dominio Ceara Central e Dominio Rio Grande do Norte (Fig. I.2A). Esses
compartimentos sdo todos afetados por expressiva granitogénese Brasiliana sin a pés-
colisional (Jardim de Sa 1994; Brito Neves et al. 1995; Brito Neves et al. 2000; Brito Neves et
al. 2001).

As faixas sdo cinturbes moveis neoproterozdicos compostos por rochas
metavulcanossedimentares de margem continental, sequéncias plataformais e pelagicas. Estas
foram gradualmente deformadas e cavalgadas umas sobre as outras, sobre os macicos
crustais preservados e sobre o craton do S&o Fransico durante as colisdes brasilianas (Brito
Neves et al. 2000; Brito Neves et al. 2001; Caxito & Uhlein 2013). Lascas do embasamento e
intrus6es mafico-ultraméficas complementam a assembleia litologica (Brito Neves et al. 2000;
Brito Neves et al. 2001; Caxito & Uhlein 2013). Destaque para Faixa Seridé (FS) que tem o
MSJC a leste como anteparo direto, e é constituida principalmente por xistos paraderivados ou
hidrotermarlizados, bem como por outras supracrustais. As unidades da FS foram deformadas
pela acdo de um corredor de cisalhamento meso a neoproterozdico delimitado a leste pela
Zona de Cisalhamento Picui—-Jodo Camara, a sul pela Zona de Cisalhamento Patos e a norte
por um complexo sistema de estruturas ducteis transversais, Zona Transversal, que a divide do
Dominio Rio Grande do Norte (Fig. I.2A; Jardim de Sa 1994).
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Os Dominios sdo representados por um conjunto de rochas supracrustais mono e/ou
policiclicas arqueanas a mesoproterozéicas, englobando parte do embasamento gnaissico-
migmatitico, sendo total ou parcialmente preservados dos esfor¢os tectbnicos atuantes sobre
as faixas. Ao norte do Lineamento Patos, limitado a leste e norte pelas coberturas fanerozoéicas
das Bacias Potiguar e Pernambuco—Paraiba e a oeste pela Zona de Cisalhamento Senador

Pompeu, esta localizado o Dominio Rio Grande do Norte onde esta inserido o MSJC.
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Fig. 1.2 - Mapas Regionais referentes as areas de trabalho. A. Mapa Geoldgico Simplificado da PB
(modificado de Jardim de S& 1994) e sua localizacdo na América do Sul. Siglas: OOJ - Orégeno Oros-
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MSJC (modificado de Dantas et al. 2004); C. Mapa Geolégico do Sul do MSJC (modificado de Dantas et
al. 2004).
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2.2. Dominio Rio Grande do Norte

O Dominio Rio Grande do Norte (DRN) ocupa uma &area de mais de 150.000 km? (Fig.
I.2A; Dantas et al. 2004). A maior parte do seu embasamento € compreendida por abundantes
ocorréncias de ortognaisses tonaliticos a granodioriticos enriquecidos ou retrabalhados, e por
paragnaisses subordinados de idades variando entre 2.19 e 2.15 Ga (Dantas et al. 2004).

Este segmento representa um terreno heterogéneo em termos de deformacdes e
litologias sendo truncado em sua extensdo sul e centro-leste pelos xistos e estruturas que
atingem o embasamento da FS. Valores de €4 negativos indicam que houve envolvimento de
crosta sidlica antiga derivada de manto enriquecido (Brito Neves et al. 2000), a qual fora
intensamente retrabalhada em diferentes niveis crustais durante eventos tectbnicos

sucessivos, desde o Arqueano até o Neoproterozoico (Jardim de Sa 1994; Dantas 1997).

2.3. O Macico Sao José do Campestre

Segundo Dantas et al. (2004) o MSJC é um bloco crustal arqueano que ocupa uma
area de aproximadamente 6000 km?, relativamente pequena para um nucleo craténico (Fig.
1.2B e 1.2C). O MSJC é formado por um conjunto de rochas formadas ao longo de
aproximadamente 700 milhdes de anos (3.41 — 2.65 Ga), posteriormente afetadas por eventos
tectono-metamorficos no Paleoproterozdico — entre 2.15 e 2.0 Ga — e por expressivo
retrabalhamento crustal durante a Orogénese Brasiliana no Neoproterozéico (Almeida 1977,
1981; Brito Neves 1983; Jardim de Sa 1994; Brito Neves et al. 1995; Brito Neves et al. 2000;
Brito Neves et al. 2001) O MSJC representa 0 mais antigo fragmento de crosta continental
existente na plataforma Sul Americana (Dantas et al. 2004).

O Macico € limitado a sul por embasamento gnaissico-migmatitico controlado pela
Zona de Cisalhamento Patos, e a leste e norte por coberturas sedimentares recentes e pelo
Oceano Atlantico (Fig. 1.2; Brito Neves et al. 2000; Brito Neves et al. 2001; Dantas et al. 2004).
Sua base litoestratigrafica € formada por ortognaisses constituintes do Gnaisse Bom Jesus
(3.45Ga) e do Complexo Presidente Juscelino (3.35-3.12 Ga), os quais possuem afinidade
geoquimica tonalito-trondjhemito-granodioritica (TTG), associados a anfibolitos calciticos. O
complexo Senador El6i de Sousa (3.03 Ga) constituido por calcossilicaticas, gnaisses
granadiferos e anfibolitos paraderivados, configura a terceira unidade geoldgica mais antiga.

Compondo as litologias méafico-ultraméficas, o Complexo Riacho das Telhas (CRT) é
intrusivo a esses dominios supracitados e engloba piroxenitos, magnetita-cromita piroxenitos e
olivina piroxenitos (Dantas et al. 2004), lherzolitos, wherlitos (Alves de Jesus 2011), olivina
gabros, gabros e anfibolitos (Abrahdo Filho et al. 2016). No topo da estratigrafia, as
supracrustais sdo compostas por rochas da Sequéncia Metavulcanossedimentar Serra Caiada
(SMVSC), formada por gnaisses quartzo-feldspaticos, cherts, metarenitos, xistos,

calcossilicaticas, mamores e formacoes ferriferas (Fig. 1.2B).
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Todas essas litologias estdo equilibradas em facies anfibolito alto a granulito e séo
intrudidas por sucessfes de granitos tardios (Dantas et al. 2004).
Rochas componentes do CRT e do SMVSC tais quais maficas, piroxeniticas e

formag0es ferriferas séo os objetos de estudo desta dissertacao.

3. ESTADO DA ARTE DOS OBJETOS DE ESTUDO

3.1. Rochas mafico-ultramaficas

O critério primordial para que uma rocha seja definida como méfica ou ultraméfica,
além do requisito de ter uma origem ignea, € a menor ou maior predominancia de silicatos
ferro-magnesianos, tais quais olivinas, piroxénios e espinélios. As rochas maéfico-ultramaficas
sdo importantes marcadores genéticos e geotectdnicos, visto que fornecem informagfes
valiosas a respeito da génese de magmas basalticos e dominios da fonte mantélica (Gill 2010).

O éon Arqueano é caracterizado pelo menor volume da crosta continental, maior
distribuicdo areal da crosta oceénica e, por conseguinte, maior influéncia mantélica direta nos
processos magmatogénicos do planeta. Dessa maneira, 0s magmas formados durante esse
éon continham um alto teor de MgO e FeO. Esses magmas comumente comp&em rochas de
filiacdo toleiitica-komatiitica consideradas como fontes de informacdes para estudo das
condi¢des fisico-quimicas mantélicas (Anhaeusser 2001). Rochas maficas e ultraméficas
arqueanas, principalmente as componentes de greenstone belts, sdo interpretadas como de
ambientes de cordilheiras meso-oceanicas, platds oceanicos, arcos de ilha e zonas de supra-
subduccdo em arcos de ilha. Os termos mafico-ultraméficos antigos pouco diferem quando
comparados aos mais jovens (Wyllie 1967; Storey et al. 1991; Arndt 1994; Polat & Wyman
1998; Pearce 2008; Furnes et al. 2014; Polat 2014).

As cordilheiras meso-oceénicas fazem parte do contexto tectbnico de maior atividade
vulcanica em nosso planeta, considerando qualquer momento do tempo geoldgico. Apesar
disso, pelo carater pouco evoluido dessas rochas formadas nesse ambiente, a variagdo
geoquimica desses litotipos ndo é acentuada. Rochas basalticas de cordilheira oceéanica
(MORB’s, Mid-Ocean Rock Basalts) sdo toleitos de baixo potassio variando
composicionalmente de picritos com alto MgO a ferrobasaltos e ferrotitanobasaltos de alto FeO,
respectivamente divididas em tipo-N (normais) e tipo-E (enriquecidas). Apesar de
petrograficamente similares aos basaltos OIB, os MORB contém baixas concentracfes de
elementos litéfilos de maior numero atémico (incluindo K, Rb, Ba, Cs), de ETRL, de elementos
volateis e de outros elementos tracos tais quais Th, U, Nb, Ta e Pb (Perfit 2001).

Complexos intraplaca oceanicos do tipo Arco de Ilha (OIB, Ocean Island Basalts), sdo
gerados a grandes profundidades e, embora apresentem maiores espectros composicionais
que MORB’s, contém concentracdes elevadas em elementos incompativeis, podendo ser
toleiiticos ou alcalinos (Kerrych & Wiman 1996; Gill 2010). Evidenciam empobrecimento em
elementos terras raras pesados (ETRP), tendo alto FeO e baixo Al,O;. Sdo formados a altas

pressdes em aproximadamente 60 km de profundidade na base da litosfera, e assim
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apresentam comportamento distinto aos MORB’s gerados proximos a superficie (Philpotts
1990; Perfit 2001). A grande maioria dos toleitos Arqueanos de baixo K foi formada em
ambientes do tipo OIB e contém alto teor de silica, baixo conteldos de incompativeis,
moderado contelido de compativeis, padrdes horizontalizados e pouco enriquecidos em ETRL,
alto MgO, Ni e Cr, atribuidos aos elevados graus de fusdo parcial da cunha mantélica durante a
subducc¢éo da crosta oceénica (Condie 1985). Tanto basaltos do tipo OIB como MORB contém
acentuadas anomalias positivas de Nb detectadas em diagramas de elementos incompativeis
(Gill 2010).

Rochas geradas em zonas de supra-subduccéo (ZSS) de arcos de ilha tem sua génese
relacionada ao manto peridotitico hidratado sub-arco, onde a agua é fornecida ao manto
superior através de subducc¢éo da crosta oceanica (Furnes et al. 2014; Polat 2014). A geragéo
de rochas ultramaficas ricas em hornblenda magmatica seria uma evidéncia petrografica da
hidratacdo mantélica, a qual é corriqueira no recente e plausivel no Arqueano (Polat 2014). Os
diferentes padrdes de ETR encontrados em hornblenditos, piroxénio hornblenditos, hornblenda
piroxenitos e outras rochas ricas em hornblenda, sdo consistentes com uma fonte mantélica
heterogénea, previamente enriquecida (Polat 2014). Acentuadas anomalias negativas de Nb e
positivas de Pb verificadas em diagramas de elementos incompativeis sdo apontadas por Polat
(2014) e Furnes et al. (2014). Essas caracteristicas sdo indicativas de ambientes de supra-
subduccao para suites de rochas méfico-ultraméficas arqueanas do Complexo de Fiskenaesset
na Groelandia, e para sequencias ofioliticas dos greenstone belts de Isua na Groelandia,
Barberton na Africa do Sul, Wawa no Canada e Jormua na Finlandia (Polat 2014; Furnes et al.
2014).

Platds oceénicos sédo feicdes geomorfoldgicas crustais que atingem dimensdes maiores
que 1 x 10° km?, sendo caracteristicos por espessamentos da ordem de 30 km. Sé&o
interpretados como resultado de descompressao de magmas derivados de plumas mantélicas
quando as mesmas ascendem até a base da litosfera, tanto em contextos tectbnicos de
intraplaca oceénica como de arcos de ilha, sendo registrados basaltos de platé (OPB’s, Ocean
Plateau Basalts) ao longo de toda a historia geol6gica. Devido as suas robustas caracteristicas
dimensionais, os platbs oferecem resisténcia a eventos de subduccao e, por isso, via de regra,
€ possivel encontrar suas secfes superiores acrecionadas a crosta continental (Kerr 2014).
Segundo Arndt (1994), platbs oceénicos de ambiente intraplaca configuram um dos conjuntos
de rochas modernos analogos aos basaltos de greenstone belts arqueanos de afinidade
toleiitica-komatiitica. Por outro lado, de acordo com Kerrich & Wyman (1996), os originados em
arcos de ilha denotam afinidades geoquimicas diversas num espectro que varia e evolui
primordialmente de magmas toleiiticos até posteriores calci-alcalinos, ambos de baixo K. As
principais evidéncias que suportam a definicdo e existéncia desses platds sdo as ocorréncias
de pillow lavas e komatiitos com valores de €,y positivos, denotando contaminacdo crustal
mesmo sem intercalacBes com rochas siliciclasticas terrigenas ou enxames de diques, as quais

sdo caracteristicas dos platds modernos cretacicos a holocénicos (Kerr 2014).
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Em suma, rochas basalticas recentes derivadas de distintos ambientes geotectbnicos
dentre os quais MORB, OIB, ZSS e OPB apresentam diferentes assinaturas de elementos
tracos (Polat 2014), de modo que 0 mesmo comportamento geoquimico também prevaleceu
durante o Arqueano (Polat & Kerrich 2006). Assim, considera-se que temporalmente a
composigdo quimica e as razfes entre elementos constituintes de rochas mafico-ultraméficas
pouco variaram (Polat 2014).

Em termos de disposicao temporal no tempo geoldgico, nota-se que a maior incidéncia
de formacéo de rochas méfico-ultramaficas evidentes em estudos de superficie esta no final do
Argueano, entre 2.7 e 2.8 Ga, 0s quais séo correlacionaveis com as maiores ocorréncias de
plumas mantélicas (Fig. 1.3; Isley & Abott 1999). Os picos de génese mafico-ultramafica
coincidem com os principais picos de aparecimento de formagdes ferriferas, apontando dessa
forma suas relagBes genético-temporais (Isley & Abott 1999).

No MSJC, o trabalho pioneiro de Alves de Jesus (2011) estuda unidades méficas e
ultraméficas da Intrusdo Riacho das Telhas e as compara quimicamente com basaltos
alcalinos, MORB’s, OIB’s, komatiitos e toleitos continentais, sendo que seus padrbées de ETR
estdo expressos na Fig. 1.4.

No decorrer da sua ascendéncia, magmas toleiticos e komatiiticos podem assimilar
cristais devido a velocidade e turbuléncia dos fluxos gerados pela baixa viscosidade do fundido
e pela alta temperatura, configurando um fator que pode vir a alterar a composi¢édo geoquimica
dos mesmos (Huppert & Sparks 1985). Além disso, a superposi¢do de eventos posteriores tais
quais metamorfismo, metassomatismo, deformagcdo e intemperismo sdo passiveis de
obliterag8o das evidéncias primérias, causando desbalanceamento de massa elementar e

alteragfes na composi¢do quimica e mineral parental.

3.2. Piroxenititos ou rochas piroxeniticas exoticas

As altas percentagens modais de piroxénio, olivina e anfib6lio ndo sdo por si so
diagndsticos de génese ignea para um determinado litotipo. Alguns autores relatam rochas
ricas em piroxénio + anfibdlio + quartzo + magnetita, aflorantes entre gnaisses de dominios
cratbnicos arqueanos, as quais representam exemplos de litologias possivelmente ndo
derivados diretamente de magmas, mas que sao causadores de controvérsias a respeito de
fontes primarias.

Siepierski (2008) aborda corpos de ortopiroxenititos sulfetados da Provincia Mineral de
Carajas, situados no Complexo Xingu do Craton Amazobnico. S&o litotipos ricos em
ortopiroxénio, hornblenda, escapolita e apatita, e o autor defende-os como derivados de
alteracdo metassomatica de rochas gnaissicas, devido a atuacéo de fluidos em condi¢des de
alta temperatura e baixa fO,. Esses ortopiroxenititos sao caracteristicos por conter médio teor
de Mg (>3 wt.%), baixos Cr,0O3; (< 0,01 wt.%; ou 22 a 71 ppm Cr) e TiO, (0,03 a 0,14 wt.%),
sendo que a disponibilidade de Cr e Ti na rocha é incompativel com rochas derivadas de

magmatismo mafico-ultramafico. Outra caracteristica importante é que o conteddo de En
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nessas amostras varia de 68 a 77,5% e ndo mostra correlacao significativa com TiO,, Cr,03,
CaO e Al,O3 da rocha total.

0.4
0.3 1 -
oo FORMAGOES FERRIFERAS
0.1 1 L
0.0+ -
1500 3000 3500 4000
0.3 B
0.2 1 DIQUES E i
0.1 4 DERRAMES BASALTICOS L
0.0 1
1500 2500 3000 3500 400¢
0.4 ’ * A
0.3 A
gf ) L INTRUSOES ACAMADADAS i
0.0 :
1500 2000 2500 3000 3500 4000
0.3 1 L
0.2 1 KOMATIITOS L
0.1 J L
0.0 } |
1500 2000 2500 3000 3500 4000
i :
05 1 - . L . o
0.4 PLUMAS CONTINENTAIS | Fig. |.3 - Séries temporais para ocorréncias de FFs,
8;22 L diques e derrames basélticos, intrusées mafico-
83 . . [ ultramaficas acamadadas, komatiitos, plumas
1500 2000 2500 3000 3500 4000 continentais e plumas globais. Essas séries
074 y y * | temporais foram geradas pela soma da distribuicio
vl [ gaussiana de unidade de &rea para cada tipo de
0.4 PLUMAS GLOBAIS - assembléia méfico-ultraméfica (eixo vertical) em
03] [ determinada idade dada em milhdes de anos (eixo
a3 [ horizontal). Modificado de Isley & Abott (1999). Os
1500 2000 2500 3000 3500 4000  principais picos sdo em 2.7 Ga, 2.45 Ga e 1.9 Ga.
Idade (Ma)
100 1
- Basalto Alcalino
. Toleito Continental
e CEP T TR MORB
s ’Q;,,»rﬁ e Komatiito
— e Arco de liha
e P
o - i
e W
G S
é 10 1 h ; ;t . o 0 .L o 3 ° o B
® .
o? $—2—8_9 ¢ & o g |Unidace
5% X & —=—_ =
Q 2 " o 0
L,.) g . % . o 0 : ¢ ¢ ‘ " ” 2
s a 1‘ - o » - - .
® O bt - g .
2 A ke
= - 9 4 4
<e [ . a \ y ~ . + {Unidade
38 1l o Y\~ . +—t—t— T¢I Ultramafica
'Y 8 ¥ & - " ¢ - " !
a . H t - : e ”
-4 1 - iy - 4
. B .
¥ L]
L
0.1

La Ce Pr Nd Sm Eu Gd To Dy Ho Er Tm Yb Lu
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Rochas quartzo-piroxeniticas com magnetita, intercaladas com anfibolitos e rochas
ultraméficas da Ilha de Akilia na regido de Godthdbsfiord, na Groelandia onde também esta
inserido o greenstone belt de Isua, tém sido veementemente discutidas na literatura (Mojzsis et
al. 1996; Nutman et al. 1997; Mojzsis & Harrison 2000; Myers & Crowley 2000; Anbar et al.
2001; Fedo & Whitehouse 2002; Friend et al. 2002; Nutman et al. 2002; Whitehouse & Fedo
2003; Bolhar et al. 2004; Fedo et al. 2006; Dauphas et al. 2007, dentre outros). A controvérsia
sobre a origem destas litologias com elevadissimos contelidos de SiO, esta baseada em duas
hipéteses principais. A primeira considera que as rochas quartzo-piroxeniticas sdo derivadas
de formacgGes ferriferas bandadas (banded iron formations, BIFs) paleoarqueanas colocadas a
condi¢des de alto grau metamorfico. Nessas rochas, a presenga de grafita inclusa em apatita
pode indicar possivel existéncia de vida bacteriana antiga (Mojzsis et al. 1996; Mojzsis et al.
1999; Mojzsis & Harrison 2000; Anbar et al. 2001; Friend et al. 2002; Nutman et al. 2002;
Dauphas et al. 2007). Essa hip6tese foi primeiramente levantada por aspectos de campo que
evidenciam a estrutura principal dessas rochas como se tratando de bandamentos similares
aos de BIFs. Segundo os mesmos autores, as equivaléncias com BIFs estdo baseadas
também nos padrdes de ETR e no comportamento de elementos tragos como Cr, Ti, P, Th, Y e
Sc. Evidéncias geocronolégicas indicam que as rochas quartzo-piroxeniticas tém idades de
formacgédo paleoarqueana proximas as rochas méfico-ultraméficas e aos gnaisses encaixantes,
caracteristicas que suportariam a cogeneticidade entre essa assembleia litolégica (Mojzsis et
al. 1996; Mojzsis & Harrison 2000; Anbar et al. 2001; Friend et al. 2002; Nutman et al. 2002;
Dauphas et al. 2007).

A segunda hipGtese sugere que um evento metassomatico neoarqueano, ocorrido a
partir da interacdo entre fluidos e protélitos mafico-ultramaficos, seja o responsavel pela
formagdo das rochas quartzo-piroxeniticas de Akilia (Myers & Crowley 2000, Fedo &
Whitehouse 2002, Whitehouse & Fedo 2003, Bolhar et al. 2004 e Fedo et al. 2006). Os
principais argumentos sdo baseados na origem do quartzo presente na rocha, o qual, a partir
de estudos de is6topos de O, é considerado como adicionado metassomaticamente ao sistema
pos-magmatico, ndo sendo considerado como primério. Isétopos de Fe e S mostram
caracteristicas ambiguas. Esses dados indicam que a presenca do ferro contido na rocha pode
ser oriunda tanto de deposi¢éo quimico-exalativa relacionada a BIFs, como de hidrotermalismo
de fundo marinho em cadeias meso-oceanicas e, além disso, sugerem que essas litologias ndo
interagiram com ambientes superficiais no periodo de sua formacgao. Além disso, similaridades
geoquimicas com rochas mafico-ultraméficas foram detectadas nos padrées de ETR das
rochas quartzo-piroxeniticas, evidéncia que suportaria uma estreita relagdo genética entre
essas litologias (Myers & Crowley 2000; Fedo & Whitehouse 2002; Whitehouse & Fedo 2003;
Bolhar et al. 2004 e Fedo et al. 2006). Por fim, dados geocronoldgicos realizados por Fedo et
al. (2006) pelo método isotopico de Sm-Nd em rocha total apontam idade modelo Tpy
paleoarqueana aliada a valores de €4 extremamente negativos. O método U/Pb em zircdes
das rochas quartzo-piroxeniticas indica que a génese dessas rochas se dera no Neoarqueano

(Fedo et al. 2006). Essas constatacdes indicam, segundo esses autores, que as rochas
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quartzo-piroxeniticas sdo mais novas que as rochas da vizinhanca e que sofreram intensa
contaminacdo crustal, corroborando a hip6tese de génese tardia e derivacdo a partir de rochas
méfico-ultramaficas metassomatisadas.

Diopsiditos sédo rochas essencialmente monomineralicas associadas a fundidos
silicaticos ndo derivados de sistemas magmaticos, mas sim da interacdo entre fluidos
carbonaticos submarinos de temperatura muito alta (>800 °C) com harzbugitos e serpentinitos
mantélicos). A mineralogia relacionada a essas litologias inclui além do diopsidio, forsterita,
anortita e tracos de andradita, em matriz composta a antigorita e carbonatos. Os diopsiditos
sdo fortemente depletados em Cr e Ti e o comportamento dos padrdes de ETR difere
completamente ao de rochas mafico-ultramaficas, de modo que as anomalias positivas de Eu
detectadas sugerem que os fluidos geradores lixiviaram rochas ricas em plagioclasio antes de
penetrar no manto. Os diopsiditos manifestam-se na forma de diques ou diapiros,
preferencialmente localizados nas porcdes basais dos ofiolitos de Oman, e podem ser
interpretadas como produtos de halos de metamorfismo de contato tipicos aos encontrados em
skarns (Python et al. 2007).

Processos relacionados a skarns no mundo (Knopf 1942; Korzhinski 1955; Zharikov
1970; Burt 1972; Einaudi et al. 1981; Einaudi & Burt 1982; Edwards & Atkinson 1986; Kwak
1987; Ray et al. 1987, 1988; Meinert 1988, 1989; Ettlinger & Ray 1989; Ray et al. 1990;
Theodore et al. 1991; Ray & Webster 1991; Meinert 1992; Meinert et al. 2005; Bucher & Grapes
2011; Hao et al. 2014; Nadoll et al. 2014) e na Provincia Borborema (Sousa Neto et al. 2008;
Parente et al. 2014; Parente et al. 2015), sao relacionados a rochas piroxeniticas e associados
a metamorfismo de contato ligados a atividade granitica (Fig. 1.5). Por outo lado, distintas e
confusas caracteristicas e classificagdes séo utilizadas na bibliografia classica para posicionar
associacgoes litolégicas como derivadas de processos de skarnizacdo, as quais podem ou ndo
ter relagdo com granitogénese (Meinert 1992). O termo skarn fora primeiramente citado por
Tornebohm (1875) para nomear estratos subordinados hospedeiros de corpos mineralizados
internos a camadas de rochas vulcanicas pobres em feldspato. A partir de definicbes
posteriores €& possivel sintetizar que o termo skarn refere-se a metassomatitos ou
hidrotermalitos silicaticos, célcicos ou magnesianos de granulometria grossa, ricos em Fe, Al, e
possivelmente Mn, formados em condi¢cfes de alta temperatura pela troca elementar efetuada
sobre rochas ricas em carbonatos (Knopf 1942; Korzhinski 1955; Zharikov 1970; Burt 1972;
Einaud et al. 1981; Einaud & Burt 1982; Edwards & Atkinson 1986; Kwak 1987; Meinert 1988,
1989; Ray et al. 1987, 1988; Ettlinger & Ray 1989, Ray et al. 1990; Theodore et al. 1991; Ray &
Webster 1991; Meinert 1992; Hao et al. 2014; dentre outros). Ainda assim, alguns autores
discordam dessa definicdo, defendendo que skarns podem ser formados sobre diversos tipos
de rochas, além de calcarios, marmores ou rochas calcossilicaticas (Ray & Webster 1991). Em
suma, segundo os autores supracitados, skarns podem ser formados a partir de processos de:
i) recristalizacdo isoquimica de rochas carbonaticas como resultado de metamorfismo regional

ou metamorfismo local a partir do contato com rochas graniticas; ii) reagdes metassomaticas
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localizadas entre diferentes litologias, como argilitos e calcérios; iii) metassomatismo de

infiltracdo envolvendo fluidos hidrotermais de origem magmatica ou metamoérfica.
Assembléias minerais constituidas de piroxénios, granada, anfibdlios, quartzo e

magnetita na fase progradante e de escapolita, calcita, apatita, biotita e sulfetos na fase
retrogradante, séo tipicas de skarns. (Burt 1977, 1982; Bohlen et al. 1980; Einaudi et al. 1981;
Einaudi & Burt 1982; Newton 1983; Meinert 1992; Lentz 1998; Aleksandrov 1998; Meinert et al.
2005; Frisch & Herd 2010; Bucher & Grapes 2011). Nos ambientes de formacao de skarns, é

comum a correlacdo espacial e genética entre metassomatitos, metamorfitos, rochas méfico-

ultraméficas, rochas calcossilicaticas, marmores e formacdes ferriferas.

HORNFELS

PYROXENE
EXOSKARN

PYROXENE
EXOSKARN

RETROGRADE
ALTERATION

EXOSKARN

Fig. 1.5 - Evolugao esquematica de um depdsito de Skarn. A. Intrusdo do magma em uma sequéncia
carbonética e formacao de hornfels; B. Infiltragdo de fluidos hidrotermais produzindo endoskarn e
exoskarn rico em piroxénio; C. Continuag¢do da infiltracdo de fluidos com expansdo progressiva do
envelope de exoskarn e formacéo de exoskarn proximal rico em granada; D. Resfriamento do sistema
hidrotermal acompanhado por assembleias da fase retrograda. Durante esse estagio metais podem
ser introduzidos ao sistema formando corpos mineralizados. Extraido de Ray & Webster (1991).
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3.3. Formacoes Ferriferas Bandadas (BIFs)

BIFs sdo rochas quimico-exalativas caracterizadas pelo aspecto bandado que alterna
camadas ricas em silica com camadas ricas em ferro (James 1966, 1983; Klein 2005). O
contelido quimico de BIFs varia entre 16 a 40 wt.% de Fe total e de 30 a 50 wt.% de SiO,,
contendo relativamente baixos Al,03, CaO, TiO,, Cr,03, MgO, MnO e P,0s5 (James 1954; Klein
2005). Refletindo sua composicdo quimica, BIFs sdo formadas principalmente de quartzo e
oxidos de ferro como magnetita e hematita (James 1954; Klein 2005). Quanto mais impuras e
de maior grau metamoérfico, vdo adquirindo mineralogia gradativamente mais complexa
passando a conter anfibdlios, piroxénios e outros silicatos de alto Fe, e baixos Ca e Mg
(Bonnichsen 1969, 1975; Gole & Klein 1981; Hall 1985). Texturalmente podem ser classificadas
como formacdes ferriferas bandadas quando os minerais estdo arranjados como bandas em
gualquer escala de observacdo. Podem também ser classificadas como formagdes ferriferas
granulares ou granoblasticas ao microscépio, mas que em macro e mesoescala estruturam-se
na forma de bandamentos (Breitkopf & Maiden 1988; Clout & Simonson 2005; Bekker 2010;
llouga et al. 2013).

BIFs estdo distribuidas principalmente em terrenos arqueanos e proterozdicos, sendo
que 90% dessas foram depositadas no intervalo entre 2.5 e 1.8 Ga (James 1983; Klein 2005),
na maioria das vezes associadas a greenstone belts e a outras sequéncias supracrustais
precambrianas (James 1992; Zhai & Santosh 2011, 2013). O registro mais antigo dessas
rochas encontra-se no greenstone belt de Isua, datado de 3.8 Ga (Moorbath et al. 1973).
Baseado no ambiente deposicional e no contexto geotectonico, Gross (1980) classifica BIFs
como dos tipos Algoma, Lago Superior e Rapitan (Fig. 1.6). BIFs to tipo Algoma ocorrem
principalmente entre o Eoarqueano e o Mesoarqueano e séo relacionadas a rochas vulcénicas,
sendo depositadas em ambientes de arco ou em riftes. As do tipo Lago Superior distribuem-se
do Mesoargqueano ao Paleoproterozoico e depositam-se em plataformas continentais estaveis.
As do tipo Rapitan sdo exclusivas do Neoproterozdico caracterizando-se por influéncia de
ambientes deposicionais glaciogénicos (Gross 1980, 1983, 1993; Klein & Beukes 1992; llyin
2009; Bekker et al 2010). Existem subtipos de BIFs como as depositadas nos periodos
Ediacarano e Criogeniano associadas a rochas vulcanicas e, por isso, geneticamente similares
as do tipo Algoma e Lago Superior (Trendall 2002, Ali et al. 2009, Basta et al. 2011). Outros
tipos de BIFs sdo as do tipo Minette e Clinton que contém texturas ooliticas e podem ou néo
conter bandamentos, sendo também classificadas como Ironstones (Yellappa et al. 2015). Por
ultimo, BIFs relacionadas a depésitos do tipo IOCG ou metassomaticos sao corriqueiros como,
por exemplo, porgdo do depésito de Curral Novo no Piaui, descrito por Costa (2010), podendo
ou nao apresentar relagdo com os ambientes de deposicao supracitados.

As BIFs tem sua génese intimamente ligada a distancia em que o ferro pode percorrer
a partir da sua fonte (Klein & Beukes 1989). Esse elemento pode ser transportado e depositado
a partir de fumarolas hidrotermais de fundo oceénico, de maneira que o alcance atingindo

depende da natureza do fluido hidrotermal que o carreia. Caso as condi¢des fisico-quimicas do
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fluido sejam suficientes para superar o estado redox do oceano o ferro é depositado
distalmente em relacdo as fontes, caso contrario o ferro deposita-se proximal na forma de
Oxidos e sulfetos (Klein & Beukes 1989).

O tipo de BIF e seus ambientes relacionados com as condicbes de oxirreducéo
refletem determinados padrées de ETRY (Elementos Terras Raras e itrio) (Fig. 1.7) e distintos
comportamentos de elementos tracos, principalmente no cerne dos metais (Bau & Dulski
1996). Anomalias positivas ou negativas de Y e suas razées com o Ho podem indicar maiores
ou menores contribuicbes sedimentares. Anomalias de Eu podem ser relacionadas com a
temperatura das fumarolas, de modo que sitios deposicionais proximais refletiiam em
anomalias positivas e os distais em anomalias negativas desse elemento. Anomalias de Ce sdo
diretamente proporcionais as condi¢cdes de oxirreducdo das aguas oceanicas (Bau & Dulski
1996; Kato et al. 2002; Bolhar et al. 2004; Shields & Webb 2004; Klein 2005; Catuneanu 2006;
Frei et al. 2008; Alexander et al. 2008; Bekker 2010; Figueiredo 2012; Silva Filho 2012). Esses
mesmos autores defendem que as BIFs plataformais, posicionadas mais distantes em relacao
ao input de solugbes hidrotermais submarinas, sdo mais pobres em ferro e associadas a
rochas calcarias, calcossilicaticas e siliciclasticas. BIFs de ambientes pelagicos, situadas em
sitios deposicionais mais proximos as fumarolas, sdo mais ricas em ferro e associadas a
rochas maéfico-ultramaficas, podendo conter sulfetos e valores relativamente altos de metais
base.

O método baseado em petrografia, estudos de ETRY e elementos tracos sobre BIFs de
uma determinada area ou regido é capaz, portanto, de apontar zoneamentos composicionais
atrelados as relacdes espaciais entre fontes hidrotermais e sitios deposicionais. Esses
zoneamentos eventualmente podem ser refletidos em mapas geoldgicos. No cerne cientifico, a
distingcdo de grupos de BIFs seria util para entender melhor o comportamento de fumarolas
submarinas antigas, bem como distinguir os mecanismos fisico-quimicos que controlam a
deposicao e precipitacdo de formages ferriferas. Ja em termos prospectivos, distingdo entre
tipos de BIF pode servir de guia exploratério uma vez que estaria mapeando e discriminando
as principais fontes de minério de ferro do planeta. Além disso, zoneamentos bem definidos na
cartografia, eventualmente, podem indicar possiveis localizac6es de fumarolas hidrotermais,
importantes sitios mineralizadores de depésitos do tipo VMS (Grenne & Slack 2005).

No MSJC, durante a execuc¢éo da dissertagdo bem como apontado por autores como
Dantas et al. (2004), Silva Filho (2012) e Figueiredo (2012) fora notado que, além da
associacdao litologica com rochas méfico-ultraméficas, as BIFs apresentam estreita proximidade
geografica com rochas piroxeniticas, calcossilicaticas e marmores impuros, configurando

situacdes similares aos modelos supracitados.
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THOLEITIC HIGH-FE MAFIC MAGMATISM AND THE PROTOLITH OF MESOARCHEAN
IRON-RICH EXOTIC PYROXENITIC ROCKS IN SAO JOSE DO CAMPESTRE MASSIF, NE
BRAZIL
Abrahao Filho, E. A%, Dantas, E. L., Ferreira Filho, C. F.1, Bezerra de Franca, F. A.

1 Universidade de Brasilia

ABSTRACT. Mafic rocks associated with exotic pyroxenitic rocks are the constituents of Serra Negra Body
(SNB) that occur in S&o José do Campestre Massif (SJCM) Archean nucleus localized at Borborema
Province. SNB have dimensions of 1100x700 meters and is embedded by orthogneisses, establishing
contacts with neoproterozoic granites. Using mapping and drillholes descriptions, we interpret that SNB is
delimitated by five sub-horizontal lithological groups arranged following this order, from top to base: i)
Upper Pyroxenitic Association (UPA, ~40 meters thickness); ii) Gruneritization Zone (GZ, ~5 meters); iii)
Main Mafic Zone (~30 meters); iv) Clinopyroxenitic Association (CA, ~12 meters); v) Basal Mafic Zone
(~15 meters). Additionally were contemplated two Minor Mafic Bodies of the vicinities. Pyroxenitic rocks
are coarse-grained and formed by clinoferrosilite, ferrosilite, fayalite, magnetite, fe-horneblende, quartz
and garnet, arranged in granoblastic textures. UPA is constituted of orthopyroxenitites, clinopyroxenitites,
gruneritites, iron formations (IFs) and late assemblages composed by grunerite, scapolite and calcite. CA
is more homogeneous, showing basically isotropic clinopyroxenitites and gruneritites. In the mafic zones,
gabbro-amphibolitc lithologies (metamafics) are arranged in cumulatic and granoblastic textures formed by
plagioclase, clinoferrosilite, diopside, hornblende, magnetite, ilmenite, chalcopyrite and pyrrhotite, also
having grunerite, calcite, actinolite, garnet and biotite as secondary mineral paragenesis. Eletron
Microprobe analysis shows that pyroxenitites's magnetite grains have genetic characteristics between
Skarns or metasomatic process and crystals derived from magmatism. In other hand, the chemistry of
metamafics' magnetite grains indicates igneous-related genetic process (Fe-Ti-V and Porphyry). The bulk
geochemical composition of whole rock show that gabbro-amphibolitic rocks are low-K and high-Fe
tholeiites (Fe203 average 13,8 wt.%), with intermediate MgO (average 6,5 wt.%). Pyroxenitic rocks whole
rock analysis show average 94,2 wt.% of Fe203 + SiO2 content, and also intermediate contents of MgO
(average 5,4 wt.%). Metamafic REE and trace elements behaviour show transitions between chemical
signatures of E-MORB and Arc-type rocks, derived from a hydrated mantle. U/Pb geochronological data of
magmatic zoned zircons of pyroxenitic rock indicate a crystallization age of 3041+23 Myr, same age of
Riacho das Telhas Complex (RTC) of SICM. Metamafic and pyroxenitic rocks samples show high isotopic
ratios 147Sm/144Nd (>0.14) typical of mantellic rocks, TDM ages varying from 3.19 until 3.88 Gyr, and
E€Nd(3.04) values ranging from +0.65 e -9, indicative of changes in the isotopic system, reflecting
metasomatism and that mantellic juvenile sources passed by mantle enrichment or crustal contamination.
We interpret that this lithological association were formed or putted under high-grade metamorphic
conditions, followed by retrometamorphism until low-amphibolite or hornfels facies indicated by presence
of symplectites and mineral substitution textures of hornblende within pyroxenes. At least one metasomatic
event influenced these lithologies and generates grunerite, scapolite, calcite and garnet, associated with
late granitc activities. However, the definition of the protolith of the pyroxenitic rocks its uncertain, and
remains obscure. Pyroxenitites show REE and trace elements patterns and other chemical characteristics
that made us to suppose genetic relations with later fluids associated with RTC magmatism or to consider
that they are high-grade metamorphism IFs. This study may change the research direction and geological

perspectives about SJICM rocks.
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RESUMO. Rochas méficas associadas a rochas piroxeniticas exoéticas constituem o Corpo de Serra
Negra (CSN), aflorante na porgdo centro-sul do Macico Sdo José do Campestre (MSJC), um nucleo
arqueano da Provincia Borborema. O CSN tem dimensdes 1100x700 metros, € embasado por
ortognaisses e estabelece contatos com granitos neoproterozoéicos. Foram delimitados, com auxilio de
testemunhos de sondagem, cinco conjuntos litolégicos arranjados sub-horizontalmente do topo para base
do CSN: i) Associacdo Piroxenitica Superior (APS, ~40 metros de espessura); ii) Zona de Gruneritiza¢éo
(~5 metros); iii) Zona Méfica Principal (~30 metros); iv) Associagdo Clinopiroxenitica (AC, ~12 metros); v)
Zona Méfica Basal (~15 metros). Adicionalmente foram contemplados dois corpos maficos subordinados
das imediagBes. As rochas piroxeniticas contém granulometria grossa, formada por clinoferrosilita,
ferrosilita, fayalita, magnetita, fe-horneblenda, quartzo e granada, arranjadas em texturas granoblasticas
com juncdes triplices. A APS é constituida por ortopiroxenititos, clinopiroxenititos, grunerititos, formagoes
ferriferas (FFs) e assembleias minerais tardias a grunerita, escapolita e calcita. A AC é mais homogénea,
formada essencialmente por clinopiroxenititos e grunerititos. Nas zonas méficas, litologias de composigéo
gabro-anfibolitica (metamaficas) arranjam-se em texturas cumulaticas e granoblasticas a plagioclasio,
clinoferrosilita, diopsidio, hornblenda, magnetita, ilmenita, calcopirita e pirrotita e por paragéneses
secundarias a grunerita, calcita, actinolita, granada e biotita. Estudos de quimica mineral indicam que a
natureza da magnetita das rochas piroxeniticas tém caracteristicas limiares entre cristais derivados de
metassomatismo (Skarn) e cristais oriundos de magmatismo. Ja a quimica dos cristais de magnetita das
rochas metaméficas aponta génese relacionada a processos francamente igneos (Fe-Ti-V e Porphyry). As
andlises de rocha total mostram que as rochas gabro-anfiboliticas sdo toleitos de baixo-K, alto-Fe (média
de 13,8 wt.% de Fe203), apresentando conteudos intermediarios de MgO (média de 6,5 wt.%). Quanto
aos piroxenititos, Fe203 e SiO2 juntos, perfazem, em média, 94,2 wt.% do conteldo dessas rochas, as
quais mostram intermediario MgO (média de 5,4 wt.%). Os comportamentos de ETR e elementos tragos
detectados para as litologias metamaficas mostram transicdes entre assinaturas quimicas de rochas do
tipo E-MORB e rochas de Arco, derivadas de um manto hidratado. Andlises de U/Pb realizadas sobre
zircbes de rocha piroxenitica, dotados de zoneamentos igneos preservados, apontam idades de
cristalizacdo de 3041+23 Ma, mesma idade das rochas méfico-ultraméficas do Complexo Riacho das
Telhas (CRT) do MSJC. Amostras de metamaficas e piroxeniticas apresentam altas razdes isotépicas
147Sm/144Nd (>0.14), tipicas de rochas mantélicas, idades TDM variando entre 3.19 e 3.88 Ga e valores
de ENd(3.04) entre +0.65 e -9, mostrando desbalanceamento do sistema isotopico, refletindo
metassomatismo e que as fontes mantélicas juvenis sdo enriquecidas e passaram por contaminacédo
crustal. Interpretamos que essas rochas foram formadas e/ou colocadas a condi¢cbes de alto grau
metamorfico, seguido de retrometamorfismo até facies anfibolito baixo a hornfels, pela presenca de
simplectitos e hornblenda substituindo piroxénios. Ao menos um evento metassomatico, o que gerou
grunerita, escapolita, calcita e granada, atingiu essas litologias e tem relagdo com a granitogénese tardia.
Porém, é obscura ainda a definicdo do protélito das rochas piroxeniticas, as quais mostram padrdes de
ETR, elementos tragos e outras caracteristicas quimicas que tanto podem ter relagdo com fluidos tardios
relativos ao magmatismo do CRT, como podem refletir FFs colocadas a condi¢cbes de alto grau
metamorfico. Este estudo pode mudar as diregbes de pesquisas e as perspectivas geologicas
relacionadas as rochas do MSJC.
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1. INTRODUCTION

One of the greatest scientific challenges related to high-grade Archean Terrains is to
unravel the nature of the protolith of its constituent rocks (Nutman et al. 2002). Ancient rocks
can be influenced by several geotectonic events during the evolution of these terrains, which
can totally or partially obliterate the petrological evidences and geochemical signatures typical
of their formation period (Sharkov & Bogina 2007).

As an attempt to resolve this problem, mafic-ultramafic rocks are used as suppliers of
valuable information about the origin of basaltic magmas and areas of mantle source (Condie
2005; Sharkov & Bogina 2007; Gill 2010; Bucher & Grapes 2011; Polat et al. 2012, Polat 2014).
These lithologies are sorted by lower or higher prevalence of iron and magnesium silicates such
as olivine, pyroxene, amphibole and spinel, mainly arranged in cumulatic textures when
intrusive (MacKenzie 1982; Cawthorn 1996; Gill 2010, and others). In regard to chemical
aspects, there is consensus that the silica content of mafic terms rage from 45 to 52 wt. %, while
the ultramafic do not exceed 45 wt.%. When compared to other lithologies, mafic-ultramafic
rocks show high contents of Mg, Ti, V, Cr, Ni and Co (Le Bas 2000; Sharkov & Bogina 2007;
Siepierski 2008; Gill 2010). The genesis of these rocks are associated to magmatic
differentiation cycles and fractional crystallization processes (Arndt & Lesher 2005), which can
be detected by simultaneous variations in both elemental content of cumulatic minerals and in
the bulk geochemistry of whole rock (Cawthorn 1996; Arndt & Lesher 2005; Gill 2010, and
others).

In certain environments, the occurrence of pyroxenites, gabbros and iron formations
together with exotic lithologies composed mainly by pyroxenes, turns difficult to distinguish the
petrogenetic mechanisms involved in geological history. Despite the unusual approach in the
literature, pyroxenitic rocks of uncertain origin constituted of exotic minerals paragenesis and
particular geochemical signatures have been gaining attention of science researches once its
genetic processes are barely study and, apparently, vary widely.

The protolith of quartz-pyroxenitic rocks with magnetite, intercalated with amphibolites
and ultramafic rocks of Akilia Island in Godthabsfjord Region, Greenland, where is also inserted
Isua greenstone belt, has been strongly discussed in the literature (Mojzsis et al. 1996; Nutman
et al. 1997; Mojzsis & Harrison, 2000; Myers & Crowley 2000; Anbar et al. 2001; Fedo &
Whitehouse, 2002; Friend et al. 2002; Nutman et al. 2002; Whitehouse & Fedo 2003; Bolhar et
al. 2004; Fedo et al. 2006; Dauphas et al. 2007, and others). The controversy over the origin of
these lithologies with extremely high SiO, content is based on two main suppositions.

The first hypothesis consists that the quartz-pyroxenitic rocks are derived from
paleoarchean banded iron formations (BIFs) put into high-grade metamorphic conditions. The
presence of graphite included in apatite may indicate possible existence of ancient bacterial life
(Mojzsis et al. 1996; Mojzsis et al. 1999; Mojzsis & Harrison 2000; Anbar et al. 2001; Friend et
al. 2002; Nutman et al. 2002; Dauphas et al. 2007). This hypothesis was firstly formulated with

the aid of field aspects by considering a type of BIF banding as the main structure recognized in
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these rocks. According to the same authors, the equivalences to BIF are also based on REE
patterns and on behaviour of trace elements such as Cr, Ti, P, Th, Y and Sc. Geochronological
evidence indicates that the quartz-pyroxenitic rocks dates from Paleoarchean, same age of
surrounding mafic-ultramafic rocks and enclosing gneisses, characteristics that would support a
common genesis between these lithological assembly (Mojzsis et al. 1996; Mojzsis & Harrison
2000; Anbar et al. 2001; Friend et al. 2002; Nutman et al. 2002; Dauphas et al. 2007)

The second hypothesis suggests that a neoarchean metasomatic event derived from
the interaction between fluids and mafic-ultramafic protoliths, was responsible for the formation
of quartz-pyroxenitic rocks of Akilia (Myers & Crowley 2000, Fedo & Whitehouse 2002,
Whitehouse & Fedo 2003, Bolhar et al. 2004 e Fedo et al. 2006). The main arguments are
based on the origin of quartz present in the rock. Oxygen isotopes studies show that the quartz
was metasomatic added to the post-magmatic system and not considerate as a primary mineral.
Fe and S isotopic data are ambiguous and indicate that the iron present in the rock can be
originated either from chemical exhalation deposition related to BIFs or from deep-sea
hydrothermalism in mid-ocean ridges. It also suggests that these lithologies did not interact with
superficial environments during their formation period. REE patterns of quartz-pyroxenitic rocks
show geochemical equivalences with mafic-ultramafic rocks, an evidence that can support a
narrow genetic relation between these lithologies (Myers & Crowley 2000, Fedo & Whitehouse
2002, Whitehouse & Fedo 2003, Bolhar et al. 2004, Fedo et al. 2006). At last, geochronological
Sm-Nd data in whole rock show Paleoarchean Tpy ages combined with extremely negative Eyqy
values, whilst, U/Pb method on zircons from quartz-pyroxenitic rocks indicates a neoarchean
genesis to these rocks. These observations show that quartz-pyroxenitic rocks are younger than
the surrounding rocks and experienced intense crustal contamination, supporting the hypothesis
of late origin from metasomatized mafic-ultramafic rocks (Fedo et al. 2006).

Orthopyroxenitites from Carajas Mineral Province are also a lithology of particular
genesis. Siepierski (2008) suggest that these rocks are derived from metasomatized gneissic-
migmatitic rocks, due to the performance of fluids in high temperature and low fO,.
Morphologically, orthopyroxenitites are irregular massive bodies, or veins, ranging from a few
centimetres to more than 300 metres thick, embedded in archean gneiss-migmatites. These
bodies establish contacts with hydrothermal breccias, scapolitites, hornblendites and sulphide-
rich remobilization zones. Incompatibility with processes derived from basic or ultrabasic
magmas to the genesis of these rocks is evidenced by petrography. Absence of magnetite,
hematite, titanite or chromite, as well as the presence of hornblende, scapolite, apatite and
phlogopite, arranged in thick granoblastic agglomerates are some of these evidences. In
addition, variations in content of En do not exhibit significant correlation with variations in the
low contents of TiO,, Cr,O3;, CaO and Al,O; in the whole rock analysis. These facts are
reasonable to assume that fractional crystallization processes were not responsible for the
formation of these rocks (Siepierski 2008).

Diopsidites are essentially monomineralic rocks associated with silicate melts not

directly derived from magmatic systems, but from the interaction between high temperature
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submarine carbonate fluids (>800°C) with harzburgites and mantellic serpentinites (Python et al.
2007). The diopside-rich rocks are strongly depleted in Cr and Ti and the REE patterns differ
completely from those ones in mafic-ultramafic rocks. Positive Eu anomalies suggest that the
generators fluids may have leached plagioclase-rich rocks before penetrating the mantle. The
diopsidites frequently appears as dykes or diapirs preferably located in basal portions of Oman
ophiolites, and can be interpreted as contact metamorphism halos, similar from those found in
typical skarnites. The mineralogy related to these lithologies includes, besides the diopside,
forsterite, anorthite and traces of andradite, in an antigorite and carbonate matrix (Python et al.
2007).

Skarns related processes worldwide (Knopf 1942; Korzhinski 1955; Zharikov 1970; Burt
1972; Einaudi et al. 1981; Einaudi & Burt 1982; Edwards & Atkinson 1986; Kwak 1987; Ray et
al. 1987, 1988; Meinert 1988, 1989; Ettlinger & Ray 1989; Ray et al. 1990; Theodore et al.
1991; Ray & Webster 1991; Meinert 1992; Meinert et al. 2005; Bucher & Grapes 2011; Hao et
al. 2014; Nadoll et al. 2014) and in Borborema Province, northeast of Brazil (Sousa Neto et al.
2008; Parente et al. 2014; Parente et al. 2015), are associated with pyroxenitic rocks related to
contact metamorphism derived from granitic activity. In these cases, it is common spatially and
genetically occurrence of correlate metasomatites, metamorphic rocks, iron formation, mafic-
ultramafic rocks, calc-silicates rocks and marbles. Skarns mineral assemblages are constituted
by pyroxene, garnet, amphibole, quartz and magnetite in the prograde phase and often
scapolite, calcite, apatite, biotite and sulphides in retrograde phase (Burt 1977, 1982; Bohlen et
al. 1980; Einaudi et al. 1981; Einaudi & Burt 1982; Newton 1983; Meinert 1992; Lentz 1998;
Aleksandrov 1998; Meinert et al. 2005; Frisch & Herd 2010; Bucher & Grapes 2011).

Pyrometamorphism and combustion metamorphism (Grapes et al 2009; Grapes 2011;
Sharygin & Sokol 2015) are subtypes of contact metamorphism linked to extreme temperature
processes and are able to generate unusual mineral assemblages composed by ferric pyroxene
(clinoferrosilite and ferrosilite) + fayalite + quartz. Other cases involving extreme temperature
processes can occur due to meteoric impact, which cause sudden changes in temperature and
pressure in a short period of time and also form pyroxene-rich rocks with this exotic mineral
association (Prewitt et al. 1971; Schreyer & Abraham 1978; Maier et al. 2006; Reddy et al.
2014).

The present paper discusses the genesis of gabbro-amphibolitic rocks associated with
exotic pyroxenitic rocks, containing high-Fe pyroxenes and olivine as well as magnetite and
quartz. These lithologies are constituents of Serra Negra Body (SNB) in central-south portion of
the Sdo José do Campestre Massif (SJCM), an archean core, in northeastern Brazil (Dantas et
al. 2004).

2. GEOLOGICAL SETTING

The SJCM is an archean nucleus surrounded by paleoproterozoic gneiss-migmatites

terrains (Dantas et al. 2004) and is located at the northeast portion of the Borborema Province

50



(BP), Rio Grande do Norte domain, Brazil (Almeida 1977, 1981; Brito Neves 1983; Jardim de
S& 1994; Brito Neves et al. 1995; Brito Neves et al. 2000; Brito Neves et al. 2001; Dantas et al.
2004) (Fig. lIl.1A). The Massif’s dimension is approximately 6.000 km? and its actual geographic-
geological position is the most proximal portion to the African continent in the South-American
Platform. SJCM'’s structuration is in agreement with the tectonic movement developed during
the late Brasiliana orogeny, where the Massif worked as a shield (basement top) during the
structural evolution of neoproterozoic Mobile Belts of BP (Brito Neves 1983; Caby et al. 1991,
Jardim de Sa, 1994; Brito Neves et al. 1995; Brito Neves et al. 2000; Brito Neves et al. 2001).
The west portion of the SJICM is bordered by Seridé Mobile Belt, whilst the tectonic-stratigraphy
terrains of Transversal Zone (TZ) determinate the southern limits of the Massif. TZ is deformed
by dextral efforts of Patos-Garoa and Pernambuco-Camardes lineaments, both defined as
mega shear zones that contain their continuities mapped at the Mobile Zones of northwest
Africa.

SJCM (Fig. 11.AB and 11.1C) is characterized by different magmatic events from ages
between 3.45 and 2.65 Gyr. These rocks were reworked by partial melting events and
consequently formation of migmatites around 2.0 Gyr, as well as re-melting events around 600
Myr (Dantas et al. 2004). The oldest events, related to the Bom Jesus orthogneiss (3.45 Gyr)
and the rocks from the Presidente Juscelino Complex (PJC, 3.35-3.12 Gyr), have tonalite-
trondjhemite-granodiorite geochemical affinity (TTG). Granulite facies rocks and high-grade
metamorphism gneiss from Senador El6i de Sousa Complex (3.03 Gyr) are composed by calc-
silicates gneiss, garnet-rich gneiss and paragneiss. Mafic-ultramafic bodies related to Riacho
das Telhas Complex (RTC) are intrusive at the domains above and include pyroxenites,
magnetite-chromite pyroxenites, olivine pyroxenites, Iherzolites, wherlites (Dantas et al. 2004,
Alves de Jesus, 2011), olivine gabbro, gabbros and amphibolites.

Supracrustal rocks are inserted on Serra Caiada Meta-volcanic-sedimentary Sequence
(SCMVS) and it contain quartz-feldspar gneiss, cherts, metarenites, schists, calc-silicates,
marbles and iron formations. SCMVS may be a typical lithological association of a greenstone
belt in the region (Dantas et al. 2013). These rocks are deformed and metamorphosed in high-
amphibolite to granulite facies. They are intruded by late successions of sienogranites (2.65
Gyr) (Dantas et al. 2013) and neoproterozoic granites (Dantas et al. 2004).

The selected area of study (1:5.000 scale) corresponds to one of RTC's bodies (Dantas
et al. 2004). It is located at the proximities of Serra Caiada city, 80 km from Natal, capital of Rio
Grande do Norte province. The reason behind the chosen area is due to its eventual
metallogenetic potential and the Fe-richness of these rocks. These factors caught interest of

researches and junior mineral exploration companies to this area.
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Fig. 1.1 — A. Simplified regional map of the Borborema Province (modified from Jardim de Sa 1994 and
Brito Neves et al. 2001) and its localization in South America; B. Geological map of the SJCM; C.
Geological map of the south portion of the SICM. B and C modified from Dantas et al. (2004).
Abbreviations: OJO - Orés-Jaguaribe Orogen, Pe-CaSZ - Pernambuco-Camarfes Shear Zone, Pa-GaSZ -
Patos-Garoa Shear Zone, TZ - Transversal Zone, RND - Rio Grande do Norte Domain, SO - Serid6
Orogen, SQMA - Santa Quitéria Magmatic Arc.

3. METHODS

This multidisciplinary research invested in different techniques: geological mapping,
drillhole description, petrographic analysis, mineral chemistry, conventional geochemistry,
geochronology and isotopic geochemistry. All the laboratory techniques were executed at the
Geoscience Institute (IG) of Universidade de Brasilia, particularly in the Laboratories of
Mineralogy, Electron Microprobe and Geochronology, excepting the conventional geochemistry
that was conducted in AcmeLabs Commodities Ltd, Vancouver, Canada.
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3.1 Petrography

There were made and described a total of 45 thin sections in this research. From the
total, 10 were collected in surface outcrops and 35 in drillholes. The descriptions were executed

in petrographic microscope coupled to a digital camera.

3.2. Mineral Chemistry

Eletron Microprobe (EMP) analyses were made in olivine, pyroxene, amphibole,
plagioclase and magnetite crystals. For this purpose, it was used an EMP model JEOL JXA-
8230. For silicates a voltage/current of 15 kV/10 + 0,10 nA was used, whilst for magnetite
crystals it was used a voltage/current of 15 kV/15 = 0,10 nA. For silicates, there were analyzed
SiO,, TiO,, Al,Os3;, FeO, CaO, Na,O, K,0, Cr,03 V,03; MnO, MgO, NiO, Cl and F. For the
magnetite crystals, there were analyzed TiO,, Al,O3, FeO, Cr,03, V,03, MnO, MgO, NiO, ZnO,
SnO, and CoO.

The results from mineral chemistry were presented in oxides weight percentage (wt. %),
as well as cationic proportions, chemical structural formulas, molecular components and
chemistry variation diagrams. Excel spreadsheets were used to analyze data (Microsoft® Office
Windows 7®), according to recommendations and calculations predefined by Deer et al. (1992)
for structural formulas calculus, by Droop (1987) for Fe*/Fe® proportions and by Morimoto
(1990) for general chemistry calculus of pyroxenes. The distribution of pyroxene molecular
components is provided according to Cawthorn & Collerson (1974) method. Suggested and
estimated values for pressure conditions of hornblende growth from its composition are based
on geobarometer method by Schmidt (1992) using the formula P(x6 Kbar) = - 3,01 + 4,76*(Al,y
+ Aly)), defined by experimental calibration. In the equation, P is the pressure in kilobars, Al is
the aluminum atom in the four valence, Aly, is the aluminum atom in the six valence. The
classifications used follow the IMA (International Mineralogical Association) recommendations.

Graphic and statistic of EMP analyses from magnetite follow the papers of Dupuis &
Beaudoin (2011), Nadoll et al. (2014) and Chung et al. (2015).

3.3. Conventional Geochemistry

Aiming sampling of weathering-free rocks, whole rock chemical analysis for
conventional geochemistry were conducted only with samples collected from drillholes. The
methodology used in the preparation and analysis consist in submitting them to calcination at
1000°C to lose the volatiles and posterior fusion with lithium metaborate. Major elements ions
were obtained by X-Ray Fluorescence (XRF) or ICP-AES; Minor elements, traces elements and
REE were acquired by ICP-MS. The data processing were made in Excel (Microsoft® Office

Windows 7®), Petrograph (Petrelli 2007) and Corel Draw X7®. 17 samples were analyzed

53



along the proposed stratigraphy of SNB and Minor Mafic Bodies. These samples are

representatives of petrography variation discussed in this paper.

3.4, Geochronology — U/Pb Method

For U/Pb geochronological analyses, zircon grains were handpicked from one
pyroxenitite surface sample (FEM-293) and mounted on an adhesive tape, enclosed in epoxy
resin and polished approximately half of their original thicknesses. U/Pb analyses were
performed on a Mass Spectrometer Multi-Collector model Thermo Finnigan Neptune with ICP
coupled following the methods described by Bihn et al. (2009). For data reduction and age
calculations, the programs PBDAT (Ludwig 1993) and ISOPLOT-Ex (Ludwig 2001) were used.

Isotopic errors were in the range of 10.

3.5. Isotopic geochemistry - Sm-Nd method

Nine whole rock samples were analysed to the Sm-Nd method, three of them are
pyroxenitites and six are gabbro-amphibolites. The method used follows the procedures of Gioia
& Pimentel (2000). Inicially, about 50 mg of powdered sample were diluted in acid at different
stages. After the dissolution, the sample was placed in a chromatography column where the
purification and Sm-Nd separation takes place. Their isotope ratios were measured by a multi-
collector mass spectrometer Finnigan MAT 262. The Tpy ages and &,y parameter were
calculated using the DePaolo (1981) model. For this, Excel (Microsoft® Office Windows 7®) and

its extensions were necessary.

4. GEOLOGY

The selected rocks for this study are inserted in an ellipsoidal body, with major axis
measuring around 1.100 metres and maximum width measuring around 700 metres. These
rocks are WNW elongated disagreeing with PJC gneiss-migmatites regional trend (Fig. 11.2).
The available aeromagnetic data revel strong magnetic anomalies associated to these rocks
and suggests their subsurface continuity (Fig. 11.3).

The main outcrop units can be individualized in three lithological groups, dipping
between 0° to 10° in the central part and 10° to 35° in the northernmost and meridional borders
(Fig. 11.2). In the north portion, pyroxenitic association rocks and subordinated iron formations
are predominant, occupying a 248.000 m? area. In the south, forming contacts with the
pyroxenitic association and iron formations, there is a 153.000 m? area outcropping mafic rocks.
The central part of the body is composed by grunerite-rich rocks, occupying an area of 44.000
m2 (Fig. 11.2).

54



"xa|dwo) ouldasne awapIsald - Ord ‘xajdwo) seyal sep oydery - D1y :suoneinaiqqy "saibojoyl Buipunolins pue gNs ayl jo dew 2160j089) - 27|l "B

SGZC - 861 SOM
000G°L
SEE e

00 G/ 09¢ G2l O

ssjoy|ua @
sabewl ay|8)eS - Sjusweaur]
1P onIueID
uoneljo4 -
uolel|04 |BeJUOZIIOH

ord - ssieubopo [
auoz Jue\ uley [

S10BJU0D paulapun - oleN =T

okm+
[
uoneoossy aniuaxolid Jeddn Il
8uoz uoneziusunio
ajuelo
ajlueibouais [
wawyouus ayjaubep
(3sn1D onusle) uonedyNIS ]
(3snup onusie) uoneziuopaded [ |

puaba

0065¢€6

00¥9¢¢€6

oLveoe

A

oLéL0eC

NV

oLvioe

016002

oLveoe

oL6L0eC

oLvioe

016002

006S2€6

00¥92¢€6

55



Three small magnetite-rich areas, ranging its size between 1.400 and 12.000 m?, were
delimited both internal to the pyroxenitic rocks and to the gabbro-amphibolites, respectively
occurring in the north-western and south part of the body (Fig. 11.2). Magnetite enrichment
occurs when the rocks contains more than 40% of this mineral.

Apophyses, aplitic dykes and pegmatites, as well as quartz-veins, truncate the
aforementioned rocks and are related to expressive intrusions of granites and syenogranites
that outcrop at the south and east portion of studied area. In some veins occur biotite and
garnet. The granites and syenogranites outcrop approximately 0.5 km2 internally to the study
polygon (Fig. 11.2). Interpretations infer that on the south and southeast borders, the granite
bodies probably cap the main lithology in a way that, apparently, its apex portions are exposed
(Figs. 11.2, 11.4B and 11.4C). Centimetric to decametric pyroxenitites and gabbro-amphibolites
xenoliths are preserved on these intrusive rocks (Figs. 1.2, 11.4B and 11.4C).

It is important to notice that, on surface, the intense weathering that occurs in the
outcrops is able to produce siliceous lateritic crusts encountered in the northwest part of the
lithological group. These crusts are nucleated mainly on pyroxenitic rocks (Fig. 11.2). An area of
48.900 m” was delimited, where there is intense silicification of rocks, which circumscribes a
chalcedony-rich area of 15.000 m2, reflecting the action of weathering processes on lithologies
(Fig. 1.2). These silica-rich crusts are responsible for forming relative higher elevations quotes
above the pyroxenitic association rocks, which contrasts with the relative shallow reliefs that are

occupied by the mafic and grunerite-rich rocks.

"~ Contour - Minor Mafic Intrusions

{1 Contour - Pyroxenitc and Main Mafic Rocks - SNB

Suggested contour - 80 meters depth - Pyroxenitc and Mafics
0 0,25 0,5 1 1,5

Kilometers
1:5.000

Fig. 11.3 - Analytic signal map (CPRM 2004) showing magnetic anomalies (strong pink colours) bellow
pyroxenitic and metamafic rocks (note suggested contours in 80 metres deep marked by thin white lines).
SNB contour is showing by black line. Minor metamafic intrusions contours are showing by bolded white
lines in the east part of this map. Drillholes, geologic points and sampled points are also represented in this
picture, according the legend.
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Two studied vertical drillholes, DD-001 and DD-004, allowed us to interpret the distribution
of the main geological group at subsurface and its continuity until 80,5 metres in depth (Figs.
11.2, 1.3 and 11.4). From the detailed mapping and the drillhole’s description, it was possible to
propose, based on the principal petrological association identified, the following lithological

sequence, from the shallow levels to the deepest ones (Figs. 11.2 and 11.4):

i) Upper Pyroxenitic Association (UPA) composed by types of orthopyroxenitites and
clinopyroxenitites with magnetite and quartz, some containing scapolite and calcite,

as well as intercalations of minor iron formations and gruneritites;

i) Gruneritization Zone (GZ) formed by gruneritites, grunerite clinopyroxenitites and

grunerite gabbro with more than 40% modal percentage of grunerite;
iii) Main Mafic Zone (MMZ) contemplated by gabbro-amphibolite rocks;

iv) Clinopyroxenitic Association (CA), composed by clinopyroxenitites similar to the

UPA, but with absence in scapolite and calcite, intercalated with minor gruneritites;

V) Basal Mafic Zone (BMZ) represented by a gabbro-amphibolite association and

occurrences of local and small magnetitite lenses.

In addition, two more drillholes, also vertical, were analysed, DD-005 and DD-006,
outside the mapped area, that intercepted mainly mafic rocks (Figs. 11.3 and 11.4). These rocks
were interpreted as being part of Minor Mafic Bodies (MMB) composed mostly of gabbro-
amphibolite lithologies, (Fig. 11.3). It was described on these last drillholes two different
passages: one of localized pyroxenite and other of iron formation, intercalated with gabbroic
rocks (Fig. 11.4).

5. PETROGRAPHY

The mineralogical modal percentages and the most significant textural characteristics of
the pyroxenitites and gabbro-amphibolites rocks are resumed on Table 01 and explained
bellow. The proposed and explained stratigraphy for SNB as well as the correlations between

principal mineral phases and zoning are resumed on Fig. 11.11.

5.1. Upper Pyroxenitic Association

UPA has up to 40 m of thickness inferred by lateral correlation between the drillholes
DD-001 and DD-004 and can became thinner towards the SE edge of SNB (Fig. I1.2).
Predominant lithologies are orthopyroxenitites and clinopyroxenitites. Pyroxenitites are medium
to coarse grained, isotropic, brown to green (Fig. I1.5) and show dark grey to black magnetite-

rich bands (Figs. II.5A and 11.5D). Subordinately, these lithologies are alternated with decimetric-
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sized intervals of iron formation rich in pyroxene and grunerite, light brown in colour and fine to
medium grained (Figs. 11.5B and 11.5D). It was detected on UPA, medium to coarse grained dark

brown gruneritites (Fig. 11.10) that occupy contacts between granite veins and pyroxenitic rocks.

A DD-001 DD-005 DD-006 | Units and geological conventions
Elevation 161m or— . Soil and saprolite
4, . DD-004 € Calcedonic and silicic lateritic
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gj =0 8 Granites and pegmatites
s &' |UPA /
a A = / o0 D Quartz vein
E oo | 20 ," NI N ) Magnetititc bands (> 60%
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© , :
. - = e Pyroxenitites and iron
:13; | ,'l 20 — ] F6-0 formations
F1-03 S — ; Ultramafics - Pyroxenite
F1-04 K = —1 -
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Fig. 1.4 - Drillholes data. A. Drillhole logs. A correlation can be made between DD-001 e DD-004 holes,
located in the main rock association. DD-005 e DD-006 holes are located above two different minor
metamafic intrusions and, in this way, a correlation cannot be made between these holes. Black rectangles
are indicating collected samples and its respective names. Abbreviations: UPA - Upper Pyroxenitic
Association, MMZ - Main Mafic Association, CA - Clinopyroxenitc Association, BMZ - Basal Mafic Zone, NI
- No information; B. Section A-A'. C. Section B-B'. The sections were made without vertical exaggeration
and are located by white lines and white letters in the map of Fig. 11.2.
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It was determined the following UPA lithofacies:

A) Orthopyroxenitite composed by ferrosilite, clinoferrosilite, diopside, hedenbergite,
olivine, magnetite, calcite and scapolite as essential minerals and quartz, hornblende,
grunerite, pyrrhotite, sphene and apatite as accessories;

B) Clinopyroxenitite composed by clinoferrosilite, magnetite, ferrosilite as main minerals
and quartz, olivine, scapolite, garnet and zircon as accessories;

C) Clinopyroxenitite composed essentially by hornblende and ferrosilite with minor
percentages of magnetite and quartz;

D) Clinopyroxenitite composed by olivine, magnetite and grunerite as essential minerals
and quartz, apatite, pyrrhotite, chalcopyrite, feldspar and biotite as accessories;

E) Banded Iron Formations composed by clinoferrosilite, ferrosilite and grunerite as main
minerals and minor percentages of hornblende, garnet and scapolite;

F) Gruneritite with distinctive modal percentages of clinofessosilite, quartz, hornblende,
magnetite, pyrrhotite and chalcopyrite. The last three minerals cited occur as

accessories;

The main texture recognized on pyroxenitites is the polygonal granoblastic,
dominated by orthopyroxene, clinopyroxene and subordinated olivine crystals. The contact
between pyroxene and olivine grains are formed by straight boundaries arranged in triple
junction arrays. Crystals are euhedral to subhedral and its dimension range from 0,3 to 1,5
mm (Fig. 11.6). Locally eroded borders filled by secondary minerals occur between crystals
contacts (Fig. 11.6B). Sporadically twinned orthopyroxene porphyroblasts with major axis up
to 4 mm are nucleated deforming the previously granoblastic fabric (Fig. 11.6A). Magnetite
and hornblende also occurs as subhedral granoblastic crystals, varying from 0,3 to 0,8 mm
(Fig. 11.6C). These minerals can also occur with quartz and sulphides at interstices in
polygonal arrays, forming anhedral to subhedral little crystals (0,05 - 0,2 mm) (Fig. 11.9C).
Hornblende crystals ranging from 0,05 to 0,1 mm were described within the cleavage
planes of pyroxenes, showing mineral substitution textures.

Iron formations are formed by alternated magnetite-rich layers and pyroxene,
amphibole and quartz rich layers. Magnetite crystals occur in iron formation as polygonal
granoblastic fabrics as well as small subhedral inclusions (0,01 - 0,03 mm) within pyroxene
and amphibole crystals. In more weathered rocks, magnetite displays triangular-type (truss)
arrangements, designed by replacement of hematite, configuring martitization. (Figs. [1.9A
and 11.9B).

Present in most of UPA facies, grunerite are nucleated occupying intersections,
cleavage planes and microfractures of pyroxene crystals. They form pervasive and radial
fabrics establishing irregular contacts between them and with other minerals, and even
forming monomineralic domains that override the previously mineral assemblage (Figs.

[1.6C and 11.10B). They are represented by individual placoid and acicular crystals ranging
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from 0,05 to 1 mm in pyroxenitites (Fig. I1.6C), and can even reach up to 2 cm when it is a
gruneritite constituent (Fig. 11.10).

Secondary minerals include scapolite, calcite, garnet, biotite, feldspars and
sulphides as pyrrhotite and chalcopyrite. Scapolite and calcite set irregular curvilinear
contacts between them and with other minerals. These minerals can occur as the following
ways: pervasive, forming isolated anhedral crystals of 0,02 — 0,3 mm or in agglomerates of
up to 0,5 mm (Fig. 11.6A); filling the interstices spaces between the pyroxene crystals; or
filling cleavage and microfractures spaces of pyroxene crystals (Fig. 11.6B). Quartz veins are
rich in biotite and garnet and can have feldspar association. Garnet also occurs as
porphyroblasts (1 — 2 mm) in a way that your growing pattern visibly deforms the previously
granoblastic texture (Fig. II.6E). The sulphides are present in interstices spaces of the

granoblastic textures and within the cleavage plane of some grunerite crystals (Fig. 11.9F).

5.2. Gruneritization Zone

GZ has 5 metres of thickness and it was interpreted as a transitional zone between UPA
and MMZ, only verified at surface (Fig. 11.2). This unity is characterized for exhibiting rocks with
more than 40% modal percentage of grunerite. They are fine to medium grained and dark

brown in colour. It was possible to establish the following constituents of GZ:

A) Gruneritite composed by hornblende and relict clinoferrosilite with magnetite, pyrrhotite
and chalcopyrite as accessories;

B) Grunerite clinopyroxenitite with clinoferrosilite and composed by magnetite, pyrrhotite,
chalcopyrite, quartz and apatite as accessories;

C) Grunerite metagabbro with plagioclase and clinoferrosilite as main minerals and

magnetite, pyrrhotite, quartz and apatite as accessories;

Relations between essential constituents of gruneritite and clinopyroxenitite are the
same observed on UPA. Grunerite metagabbro is fine grained and show polygonal plagioclases
and pyroxenes crystals textured in triple junctions. Subordinate cumulatic textures were locally
verified in these lithologies. Magnetite and sulphides are within the rock arrangement (Fig.
II.9F). Grunerite superimpose the abovementioned arrangements, showing pervasive, radial
and penetrative agglomerates with irregular contacts between themselves and with other

minerals (Fig. 11.10).

5.3. Main Mafic Zone

MMZ has 40 metres of maximum thickness, average 20 metres, measured by
correlations between drillholes DD-001 and DD-004 (Figs. 11.4). This zone is represented by fine
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to medium grained greenish-grey to light greenish-grey gabbro-amphibolite rocks (Fig. 1.7). The
metagabbros are formed of metric melanocratic intervals and centimetric leucocratic intervals,
intercalated with metric amphibolite intervals (Figs. Il.7B and 1.7C). In general, with the
exception of amphibolites (Fig. 11.8D), these rocks do not show pronounced mineral orientation
and the primary magmatic banding is partially preserved (Figs. 11.7B, 11.7C and 11.7D).

The following facies constitute the MMZ:

A) Metagabbro;

B) Olivine metagabbro;

C) Hornblende metagabbro;

D) Hornblende-garnet metagabbro;

E) Amphibolite with magnetite, quartz and some containing biotite;

Metagabbros show mainly fine to medium grained orthocumulatic texture, composed by
olivine, clinopyroxene and part of the modal percentage of plagioclase (Figs. 11.8A, 11.8B and
11.8C). Plagioclase is also intercumulate along with hornblende, magnetite and ilmenite crystals.
Cumulatic fabrics of olivine, intercumulatic plagioclase and pyroxene usually occur, even with
the absence of the last one, mainy in olivine metagabbro (Fig. II.8E). Clinopyroxene, olivine and
hornblende are euhedral to subhedral and their dimensions range from 0,1 to 0,5 mm.
Plagioclase cumulates vary from 0,3 to 1,0 mm, and when intercumulate it does not exceeds
0,1 mm. Plagioclase may also occur as phenocrysts (0,5 to 1,5 cm) with inclusions of olivine
and clinopyroxene crystals (Fig. 11.8E). Magnetite and ilmenite crystals are intercumulatic and
granoblastic with dimensions of 0,1 to 0,8 mm (Fig. 11.9D) and were also described as small
anhedral to subhedral inclusions (0,01 to 0,1 mm) within pyroxene crystals (Fig. 11.8C).
Symplectites up to 2 mm occur locally in metagabbros and are formed through radial or plane-
parallel exsolution of pyroxene and plagioclase commonly involving a magnetite nucleus (Figs.
11.8C and 11.8D).

Polygonal granoblastic texture is also observed on these rocks, formed by plagioclase,
clinopyroxene (Fig. 11.8C), hornblende, magnetite, ilmenite and quartz. Quartz are interstitials
and when present, they are subhedral and have measures from 0,05 to 0,2 mm. The secondary
phases include interstitials sulphides associated to magnetite agglomerates, in dimensions
varying from 0,07 to 0,7 mm (Fig. 11.9E).

Hornblende-garnet metagabbros have also primary textures preserved, but the
presence of late garnet indicates post-magmatic events. Garnet porphyroblasts and
poikiloblasts are 0,3 mm to 1,0 cm, anhedral and have irregular and curvilinear contact with
other mineral phases. They can form radial symplectites enveloping nucleus of magnetite and
hornblende (Fig. II.8F). Garnets can also be associated with veins that occur next to aplitic
granitic and pegmatitic intrusions.

Amphibolites intercalated with metagabbros are composed by hornblende, plagioclase

and quartz (Fig. 11.8D). Hornblende crystals are subhedral, have dimensions ranging from 0,2 to
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0,8 mm and can alter to actinolite and calcite. When present, biotite crystals are anhedral,
measuring from 0,1 to 0,4 mm and are usually nucleated as aggregates at the expense of

hornblende crystals, forming lepidoblastic to nematoblastic textures.

5.4, Clinopyroxenitic Association

CA has 12,5 metres maximum thickness and it thins towards SE at the SNB margins
(Fig. 11.4). It is represented by clinopyroxenitites that show same macroscopically aspects and
characteristics as pyroxenitites from UPA. However, what differs them is the bigger modal
percentage of clinopyroxene, as well as the absence of iron formations, of orthopyroxenitic
facies and of mineral associations of scapolite and calcite.

The phases that constitute the CA are:

A) Clinopyroxenitite composed by clinoferrosilite and olivine as main minerals and minor
magnetite, grunerite, apatite, pyrrhotite and chalcopyrite;

B) Clinopyroxenitite composed mainly by clinoferrosilite, grunerite, magnetite and
ferrosilite, besides pyrrhotite, chalcopyrite, quartz and apatite as accessories;

C) Clinopyroxenitite to clinoferrosilite, hornblende and grunerite, besides ferrosilite,
magnetite, quartz and minor apatite;

D) Gruneritite with relic hornblende and clinoferrosilite and magnetite, quartz, pyrrhotite

and chalcopyrite as accessories;

Microscopic features related to crystallographic fabrics, interfaces between crystals and

its dimensions are identical to the ones of UPA.

5.5. Basal Mafic Zone

BMZ is formed by at least 10 metres of thickness and was recognized in the inferior
intervals of the drillhole DD-004 (Fig. I.4). On the other hand, interpretations and extrapolations
made in geological sections suggest that this zone can reach or even exceed 40 metres in
thickness. BMZ is represented by proportions of light grey-green leucogabbros, with plagioclase
modal percentage (35 - 40%) higher when compared with the melanocratic terms (25 - 35%),
dark green and green-gray. Leucogabbros are usually isotropic, fine to medium grained and

show polygonal to cumulatic texture. The petrological facies determined in BMZ are:

A) Metagabbro;
B) Hornblende metagabbro;
C) Magnetitite;
D) Amphibolite;
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These lithologies have the same modal percentage, arrangements and dimensional

characteristics of crystals detected on MMZ, with the exception of magnetitite. This lithology

occurs as 20 - 30 cm lenses distributed in two meters of DD-004 drillhole, intercalated with

metagabbros from the top of BMZ. Magnetitites are characterized by coarse grained cumulatic

texture formed by magnetite and pyroxenes and local polygonal granoblastic textures. Imenite is

present in these lithologies as interstitials individual crystals and as exsolutions within

Sulphides as pyrrhotite and

magnetite, showing prismatic crystals, anhedral to subhedral.

chalcopyrite are interstitials.

Table 1.1 - Mineralogy and petrographic summary of SNB, from the top to basis
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Table 1.1 - Continuation. Abbreviations: Act - Actinolite; Ap - Apatite; Bt - Biotite; Cal - Calcite; Ccp -

Chalcopyrite; Cpx - Clinopyroxene; Di - Diopside; Fs - Ferrosilite; Fsp - Feldspar; Grt - Garnet; Gru -

Grunerite; Hbl - Hornblende; Hd - Hedenbergite; llm - limenite; Mag - Magnetite; Oli - Olivine; Opx -

Orthopyroxene; Plg - Plagioclase; Po - Pyrrhotite; Pyr - Pyrite; Qtz - Quartz; Scp - Scapolite; Ttn - Titanite;

Zrn - Zircon.
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Fig. 1.5 - Photos. Pyroxenitites and iron formations macroscopic aspects. A. CA’s pyroxenitic interval in
the DD-001 drillhole, between 67 and 70 metres; B. Iron Formation surface hand sample alternating
guartz-pyroxene bands with magnetitic bands, sample EAF-384; C. Coarse-grained UPA’s magnetite-
ferrosilite clinopyroxenitite surface hand sample EAF-341; D. Iron Formation surface hand sample
alternating quartz-pyroxene bands with magnetitic bands, sample EAF-026. Some bands are emphasized
with white lines; E. CA’s grunerite clinopyroxenitite, drillhole sample F1-18; F. CA’s grunerite
clinopyroxenitite with porphyroblastic pyroxenes, drillhole sample F1-13; G. CA’s grunerite
clinopyroxenitite truncated by vein, drillhole sample F1-19.
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Fig. 1.6 - Photomicrographs under cross polarized light: A. Orthopyroxene porphyroblastic geminate
crystal in granoblastic texture of orthopyroxenitite, sample F1-01; B. Granoblastic texture formed by
clinopyroxene poligonal crystals (120° triple junctions) with interstitial escapolite and calcite in ferrosilite
clinopyroxenitite, surface hand sample EAF-409; C. Hornblende-grunerite clinopyroxenitite showing
pervasive grunerite, sample F1-15; D. Olivine clinopyroxenitite showing triple junctions contatcs between
olivine and clinopyroxene, sample F1-02; E. Garnet-grunerite-clinoferrosilite-hornblende iron formation,
sample F4-03; F. Magnetite-ferrosilite clinopyroxenitite showing polygonal quartz grains, surface hand
sample EAF-411. Abbreviations are the same of Table I.1.
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Fig. 1.7 - Photos. Metamafic rocks macroscopic aspects. A. Outcrop of MMZ’s hornblende gabbro
truncated by subvertical granitic dyke, point EAF-027; B. MMZ's Metamafic interval in the DD-004 drillhole,
between 17 and 24 metres; C. Detail of vertical variations between leucogabbros and melanogabbros, DD-
005 drillhole, 50 metres deep; D. Detail of amphibolitic gabbro intercalated with leucogabbros portions,
MMZ, DD-004 drillhole, 9 metres deep; E. Detail of coarse-grained BMZ's granoblastic and cumulatic
gabbro with sulfide, DD-004 drillhole, 40 metres deep; F. Detail of MMZ’s gabbro truncated by granitic
vein, 30 metres deep.
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Fig. 11.8 - Photomicrographs. A. Hornblende gabbro with cumulatic, granular and mosaicular textures,
sample F6-02; B. Hornblende gabbro with cumulatic and mosaicular textures, sample F6-01; C.
Clinopyroxene symplectitic texture growing up from magnetite core in metagabbro with poligonal texture,
MMZ, sample F1-08; D. Symplectitic hornblende in amphibolite with slight mineral orientation,
sample F6-05; E. Cumulatic olivine metagabbro and plagioclase phenocryst, sample F1-09; F. Garnet,
clinopyroxene and plagioclase symplectites, growing up from magnetite, clinopiroxene, garnet and
hornblende in hornblende-garnet metagabbro, sample F6-03B. A., C., D. e F. are under plane polarized
light and B. and E. are under cross polarized light. Abbreviations are the same of Table 11.1.
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Fig 1.9 - Photomicrographs under reflected light: A. Magnetite granoblastic aglomerate replaced by
hematite (martitization) in UPA iron formation, sample EAF-026; B. Magnetite crystals showing parcial
replacment by hematite forming trellis texture in UPA clinopyroxenitite sample EAF-411; C. Interstitial
magnetite crystals between pyroxene crystals in CA clinopyroxenitite, sample F1-12; D. llmenite crystals
in hornblende metagabbro, sample F6-01; E. Pyrrhotite and magnetite aglomerates in amphibolite, sample
F4-01; F. Pyrrhotite, chalcopyrite and magnetite inside grunerite crystals in gruneritite, sample F1-22.

69



Fig. 11.L10 - Photo A. Gruneritite hand sample EAF-411. Photomicrograph B. Grunerites pervasive
aglomerates in contact with granoblastics pyroxenes and magnetite, hornblende-clinoferrosilite gruneritite,
sample F1-24. Abbreviations are the same of Table II.1.
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6. MINERAL CHEMISTRY

6.1. Olivine

27 olivine crystals concentrated at UPA and CA were selected for EMP analysis. The
results (Table 1.2 and 11.3) indicate that olivine do not show significant compositional variations
in relation to the type of pyroxenitic association (Fig. 11.12A). The average compositional values
detected were 30,15 wt.% of SiO,, 65,68 wt.% of FeO and 3,10 wt.% of MgO, which

characterize fayalite (average Fag, and Fo-;) as the principal olivine member.

6.2. Pyroxene

Pyroxene crystals were analysed for most of the associations and delimited zones,
totalizing 116 analysed crystals distributed in 15 thin sections (Tables 1.4 to 11.14).

The detected orthopyroxene is ferrosilite (average Fsgy and En,s), found only at UPA
and represented by 15 crystals with compositional averages of 47,20 wt.% of SiO,, 45,51 wt.%
of FeO, 5,37 wt.% of MgO and 1,09 wt.% of CaO.

Clinopyroxenes as clinoferrosilite, hedenbergite, augite, diopside and pigeonite were
detected. Clinoferrosilite (average Fsg; and Ens;) is represented by 81 crystals with
compositional averages of 48,09 wt.% of SiO,, 40,66 wt.% of FeO, 7,99 wt.% of MgO and 0,90
wt.% of CaO. This is the main mineral detected at the associations and zones and it is a
component of both pyroxenitic rocks and metamafic rocks.

Seven hedenbergite crystals (averege Fssz, and En,,) were analysed in the pyroxenitic
associations, with average composition of 49,76 wt.% of SiO,, 23,04 wt.% of FeO, 0,42 wt.% of
MgO and 20,43 wt.% of CaO. Six augite crystals (average Fssg and En,,) were found distributed
along the pyroxenitic associations and their average composition are: 49,18 wt.% of SiO,, 26,45
wt.% of FeO, 5,23 wt.% of MgO and 17,74 wt.% of CaO. Three diopside crystals (average Fsig
and Enzg) were detected in metamafic rocks on MMB at the drillhole DD-006, with averages
50,43 wt.% of SiO,, 13,86 wt.% of FeO, 10,74 wt.% of MgO and 20,67 wt.% of CaO. Two
pigeonite crystals (average Fsg; and En,,) were analysed at pyroxenitic rocks and have an
average composition of 47,58 wt.% of SiO,, 42,14 wt.% of FeO, 5,06 wt.% of MgO and 4,15
wt.% of CaO.

The surface sample FEM-263 shows average Fs content of 94%. After approximately
28 metres gap with only weathered samples (Fig. 11.4), the average Fs content of UPA
progressively varies from 64% up to 77% (Fse,.77) from the shallow portions to the deepest ones
(Fig. 1.12A). In CA, however, the Fs average gradually and progressively increases from 64% to
92% (FSgs92) from the shallowest to the deepest depths (Fig. 11.12A). Presence of
clinopyroxenes as augite, hedenbergite and pigeonite, especially at UPA, cause reduction of Fs

percentage due to the higher calcium content at the chemistry composition of these
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components (Fig. 11.12A). It is illustrated at the ternary diagram (Fig. [1.13A) that shows

pyroxene crystals at the upper right side, plotted above augite and hedenbergite fields.

6.3. Amphibole

Four types of amphibole were detected in EMP analyses, in order of importance:
hornblende, grunerite, edenite and cummingtonite. A total of 23 analyses were made along 10
thin sections, in both of pyroxenitic associations and mafic zones (Table 11.15 to 11.18).

The average compositional variation for the 11 founded hornblende crystals shows
44,06 wt.% of SiO,, 20,66 wt.% of FeO, 10,63 wt.% of CaO , 9,51 wt.% of MgO and 8,75 wt.%
of AlL,O; These analyses indicate members varying to ferric-hornblende, ferric-magnesium-
hornblende and tschermakite-hornblende in pyroxenitites and tschermakite-hornblende, ferric-
tschermakite-hornblende and sphene-tschermakite-hornblende, ferric-edenite-hornblende and
magnesium-hornblende in metamafic rocks (Fig. 11.13B).

Seven grunerite crystals from pyroxenitic associations were analysed and show
average values of SiO, at 49,89 wt.%, FeO at 33,48 wt.%, MgO at 10,77 wt.%, CaO at 0,95
wt.% and Al,O3 at 0,92 wt.% (Fig. I1.13C). Five edenite crystals, present only in metamafic
rocks, show average content of 45,01 wt.% of SiO,, 17,46 wt.% of FeO, 10,93 wt.% of CaO,
11,12 wt.% of MgO and 9,11 wt.% of Al,Os. They show members as ferric-edenite, silic-edenite,
aluminium-edenite and minor sphene-potassic-edenite (Fig. 11.13D). The only magnesium-
cummingtonite crystal founded in gabroic lithotype shows values of 48,07 wt.% of SiO,, 26,63
wt.% of FeO, 9,48 wt.% of MgO, 4,23 wt.% of CaO and 9,03 wt.% of Al,Os.

Barometric calculations executed according to Schmidt (1992) method suggest
crystallization pressures of 4,5 to 5,8 Kbar for tschermakite members included in polygonal
mosaic arrays of metamafic lithologies. These calculations were performed on only one edenite
crystal inserted in polygonal array, resulting at a 4,9 Kbar crystallization pressure. Pressures of
6,3 Kbar were found in polygonal tschermakite-hornblende from CA, as well as measures of 3,7
Kbar in interstitial magnesium-hornblende from UPA and 1,5 Kbar in ferric-hornblende replacing

orthopyroxenes at UPA.

6.4. Plagioclase

A total of 61 EMP analyses were executed mainly in plagioclase from metamafic rocks,
and two of them from crystals of quartz-feldspathic vein (sample F1-11) located at the transition
between MMZ and CA (Tables 11.19 to 11.26).

The main members determined were andesine, followed by a few labradorite and
anortite crystals, two bytownite crystals and only one oligoclase crystal. 49 andesine crystals
(average of Any,) have average composition of 58,46 wt.% of SiO,, 26,71 wt.% of Al,Os3, 8,43
wt.% of CaO and 6,94 wt.% of Na,O. Labradorite (average Ang,) is represented by six crystals
that have average values of 51,36 wt.% of SiO,, 28,26 wt.% of Al,Os, 14,02 wt.% of CaO and
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4,5 wt.% of Na,O. Three anortite analysed crystals (average Ang,) exhibit averages of SiO, at
45,54 wt.%, Al,O; at 35,46 wt.%, CaO at 18,51 wt.% and Na,O at 0,86 wt.%. Bytownite crystals
(average Ans;) show average content of 48,04 wt.% of SiO,, 32,14 wt.% of Al,Os, 15,66 wt.% of
CaO and 2,55 wt.% of Na,O.

It is important to notice that from the base to the top of MMZ, there is a gradually
variation of anortite contents per sample, that goes from An;g at the F1-09 sample to Anz,4 at the
F1-06 sample (Fig. 11.12A). On the other hand, at DD-006 MMB, the average content of anortite
show less variations, between Ansg and Angs (Fig. 11.12B). The compositional variation for
plagioclase crystals is resumed at the ternary diagram from the Fig. 11.14.

6.5. Magnetite

A total of 51 magnetite crystals were analysed in two banded iron formation samples, in
one pyroxenitite sample from pyroxenitic associations and in four metagabbro samples. The
analytic results are exhibit in Tables 11.27 to 11.31.

When compared to magnetite analysis from other researches (Dupuis & Beaudoin
2011; Nadoll et al. 2014; Chung et al. 2015), magnetite crystals analyzed from pyroxenitic rocks
(EAF-026, F1-02 e F5-02) show high contents of Al (average 4188 ppm), Si (average 2230
ppm), Co (average 571 ppm), Sn (average 760 ppm), high to moderate values of Cr (average
188 ppm), Mn (average 747 ppm), Ni (average 181 ppm) and low contents of Mg (average 304
ppm), Ti (average 552 ppm), V (average 113 ppm), Zn (average 415 ppm). In compositional
aspects, magnetite crystals analyses from pyroxenitic rocks concentrate in intermediaries fields
between magmatic origin magnetite and magnetite modified by hydrothermalism (Fig. 11.15A
and I1.15B). These crystals also exhibit signatures of metasomatism skarn-related environments
and transitional between Opemiska, IOCG and Porphyry.

Magnetite crystals from metamafic rocks (F1-08, F1-09, F6-01 and F6-03) show high
values of Ti (average 3174 ppm), V (average 3173 ppm) and Cr (average 1579 ppm), high to
moderate contents of Ni (average 236 ppm), Al (average 2814 ppm) and Co (average 253
ppm), and low values of Si (average 697 ppm), Mg (average 202 ppm), Mn (average 438 ppm),
Zn (average 68 ppm) and Sn (average 70 ppm). Magnetite crystals analyses from metamafic
rocks concentrate mostly in the fields of Porphyry and Fe-Ti-V, with some dispersion in Skarn
and Firuna fields (Fig. 11.15C), indicating mainly magmatic signatures, with few modifications
due to metasomatism (Fig. 1l.15A and 11.15B).

For iron and silic values analyzed, magnetite crystals from pyroxenitic rocks (averages
of 92,59 wt.% FeO and 2230 ppm Si) lean to be more enriched in these elements when
compared to metagabbro magnetite crystals (FeO averages 89,21 wt.% and Si averages 697
ppm) (Fig. 11.15D).
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Table I1.2 - Microprobe analysis of olivine grains of Upper Pyroxenitic Association, samples F1-01, F1-02 e

F1-04.
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Table 11.3 - Microprobe analysis of olivine grains of Clinopyroxenitic Association, samples F1-12 and F1-
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Fig. 11.12 - A. Content variations of ferrosilite (Fs), fayalite (Fa) e anortite (An) from Microprobe analysis
performed in DD-001 drillhole samples. B. Content variantions of An of the DD-006 Minor Mafic Body.
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Table 1.4 - Microprobe analysis of pyroxene grains of Upper Pyroxenitic Association, sample F1-01

(continuation).
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Table 1.5 - Microprobe analysis of pyroxene grains of Upper Pyroxenitic Association, samples F1-02 and

F1-04.
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Table 11.6 - Microprobe analysis of pyroxene grains of Clinopyroxenitc Association, samples F1-11 and F1-12.

Association Clinopyroxenitic Association
Rock Type Grunerite Clinopyroxenitite Grunerite Clinopyroxenitite
Sample F1-11 F1-12

Mineral Clinoferrosilite  Hedenbergite  Clinoferrosilite  Clinoferrosilite  Clinoferrosilite  Clinoferrosilite Augite
Si0; 48352 45,518 48624 48.756 48.723 48.300 50.726
TiO: 0.195 0.225 0.214 - 0.058
Al;O; 0.668 1379 0.375 0.524 0522 0.050 0.645
FeD 37511 17.181 40552 40.217 35.068 40.079 20.154
MnO 0.742 0322 1.180 1.174 0.950 1.344 0.481
MgO 10961 84392 8.689 8.983 8.655 5.566 7.693
CaD 0.923 20.578 0.791 1.132 1211 0.402 20460
Na:z0 0.254 - 0.031 0.230

F 0.047 0.01% -

K20 0.016 0.034 0.008 0.008 0.003 -
cl 0.011 0.006 0.012

Cr:0s 0.050 0.112 0.024 - -
Yz 05 0.140 0.294 0.031 0.021 0.013 0.052
NiO 0.026 0.042 0.020 0.011

(OH) 0.440 1.584 0589 0.134 -
Total 100.0 100.0 100.3 1005 100.0 100.0 100.5

Structural formula calculated on the basis of 6 oxygens

Si 1.958 1.552 1.589 1.577 2.004 1975 1.976
T Al 0.032 0.048 0.011 0.023 0.004 0.024

Fed+ 0.010 0.021 -
IT 1.9%0 2.000 2.000 2.000 2.004 1979 2.000
Al 0.016 0.007 0.002 0.025 - 0.006
Fed+ 0.024 0.026 0.004 0.021 0.027 0.030
Ti 0.006 0.007 0.007 - 0.002
M1 Mg 0.662 0.499 0.530 0.543 0.531 0.583 0.447
Fe2+ 0.302 0.439 0.459 0.432 0437 0.388 0.513

Mn - -
IM1 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Mg - -
Fel+ 0.935 0.101 0.924 0.911 0.508 0.933 0.113
M2 Mn 0.025 0.011 0.041 0.040 0.034 0.047 0.016
Ca 0.040 0.865 0.035 0.045 0.053 0.018 0.854
Na 0.015 0.002 0.017
IM2 1.000 1.000 1.000 1.000 0.956 1.000 1.000
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Table 11.7 - Microprobe analysis of pyroxene grains of Clinopyroxenitc Association, sample F1-13.
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Table 11.8 - Microprobe analysis of pyroxene grains of Clinopyroxenitc Association, samples F1-15 and F1-

17.
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Table 11.9 - Microprobe analysis of pyroxene grains of Clinopyroxenitc Association, sample F1-18.
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Table 11.10 - Microprobe analysis of pyroxene grains of Clinopyroxentic Association, sample F1-19.

Association Clinopyroxenitic Association
Rock Type Grunerite Clinopyroxenitite
Sample F1-19
Mineral Clinoferrosilite Clinoferrosilite Clinoferrosilite Clinoferrosilite Clinoferrosilite

SiOz 42.879 51.955 47.871 49.029 49123
TiOz 0161 0.197 0.195 0.044 0.254
Al03 0.739 0.72 0.926 0.828 0.733
FeO 35.844 33.295 37.653 37.675 36.771
MnO 0.855 0.628 0.476 0.727 0.721
MgO 11.187 10.445 10.565 10.79 10.996
Ca0 1.155 0.709 1.09 0.841 0.839
Naz0 0101 0.016 0.024 - 0.025
F - - - 0.028 0.062
K20 0.05 0.022 0.016 0.005 -

Cl - 0.018 - - 0.004
Cra03 0014 0.012 0.001 - -
V203 0.048 0.01 0.024 0.064 0.007
NiO - 0.057 - 0.091 -
(OH) 6966 1.921 1.157 - 0.49

Total 100.0 100.0 100.0 100.1 100.0

Structural formula calculated on the basis of 6 oxygens

Si 1.850 2.126 1.954 1.976 1.987
- Al 0.038 - 0.045 0.024 0.013
Fe3+ 0.113 - 0.001 - -
IT 1.887 2.126 1.999 2.000 2.000
Al - 0.035 - 0.015 0.022
Fe3+ 0.146 - 0.035 0.005 0.000
Ti 0.005 0.006 0.006 0.001 0.008
M1 Mg 0.719 0.637 0.643 0.648 0.663
Fe2+ 0.127 0.319 0.315 0.326 0.307
Mn - - - - -
IM1 1.000 1.000 1.000 1.000 1.000
Mg - - - - -
Fe2+ 0.907 0.820 0.934 0.939 0.937
M2 Mn 0.031 0.022 0.016 0.025 0.025
Ca 0.053 0.031 0.048 0.036 0.036
Na 0.008 0.001 0.002 - 0.002
IM2 1.000 0.874 1.000 1.000 1.000



Table 11.11 - Microprobe analysis of pyroxene grains of Clinopyroxenitc Association, sample F1-20.
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Table 11.12 - Microprobe analysis of pyroxene grains of Main Mafic Zone, sample F1-08.
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Table 11.13 - Microprobe analysis of pyroxene grains of one of DD-006 Minor Mafic Body, samples F6-01 e

F6-03.

oooT 000t 0ooT 000t 000t 000t 0ooT 0001 000t zIng
- - - - - - - Evoo TEOD EN
SE00 LEDD LEDD ZEDD ZE0D SEQ0 TS80 TEFD 9580 B2
. . . . . . . . . U
LFE0 ove'0 rre0 Sve'0 62670 SEE0 6600 TITo T0T0 +724
. . . . . . . . . I
0ooT oooT oot 000t 000t 000t 0ooT 000 T 000t TNz
. . . . . . . . . U
arTo 6ETD LETO ETT0 SBT0 96T°0 [4=T4y] 670 s0E0 +724
0zLo T el 0 LELD VELD Zrio 8¢90 Z6s0 ¥I90 an
- - - - - €000 L0000 - 2000 I
2000 2000 - SEOD SL0°0 2500 £800 500 9E00 +£24
aToo 0zoro 9z00 STOD - 000 Ay 9500 EEOD I
000°¢ 00oe il o000 86T 000°'g 000'E 000e 00oe 1z
- - - - - - - - - +£24
EF 00 FEOD ZE0D ar00 L¥0°0 S5O0 6800 LL0FD SO0 v
LSE'T 996'T B9G'T £s6°T FEG'T SFE'T TI6T ETET LyET IS
suadAX0 g JO S15EQ Y] UD PIIE[NI|ED E[NLWIOY [ EINIINILS
000t 000t 000t 000t oooT oot 0001 0°00T 0001 leloL
6V 0T 8050 SPET 090 vISY 8L6°0 DBF 0 9190 ¥I¥0 (HO)
- TTo00 BZO0 - LIT0 SS00 8500 - S0T0 OIN
8500 - ETO0 600°0 vED'D - SLOD S900 0L00 EQIA
- - - - £T0°0 900 TL000 2800 FI00 EQLID
- 200°0 s00°0 - EE0D €000 6000 FIOD - 12
- FTon - s000 SIT0 9T00 9000 6000 2000 0TA
- - rsooQ LBOD - 8070 - - - el
- - - LE0D 2ET0 9600 88F 0 7850 LI¥0 OTEN
L0870 8580 LSED 6EL0 STL0 6080 aFB 0T T9¢°0¢ L6807 (s]]
856'TT 6T7°CT 660'ZT 6IETT vLLOTT SLETT 850°TT TEE0T T80T (oI}
250 0890 SFS0 9190 98L°0 7990 0EV 0 TLV0 SLED oun
Z65'SE EGE'SE 86L°FE ¥6SSE ETSVE I{BTSE ¥09°ET 6LT'FT TIRET 024
2ETT TT EZTT DEE'T £96°0 TSET 114 856'¢ FI6T QLY
9670 FOT'O EBOD - 200°0 £80°0 EST0 o 2120 oIl
T8V BY Ly ey TLVEY S69°8¥ SST9v FLEBY LET0S 9ET0S EEG0S ols
311|1S0MJ3j0Ul[)  23|ISOMBj0Ul])  S31|ISOMRoUl])  SM|IS0LIBjOUl[)  931[ISOLIRjouUl]) SO443Joul) aplsdolg apisdola apisdola EEIT
€0-94 T0-94 3|dwes
0Jgged 13N 19UIED-Sp US| QUIOH 0iqged ElaN S puUs |guUIoH adAL yooy

Apog a1iEW JouIN

44

(a4

88



Table 11.14 - Microprobe analysis of pyroxene grains of one of DD-006 Minor Mafic Body, sample F6-03B.
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Table [1.15 - Microprobe analysis of amphibole grains of Upper Pyroxenitc Association and the
Clinopyroxenitic Association, samples F1-02, F1-04 e F1-18. Abbreviations: Oli - Olivine, Mag - Magnetite,
Gru - Grunerite, Hbl - Hornblende.

Association Upper Pyroxenitic Association Clinopyroxenitic Association
Rock Type Ol-Mag Clinopyroxenitite 0Ol-Mag-Gru Clinopyroxenitite Hbl-Gru Clinopyroxenitite
Sample F1-02 F1-04 F1-18
Mineral Fe-Hornblende Fe-Mg-Hornblende Fe-Mg-Hornblende Fe-Mg-Hornblende Tschermakite
5i02 43.109 45,734 46.221 45.549 41.548
TiO2 - 0.343 0.165 - 0.135
Alz03 7.697 5.964 5.415 5.904 10.768
FeO 28.167 22.531 22,676 23.007 28.718
MnO 0.207 0.125 0.326 0.325 0.208
MgO 5456 9.797 10.227 10.007 3.63
Ca0 10.408 10.287 10.202 10.109 10.178
Na:20 1.65 2.047 1.982 2.075 1.269
K20 0.678 0497 0.397 0.615 0.011
F 0.545 1.105 1.211 1.36 0.045
d 0.051 0.047 0.033 0.02 0.357
Cr203 0.094 - 0.016 0.001 -
V203 0.013 0.008 - - -
NiO 0.042 0.04 - 0.051 0.075
OH 1.670 1462 1.429 1.356 1.826
Total 99.8 100.0 1003 100.4 99.9

Structural formula calculated on the basis of 23 oxygens

Si 6.659 6.865 6.889 6.807 6.430
Al v 1.341 1.055 0.951 1.040 1.570
T 8.000 7.920 7.840 7.847 8.000
Al vi 0.061 - - - 0.394
Ti - 0.039 0.018 - 0.016
Cr 0.011 - 0.002 - -
Fe3+ 1.195 1.139 1.326 1.390 1.387
Fe2+ 2444 1.689 1.500 1.486 2.329
Mn 0.027 0.016 0.041 0.042 0.027
Mg 1.256 2.192 2.272 2.229 0.837
Ic 4.995 5.076 5.160 5.147 4,991
Ca 1.723 1.654 1.629 1.619 1.688
Na 0.494 0.596 0.573 0.601 0.381
IB 2.217 2.250 2.202 2.220 2.068
K 0.134 0.095 0.075 0.117 0.002
F 0.266 0.525 0.571 0.643 0.022
a 0.013 0.012 0.008 0.005 0.094
OH* 1.720 1.463 1.421 1.352 1.884
Total 17.350 17.345 17.277 17.337 17.070
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Table 11.16 - Microprobe analysis of amphibole grains of Main Mafic Zone, sample F1-07.

Zone Main Mafic Zone
Rock Type Hornblende Metagabbro
Sample F1-07
Mineral Tschermakite Tschermakite Tschermakite
5i0; 43.428 43.054 42.686
TiO; 1.908 2.43 1.956
Al203 10.527 10.777 10.704
FeO 16.002 16.655 16.868
MnO 0.276 0.256 0.368
MgO 10.99 10.897 11.034
CaO 11.486 10911 10.887
NazO 1.676 1.971 1.833
K20 0.807 0.737 0.815
F 0.184 0.232 0.215
cl 0.064 0.025 0.037
Crz0;3 - 0.111 0.057
V203 0.138 0.134 0.15
NiO 0.013 0.061 0.077
OH 1.910 1.916 1.913
Total 99.4 100.2 99.6

Structural formula on the basis of 23 oxygens

Si 6.468 6.352 6.324

T Aliv 1.532 1.648 1.676
T 8.000 8.000 8.000

Al vi 0.316 0.226 0.193

Ti 0.214 0.270 0.218

Cr 0.000 0.013 0.007

c Fe3+ 0.484 0.717 0.903
Fe2+ 1.509 1.338 1.187

Mn 0.035 0.032 0.046

Mg 2.440 2.397 2.437

IC 4998 4.993 4.991

Ca 1.833 1.725 1.728

B Na 0.484 0.564 0.527
B 2.317 2.289 2.255

A K 0.153 0.139 0.154
F 0.087 0.108 0.101

cl 0.016 0.006 0.00%

OH* 1.897 1.885 1.890

Total 17.470 17.427 17.409



Table 11.17 - Microprobe analysis of amphibole grains of DD-006 Minor Mafic Body, sample F6-02.

Minor Mafic Body

Rock Type Hornblende Metagabbro
Sample F6-02
Mineral Tschermakite Mg-Hornblende Edenitic Hornblende Edenite Edenite Edenite Edenite Edenite
Si02 44212 44633 44545 45.229 45.49 45.401 45.119 43.82
TiO2 1925 2.035 2.113 1.832 2.063 1.912 1.897 2.092
Al;03 10.056 9.011 9.472 9.112 8576 8.872 9.417 9.585
FeO 17.709 16.961 17.992 17.162 17.317 17.406 17.575 17.833
MnO 0.087 0.216 0.225 0.18 0.292 0.087 0.215 0.204
MgO 10.807 11.026 10.824 11.185 11.695 11.392 10.886 10.465
Ca0 10.699 11.141 10.674 10.946 10.955 10.952 10.773 11.019
Naz0 1923 1.679 1.906 1.58 1.377 1.497 1.842 1.964
K20 0541 0.457 0.49 0.503 0.508 0.406 0.541 048
F 0.07 - - - - 0.059 0.047 -
cl - - 0.001 0.033 - - - 0.017
Crz03 - 0.099 0.056 0.043 0.013 0.099 - 0.043
V203 0.182 0.083 0.145 0.106 0.091 0.102 0.099 0.185
NiO 0.031 0.049 0.02 0.067 0.054 0.083 - 0.002
OH 2.009 2.023 2.019 1.927 1.869 1.770 1.711 1.649
Total 1003 99.4 100.5 99.9 100.3 100.0 100.1 994
Structural formula calculated on the basis of 23 oxygens
Si 6.492 6.616 6.616 7.007 7.296 7.572 7.805 7.945
Al iv 1.508 1.384 1.384 0.993 0.704 0.428 0.195 0.055
T 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
Al vi 0.232 0.190 0.274 0.671 0.917 1.316 1.724 1.993
Ti 0.213 0.227 0.236 0.213 0.249 0.240 0.247 0.285
Cr - 0.012 0.007 0.005 0.002 0.013 - 0.006
Fe3+ 0.835 0.622 2.235 2.224 2323 2.428 2.542 2.704
Fe2+ 1340 1.481 - - - - - -
Mn 0.011 0.027 0.028 0.024 0.040 0.012 0.032 0.031
Mg 2.366 2.436 2.397 2.583 2.796 2.833 2.807 2.829
ic 4996 4994 5.176 5.720 6.327 6.842 7.352 7.849
Ca 1.683 1.769 1.699 1.817 1.883 1.957 1.997 2.141
Ma 0.548 0.483 0.549 0.475 0.428 0.484 0.618 0.690
iB 2231 2.252 2.247 2.292 2.311 2.441 2.614 2.831
K 0101 0.086 0.093 0.099 0.104 0.086 0.119 0.111
F 0.033 - - - - 0.031 0.026 -
cl - - - 0.009 - - - 0.005
OH* 1967 2.000 2.000 1.991 2.000 1.969 1.974 1.995
Total 17.332 17.338 17.519 18.120 18.748 19.381 20.086 20.791
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Table 11.18 - Microprobe analysis of grunerite grains of Upper Pyroxenitc Association and the
Clinopyroxenitic Association, samples F1-05, F1-11, F1-17 e F1-20. Abbreviation: Gru - Grunerite.

Association Upper Pyroxenitic Association Clinopyroxenitc Association

Rock Type Gruneritite Gru Clinopyroxenitite Gru Clinopyroxenitite Gru Clinopyroxenitite
Sample F1-05 F1-11 F1-17 F1-20
Mineral Grunerite Grunerite Grunerite Grunerite Grunerite Grunerite Grunerite

Si0z 51.65 51.66 51.69 44.65 51.79 4795 49 .85
TiOz 0.22 0.10 - 0.14 0.16 0.14 0.01
Al203 0.55 046 0.50 1.74 0.56 0.78 187
FeQ 32.06 31.39 3186 36.99 32.71 37.83 31.52
MnO 1.29 1.00 1.07 0.74 0.55 0.94 052
MgOo 1118 11.51 1081 9.77 11.45 10.83 9.82
Ca0 0.66 0.70 0.79 056 0.56 0.77 2.61
Naz0 0.09 0.07 0.11 0.05 0.08 - 0.15
K20 - - 0.01 0.18 - - 0.07
F 0.03 0.07 - - 0.11 - -
cl 0.01 0.01 0.03 0.01 0.03 - 0.04
Crz03 0.08 - 0.04 012 - - -
V203 0.06 0.06 0.04 0.08 - 0.04 0.03
NiO 0.01 - 0.05 0.03 0.01 0.04 0.05
OH 2.14 3.01 3.01 496 2.06 0.69 347
Total 100.0 100.0 100.0 100.0 100.0 100.0 1000
Structural formula calculated onthebasis of 23 oxygens
Si 7.914 7.953 7981 7.149 7921 7.309 7.763
Al'iv 0.086 0.047 0.019 0.329 0.079 0.140 0.237
IT 8.000 8.000 g8.000 7.478 8.000 7.449 8.000
Al vi 0.013 0.036 0.071 - 0.023 - 0.106
Ti 0.025 0.012 - 0.017 0.018 0.016 0.001
Cr 0.010 - 0.005 0.015 - - -
Fe3+ - - - 1.273 - 1.211 0.071
Fe2+ 4,109 4.041 4114 3.680 4184 3.612 4.034
Mn 0.167 0.130 0.139 0.100 0.071 0.121 0.068
Mg 2.553 2.641 2489 2.332 2.611 2.461 2.281
IC 6.877 6.859 6.819 7.417 6.907 7.421 6.561
Ca 0.108 0.116 0.131 0.096 0.092 0.126 0.435
Na 0.027 0.021 0.034 0.014 0.023 0.000 0.045
IB 0.135 0.137 0.165 0.110 0.114 0.126 0.480
K - - 0.002 0.037 - - 0.013
F 0.015 0.033 - - 0.054 - -
cl 0.001 0.002 0.008 0.002 0.008 - 0.012
OH* 1.984 1.965 1992 1.998 1.939 2.000 1.988
Total 17.019 17.004 16.990 17.052 17.021 17.000 17.058

93



Table 11.19 - Microprobe analysis of plagioclase grains of Main Mafic Zone, sample F1-06.
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Table 11.20 - Microprobe analysis of plagioclase grains of Main Mafic Zone, sample F1-07.
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Table 11.20 - Continuation.
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Table 11.21 - Microprobe analysis of plagioclase grains of Main Mafic Zone, sample F1-08.

0T 0T 00T £0T 10T 001 0T 0T 0T L
100 100 100 100 100 100 100 100 100 A
8r0 €70 £5°0 TS0 670 050 9s0 TS0 SS0 eN
S0 9<0 440 0s0 670 8r'0 €70 670 S¥0 e)
R R R R R R R - R U
- - - 100 100 00 - - - +7=2d
- - - - - - - - - IN
- - - - - - - - - =
66t 00w 00F 66t 00 66'E 00w 66'E 66t 1z
- - - - - - - - - +£94
ST £S°T T 6T 6vT LV T ST YT T v
LT £ 65°¢ 0s¢e 0S¢ €8¢ SS°C [4:0r SS°¢ IS
suaBAx0 g J0 sIseq L U0 Pele|Nl|ed BNWIOL |BININAS
S00T o0t oot S00T 0°00T 9°00T 910T L00T TT0T 18301
- - - - 100 - - - - (HO)
100 00 - - - 00 - 000 00 OIN
00 100 000 00 - €10 00 900 200 £0%A
- - +¥0°0 100 800 - - - 000 Q7D
100 100 100 - - - - 000 00 1D
LT°0 10 Z10 610 810 £2°0 910 91’0 ST0 [oré;
L¥'S L8F £5°9 S8's S9'S 9L’s €59 68'S £F'9 oZeN
1801 o1l 088 8¢0T 8T0T 800T 6 8T0T £Fe (ol:0]
- 100 - 100 100 100 - - 00 03N
€00 <00 - - 600 - 800 oTo - oun
910 8T0 00 TZ0 610 6T°0 0T'0 600 o 024
99'8¢ 8¥'6¢ £8°9¢ 71T'8¢ 60'8¢ 98'Le 942 SE'LE 05°L2 el
fAN1] 900 00 - - 800 00 - €00 oun
90°'SS 68'ES SE'LS 89°SS £5°SS SZ'9S TL°LS SZ'9S e LS Qs
allopeiqe] a110peiqe] auisapuy aulsapuy aulsapuy aulsapuy aulsapuy aulsapuy aulsapuy |RJRUIN
80-T4 s|dwes
0Jqqedelz N apu3 |qUIOH adAL o0y

UOZ JYBIA UIB

2U07

97



Table 11.22 - Microprobe analysis of plagioclase grains of Main Mafic Zone, sample F1-09.
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Table 11.23 - Microprobe analysis of plagioclase grains of quartz-feldspatic vein, sample F1-11.

Association

Clinopyroxenitic Association

Rock Type Quartz Vein
Sample
Mineral Bytownite Bytownite
Si0; 49.15 46.93
TiO: - 0.03
Al205 31.44 32.84
FeO 0.22 0.19
MnO - 0.01
MgO 0.02 -
Ca0 14.97 16.35
Naz0 3.09 2.01
F - -
K20 0.04 0.00
cl 0.01 0.01
Cr203 0.03 -
Va03 0.05 -
NiO 0.03 0.01
{OH) 0.96 1.62
Total 100.0 100.0
Structural formula with 8 oxygens
Si 2.27 2.19
T Al 171 1.80
Fe3+ - -
IT 3.98 3.99
Mg - -
Ni - -
Fel+ 0.01 0.01
A Mn - -
Ca 0.74 0.82
Na 0.28 0.18
K - -
IA 1.03 1.01
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Table 11.24 - Microprobe analysis of plagioclase grains of DD-006 Minor Mafic Body, sample F6-01.

Minor Mafic Body

Rock Type Hornblende Gabbro
Sample F6-01
Mineral Andesine Andesine Andesine Andesine Andesine Andesine

Si02 56.78 55.42 58.03 57.57 58.09 57.96

TiO2 0.17 0.006 0.035 0 0.16 0.11
Al20s 26.16 25.50 26.82 27.09 26.93 27.12
FeO 0.15 0.19 0.13 0.05 0.29 0.177
MnO 0 0.00 0.034 0.00 0.043 0.005
MgO 0 0.02 0.00 0.009 0.03 0
Cca0 8.93 8.61 8.98 9.10 8.92 8.726
Naz O 6.69 6.84 6.67 6.67 6.71 6.527

F - - - - - -
K20 0.206 0.153 0.23 0.146 0.171 0.182

cl - - - - - -
Cri04 0.073 0.015 0 0.092 0.027 0

V303 0 0.039 0 0.028 0.051 0.061
NiO 0.013 0.007 0 0.019 0.021 0.019%
(OH) - - - - - -
Total 99.2 96.8 100.9 100.8 101.4 100.9

Structural formula calculated on the basis of 8 oxygens

Si 2.57 2.58 2.58 2.57 2.57 2.58

Al 1.40 1.40 1.41 1.42 1.41 1.42
Fe3+ - - - - - -

T 3.98 3.97 3.99 3.99 3.99 4.00
Mg - - - - - -

Ni - - - - - -
Fe2+ 0.01 0.01 - - 0.01 0.01
Mn - - - - - -
Ca 0.43 0.43 0.43 0.43 0.42 0.42

Na 0.59 0.62 0.58 0.58 0.58 0.56

K 0.01 0.01 0.01 0.01 0.01 0.01
IA 1.04 1.06 1.02 1.02 1.02 1.00
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Table 11.24 - Continuation.

Minor Mafic Body

Rock Type Hornblende Metagabbro
Sample F6-01
Mineral Andesine Andesine Andesine Andesine Andesine Andesine
Si0z 58.14 58.09 57.89 57.66 57.81 58.02
TiOz 0.07 0.08 0.09 0.10 - -
Al;03 26.86 26.92 26.88 26.56 26.94 27.11
FeQ 0.04 0.16 0.15 0.84 0.19 0.16
MnO - - - 0.14 0.03 -
MgO0 0.04 - 0.01 0.35 - 0.02
Ca0 862 9.18 8.99 8.50 3.74 8.83
Na20 6.72 6.36 6.66 6.74 6.60 6.98
F - - - - - -
K20 0.12 0.19 0.18 0.34 0.14 0.16
cl 0.01 - - - 0.03 -
Cra03 - 0.04 - 0.03 - -
V203 0.01 - 0.08 0.02 - 0.07
NiQ 0.03 - - 0.04 0.02 -
(OH) - - - - - -
Total 100.7 101.0 1009 101.3 100.5 101.3
Structural formula calculated on the basis of 8 oxygens
Si 2587 2.579 2.575 2.567 2.579 2571
T Al 1.408 1.408 1.409 1.394 1.417 1.416
Fe3+ - - - - - -
iT 3.998 3.991 3.989 3.966 3.996 3.989
Mg 0.003 - 0.001 0.023 - 0.002
Ni 0.001 0.001 - - 0.001 0.001
Fe2+ 0.001 0.006 0.006 0.031 0.007 0.006
A Mn - - - 0.005 0.001 -
Ca 0.411 0.436 0.428 0.405 0.418 0.419
Na 0.580 0.547 0.574 0.582 0.570 0.599
K 0.007 0.011 0.010 0.019 0.008 0.009
IA 1.002 1.002 1.020 1.067 1.006 1.036
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Table 11.25 - Microprobe analysis of plagioclase grains of DD-006 Minor Mafic Body, sample F6-02.
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Table 11.25 - Continuation.
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Table 11.26 - Microprobe analysis of plagioclase grains of DD-006 Minor Mafic Body, samples F6-03 and

F6-05.
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Table 11.26 - Continuation.

Minor Mafic Body

Rock Type Anfibolite
Sample F6-05
Mineral Andesine Andesine Andesine Andesine Andesine
Si02 58.97 60.15 59.85 5892 59.67
TiO2 0.19 - 0.10 0.01 -
Al;0z 26.39 25.86 25.63 26.33 25.85
FeO 0.06 0.14 - 0.04 0.05
MnQ 0.01 0.01 0.01 0.02 0.00
MgO 0.05 - - 0.01 0.01
Ca0 772 7.10 7.12 7.75 7.49
Na20 7.19 8.02 7.76 7.65 7.64
F - - - - -
K20 0.09 0.08 0.05 0.02 0.05
cl 0.01 0.01 - 0.01 0.01
Cra03 0.01 - 0.03 0.04 -
V203 - - - - -
NiO 0.06 0.04 - - -
(OH) - - - - -
Total 100.7 101.4 100.5 100.8 100.8
Structural formula calculated on the basis of 8 oxygens
Si 2.63 2.62 2.65 2.65 261
7 Al 1.37 1.38 1.34 1.34 1.38
Fe3+ - - - - -
) 4.01 4.00 3.99 4.00 3.99
Mg - - - - -
Ni - - - - -
Fe2+ - - - - -

A Mn - - - - -
Ca 0.35 037 0.33 0.34 037
Na 0.63 0.62 0.68 0.67 0.66

K - - - - -
A 0.98 1.00 1.03 1.01 1.03
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Labradorite
K-Labradorite
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Fig. I1.14 - Ternary diagram of plagioclase crystals compositional variations in metamafic rocks, admitting

extreme members as anortite (An), albite (Ab) e ortoclase (Or).
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Table 11.27 - Microprobe analysis of magnetite grains of UPA, sample EAF-026.

Association Upper Pyroxenitic Association
Rock Tipe Clinoferrosilite-ferrosilite Iron Formation
Sample EAF-026
Mineral Magnetite  Magnetite Magnetite Magnetite Magnetite Magnetite Magnetite
Si02 1.03 0.79 0.30 0.80 0.47 242 0.58
TiO2 0.02 0.03 0.09 - - 0.04 -
Al20z 0.49 0.36 027 0.36 0.36 0.43 032
FeO 90.02 89.94 90.49 90.35 90.98 88.22 90.39
MnQO 0.05 0.07 022 0.17 0.15 0.17 0.01
MgO 0.05 - 0.05 - - 0.01 0.02
Cra0s 0.04 0.03 0.01 - - - 0.05
V203 0.03 0.01 0.04 - 0.03 0.05 0.06
Zn0 - - 0.11 - - 0.02 0.10
NiO - - - 0.06 0.01 0.02 0.00
CoO - 0.10 0.04 0.11 0.10 0.07 0.22
Sn02 - - 0.06 - 0.08 0.30 -
Fe203 64.65 65.11 66.57 65.59 66.57 61.01 66.00
FeOr 31.84 31.36 30.60 31.34 31.09 33.32 31.01

Structural Formula calculated on the basis of 32 oxygens

Si 0.040 0.031 0.012 0.031 0.018 0.094 0.023
Ti 0.001 0.001 0.003 - - 0.001 -
Al2 0.023 0.017 0.012 0.016 0.017 0.020 0.015
M Cr 0.001 0.001 0.000 - - - 0.001
Fe3+ 1.894 1.918 1957 1.921 1.946 1.788 1.936
Mg 0.003 - 0.003 - - 0.001 0.001
Fe2+ 0.038 0.032 0.012 0.029 0.018 0.094 0.021
Fe3+ - - - - - - -
Mg - - - - - - -
T Fe2+ 0.998 0.995 0.988 0.991 0.992 0.992 0.990
Mn 0.002 0.002 0.007 0.006 0.005 0.006 -
Zn - - 0.003 - - - 0.003
Co - 0.003 0.001 0.003 0.003 0.002 0.007

Final Members

% Magnetite 98.72 98.91 99.09 98.77 98.83 98.45 99.25
% Ulvospinel 0.03 0.05 0.13 - - 0.06 -
% Cromite 0.07 0.05 0.01 - - - 0.08
% Hercinite 091 0.86 0.03 0.84 0.85 0.98 0.35
% Gahnite - - 0.16 - - 0.02 0.15
Spinel 0.14 - 0.14 - - 0.04 0.06
% Jacobsite 0.09 0.11 037 0.29 0.26 032 0.01
%Coulsonite 0.05 0.01 0.07 - 0.04 0.08 0.09
% Trevorite - - - 0.10 0.02 0.04 0.01
Sum 100 100 100 100 100 100 100
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Table 11.28 - Microprobe analysis of magnetite grains of UPA, sample F1-02

Association Upper Pyroxenitic Association
Rock Tipe Olivine-Magnetite Clinopyroxenitite
Sample F1-02
Mineral Magnetite  Magnetite Magnetite Magnetite Magnetite Magnetite Magnetite Magnetite Magnetite
Si0z 0.20 0.15 0.24 0.17 1.95 0.18 0.17 0.14 0.24
TiOz 0.11 0.14 - 0.25 - 0.06 0.04 0.02 0.14
Al:03 0.42 0.46 0.45 0.53 0.24 0.50 0.63 0.50 0.54
FeO 94.09 94.29 94.21 94.49 93.13 94.53 94.58 95.18 94.46
MnO - 0.05 0.06 - 0.05 0.01 0.04 0.07 -
MgO 0.03 0.01 0.01 - 0.15 0.05 - 0.02 0.02
Cr;0s3 0.05 - 0.03 0.03 - - 0.10 0.01 0.12
V203 0.02 0.02 0.01 0.02 0.01 0.04 0.01 - 0.02
Zn0 - 0.03 - - 0.02 0.24 - - 0.13
NiO 0.04 0.02 0.07 - 0.01 - 0.05 - 0.01
CoO 0.03 0.08 0.15 0.06 0.13 0.01 0.05 - 0.08
Sn0z 0.13 0.04 0.48 0.05 - - - - -
Fe; 03 69.06 69.23 69.36 69.13 65.80 69.89 69.49 70.07 69.23
FeO+ 31.85 31.89 31.81 32.29 33.92 32.05 32.06 32.13 32.17

Structural Formula calculated on the basis of 32 oxygens

Si 0.007 0.007 0.009 0.006 0.072 0.007 0.006 0.005 0.009
Ti 0.003 0.004 - 0.007 - 0.002 0.001 0.001 0.004
Al2 0.019 0.020 0.022 0.023 0.010 0.022 0.028 0.022 0.024
Cr 0.001 - 0.001 0.001 - - 0.003 0.000 0.003
Fe3+ 1.958 1.957 1.959 1.948 1.845 1.960 1.954 1.966 1.947
Mg 0.002 - - - 0.008 0.003 - 0.001 0.001
Fe2+ 0.008 0.010 0.006 0.013 0.064 0.006 0.006 0.004 0.011
Fe3+ - - - - - - - - -
Mg - - - - - - - - -
Fe2+ 0.999 0.995 0.992 0.998 0.993 0.993 0.996 0.998 0.994
Mn - 0.002 0.002 - 0.003 - 0.001 0.002 -
Zn - 0.001 - - - 0.006 - - 0.003
Co 0.001 0.002 0.006 0.002 0.004 0.000 0.003 - 0.002

Final Members

% Magnetite 98.84 98.70 98.65 98.39 99.36 99.21 98.24 98.80 98.60
% Ulvospinel 0.156 0.199 - 0.359 - 0.085 0.052 0.027 0.197
% Cromite 0.068 - 0.038 0.037 - - 0.142 0.018 0.172
% Hercinite 0.765 0.893 1.067 1.179 - 0.178 1.406 0.991 0.753
% Gahnite - 0.043 - - 0.022 0.327 - - 0.175
Spinel 0.085 0.023 0.017 - 0.438 0.135 - 0.059 0.054

% Jacobsite - 0.085 0.103 - 0.155 0.013 0.061 0.107 -
%Coulsonite 0.024 0.027 0.021 0.033 0.010 0.053 0.018 - 0.029
% Trevorite 0.057 0.032 0.104 - 0.011 - 0.080 - 0.018
Sum 100 100 100 100 100 100 100 100 100
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Rock Tipe Clinoferrosilite-Ferrosilite Iron Formation
Sample
Mineral Magnetite  Magnetite Magnetite Magnetite Magnetite Magnetite
Si02 0.08 0.05 0.29 0.08 0.08 0.06
Ti02 0.04 0.42 0.42 0.21 - -
Al203 0.35 0.51 8.11 038 0.61 0.56
FeO 94.67 94.10 85.61 94.46 94.39 94.07
MnO 0.04 0.08 0.47 0.19 0.13 0.05
MgO - 0.04 0.62 - 0.03 0.02
Cra03 - - - 0.03 0.09 0.09
V203 0.00 0.03 0.02 - 0.03 0.03
Zn0 - 0.09 0.36 - 0.02 0.03
NiO 0.06 0.04 0.06 0.02 - 0.03
CoO 0.09 0.00 0.04 0.08 0.11 0.07
Sn0z 0.29 - 0.32 0.11 0.01 0.21
Fe203 69.91 69.02 59.59 69.58 69.68 69.41
FeOr 31.77 32.00 31.99 31.86 31.70 3162
Structural Formula calculated on the basis of 32 oxygens
Si 0.003 0.002 0.010 0.003 0.003 0.002
Ti 0.001 0.012 0.011 0.006 - -
Al2 0.015 0.023 0.344 0.017 0.027 0.025
Cr - - - 0.001 0.003 0.003
Fe3+ 1.976 1950 1612 1965 1964 1.967
Mg - 0.002 0.020 - 0.002 0.001
Fe2+ 0.002 0.010 - 0.008 0.001
Fe3+ - - - - - -
Mg . : 0.013 : . -
Fe2+ 0.996 0995 0.962 0992 0.992 0.996
Mn 0.001 0.003 0.014 0.006 0.004 0.002
n - 0.003 0.010 - 0.001 0.001
Co 0.003 0.000 0.001 0.002 0.003 0.002
Final Members
% Magnetite 99.010 98.267 82.786 98.476 98.383 98.565
% Ulvospinel 0.058 0.596 0.596 0.302 - -
% Cromite - - - 0.037 0.133 0.136
% Hercinite 0772 0638 13.519 0.837 1132 1.023
% Gahnite - 0.132 0.502 - 0.028 0.047
Spinel - 0.119 1.738 - 0.081 0.062
% Jacobsite 0.064 0132 0.750 0311 0.204 0.077
%Coulsonite 0.005 0.049 0.023 - 0.039 0.052
% Trevorite 0.091 0.067 0.086 0.037 - 0.038
Sum 100 100 100 100 100 100

Table 11.29 - Microprobe analysis of magnetite grains of iron formation intercalated with metamafic rocks of
Minor Mafic Body, sample F5-02.
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Table 11.30 - Microprobe analysis of magnetite grains of metamafic rocks of Main Mafic Zone, samples F1-
08 e F1-09.

Zone Main Mafic Zone
Rock Tipe Hornblende Metagabbro Olivine Metagabbro
Sample F1-08 F1-09
Mineral Magnetite  Ulvospinel Magnetite Magnetite Magnetite  Magnetite Magnetite Magnetite  Magnetite
5102 0.05 2.10 0.08 0.08 0.06 0.11 0.04 0.84 0.07
TiO:2 0.25 21.57 0.24 0.17 0.26 0.34 0.36 0.20 0.29
Alz03 0.33 0.30 0.18 0.19 0.14 0.21 0.26 0.60 0.17
FeO 88.37 66.53 91.28 90.75 91.71 90.58 90.36 89.24 91.20
MnO 0.06 0.38 - 0.07 0.10 0.05 0.09 0.02 0.01
MgO 0.02 0.13 - 0.02 - - 0.06 0.13 0.03
Cr203 0.56 - 0.17 0.29 0.10 0.00 0.13 - 0.18
V203 1.86 0.38 0.66 0.77 0.69 0.58 0.59 0.45 0.51
nQ 0.02 - - 0.03 0.02 - 0.04 0.02 -
NiO 0.01 0.07 0.02 0.07 - 0.10 - 0.05 -
CoO 0.04 0.05 0.02 0.03 0.02 0.02 0.02 0.03 0.01
5n02 - - - - - - - 0.09 0.02 -
Fe; 05 64.15 17.07 66.82 66.57 67.25 66.27 66.19 64.14 66.77
FeOr 30.65 51.17 31.16 30.85 31.20 30.95 30.80 31.53 3112

Structural Formula calculated on the basis of 32 oxygens

5i 0.002 0.084 0.003 0.003 0.002 0.004 0.002 0.033 0.003
Ti 0.007 0.647 0.007 0.005 0.007 0.010 0.010 0.006 0.009
Al2 0.015 0.014 0.008 0.009 0.006 0.010 0.012 0.027 0.008
Cr 0.017 - 0.005 0.009 0.003 - 0.004 - 0.006
Fe3+ 1.890 0.512 1.946 1.942 1.950 1.944 1.941 1.881 1.948
Mg 0.001 0.008 - 0.001 - - 0.003 0.007 0.002
Fe2+ 0.008 0.721 0.010 0.005 0.010 0.011 0.009 0.030 0.010
Fe3+ - - - - - - - - -
Mg - - - - - - - - -
Fe2+ 0.996 0.986 0.999 0.996 0.996 0.998 0.995 0.998 0.999
Mn 0.002 0.013 - 0.002 0.003 0.002 0.003 0.001 -
Zn 0.001 - - 0.001 0.001 - 0.001 0.001 -
Co 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.001 -

Final Members

% Magnetite 95.02 41.43 97.92 97.52 97.97 97.86 97.80 97.82 98.14
% Ulvospinel 0.38 55.59 0.35 0.24 0.38 0.50 0.53 0.31 0.43
% Cromite 0.87 - 0.27 0.44 0.15 - 0.20 - 0.28
% Hercinite 0.58 - 0.42 0.24 0.25 0.49 017 0.59 0.23
% Gahnite 0.03 - - 0.04 0.03 - 0.05 0.03 -
Spinel 0.07 0.65 - 0.06 - - 0.16 0.39 0.08
% Jacobsite 0.11 1.11 - 0.12 0.16 0.08 0.15 0.04 0.02
%Coulsonite 2.94 1.03 1.02 1.21 1.07 0.91 0.93 0.74 0.80
% Trevorite 0.01 0.18 0.02 0.12 - 0.16 - 0.08 -
Sum 100 100 100 100 100 100 100 100 100
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Table 11.31 - Microprobe analysis of magnetite grains of metamafic rocks of Minor Mafic Body, sample F6-
01.

Minor Mafic Body

Rock Tipe Hornblende Metagabbro
Sample F6-01
Mineral Magnetite  Magnetite  Magnetite  Magnetite  Magnetite  Magnetite Magnetite Magnetite  Magnetite
5i02 0.05 0.04 - 0.02 0.02 0.03 - 0.03 0.06
TiD2 041 0.22 0.26 0.13 0.25 0.64 0.11 - 0.36
Alz203 047 0.66 0.40 0.40 0.47 0.33 0.47 0.33 0.43
FeO 90.34 90.98 91.37 90.11 91.36 92.07 90.63 90.55 90.74
MnO - 0.03 - 0.08 0.03 0.01 - 0.04 0.04
MgO - 0.06 0.01 0.09 0.03 0.02 0.03 0.01 -
Cr03 0.00 0.13 0.15 0.21 0.07 - 0.27 0.14 0.15
V203 0.67 0.65 0.83 0.73 0.72 0.65 0.73 0.81 0.78
Zn0 - 0.01 - - - - - - -
NiO 0.02 - 0.01 - 0.03 0.06 0.11 - 0.03
CoO 0.07 0.05 0.02 0.05 0.02 0.05 0.02 0.06 0.04
5n02z 0.02 0.04 - - - - - - -
Fe,03 65.88 66.57 66.83 66.23 66.89 67.02 66.55 66.612 66.183
FeOr 31.06 31.08 31.24 30.53 31.18 31.78 30.75 30.618 31.196

Structural Formula calculated on the basis of 32 oxygens

Si 0.002 0.002 - 0.001 0.001 0.001 - 0.001 0.002
Ti 0.012 0.006 0.007 0.004 0.007 0.018 0.003 - 0.010
Al2 0.022 0.030 0.018 0.018 0.021 0.015 0.022 0.015 0.019
Cr - 0.004 0.004 0.006 0.002 - 0.008 0.004 0.004
Fe3+ 1929 1930 1937 1.943 1.938 1.926 1.941 1.953 1.926
Mg - 0.004 - 0.005 0.002 0.001 - - -
Fe2+ 0.013 0.004 0.007 - 0.006 0.017 - 0.001 0.012
Fe3+ - - - - - - - - -
Mg - - - 0.001 - - 0.002 - -
Fe2+ 0.998 0.997 0.999 0.995 0.998 0.998 0.997 0.997 0.997
Mn - 0.001 - 0.003 0.001 - - 0.001 0.001
Zn - - - - - - - - -
Co 0.002 0.002 0.001 0.002 0.001 0.002 0.001 0.002 0.001

Final Members

% Magnetite 97.21 97.10 97.21 97.54 97.32 97.25 97.15 97.71 96.93
% Ulvospinel 0.60 032 037 0.19 0.37 0.92 0.16 - 0.52
% Cromite - 0.199 0.22 0.32 0.10 - 0.41 0.22 0.23
% Hercinite 1.09 1.117 0.88 0.41 0.0 0.66 0.88 0.73 0.97
% Gahnite - 0.014 - - - - - - -
Spinel - 0.19 0.020 0.26 0.081 0.043 0.10 0.02 0.01
% Jacobsite - 0.05 - 0.13 0.05 0.01 - 0.06 0.07
%Coulsonite 1.06 1.02 1.29 1.15 1.12 1.01 1.13 1.27 1.23
% Trevorite 0.03 - 0.01 - 0.047 0.09 0.169 - 0.05
Sum 100 100 100 100 100 100 100 100 100
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Table 11.31 - Continuation. Microprobe analysis of magnetite grains of metamafic rocks of Minor Mafic
Body, samples F6-01 e F6-03.

Minor Mafic Body

Rock Tipe Hornblende Metagabbro Hornblende-Garnet Metagabbro
Sample F6-01 F&-03
Mineral Magnetite  Magnetite  Magnetite  Magnetite  Magnetite Magnetite  Magnetite Magnetite Magnetite Magnetite
Si0z 0.03 0.07 0.08 0.07 0.06 0.07 0.09 0.10 0.08 0.11
TiO: 0.11 0.37 0.25 0.24 0.02 0.43 0.44 4.02 0.90 0.16
Al; 05 0.37 0.41 0.26 0.46 0.42 0.52 0.31 2.30 0.90 0.60
Fel 91.16 90.66 91.65 89.35 91.77 8937 88.87 8401 8848 88.68
MnO 0.10 0.01 0.03 - - 0.03 0.04 0.36 0.01 -
MgO - - 0.01 0.04 0.03 - - 0.19 - 0.03
Cr:0; 0.18 0.16 0.09 0.26 0.10 0.40 0.46 0.25 0.29 0.33
V:05 0.66 0.62 0.90 1.18 0.57 0.31 0.28 0.22 0.16 0.19
n0 - - 0.02 - 0.01 - 0.02 0.02 - 0.01
NiO 0.03 - 0.09 0.07 0.01 0.06 0.06 0.03 - 0.06
CoO 0.06 0.02 0.02 0.04 0.03 0.04 0.03 0.04 0.04 0.03
5n0; 0.01 0.05 - - 0.02 - - 0.01 0.00 -
Fe:0s 67.00 66.08 67.09 65.13 67.50 65.11 64.79 5592 63.62 64.93
FeOr 30.87 31.20 31.29 30.74 31.04 3079 3057 33.70 31.24 30.26

Structural Formula calculated on the basis of 32 oxygens

Si 0.001 0.003 0.003 0.003 0.002 0.003 0.004 0.004 0.003 0.004
Ti 0.003 0.011 0.007 0.007 - 0.013 0.013 0.118 0.027 0.005
Al2 0.017 0.01% 0.012 0.021 0.01% 0.024 0.014 0.105 0.042 0.028
Cr 0.005 0.005 0.003 0.008 0.003 0.012 0.014 0.008 0.009 0.010
Feld+ 1.948 1.930 1.938 1.914 1.955 1924 1929 1.637 1.884 1.938
Mg - - 0.001 0.002 0.001 - - 0.011 - 0.002
Fe2+ 0.003 0.014 0.006 0.006 0.001 0.013 0.015 0.110 0.030 0.005
Fe3+ - - - - - - - - - - -
Mg - - - - - - - - - - -
Fe2+ 0.995 0.993 0.998 0.993 0.993 0598 0597 0987 0.998 0.993
Mn 0.003 - 0.001 - - 0.001 0.001 0.012 - -
Zn - - - - - 0.000 0.001 0.001 - -
Co 0.001 0.001 - - - 0.001 0.001 0.001 0.001 0.001

Final Members

% Magnetite 5747 57.28 57.39 96.32 58.06 96.50 57.32 87.11 55.80 5755
% Ulvospinel 0.17 0.55 0.36 0.35 0.02 0.64 0.66 6.36 1.36 0.24
% Cromite 0.27 0.24 0.14 0.40 0.16 0.62 0.73 0.42 0.45 0.52
% Hercinite 0.83 0.595 0.45 0.84 0.77 1.21 0.65 4.43 2.13 1.16
% Gahnite - - 0.03 0.00 0.02 - 0.03 0.03 - 0.02
Spinel 0.012 - 0.040 0.106 0.072 0.000 0.003 0.603 - 0.101

% Jacobsite 0.17 0.01 0.05 - - 0.04 0.06 0.64 0.01 -
%Coulsonite 1.02 0.56 1.39 1.86 0.88 0.4% 0.45 0.37 0.25 0.31
% Trevorite 0.05 - 0.15 0.11 0.02 0.10 0.10 0.04 - 0.10
Sum 100 100 100 100 100 100 100 100 100 100
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Table 11.31 - Continuation. Microprobe analysis of magnetite grains of metamafic rocks of Minor Mafic

Body, sample F6-03.

Minor Mafic Body

Rock Tipe Hornblende-Garnet Metagabbro
Sample F6-03
Mineral Magnetite Magnetite Magnetite Magnetite  Magnetite  Magnetite  Magnetite

Si0; 0.10 0.10 0.11 0.12 0.07 0.09 0.17
TiOz 0.40 0.73 1.78 1.33 0.42 0.40 0.63
Al;05 0.59 0.53 0.67 0.82 0.99 1.10 1.03
FeO 89.64 88.89 89.71 86.74 88.88 87.99 88.39
MnO - 0.07 0.03 0.12 0.13 - 0.05
MgO 0.03 0.02 0.06 0.05 - 0.02 0.05
Cra20s 039 0.33 0.17 0.17 0.38 0.77 0.84
V203 0.18 0.26 0.24 0.20 0.19 031 031
Zn0O - - 0.02 0.02 - 0.01 0.01

Ni O - 0.07 - - - - -
CoO 0.03 0.03 0.03 0.02 0.05 0.03 0.03

S$n03 - - 0.05 - - - -
Fe; 03 65.26 64.39 63.54 61.91 64.60 63.61 63.55
FeOr 3092 30.96 3254 31.04 30.75 30.76 31.22
Si 0.004 0.004 0.004 0.005 0.003 0.004 0.007
Ti 0.012 0.021 0.052 0.040 0.012 0.012 0.018
Al2 0.027 0.024 0.030 0.038 0.046 0.051 0.047
M Cr 0.012 0.010 0.005 0.005 0.012 0.024 0.026
Fe3+ 1.924 1.906 1.845 1.860 1.907 1.884 1.867
Mg 0.002 0.001 0.004 0.003 - 0.001 0.003
Fe2+ 0.014 0.022 0.052 0.042 0.015 0.014 0.022

Fe3+ - - - - - - -

Mg - - - - - - -
T Fe2+ 0.999 0.997 0.998 0.995 0.994 0.999 0.997
Mn - 0.002 0.001 0.004 0.004 - 0.002

Zn - - - 0.001 - - -
Co 0.001 0.001 0.001 0.001 0.002 0.001 0.001
% Magnetite 97.21 96.56 95.28 95.34 95.95 95.20 94.93
% Ulvospinel 0.60 1.09 2.68 2.06 0.62 0.60 0.94
% Cromite 0.61 0.52 0.26 0.27 0.60 1.21 1.32
% Hercinite 1.21 1.11 1.15 1.61 2.31 2.40 2.08
% Gahnite - - 0.02 0.03 - 0.02 0.02
Spinel 0.086 0.063 0.184 0.153 - 0.071 0.145
% Jacobsite - 0.13 0.05 0.21 0.22 - 0.09
%Coulsonite 0.28 0.41 0.3%9 0.33 0.30 0.49 0.49

% Trevorite 0.00 0.11 - - - - -
Sum 100 100 100 100 100 100 100
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7. WHOLE-ROCK GEOCHEMISTRY

Tables 11.32 and 11.33 illustrate the whole rock analytic results for major and minor

elements, rare earth elements (REE) and trace elements, sorted by lithology.

7.1. Metamafic Rocks

The AFM ternary diagram shows that metamafic rocks have geochemistry affinity to low
K,O tholeiitic series, exhibiting a regular trend mainly enriched in Fe,O3 and MgO. Only the
amphibolite sample is located on calc-alkaline field, possibly for containing high values of Na,O
(Fig. 11.16).

For MMZ’s rocks, the silica content show average values of 46,69 wt.%, CaO of 14
wt.%, Fe,O3; of 13,80 wt.%, Al,O3; of 13,39 wt.% and MgO of 6,55 wt.%. Na,O values show
average 2,16 wt.% and K,O average 0,26 wt.%. P,Os, TiO,, Cr,O3z, V, Cu, Ni and Co show,
respectively, averages 0,25 wt.%, 1,76 wt.%, 0,019 wt.%, 396 ppm, 48 ppm, 112 ppm and 67
ppm.

Different behaviours for chemistry element contents are observed in relation to MMZ
stratigraphy. SiO,, Fe,03, Al,O3; and P,Os contents practically remain constant, whilst MgO and
alkalis contents gradually increase toward MMZ top (Fig. 11.17). CaO values after been slight
depleted at the basal portions, stay constant up to the top (Fig. I1.17). TiO, and V do not varies
in relation to the basal portions, however it is depleted posteriorly towards surface (Fig. 11.17).
The sum between Cr and Ni is depleted in higher depths, and are later incremented towards
surfaces levels, while Cu shows inverse behaviour to this (Fig. 11.17).

Regarding the MMB intercepted by the DD-006 drillhole, it was detected average
contents of SiO, at 52,77 wt.%, Fe,O3 at 15,63 wt.%, Al,O3 at 11,09 wt.%, CaO at 8 wt.%, MgO
at 7,05 wt.%, Na,O at 2,37 wt.% and K,O at 0,38 wt.%. The average contents for P,Os, TiO,,
Cr,03, V, Cu, Ni and Co are, respectively, 0,21 wt.%, 1,14 wt.%, 0,018 wt.%, 237 ppm, 36 ppm,
100 ppm and 109 ppm.

Samples from drillhole DD-006 show small fluctuation, except for F6-03, that configures
an outlier. This sample shows silica contents of 48,43 wt.%, aluminium of 3,89 wt.%, TiO, of
0,55 wt.%, CaO of 3,24 wt.%, Na,O of 0,33 wt.%, V of 81 ppm and Cu of 2 ppm, which are
smaller than the values from other samples from this drillhole. The opposite occurs in relation to
contents of Fe,O3 and MgO, 32,93 wt.% and 10,01 wt.% respectively, which are higher than in
the other samples.

Comparing MMZ and MMB samples, the average contents of SiO,, Fe,O3; and MgO are
significantly higher for the second ones. Instead, in relation to Al,O3, TiO, and V, these contents
are higher for MMZ. Other elements do not show significant compositional variations.

Analysing binary diagrams that englobe all gabbro-amphibolite lithologies, it is possible
to observe positive linear correlation especially in TiO, versus V graphs and, subordinately,

between SiO, versus alkalis, and CaO versus TiO, (Fig. 11.18).
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The MgO versus SiO, graph shows linear correlation in a way that silica remains
constant and magnesium increases towards the sample F6-03 direction (Fig. 11.18). Negative
linear correlation is subtly observed only between CaO and SiO,, in a way that an increasing
CaO content causes a slight depletion of SiO, (Fig. 11.18).

The MgO versus Cr diagram does not show linear correlation although that is a roughly
increase in Mg content leading to increasing Cr values (Fig. 11.18). In the MgO versus Al,O; and
MgO versus Fe,O; graphs, the sample F6-03 behaves as an outlier, so that in relation to other
samples these graphs show weak linear correlations (Fig. 11.18). The other relations show
dispersions (Fig. 11.17).

2REE for gabbro-amphibolitic rocks varies between 52,3 and 121,1 ppm. REE patterns
observed do not exhibit anomalies and are next to horizontality (La/Sm,= 1,09 — 1,94), subtly
enriched in LREE compared to HREE (Fig. 11.19A). REE patterns observed for these rocks are
equivalent to E-MORB type rocks (Fig. 11.21). Sample F6-03 shows different behaviour with
sharp concave pattern associated with consecutive low Nd, Sm and Eu (La/Sm,= 2,11) (Fig.
11.19A).

Regarding trace elements normalized to NMORB (Sun & McDonough 1989), except the
sample F6-03, horizontal patterns were detected for metamafic rocks that are approximately
equivalent for E-MORB patterns, but slightly enriched (Fig. 11.20A). This similarity is also
reflected at Nb negative anomalies (Nb/Nb* = 0,35 — 1,08). Metamafic samples differ from the
E-MORSB in relation to Pb and Sr behaviour, which varies in negative, positive and no anomalies
at all (Pb/Pb* = 0,34 — 2,81 e Sr/Sr* = 0,49 — 3,30). The same behaviour, in a less pronounced
way, occurs with Hf (Hf/Hf* = 0,62 — 1,39). Ti values show negative anomalies, with only two

non-anomalous samples (Ti/Ti* = 0,61 — 1,09).

7.2. Pyroxenitic rocks

Together, iron oxide and silica compose 94 wt.% of the total elementary contents of
pyroxenitic rocks. Fe,O3 is the main constituent, with values varying from 48,40 wt.% to 60,46
wt.%, while silica has an average composition of 38,40 wt.%. The other important major
elements in these rocks are MgO, CaO and MnO, which have average contents of 5,39 wt.%,
1,91 wt.% and 0,98 wt.%, respectively. Pyroxenitites are rocks with low Al,O; (< 1 wt.%) and
alkalis (< 0,1 wt.%), and are also depleted in TiO,, Cr,03, V, Cu, Ni and Co, with values close or
below the detection limit.

There is a greatest enrichment of Fe,O3 in UPA compared with CA, so that silica has an
opposite behaviour. On average, MgO, Al,O3, Cu, Ni and Co are subtly highlighted at CA, whilst
the CaO content is higher at UPA. Other elements do not show significant variation between the
two associations (Fig. 11.17).

Fe,O;3 in general, tends to increase towards the top, in a way that SiO, shows opposite
behaviour and positive correlations with MgO (Fig. 11.17). A similar behaviour was observed

between the trace elements Cu and Cr+Ni, indicating a slight basal enrichment to posterior

116



maintenance relatively invariable towards the top of the associations (Fig. 11.17). Other elements
do not show significant elementary oscillations with stratigraphy (Fig. 11.17).

Pyroxenitites have, on average, ZREE of 36 ppm, without significant content oscillation
of these elements per sample. When chondrite-normalized (Sun & McDonough 1989), exhibit
slightly concave patterns with subtle enrichment of LREE regards to HREE (La/Sm = 1,40 -
2,66) (Fig. 11.19B) similar, but more depleted, when compared to SNB metamafic rocks. On the
other hand, when normalized to PAAS (McLennan 1989), they are LREE depleted with relative
enrichment in heavy ones with concave patterns (La/Sm, = 0,31 - 0,60), showing subtly
negative anomalies of Ce (Ce/Ce* = 0,87 — 0,96) and positive of Y (Y/Y* = 1,02 — 1,29), being
similar to iron formation patterns on literature (Fig. 11.19C). In both normalizations, there are Eu
anomalies that gradually acquires positive character towards the top of the associations
(EU/EU*chongrite = 0,67 — 1,40; EU/Eu*paas = 1,00 — 2,11) (Fig. 11.19B and 11.19C).

Trace elements of pyroxenitic rocks show relative constant patterns between the
samples (Fig. 11.21A and 11.21D). All samples have prominent negative anomalies of Nb (Nb/Nb*
= 0,05 - 0,35), Sr (Sr/Sr* = 0,05 — 0,24), Zr (Zr/Zr* = 0,08 — 0,48), Hf (Hf/Hf* = 0,11 — 0,32) and
Ti (Ti/Ti* = 0,02 — 0,12) (Fig. 11.20B). Despite the low Sr values, the samples exhibit high values
of Rb up to 36 ppm.

7.3. Hydrothermal alteration products related to late granites

The interaction between quartz-feldspar veins, garnet-pyroxene quartz veins and
granitic intrusions truncating pyroxenitites plays an important role, displaying real evidences of
fluid percolation changing the original composition of the studied rocks. Besides, rocks with
more than 70% of grunerite (gruneritites) are detected mainly in GZ, UPA and CA, and most of
the times are located along the interaction between late intrusions and pyroxenitic rocks,
evidencing metasomatic processes.

In relation to major elements, when we compare pyroxenitites with gruneritites (sample
F1-05) these last rocks show enrichment in almost all the main elements, except with Fe,O3, Cu
and Ni (Fig. 11.17). Changes in the main minerals from ferric pyroxene to ferric amphibole justify
the iron depletion, once grunerite is composed by less FeO content than clinoferrosilite. Minor
values of Cu and Ni can be explained by the smaller modal composition of sulphides described
in gruneritites. Similarly, higher contents of SiO, are due to the higher modal composition
proportion of silica in grunerites, besides the higher modal percentage of detected quartz in
gruneritites. Hornblende, that can reach up to 10 % in the modal composition of the gruneritites,
possibly reflect the high contents of MgO, Al,O; e TiO, compared with pyroxenitites. Higher
contents of CaO, P,0s, alkalis, Nb, W and REE detected in gruneritites are probably elements
that were incorporated into minerals due granitic fluids interaction.

Concerning pyroxenitites truncated by centimetric quartz veins (sample F1-19), the
higher SiO, and smaller Fe,O;, CaO and P,0s contents, when compared with other

pyroxenitites (Fig. 11.17), are due to the quartz compositional nature of the veins. It is possible
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that garnet crystals located in these veins are responsible for the high contents of MgO, Al,O3,
TiO, and V (Fig. 11.17) presented in these rocks.

The ZREE for gruneritite sample is 383 ppm, and its PAAS (McLennan 1989)
normalized REE graph shows practically a horizontal line (La/Sm,= 0,60), with sharp Eu
negative anomaly (Eu/Eu*= 0,36) (Fig. I1.19C). Pyroxenitic rocks truncated by veins show ¥REE
of 21 ppm. Its PAAS normalized graph shows a concave line (La/Sm,= 0,28) enriched in HREE,
similar to others pyroxenitites (Fig. 11.19C). Sharp Eu negative anomaly (Eu/Eu*= 0,47) was
detected in pyroxenitic rock truncated by veins, and it is depleted in REE possibly because the
high quartz analysed content. Analogous results were found for chondrite normalization (Fig.
11.19B).

Concerning trace elements, the produced graphs for the two samples show similarities
along Nb negative anomalies (for gruneritite Nb/Nb* = 0,25; for pyroxenitite truncated by vein
Nb/Nb* = 0,45) and Zr (for gruneritite Zr/Zr* = 0,07; for pyroxenitite truncated by vein, Zr/Zr* =
0,43). Analogous to other pyroxenitic rocks, positive anomalies of U and Ta occur possibly due
to the strong negative anomalies of Nb found in both rocks (Fig. 11.20B). Pb anomaly is only
detected for gruneritite sample (Pb/Pb* = 0,24).

8. GEOCHRONOLOGY - U/Pb METHOD

Zircon grains analysed from magnetite-ferrosilite clinopyroxenitite surface sample FEM-
293 (Table 11.34) show preserved igneous zoning (Fig. 11.22A) and an isotopic behaviour typical
of magmatic rocks, with an age of 3094+17 Myr interpreted as isotopic inheritance and the
3041+23 Myr age as crystallization age (Fig. 11.23A). Metamorphic zircons (Fig. 11.23B) with low
Th/U ratio reflects approximately age of 2000 Myr, that represents a regional metamorphic
event (Fig. 11.23B).

9. ISOTOPIC GEOCHEMISTRY — Sm-Nd METHOD

Pyroxenitic and metamafic rocks were analysed using Sm-Nd method. They were
collected from drillholes DD-001 and DD-006 and for only one surface sample (Table 11.35). The
samples shows high isotopic ratios **'Sm/***Nd (>0,14), typical of mantellic rocks, as well as
model ages (Tpy) varying from 3.19 until 3.88 Gyr.

Using the age of 3041 Myr, extracted from U/Pb method, the calculus for the Eyy(T)
values are slight negative (-4,14) to proximal to chondrite values (+0,65 e -0,14), suggesting
mantellic juvenile sources, with posterior crust contamination or mantle enrichment (Fig. 11.24).
Hornblende-garnet gabbro sample (F6-03) shows Eyy(T) of -9, an value that can be explained

by late fluids percolation through grabbros that locally modifies the isotopic system.
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Table 11.32 - Whole rock geochemistry of major, minor and trace elements from pyroxenitites and

ide, Hd-

iopsi

Mag- Magnetite, Cal- Calcite, Scp - Scapolite, Di- D

gruneritite of SNB. Abbreviations

Hedenbergite, OI- Olivine, Gru- Grunerite.
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Table 11.32 - Continuation. Whole rock geochemistry of trace elements and REE from pyroxenitites and

gruneritite of SNB.
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Table 11.33 - Whole rock geochemistry of major, minor and trace elements from metamafic rocks.

Zone Main MaficZone Wi nor Mafic Body

Rock Type Hbl Gahbro 0Oli Gabbro Hbl Gabbro Hbl-Grt Gabbro Anfibolite

Sample no. F1-07 F1-08 F1-09 F6-01 F6-02 FE-03 F6-05
5102 47.13 48.63 44.31 5178 52.38 48.43 5247
Al:0s 13.44 13.46 13.28 1218 13.88 3.29 14.41
TiOz 1.30 2.01 1.98 1.10 1.64 0.55 1.26
Fez0s 1253 15.24 13.62 9.53 11.34 32.93 2.70
e 0.23 0.23 0.21 0.13 0.14 0.56 0.12
MgO 2.10 5.96 3.60 5.14 6.13 10.01 6.91
CaO 11.83 11.05 19.11 9.56 9.41 3.24 9.78
Na.0 2.55 2.30 0.81 2.70 3.24 0.33 3.20
K0 0.58 0.08 0.13 0.30 0.29 0.35 0.57
POz 0.15 0.30 0.30 0.16 0.26 0.07 0.35
Cr:05 0.037 0.010 0.011 0.010 0.016 0.027 0.018
Sum 97.9 99.3 97.4 98.6 98.7 100.4 97.8
Sc 41 39 39 30 29 27 27
v 334 426 427 261 338 21 267
Co 725 72.2 56.8 109.0 121.0 84.6 121.7
Mi 102 92 141 68 91 134 105
Cu 0.7 823.4 60.5 74.1 48.0 1.5 20.7
Zn 28 16 27 21 28 51 27
Ga 15.0 16.3 22.6 14.3 16.7 5.3 13.2
Rb 17.2 0.4 6.0 6.2 34 3.0 6.7
Sr 66.4 86.1 9431 1223 166.5 6.3 190.5
¥ 35.4 35.7 45.1 251 416 38.0 28.4
Zr 65.8 143.3 2086 91.4 142.8 208 2385
Nb 7.0 2.4 8.2 56 7.8 2.8 6.0
Cs 0.8 <0,1 0.3 <0,1 <01 <0,1 <0,1
Ba 55 15 13 24 38 14 28
Hf 19 EX 54 26 A4.0 0.6 51
Ta 0.5 0.6 0.6 0.5 0.7 1.4 0.5
Phb 0.7 0.2 3.2 0.5 0.7 0.9 0.9
Th 0.2 <0,2 14 1.0 0.4 2.4 11
u <0,1 <0,1 0.5 04 0.1 0.8 0.5
La 9.0 6.7 14.7 21 146 6.3 14.6
Ce 24.3 17.5 36.7 18.3 35.0 126 31.2
Pr 3.33 2.74 5.37 2.39 4.69 144 4.16
MNd 15.4 136 25.7 10.4 219 5.5 18.6
Sm 4.35 3.96 6.57 2.69 544 142 4.56
Eu 1.34 1.48 2.26 0.93 1.70 0.56 1.88
Gd 5.42 5.26 7.71 3.24 6.53 2.94 5.04
Th 0.98 1.00 1.39 0.66 116 0.76 0.87
Dy 6.03 6.52 8.17 4.57 7.40 5.85 5.36
Ho 1.31 1.39 1.75 0.97 1.58 151 1.07
Er 3.66 4.03 4.95 2.82 4.59 501 3.12
Tm 0.56 0.58 0.71 0.44 0.68 0.89 0.46
Yh 3.49 3.97 4.42 2.92 4.38 5.94 2.93
Lu 0.55 0.62 0.69 0.42 0.67 1.00 0.45
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Table 11.33 - Continuation. Whole rock geochemistry of trace elements and REE from metamafic rocks.

Main Mafic Zone

Zane Minor Mafic Body

Rock Type Hbl Gabhbro Oli Gabbro Hbl Gabbro Hbl-Grt Gabbro Anfibolite
Sample no. F1-07 F1-08 F1-09 F6-01 F6-02 F6-03 F&-05
Ag <0,1 <0,1 0.2 <0,1 <0,1 <0,1 <0,1
As <0,5 12.1 <0,5 <0,5 <0,5 <0,5 <0,5
Au (ppb) <0,5 <0,5 <0,5 1.4 <0,5 <0,5 <0,5
Bi <0,1 <0,1 <0,1 <0,1 <0,1 <0,1 <0,1
Cd <0,1 <0,1 <0,1 <0,1 <0,1 0.1 <0,1
Hg <0,01 <0,01 <0,01 <0,01 <0,01 <0,01 <0,01
Mo 0.1 <0,1 14 0.2 0.1 0.1 0.2
Sh <0,1 <0,1 <0,1 <0,1 <0,1 <0,1 <0,1
Se <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5
Tl <0,1 <0,1 <0,1 <0,1 <0,1 <0,1 <0,1
sn 3 <1 4 <1 <1 3 <1
W 180.0 156.3 96.2 591.4 5859.0 336.6 576.1
LOI 1.9 0.5 2.3 1.2 1.0 0.6 1.9
TOT/C 0.16 0.10 0.57 0.08 0.05 0.07 0.10
TOT/S <0,02 0.10 0.17 0.10 0.09 <0,02 0.03
La 9 6.7 14.7 8.1 14.6 6.3 146
Ce 24.3 17.5 36.7 18.3 35 12.6 31.2
Pr 3.33 2.74 5.37 2.39 4.69 1.44 4.16
Md 15.4 136 25.7 10.4 21.9 55 18.6
sSm 4.35 3.96 6.57 2.69 5.44 1.92 4.56
Eu 1.34 1.48 2.26 0.93 1.7 0.56 1.88
Gd 5.42 5.26 7.71 3.24 6.53 2.94 5.04
Th 0.98 1 1.39 0.66 1.16 0.76 0.37
Dy 6.03 6.52 8.17 4.57 7.4 5.95 5.36
Ho 131 1.39 1.75 0.97 1.58 1.51 1.07
Er 3.66 4.03 4.95 2.82 4.59 5.01 3.12
Tm 0.56 0.58 0.71 0.44 0.68 0.89 0.46
Yh 3.49 3.77 4.42 2.92 438 5.94 2.93
Lu 0.55 0.62 0.69 0.42 0.67 1 0.45
ZREE 79.72 69.15 121.09 58.85 110.32 52.32 94.3
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Table 11.34 - Summary of U/Pb data for sample FEM-293 (magnetite-ferrosilite clinopyroxenitite).
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Summary of U/Pb data for sample FEM-293 (magnetite-ferrosilite

Continuation.

11.34

Table

clinopyroxenitite).
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Fig. 11.21 - REE patterns of mafic-ultramafic rocks (Philpotts 1990) compared with REE paterns of Serra
Negra Body (SJCM Central, this study) rocks and Intrusion of Riacho das Telhas' mafic-ultramafic rocks
(Alves de Jesus 2011). Normalization values are from Sun & McDonough (1989).
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Fig. 11.23 - A. U/Pb data for individual mesoarchean zircon analysis from sample FEM-293; B. U/Pb data
for all zircon analysis from sample FEM-293.

Table 11.35 - Sm-Nd isotopic data for Serra Negra's metamafic rocks and pyroxenitites.

147 144

Sample  Sm(ppm) Nd(ppm) *¥Sm/™Nd  'Nd/"'Nd  ENd(0) ENd(3.04) Tom (Ga) Rock Type
F1-01 1.241 4.068 0.1845 0.512388+/-5  -4.88 0.14 363  Ortopyroxenitite
F1-02 1.147 4507 0.1539 0.511820+/-3 -15.97 0.65 3.16 Clinopyroxenitite
F1-20 1.493 4391 0.2055 0.512601+/-15 -0.71 -4.14 - Clinopyroxenitite

EAF-363  6.028 25.004 0.1457 0.511558+/-2  -21.07 242 3.38 Amphibolite
F1-08 5.469 16.735 0.1976  0.512449+/-19  -3.69 -4.04 - Hbl Gabbro
F6-01 4371 15.657 0.1688  0.512011+/-23 -12.23 141 3.63 Hbl Gabbro
F6-03 2.883 9.018 01932  0.512106+/-21 -10.37 9.02 - Hbl-Grt Gabbro
F6-05 6.992 27.684 0.1527  0.511665+/-14 -18.99 191 3.52 Amphibolite
F4-04 12709  45.703 0.1681 0.511933+-2  -13.75 -3.30 3.88 Magnetitite
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Fig. 11.24 - Eng (3.04 Gyr) evolution model.

10. DISCUSSION

The detailed research executed on the center-south portion of SICM, close to Serra Caida
city, provided the delimitation of SNB, an ellipsoidal body composed by gabbro-amphibolitic
rocks alternated with pyroxenitites and gruneritites. Drillholes descriptions allowed us to delimit
the continuation of these rocks in subsurface, as well as establish a stratigraphy by lithological
associations and well defined zones, enabling petrological and petrogenetic discrimination

between different groups of rocks.

10.1. Magmatic history of gabbro-amphibolitic rocks (metamafic)

The main magmatic phases are represented by metagabbros and amphibolites of the
mafic zone. These rocks are characterized by granoblastic and cumulate arrays formed by
olivine, pyroxene and intercumulatic hornblende. These rocks also exhibit high modal
percentage of plagioclase in cumulatic, intercumulatic and polygonal arrangements or as
phenocrysts. Magnetite and ilmenite occur as inclusions in pyroxenes, or together with
sulphides, interstitials to the described crystal arrangements. Cumulate magnetite were
described in magnetitite lenses of BMZ.

Anortite crystals were only found in the olivine metagabbro sample (F1-09) on the base
of MMZ. Anortite is considered as the first plagioclase to crystallize once they are associated
with olivine. The most abundant plagioclase found in mafic rocks is andesine, which is the main
component of amphibolites and hornblende-metagabbros, that are more differentiated rocks
placed from the center to the top of MMZ. According to textural characteristics, these

observations suggest that fractional crystallization process happened cyclically from the base to
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the top of mafic zones, indicating that the crystallization order to parental magma of gabbro-

amphibolitic rocks was:

Olivine + plagioclase (anortite) + magnetite/ilmenite + clinopyroxene
Plagioclase (labradorite and andesine) + clinopyroxene + hornblende

Plagioclase (andesine and oligoclase) + ilmenite/magnetite + sulphides

The main characteristic of this magma is fractional crystallization of ferric minerals, with
clinoferrosilite as the dominant pyroxene; Fe-hornblende, Fe-Mg-hornblende and tschermakite
are the most abundant amphiboles. The abovementioned mineralogy is typical from rocks
derived of iron-rich tholeiitic magmas (Brooks et al. 1991; Koepke & Seidel 2004), similar to
ferropicrites (Gibson et al. 2000) from primitive arcs. This is evident on [La/Sm]y versus [Gd/YDb]
diagram (Fig. I1.25A). Abundant andesine occurrences and the composition of pyroxenes,
olivines and amphiboles suggest that the parental magma of these lithologies was previously
differentiated and enriched, in a way that part of its mineral constituents has low Mg,
intermediate Ca and high Fe contents. The same proportions are also applied to the whole-rock
chemistry.

Barometric data suggest that, at the moment of hornblende crystallization, the parental
magma of metamafic rocks was under pressure conditions that varied from 4,5 to 5,8 Kbar.
This, according with the mineral assemblage, indicates intermediate crustal levels to the
genesis of these magmas.

The studied metamafic rocks geochemistry signature is equivalent to MORB magmas,
what is evident on the graphs Nb/Yb versus Th/Yb, Nb/Yb versus TiO,/Yb (Fig. 11.25B and
11.25C) and Ti versus V (Fig. 11.25D). On these graphs, the samples are plotted in transitional
fields between E-MORB and N-MORB, which also occurs in REE patterns behaviour (Fig. 11.21).
The formation of studied gabbro-amphibolitic rocks can be related to magmatic processes
originated from a hydrated mantle by oceanic crust assimilation in tectonic environments related
to subduction zone, following similar mechanisms described by Polat (2014) to the hornblende-
bearing ultramafic rocks in the mesoarchean Fiskenaesset Complex. These geochemistry
characteristics are reflected on trace elements patterns (Fig. 11.20A). Thereby, the studied
samples are plotted in various discriminant diagrams, both in MORB-type rocks as Arc-type
rocks. Negative Nb anomalies can indicate a common mantellic source and petrogenetic origin
for these samples. Besides that, these anomalies suggest that the hydrated minerals such as
intercumulus hornblende, reflect a hydrated and enriched mantle as the generator of parental
magma for the studied rocks.

Positive and negative Pb and Sr anomalies are observed, respectively, on F1-09 olivine
gabbro sample and F1-08 hornblende gabbro sample, configuring mutual anomalies between
them. The other samples do not show anomalies of these elements. Positive Pb anomalies and
Nb negative anomalies can be explained together as an evidence of subduction processes

involved in the rocks formation (Stevenson 2009, Wakabayashi et al. 2010), or indicate
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[Gd/Yb]n

enrichment of these elements through fluid percolations during subduction (Wakabayashi et al.
2010). Mutual Pb anomalies associated with non-anomalous samples suggest that the rocks
were formed by juvenile mantellic material previously enriched in elements moderately
incompatible (Sm and Hf, for example; Hofmann 1997). Sr positive anomalies are typical of
lithologies such as olivine gabbros (Foulger & Jurdy 2007) and, besides that, indicate gabbro or
eclogite sources, or even reflect excess of assimilated Sr by plagioclase phenocrysts, as in
sample F1-09. Sr negative anomalies suggest syn or post-magmatic metasomatism, whilst Ti
anomalies can indicate crustal contamination (Tollo et al. 2010, Beccaluva et al. 2011).

We assume on this paper that rocks, probably E-MORB type tholeiitic basalts formed in
mid-ocean ridges, would be melted and assimilated though subduction by mantle wedge. This
melt would enrich the subcontinental litospheric mantle (SCLM) in a way that, posteriorly, the
enriched magma would be settled at continental crust, experiencing crustal contamination and
possible syn-magmatic metasomatism. Evidences for these assimilations and crustal

contamination processes and even for mantellic metasomatic process (Weiss et al. 2011), are

reflected on negative €yq4 (3.04) values detected in metamafic rocks.
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Fig. 11.25 - Metamafic discriminant tectonic diagrams. A. [La/Sm]x versus [Gd/Yb]n binary plots (Gibson et
al. 2000) showing similarities with ferropicrites; B. Nb/Yb versus Th/Yb biplots (Pearce 2008) showing
MORSB signatures to metamafic rocks. The samples are plotted between N-MORB and E-MORB fields; C.
Nb/Yb versus TiO2/Yb indicating MORB signatures to metamafic rocks. The samples are plotted between
N-MORB and E-MORSB fields; D. Ti versus V biplots (Shervais 1982) indicating MORB signatures to

metamafic rocks.
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The studied magmatic event appears to have a greater coverage at the SICM, showing
geochemistry signatures that were also detected on mafic rocks of Riacho das Telhas Intrusion
(Fig. 11.21; Alves de Jesus 2011). The characteristics of SNB metamafic rocks suggest a fast
and short spatial and temporal variation of archean environments, that would reflect an
accentuated diachronism with hybrid magmatism signature between mid-ocean ridges and sub-
arc environments. An explanation to this fact can be due to the reduced dimension of SJICM
(approximately 6000 kmz) to a cratonic nucleus that has its own history and its own tectonic

evolution.

10.2. Metamorphic and metasomatic history

Petrographic evidences of metamorphic process related to metagabbros and
amphibolites are the granoblastic textures, polygonal arrangements with triple junction,
symplectites, besides subordinate lepidoblastic and nematoblastic textures. The presence of
garnet also suggests another evidence of metamorphism acting in the system. The occurrence
of this mineral can be exemplified by the following reactions (Bohlen et al. 1980; Newton 1983,;
Bucher & Grapes 2011):

i) (Ca,Na)AI(Al,Si)Si,05 + CaFeSiO, <« (Ca, Fe)s(AlFe),Sis01, +  SiOy;

Plagioclase Clinopyroxene Garnet Quartz
(grossular, almandine or

andradite)

ii) Fe,Si,06 + Cay(Fe,Al)s(Al,Si)s0; (OH), <> FesAlSizOy, + H0;

Clinoferrosilite Ferric Hornblende Almandine

These reactions can happen in conditions of moderate to high-grade progressive or
regressive metamorphism. They can also explain presence of metamorphic quartz on the
metamafic rocks. It is also supposed that, in high temperature conditions, as an influence of the
proximity to intrusions for example, reactions i and ii can occur and form garnet though contact
metamorphism. This would explain why the hornblende-garnet-metagabbro (sample F6-03) is
positioned close to the contact of a metric granite intrusion described in DD-006 drillhole.

As observed for gabbro-amphibolite rocks, textural characteristics and mineral
association can indicate that the pyroxenitites had influence of metamorphic and metasomatic
processes. Analyses in magnetite crystals, in both group of rocks, show clearly that
metasomatic processes are involved in the geological history of these lithologies, being more
accentuated on pyroxenitites and on iron formation than in metamafic rocks. It is evident an
igneous genesis for magnetite crystals in metamafic rocks, however, for pyroxenitic rocks it is
observed locally traces of igneous influences overlapped by metasomatic processes.

Concerning the pyroxenitic rocks, mineral chemistry study revealed the presence of

olivine, pyroxene and amphibole with high-Fe values and low Ca and Mg content, such as
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fayalite, clinoferrosilite, ferrosilite, grunerite and ferric hornblende. These minerals are up to 60
— 90% of pyroxenitites modal composition and up until 35% of the mineral content on iron
formations. Along with magnetite and quartz, they are the main mineral phases detected in UPA
and CA. According to the authors Bohlen et al. (1980), Newton (1983), Frisch & Herd (2010),
Bucher & Grapes (2011), the mineral assemblage fayalite + ferrosilite + clinoferrosilite + quartz
occurs in high amphibolite facies to granulite conditions. The reactions for these minerals
genesis are (Bohlen et al. 1980; Newton 1983; Frisch & Herd 2010; Bucher & Grapes 2011):

|||) Fe;0, + S|02 > Fe28i205 e F82Si04 + S|02

Magnetite  Quartz Clinoferrosilite Fayalite Quartz
iv) Fes04 + SiO, + HyO — Fe;SigOx(0OH), «  Fe,Si0s + OH + Sio,”
Magnetite Quartz Grunerite Clinoferrosilite Silica

There are two possible explanations for these reactions. One suggests that processes
such as contact metamorphism or metasomatism linked to high temperature conditions are
capable to form these transformations and these mineral assemblages. The other explanation
suggests that these reactions happen from progressive metamorphism started in low-grade,
which allowed the formation of hydrated phases such as grunerite and hornblende, posteriorly
reaching granulite facies, allowing the association between clinoferrosilite and fayalite. The
consensus is that equations iii and iv represent the transformation of iron and silica rich source
into the main mineral phase constituents of pyroxenitic rocks.

In pyroxenitites and iron formations, the late garnet could be explained by both
progressive or regressive metamorphism, and its nucleation would be described by equation ii,
analogous to metamafic rocks.

Ferric hornblende crystals replacing pyroxenes in UPA denote mineral substitutions
textures indicative of retrograde metamorphism conditions. The following equation illustrate this:

V) CaFeSiOZ + OH + Si04++ — CazFe5Si8022 (OH)2

Hedenbergite Silica Ferric hornblende

A late saline carbonate metasomatism is suggested by the presence of scapolite and
calcite occurring pervasively or replacing pyroxene crystals in pyroxenitites. Marble and calc-
silicates bodies are common in SJCM and it is admitted that the fluids from the granite genesis
of Brasiliano Tectonic Event could have assimilated CO, from these lithologies. The action of

this fluids can be explained by the following equations:

Vl) CaFeSi02 + Caz(Fe,Al)s(Al,Si)gozz (OH)2 + Na+ + Hzo(g) + CO; —

Hedenbergite Ferric-alluminium hornblende

(Ca,Na) 4(A|Si308)3CO3 + CaCO; + Fe++ + H+ + S|02

Scapolite Calcite Quartz
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It is understood that inverse reaction to the second part of equation iv occurs
accordingly to the detected metasomatism in the interface between pyroxenitites and veins,
responsible for gruneritites generations and the component rocks of GZ: Fe,Si,Os + OH +
Si0,"" — Fe;Sig0,,(OH),. Metasomatic activities exerted by the interaction between veins and
intrusions with pyroxenitic rocks and forming gruneritites, are able to enrich the system with
SiO,, CaO, P,0s5, MgO, Al,Os, TiO, alkalis, REE and the majority of trace elements, coupled
with important Fe,O3 depletions and subordinate losses of Cu, Ni and Zn.

In summary, the abovementioned reactions suggest that the responsible for creating the
ferric pyroxenes and fayalite of pyroxenitites from an unknown protolith (reactions iii and iv)
were: a progressive metamorphic event of high temperature (750 to 1050 °C) and moderate
pressure (4 to 8 Kbar) (Bohlen et al. 1980; Newton 1983; Frisch & Herd 2010; Bucher & Grapes
2011), or a contact metamorphism process of high temperature (Burt 1977, 1982; Einaudi et al.
1981; Einaudi & Burt 1982; Meinert 1992; Lentz 1998; Aleksandrov 1998; Meinert et al. 2005;
Python et al. 2007; Siepierski 2008; Grapes et al. 2009; Grapes 2011; Sharygin & Sokol 2015,
and others), or both. It is assumed that part of garnet genesis occurring both in metamafic and
pyroxenitic rocks (reactions i and ii) and the polygonal and granoblastic textures detected on
them, were formed during the progressive metamorphism phase, that would reflect transitional
conditions between high amphibolite and granulite metamorphic facies. Barometric analyses
executed on polygonal hornblende crystals in pyroxenitites revels pressures of 6,3 Kbar that
confirms these observations. Symplectites detected in crystals of pyroxene, hornblende,
plagioclase and garnet of metagabbros and amphibolites indicate pressure relief conditions at
high temperatures (700 to 900 °C) and can also suggest the beginning of a retrograde
metamorphic phase still under high amphibolite to granulite conditions (Bucher & Grapes 2011).
Along this, mineral substitution textures of pyroxene by hornblende (reaction v) possibly
suggest the evolution of this retrograde metamorphism event of granulite to amphibolite facies,
allowing the nucleation of hydrated minerals (400-500 °C, 1,5 to 3,7 Kbar). The nucleation of
grunerite (inverse reaction to the second part of equation iv), scapolite and calcite (reaction vi)
and some generation of garnets (reaction i) suggests younger metasomatic process occurring
in shallower crustal levels, under low amphibolite facies to hornfels conditions. Apparently
reactions i, iii and iv would have relation with late granite activity detected in the area.

The abovementioned process could result in unbalanced isotopic system detected
through Sm-Nd method and can explain the €y4(3.04) values, mainly negatives or below 1.
Model ages Tpy between 3.19 and 3.88 Gyr and U/Pb of 3041 Myr indicate Eo to Mesoarchean
ages for the mantle generator and mesoarchean genesis for these rocks, confirming Dantas et
al. (2004).
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10.3. The protolith of pyroxenitic rocks

One of the main questions that justify the formulation of this paper is based on the
following issue: which would be the origin of Fe-rich pyroxenitic rocks associated with iron
formations of Serra Negra Body?

The pyroxenitites here discussed show granoblastic textures easily confused with
cumulatic fabrics, which, at the first moment, raised hypothesis that these rocks were
pyroxenites (igneous origin), what was dismissed later. In a general way, the studied pyroxenitic
rocks do not show igneous texture preserved, and the mineral assemblage formed by olivine +
orthopyroxene + clinopyroxene is derived from high-grade metamorphic or metasomatic events.
Besides that, its geochemistry signature is incompatible with events derived straight from mafic-
ultramafic magmas. These rocks are characterized by high contents of iron oxide and silica that
together sums 93,5 wt.% of the chemical content, as well as by relatively low Ti, V, Ni, Cu, Cr
and Co contents. The stratigraphic variations observed with Fs contents are inversely
proportional to the Fe,O; content variations. As the first parameter decreases towards the top,
the second one increases towards the same direction. This characteristic does not confirm an
expected behaviour for a mafic-ultramafic rock, in a way that a fractional crystallization process
related to its genesis should reflect a direct correlation between the compositions of its main
minerals and of the whole rock.

Mineralogy and exotic chemistry aspects detected for pyroxenitites and for the changes
in the gabbro-amphibolite rocks set up several genetic and post-genetic possibilities related to
these rocks. Thus, the main hypothesis raised for genesis or for the protolith of high-Fe

pyroxenitic rocks from Serra Negra Body can be summarized, in order of importance:

i) Metasomatic fluids related to the final stage of high-Fe tholeiitic magmatism;
i) Chemical-exhalative BIFs under high-grade metamorphic conditions;
iii) Pyrometamorphism or impact of meteorites

10.3.1. Metasomatic fluids related to the final stage of high-Fe tholeiitic magmatism

The first and more accepted genetic hypothesis raised for pyroxenitites and associated
iron formations suggests that these rocks were derived from metasomatic processes acting on
metamafic rocks, related to fluids of to the final stage of magmatism, therefore, they keep some
igneous heritance. Pyroxenitites REE patterns, when chondrite-normalized (Sun & McDonough
1989), are horizontal and, except for Eu anomalies, they are equivalent to gabbro-amphibolite
patterns, but less enriched. A similar behaviour is recognized for trace elements, mainly related
to sharp negative anomalies of Nb, Sr, some of Ti and on the maintenance of mutual Pb
anomalies (Fig. 11.20). Gabbro-amphibolitic rocks were previously enriched in iron and the low to
intermediate content of MgO detected is equivalent to the content of these elements for

pyroxenitic rocks. In this way, this metasomatism would enrich mafic rocks with REE, major and
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trace elements, would also keep the MgO content relatively constant and would create a
metasomatite rich in Fe and Si derived from a protolith and fluids previously enriched in these
both elements.

Mineralogical criteria such as clinoferrosilite being the main pyroxene of both group of
rocks, presence of igneous zircon detected in pyroxenitic rocks and chemical composition of
magnetite relative to skarns and hydrothermal process, reinforces this hypothesis. Several
recent and classic researches indicate this type of genesis for monomineralic uncommon
pyroxene-rich rocks with exotic mineralogy, as the case of Serra Negra Body.

The Akilia quartz-pyroxenitic rocks are defended by Myers & Crowley (2000), Fedo &
Whitehouse (2002), Whitehouse & Fedo (2003), Bolhar et al. (2004) and Fedo et al. (2015), as
derived from the interaction between fluids and mafic-ultramafic rocks. Contrary to what was
exposed by others authors that defend a high-grade BIF genesis for these rocks, this
hypothesis is based on O, S and Fe isotope data. These data suggest that the quartz present in
these rocks is metasomatic, and that the system, therefore, did not have interaction with surface
environments during its genesis. Besides that, according with the same authors, isotope data
show that this element may have an ambiguous origin that could be primary or related with
metasomatic/hydrothermal processes. These authors also defend that REE patterns of quartz-
pyroxenitic rocks, normalized to the Late Archean Turbidite (Yamashita & Creaser 1999), are
equivalent to mafic-ultramafic rocks.

Orthopyroxenitites from Carajas are intercalated with hydrothermal breccias,
hornblendites, scapolites and sulphide-rich veins. It is suggested that they are derived from
post-magmatic metasomatic processes acting on gneiss-migmatitic rocks from the basement
(Siepierski 2008). The fact that there is no significant correlation between variations of En
content and variations of low TiO,, Cr,0O3;, CaO and Al,O3; contents of whole rock, suggesting
that fractional crystallization processes were not responsible for nucleation of these rocks.
Besides that, the low contents of Mg, Cr, Ni, Ti and V reflect genesis not related with mafic-
ultramafic magmatism (Siepierski 2008), as occur with pyroxenitites from Serra Negra Body.

Rocks formed essentially by diopside (diopsidite) with lower amounts of olivine (Fogs)
and plagioclase, placed on the basal portion of Oman ophiolite sequence, have characteristics
that do not reflect direct action of magmatism in its mechanisms formation (Python et al. 2007).
Diopsidites indicate genesis related with high temperature marine carbonate fluids (>800 °C)
that penetrated within the ocean crust leaching plagioclase-rich lithologies (positive Eu
anomalies) before reaching the mantle. Low Cr contents coupled with exotic behaviour and low
content of minor elements (Al, Ti and Na) and of REE also confirm a non-magmatic genesis to
these lithologies. The mineral textures of diopsidites are similar to the textures observed in
skarns (Python et al. 2007). These authors defend that such characteristics testify that there are
no clear chemical limits between magmatic and hydrothermal crystallization.

Mineral assemblage composed by olivine, garnet, scapolite and calcite can indicate
metasomatic alteration related to skarn processes on carbonate-rich rocks, on sedimentary

rocks and more rarely, on mafic-ultramafic rocks. Olivine, pyroxene and garnet paragenesis
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would indicate a prograde stage, and scapolite and calcite would be associated with a
retrograde phase (Burt 1977, 1982; Einaudi et al. 1981; Einaudi & Burt 1982; Meinert 1992;
Lentz 1998; Aleksandrov 1998; Meinert et al. 2005). These minerals are observed within
several lithologies from SNB, especially in UPA.

The metasomatic hypothesis for high-Fe pyroxenitic rocks and iron formations of SNB
would previously have to assume two events of fluids injection of different ages, the first being
the generator of pyroxenitites and the second would be related to nucleation of grunerite,
scapolite and calcite. This late mineral assemblage is influenced by neoproterozoic granites
genesis adjacent to SNB rocks.

U/Pb analyses made in magmatic zircons of pyroxenitite show genesis at 3.04 Gyr,
which is similar to the crystallization age of mafic-ultramafic rocks from the Riacho das Telhas
Intrusion, localized 50 km northeast from SNB (Dantas et al. 2004, Alves de Jesus 2011),
indicating an existence of a broad archean tholeiitic magmatism event in SJCM. Besides that,
metamorphic zircons analysed in pyroxenitites evidence values proximal to 2.0 Gyr, showing
absence of an important influence of the neoproterozoic granitic activity over these lithologies
genesis. Therefore, during the Mesoarchean, due to the absence of granite genesis or others
known processes associated with post-magmatic fluids on SJCM (Dantas et al. 2004), it is
assumed that the only source of fluids able to create pyroxenitic rocks of the same age of RTC
rocks would be the magmatic event creator of mafic rocks itself. The metasomatism occurred
possibly during a phase immediately upon the crystallization of gabbro-amphibolitic rocks from
SNB, after magma placing in continental crust and its gradual cooling under high temperature
conditions. These conditions would help the nucleation of the mineral assemblage fayalite +
clinoferrosilite + ferrosilite + quartz in pyroxenitites. Such observations indicate magmas with Fe
overload in its composition, in a way that this Fe content would be reflected on the fluids from
final processes of magmatism.

Along these lines, analogous to Python et al. (2007), we defend that the temporal and
chemistry limits between magmatism and metasomatism processes cannot be well defined for

the formation mechanism of these rocks.

10.3.2. Chemical exhalative BIFs under high-grade metamorphic conditions

The centimetric magnetitic bands intercalated with pyroxenitites, as well as
clinoferrosilite-ferrosilite iron formations are macroscopic characteristics of pyroxenitic
associations that would suggest proximity to BIFs. Besides that, olivines and pyroxenes from
UPA and CA have high Fe values and low Ca and Mg contents and part of the elementary
content of its magnetite grains are similar to magnetite grains from one of iron formation sample
from Serra Caida. Its similarity to BIFs is also evident with the major elements percentages,
which reflect that the high Fe,O; and SiO, contents of pyroxenitic rocks are proximal to the
chemical content of archean iron formation (Klein & Beukes 1989; Lindenmayer 2001; Spier
2005; Dauphas 2007; Figueiredo 2012; Silva Filho 2012; Abrahdo Filho et al. 2016). The least
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abundant elements contents such as Al,Os;, Ca0O, Na,O, K,0, TiO, and P,Os are also equivalent
to archean BIFs. MgO would be the only oxide with anomalous behaviour to these classic BIFs,
showing about 3,5 wt. % more than when compared with Superior-type iron formation, usually
more enriched in Mg (Klein 2005).

Analysing REEpaas patterns (McLennan 1989), the similarities between pyroxenitic
rocks from SNB and classic BIFs are repeated. Pyroxenitites REE patterns are concave with
subtly enrichment in HREE, showing Ce negative anomalies, Eu positive anomalies, subtly,
positive anomalies of Y, which show characteristics between Isua, Kuruman BIFs (Fig. 11.26A,;
Alexander et al. 2008) and the iron formations from Group | of the Silva Filho (2012) located in
the north portion of SICM (Fig. 11.26B). These statements would support the raised hypothesis
for the protolith of pyroxenitites, suggesting that it would be iron formations of SCMVS put under
high-grade metamorphism conditions.

The hypothesis that quartz-pyroxenitic rocks intercalated with amphibolites and
ultramafic rocks from Akilia Island, Greenland, would also have BIFs as protolith is defended by
some authors (Mojzsis et al. 1996; Mojzsis & Harrison 1999; Mojzsis & Harrison 2000; Anbar et
al. 2001; Friend et al. 2002; Mojzsis et al. 2002; Nutman et al. 2002; Dauphas et al. 2007).
Evidences based on the presence of graphite with sedimentary signature included in apatite, on
the petrographic characteristics, on fieldwork aspects, as well as on REEpaas behaviour, minor
and trace elements such as P, Ti, Cr and Y would be enough to support this hypothesis.
Following this thought, Y versus Cr and P,Os versus TiO, graphs were used by Mojzsis &
Harrison (2002) to compare quartz-pyroxenitic rocks and Akilia ultramafic rocks with Isua BIFs,
obtaining similarities with the second ones. Using these same graphs and we also obtained
similar results, in a way that pyroxenitic rocks samples from SNB are plotted under the influence
field of Isua BIFs (Fig. 11.27).

10.3.3. Pyrometamorphism or/and impact of meteorites

Fayalite, clinoferrosilite and quartz paragenesis, one of the main mineral assemblage
observed in pyroxenitites, is commonly detected in lithologies known as paralavas (Grapes
2009; Sharygin et al. 2015). Pyrometamorphism is a type of contact metamorphism that
involves extreme temperatures able to melt rocks under very low pressures (Grapes 2011).
These rocks are derived from melting of sedimentary rocks rich in coal, oil and gas or
carbonaceous sediments from spontaneous combustion metamorphism (Grapes 2011).

Alternatively, the association of fayalite with clinoferrosilite provides evidence to the
hypothesis of meteorite impacts (Schreyer et al. 1978; Maier et al. 2006; Reddy et al. 2014).
Coupled with that, polysynthetic twinning were also detected in ferrosilite crystals in UPA, which
commonly occur from the compositional inversion of original pyroxene during the system
cooling (Schreyer et al. 1978), also observed in lunar rocks (Prewitt et al. 1971). It is attributed
temperatures of 1150 °C to 970 °C for the nucleation of these twinnings (Schreyer et al. 1978).
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However, the absence of a typical astrobleme or pdf type features in quartz, or the
absence of archean paralavas diminishes this hypothesis credibility, lacking enough evidences
to support it. Besided that, it is undeniable that the lithological association from the fieldwork
area was formed or/and experienced deep crustal level conditions, which is incompatible with

processes related to pyrometamorphism or meteorite impact.
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11. CONCLUSIONS

1. The magmatism that originated gabbro-amphibolitic rocks from Serra Negra Body
have the following characteristics: high-Fe tholeiitic with low MgO and KO, hydrated, similar to
ferric-picrites and with hybrid geochemical signatures between E-MORB and primordial Arc
rocks. It is suggested that E-MORB-type tholeiitic basalts would be melted and assimilated by
lithospheric subcontinental mantle in subductions zone so that it would enrich and hydrate the

mantle to posteriorly generate the studied mafic rocks.

2. The igneous mantellic protholith’s age is 3041+23 Myr, obtained by igneous zircons
in pyroxenitite. Tpy ages indicate juvenile paleo to mesoarqueans sources with values between
3.6 to 3.2 Gyr. It is suggested that metasomatism processes and mantellic enrichment as well

as crustal contamination would be responsible for negative or below 1 €y4(t) contents.

3. Post-magmatic history of the studied rocks begin in intermediate crustal level,
amphibolite facies, which experienced, posteriorly, at least two metamorphic events: one
prograde event of high-grade up to high amphibolite to granulite facies and the other retrograde
event up to low amphibolite to hornfels facies. At least one metasomatic event connected with
carbonatic saline fluids has influenced these lithologies, detected by the presence of grunerite,

scapolite and calcite linked to the interaction of neoproterozoic granites with pyroxenitic rocks.

4. Pyroxenitites present limiting geochemical characteristic between rocks derived from
metasomatism on metamafic Fe-rich rocks and chemical-exhalative BIFs. If this metasomatism
would have in fact happen, it would have possible connections with the mantellic magmatic
fluids (Eng(t) < 0) enriched in Fe and Si, related to final crystallization stages of mafic rocks of
Serra Negra Body, which would possibly partially leached after its crystallization processes and
generate iron-rich pyroxenitic rocks. Thus, it is admitted that the transitions between igneous

and metasomatic processes, in this case, is impossible to be detected.
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PETROGRAFIA, QUIMICA MINERAL DE MAGNETITA E GEOQUIMICA DAS
FORMACOES FERRIFERAS DA PORCAO CENTRAL DO MACICO SAO JOSE DO
CAMPESTRE, REGIAO DE SENADOR ELOI DE SOUSA, RIO GRANDE DO NORTE, BRASIL.
Abrahao Filho, E.A.%, Dantas, E.L.%, Figueiredo, B.S.1
1 Universidade de Brasilia

ABSTRACT. PETROGRAPHY, MAGNETITE MINERAL CHEMISTRY AND GEOCHEMISTRY
OF IRON FORMATIONS OF THE SAO JOSE DO CAMPESTRE MASSIF CENTRAL
PORTION, RIO GRANDE DO NORTE, BRAZIL. Metric to kilometric bodies of Banded Iron
Formations (BIFs) occur in the central portion of the Sdo José do Campestre Massif (SJCM), an
Archean core of the Borborema Province, Northeast of Brazil. Establishing contacts with mafic-
ultramafic rocks, calc-silicate rocks, olivine marbles and garnet gneisses, these BIFs are
inserted on the Serra Caiada Meta-volcanic-sedimentary Sequence, a possible greenstone belt
of the region. These BIFs were mapped and sampled (1:25.000 scale) in a 45 km? area.
Together with the other rocks, they are high-grade metamorphosed and deformed as a synclinal
fold. BIF samples are mainly constituted of magnetite (45 - 55%), quartz (35 - 40%) and traces
of apatite (<1%), however, it was possible to discriminate three groups of BIFs according to the
other minerals. Group A is composed by low contents of grunerite (2 - 4%) and Group B has
higher modal compositions of this amphibole (6-10%). Group C show the most heterogeneous
mineral assemblages: grunerite (3 - 7%), hornblende (2 - 6%), clinopyroxene (1 - 5%),
orthopyroxene (~1%) and garnet (~1%). Electron microprobe analysis of magnetite grains of
Group C show high contents of Al, Co, Sn, medium contents of Cr, Mn, Ni and low contents of
Mg, Ti, V, Zn, revealing chemical similarities with Skarn-related hydrothermal and approaches
with IOCG-type and primary BIF-type. Distinctions between the three different groups of BIF are
reflected in whole rock chemical composition and expressed in cartography, once these groups
are distributed as zones in the map. Group A show higher contents of base metals, ZREY
average 36 ppm and Eu positive anomalies (Eu/EU*paas = 1,26 - 2,27). Group B show medium
contents of base metals, ZREY average 87 ppm and absence or slight Eu positive anomalies
(Eu/Eu*ppaps = 0,92 - 1,22). Group C show lower contents of base metals, ZREY average 88
ppm and absence or slight Eu positive anomalies (Eu/Eu*paas = 0,84 - 1,26). All groups show
majority of real Ce negative anomalies (Group A, Ce/Ce*pans = 0,59 - 1.04; Group B,
Ce/Ce*ppans = 0,62 - 0,89; Group C, Ce/Ce*ppas = 0,59 - 1,03), and groups A and B show
positive Y anomalies (Group A, Y/Y*paas = 0,97 - 1,64; Group B Y/Y*paas = 1,42 - 1,64), while
Group C show positive and negative anomalies (Y/Y*paas = 0,76 - 1,42). Group A and B display
slight convexes REY patterns depleted in LREY, and Group C show large variations of this
patterns. From comparisons with other BIFs in the world and in the SJCM, we can interpret that
these BIFs were deposited in submarine environments. Apparently Groups A and B are most
influenced by hydrothermal vents with very slight sedimentary contribution. Group C show
higher detritus contribution than the other two. The high ZREY of these BIFs and the chemical

heterogeneities of Group C can be explained, respectively, by the presence of apatite and
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garnet and, thus, confirm magnetite post-events chemical signatures. BIFs as chemical-
exhalative sediments can provide information about physicochemical conditions of ancient
oceans. Apparently the chemistry of the central MSJC BIFs may preserve the elemental
signature of an Archean recluse sea, in a transitional MORB-Arc tectonic environment. We
suggest that the detected BIFs zoning can be a guide for prospecting VMS-type deposits.

RESUMO. Corpos métricos a quilométricos de formacdes ferriferas bandadas (Banded Iron
Formations, BIFs) ocorrem na porcéo central do Macico Séo José do Campestre (MSJC), um
ndcleo arqueano da Provincia Borborema, Nordeste do Brasil. Estabelecendo contatos com
rochas mafico-ultraméficas, calcossilicaticas, olivina marmores e granada gnaisses, as BIFs
estdo inseridas na Sequéncia Metavulcanossedimentar Serra Caiada, um possivel greenstone
belt da regido. Essas BIFs foram mapeadas e amostradas (escala 1:25.000) numa é&rea de 45
km?. Essa associagao litolégica é metamorfisada a condi¢Bes de alto grau e deformadas como
uma sinclinal. Amostras de BIFs sdo comumente constituidas de magnetita (45 - 55 %), quartzo
(35 - 40 %) e tracos de apatita (<1 %), entretanto, foi possivel discriminar trés grupos de
formag0es ferriferas de acordo com os outros minerais constituintes. O Grupo A é composto
por baixos contetidos de grunerita (2 - 4 %) e o Grupo B tem maior composi¢cdo modal deste
anfibdlio (6 - 10 %). O Grupo C mostra uma assembleia mineral mais heterogénea: grunerita (3
- 7 %), hornblenda (2 - 6 %), clinopiroxénio (1 - 5 %), ortopiroxénio (~1%) e granada (~1%).
Andlises de microssonda eletrdnica em cristais de magnetita do Grupo C mostram altos
conteddos elementares de Al, Co, Sn, médios de Cr, Mn, Ni e baixos de Mg, Ti, V, Zn,
revelando similaridades quimicas limiares a Skarns, a depdésitos do tipo IOCG e a BIFs
quimico-exalativas. As distingdes entre os trés diferentes grupos de BIF sdo refletidas na
quimica de rocha total e expressas na cartografia, uma vez que esses grupos estdo
distribuidos em zonas bem definidas no mapa. O Grupo A mostra os maiores contelidos de
metais base, ZETRY com média de 36 ppm, e anomalias positivas de Eu (Eu/Eu*paas = 1,26 -
2,27). O Grupo B apresenta conteudos médios de metais base, ¥ ETRY médio de 87 ppm e
auséncia ou diminutas anomalias positivas de Eu (Eu/Eu*ppas = 0,92 - 1,22). O Grupo C
apresenta os menores conteldos de metais base, ZETRY médio de 88 ppm e auséncia ou
suaves anomalias positivas de Eu (Eu/Eu*paas = 0,84 - 1,26). Em sua maioria, todos grupos
mostram reais anomalias negativas de Ce (Grupo A, Ce/Ce*panas = 0,59 - 1,04; Grupo B,
Ce/Ce*pans = 0,62 - 0,89; Grupo C, Ce/Ce*ppaas = 0,59 - 1,03) e os grupos A e B apresentam
anomalias positivas de Y (Grupo A, Y/Y*paas = 0,97 - 1,64; Grupo B Y/Y*ppas = 1,42 - 1,64),
enquanto que o Grupo C alterna entre anomalias positivas e negativas (Y/Y*paas = 0,76 - 1,42).
Os grupos A e B dispdem de padrées de ETRY levemente convexos depletados em ETR leves,
e 0 Grupo C mostra variacdes desses padrdes. Por comparacGes com outras BIFs do mundo e
internas ao MSJC, podemos interpretar que essas formacdes ferriferas foram depositadas em
ambientes submarinos. Aparentemente os Grupos A e B sdo mais influenciados por fumarolas
hidrotermais com pouca contribuicdo sedimentar. O Grupo C mostra as maiores contribuicdes

detriticas. Os altos valores de ZETRY e as heterogeneidades quimicas do Grupo C podem ser
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explicadas, respectivamente, pela presenca de apatita e granada e, além disso, confirmar as
assinaturas quimicas dos cristais de magnetita relacionadas a eventos tardios. BIFs como
sedimentos quimico-exalativos podem prover informacdes sobre as condi¢des fisicoquimicas
de oceanos antigos. Aparentemente a quimica das BIFs da porcao central do MSJC preservam
quase que totalmente as assinaturas elementares de um oceano argueano em avanc¢ado
estagio de fechamento, evidenciando transicdes entre ambientes de MORB e de Arco. Nos
sugerimos que o0s zoneamentos detectados para as BIFs podem servir como guias

prospectivos para depésitos do tipo VMS.

1. INTRODUCAO

Formacdes ferriferas bandadas (FF, ou Banded Iron Formations, BIF) sdo rochas
guimico-exalativas que podem fornecer informagdes das condig¢des fisico-quimicas de oceanos
antigos, uma vez que aparentemente guardam, total ou parcialmente, o registro elementar das
aguas aonde foram precipitadas (Graf 1978; Bau & Dulski 1996; Bekker et al. 2010). Essas
rochas tem sua génese intimamente ligada a distancia em que o ferro pode percorrer a partir
da sua fonte (Klein & Beukes 1989), o qual pode ser transportado e depositado pela a¢édo de
fumarolas hidrotermais de fundo oceénico. Entende-se que o alcance atingindo por esse
elemento depende da natureza do fluido hidrotermal que o carreia (Bau & Dulski 1996). Caso
as condicgdes fisico-quimicas do fluido sejam suficientes para superar o estado redox do
oceano o ferro é depositado distalmente em relagédo as fontes, caso contrario o ferro deposita-
se proximal na forma de 6xidos e sulfetos (Klein & Beukes 1989).

O tipo de BIF e seus ambientes relacionados com as condi¢cdes de oxi-reducao
refletem em determinados padrdes de ETRY (elementos terras rara e itrio) e distintos
comportamentos de elementos tracos, principalmente no cerne dos metais (Bau & Dulski
1996). Nesse sentido, elementos como Y, Ho, Eu e Ce sdo comumente utilizados como
tracadores geoquimicos para apontar as condicfes das aguas do mar relacionadas ao periodo
de deposicéo das BIFs (Goldberg 1963; Bau & Dulski 1996; Bau 1999; Akagi et al. 2002; Bolhar
et al. 2004, Shields & Webb 2004; Knappe et al. 2005; Alexander et al. 2008; Bekker et al. et al.
2010; llouga et al. 2013). Por conseguinte, defende-se que as BIFs guardariam o registro do
comportamento geoquimico das aguas dos oceanos pretéritos, refletido principalmente nas
abundancias e padrbes de ETRY e elementos tragos (llouga et al. 2013).

Segundo os autores supracitados, anomalias positivas ou negativas de Y e suas
relagbes com o Ho, podem indicar, respectivamente, maiores ou menores contribui¢cdes
sedimentares. Anomalias de Eu podem estar relacionadas com a temperatura das fumarolas,
de modo que sitios deposicionais proximais a fonte hidrotermal refletiiam em anomalias
positivas e os distais em anomalias negativas ou positivas de menor intensidade (Bau & Dulski
1996; Kato et al. 2002; Bolhar et al. 2004; Shields & Webb 2004; Klein 2005; Frei et al. 2008;
Alexander et al. 2008; Bekker et al. 2010; Figueiredo 2012; Silva Filho 2012). Anomalias de Ce

sédo diretamente proporcionais as condicbes de oxi-reducado das aguas oceanicas, de modo
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que a oxidacdo e segregacido do Ce™ em Ce*™ (mais insollivel) seria um processo ocorrente
em mares arqueanos (Bau & Dulski 1996; Kato et al. 2002; Bolhar et al. 2004; Shields & Webb
2004; Klein 2005; Frei et al. 2008; Alexander et al. 2008; Bekker et al. 2010; Figueiredo 2012;
Silva Filho 2012; llouga et al. 2013). Outros trabalhos sugerem que as anomalias de Ce, por
outro lado, podem ter relagdo com atividade microbial e abiética (Turner 1981; De Baar et al.
1985; Moffet 1990; Koeppenkastrop & DeCarlo 1992), ou podem refletir superposicdo de
processos tais quais metamorfismo, metassomatismo, alteragGes diagenéticas e intemperismo
(Graf 1977; Johannesson et al. 2006; llouga et al. 2013). Padr6es de ETRY sédo passiveis de
sofrer alteragdes, acusando por vezes ZETRY elevados para BIFs, e isto pode estar
relacionado a ocorréncia de minerais como apatita, monazita, xenotimio (llouga el al. 2013) e
granada (Grauch 1989; Nicolescu et al. 1998). Esses minerais podem facilmente incorporar
tanto ETRL como ETRP durante eventos metassomaticos ou metamorficos, fazendo com que
as caracteristicas quimicas que refletiriam os ambientes marinhos primarios sejam alteradas.

Trabalhos recentes e classicos defendem que BIFs que foram depositadas em
plataformas oceanicas, posicionadas mais distantes em relagdo ao input de solucdes
hidrotermais submarinas, sdo mais pobres em ferro e associadas a rochas calcarias,
calcossilicaticas e siliciclasticas. BIFs de aguas profundas, situadas em sitios deposicionais
mais préximos as fumarolas, sdo mais ricas em ferro e associadas a rochas mafico-
ultraméficas, podendo conter sulfetos e valores relativamente altos de metais base (Bau &
Dulski 1996; Kato et al. 2002; Bolhar et al. 2004; Shields & Webb 2004; Klein 2005; Frei et al.
2008; Alexander et al. 2008; Bekker et al. 2010; Figueiredo 2012; Silva Filho 2012).

O método baseado em petrografia, estudos de ETRY e elementos tracos sobre BIFs de
uma determinada &rea ou regido é capaz de apontar zoneamentos composicionais atrelados as
relagBes espaciais entre fontes hidrotermais e sitios deposicionais que, eventualmente, podem
ser refletidas em mapas geoldgicos. No cerne cientifico, a distincdo de grupos de BIFs
controlados por zoneamentos geoquimicos seria (til para entender melhor o comportamento de
fumarolas submarinas antigas, bem como distinguir os mecanismos fisico-quimicos que
controlam sua génese. Ja em termos prospectivos, a definicAo desses zoneamentos pode
servir de guia exploratorio uma vez que estaria mapeando e discriminando as principais fontes
de minério de ferro do planeta, além de eventualmente indicar as possiveis localizacdes de
fumarolas hidrotermais, importantes sitios mineralizadores de depésitos do tipo VMS (Grenne &
Slack 2005). Para assumir e utilizar esse controle prospectivo, entendemos que o geocientista
precisa estar certificado de que os padrbes elementares detectados reflitam de fato as
condicbes de deposicao/precipitacdo das formagdes ferriferas.

O estudo executado nesse artigo corrobora o método supracitado a partir do uso de
cartografia de semi-detalhe em uma area de 45 km® Os nossos principais objetivos s&o
entender se os padrbes elementares detectados sdo compativeis com depdsitos quimico-
exalativos antigos, e como estao distribuidas espacialmente as formacgdes ferriferas em termos
de distancia das areas fontes, composicdo mineraldgica e litoquimica. Além disso, buscamos

sugerir em qual contexto geotectbnico e metalogenético essas BIFs estdo inseridas dentro do
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Macico Sdo José do Campestre (MSJC), constituido principalmente por rochas arqueanas,
localizado NE do Brasil (Fig. IIl.1A).
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Fig. lll.1 - Mapas Regionais referentes a &area de trabalho e a sua localizagdo. A. Mapa Geoldgico
Simplificado da PB (modificado de Jardim de S& 1994 e Brito Neves et al. 2001) e sua localiza¢éo na
América do Sul. Siglas: OJO - Orés-Jaguaribe Orogen, PeSZ - Pernambuco Shear Zone, PaSZ - Patos
Shear Zone, RND - Rio Grande do Norte Domain, SO - Serid6 Orogen; B. Mapa Geol6gico do MSJC

(modificado de Dantas et al. ,2004); C. Mapa Geoldgico
2004).

2. CONTEXTO GEOLOGICO

do Sul do MSJC (modificado de Dantas et al.

O MSJC trata-se de um nuGcleo arqueano circundado por terrenos gnaissico-
migmatiticos paleoproterozoicos (Dantas et al. 2004) e estd posicionado na por¢cdo NE da

Provincia Borborema (PB), mais precisamente interno ao Dominio Rio Grande do Norte, no
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Brasil (Almeida et al. 1977, 1981; Brito Neves 1983; Jardim de Sa 1994; Brito Neves et al.
1995; Brito Neves et al. 2000; Brito Neves et al. 2001; Dantas et al. 2004) (Fig. Ill.1A). O
macico mede aproximadamente 6.000 km? e sua atual posicdo geogréafica-geoldgica é a porgao
mais proximal do continente africano na plataforma Sul-Americana. A estruturacdo do MSJC é
desenvolvida em funcdo da atividade tectdnica exercida durante o final da orogénese
Brasiliana, aonde o maci¢co funcionou como elemento de anteparo (alto do embasamento) na
evolucao tectono-estrutural das faixas moveis Neoproterozoéicas da Provincia Borborema (Brito
Neves 1983; Caby et al. 1991; Jardim de Sa, 1994; Brito Neves et al. 1995; Brito Neves et al.
2000; Brito Neves et al. 2001). A Faixa Seridd delimita o bloco crustal do MSJC a oeste,
engquanto e os terrenos tectono-estratigaficos da Zona Transversal (ZT) configuram os limites
ao sul. A ZT é deformada em carater dextral pela acdo dos lineamentos Patos-Garoa e
Pernambuco-Camardes, mega-zonas de cisalhamento que tem suas continuidades mapeadas
nas provincias de faixas moveis do noroeste da Africa.

O MSJC é caracterizado por diferentes eventos magmaticos, cujas idades variam de
3.45 até 2.65 Ga, sendo estas rochas retrabalhadas por eventos de fusdo parcial e
consequente formacao de migmatitos em torno de 2.0 Ga, bem como re-fuséo ao redor de 600
Ma (Dantas et al. 2004). Os eventos mais antigos, relacionados aos ortognaisses de Bom
Jesus com 3.45 Ga e pelas rochas do Complexo Presidente Juscelino (CPJ, 3.35 - 3.12 Ga),
possuem afinidade geoquimica do tipo tonalito-trondjhemito-granodiorito (TTG). Rochas
granuliticas e gnaisses de alto grau metamorfico do Complexo Senador El6i de Sousa séo
datados em 3.03 Ga e incluem gnaisses calcossilicaticos, gnaisses granadiferos e anfibolitos
paraderivados. Corpos mafico-ultraméficos relacionados ao Complexo Riacho das Telhas
(CRT) séo intrusivos nesses dominos e englobam piroxenitos, magnetita-cromita piroxenitos,
olivina piroxenitos, lherzolitos, wherlitos (Alves de Jesus, 2011), olivina gabros, hornblenda
gabros, e anfibolitos (Abrah&o Filho et al. 2016).

As BIFs aqui estudadas estéo inseridas na Sequéncia Metavulcanossedimentar Serra
Caiada, constituida também por gnaisses quartzo-feldspaticos, cherts, metarenitos, xistos,
calcossilicidticas e mamores, as quais podem se tratar de uma associacgéao litolégica tipica de
um greenstone belt na regido (Dantas et al. 2013). Essas litologias estdo deformadas e
metamorfizadas em facies anfibolito alto a granulito e sdo intrudidas por sucessdes de granitos
tardios neoarqueanos e brasilianos de composi¢éo sienogranitica (Dantas et al. 2004).

A éarea selecionada para o estudo (escala 1:25.000; Fig. Ill.2A) é localizada nas
proximidades da cidade de Senador El6i de Sousa, no estado do Rio Grande do Norte, 70 km
da capital Natal, por¢édo central do MSJC. A razao para escolha da area é o seu potencial
metalogenético detectado nas BIFs ricas em ferro que perfazem um reserva inferida de 70 a
100Mt @ 51.76 wt.% de Fe,Os;. Esses fatores chamaram a atencao do meio académico e

empresas Junior de exploracéo mineral.
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3. METODOS

O trabalho multidisciplinar envolveu diferentes técnicas como mapeamento geoldgico,
estudos petrograficos, de quimica mineral e geoquimica convencional. Todas as etapas foram
executadas nos Laboratérios de Mineralogia, de Microssonda Eletrdnica e de Geocronologia do
Instituto de Geociéncias da Universidade de Brasilia, com excecdo das andlises de geoquimica

convencional realizadas no laboratério AcmeLabs Commodities Ltd em Vancouver, Canada.

3.1. Petrografia

Foram confeccionadas e descritas lAminas delgadas coletadas de afloramentos,
representativas dos resultados das analises quimicas de rocha total. Adicionalmente foram
descritas quatro amostras dos trabalhos de Figueiredo (2012) e Silva Filho (2012), dentre as
quais TAM-004, TAM-093, TG-058 e TG-094, englobadas na area de trabalho mapeada nesse
artigo. As descrices foram executadas em microscopio petrogréfico acoplado a uma camera
fotografica digital.

3.2. Quimica Mineral

Andlises pontuais de quimica mineral foram executadas sobre cristais de magnetita em
secdes polidas. Para isso fora utilizada uma microssonda eletrénica modelo JEOL JXA-8230,
fazendo uso de uma voltagem de 15 kV e uma corrente de 15 + 0,10 nA, sendo analisados
SiO,, TiO,, Al,O3, FeO, Cr,03, V,03, MNO, MgO, NiO, ZnO, SnO, e CoO.

Os resultados de Quimica Mineral sdo apresentados na forma de porcentagem em
peso de Oxidos, bem como em propor¢des catibnicas, férmulas quimicas estruturais,
componentes moleculares e diagramas de variagdes quimicas. Para isso foram organizadas
tabelas no software Excel ® (Pacote Office® Windows 7®), atendendo a recomendag0es,
célculos e formulas predefinidas por Deer et al. (1992) para calculos das formulas estruturais e
Droop (1987) para a proporcao Fe*'IFe®. As classificagbes utilizadas obedecem as
recomendacgfes da IMA, International Mineralogical Association.

As andlises gréficas e estatisicas da quimica mineral da magnetita seguem o0s
trabalhos de Dupuis & Beaudoin (2011), Nadoll et al. (2014) e Chung et al. (2015).

3.3. Geoquimica Convencional

Foram coletadas e analisadas 18 amostras de BIF de superficie e, além disso, as
andlises das amostras supracitadas de Figueiredo (2012) e Silva Filho (2012) foram também

contempladas. O método utilizado na preparacdo e andlise das mesmas consta em submeté-
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las a calcinacdo a 1000°C para perda de volateis e posterior fusdo com metaborato de litio: os
ions de elementos maiores séo captados por Fluorescéncia de Raios-X (FRX) ou por ICP-AES;
0s elementos menores, tracos e terras raras sdo captados por ICP-MS. Os gréficos utilizados
para tratamento de dados foram confecionados nos softwares Excel ® (Pacote Office®
Windows 7®), Petrograph (Petrelli 2007) e Coreal Draw X7®.

4. ASPECTOS GEOLOGICO-ESTRUTURAIS

O mapeamento geoldgico permitiu identificar corpos de BIF em formatos elipticos e
lenticulares, seccionados, de comprimento e largura variando respectivamente da ordem de
700 metros e 130 metros maximos para 0s maiores corpos, e de 55 metros e 20 metros
maximos para os menores, cobrindo no total uma area de cerca de 1,12 km? (Figs. 1ll.2A e
111.3). Derivam relevos acentuados que formam morros de vertentes médias a suaves, com
cristas orientadas seguindo a morfologia e eixo maior dos corpos. Essas eleva¢des apresentam
desniveis de 30 metros médios desde o sopé até o ponto mais alto (Fig. Ill.2D). Infere-se que
em termos de tonelagem a area mapeada na regido de Senador El6i de Sousa tenha entre 70
e 100 Mt de BIFs.

As formag®es ferriferas mapeadas s@o proximais ou estabelecem contato com rochas
mafico-ultraméficas como gabros, piroxenitos e websteritos, grupos de calcossilicaticas de
origem sedimentar e metassomatica, e marmores impuros a olivina e magnetita. Essa
assembleia litolégica é embasada por ortognaisses do tipo TTG e granada gnaisses, sendo
intrudida e truncada por uma expressiva quantidade de corpos e veios graniticos e capeada por
silexitos de derivacao intempérica (Fig. 111.2).

Na porcado meridional da area de trabalho a superficie principal que controla a atitude
dos bandamentos e foliagbes (Sn) apresenta strike variando entre N80 e N100, mergulhando
com médios a altos angulos preferencialmente para norte (Figs. Ill.2A e 111.2D). Na por¢éo
setentrional, a Sn varia entre N120 e N160, mergulhando de 30° a 85° principalmente para sul-
sudoeste (Figs. IIl.2A e 111.2B). O setor central do mapa é marcado por inflexdes nas Sn em
atitudes subverticais com strike variando entre N20, NO e N170 (Fig. Ill.2A), as quais
configuram charneiras de dobras deitadas e fechadas observaveis em escala de afloramento,
apresentando planos axiais orientados N110-N120 com mergulhos de 60° a 70° para SSW. As
lineacdes de estiramento mineral sdo de alto rake, preferencialmente dip-slip, com componente
obliquo de fraca intensidade. Os minerais que edificam as estruturas planares e lineares sdo
representados por quartzo, feldspatos, magnetita, hornblenda, grunerita, piroxénios e biotita, de
modo que essas estruturas sdo principalmente realgcadas em gnaisses, formacdes ferriferas e
em algumas mafico-ultramaficas e calcossilicaticas. As fraturas mais comuns sao
perpendiculares a Sn, sendo que familias secundarias parasitam os planos dlcteis principais. A

analise de imagens de satélite e geofisicas permite identificar, a partir de lineamentos
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9336000

estruturais e anomalias magnéticas (Fig. 111.3), as mesmas familias de estruturas apontadas em
campo.

Dessa maneira, na area de trabalho fora definida uma mega-estrutura representada por
uma sinclinal deitada, fechada, e por outras dobras menores da mesma natureza, as quais
contemplam toda a &rea mapeada (Figs. Ill.2 e IIl.3). Os planos axiais tem orientagao
preferencial N120 mergulhando para SSW, com linha de charneira de aproximadamente 45° e
caimento para ESE (Figs. lll.2 e I1l.3). As melhores e maiores exposi¢6es de corpos de BIFs
concentram-se no flanco sul da mega-estrutura, principalmente posicionadas nas transicées ou
no contato entre ortognaisses e granada gnaisses e relativamente proximas a granitos e rochas

méfico-ultramaficas (Fig. 111.2).

188000 192000 196000

j
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Fig. 1.3 - Contornos cartograficos de silexitos, formacao ferrifera, mafico-ultramaficas e anfibolitos,
sobrepostos em imagem geofisica magnética de primeira derivada (CPRM 2004). Altos magnéticos
tendem ao rosa e ao vermelho, e baixos a tonalidades amarelas e azuis (v. escala de nT/m a direita).
Notar anomalias e contrastes magnéticos realgcando as estruturas e litologias como formacdes ferriferas e
mafico-ultraméficas. Os circulos indicam pontos geoldgicos, sendo que os amarelos sdo 0s pontos
amostrados.

5. PETROGRAFIA DAS FORMAGCOES FERRIFERAS

Foi possivel separar trés grupos distintos de BIF na regido de Senador El6i de Sousa
no MSJC. Em escala de afloramento as formag8es ferriferas séo idénticas e apresentam
alternancia de bandamentos magnetiticos e quartzosos, centimétricos a milimétricos, com
continuidade lateral (Figs. Ill.4A e 1Il.4B). Termos granoblasticos (Figs. II1.4C, 111.4D, 1l.4H e
I11.4G) e bandados (Figs. 111.4B, 1ll.4E e 111.4G) séo indivisos na cartografia e detectados apenas

ao microscopio, constituindo facies texturais comuns aos trés grupos indiscriminadamente.
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Os grupos apresentam magnetita (45 - 55%) e quartzo (35 - 40%) como minerais

principais, e o que os diferencia € o restante do conteldo mineral. O Grupo A contém
pequenas percentagens de grunerita (2 - 4%) e o Grupo B é constituido por maiores
percentagens modais desse anfibdlio (6 - 10%). O Grupo C é composto por grunerita (3 - 7%),
hornblenda (2 - 6%), clinopiroxénio (1 - 5%), ortopiroxénio (~1%) e granada (~1%). Todos o0s
grupos de BIFs contém amostras com tragos de apatita (<1%) (Fig. 111.4F).

A magnetita € encontrada basicamente de duas maneiras: principalmente fazendo
parte da trama da rocha ou como inclusdes nos cristais de silicatos (Fig. Ill.4E). Quando
componente da trama, formam cristais majoritariamente euédricos, corriqueiramente com oito
faces, em dimensfes que variam de 0,2 a 2 milimetros, podendo atingir em alguns casos
ordens de centimetros (Fig. 11l.4). Quando inclusos aos cristais de piroxénio e anfibélio, os
cristais de magnetita atingem no maximo 0,1 mm de eixo maior sendo anédricos a subédricos,
frequentemente mostrando-se isolados, mas podendo nuclear aglomerados. Ao estudo com luz
refletida a magnetita apresenta nivel de altera¢do intermediario, evidencia oxidagdo e contém
textura trelica tipica de martitizacdo: transformacédo da magnetita em hematita obedecendo a
planos de clivagem e de fraturas (Fig. 1ll.4H). Mesmo quando em aglomerados é possivel
observar que os cristais de magnetita sdo nucleados isoladamente e formam contatos retos
entre si.

Os cristais de quartzo raramente ultrapassam 3 milimetros, sdo euédricos a subédricos,
apresentam extingdo ondulante e formam contatos retos entre si e levemente irregulares com a
magnetita, nesses casos providos de reentrancias e eventuais embaiamentos (Figs. I11.4C e
I11.4D). Constitui agregados granoblasticos, as vezes em tramas mosaiculares orientadas de
acordo com o bandamento. Localmente o quartzo mostra-se poiquiloblastico, contendo
inclusGes de grunerita e magnetita.

Cristais de grunerita, hornblenda, clinopiroxénio e ortopiroxénio sdo subédricos e
chegam a atingir 2 mm (Figs. lll.4C e lll.4E). S8o na maioria das vezes granoblasticos,
ocasionalmente ocorrendo em aglomerados, formando contatos retos com o0s cristais de
quartzo e retos a curvilineos com os de magnetita. Os anfibélios podem apresentar-se
estirados de acordo com o bandamento com fissuras e clivagens preenchidas por magnetita. O
clinopiroxénio trata-se possivelmente da hedenbergita ou da clinoferrosilita e o ortopiroxénio da
ferrosilita e, quando orientados, encontram-se obliquos ou paralelos ao bandamento.

A granada (Fig. 1l.4G) é representada por cristais anédricos, intergranulares,
localmente em contatos curvilineos com magnetita, quartzo e grunerita. Apresentam cristais
gue atingem no maximo 0,5 mm. A apatita (Fig. lll.4F) apresenta-se como cristais da ordem de

0,01 mm, euédricos, geralmente associados com contatos curvilineos com o quartzo.
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Fig. 1ll.4 - Fotografias: A. Afloramento de BIF, ponto EAF-484; B. Detalhe de BIF, ponto EAF-442.
Fotomicrografias: C. GIF com hornblenda e cristais de magnetita inclusos e néo inclusos aos silicatos,
amostra EAF-100; D. GIF com grunerita, EAF-314; E. BIF com clinopiroxénio englobado por banda
magnetitica, contendo cristais euédricos de magnetita como inclus6es, amostra EAF-098; F. Pequenos
cristais de apatita em GIF, EAF-314; G. BIF com granada e grunerita, amostra EAF-521; H. Cristais de
magnetita com texturas trelica de transformacao em hematita (martitizacdo) em GIF, TG-058. C., E., F. e
G. sob luz polarizada e nicéis descruzados. D. sob luz polarizada e nicois cruzados. H. sob luz refletida.
Abreviagfes: Ap - Apatita, Cpx - clinopiroxénio, Grt - granada, Gru - grunerita, Hbl - hornblenda, Mag -
magnetita, Qtz - quartzo.
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6. QUIMICA MINERAL DA MAGNETITA

Ao todo foram analisados 24 cristais de magnetita distribuidos em trés amostras de BIF
tais quais TAM-093, TAM-004 e TG-058. Os resultados analiticos da quimica mineral para os
Oxidos contemplados nos cristais de magnetita estdo resumidos nas tabelas Ill.1 a lll.4. A partir
desses resultados derivaram-se estudos estatisticos resumidos para elementos como V, Ti, Cr,
Co, Ni, Mg, Al, Zn, Sn e Mn (Tabela Ill.4).

Comparados a analises de outros cristais de magnetita (Nadoll et al. 2014), no geral, os
cristais de magnetita das amostras analisadas contém altos Al (471 - 22715 ppm, média de
3515 ppm), Co (0 - 1350 ppm, média de 549 ppm), Sn (0 - 3007 ppm, média de 727 ppm),
moderados Cr (0 - 574 ppm, média de 217 ppm), Mn (0 - 2416, média de 514 ppm), Ni (0 - 612
ppm, média 87 ppm) e baixos Mg (0 - 820 ppm, média de 158 ppm), Ti (0 - 1822 ppm, média
de 449 ppm), V (0 - 213 ppm, méida de 51 ppm), Zn (0 - 1791 ppm, média de 328 ppm),
aproximando quimicamente as magnetitas das BIFs de Senador El6i de Sousa com as do tipo
Skarn. A analise do gréfico da Fig. Ill.5A mostra que os cristais de magnetita estdo plotados
principalmente nos campos de Skarn e, subordinadamente, posicionadas nos campos de
IOCG, proximais aos campos de BIF. Pela Fig. 111.5B, é possivel perceber que os cristais de
magnetita das rochas de Serra Caiada ocupam campos que formam intersec¢Bes com cristais
de magnetita alterados por hidrotermalismo (campo altered, Chung et al. 2015), também
refletindo posicdes intermediarias entre campos de magnetita magmatica.

Os cristais analisados em todas as amostras evidenciam contetdos médios de FeOy,
similares, oscilando entre 92% e 93%. A amostra TG-058 mostra os cristais de magnetita com
0s mais elevados conteldos quimicos médios para a maioria dos elementos analisados,
quando comparados aos cristais de outras amostras. A amostra TAM-093 contém cristais de
magnetita relativamente enriquecidos em Co, Ni e Zn, enquanto que na TAM-004 o conteudo
quimico desses minerais ndo apresenta destaque em nenhum elemento.

E possivel notar que os valores do parametro 0.95 para os elementos analisados sdo
responsaveis pela similaridade gréafica encontrada entre os diagramas de radar feitos para os
cristais de magnetita das BIFs (Fig. 11l.6). A Unica diferenca detectada estd apenas para a
amostra TG-058, onde se observa um enriguecimento acentuado em Al (Fig. 111.6C). Esses
diagramas denotam também equivaléncias entre as BIFs de Senador El6i de Sousa e amostras
de piroxenitito ferrifero e de BIFs das imedia¢cbes de Serra Caiada (Abrahdo Filho et al. 2016),
porcdo central do MSJC (Fig. 111.6). As amostras TAM-093 e TAM-004 apresentam cristais de
magnetita graficamente similares as amostras F1-02 e EAF-026 de piroxenitito e formagéo
ferrifera (Tabela Il.4; Abrah&o Filho et al. 2016), respectivamente. J& os cristais de magnetita
da amostra TG-058 sao quimicamente similares aos da amostra F5-02, de formagéo ferrifera
(Tabela 111.4; Abrah&o Filho et al. 2016).
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Tabela Ill.1 - Resultados analiticos de microssonda eletrOnica para cristais de magnetita da amostra TG-

058 de formagao ferrifera.

Rock Tipe Iron Formation
Sample TG-058
Mineral Magnetite  Magnetite  Magnetite  Magnetite  Magnetite  Magnetite  Magnetite  Magnetite  Magnetite  Magnetite
SiO, 0.076 0.148 0.115 0.105 0.146 0.112 0.048 0.077 0.103 0.105
TiO, 0.092 0.179 0.154 0.17 0.129 0.026 0.304 0.14 - 0.02
Al,03 4.291 0.393 0.501 0.488 0424 0.457 2.791 2.454 0.506 0.446
FeO 90.93 94,517 94.139 94.13 94.261 94.014 91.161 92.011 94.317 93.632
MnO 0.312 0.034 0.108 0.139 0.091 0.05 0.177 0.177 0.09 0.049
MgO 0.136 - - - 0.025 0.009 0.105 0.07 - -
Cr,03 0.051 0.052 - 0.052 0.084 0.044 0.058 0.018 0.043 0.018
V,03 0.01 - - 0.012 0.013 0.038 0.013 - 0.023 0.011
Zn0 0.014 - 0.045 0.038 0.027 - 0.153 - - -
NiO - - 0.06 - - - 0.013 - - -
CoO 0.054 - 0.016 0.016 - 0.142 0.117 0.141 0.079 0.143
(OH) 4.035 4.678 4711 4.663 4.655 4916 5.06 4531 4.796 5.575
Total 100.00 100.00 99.85 99.81 99.86 99.81 100.00 99.62 99.96 100.00
Fe,03 65.32 69.33 69.25 69.20 69.27 69.31 66.04 66.89 69.54 69.06
FeO 32.16 3213 31.83 31.87 31.93 31.65 31.74 31.83 31.75 31.50

Structural Formula calculated on the basis of 32 oxygens

Si 0.003 0.006 0.004 0.004 0.005 0.004 0.002 0.003 0.004 0.004
Ti 0.003 0.005 0.004 0.005 0.004 0.001 0.009 0.004 - 0.001
Al2 0.185 0.017 0.022 0.022 0.019 0.020 0.123 0.108 0.022 0.020
M Cr 0.001 0.002 - 0.002 0.002 0.001 0.002 0.001 0.001 0.001
Fe3+ 1.802 1.960 1.960 1.959 1.960 1.967 1.854 1.878 1.968 1.970
Mg 0.005 - - - 0.001 0.001 0.006 0.004 - -
Fe2+ - 0.011 0.007 0.009 0.008 0.004 0.004 0.003 0.004 0.005
Fe3+ - - - - - - - - - -
Mg 0.002 - - - - - - - - -
T Fe2+ 0.986 0.999 0.995 0.994 0.996 0.994 0.987 0.990 0.995 0.994
Mn 0.010 0.001 0.003 0.004 0.003 0.002 0.006 0.006 0.003 0.002
Zn 0.000 - 0.001 0.001 0.001 - 0.004 - - -
Co 0.002 - - - - 0.004 0.004 0.004 0.002 0.004
Final Members
% Magnetite 90.30 98.73 98.46 98.40 98.68 98.76 93.44 94.24 98.63 98.85
% Ulvospinel 0.129 0.255 0.220 0.243 0.184 0.037 0.433 0.198 - 0.029
% Cromite 0.075 0.078 - 0.078 0.126 0.066 0.087 0.027 0.064 0.027
% Hercinite 8.600 0.877 0.995 0.985 0.732 0.971 5.205 5.054 1.127 1.001
% Gahnite 0.019 - 0.063 0.053 0.038 - 0.214 - - -
Spinel 0.377 - - - 0.071 0.025 0.296 0.197 - -
% Jacobsite 0.491 0.055 0.174 0.223 0.146 0.080 0.284 0.282 0.144 0.079
%Coulsonite 0.015 - - 0.018 0.020 0.058 0.020 - 0.035 0.017
% Trevorite - - 0.092 - - - 0.020 - - -
Sum 100 100 100 100 100 100 100 100 100 100
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Tabela 11I.2 - Resultados analiticos de microssonda eletrénica para cristais de magnetita da amostra TAM-
093 de formagcéo ferrifera

Rock Tipe Iron Formation
Sample TAM-093
Mineral Magnetite  Magnetite  Magnetite = Magnetite  Magnetite  Magnetite  Magnetite
Sio; 0.4 0.172 0.159 0.17 0.252 0.482 0.427
TiO, - - 0.115 - 0.164 0.029 -
Al,03 0.112 0.126 0.089 0.137 0.108 0.107 0.122
FeO 92.864 94.733 94.597 90.424 92.615 89.533 91.042
MnO 0.03 - - 0.045 0.065 0.05 0.061
MgO - - 0.023 - 0.023 - 0.02
Cr,03 0.052 - 0.033 0.066 - - 0.007
V,03 - 0.02 - - - 0.018 0.001
Zn0O - 0.051 0.223 0.193 0.021 - -
NiO - 0.037 0.016 - 0.013 - 0.078
CoO 0.178 0.055 - 0.098 0.184 0.04 0.045
(OH) 6.273 4.536 4.634 8.817 6.555 9.741 8.195
Total 99.91 99.73 99.89 99.95 100.00 100.00 100.00
Fe,03 68.17 69.91 69.79 66.83 68.13 65.45 66.79
FeO 31.53 31.83 31.81 30.29 31.31 30.64 30.94

Structural Formula calculated on the basis of 32 oxygens

Si 0.015 0.006 0.006 0.007 0.010 0.019 0.017
Ti 0.000 0.000 0.003 0.000 0.005 0.001 0.000
Al2 - - - - - - -
M Cr - - - - - - -
Fe3+ 2 1.981 2 2 2 2 2
Mg - - - - - - -
Fe2+ - - - - - - -
Fe3+ - - - - - - -
Mg - - - - - - -
T Fe2+ 0.994 0.997 0.994 0.990 0.992 0.997 0.997
Mn 0.001 - - 0.001 0.002 0.002 0.002
Zn - 0.001 0.006 0.006 0.001 - -
Co - - - - - - -
Final Members
% Magnetite 99.61 99.70 99.39 99.54 99.48 99.59 99.53
% Ulvospinel - - 0.164 - 0.240 0.044 -
% Cromite 0.080 - - - - - -
% Hercinite 0.257 0.139 0.000 - 0.054 0.255 0.167
% Gahnite - - 0.312 - 0.030 - -
Spinel - - 0.065 - 0.067 0.000 0.059
% Jacobsite 0.049 - - 0.076 0.107 0.086 0.103
%Coulsonite - 0.030 - - - 0.029 0.002
% Trevorite - 0.056 0.024 - 0.020 - 0.125
Sum 100 100 100 100 100 100 100
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Tabela 111.3 - Resultados analiticos de microssonda eletrénica para cristais de magnetita da amostra TAM-

004 de formagcéo ferrifera

Rock Tipe Iron Formation
Sample TAM-004
Mineral Magnetite  Magnetite  Magnetite  Magnetite  Magnetite  Magnetite  Magnetite
SiO, 0.223 0.543 0.345 0.344 0.369 0.204 0.214
TiO; 0.024 - - 0.096 0.059 - 0.097
Al,03 0.364 0.372 0.314 0.364 0.305 0.32 0.346
FeO 93.039 90.682 91.793 91.651 91.168 92.777 93.01
MnO 0.026 0.067 0.022 - - - -
MgOo - 0.06 0.015 0.02 0.051 0.033 0.041
Cr,03 0.03 0.02 0.026 0.066 - 0.025 0.018
V,03 - 0.005 0.02 0.002 0.035 - -
Zn0 0.076 0.108 - - - 0.031 -
NiO 0.045 - - 0.005 - - -
CoO 0.047 0.05 0.023 0.127 0.017 0.137 0.085
(OH) 6.045 8.093 7.298 7.325 7.994 6.156 6.131
Total 99.92 100.00 99.86 100.00 100.00 99.68 99.94
Fe,03 68.44 66.26 67.27 67.08 66.73 68.37 68.33
FeO 31.46 31.06 31.26 31.30 31.13 31.26 31.53
Structural Formula calculated on the basis of 32 oxygens
Si 0.009 0.021 0.013 0.013 0.014 0.008 0.008
Ti 0.001 - - 0.003 0.002 0.000 0.003
Al2 - 0.017 - 0.017 0.014 0.014 0.016
M Cr - 0.001 - 0.002 - 0.001 0.001
Fe3+ 2 1.940 2 1.949 1.953 1.969 1.962
Mg - 0.003 - 0.001 0.003 0.002 0.002
Fe2+ - 0.018 - 0.015 0.013 0.006 0.009
Fe3+ - - - - - - -
Mg - - - - - - -
T Fe2+ 1 0.993 0.999 0.996 0.999 0.995 0.997
Mn 0.001 0.002 0.001 - - - -
Zn 0.002 0.003 - - - 0.001 -
Co - - - 0.004 0.001 0.004 0.003
Final Members
% Magnetite 99.09 99.31 99.21 98.96 99.30 99.37 99.16
% Ulvospinel 0.035 - - 0.142 0.088 - 0.141
% Cromite - - 0.040 0.102 - 0.038 0.027
% Hercinite 0.611 0.200 0.638 0.724 0.410 0.450 0.551
% Gahnite 0.108 0.159 - - - 0.044 -
Spinel - 0.179 0.044 0.058 0.150 0.095 0.118
% Jacobsite 0.042 0.113 0.037 - - - -
%Coulsonite - 0.008 0.031 0.003 0.055 - -
% Trevorite 0.070 - - 0.008 - - -
Sum 100 100 100 100 100 100 100

167



‘epele) vlSS ap sagieipawl sep selayllia) sagdewlo) o seanjuaxolid
seyool seu (9T0Z) ‘[e 19 oy|i4 oeyeliqy Wa sopejuasaide sopep sop Jdied e sels) welo) Z0-G4 @ 20-Td ‘920-dv3 Selisowe sep eonsiieIss asijeue v ‘8G0-91 @ 700-NV.L
‘©60-INV.L :0yjegel) ap Bale BU SEPRUOII9|aS Selisowe Seu elaubew ap sieisuo eled BIIUQIISI® BPUOSSOIDIW 3P Sasijeue Seu epeaseq epiunsal eansielsd - #'|] elegel

€LYTT ¥'SEST 0 8Tt 9 8676 €G66LE 0 L'SY9 6 6108 T0LET 0 6761 L wdd us
SLLTT 1°006C 0 5189 9 0905 6,887 0 ¥'29€ 6 0'TLE L'€88 0 T°LST L wdd uz
7'68T STILY 0 0'SLT 9 [A4AY) v'vES 0 6'CLT 6 6'T9T 6Ly 0 v'ETT L wdd |y
S'v0€ 0,8 L S'8LY 9 Seve 0LIYT 00 T8YS 6 8ELY 9'v¥9T 0 L'6L9 L wdd 0)
€LIET 9'0v9¢€ 8'60€ 6'TYeT 9 LL0T 6'70L 0 €9LC 6 L'LSS 9'8891 29 9626 L wdd upy
7'8T€ 6779 0 6'€EET 9 0TET TL8L 0 6'90C 6 09€T 143 0 [A14 L wdd .o
198 G067 0 L20T 9 €8y 1961 0 v'8L 6 180T (3443 0 TL9T L wdd A
€95CT 0'vese 0 1°060T 9 €38¢ 8'0TST 0 €705 6 SLLT 9'L2S 0 9'LST L wdd |
SETELT  GLT6TY OLEST 9'89¢6 9 [AA44 0'TSEE €6veT 9'TEST 6 0'SS€ 9'709¢ o'veyT €961 L wdd |y
0'9SST V'EELE 0 L'STL 9 L'T1T 9'088 0 €987 6 LYTT v'LLT 0 1°S0T L wdd by
S6'0 Xen UIN panN # S6'0 Xe UIN PaN # S60 Xe UIN PaN #
UOI1BW 0L UOJ| 3}1|1S04I94-911S04U8)0Ul|D - 20-S4 9} uaxoJAdou|) a1vuUeN-aUIAL|O - 20-T4 UO11BW .04 UOJ| 3}1|1S0JI9)-931|1SOJIR40Ul|D - 9Z0-4V3
0°€0T 6’169 v'vee 6'€8Y 0t 6'1¢S 9'8€S¢ L'€S6 v'L6YT L €165 41144 €EvL TLLET L wdd s
9'80L 6L00€ 0 9798 0t 168 196¥C 0 099 L L0TL 0'9¢1¢ 0 8'€8S L wdd us
8TLT T6CCT 0 ST 0t v'6CE 9,98 0 19T L 8LTL STI6LT 0 0°09S L wdd uz
9'90T STILY 0 v'LS 0t T2t 9'€SE 0 195 L 0'80C 0°€19 0 L'T9T L wdd |y
STCE 66107 0 861G 0t 6'9C¢ 6'500T 8T 8'605 L T €8y 0'TSET 0 €679 L wdd 0)
T'€9y L9TYT ¥'€9¢ ¥'056 0t €6LT 061G 0 €LTT L v'E6T S'€0S 0 LLLT L wdd upy
6LTT 6VLS 0 A4 0t ¥'9¢T L'1SY 0 6'08T L 6'SLT L'1SY 0 SYST L wdd .
0Ly 6CTC 0 L9 0t €0L 1961 0 9'6¥ L L'Ly 0¢IT 0 T1E L wdd A
L'T6€ Szt 0 8LTL 0t 65T G185 0 ¥'9€C L 8YLE 13 0 8'€9¢ L wdd 1|
S€LTS L'STLTT  S080C 1°0549 0t TYET €696T 9¥19T L'€08T L 9L €5eL TTLY 8'509 L wdd |y
T6TT €0¢8 0 1°80C 0t 6LTT 6'19¢ 0 9'68T L 8'Ss9 L'8ET 0 695 L wdd by
S6'0 Xen UInN paN  sajdwes S6'0 Xe UIN PaN  so|dwes S6'0 Xen UIN PaN s9|dwes

UONBW .04 UOJ| - 85-DL UOI1BW 04 UOJ| - 700-IAVL UONEBWIO4 UOJ| - E60-NVL

168



‘lewsalolply emaubew ap sodwed sop sagdeipawl seu no a1gqos sopelod
ajuawilediouud oelse oyreqels ap eale ep elaubew ap srelsud sO “(dnewbew) seonewbew semaubew ap 8 (palsle) owsiewlalolply Jod sepels)e selnaubew
ap ‘(419) seAnejexa-o0dlwinb sepepueq selayllia) sagdewlo) ap semaubew ap sagdisodwod se wessow a (GTOZ) ‘[e 1@ Buny) ap soprenxa oes einbly eu sodwed
SO ‘sopesijeue elaubew ap sieisiio so eled [ SNSISA |1 ap ourulq ewelbelq ‘g ‘9D0| @ uiexs ap sodwed sop sagdelpawl seu o seulajul sepeuoldisod oelsa (850-91
3 ¥00- VL ‘€60-INV.L1) oyjeqes: ap eale ep Sela)llia) Sagiewlo) ap selisowe sep eiaubew ap slelslio sop sasijeue sy (TT0Z ‘ulopneag % sindng) A-11-94 @ AuAydiod
‘eunuiy ‘uieys ‘900l ‘Hig ‘exsiwado odn op sousodap wa emaubew sp oedisodwod ered (UN+ID)/IN SNSIBA A+IL 9P dueuIWLSIP oueulq ewelbelq v - G|l “Bi4

(%M A+ 11

o1 1 0 100 100°0
(wdd) v r - - . 100°0
00000T 0000T 0001 001 ot
[T T T T T T T T T T T T
100
ot

—~
\ A-11-04 wEAS
- paia)v _ 001
- T
_q e —
9 ¥ -
¥

00001

m wxm_Emamu_ d\

000001 : - 0t

18-V .

(U + JD)/IN

(wdd) 11

169



Zn ppm

Ni ppm

Co ppm

Mg ppm

Al ppm

Ti ppm

Vppm

Crppm

Zn ppm

Ni ppm

Sn ppm

Co ppm

\ 1000

/N

Mg ppm
10000

Mn ppm

/ Al ppm

Ti ppm

V ppm

Crppm

BTAM-093
F1-02
EAF-026

Zn ppm

Ni ppm

Co ppm

Tippm

Vppm

Cr ppm

Zn ppm

Ni ppm

Sn ppm

Co ppm

Mg ppm
10000

1000

¥ .TOB"

mTAM-004
F1-02
EAF-026

Zn ppm

Ni ppm

Co ppm

Mn ppm

Ti ppm

Vppm

" Crppm

Ni ppm

Co ppm

Mg ppm

Mn ppm

_---—-‘\I ppm

Vppm

mTG-058
C1F5-02

Fig. 1.6 - Graficos em radar mostrando concentragbes em ppm dos elementos dos intervalos de
confianga (parametro 0.95, Tabela Ill.4) analisados para magnetitica em formag6es ferriferas da area de
trabalho. As curvas tracejadas sdo de amostras de rochas piroxeno-ferriferas e formacdes ferriferas da
regido de Serra Caiada também no MSJC retiradas do trabalho de Abrahdo Filho et al. (2016), a nivel
comparativo. Notar que o formato dos graficos sdo similares para as amostras comparadas. A., C. e E.
mostram graficos em escala normal linear e comparam respectivamente as amostras TAM-093, TAM-004
e TG-058 da area de trabalho com as amostras F1-02, EAF-026 e F5-02 de Abrahao Filho et al. (2016).
B., D. e F. apresentam graficos em escala logaritmica comparando as mesmas amostras na mesma
ordem supracitada. Gréaficos baseados em Nadoll et al. (2014).

7. LITOGEOQUIMICA

As analises de rocha total das 22 amostras de BIFs da area de trabalho (Tabelas IIl.5 e
I11.6) apresentam contetdos médios a altos de Fe,Os, variando de 40,58 a 58,63 wt.%, com
média de 51,53 wt.% (Fig. I.7). O SiO, varia de 38,20 a 56,32 wt.%, mostrando uma média de
45,19 wt.% (Fig. Ill.7A). As razdes de Fe,05/SiO, das amostras mostram um maximo de 1,5 e

minimo de 0,7. Outros éxidos mostram variacdes subordinadas. Os conteddos de Al,O3 variam
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de entre 0,1 e 1,5 wt.%, configurando altos valores e média de 0,80%. CaO e MgO apresentam
concentrac6es moderadas que variam, respectivamente, entre 0,01 e 3,52 wt.% e entre 0,03 e
2,98 wt.% (Fig. I1.7). MnO (0,02 - 0,80 wt.%), P,Os (0,04 - 0,25 wt.%), K,0 (0 - 0,17 wt.%), TiO,
(0 -0,11% wt.%) e Na,O ( 0 - 0,04 wt.%) sdo os 6xidos menos abundantes (Figs. IIl.7B, 111.7C
e lI1.8). As razdes de Fe,O3/TiO, (469 - 5236) e Mn/TiO, (1 - 40) variam com as baixas
concentracbes das razdes de Al/(Al+Fe+Mn) (0,002 - 0,02) e ALO3/TiO, (13 - 36). Os
diagramas binarios em funcdo de Fe (wt.%) mostram boas correlagdes lineares com SiO, e
fraca correlacdo linear com o MgO. Auséncia de correlacdes diretas e dispersdes séo
observadas entre Fe versus CaO, Al,O3, P, K,O, Na,O, MnO e TiO, (Fig. 111.8).

Elementos como Zr (2 - 33 ppm), Th (0,1 - 3,6 ppm) e Ti (0 - 659 ppm) varia dentro de
um range esperado para formag0es ferriferas. A distribuicdo de elementos tragos varia muito
baixa especificamente para Ni (0,1 - 37,2 ppm) e V (0 - 21 ppm), mas alta para Ba (0 - 1813
ppm, média de 255,6 ppm), Cu (0,7 - 220,2 ppm, média de 35,9 ppm), Pb (0,1 - 110 ppm,
meédia de 57,9 ppm), Zn (0 - 170 ppm, média de 33,3 ppm), concentracbes que remetem as
BIFs do tipo Algoma, por exemplo. Os contetdos de Cr (6,84 - 61,6 ppm), Co ( 0 - 107 ppm) e
Rb (0,4 - 9,7 ppm) sao relativamente altos, assim como as BIFs do tipo Algoma, sendo também
similares as BIFs de Isua, principalmente quando analisamos os diagramas de Cr x Y (Fig.
111.9), baseado em Fedo & Whitehouse (2002).

A distingdo em trés grupos de BIFs detectada primeiramente pela petrografia fora
corroborada principalmente a partir da correlacdo dos dados geoquimicos. O Grupo A contém
em média 48,09 wt.% de Fe,O3, 48,80 wt.% de SiO,, 0,55wt. % de Al,O3, 0,66 wt.% de MgO,.
O Grupo B 55,16 wt.% de Fe,03, 42,25 wt.% de SiO,, 0,77 wt.% de Al,O3 e 1,65 wt.% de MgO,
meédios. O Grupo C apresenta médias de 52,25 wt.% de Fe,03, 44,28 wt.% de SiO,, 1,09 wt.%
de Al,O; e 1,33 wt.% de MgO. Quanto a metais mais representativos, o Grupo A mostra médias
de 54 ppm de Cu, 51 ppm de Zn, e 55,7 ppm de Pb, o Grupo B de 32,6 ppm de Cu, 37,5 ppm
de Zn, 70 ppm de Pb, o Grupo C de 26 ppm de Cu, 20,4 ppm de Zn e 55 ppm de Pb.

As amostras de BIF de Senador Eloi de Sousa apresentam ZETRY variando com
minimo de 25 ppm e maximo de 159 ppm, apresentando média de 66.6 ppm (Fig. 111.10). O
Grupo A apresenta anomalias positivas de Eu (Eu/Eu*paas = 1,26 a 2,27) e média de 36 ppm de
2ETRY. O Grupo B evidencia auséncia ou discretas anomalias de Eu (Eu/Eu*paas = 0,92 a
1,22) e média 87 ppm de XETRY, assim como o Grupo C (Eu/Eu*paas = 0,84 a 1,26), com
média de 88 ppm de XETRY. Quanto aos valores de referéncia ao PAAS (McLennan 1989) os
grupos A e B apresentam padrdes ligeiramente convexos (Grupo A com Sm/Yb = 0,44 a 1,21);
Grupo B com Sm/Yb = 0,69 a 0,99), com a maioria das amostras pouco mais enriquecidas em
ETRP do que em ETRL. O Grupo C é representado por amostras que denotam padrdes que
variam muito suas concavidades de amostra para amostra (Sm/Yb = 0,90 a 1,94; Fig. I11.10).

Comparando as relacdes Pr/Pr*ppas € CelCe*paps 0S grupos demonstram ter
verdadeiras anomalias negativas de Ce (Fig. 1ll.11A). Valores de Ce/Ce*ppans variam de 0,59 a

1,04 para o Grupo A e de 0,62 a 0,89 para o Grupo B, refletindo em anomalias negativas de
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Ce, assim como o Grupo C (Ce/Ce*pans = 0,59 a 1,03). Os valores de Pr/Pr*paas para o Grupo
Avariamde 1,01 a 1,62, paraoBde1,14a 1,51 e parao Cde 1,03 a1,38.

A maioria das amostras pertencentes aos grupos A e B contém anomalias positivas de
Y (Grupo A com Y/Y*ppas = 0,97 a 1,64; Grupo B com Y/Y*paas = 1,42 a 1,64), enquanto o C
demonstra leve incidéncia dessas anomalias (Y/Y*paas = 0,76 a 1,42), apesar de ser Unico que
contém amostras nos campos de contribuicdo sedimentar pelo grafico de Y/Ho x Y (Fig.
111.11B). Os valores de Y/Ho, sem normalizacdo, para o Grupo A variam de 29,04 a 45,29, para
0 Grupo B de 36,34 até 43,57 e para o C de 21,43 a 40,26, ja com normalizacdo ao PAAS
variam de 1,07 a 1,66, 1,33 a 1,60 e 0,79 até 1,48, respectivamente para cada grupo (Fig.
1.11).
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Fig. Ill.7 - A. Gréaficos de barras ilustrando médias dos contelidos de Fe;Os; e SiO; da area de estudo,
comparando as formac0Oes ferriferas da area de estudo com as rochas piroxeno-ferriferas e formacoes
ferriferas da regido de Serra Caiada no centro do MSJC (Abrahdo Filho et al. 2016), com formacgdes
ferriferas do sul (Figueiredo 2012) e do norte do MSJC (Silva Filho 2012), do tipo Algoma (Gross 1993),
do tipo Superior (Klein & Beukes 1989), de Carajas (Lindenmayer et al. 2001) e do Quadrilatero Ferrifero
(Spier 2005); B. Comparacéo do padrdo de distribuicdo média dos outros Oxidos analisados para as
formacdes ferriferas da area com as mesmas formacdes ferriferas citadas no item A; C. Distribuicdo em
spidergramas dos principais 6xidos que compdem as formacdes ferriferas da area de estudo.
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Fig. I11.9 - Diagrama binario de Cr x Y (a partir de Fedo & Whitehouse 2002) comparativo com o
posicionamento das amostras selecionadas e as formagdes ferriferas de Isua: € possivel observar que a
maior parte das amostras estéo inseridas no campo de Isua.
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Fig. 111.10 - Padrbes de ETR das FFs da area de trabalho. Acima os normalizados pelo PAAS (McLennan

1989) e abaixo os normalizados pelo condrito (Sun & McDonough 1989)
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Fig. Ill.11 - Diagramas binarios envolvendo as razdes dos principais ETR utilizados para o estudo de
formacdes ferriferas, além do Y. A. Pr/Pr* versus Ce/Ce* evidenciando que as amostras de todos os
grupos contém verdadeiras anomalias negativas de Ce; B. Y/Ho (sem normalizagdo, valores brutos)
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Tabela III.5 - Resultados analiticos de rocha total para formacgdes ferriferas dos Grupos A e B.
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Tabela 111.5 - Continuagdo. Resultados analiticos de rocha total para formagdes ferriferas dos Grupos A e
B.

Rock Type Iron Formation

Group Group A Group B

Sample no. EAF-314 EAF-524 EAF-525 EAF-526 EAF-527 EAF-532 EAF-535 EAF-522 EAF-531 EAF-533 EAF-534
Ag <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
As <0.5 20.0 20.0 <0.5 40.0 <0.5 <0.5 40.0 50.0 <0.5 20.0
Au (ppb) <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Bi <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
cd <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Hg <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Mo 0.1 0.1 0.2 0.3 0.1 0.4 0.6 0.2 0.2 0.1 0.1
Sb <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Se <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Tl <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Sn <1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
W 622.6 3.0 4.0 1.0 1.0 0.0 0.0 0.0 1.0 1.0 2.0
La 10.1 10.2 9.8 5.1 4.1 4.0 5.9 121 16.4 16.4 15.1
Ce 11.0 11.1 13.7 5.6 5.7 7.3 8.6 16.1 19.7 9.2 18.1
Pr 1.7 1.7 1.6 0.9 0.9 0.9 0.9 25 33 4.2 23
Nd 6.2 6.2 6.0 3.6 4.1 3.6 35 9.5 12.7 17.5 7.5
Sm 13 11 1.2 0.8 0.7 0.7 0.6 2.0 2.7 4.2 13
Eu 0.7 0.4 0.4 0.3 0.2 0.2 0.3 0.4 0.6 1.0 0.4
Gd 14 1.0 1.5 0.9 0.8 0.8 0.9 2.0 2.7 5.8 14
Tb 0.2 0.2 0.2 0.1 0.1 0.2 0.1 0.3 0.4 0.9 0.2
Dy 1.2 1.2 1.2 1.0 0.9 0.8 0.9 1.7 2.6 5.9 13
Y 8.7 10.7 111 8.1 6.2 7.7 9.1 14.9 25.1 57.5 12.2
Ho 0.2 0.3 0.3 0.2 0.2 0.2 0.2 0.4 0.7 13 0.3
Er 0.7 0.8 0.7 0.7 0.6 0.6 0.7 11 1.8 3.9 0.7
Tm 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.3 0.6 0.1
Yb 0.6 0.7 0.7 0.7 0.6 0.5 0.6 1.0 1.7 3.0 0.9
Lu 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.5 0.1
2REEY 44.06 45.66 48.49 28.34 25.34 27.67 32.46 64.43 90.81 132.05 61.80
Y/Ho 37.83 41.15 44.40 33.75 31.00 45.29 39.57 36.34 38.62 42.91 43.57
Y/Ho , 1.39 151 1.63 1.24 1.14 1.66 1.45 1.33 1.42 1.57 1.60
Sm/Yb 1.21 0.78 0.89 0.53 0.55 0.79 0.44 0.99 0.82 0.71 0.69
La/Sm 1.10 141 1.18 0.96 0.89 0.80 1.56 0.89 0.90 0.57 1.73
Ce/Ce* 0.61 0.61 0.78 0.59 0.68 0.89 0.83 0.67 0.62 0.26 0.70
Eu/Eu* 2.27 1.64 1.28 1.44 1.55 1.26 1.72 0.97 1.03 0.92 1.22
Pr/pPr* 1.19 1.20 1.04 1.19 1.06 1.03 1.01 1.18 1.19 151 1.14
LOI -0.700 1.940 1.930 1.300 1.270 -1.190 1.150 -1.460 -0.730 0.260 -0.890
TOT/C <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
TOT/S <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02

178



Tabela I11.6 - Resultados analiticos de rocha total para formacgdes ferriferas do Grupo C
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8. DISCUSSOES

8.1. A natureza das BIFs da regido de Senador El6i de Sousa

A presenca de anfibdlios, piroxénios e granada (Fig. lll.4), bem como a associacao
litologica com gnaisses, rochas mafico-ultramaficas intrusivas, calcossilicaticas e olivina
marmores (Fig. 1ll.2), indicam que as BIFs da regido de Senador El6i de Sousa foram
submetidas a condigcBes de alto grau metamorfico. Esforcos de grande magnitude foram
responsaveis por encurtamentos geograficos e fizeram com que a atitude desse conjunto de
rochas fosse controlada pela arquitetura de uma dobra deitada e fechada de escala regional
(Figs. 1Il.2 e 1I1.3).

Os componentes metamoérficos e estruturais supracitados aliados a processos
intempéricos que ocorrem acentuadamente no NE do Brasil, podem ser responsaveis por
alteragcBes na distribuicdo elementar de formagdes ferriferas (Graf 1977; Johannesson et al.
2006; llouga et al. 2013). Segundo Viehmann et al. (2016) sedimentos quimicos puros, livres
de influéncia de processos geoldgicos posteriores de grande expressdo como as BIFs de
Urucum, dispdem de razdes super-condriticas de Y/Ho e de baixas concentracBes de
elementos imoéveis. Realizando andlises gréaficas de Zr versus Y/Ho, Zr versus Th, Ti versus Zr
e Ti versus Th, Viehmann et al. (2016) consegue discriminar as BIFs puras daquelas que s&o
impuras e influenciadas por aporte de material sedimentar. Dentre as BIFs de Senador El6i de
Sousa, segundo essa mesma andlise grafica, o Grupo C seria 0 mais impuro entre os trés,
ainda que essa propriedade ndo seja muito intensa em nenhum dos grupos. Boa parte das
amostras desse grupo posicionam-se em campos transicionais a sedimentos quimico-
exalativos dotados de alguma contribuicdo sedimentar (Fig. 111.12). A maioria das amostras dos
Grupos A e B estd@o posicionadas em campos de BIFs puras e algumas outras estdo plotadas
fora desses campos, refletindo baixos niveis de impureza. Todas as BIFs analisadas
encontram-se em posi¢cdes muito distantes dos campos de material siliciclastico (detritus, Fig.
111.12). Portanto, utilizando essas relacdes, detectamos que as BIFs da regido de Senador Eloi
de Sousa sado pouco influenciadas por sedimentacdo terrigena (Fig. I11.12), sendo possivel
caracteriza-las como BIFs puras com baixa incidéncia de aporte siliciclastico.

Os elementos Al, Si, Fe e Mn baseados em suas abundancias relativas, sugerem que
sedimentos quimicos ricos em metais hidrotermais podem ser distinguidos de depésitos
hidrogenos formados por processos diagenéticos ou nédo hidrotermais (Bonatti 1975; Adachi et
al. 1986). O gréfico de Al,O3 versus SiO, (Fig. 111.13A) mostra que as formages ferriferas da
area de trabalho resultam principalmente de agdo de fluidos hidrotermais submarinos.
Similarmente, o diagrama ternario Al-Fe-Mn (Fig. 111.13B) demonstra o mesmo resultado,
refletindo que as BIFs de Senador Eloi de Sousa configuram sedimentos quimico-exalativos
hidrotermais.

BIFs quimico-exalativas que sofreram precipitacdo em sitios deposicionais proximos de
fumarolas hidrotermais comumente contém maiores conteddos de metais base, sendo

formadas essencialmente a quartzo e magnetita (Bau & Dulski 1996; Kato et al. 2002; Bolhar et
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al. 2004; Shields & Webb 2004; Klein 2005), assim como verificado para os grupos A e B.
Elevadas percentagens modais de silicatos refletem um maior teor de impurezas refletidas no
contelido de elementos maiores como, por exemplo, aluminio e magnésio e podem ter relacédo
com o input sedimentar (Bau & Dulski 1996; Kato et al. 2002; Bolhar et al. 2004; Shields &
Webb 2004; Klein 2005), similar ao que ocorre no Grupo C, corroborando as andlises gréaficas
supracitadas. A partir desses critérios, a distincdo entre grupos de BIFs da regido de Senador
El6i de Sousa é refletida na distribuicdo geografica da amostragem, evidenciando que o0s
grupos formam diferentes conjuntos areais distribuidos em zonas bem definidas de acordo com
a cartografia executada (Figs. Ill.2 e 111.14). As formac®es ferriferas que compdem os grupos A
e B ocupam a porc¢éo centro-sul do mapa, no flanco sul da dobra mapeada, de modo que as
segundas ocupam uma &rea circunscrita & zona formada pelo Grupo A. Parte das formacdes
ferriferas do Grupo C localiza-se na porcao sudoeste, e a outra parte encontra-se na porgao
nordeste do mapa, respectivamente posicionadas nos flancos sul e norte da dobra (Fig. I1.14).

Os padrdes e comportamentos de ETRY sdo comumente utilizados principalmente para
entender os mecanismos deposicionais e 0s ambientes genéticos relacionados a BIFs em
relagdo a profundidade dos sitios de precipitacdo (Dymek & Klein 1988; Murray et al. 1990,
1991, 1992; Bau 1993; Bolhar et al. 2004; Frei & Polat 2007; Alexander et al. 2008). A andlise
dos gréficos de Y/Ho x Y (Fig. lll.11B) e a preseng¢a de anomalias positivas de Y nos padrdes
de ETRY de algumas amostras corroboram maiores graus de impureza derivados de maior
contribuicdo sedimentar para o Grupo C (Figs. IIl.10 e Ill.12). Por outro lado, sdo também
notadas anomalias positivas de Y presentes no Grupo A e no Grupo B (Fig. 111.10), indicando,
mais uma vez, que estes grupos também podem ter sofrido contribuicdo de material terrigeno.
Os conteudos de elementos como Cu, Zn e Pb sdo compativeis com o realce de anomalias
positivas de Eu detectados nos grupos A e B, sugerindo, novamente, maior influéncia de inputs
hidrotermais.

Portanto, levantamos a hipétese de que a precipitacdo das formages ferriferas dos
grupos A e B ocorreu a partir de temperaturas mais elevadas que as do Grupo C, indicando
uma maior proximidade das primeiras com o front hidrotermal submarino. O Grupo C seria 0
mais proximal ao aporte siliciclastico, podendo configurar BIFs depositadas em ambientes
marinhos mais rasos que o0s dos outros grupos. Aliado a isso, sugere-se que 0s sedimentos
foram transportados por curtas distancias ao ponto de estarem suficientemente proximos as
fumarolas ativas, de modo que também alcancariam os sitios deposicionais dos grupos A e B.
E importante observar que apesar do zoneamento identificado, o posicionamento inicial das
BIFs de Senador El6i de Sousa esta alterado pelos encurtamentos e deformagfes geradas a
partir dos esforgos tectonicos detectados na area de trabalho.

As anomalias verdadeiras de Ce mostram-se negativas, principalmente, ou nulas para
a maioria das amostras BIF (Fig. Ill.11A), caracteristica comum as BIFs arqueanas (Planavsky
et al. 2010). O conteudo de Cu, Pb, Zn, Cr e Co das BIFs de Senador El6i de Sousa remete a
teores semelhantes desses metais tragos para as formacgdes ferriferas do tipo Algoma e, junto

a analises graficas de Cr versus Y (Fig. 111.9), assemelha-se também as BIFs de Isua. O
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comportamento da média dos ETRY das BIFs da area de trabalho mostra padrdes e contetdos
intermediarios entre os fluidos hidrotermais de alta temperatura e a agua do mar moderna (Fig.
111.15), similar ao observado para as BIFs de Isua, Kuruman e para outras formacdes ferriferas
arqueanas plataformais e abissias (Alexander et al. 2008; Fig. [I1.15). Analisando
separadamente cada grupo de BIF, o padrdo de ETRY médio do Grupo A especificamente
remete similaridade as BIFs de Isua, bem como o padrdo de dguas modernas submarinas, ja o
do Grupo B evidencia caracteristicas limiares as BIFs de Isua e Kuruman (Fig. I11.15).

E possivel notar que as BIFs da area de trabalho contém valores de SETRY médios
pouco mais elevados que os de BIFs classicas, porém coerentes com o das outras BIFs do
MSJC estudadas por Figueiredo (2012) e Silva Filho (2012) (Fig. 11l.15). Segundo llouga el al.
(2013), a presenca de minerais como apatita pode aumentar os conteudos de ETR por
incorporar esses elementos durante sua cristalizacdo. Nas BIFs de Senador EI6i de Sousa
foram detectados grdos desse mineral que podem justificar os valores mais elevados de
SETRY (Fig. lIl.4F).

Os padrbes de ETRY do Grupo C seriam os mais distintos entre todos os outros, visto
que apresentam muitas variacbes de concavidades sem anomalias proeminentes,
evidenciando caracteristicas limiares entre os grupos | e Il do Sul do MSJC (Fig. 1ll.10, Fig.
111.15; Figueiredo, 2012), porém, distanciando-se quimicamente das BIFs classicas arqueanas.
Uma interpretacdo alternativa para explicar esse comportamento pode ser influéncia da
presenca de granada em sua composi¢do mineralégica (Fig. 111.4G). Esse mineral fora descrito
apenas nas amostras desse grupo e, assim como a apatita, comumente engloba ETRY durante
sua nucleacdo (Grauch 1989; Nicolescu et al. 1998), podendo superestimar a composicao
destes nas analises de rocha total. Assim, supde-se que eventos metamorficos ou
metassomaticos posteriores, ao originar cristais de granada, possam ter parcialmente
modificado as evidéncias quimicas genéticas tipicas dos ambientes de precipitacdo das BIFs
do Grupo C.

Reforcando essas suposi¢des, analises de microssonda eletrdnica executadas em
cristais de magnetita de BIFs do Grupo C mostram assinaturas limiares entre cristais derivados
de precipitagdo quimica submarina (BIF), IOCG e cristais de magnetita relacionados a
depositos do tipo Skarn (Fig. Ill.5A) ou alterada por hidrotermalismo tardio (Fig. Ill.5B). Essas
constatagdes indicam influéncia de processos posteriores atuando sobre essas BIFs, mais uma
vez justificando as alteragdes nos comportamentos dos ETRY. Além disso, nesses minerais
foram detectadas assinaturas quimicas semelhantes a cristais de magnetita de piroxenititos
ferriferos e de BIFs das imediacdes de Serra Caiada no MSJC (Fig. lIl.6), rochas que séo
possivelmente derivadas de processos metassomaticos, mas que, por outro lado, podem
configurar BIFs quimico-exalativas colocadas a condi¢cfes de alto grau metamorfico (Abrah&o
Filho et al. 2016). As grandes quantidades de corpos graniticos mapeados e a presenca de
rochas calcossilicaticas de derivacdo metassomatica e olivina-magnetita mamores (Fig. 111.2),
indicam uma associacgéo litologica tipica de ambientes do tipo Skarn para essa regiao do MSJC

(Einaudi et al. 1981; Meinert et al. 2005; Parente et al. 2015). Essas suposi¢cfes poderiam
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modificar as interpretacfes relativas aos processos genéticos das BlIFs de Senador El6i de

Sousa, porém, ainda assim, entendemos que 0s processos tardios como metamorfismo e

metassomatismo, apesar de realmente terem ocorrido, ndo foram suficientemente intensos a

ponto de obliterarem acentuadamente as caracteristicas primarias das formacdes ferriferas

aqui estudadas.
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Fig. Ill.12 - Diagramas binarios utilizando principais elementos tracos e ETR discriminantes para andlise
de pureza de BIFs, segundo Viehmann et al. (2016) em estudos das BIFs e sedimentos quimicos
neoproterozéicos e BIFs de Urucum. A. Ti versus Zr, B. Zr versus Th e C. Ti versus Th. Nesses gréficos, o
campo "detritus” indica onde estdo plotadas as amostras de sedimentos siliciclasticos finos de Urucum. O
campo "Pure BIF" reflete onde estéo plotadas as amostras de BIFs puras de Urucum. As BIFs de Senador
El6i de Sousa estdo posicionadas principalmente internas ou nas imediagdes dos campos "Pure BIF",
refletindo seus elevados graus de pureza. D. Diagrama binario Zr versus Y/Ho BIFs de Senador El6i de
Sousa estao posicionadas principalmente internas ou nas imedia¢gées dos campos "Pure Urucum IF" e,
principalmente em relacéo ao Grupo C, internas aos campos "Impure Urucum IF". Essas analises graficas
mostram que as BIFs de Senador El6i de Sousa contém baixissima contribuicdo sedimentar, mas que
essa atinge a todos os grupos, sendo mais intensa sobre o Grupo C.
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Fig. Il1.13 - A. Diagrama binério Al,Os versus SiO; (Bonati 1975) mostrando tipo de formagéo ferrifera com
relagdo ao processo genético; B. Diagrama ternario Al-Fe-Mn (Adachi et al. 1986), mostrando tipo de
formacéo ferrifera com relagdo ao processo genético. Processos genéticos relacionados com fluidos

hidrotermais de agua oceanica sdo comuns a todos os grupos de BIFs de Senador El6i de Sousa.
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Fig. Ill.15 - Gréficos comparando a média dos contelidos de ETR refletido em padrdes de spidergramas
das formagc@es ferriferas da area de trabalho com: as rochas piroxeno-ferriferas e BIFs da porcéo central
do MSJC (Abrah&o Filho et al. 2016), formacdes ferriferas do norte e do sul do MSJC, com padrdes de
ETR de FFs de Kuruman, Isua, de FFs abissais e plataformais, de fluidos hidrotermais de alta temperatura
e de 4guas marinhas modernas profundas. Extraido e modificado de Alexander et al. (2008), Silva Filho
(2012) e Figueiredo (2012) .

8.2. Ambiente Geotectdnico

Os gréficos que usam as razdes Al,03/(100-SiO,) versus Fe,03/(100-Si0O,) (Murray
1994; Fig. 111.16A) e SiO, versus Ka,O/Na,O (Roser & Korsch 1986; Fig. I11.16B) s&o utilizados
para discriminacdo de ambientes tectbnicos de BIFs. No caso das BIFs de Senador Eloi de
Sousa, as amostras estdo plotadas em campos adjacentes a cadeias oceanicas (Fig. I1l.16A)
localizadas nas imediagbes de margens continentais ativas transicionais a arcos de ilha (Fig.
111.16B). Nesse caso, esses ambientes estariam praticamente superpostos espacialmente,
préximos um do outro o bastante a ponto de as fumarolas estarem recebendo aporte de
material siliciclastico continental ou insular, corroborando a andlise feita sobre ETRY e metais.

A dimenséo reduzida do MSJC (aproximadamente 6000 km?; Dantas et al. 2004) para
um nucleo cratbnico que contém sua propria histéria, suportaria essa rapida e curta variagao
espacial e temporal de sitios deposicionais e ambientes tectbnicos arqueanos, refletida em um
diacronismo acentuado. Essas sugestdes corroborariam a suposta influéncia muitua de inputs
hidrotermais e sedimentares em diferentes propor¢cdes para os grupos de BIFs, bem como
suas assinaturas hibridas entre ambientes de cadeia meso-oceanica e de arco magmatico

insular ou continental.
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Reforcando a hipotese supracitada, o conteiGdo médio de Fe,O; e as anomalias
negativas de Ce sao similares para todos os grupos de BIFs sugerindo que o Fe percorreu
curtas distancias a partir de sua fonte, evidenciando um ambiente deposicional marinho
relativamente homogéneo, livre de mudancas bruscas em suas condicfes de oxi-reducéo.
Junto a isso, possivelmente os sitios deposicionais das BIFs de Senador El6i de Sousa
deveriam estar posicionados em profundidades ndo muito distintas, nos levando a especular
que esse oceano poderia ser raso. Dessa forma supfe-se que a dorsal meso-oceénica, ainda
em atividade, estaria proxima a uma zona de subducgdo de uma crosta oceénica sob outra no
caso de um eventual ambiente tectonico de arco de ilha, ou de uma crosta oceénica sob uma
crosta continental no caso de sitios deposicionais em margens continentais ativas. As
interpretacdes e analises dos dados indicam, portanto, que o oceano onde se formara esses
depdsitos quimico-exalativos deveria ser recluso, estar em estagio avancado de fechamento e

por isso ter dimensdes reduzidas (Fig. I11.17).

8.3. Indicadores econdmicos, exploratérios e prospectivos

Na &area mapeada foram inferidas para as formacdes ferriferas, principal fonte de
minério de ferro do planeta, de 70 a 100 Mt @ 51,76 wt.% de Fe,O; Os teores de P,Os
(principal contaminante relacionado a minérios de ferro) das BIFs da regido de Senador El6i de
Sousa valem em média 0,1 wt.%. Os corpos de BIF estdo comportados conforme atitudes de
meédio angulo a subverticais, o que fazem com que eventuais sondagens exploratérias devam
ser executadas a partir furos diamantados orientados entre angulos de 45° a 60°. Esses corpos
variam de médias a pequenas espessuras, entre 130 e 20 metros, além de ndo mostrarem
expressiva continuagéo lateral, contendo comprimentos continuos méaximos de 700 metros,
formando morros de no maximo 30 metros do sopé até a crista.

O recurso inferido para as BIFs na area de trabalho configura de baixo a moderado
potencial econdmico levando em conta a situacdo atual do mercado de commodities e 0 preco
atual do minério de ferro que oscila entre US$ 50 e US$ 57 por tonelada métrica, negociado no
porto de Qingdao com 62% de pureza (fonte http://www.infomoney.com.br/ , em 14 de abril de
2016). Também contribuindo com esse cenério negativo, as rochas analisadas contém poucas
amostras abaixo do limite méximo de toleréncia para o contaminante P,Os (0,05 wt.%) no
minério de ferro brasileiro (Pereira & Papini 2015). A posicao e distribuigdo espacial dos corpos
de formacdao ferrifera, bem como a topografia desfavoravel, fariam com que uma eventual
explotacao tivesse uma alta relagao estéril/minério, aumentando os custos relacionados a lavra
e ao beneficiamento.

Por outro lado, a estreita proximidade ao litoral e a existéncia de outros corpos de
formacao ferrifera distribuidos por todo MSJC configuram um fator positivo, principalmente se
houver a perspectiva de um aumento de preco do minério de ferro. Além disso, as evidéncias
apontando a eventuais ocorréncias de skarns que sdao comumente associados a

mineralizacbes diversas, aliadas ao mapeamento de fontes hidrotermais submarinas que
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podem estar relacionadas a depdésitos do tipo VMS, sédo capazes de alavancar novas visdes

prospectivas ao MSJC e atrair investimentos em exploragdo mineral, diminuindo os riscos
relacionados a exploracao.
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Fig. 11.16 - A. Diagrama Al,O3/(100-SiO;) x Fe203/(100-SiOz) (Murray 1994) evidenciando que as
amostras de formacdes ferriferas de Senador El6i de Sousa tendem a campos de cadeias oceanicas; B.
Diagrama SiO; x Ka;O/Na,O (Roser & Korsch 1986) evidenciando amostras de formacdes ferriferas de

Senador El6i de Sousa tendendo a campos de margens continentais ativas com transigdes a arcos de
ilha.
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9. CONCLUSOES

1. As formagc0es ferriferas da area de trabalho foram metamorfisadas sob condigbes de
facies anfibolito a granulito passando por esforcos estruturais de grande magnitude, além de
sofrerem acdo de intemperismo influenciado pelo clima tropical-equatorial do nordeste
brasileiro. Esses processos pds-genéticos aparentemente nao alteraram acentuadamente a

composicao quimica original dessas litologias.

2. As BIFs da regido de Senador El6i de Sousa mostram caracteristicas similares a
depodsitos quimico-exalativos arqueanos submarinos plataformais e pelédgicos, contendo
caracteristicas limiares as formacgdes ferriferas de Isua, Kuruman, Algoma e aos grupos | e Il do
Sul do MSJC.

3. As BIFs estudadas foram principalmente influenciadas por input de solucdes

hidrotermais submarinas, contendo pouca contribuicdo sedimentar.

4. A discriminacdo petrografica e geoquimica detectada entre os grupos de BIF é
refletida na forma de zonas bem definidas sobre cartografia de semi-detalhe e evidencia que: i)
O Grupo A seria o mais proximal das fontes hidrotermais submarinas e, por isso, pouco
influenciado por aporte sedimentar continental, e estaria concentrado na porcao central da area
de trabalho; ii) O Grupo B teria distancia intermediaria do input hidrotermal e também seria
subordinadamente influenciado por material sedimentar, estando posicionado em uma zona
mais reclusa também na porgéo central da &rea mapeada; iii) O Grupo C estaria distribuido em
sitios deposicionais mais distais em relacdo ao input hidrotermal, recebendo franca influéncia
de material sedimentar, manifestando-se nas bordas da &rea de trabalho. Esse zoneamento
sugere que o input hidrotermal principal que influenciaria a deposicdo dessas formacfes

ferriferas estaria localizado aproximadamente no centro do poligono mapeado.

5. As BIFs da regiao de Senador El6i de Sousa BIFs, mostram assinatura hibrida entre
ambientes de cadeia meso-oceénica e de arco transicional a continente, corroborando a
hipétese das pequenas distancias entre seus sitios deposicionais e a possivel rapida e curta
variacdo espacial entre ambientes tectonicos arqueanos do MSJC. Supde-se, por isso, que a
influéncia hidrotermal e sedimentar que atinge em diferentes escalas cada grupo de BIF reflita
em uma proximidade acentuada entre cada grupo e entre ambientes deposicionais costeiros,
plataformais e pelagicos, reforcada pelo encurtamento geografico propiciado pelos esforgos

tectonicos.

6. Supde-se que oceano onde se formara esses depdsitos quimico-exalativos deveria
estar em estagio avancado de fechamento, ter dimensdes e profundidades reduzidas e ser livre

de mudancas bruscas em suas condi¢des de oxi-reducao.
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7. A porcao central do MSJC possui baixo a moderado potencial para mineralizacées
ferriferas, o qual pode ser elevado se consideradas eventuais explotacdes que atendam a toda
extensdo do macico. A possivel influéncia de skarnizacéo tardia sobre litologias diversas do
MSJC, bem como a utilizacdo de grupos de formacéo ferrifera como tracadores de fumarolas
hidrotermais submarinas que eventualmente hospedem depositos do tipo VMS, podem ser

fatores atrativos em termos de investimentos em exploracdo mineral.
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