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RESUMO

Veloso, A.S.R. Evolução metalogenética do depósito de Cu-(Ni-Zn) Jatobá, Província
Mineral de Carajás. 2017. 213p. Tese (Doutorado), Instituto de Geociências, Universidade
de São Paulo, São Paulo, 2017 .

A Província de Carajás, localizada no Cráton Amazônico, possui vanos depósitos cupro
auríferos que merecem atenção devido ao seu conteúdo elevado de magnetita hidrotermal e altos
teores de ETR, P, Ni, Co, Pd e U, semelhantes aos dos depósitos de óxido de ferro-cobre-o uro
(lOCG).

O depósito Jatobá é parte de um conjunto de depósitos 10CG reconhecidos no Cinturão Sul do
Cobre em Carajás. Estes depósitos, que incluem Sossego, Cristalino, Alvo 118, Bacaba, Castanha,
Bacurim, Visconde e outros, estão localizados em estruturas subsidiárias na Zona de Cisalhamento
Canaã de direção E-W e WNW-ESE. As rochas hospedeiras do depósito Jatobá compreendem
metadiabásio, metabasalto amigdaloidal, brechas metavolcaniclásticas félsicas , metalapilli tufos
máficos e metariodacito porfirítico (LA-ICP-MS U-Pb em zircão, 2.700 ± 16 Ma, MSWD = 22) , do
Grupo Grão Pará, atribuídos ao Supergrupo Itacaiúnas.

As rochas hospedeiras menos alteradas derivadas de protólitos máficos registram paragênese
de fácies xisto verde inferior (albita-actinolita I). Em todos os litotipos, a intensa e pervasiva alteração
hidrotermal foi prév ia, sin -tectônica e tardia em relação ao desenvolvimento da zona de cisalhamento
Canaã. A alteração hidrotermal precoce abrange silicificação, alteração sódica (albita I, scapolita I),
sódica-cálcica (ferro-pargasita) e potássica (biotita I, turmalina, CI-apatita I, Ce-allanita I). Os
porfiroclastos de albita (I) e escapolita (I) são amendoados e apresentam sombra de pressão nas rochas
miloníticas, indicando a sua blastese anterior ao des envolvimento da zona de cisalhamento.

Os principais estágios de alteração hidrotermal sin-tectônica compreendem alteração sódico
cálcica (escapolita II), cálcico (actinolita II, Cl-apatita II, Ce-allanita II, quartzo) e potássica (CI-K
hastingsita I, biotita II, quartz, Co-rnagneti ta IV, Cl -apatita III, Ce -allanita III) controlada pela foliação
milonítica. Veios com magnetita (III) e corpos de magnetita maciça (IV) representam envelopes
proximais de zonas mineralizadas . Os magnetititos são cortados por actinolita fibrosa (II), mag netita
(V) e CI-apatita, que também promovem a sua brechação. A alteração hidrotermal tard i tectônica é
representada por cloritização e por veios de escapolita (II I), que por sua vez são cortadas por vênulas
com escapolita (IV), CI-K-hastingsita (II) e biotita (III) .

As zonas mineralizadas em cobre-ouro-(níquel) no depósito de Jatobá compreendem corpos de
minério verticais a subverticais espacialmente relacionados a diques de metadiabásio e zonas de
contato entre metariodacitos e metabasaltos. As zonas mineralizadas foram formadas em quatro
estágios. O estágio de mineralização (I) é espacialmente relacionado a corpos de magnetita maciça e à
alteração cálcica sin -tectônica (actinolita Il-magnetita IV) . Caracteriza-se pela associação de Ni
pirrotita, Ni-pirita e CI-apatita (II), e subordinadamente, Co-calcopirita, Ce-allanita II, Co-pentlandita,
quartzo e Ce-monazi ta. A transição para o estágio de mineralização (II) foi acompanhada por
dim inuição dos teores de Ni e Co e da quantidade de pirrotita e act inoli ta. O esti lo de minera lização
evoluiu de frentes de substituição controladas pela foliação milo nítica a zonas de brechas hidráu licas .
O estágio de mineralização (II) foi relacionado ao desenvolvimento da alteração potássica sin
tectônica (II) e representado po r um sistema de corpos fortemente orientados e interligados com biotita
(II), CI-apatita (III), Co-rnagnetita (IV), Ilmenita (I), Ce-allanita (III) e quartzo, além de porções
discretas contendo Ni-pirita e Co-calcopirita. Brechas com matriz constituída de biotita (II) e Co
calcopirita (± Ni-pirita ± Ni -pirrotita) e fragmentos de magnetita maciça representam os corpos mais
ricos em cobre formados nesse estágio.

O terceiro estágio de mineral ização do depósito de Jatobá se distingue dos outros por seu
controle est rutural exercido por est ruturas dúcteis-rúpteis. Esse estágio foi sincrônico à alteração
hidro termal com biotita mais clara ou verde (III), escapolita (IV), F-Cl -apa tita (IV), CI-K hastingsita
(II), Co-calcopirita e siegcnita I (± Co-pirita, ± Co-magnetita ± cassiterita).



o estágio de mineralização tardia (IV), o mais expressivo no depósito Jatobá, foi concomitante
à formação de clorita (II) , quartzo, epidoto e calcita. Ocorre em uma variedade de veios ramificados e
brechas com Co-calcopirita, Co-pirita, esfalerila, molibdeni ta, uraninita e monazita, Outros tipos de
veios tardios compreendem aqueles com quartzo-calcopirila-feldspato potássico (± molibdenita, Co
pentlandita e sicgenita II) e vênulas finas com clorita-calcopirita, hernatita, carbonatos de terras raras
(bastnãsita, coskrenita e saharnalita), pirita, esfalerita, ilmenita, marcassita, leucoxênio e adulária.

Os dados liloquímicos para amostras de minério mostram que o estágio inicial de
mineralização (I) se caracteriza pelo maior conteúdo de Fe103 (71 ,49 a 63,91 %), Ni (3930 a 1270
ppm) , Co (2320 a 670 ppm), V (740 a 590 ppm), Pd (81 a 372 ppb) e Pt (2 a 17 ppb). Os conteúdos
mais alto de LETR (até 6773 ,92 ppm) , U (até 48 ,50 ppm), Th (até 23,30 ppm) , P10S (até 7,97 %), Sn
(até 24 ppm), Nb (até 7,50 ppm), W (até 322,50 ppm) , Zn (até 482 ppm) e ouro (até 1310,80 pprn)
foram caracterizados em amostras de minério formadas durante o estágio de mineralização (TV).

A concentração elevada de Ti , V, Ni e Cr em magnetita do depósito Jatobá aponta para
condições de alta temperatura (> 500°C) durante a sua formação , semelhante à dos sistemas
magm árico-hidroterrnais (por exemplo, lOCO, óxido de ferro-apatita (lOA) do tipo Kiruna e depósitos
de cobre do tipo pórfiro), especialmente durante o evento inicial de mineralização. Os dados de
isótopos de oxigênio apontam para a diminuição da temperatura do estágio de metassomatismo de
ferro pré-mineralização (558 °C) aos estágios de mineralização (II = 507 °C; III = 422 °C; IV = 327
oC)o No entanto, uma variação relativamente pequena dos valores calculados de 8180 H10 (9,53 %0 a
5,41 %0) foi registrada durante a evolução paragenetica do depósito Jatobá. Os valores de 8180H10 e
8DH20 (-44 ,88 %0 a -30,25 %0) se sobrepõem ao das águas magmáticas primárias e água magm ática
félsica .

O aumento gradual do conteúdo de CI na estrutura da escapolita (I) a (III) também indica uma
evolução progressiva a partir de fluidos hipersalinos de alta temperatura e tarnponamento das
atividades de cloro no sistema. A composição química da escapolita,juntamente aos dados de isótopos
estáveis, pode apontar para limitada mistura de fluidos envolvendo fluidos externamente derivados.

Os valores de 834S de sulfetos (0,27 %0 a 1,80 %0) indicam fontes magmáticas de enxofre. O
aumento dos valores de 834Ssulfetos durante a evolução paragenética foi acompanhado da diminuição dos
teores de Ni + Co e V e aumento do teor de Sn + W + Nb em amostras de minério, sugerindo que parte
do enxofre e melais podem ter sido lixiviados de rochas máficas-(ultramáficas) adjacentes ao depósito.

A composição altamente radiogênica dos isótopos de Pb em calcopirita eOfipbP04Pb = 99,35 a
245,73; l07Pb/104Pb = 32,53 a 62,24; l08Pbp 04Pb = 55,58 a 172,6) sugere idade arqueana para o último
estágio de mineralização (IV). Tais assinaluras podem ter resultado de perturbações no sistema devido
ao alto conteúdo de U nos fluidos hidrolermais e à incorporação de Pb (ou U) radiogênico nos sulfetos
a partir de uma fonte externa após a sua formação.

O conjunto de dados indica que o depósito de Jatobá teria se formado nas raízes de um sistema
mineral lOCO arqueano a partir de fluxo canalizado de fluidos magmáticos. A assinatura do minério
de Jatobá pode refletir evolução estreitamente relacionada com o extensivo magmatismo reconhecido
na Província Carajás em ca. 2,74 Ga, com herança de granitos tipo A e gabros, a partir de intensos
processos de interação fluido-rocha com envolvimento de fluidos alcalinos residuais.

Palavras-chave: depósito Jatobá, depósito de óxido de ferro-cobre-ouro, Província Carajás, alteração
hidrotermal , quimica mineral, isótopos estáveis.



ABSTRACT

Veloso, A.S.R. Metallogenetic evolution of the Cu-(Ni-Zn) Jatobá deposit, Carajás
Mineral Province. 2017. 213p. (Doctoral) Thesis, Institute of Geosciences, University of São
Paulo, São Paulo, 2017.

The Carajás Province, located in the Amazon Craton, hosts several Cu-Au deposits that
deserve auentíon due lo their high volume of hydrothermal magnetite and elevaled contents of REE, P,
Ni, Co, Pd, and U, similar lo those of iron oxide-copper-gold (lOCO) deposits.

The Jatobá deposit is part of a cluster of iron oxide-eopper-gold (lOCO) deposits recognized
in lhe Southern Copper Belt, in the Carajás Province. These deposits (e.g. Sossego, Cristalino, Alvo
118, Bacaba, Visconde, and others) are located in subsidiary structures within lhe E-W and WNW
ESE-trending Canaã shear zone. The host rocks at Jatobá comprise metadiabase, amygdaloidal
metabasalt, metavolcaniclastic breccias and mafic metalapilli and metacrystal rnetatuffs and
porphyritic metarhyodacite (LA-ICP-MS U-Pb zircon; 2,700 ± 16 Ma ; MSWD = 22) , which are
attributed to the ltacaiúnas Supergroup,

The lcast-altered host rocks derived from mafic protoliths record lower greenschist facies
(albite- actinolite I) paragenesis. AlI lithotypes underwenl pre-, syn- and late tectonic hydrothermal
alteration associated with the Canaã shear zone development. Early hydrothermal alteration
encompasses silicificalion, sodic (albite I, scapolite I), sodic-calcic (Ierro-pargasite), and potassic
(biotite I, lourmaline, Cl-apatite I, Ce-allanite I) alteration, Almond-shaped alb ite (I) or scapolite (I)
porphyroclasts involved by pressure in mylonitic rocks indicate their blastesis previously lo lhe shear
zone development.

The main syn-tectonic hydrotherrnal alteration stages comprise sodic-caleic (scapolite II), caleic
(actinolite II, CI-apatite II, Ce-allanite II, quartz) and potassic (Cl-Kvhastingsite I, biotite II, quartz-Co
magnetite IV, Cl-apatite III, Ce-allanite III) alteration controlled by the rnylonitic Ioliation. Early veins
with magnetite (III) and massive magnetite bodies (IV), represenl proximal envelopes of mineralized
zones. The magnetitites are cut by fibrous actinolite (II), magnetite (V) and Cl-apatite, which also
prornote their brecciation, Late tectonic hydrothcrmal alteration is represented by chlorite alteration
and scapolite (III) veins, which in turn are cul by scapolite (IV), CI-K-hastingsile (II) and biotite (III)
veinlets.

The copper-(nickel) mineralized zones in the Jatobá deposit occur as swarms of vertical to
subvertical orebodies spatially related to meladiabase dikes and contacl zones between
melarhyodacites and metabasalts, The mineralized zones were formed in four stages, coeval lo ductile
and ductile-briule deforrnational events, The mineralization stage (I) is spatially related to massive
magnetite bodies and lo syn-tectonic caleic alteration (actinolite II-magnetite V). It is characlerized by
Ni-pyrrhotite, Ni-pyrite and Cl-apatite (II) , and subordinately, Co -chalcopyrite, Ce-allanite II, Co
pentlandite, quartz and Ce-monazite, The transition lo lhe mineralization stage (II) was accompanied
by decreasing contents of Ni and Co and pyrrhotite and actinolite concentration. Mineralization style
evolved from replacement fronts controlled by mylonitic foliation lo hydraulic breccia zones. The
mineralization stage (II) was related to lhe developmenl of lhe syn-tectonic potassic alteration (II) and
represented by a systern of strongly oriented and interconnected bodies with biotite (II) , Cl-apatite
(III), Cc-magnetite (IV), ilmenite (I), Ce-allanite (III) and quartz, besides discrete portions containing
Ni-pyrite and Co-chalcopyrite. Breccia zones with rnatrix made of biotite (II) and Co-chalcopyrite (±
Ni-pyrite ± Ni-pyrrhotite) and fragments of massive magnetite represenl Cu-richer bodies.

The third mineralizing stage recognized in the Jatobá deposit is distinguished from the others
due lo lhe control by ductile-brittle and briule structures, which enabled lhe Iorrnation of veins with
typical open-space filling tcxtures. It was coeval lo lhe late tecionic alteration thet comprises paler
brown or green biotite (III), scapolite (IV), F-CI-apalile (IV), and CI-K hastingsite (II), Co
chalcopyrite and siegenite I (± Co-pyrite, ±Co-magnetite, ± cassiterite),

The late mineralization stage (IV) was the most expressive at Jatobá. lt was coeval to
widespread chlorite (II), quartz, epidote and calcite developmenl. lt occurs in a variety of branching



veinlets and breccias with Co-chalcopyrite, Co-pyrite, sphalerite, rnolybdenite, uraninite and monazite,
Other late vein types comprise those with quartz-chalcopyrite-K (±molybdenite, Co-pentlandite, and
siegenite II) and fine veinlets with chlorite-chalcopyrite, W-bearing hernatite, rare earth carbonates
(bastnãsite, coskrenite and sahamalite), Co- and Ni-pyrite, sphalerite, ilmenite, rnarcasite, leucoxene
and adularia.

Lithochemical data for ore sampies show that lhe early mineralization stage (I) is
characlerized by the highesl contents of Fe203 (71.49 lo 63.91 wt. %), Ni (3930 lo 1270 ppm), Co
(2320 lo 670 ppm), V (740 lo 590 ppm), Pd (81 to 372 ppb) and PI (2 lo 17 ppb) contents, However,
highesl contents ofl:REE (up to 6773.92 ppm), U (up to 48 .50 pprn), Th (up to 23.30 ppm), P20S (up
lo 7.97 wt. %), Sn (up lo 24 ppm), Nb (up lo 7.50 ppm), W (up lo 322.50), Zn (up lo 482 ppm), gold
(up lo 1310.80 ppm) were characlerized in ore samples formed during lhe mineralization stage (IV).

The high Ti, V, Ni and Cr concentration in Jatobá magnetite point to high-ternperature
conditions (ca. > 500°C), similar lo that of high-ternperature magmatic-hydrotherrnal systerns (e .g.
lOCO, iron oxide-apatite ore and porphyry copper), especialJy during lhe early nickel-enriched
rnineralization evenl. Oxygen isotope data poinl to ternperature decrease from lhe pre-mineralization
iron metasornatism (558°C) to mineralization stages (II = 507 °C; JJI = 422 °C; IV = 327 0C) .
However, a relatively narrow variation of caJculaled 81S0H20 values (9 .53%0 to 5.41%0) was recorded

during the paragenetic evolution at Jatobá. The Õ1SOH20 and õD H20 (-44.88%0 to -30.25%0) values
overlap with those of primary magmatic waters and felsic magrnatic water,

The gradual increase in CI contents of scapolite (I) lo (III) also indicated a progressive
evolution frorn high-lemperature hipersaline fluids and buffering of chlorine activities, Coupled
scapolite mineral chemistry and stable isotope data could imply that fluid mixing involving externally
derived fluids was limited at Jatobá.

The õ34Ssulfide values of Jatobá sulfides (0.27%0 to 1.80%0) indicatc magmalic sulfur sources.
Increasing of õ34Ssu\fide values during lhe paragenetic evolution was accompanied by decrease of Ni +
Co and V contents and increase of Sn + W + Nb conlent in ore samples, suggesting that parI of lhe
sulfur and melais may have been leached Irorn mafic-Iultrarnafic) rocks.

The highly radiogenic Pb isotope composition of Jatobá chalcopyrite e06PbP04Pb = 99.35 to
245.73; 207pbPU4Pb = 32.53 to 62.24; 2ospbp 04Pb = 55.58 lo 172. 76) points lo imprecise Archean ages
for lhe last mineralization stage (IV). Highly radiogenic lead signalures may have resulted from
striking dislurbance due lo high U contents in lhe hydrotherrnal fluids and lo incorporalion of
radiogenic Pb (or U) into lhe sulfide frorn an external source after its formation.

The Jatobá deposit was formed in the roots of a wider Archean lOCO mineral system frorn
focused magmatic-derived fluids . The Jatobá ore signature may reflect evolution closely related to the
ca . 2.74 Ga widespread alkaline magrnatism, with inherilance of both A-lype granites and gabbros,
due lo intense fluid-rock interaction involving residual alkaline-rich fluids.

Keywords: Jatobá deposit , lron-oxide-copper-gold deposit, Carajás Mineral Province, Hydrotherrnal alteration,
Mineral chernistry, Stable isotopes.
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ANEXO I - The iron ox ide-copper-gold (lOCG) Jatobá deposit, Caraj ás Mineral Province, Brazil:
Geology, hydrothermal alteration , mineralization a nd mineral chemistry.

Figure 1. A. Location of the Ca rajás Pro vince in the Amazon Crato n. B. Oivision of the Carajás Provinc e into
the Rio Maria (RMO) and Carajás (C D) domains, and its north limit with the Paleoproterozoic Bacaj á Domain
(OB). C. Geolo gical map of the Carajás Oomain (Vazquez et ai., 200Sb), showi ng the location of main mines
and mineral deposits, incIud ing the Jatobá deposit (blue rectang le) 31

Figure 2. A) Simpl ified geo logi ca l map showing the location ofthe Jatobá depos it (VA LE, 2 104); B) Geological
cross-section of the Jatobá deposit, depicting the host rocks and copper mineral ized zones (modified from
VALE, 20 14) 35

Figure 3. Main features of the least-altered hos t rocks of the Jatobá deposit. A) porph yri tie metarh yodaeit e
wit h quartz and albite (I) phenocrysts (transmitted light; paralell po1ars - TL-PP); B) metarhyo daeite wi th
bypiram idal quar tz phenoe rysts surrounded by late quartz rim (TL-PP); C) metarhyodacite wi th bypiramidal
quartz phe noerys ts wit h gullies and eorrosion in gul f text ures and plagiocIase (I) phenoerysts stro ng ly replaeed
by bio tite; O) mafie metavolcanic roc k wit h amygdale s infilled by quar tz and magnetite (I); E) mafie
amyga loidal metavolcanie rock with albite (I) laths (transmitted light ; erossed polars - TL-CP); F) detail of
amygdale in mafie metavolc an ie rock infilled by quartz, biotite (I), and subordinate apatite (I) (TL-CP) ; G)
volcanicIas tic-breccia with angular rock fragments repl aeed by fine biot ite (I) in matrix co mposed of biotit e and
quar tz; H) Idem under TL-PP; I and J) metatu ff with fine Iithie fragm en ts replaeed by biot ite (I), K) porph yritie
metadiabase with plagiocIase megaerysts repl aeed by sericite and earb onate and eut by late albite (IV) veinlets;
L and M) Blastosubphitie tex ture in meta diabase wit h plagiocIase (albite I) replaced by seapolite (I) (T L-CP) .
Abbreviatio ns: Otz = quartz; Act = aeti noli te; Scp = seapolite; PI = plagiocIase; Bt = biotite; Ab =Albite; Mag =
magnetite; Kfs = feld spar ; Fe-pa rg = ferro pargasite; Ap = apatite 36

Figure 4. Macro and microscopic features of deformed and strongly hydrothermalized host rocks of the
Jatobá deposit. A to O: fea tures of deformed in metarh yodaci te with ; A) porph yrit ic meta rhyodaeite substituted
by biotit e (I) and by ae tinolite (II) front s; B) deformed albite -I megaerysta l with pressure shadow (TL-PP); C)
presc rved quartz blastoph enoerysts and quartz ribbons assoe iate d with fine grai ned biotite (TL-PP); O) fraet ured
quartz blastoph enoerysts (T L-PP); E and F: feat ures of defor med in amydaloidal metabasalt with; E) metabasalt
repl aced by seapolite (I) and bioti te (II) and with magn etite infilling in amygda les; F) deformed mag netite (I)
with prcssure shadow in metaba slt (TL-PP); G) defomed quartz in rccrystallized amygdale in metabasalt
repl aced by CI-K-hast ingsite (I) and biotite (II) (TL-PP); H and I: features of deform ed in metadiabas e with ; H)
metadiaba se repl aeed by fine biotite (I) and scapolite (I) with overprinting of biotite (II) and hastingsite (I); I)
quartz ribbons in foli ated metadi abase, in whieh the subophitic texture was strongly obliteratcd (T L-PP).



Abbreviations: Otz = quartz; Act = actinolite; CI-K-hast-I = hasti ngsite; Scp = escapolite; Bt = biotite; Ab =
albite; Ms = muscovi te; Mag = magnetite 38

Figure 5. Distribution of pre-, syn-, and post-shearing typ es of hydrothermal alteration in th e Jatobá
deposit. A to F: featur es in isotrop ic rocks; A) metabasaIt with amygdales infi lled by quartz and partially
replaced by bio tite (I); B) amygdales with quartz and magn etite (II) that replace original infilling in metabasalt;
C) A1bite (II) aItera tion fronts in metarhyodacite; D) scapolite (I) and bio tite (I) in metadiabase; E) K-feldspar
replaces previous sacpolite (I) in metadiabase; F) quartz-magnetite vein in the metadiabase; G to L:
hydrothermal aIteratio n controlled by mylonitic foliation; G) metabasalt replaced by biotite (II) and scapolite; H)
foliated amygdaloidal metabasalt with hasti ngsite (I) developed along the mylonitic foliation; I) metadiabase
replaced by magneti te and hastingsite; J) metarhyodacite strongly replaced by actinoli te (II); K) silicification
associa ted with ac tinolite (II) in the me tarhyodac ite; L) metadiabase with potassic alte ration with K-feldspar; M
to R: fissural-co ntro lled aIteration ; M) Vein infiIJed by fibro us scapo lite (III) partil aly replaced by albite, epidote
and seric ite in the meta diabase; N) qua rtz vei n with coa rse biotite in the metadiabase (III); O) Melarhyodacite
replaced by actinolite (II) and thereafter by coa rse green biotite (III); P) chlorite (II) vein lets cut previous
potassic alte ratio n zone in the meta rhyodacite; Q) potassic aIte ration with K-fe ldspar with inte nse red colour due
lo tiny hernatite inclusions crosscut by calcite; R) breccia with fragments of potassic -aItered rock involved by
calci te. Abbreviation: Otz = quartz; Ac t = act inolite; CI-K-hast-I = hastingsite; Scp = scapolite; Bt = bioti te; Ab
= albite; Mag = magn etite. . 40

Figure 6. Main ea r ly pre-tectonic hydrothermal alteration in the Jatobá dep osit. A to D) amydaloidal
metabasaIt wit h: A) amygdale infiJled by quartz (I) and magnetite (I); B) pervasive potassíc aIteratio n with
biotite (I) and amygdale wit h quartz and biotite (I); C) magnetite with pressure shadow in amygdale (TL-PP); D)
actinolite (II) in amygdale (TL-P P); E) metadiabase with pervasive potassic aIteration with biotite (I) and fissural
albite (I) and K-feldspa r (I) alte ration; F and G) albite (I) in metadiabase part iaJly replaced by scapolíte (I) (T L
pp and TL-CP); H) Ferro-pargasite associated with scapolite (I) replacing ac tinolitc (I) in metadiabase (T L-PP);
I) previous albite (I) porph yroblasts replace d by scapolite (I) and K-fel dspa r (I) (TL-CP); J and K) porphyritic
metarhyodacite with plagioclase and quar tzo phenocrysts in rnatrix composed of fine biotite (I) (TL-PP);
plagioclase was partiaJly replaced by albite (I), scapolite (I) and biotite; L) metarh yodacite with scapolite (I)
replaced by K-feldspar in its core and by chlorite in the rims (T L-PP); M) metarhyodacite with tourmaline
associated with biotite (I) (TL-PP). Abbreviations: Qtz = qua rtz; Act = Actinolite ; CI-K-Hast-I = CI-K-
hastingsite; Scp = scapo lite; Bt = Biotite; Ab = Albite ; Mag = Magnetite 41

Figure 7. Dist inct magnetite gene ra tio ns identified in th e J atobá deposit. A and B) magnetite in metadiabase;
A) metadiabase with fine-grained mag netite (I); B) Igneous magnetite (I) partically aItered in metadiabase; C and
D) magnetite in rnetabasalt; C) MetabasaIts with amygdale infilled by magnetite (II) and quartz; D) Metabasalts
wilh amygdale infiIJed by magnetite (II) with pressure shadow composed of quartz (TL;CP); E and F) mag netite
in meta rhyodacite; E) Vein wit h coa rse-g rained euhedral to subhedral mag neti te (III) and quartz; F) SEM image
showing Co-rich magnetite (V) crystals wit h thin i1menite lame Jlae cut by quartz and i1menite, which is tum
partilally replaced by titanite-hematite; G and H) mag netite in metarhyodacite; G) pervasive magnetite (IV)
replacement front involved by ac tinolite (II); H) SEM image showing acti nolite (II), apati te (II) and mag netite
(IV); I and J) magnetite in meta rhyodacite; I) syn -tecto nic mag netite (V) associated with chalcopyrite and pyrite
in metarhyodacile; J) syn-tectonic magnetite (V) and bio tite (II) . Abb revia tions: Abbreviatio n: Qtz =quartz; Act
= actinolite; Hs = hastingsite; Scp = sca polite; Bt = bio tite; Mag = mag netite; 11m = i1menite; Ccp = chalcopyrite;
Ttn = titanite; Hem = hematite 44.

Figure 8. Main features of syn -t ect onic hyd rothermal alterat ion in the J a tobá deposit. A to C: metad iabase
with sodic-calcic and potassic altera tion; A) replacement of foliate d metadiabase by biotite (II), hastingsite and
scapoli te (I) ; B) defor med scapoli te (I) porphyroblast with scapolite (II) in its rim and press ure shadow with
hastingstite (I) and quartz (TL-PP); C) c1ear scapolite (II) on the border of a stretched scapoli te (I) crystal;
scapolite (I) was replaced by K-feldspar and chlorite (TL-PP); D to E: metabasalt with sodic-ca lcic and potassic
alteration; D) foliated metabasalt with stretc hed amygdales infiJled by biotite (I) and quartz and mylonitic
foliation defined by bioti te (II) and CI-K-has tingsite (I); E) CI-K-hasti ngsite (I) involves and replaces previous
ac tinolite (I) (TL- PP); F) scapolite (I) porphyroblasts with pressure shadow and foliatio n define d by CI-K
hasti ngsite (I) and bioti te (II) (TL-PP); G to K: porphyritic metarhyodacite; G) magnetite-rich rock replaced by
actinolite (II) and apa tite (II); H) Biotite (II) along the mylonitic foliatio n and relicts of actino lite (II) in lhe
porphyritic metarhyodaci te wit h deformed quartz blastophenocryst (TL-PP); I) deformed scapolite (I)
porph yroblasts partially a r totally replaced by euhedral hornblende and CI-K-hastingsite (TL-PP); J to K: intense
potassic alteration; J) metabasalt with amygdales infilled by actinolite (II) and mylonitic folialion defined by
biotite (I I), magnetite (IV), apatite (I II) e ± quartz; K) boudin neck in scapo lite (I) infilled by biotite (II) and



magnetite (IV). Ab brev iation: QlZ = quartz ; Act = aeti nolile ; CI-K-hast-I = CI-K-hastingsile; Sep = seapolile; Bt
= biotile; Ab = albite; Mag = magn etite 46.

Figure 9. Main features of late tectonic hydrothermal alteration in the Jatobá deposit; A to E: porphyritie
metarhyod aci te; A) fibrous seapolite (lll) vein wilh albi te (II ) and Kfeldspar in its rim s; seapo lite has re trogr ade
alteration to se rici te and epido te; B) sea po lite (lll ) repl aeed by se ricite, epid ote (I) and ea rbo nate (II) ; TL-CP );
C) Breeeiated sea po lite (lll ) e rystals assoeiated with bioti te (lll) infill (T L-PP); O) ve in infilled by CI-K
hastingsile, bio tile (lll ), albile (IV), seapolite (IV) and ehalco pyrity; E) veinlet infilled by bioti te (lll), apa tile
(IV) and seapo lite (IV) eutting the rock previ oul y repl aeed by bio tite (II) (TL-PP); F) ve inlet infilled by biot ile
(III), seapolile (IV), quart z and ehaleopyrite (T L-PP); G to I: ehlorite allera tion in metabasalt ; H) veinlet with
quartz, stilpnome lane and albite (IV) eutting chlor ite-rich zones (IV ); H) detail of G) showing the stilpnome lane 
albit e (IV) associa tion (TL-CP); I) late ehlorite (II) allera tion front repl aees fine biotite ( II) and eoarse biotite
(III) and there aft er eut by lat e calcite (II) veinlets (TL-PP). Abbreviati on: Qtz =qu artz; Hs = hastingsite; Sep =
seapol ite; Bt = biotite; Ab = albite; Cep = eha lcopyrite; ChI = ehl ori te; Stp = stilpnomelane; Ca l = ca lcite; Ser =
seri cite; Ep = epido te; Kfs = K-feldspar. 49.

Figure 10. Distribution of the main maeroscopic features of the different mineralization stages and styles
of the Jatobá deposito A to C: first mineralizing stage wilh progressive inerease of pyrrh ot ite eontent s fro m: A)
massive magn etit e replaeed by pyrrhot ile and subo rdina te eha lco py rite and ae tino lite (II); B) massive magne tile
with rep laeem ent fro nt eo mposed of pyrrhotite and subo rdinate ehalcopyrile and ae tinolite (II); C) breeeia with
fragme nts of magneti te (lll) and ma trix of pyrrhot ite; O to F: seco nd min eralization stage; O) massive magnetite
(III) eu t by fro nt wi th eha lco py rile , pyrrh o tile, bioti te (II) and min or qua rtz eo ntrolled by mylonitie folia tion; E)
ehalco pyrite associate with qu ar lZ and bio tile (II) , whieh defines the my lonitie foliation; F) breecia wilh matrix
eo mposed of ehalcopyrite, biotile (II) and quartz and frag me nts of metarhyod aei te replaeed by biotite (I); G to I:
third min erali zing stage wilh vei ns and ve inlets in filled by ehalcopyri te associated wi th biotite (III) and quartz; J
to L: fourth min eral izing stage represen ted by veins and breecias; J) ve inlet infi lled by chalco pyrite, ehlorite (II) ,
quartz and calci te; K) quarz vein with eha lcopyrite and subordinate ehlori te and albite; L) vei n infi lled by
ehalcop yrit e , ehlo rite (II) and quartzo Abbreviation: Qtz = quartz; Bt = biot ite; Ab = aIbite; Mag = magnetite;
Ccp = ehalco pyrite . Po = pyrrh otile 51.

Figure 11. Distribution of the main macro and microscopic features of the mineralizing stages associated
with ductile to ductile-brittle deformatíon of the Jatobá deposito A to E: mineralization stage (I) with zo nes
enriehed in pyrrhotile that ofte n erosscut massive magn etite bodi es (M ag III) ; A) transiti on o f fol iated and
breeeiated dom ain s with pyrrhoti te and min or ehalco py rile ; B) mylonitie foli ation defined by streehed magnetite
(lll), fine erys tals o f ae tino lite (II) and pyrrhotite (reflec ted light); C) SEM baekseattered image showing
ae tinolite (II) , biotile (II) , chalcopyrite, Ni-Py, CI-apatite (II), Ce-allanite (II) , Co-Pentl andite and quarlz along
the myl onitie foliation that eont our the massiv e magnetile (lll); Inset shows the sarne field und er transmitted
Iight , showing the assoei ation of ae tinolite and bioti te; O) hydrothermaI breccia with pyrrhotit e associ ated with
pyrrhoti te , Co-chalcopyr íte, aetino lite (II) , Cl- apatitc and fragme nts of magn etit e (III) (reflected light); E) SEM
baekscatt ered image showing Ce-all aníte and Ce-monazite erystals and flam es of Co-pentl and ite in pyrrhot ile; F
to J, mineralization stage (II) wilh enr ichme nt in ehalcopyrite and, subo rdinately, in pyrrhotite, disseminated
along mylonilic foli ation associated with potassie alle rat ion (Bt II); F) foli ated and breceiated massive
magnetitil e, whieh was repl aeed by ehalco pyrite and pyrrh otite; G) mylonilic foli ation defined by biotite (Bt II),
in addition to pyrite , chlorine-rich apatile and min or quartz and ehalc op yr ite (TL-PP); H) idem und er refl ected
light; I and J: SEM backseattered image showi ng breeeia zo ne with Co-rieh chalcopyrite , Cl- apatite, py rrhot ite
and fragme nts of magneti te (lll). Abbrevi ation : Aet = ac tino lile; Ap = apati te; Al i = allani te; Otz = quart z; Bt =
biotit e; Co-Mag = Co-magn etite; Co-Cep = Co -cha lcopyrite; Co-Pn = Co-pen tland ile; Po = pyrrhotíte; Py =
pyrite; Ní-Py = Ni-pyrite; Mz = monaz ite; 11m = ilm eni te 52.

Figure 12. A to E: Min eralization stage (lll) showi ng the relationship between eoarse biotile (III) and
ehalcop yrit e in veins eontrolled by bri ttle s true tures; A) vei n wilh ehalc op yrit e , apa tile, quar tz and bio tite (lll);
B) ve in infill ed by biotile (III ) , Co-chalc op yrite, apa tite (IV ) and scapol ile (IV) ero sscutting the metabasall
repl aeed by fine bioti te (II ) (T L-CP); C) Idem und er reflected ligh t; O) Siegenit e and Co -pyrite asso eia ted with
Co-chalcopyrite (refleeted light); E) SEM baek seall ering image showing inclusion o f siegenite and magn etit e
(V) in Co-chalcopyrit e; tiny cass iterite inclusions oec ur in magnetile; F to J : Min eralization stage (IV )
highlighting the association bctween chlorite (II ) and eh alcopyrite; F) Chl o rite (II), chalco pyrite and quartz in
breeeia zone; G) Ce-allanile associated wilh chIorite (II) and chalcopyri te (T L-PP); H) Idem under reflectcd
light; I) SEM image showing molybdenite associated with quartz and ehlorile (II); J) SEM image showing tiny
inclusions of uraninite, molybdenite and monazite in Co-chalcopyrite associaled with chIorite (II) and relicts of
biotile (III). Abbreviation : Ap = apatit e; Ce-Aln = Ce-all anile; Otz = quar tz; Bt = biotile; Mag = magnetit e; Co-



Ccp = Co-chalcopyrite; Co-Py = Co-pyrite; Mz = monazi te; Mo = mo lyb de nite; Mnz = mo nazite; Um =
uraninite; Sgn =siegenite 54.

Figure 13. Main features of mineralization sta ge (IV) associated with chlorite (II) alteration. A- B)
chaleopy rite, pyrite and quar tz vei nle ts associated with proximal biotite (III) and dista l chlorite (II); C) detail of
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magn ctit e-hemat ite on the bordel' of chaleopyrit e; E) SEM image showing bastin ãsite , co skrenite and sahamalite
associated with pyrit e and cha leopyrite. Ab breviat ion s: Mag = magn etit e; 11m = ilmeni te; Cpy = chaleop yrile;
ChI = chlori te; Hcrn = hem atit c; Chm = cham osíte; Mrc = marcasitc; Ni-P y = Ni-p yrite; Qz = quartzo 55 .
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Figure 24 . Oiscriminant diagram s for magn etite based on Oupu is & Beaudoin (201 1). A) Si-i-Mg versus Ni--C r
discrimin ant diagram show ing Jatob á magnet ite deposit compos ition compared to magm atic Ni-Cu depos its; B)
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L1CO ore magne tite idenlified by doued lines were delimiled by samples analysed by Broughm et aI. (2017) and
those for magnetile from lhe Sossego and Sequeirinho orebodies, Sossego Mine are from Monteiro el aI.
(2008b) 73.

ANEXO 11- The iron oxide-copper-gold (IOCG) Jatobá deposit, Carajás Mineral Province, Brazil: isotope
geochemistry (O , H, S, and Pb) and lithochemical constraints on the mineral system evolution.

Figure I. A. Location of the Carajás Provi nce in the Amazon Craton. B. Division of the Caraj ás Province into
the Rio Maria (RMD) and Caraj ás (CD) domains, and its north limit with the Paleoproterozoic Bacaj á Domain
(DB). C. Geologicalmap ofthe Caraj ás Domain (Vasquez et ai., 2008b) 106.

Figure 2. Geological map of part of the Southem Copper Belt in the Carajás Domain, showing the location of
10CG deposils (VALE, 2014; More to et al., 2015b). Geochron ological data soure: (1) Moreto et aI. (2015a); (2)
Moreto et aI. (2015b); (3) Machado el aI. (1991) ; (4) Moreto et aI. (2011) 110.

Figure 3. Simplified cross -section of the Jatobá deposit (VALE, 2014), showi ng magnetite-rich zones in the
drill -hole JATD-32, identified by high magnetitic susceptibility (SM), and intercepts of copper mineralization. 111.

Figure 4. Schematic profile of lhe JATD-32 drilJ hole of the Jatobá deposit, showing charac terist ic host rocks.
Thin column s, at left , represent types of pre-teclonic (PRE) and syn-tectonic (SYN) hydrothermal alteration and
main alteration zones 112.

Figure 5. Main feature s of hydrothennal alterat ion in the Jatob á deposi t, showing its general temporal evolu tion .
A) Metabasalt with pervasive potassic alteration represented by fine bioti te (I), which also replaced lhe amygdale
infill ; B) Metadiabase with pervasive sodic alteration (scapolile I) followed by syn-tectonic potassic alteration
with biotit e (II) and thereafter by hastingsite; C) Hastingsite alteratio n fronts deve loped along the myloni tic
foliation in metabasalt overprinting bioti te (I) and (II); D) early magnetite-quartz veins in metabasalt; E) Massive
magnetit ite replaced and cul by chalcopyrile; F) Melarhyodacite replaccd by actinolite (II), cha lcopy rite,
pyrrhotile, and biotite (II); G) Magnetite (V) associated with biot ite (II) and sulfides (chalcopyrite and pyrite); H)
Foliated metabasalt replaced by biotite (II) and chalcopyrite; I) Vein infilled with scapolite (III) replaced by
retrograde albite, serici te and epidote; J) Vein with quartz , chalcopyrite and coarse green biotite (III); K)
Mineralized zone with chalcopyrite and quartz ; L) Mineralized zone comp osed of chalcopyrite, chlorite (II) and
quartz; M) Chlorite-altered metabasalt cut by slilpnomelane-quartz-albite (IV) veinlet; N) Porphyritic
metadiabase cut by late calcite, albit e (IV) and cpidote veinlels ; O) Foliated metarhyodacite replac ed by K
feldsp ar and quartz and cut by microfaults; P) Breccia zone with K-feldspar and calci te. Abbreviation: Act =
actinolite; Hs =hastingsite; Otz =quartz ; Scp =scapolite; Bt =biotite; Stp =stilpnomelane Chi =chlori te; Kfs =
K-feldspar; Ep =epidote; Ser =serici te; Cal =calcite; Mag =magnetite; Ccp =chalcopyrite; Py =pyrit e. ... 113.

Figure 6. A) Metabasalt with amygdale infilled by biotite (I), magnetite (I) and quartz (TL; PP); B) Foliated
metadiabase with porphyroclasts of scapolite (I) with scapolile (II) rim involved by mylonitic foliation defined
by hastingsite (I) and biotite (II) (TL; PP); C) Hast ingsite (I) and bio tite (II) in a boudin neck in a scapolite (I)
crystal (TL; PP); O) Actinolíte (II) , apatite (IV) , allanite (II) and magnetite (IV) (TL; PP); E) Melabasalt
replaced by biolile (II) and cut by vein infilled by fibrous scapolite (III), which is in tum crosscut by coarse
biotite (III) (TL; CP) ; F) Coarse green biotit e (III) occurs as infill involving scapolite (III) crystals; G) Scapolite
(IV), biotite (III) and hastingsite (II) crosscul fibrous scapolite (III) ; TL; PP); H) Scapolite (I) porphyroblasl with
retrograde alteration (K-feldspar and chlorile) (TL; PP). Abbreviat ion: Scp = scapolite; Act = actinolite; Hs =
hastingsile; Bt = biotit e; ChI = clorite; Kfs = K-Feldspar; Ap = apatite; AIn = allanite; Otz = quartz; Mag =
magnetite 114.

Figure 7. Mineralization stages in the Jatobá depost . A) Mineralization stage (I) represented by pyrrhotite- rich
breccia; B) Magnetite (IV) with infill of pyrrhotite, actinolite (II) and alJanite (reflected light); C) SEM image
showing folia ted magnetitite cut by pyrrhotite, actinolite (II), biotit e (II) , Cl-apatite and alJanile; O) Foliated
magnetitite composed of magnetite (IV) and replaced by syn-tectonic biot ite (II), pyrrhotit e, chalcop yrite; E)
Chalcopyrite, pyrrho tite, apatite, biotite (II) and apatite in brecciated magneti tite (reflect cd light) ; F) SEM image
showing syn-lectonic magnetite (V), biotit e (II), Cl-ap atite (III) and quartz along the mylon itic foliation; G)
Metadi abase replaced by biotile (II) and cut by late quartz -biotite (III) vein with subordinate chalcopyrit e: 1-1)



Detail of lhe quar tz-bioti te (III ) vein, showi ng lhe association of chaIcopyrite and apa tite, and distinct texturc of
bioti te (II) and (III) (TL; CP); I) SEM image showing delail of lhe Co-chalcopyríte-siegenite-quartz associa tíon
of lhe mineralizing stage (III); J ) Mineralizalion stage (IV) represenled by chalcopyrite-chlorite alteratio n fron l
in altered rnetarhyodacitc; K) Molybdenite associated wit h chalcopyrite, K-fe ldspar, chlorite and quartz
(reflected light); L) SEM image showing Co-chalcopyrite with urani nite and monazite microinclusions and
associated biotite (III), quartz and chlorite (II) . Abbrevia tion: Act = actinolite; CI-Ap = Cl-Apatite; Aln =
allanite; Otz = quartz; Bt = bioti te; Mag = magnetite; Co-Ccp = Co-chaIcopyrite; Co-Pn = Co-pentIandite; Po =
pyrrholite; Py = pyr ile; Ni-Py = Ni-py rite; Mnz = monazite; 11m = ilme nite; Um = uraninite; Mo = molybdenite. 117 .

Figure 8. Paragenetic evo lut ion of lhe Jatobá deposit. The colo red recla ngles represenl the relatíve lemporal
posi tion of mineral pairs chosen for stable isotope analys is 117.

F· 9 zor'Pb/Z.18U Z07Pb/ 2.15U C di di fi h J b á h ' k I Trgure . vs. oncor la iagram or t e alo a metal' yodac ite host rocx (samp e JA -
21/178 -183 m), showing cathodoluminescence images of highly metamict zircon grains 118.

Figu re 10. Bivariant diagrams for ore samples related lo lhe mineralization stages (I), (II) , and (IV) .
Lithochemistry dala source: Sossego (Sequeirinho and Sossego oreb ody , Carva lho, 2009); Bacaba (Rosc ito,
2009); and Alvo 118 (Moreto et aI. 2009) 122 .

Figure 11. Bivarianl diagrams for ore samples relatcd lo lhe mi neralization stages (I), (II), and (IV) .
Lithochernístry data source: Sossego (Sequeiri nho and Sossego orebody, Carvalho, 2009) Bacaba (Rosci to,
2009) and Alvo 118 (Mo relo et aI. 2009) 122.

Figure 12. Chondri le-normalized rare ear th element plol of representative ore samples of lhe rninera lization
stages (I, III and IV) of the Jatobá deposit compared with fields of REE pattems for other 10CG deposits of the
Southem Copper Belt, Carajás Prov inee . Source of data : Seq ueirinho and Sossego orebodies (Sossego mine ;
Carva lho, 2009); Alvo 118 (Mo reto et aI., 2009); Bacaba (Roscito, 2009); Jatobá (This study). Normali zation
values are from Boynlon (1984) 123 .

Figure 13. A) Calculated temperatures based on oxygen isotope fract ionation faetors of Zheng ( 1991, 1993) for
minera l pairs representat ive of distinct aItera tion and mineralization stages in the Jatobá depos it. B) Oxygen
isotope composition of fluids in equ ilibriurn with magnetite, biotite, eh lorite and quartz of the Jatobá deposit.
81S0H20 values were estimated based oxygen isotope fracti onation factors between mineral-Hjô of Bottinga and
Javoy (1973) for magnetite-Hjf) and biotite-Hjô: Ma tsuhisa et aI. (19 79) for quartz-Hjõ; Cole (1985) for
chlorite -Hjf), The reddish area rep resents lhe field of primary magmatic waters (Taylor, 1974) and felsic
magmatic water field from Taylor (1992) 126.

Figure 14. Oxygen and hydrotherrnal isotope cornpos ítíon of flu íds in equilibrium with biotite (II) and (III) and
chlorite (II), which are representative of the mineralization stages (II), (1Il) and (IV) of the Jato bá deposit. Fields
for lhe Sossego mine (Sossego and Sequeirinho orebodies) are based on data of Monteiro et aI. (2008a).
Andesitic voIca nic vapo r field is from Giggenbach (1992); felsic rnagmatic water field is from Tay lor (1992) and
primary magrnatic water field is from Taylor (1974) 127.

Figure 15. Temperalure and oxygen isolope com positions for hydro therrnal fluids in equilibrium with minerais
formed previous ly (rnag neti te-quartz) and coeval lo mineralization stages (II: biotite-quartz; 1Il: biotit e-quartz;
IV: chlorite-quartz) in the Jatobá deposit. Fields for T COC) and 8180nuid for other IOCG deposits are plotted for
comparison based on data of Monteiro et aI. (2008a) for Sequeirinho and Sossego orebodies (Sossego mine) and
of Williams et aI. (2005) for lhe Olympic Oam (0 0) deposit . 128.

Figure 16. Hislogram showing lhe sulfu r isotope composition of pyrrhoti te (mineralizalion stage I) and
chaIcopyr ite (mineralization stages II to IV) ofthe Jatobá deposit. 129.

Figure 17. A) z07Pb;21J4Pb and z06Pb;21J4Pb eorrelation diagram and age for ehaIcopyrite of lhe minera lization
stage (IV) from the Jatobá deposit using the model I of Ludwig (200 0). The eha leopyr ite samv,le of the
mineralization (II) was not eons idered in age eaIculation and is plotted only for comparison of its -07Pb;21J4Pb



ratios; B) Pb-Pb age estimated for chalcopyrite from the Sossego orebody (Sossego depos~ based on data of
Lima da Silva (2017). Data of Jatobá chalcopyrite was not used for age estimates; C) 207Pb/2 Pb and 206pb;204Pb
correlation diag ram for chalcopyrite from the Sequeirinho oreb ody (Sossego deposi t; Lima da Silva, 2017 ) and
Jatobá (this study). The estimated age was obtained for the plotted sample seI. 13I.

Figure 18. Sulfu r isotope composition of pyr rhotite (mineralization stage I) and chalcopyrite (mineralization
stages II to IV) of the Jatob á deposit compared to su lfur isotope variat ions recorded in another deposits in the
Carajás Provínce. lsotopic data soure separated by age : (1) Sossego mine (Mo nteiro et aI., (2008a), (2) Alvo 118
(Torres i et aI., 2012), (3) Alvo 118 (Torresi et aI., (012), (4) Visco nde (Silva , 2013) , (5) Cristalino (Ribeiro
2008). The reddis h area represents the mantle sulfur (Eld ridge et aI. 1991) 136.

Figure 19. Plot of lrace eleme nts versus Ô
34S valucs ar chalco pyrite from lhe sarne samplcs representative arthe

mineraliza tion stages (I, III and IV) of the Jatob ádeposit. 137.
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CAPÍTULO I - APRESENTAÇÃO

1.1 INTRODUÇÃO

A Província Carajás, localizada no Cráton Amazônico (Santos et ai. 2000 ,

Santos 2003), representa uma das áreas metalogenéticas mais importantes do planeta. A

província é mundialmente reconhecida por abrigar lima ampla variedade de depósitos

minerais, incluindo expressivas reservas de Fe (Mina de N4 a NS; Serra Norte e SL1 a

SL3; Serra Sul; Lobato et ai. 200S), Au-Pd-Pt (Serra Pelada; Meireles & Silva 1988,

Tallarico et al. 2000, Moroni et ai. 2001, Cabral et al. 2002a, 2002b), Au-later ítico

(Mina de Igarapé Bahia; Zang & Fyfe 1995, Angélica 1996, Porto el ai. 2010), bauxita

(Platô N5; Amazônia Mineração, 1974 (Kotschoubey & Lemos (198S), Mn (Mina do

Azul; Dardenne & Schobbenhaus 2001), Ni (Mina do Vermelho; (Klein & Carvalho

2008), Cr-Ni-EOP (Complexo máfico-ultramáfico diferenciado Luan ga; Macambira &

Vale 1997) e de Cu-Au (Villas & Santos, 2001; Xavier et ai., 2012; Monteiro et al. ,

2014).

Parte dos depósitos cupro-auríferos conhecidos em Carajás apresentam elevados

conteúdos de magnetita e/ou hematita hidrotermal , além de importantes conteúdos de

ETRL, P, Ni, Co, Pd e U. Tais características são semelhantes às da classe de depósitos

de óxidos de ferro -cobre-ouro (iron oxide -copper-gold deposils ou lOCO), formados em

uma faixa de profundidade característica de zonas de substituição com forte controle

estrutural, como proposto por Hitzman el ai. (1992).

A Província Carajás, dessa forma , é conhecida por abrigar, além de depósitos

IOCG formados no Paleoproterozoico, os únicos depósitos dessa classe mundial de

idade arqueana (Réquia et a!. 2003, Tallarico et ai. 200S , Groves et ai. 2010, Xavier et

ai. 2010, Moreto et ai. 201Sa,b), que refletem particular evolução em relação aos

demais depósitos IOCG no mundo.

Apesar do avanço no conhecimento sobre os depósitos IOCG na Província

Carajás, com respeito à evolução geológica, geoquímica, geocronológica e

metalogenética nos últimos anos, estudos geológicos mais detalhados sobre a maioria

deles ainda são escassos. Nesse sentido, o estudo do depósito Jatobá se fez necessário.

Esse depósito apresenta forte associação espacial com a Mina de Sossego, que

representa um depósito IOCG arqueano de classe mundial. O depósito Jatobá se localiza

a apenas 3 km a norte da Mina de Sossego e faz parte de um cluster de alvos e depósitos
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cupro-auríferos localizados em seu entorno (Fig. 2.2). O estudo desse depósito pode

contribuir para a compreensão de processos genéticos que atuaram em amplos sistemas

minerais, resultando em depósitos com atributos geológicos bastante variados. Os

estudos incluíram estudos petrográficos refinados, de química mineral , litoquímicos,

geocronológicos, e de geoquímica de isótopos estáveis e radiogênicos.

Os resultados obtidos permitiram reconstituir a história evolutiva do sistema

metalogenético responsável pela formação do depósito IOCG Jatobá e, portanto, sua

comparação direta com a de outros depósitos IOCG na província. Essa comparação se

faz necessária, pois o depósito Jatobá mostra evolução contrastante com a de outros

depósitos IOCG na província, em especial, com a Mina de Sossego, principalmente no

que diz respeito aos eventos mineralizantes.

1.2 ESTRUTURA DA TESE

Esta tese foi elaborada no âmbito do Programa de Pós-Graduação em

Geociências (Recursos Minerais e Hidrogeologia) do Instituto de Geociências da

Universidade de São Paulo (USP), sob a orientação da Profa. Dra. Lena Virgínia Soares

Monteiro, e segue a seguinte organização:

CAPÍTULO I - INTRODUÇÃO: apresenta o tema deste trabalho, sua localização,

objetivos, bem como os materiais e métodos usados para alcançar tais objetivos.

CAPÍTULO II FUNDAMENTAÇÃO TEÓRICA: constitui abordagem de cunho

bibliográfico, com apresentação do contexto geológico regional da Província Carajás,

incluindo os Domínios Rio Maria e Carajás, além dos aspectos da evolução tectônica da

Província Carajás.

Anexo I - Inclui manuscrito a ser submetido a periódico internacional, compreendendo a

apresentação do depósito Jatob á e sua caracterização geológica, incluindo a natureza das

rochas hospedeiras, assim como dos tipos, estilos e estágios de alteração hidrotermal e o

reconhecimento das diversas zonas mineralizadas no depósito. Os estudos paragenéticos

foram integrados a estudos de química mineral, visando à identificação de variações

químicas das fases hidrotermais e parâmetros físico-químicos do sistema hidrotermal.
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Anexo II - Inclui o segundo manuscrito a ser submetido a periódico internacional, que

abrange os estudos isotópicos e litoquímicos com ênfase na caracterização da origem

dos fluidos , do enxofre e dos metais, assim como o modelamento metalogenético

proposto para o depósito Jatobá.

CAPÍTULO III - CONCLUSÃO. Este capítulo apresenta de modo integrado as

conclusões alcançadas no desenvolvimento da Tese, além de proposições de estudos

futuros para a área do depósito Jatobá.

1.3 LOCALIZAÇÃO DA ÁREA DE ESTUDO

A área de estudo se localiza na região sudeste do Estado do Pará, no município de

Canaã dos Carajás e se insere no contexto do Cráton Amazônico (Fig 1.1). Partindo de

Belém (capital do Estado do Pará), o acesso à área pode ser feito por vias terrestres ou

aérea até a cidade de Marabá, daí sendo necessária locomoção utilizando as rodovias

estaduais PA-15ü e PA-275 até a cidade de Canaã dos Carajás e finalmente por estradas

vicinais até a Mina de Sossego.

1.4 OBJETIVOS

Objetivando contribuir para o avanço do conhecimento a respeito dos processos

hidrotennais que deram origem aos depósitos de óxido de ferro -cobre-ouro (roCG) da

Província Mineral de Carajás, o presente Projeto de Doutoramento visa o entendimento

da origem da mineralização cuprífera do depósito Jatobá, a partir da reconstituição da

sua história evolutiva e de suas relações com eventos magmáticos e tectônicos,

fornecendo subsídios para a elaboração de um modelo genético integrado para os

depósitos cupro-auríferos de Carajás.
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Figura 1.1. A) Mapa de localização esquemático da Provincia Mineral de Carajás, composta pelos
dominios Carajás e Rio Maria, no contexto do Estado do Pará, Brasil (Vasquez et a!. 2008). No Dominio
Carajás a Bacia Carajás está representada em vermelho. B) compreende imagem de relevo ampliada do
Domínio Carajás, extraída do Google Earth, mostrando as principais feições geomorfológicas, acessos e
localidades, além da localização aproximada do depósito Jatobá e da Mina de Sossego.

Para alcançar esses objetivos, as metas incluíram:

• Caracterização da natureza das rochas hospedeiras e do minério, a partir de

estudos petrográficos e mineralógicos;

• Identificação de relações entre paragênese de alteração hidrotermal e

mineralização, bem como caracterização de evidências de múltiplos pulsos de

circulação de fluidos e sobreposições de eventos associados à mineralização ou

não;

• Determinação das idades de cristalização (U-Pb em zircão) das rochas hospedeiras

do depósito;

• Caracterizar as variações nas composições químicas das principais fases minerais

da alteração hidrotennal, visando à determinação de parâmetros físico-químicos

nos diferentes estágios evolutivos do depósito;

• Caracterização da assinatura isotópica das fontes de metais, enxofre e fluidos, a

partir das assinaturas isotópicas Pb-Pb, 0, H e S dos principais minerais

hidrotermais;

• Identificação da assinatura química do minério a partir de análises litoquímicas.
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1.5 MATERIAS E MÉTODOS

1.5.1 Revisão Bibliográfica

A revisão bibliográfica teve ênfase no estudo dos depósitos lOCO a partir de

análises de publicações científicas em nível global e das diferentes técnicas analíticas

voltadas a estudos metalogenéticos, incluindo conceitos básicos e procedimentos

analíticos.

1.5.2 Trabalho de Campo

Duas campanhas de campo foram realizadas entre os dias 19 e 30 de julho de

2014 e entre os dias 25 e 29 de julho de 2016. Essas campanhas foram realizadas nas

litotecas das minas de Sossego e N5, pertencentes à VALE/SA e incluiram descrição

macroscópica detalhada de testemunhos de sondagens do depósito Jatobá, registros

fotográficos e amostragem sistemática.

A primeira etapa permitiu descrição e amostragem de testemunhos das

sondagens JATO-15 , JATFO-21 e JATFD-28, que foram integradas aos estudos já

realizados em amostragens provenientes de outras três sondagens, previamente descritas

pela orientadora (JATD-Ol, JATO-02 e JATO-03).

Na última etapa de campo, as sondagens JATD-32 e JATO-33 foram também

descritas e amostradas, totalizando 8 furos de sondagem e aproximadamente 2.270

metros de sondagens descritas nesta tese. A nomenclatura das amostras segue o padrão

adotado pela empresa, onde o código de identificação das amostras é formado pelo

nome abreviado do depósito, seguido do tipo de furo, número do furo e da profundidade

em que as amostras foram coletadas, JATO-15 211,30, assim, exemplificando-se tem:

depósito Jatobá, em furo diamantado, de número 15, na profundidade de 211 ,30m.

1.5.3 Etapas analíticas

Petrografia

Petrografia, que utiliza como base as propriedades óticas dos minerais, foi

exaustivamente empregada neste estudo, consistindo o primeiro passo antes da

utilização dos demais métodos empregados. Para esse estudo foram confeccionadas 150
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lâminas, das quais 90 delgadas, 56 delgadas-polidas e 3 bipolidas. Registros

fotográficos das principais feições presentes nas lâminas foram obtidos por sistema de

captura de imagens, com câmera acoplada a um microscópio Leica, modelo QWIN 550.

Os equipamentos são pertencentes ao Laboratório de Petrografia Sedimentar, do

Departamento de Geologia Sedimentar e Ambiental do Instituto de Geoci ências da

Universidade de São Paulo (lGc-USP).

Microscopia Elefrônica de Varredura

Objetivando identificar fases minerais metálicas e não metálicas, finas ou pouco

abundantes tanto no minério como nas rochas hospedeiras, foram realizados estudos

petrográficos com uso de microscópio eletrônico de varredura (MEV), modelo LEO

4401, acoplado a Espectrômetro de Energia Dispersiva de raio-X (EDS ; Energy

Dispersive X-Ray Spectrometryy Oxford. Os equipamentos são pertencentes ao

Laboratório de Microscopia Eletrônica, do Instituto de Geociências da Universidade de

São Paulo (lGc-USP).

Ouímica mineral

As análises químicas quantitativas foram realizadas em microssonda eletrônica

modelo lEOL lXA-8530F (Field Emission Electron Probe Microanalysery com cinco

espectrômetros WDS e um espectrômetro EDS , pertencentes ao laboratório de

Microssonda Eletrônica, do Instituto de Geociências da USP (lGc-USP). Essas análises,

conduzidas em 9 lâminas delgadas-polidas, visaram a quantificação da composição

química das principais fases minerais metamórficas e hidrotermais presentes no

depósito Jatobá,

As condições analíticas empregadas consistiram de aceleração de voltagem de

15 kV, corrente de 20 nA e feixe de elétrons com 5 11m de diâmetro, excetuando-se para

análises de feldspato , para as quais foi usado diâmetro do feixe de 10 11m. O tempo de

contagem foi de lOs, com exceção de análises do AI (15 s); Ca e Cr (20 s); Zn, Ba e Cu

(30 s); Mn e Sr (40 s), Ni (50 s) e V (260 s). Fases voláteis foram incluídas,

especialmente o Cl. A qualidade do procedimento analítico foi verificada em relação

aos padrões sintéticos Smithsonian e Geller, sob o método de correção PRZ Armstrong

method (Armstrong, 1991).

Os resultados obtidos foram tratados com uso de planilhas da The Open

University (2010) ou em planilhas Excel para escapolita, biotita, magnetita e feldspato
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potássico. O cálculo de fórmula estrutural da clorita foi feito com uso do software

WinCcac (Yavuz et. ai., 2015) . Para os anfibólios utilizou-se a planilha Excel

apresentada em Locock (2014) , enquanto que a subsequente classificação desses

anfibólios foi feita de acordo com Hawthorne et al. (2012). A apresentação gráfica das

variações composicionais desses minerais foi feita com utilização dos softw ares

Grapher 12 e Excel.

Preparação e separação de minerais para análises isolópicas

A preparação das amostras para análises de isótopos radiogênicos (U-Pb e Pb-Pb) e

estáveis (S, O, O) foi realizada no laboratório de Separação do Centro de Pesquisas

Geocronológicas do Instituto de Geociências da Universidade de São Paulo (CPGeo da

USP). Os procedimentos de preparação adotados por este laboratório estão descritos em

Loios (2009).

De forma simplificada, os procedimentos adotados neste estudo obedeceram às

seguintes etapas: redução granulométrica do material escolhido em britador de

mandíbulas, seguido de moinho de disco vibratório e peneiramento «250 mesh). Para o

método U-Pb, essa fração foi lavada em mesa de separação ou Mesa de Wiffley, com

secagem para eliminação de resíduos como pó, deixando os minerais prontos para a

etapa de purificação. Nessa etapa foi feita a eliminação de minerais magnéticos com uso

de imã de mão. Outras técnicas auxiliaram na purificação, como o uso de separador

eletromagnético (Frantz) e os líquidos densos. As etapas subsequentes incluíram

peneiramento, separação manual dos grãos com uso em lupa binocular para produção

dos concentrados minerais.

Para as análises de isótopos estáveis, a separação mineral foi feita com auxílio

de microrretífica, catação com uso de lupa binocular e moagem em almofariz. No

entanto, para a concentração de minerais com granulação entre 60 - 100 mesh foi

utilizada Placa de Petri recoberta com álcool comum e a catação foi feita com o auxílio

de uma agulha de seringa de 1 mm e lupa binocular. Para o recolhimento dos minerais

foi utilizada pepita com ponteira de 1 mm. As amostras foram dispostas em papel de

filtro, secas com auxílio de lâmpada infravermelho e pesadas em balança de precisão. A

separação resultou em concentrados com grau de pureza superior a 95%. Alíquotas de

0,5 miligramas foram obtidas para sulfetos. Para os silicatos, uma alíquota superior a

0,15 miligramas foi obtida para posterior cominuição em pilão de ágata.
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Litoquimica

Com base nos estudos petrográficos realizados nas amostras representativas dos

diferentes estilos morfogenéticos das diferentes zonas mineralizadas, 10 amostras foram

cominuídas em prensa hidrául ica a menos de 0,5 cm de diâmetro e moídas em moinho

de carbeto de tungstênio durante 3 a 4 minutos e peneiradas com uso de peneira de

0,075 (250 mesh) e quarteadas, com separação de uma alíquota para arquivo e outra

para análises litoquímicas.

As amostras foram analisadas em dois laboratórios distintos, a saber: (1) ACME

(Analytical Laboratories Ltd); (2) Laboratório ALS (Auslralian Laboratory Services

Pty Ltd). Elementos maiores (Si02, Ah03, Fe203, CaO, Na20 , K20 , MgO) foram

analisados por ICP-AES (lnduclively Coupled Plasma-Atomic Emission Speclroscopy) ,

enquanto os elementos menores (MnO , Ti02, P20S, Cr203), ETR (La, Ce, Pr, Nd, Pm,

Sm, Eu, Gd, Tb, Oy, Ho, Er, Tm, Yb, Lu), traços (Ba, Be, Co, Ga, Nbd, Ni, Rb, Se, Sn,

Sr, V, W, Y, Zr, Ag, As, Au, Bi, Cd, Cu, Hg, Mo, Ni, Pb, Sb, Se, TI, Zn) e ultra-traços

(Cs, Hf, Ta, Th, U), foram determinados por ICP-MS (Inductively Coupled Plasma

Mass Spectrometryy. Os resultados foram tratados com uso de planilhas Excel e do

software GCDKit (Janousek et ai. 2006) e apresentados em formato gráfico.

Isótopos Esláveis

A fim de se desvendar a origem da(s) fonte(s) dos fluidos e do enxofre , e

determinar parâmetros físico-químicos relativos à evolução do sistema hidrotermal,

foram realizados estudos de isótopos estáveis de oxigênio, deutério e enxofre.

>- Oxigênio e Deutério

Para o estudo de isótopos de oxigênio e hidrogênio, quatro pares de minerais

cogenéticos representativos de diferentes estágios de alteração hidrotermal relacionadas

às principais fases mineralizantes foram selecionados. Desses, 2 pares de biotita-quartzo

das sondagens JATO-21 e JATO-28 e 1 par de clorita-quartzo da sondagem JATO -28

foram separados, os quais compreendem três das quatro zonas mineralizadas.

Adicionalmente, 1 par de magnetita-quartzo (não mineralizado) da sondagem JATD-32

foi também selecionado. As análises de isótopos de oxigênio e hidrogênio foram

realizadas no laboratório de Serviços de Análises de Isótopos Estáveis da Universidade

de Salamanca, Espanha, sob supervisão do Prof. Dr. Clemente Récio Hernández,
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As medidas de espectrometria de massa para as razões isotópicas de 180 ;160

foram realizadas com base em Sharp (1990), a partir das técnicas originais de Clayton &

Mayeda (1963) usando espectrômetro de massa SIRA-II. O método consistiu na

libertação de O2 por ablação a laser (laser de CO 2 SYNRAD 25W) em atmosfera de

ClF3. A liberação de água e redução para H2 e determinação das relações O/H foi

realizada de acordo com Godfrey (1962) em espectrômetro de massa de fonte gasosa em

modo "Dual Inlet" (2 espectrômetros SIRA-Il + 1 espectrômetro SIRA-10). Os

resultados dos isótopos de oxigênio e hidrogênio são expressos na notação delta (8)

convencional, per mil (%0), e são relatados em relação aos padrões Vienna Standard

Mean Ocean Water (VSMOW). A reprodutibilidade das análises foi de ± 0,2 %0 para

8180 e ± 5 %0 para 80.

Enxofre

O estudo isotópico de enxofre incluiu 11 análises em sulfetos, sendo 8 em

calcopirita distribuídas entre as sondagens JATO-15, JATO-21 e JATD-28, e 3 de

pirrotita da sondagem JATO-32. As análises isotópicas das diferentes gerações e tipos

de sulfeto foram realizadas no Laboratório de Isótopos Estáveis (LAIS) do Instituto de

Geociências da Universidade de Brasília, utilizando-se a técnica IRMS-Espectrometria

de Massa por Razão Isotópica (Isotopic Ratio Mass Spectrometry) .

Para a obtenção dos valores de 834S, a amostra de sulfeto (200~g a 2000~g) foi

convertida em gás por combustão dinâmica com injeção automática de oxigênio em um

forno especial a 1020 "C. Os produtos gasosos da combustão foram carreados por um

fluxo de gás hélio através do trióxido de tungstênio (catalisador de combustão) e em

seguida reduzidos por fios de cobre de alta pureza. O gás S02 foi separado por uma

coluna cromatográfica empacotada a uma temperatura isotérmica. O gás S02 resultante

foi então canalizado para a fonte de íons do Thermo Scientific MAT253 IRMS, onde foi

ionizado e acelerado . As espécies gasosas de massas diferentes foram separadas em um

campo magnético e em seguida foram medidas por um arranjo de coletores

representados por copos de Faraday. Para o S02, as massas 64, 65 e 66 foram

monitoradas. O processamento dos dados, assim como o controle do espectrômetro de

massa e seus periféricos foram realizados pelo software Isodat 3.0 (Sharp, 2007). Os

dados foram reportados como 834S em pennil em relação ao padrão CDT (Canion

Diablo Troillite) e apresentaram acurácia de 0.01 %0 com erro associado de 834S
=

0,2%0.
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Isótopos Radiogênicos:

Método U-Th-Pb

Visando a delimitação do intervalo de idades das rochas hospedeiras do depósito

Jatobá, e suas relações com a evolução tectono-magmática do Domínio Carajás, foi

empregado o método U-Pb em zircão, em quatro das cinco diferentes rochas

hospedeiras do depósito, compreendendo rochas metavulcânicas máficas, félsicas,

metadiabásio, brechas vulcânicas e metatufos máficos. A determinação das idades foi

realizada nas rochas metariodacíticas. Foi utilizado espectrômetro de massa com

ablação a laser com plasma indutivamente acoplado (Laser ablation Inductively coupled

plasma mass spectrometry; LA-ICP-MS), associado a um multi-coletor do tipo Neptune

(Thermo) e Laser 193 nm Excimer (Photon Machines). Os equipamentos são

pertencentes ao Centro de Pesquisas Geocronológicas, do Instituto de Geociências da

Universidade de São Paulo (CPGeo-USP).

Pb-Pb

Análises isotópicas com uso da sistemática Pb-Pb em concentrado mineral,

foram feitas objetivando determinar a fonte dos metais. Os procedimentos analíticos

adotados nesse trabalho estão de acordo com o recomendado em Magdaleno & Ruiz

(2009). Consistem em uso de laboratório limpo Classe 10.000 (ISO n07), providos de

capelas de fluxo laminar Classe 100 (ISSO N°S), seguindo a norma de referência

ABNT NBR ISSO 14644-1, uma vez que a técnica requer cuidados quanto a

purificação de reagentes e manuseios de materiais, a fim de que se evite prováveis

contaminações por Pb. A técnica utilizou-se da dissolução total da amostra por

digestão ácida em um béquer de teflon (SAVILLEX) utilizando, em etapas distintas,

HCI + HN03, a temperatura de 100 "C. As razões isotópicas de Pb foram obtidas por

espectrometria de massa por ionização t érmica (TIMS), utilizando-se o espectrômetro

FINNIGAN MAT 262, no Centro de Pesquisas Geocronológicas do Instituto de

Geociências da Universidade de São Paulo (CPGeo-USP).
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CAPÍTULO II: FUNDAMENTAÇÃO TEÓRICA

2. CONTEXTO GEOLÓGICO DA PRovíNCIA CARAJÁS

A região de Carajás (Fig . 2.1) compreende porção crustal majoritariamente

arqueana, supostamente não afetada pelas orogêneses do Ciclo Transamazônico

(Teixeira et al., 1989) e representa o núcleo crustal mais antigo do Cráton Amazônico

(Teixeira et aI., 1989; Brito Neves & Cordani, 1991; Tassinari, 1996; Tassinari &

Macambira, 1999,2004).

A região de Carajás foi considerada parte da Província Amazônia Central na

proposta de compartimentação tectônica do Cráton Amazônico de Tassinari e

Macambira (1999, 2004). Posteriormente, Santos et aI. (2006) e Vasquez et aI. (2008a) ,

individualizaram a Província Carajás.

Segundo Vasquez et aI. (2008a), a Província Carajás é limitada ao norte e ao sul

pela Província Transamazonas (2,26 - 1,90 Ga), respectivamente pelos domínios Bacajá

e Santana do Araguaia, que apresentam rochas juvenis paleoproterozoicas e segmentos

arqueanos retrabalhados durante o Paleoproterozoico. Ao leste a Província Carajás é

limitada pelo Cinturão Araguaia de idade neoproterozoica formado durante a Orogênese

Brasiliana (Pan-Africana). Ao oeste, por fim, a província é recoberta pelas rochas

vulcano-plutônicas e sedimentares paleoproterozoicas do Domínio Iriri-Xingu da

Província Amazônia Central.

Com base nas idades dos eventos magmáticos e deformacionais da Província

Carajás, bem como na natureza e idade das unidades supracrustais e seus ambientes

tectônicos, reportadas nos estudos de Huhn et aI., 1988; DOCEGEO, 1988; Souza el aI.

(1996); Althoff et aI. (2000); Dall'Agnol et aI. (2006); Vasquez et aI. (2008a), a

província foi dividida em dois domínios tectônicos, Carajás, ao norte, e Rio Maria, ao

sul (Fig. 2.1) , que são limitados por uma descontinuidade regional de direção

aproximada E-W (Vasquez et aI. (2008a).

2.1 DOMÍNIO RIO MARIA

o Domínio Rio Maria (Fig. 2.1) foi, inicialmente, denominado de Terreno

Granito-Greenslone Rio Maria (TGGRM) por Costa et ai. (1995). Esse domínio teria

evolução restrita ao Mesoarqueano e, segundo Avelar et ai. (1999), resultou de
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amalgamações em margem ativa de arcos intra-oceânicos, com evolução em dois

estágios (3,05 Ga a 2,90 Ga e 2,88 Ga a 2,82 Ga; Leite, 2001 ; Souza et ai., 2001;

Santos, 2003; Tassinari et ai., 2005; Vasquez et ai., 2008; Almeida et ai., 2011). O

processo de amalgação seria relacionado a movimentos compressivos e de encurtamento

na direção N-S, com duração até 2,86-2,85 Ga, que é a idade atribuída ao último evento

metamórfico de alto grau registrado nas rochas do Complexo Pium.

Os estágios evolutivos registrados no Domínio Rio Maria (Tabela 2.1) incluem:

(1) (3,05 Ga - 2,90 Ga) formação de faixas de greenstone belts strictu sensu

(grupos Gradaús, Serra do Inajá, Babaçu, Lagoa Seca, Tucumã e Sapucaia), com lavas

almofadadas komatiíticas e tholeiíticas; intrusões de complexos máfico-u1tramáficos

(grupos Serra Azul e Guará Pará; Pimentel & Machado, 1994; Macambira & Lancelot,

1996; Souza et al., 2001; Tassinari et al., 2005) e colocação de granitoides da série TTG

(Tonalito Arco Verde, Tonalito Caracol, Trondhjemito Mogno, Trondhjemito Água Fria

e Tonalito Parazônia; Rolando & Macambira, 2003 ; Almeida et al., 2010,2011 ,2013) e

leucogranodioritos;

(2) (2,88 Ga - 2,82 Ga) , formação de complexos TTG mais jovens, com

magmatismo trondhjemítico e colocação de sanukitoides (Oliveira et ai. , 2009, 2010),

seguidos de leucogranitos. Esses últimos vinculam-se a magmatismo cálcio-alcalino

sin-colisional, que marca o fim do ciclo orogênico no Domínio Rio Maria (Lafon et ai.,

1994; Rolando & Macambira 2003; Leite et ai., 2004; Almeida et ai., 2011)

Coberturas sedimentares paleoproterozoicas no Domínio Rio Maria são

representadas pelas unidades sedimentares dos grupos Rio Fresco e Gemaque (Vasquez

et ai. 2008a) . Magmatismo granítico do tipo Az de ca. 1,88 Ga é amplamente

reconhecido nesse domínio, sendo representado pela Suíte Intrusiva Granítica, que

inclui os granitios Jamon, Bannach, Cachoeirinha, Gradaús, Manda Saia, Marajoara,

Musa, São João, São José, Velho Guilherme, Redenção e Seringa; Dali'Agnol et ai.

1999, 2005, Dali ' Agnol & Oliveira 2007), além de diques de rochas vulcânicas

intermediárias a félsicas relacionadas ao magmatismo anorogênico do Orosiriano

(Vasquez et al., 2008b; Tabela 2.1).
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Figura 2.1. A) Localização da Província Carajás no contexto do Cráton Amazónico ; B) Subdivisão da
província em dois domínios tectónicos distintos, Carajás (DC), ao norte, e Rio Maria (DRM), ao sul , além
do limite da província com Domínio Bacajá (DB ), pertencente à Província Tansarnazonas no extremo
norte do mapa ; C) Map a Geológico do Domínio Rio Maria (compilado de Vasqu ez et al., 200S; Oliveira
et ai.. 2009; Almeida et aI., 2011),
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No Domínio Rio Maria são reconhecidos depósitos auríferos orogênicos

(Diadema, Lagoa Seca, Babaçu, Mamão , Tucumã, Inajá, Cuca) e garimpos de ouro

(Serqueiro, Peladinha, Serrinha e Tatu Frango) associados a filões de quartzo

estruturalmente controlados , que ocorrem em zonas de cisalhamento regionais que

interceptam as sequências de greenstone belts (Oliveira & Leonardos 1990, Leonardos

et ai. 1991, Huhn 1992, Santos et ai. 1998, Villas & Santos 2001, Oliveira & Santos

2003).



U·Pb Zircão 2.904+29/·22 Ma
Macambi ra & Lancelot, 1996

Grupo Lagoa Seca U·Pb Zircão 2.97 1 ± 18 Ma
U·Pb Zircão 2.972 ± 5 Ma Pimentel & Machado, 1994

Gru po Gradaús U·Pb Zircão 3002±3 Ma Tass inarí et ai.. 2005

Tonalit o Parazô nia Pb·Pb Zircão 2.876 ± 2 Ma Almeida et al., 20 10

U·Pb Titanita 2.858 Ma Pimcn tel & Machado, 1994

Trondhjcmito Água Fria Pb·Pb Zircão 2.864 ±21 Ma Leite et al ., 2004

2.854 ± 17 Ma Almeida et al., 20 11

14

Referência

Pimentel & Machado, 1994

Idade

2.970 ± 7 Ma

Materia l

ZircãoU·Pb

~IétodoUnidade Estrntigr ãfica

Tabela 2. I. Síntese dos dados geocronológico das unidades geológicas do Domínio Rio Maria.

Leucoeranodloritos e Leucomonzoeranitos

PR Ii\ IEIRO ESTAGIO EVOLUTIVO (3,05 Ga a2,90 Ga )

MAGMATlSMO ANOROGÊNICO TIPO A, (1,88 Ga)

Serra Azu l

Comp lexo Méfico-Ultrannifico

Greenstone Bells

SEGUN DO ESTAGIO EVOLUTIVO (2,88 Ga a 2,82 Ga)

Suite Granitica intrusiva Jamon

Série TTG antiga

Sonukitôiües

se-te TTGj ovem

Pb·Pb Zircão 2.868 ± 5 Ma Althoff et ai., 2000

Suite Guarantã Pb·Pb Zircão 2.870 ± 5 Ma
Pb·Pb Zircão 2.864 ± 8 Ma

e granitos sim ilares
U·Pb Zircão 2.875 ± 8 Ma

Almeida et aI., 2011

U·Pb Zircão 2.872 ± 7 Ma

Musa U·Pb Zircão 1.883 ± 5/· 2 Ma Machado et ai.. 199 I
Jarnon Pb· Pb Zircão 1885 ± 32 Ma DalI' Agnol et ai.. 1999

Seringa Pb·Pb Zircão 1.893 ± 15 Ma Avelar et ai. 1999
Redenção Pb·Pb Rocha total 1.870 ± 68 Ma Barbosa et ai.. 1995
Diuuesfélsicos Pb·Pb Zircão 1.885 ± 4 Ma Oliveira et aI., 2002

TOllalito Mariazin ha
U·Pb Zircão 2.925 ± 3 Ma

Almeida et al., 2011
U·Pb Zircão 2.918 ±13Ma

Comp lexo Tona lítico Car aco l
Pb·Pb Zircão 2.948 ± 5 Ma

Leite et ai., 2004
Pb·Pb Zircão 2.936 ± 3 Ma
Pb·Pb Zircão 2.857 ± 13 Ma

Macarnbira et al., 2000
Pb·Pb Zirc ão 2.900 ±2 1 Ma
Pb·Pb Zircão 2.962 ± 8 Ma

Trondhjemito Mogno U·Pb Zircão 2.965 ± 7 Ma
Pb·Pb Zircão 2.968 ± 2 Ma Almeida et al ., 2011
U·Pb Zircão 2.968 ± 3 Ma
Pb·Pb Zircã o 2.959 ± 5 Ma
Pb·Pb Zircão 2.959 ± 2 Ma
U·Pb Zircão 2.964 ± 4 Ma Vasquez et ai.. 2008b

Pb·Pb Zircão 2.948 ± 7 Ma Rolando & Macarnbira, 2003

Pb·Pb Zircão 2.952 ± 2 Ma
Tonalito Arco Verde Pb·Pb Zircão 2.926 ± 2 Ma

U·Pb Zircão 2.935 ± 5 Ma Almeida et ai., 2011

Pb·Pb Zircão 2.937 ± 3 Ma
U·Pb Zircão 2.973 ± II Ma

U·Pb Zircão 2.874 ± 9 Ma Macamb ira & Lancelot, 1991

Su ite Sanukitoide Rio Maria e U·Pb Zircão 2.872 ± 5 Ma Pimentel & Machado, 1994
rochas associadas Pb·Pb Zircão 2.877±6 Ma Rolando & Macamb ira, 2003

Pb·Pb Zircão 2.878± 4 Ma Dali' Agnol et ai., 1999
. .

Lellcograllilos Potâss icos

Pb·Pb Rocha Total 2.872 ± 10 Ma Lafon et aI. , 1994

Granito Mata Surrão Pb·Pb Zircão 2.875 ± II Ma Rolando & Macarnbira, 2003
Pb·Pb Zircão 2.88 1 ± 2 Ma Rolando & Macarnbira , 2003

Granito Xinguara Pb·Pb Zircão 2.865 ± I Ma Leite et al., 2004
Granito Rancho de Deus U·Pb Zircão 2.888 ± 27 Ma Almeida et ai., 2011



Esse domínio também hospeda o principal depósito de tungstênio conhecido na

Amazônia (Pedra Preta), vinculado à greisens na cúpola do granito paleoproterozoico

do tipo A2 Musa (Cordeiro et aI. 1984, Rios et aI. 1998).

2.2. DOMÍNIO CARAJÁS (DC)

o Domínio Carajás (Vasquez et aI., 2008a; Fig. 2.2), anteriormente denominado

Cinturão de Cisalhamento ltacaiúnas (Araújo et aI. 1988; Costa et aI. 1995), difere do

Domínio Rio Maria por registrar particular evolução tectônica e magmática

neoarqueana (ca. 2.76 - 2.70 Ga; Tabela 2.2) e por seu notável potencial

metalogenético, com expressivos depósitos de ferro, rnanganês, níquel-EGP, ouro, ouro

EGP e cobre-ouro.

As rochas do embasamento mesoarqueano desse domínio foram inicialmente

atribuídas ao complexo gnáissico migmatítico Xingu (Silva et aI., 1974; Machado et aI.,

1991) e aos ortogranulitos do Complexo Pium, com idades de cristalização de protólitos

em 3,0 Ga (Pidgeon et aI., 2000). Estudos recentes, no entanto, permitiram a

individualização de granitoides com idades de cristalização em ca. 3,0 Ga; ca. 2,96 a

2,93 Ga, ca. 2,88 a 2,87 Ga e ca. 2,87 a 2,83 Ga na área antes atribuída ao Complexo

Xingu, o que restringe a ocorrência desse complexo no Domínio Carajás.

Esses granitoides incluem:

(i) ca. 3,0 Ga (e.g. Tonalito Bacaba; Moreto et aI. 2011; Granito

Sequeirinho; Moreto et aI., 2015b);

(ii) ca. 2,96-2,93 Ga (e.g. Granito Canaã dos Carajás; Feio et aI., 2013);

(iii) ca. 2,88 - 2,87 Ga (e.g. granodioritos Água Azul; Sousa et aI., 2010;

Água Limpa; Gabriel et al., 2010; Tonalito Campina Verde (Feio et

al., 2012) e Granito Bom Jesus (Feio el aI., 2013).

(iv) ca. 2,87 a 2,83 Ga (e.g. granitos Cruzadão e Serra Dourada e

Trondhjemito Rio Verde; Moreto et aI., 2011, Feio et aI., 2012),

15



Cenozoico Neoarqueano Convenção

Cobertura Lateritica ~ Granitos (2,76 a 2.74 Gal Contato

Neoproterozoico • Diopsídio Norito Pium (2,74 Gal ..L........L Falha de empurrão

D Faixa Araguaia Supergrupo Itacaiúnas Falha
Paleoproterozoico (2.73 a 2,76 Gal

O Grupo Igarapé Bahia ;= Falha transcorrente
Dom ínio Bacajã

[ZJ Grupo Grão Pará ....=.- Zona de Cisalhamento
~

transpressionalDomínío Carajás O Grupo Igarapé Pojuca
~ Mina

• Granito tipo-A (1.88 Ga) O Grupo Igarapé Salobo

Neoarqueano ~ Garimpo

O Formação Águas Claras
Grupo Rio Novo ® Depósito-,

Gabro Santa Inês Mesoarqueano
(!) Cidade

• Intrusões máfico-ultramáficas
O Complexo Xingu

(2,76 Gal D Ortogranulito Chicrim-Cateté ZC Zona de Cisalhamento

Figura 2.2. (A) Localização da Província Carajás no Cráton Amazônico; (B) Divisão da Província
Carajás nos dom ínios Rio Maria (DRM) e Carajás (DC), limitado a norte pelo Domínio Bacaj á (DB); (C)
Mapa geológico do Domínio Carajás da Prov íncia Carajás e áreas adjacentes (modificado de Vasquez et
aI., 2008) com a localização dos principais depósitos minerais. O retângulo azul apresenta a área do
depósito Jatobá.

Em relação aos ortogranulitos do Complexo Pium, o reconhecimento de uma

expressiva unidade de rochas noríticas e gabroicas com texturas ígneas preservadas na

área do rio Pium, antes atribuída a esse complexo, resultou na proposição de abandono

desse termo (Ricci & Carvalho, 2006). Esses autores propuseram o agrupamento das

rochas ortogranulíticas máficas e félsicas em uma nova unidade, denominada de

Ortogranulito Chicrim-Cateté e as rochas norít icas foram agrupadas sob a designação de
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Plúton Charnockitoide Pium. Posteriormente, Vasquez et aI. (2008) denominaram essa

unidade de Diopsídio Norito Pium, que foi datada pelo método Pb-Pb em zircão por

Santos et aI. (2013) em ca. 2,74 Ga.

Sequências de greenstone belt stricto sensu também foram reconhecidas mais

recentemente no Domínio Carajás ao sul da Sena Sul de Carajás. Essas incluem

unidades metaultramáficas (talco-xisto, serpentinitos e komatiitos com típicas texturas

spinifex), metamáficas (actinolita-clorita-quartz-albita xistos) e unidades

metassedimentares (quartzo-clarita xistos) e foram denominadas como Greenstone Belt

Selva por Siepierski et aI. (2016) ou Grupo Sequeirinho por Justo et aI. (2015) e

Tavares (2015). Metadacito com lentes de tremolita-talco xistos também foi identificado

na área da Mina de Sossego como uma das unidades hospedeiras da mineralização

cuprífera do corpo de minério Pista. Esse metadacito, considerado parte da sequência de

gre enstone belt, foi datado em ca. 2,97 Ga (U-Pb SHRIMP em zircão) por Moreto et aI.

(2015a), o que permite atribuir idade mesoarqueana a essa sequência, análoga à idade

dos greenstone belts do Domínio Rio Maria.

Durante o Neoarqueano, o Domínio Rio Maria estaria estabilizado, enquanto no

Domínio Carajás extensivo evento magmático foi responsável pela formação de granitos

do tipo A2, gabros e noritos (e.g. Diopsídio Norito Pium), complexos máfico

ultramáficos e sequências metavulcanossedimentares. Essas sequências incluem rochas

metavulcânicas bimodais e rochas metavulcanoclásticas, formações ferríferas bandadas,

anfibolito, xisto, metagrauvaca, associadas a raras ocorrências de rochas

metaultramáficas de idades entre ca. 2,76 e 2,70 Ga, atribuídas ao Supergrupo

Itacaiúnas (Wirth et al., 1986, DOCEGEO 1988, Machado et aI. 1991) e ao Grupo Rio

Novo (Hirata et al. 1982).

Os complexos máfico-ultramáficos de idade entre ca. 2,77 e 2,70 Ga são

representados pelo Complexo Luanga (Jorge João et al., 1982; Machado et ai. , 1991),

Complexo Ézio (Silva, 2016), além da Suíte Intrusiva Cateté (Lafon et al., 2000;

Macambira & Vale , 1997). Suíte máfica-ultramáfica foliada tardi-arqueana do tipo

Santa Inês (Araújo & Maia, 1991) também ocorre.

Expressiva granitogênese (ca. 2,75 e 2,70 Ga) sin-tectônica em relação ao

desenvolvimento de zonas de transcorrências é representada por corpos de granitos

alcalinos e metaluminosos, tais como Planalto (Huhn et al., 1999a; Feio et al. , 2012),

Plaquê (Avelar, 1996), Estrela (Barros et. aI. 2004), Serra do Rabo (Sardinha et aI.,

2001), Granito Igarapé Gelado (Barbosa, 2004), Pedra Branca (Huhn et aI., 1999b ; Feio
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et aI. aI., 2012), Granito Granofirico Sossego (Moreto et al., 2015a), Pórfiro Castanha

(Moreto et aI., 2015b). Corpos máficos com idade semelhante (ca. 2,74 Ga) incluem o

Diopsídio Norito Pium e o Diorito Cristalino (Huhn et al., 1999b).

Esses eventos magmáticos foram associados ao desenvolvimento de

pronunciadas zonas de cisalhamento e extensivos eventos de retrabalhamento crustal

(Tassinari & Macambira, 1999; DalI'Agnol et ai. 2006; Tavares, 2015). A colocação de

granitos em ca. 2,57 Ga representados pelos granitos Old Salobo Machado et aI. (1991)

e Itacaiúnas (Machado et al., 1991; Souza et aI., 1996) foi restrita ao setor norte desse

domínio.

Coberturas sedimentares incluem a Formação Águas Claras (Nogueira et aI.

1995), com idade máxima de sedimentação de ca. 2.7 Ga obtidas em zircões detríticos

em arenito (TrendalI et aI. 1998) e por idade atribuída a si!! de metagabro intrusivo de

ca. 2,6-2,7 Ga (Dias et aI. 1996; Mougeot et ai. 1996). Entretanto, idades Pb-Pb de ca.

2,06 Ga em sulfetos diagenéticos em arenitos (Mougeot et aI. 1996; Fabre et aI. (2011)

sugerem idade paleoproterozoica para a Formação Águas Claras .

Magmatismo granítico anorogênico, alcalino a subalcalino, de idade de ca. 1,88

Ga, é representado pela Suíte Intrusiva Serra dos Carajás (granitos Young Salobo,

Pojuca, Breves, Central de Carajás, Cigano e Rio Branco; Machado et aI. 1991,

DalI'AgnolI et aI. 1994, TalIarico 2003, Santos et al., 2013).

2.3. EVOLUÇÃO TECTÔNICA DA PROVÍNCIA CARAJÁS

o Domínio Carajás apresenta complexa estruturação regional sigmoidal com

frends leste-oeste e noroeste-sudeste marcadamente impressos na Bacia Carajás.

Beisiegel et aI. (1973), consideraram, inicialmente, a região do sigmoide como um

sinclinório representado por uma dobra de grande dimensão composta por várias outras

dobras menores com eixo na direção WNW-ESSE.
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Tabela 2.2. Síntese dos dados geocronológicos das unidades do Domínio Caraj ás da Província Carajás.
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Referência

Reis et ai.. 200 Ia

Id ade

2 658 ± 213 MaRocha total

Material
Analisa do

i\tétodo

Pb-Pb

Protcrozoico

Gran itos

Unid ad e Estratigráfica

Nconrq ucauo

Rochas Mtificas lntruslvas

Grupo Rio Novo

Supergrupo Itacaiú nas

UI/idades Grantticas

Cobertura S edimentar Plntafo rm al

Greens toue Belts

Diorito Cris tali no Pb-Pb Zircão 2.738 ± 6 Ma Huhn et ai.. 1999b
Gabro Norito Sossego SHRIMP Zircão 2.739 ± 5.9 Ma

Moreto et aI., 2015a
Gab ro Curral SHRIMP Zirc ão 2.739 ± 4.2Ma

Pb-Pb Zircão 2.754 ± I Ma Oliveira et ai.. 20 !O,

Associação Chamoqu ítica
U-Pb Zircão 2.735 ± 5 Ma Feio et ai.. 20 13b
Pb·Pb Zircão 2.747 ± I Ma Galarza et ai., 2012

ou Diopsidio Norito Pium
Pb-Pb Zi rcão 2.732 ± I Ma Gala rza et al., 2012
U-Pb Zircão 2.831 ± 6 Ma Feio et ai.. 2013

Sm ·Nd Roch a total 2.719 ± 80 Ma Pirnentel et ai.. 2003
Grupo lgarap é Pojuca Pb·Pb Zircão 2.705 ± 2 Ma Galarza & Macambira, 2002b

U-Pb Zircão 2.732 ±5 Ma
Machado et ai., 1991

Pb-Pb Zircão 2.759 ± 2 Ma
Pb·Pb Zircão 2 .751 ± 4 Ma Krvmsk v el aI.. 2002

Grupo Gr ão-P ará SHRIMP Zircão 2.760 ± II Ma T rend all et ai., 1998

Pb-Pb Zircão 2.75 1 ±4 Ma Krymsky el al..2002
SHRIMP Zircão 2.760 ± II Ma Trendall et ai., 1998

Metariodac ito Jatob á U·Pb Zircão 2.70 ± 16 Ma (Neste est udo)

U·Pb Zircão 2.76 1 ±3 Ma
Machado et al., 1991

U·Pb Titanita 2.497 ± 5 Ma
Grupo Salobo U-Pb Zircão 2.555 ± 4 Ma Machado et ai., 1991

Sm-Nd Roc ha tota l 2.8 12 ± 98 Ma Pimentel et ai., 2003
SHRIMP Zircão 2.748 ± 34 Ma Tallarico et ai., 2005

Gru po lgarap é Bahia U·Pb Zircão 2.745± 1 Ma Galarza & Macambira, 2002a

U-Pb Zircão 2.776 ± 12 Ma Galarza et ai., 2003

SHRIMP Zircão 2.68 1 ± 5 Ma T rendall et ai., 1998
Forma ção Águas Claras U-Pb Zircão 2.645 ± 12 Ma Dias et ai.. 1996

U-Pb Zirc ão 2.778 a 3020Ma Mou aeot et ai.. 1996a

Gran ito Forrniaa U·Pb Zircão ca, 600 Ma I ') Grainger et ai.. 2008
Sicno nranito Gamele ira U-Pb Zircão 1.583+8.5/-6.8Ma Pimentel et ai., 2003
Central de Cnraj ás U-Pb Zircão 1.820 ± 49 Ma Wirt h et ai., 1986
Granito Serin ga Pb·Pb Zircão 1.874 ± 30 Ma Lafon et ai.. 1995
Poiuca Pb-Pb Zircão 1.874 ± 2 Ma Machado et ai., 1991

Breves
SHRIMP Zircão 1.879 ± 6 Ma Ta llarico et al., 2005
U·Pb Zircão 1.880 ± 2 Ma Machado el ai., 1991

Sa lobo Joven Rb-Sr Rocha lotai 1.880 ± 80 Ma Co rdani, 198 1
Cigano U·Pb Zircão 1.883 ± 2 Ma Mach ado et ai., 1991

Granito Rio Branco Pb·Pb Zircão
I 894 ,j, 16 Ma

Santo s et al., 20 13
1.909 ± 7 Ma

r

Granito Old Salobo U·Pb Zircão 2 .573 ± 2 Ma Machado et ai , 1991
Suíte Plaqu ê Pb-Pb Zircão 2736 ± 24 Ma Ave lar et ai.. 1999
Suite Plaqu ê Pb·Pb Zi rcão 2.736 ± 24 Ma Avelar et ai.. 1999

Pb-Pb Zircão 2.747 ± 2 Ma Huhn et ai., 1999b
Suite Planalto Pb·Pb Zi rcão 2.733 ± 2 Ma Feio et ai.. 20 13b

U·Pb Zircão 2.729± 17 Ma Feio et aI., 20 13b
Granito IaaranéGelado Pb·Pb Zircã o 2.73 1 ± 26 Ma Barb osa, 2004
Gran ito Serra do Rabo U-Pb Zi rcão 2.743 ± 1,6 Ma Sardinha et. al., 2006
Granito Estrela Pb-Pb Zirc ão 2.763 ± 7 Ma Barros et ai.. 2004
Granit o Granofirico Sossego U-Pb Zircão 2.740 ± 26 Ma Moreto et al. 2015a
Granito Serra do Rabo U-Pb Zircão 2.743 ± 1.6 Ma Sardinha et ai.. 2006
Porfiro Cas tanha U-Pb Zircã o 2 .744 ± 4 Moreto et al, 2015b
Porfiro Oua rtzo-Feldspato U-Pb Zircão 2 .740 ± 4.7 Mor eto ct aI. 2015b
Tona lito Alvo 118 U-Pb Zircão 2.743 ± 3 Ta llarico, 2003

Suíte Pedra Branca Z ircão
2.762 ± 13 Ma Feio et al., 2013b

U-Pb
2.750 ± 5 Ma Feio et ai., 20 12b
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Referênci a

Gabriel et ai., 2010
Sousa et al., 2010

Machado et ai.. 1991
Silva, 2016

2.884 ± 1.7 Ma
2.879 ± 1.3 Ma

Idade

2.763 ± 6 Ma
2.77±0.17 Ma

Zircão

Rocha total

Zircão

Material
Analisado

Zircão

Pb-Pb
Pb·Pb

U-Pb
Sm -Nd

Unida de Estratigr áflc«

i\leoarqneano

Grnnitos Sub-Alcalinos Mesoarqu eanos

(Continuação )

Gran ito Bom Jesus SI-lRIMP Zircão 2.833 ± 6 Ma Feio et ai .. 2013
U-Pb Zircão 2.83 1 ± 6 Ma Feio et ai.. 2013

Gra nito Serra Dourada U-Pb Zircão 2 .860 ± 22 Ma Moreto et ai. 2011
U-Pb Zircão 2.848 ± 5.5 Ma Moreto et ai. 20 15b

Grani to Canaã dos Ca rajás U-Pb Zircão 2.959 ± 6 Ma Feio et ai., 2012
U-Pb Zi rcão 2.845 ± 15 Ma

Granit o Cruzadão
U-P b Zircão 2.857 ± 8 Ma
U-Pb Zi rcão 2.875 ± 12 Ma

Feio et ai.. 20 13

U-P b Zircão 3.053 ± 8 Ma

Tona líto Cam pina Verde
U-Pb Zircão 2.850 ·lo 7 Ma
Pb- Pb Zi rcão 2.872± I Ma

Feio et al., 2012

Trondhje rnito Rio Verdc U-Pb Zi rcão 2 .923 ± IS Ma Feio et ai., 2012

To nalito Bacaba
U-Pb Zircão 3.00 ± 3.6 Ma
U-Pb Zircão 3.00± 5.9 Ma

Moreto et al. , 2011

U-Pb Zircão 3.0 14 ±22Ma
Gra nito Scque irinho U-Pb Zi rcão 3.010 ± 21 Ma Moreia et al., 2015a

SI-I RIMP Zi rcão 2 .989 ± 5.2 Ma
Gabro Norito SI-IRIMP Zircão 2.739 ± 5.9 Ma Mareio et al., 2015a

U-Pb Zircão 2.859 ± 2 Ma
Complexo Xing u U-Pb Zi rcão 2.974 ± 15 Ma Machado et ai., 199 1

SI-IR IMP Zircão 2.859 ± 9 Ma
Metadacito Pista (gree nstone U-Pb Zircão 2.968± 15 Ma
belt) U-Pb Zircão 2.979 ± 5.3 Ma

Moreto et al., 20 15a

Complexo Pium S I-I RIMP Zircão 2.859 ± 9 Ma Piducon et aI., 2000
(Ortog ranulito Chicrim-Ca tet é) SI-IRIMP Zircão 3.002 ± 14 Ma Pidzeon et al.,2000

Araújo et aI. (1988), entretanto, reinterpretaram à megaestruturação sigmoidal

como resultante de sistemas de cavalgamentos e transcorrências, desenvolvidos em

regime compressivo oblíquo, com encurtamento na direção NW-SE, que teria ocorrido

entre o Neoarqueano e o Paleoproterozoico, e o denominaram de Cinturão de

Cisalhamento Itacaiúnas. Em linhas gerais, o modelo sugere que a estrutura sigmoidal

de Carajás f0l1110U-Se durante transtensão dextral das rochas do embasamento. Isso teria

levado à formação de uma bacia do tipo pull-apart, con troladas pela geometria

anastomosada dos lineamentos principais, resultando no desenvolvimento dos sistemas

de falha Carajás e Cinzento.

Os autores ainda advogam que após o término da deposição das unidades

vulcanossedimentares , um evento transpressivo sinistrai teria causado a inversão

tectônica da bacia com geração de uma estruturação regional em flor positiva.

Pinheiro e Holdsworth (1997), entretanto, consideram o modelo de reativação

tectônica de antigas zon as de cisalhamento dúcteis mesoarqueanas, como responsável

pela complexa estruturação do Cinturão de Cisalhamento Itacaiúnas. Nesse modelo, o



longo período de evolução tectônica teria ocorrido em estágios subsequentes. Entre 2,85

e 2,76 Ga, as rochas do embasamento tornaram-se intensamente deformadas, como

evidenciado pela foliação milonítica subvertical de direção E-W impressa nessas rochas.

Posteriormente, uma bacia intracratônica desenvolveu-se sob condições de regime de

transpressão sinistrai regional de alta temperatura. Transtensão dextral, por volta de ca.

2,76 Ga levariam à deposição do Supergrupo Itacaiúnas e da Formação Águas Claras

em uma ampla bacia intracratônica, seguida do estabelecimento das zonas de

cisalhamento transcorrentes Cinzento e Carajás, marcadas por ângulos de mergulhos

altos , geometria curva, anastomosada, típica de zonas de falhas transcorrentes.

A inversão tectônica da bacia, sob o regime de transpressão sinistrai, teria

ocorrido em ca. 2,7 Ga e perdurando até ca. 2.6 Ga (Domingos, 2009). Os sistemas

transcorrentes Carajás e Cinzento, após sua formação em regime dextral , estiveram

sujeitos ainda a eventos tardios de reativações tectônica, com eixos de extensão

dispostos entre NE-SW a E-W, favorecendo a intrusão de diques e plútons anorogênicos

da Suite Intrusiva Serra dos Carajás por volta de 1,9-1,8 Ga (Domingos, 2009) .

Alternativamente, Meirelles (1986), Dardenne et ai. (1988) , Meirelles &

Dardenne (1991), Teixeira & Eggler (1994), Teixeira, (1994) , Silva et aI. , (2005) ,

Lindenmayer et aI., (2005), Lobato et aI. (2005) e Teixeira et ai. (2010) consideraram

que o Domínio Carajás teria registro de ambiente de subducção, o que seria evidenciado

pela afinidade cálcio-alcalina de alto potássio dos basaltos do Supergrupo Itacaiúnas.

Dessa forma, esse modelo propõe a formação de uma bacia vulcano-sedimentar em

ambiente de margem ativa, cuja evolução estaria relacionada à subducção de placa

oceânica, seguida por colisão continente-continente. Nesse modelo de evolução

geotectônica, a colisão continente-continente teria ocorrido em torno de 2,74 Ga e teria

sido responsável pela justaposição dos domínios Rio Maria e Carajás (Teixeira et ai.,

2010). No entanto, Zucchetti (2007) considera que tais características poderiam refletir

vulcanismo extravasado sobre crosta continental em ambiente de baek are desenvolvido

em ca. 2,76 Ga.

Gibbs et ai. (1986), Wirth et aI. (1986) , DOCEGEO (1988) , Olszewski et ai.

(1989) e Tallarico et ai. (2005) atribuíram a formação da Bacia Carajás à abertura de um

rifle continental marcado pela ascensão de manto astenosférico vinculada a plumas

mantélicas (Condie, 1998; Isley and Abbott, 2002) em um ambiente extensional.

Tallarico (2003), atribui ao evento termal de ca 2,7 Ga underplating de magma máfico

na base da crosta inferior levando à sua fusão e geração de diferentes câmaras
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magmáticas, incluindo aquelas que teriam originado o Complexo Máfico-Ultrarnáfico

Luanga e outras intrusões, em torno de 2,76 Ga, assim como as rochas supracrustais do

Supergrupo Itacaiúnas, representadas pelo vulcanismo bimodal do Grupo Grão Pará

(Ferreira Filho et ai. 2007).

Tavares (201S) propôs um novo modelo evolutivo para o Domínio Carajás, que

inclui quatro eventos deformacionais cíclicos principais, sendo dois compressivos e dois

extensionais. Inicialmente, a origem da estruturação do domínio estaria relacionada ao

Mesoarqueano, com a instalação de uma margem continental ativa em torno de 2.87 

2.83 Ga, que compreenderia núcleos de idade paleoarqueana. Este evento representaria

a colagem entre os Domínios Rio Maria e Carajás, levando a geração de processos

metamórficos de alto grau e forte migmatização (DI). Tal processo seria responsável

por significativo espessamento crustal e geração de intrusões ígneas por fusão anatética.

O segundo evento estaria relacionado a um processo de rifteamento entre 2.76 e

2.70 Ga , resultando em magmatismo bimodal (Supergrupo Itacaiúnas), associado a

grandes volumes de magmas sob condições de underplaling, com subsequente

sedimentação marinha de natureza clasto-qu ímica em ambiente plat aformal , como já

defendido por Gibbs et ai. (1986), Wirth et ai. (1986), DOCEGEO (1988), Olszewski et

ai. (1989) e Tallarico et ai. (200S). Adicionalmente, Tavares (201S) contesta a relação

entre o carácter sin-tectônico e espacialmente estruturado na direç ão E-W dos

granitoides do tipo A neoarqueanos e um evento transpressivo regional, como proposto

nos trabalhos de Barros et ai., (2001, 2004, 2009). Tavares (201S) atribui a colocação

desses granito ides às falhas desenvolvidas durante colagem do embasamento

mesoarqueano, que teriam sido reativadas durante o rifteamento neoarqueano,

resultando em perfeitos condutos naturais à migração desses magmas. O autor também

atribuiu a fortuita contemporaneidade das mineralizações IOCG de 2,70 a 2,68 Ga

(Moreto et ai., 201Sa) associadas a esse evento magmático.

O terceiro evento inclui processos compressivos na direção N-S , com vergência

de topo para norte, entre ca. 2,70 Ga e 2,6 Ga. Este evento tem como principal evidência

a inversão tectônica da Bacia Carajá, como considerado nos trabalhos de Pinheiro e

Holdsworth (1997) e Domingos (2009), além da geração de espessamento crustal e

metamorfismo de baixo grau. Tavares (201S) sugere, com isso , uma segunda colisão

entre os Domínios Rio Maria e Carajás, porém de baixa magnitude e apenas de carácter

intracontinental.

22



o quarto evento, entretanto, estaria novamente relacionado a um evento de

rifteamento, entre ca. 2.61 e 2.54 Ga, no qual eventos hidrotermais mineralizantes,

principalmente centrados no extremo norte da Província Carajás e ao longo do Cinturão

Norte do Cobre (Moreto et ai., 2015a), seriam responsáveis pela formação do depósito

Salobo (Réquia, et ai., 2003). Esse evento estaria associado à fragmentação do

paleocontinente Carajás.

No norte da Província Carajás, o Orógeno Transamazônico, de idade

paleoproterozoica, resultou em um sistema compressivo associado a metamorfismo

regional de médio a alto grau (Macambira et a!. 2009; Tavares, 2015), clivagem de

transposição nas rochas do Domínio Carajás e xistosidade e bandamento gnáissico nos

ortognaisses migmatíticos e granulitos máficos do Domínio Bacajá. Tal evento foi

relativo a um sistema colisional paleoproterozoico (2,09 a 2,07 Ga), nomeado como

Colisão Carajás-Bacajá, que encerra o processo de aglutinação do Riaciano (Tavares et

ai. 2013; Tavares, 2015).

Evento deformacional subsequente, no Orosiriano, se restringiu à borda oriental

do Domínio Carajás. (Tavares, 2015). Compreende movimento de topo para norte

noroeste a oeste-noroeste em um sistema compressivo dominado por cisalhamento

simples , com feixes de empurrões associados ao forte componente de estiramento e um

sistema de imbricação tectônica com desenvolvimento de falhas transcorrentes

sinistrais. É interpretado como relativo ao Evento Tectono-termal Sereno, desenvolvido

em ca. 2,0 Ga (Tavares ef ai. 2013; Tavares, 2015).

Tavares (2015) conclui que estruturação de caráter rúptil a r úptil-dúctil advindos

de processos extensionais a transtensionais, nas direções ENE-WSW e WNW-ESSE, foi

posterior ao colapso dos orógenos paleoproterozoicos. Tal estruturação gerou feixes de

falhas subverticais, frequentemente associadas a brechas tectônicas e a veios

mineralizados contendo minerais de baixa temperatura tais como epidoto, clorita ,

quartzo , hematita, além de sulfetos. É tido como um evento rúptil dominantemente

transtensivo, associado à colocação dos corpos graníticos anorogênicos de ca. 1,88 Ga e

à formação de depósitos tipo IOCG em ca. 1,88 Ga (Tallarico, 2003; Moreto et ai.

2015b).

Tavares (2015) ainda menciona fraturamento associado a sistemas de falhas

normais, atribuídos ao desenvolvimento de magmatismo máfico intracontinental, e

atribui provável correspondência à sutura entre os blocos Carajás-Transamazonas e

Parna íba/Oeste Africano, que teria ocorrido por volta de 750 Ma (Paixão et aI. 2008). A
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idade mínima de cerca de 500 Ma (Gomes et aI., 1975) reconhecida na região de

Carajás provavelmente reflete os estágios finais do Ciclo Brasiliano.

Por fim, Tavares (2015) , pontua que os efeitos que culminaram na abertura do

oceano Atlântico equatorial e na ruptura final entre a América do Sul e a África, (Soares

Júnior et aI. 2008), promoveram reflexos no interior do Cráton Amazônico como o

rifteamento na região da bacia do Amazonas-Solimões e magmatismo máfico

intracontinental cronocorrelato. Na região de Carajás, esse magmatismo é representado

pela instalação de corpos de diques do Diabásio Rio Pajeú, com idade cerca de 220 Ma

(Meireles et aI. 1982).
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ANEXO I

The iron oxide-copper-gold (IOCG) Jatobá deposit, Carajás
Mineral Province, Brazil: Geology, hydrothermal alteration,

mineralization and mineral chemistry

Angela Suélem Rocha Veloso, Lena Virgínia Soares Monteiro, Caetano Juliani

Instituto de Geociências, Universidade de São Paulo (São Paulo), SP 0550S-0S0, Brazil

Abstract

The Carajás Province, located in the Amazon Craton, hosts severaI Cu-Au deposits that
deserve attention due to their high volume of hydrothermal magnetite and elevated contents of
REE, P, Ni , Co, Pd, and U, similar to those of iron oxide-copper-gold (IOCG) deposits. World
c1ass IOCG deposits at Carajás (e .g. Sossego, Cristalino, Alvo 118) may be connected by
similar genetic processes with a large mineral system. The Jatobá deposit, under evaluation,
may represent a speeifie portion of this IOCG system.

The Jatobá deposit is hosted by metarhyodacite, amygdaloidal metabasalt, felsic
metavoleaniclastie breecias and mafic metalapilli and metacrystal metatuffs, and metadiabase
dikes attributed to the Itacaiúnas Supergroup. The least-altered host rocks derived from mafie
protoliths record lower greenschist facies (albite- actinolite I) paragenesis.

Pre- , syn- and late tectonic hydrothermal alteration associated with the Canaã shear
zone development was pervasive and intense. Early hydrothermal alteration encompasses
silicification, sodie (albite I, scapolite I), sodic-caleie (ferro-pargasite), and potassie (biotite I,
tourmaline, Cl-apatite I, Ce-allanite I) alteration, Alrnond-shaped albite (I) or scapolite (I)
porphyroclasts involved by pressure shadows in mylonitie rocks indicate their blastesis
previously to the shear zone development.

The main syn-tectonic hydrotherrnal alteration stages comprise sodic-calcic (scapolite II),
calcie (actinolite II, Cl-apatite II, Ce-allanite II, quartz) and potassic (CI-K-hastingsite I, biotite
II, quartz-Co-magnetite IV, CI-apatite III, Ce-allanite III) alteration controlled by the mylonitic
foliation . Early veins with magnetite (III) and massive magnetite bodies (IV), represent
proximal envelopes of mineralized zones, The magnetitite is cut by fibrous actinolite (II) ,
magnetite (V) and CI-apatite, which also occur as infill in breccias with magnetite fragments.
Late tectonie hydrotherrnal alteration is reprcsented by chlorite a1teration and scapolite (III)
veins, which in tum are eut by scapolite (IV), CI-K-hastingsite (II) and biotite (III) veinlets,

The copper-(niekel) mineralized zones in the Jatobá deposit comprise swarms of
vertical to subvertical orebodies spatially related lo rnetadiabase dikes and contact zones
between metarhyodacites and metabasalts. The rnineralized zones were forrned in four stages,
coeval to ductile and ductile-brittle deforrnational events, The mineralization stage (I) is
spatially related to massive magnetite bodies and lo syn-tectonie calcie alteralion (actinolite II
magnetite V). It is characterized by Ni-pyrrhotite, Ni-pyrite and CI-apatite (II) , and
subordinately, Co-chaleopyrite, Ce-allanite II, Co-pentlandite, quartz and Ce-monazi te. The
transition to the mineralization stage (II) was accompanied by decreasing contents of Ni and Co
and pyrrhotite and actinolite concentration. Mineralization style evolved from replacernent
fronts conlrolled by mylonitie foliation to hydraulic breccia zones. The mincralization stage (II)
was related to the development of the syn-iectonic potassic alteration (II) and represcnted by a
systern of strongly oriented and interconnected bodies with biotite (II), Cl-apatite (III), Co
magnetite (IV), ilmenite (I), Ce-allanite (III) and quartz, bcsides discrete portions containing Ni-
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pyrite and Co-chalcopyrite. Breccia zones with matrix made of biotite (II) and Co-chalcopyritc
(± Ni-pyrite ± Ni-pyrrhotite) and fragments of massive magnetite represent Cu-richer bodies.

The third mineralizing stage recognized in the Jatobá deposit is distinguished from the
others due to its control by ductile-brittle and brittle structures, which enabled the formation of
veins with typical open-space filling textures. It was coeval to the late tectonic alteration that
comprises paler brown or green biotite (III), scapolite (IV), F-CI-apatite (IV), and Cl-K
hastingsite (II), Co-chalcopyrite and siegenite I (± Co-pyrite , ±Co-maglletite, ± cassiterite).
The late mineralization stage (IV) was the most expressive at Jatobá. It was coeval to
widespread chlorite (II), quartz, cpidote and calcite development. It occurs in a variety of
hranching veinlets and breccias with Co-chalcopyrite, Co-pyrite, sphalerite, molybdenite,
uraninite and monazite, Other late vein types comprise those with quartz-chalcopyrite-K
(±molybdellite, Co-pentlandite, and siegenite II) and fine veinlets with chlorite-chalcopyritc, W
bearing hematite, rare earth carbonates (bastnãsite, coskrenite and saharnalite), Co- and Ni
pyrite, sphalerite, ilmenite, marcasite, leucoxene and adularia.

The high Ti , V, Ni and Cr contents in Jatobá magnetite point to high-ternperature
conditions (ca. SOO-700°C), similar to that of high-temperature magmatic-hydrothermal systems
(e.g. lOCO, iron oxide-apatite ore and porphyry copper), especially during the early nickel
enriched mineralization event. The gradual increase in CI contents of scapolite (I) to (III)
indicated a progressive evolution Irorn high-temperature hipersaline f1uids. However, the late
scapolite (IV) points to changes in f1uid composition accompanied by decreasing temperature
conditions (370 oC)o

The Jatobá deposit has attributes comparable to those of relatively deep portions of
lOCO mineral systems with evidences of limited input of externally-dcrived diluted f1uids.
However, lower temperature conditions in the late stages, coupled with ductile-brittle structures,
reveal that the main mineralizing event at Jatobá was developed after significant system
exhumation.

Keywords: Jatobá deposit, Iron-oxide-copper-gold deposit, Carajás Mineral Province, Hydrothermal
alteration, Mineral chemistry
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Introduction

The Carajás Province, located in the Amazon Craton (Santos el aI. 2000, Santos

2003), represents an important metallogenetic province with outstanding iron deposits

(N4 and NS mines in the Serra Norte, SLl to SL3 deposits in the Serra Leste and SIlO

mine at Serra Sul; Lobato et aI. 200S), Au-Pd-Pt (Serra Pelada; Meireles & Silva 1988,

Tallarico et a!. 2000, Moroni et ai. 2001, Cabral et ai. 2002a, 2002b), lateritic gold

(Igarapé Bahia; Zang & Fyfe 1995, Angélica 1996, Porto et ai. 2010), bauxite (NS;

Kotschoubey & Lemos (198S), manganese (Azul; Oardenne & Schobbenhaus 2001),

nickel (Vermelho; Klein & Carvalho 200S), Cr-Ni-EGP (Luanga mafic-ultrarnafic

complex; Macambira & Vale 1997), and copper-gold deposits.

Among the copper-gold deposits, several examples deserve attention due to their

high volume of hydrothermal magnetite and/or hematite and elevated contents of REE,

P, Ni, Co , Pd and U, similar to those of iron oxide-copper-gold (IOCG) deposits

(Hitzman et aI., 1992; Hitzman et aI., 2000). Part of these deposiLs also represents the

only known Archean examples attributed to this deposit c1ass, revealing a particular

evolution of the Carajás Province (Réquia et aI. 2003 , Tallarico et ai. 200S , Groves et

ai. 2010, Xavier et ai. 2010, Moreto et ai. 201Sb).

At Carajás, the IOCG deposits are distributed m the Northern and Southern

Copper belts within E-W e WNW-ESSE shear zones (Moreto, 201Sa, b). Particularly in

the Southern Copper Belt, the attributes of the IOCG deposits reflect the variable nature

of host rocks, which include Neoarchean metavolcanic-sedimentary units, granite and

gabbros, and Mesoarchean greenstone belts, TTG units and other granitoids (Moreto et

aI., 201Sa , b). However, several deposits, such as Sossego, Cristalino, Alvo I1S, Jatobá,

Castanha, Bacaba, Bacuri, Visconde, Borrachudos (Augusto, et aI. 200S; Monteiro et

aI., 200Sa; 200Sb, Pestilho, 2011, Silva et aI., 201S; Melo et aI., 2014; Moreto et aI.,

201Sa; 201Sb) may represent distinct portions of a large mineral system connected by

similar genetic processes. The identification of paragenesis, hydrothermal alteration

patterns, mechanisms of fluid-rock interaction and sources of metaIs, fluids and ligands

in each deposit, however, is necessary to link them and unravel their evolution.

The Cu-Au Jatobá deposit, located at 3 km north of the Sossego Mine (lS% de

3SS Mt @ I,S % Cu e 0,2S g/t Au; Lancaster et aI., 2000; Villas et aI. 200S; Carvalho

et aI. 200S; Monteiro et aI., 200Sa,b), is still under evaluation. It is spatially related to

expressive scapolíte alteration zones, has notable magnetite-(apatite) contents and a
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particular ore signature with Ni-(Zn) enrichment. It is spatially related to the Sossego

Mine, which records multiple hydrothermal events responsible for fonnation of ore at

ca. 2.70 Ga-2.68 Ga (e.g. Sequeirinho and Pista orebodies) and ca. 1.88 Ga (e.g.

Sossego orebody). Thus, the Jatobá deposit may be fonned in a specific part of a long

lived large mineral system.

This contribution aims to decipher the hydrothermal history recorded in the

Jatobá deposit by means of detailed paragenetic characterization of hydrothermal

alteration and Cu-Au-(Ni-Zn) ore, accompanied with the identification of variations in

the mineral chemistry during the relative temporal evolution of the system. This study

may pravide important subsides for an integrated model for the IOCG deposits of the

Carajás Mineral Province.

1. Geological setting of the Carajás Province

The Carajás Pravince (Santos et aI. 2000; Santos 2003; (Fig. 1) represents a

predominant1y Archean nucleus, located in the Amazonian Craton (Teixeira et aI., 1989;

Brito Neves & Cordani, 1991; Tassinari, 1996; Tassinari & Macambira, 1999, 2004).

The pravince was divided into two tectonic domains (Santos, 2003, Vasquez et aI.,

2008a; Fig. 1): Rio Maria, in the south, and the Carajás Domain, in thr north, limited by

a regional E-W discontinuity. These domains could have shared a similar evolution

during the Mesoarchean (Dall 'Agnol et aI., 2006). However, the Rio Maria Domain

evolved and was stabilized during the Mesoarchean, whereas the Carajás Domain

records expressive tectono-magmatic event(s) in the Neoarchean. The latter was

responsible for emplacement of coeval mafic-ultramafic intrusions, charnockites and

A2-type granites and deposition of extensive volcano-sedimentary sequences (Huhn et

aI., 1988, DOCEGEO, 1988 , Souza et aI. 1996, Althoff et aI. 2000, Dall ' Agnol et aI.

2006, Vasquez et aI. 2008a). The majority of known IOCG deposits are concentrated in

the Carajás Domain, dose to its limits.

Rio Maria Domain

The Rio Maria Domain (Fig. 1B) resulted fram amalgamation of intra-oceanic

ares in two stages (3,05 Ga to 2,90 Ga; 2,88 Ga to 2,82 Ga; Leite, 2001 ; Souza et aI.,

2001; Santos, 2003; Tassinari et al., 2005; Vasquez et al., 2008; Almeida et aI., 2011),
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accompanied by compressive regime and crustal shortening in the N-S direction until

ca. 2.85 Ga.

During the first stage (Table 1), strictu sensu greenstone belts (OOCEGEO

1988, Araújo and Maia, 1991), mafic-ultramafic complexes (ca. 2.97 Ga; OOCEGEO

1988 , Pimentel and Machado 1994) and older tonalite-trondhjemíte-granodiorite (TIG)

rocks were formed (Rolando & Macambira, 2003; Almeida et al., 2010, 2011 , 2013).

The second stage (Table 1) comprises the emplacement of younger rocks of the TTG

series (OOCEGEO 1988, Almeida et ai., 2011) and sanukitoids (DOCEGEO 1988, De

Oliveira et ai., 2011). Potassic leucogranites (Almeida et a!., 2010) are considered as an

evidence of the last tectono-thermal event related to the cratonization of Rio Maria

Domain (Vasquez et a!. 2008a).

The Mesoarchean units are covered by the Paleoproterozoic metasedimentary

Rio Fresco and Gemaque groups (Vasquez et a!. 2008a). Orosirian magmatism is

mainly represented by widespread ca. 1.88 Ga type-A, granitegenesis (e.g. Jamon,

Bann ach, Cachoeirinha, Gradaús, Manda Saia, Marajoara, Musa, Redenção, São João,

São José, Velho Guilherme, Redenção e Seringa; Dali'Agnol et aI. 1999, 2005,

Dall 'Agnol & Oliveira 2007).

ln the Rio Maria Domain, orogenic gold deposits (e.g. Diaderna, Lagoa Seca,

Babaçu, Mamão, Tucumã, Inajá, Cuca) and "garimpos" (e.g. Serqueiro, Peladinha,

Serrinha e Tatu Frango) comprise structurally-controlled auriferous quartz veins within

shear zones that intercept mainly greenstone belt sequences (Oliveira & Leonardos

1990, Leonardos et ai. 1991, Huhn 1992, Santos et ai. 1998, Villas & Santos 2001,

Oliveira & Santos 2003). Additionally, the Pedra Preta W deposit is also hosted by

metavolcano-sedimentary units dose to the cupola of the ca . 1.88 Ga Musa granite

(Cordeiro et ai. 1984, Rios et a!. 1998).

Carajás Domain

The Carajás Domain (Fig. l C) is notable by its metallogenetic diversity, closely

related to its Neoarchean and Paleoproterozoic evolution.

The Mesoarchean rocks comprise gneisses and migmatites of the Xingu

Complex and granulites of the Chicrim Cateté Ortogranulite. The latter may have

crystallization ages of ca. 3.0 Ga , similar to that of enderbite gneiss dated by Pidgeon ef

ai. (2000) in the Pium river. Additionally, ca. 3.0 Ga granitoids (e.g. Sequeirinho and

Bacaba tonalites; Moreto et ai. 2011; 2015a), ca. 2.96-2.93 Ga Canaã dos Carajás
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Granite (Feio et ai., 2013), ca. 2.88 - 2.87 Ga Água Azul (Sousa et ai., 2010) and Água

Limpa (Gabriel et ai., 2010) granodiorites, and ca. 2.87 Ga to 2.83 Ga granites and

trondjemites (e.g. Serra Dourada, Cruzadão, Rio Verde, Campina Verde and Bom Jesus

(Moreto et ai., 2011 , Feio et ai., 2012, 2013) were characterized.

Greenstone beIts encompass metaultramafic (tale schist, serpentinite and

spinifex-textured komatiite), mafic (actinolite-chlorite-quartz-albite schist), and

metasedimentary units (quartz-chlorite schists), recognized to the south of the Carajás

ridge (e.g. Selva greenstone belt; Sequeirinho Group; Siepierski et aI., 2016; Justo et aI.,

2015). The Pista metadacite (ca. 2.97 Ga; U-Pb SHRIMP zircon; Moreto et ai. 201Sa)

that is a host to IOCG ore at Sossego Mine, is interpreted as part of this Mesoarchean

greenstone belt sequence.

The Neoarchean metavolcano-sedimentary units of the Itacaiúnas Supergroup

(Wirth et ai., 1986, DOCEGEOI988, Machado et ai. 1991) and Rio Novo Group

(Hirata et ai. 1982) encompass mafic and felsic metavoleanic and metavolcaniclastic

rocks , banded iron formation, metagraywackes, which underwent greenschist to

amphibolite facies metamorphism. The Itacaiúnas Supergroup (ca. 2.76 - 2.73 Ga;

Machado et aI., 1991) was divided into Igarapé Salobo, Igarapé Pojuca, Grão Pará and

Igarapé Bahia groups.

The widespread Neoarchean magmatism is also revealed by ca. 2.77 Ga to 2.70

Ga mafic-ultramafic intrusions (e.g. Luanga Complex; Jorge João et ai., 1982; Machado

et ai., 1991; Ézio Complex; Silva, 2016; Cateté lntrusive Suite ; Lafon et ai., 2000;

Macambira & Vale, 1997) and coeval emplacement of gabbro, norite and diorite (e.g.

Diopside Norite Pium; Cristalino Diorite; Huhn et aI. , 1999b) and granite.

The ca. 2.7S to 2.70 Ga granites are foliated and alkaline to metaluminous (e.g.

Planalto; Huhn et ai., 1999a; Feio et ai., 2012, Plaquê; Avelal' , 1996 , Estrela; Barros et

aI. 2001 , Serra do Rabo; Sardinha et ai., 2001 , Igarapé Gelado; Barbosa, 2004, Pedra

Branca, Huhn et ai., 1999b; Feio et ai. aI., 2012; Sossego Granophyric Granite; Moreto

et aI. , 201Sa, Castanha; Moreto et ai., 201Sa). The Old Salobo and Itaciaúnas granites

(ca. 2.57 Ga; Machado et al., 1991; Souza et al., 1996) were identified locally within

the Cinzento Shear Zone.

The Águas Claras Formation represents a metasedimentary sequence (Nogueira

et ai. 1995) formed in marine to fluvial environment. This formation is crosscut by a ca.

2.6 Ga gabbroic sill (Dias et ai. 1996; Mougeot et ai. 1996), but has diagenetic sulfides

in metarenites with Pb-Pb ages of ca. 2.06 Ga (Mougeot et ai. 1996).
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Cenozoic Neoarchean Convention

Lateritic Cover 2.76 to 2.74 Ga granites Contact

Neoproterozoic 2.74 Ga Pium Diopside Norite ~ Thrust fault

O Araguaia Belt 2.73 to 2.76 Ga Fault

Paleoproterozoic Itacaiúnas Supergroup -->. Transcuren t
~

shearzone• Bacajá Domain O Igarapé Bahia Group

Carajás Domain lZJ Grão Pará Group -->. Transpressional....o....-
~

shearzone• 1.88 Ga A-type granite O Igarapé Pojuca Group

O Igarapé Salobo Group ~ Mine

Neoarchean
Rio Novo Group se "Garimpo"

O Aguas Claras Formation
®Santa Inês Gabbro Mesoarchean Deposit

• 2.76 Ga mafic-ultramafic O Chicrim-Cateté Orthogranulite (!) City

layered intrusion O Xingu Complex O Jatobá

Figure 1. A. Location of the Carajás Province in the Amazon Craton. B. Division ofthe Carajás Province
into the Rio Maria (RMD) and Carajás (CD) domains, and its north limit with the Paleoproterozoic
Bacajá Domain (DB). C. Geologica l map of the Carajás Domain (Vazq uez et ai., 2008b), showing lhe
location of main mines and mineral deposits, includ ing the Jatobá deposit (blue rectangle).

ln lhe Carajás Domain (Fig. l C), Paleoproterozoic (ca. 1.88 Ga) granites

comprise the alkaline and subalkaline A2-type Serra dos Carajás, Young Salobo, Pojuca,

Breves, Central de Carajás, Cigano and Rio Branco suítes (Machado et ai. 1991,

Dali 'Agno ll et aI. 1994, Tallarico 2003).
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2. Iron oxide-copper-gold deposits of the Carajás Province

The iron oxide-copper-gold deposits of the Carajás Pro vince are recognized in

the Carajás Domain, in the Northem and Southern Copper belts. ln the northem belt are

known the giant Salobo (1.112 Bt @ 0,69 % wt % Cu and 0,43 gjt Au; VALE, 2012) and

Igarapé BahialAlemão (219 Mt @ 1,4% Cu and 0,86 gjt Au (Tallarico et aI., 2005),

Fumas (500 Mt @ 0,7% Cu; VALE, 2010), Igarapé Cinzento/GT46, Grota Funda,

Paulo Afonso e Polo deposits. ln the So uthern Copper Belt, the Sossego, (355 Mt @ 1,5

% Cu and 0,28 g/t Au; Lancaster et aI., 2000), Cristalino (482 Mt @ 0,65 % Cu and 0,06

g/t Au; NCL Brasil, 2005) and Alvo 118 (170 Mt @ 1,0% Cu e 0,3 g/t Au; Rigon et aI.,

2000) deposits, and several other under evaluation (e.g. Castanha, Bacaba, Bacuri,

Visconde, Cristalino 88 , Borrachudos, Jatobá).

ln the Northern Copper Belt, the IOCG deposits are hosted by Mesoarchean

orthogneisses, Neoarchean deformed granitoids (e.g. ca. 2,74 Ga Igarapé Gelado Suite;

ca. 2,57 Ga Old Salobo Granite) and metavolcanosedimentary units of the Itacaiúnas

Supergroup. At Salobo, fayalite -almandine-grunerite-(tourmaline)- and magnetite-rich

rocks are closely related to orebodies, composed mainly of bornite-chaIcocite

(chaIcopyrite) within the ductile Cinzento Shear Zone (Lindenmayer, 2003; Réquia et

aI. 2003; Melo et aI., 2017).

ln the Southern Copper Belt, the Sossego deposit is mainly hosted mainly by

Mesoarchean units (e.g. 3 .0 Ga Sequeirinho granite and ca. 2.97 Ga greens tone belt

lenses) cut by ca. 2.74 Ga A2-type granites and gabbronorites (Moreto et aI., 2015a).

Other deposits are hosted by the ca. 2.74 Ga mafic and acid metavoIcanic units of the

Itacaiúnas Supergroup (e.g. Cristalino , Alvo 118, Castanha, Borrachudos; Torresi et aI.,

2012; Moreto et aI., 2015; Previato, 2016). Hydrothermal alteration patterns reveal a

general evolution from sodic (albite-scapolite), sodic-caIcic (albite-actinolite), potassic

(K-CI hastingsite-biotite-tourmaline) alteration followed by chlorite, carbonate and late

calcic or hydrolytic alteration. Scapolite alteration is especially well developed in mafic

metavoIcanic rocks, although scapolite veins are also regionally recognized in granites

and gabbros. Magnetite-(apatite)-rich rocks are spatially related to sodic-caIcic

alteration controlled by ductile or ductile-brittle structures. ChaIcopyrite-bearing ore

zones comprise hydraulic breccias, veins and stockworks enveloped by chlorite

alteration zones (Réquia et aI., 2003; Lindenmayer, 2003; Villas et aI., 2006; Augusto et

aI., 2008; Monteiro et aI., 2008a; 2008b; Xavier et aI., 2008; 2009; Pestilho, 2011;
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Xavier et aI., 2010, 2012; Torresi et aI., 2012; Melo et aI., 2014; Silva et aI., 2015;

Moreto et a., 2015a, 2015b).

MuItiple IOCG events have been recognized in the Carajás Province, even in a

single deposito The oldest 10CG event (ca. 2.74 Ga - 2.70 Ga) was identified in the

Igarapé Bahia (Pb-Pb ages; Galarza et al., 2003) and Salobo (Pb-Pb ages; Tassinari et

aI., 2003) deposits, in the Northern Copper Belt, and at Sossego (e.g. Sequeirinho and

Pista orebodies; LA-ICP-MS U-Pb monazite and Re-Os molybdenite; Moreto et aI.,

2015a). These Neoarchean ages are synchronous or late in relation to that of the more

expressive magmatic event of the Carajás Oomain, which was responsible by

metavolcanosedimentary units, mafic-uItramafic complexes, A2-type granites and

gabbronori teso

Precise geochronological data for the Igarapé Bahia and Salobo deposits also

point out to a ca. 2.57 Ga age, coeval to that of the Old Salobo granite emplacement

(e.g. U-Pb SHRIMP monazite; Re-Os molybdenite; Réquia et ai., 2003, TalIarico et ai.,

2005). ln addition, the ca. 1.88 Ga age, similar to that of the Orosirian A2-type

magmatism, was identified in the Alvo 118 and Sossego (e.g . Sossego and Curral

orebody) deposits (TalIarico, 2003; Moreto et ai., 2015a). Thus, the Carajás 10CG

deposits share a complex evolution, in which overprinting and remobilization may be

present.

Intense fIuid-rock interaction and inheritance of the host rocks may in part explain

the diversity of geological attributes on the deposit scale. Fluid incIusion, stable

isotopes (O, H, S, C, B and CI) and Cl/Br ratios indicate that ore genesis was Iinked to

hybrid hydrothermal systems, with magmatic and externalIy-derived (e.g. meteoric,

formational, seawater) compounds (Rosa, 2006; Chiaradia et al., 2006; Oreher et al.,

2008, Monteiro et al., 2008a; Xavier et ai., 2008, 2009; Pestilho, 2011; Xavier el al.,

2010,2012; Torresi et ai., 2012; Silva el al., 2015; Monteiro et aI., 2014). However, the

relative contribution of magmatic and externalIy-derived sources in each metalIogenetic

event (ca. 2.7 Ga; ca. 2.57 Ga; ca. 1.88 Ga) recorded at Carajás is stiII to be unraveled.

ln addition, the magmatic and tectonic controls that alIowed episodic reestablishment of

extensive hydrothermal systems still need to be understood.

3. Methods

ldentification of the paragenetic evolution of the Jatobá deposit was based on

detailed descriptions of cores from eight driII holes (lATO-O I , lATO-02, lATO-03,
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JATD-15, JATFD-21 , JATFD-28, JATD-32 e JATD-33) integrated to petrographic

studies under transmitted and reflect light. Analyses using a scanning electronic

microscope (SEM), LEO 4401 model, coupled to an Oxford Energy Dispersive X-Ray

Spectrometry (EDS) were carried out in the Eletronic Microscope Laboratory of the

Geoscience Institute, University of São Paulo (USP).

The mineral chemistry analysis were made in representative phases from the

different stages of hydrothermal alteration using a JEOL JXA-8530F electronic

microprobe equipped with five WDS and one EDS spectrometers of the Geoscience

Institute, University of São Paulo (USP).

The analytical conditions consisted of voltage acceleration of 15 kV, current of

20 nA and electron beam of 5 um of diameter, except for feldspar analysis, for which a

beam with IOum diameter was used. The counting time was lOs, with the exception of

AI (15 s); Ca and Cr (20 s); Zn, Ba and Cu (30 s); Mn and Sr (40 s), Ni (50 s) and V

(260 s). Volatile phases were included, especially CI. The quality of the analytical

procedure was verified in relation to the Smithsonian and Geller synthetic standards,

under the PRZ Armstrong method (1991).

The results were treated using Excel spreadsheets of the Open University (2010),

followed by adjustments for scapolite, biotite, magnetite and potassium feldspar. The

WinCcac software (Yavuz et aI., 2015) was used to calculate the chlorite structural

formula. For amphiboles, the Excel spreadsheet presented in Locock (2014) was used,

while the subsequent classification of amphiboles was done according to Hawthorne et

aI. (2012). For the graphical presentation of the compositional variations of these

mineraIs, we used the Grapher 12 and Excel softwares.

4. The Jatobá iron-oxide-copper-gold (IOCG) deposit

Geological setting of the Jatobá deposit

The Jatobá deposit is located in the Southern Copper Belt, 3 km north from the

Sossego Mine (Fig. lC). It occurs within the WNW-ESSE-trending Canaã dos Carajás

Shear Zone, which defines the contact between the Mesoarchean TTG orthogneisses,

granitoids and greenstone belt, at south, and the Neoarchean metavolcanosedimentary

units of the Itacaiúnas Supergroup.
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The Jatobá deposit is mainly hosted by metarhyodacites in the footwalI zone and

felsie volcaniclastic-breccias, aside from amygdaloidal metabas alts associated with

mafie metatuffs in lhe hanging walI zon e. Metadiabase and gabbros erosseut alI

metavolcanic units (Fig. 2B) . ln the vicinity of lhe deposit, metaultramafie roeks oeeur

dose lo the south cont act between felsie metavolcanie roeks and lhe Mesoarehean

orthogneisses. ln addition, the metavolcanic roeks are intercepted by a Paleoproterozoie

granite (Vale , 2014; Fig . 2A).

Host rocks

The least-altered metarhyodacite is light gra y, fine-grained, massiv e and

porphyritie (Fig. 3 A) . Bipyramidal quartz phenoerists exhibit blue eoloration, loeally

round ed eon tours, quartz overgrown over its (Fig. 3 B), and gullies and corrosion in gulf

textures (Fig. 3 C). Albite-I phenocrists are also present, although they were strongly

Figure 2. A) Simpli fied geo logical map showing lhe location of lhe Jatobá deposil (VALE, 2104); B)
Geological cross- section of lhe Jalobá depos it, depicting lhe hosl rocks and copper mineralized zones
(modified frorn VALE, 2014).



replaced by hydrothermal mineraIs (e.g. biotite 1; Fig . 3 C). The matrix is fine-grained,

equigranular to unequigranular, and consists of quartz, albite (II) , biotite (1), epidoto (1),

chlorite (1) and apa tite (1).

Figure 3. Ma in fca tures of the least-altered host rocks of the Jatobá deposi t. A) po rphyritic
meta rhyo dacite wi th quar tz and albite (I ) phenocrysts (tra nsmiued light; paralell polars - TL-PP); B)
metarhyodacite with by pirami da l quartz phenocrysts surro unded by late quarlz rim (T L-PP); C)
metarhyodacite wit h bypiram idal quar tz phenocrysts with gullies and corros ion in gulf textures and
plagioc1ase (I) phenocrysts stro ngly replaced by biotit e; O) mafic metavo1canic rock with amyg dales
infill ed by quartz and magnetite (I); E) mafic amyga loidal metavo1canic rock with albite (I) laths
(transmíued light ; crossed polars - TL-CP); F) delail of amygdale in mafic metavo1canic rock infilled by
quar tz, biotite (I ), and subordi nate apatite (I) (TL-CP); G) vo1canic1astic-breccia with angu lar roc k
fragments replaced by fine biotite (I) in ma trix com posed of biotite and quar tz; H) Idem under T L-PP; I
and J) metatu ff wit h fine lithi c frag ments repl aced by biotite (I), K) porph yri tic metadiabase with
plagioc1ase megacrysts repl aced by serici te and carb onate and cut by late albite (IV) veinl ets; L and M)
Blastosubphitic texture in metadiabase with plagioc1ase (albit e I) replaced by sca polite (I) (TL-CP) .
Abbreviations: Otz =quartz; Act =actinoli te; Scp =scapoli te; PI =plagioc1ase; Bt =biot ite; Ab =Alb ite;
Mag = magnetite; Kfs =feld spar; Fe-parg =ferro pargasite; Ap =apa tite.

The amydaloidal metabasalt is isotropic, aphanitic, and dark gray in color (Fig. 3

O) . lntergranular and intersetal texture is composed of thin and dense ripiform albite-I

crystal s (Fig. 3 E) , as well as relic tabul ar plagioclase crystals with well-developed

polysynthetic twinning. Th e amygdales are infilled mainly by biotite, quartz and

euhedric magn etite-II , in addition to smaller amounts of apatite-l (Fig. 3 F).
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Metalapilli and metacrystal tuffs (Fig. 3 G and 3 I, respectively) were intensely

hydrothermally altered. They are dark gray or brown due to their replacement by fine

grained biotite-I crystals, even in undeformed rocks. The metalapilli tuffs are matrix

supported and have angular c1asts smaller than 6 cm in diameter and intensely

substituted by biotite-I (Fig. 3 H). The crystal tuff consists of more than 75% of

plagioclase crystals, which are often deformed and also has fragments replaced by

biotite-I (Fig. 3 J).

Metadiabase crosscut the metavolcanic and metavolcaniclastic rocks. It is dark

green in color, phaneritic, fine- to medium-grained and usually isotropic (Fig. 3 K).

Local porphyritic texture is made of plagioclase megacrysts strongly replaced by

c1inozoisite and sericite (Fig. 3 K). The subophitic and intergranular texture is

characterized by the euhedral laths of plagioclase with cloudy appearance, replaced by

albite-I, partially included in metamorphic actinolite-I (Fig. 3 L and 3 M). Fine

magnetite-I crystals included in the actinolite denote the trellis-like texture (Fig. 7 A

and 7 B). The actinolite-I has ferro-pargasite rims with strong bluish pleochroism and

pale greenish cores. ln tum, albite is partially to completely replaced by scapolite (Fig. 3

M). Interstitial crystals of ferro-pargasite and biotite make up the intergranular textural

arrangement (Fig. 3 M).

Mylonitization within the Canaã Shear Zone

The development of the Canaã Shear Zone enables the regional fluid flow and

extensive hydrothermal alteration zones with severaI hundred meters in the high-angle

interface between the footwall and hanging wall zones. Shear features in the

metarhyodacites (Fig. 4 A and Fig. 5) include mylonitic foliation, S-C pairs, almond

shaped albite or scapolite porphyroclasts involved by pressure shadows made of biotite,

hastingsite (± actinolite) and quartz (Fig. 4 B), undulose extinction, subgrain formation

in coronas, and grain boundary migration, which are often observed in the quartz

blastophenocrysts. Quartz ribbons are present (Fig. 4 C), besides cataclasis of quartz

megacrysts (Fig. 4D). (Scapolite)-actinolite-biotite mylonites are the main product of

deformation of metarhyodacites within shear zones (Fig. 4 A).

ln metabasalts (Fig. 4 E), magnetite replaces previous infilling mineraIs in

amygdales and is involved by pressure shadows (Fig. 4F) composed of fine crystals of

biotite, hastingsite (± actinolite) and quartz (Fig. 4G), and have asymmetric defonnation

tails composed of fine quartz and scapolite. Quartz and chalcedony occur as infilling of
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stretched amygdales (Fig. 4 G). Scapolite-biotite-hastingsite mylonites represent

strongly deformed and hydrothermally altered metabasalts.

Deform ational features III metadiabase (Fig. 4 H) are represented by

nematolepidoblastic texture made of hastingsite + chlorite (± actinolite), and

subordinately fine sulfides, magnetite, titanite, and leucoxene (Fig. 4 1). ln addition,

microboudinage of these porphyrocl asts and quartz ribbons are common (Fig. 4 I).

Figure 4. Maero and mierose opie fea tures of deformed and strongly hydrothermalized host roeks of the
Jatobá deposit. A to O: feat ures of deformed in metarhyodacite with; A) porphyritie metar hyodacite
subst ituted by biotite (1) and by aeti nolite (II) fronts; B) deformed albite- I megaerystal with pressure
shadow (T L-PP); C) preserved quartz blasto phe noerysts and quartz ribbons associa ted with fine grained
biotit e (TL-PP ); O) fraetured quartz blastoph enoerysts (T L-PP); E and F: features of deformed in
amyda loidal metabasalt with; E) metabasalt replaeed by sea polite (I) and biotite (II) and with magnetit e
infilling in amygdales; F) deformed magnetit e (I) with pressure shadow in metabaslt (T L-PP); G)
defomed quartz in reeryslalli zed amygdale in metabasalt replaeed by Cl-K-hastingsite (1) and biotite (II)
(TL-PP); H and I: features of deformed in metadiabase with; H) metadiabase replaeed by fine bio tite (I)
and seapolite (1) with overpri nting of biotite (II) and hastingsite (1) ; I) quartz ribbons in foliated
metadiabase, in whieh lhe subophitie texture was strongly ob literated (T L-PP). Abbreviations: Qtz =
quartz; Aet = actinol ite; Cl -Kvhast-I = hastingsite; Sep = escapolite; Bt = bíotite; Ab = alb ite; Ms =
rnuscovite; Mag = magnetit e.
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Hydrotherrnal alteration

Hydrothermal alteration was strongly controlled by the shear zone (Fig. 5),

however strongly pervasive alteration was also developed in isotropic rocks.

Proximal and distal hydrothermal alteration halos towards copper mineralization

zones, recurrence of alteration stages and telescoping were observed.

The hierarchy of hydrothermal alteration stages and paragenetic evolution was

established on lhe basis of the relationship between mineral blastesis and

microstructures, considering pre-, syn, and post-shearing structures (Fig. 5; Fig. 14).

EARLY PRE-SHEARING HYDROTHERMAL ALTERATION

Silicification associated with biotite, magnetite and apatite

ln the undeformed metabasalts (Fig. 6 A), quartz occurs as infilling of amygdales

associated with biotite (I), euhedral to subeuhedral magnetite (II; Fig. 7 C and D) and

Cl-apatite (I) assemblage (Fig. 6 B to 6 D). ln isotropic metabasic rocks, such as

metadiabase, incipient silicification was accompanied by alteration of the magmatic

magnetite (II), resulting in ilmenite lamellae replaced by leucoxene with a trellis texture.

ln the metarhyodacite, a similar mineral association (quartz-biotite-magnelite-apatite)

was developed in pervasive alteration fronts that replace the rock matrix and occur as

infilIs (Fig. 4 C).

Sodic alteration

Formation of albite (Ab - I): Sodic alteration is recognized in alI host rocks and confers

differentiated staining depending on the host rock nature: whitish pink in metabasic

rocks and intense pink color in metarhyodacites, possibly due to the presence of very

fine inclusions of hematite. The sodic alteration is welI developed and selective. Cloudy

albite occurs exclusively as replacement of preexisting igneous feldspars with geminate

texture (Fig. 6 F to 6 G). ln rocks affected by weak sodic alteration, the recognition of

subophitic texture in metadiabase (Fig. 6 F to 6G) and porphyritic character of

metarhyodacites is still possible (Fig. 6 1 and 6K), even after the albite (I) formation. ln

the latter, however, pervasive fronts with clear subdioblastic albite-(quartz) are also

common.

Scapolite formation (Scp I): Scapolite alteration comprises one of the most extensive

types of hydrothermal alteration in the host rocks of the Jatob á deposit.
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Figure 5. Dis tribution of pre-, syn-, and post-shear íng types of hydrothermal alteration in lhe Ja tobá
deposit. A to F: features in iso tropic roc ks; A) metabasalt wit h am ygd ales infilled by qu artz and partially
repl aced by biotite (I) ; B) amygda les with qu ar tz and magn etite (II) tha t repl ace orig inal in filling in
metabasal t; C) Albite (II ) alteration fro nts in melarhyodaci te; O) scapo lite (I) and biot ite (I ) in
metadiabase; E) K-feldsp ar repl aces previous sacpo lite (1) in metadi abase; F) quartz-magn eti te vei n in the
meladi ab ase; G lo L: hyd ro thermal altera tio n co ntrolled by my lonitic foli ation ; G) rnetabasal t replaced by
bio tite (II) and scapolite; H) fo liated amygda loida l metabasal t wit h hast ingsite (I ) develop ed along the
myloni tic foli at ion; I) metadia base replaced by magn etite and hasting site; J) metarhyod acite st rongly
replaced by ac tino li te (II ); K) si licification associa ted with ac tinol ite (II) in the metarhyod aci te; L)
metadi ab ase with potassic altera tio n with K-feldspar ; M to R: fiss ural-co ntrolled al teration; M) Vein
infilled by fib rou s scapo lite (III) par tilaly repl aced by albite, ep ído te and se ricite in the metad iabase; N)
quartz ve in with coarse biot ite in lhe metadi ab ase (III ); O) Metarh yod acite repl aced by ac tinolite (II ) and
thereafter by coarse green biot ite (III ); P) chlorite (II) ve inlets cut previou s potassic alte ratio n zo ne in the
metarh yod acite; Q) potass ic a ltera tion with K-feld spar with intense red colour due to tiny hematite
inc!usions crosscut by calcite; R) breccia with fragme nts of potassic-altered rock invol ved by ca lci te.
Abbreviation: Qtz =qu art z; Act =actinolite ; CI-K-hast-I =hastingsite; Scp =sca po lite; Bt =biotite; Ab
= albite; Mag = magnetite.
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Figure 6. Mai n ea rly pre-tectonic hyd rolh ermal altera tion in lhe Jatobá deposi l. A to O) amyda loida l
metab asalt w ith: A) amygdale infi lIed by quartz (1) and magn et ite (1); B) pervasive potass íc al terat ion
with bio tite (1) and amygdale with qua rtz and bio tite (1); C) magn et ite wit h pressure shadow in amygdale
(T L-PP) ; O) actino li te (II) in amygda le (T L-PP); E) rnetadi ab ase wit h pervasíve potassic alte ration with
biotite (1) and fiss ura l a lbite (I) and K-feldspar (1) alte rat io n; F and G) albite (1) in melad iabase partially
repl aced by scapo lite (I ) (TL-PP and TL-CP); H) Ferro-pa rgasite assoc íated with scapolile (I) replaci ng
acti no lite (I) in metadi ab asc (TL-PP); I) previous albite (1) porphyrobl asts replaced by sca po lite (1) and
K-feldsp ar (1) (TL-CP); J and K) porphyrití c metarh yod acit e wi th plagiocIase and qua rtzo phenocrysts
in rnatrix composed of fine bio tite (I) (TL-PP); plagiocI ase was parti ally repl aced by albi tc (1), sca polite
(I) and bioti te ; L) rne tarh yod acite with scapo litc (1) replaced by K-felds pa r in its co re and by chlo rite in
lhe rim s (TL-PP); M) melarhyod acile with lourmaline associaled with biotite (I) (TL-PP).
Abbreviations: Q IZ = quarl z; Act = Actinolite ; Cl-Kvl-las t-I = Cl-Kvhastingsite ; Scp = sca po lite ; Bt
Biotite; Ab =Alb íte; Mag =Magn etite.
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This alteration type gives to the affected rocks a whitish to Iight cream color

(Fig. 6 E). Scapolite (I) initially occurs on the edges of the cloudy albite (I) crystals.

Locally, only albite cores involved by scapolite are recognized (Fig. 6 F and 6 G). ln

pervasive alteration zones, scapolite occurs as rounded, milimetric to sub-centimetric

(up to 0.6 cm) porphyroblasts with irregular or reentrant rims or as amoeboid-shaped

crystals dispersed in the matrix of rocks.

Sodic-calcic alteration

Ferro-pargasite fonnation: Ferro-pargasite is recognized in least-altered metadiabase

portions. It has intense bluish pleochroism and occurs as fine crystals with pseudo

prismatic, replacing the borders of the metamorphic actinolite (act - I) (Fig. 6 H). It also

occurs on the borders of scapolite (I) crystals.

Potassic alteration

Formation of biotite (Bt I): The initial formation of biotite (I) was coeval to

silicification and associated magnetite-apatite formation. Biotite (I) is commonly

recognized in metabasalts as infilling of old vesicles (Fig. 3 F and 6 B), which

commonly occurs as infillings of amygdales. However, biotite (I) formation extended

for longer and biotite also represents the main hydrothermal mineral phase in extensive

alteration zones with weak silicification. Brown biotite occurs associated with

subordinated magnetite (I), quartz, Ce-allanite (I), Cl-apatite (I), K-feldspar, and

tourmaline (Fig. 6 M). ln metadiabase, biotite (I) occurs as thin aggregates that replace

actinolite (I) crystals (Fig. 6 H). ln the metarhyodacites, biotite fronts replace the

matrix, formerly substituted by silicification-biotite-magnetite-apatite. It also replaces

partially albite megacrystals (Fig. 6K).

ln the metarhyodacites, subdioblastic, fine to medium tourmaline crystals are

associated with biotite (I; (Fig. 6M). Zoned crystals have brown rims with green-bluish

cores, but crystals without zoning are predominantly dark green and/or brown (Fig. 6

K).

Formation of potassic feldspar: ln metadiabase, K-feldspar is formed in expenses of the

nuclei of the preexisting scapolite crystals (Fig. 6 I and 6 L), whereas in the

metarhyodacite replacement of the pseudomorphic albite megacrysts is commonly

observed, with remarkable association with allanite, clinozoisite and chlorite (I).
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Potassic alteration fronts are composed of fine aggregates of K-feldspar crystals with a

cloudy appearance, giving the rock an intense reddish-pink color due to tiny hematite

inclusions.

Fonnation of early vein magnetite (MI III + quarlz): Veins and veinlets with coarse

magnetite crystals and quartz (up to 1.5 cm) crosscut foliated and intensely altered rocks

(Fig. 5 F). Superposed deformation is evidenced by the recrystalIized texture of quartz

and by microfraturation in both minerais. The veins are also composed of titanite (Tit _

I), chiorite (Chi - II), fine adularia and ilmenite (Ilm - I) crystals. The latter is commonly

replaced by titanite (Til - II) and hematite, besides subordinate brookite/rutile and

pseudobrookite. The coarse magnetite crystals exhibit, according to different

crystalIographic planes, distinct lamelIae composed of ilmenite and hercinite. Fine

chaIcopyrite crystals occur as inclusions in the magnetite (Fig. 7 E and F).

Formation of Chlorile : The development of chlorite in the Jatobá deposit is recognized

in alI host rocks and is responsible by their characteristic green colour. Chlorite (I)

replaces amphibole, scapolite, K-feldspar and biotite, even in least-deformed rocks (Fig.

8 C).

MAIN SYN-SHEARING HYDROTHERMAL ALTERATION

Sodic-tcalcic) alteration (II)

Formation of scapolite (Scp - II): Scapolite (II) occurs on the borders of previous

stretched porphyroclasts of scapolite (I), which has cores strangly replaced by K

feldspar and chlorite. This scapolite generation differs fram the first due to its mode of

occurrence and clear appearance (Fig. 8 B and C). The mineral was distinguished by its

elevated refractive index and birefringence, and has composition intermediate in

relation to that of the marialite-meionite end-members. ln mylonitic rocks, scapolite (I)

frequentIy behaves as porphyroclasts with pressure shadows composed of K-CI

hastingsite and biotite, both conforming to each other (Fig. 8B, C).
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Formation of Cl-K-hastingsite (Hs- 1): Cl-K-hastingsite (I), associated with

subordinated biotite, is recognized in mylonitic rocks in the hanging wall zone of the

Jatobá deposit. It was developed mainly in hydrothermally altered mafic protoliths, both

metadiabase and basaIts, giving a green-bluish color to these rocks (Fig. 8 A and D,

respectively). Its formation along mylonitic foliation in metarhyodacites is incipient. Cl

K-hastingsite (I) crystals have blue and bluish green pleochroism, prismatic habit,

contacts with each other rectilinear and orientation along the mylonitic foliation,

resulting in nematoblastic or decussate texture (Fig. 8 E and F). Locally Cl-K

hastingsite (I) crystals represent pseudomorphs after scapolite (I) and commonly are

recognized in shadow pressures and deformational tails around scapolite (I)

porphyroclasts.

/ron enrichment (Massive magnetite bodies - Mt IV): Massive magnetite bodies

represent proximal envelopes of mineralized zones and are well develop along the

contact zones between metarhyodacites and metabasalts and within the latter. The

magnetitite may reach up to 60 m and is composed of coarse euhedral to subeuhedral

magnetite (IV) crystals, commonly cut by fibrous actinolite (II) and apatite (Fig. 7 G

and 7H).

Formation of Actinolite (Act II): Actinolite (II) is fonned mainly in the footwall zone

and replaces the mylonitic metarhyodacites, giving a greenish colour to these rocks.

(Fig. 8 G). Bundles of fibrous and fine actinolite crystals associated with apatite define

the mylonitic foliation (Fig . 9 G and H). Actinolite (II), associated with Cl-apatite (II),

Ce-allanite (III), crosscut the massive magnetite (IV) zones (Fig. 9 G and H) and is

closely related with the initial mineralization stage at Jatobá. Rare occurrences of

fibrous actinolite (II) were identified in the metabasic rocks , notably in metabasaIts,

infilling older amygdales (Fig. 6 D; 8 J).

Formation of hornblende: Hornblende crystals are observed in metabasic rocks. They

occur as euhedral crystals oriented along the mylonitic foliation with strong dark green

and paie yellow pleochroism. Cummingtonite and magnesio-ferri-hornblende have also

been identified in zones with well-developed Cl-Kvhastingsite (I), but their occurrence

is quite subordinate.
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Figure 8. Main feat ures of sy n-tectonic hydrothermal alteration in the Jatobá deposit. A to C:
meladiabase with sodic-ca lcic and potassic altera tion; A) replacemenl of folia led metadiabase by biotit e
(II) , hastingsite and sca polite (I ); B) de formed scapolite (I ) porph yrobl asl with scapolite (II) in íts rim and
pressure shadow wit h hastingstite (1) and quartz (TL-PP ); C) c1ear scapolite (II ) on lhe border of a
st retc hed scapo lite (1) crystal; sca polite (1) was replaced by K-feldspar and chlorite (TL-PP); O to E:
metabasall with so die -ca leic and potassic alte raticn; O) folialed metabasalt with stretched amyg da les
infilled by biotite (I) and quar tz and mylonitie foliation defined by bio tite (II) and CI-K-hastingsile (1); E)
CI-K-hastingsite (1) involves and rep laces previous act inolite (1) (TL-PP); F) scapolite (I ) porphyroblasts
with pressur e shado w and folia tion defined by CI-K-haslingsite (1) and biotite (II) (TL-PP); G to K:
porph yrit ic metarh yod acite; G) magnetite-rich rock replaced by aclinolite (II) and apat ite (II); H) Biotite
(II) along lhe mylonitie fol iation and relicts of actinolíte (II ) in the porp hyri tic metarhyodacite with
deformed quartz blastoph eno crysl (TL-PP); I) deformed scapolite (I) porphyrobl asls parti ally or totally
replaced by euhedra l hornblende and CI-K-hast ingsite (T L-PP); J to K: intense potassic alleration; J)
metabasal t wi th amygdales infilled by actinolite (II) and mylonitic folialion defined by biot ite (II),
magn etite (IV), apa tite (111) e ± quartz; K) boudin neck in scapo lite (1) infilled by biotite (II) and
magn etite (IV). Abbreviation: Qtz = quartz; Act = actinolite; Cl-Kvhast-I = CI-K-hastingsite; Scp =
scapolite; Bt =biotite; Ab =albite; Mag =magn etite.
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Potassic alteration (II) (Bt II and Kfs): The potassic alteration (II) is widespread in ali

the host rocks at Jatobá, including the metavolcaniclastic lithotypes. Pervasive fronts of

potassic aIteration (II) overprint the previous sodic and sodic-calcic (II) alteration zones .

The mineral assemblage of the potassic alteration (II) comprises Cl-biotite (II), quartz,

Co-magnetite (IV), Cl-apatite (III) , and Ce-allanite (III) (Fig. 8 J and K).

Cl-biotite (II) has dark brown lo reddish color, occurs in aggregates of fine

anhedral crystals, and defines a lepidoblastic texture along the mylonitic folialion. Co

magnetite-IV grains have fine ilmenite inclusions on their edges. Allanite commonly

occurs as coarse euhedral lo subeuhedral crystals with strong compositional zoning.

This mineral association is aiso recognized in crystallization tails in pressure

shadows, narrow subgrain mats, as well as ribbons and millirneter infills. Additionally,

a distinct potassic alteration (II) assembly represented by Cl-biotite (II) and CI-K

hastingsite (I) and quartz occurs preferentially in the mylonitized metabasic rocks.

Potassic alteration with K-feldspar is also parlially controlled by mylonitic

foliation (Fig. 5 L) and overprints alteration zones with CI-K-hastingsite (I). This

alteration confers intense red colour to the rock due to tiny hematite inclusions.

LATE HYDROTHERMAL ALTERATION

Sodic-calcic alteration (III)

Scapolite (III): Scapolite (III) occurs in thick veins (up to 1 m) composed of large, well

developed prismatic or fibrous crystals, white to slightly creamy in colour, sectioning

foliated rocks and previous hydrothermal alteration zones (Fig. 9 A). Incipient

retrograde alteration of the scapolite (III) to sericite, pyrophyllite, chlorite, albite and

carbonate (Fig. 9 B). ln addition, these veins represent proximal regions in relation to

the mineralized intervals associated with chloritization, which are characterized by

chalcopyrite associated with chlorite-epidote ± albite ± calcite ± feldspar. Often these

thick veins are crosscut by late veinlets with coarse crystals of biotite (III; Fig. 9 C).

Formation of Scapolite (IV) and CI-K-Hastingsite (II): Late veinlets infilled by scapolite

(IV) and Cl-Kvhastingsite (II) and biotite (III; Fig. 9 D) replacernent fronts wíth fibrous

scapolite (III; (Fig. 9 F). Both minerais are oriented parallel to the veinlets walls. CI-K

hastingsite (II) is prismatic and has dark blue lo purple pleochroism.



Potassic alteration II! and fale a/leralion stages:

Formation of biotite (Bt III): The biotite (III) difers from the previous biotite

generations due to its coarser crystals, paler brown or green colour, and occurrence in

late barren or mineralized veins. Green biotite, scapolite (IV) and Cl-K-hastingsite (II)

also occurs associated, cutting those areas of fibrous escapolite (III) veins (Fig. 9 E and

9 F). Veinlets composed of quartz, albite (IV) and fibrous-radiated stilpnomelane

crystals are also identified (Fig. 9 G to 9 H). Fine late carbonate (III) veinlets cut ali

these veins (Fig. 9 I).
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Figure 9. Main features of late tectonic
hydrotherrnal aiteration in the Jatobá deposit; A
to E: porphyritic rnetarhyodacite; A) fibrous
sca polite (III) vein with albite (II) and Kfeldspar
in its rirns; scapolite has retrograde aitera tion to
sericite and epidote; B) sca polite (III) replaced by
sericite, epidote (I) and ca rbonate (II); TL-CP);
C) Brecciated scapolite (III) crys tals associated
with biotite (III) infill (TL-PP); D) vein infilled
by CI-K-hasti ngsite, biotit e (III), albite (IV),
scapolite (IV) and chalcopyrity; E) veinlet infilled
by biotite (III) , apati te (IV) and scapolite (IV)
cuuing lhe rock previouly replaced by biotite (II)
(TL-PP); F) veinlet infill ed by biotil e (III),
scapolite (IV) , quartz and chalcopyrite (TL-PP);
G to I: chlorite aiteration in mctabasalt; H)
veinlet with quartz, st ilpnornelan e and albitc (IV)
culling chlorite-rich zones (IV); H) delail of G)
showing lhe slilpnornelane-albite (IV) association
(TL-CP); I) late chlorit e (II) aiteration front
replaces fine biotite (II) and coa rse biotite (III)
and thereafler cut by late calcit e (II) veinlets (TL
PP). Abbreviation: Qtz =quartz; Hs =
hastingsile; Scp = scapolite; Bl = biot ile; Ab =
albite; Ccp = chalcopyrite; Chi = chlorite; Stp =
stilpnornelane; Cal = ca lcite; Ser = sericite; Ep =
ep idote; Kfs = K-feldspar.

Formation of K-feldspar: K-feldspar represents an infill of late veinlets and barren or

mineralized veins . The K-feldspar has cloudy appea rance, giving the rock an intense red

color due to tiny hematite inclusions.

Formation of Chlorite: Chlorite (II) occurs in pervasive alteration fronts and veinlet

systems crosscutting previously altered rocks (Fig. 9 I).
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Calcite Fortnation: Calcite occurs in late veinlets that intercepts rocks with potassic (Bt

II and Bt III - Kfs II) and chlorite alteration (II; Fig. 9 1) and in the matrix of breccias

with fragments of potassic-altered rock.

Copper-goId mineralization

The copper-gold mineralized zones recognized in the Jatobá deposit comprise

swarms of vertical to subvertical orebodies, with thicknesses ranging from 1.3 to 18.4

m. Mineralization styles incIude disseminations and massive ore in replacement fronts

controlled by the mylonitic foliation, hydrothermal breccias, as well as stockworks, vein

and veinlet systems. Spatial relationship among metadiabase dikes, contact between

rhyodacites and metabasalts, and mineralized zones is documented at Jatobá. The

mineralized zones, however, were formed in four distinctly temporally separated

episodes, coeval to ductile and ductile-brittle deformational events (Fig. 10).

Mineralization (1) - (Min -I/Act -11): The initial mineralization stage at Jatobá (Fig. 10

A to 10 C; 11 A to E) was related to sodic-calcic aIteration (II) , especially to actinolite

(II) formation in metarhyodacites controlled by the development of the Canaã dos

Carajás Shear Zone (Fig.11 B and 11 C). Actinolite (II) conforms to massive magnetite

bodies, sometimes promoting local brecciation in these bodies, evidencing its posterior

temporal relation with these bodies (Fig. 11 D and 11 E). Actinolite (II) commonly

occurs associated with coarse crystals of Cl-apatite (II), in addition to replacement

fronts composed of Ni-pyrrhotite and Ni-pyrite, and subordinately, Co-chalcopyrite, Ce

allanite (II), Co-pentlandite, quartz and, Ce-monazite, which make up the ore

paragenesis of this stage (Fig. 11 B to 11 E). Co-pentlandite occurs as probable

exsolution lamellae in Ni-pyrrhotite. ln addition, fine Ni-pyrrhotite crystals, actinolite

(II), magnetite (IV) and subordinate quartz constitute replacement fronts and brecciated

zones with up to 40 cm.

Mineralization 11(Min - IIIBt - 11): The second copper mineralization stage is temporal

and spatially related to the development of the potassic aIteration (II), which pervasively

and indiscriminately affects the main host rocks ofthe Jatobá deposit (Fig. 10 Dto 10 F;

11F to 111). It was also related to the development of the Canaã Shear Zone.

Mineralized zones are developed in portions were biotite (II) was formed at the expense

of actinolite (II) in mylonitic rocks.
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Mineralization I
IActinolite-I "

Figu r e 10. Distribution of the main macroscopic fea tures of lhe different mineralization stages and sty les
of the Jatob á de posito A to C: first min eralízin g stage wi th progressive increase of pyrrh ot ite co ntents
fro m: A) massive magnetite replaced by py rrhotite and subo rdinate chalcopyri te and ac tino lite (II); B)
massive magn e tite with replacement fron t co mposed of pyrrhotite and subordi nate chalcopyrite and
ac tinolite (II); C) breccia with fragme nts of magnet ite (III) and mat rix of py rrhoti te; D to F: second
mineralization s tage; D) massive magn et ite (III) cut by front wit h chalco pyrite, pyrrhot ite, biotite (II) and
mi no r qu artz contro lled by myloni tic folia tion ; E) chalcopyrite associa te with qua rtz and biot ite (II) ,
whic h defines the mylon itic foliat ion; F) breccia with mal rix composed of chalcopyri te, bio tite ( II) and
quartz and fragme nts of metarhyo daci te replaced by biot ite (I ); G to I: third mineralizing stage wit h vei ns
and ve inlets infilled by chalcopy rite associated wit h bíotite (III) and quartz; J to L : fourth mineralizing
stage represen ted by ve ins an d breccias; J) veinlet infilled by cha lcopyrite, ch lorite (II), quartz and
calcite; K) qu ar z vein wit h chalcopyrite and subordinale ch lorite and albite; L) vein infilled by
ch alcopyrite, chlorite (II) an d quartz o Abbreviation : Qtz = quartz; Bt = biotite; Ab = albite; Mag =
magnetite; Ccp = chalcopyrite. Po = py rrho tite .
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Figure 11. Distribution of the main macr o and microscopic features of lhe mineraliz ing stages associa tcd
with du cti lc to ductilc-bri ttle defonnation o f lhe Jatobá deposito A to E: min eralization stage (I) with
zo nes enric hed in pyrrhotite that ofte n crosscut massive magn etit e bodies (Mag III ); A) transi tion of
fol iated and brecciated domains with py rrho tite and minor chalcopyrite; B) my lonitic foliat ion defined by
streched magn e tite (III), fine crystals of act ino lite (II) and pyrrhoti te (reflected light); C) SEM
backscatt er ed im age showing ac tinoli te (II), bio tite (II), chalcopyrite, Ni-Py, Cl-apa tite (II), Ce -allanite
(II), Co -Pe ntlandite and qu ar tz along the mylonitic fol iat ion that co ntou r the massive magn etite (III); Inset
shows the sa rne ficld und er transmitted light , showing lhe association of ac tinolite and biotite; D)
hyd ro ther mal breccia wit h py rrhoti te associated wit h pyrrho tite, Co-c halcopyrite, acti nolite (I I), Cl-apatite
and fragments of magne tite (III) (reflected Iight); E) SEM backscattered image showing Ce-all anite and
Ce-monazite crystals and flarnes of Co -pentland ite in py rrhotite; F to J , mineralization stage (II) with
enrichment in chalcopyrite and, subordi nately, in py rrhotite, disse minated alo ng my lo nitic foliat ion
associated with po tassic a lteration (B t II); F) fo liate d and brecciated massive mag net itite, wh ich was
replaced by c ha lco py rite and pyr rhotite; G) my lonit ic foliat ion defined by bio tite (Bt II), in add ition to
pyri te, ch lo rine -rich apatite and min or qu artz and chalcopy rite (T L-PP); H) ide m und er reflected Iight ; I
and J: SEM backsc att er ed image showing breccia zo ne with Co -rich chalcopy rite, Cl-apatite, pyrrh otite
and fragments o f magn e tite (III) . Abbreviation: Ac t = actínolite; Ap = apa tite; AlI = alla nite; Qtz = quartz;
Bt = biotite; Co-Mag = Co-magnelite; Co-Ccp = Co -chalco pyrite; Co-Pn = Co -pc ntlandi te; Po =
pyrrhotite; Py = pyrite; N í-Py = Ni-pyrit e; Mz = mon azit e; 11m = i1menite.
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The actinolite was converted to biotite, however, it is possible to identify relics of this

mineral within biotite aggregates, commonly partially replaced by chlorite (Fig. 10 G).

A system of strongly oriented and interconnected bodies with Cc-magnetite

(IV), CI-apatite (III), ilmenite (I), Ce-allanite (III) and quartz, besides discrete portions

containing Ni-pyrite and Co-chalcopyrite, are associated wilh the biotite (II) domains

(Fig. 11 G and 11 H).

ln these domains, it is also possible to notice the development of mineralized

breccias, but of localized occurrence (Fig. 11 1 and 11 J). Expressive formation of Co

chalcopyrite, affecting the preexisting bodies of massive magnetite, is observed. The

brechoid zones are associated with biotite (II), CI-apatite (III), ilmenite (I), quartz and

Ni-pyrite and ± Ni-pyrrhotite. Fine-grained Bt (II) and Cl-apatite (III) commonly occur

along the edges of the magnetite crystals. llmenite, however, represents an important

oxide phase (Fig. 11 I). The amounts of Ni-pyrrhotite and Ni-pyrite are lower compared

to those of actinolite (II)-rich mineralized zones.

Mineralization III (Min III/Bt III): The third mineralizing stage recognized in the Jatobá

deposit is distinguished from the others because it is controlled by brittle structures and

associated with stockworks and vem systems (Fig. 10 G to 10 I; 12 A to 12 E). It was

coeval to the paler brown or green biotite (III) formation in veins of up to 4 cm. These

veins are composed of coarse quartz crystals, in addition to scapolite (IV), CI-F-apatite

(IV), and CI-K hastingsite (II) and have typical open-sapce filling textures (Fig. 12 B ).

Co-chalcopyrite and siegenite are the dominant sulfides in veins. Cobaltiferous pyrite

occurs as fine grains on the edges of siegenite crystals (Fig. 1 2 D). It is observed at this

stage the drastic decrease in the magnetite content, which occurs only as

microinclusions in chalcopyrite together with the thiny cassiterite crystals (Fig. 12 E).

Mineralization IV (Min lV/Chi II): Comprises the fourth and last mineralizing stage

(Fig. 10 J to 10 L; Fig. 12 F to 12 J). It was coeval to widespread chlorite (II), quartz,

epidote and calcite development. It occurs in a variety of branching veinlets, which cut

out and isolate portions of rock that have been previously altered, thus giving a brechoid

aspect to the rock.

ln these chlorite-rich domains, the predominant Co-chalcopyrite has in its rims

inclusions of subeuhedral cobaltiferous pyrite crystals. Sphalerite commonly occurs as

. I' . t and more rarely in chalcopyrite. Thiny molybdenite, uraninite andme USIOns m quar z
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monazite inclusions in chalcopyrite wer 1 id if i d b .e a so 1 enti te y using scanning electronic
microscope (SEM) (Fig. 13 I and 12 J).
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Fig ure 12. A to E: Mineralization stagc (III) showing the relationship between coarse biotite (III) and
chalcopyrite in veins controlled by brittle st ructures; A) vein with chalcopyrite, apatite, quartz and biotite
(III); B) vein infilled by biotite (III), Co -chalcopyrite, apatite (IV) and scapolite (IV) crosscutling lhe
metabasall replaced by fine biotite (II) (TL-CP); C) Idem under reflected light; D) Siegenite and Co
pyrite associaled with Co-chalcopyrite (reflected light); E) SEM backscallering image showing inclusion
of siegenite and magnetite (V) in Co -chalcopyrite; tiny cassiterite inclusions occur in magnetite; F to J:
Mineralization stage (IV) highlighling lhe association betwccn chlorite (II) and chalcopyrite; F) Chlorite
(II), chalcopyrite and quartz in breccia zone; G) Ce-allanitc associatcd with chlorite (II) and chalcopyrite
(TL-PP); H) Idem under reflected light; I) SEM image showing molybdenite associaled with quartz and
chlorite (II); J) SEM imagc showi ng tiny inclusio ns of uraninite, molybdenite and monazite in Co
chalco pyrite associated with ch lorite (II) and relicts of biotite (III) . Ab brevia tion: Ap = apat ite; Ce-Aln =
Ce-allanite; Qtz =quartz; Bt =biot ite; Mag =mag neti te; Co-Ccp =Co-chalcopyrite; Co- Py =Co-pyrite;
Mz =monazitc; Mo =mo lybdenite; Mnz =monazitc; Um =uraninite; Sgn =siegenite.
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Variabl y deformed quart h I .z-c a copyn te-K-feldspar veins are express ive. Quartz
has undulose extinction defo ., rmatIon bands and sub-grain formation , whereas K-
feldspar presents a clear appea d .rance an IS undefo nned. ln these veins, chalcopyrite,
molybdenite, Co-pen tlandite and si ., slegemte represent important mineral phases.

Eventual millimeter-wide veinlets consisting essentially of chlorite (Fig. 13 A,

B) cut these rocks and present zo d t t ' "ne ex ures, typically indicative of open-space filling
(Fig. 13 C).

Figure 13. Main feat ures of mineralizalion stage (IV) associaled with chlorite (II) alle ration. A-B)
cha lcopyrite, pyrite and qua rtz vei nlets associated with proximal biotite (lll) and distal chlorite (II); C)
detail of B) showing ve inlets wil h pyri te on the borders and chalco pyrite in its central por tion; ilme nile
and hematile are associated with ch lorile (II); O) SEM image showing bastin ãsite associated with Ni
pyrile and marcasi te and magnelile-h em atite on lhe border of chalcopyrite; E) SEM image showing
bastinãsite, coskreni te and sahamalite associated with pyrite and chalcopyrite. Abbreviations: Mag =
magnetite; Ilm =ilmeni te; Cpy =chalcopyrite; ChI =ch lorite; Hem =hematite; Chm =chamosile; Mrc =
marcasile; Ni-Py = Ni-pyrite; Qz = quar tzo

Magnetite is rare and represents fine grains on the border of these veinlets, not

infreguently, being partial to completely replaced by W-bearing hernatite (up to 1.6%
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. showino lhe hydrotherrnal altera tion and mineralízation stages of lhe
Fig ure 14. Paragenetic sequence L lh:genera (ions from which lhe minerais belong.
Jatobá deposit. Th e numbers represen s

HYDROTHERMALALTERATION

Duetile struetures I Ductíle-brí ttle and brittle struetures

Preleetonic MINERALIZATION

Synt ecton ic tar e lcclon ic

I II III IV
Silld ncaUon (N. ) iIN.·c..C) (K·O ) (Fc) (Ca-P-O) (K·P ·CI) (K·P·O) (Mg ,O) üarren JI)'drol)1Ic

\ 'C'ln1"ROTOUTII .
Ab I Scp lIasl lron Acl (II) Bt (II) Bl (III) Chi (II)n l{ l) oxid e

MINERALS

I
ro. NI·ry Ccp(t NI·Py) [cp . Sn&(1 Cu) (cp .. SphltSnr.

Ca-Marialitc I II
~ II '

eI·BiolÍ lc

~:::
II II III.......... ..

CI·K Hastiugsite I ....H....
Acrinolite , ..... ....!.!.-. ...
Albitc .!' .....rn... ...!X ....
Quanz ....- .......... ........... ...

"Chlorite ..I . .. ...
Cl-Apatite ....I. .... II III .....I.x.....
Cc-Allanitc ....l, .... " u....
K Fcldspar ...... .... -
Ferro pargasitc ....
Ilomblcn de ...... ......
Epidotc - .....
Sericite ..... ....... ........
Calcite ... ..........
Kaolinitc ....
Titanitc .... ....
Bastnãsite ....
Coskrenite ....
Sahamalitc ....

....Adularia

" III IV•.r...Chalcopyritc

.......IL- •l'J•....E.. .~ ..Magnetite •.r•• ... ....
Ni-Pyrrhotitc .....

... ....Ni·Pyritc .....
Co-Pyrite ......- 1-..... 1--.. .... ..

...Siegcnite

l- .....Ilmcnitc
Co-pcntlanditc .....

-Sphalcritc ---Molybdenite

-Cassitcrite .....Rutilc/Brookite .....Pseudobrookite ..... ...... .....
Hematite ......Marcasíte ..... ......
Cc-Monazitc .....
Uraninite .. ........... .....
Gold

.

W, as indicated by EDS analyses). Rare earth carbonates, represen ted by bastnãsite,

coskrenite and sa hamalite, also occur in these borders (Fig. 13 D, E). Ni-p yrite and

ilmeni te occurs in the interm edi ate parts and presents alteration to marcasi te, limonite

and leucoxen e. Chalcopyrite is the dominant sulfide and occupies the central portions of

the vein lets associated with sphalerite crystals. Finally, fine inclu sions of adul aria in the

cobalt pyri te were also identi fied (Fig. 13 D, E). The paragenetic evo lutio n at Jatobá is

shown in the Figu re 14.



Mineral chemistry

Scapolite

Four scapolite generations (Scp I, Scp II, Scp III and Scp IV) have been

identified in the Jatobá deposit (Table 1). The pre-tectonic scapolite (I) occurs in distal

zones in relation to ore zones and replaces directly albite; syn-tectonic scapolite (II)

represents overgrowth to the scapolite (I) porphyroclasts in mylonitic zones; post

tectonic fibrous scapolite (III) occurs in thick veins; and scapolite (IV) in late veinlets

crosscutting fibrous scapolite (III).

The ionic distribution for the scapolite followed the Si + AI = 12 apfu

normalization, as recommended by Teertstra and Sherriff (1997). However, the

recalculation for a total cations sum of 16 ( Lcat ions = 16) was nec essary, as demonstrated

by Kullerud & Erambert (1999). The sum of Si + AI apfu confirms the absence of

vacancies in the T tetrahedral site that has an optimal sum of 12 apfu (Table 1). The M

site has probable vacancies and total sum inferior to the ideal of 4 apfu, similar to that

observed at A site (Table 1).

Ali scapolite generations (Table 1) have low Mg (0.070 to 0.003 apfu), Fe

«0.07 apfu), Ti «0.04 apfu), Mn «0.003 apfu), F «0.051 apfu), and S «0.14ap apfu)

contents. Significant variations in Si (8 .241 to 7.190 apfu), Na-O (2.817 to 1.874 apfu),

Ca (1.423-0.775), KzO (0.74 to 0.43 apfu) and CI (1.016-0.550 apfu) are observed.

Different scapolite generations were classified using the Me parameter

(percentage of meionite among the end-mernbers governed by the equation [Me% =

Ca/(Na + Ca) *100]), as defined by Shaw (1960) and diffused by Teertstra & Sherriff

(1997). The composition of the scapolite was also reported in equivalent terms of the

anorthite content [EqAn =100*(AI-3)/3, (Fig 15 A) with AI calculated on the basis of

16 cations] (Teertstra & Sherriff, 1997).

Scapolite (I) has mizzonitic composition with CI content of 0.470 to 0.702 apfu,

however, some outliers have composition of marialite (Fig 15 A). Scapolite (II) presents

higher CI contents (0.660 to 0.950 apfu) and mizzonitic to marialitic compositions (Fig

15 A). Scapolite (III) is marialitic and reveals gradual increasing of CI contents (0.798

to 1.016 apfu) during the paragenetic evolution (Fig 15 A). The late scapolite (IV),

however, is not part of the sarne trend defined by previous scapolite generatios and has

mizzonitic composition and moderate CI content (0 .764 to 0.897 apfu; Fig 15 A).
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Table 1. Representative chemical composition of scapolite from the Jatobá IOCG deposit.

Event Pre-tec tonlc Syn-tectonlc Late tecton ic

Sa mple
JATD-21 (64,80m) JATD·2 8 (54,22m) JAT D· 15 (87,63m ) JATD-15 (44,35m)

Rock Metadi abase Scp-Hs -Bt mylonite Mcrabasalt Metadiabasc

Mincrn l Scp I (Rim) Scp II (Rim) Scp (1Il) Scp (IV)

SiO,wt% 52 .39 60.74 56.34 55.95

AI,O, 24.63 21.10 22.94 23.44

T iO, 00.00 00.00 0.04 0.01

Fc,O, 0.03 0.10 0.02 0.11

i\l1I0 00 .00 00.00 0.01 0.01

CaO 9.18 6.89 6.35 7.19

Na,O 7.92 8.26 10.35 9.78

K,O 0.30 0.27 0.26 0.38

SO , 0.05 0.02 00.00 0.05

I Óxi dos 94.50 97.36 96.31 96.93

F 0.01 00.00 00.00 00.00

CI 2.35 2.64 3.50 3.09

O=CI 0.530 0.596 0.790 0.697

TOTAL 96 .323 99.427 99.021 99.323

lons nurn ber 011 lhe basis of Si + AI = 12

TSi a.p.u.f. 7.388 8.145 7.672 7.618

TA l'" 4.612 3.855 4.328 4.382

IT 12.00 12.000 12.000 12.000

i\I"AI'" -0.518 -0.520 -0.647 -6.210

l\1+2Fc...... • 0.003 0.10 0.002 0.0 11

i\I+'Mil 00 .00 0.001 0.001 0.002

i\1+'T i 00 .00 00.00 0.004 0.00 1

i\1"Ca 1.387 0.990 0.926 1.049

i\I'Na 2.165 2.147 2.732 2.582

i\I 'K 0.054 0.046 0.046 0.067

Li\I 3.091 2.674 3.064 3.090

AS 0.006 0.002 00.00 0.005

AF 0.024 0.600 0.80S 0.713

AC I 0.562 0.014 00.00 0.019

IA
0.591 0.616 0.808 0.737

Eq . Ali 53.718 28.497 44.283 46.071

Me % 39.0 3 1.6 25.3 28.9

ln the Si versus ~(Na + K) plot (Fig 15B) ali scapolite generations are cIassified

as calcic marialite, which few outliers . The increasing of ~(Na + K) contents from

scapolite (1) to (III) is similar to that observed for Cl, and analogously the Iate scapolite

(IV) has intermediate ~(Na + K) contents between those of scapolite (II) and (III) (Fig

15 B). Th is Iate scapolite generation also has intermediate Si, Na, Ca, and Al'" contents

in relation to scapolite (II) and (III) (Fig 15).
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Figure 16. Compositional variations ofmajor elements and chlorine in seapolite ofthe depósito Jatobá.
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A similar pattern was observed for other major elements in relation to Cl

contents (apfu). The content of Si and Na (apfu) define pos itive correlation with Cl

contents for ali scapolite generations (Fig 16), whereas Ca and Al1V reveal negative

correlation with Cl contents. Clear correlation trends between K (apfu) and Cl (apfu)

were not observed, althought a set of outliers in other graphs appears to be aligned (Fig

16).

Figure IS. A) Cl versus Eq. Anorthite for scapolite ge nerations reeogni zed in lhe Jatobá deposit
(Teertstra & Sherriff, 1997). Th e dashed lines show lhe slo iehiomelry of solid solutions proposed by
Eva ns et al. (1969) for lhe Iields of mar íalit e, mizz onit e and mcíoni te. B) Correlation between Si versus
:E(Na + K) distributed amo ng lhe three main lrend s of ehemieal compositi on in Meionite 15,50 and 65 for
each type of scapolite (T eertstra at al. 1999). Abbreviation s: Sep (I) = scapolite (I); Sep (II) = syn-tectonic
scapoli te (II) ; Sep (III) =fibrous scapolite (III); Sep (IV) =lale seapolite (IV) veinlet.
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ln the Jatobá deposit, amphibole was formed during low-grade metamorphism

and in four sodie-caleic alteration stages developed in distal, proximal and

mineralization zo nes. Its compositional variation and classifieation, based on

Hawthorne et aI. (2012), are shown in Table 2 and Figure 17.

The amphibole cationic distribu tions were calculated on lhe basis of 22 apfu

(OH, F, CI, O), and Fe
3
+ was estimated assumi ng 13 catio ns . The different amphibole

generations show low va lues of Mn «0.035 to 0.007 apfu), Ti «0.037 apfu) and Zn

«0.006 apfu) contents. However, they show large continuous variations of Si (7.953 to

5.794), Mg (3.912 to 0.884), AI1V (2.206 to 0.029) , Fe2+ (2.868 to 0.965), Ca (2.000 to

0.747), CI «0.924 apfu), Na (0.568 to 0.009 apfu), and K (0.449 to 0.01 apfu) contents.

F· 17 CI ifi ti of calcic amphibole [13(Ca + )'13 M2+)/Ill ~ 0.75 apfu] based on Hawthorne et aI.Igure . assi ica IOn ~... . I) d
2012 for amphibole distributed in distal (actinolite I and .pargas~te), proxl~~1 (~ astllJ~:)Jte. ~n .

( . ) I' d ( . lit II d hastingsite II) zones of the Jatoba deposit , Abbreviations: Act - actinolite;mmera ize actmo I e an
Fe-parg = Fe-pargasite; Hast = hastingsite.

ln distal zo nes , in least-altered and deformed mafic rocks, the first amphibole

. , ted by act inolite (I) (Act I' Fig. 18). The second amphibolegeneration IS represen ,

. I s the acti nolite (I) rims and has ferro-pargas ite (Fig. 18), K-ferro-generation rep ace



pargasite ferro-ca nnilloi te and ferro-ferri-tscherrnak ite compositions. It has high er

contents of Fe2
+, Al '", Cl , Na, K and FeJ (Fet + Mg) ratios an d lower Mg conten ts in

relation to act inolite (I), as shown in Fig. 17.
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Figure 18. Chemical varia tions rclatcd lo lhe replacemenl of actinoli te (I) by Ierro-pargasit e in its rims.

The sy n-tectonic hastingsi te (I) is associated with magnesio ferro-hornble nde

and cummingtonite. It is prese nt in praximal scapolite-bio tite-hastingsite mylonites in

rel at ion to mineralization zones . Hastingsite (I) has sign ificant variati on in (N a + K +

2Ca) contents in the C site (Table 2).

ln mineralized zones, syn-tectonic actinolite (II) is ass ociated with magnetite,

pyrrhotite, chalcopyrite, pyrite and Co-pentlandi te. It is characterized by lower contents

of c(Na + K + 2Ca) and c(AI + Fe3
+ + 2Ti) in relation to actinolite (I) (Table 2). Finally,

thin late veinlets sectioning mylonitized and hydrothermally altered rocks contain smal1

crystals of hastingsite (II) associated with paler brawn or gree n biotite (III) and minor

chalcopyrite, which has higher c(Na + K + 2 Ca) contents than syn-tectonic hastingsite

(I) (Fig. 16 and Table 2).

ln general, ferro-pargasite fram distal zones and hast ingsi te (I) and (II) of

mineral ized zones have higher Cl contents than act inolite (I) and (II) (Fig. 19). The

lowest Cl contents are related to syn-tectonic actinolite (II) fram the ea rly

mi neralization stage. Wider variation in CI content s is observed in sy n-te ctonic

hastingsite (I). General trends of negative correlation among Cl and Si , Mg and Ca are

observed. However, ferro-pargasite reveals, in relation to Ca, inheritance fram previous

actinolite (1), which was replaced by this mineral phase (Fig 19). It makes its chemical

evolution differentiated in relation to the other amphibole (Fig 19).
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T abl e 2. Represent ative analysis o f d ifferent amphibole generat ions in the Jatobá deposit.

Event Prctcctonic SYII -Iectonic Late teetonic
-

Sarnplc
JATO -21 JATO-2 1 JATO-32 JATO-28 JATO -28 JATO-1 5 JATO- 15
(64,80m) (64,80m) (383,OOm) (54,22m) (54,22m) (44,35m) (44 ,35m)

Rock Mctadiabase Mcta diabase Min-I Scp- Hasl-B l- Scp-Hast-B t- Metad iabase Mc tad iabase
rnylonitc myloni lc

Mineral ACI (I) Fe-parg ACI (II)/SZ I-I aS! (I)/SZ I-1asl- USZ I-Iasl-IIIL V Hasl -IIIL V

Si02"'t% 51.48 37.33 56.24 39.44 40 .01 37.76 37.49

AI:OJ 4.57 15.22 0.24 13.00 12.49 13.09 12.97

Ti02 0.18 0.24 0.03 0.10 0.32 0.24 0. 17

Fe2OJ(.) 13.79 23.60 10.84 24.83 24.78 26.89 27.26

i\lgO 14.59 4.85 18.36 5.67 5.77 4,17 3.88

MIIO 0.07 0. 11 0.10 0.10 0.08 0. 11 0.10

NiO 0.00 0.00 0.03 0.00 0.00 0.00 0.00

ZIIO 0.02 0.0 1 0.02 0.03 0.00 0.00 0.00

CaO 12.06 11.12 12.37 10.91 10.83 10.88 11.0 I
,

0.42Na 20 1.5 1 0.11 2.08 1.88 1.93 1.89

K20 0.33 1.89 0.00 1.03 1.03 1.39 1.5 1

2: Óxidos 97.5 1 95.88 98.34 97.20 97.19 96,47 96.28

F 0.01 0.01 0.05 0.00 0.00 0.00 0.00

CI 0,4 1 2.95 0.03 2.09 2.26 3.02 3.23

O=CI. F -0.10 -0.67 -0.03 -0.47 -0.51 -0.68 -0.73

TOTAL 97.83 98. 17 98,40 98.82 98.94 98 .8 1 98.78

101\ nurnber on the basis of 22 (OH, F, CI, O)

TSi a.p.u.f. 7.448 5.905 7.923 6.132 6.209 6.005 5.999

T AI
1V 0.552 2.095 0.041 1.868 1.791 1.995 2.00 1

TTi 0.00 0.00 0.003 0.00 0.00 0.00 0.00

TFe+3 0.00 0.00 0.033 0.00 0.00 0.00 0.00

CA I'" 0.227 0.743 0.00 0.514 0,494 0,459 0,445

C Fc+2 1.379 2.5 12 1.066 2,462 2,469 2.767 2.868

CFe+3 0.226 0.572 0.073 0.694 0.664 0.757 0.74 1

CTi 0.0 19 0.0 29 0.00 0.012 0.037 0.029 0.020

CNi : 0.00 0.00 0.003 0.00 0.00 0.00 0.00

CZn 0.003 0.001 0.002 0.004 0.00 0.00 0.00

CMg 3.147 1.144 3.856 1.314 1.335 0.989 0.926

BMII+2 0.009 0.015 0.012 0.0 13 0.0 11 0.DI5 0.0 14

BFe +2 0.064 0.039 0.105 0.072 0.082 0.053 0.039

BCa 1.689 1.885 1.867 1.817 1.801 1.854 1.888

BNa 0.058 0.06 1 0.016 0.097 0. 106 0.078 0.060

ANa 0.059 0,402 0.0 16 0.530 0.460 0.5 17 0.526

AK 0.06 1 0.38 1 0.00 1 0.204 0.204 0.282 0.308

Catious 15.121 15.784 15.017 15.733 15.663 15.800 15.835

COII 1.896 1.203 1.970 1,449 1.406 1.186 1.124

CF 0.004 0.006 0.022 0.00 0.00 0.00 0.00

CC I 0.101 0.791 0.008 0.551 0.594 0.814 0.876

i\l g/(Mg+Fe) 0.695 0.313 0.783 0.348 0.351 0.263 0.244

Fe/(Fe+Mg) 0.305 0.687 0.217 0.652 0.649 0.737 0.756

Na+K 0.120 0.783 0.017 0.734 0.664 0.799 0.834
-

62



Trends of positive correlation among CI and Fe 2+, AI1v, Fe3
+, K and Na are aIso

identified. However, ferro-pargasite and hastingsite (II) are not well aIigned aIong the

sarne tendency of correlation of Cl in reIation to Fe3+, Na and K (Fig 19) .
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Figure 19. Compositional variations of amphibole in the Jatobá deposit.

B iotite

Biotite (I) , (II) and (III) are associated with three potassic alteration stages

clearly identified in the Jatobá deposit: pre -, syn- and late-tectonic in relation to the

shear zone development. Representative biotite compositions are shown in Table 3 and

Figure 20 .

T he ca tion ic compositions of biotite we re calcu lated on the basis of 20 apfu

(OH, F, Cl, O). Different generat ions of biotite show extremely low values of Mn

« 0.016 apfu), Zn « 0.009 ap/II) and F « 0.008 apfu) . Cu and Ba were not detected.

However , significant compositional var iations were identified in relation to co nten ts of

Si (6.152 to 5.113 apfu), Fe2
+ (3.378 to 0.805 apfu), AI1V (2.751 to 1.848 apfu), Mg
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(2.816 to 1.024 apfu), K (1.972 to 0.943 apfu), CI (0.885 to 0.219 apfu), Al v1(1.354 to

0.00 apfu), Fe3+ (0.308 to 0.076 apfu), Ca (0.515 to 0.000 apfu), Ti (0.225 to 0.01 1

apfu) and Na (0.085 to 0.004 apfu),

Classification of biotite was based on its Mg/(Mg + Fe) ratio versus AI /v

contents, as recommended by Boomeri et aI. (2009 ; Figure 20). ln distal zones, Ieast

deformed rocks have bioti te (I) , which results from the repl acement from previous

actinolite (I) and occurs as amygdale infilling. This generation has composi tion be tween

that of annite [KFe+23AISi301O(F,OH)z] and side rophyllite [KFé +zAI(AIzS b O lO(F,OH)z]

(Fig. 20) and the highest Mg/(Mg + Fe) ratio when compared to the other biotite

generations. Biotite (II) occurs along the mylonitic foliation in pro ximal and

mineralized zones. ln barren zon es it has annite cornposition and in mineral ization

zones it plots in the annite-sid erophillite interface due lo its higher AI'v conten ts (Fig.

20). Co arse green biotite (III) from late veins of min eralized zones (III) has also

compositions interrnediate between annite and side rophyllite, bu t has lower Mg/(Mg +

Fe) ratios in relation to other biotite generations. Late bioti te (III) from barren ve ins is

characlerized by similar low Mg/ (Mg + Fe) values, however, is classified as annite due

lo its lower AI' v contents (Fig. 20).
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Figure 20. Classification, bascd on Boomcri et ai. (2009) , 01' biotitc (1), (II) and (Ill) Irorn distal ,
proximal and mincralizcd (Bt -IIIMin-I1 and Bt-IIIIMin-I1I) zo ncs.
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The chlorine content in biotite defines two main groups for this mineral. The

group 1 encompasses distal pre-tectonic biotite (1) and syn-tectonic biotite (II) from

proximal and mineralization zones (Fig. 21). This group is characterized by its lower Cl

and relatively higher Mg and Ti contents in relation to group 2, and trends of positive

correlation among Cl, Si, and K (Fig. 21). However, biotite (II) in mineralized zones is

distinct from biotite (II) from proximal domains due to its relatively high Cl contents

and negative correlation between Cl and Fe2
+ (Fig. 21). The group 2 comprises late

bioti te (11l) Irom mineralized and barre n zones, which has higher Cl, Na and Fe2
+

contents (Fig. 21). Biotite (Ill) from barren zones, however, may be disti ngu ished from

biot ite (II I) from mineralized zones due to its lower T i contents (Fig. 21). Th e samples

of these two groups also define trends of negative correlat ion among Cl and Mg, Ca ,

and A l'v (Fig. 21).
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Figure 2 1. Compositiona l variations of bioti te of lhe Jatob á deposit.
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Table 3 . Representative an alysi s of different biot ite gen erations in the Jatobá deposit.

-
IEvent Pre-tcctonic Syn-tectonic Late tcctonic

5amplc
JATD-21 JATD-21 J ,\TD-28 .IAT D-3 JATD-28 .IATD-28 JATD-21 JATD-21
(64 .80m) (64.8010) (160.4010) (130.0Sm) (S4.22m) (S4.22m) (40 .0010) (40 .0010)

!Rock Mctad iabasc Metadiabase Min (II) Min (II) Scp-Hasl-Bl- Scp-H ast-B l- Min (II) Metadi abasc
mylonite rnyloni tc

~"' i l1 c ra l Bl (I) Bt (I) Bt (II) Bt (II) Bt (II)/SZ Bl (II)/SZ Bt (III) Bl (III)/ST
I -

5i02 \\'1% 35.34 35.29 34.47 33.83 35.46 35.72 33.59 34.39

it\ hOJ 15.24 15.07 14.04 15.93 14.4 1 14.82 15.20 14.34

íT i0 2
1.6 1 1.80 1.24 0.88 1.51 1.24 0.89 0.36

IFc2OJ(I) 22.9 0 21.68 : 25.78 25.22 22.9 1 23.72 27.96 26.72

~MgO 9.88 11.01 9.52 9.87 10.67 10.52 7.28 8.55

~l\I 11 0 0.047 0.05 0.001 0.02 0.06 0.06 0.02 0.02

.CaO 0.0 6 0.05 0.00 0.04 0.03 0.10 0.00 0.02

~Na20
0.16 0.19 0.10 0.09 0.\7 0.09 0.19 0.20

IK20
9.11 9.28 9.04 8.84 9.3 1 8.60 9.06 9.04

:L Oxides 94.37 94.4 2 94.19 94.73 94.52 94.57 94. 19 93. 63

IF 0.0 1 0.00 0.001 0.00 0.01 0.01 0.0 1 0.0 1

ICI 1.38 1.49 1.96 1.63 \.30 1.23 3.02 3.0 1

10=CI, F 0.31 0.34 0.44 0.37 0.30 0.28 0.69 0.68

"TOTAL 99 .86 99.95 99.75 99.92 100.03 100.07 100.0 1 99.78

10 /1 numbcr 0/1 the basis or20 (OH , F, CI, O)

!Si a.p.u.f. 5.562 5.525 5.572 5.417 5.586 5.576 5.519 5.629

.,\ IIV 2.438 2.475 2.428 2.583 2.414 2.424 2.48 1 2.371

,Al
vl 0.389 0.306 0.247 0.424 0.262 0.326 0.463 0.396

' T i 0.1 91 0.21 2 0.151 0.106 0. 179 0.147 0. 110 0.044

IF/
2 2.571 2.425 2.896 2.842 2.542 2.602 3.220 2.99 1

IFc+3 0.148 0.138 0.196 0.178 0.159 0.174 0.207 0.222

ii\lg 2.3 18 2.570 2.294 2.356 2.506 2.469 1.783 2.086

i 1\111 0.006 0.007 0.00 1 0.003 0.007 0.008 0.003 0.003

' Ca 0.011 0.009 0.00 0.007 0.004 0.0\7 0.00 0.003

:Na 0.05 0.056 0.030 0.029 0.050 0.029 0.060 0.062

K 1.829 1.853 1.864 1.806 1.871 1.727 1.899 1.887

' 0 11 3.629 3.605 3.459 3.558 3.650 3.667 3. 153 3. 162

F 0.003 0.00 0.004 0.00 0.003 0.005 0.006 0.003

CI 0.368 0.366 0.537 0.442 0.347 0.328 0.84 1 0.835

Pnrarnctcrs

X. nn
d

XMg
b III 0.4 74 0.514 0.442 0.453 0.496 0.487 0.356 0.4 11

XFc
c 0.561 0.5 15 0.578 0.581 0.528 0.543 0.674 0.6 19

F/(F+OII) 0.001 0.00 0.00 1 0.00 0.001 0.00 1 0.002 0.001

CI/(CI+OII) 0.092 0.099 0.134 0.1 11 0.087 0.082 0.211 0.209

a Fe O, total iron as FeO; b XMg =MgI(Mg + Fc); c XFe =(Fe +AllV1l)/(Fe+A1(VI)+Mg).
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Chloritc

Chlori te classification was based on the recommenda tions of the AIPEA

(Association Intemationale Pour I'Étude des Arg iles; Gugge nheim et aI. , 2006) .

Representative chlorite analyses are shown in Table 4 and Figure 22 A. The cationic

distributions obtain ed for chlor ite were carried out on the bas is of 14 O.

Two chlorite generations were identi fied in the Jatobá deposit. Chlori te (I)

replaces amphibole, scapolite and biotit e. It has Fe2+/(Fe2+ + Mg) ratios between 0.62

and 0.68 and chamosite composition. Chlorite (II) occur in the mineralization (IV)

zones and has considerably lower Fe2+/(Fe2++ Mg) ratios, between 0.40 and 0 .45 (Table

4) and clinochlore composition (Table 4 and 6; Fig. 22 B). Chlorine contents in bo th

chlorite generations are distinctly lower «0.03 apfu) compared to that of other hydrated

silicate s in the Jatobá deposit (Ta ble I ; Table 2; Table 3).

Ch.mo';le fi.ld

•

l a B

Oinochlor. fi.ld

7.7S )00

SI I·plu)

"õi
:l:i 051-- -=-::--,=--- - - - --;
~...

Fc

Ah D

,,
. :,,,,,,,,,

"lOCro!':t'dtc!,,
,

M g

Figure 22 . Composi tional variation of chlo rite frorn the Jatobá deposit. A) Ternary plot of Mg, Fe and AI
+ o (Zan e and Weiss, 1998); B) Plot of Fe/(Fe+Mg) ratio versus Si (apfu ), showing lhe cham osit e and
clinochlor e fields (Ruiz and Nieto, (2006); C) Ternary plot for Fe-chlorite, Mg-chlorite, and Al-chlor ite
(De Carítat et ai., 1993), showi ng trcnd of tcmperaturc incrcasc Irorn chloritc (I) to chlorite (II).

Temperature was estimated based on chlori te composition according to

different geothermome ters (Table 5) . Although different calib rations have resulted ln

different temperatures, consistently the temperatures for chlorite II are higher (26 1 to

386 °C; Table 5) than those calcul ated for chlori te I formation (2 15 to 330 °C; Table 5).
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T abl c 4. Rcprcscn ta tivc analysi s of different chlorite generations in the Jatobá deposi t.

Event Syn-tectonic Late lectonic

Sample
JATD-28 J ATD-28 JATD-28 JATD-03 JATD-03 JATD-03
(166.40m) (166.40m ) (166.40m) (130.0Sm) (130.0Sm) (130.0Sm)

Rock
Scp -Hast-B t Scp -Hast-Bt Scp-Hast-Bt

ZM (IV) ZM (IV) ZM (IV)myloni tc mylonitc rnylonite

Mineral Chi (I) Chi (I) Chi (I) Chi (II) Chi (II) Ch i (II)

Si02 wt% 25. 17 25.56 25.65 25.46 25.95 25.62

Ti02 0.00 0.00 0.0 1 0.18 0.06 0.08

AI203
17.06 17.52 17.10 2 1.35 21.0 1 21.01

FeO 36.15 32.93 33.47 24.49 23.07 23.06

MnO 0.04 0.03 0.03 0.04 0..03 0.04

ZnO 0.04 0.02 0.04 0.07 0.10 0.09

CaO 0.04 0.05 0.20 0.0 1 0.01 0.02

MgO 9.22 11.30 11.05 16.42 17.47 17.7 1

Na20 0.03 0.01 0.08 0.00 0.02 0.01

K20 0.10 0.17 0.14 0.02 0.01 0.03

L Oxides 87.86 87.64 87.77 88.05 87.73 87.66

F 0.00 0.00 0.00 0.00 0.00 0.00

C I 0.09 0.08 0.09 0.21 0.10 0.14

O=CI, F 0.02 0.02 0.02 0.05 0.03 0.03

TOTAL 87.93 87.70 87.84 88.20 87.8 87.8

lon number on lhe basis of 14 O

Si a.p.u.f. 2.8180 2.8192 2.8395 2.6575 2.6978 2.6626

Ti 0.0000 0.0036 0.0006 0.0 141 0.0045 0.0059

AIIV 2.25 11 2.2775 2.23 11 2.6264 2.5743 2.5734

Alv, 1.0691 1.0966 1.1605 1.3425 1.3022 1.3374

Fe+2 3.3034 3.0000 3.093 1 2. 1136 1.9923 1.9237

Fe+3 0.0813 0.0375 0.0055 0.0242 0.0134 0.0805

Mg 1.5389 1.8580 1.8236 2.5550 2.7076 2.7438

Mn 0.0036 0.0026 0.0032 0.0040 0.0026 0.0035

Ca 0.0048 0.006 1 0.0234 0.00 15 0.0007 0.0020

Na 0.0069 0.0029 0.0169 0.0002 0.0047 0.0013

K 0.0 150 0.0244 0.0196 0.0029 0.0015 0.0040

F 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

C I 0.0165 0.0 142 0.0 166 0.0368 0.0176 0.0240

OH 7.9835 7.9858 7.9834 7.9632 7.9824 7.9760

Fe(total) 3.3847 3.0374 3.0986 2. 1378 2.0058 2.0042

Fe/(Fe+Mg) 0.6875 0.6205 0.6295 0.4555 0.4256 0.422 1

Mg/(Mg+Fe2+) 0.3178 0.3825 0.3709 0.5473 0.5761 0.5879
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Magnetite

Representative analyses of magnetite compositions are presented in the Table 6.

Magnetite occurs in five generations in the Jatobá deposit (Fig. 8) . The first

generation of magnetite (I) occurs in metadiabase with preserved subophitic texture and

is characterized by its trellis texture. The pre-tectonic magnetite (II) infills amygdales

and replaces the host rocks in pervasive aiteration fronts. Magnetite (III) occurs as thick

and deformed crystals in early veins, whereas magnetite (III) forms massive magnetite

(apatite) bodies. The syn-tectonic magnetite (IV) was coeval to the mineralization (I)

stage.

The analytical results obtained for different generations of magnetite show

variable Ti contents (Mag II = < 2059 ppm; Mag IV = 49 to 2741 ppm; Mag V = < 2224

ppm) with the highest values in magnetite frorn early veins (III; Ti = < 29 ,700 ppm).

Values of chromium (up to 1045 ppm) are higher in syn-tectonic magnetite (V) in

relation to other magnetite generations (Mag II = < 279 ppm; Mag III = < 357 ppm;

Mag IV = < 325 ppm). The magnetite (V) has also the highest (Cr + Ni + Cu) contents

(up to 1632 ppm). ln addition, magn etite (IV) and (V) have higher vanadium contents

(Mag IV = 2303 to 2343 ppm; Mag V = 1088 to 3200 ppm) in comparison with early

magnetite (Mag II = 133 to 1654 ppm; Mag III = 1400 to 1936 ppm). Three samples

associated with magnetite (V) have high Ti + V contents (48,944 - 49 ,145 %) and were

classified as ulvospinel , whereas two magnetite crystals have distinct1y higher

Ni/(Cr+Mn) ratios (5.706 - 6.611).

ln the spider diagram (Fig. 23) , the average composition of each magnetite

generation of the Jatobá deposit indicates similarity between pre-tectonic magnetite (II)

and syn-tectonic magnetite (V) in relation to Si, AI, Mn, Mg, K and Ti contents. The

magnetite (III) has lower Mg and higher Ti and Ca than other magnetite generations at

Jatobá. Its average Ca content is only similar to that of skam deposits. Massive

magnetite (IV) is distinct due to its high Si and Mg contents and values of AI, Ti and V

comparable to those of Kiruna or iron oxide-apatite (IDA) deposits. Ali Jatobá

magnetite generations have higher Ti contents than those typical of IOCG deposits,

according to Dupuis & Beaudoin (2011).

The Figure 24 shows discriminant petrogenetic diagrams for magnetite

distributed among the different deposit classes of Dupuis & Beaudoin (2011). The

relationship between (Si+Mg) and (Ni+Cr) for Jatobá magnetite allows its distinction

from that of magmatic Ni-Cu cleposits (Fig. 24 A), which typically exhibits Ni + Cr
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values above 0.1 wt .%. The AI/(Zn + Ca) vs. Cu/(Si + Ca) plot (Fig. 24 B) also

distinguishes the Jatobá magnetite from that of volcanic-hosted massive sul fide s

(VMS). According to Dupuis & Beaudoin (2011), the magnetite of VMS deposits ,

commonly, presents high contents of Cu, Zn and Ca and low of AI. However, the

magn etite samples of the Jatobá deposit have relatively high values of the AI/(Zn + Ca)

ratio (Fig. 24B).

The Ni/(Cr + Mn) versus Ti + V plot (Fig. 24 C) compares the composition of

the Jatobá magnetite with that of banded iron fonnation (BIF) and of Kiruna, IOCG,

porphyry copper, and Fe-Ti-V deposits. The Jatobá magnetite has vari abl e (Ti + V)

contents (0.031 to 2.243 wt. %) and Ni/(Cr + Mn) ratios «1.785), which are

comparable with those of the high lemperature magmatic-hydrothermal porphyry

copper , Kiruna and IOCG deposits. The low (Ca + AI + Mn) con tent s (0.017 lo 0 .663

wt.%) of the Jatobá magnetite, however, have similarity only wi th those of lhe Kirun a

magn eti te field proposed by Dupuis & Beaudoin (201 1) (Fig. 24 O).

10 r------------------------,

t:. IOCG
-: Kiruna
o BIF
o Porphyry
o Skarn

O Ni-Cu

O VMS

Si AI Mn Mg Ti V Zn Cr Cu Ni Ca K

Jatobá deposit
• Pre-tectonic Mag (II)

Early veins - Mag (III)

t:. Massive Mag (IV)

L_ -.L.._ ..I...._ '----L- .....I-- .l-...-l.- .....I-- .L-..........L- -L..- ..L---I • Syntectonic Mag (V)
0.001

1

~o

!
c
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U
C
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Figure 23 . Spidcr diag ram showing the ave rage composition of dist inct mag netite generat ions of the
Jatobá depos it and from select ed mineral deposits (Dupuis & Beaudoin, 20 11).
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Figure 24. Discriminant diagrams for mag netite based on Dupuis & Beaudoin (20 11). A) Si+Mg ve rsus
Ni+Cr d iscrim inant diagram showing Jatobá magnetite deposit compositio n com pared to magmatic Ni-Cu
deposits; B) Plo t Cu/(Si +Ca) versus AI/(Zn+Ca) for Jatobá magnetite and iron oxides of volcanic-hos ted
massive sulfides (V MS); C) Plot T i+V (w t, %) versus Ni/(Cr+Mn) show ing composit ion al va ria tio n of
magnetite from distinct mineral deposits; O) Plot Ti+V (w t. %) versus Ca + Ai + Mn (wt. % ) showing
co rnposit ional variat ion of magneti te from distinct mineral deposits, lhe discriminant fie lds proposed by
Dupuis & Beaudoin (2011 ) and fields for magnetite from the Sossego and Sequ eirinho orebo dies,
Sossego Mine (Mo nteiro et aI., 200S b).

ln the Ti versus V diagram (Fig. 25 A), the Jatobá magnetite plots in the

tra ns it ion between the fields for magmatic and hydrothermal magnetite drawn by

Knipping et aI. (2015) and has higher V cont ents than ore magneti te frorn Kiruna and EI

Laco ana lysed by Broughm et aI. (201 7). ln the Ti vs. Ni/Cr plot (Fig. 25 B) prop osed

by Dare et aI. (2014) to discrimi nate between magmatic and hydro thermal enviro nments

for magn etite format ion, the Jatobá magnetite plots in the hydrothermal field. Its

composition parti all y overlaps that of the Kiruna ore magnet ite analysed by Brou ghm et

aI. (2017). The relationship between the Vrri and Ni/Ti ratios (Fig. 25 C) for magnetite

at Jatobá is also similar to that of magnetite-apatite ore field proposed by Loberg and

Horndahl (1983) and to those of magnetite samples of Kiruna and El Laco reported by

Broughm et aI. (2017). However, the Jatobá magnetit e has higher chromium (Fig. 25 D)
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cantents than those of the Kiruna field defined by Knipping et aI. (2015) and by

Broughm et aI. (2017).
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Figure 25. A) T i vs. V plot showing distribution of Jatob á magnetite and fields for magm atic and
hydrotherrnal magnetite drawn by Knipping et aI. (2015); B) Ti vs. Ni/C r plot proposed by Dare et aI.
(2014) to discriminate between magmatic and hydrotherrnal environments for magnetite formation with
samples frorn this study plotted. The dotted blue line separates magnetite Irorn intrusive rocks Irorn the
ore magnetite of Ki runa, according to Broughm et aI. (2017); C) V!Ti vs. Ni/Ti plot with fields for
magnetite-apatite ores, BIF and titaniferous iron ores proposed by Loberg and Horndahl (1983); D) Cr vs.
V piai discriminating Kiruna type from lOCO, porphyry and titaniferous iron ore deposits by Knipping e t
aI. (2015). The fields [ar Kiruna and EI L1CO ore magnetite identi fied by dotted lines were delimited by
samples analysed by Broughm et aI. (2017) and those for magnetite from the Sossego and Sequcirinho
orebodies, Sossego Mine are from Mont eiro et aI. (2008b).
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T abl e 6. Representat ive analysis af different magnetite gene rat ions in the Jatobá de posit.

Evcnt Prctcetonie Syn-tcetonic

Sa mplc
JATD-28 JAT D-28 JATO-28 JATO-28 JATO-32 JATO ·32 JAT D-28 JATD-28
(9 1,60 m) (9 1,60m) (9 1,60m) (9 I,60m) (383,00 m) (383,OOm) ( 160,40m) (160,40 m)

Rock
Sc p- Hast - Scp-Hast-

Early vein Early vcin Magnetitite Magnetitite
Ore -Mi n Ore -M in

Bt-rnylonite Bt-mylon ite II II

I\lincral Mag (11) Mag (11) Mag (11 1) Mag (III) Mag (IV) Mag (IV) Mag (V) Mag (V)

SiO: 0.0766 0.0682 0.0780 0.0420 0.0000 0.0773 0.1067 0.0587
wtOlo

T iO: 0.0000 0.0000 2.0300 4.9500 0.1715 0.4572 0. 1957 48.8600

AhOJ , 0.0 764 0. 1457 0.0698 0.0342 0.1054 0.0268 0.0289 0.0302

C r :OJ

III

0.0079 0.0026 0.0522 0.0055 0.0475 0.0 119 0.00 13 0.0099

FcO 93.3992 93.20 13 9 1.4647 88. 1444 93.7592 93.903 1 93.3183 48.0043

\':OJ ! 0.204 0 0.1951 0.2117 0.2186 0.3447 0.3422 0.2 187 0.2851

I\lnO
I 0.0075 0.0245 0.0303 0.1258 0.0346 0.0000 0.0023 0.1749
I
I 0.0086 0.0154 0.0000 0.0000 0.0093 0.0 10 1 0.0238 0.0000NiO
III

ZnO III 0.0000 0.0000 0.0225 0.0269 0.0000 0.0049 0.0000 0.0 171
Iii

Ca O 0.0000 0.0000 0.0018 0.0000 0.0000 0.0000 0.0000 0.000 0

MgO
li 0 .0224 0.0000 0.003 1 0.0428 0.0325 0.0020 0.0000 0.016 1

C uO 0.0000 0.0000 0.0000 0.0000 0.0607 0.0000 0.0247 0.0 125

K:O 0.0000 0.0000 0.0113 0.0000 0.0034 0.0055 0.0428 0.0 157

lons on thc basis of 4 O

Si a.p.u.f. 0.00 3 0.003 0.003 0.002 0.000 0.003 O.OQ-l 0.002

T i 0.000 0.000 0.061 0.147 0.005 0.0 14 0.006 1.\ 00

AI 0.004 0.0 07 0.003 0.002 0.005 0.00 1 0.00 1 0.00 1

C r 0.000 0.000 0.002 0.000 0.002 0.000 0.000 0.000

r +3 1.991 1.992 1.991 1.995 2.000 1.99 1 1.987 1.995' e
r +2 00405 00400 0.320 0.195 0.382 0.389 0.402 -1.093' c

\' 0.007 0.006 0.007 0.007 0.0 11 0.0 11 0.007 0.007

C u 0.000 0.000 0.000 0.000 0.002 0.000 0.00 1 0.000

Mn 0.000 0.001 0.001 0.004 0.001 0.000 0.000 O.OQ-l

Ni 0.000 0.001 0.000 0.000 0.000 0.000 0.00 1 0.000

I( 0.000 0.000 0.00 1 0.000 0.000 0.000 0.002 0.001

Ca 0.78 7 0.7 88 0.775 0.763 0.78 1 0.778 0.785 0.577

Mg 0.001 0.000 0.000 0.003 0.002 0.000 0.000 0.00 1

Zn 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000

TOTAL 3.198 3.198 3. 165 3.119 3.192 3. 188 3.197 2.595

5. Discussion

Host Rocks

This contribution includes the first detail ed studies on the geological

characterization of the Jatobá deposit , including the nature of host rocks, the

hydrothermal alteration patterns and mineralizing events, with emphasis on changes in

mineral chemistry in an evolving mineral system.
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The Jatobá deposit , in the Carajás Province, is located about 3 km north o f the

Sossego Mine, a world-class iron oxide-copper-gold deposi t (IOCG), which is notable

by its de ep-intermedi ate and shallow-crustal levei alteration zo nes (Monte iro et aI,

2008a, 2008b) developed during Neoarchean and Paleoproterozoic metallogenetic

events, respectively (Moreto et aI., 2015a). Both deposits are associated wi th the WNW

ESE regional Canaã shear zone that defines the southern contact of the ca. 2.76 - 2.73

Ga metavolcanosedimentary Itacaiúnas Supergroup with Mesoarchean units, including

ca. 2.97 Ga greenstone belts and TTG-like grani toids (e.g. ca. 3.0 Ga Sequeirinho

Tonalite; Moreto et aI., 2015a). Both the Itacaiúnas Supergroup and its basement are cut

by ca. 2.74 Ga and ca. 1.88 Ga A-type granites and gabbros. However , there is an

important difference regarding the geological setting of the Sossego and Jatobá

deposits. While the first one is hosted by the Mesoarchaean units crosscut by

Neoarchean intrusive rock s, the Jatobá deposit IS essentially hosted by

metavolcanosedimentary unit s and metadiabase.

The main host rocks of the Jatobá deposit compnse metarhyodacite and

amygdaloida l metabasalt , in addition to felsic metavolcanicl astic breccias and mafic

metatuffs, which are cut by metadiabase (Fig. 3). The metarh yodaci te has bluish

bipyramidal and embayed quartz blastophenocrysts (paramorphs after B-quartz) with

features typically associated with their circul ation in the magma chamber , cau sing

dissolution and rotation of these crystallized phenocrysts in the warmer zones of the

magma chamber (Fig. 3B and C).

The pyroclastic rocks are distributed 111 limited areas in the Jatobá deposit,

suggesting that the eruption emitted alternately lavas and pyroclasts, forming alternated

consolidated rock beds from lava and layers of pyrocl astic material , usu ally loose.

Regionally, the metabasalts are expressive and have a spatial relationship wi th banded

iron formations, not recognized in the Jatobá area . This set of geologica l units can be

correl ated w ith tho se of the eoarchean ltacaiúnas Supergroup (DOCEGE O, 1988),

which hosts huge iron deposits at Carajás (e.g. S I ID, N4).

This set of rocks was intensely modified by hydrothermal alteration previously

and concomitant to the installation of the Canaã shear zone. Thus, the hydrothermal

alteration in the Jatobá deposit has, in a large extent , an important structural control ,

which facilitated the channelized flow of hydrothermal fluids in the system. However,

in regions farther away Irem the central focus of hydrothermalism, there are rocks

without evidences of any deformation, but presenting intense metasomatism, suggesting
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that hydrothermalism wa s not restricted to the main shear corridor, but represented a

pervasive processo

Hydrothermal alteration and chemical evolution

The distribution of the hydrothennal alteration 111 the Jatobá deposit was

governed by the nature of host rocks and hydra thermal fluids, and by the crustal levei at

which it was established, as well as observed in the IOCG deposits worldwide (Hitzman

et al. , 1992, Hitzman 2000). Usually, these deposit s comprise alteration trends in a

vertical pattern, in which deep (magnetite-rich) alteration zones are controIled by ductile

shear zones and shaIlow (hernatite-rich) zones are linked to brittle structures. ln the

Jatobá deposit, magnetite is predominant, but an evolving system resulted in pre-, syn,

and post-tectonic alteration with telescoping characteristics. Late alteration

encompasses stages controlled by ductil e-brittle to brittle structures (Fig. 5)

Despite the general evolution frorn sodic, iron, (sodic)-calcic, pot assic to chlorite

alteration, the types and stages of hydrothermal alteration recognized in the Jatobá

deposit have important differenees in relation to those of the Sossego deposi t (Rosa,

2006; Monteiro et aI., 200Sa, 200Sb). The extensive syn-tectonic scapolite-hastingsite

biotite alteration zones at Jatobá are only recognized in the footwall zone of the Sossego

deposit, in distal (and barren) portions in relation lo orebodies (Monteiro et aI. 200Sa).

Massive magnetite-(apatite) bodies enveloped by actinolite-rich zones were reeognized

Sequeirinho orebody (Sossego Mine) anel Jatobá eleposit, however their spatial

relationship with nickel-enriched pyrrhotite-bearing mineralized zones was only

identified at Jatobá.

ln the Jatobá eleposit, the least-altered and deformed roeks , mainly derived from

mafic protoliths, possibly reeord effeets of the lower greenschist facies metamorphism.

AIbite (I) and actinolite (I) represent early paragenesis in such rocks , and were formed

from calcic plagioclase and pyroxene. The first generation of magnetite (I) oecurs in

metadiabase rocks with preserved subophitic texture and is eharacterized by its treIlis

texture.

Pre-tectonic hydrothermal alteration is represented by silicifieation and coeval

biotite (I), apatite (I) and magnetite (II), mainly reeognizeel in pervasive fronts in

metarhyodacites and infilling of amygdales in metabasalts. ln addition, incipient sodic

calcic alteration resulted in formation of albite (II), seapolite (I), and CI-rich amphibole

(ferro-pargasite, potassium-ferra-pargasite, ferri-cannilloite and ferro- ferri-
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tsehermakite) that repl aees aetinolite (I) along crystal rims . This generation of

amphibole has higher eonten ts of Fe2
+, Al'V, CI, a, K and FeJ (Fet + Mg) ratios and

lower Mg eontents in relation to actinolite (1). Caleic marialite (I) ini tiall y replaees

preexisting igneous plagioclase that, in part, exercises cont rol in scapolite composition

(Kullerud, 1996), and hydrothermal albite. ln this stage, amphibo le has up to 2.95 % CI

and caleic m ari alite has 2.30 to 2.58% of Cl.

Due to the shea r zone installation, the scapolite (I) crys tals were deformed and

oceur as a lm ond-shape d porphyrocl asts envolved by pressure shadows . Seapolite (II)

with ealeie marialite eompositions and higher CI (2.34 to 3.38%) con ten ts w as formed

in their rims. ln metarhyodaeite, pervasive caleic alteration resulted in development of

actinolite (II) assoeiated with CI-apatite, Ce-allanite, and Ce-monazi te. Actinoli te (II),

however, has low amounts of CI «0.03%), suggest ing preferential partitioning of

ehlorine in apatite . ln altered rocks derived from mafic protoliths , K-CI-Has tingsi te (I)

w as eoeval to biotite (II), qu artz, Co-magnetite, Cl-a patite and Ce-allan ite . Both K-CI

hastingsite (1.07 to 2.38% of CI) and bio tite (1. 14 to 1.37 % of CI) have significa nt

ehlorine eo nte nts.

The Jatobá deposit still records transitional conditions from a duetile struct ural

regime to a dominantly ductile-brittle regime, which controlled the dev elopment of

pervasive fronts of chlorite alte ration and late vein sys tems. Late tectonic hydrothermal

alteration is represented by expressive veins with fibrou s scapoli te (III) that has the

highest CI eontents (3.12 - 3.60 %). These veins are cut by scapolite (IV; Cl = 2.71 

3.18 %), CI-K-hastingsite (II ; CI = 3.02 - 3.39 %) and bio tite (III ; CI = 2.15 - 3.19 %)

veinlets.

Overall , despi te the recurrence and telescoping of hydrothermal alt eration, the

distinet mineral generations have significant differences in mineral chemistry. The pre

tectonie seapolite (I) from distal zones in relation to min eralized zones, the syn-teetonie

seapolite (II) porfiroblasts in mylonitic zon es , and the post-t ectonic fibrous seapolite

(III) from veins reveal gradu al increasing of CI (0.798-1.016 apfu), Si and Na contents

during the paragenetie evolution. Th e scapolite (IV) from late veinl ets, however, is not

part of the same trend defined by previous scapolite generations and has intermediate Si,

Na , Ca, AI'v and CI contents (CI =0.764-0.897 apfu).

Aeeording to Holland (1972) and Kull erud (1996), in an evolved system,

ehlorine is progressively enriehed in the tluid phase whereas 1-120 is incorporated in

hyclrated mineraIs, inclicating that hipersaline tluids have participated in the alteration
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processo This may ex pla in the gradual increase of Cl contents in scapo lite (I) to (III) .

The express ive fibrous scapolite veins may be related to episodic influx of

supersaturated fluids, This could indicate buffering of chlorine activities and low or no

infiltration of diluted fluids during and posterio r to shea r zone development at Jatobá

(Ji ang et aI. 1994; Mora & Vall ey 1989). According to experime nts by Vanko & Bishop

(1980) and Vanko (1982) on the stability of the rnarialite escapolite, hydro thermal

solutions with temperatures o f approximate ly 600 to 750 °c and pressures between 1.7

to 2.8 kbar could favour its form ation. This may impl y that high temperature also

prevailed during the long-terrn systern evolution.

Chlorine-bearing amphibole and biotite are also ubiquitous in the Jatob á deposit.

ln general, ferro-pargasite from distal zones and hastingsite (I) and (II) of mineralized

zones have higher CI contents than actinolite (I) and (II). Th e lowest Cl conten ts are

rel ated to ac tinolite (II) from ea rly mineralization zones , which is spatia lly rel ated to

massi ve magne tite-(apatite) bodies.

The chlorine content in biotite defines two main gro ups for this mi ne ral ,

allow ing to separa te biotite related to ductile and ductile-brittle to brittle structures, The

group 1 enco mpasses distal pre-tectonic bio tite (I) and sy n-tectonic biotite (II) fro m

proximal and mineralization zones. This group is characteri zed by its lower CI and

relatively higher Mg and Ti content s in relation lo group 2. Its higher Ti contents are

consistent with higher temperature of biotite forrnation from group L The group 2

comprises late biotite (III) from mineralized and barren zones , which has higher CI, Na

and Fe2+ contents. Interestingly, in the two groups, biotite from barren and mineralized

zones can be also differentiated. ln group 1, bioti te (II) from min eralized zones is

distinct from biotite (II) from proximal domains due to its relatively high CI contents

and ne gative correlation between CI and Fe2
+. ln group 2, biotite (III) from barren zones

has lower Ti contents, which may reflect lower temperatu re.

ln general, the Cl con ten t in amphibole and biotit e is in accorda nce with the Mg

CI avo idance rule (or Fe-F; Ramberg, 1952). This mi e refers to the effect o f the s tro ng

binding forces between Mg and F and the weak binding forces between Fe and F. ln

genera l, Fe-CI bonds are strongly preferred over the Mg-Cl bonds in silica tes (Munoz &

Swenson 1981 , Munoz 1984). This may explain the lower Cl contents in actinolite in

relation to hastingsite and higher CI contents in lower temperature Fe-richer biotite frorn

graup 2. However, this mie does not explain the negative correlation between CI and
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Fe2
+ in biotite (II) from mineralized zones. Its composition may be controlled by the

preferential CI partitioning into coeval mineral phases.

Chlor ite alteration developed in the transition from ductile structural regime to a

dominantly ductile-brittle regime, resulting in chlorite from distal (I) and mineralized

zones (II). The first is the product of replacement of scapolite, amphibole, and biotite

and has chamosite composition and Fe2+/(Fe2++ Mg) ratios between 0.62 and 0.68. The

chlorite (II) is associated with the mineralization stage (IV) and has clinochlore

composition with Fe2
+/(Fe2

+ + Mg) ratios between 0.40 and 0.45. Chlorite contents are

low in both chlorite generations (0.08 to 0.21 % CI) in accordance with the Mg-CI

avoidance mie. However, fluid dilution is also suggested by destabilization of

preexinting scapolite (III) that shows retrograde alteration to sericite, pyrophyllite,

chlorite, albite and carbonate.

Different chlorite geothe rmometers result in significant differences in est imated

temperature, with maximum values of 330 °C for chlorite from distal zones and 386 °C

for chlorite (II) , according to Jowett (1991). This points to ternperature decrease in late

stages of the system evo lution.

Hydrothermal iron oxides and massive magnetite formation

Minor elements in magnetite have been measured using EMPA method , which,

according to Depuis & Beaudoin (2011), has a higher spatial resolution «l O um)

compared to the lower spatial resolution for LA-ICP-MS analyses (>50 um) and al lows

selecting analytical spot to avoid submicrometric inclusions.

Th e magnetite composition is controlled by the chemical environment in which

it grows and by physico-chemical conditions during its formation (Beaudoin et aI.,

2007 ; Depuis & Beaudoin, 2007; Nadoll et aI., 2014). Although the mechanisms of

trace element partitioning between iron oxides and hydrotherrnal solutions are relat ively

little known , distinction of magmatic and hydrothermal magnetite has been attempted.

Ti, V and Cr are the best discriminators as their depletion is often seen in magnetite

from known hydrothermal deposits (Nadoll et aI., 2014). Hydrothennal oxidized fluids

could enhance the mobility of Cr6+ that may be transported out of the ore-forming

system and lower Cr contents are expected in hydrothermal magnetite (Broughm et aI.

2017).

Aluminiun and Ti are relatively immobile and their incorporation in magnetite is

largely temperature controll ed (Nielsen et aI. 1994; Toplis and Carroll 1995), with
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higher concentrations expected und er high-temperature igneous conditions (Na doll et

aI., 20 14). According to Dare e t aI. (2014) and Nadoll et aI. (2014a), in genera l o nly

abou t 10% of th e hydrothe rm al magn etite have more than 1 wt % of Ti. On the o ther

hand , ox ygen fugac ity exerts a st rong con trol on multivalent elements, such as C r and

V, w hi ch are preferabl y incorporated into the magnetite under redu ce d con ditions.

Early iro n oxide at Jatobá compri ses igneous magnetite (I) wi th trellis textu re in

metadiabase and m agne ti te (II ) in infilling of amygdales and pervasive altera tion fro nts.

The latter is commonly s tre tche d in deformed dom ains (Fig. 7). Ea rly ve ins are infilled

by quartz and magnetite (III) , which occurs as large crys tals in ve ins and ve inle ts .

Commonly magnetite (III) is deformed and has ilmeni te lamell ae according to di fferent

crystallographic planes. ln addition, magnetite is replaced by ilmenite, which in tum is

substitu ted by tit anite , hematite, brookite/ru tile and pseud obrookite (Fig. 7) .

M assi ve m agneti te bodies (up to 60 m) forme d by undeformed mag neti te ( IV)

represent proximal e nvelopes o f mineralized zones. They are we ll develop a lo ng the

contact zo nes betw een m et arh yod aci tes and metabasalts and within the latter. The bulk

of magne tite (IV) is previous to copper-(nickel) mineralization. The mass ive magne ti te

bod ies a re cut and surro unded by fibrous act inolite (II), CI-apatite and sulfides, w hic h

promote the ir brecciation.

The magne tit e (V) is sy n-tectonic, related to the shear zo ne developme nt , and

co eval to th e early Ni-pyrrhoti te and Ni-pyrit e-b earing minerali zation event. U lv õspinel

occurs as sociated with euhedric magnetite (V) crystals. Very subordinated magnetite

also occurs in the subsequent copper mineralization events, coeval to biotite and chlori te

form ation, in decresing amounts.

ln the Jatobá deposit, magneti te has variable Ti contents (Mag II = < LO D to

2059 ppm; M ag IV = 4 9 - 2741 ppm; Mt V = <LOD to 22 24 ppm) wi th the highest

values in m agne tite from ea rly ve ins (III; Ti = 0- 29 ,700 ppm) . Excep t in relation to the

latter, a lI analyses indicate Ti contents typical of hydrot hermal o rigino However, Ti

concentation in Jatobá magnet ite is highl y errat ic and the coexis tence of ulv õlspinel and

ilmenite , as lamellae in magnetite and indi vidual grains, poi nt to ox ida tion-exsolut io n

mechanisms, accom panied by loc al redistribution of Ti and oth er eleme nts.

Evidences of oxidation -exsolution are more common in magmatic magnetite

bec ause th e continuous solid solution between magnetite and ulv õspinel ex is ts when

temperatures above 600°C are achieved. When reaching temperatures below 600°C

ex tens ive miscability gaps occur (Nesse r, 2009; Nadoll , 20 11). A diminishing
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temperature also leads to the potential exsolution of ilmenite out of Ti-bearing

magnetite, which results in lower leveis of Ti in the concerned magnetite grain (Nesser,

2009). Thus, the coexistence of magnetite (Ivj-ulvõspinel and magnetite (V)-ilmen ite

could point to high-temperature (> 600 °C) conditions of formation and explain the data

spreadin g.

ln addition, the magnetite (V) has also the highest (Cr + Ni + Cu) contents (up to

1632 ppm), whereas magnetite (IV) and (V) are relatively enriched in vanadium (Mag

IV =2303 - 2343 ppm; Mag V =1088 - 3200 ppm) in comparison with early magn etite

(Mag II = 133 -1654 ppm ; Mag III = 1400 - 1936 ppm). According to Nadoll et aI.

(2014), lower V concentrations are indicative of hydrothermal origin, because roughl y

50% of hydrathermal magnetite has vanadium concentration below 1000 ppm. Often

only in high-temperature hydrathermal fluids (about 500-700 °C) associated with a

magmatic-hydrothermal source (e.g. porphyry and IOCG) the magnetite is enriched in

the compatibl e elements Ni, V, Co, Zn, Mn and, Sn (Dare et aI., 2014). Thus, the higher

V and Cr concentration in Jatobá magnetite also point to higher temperature conditions

even during the earl y nickel-enriched mineralization event, coeval to magneti te (V)

actinolite-apatite formation.

The use of discriminant petrogenetic diagrams for environment of magnetite

formation should be done with caution. Recent studies conducted by Braughm et aI.

(2017) using the LA-ICP-MS technique showed distinct compositions for magnetite

frorn the Kiruna and El Laco areas, when compared to those of the Kiruna field in the

discriminant diagrams of Depuis & Beaudoin et aI. (2011). Therefore in the present

study the representative fields of the samples analysed by Broughm et aI. (2017) were

also considered.

The c1iscriminant petrogenetic c1iagrams (Fig. 24) proposed by Depui s &

Beaudoin et aI. (2007) effectively allow the distinction of the Jatobá magnetite fram that

of magm atic Ni-Cu and Fe-Ti-V eleposits, hyelrothermal skarns anel volcanic-hos ted

massive sulfide (VMS) eleposits anel bandeei iron formation. ln addition, the Jatobá

magnetite has similarities with that formeel in high-temperature magmatic-hydrothermal

porphyry copper, Kiruna-type apatite-magnetite eleposits, and IOCG deposits (e.g. , Ti +

V contents = 0.031 to 2.243 wt. %; Ni/Cr + Mn contents up to 1.785). Its low Ca + AI +

Mn contents (0.017 to 0.663 wt.%), however, are only comparable to those of the

Kiruna magnetite (Fig . 240). The comparison of Jatobá magnetite composition with

that of iron oxide-apatite ore analyseel by Broughm et aI. (2017) in terms of V anel Ti
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con tents and N i/Cr, N i/Ti and V/Ti ratios also underscores the similarity of Jatobá

magn etite with th at of Ki run a and EI Laco areas (Fig. 24) .

This could indicate that iron ox ide and related copper-(nickel) mineral ization at

Jatobá were formed in deeper and hotter cond itions than those typically related to

copper precipitation in IO CG deposi ts. Th is is consistent with the model for the IOCG

deposit cl ass proposed by Hit zman et aI. (1992) , Barton and Johnson (1996), Hitzman

(2000) and Sillitoe (2003) , w hich considers that magnetite-apatite bodi es may be

form ed in the roots of IO CG systems and magnetite-apatite ore deposits may represent

an end- mem ber of the IO CG d ano ln this con text, IOCG and IOA deposits would be

formed by the replacement of the host rocks by iron-rich hydro thermal fluids (e .g. ,

Hitzman et aI. 1992; Rhodes and Oreskes 1999 ; Hitzman 2000; Dare el aI. 2015).

However, the formation of magnetite-apatite deposits is eve n more controversi al

than that of IOCG deposits . Other genetic models for the fonnat ion of magnetite and

apa tite in IOA deposits include their crystallization frorn iron-rich melt s that were

immiscible from a parental silicate melt produ cing large volumes of massive magnetite

(e.g., Henr íquez and Martin 1978 ; yst rõm et aI. 2008 ; Martinsson 2016; Tornos et a I.

20 16). According to the magmatic model, the crysta llization of iron-rich mel ts was

accompanied by the ex solution of large amounts of magmatic-hydrothermal fluids

(Tornos et aI. 2016), resul ting in the highl y variable magnetite com position in IO A

deposi ts.

ln th e Jatobá deposit , where a hydrothermal evolution is now well-documented,

evidences for a linkage with immiscible iron-rich melts are missing. However , advances

should be achieved in order to es tablish the relationship between the hydrothermal

IOCG system at Carajás and the crysta llization of a specific melt type, if one exists.

The Jatobá magn etite has intermediate composition in relation to tha t of

magnetite from the Sequeirinho and Sossego orebodies of the Sossego mine (M o nte iro

et ai., 2008b), in te rms of Ti , V, and Ca + AI + Mn contents (Fig. 24 0). This is

interesting because magn eti te from the Sequeirinho orebody constitu tes pre

minerali zation massive magnetite bod ies, simi lar to those identi fied at Ja tobá, whereas

So ssego magnetite represents early infill in chalcopyrite-b earing veins and breccias

form ed in shallow crustal conditions. ln part , similarities o f Jatobá and So ss ego

magnetite composition reveal ed by the spreading of Ti data may be explained by

oxidation-exsolution reactions and retrograde alteration of magnetite. The highest Cr

contents of th e Jatobá magnetit e, however, implies, in relati vely more reducing
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cond itions, as also ind icated by its higher pyrrhotite contents .

(Nickcl)-coppcr mincralization

The copper-gold minerali zed zones in the Jatobá deposi t compri se swarms of

vertical to subvertical oreb od ies spatially related to metadiabase dikes and contact zones

between rhyodacites and metabasalts. Mineralization styles include disseminat ions,

massive ore in replac ement fron ts controlled by the myloni tic folia tion , hydrothermal

breccias , stockworks, ve in and ve inlet sys tems. The mineralized zones we re formed in

four s tages . The fir st two were controlled by ductile structures, evolv ing from

replacement fronts controlled by mylonitic foliation to breccias. Th e last two s tages

were co eval to ductile-brittle and brittl e deform ational events.

The mineralization stage (I) was related to syn-tectonic calcie alterat ion (II) ,

espeeially to ac tinoIite formation in metarhyodacites, and is the nickel -r icher stage at

Jatobá. Replae emen t fron ts and breccias have predominance of Ii-pyrrhotite and Ni

pyri te, and subordinately, Co-chalcop yrite, Ce-allanite, Co-pent landite, qu artz and Ce

mon azite. ln additio n, fine Ni-pyrrhotite crystals, actinolite (III), magnetite (IV) and

subo rdina te qu artz const itute replacement fron ts and brecciated zones with up to 40 cm .

This mineralization stage is eharacterized by enriehment in Fe-Ni-(Cu)-Co-LREE and

ev ide nce hydrothermal niekel transpo rt under relatively high jS2' sa linity an d

temperature eonditions, compatibl e with those of magmatic-h ydrotherm al sys tems (Ti an

et a/. 2012).

Aecording to Tian et aI. (20 12), increasing salinity favors the formation of

NiCl3- complexes, which is believed to play an important role in Ni transport in Cl -ri ch

hydrothermal fluids und er high temperature conditions. ln addition, according to these

authors , the transition of Ni (II) ehloride eomplexes frorn octahedral to tetrahedral is of

major importanee for niekel solubility in hydrathermal systems. This trans ition,

however, occurs at higher temperature and/or salini ty than the corres ponding Co(II)

complexes (Liu et aI., 2011). Sueh differences can explain the sharp con trast in mobili ty

of Ni and Co in hydrothermal brin es, with much of the World's cobalt resources found

in hydrothermal deposit s whil e the vast majority of Ni resources are mined from higher

temperature magmatie deposits (Tian et aI., 2012). T hus, the relative nick el enr iehment

in the mineralization stage (1) may also reflect a particularly hot hydro thermal syst em.
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ln addi tion, the geological setting of the Jatobá deposit, which is dose to the

contact betw een the N eoarchean Itacaiúnas Supergroup and Mesoarchean greensto ne

belt , is highly favourable for metal leaching from mafic and mafic-ult ramafic rocks.

The mineralization (II) stage was tempo ral and spa tially related to the

development of the syn-tectonic potassic alteration (II), which is perv asively developed

in the m ain host rocks of the Jatobá deposito This stage is represented by a system of

strongly oriented and interconnected bodi es with biotite (II), CI-apatite, Co-magnetit e,

ilmenite, Ce-allanite, qu artz, Ni-pyrite and Co-chalcop yrite controlled by m ylonitic

foli ation. Hydrothermal breccia zones wi th expressive formation of Co-chalcopyrite (±

Ni-pyrite ± Ni-pyrrhotite) affecting the preexisting bodies of massive magnetite are also

observed.

The occurrence of the (nickel)-copper mineralization developed in the mylonitic

zo nes in th e Jatobá deposit may be in part att ributed to the circulation of minera lizing

fluids through the s tructural discontinui ties (Sibson, 1994). However, in relati vel y deep

crustallevel s , such as in mylonitic zones, the porosity of the rocks is strongly reduced to

make th e system fertile. On the other hand, the circulation of mineralizing flu ids and

ass oc ia ted hydrothermal alterations, at deep leveis, can also be given by altering the

properties or composition of the circulating hydroth ermal fluido ln this sense, the fluid

rock int eraction (Groves & Phillips 1987), promotes the metal precipitation due to

changes in the physical-chernical properties of a fluido

The coexistence of hydrothermal breccias during the early mineralization stages

could be related to episodic and localized decompression due to fluid overpressure and

hydrofracture. This may imply in litostatic pressure probably lower than the pressure

exerted by the hydrothermal fluid s, which were being channeled in the shear corridor. ln

this sense, significant copper precipitation may be synchrounous to brecciation events.

The third mineralizing stage recognized in the Jato bá deposit is disti nguished

from the o thers because it is controlled by ductile-brittle and associated with veins . It

was coeval to the late paler brown or green biotite (III), scapolite (IV), F-Cl -ap atite

(IV), and CI-K hastingsite (II) associated with Co-chalcopyrite and siegenite (± Co

pyrite ± magnetite ± cassiteri te). Even during this stage, scapolite stability indicates

bu ffering of chlorine activities . Chlorine incorporation in scapolit e and other minerais ,

however, may have contributed to lowering the fluid salinity and destabilize the

chloride copper complexes, permitting chalcopyrite precipitation.
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The late m inerali zation stage (IV) was synchranous to widespread chlor ite ( II) ,

quartz , epidote , and calcite development. It occurs in a varie ty of branching ve inlets and

brechoid zones with Co-ch alcopyrite, Co-pyr ite, sphale rite, gold, molybdenite, uranini te

and monazite. Other lat e ve in types comprise those with quartz-chalcopyri te-K

(±molybdenite , Co-pentlandite, and siegenite) and fine veinlets with chlorite

chalcopyrite, W -bearin g hematite, rare earth carbonates (bastnâsite, coskrenite and

sahamalite), Co- and Ni -pyrite, sphalerite, ilmenite, marcasite , leucoxene and adu laria.

The decrease in tempe rature from > 600 °C to < 350 °C, indicated by chlorite

geothermometry, likely promoted the precipit ation of metais transported as chloride

complexes from hydrothermal fluid s. However, in depth, the temp erature g radients

across the structures within which the fluids are moving tend to be minimal and the

precipi tation of the metal wi ll neither be efficient nor very restricted to a part icul ar trap

zo ne. Thus, a continuous evolution frorn mineralization tages (I) to (IV) is unli ke ly

unless s ignificant fluid mixing has occurred. However, the scapolite composition

reflects a bu ffered system in respect to chlorine activity, without significan t contribu tion

of di lu ted , external deri ved flui ds. Other mechanism is necessary to explain the sha rp

tempe ra ture decrease. Overpressuring associated with significant sys tem ex humation

may be assoc ia ted with the bulk of copper precipi tation.

The wo rld-class Sossego deposit, located 3 km south the Jatobá de posit,

records multiple hydrothermal eve nts responsible for formation of ore at ca. 2.70 Ga

2.68 Ga (e .g. Sequeirinho and Pista orebodies) and ca. 1.88 Ga (e.g. Sossego orebody;

Moreto e t aI. , 2015a). The Neoarchean IOCG mineralization was formed in deep er

crustal levels, whereas the Paleopraterazoic Sossego orebody was controlled by brittle

structures. Precise geochronological data is still necessary to constrain the timing of

copper-(nickel ) minerali zation at Jatobá. Its geological attributes may record a simi lar

evolut ion to the Sossego deposit , in which late mineralization stage would represe nt the

overprint ing of a sh allow-emplaced hydrothermal even t. However, the Jatobá dep osit

may also reflect a protracted evo lution in a single event.

6. Conclusions

The Jatobá deposit , 111 the Carajás Province, IS hosteel by a

metavolcanosedimentary sequ ence, which encompasses metarhyodacite and

amygdaloielal metabasalt, felsic metavolcaniclastic breccias, mafic metatuffs, and
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metadiabase attributed to the Neoarchean Itacaiúnas Supergroup. An evolving

hydrothermal system resulted in pre-, syn , and post-tectonic alteration with telescoping

characteristics. Early alteration and mineralization stages (I-II) were developed in

relatively deep crustal leveIs, controlled by the Canaã shear zone development. Post

tectonic alteration was associated with the mineralization stages (III-IV) after significant

system exhumation.

Pre-tectonic hydrothermal alteration includes silicification , potassic, sodic-calcic

alteration and iron metasomatism. It evolved frorn interaction of host rocks with

hypersaline hydrothermal f1uids and resulted in formation of massive magnetite-apatite

bodies, which are spatially related to a system of magnetite-quartz veins. The early

hydrothermal magnetite at Jatobá was fonned in temperatures exceeding 600 °C and

underwent oxidation-exsolution reactions, resulting in variations in the magnetite

chemistry. Nevertheless, its composition is similar to that formed in high-temperature

magmatic-hydrothermal systems (e.g. IOCG , porphyry copp er and IOA deposits). This

could indicate that iron oxide formation and related copper-(nickel) mineralization at

Jatobá were formed in deeper and hotter conditions than those typically related to

copper precipitation in IOCG deposits.

The main syn-tectonic hydrothermal aIteration stages comprise sodic-calcic,

calcic and potassic alteration controlled by the mylonitic foliation and resulted in

extensive syn-tectonic scapolite-hastingsite-biotite aIteration zones. The magnetitites are

cut by fibrous actinolite, magnetite and Cl-apatite, which also promote their brecciation.

The early mineralization stages (I and II) were coeval to shear zone development

and accompanied by actinolite and thereafter by high-ternperature biotite formation.

These stages reflect an evolving system resulting in decreasing contents of Ni and Co

and pyrrhotite and actinolite amounts in ore zones. They also record the transition from

replacement fronts controlled by mylonitic foliation to hydraulic breccia zones. Ore

bodies comprise Ni-pyrrhotite, Ni-pyrite, and subordinately, Co-chalcopyrite, Co

pentlandite, Co-magnetite, Ce-allanite, monazite and Cl-apatite. These mineralization

stages are characterized by enrichment in Fe-Ni-(Cu)-Co-LREE and evidence

hydrothermal nickel transport under relatively high jS2, salinity and temperature

conditions. Hereupon, the nickel richer orebodies may be formed in the roots of the

lOCO system, resulting from extensive interaction of hipersaline fluids with mafic and

mafic-uItramafic rocks (e.g. greenstone belts).
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The third and fourth mineralizing stages reflect a change in structural conditions

and were controlled by ductile-brittle structures. These stages were coeval to low

temperature biotite and chlorite and have higher chalcopyrite contents and

predominance of Co-bearing mineral phases instead of those nickel-bearing present in

early mineralization stages. Ore zones are composed of Co-chalcopyrite, Co-pyrite,

siegenite and subordinate cassiterite, sphalerite, molybdenite, uraninite, monazite,

bastnãsite, coskrenite and sahamalite. Late hematite evidences higherfOzconditions in

a colder hydro thermal sys tem « 380 °C).

Amphibole, scapolite and biotite indicate hipersalinity conditions even 111 late

post-tectonic alteration stages. ln adelition, the chemical composition of biotite permits

the distinction of its enviranment of formation. Biotite formed in early alteration anel

mineralization stage (II) has lower Cl and relatively higher Mg and Ti contents,

reflecting its higher temperature. Biotite frorn barren and ore zones may be also

distinguished based on mineral chemistry. ln deeper alteration zones, syn-tectonic

biotite frorn ore zones has higher CI contents and negative correlation between Cl and

Fez
+. ln late mineralization stage, biotite from barren zones has lower Ti contents than

biotite frorn mineralized veins and breccias, reflecting its lower temperature.

High contents of Cl in scapolite indicate buffering of chlorine activities and low

or no infiltration of diluted fluids during and posterior to shear zone development at

Jatobá. This precludes extensive fluid mixing as the main mechanism of fluid evolution

and chalcopyrite precipitation.

The Jatobá deposit reveals a protracted evolution, in which the mam copper

precipitation occurred in lower temperature conditions than the early stage after

significant system exhumation. Precise geochranological data is still necessary to

constrain lhe timing of mineralization at Jatobá, allowing correlating the main

mineralization stage recorded in this deposit with the geological evolution of the

Carajás Province.
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ANEXO II

The iron oxide-copper-gold (IOCG) Jatobá deposit, Carajás
Mineral Province, Brazil: isotope geochemistry (O, H, S, and Pb), and

lithochemical constraints on the mineral system evolution

Angela Suélem Rocha Veloso (I >, Lena Virginia Soares Monteiro ( I), Caetano

Juliani ( I), Roberto Pérez Xavier (Z)

(I) G eoscien ces Institute, University o/Seio PaI/Ia (USP), Seio PaI/Ia. Brazil

(2) G eoscien ces lnstitute, Stat e University o/Campinas (UNfCAAIP), Se70 Paulo, Brazil

Abstract

The Jatobá deposit is part of a c1uster of iron oxide-eopper-gold (IOCG)

deposits recognized in the Southem Copper Belt, in the Carajás Province. These

deposits are located in subsidiary structures within the E-W and WNW-ESE-trending

Canaã shear zone. The host rocks at Jatobá comprise metadiabase, metabasalt, mafic

metatuff, felsic volcaniclastic rocks and metarhyodacite (LA-ICP-MS U-Pb zireon;

2,700 ± 16 Ma; MSWD = 22), which are attributed to the Itacaiúnas Supergroup.

The Jatobá deposit is notable for its extensive pre-mineralization seapolite

biotite-hastingsite alteration and intense iron metasomatism (magnetite-apatite), The

mineralization stage (I) was eoeval to syn-tectonic caleie alteration (aetinolite-apatite)

and resulted in replacement fronts and breecias with Ni-pyrrhotite (±Ni-pyrite ± Co

ehalcopyrite) in the matrix. The mineralization stage (II), related to syn-tectonie

potassie alteration (biotite-Cl-apatite), eomprises Ni-pyrite-Co-chalcopyrite ± Ni

pyrrhotite. The ensuing mineralizing stages (III) and (IV) were aeeompanied by biotite

and ehlorite, respectively. The latter was the most expressive copper mineralization

stage and encompasses branehing veins with Co-chalcopyrite and siegenite (± Co-pyrite

± magnetite ± eassiterite ± sphalerite ± molybdenite ± uranini te ± monazite ± REE

carbonates).

The early mineralization stage (I) is eharaeterized by the highest eontents of

FeZ03 (71.49 to 63.91 wt, %), Ni (3930 to 1270 ppm), Co (2320 to 670 ppm), V (740 to

590 ppm), Pd (81 to 372 ppb) and Pt (2 to 17 ppb) contents, whieh deerease with the

paragenetic evolution. An opposite trend is observed in relation to eopper, gold, zine,
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REE and LILE (P, U, Th, Sn, W, and Nb). Highest contents of LREE (up to 6773.92

ppm), U (up to 48.50 ppm) , Th (up to 23.30 ppm), P205 (up to 7.97 wt. %), Sn (up to 24

ppm), Nb (up to 7.50 ppm), W (up to 322.50), Zn (up to 482 ppm), gold (up to 1310.80

ppm) were characterized in ore samples formed during the mineralization stage (IV).

Temperature decrease from the pre-mineralization iron metasomatism (558 °C)

to mineralization stages (II = 507 °C; III = 422 °C; IV = 327 0c) was accompanied by a

relatively narrow variation of calculated 81S0
1120 values (9.53%0 to 5.41 %0). The

81S0
1120 and 8DI-I2ü (-44.88%0 to -30.25%0) values overlap with those of primary

magmatic waters and felsic magmatic water and could imply that f1uid mixing involving

externally-derived fluids was limited at Jatobá.

The 834Ssulfide values of Jatobá sulfides (0.27%0 to 1.80%0) also point to magmatic

sulfur sources. Increasing of 834Ssulfide values during the paragenetic evolution was

accompanied by decrease of Ni + Co and V contents and increase of Sn + W + Nb

content in ore samples, suggesting that part of the sulfur and metaIs may have been

leached from mafic-(ultramafic) rocks.

The highly radiogenic Pb isotope composiuon of Jatobá chalcopyrite

e06PbP04Pb = 99 .35 to 245.73; 207pbP 04Pb =32.53 to 62.24; 20SPbP04Pb =55.58 to 172.

76) point to imprecise Archean ages for the last mineralization stage (IV). Highly

radiogenic lead signatures may have resulted frorn striking disturbance due to high U

contents in the hydrothermal fluids and to incorporation of radiogenic Pb (or U) into the

sulfide from an external source after its formation.

The Jatobá deposit was formed in the roots of a wider Archean lOCO mineral

system from focused magmatic-derived fluids. The Jatobá ore signature may reflect

evolution closely related to the ca. 2.74 Ga widespread alkaline magmatism, with

inheritance of both A-type granites and gabbros, due to intense fluid-rock interaction

involving residual alkaline-rich fluids.

Keywords: Jatobá deposit, Iron-oxide-copper-gold deposit, Caraj ás Province, Brazil, stable isotopes,
Iithochemical.
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lntroduction

The Jatobá deposi t, located in the Carajás Province (Santos et aI. 2000, San tos

2003; Fig. 1) , in the Amazonian Craton, is part of a cluster of iron oxide-eopper-gold

(IOCG) deposits recognized in the Southern Copper Belt at Carajás (Monteiro et aI.,

2011; Moreto et al ., 20I5b). Th ese deposits are distributed over a belt of more than 60

km within the E-W and WNW-ESE-trending Canaã shear zone.

The Southern Copper Belt is located in the contact zone between units of the

former Carajás basin, represented by Neoarchean metavolcanosedimentary and

sedimentary sequences, and its basemenl that comprises Mesoarchean TTG

ortogneisses, granitoids and greenstone belts.

The Jatobá deposit, und er evaluation, is the closest to the world-class Sossego

Mine (355 Mt @ 1.5 % Cu and 0.28 gjt Au; Lancaster et aI., 2000). However, according

to Veloso et al. (Submitted), these deposits have distinct geological setting. Whil e the

Sossego deposit is hosted by the ca. 3.0 Ga Sequeirinho granite, ca. 2.97 Ga greenstone

belt and Neoarchean intrusive rocks (ca. 2.74 Ga gabbronorite and granophyric granit e;

Moreto et aI. , 20l5a), the Jatobá deposit IS essentially hosted by

metavolcanosedimentary units and metadiabase.

T he Jatobá deposit is aiso notable for its extensive scapolite-biotite-hastings ite

alteration zones, massive magnetite-(apatite) bodies and spatially related nickel-rich

pyrrhotite breccias, which may represent the roots of lhe IOCG system . The bulk of

copper mineralization at Jatobá, however, is associated with late chlorite alteration

(Veloso et al. Submitted).

The geological attributes of the Jatobá deposit may reflect an evolving system

that records a single 01' multiple hydrothermal events. Its evolution may be analogous to

that reported by Monteiro et al. (2008a) for the Sossego mine, which has deep

intermediate and shallow-crustal level alteration zones (Monteiro et ai, 2008a, 2008b)

developed during Neoarchean (ca. 2.70Ga - 2.68 Ga; U-Pb LA-MC-ICPMS in

monazit e and Re-Os NTIMS in molybdeni te) and Paleoproterozoic (ca. 1.90 - 1.87 Ga ;

U-Pb LA-MC-ICPMS in monazite) metallogenetic events, respectively (Moreto et al.

20I5a) . However, the recognition of these deposits as distinct portions of a larger

mineral system depends on the identification of similar sources and processes.

Stable isotope studies may enable the identification of the nature of fluid and

sulfur sources for the Jatobá copper ore. ln addition, whole-rock lithochemical
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signatures of the Jatobá ore may reflect fluid-interaction process and the nature of

leach ed rocks. Thus, this contribution integrates U- Pb geochronology, oxygen,

hydrogen, sulfur, and lead isotope data, and lithochemistry, aiming to unravel the nat ure

and mechanisms of fluid evolution and the fluid flow paths. This study also may

contribute to the identification of mechanisms that permitted the genesis of worl d-class

and minor copper deposits in a complex multi-episodic mineral system.

1. Methods

Oetailed descriptions of cores from eight drill holes (JATO-OI , JATO-02,

JATO-03 , JATD-15 , JATFO-21 , JATFO-2S, JATO-32 e JATO-33) was integrated to

petrographic studies under transmitted and reflect light and using a scanning electronic

microscope (SEM), LEO 4401 mod el, coupled to an Oxford Energy Oispersive X-Ray

Spectromet ry (EDS) were carried out in the Electronic Microscope Laboratory of the

Geoscience Institute, Unive rsity of São Paulo (USP).

U-Pb geochronology

For geochronological studies, zircon concentration frorn the host rocks (mafic

and felsic metavolcanic rocks, mafic metatuff, and metadiabase) was attempted. Zircon

was sa tis factorily ex tracted from approximately 1 kg of a metarhyodacit e sample.

Conv entional techniques were used, involving crushing, granulometric separation by

sieving «250 mesh), concentration of dense minerais in Wiffley table, elimination of

magnetic minerais using hand magnet and Frantz electramagnetic separator and zircon

concentration using high density solutions (bromoform and methylene iodide) , in

accordance with the sampie preparation pracedures adopted in Loios (2009). Zircon

grains were collected and manually select ed using a Stereomicroscope Olympus DF

Plan 1.5x and assembled in blocks with 4 mi of resin and 0.5 mi of healer, resulting in a

mount with 23 zircon grains.

The U-Pb ana lyses in zircon were performed on a Thermo Neptune laser

ablation multi-collector inductively coupled plasma mass spectrometer (LA -ICP-MS)

with spa tial ana lytica l resolution obtained in a Laser Excimer with ArF 1931101 (6Hz

frequency), with spot production of 32 um and ablation time of 40s. The correction for

the common Pb was made based on the zircon Gj-l (age-reference of 60S.5 +/- 0.4 Ma ;

TIMS; Jackson et aI. , 2004). The analytical data were processed in Excel spreadsheets,

and the isotopic ratios were reported in levei Ia. Age calculation was performed using
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the ISOPLOT/Ex 4. 15 software (Ludwing, 2009). The LA-ICP-MS U-Pb isotopic

analyses of zircon were performed at the Geochronological Research Center (CPGeo) of

the University of São Paulo , following the analytical procedures presented in Sato

(2008).

Pb-Pb isotope analysis

Pb-Pb isotope ana lyses were carried out on sulfide concentrates adopt ing the

analytical procedures recommended by Magdaleno and Ruiz (2009) . The ana lyses

include the use of a clean class 10.000 (ISO N° 7) laboratory equipped with laminar

flow hoods c1ass 100 (ISO N°S), following the reference standard ABNT NBR ISSO

14644-1. The technique requires care in the purification of reagents and hand ling of

materials in order to avoid probable cont aminations by Pb. The total dissol ution of the

sulfide sample was ob tained by acid digestion in a SAVILLEX using HCl + HN 0 3 at

different stages, at a temperature of 100 -c The Pb isotopic ratios were obtained by

thermal ionization m ass spectromet ry (TIMS), using the FINNIGAN MAT 262

spectrometer at the Center for Geochronological Research of the Institute of

Geoscienc es of the University of São Paulo (CPGeo - USP). Isotopic ratios were

corrected fo r bulk fractionation of 0.12%/u.m.a e 07PbF04Pb ratio) and O.13%/u .m .a

e06PbP04Pb and 20SPb/204Pb ratios). Error 2SD (Standard deviation) is reported in Zo

leve i fo r an average number of measurements of 60. Total white during analysis were of

77 pg. Mean value of the isotopic ratios of the NBS-981 standard between April/2015

and M arch/2016 was value ± standard deviation (la): 206pbP04Pb = 16,894 ±O.006;

207pbp 04Pb = 15,433 ±O.OOS and 20Spbp04Pb = 36,518 ±0.026.

Stable isotope analysis

Mineral concentrates with a purity of more than 95% were obtained using a

hand -drill, milling in stainless steel mortar, sieving and manual sorting under a

stereo microscope. Sulfur stable isotope analyses were carried out in the Geochronology

Labo ratory of the Institute of Geosciences, University of Brasília, Brazi l. For sulfur

isotope analysis, S02 production was obtained from the combustion of sulfides with

excess oxygen in tin capsules at 1080 °C. The gas produced from the combustion was

brought through a stream of helium to tungsten and zirconium catalysts for reduction in

a high purity copper filament. The separation of SOz took place in a gas chromatograph.

Stable isotope ratios were analyzed using a LA-MC-ICP-MS (Laser Ablation Multi
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Collector - Inductively Coupled Plasma Mass Spectrometer). The data processing, as

well as the control of the mass spectrometer and its peripherals were performed by

software lsodat 3.0 (Sharp, 2007). The Õ
34S values have an accuracy of 0.01 %0 and

were reported in relation to the Canyon Diablo Troilite (CDT) standard.

Oxygen and hydrogen isotope analyses were carried out on silicates and oxides

in the Stable Isotope Analytical Service of the University of Salamanca, Spa in, under

supervision of the Prof. Dr. Clemente Récio Hernández. Mass spectrometric

measurernents for the 180160 isotopic ratios were performed based on Sharp (1990),

using the original Clayton and Mayeda (1963) techniques using a SIRA-II mass

spectrometer. The rnethod consisted of the release of Oz by laser ablation (COz laser

SYNRAD 2SW) in an atmosphere of ClF3. The water and H, reduction and

determination of D/H ratios were performed according to Godfrey (1962) in a Dual Inlet

gas source mass spectrometer (2 SIRA-II spectrometers + 1 SIRA-lO spectrometer) .

The results of the oxygen and hydrogen isotopes are expressed in conventional delta (ê)

notation per thousand (%0), and are reported in relation to the Vienna Stand ard Mean

Ocean Water (VSMOW) standards. The reproducibility of the analyses was ±0.2 %0 for

Õ180 and ±5 %0 for úD .

Lith och emical analyses

Whole rock chemical analyses were performed on mineralized samples of the

latobá deposit. The sample preparation was done in lhe Treatment Laboratory of the

Institute of Geosciences, University of São Paulo. Rock powders were prepared in a

tungsten carbide ring mill and analyzed after lithium metaborate or tetraborate fusion.

The chemical analyses were carried out in the ACME Analytical Laboratories Ltd. and

the ALS Australian Laboratory Services Pty Ltd. Major elements were analyzed by

ICP-AES (Inductively Coupled Plasma Atomic Emission Spectroscopy), whereas minor

(MnO, Ti Oz, PzOS, CrZ03), traces (Ba, Be, Co, Ga, Nb, Ni, Rb, Sc, Sn, Sr, V, W, Y, Zr ,

Ag, As, Au, B i, Cd , Cu, Hg, Mo, Ni, Pb, Sb, Si, TI, Zn), ultra-traces (Cs, Hf, Ta, Th, U)

and REE were determined by ICP-MS (Inductively Coupled Plasma Mass

Spectrometry). The results were treated using Excel spreadsheets and the GCDK.it

software (Janousek et al., 2006).
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2. Geological setting of the Carajás Province

The Carajás Province (Santos et ai. 2000; Santos 2003; Fig. 1), located in the

Amazonian Craton (Teixeira et aI. 1989,' Brito Neves and Cordani 1991' Tassinari" ,
1996; Tassinari and Macambira, 1999; 2004), comprises a well-preserved Archean

nuclei. lt is divided into two tectonic domains: Rio Maria in the south and the Caraiás, , :I

Domain, in the north. The Rio Maria Domain represents a typical granitoid -greenstone

terrain. It evolved from the amalgamation of intra-oceanic ares in two stages (3.05 Ga to

2.90 Ga; 2.88 Ga to 2.82 Ga ; Leite , 2001; Souza et ai., 2001; Santos, 2003; Tassinari et

aI. , 2005; Vasquez et al., 2008; Almeida et aI., 2011), accompanied by compressive

regime and crustal shortening in the N-S direction until its stabilization at ca. 2.85 Ga.

The Carajás Domain (Figure 1) comprises an outstanding metallogenetic

province in Brazil and concentrated the known iron and copper-gold deposit s at Carajás .

This domain is characterized by a regional E-W and WNW-ESE-trending sigmoidal

structure and by expressive transcurrent shear zones (e.g. Cinzento, Carajás and Canaã;

Araújo and Maia; 1991 ; Pinheiro and Holdsworth, 1997; Pinheiros, 201 3).

The Mesoarchean basement is recognized outwards the limits of the Carajás

sigmoidal structure. It comprises: i) gneisses and migmatites of the Xingu Complex; ii)

granulites of the Chicrim Cateté Ortogranulite (or Pium Complex; 3.0 Ga; Pidgeon et

aI., 2000); iii) ca . 3.0 Ga granitoids (e.g. Sequeirinho and Bacaba tonalites; Moreto et

aI. 2011a; 20ISa); iv) ca . 2.96 to 2.93 Ga Canaã dos Carajás Granite (Feio et aI. , 2013);

and v) ca. 2.88 to 2.84 Ga granitoids (e.g. Água Azul; Água Limpa, Serra Dourada,

Cruzadão, Rio Verde, Campina Verde , Bom Jesus; Gabriel et aI. , 2010; Sousa et al.,

2010; Moreto et aI., 2011; Feio et aI., 2012a, 2013).

Greenstone belt sequences (ca. 2.97 Ga; U-Pb SHRIMP zircon; Moreto et aI.

2015a) define the southern boundary of the sigmoidal structure, dose to the contact

between Mesoarchean granitoids and Neoarchean metavoleano-sedimentary units (e.g.

Selva greenstone belt; Sequeirinho Group; Siepierski et aI., 2016; Justo et aI., 2015).

They include metaultramafic (tale schist , serpentinite and spinifex-textured komatiite),

mafic (actinolite-chlorite-quartz-albite schist) , intermediate (metadacite) and

metasedimentary units (quartz-chlorite schists).
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Cenozoic Neoarchean Convention
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O Igarapé Bahia Group
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O IgarapéSalobo Group ~ Mine
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Chicrim-Catet é Orthogranulile 0 City

layered intrusion O Xingu Complex O Jatobá

Figure 1. A . Location of the Carajás Province in the Amazon Craton. B. Oiv ision of lhe Carajás
Province into the Rio Maria (RMD) and Carajás (CD) domains, and its north limit with lhe
Paleoproterozoic Bacaj á Domain (0 8). C. Geological map of the Carajás Oomain (Vasquez et al. ,

2008b).

The inner part of lhe sigmo idal structure is represented by metavolcano

sedimentary and metased imentary units, which are referred to as the former Carajás

basin. The ca. 2.76 to 2.73 Ga Itacaiúnas Supergroup (Wirth et ai. , 1986,

DOCEGE01988, Machado et ai. 1991) and Rio Novo Group (Hirata et ai. 1982)

comprise mafic and felsic metavolcanic and metavolcaniclastic rocks, banded iron

fonnation , metagraywackes and quartzites. The Itacaiúnas Supergroup was divided into

the Igarapé Salobo, Igarapé Pojuca, Grão Pará, and Igarapé Bahia groups that have
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predominance of distinct volcanic and sedimentar facies. These volcano-sedimentary

sequences underwent low greenschist to amphibolite facies metamorphism.

Mafic-ultramafic intrusions (e.g. Luanga Complex; Ézio Complex Jorge; Cateté

Intrusive Suite; Jorge João et a!., 1982; Machado et ai., 1991; Macambira and Vale,

1997; Lafon et aI., 2000; Silva, 2016) and gabbros, norites and diorites (e.g. Diops ídio

Norito Pium; Cristalino Diorite; Huhn et al. , 1999b) were emplaced in ca. 2.76 Ga to

2.70 Ga.

Expressive granitegenesis (ca. 2.75 Ga to 2.70 Ga), synchronous to mafic

ultramafic intrusion emplacement, is represented by foliated alkaline to metaluminous

A2-type granites (e.g. Planalto; Estrela ; Plaquê; Serra do Rabo; Igarapé Gelado Pedra

Branca; Sossego Granophyric Granite; Avelar, 1996; Huhn et ai., 1999a; Huhn et a!. ,

1999b; Barros et. al. 2004; Sardinha et aI., 2001; Barbosa, 2004; Feio et a!., 2012, Feio

et ai. al., 2013; Moreto et al. , 2015a). The Old Salobo and ltacaiúnas granites (ca. 2.57

Ga; Machado et al., 1991; Souza et ai., 1996) were also identified in the northern

portion of the Carajás Domain, close to the northern limit of the sigmoidal structure.

The Águas Claras Formation represents a metasedimentary sequence (Nogueira

et a!. 1995) formed in marine to fluvial environrnent, whose Archean age is indicated by

a crosscutting ca. 2.6 Ga gabbroic sill (Dias et a!. 1996; Mougeot et ai. 1996).

Orosirian alkaline and subalkaline A2-type ca. 1.88 Ga granites (e.g. Serra dos

Carajás , Young Salobo, Pojuca, Breves, Central de Carajás, Cigano; Rio Branco;

Machado et aI. 1991, Dali' Agnoll et a!. 1994, Tallarico 2003) are also widespread in the

Carajás Province.

3. Tectonic setting of the Carajás Province

The origin of the Carajás sigmoidal structure is controversial. According to

Tavares (2015), it results from the installation of an active continental margin in ca.

2.87 to 2.83 Ga, which evolved to the amalgamation of the Rio Maria and Carajás

domains, leading to crustal thickening, high-grade metamorphic processes and

migmatization recorded in the Xingu Complex rocks (ca. 2.86 Ga; Machado et al.,

1991; Delinardo et al., 2015).

Araújo and Maia (1991), however, interpreted the sigmoidal mega-structuring as

a result of thrusts and transcurrent fault systems, developed in an oblique compressive

regime with shortening in the NW-SE direction. According this model, a dextral

transtension of the basement rocks led to the formation of a pull-apart basin, controlled
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by the anastornosed geornetry of the main lineaments, resulting in the development of

the Carajás and Ci nzento fault systems.

ln addition, P inheiro and Holdsworth (1997) considered that the tectonic

reactivation of Mesoarchean ductile shear zones was responsible for the complex

structuring of the Carajás Domain. Between ca. 2.85 and 2.76 Ga, the basement rocks

became intensely deformed, as evidenced by lhe subverlical E-W-trending myloni tic

foliati on im printed on these rocks . Subsequently, an intracratonic basin developed under

conditions of high-tem perature regional sinistrai lranspression regime. Dextral

transtens ion lead to the deposition of the Itacaiúnas Supergroup and the Águas Claras

Formation in a wide in tracratonic basin, followed by the establishrnent of lhe Cinzento

and Carajás transcurrent shear zones .

Gibbs et al. (1986), Wirth et al. (1986), DOCEGEO (1988), Olszewski et al.

(1989), Tallarico et al. (2005) and Tavares et aI. (2015) attribuled lhe formation of the

Carajás Basin to the opening of a continental rift marked by the ascension of

asthenospheric mantle in an ex tensional environment. Underplating of mafic magma at

the base of the lower crust leaded to its melting and generation of differenl magmatic

chambers, including those that would have originaled the ca. 2.75 lo 2.70 Ga mafic

ultramafic intrusions and the bimodal volcanism of the Itacaiúnas Supergroup (Tallarico

et al., 2005; Ferrei ra Filho el al. , 2007).

However, the Neoarchean Az-type granites , synchronous to lhe ca. 2.75 lo 2.70

Ga magrn atisrn, are typica lly foliated and their emplacemenl is considered syn-tec tonic

in relation to a regional transpressive evenl (Barros et al., 2001, 2004, 2009).

Alternatively, Tavares (2015) interpreled that reactivation of Mesoarchean basement

faults during the Neoarchean rift resulted in conduits lo emplacement of these magmas.

A dditionally, another evo lutionary model is defended by Meirelles (1986),

Dardenne et a!. (1988), Meirelles and Dardenne (1991), Teixeira and Eggler (1994),

Teix eira, (1994), Silva et ai., (2005), Lindenrnayer et ai., (2005), Lobato et a!. (2005)

and Teixeira et a!. (2010). This model proposes the formation of a volcano-sedimentary

basin in an active margin environrnent, whose evolution would be related to the

subduction of oceanic piate, followed by continent-continent collision in ca. 2.76 to

2.74 Ga leading to arnalgamation of the Rio Maria and Carajás domains. The high K

caIc-alkaline affinity of the Itacaiúnas Supergroup basalts is considered an evidence for

this modeI. Zucchetti (2007) considered that such characteristics could reflect voIca nism

extravasated on continental crus t in a back are environment developed in ca. 2.76 Ga .
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Regardless of the mod el adopted for the generation of the Carajás basi n, its

tectonic inversion in ca. 2.70 Ga to 2.60 Ga is suggested (Pinheiro e Holdsworth, 1997;

Domingos, 2009). The oldest lOCO metallogenet ic events at Carajás (e.g. Sequeirinho

orebody, Sossego Mine; Moreto et aI., 2015a) were developed during this stage.

Thereafter an important tectonic event at ca. 2.57 Ga, coeval to the formation of the

Salobo and Igarapé B ahia lOCO deposits (Réquia et aI., 2003 ; Tallarico et aI., 2005), is

recognized in the north limit of the Carajás Domain and related to the reactivation of the

Cinze nto fau lt system (Melo et aI., 2017).

A Paleoproterozoic collisional system (Carajás-Bacajá Orogen; ca . 2.09 to 2.07

Ga) was re lated to the Riacian agglutination process that led to the collage of the

Carajás Province w ith the Bacajá Domain (Tavares, 2015). The ensuing Orosirian

Sereno tectono-thermal event (ca. 2.0 Ga) was restricted to the eastern edge of the

Carajás Domain (Tavares, 20 15) and comprises a shear-dominated compressive system

with vergence tow ards north-northwest to west-northwest. A hydrothermal event dated

in ca. 2.05 G a was identified by Moreto et aI. (2015b) in the Bacaba deposit, located in

the Southern Copper Be1t. The rnain copper mineralization at Bacaba was forme d at ca.

2.70 Oa to 2.68 G a, but the record of Paleoproterozoic hydrothermal activity in ca. 2 .05

Ga may be 1inked with an overprinting related to the Paleoproterozoic tectonic events

(e.g. Carajás-Bacajá Orogen or Sereno event).

The collapse of the Paleoproterozoic orogen was followed by the developrnent

of ENE-WSW and WNW-ESSE ductile-brittle and brittle structures related to the

emplacement of ca. 1.88 Ga A- type granite and formation of younger lOCO deposits or

orebodies (ca . Alvo 118; Sossego orebody, Sossego Mine; Tallarico, 2003 ; Moreto et

al., 2015b).

4. The Jatobá iron-oxíd e-copper-gold (IOCG) deposit

The Jatobá deposit is located about 3 km north of the Sossego Mine (Fig. 2) , a

world-class iron oxide-copper-gold deposit (lOCO), in the Carajás Mineral Province.

Both deposits are associated with the WNW-ESE regional Canaã shear zone that defines

the southem contact of the ca. 2.76 to 2.73 Oa Itacaiúnas Supergroup with Mesoarchean

units , includ ing ca. 2.97 Oa greenstone belts and ca. 3.0 GaTTO-li ke granitoids.
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Figure 2. Geological map of part of the Southern Copper Belt in the Carajás Domain, showing the
location of IOCG deposits (VALE, 2014; Moreto et 01., 2015b). Geochronological data soure: (1) Moreto
et aI. (2015a) ; (2) Mo reto et aI. (2015b); (3) Machado et aI. (1991); (4) Moreto et aI. (2011).

Aeeording to Veloso et aI. (Submitted), the main host rocks ofthe Jatobá deposit

eomprise metarhyodaeite and amygdaloidal metabasalt, in addition to fels ie

metavolcaniclastie breeeias and mafie metalapilli and metaerystal metatuffs, whieh are

eut by metadiabase dikes (Fi g. 3 and 4) . The least-altered and deformed roeks , mainl y

deriv ed from mafie protoliths, reeord effeets of lower greenschist faeies metamorphism.

Sodie plagioclase and aetinolite (I) represent the metamorphic paragenesis in roeks with

blasto subophitie texture and magnetite (I) with trellis texture.

Hydrothermal alteration was controlled by the Canaã shear zone developmen t,

however in tense altera tion also was developed pervasively in isotropie roeks (Fig 5) .

Early pre-teetonie hydrothermal alteration eneo mpasses pervasive silieifieation, sodie

(albite, seapo lite I, Ce-all anite), sodic-calcic (ferro-pargasite), and potassie (biotite I,

tourmaline, Cl-ap atite) alteration (Fig 6 A and 6 B). Almond-shaped albite or seapolite

(I) porphyroclasts involved by pressure shado ws oeeur in mylonitie roeks (Fig 6 B).

Distal hydrothermal alt eration resulted in replaeement of preexisting minerais that filled

amygda les in metabasalts by bioti te (I), euhedral magnetite (II) and quartz (Fig 5 A). ln

more deformed domains, the amygdales are stretehed and pressure shadows are also

developed around magnetite (II) erystals.
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Early magnetite-quartz veins are composed of coarse magnetite (III) crystals,

commonly stretched (Fig 5 D). Magnetite (III) has tiny ilmenite exsolution lamellae and

is intergrown to granular ilmenite and quartz crystals. Towards the mineralization

zones, massive magnetite bodies (IV; up to 60 m) represent proximal envelopes of

mineralized zones (Fig 5 E) and are well develop along the contact zones between

metarhyodacites and metabasalts and within the latter.

w JATD-33

o Saprolite

Metad iabase

O Metabasalt

Mafie metaluff

O Melarhyodacite

Fels ie voleanoelas tic- aOm
breecia

• Copper mineralization

E

...

Figure 3. Simplified cross-section of the Jatobá deposit (VALE, 2014), showing magnetite-rich zones in
the drill -hole JATD-32, identified by high magnetitic susceptibility (SM), and intercepts of copper

mineralization.
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Felsicrnetavolcaniclastic rock

D Maficmetalapill ituff

HYDROTHERMAL ALTERATION
Pretectonic alteration

Scapolite/Albite

[J Scapolite/Quartz-Magnetite-Biotite

Scapolite/B iotite

• Mass ive magne tite bodies

[Z] Late veinlet

O Breccia

~ Myloniticfoliation

1§1 Pyrrohtite sample for
S isotope

Syntectonic alteration

Biotile/Hastingsile

rn Actinolite/Apatite

Actinolite/Biotite

IJ Hastingsite/Actinolite

ORE
Synt ectonic
mineral ization

Massive magnetite
• (Pyrrhol ite» Chalcopyrile)

Massive magnetite
(Chalcopyrite> Pyrrholite)

Latetectoni c (vei ns)

Biotite and Quartz

O Chlorite

Latetectonic
mineralization

O
Biotite-Quartz
Chalcopyrile

Figurc 4. Schematic profile of the JATD-32 drill hole of the Jatobá deposit, showing characteristic host
rocks. Thi n columns , at left, represent types of pre-tectonic (PRE) and syn-tectonic (SY ') hydrothermal
alteration and main alterati on zones.
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The main syn-tectonic hydrothermal alteration stages comprise sodic-calcic

(scapolite II) , calcie (actinolite I, Cl-apatite, Ce-allanite, Ce-monazite, magnetite V ;

Figs. 5 F and 6 D) and potassic (CI-K-hastingsite I, biotite II , quartz, Co-magnetite V,

Cl-apatite, Ce-alIanite) alterat ion cont rolled by the development of myloni tic foli ation

(Figs. 5 H and 6 C).

The massive magnetite bodies (Mag IV; Fig 5 E) are cut by fibrous actinolite, Cl

apatite (Fig 6 D) and subordinated magnetite (V; Fig 5 G). Actinoli te also surrounds the

massive magnetite bodies (Fig 5 F), sometimes promoting their brecciation, evid encing

its posterior temporal relation with these bodies (Fig 5 E).

K eneretion Na alle ra lio n Fe·K alle ralion Fe alleralion

N~ afleralion Mm eralizalion (1/1) I.finera llzarion (IV} Chlonte a~cro:ion Lale veins ora brcc6as

bs

Figure 5. Main features of hydrothennal alteration in the Jatobá deposit, showing its general temporal
evolution. A) Metabasalt with pervasive potassic alteration represented by fine biotite (I), which also
replaced the amygdale infill; B) Metadiabase with pervasive sodic alteration (scapolite I) followed by
syn-tectoníc po tassic alteration with biotite (II) and thereafter by hastingsile; C) Hastingsite alteration
fro nts developed along the myloni tic foliation in metabasalt overprinting biotite (I) and (II); O) early
magnetite-quartz veins in metabasalt; E) Massive magnetitite replaced and cut by chalcopyrite; F)
Metarhyodacite replac ed by actinolite (II), chalcopyrite, pyrrhotite, and biotite (II); G) Magnetite (V)
associated with biotite (II) and sulfides (chalcopyrite and pyrite); H) Foliated metabasalt replaced by
biotite (II) and chalcopyrite; 1) Vein infilled with scapolite (lI!) replaced by retrograde albite, sericite a nd
epidote; J) Vein wíth quartz, chalcopyrite and coarse green biotite (lI!); K) Mineralized zone with
chalcopyrite and quartz; L) Mineralized zone composed of chalcopyrite, chlorite (II) and quartz; M)
Chlorite-altered metabasalt cut by stilpnomelane-quartz-albite (IV) veinlet; N) Porphyritic metadiabase
cut by late calcite, albite (IV) and epidote veinlets; O) Foliated metarhyodacite replaced by K-feldspar
and quar tz and cut by microfaul ts; P) Breccia zone with K-feldspar and calcite. Abbreviation: Act =
actinolite; Hs = hastingsite; Qtz = quartz; Scp = scapolite; Bt = biotite; Stp = stilpnornelane ChI =
chlorite; Kfs = K-feldspar; Ep = epidote; Ser = sericite; Cal = calcite; Mag = magnetite; Ccp =
chalcopyrite; Py =pyrite.
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Figure 6. A) Metab asalt with amygdale infilled by biotite (I), magnetite (I) and quartz (TL; PP); B)
Folialed metad iabase with por phyroclasts of scapol ite (I) with scapolite (II) rim involved by mylonitic
foliatio n defined by hastings ite (I) and biotite (II) (TL; PP); C) Hastingsite (I) and bíotite (II) in a boudin
neck in a scapolite (I) crystal (TL; PP); O) Actinolite (II), apatite (IV) , allanite (II) and magn etite (IV)
(TL; PP) ; E) Metabasalt replaced by biotite (II) and cut by vein infilled by fibrous scapo lite (III), which is
in tum crosscut by coarse biotite (III ) (TL; CP); F) Coarse green biotite (III) occurs as infill involving
scapolite (III) crystals; G) Scapolite (IV), biotite (III) and hastingsite (II) crosscut fibrous scapolite ( III);
TL; PP); H) Scapo lite (I) porphyroblast with retrograde alteration (K-feldspar and chlo rite) (T L; PP).
Abbreviation: Scp = sc apoli te; Act = acti nol ite; Hs = hastingsite; Bt =biotite; Chi = clo rite; Kfs = K
Feldspar; A p = apatite; AIn = allaníte; Otz = quartz; Mag = magnetite.

Lat e tectonic hydrothermal alteration is represented by pervasiv e chiorite

alter ation and late scapolite (III) veins (Fig 6 E), which are cut by scapolite (IV), Cl -K-

114



bF

hastingsite (II) and biotite (III) veinlets (Fig 6 F and 6 G). Ilmenite (I1)-titanite-chlorite

(lI)-adularia veins are forrned in rnagnetite-rich domains.

The copper-gold rnineralized zones in the Jatobá deposit comprise swarrns of

vertical to subvertical orebodies spatially related to metadiabase dikes and contact zones

between rhyodacites and rnetabasalts (Fig 3). Mineralization styles include

disseminations, rnassive ore in replacement fronts controlled by the mylonitic foliation,

hydrotherrnal breccias, stockworks, vein and veinlet systems (Fig 7). The mineralized

zones were forrned in four distinct stages, coeval to ductile and ductile-brittle

deformational events (Fig 7).

The first two stages are syn-tectonic and spatially related to massive magnetite

bodies (Fig 7 A). Th e rnineralization stage (1) was related to syn-tectonic calcic

alteration, especially to actinolite (II) forrnation in metarhyodacites. Replacement fronts

and breccias have predorninance of Ni-pyrrhotite, Ni-pyrite and Cl-apatite (II), and

subordinately, Co-chalcopyrite, Ce-allanite (II), Co-pentlandite, quartz and Ce-monazite

(Fig 7 B and 7 C). ln addition, fine Ni-pyrrhotite crystals, actinolite (II), magnetite (V)

and subordinate quartz constitute replacement fronts and brecciated zones with up to 40

cm.

The mineralization stage (II) was temporal and spatially related to the

developrnent of the syn-tectonic potassic alteration, which pervasively and

indiscriminately affects the main host rocks of the Jatobá deposit. Mineralized zones are

developed in portions were biotite (II) was formed at the expense of actinolite (II) in

mylonitic rocks (Fig 7 O). These are represented by a system of strongly oriented and

interconnected bodi es with biotite (II), Cl-apatite (IlI), Co-magnetite (IV), ilmenite (I),

Ce-allanite (III) and quartz, besides discrete portions containing Ni-pyrite and Co

chalcopyrite (Fig 7 F). Breccia zones with expressive formation of biotite (II) and Co

chalcopyri te (± Ni-pyrite ± Ni-pyrrhotite) affecting the preexisting bodies of massive

magnetite are also observed (Fig 7 E).

The mineralizing (III) and (IV) stages at Jatobá are distinguished from the others

because they are controlled by ductile-brittle structures and associated with veins (Fig 7

G). The third stage was coeval to the late paler brown or green biotite (III), scapoli te

(IV), CI-F-apatite (IV) , and CI-K hastingsite (II) and comprises Co-chalcopyrite and

siegenite I (± Co-pyrite, ± magnetite, ± cassiterite; (Fig 7 H to 7 I). The late

mineralization stage (IV) was the most expressive and coeval to widespread chlorit e

(II), quartz, epidote and calcite development (Fig 7).
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Mineralization stage (III)
IBIOTIT E (111)1

Mineralization stage (II)
IBIOTITE (11)1

=

Figure 7. Min eralization stages in the Jatob á deposto A) Mineralization stage (I) represented by
pyrrhotite-rich breccia; B) Magnetite (Iv) with infill of pyrrhotite, actinolíte (II) and allanite (reflected
light); C) SEM image showing foliated magnetitite cut by pyrrhotite, actinolite (II), biotite (II), Cl-apa tite
and alJanite; O) Foliated magnetitite composed of magnetite (IV) and replaced by syn-tectonic biotite (II),
pyrrhotite, chalcopyrite; E) Chalcopyrite, pyrrhotite, apatite, biotíte (11) and apatite in brecciated
magnetitite (reflected light); F) SEM image showing syn-tectonic magnetite (V), biotite (II), Cl-apatite
(III) and quar tz along the mylonitic foliation; G) Metadíabase replaced by biotite (II) and cut by late
quartz-biotite (III) vein with subordinate chalcopyrite; H) Detail of the quartz-biotite (III) vein, showing
the association of chalcopyrite and apatite, and distinct texture of biotite (II) and (III) (TL; CP); I) SEM
image showing detail of lhe Co-chalcopyrite-siegenite-quartz association of lhe mineralizing stage (III);
J) Mineraliza tion stage (Iv) represented by chalcopyrite-chlorite alteration front in altered
metarhyodacite; K) Molybdenite associated with chalcopyrite, K-feldspar, chlorite and quartz (reflected
light); L) SEM image showing Co-chalcopyrite with uraninite and monazite microinclusions and
associated biot ite (III), quartz and chlorite (II). Abbreviation: Act = actinolite; CI-Ap = Cl-Apatite; Aln
= allanite; Qtz = quartz; Bt = biotite; Mag = magnetite; Co-Ccp = Co- halcopyrite; Co-Pn = Co
pentlandite; Po = pyrrhotite; Py = pyrite; Ni-Py = Ni-pyrite; Mnz = monazite; 11m = ilmenite; Um =
uraninite; Mo = molybdenite.

Mineralization (IV) occur as a variety of branchi ng veinlets, which cut out and

isolate portions of rock that have been previously altered, thus giving a brechoid aspect

to the rock (Fig 7 J). ln these chlorite-rich domains, veinle ts with Co-chalcopyrite, ±

Co-pyrite, sphalerite, molybdenite, uraninite and monazite oceur (Fig 7 K and 7 L).
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Other late vein types comprise those with quartz-chalcopyrite-K (± molybdeni te ,

Co-pentlandite, and si egenite II) and fine veinlets with chlorite-chalcopyrite, W-bearing

hematite, rare earth carbonates (bastnãsite, coskrenite and sahamalite), Co - and Ni 

pyrite, sphalerite, ilmenite, marcasite, leucoxene and adularia . The paragenetic

evolution of the Jatobá deposit is presented in Figure 8.
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Figure 8. Paragenetic evolution of the Jatobá deposit. The colored rectangles represent lhe relative
temporal position of mineral pairs chosen for stable isotope analysis.

117

>



-

5. Results

LA-ICP-MS U-Pb age in zircon

Least-altered portions of the host metarhyodacite (sample JATD-21; 178-183 m)

were se lected for geochro nological studies. The rock is light gray, fine-grained, massive

and po rphyritic with b ipyramidal quartz (B-quartz) and euhe dra l plag ioclase

blastophenocris ts. The matrix is fine-grained, equigranular to inequigra nular, and

consists of quartz and hyd ro thermal albite , microc1 ine, biot ite, epidote , chlorite and

apatite .

The z ircon grains are mu rky brown to pinkish in color and transparent to

translucent. The grains are oft en broken and few have prismatic shape (Fig. 9 D and 9

E). Those z ircon grains that are still preserved have crystal lengths ranging from 80 um

to 24 0 um (Fig . 9).

dala-poinl error ellipses are 68.3% conf

2016

U.I.=2700±16Ma
L. I. = 410 ± 19 Ma; MSWD = 22

(LA.ICP·MS)

• •2661 Ma 162 16.1
. 2643 Ma

4

1554 Ma

A f882 Ma
«~m

8 12

207PbP35U

Jatobá Metarhyodacite
Sample JATD - 21 (178-183m)

Chlorite alteration
Zircon

0.2

0.6

~
cc
C"') 0.4
~
.c
e,
CD
O
N

Figure 9. 206Pb/ 238U vs. 207Pb/235U Concordia diagram for lhe Jatobá metarhyodacite host rock (sample
JAT - 21/178 -183 111), showing cathodolumincscence images of highly mctamict zircon grains.
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The cathodolurninescence images show typically low luminescence and

homageneity af zircon grains. These are highly metamict (Fig. 9A to 9 C) and have high

U contents (between 246 and 664 ppm ; Table). A total of 23 grains were analyzed , with

232Th;238U ratios ranging frorn 1.49 to 0.36 (Table 1). Three grains have concordant

207PbP 06Pb ratios (97-113% concordance) indicating an age of ca. 2.7 Ga, but the bulk

of analyzed grains reflect intense Pb 1055 (Table I). An upper intercept age of 2,700 ± 16

Ma (MSWD = 22) was estimated using a total of 23 grains and considered as the

crystallizatian age (Fig. 9).
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Lithochemistry

Ten representative ore samples of the mineralization stages (I), (II) , and (IV) of

the Jatobá deposit were analyzed for major, minor and trace elements. AlI samples have

Cu contents exceeding 10 ,000 ppm, except those of the mineralization stage (I) that

present much lower values (590 to 1360 ppm; Appendix). Pyrrhotite-rich ore samples

frorn the mineralization stages (I) , spatialIy related to massive magnetite, have the

highest Fe203 (71.49 to 63.91 wt. %), Ni (3930 to 1270 ppm) , Co (2320 to 670 ppm), V

(740 to 590 ppm), Pd (81 to 372 ppb) and Pt (2 to 17 ppb) contents. ln general, ore

samples fro rn stage (II) have intermediate composition in relation to those of the

mineralization stages (I) and (IV). Its contents of Fe20 3 reaches 50.45 wt. %, whereas

those of the late mineralization stage vary frorn 34.19 wt.% to 21.00 wt. %. ln

consequence, nickel and cobalt contents are positively correlated to Fe20 3 and V (Fig.

IOA and 10B). ln the other hand, Ni + Co are negatively correlated to rare metais (Sn,

W, Be), zinc, and gold (Fig. 100, llC to 110), which are enriched in samples of the

mineralization stage (IV). ln the latter, Sn (up to 24 ppm), Nb (7.50 ppm), W (up to

322.50) and Zn (up to 482 ppm) contents were reported. Gold contents are markedly

lower in the mineralization stages (I) samples (7 to 14 ppm) in relation to those of stage

(II) with 282 to 1263 ppm and (IV) with 116 to 1310.80 ppm (Fig. l1C and 110).

ln addition, the variation of other oxides and minor elements do not have a clear

relationship with the paragenetic evolution of the Jatobá deposit, but they are correlated

wit h each other, such as U, Th, P20s and REE (Fig. lOC, 10F; lIA and B). The highest

and low est values of these elements/oxides were found in samp les of the mineral ization

(IV), which have U (0 .20 to 48.50 ppm), Th (1.10 to 23.30 ppm) and P20s (0.07 to 7.97

wt. %) contents (Fig. lIA and llB).
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Except for two samples from the last stage, there is an increase in light rare earth

elements (LREE) contents related to the paragenetic evo lution (Fig. 12). The LREE

values are high (957 ppm to 6773.92 ppm), but the two outliers have the lowest LREE

contents (64.11ppm to 318.89 ppm).
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• Mineralizati on (I) • Mineralizalion (II) Mineralizalion (IV)0.1 .
' . ......... ........ ........ .............. ..... .. .... ........ ........ .............. .. ............ .. .... ........ ...... ...... .... ..

0.01 La Pr Pm Eu 1b Ho Tm Lu
I I I

I

Ce Nd Sm Gd Dy Er Yb

Figure 12. Chondrite-norrnalized rare earth cleme nt plot of representative ore samples of lhe
míneralization stages (I , III and IV) of lhe Jatob á deposit compared with fields of REE pattems for oth er
IOCG deposits of the Southern Copper Belt , Carajás Pravince. Sourcc of data: Sequeirinho and Sossego
orcbo dies (Sossego mine; Carvalho, 2009); Alvo 118 (Moreto ct al., 2009) ; Bacaba (Roscito, 2009);
Jatobá (T his study). Norrnalization values are Irorn Boynton (1984).

The chondrite normalized patterns of REE in the Jatobá ore samples show

enr ichment of LREE over HREE with (La/Ybj, values of 1.69 to 74.93. Ali samples

show negative Eu anomalies with Eu/Eu " values ofO .36 to 0.79 (Fig. 12).

Oxygcn and Hydrogcn Stable isotope

Oxygen isotope analyses were carried out on mineral pairs representative of the

main mineralization stages at Jatobá (Fig. 8). The selection of mineral pairs was based

on evidence of textural equilibrium and absence of features indicative of retrograde

alteration . Hydrogen iso top e analyses were ob tained for the same hydra ted miner al

123

>



m

phases analyzed for oxygen isotopes . Oxygen and hydrogen isotope compositions for

these mineral pair are presented in Table 2.

Magnetite (III) and quartz from early veins related to iron metasomatism have

8180V_SMOW values of 3.7%0 and 11%0, respectively. Syn-tectonic biotite (II) and quartz

associated with chalcopyrite-(pyrrhotite) formed in the mineralization stage (II)

contralled by mylonitic foliation were also analyzed. Biotite (II) has 8180v_SMOW vaIue

of 4.0%0 and 8D value of -64.2%0. Coeval quartz has 8180v_SMOWvalues of 8.5%0 to

8.6%0. Coarse green biotite (III) and quartz that occur associated with chalcopyrite

represent the mineralization stage (III). The 8t80v_SMOW values of 4.4%0 to 4.6%0 and

9.9%0 were obtained for biotite and quartz, respectively. ln addition, biotite has a 8D

vaIue of -88.4%0. Chlorite (II) (8180v_SMOW =4.8%0; 8D =-59.6%0) and quartz (8180
v_

SMOW = 10.5%0) from chalcopyrite-bearing ore breccias are typical of the late and most

expressive mineralization stage (IV) in the Jatobá deposit. ln addition, calcite from late

veins controlled by brittle structures was also analyzed, resulting in 8180
v_sMow value of

8.7%0.

Temperatures were calculated for the chosen pairs using the oxygen isotope

fractionation factors between magnetite-quartz of Zheng (1991) and biotite-quartz and

chlorite-quartz of Zheng (1993). The oxygen isotope composition of early magnetite

quartz Irorn veins related to massive magnetite permitted the temperature estimation for

the pre-mineralization stage. The calculated temperature was the highest (558 °C)

recorded at Jatobá. Conditions for lhe mineralizing stages (II), (III) and (IV) were

estimated based on the isotope composition of biotite (II)-quartz (507°C), biotite (IlI)

quartz (422 "C) and chlorite-quartz (327 "C) reflecting temperature decreasing during

the paragenetic evolution (Table 2 and Fig. 13 A).

Oxygen isotope composition of fluids were estimated based on oxygen isotope

fractionation factors between mineral -Hjô of Bottinga and Javoy (1973) for magnetite

H20 and biotite-Hjt); Matsuhisa et aI. (1979) for quartz-l-l-O: Cole (1985) for chlorite

H20; and Golyshev et aI. (1981) for calcite-Hjf). Hydrogen isotope composition of

fluids was estimated based on hydrogen isotope fractionation factors between biotite

I-hO of Suzuoki and Epstein (1976) and chlorite- H20 of Graham et aI. (1987).
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Table 2. Oxyge~ a nd hydrogen isotope cornpositions for minerais, calculated isotope compositions of
hydrotherrnal Ilu ids and ca lculated lemperatures based on oxygen isotope fractionation factors of Zheng
( 1991 , 1993).

Sam pie Mineral Stage
Ô 1 80S~1O ôDs~lO\\' Tcmpcratu re Ôl801120 ôO ll20

\\' %0 %0 (0C) %0 %.
JAT-32

Mag (III)
Ea rly Fe

(259 .35) mctasomatísm 3.7 558.4 9.53

JAT-32
Q tz

Early Fc
(259.35) metasomatism

11.0 558.4 9.18

JAT-28
Bt (II)

Mineralization
(160.40) s tage (11)

4.0 -64.2 506.6 6.44 -30.25

JAT- 28
Qtz

Mineralization
(160.40) stage (II)

8.5 506.6 6.37

JAT-28 Qtz Mincralízatíon
(160.40) . stage (11)

8.5 506.6

JAT-28 Qtz Mineralization
(160.40) stage (II)

8.6 506.6

JAT -21
Bl (III)

Mineralization
(40.00) stage (III)

4.4 -88.4 421.5 6.77 -44 .88

JAT-21
Bl (III)

Mineralization
(40.00) s tage (III)

4.6 421.5

JAT-21
Qtz

Mineralization
(40 .00) stage (III)

9.9 421.5 6.79

JAT-28
Ch i (II)

Minera lization
(128 .10) stage (IV)

4.8 -59.6 327.1 5.41 -31.6

JAT-28
Q tz

Mineralization
10.5

(128.10) stage (IV)
327.1 5.95

JAT-3
Cal Barren vcins 8.7 280.0 4.48

(221.75)

Oxygen isotope co mp osition of tlu ids were estimated based oxygen isotope fractionation factors between
rnineral-Hjf) of Bottinga and Javoy (1973) for magnctite-Hjô and biotite-Hj fl; Matsuhisa et aI. ( 1979)
for quar tz-H jf); Col e (1985) for chlori tc-Hjô; and Golyshev et aI. (1981) for calcite-l-í-O. Hydrogen
isotope compos it ion of tlu ids was estimated based hydrogen isotope fractionation factors between biotit e -
H20 of Su zuoki a nd Ep stein (1976) and chlorite- H20 of Graham cr aI. (1987). Abbreviations: Mag =
magnetite ; Bt = biotite; Chi = chlorite; Qtz = quartz; Cal = calcite.

Hydrotherrnal fluids in equilibrium with magnetite-quartz have 8
18

0 1120 va lues

of 9.18 to 9.53 %0, at 558 "C, Lower 8180
1120 values (6.37 to 6.44%0) were estimated for

fluids in equilibriurn with biotite (II) and quartz of the mineralization stage (II), at 507

"C, Calculated hydrogen iso tope compositian of fluids in equilibrium with bio tite, at

this sarne ternperature, is -30.25%0. Similar 8180 mO values were estimated, at 422 °C,

for the rnineralization stage (III) from biot ite (III) (6.77%0) and quartz (6.79%0) (F ig. 13

B and 14). At this stage, hydro therm al fluids have 80 mo values of -44.88%0 (Fig. 14).
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Bt (III).

stage (III) - Qtz
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stage (IV) Qtz B
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8180H20

Figure 13. A) Calcu lated temperatures based on oxygen isotope fractionation factors of Zheng ( 199 1,
1993) for mineral pa irs representative of distinct alteration and mineralization stages in the Jatob ádeposit.
B) Oxygen isotope composition of fluids in equilibriurn with magnetite, biotite, chlorite and quartz of the
Jatob á deposit. ÔlS

O H20 values were estimated based oxygen isotope fractionation factors between
mineral-Hjf) of Bottinga and Javoy (1973) for magnetite-Hjô and biotite-Hjt) : Matsuhisa et al. (1979)
for quartz-H jf); Cole (1985) for chlorite-Hjô. The reddish arca represents lhe field of primary magmatic
waters (Taylor, 1974) and felsic magrnatic water field frornTaylor (1 992).

Hydrot hermal fIuids associated chiorite (II) and quartz from the main

mineralization stage (IV) show 81s0 mo (5.95%0 to 5.41 %0) and 80 mo (-3I.6%0) values ,

(Fig. 14) at 327 "C. Oxygen isotope composition of flu ids in equilibrium with calcite

from late barren ve ins is 4.48%0, at 280 -c
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The calculated 8
18

0 1120 for pre-rnineralization and ore-related stages reveals a

narrow varia tion in hydrothermal fluid isotope composition and significant temperature

decrease rel at ed to the paragenetic evolution of the Jatobá deposit (Fig. 15).

2010

<, Primary
magmatic water

Metamorphic
water

~..._ - Sequeirinho
Actinolite

...-- t _

o

I
I

Sossego~ '
Actinolite

" "'
Sossego
Chlorite

Formation
water

-10

Sequeirinho
Epidote-.

o

-80

-40

o
N
I

O
co

.... ........... .. ... ..-_ -_ ...
Jatobá deposit

• Biot ite (II) - Mineralizing stage (II) (507 °C)

Biotite (III) - Mineralizing stage (III) (422 °C)

Chlorite (II) - Mineralizing stage (IV) (327 °C)
1- ;

Figu re 14. Oxy gen an d hydro therrnal isotope cornposit ion of f1u ids in equilibrium with biotite (II) and
(III) and ch lo rite (II), which are representative of lhe mineralization stages (II), (III) and (IV) of lhe
Jatobá deposito Fields for the Sossego mine (Sossego and Sequeirinho orebodies) are based on data of
Monteiro et al , (2008a). Andes ític volcanic vapo r field is from Giggcnbach (1992); fclsic magmatic water
field is Irorn Taylor (1992); pr ímary magmatic water field is frorn Taylor (1974).
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Jatobá deposit
• Magnetite (III) - Fe-metasomatism (558 °C)

• Biotite (II) - Mineralizing stage (II) (507 °C)

• Biotite (III) - Mineralizing stage (III) (422 °C)

Chlorite (II) - Mineralizing stage (IV) (327 °C)

Figure IS. Temperature and oxygen isotope compositions for hydrothermal fluids in equilibrium with
minerais formed previously (magnetite-quartz) and coeval to mi neralizaiion stages (II: biotite-quartz; III:
biotite-quartz; IV: chlorite-quartz) in the Jatobá deposit. Fields for T (0C) and ólSOnuid for other IOCG
deposits are plotted for comparison based on data of Monteiro et al, (200Sa) for Sequeirinho and Sossego
orcbodies (Sossego mine) and of Williams et al. (2005) for the Olympic Darn (0 0) deposit.

Sulfur Isotopes

Pyrrhotite (n = 3) representative of the mineralization stage (1) and chalcopyrite

(n =12) formed in the mineralization stages (II) to (IV) were chosen for sulfur isotope

analysis (Table 3 and Fig. 16).

The sulfur isotope compositions of pyrrhoti te and chalcopyrite of the Jatob á

deposit indicate lower values (834S
= 0.27 to 0.85%0) for sulfides from lhe

mineralization stages (I) and II) in relation to those of the mineralization stages (III) and

(IV). The latter have 834S values 01' 0.78 to 1.80%0 (Table 3). Despite the increasing of

834S values related to the paragenetic evolution of the Jatobá deposit, its sulfides record

a narrow variation of sulfur isotope compositions.
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Tabl e 3. Sulfur isotope compositions for sulfides representativo of mineralization stages (I) to (IV) of the
Jatobá depo sit.

Sample Mineral Association
Mineraliza tion ôJ4S (%0)

Stage

JAT32/327.00 Pyrrhotite Ni-pyrite, Co-pentlandite, Co- (I) 0.85
JAT32/358.35 Pyrrhotite chalcopyrite, Actinolite (II), (I) 0.63
JAT32/361.1 0 Pyrrhotite allanite, apatite, monazile

(I) 0.27

JAT-lS/194.20 Chalcop yrite Pyrrhotite, Ni-pyrite, Biotite (II), (II) 0.69
JAT- 28/160AO Chalco pyrite apatite, magnetite, allanite (II) 0.77

JAT-15173.18 Chalcop yrite (III) 1.04

JAT-I 5/147.65 Chalcopyr ite Siegenite, Cassilerite, Biotite (lII) , (III) 1.02

JAT-21140.00 Chalcop yrit e scapolitc, apatite (III) 1.02

JAT-21/46.00 Chalcopyrit e (III) 1.04

JAT 03/81.65 Chalcopyrite (IV) 0.90

JAT 03/130 .0S Chalcopyrite Co-pyrite, sphalerite, Chlorite (II), (IV) 1.80

JAT-28/11 9.00 Chalcopyrite molybdenite quartz, epidote, (IV) 1.20

JAT- lS/185 .22 Chalcopyrite calcite, uranínite, monazite, ETR (IV) 0.78

JAT 02178.6 Chalcopyrite carbonatos (IV) 1.60

JAT 02/172.5 Chalcopyrite (IV) 1.80

5 .

4

1

• Mineralization slage (I)

• Mineralization slage(II)

Mineralizalion slage (III)

Mineralization slage (IV)

834SsUlfide

Figure 16. Histogram showing lhe sulfur isotope composition of pyrrhotite (mineralization stage I) and
chalcopyrite (mineralization stages II to IV) of'the Jatobá deposit.
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Pb-Pb isotopes

Lead isotope analyses using total dissolution were carried out on chalcopyrite

forme d in th e mineraIizati on stages (II) and (IV). The obtained 206PbP04Pb (99.35 to

245 .728), 207p bp04Pb (32.528 to 62 .240) and 2ospbp04Pb (55.581 to 172. 755; (Ta bIe 4)

ratios are strongIy radiogenic. ln the 207pbp04Pb vs. 206pbP04 pb; Fig. 18) pIot , three

chalcopyrite samples of the minerali zation stage (IV) show approximately collinear

scattering, whereas the cha lcopyrite formed in the mineralization stage (IV) does not

line up w ith th e others. The line defined for the scattering of the three cha lcopyrite

samples from the minerali zation stage (IV) has an inclination corresponding to an age of

2,822 ±700 Ma (MSWD = 6170; Fig. 17A). Two chalcopyrite samples defi ne a Pb-Pb

age of2786.1 ± 5.4 Ma.

Es timates of the ~l ratio, which represents a petrogenetic parameter, was mad e

using the simp1e st age modeI, based on Tatsumato et aI. (1973) . The calcu lated ~l ratio

for chalcopyr ite of the mineralization stage (II) is 12 \.06, whereas ~ ratios between

87.27 and 229.13 were estima ted for chalcopyrite of the mineralization.

Table 4. Pb isotope data of chalcopyrite formed in the minera lization stages (II) and (IV) of the Jatobá
deposit.

Stage Sample Rock Style Mineral 20GpbP04pb 2SD 2 07Pb/20~Pb 2SD 2 08Pb/!O~Pb

II
JAT-15 MVF Brecia Ccp 134.220 0.064 33.2 11 0.019 55.581
( 194 .20)

JAT-15 MVM Vein Ccp 105.279 0.070 34.83 1 0.028 92.982
( 147.65)

IV JAT-15
BDO Vein Ccp 245.728 0.350 62.240 0.090 172.755

( 185. 22)

JAT-28
DBO Breccia Ccp 99.35 0.356 32.528 0.011 8 1.229

(11 9.00)

Host rocks: MV F = metarhyodacite; MVM = metabasalt; BOO = mctadiabasc; Ore mineral: Ccp =
chalcopyrite, 2cr = analytical errar.
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Figure 17. A) 207PbP 04 Pb and 206Pb/204Pb correlation diagram and age for chalcopyrite of lhe
mineralization stage (IV) from lhe Jatobá deposit using lhe model I of Ludwig (2000). The chalcopyrite
sample of lhe rnineralization (II) was not considered in age calculation and is plotted only for comparison
of its 207pbp 04Pb ratios; B) Pb-Pb age estimated for chalcopyritc Irorn the Sossego orebody (Sossego
deposit) based on data of Lima da Silva (2017). Data of Jatobá chalcopyrite was not used for age
estimares; C) 207PbP04 Pb and 206pbp04Pb correlation diagram for chalcopyrite (rom lhe Sequeirinho
orebody (Sossego deposit; Lima da Silva, 2017) and Jatobá (this study). The estimated age was obtained
for lhe plotted sample set.

6. Discussions

Age of Host rocks

The Jatobá deposit is hosted by a metavolcanoseel imentary sequence composed

of felsic and mafic metavoIcanic rocks anel suborelinate metavo IcanicIastic rocks. LA

lCP-MS U-Pb zircon dating for a least- altered host metarhyodacite yieleleel an upper

intercept age of 2,700 ± 16 Ma (MS WD = 22). This was consielereel as its crystaIlization

age (Fig. 9) , despite lhe evidences of metamic tization anel intense Pb loss .

This age is simi lar to that obtaineel for the Igarapé Pojuca Group of the

Itacaiúnas Supergroup by the Pb-Pb zircon method (2,705 ±2 Ma; Galarza anel

Macambira (2002b). However , these ages are significantly younger than those yieldeel

by U-Pb zircon dating for the Itacaiúnas Supergroup (2.732 ± 5Ma, 2.761 ±3 Ma;

Machado et aI. 1991; 2.748 ±34 Ma ; TalIarico et al. 2005 ; 2.745 ± 1 Ma ; Galarza and

Macambira 2002a; 2.776 ± 12 Ma; Galarza et al, 2003) .

The apparent rejuvenation of U-Pb zircon ages in hydrotherrnally aItereel rocks

m lOCO deposits of the Carajás Province was previously reporteel by Melo et aI.

(2017). Some authors have argu eel that the mobili ty of uranium , leael anel z ircon ium in

hyelrothermal systems can be significant ai high temperatures anel aciel pH (e.g. Rubin et

al., 1993, Oeisler et aI. , 2002, Geisl er et al., 2007, Rubatto et aI., 2008). ln the presence

of alkaline hydrotherrnal fluiels, lhe zircon can elevelop granular texture or have

recrystaIlized microdomains (Rubatto et al., 2008). The process of metamictization
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destroys the internal structure of a zircon crystal and creates gaps through which fIuids

can pass, leach and transport some elements (Geisler et aI., 2007). When this process is

intense, the zircon crystals become more susceptible to the opening of the isotopic

system in a thermal event, which may cause partial ar total resetting of the U-Pb system

(Mezger and Krogstad , 1997). This usuaIly occurs through diffusion and re

precipitation reaction processes (Mezger and Krogstad 1997, Geisler et aI., 2007).

Partial resetting produces discordant U-Pb ages, with upper intercepts

representing the age of zircon crystaIlization. However, total resetting masks the age of

crystalIization and the age obtained reflects the last thermal event as a consequence of a

drastic change in the U-Pb system (eg. Mezger and Krogstad 1997). ln addition, the re

precipitation of hydrothermal zircon in the midst of preexisting zircon gaps may resuIt

in hybrid ages. Although total resetting is unlikely at Jatobá, some influence of

hydrothermalism resulting in a hybrid age could explain the slightly younger age of the

host metarhyodacite in relation to those ofthe Neoarchean Itacaiúnas Supergroup.

Chcmical signaturc of the IOCG ore

OveraIl, pyrrhotite-rich ore samples of the mineralization stage (1) have the

lowest copper contents (590 to 1360 ppm) and the highest Fe203 (71.49 to 63.91 wt. %),

Ni (3930 to 1270 ppm), Co (2320 to 670 ppm), V (740 to 590 ppm), Pd (81 to 372 ppb)

and Pt (2 to 17 ppb) values. These values are associated with the presence of Ni

pyrrhotite, Ni-pyrite, Co-chaIcopyrite, siegenite and Co-pentlandite, which are closely

spatiaIly related to massive magnetite.

These values are also the highest when compared with those of ore samples from

other lOCO deposits of the Southern Copper Belt of the Carajás Pravince (e.g.

Sequeirinho and Sossego orebodies, Sossego mine ; Bacaba, anel Alvo 118; Fig. 10 A

and 10 B) baseei on data frorn Carvalho (2009), Roscito (2009) and Moreto et aI. (2009).

It is interesting to note that the decreasing in Fe203, Ni, Co, anel V contents related to

the paragenetic evolution at Jatobá samples is wider than those observed in other single

deposits 01' orebodies at Carajás. The highest contents of these elements were observed

in the Neoarchean Sequeirinho ore samples anel the lowest in the Paleoproterozoic Alvo

118 deposit. On the other hand, the highest Sn + W + Nb contents of ore samples of the

mineralization stage (IV) are dose to that of the Alvo 118 deposit. ln addition, alI

Jatobá ore samples have Zn anel (Zr + Nb + Ce + Y) contents anel (lO-l *Ga/AI) ratios

similar to that expected for A-type granites (Whalen et aI., 1987).
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Except for two samples from the last stage, there is an increase in light rare earth

elements (LREE) contents related to the paragenetic evolution (Fig. 13). The chondrite

normalized pattems of REE of the Jatobá ore samples [La/Ybjj, values =1.69 to 74.93]

is similar to tho se of the others lOCO deposits at Carajás, except the Paleoproterozoie

Alvo 118 deposit. Th e latter has an opposite pattern of REE distribution [La/Ybj-,

values = 0.07 to 0.22]. Ali Jatobá samples show negative Eu anomalies (Eu/Eu" = 0.36

to 0.79), which are typical of alkaline granites.

Th e :2:REE eontents of Jatobá samples (up to 6,773.92 ppm) are higher than

those reported for other lOCO deposits at Carajás (Fig. 13). These high IREE values

are comparable to those from hernatite-rich breccias of lhe giant Olympic Dam lOCO

deposit, which have average REE of 5,000 ppm (Oreskes and Einaudi, 1990). At Jatobá,

lhe main REE mineral phases are monazite, Ce-allanite, bastnãsite, coskrenite and

sahama lite. As previously reported for the Olympic Dam deposit, extensive transport

and deposition of REE and incornpatible elements by CI-, F-, COz-rich hydrothermal

fluids are also ev idenced in the Jatobá deposit.

Th e comparison of the Jatobá ore signature with those of other lOCO deposits

frorn the Carajás Pro vine e evidence the great contribution ofmetals leached from mafic

(uitramafie) rocks at Jatobá and in the Neoarchean Sequeirinho orebody. On the other

hand, its high REE and LILE (P, U, Th, Sn, W, and b) contents point to affinity with

anorogenic alkaline magmatism (A-type granites and coeval gabbros) and suggested an

evolution from residual alkali-rich fluids. The higher contenls of Sn and W related to

the paragenetic evolution at Jatobá may be explained by the decrease of their solubility

during lhe fluid evolution due to fOz and/or pH increase and decrease in temperalure

(Pirajno, 2009). The.fOz and pH increase are evidenced by hernatite-calcite formation in

late stages. The latt er may also explain lhe apparent positive correlation between 8
34

S

values and LILE contents (Fig. 12).

Fluid cvolution and sulfur sourccs in the Jatob á deposit

Significant lemperature decrease was indicated by estimares using oxygen

isotope fractionation factors for mineral pairs Irom lhe pre-mineralization iron

metasomatism (558 °C) and mineralization stages (II =507 °C; 1II =422 °C; IV =327

-c, Fig. 14A). Considering lhe imprecision of geothennometric calculations based on

stable isotope calculation (±50 0c), lhe highest ternperatures are dose to those

evidenced by ilmenite lamellae in magnetite (III), which points to its formation at
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temperature ex ceed ing 600 °C followed by oxidation-exsolution reactions at lower

temperatures (Veloso et aI., Submitted). High temperature for massive magnetite at

Jatobá is al so suggested by its elevated contents of Ti, V, and Cr, which are in part

simila r to those o f magneti te fram Kiruna-type magnetite-apatite ores (Veloso et aI. ,

Submitted).

The minerali zation stage (II) was associated with the Canaã shear zone

development, at 507 °C, and comprises chalcopyrite-(p yrrhotite-siegeni te) oriented

along the mylonitic folia tion. The temperat ure estimated for this stage is consiste nt w ith

a relativel y deep crustal levei , in which ductile struc tures are developed.

The stages (III) and (IV) record a change in structural styles of mine ral iza tion

controlled by ductile-brittle and result in the main copper orebodies at Jatobá. The sha rp

temperature decrease from 422 °C in stage (III) to 327 °C in the stage (IV) appears to

have exerted important contrai on chalcopy rite precipitation. The temperature estimated

using oxygen isotope frac tionat ion are within the interval of 261 to 386 °C obtained by

disti nc t chlorite geothermomet ers based on mineral chemistry (Veloso et aI.,

Submi tted).

C alcula tion of oxygen isotope compositions for hydrathermal tl uids in

equilibrium with mineral pairs result in very d ose 8 1801 120 values in each stage,

evidencing that isotope equilibr ium was achieved and maintained (Fig. 14B). Th ere is

also a trend of decreasing of 8180 H20 values from 9.53%0 for the pre-minera lizat ion iran

metasomatism to 5.41 %0 for the mineralization stage (IV). A lower 8180 1120 value

(4.48%0, at 280 °C) was also estimated for calcite fram late barren veins. However, for

the latter there is great uncertainty about temperature. The used value was that of s imila r

ca lci te veins in nearby IOCG deposits at Carajá s (Monteiro et aI., 2008a). Even so,

considering this significantly lower temperature, the obtained 8180 H20 value deviates

littl e in rel ation to those estimated fram the chlori te-quartz pair.

The 8DH20 and 8 180 1120 values for the hydrothermal fluids associated with the

minerali zation stages of the Jatobá deposit plot in the fields of primary magmatic wate r

(Taylor, 1968) and felsic magmatic water (Taylor et aI., 1992), in the area in which

these fields overlap with those of formationa l ar low-temperatu re metamorphic fluids

(Fig. 15). ln addition, the relationship between temperature and oxygen isotope

composition of fluids shown in Fig. 16 could also suggest that the hydra therm al system

at Jatobá evo lved essentially from magmatic-hydrothermal fluids.
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Oxygen and hydrogen iso tope composit ion of fluids in equilibri um wi th Jatobá

biotite and chlorite is also dose to that of hydro thermal fluids in equilibrium with

actinolite frorn the Sequeirinho orebody of the Sossego mine (Fig. 15).

However, the Sequeirinho and Sossego orebodies have a wid er va riat ion of

8
18

0 1120, reaching values lower than - 5%0 in the mineralizat ion stages (Fig. 16). ln the

deeper Sequeirinho orebody, ore- related actino lite, apatite, epido te, and quar tz were

formed by 180 -depleted fluids (3.0%0 to -5.4%0) at 350 "C to 250 oe (Monteiro et aI. ,

200Sa). ln the Sossego orebody, temperatures decreased from >450oe in the potassic to

>300oe in the mineralization stage. As temperature decreased, 8180 1120 evolved frorn 10

to 6.8%0 in the early vei n and breccia infilling to - 0.6%0 to - 6%0 in the min erali zation

stage and hyd rol ytic alteration stage . The sharp temperature decrease and 8 180 1120

variat ion during the paragenetic evolution in these orebodi es was interpreted as an

evidence of extensive fluid mixing involving externally-der ived fluids (Monte iro et aI. ,

200Sa).

This mechanism was also highlighted in the giant Olympic Dam deposit ,

Austrá lia , in which mixing of surficial-derived fluids surficia l fluid wi th low 8180 1120

values (-2 to + 6%0) and hotter , more saline, deep-seated fluid was consid ered of major

importance for hematite-bornite-chalcocite precipi tation (Oreskes and Einaudi 1992).

ln the Jatobá deposit, despite its protracted evoluti on, significant temperature

decrease related to the paragenetic evolution of the Jatobá deposit was accompani ed by

a relatively narrow variat ion of 8180 1120 values (Fig. 16). This cou ld imply that fluid

mixing in volv ing isotopicall y distinct fluids does not play an important role at Jatobá.

T his is consistent w ith the scapolite formation even in late alteration stages in the Jatobá

deposit, indi ca ting limited fluid dilution and system buffering in respect to chlorine

activities (Mora and Vall ey, 19S9; Veloso et aI., Submitted).

Despite the increasing of 834S values from 0.27%0 in the minerali zation (1) to

1.80%0 in the mineralization stage (IV), Jatobá sul fides record a narrower variation 01'

su lfur isotope compositions wh en compared with chalcopyrite from other 10CG

deposits loca ted in the Southern Copper Belt , such as the Sequeirinho and Sossego

orebod ies (Sossego M ine), Alvo 11S, and Visconde (Fig. IS). Its su lfur composition,

especially that of chalcopyrite from the mineralization stage (IV) , is comparable with

the 834S values of the Cristalino deposit (Ribeiro, 200S; Fig. IS).
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Figu re 18. Sulfur isotope cornposiuon of pyrrhotite (mincralization stage I) and chalcop yritc
(minera lization sta ges II lo IV) of the Jatobá deposit compared lo sulfur isotope variations recorded in
another deposits in the Carajás Prov ince. lsotopic data oure separatcd by age: ( I) Sossego mine
(Monleiro et aI. , (2008a), (2) Alvo 118 (Torresi et al., 2012), (3) Alvo 118 (Torresi ct al., (0 12), (4)
Visconde (S ilv a, 2013), (5) Cri stalino (Ribeiro 2008). Thc reddish arca represem lhe mantle sulfur
(Eldridge c t aI. 1991).

T he presence of pyrrhotite in the early mineralization stage (I) indicate that the

minerali zing fIuid was in the H2S predominant fi eld. ln this case, the pyrrhotite õ3-tS

values (0.27%0 to 0.85%0) would be expectecl to closely reflect the sulfur source

(Õ34SIS)' Thus, the Õ34S values close to 0%0 point to magmatic sources (õJ-tS = O ± l %0;

EIdridge et aI. 1991). Increase of pH during the fl uid evolution may result in slightly

higher 834S vaIues in chalcopyrite in the mineralization stage (IV) (Ohmoto and Rye,

1974). AIternat ively, additional sulfur from leached magmatic rocks may have

contributed to the hydrothermal system. The negative correlation among Fez0 3, Ni, Co,

V and 834S vaIues in chalcopyrite (Fig. 19A and I9B) may suggest that suIfur and

metaIs were, at Ieast in part, leached from mafic-(ultramafic) rocks.

The highest contents of Fez03, Ni, Co, and V were observed in samples with the

lowest values of 834S in chalcopyrite (Fig. 19A anel 19B). The opposite relation is

observed among 834S and (Sn + W + Nb) anel (La + Ce), although for the latter this

trend is less clear (Fig. 19C and 190).
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Figure 19. Plo t of trace e leme nts ver sus 83JS values of chalcopyrite Irorn the sarne samples representa tive
of the mineralization stages (I, II I and IV) ofthe Jatobá deposit.

Pb isotopc signature and its implications

Lead isotope data for Jatobá chalcopyrite is highly radiogenic. Its high

206pbP04Pb (99.35 to 245.73), 207PbP°.Jpb (32.53 to 62.240) and e osPbP°.J pb = 55.58 to

172.76) values cannot be plotted in the plumbotectonic diagrams of Doe and Zartman

(1979), Zartman and Doe (1981) and Zartman (1988) . The points analyzed would

praject far beyond the right border of the diagrams and well above the Pb evolution

curve of the upper cont inental crust. This even corraborates the essentially hydrothermal

enviranment for precipitation of chalcopyrite.

The highly radiogenic Pb isotope signatures of Jatobá chalcopyrite, in addition,

may reflect mechanisms of the system evolution. The lead isotopic composition of any

ore is characteristic of the source fram which the lead was derived and is independent of

the mode of ore deposi tion (Richards, 1971). Very radiogenic lead isotope signatures

may result frorn higher U contents in relation to Pb at the time of chalcopyrite

precipitation anel/ar U incorporation into the sulfide structure ar within inclusions

(McNaugton anel Graves, 1996). ln this study, these possibilities are corroborated by the

fine uraninite inclusions in chalcopyrite of mineralization stage (IV). This is expecteel

due to the U-rich nature of the oxielized hydrothermal Iluids in IOCG systerns. If those
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fluids were exsolved fram magmas, as indicated by their oxygen and hydrogen isotope

signatures, a relationship with alkaline A-type magmas may be suggested.

ln addition, radiogenic Pb can be incorporated into the sulfide from an external

source after its formation due to the Pb-Pb systern opening or to sulfide precipitation in

a system that has not been completely c1osed. The 2,786 ±9 Ma age obtained by Pb-Pb

method in chalcopyrite is unreliable and older than that obtained for the host

metarhyodacite (2 ,700 ± 16 Ma; MS WD = 22), indicating that the Pb-Pb system was

also disturbed. Thus, the incorporation of radiogenic lead (or uranium) after its

formation cannot be ruled out.

Highly radiogenic lead compositions were previously reported for sulfides

(chalcopyrite or chalcocite-bornite) of lOCO deposits of lhe Carajás Province (Réquia

et a!., 2003; Neves, 2006; Lima da Silva, 2017). The Pb isotope data for lhe Sequeirinho

and Sossego orebodies (Sossego mine) show some differences (Lima da Silva, 2017).

As accurate geochranological data are availabl e for lhe Sequeirinho-Pista (2,7 12 ±4 .7

Ma; MSWD = 1.6; U-Pb LA-MC-ICP-MS in monazite; 2,685 ± 11 Ma; 2,710 ± 1I Ma ;

Re-Os NTIMS in molybdenite; Moreto et aI., 20 15a) and Sossego (1,879 ±4.1; 1,904

±5.2; 1,890 ±8.5 Ma; U-Pb LA-MC-ICP-MS in rnonazite; Moreto et a!., 2015a)

orebodies, their Pb isotope data may be better evaluated. The Sequeirinho chalcopyrite

is significantly less radiogenic than chalcopyrite from the Sossego orebody (Fig. 19B

., ?07 ?O-l ?06 b/?O-lpb Iand 19C). The scattenng of Pb isotope data on lhe - Pb/" Pb versus - P - P ot

indicates a disturbed system, resulting in very imprecise ages (2,727 ±380 Ma ; MSWD

= 465). On the other hand, the highly radiogenic Pb isotope data for lhe Sossego

orebody result in Paleopraterazoic Pb-Pb ages (1849 ±21 Ma; MSWD = 1620; Lima da

Silva, 2017).

The Jatobá chalcopyrite samples from the mineralization stage (IV) , associated

with chlorite alteration, are less radiogenic than Sossego chalcopyrite. The Jatobá

chalcopyrite sampies are aligned, but according to a trend that does not fit with that

defined by the Paleoproterazic Sossego samples (Fig. 15B). On lhe other hand , these

samples fit the line defined by the scattering of Sequeirinho chalcopyrite samples,

defining an age of2879 ±49 Ma (MSWD = 2737).

Overall, these data suggest that chalcopyrite from the late mineralization stage

(IV) at Jatobá was formed during the Archean in a system that was opened in the

ensuing hydrothermal events recorded in the Carajás Province (e.g. 2.57 Ga; 2.01 Ga or
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1.88 Ga?). Although the age of copper mineralization at Jatobá is still uncertain it is,
possible that it has evolved into a single event.

Models of origin and cvolution of salinc f1uids

The presence of chlorine in mineral phases is ubiquitous in the Jatobá deposit

(e.g. scapolite, biotite, apatite; Veloso et aI., Submitted) and in other IOCG deposits of

the Carajás Province, such as the Salobo deposit (Guimarães, 1987, Lindenmayer, 1990;

Melo et aI. , 2017), Cristalino (Huhn et aI., 1999), Igarapé Bahia (Zang and Fyfe, 1995 ;

Dreher, 2004; Dreher et aI. , 200S), Sossego (Monteiro et aI., 200Sb), Castanha and

Bacaba (Pestilho, 2011) and Bacuri (Moreto et aI., 2015b).

The Cl is a halogen of wide interest in the studies of the IOCG deposits, as it

acts as an important complexing agent, responsible for transport of Cu , Au , Fe and other

metais (Rickard and Luther, 2006). Holland (1972) has shown that the solubility of

many metais in a magmatic fluid is strongly dependent on the concentration of CI, as

weIl as other parameters such as temperature, pH, and variation of oxygen and sulfur

fugacity. Henley (1973) proposed that chloride complexes are efficient in transporting

gold at temperatures above 400°C.

The precipitation of metais occurs when the solubility capacity of the complexes

is decreased until their destabilization. The basic principies that control ore precipitation

are summarized in Seward & Barnes (1997). The precipitation of polymetaIlic ore in

IOCG deposits can occur in any of the hydrothermal alteration phases recognized in the

deposits, but is usually synchronous to the potassic alteration (Hitzman et aI., 1992;

Hitzman et aI., 2005; Skirrow, 2011).

ln the Jatobá deposit, precipitation of copper ore occurred in four stages,

encompassing calcic, potassic (biotite Il-biotite III) and chlorite alteration, which reflect

sharp temperature decrease (507°C to 327 °C) related to increase of copper contents.

The importance of hypersaline fluids is recognized in IOCG deposits worldwide.

However, the origin of fluids and salinity remains controversial. According to Barton

and Johnson (1996, 2004), non-magmatic models inc1ude CI-enriched metamorphic

fluids that interacted with rocks derived from evaporitic sources or derived from deep

basins. Metamorphic fluids do not require a heat source, although intrusions may be

present and contribute to the system heating, as well as favor lhe supply of Cu and Fe

for fluids, as proposed for the Osborne deposit, Australia (Fisher and Kendrick, 2008).

The evaporitic source model would be related to intrusive bodies as responsible
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for the non-magmatic brine thermal convection, allowi ng the generation of high salinity

hydrothermal systems on a regional scale. The salinity of these fluids would probably

be due to the evaporation of surface water in hot and arid condi tions and/or the

interaction of hydrothermal fluids with preexisting evaporitic deposits, or would be

caused by the breakdown of CI-rich silicates, such as scapolite. However, the source of

metais would be provided by the leaching of the adjacent igneous rocks and their

transport would be effected by chloride complexes suppli ed by the ev aporitic source

itself.

According to Pollard (2001 , 2006), the magmatic model is justified by the

presence of highly saline fluids and the expressive presence of CO 2 identified in fluid

inclusions in IOCG ores. ln this sense, Cloke and Kesler (1979) already attributed to

primary siliceous magmas the origin of sufficiently high CI contents in fluid that would

be needed to stabilize scapolite, due to its concentration in a separated fluid phase from

a magmatic supercritical fluido According to Pollard (2001 , 2006), the presence of

volatile CO2 would also play an important role in the release of saline fluids. Evidences

of the greatest contribution of magmatic fluids (Sillitoe, 2003) were iden tified in the

Candelaria and Mantoverde deposits (Rieger et aI. 2013 , Marschik and Kendrick, 2014)

and in EI Espino deposit (Lopez et aI., 2014), in Chile .

ln the Carajás Mineral Province, non-magmatic saline sources have been related

to metaexhalites (ViIIas et al. 2005; Rosa, 2006; Villas et aI. 2005; Sousa, 2007) and

evaporites associated with the metavolcanosedimentary sequence of the Neoarchean

Itacaiúnas Supergroup (Dreher e Xavier, 2006 ; Xavier et aI., 200S). Evidences of

extensive mixing with externally-derived fluids (e.g. meteoric water, seawater) is well

documented in world-class IOCG deposits at Carajás (Villas et a!. , 2006; Rosa, 2006;

Dreher et a!., 200S; Carvalho, 2009; Monteiro et al., 200Sa; Torresi et aI. , 20 12; Melo

et a!., 2013; Silva et a!., 2015).

However, stable isotope data obtained in this study indicate that the Jatobá

deposit was not formed in a hybrid system. The Jatobá deposit is part of an Archean

IOCG system formed from focused magmatic-derived fluids. It mal' represent the

magmatic-derived end member of a cluster of copper-gold deposits with variable

attributes related to the local processes of fluid flow path and fluid-rock interaction.
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7. Conclusions

The host rocks at Jatobá comprise metadiabase, metabasalt, mafic metatuff,

felsic volcaniclastic rocks and metarhyodacite, which are attributed to the Itacaiúnas

Supergroup. The LA-ICP-MS U-Pb zircon age of 2,700 ±16 Ma (MSWD = 22) was

interpreted as indicative of the crystallization timing of metarhyodacite. However, this

age may reflect influence of hydrothermal processes recorded in hybrid zircon grains

with re-precipitation of hydrothermal zircon in the midst of preexisting zircon gaps.

Early mineralization stages at Jatobá are characterized by the highest FezO], Ni,

Co, V, Pd, and Pt values, which decrease in relation to the paragenetic evolution. Ore

samples comprise Ni-pyrrhotite, Ni-pyrite, Co-chalcopyrite, siegenite and Co

pentlandite, which are closely related to syn-tectonic actinolite and biotite alteration that

overprinted the early massive magnetite bodies. This association between intense iron

metasomatism and nickel and cobalt enrichment is a characteristic of the Neoarchean

lOCO deposits of the Southern Copper BeIt in the Carajás Province.

The late mineralization stages at Jatobá reveal increasing of copper, gold, zinc,

REE and LILE (P, U, Th, Sn, W, and Nb) contents related to the paragenetic evolution.

The main mineralization stage (IV) was developed late during this evolution and was

accompanied by extensive chlorite alteration. Late ore bodies are composed of

chaIcopyrite, pyrite, Co-pentlandite, siegenite, sphalerite, molybdenite, W-bearing

hematite, REE carbonates (bastnâsite, coskrenite and sahamalite), allanite, monazite,

and uraninite.

Significant temperature decrease from 558 °c (iron metasomatism) to 327 °C

(mineralization stage IV) was accompanied by a narrow variation of Õ
1S

0 H20 values

(9.53%0 to 5.41 %0). This may suggest that limited fluid mixing occurred at Jatobá. The

sharp decrease in temperature, coupled with fOz and/or pH increase, likely had an

important role in destabilization of chlorinated complexes and metal precipitation in late

stages of mineralization.

The õDmo and Õ1S
0 H20 values for the hydrothermal fluids associated with the

mineralization stages of the Jatobá deposit plot in the fields of primar)' magmatic water

and felsic magmatic water. An evolution from residual alkali-rich magmatic fluids is

also consistent with the high REE and LILE (P, U, Th, Sn, W, and Nb) contents of

Jatobá ore.

The Õ34S values in pyrrhotite and chaIcopyrite (0.27%0 to 1.80%0) are dose to
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tho se expected for mantle source (034S
= O± 1%0; Eldridge et aI. 1991 ). Sulfur may be

sourced by magmatic fluid s or leached fram igneous rocks, which likely provide Ni , Co

and V to the hydrothermal system.

Highly radiogen ic lead isotope composition of chalcopyri te from the late

mineralization stage (IV) points to its formation duri ng the Archean in a system that

was open ed in the ensuing hydrothermal events recorded in the Carajás Province (e.g.

2.57 Ga; 2 .01 Ga or 1.88 Ga?).

The Jatobá c1eposit represents a specific portion of a wider mineral system and

was formed in the root s of an Arch ean IOCG system Irem focused magmatic-derived

fluids. The Jatobá ore signature may reflect evolution closely related to the ca. 2.74 Ga

widespread alkaline magmatism , with inheritance of both A-type granites and gabbros,

du e to intense fluid -rock interaction invol ving residual alkaline-rich fluids.
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CONCLUSÕES

o depósito Jatobá é parte de um conjunto de depósitos de óxido de ferro-cobre

ouro reconhecidos no Cinturão Sul do Cobre, na Província Carajás, que representam

partes específicas de um amplo sistema mineral. Esses depósitos, que incluem Sossego,

Cristalino, Alvo 118, Bacaba, Castanha, Bacuri, Visconde e outros, vinculam-se a

estruturas subsidiárias associadas ao desenvolvimento da Zona de Cisalhamento Canãa

de direção E-W e WNW-ESSE e às suas reativações. Alguns dos importantes depósitos

do Cinturão Sul do Cobre, como o depósito Sossego, são hospedados por rochas

mesoarqueanas, que incluem gnaisses, granitoides e faixas de greenstone belts.

Contudo, o depósito Jatobá é hospedado por uma sequência metavulcanossedimentar

que inclui metadiabásio , metabasalto amigdaloidal , brechas metavolcaniclásticas

félsicas , metalapilli tufos máficos e metariodacito porfirítico (LA-ICP-MS U-Pb em

zircão , 2.700 ± 16 Ma , MSWD = 22), Grupo Grão Pará, atribuída ao Supergrupo

Itacaiúnas, neoarqueano.

As rochas hospedeiras menos alteradas derivadas de protólitos máficos registram

paragênese metamórfica de fácies xisto verde inferior (albita-actinolita I). A intensa e

pervasiva alteração hidrotermal foi prévia, sin-tectônica e tardia em relação ao

desenvolvimento da zona de cisalhamento Canaã. A alteração hidrotermal precoce

abrange silicificação, alteração sódica (albita I, scapolita I), sódica-cálcica (ferro

pargasita) e potássica (biotita I, turmalina, Cl-apatita I, Ce-allanita I). Os porfiroclastos

de albita (1) e escapolita (I) são amendoados e apresentam sombra de pressão nas rochas

miloníticas, indicando a sua blastese anterior ao desenvolvimento da zona de

cisalhamento.

Os principais estágios de alteração hidrotermal sin-tectônica compreendem

alteração sódico-cálcica (escapolita Il), cálcico (actinolita II, Cl-apatita II , Ce-allanita II,

qUaJ1Z0) e potássica (Cl-K-hastingsita I, biotita II, quartz, Co-magnetita IV, CI-apatita

III, Ce-allanita III) controlada pela foliação milonítica.

O intenso metassomatismo de ferro resultou na formação de veios com

magnetita (III)-quartzo e corpos de magnetita maciça (IV), que representam envelopes

proximais de zonas mineralizadas. A concentração elevada de Ti, V, Ni e Cr na

estrutura da magnetita do depósito Jatobá aponta para condições de alta temperatura (>

500°C) durante a sua formação , semelhante à dos sistemas magmático-hidrotermais



(por exem plo, 10CG , óx ido de ferro -apatita (lOA) do tipo Kiruna e depósitos de cobre

do tipo pórfiro) . As composições de isótopos de oxigênio em par magnetita-quartzo com

evidências de equilíbrio textural são também condizentes com elevadas temperaturas

(558 °C) durante o estágio de metassomatismo de ferro pré-mineralização.

Os magnetititos são cortados por actinolita fibrosa (II), magnetita (V) e Cl

apatita, q ue também promoveram a sua brechação. A alteração hidrotennal tardi

tectônica é representada por cloritização e por veios de escapolita (III), que por sua vez

são cortadas por vênulas com escapolita (IV), Cl-K-hastingsita (II) e biotita (III).

As zonas mineral izadas em cobre-ouro-(níquel) no depósito de Jatobá

compreendem corpos de minério ver ticais a subverticais espacialmente relacion ados a

diqu es de m etadiabásio e zonas de contato entre metariodacitos e metabasaltos. As

zonas m inera lizadas foram formadas em quatro estágios.

O estágio de mineralização (I) é espacia lmente relacionado a corpos de

magnetita maciça e à alteração cálcica sin-tectônica (actino lita I1-magnetita V). Durante

esse estágio frentes de substituição controladas pela foliação milonítica evoluíram para

domínios mais fortemente mineralizados com predominância de brechas hidráulicas. O

estágio (I) caracteriza-se pela associação de Ni-pirrtotita, Ni-pirita e Cl-apatita (II), e

subordinadamente, Co-calcopirita, Ce-allanita II, Co-pentlandita, quartzo e Ce

monazita. Análises químicas de rocha total de amostras de minério desse estágio inicial

de mineralização m ostraram os conteúdos mais elevados de fe2 0 3 (71,49 a 63,91 %), Ni

(3930 a 1270 ppm), Co (2320 a 670 ppm), V (740 a 590 ppm), Pd (81 a 372 ppb) e Pt (2

a 17 ppb). O s conteúdos de níquel no estágio inicial de evolução do sistema ev idenciam

tran sporte h idrotermal de níqu el em condições dejS 2, salinidade e temperatura eleva das.

A transição para o estágio de mineral ização (II) foi acompanhada por diminuição

dos teores de N i e Co e da quantidade de pirrotita e actino lita. O est ilo de mineralização

evoluiu de frentes de substituição controladas pela foliação milonítica a zonas de

brechas h idráulicas. O estágio de mineralização (II) foi relacionado ao desenvo lvimento

da alteração potássica sin-tect ônica (II) e representado por um sistema de corpos

fortemente o rientados e interligados com biotita (II), Cl-apatita (III), Co-magnetita (IV),

Ilmenita (1), Ce-allanita (III) e quartzo, além de porções discretas contendo Ni-pirita e

Co-calcopirita, Brechas com matriz constituída de biotita (II) e Co-calcopirita (± Ni

pirita ± N i-pirrotita) e fragmentos de magnetita maciça representam os corpos mais

ricos em co bre formados nesse estág io.
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o terceiro estágio de mineralização do depósito de Jatobá se distingue dos

demais po r seu controle estrutural exercido por estruturas dúcteis-rúpteis. Esse estágio

foi sincrônico à alteração hidrotermal com biotita mais clara ou verde (III), escapolita

(IV), F-CI-apatita (IV), CI-K hastingsita (II), Co-calcopirita e siegenita I (± Co-pirita, ±

Co-magnetita ± cassiterita).

O estágio de mineralização tardia (IV), o mais expressivo no depósito Jatobá, foi

concomitante à formação de clorita (II), quartzo, epidoto e calcita. Ocorre em uma

variedade de vei os ramificados e brechas com Co-calcopirita, Co-pirita, esfalerita,

molibden ita, uranini ta e monazita. Outros tipos de veios tardios compreendem aqueles

com quart zo-calcopirita-feldspato potássico (± molibdenita, Co-pentlandita e siege nita

II) e vênulas fin as com c1orita-calcopirita, hematita, carbonatos de terras raras

(bastn ãsita, coskrenita e sahamalita), pirita, esfalerita, ilmenita, marcassita, leucoxênio e

adulária. Os conteúdos mais alto de LETR (até 6773 ,92 ppm), U (até 48,50 ppm), Th

(até 23 ,30 ppm), P20S (até 7,97%), Sn (até 24 ppm), Nb (até 7,50 Ppm), W (até 322,50),

Zn (até 482 ppm) e ouro (até 1310,80 ppm) foram caracterizados em amostras de

minério formadas durante esse estágio de mineralização. A presença de hematita e

carbonatos no estágio mais tardio de mineralização evidencia o aumento daj02 e de pH

no sistema, que podem ter contr ibuído para a deposição dos metais transportados por

complexos c1oretado s.

Os dados de isótopos de oxigênio apontam para a diminuição da temperatura

durante os es tág ios de mineralização (II = 507 °C; III = 422 °C; IV = 327 oC)o No

entanto, um a variação relativamente pequena dos valores calculados de 8180 1120 (9,53

%0 a 5,4 1 %0) foi registrada durante a evolução paragenética do depósito Jatobá. Os

valores de 8 180 mo e 8DH20 (-44,88 %0 a -30,25 %0) se sobrepõem ao das águas

magmáticas primárias e água magmática félsica. O aumento gradual do conteúdo de CI

na estrutura da escapolita (1) a (III) também indica uma evolução progressiva a partir de

fluidos hipersalinos de alta temperatura e tamponamento das atividades de cloro no

sistema. A composição química da escapolita, juntamente aos dados de isótopos

estáveis, pode apontar para limitada mistura de fluidos envolvendo fluidos externamente

derivados.

Os valo res de 834S de sulfetos (0,27 %0 a 1,80 %0) indicam fontes magmát icas de

enxofre. O aume nto dos valores de 834Ssulfetos durante a evolução paragenética foi

acompanhado da diminuição dos teores de Ni + Co e V e aumento do teor de Sn + W -I-
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Nb em amostras de minério, sugerindo que parte do enxofre e metais podem ter sido

lixiviados de rochas máficas-(ultramáficas).

A composição altamente radiogênica dos isótopos de Pb em calcopirita

eOfipbP04Pb = 99,35 a 245,73; 207pbp04pb =32,53 a 62,24; 20SPbP04Pb =55,58 a 172,6)

sugerem idade arqueana para o último estágio de mineralização (IV). Tais assinaturas

podem ter resultado de perturbações no sistema devido ao alto conteúdo de Unos

fluidos hidrotermais e à incorporação de Pb (ou U) radiogênicos no sulfeto a partir de

uma fonte externa após a sua formação.

O conjunto de dados indica que o depósito de Jatobá foi formado nas raízes de

um sistema mineral IOCG arqueano a partir de fluxo canalizado de fluidos magmáticos.

A assinatura de minério de Jatobá pode refletir evolução estreitamente relacionada com

o extensivo magmatismo alcalino reconhecido na Província Carajás em ca. 2,74 Ga,

com herança de granitos tipo A e gabros , a partir de intensos processos de interação

fluido-rocha envolvendo fluidos alcalinos residuais. O principal estágio de

mineralização, contudo, foi associado com significativa exhumação do sistema

hidroterrnal.

Dados geocronológicos precisos ainda são necessários para estabelecer se o

depósito Jatobá registra uma evolução em um único evento hidrotermal ou se

sobreposição de eventos hidrotennais, reconhecida no depósito de classe mundial

Sossego, também pode ser reconhecida nesse depósito. Contudo, no depósito Jatobá não

foram identificadas evidências de contribuição de fluidos superficiais externamente

derivados (por exemplo, água meteórica ou do mar) ou enxofre isotopicamente mais

pesado, que caracterizam os depósitos com minério formado no Paleoproterozoico, após

o Grande Evento de Oxigenação.
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Apêndice 1
Análises de química mineral por microssonda eletrânica
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Ap êndice A. Análises de química mineral por microssond a eletrôn ica em escapolita.

JAT·28 J AT·28 JAT·28 JAT·28 JAT·28 JAT·28 JAT·28 JAT·28 JAT·28 JAT·28 JAT·28 JAT·28
(166,40) (166,4 0) (166,40) (166,40) (166 ,40) (166,40) (166,40) (166.40) (166,40) (166.40) (166.40) (166 .40)

Diabás io Diab áslo Diabásio Diabásio Diabásio Diabásio Dlabásio Diab ásio Diabásio Diabásio Diabásio Diabás io

Scp 1 Scp 1 Scp 1 Scp 1 Scp 1 Scp 1 Scp 1 Scp 1 Scp 1 Scp 1 Scp 1 Scp 1

dado (%)
) .1, 54 .68 55 .59 55.12 55 .21 56.03 55.08 5603 54.95 55 .87 55 .30 55 .00 56 .16
,0 , 24 .10 23 .97 23.82 2390 24 .13 23.67 23.52 24.04 24.13 23 .8 1 23 .56 23 .96
, CD. 0 .28 0 .28 0 .20 0.11 0.24 0.15 0.14 0.10 0.25 0.12 0.11 0.20
lO) 0.01 0 .01 0 .01 0.00 0.00
O) 0 .27 0 .29 0 .32 0.27 0 .30 0.32 0.31 0.34 0 31 0 .35 0.32 0.32
10 7.86 7.41 7.4 3 7.41 724 7.27 6.87 7.60 7.35 7.39 7.26 7.18
) ;2 0 .04 0.03 0 .03 002 0.03 0 .03
I,~o 9.4 5 9 .52 9.70 9 .93 9.65 9.82 10.25 9.85 9.45 9.92 9.85 9 .58

l " 0.04 0.04 0 03 0.01 0.01
3.03 3 .21 3 .07 3.20 3 .32 3.27 3.26 3.16 3.16 3.18 3.28 310

0 .00 0.02 0.01 0.01 0.0 1
,rma 99 .68 100 .32 99 .68 100 .07 101.00 99.59 100 .39 100.08 100.57 100 .09 99 .42 100.50
,F O O 0.00 1 0.006 0.003 0000 0.005 0.000 0 000 0.000 0 .003 0.000
,e l 0 .684 0 .724 0.693 0.722 0.749 0 738 0.736 0.713 0.713 0.718 0.740 0.70 0
lTTAl 98 .995 99 .595 98 .983 99 .342 100 .247 98 .850 99.653 99.367 99 .857 99.375 98 .682 99804

rrrnula (apfu)
Si;j 7.491 7.549 7.544 7.527 7.551 7.544 7.604 7.499 7.560 7.54 1 7.545 7.600
AU IV 4.509 4.4 51 4.456 4 .473 4.449 4.456 4.396 4.501 4.440 4.45 9 4.455 4.4 00
m AL 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12 000 12.000 12.000 12.000
.N.I

VI ·0 .6173 ·0 .6 146 ·0 .6145 -0 .633 1 ·0.6 166 ·0.6357 -0 .6347 ·0 .6345 ·0.5916 ·0.6331 -0.6458 -0.5795
F e 0 .029 0 .028 0.021 0.0 11 0.025 0.016 0.014 0010 0.026 0.012 0.012 0.020

"'~n 0.000 0 .001 0.00 1 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
K: 0 .048 0.050 0.056 0.047 0.05 1 0.056 0.054 0.060 0.054 0.061 0.055 0 .054
'C: a 1.154 1.078 1.089 1.082 1.045 1.067 0.999 1.111 1.066 1.080 1.067 1.04 1
:Tfi 0 .000 0 .00 4 0 .000 0.003 0 .003 0.000 0.000 0.000 0.002 0.003 0.003 0.000
Nl a 2.5 10 2.506 2.574 2.625 2.521 2.607 2.697 2.606 2.479 2.622 2.620 2.513
) Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 .000 0.000
IT:Al 3.124 3.054 3.126 3.135 3.030 3.111 3.129 3.153 3.035 3.144 3.111 3.049
S · 0 .000 0 .000 0.000 0.000 0 .004 0.000 0.000 0 .004 0.003 0.000 0.001 0.001
cu 0.704 0 .739 0 .712 0 .739 0 .758 0.759 0.750 0.73 1 0.7 25 0.735 0.763 0.711
'F 0.000 0 .020 0.025 0 .031 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
jA\n 50.284 48.361 48 .546 49 .102 48 .299 48.54 1 46.542 50 .029 47.990 48.645 48.494 46.683
1 ~.k 68 .5 69 .9 70 .3 70.8 70.7 71.0 73.0 70.1 69 .9 70.8 71.1 70.7
,O' " 31 .5 30 .1 29 .7 29 .2 29.3 29.0 27.0 29.9 30 .1 29.2 28.9 29.3.-
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Apêndic e B. Análi ses de química mineral por microssonda clctrônica cm escapolita.

JAT-21 JAT-21 JAT-21 JAT-21 JAT-21 JAT-21 JAT-21 JAT-21
(64 ,BO) (64,BO) (64,BO) (64,BO) (64,BO) (64,BO) (64,BO) (64,BO)

Diabãsio Diabãs io Diabãsio Diabásio Diabásio Diabásio Diabásio Diabãs io

Scp 1 Scp 1 Scp 1 Scp 1 Scp 1 Scp 1 Scp 1 Scp 1

Óx ido (%)
Si02 52 .63 52.39 50.59 52.B5 52.99 60.3B 54.04 53.39
AI203 24 .71 24.63 25.B6 24.59 24.59 20.29 23.7B 24.42
Fe3O. 0.06 0.03 0.05 0.07 0.04 0.10 0.07 0.06
MnO 0.01 0.02 0.01 0.02 0.02 0.01
K20 0.30 0.30 0.24 0.28 0.32 0.24 0.33 0.37
CaO 9.46 9.1B 11.05 9.01 9.77 7.79 7.93 B.B4
Ti02 0.04 0.03 0.07 0.00 0.01 0.01
Na20 7.B5 7.92 6.BO B.27 B.l0 7.21 9.04 B.47
MgO
S03 0.05 0.03 0.02
CI 2.30 2.35 1.95 2.52 2.49 2.11 2.9B 2.5B
F 0.01 0.02 0.01
Soma 97 .36 96.B6 96.56 97.69 9B.39 9B.15 9B.17 9B.17
O=F O 0.00 O 0.Q10 O O O 0.004
O=CI 0 .519 0.530 0.440 0.569 0.562 0.476 0.672 0.5B2
TOTAL 96 .B46 96.323 96.121 97.115 97.827 97.670 97.502 97.5B4

Fó rmula (apfu)
T Si 7.390 7.3BB 7.190 7.393 7.379 B.242 7.509 7.433
T-AIIV 4.610 4.612 4.810 4.607 4.621 3.75B 4.491 4.567

TÕ TAL 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000

M_AIVI -0 .5205 -0.51BO -0.4779 -0.5537 -0.5860 -0.4945 -0.5969 -0.5609

M]e 0.007 0.003 0.005 0.007 0.004 0.010 0.007 0.006

M_M n 0.00 1 0.000 0.003 0.001 0.003 0.002 0.000 0.001

M_ K 0.055 0.054 0.043 0.051 0.057 0.042 0.059 0.065

M Ca 1.423 1.3B7 1.6B3 1.350 1.457 1.139 1.1BO 1.31B
M-Ti 0.004 0.000 0.000 0.004 0.007 0.000 0.001 0.001
M-Na 2.137 2.165 1.B74 2.243 2.1B7 1.90B 2.435 2.2B6

M=M g 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

TOTAL 3.106 3.091 3.130 3.102 3.129 2.608 3.0B5 3.117

A_S 0.000 0.006 0.000 0.003 0.000 0.000 0.000 0.002

A_CI 0.547 0.562 0.470 0.597 0.5B8 0.4B8 0.702 0.609

A F O.OOB 0.024 0.024 0.002 0.000 0.000 0.024 0.000

Eq An 53.655 53.71B 60.31B 53.579 54.044 25.27B 49.701 52.246

Ma % 60.0 61.0 52.7 62.4 60.0 62.6 67.4 63.4

Me% 40.0 39.0 47.3 37.6 40.0 37.4 32.6 36.6
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Ap êndice C. Análises de qu ímica minera l por microssonda eletrôni ca em escapol ita.

JAT-28 JAT-28 JAT-28 JAT-28 JAT-28 JAT-28 JAT-28 JAT-28 JAT-28 JAT-28
(54,22) (54,22) (54,22) (54 ,22) (54,22) (54,22) (54,22) (54,22) (54,22) (54,22)

Scp-Hs-Bt Scp -Hs-Bt Scp -Hs-Bt Scp -Hs-Bt Scp -Hs-Bt Scp -Hs-Bt Scp-Hs-Bt Scp -Hs-Bt Scp -Hs-Bt Scp·Hs·Bt
milon ito milonito milonito milon ito milonito milonito milonito milon ito milonito milonito

(Óxido (0/0)
Scp 2 Scp 2 Scp 2 Scp 2 Scp 2 Scp 2 Scp 2 Scp 2 Scp 2 Scp2

:Si0 2 53 .73 58.35 60.74 53.92 53.62 54.64 53.53 54.02 55.03 54.96
JAI20 3 24 .51 22 .51 21.10 24.24 24.44 23.82 24.11 24.31 23.91 24.05
fFe30. 0.05 0.23 0.10 0.19 0.10 0.10 0.71 0.08 0.25 0.19
rMnO 0.00 0.02 0.00
fK20 0.26 0.51 0.27 0.26 0.21 0.33 0.75 0.26 0.32 0.28
CCaO 8.75 5.49 6.89 8.65 9.33 7.40 8.34 8.84 7.58 7.70
lTi0 2 0.02 0.02 0.00 0.02 0.01 0.01
l'f'Ja2O 8.57 9.69 8.26 8.88 8.50 9.67 8.33 8.86 9.57 9.39
~MgO 0.34
$ 0 3 0.01 0.02 0.07 0.01 0.02
CCI 2.52 2.34 2.64 2.67 2.45 3.38 2.49 2.75 3.13 2.92
FF 0.02 0.02 0.01 0.01 0.01
Soma 98.42 99 .17 100.02 98 .81 98 .67 99.43 98.62 99.14 99.83 99.51
O=F O 0.008 O O 0.008 O 0.004 0.002 0.002 O
O=CI 0.569 0.528 0.596 0.603 0.553 0.763 0.562 0.621 0.706 0.659
lTOTAL 97.854 98 .630 99.42 7 98.208 98.109 98.668 98.056 98.521 99.118 98.854

Fórmula (apfu)
lT Si 7.453 7.938 8.145 7.460 7.433 7.497 7.437 7.449 7.523 7.531
rr"AIIV 4.547 4.062 3.855 4.540 4.567 4.503 4.563 4.551 4.477 4.469
trTÕTAL 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000
1,111 Alv 1 -0.5400 -0.4529 -0.5204 -0.5879 -0.5748 -0.6518 -0.6159 -0.6004 -0.6255 -0.5858
tJA- Fe 0.006 0.024 0.010 0.020 0.011 0.010 0.074 0.008 0.025 0.020
tJA- Mn 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.002 0.000
/lA- K 0.046 0.089 0.046 0.046 0.037 0.058 0.133 0.046 0.056 0.049
/1"'-Ca 1.300 0.800 0.990 1.282 1.386 1.088 1.241 1.306 1.110 1.130
tiA-Ti 0.002 0.002 0.000 0.000 0.000 0.002 0.000 0.000 0.001 0.001
/IA- Na 2.305 2.556 2.147 2.382 2.284 2.572 2.244 2.369 2.536 2.494
M,C Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.070 0.000 0.000 0.000
iF OTAL 3.119 3.018 2.674 3.142 3.143 3.079 3.146 3.128 3.106 3.110
:.\1 S 0.001 0.000 0.002 0.000 0.000 0.007 0.001 0.002 0.000 0.000
I\I- CI 0.592 0.540 0.600 0.626 0.576 0.786 0.586 0.643 0.725 0.678
:.\·\-F 0 .000 0.014 0.014 0.013 0.000 0.000 0.020 0.018 0.006 0.010
E::q An 51.560 35 .395 28.497 51.337 52.244 50.111 52.109 51.700 49.247 48.979
M1a % 63.9 76.2 68 .4 65.0 62.2 70.3 64.4 64.5 69.6 68.8
M1e% 36 .1 23 .8 31.6 35.0 37.8 29.7 35.6 35.5 30.4 31 .2
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Apêndice O. Análises d e química m in eral por m icrossonda e let rô n ic a e m escapol ita .

JAT-28 JAT-28 JAT-28 JAT -28 JAT-28 JAT-28 JAT-28 JAT -28 JAT-28 JAT-28
(54,22) (54,22) (54 ,22) (54 ,22) (54,22) (54 ,22) (54 ,22) (54 ,22) (54,22) (54,22)

Scp-Hs-Bt Scp-Hs-Bt Scp-Hs -Bt Scp-Hs-Bt Scp-Hs-Bt Scp-Hs-Bt Scp-Hs-Bt Scp-Hs -Bt Scp-Hs-Bt Scp-Hs-Bt
milonito milonito milonito milonito milonito milonito milonito milonito milonito milonito

'Óx ido (%)
Scp 2 Scp2 Scp 2 Scp 2 Scp 2 Scp 2 Scp2 Scp2 Scp2 Scp2

:S i02 54 .03 54 .33 53 .60 54.14 53 .58 54.38 54 .47 54 .06 54 .03 54.99
,AI203 24.14 23 .85 24.18 23 .96 24 .19 23.97 24 .22 24 .17 24 .00 23 .91
IFe30 • 0 .12 0.30 0 .15 0.11 0.47 0 .22 0.14 0.11 0 .13 0 .18
IMnO 0.01 0 .01 0 .02 0.01 0 .01 0.02
IK20 0.24 0.25 0 .25 0.23 0 .27 0.97 0.30 0.24 0 .29 0.26
(CaO 8.49 7.75 9 .07 8.30 8.58 7.57 8.58 8.46 8.13 7.41
"Ti02 0.01 0 .02 0 .02 0.01 0.01 0.02
rNa20 8.91 9.36 8.68 9 .14 8.73 8.69 8.91 9.22 9.36 9.47
rMgO 0.01 0.13
$ 0 3 0.05 0.04 0.02 0.01 0.01 0.02 0 .03
CCI 2.64 3.01 2.62 2.98 2.70 2.63 2.78 2.72 2.91 3.06
~F 0.01
SSoma 98 .65 98 .86 98 .62 98 .88 98 .70 98 .45 99 .42 98 .99 98.89 99 .32
ro=F o o O O O 0.003 O O O O
ro=CI 0.596 0.679 0.591 0.672 0.609 0.594 0.627 0.614 0.657 0.691
lTOTAL 98 .054 98 .177 98 .025 98 .209 98 .086 97 .849 98 .797 98 .377 98 .231 98 .625

F.6rmula (apfu)
rr S i 7.479 7.502 7.4 37 7.479 7.428 7.543 7.483 7.466 7.469 7.543
lir-AI 'V 4.521 4.498 4.563 4.521 4.572 4.457 4.517 4.534 4.531 4.4 57
lTÕTAL 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000
1'.<,1 Alv1 -0.5828 -0 .6164 -0 .6085 -0.6206 -0.6203 -0.5393 -0.5951 -0 .5996 -0.6209 -0.5917
1'.<,1-Fe 0.013 0.03 1 0.015 0.011 0.049 0.023 0.015 0.011 0.013 0.019
1'.vCMn 0.001 0.001 0.002 0.000 0.002 0.000 0.000 0.000 0.002 0.002
11.'11 K 0.043 0.044 0.044 0.041 0.047 0.171 0.053 0.041 0.050 0.045
~.'[Ca 1.259 1.147 1.348 1.228 1.274 1.125 1.263 1.252 1.204 1.089
r."CTi 0 .001 0 .000 0.000 0.002 0.002 0.001 0.00 1 0.000 0.000 0.002
"""-Na 2.39 1 2.506 2.335 2.4 48 2.346 2.337 2.373 2.469 2.509 2.518
"""-Mg 0.000 0.000 0.003 0.000 0.026 0.000 0.000 0.000 0.000 0.000
lTOTAL 3.125 3 .112 3.139 3.110 3.126 3 .117 3 .109 3.173 3.157 3.083
fr'..S 0 .005 0.000 0.00 4 0.000 0.002 0.001 0.001 0.002 0.003 0.000
fr'..-CI 0.619 0.70 4 0.616 0.698 0.634 0.618 0.647 0.637 0.682 0.71 1
f'O,.-F 0.000 0.000 0.017 0.000 0.000 0.05 1 0.010 0 .006 0.000 0.011
EqAn 50 .695 49 .923 52 .086 50.706 52 .410 48.581 50 .553 51.121 51 .029 48.564
1'.<,1a % 65 .5 68 .6 63 .4 66 .6 64 .8 67.5 65 .3 66 .4 67.6 69 .8
1'.<,1e% 34 .5 31 .4 36 .6 33 .4 35 .2 32 .5 34 .7 33 .6 32 .4 30 .2
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Apêndice E. Análises d e quím ic a mi neral por microssonda e letrôn ic a e m esc ap o li ta .

JA T-15 JAT -15 JAT -15 JAT-15 JAT-15 JAT-15 JAT -15 JAT -15 JAT-15 JAT-15
(87,63) (87 ,63 ) (87,63) (87 ,63 ) (87,63) (87,63) (87,63) (87,63) (87,63) (87 ,63)

Scp_FBS ScpJBS Scp_FBS S cpJBS ScpJBS Scp_FBS ScpJBS Scp_FBS Scp_FBS ScpJBS

Scp 3 Scp 3 S cp 3 Scp 3 Scp 3 Scp 3 Scp3 Scp 3 Scp 3 Scp3
Óxido (%)

Si02 53.83 56 .58 56.35 55 .77 55 .96 56 .45 56 .36 56 .34 55 .95 56.53
AI203 22.59 22.57 23 .05 22 .83 22 .94 22 .81 22 .95 22 .94 23 .25 22.91
Fe3O. 2.50 0.06 0.09 0.40 0.03 0 .07 0.05 0.02 0.12 0.15
MnO 0 .01 0.01 0.01 0.01 0.01 0.01
K20 0 .31 0.35 0.31 0.31 0 .29 0.31 0.29 0.26 0.30 0.43
CaO 5 .79 5.67 5.86 5.70 6.27 6.08 5.92 6.35 6.31 5.63
Ti0 2 0.05 0.01 0.01 0.01 0.04
Na20 9 .55 10.61 10 .40 9.78 10 .54 10.47 10.52 10.35 10.28 10.67
MgO 0.74 0.08 0.00
S 0 3 0 .03 0 .01 0 .0 1
CI 3.12 3 .60 3.32 3.18 3.40 3.37 3.31 3.50 3 .29 3.45
F 0 .02 0.00
Soma 98.45 99 .46 99 .47 98.06 99.45 99 .57 99 .41 99 .81 99 .51 99.78

O =F O 0 .007 O O O O O O O O

O=CI 0 .704 0 .812 0.749 0 .718 0.767 0.761 0.747 0.790 0.742 0.779
TOTAL 97.741 98 .637 98 .720 97.343 98 .683 98 .812 98 .663 99 .021 98 .766 99.003

Fórm ula (a pfu)

T_Si 7.490 7.722 7.689 7.708 7.656 7.703 7.699 7.672 7.645 7.698
T_A IIV 4.5 10 4.278 4.31 1 4.292 4.34 4 4.29 7 4.301 4.328 4.355 4.302

TOTAL 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000

M_Al
v,

-0.8053 -0 .64 84 -0.6044 -0.5741 -0.6454 -0.6292 -0.6067 -0.6473 -0.6104 -0.625 4

M_F e 0 .262 0 .006 0.009 0 .041 0.003 0 .007 0.005 0.002 0.0 12 0.015

M_Mn 0 .002 0 .000 0.001 0.000 0 .000 0.00 1 0.000 0.00 1 0.00 1 0.00 1

M_K 0.055 0.061 0 .053 0 .055 0.05 1 0.05 4 0.05 1 0 .046 0.052 0.074

M_Ca 0 .863 0 .829 0 .857 0.844 0.919 0 .889 0.866 0.926 0.924 0.82 1

M_T i 0 .000 0 .000 0 .005 0 .001 0.00 1 0.000 0.001 0 .004 0.000 0.000

M_Na 2 .576 2 .807 2.75 1 2.620 2 .796 2.770 2.786 2.732 2.723 2.817

M_Mg 0.15 4 0 .000 0.000 0.017 0.000 0 .000 0.000 0.000 0.000 0.000

TOTAL 3 .106 3.055 3.072 3.005 3.124 3.092 3.102 3.06 4 3.102 3.103

A_S 0 .000 0 .000 0 .003 0 .000 0.001 0 .000 0 .000 0.000 0.000 0.001

A_CI 0 .736 0.833 0 .768 0.745 0.788 0.779 0.766 0.808 0.762 0.796

AJ 0.042 0.000 0 .000 0 .000 0 .000 0.007 0.007 0.000 0.000 0 .013

Eq An 50 .323 42 .614 43 .701 43 .082 44 .803 43 .241 43.374 44 .283 45 .153 43 .401

Ma % 74 .9 77.2 76 .3 75 .6 75 .3 75.7 76 .3 74.7 74 .7 77.4

Me% 25 .1 22 .8 23 .7 24 .4 24 .7 24.3 23.7 25.3 25 .3 22 .6
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Apêndice F. Análises de química mineral por microssonda eletrônica em escapolita.

JAT-15 J AT-15 JAT -15 JAT-15 JAT-15 J AT-15 JAT-15 JAT-15 JAT -15
(87,63) (87,63) (87 ,63) (87 ,63) (87,63) (44 ,35) (44 ,35) (44 ,35) (44 ,35)

ScpJBS S cpJBS ScpJBS ScpJBS ScpJ BS ScpJBS ScpJBS ScpJ BS ScpJBS
Scp 3 S cp 3 Scp 3 Scp 3 Scp 3 Scp 4 Scp 4 Scp 4 Scp 4

Óxido (%)

S i02 56.43 55.45 55 .85 55 .91 51 .06 55 .35 55 .27 55 .24 55.03
Ab0 3 22 .94 23 .20 22 .90 22 .85 22 .20 23 .78 24 .04 23 .60 23.77
Fe30. 0 .01 0.07 0 .33 0.34 6.29 0 .08 0.01
MnO 0.02 0.03 0.01 0.01 0.02
K20 0 .34 0.3 1 0.34 0.33 0 .30 0.46 0.31 0.32 0 .32
CaO 5.93 6.60 6.43 5.88 5.13 7.36 7.63 7.26 7.59
Ti0 2 0 .01 0 .01 0.01 0.02
Na 20 10 .52 10.21 10.15 10.40 8.62 9.66 9 .74 9 .63 9.62
MgO 0.04 0 .08 1.84
S03 0.03 0 .05 0.01 0 .06 0.04
CI 3.34 3.4 1 3 .27 3.54 2.83 2.91 3.09 2.97 2.99
F 0 .01 0 .01 0.0 1
S oma 99.54 99.33 99 .34 99 .34 98.34 99 .56 100.19 99 .06 99 .34
O =F O 0 .003 O O 0 .004 O O O 0.004
O =CI 0 .754 0.770 0 .738 0.799 0.639 0.657 0.697 0.670 0.675
TOTAL 98.791 98 .554 98 .606 98 .540 97.693 98 .901 99 .492 98 .387 98 .663

Fórmula (a pfu)

T_Si 7.698 7.601 7.654 7.653 7.200 7.578 7.528 7.593 7.553

T_AIIV 4.302 4.399 4.346 4.347 4.800 4.422 4.472 4.407 4.447

TOTAL 12 .000 12 .000 12.000 12.000 12.000 12.000 12.000 12.000 12.000

M_Alv 1 -0.6138 -0.6515 -0.6480 -0.6605 -1.1111 -0.5852 -0.6135 -0.5835 -0.6014
M_Fe 0.001 0.00 7 0 .034 0.035 0.667 0.000 0.009 0.001 0.000
M Mn 0.000 0.002 0.00 3 0 .000 0.000 0.000 0.001 0.00 1 0.002
M K 0 .059 0 .055 0.060 0 .057 0.053 0.080 0.055 0.056 0.055
M_ Ca 0 .867 0.96 9 0.944 0.862 0.775 1.080 1.11 3 1.069 1.116
M_Ti 0 .000 0 .000 0.001 0 .001 0.000 0.000 0.001 0.002 0 .000

M_Na 2.782 2.713 2.697 2.760 2.356 2.56 4 2.572 2.566 2.560

M_Mg 0 .000 0.000 0.008 0.016 0.387 0.000 0.000 0.000 0.000

TOTA L 3.095 3.095 3.098 3.071 3.128 3.138 3.137 3.112 3 .132

A_S 0 .003 0 .005 0 .000 0.001 0.006 0 .004 0.000 0 .000 0.00 0

A_CI 0 .772 0 .792 0 .759 0 .821 0 .676 0.675 0.713 0.692 0 .696

AJ 0 .018 0 .000 0 .009 0 .000 0 .000 0.017 0.000 0.000 0.000

Eq An 43 .39 5 46 .643 44 .878 44 .888 60 .008 47 .402 49.073 46 .889 48 .217

Ma % 76.2 73 .7 74 .1 76.2 75 .3 70.4 69 .8 70 .6 69 .6

Me% 23.8 26 .3 25 .9 23 .8 24 .7 29 .6 30 .2 29.4 30.4
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Apêndice G. A nálises de química mineral por microssonda eletrônica em escapolita.

JAT-15 JAT-15 JAT-15 JAT-15 JAT-15 JAT-15 JAT -15 JAT-15 JAT-15 J AT-15
(44 ,35) (44 ,35) (44.35) (44 ,35) (44.35) (44 ,35) (44 ,35) (44,35) (44 ,35) (44 .35)

Veio Ve io Veio Veio Veio Veio Veio Veio Veio Veio
Scp 4 Scp 4 Scp 4 Scp 4 Scp 4 Scp 4 Scp 4 Scp 4 Scp 4 Scp 4

' Óxido (%)
:8 i0 2 55 .35 55 .27 55 .24 55 .03 55 .95 55.40 56.17 54 .56 55.48 56.00
.A120 3 23 .78 24.04 23 .60 23 .77 23.44 23 .51 23.47 24.28 23 .66 23 .25
IFe30 4 0.08 0.01 0.11 0 .07 0.08 0.05 0.04 0 .05
IMnO 0.01 0.01 0 .02 0.01 0.03 0 .01
1K20 0 .46 0 .31 0.32 0.32 0.38 0.54 0.33 0.34 0 .38 0 .36
(CaO 7.36 7.63 7.26 7.59 7.19 7.07 6.92 8.21 7.34 6.88
'T i0 2 0.01 0 .02 0 .01 0 .02
rNa20 9.66 9.74 9.63 9.62 9.78 9.35 9.69 9.39 9.51 9.86
rMgO
$03 0 .04 0.05 0.14
CCI 2.91 3 .09 2.97 2.99 3.09 3.06 3 .09 2.85 2.93 3 .14
FF 0.01 0 .00 0.00
Soma 99 .56 100.19 99 .06 99.34 100.02 99.14 99.78 99 .69 99 .34 99 .55
U)=F O O O 0.00 4 O O O O O O
O =CI 0.657 0.697 0.670 0.675 0.697 0.691 0.697 0.643 0.661 0.709
TrOTAL 98 .901 99 .492 98 .38 7 98 .663 99.323 98 .453 99.082 99 .048 98 .681 98.837

Fórmula (apfu)
TT_Si 7.578 7.528 7.593 7.553 7.61 8 7.601 7.651 7.480 7.603 7.652
TT_AIIV 4.422 4.4 72 4.407 4.447 4.382 4.399 4.349 4.520 4.397 4.348
TTOTAL 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000
Mil Alv 1 -0 .5852 -0.6135 -0.5835 -0.60 14 -0.6210 -0.5974 -0.5816 -0.5973 -0.5753 -0 .6040

f"1fe 0.000 0.009 0.001 0.000 0.011 0.007 0.008 0.005 0.004 0.005
f,l11_Mn 0.00 0 0.001 0.00 1 0.002 0.002 0.000 0.003 0.000 0.000 0.001
f,l11_K 0.08 0 0.05 5 0.056 0.055 0.067 0.095 0.058 0.059 0.067 0.063
/v11_Ca 1.080 1.11 3 1.069 1.116 1.049 1.039 1.010 1.206 1.078 1.007
/Vil_Ti 0 .000 0.001 0.002 0.000 0.00 1 0.000 0.000 0.002 0.000 0.000
/vil_Na 2.564 2.57 2 2.566 2.560 2.582 2.487 2.559 2.496 2.527 2.612

MiI_Mg 0.000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
TTOTAL 3.138 3 .137 3.112 3.132 3.090 3.032 3 .056 3.170 3.100 3 .084

A\_S 0.004 0.000 0.000 0.000 0.005 0.014 0.000 0.000 0.000 0 .000

A\_CI 0 .675 0.713 0.692 0.696 0.713 0.712 0.713 0.662 0.681 0.727

A\f 0 .017 0.000 0.000 0.000 0.019 0.000 0.000 0.035 0.009 0.0 15

EqAn 47 .402 49.073 46.889 48.217 46.07 1 46 .630 44.969 50.670 46.554 44 .933
f,ll1a % 70.4 69 .8 70 .6 69 .6 71 .1 70.5 71.7 67.4 70 .1 72 .2

/vl1e% 29 .6 30 .2 29.4 30 .4 28.9 29.5 28.3 32.6 29 .9 27 .8
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Apêndice H. Análises de química min eral por microsso nda eletrônica em escapolita.

Óxido (%)

Si02

AI20 3

Fe 30 .

MnO

K20

CaO

Ti0 2

Na 20

MgO

S03

CI

F

Soma

O=F

O=CI

TOTAL

JAT·15
(44 ,35)

Veio

Scp 4

56 .24

23 .33

0 .06

0 .00

0 .38

6.92

9.95

0 .04

3 .18

0.01

100.10

0.002

0.718

99 .384

JAT·15
(44 ,35)

Veio

Scp4

56 .22

23 .26

0 .07

0 .02

0.48

6 .60

0 .02

9 .77

0.01

3.05

99 .49

O

0.688

98 .803

J AT-15
(44 ,35)

Veio

Scp 4

55 .76

23 .21

0.01

0.02

0 .52

7.16

9.70

3.05

0.00

99.43

O

0.688

98 .742

JAT-15
(44,35)

Veio

Scp 4

54 .94

23 .65

0.05

0.02

0 .38

7.57

9.46

0.01

3.02

99 .10

O

0.682

98 .416

JAT-15
(44,35)

Veio

Scp 4

55 .62

23 .57

0.04

0.03

0.43

7.39

0.04

9.64

0.05

2.94

0.01

99 .75

0.005

0.663

99 .082

JAT -15
(44 ,35)

Veio

Scp 4

55 .82

23 .23

0 .21

0 .02

0.50

6.46

0.01

8.82

0.06

2.76

97 .89

O

0.623

97 .272

JAT-15
(44,35)

Veio

Scp 4

55 .37

24.03

0.14

0.32

7.69

0.01

9.37

2.71

99 .64

O

0.612

99 .029

JAT-15
(44 ,35)

Veio

Scp 4

55 .60

23 .36

0 .08

0.02

0.43

7.40

9.43

2.85

0.01

99 .17

0.002

0.643

98 .526

JAT-15
(44,35)

Veio

SCp4

55 .28

23 .99

0 .10

0 .39

7.76

9.34

0.02

2.89

99 .76

O

0.652

99 .109

Fó rmula (apfu)

T_S i 7.644 7.679 7.640 7.559 7.598 7.720 7.57 1 7.634 7.554

T_AI'V 4 .356 4.321 4.360 4.441 4.402 4.280 4.429 4.366 4.446

TOTAL 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000

M Alv, -0 .6195 -0.5768 -0.6115 -0.6055 -0 .6076 -0 .4940 -0.5562 -0.5856 -0.5826

M Fe 0.006 0.007 0.001 0.005 0.004 0.022 0.014 0.008 0.Q1 O

M Mn 0 .000 0.002 0.002 0.002 0.003 0.002 0.000 0.002 0.000

M K 0.065 0.084 0.092 0.067 0.075 0.089 0.056 0.075 0.067

M_Ca 1.008 0.966 1.051 1.116 1.082 0.957 1.127 1.089 1.136

M_Ti 0.000 0.002 0.000 0.000 0.004 0.001 0.002 0.000 0.000

M_Na 2.622 2.587 2.577 2.523 2.553 2.365 2.484 2.510 2.474

M_Mg 0.000 0.000 0.000 0.000 0.000 0.013 0.000 0.000 0.000

TOTAL 3.082 3 .071 3.111 3.107 3.113 2.955 3.126 3.099 3 .105

A_S 0.004 0.001 0.000 0.001 0.005 0.000 0.000 0.000 0.002

A_C I 0.732 0.706 0.708 0.704 0.681 0.647 0.628 0.663 0.669

Af 0.000 0.000 0.000 0.041 0.000 0.027 0.034 0.000 0.000

Eq An 45.210 44 .031 45.318 48 .018 46 .735 42.671 47.620 45.522 48 .200

Ma % 72 .2 72 .8 71 .0 69 .3 70 .2 71.2 68 .8 69 .8 68 .5

Me% 27 .8 27 .2 29 .0 30.7 29.8 28.8 31.2 30 .2 31.5
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Apêndice I. Análises de química mineral por microssonda cletrônica e m anfib ólio,

JAT -21 JAT-21 J AT-21 J AT-21 JAT-21 JAT-21 JAT-21 JAT-21 JAT-21 JAT-21
(64 ,80) (64,80) (64,80) (64,80) (64,80) (64,80) (64,80) (64,80) (64 ,80) (64 ,80)

DIABÁSIO DIABÁSIO DIABÁSIO DIABÁSIO DIABÁSIO DIABÁSIO DIABÁSIO DIABÁSIO DIABÁSIO DIABÁSIO

An! 2/ An! 2/ An! 2/ An! 2/ An! 2/ An! 2/ An! 2/ An!2/ An! 2/ An! 2/

Fe-Pg Fe -Pg Fe -Pg Fe-Pg Fe-Pg Fe-Pg Fe-Pg Fe-Pg Fe -Pg Fe-Pg
Óxido (wt%)

Si02 36.45 37 .33 36 .73 36 .89 38 .63 37.33 37 .16 37 .95 38 .01 38 .52
Ti02 0.03 0 .24 0.26 0.20 0.22 0.11 0.14 0 .09 0 .12 0.25
AI203 17.04 15.22 15.76 16.21 14.11 13 .80 14.61 10.03 14.82 15.00
MnO 0.10 0.11 0.09 0 .10 0 .12 0.05 0 .09 0.06 0.08 0 .09
FeO 22 .86 23.60 24 .04 23.42 22.56 24 .50 23.39 20.87 23.33 22.36
ZnO 0.02 0.01 0.02 0.03
MgO 4.15 4.85 4.43 4.43 5.66 4.67 5.12 7.33 5.32 5.56
CaO 11.38 11.12 11.22 11.12 11.36 11.20 11.05 13.74 11.36 11.22

I Na20 1.47 1.51 1.66 1.68 1.44 1.43 1.61 0.74 1.63
K20 1.95 1.89 1.70 1.66 1.63 2.19 1.73 1.73 1.66 1.40

IF 0 .00 0.01 0.00 0.01 0.00 0.17 0.01
ICI 2.96 2.95 2.97 2.93 2.60 3.32 2.84 2.39 2.59 2.55
IO=F,CI -0 .67 -0.67 -0.67 -0.66 -0.59 -0.75 -0.64 -0 .61 -0.59 -0 .58
-TOTAL 97 .74 98 .17 98 .18 97 .99 97 .75 97.85 97 .10 94.48 96 .74 98 .00

fFórmula (ap!u)
ffi i 5 .794 5.905 5.823 5.842 6.081 5.994 5.932 6.121 5.985 6.026
IAI 2.206 2.095 2.177 2.158 1.919 2.006 2.068 1.879 2.015 1.974
lT subtotal 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
lTi 0 .004 0.029 0.03 1 0.023 0.026 0.014 0.017 0.011 0.014 0.030
IAI 0 .987 0.743 0.767 0.867 0.698 0.606 0.681 0.028 0.735 0.792
fFe3+ 0.428 0.572 0.595 0.515 0.492 0.557 0.619 1.242 0.918 0.476
;Zn 0.002 0.001 0.002 0.003
iFe2 + 2.595 2.512 2.560 2.547 2.456 2.706 2.464 1.574 2.081 2.406
IMg 0.983 1.144 1.047 1.046 1.328 1.118 1.219 1.763 1.249 1.297
ÇC subtotal 4.999 5.001 5.000 5.000 5.000 5.001 5.000 4.626 5.000 5.001

IMn2+ 0.013 0 .015 0.012 0.014 0.017 0.007 0.012 0.011 0.012

IFe2+ 0.016 0.039 0.032 0.039 0.023 0.027 0.040 0.073 0.044

tCa 1.938 1.885 1.906 1.887 1.916 1.927 1.890 2.000 1.916 1.881

INa 0 .033 0.061 0.050 0.060 0.045 0.039 0.059 0.064

IB subtotal 2.000 2.000 2.000 2.000 2.001 2.000 2.001 2.000 2.000 2.001

ICa 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.375 0.000 0.000

INa 0.420 0.402 0.460 0.455 0.395 0.406 0.440 0.231 0.431

IK 0.395 0.381 0.344 0.335 0.327 0.449 0.352 0.356 0.333 0.279

.Asubtotal 0 .815 0.783 0.804 0.790 0.722 0.855 0.792 0.962 0.333 0.710

10 (non-W) 22 .000 22 .000 22 .000 22.000 22 .000 22.000 22.000 22.000 22.000 22 .000

10H 1.202 1.203 1.202 1.214 1.303 1.096 1.232 1.262 1.304 1.324

IF 0.001 0 .006 0.003 0.001 0.084 0.004

ICI 0 .797 0.791 0.798 0.786 0.694 0.903 0.768 0.653 0.691 0.676

'Wsubtotal 2.000 2.000 2.000 2.000 2.000 2.000 2.000 1.999 1.999 2.000
:Sum
' T,C,B,A 15 .814 15.784 15.804 15.790 15.723 15.856 15.793 15.588 15.333 15.712
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Apêndice J. Análises de qu ím ic a mineral por microssonda c lc trônica e m anti bólio.

JAT-32 J AT-32 J AT-32 JAT·32 JAT-32 J AT-32 JAT-32 JAT-32
(383 ,00) (383,00) (383,00) (383,00) (383,00) (383,00) (383,00) (383,00)

Anf 3-ZC/ Anf 3-ZC/ Anf 3-ZC/ Anf 3-ZC/ Anf 3-ZC/ Anf 3-ZC/ Anf 3-ZC/ Anf 3-ZC/

Act II Act II Act II Act ll Act ll Act ll Act II Act II
Óxido (wt%)

S i02 56 .10 54 .22 55.61 56 .24 55.96 55 .74 55 .83 55 .84
Ti02 0.13 0 .03 0.00 0.03 0.06 0.08 0.02
AI20 3 0 .27 0 .78 0 .18 0.24 0.25 0.18 0.39 0.24
MnO 0.08 0 .08 0.09 0.10 0.10 0.09 0.07 0 .10
Fe O 11.07 13.81 10.79 10.84 10.49 10.23 10. 76 10.25
NiO 0.01 0.01 0.00 0 .03 0.00 0.01 0.00 0.04
ZnO 0.03 0.02 0.0 1 0.01
MgO 18.45 16.35 18.51 18.36 18.38 18.42 17.85 18.51
CaO 12.29 12.27 12.48 12.37 12.52 12.37 12.28 12.42
Na20 0.11 0 .12 0.09 0 .11 0 .07 0.07 0.13 0.07
K20 0.03 0.25 0.02 0.00 0 .03 0.00 0.03
F 0.05 0.05 0 .08 0.05 0.08 0.06 0.06 0.08
CI 0 .03 0.16 0.00 0 .03 0.00 0.05 0.00 0.02
O=F,CI -0.03 -0.06 -0.03 -0.03 -0.03 -0.04 -0 .03 -0.04
TOTA L 98 .60 98 .07 97 .84 98 .40 97 .93 97 .27 97.39 97.56

Form ula (apfu )
S i 7.89 1 7.788 7.870 7.923 7.915 7.930 7.953 7.917
AI 0 .046 0.131 0.029 0.041 0.042 0.031 0.047 0.040
Ti 0.014 0.003 0.003 0.006 0.009 0.002
Fe3 + 0.049 0.077 0.100 0 .033 0.037 0.031 0.041
T s ubtota l 8.000 7.999 7.999 8.000 8.000 8.001 8.000 8.000
Ti 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
AI 0.000 0.000 0.000 0 .000 0.000 0.000 0.019 0.000
Fe3+ 0.089 0.162 0.127 0.073 0.073 0.061 0.035 0.081
Ni 0 .002 0.002 0.003 0.001 0.00 4
Fe2+ 1.040 1.335 0.965 1.066 1.051 1.031 1.155 1.001
Mg 3.869 3.501 3.905 3.856 3.875 3.906 3.791 3.912
C subtota l 5.000 5.000 5.000 5.000 5.000 4.999 5.000 4.999
Mn2+ 0.010 0.010 0.010 0.012 0.012 0.011 0.008 0.013
Fe2+ 0.124 0.085 0.085 0.105 0.080 0.094 0.092 0.092
Ca 1.852 1.888 1.892 1.867 1.897 1.886 1.874 1.887

Na 0.0 14 0.017 0.012 0.016 0.Q10 0.Q10 0.025 0.009
B subtotal 2 .000 2.000 1.999 2.000 1.999 2.001 1.999 2.001

Ca 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Na 0.014 0.017 0.012 0.Q16 0.Q10 0.010 0.011 0.009
K 0.006 0.046 0.003 0.001 0.006 0.001 0.006

A s ubtotal 0 .020 0.063 0.015 0.017 0.016 0.011 0.017 0.009
O (non -W) 22 .000 22 .000 22.000 22.000 22.000 22.000 22.000 22 .000

OH 1.969 1.941 1.965 1.970 1.965 1.961 1.971 1.958

F 0.023 0.021 0.035 0.022 0.035 0.027 0.029 0.037

CI 0.007 0.038 0.000 0.008 0.000 0.012 0.000 0.005

W subtotal 1.999 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Sum
T,C,B,A 15.020 15.062 15.013 15.017 15.015 15.012 15.016 15.009
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Apênd ice K. An ális es de química mine ral por micross onda eletrônica em anfibólio.

JAT-28 JAT-28 JAT·28 JAT-28 JAT-28 JAT-28 JAT-28 JAT-28
(54, 22) (54,22) (54,22) (54,22) (54,22) (54,22) (54,22) (54,22)

An f-4/ZC Anf-4/ZC Anf-4/ZC Anf-4/ZC Anf-4/ZC Anf-4 /ZC Anf-4/ZC Anf·4/ZC

Hast I Hastl Hastl Hastl Hast l Hastl Hast I Hast l
Óxido (wt%)

Si02 42.18 39.44 40.86 48.91 38.07 46.09 38.35 48.52
T i0 2 0.15 0.10 0.18 0.08 0.30 0.16 0.10 0.06
AI203 10 .64 13.00 12.33 4.19 12.69 7.19 13.20 4.63
MnO 0.10 0.10 0.07 0.26 0.10 0.14 0.09 0.27
FeO 22 .65 24.83 24.29 24.38 25.37 22.69 25.38 24.87
ZnO 0.01 0.03 0.01 0.02
MgO 7.81 5.67 5.53 12.90 5.37 10.45 5.08 12.38
CaO 10.96 10.91 10.40 4.94 10.62 8.36 10.75 4.61
Na 20 1.57 2.08 1.98 0.64 2.00 1.18 2.03 0.79
K20 0.87 1.03 1.17 0.31 1.12 0.49 1.18 0.34
F 0.02 0.01 0.00 0.01
CI 1.81 2.09 2.17 0.66 2.38 1.07 2.34 0.77
O=F,CI
(cale) -0.42 -0.47 -0.49 -0.15 -0.54 ·0.24 -0.53 -0.17
TO TAL 98 .35 98.82 98.51 97.13 97.49 97.58 97.97 97.07

Fórmula (apfu)

Si 6.459 6.132 6.389 7.361 6.037 6.952 6.056 7.336

AI 1.541 1.868 1.611 0.639 1.963 1.048 1.944 0.664

T subtotal 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000

Ti 0.017 0.012 0.022 0.009 0.036 0.019 0.012 0.007

AI 0.380 0.514 0.661 0.104 0.408 0.230 0.513 0.161

Fe3 + 0.704 0.694 0.274 0.457 0.850 0.683 0.740 0.423

Zn 0.00 1 0.004 0.001 0.002

Fe2+ 2.115 2.462 2.754 1.533 2.436 1.719 2.539 1.619

Mg 1.783 1.314 1.289 2.894 1.269 2.350 1.196 2.790

C subtotal 5.000 5.000 5.001 4.999 4.999 5.001 5.000 5.000

Mn2+ 0.013 0.013 0.010 0.033 0.014 0.017 0.012 0.035

Fe2+ 0.081 0.072 0.148 1.078 0.078 0.461 0.073 1.103

Ca 1.798 1.817 1.742 0.797 1.804 1.351 1.819 0.747

Na 0.107 0.097 0.100 0.092 0.104 0.171 0.096 0.115

B subtotal 1.999 1.999 2.000 2.000 2.000 2.000 2.000 2.000

Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Na 0.359 0.530 0.500 0.094 0.511 0.175 0.525 0.117

K 0.171 0.204 0.233 0.059 0.227 0.094 0.238 0.065

A subtotal 0.530 0.734 0.733 0.153 0.738 0.269 0.763 0.182

O (non-W) 22.000 22.000 22.000 22.000 22.000 22.000 22.000 22.000

OH 1.522 1.449 1.421 1.831 1.355 1.726 1.374 1.803

F 0.008 0.004 0.001 0.005

CI 0.470 0.551 0.575 0.168 0.640 0.274 0.626 0.197

W subtotal 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Su m
T ,C,B,A 15.529 15.733 15.734 15.152 15.737 15.270 15.763 15.182
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Apênd ice I. An álises de química mineral por microssonda eletrôn ica em anti ból io.

JA T-15 (44,35) JAT-15 (44,35) JAT-15 (44 ,35) JAT-15 (44,35) J AT-15 (44,35) J AT-15 (44,35)

Anf-5Nênulas Anf-5Nênulas Anf-5Nênulas Anf-5Nên ulas Anf-5Nênulas Anf-5Nênulas

Hst II HsllI Hsl lI Hsl lI HsllI HsllI
Óx ido (wt%)

S i02 37.66 36 .69 37.76 37.76 37.49 37 .47
Ti02 0 .06 0.20 0.24 0.26 0.17 0.20
Ab03 12.80 13.52 13.09 12.64 12.97 13.02
MnO 0.12 0.12 0.11 0.12 0.10 0.10
FeO 27.00 27.33 26.89 27.18 27.26 26 .85
ZnO 0.01
MgO 4.23 3.69 4.17 4.01 3.88 3.95
CaO 10.90 10.87 10.88 11.03 11.01 10.90
Na 20 2.00 2.04 1.93 1.86 1.89 1.84
K20 1.3 8 1.51 1.39 1.39 1.51 1.60
F 0.01 0.01
CI 3.19 3.39 3.02 3.19 3.23 3.35
O =F ,CI
(cale) -0 .72 -0.77 -0.68 -0.72 -0.73 -0.76
TOTAL 98.63 98 .60 98 .81 98 .72 98.78 98.53

Formula (apfu)

S i 6.015 5.898 6.005 6.035 5.999 6.012

AI 1.985 2.102 1.995 1.965 2.001 1.988

T subtotal 8.000 8.000 8.000 8.000 8.000 8.000

Ti 0 .007 0.025 0.029 0.03 1 0.020 0.024

AI 0.425 0.4 60 0.459 0.416 0.445 0.474

Fe 3+ 0 .789 0.783 0.757 0.746 0.741 0.702

Zn 0 .00 2

Fe 2+ 2.770 2.848 2.767 2.851 2.868 2.856

Mg 1.007 0.884 0.989 0.955 0.926 0.945

C subtotal 5 .000 5.000 5.001 4.999 5.000 5.001

Mn2 + 0.01 6 0.016 0.015 0.017 0.014 0.014

Fe 2+ 0 .047 0.043 0.053 0.035 0.039 0.045

Ca 1.8 65 1.872 1.854 1.889 1.888 1.874

Na 0 .072 0.068 0.078 0.059 0.060 0.067

B subtotal 2 .000 1.999 2.000 2.000 2.001 2.000

Ca 0 .000 0.000 0.000 0.000 0.000 0.000

Na 0 .548 0.568 0.517 0.517 0.526 0.505

K 0.281 0.310 0.282 0.283 0.308 0.327

A subtotal 0 .829 0.878 0.799 0.800 0.834 0.832

O (non-W) 22. 000 22 .000 22.000 22.000 22.000 22.000

OH 1.137 1.071 1.186 1.136 1.124 1.086

F 0.005 0.003

CI 0.863 0.924 0.814 0.864 0.876 0.911

W subto tal 2.000 2.000 2.000 2.000 2.000 2.000
Sum
T,C ,B,A 15 .829 15.877 15.800 15.799 15.835 15.833
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Apêndice L. Análises de química mineral por microssonda eletrôn ica e m biotita.

J AT-2 1 JA T-2 1 J AT-21 JAT·21 JAT-21 J AT-21 J AT-21 JAT-21 JAT- 21 J AT-21 J AT-21
(64 ,80) (64 ,80 ) (64,80) (64 ,80) (64,80) (64,80) (64 ,80) (64,80) (64 ,80) (64,80) (64, 80)

Diab ásio Dia bá s io Diabá sio Diabás io Diabás io Diabásio Diabá s io Diabásio Diabásio Diabásio Dia básio
Bt 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt l

Óxido (%)

FeOT 22 .90 24.880 24 .88 17.91 13.96 21 .69 21.68 24 23.61 23 .97 23.78
Si02 35 .34 33 .63 33.21 32 .21 43 .51 34 .88 35 .29 34 .75 34.84 35 .06 33 .00
Ti0 2 1.6 1 1.04 1.57 10.75 0.86 1.57 1.80 1.45 1.63 1.47 1.4 5
AI20 3 15 .24 14.95 14.76 11.57 19.21 14.78 15.07 14.71 14.90 14 .88 14 .21
Fe O 19 .54 20 .32 20 .64 16.40 6.81 18.12 18.52 20 .30 20 .18 20.41 19.73
Fe20 3 3 .74 5 .06 4.71 1.68 7.95 3.96 3.51 4.11 3.81 3.96 4.50
MnO 0.05 0 .07 0.07 0 .05 0.02 0.04 0.05 0.04 0.07 0.02
MgO 9 .88 9 .47 9.78 7.52 4.86 11.19 11.01 9.55 9.74 9.80 9 .58
CaO 0 .07 0 .46 0.09 7.71 3.4 0 0.13 0.05 0.17 0.08 0.11 0.53
Na20 0 .16 0 .17 0.12 0 .08 4.63 0.25 0.19 0.08 0.13 0.10 0.16
K20 9 .11 8.13 8.38 5.67 5.23 9.08 9.28 9.18 9.44 9.33 9.19
ZnO 0 .0 1 0 .02 0 .0005 0.0334 0.0214 0.0 131 0.020 7 0.0077
F 0 .01 0.01 0.01
CI 1.38 1.1 9 1.23 0.81 1.89 1.44 1.49 1.35 1.35 1.53 1.40
U20 0 .59 0.10 2.94 0.46 0.58 0.42 0.45 0.51
H20 3.46 3.36 3.34 3.57 3.76 3.42 3.45 3.40 3.43 3.40 3.25
Subtota l 100.18 97.95 97.93 98.02 105.05 99 .36 100.29 99.50 100 .03 100 .66 97 .03
O=F,CI 0 .31 0.27 0.28 0 .19 0.43 0.32 0 .34 0.30 0.30 0.35 0.32

TOTA L 99 .86 97.69 97.65 97 .83 104.63 99 .03 99 .95 99 .19 99 .73 100.31 96.72

Fó rm ula (a pfu)

S i 5 .562 5.506 5.447 5.113 6.152 5.531 5.525 5.563 5.535 5.546 5.484

AI iv 2 .438 2.4 94 2.553 2.165 1.848 2.469 2.475 2.437 2.465 2.454 2.516

AI vi 0.389 0.391 0 .301 0.000 1.354 0.293 0 .306 0.339 0.325 0.320 0.267

Ti 0 .191 0 .128 0.194 1.283 0.09 1 0.187 0.212 0.175 0.195 0.175 0.181

Fe2 2.571 2 .783 2.832 2.177 0.805 2.404 2.425 2.718 2.682 2.700 2.742

Fe3 0 .148 0 .208 0.19 4 0.067 0.282 0.158 0.138 0.165 0.152 0.157 0.1 88

Mn 0.006 0.010 0.010 0.006 0.002 0.005 0.007 0.000 0.005 0.009 0.003

Mg 2.318 2.311 2.39 1 1.779 1.024 2.645 2.570 2.279 2.307 2.31 1 2.373

Zn 0 .001 0.000 0.003 0.000 0.000 0.00 4 0.000 0.003 0.002 0.002 0.00 1

U" 0 .374 0.066 0.000 0 .000 1.669 0.292 0.363 0.271 0.286 0.325 0.000

Ca 0 .011 0.081 0.016 1.3 11 0.515 0.022 0.009 0.029 0.014 0.019 0.094

Na 0 .050 0 .053 0.038 0.023 1.269 0.078 0.056 0.026 0.040 0.032 0.053

K 1.829 1.698 1.753 1.148 0.943 1.837 1.853 1.874 1.913 1.883 1.948

OH" 3 .629 3 .670 3.658 3.777 3.547 3.613 3.605 3.634 3.636 3.585 3.606

F 0 .003 0 .000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.004 0 .000

CI 0 .368 0 .330 0.342 0.219 0.453 0.387 0.395 0.366 0.36 4 0.410 0.39 4

TOTAL 19.887 19 .728 19 .731 19.074 19.956 19.925 19.940 19.878 19.919 19.933 19.850
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Ap ênd ice M. An álises de qu ímica mineral por microssonda eletrônica em biotita .

JAT-21 JAT -21 JAT-21 J AT-21 JAT-21 JAT-21 JAT-21 JAT-21 JAT-2 1 J AT-21 JAT-21 JAT-2 1 JAT-2 1
(64 ,80 ) (64, 80) (64 ,80) (64, 80) (64,80) (64, 80) (64,80) (64,80) (64,80) (64,80) (64,80) (64 ,80) (64,80)

Diabásio Diabásio Diabásio Diabásio Diabásio Diabásio Diabásio Diabásio Diabásio Diabásio Diabásio Diabás io Diabásio
Bt 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt l Bt l Bt 1

' Óxido (%)
IFeDT 23 .71 22 .91 22 .01 24.16 24.2 22 .89 23.38 23.97 23.81 22 .57 23 .29 23 .15 24 .64
tS i02 34.51 33 .47 34 .85 33 .44 33 .87 33 .54 34.62 34.44 32 .02 34.98 35 .00 34.72 34 .66
i i02 1.71 1.07 0 .99 1.15 1.24 0 .83 1.14 1.38 0.99 1.74 1.40 1.46 1.65
JAI20 3 14.76 14.54 15.4 8 15.13 15.19 16.26 15.51 14.37 15.4 2 15.34 15.30 15.08 15.13
fFeO 20 .24 18 .96 18 .44 20 .44 20 .53 18.27 19.83 20.26 18.95 19.63 19.84 19 .66 21.06
FFe203 3.86 4.39 3.97 4.13 4.08 5.14 3.95 4.13 5.40 3.26 3.83 3 .88 3.98
~MnO 0.03 0 .03 0 .02 0 .06 0 .08 0 .05 0 .02 0 .05 0.02 0.06 0 .06 0.03 0.06
~MgO 9.87 10.37 10.41 9.42 9.41 11.09 10.08 9.31 11.35 10.32 10.35 10.20 8.69
CCaO 0.05 0.16 0.76 0 .09 0 .06 0.22 0.11 0 .13 0 .13 0.08 0.07 0.12 0 .09
rNa20 0.12 0.18 0.13 0 .07 0 .06 0.15 0.11 0 .09 0 .04 0 .06 0 .09 0.10 0.09
HK20 9 .44 9.26 9.00 9.32 9.18 6.65 9.18 9.45 6.88 9 .62 9.17 9.17 9.04
2nO 0.0409 0.02 0.02 0.02 0.04 0.01
fF 0 .02
CCI 1.47 1.60 1.44 1.30 1.29 1.00 1.47 1.47 1.05 1.44 1.40 1.29 1.35
W20 0.35 0 .05 0.45 0 .05 0.17 0.07 0.38 0.33 0.49 0.49 0.41 0.40
H20 3.38 3.24 3.41 3.33 3 .37 3.44 3.40 3.33 3.34 3.45 3.45 3.43 3.40
Subtotal 99 .79 97 .32 99.40 97 .94 98 .54 96 .71 99 .82 98 .73 95 .58 100.4 7 100.50 99 .58 99 .60
O=F,CI 0.33 0 .36 0 .32 0.29 0 .29 0 .23 0.33 0 .33 0.24 0.32 0.32 0.30 0.30
lTOTA l 99 .46 96 .96 99 .07 97 .64 98 .25 96 .49 99 .49 98 .40 95 .34 100.15 100.18 99 .28 99 .29

Fórmula (a pfu)
S i 5.513 5.511 5 .530 5 .478 5.496 5.440 5.505 5.584 5.330 5.495 5.512 5.522 5.549
,A:l.1iv 2.487 2.489 2.470 2.52 2 2.504 2.560 2.4 95 2.41 6 2.670 2.505 2.488 2.47 8 2.4 51
,A:l.1vi 0.29 3 0.333 0.426 0.399 0.401 0.549 0.412 0.330 0.355 0.336 0 .352 0.348 0.405

lTi 0 .205 0.133 0.119 0.142 0.15 1 0.102 0.136 0.168 0.123 0.206 0.166 0.175 0.199

Fe2 2.704 2.611 2.447 2.80 1 2.786 2.478 2.637 2.746 2.639 2.579 2.613 2.615 2.820

Fe3 0.15 5 0.181 0 .158 0.170 0.166 0.209 0.157 0.168 0.225 0.129 0.151 0.155 0.160

rw1 n 0 .004 0.005 0.003 0.008 0.011 0.007 0.003 0.007 0.003 0.008 0.008 0.005 0.008
r....1g 2.351 2.545 2.463 2.300 2.276 2.681 2.389 2.250 2.816 2.417 2.430 2.418 2.074

~n 0.000 0.000 0.005 0.002 0.003 0.000 0.002 0.000 0 .000 0.000 0.005 0.001 0.000

Li" 0 .226 0.036 0.287 0.030 0.110 0.048 0.246 0.217 0.000 0.308 0.312 0.264 0.255

Ca 0 .008 0.028 0.130 0.015 0.Q10 0.039 0.019 0.023 0.022 0.013 0.011 0.020 0.015

Ma 0.038 0.056 0.040 0.021 0.017 0.046 0.033 0.028 0.012 0.018 0.029 0.030 0.029

I« 1.924 1.945 1.822 1.947 1.900 1.376 1.862 1.954 1.461 1.928 1.842 1.860 1.846

OH* 3.602 3 .553 3.613 3.639 3 .645 3.725 3 .604 3.596 3.704 3.617 3.626 3.644 3.634

F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.000

CI 0.398 0.447 0.387 0.361 0.355 0.275 0.396 0.404 0.296 0.383 0.374 0.348 0.366

lTOTAl 19 .908 19.873 19 .899 19 .834 19.831 19.535 19.897 19.89 1 19.657 19.941 19.918 19 .890 19.810
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Apênd ice N. Análises de química mineral por microssonda eletrônica em biotita,

J AT-3 J AT-3 J AT-3 JAT-3 JAT-3 J AT-3 JAT-3 JAT-3 J AT-3 JAT-3
(130,05) (130,05) (130 ,05) (130 ,05) (130,05) (130,05) (1 30,05) (130,05) (130,05) (130,05)

MVM MVM MVM MVM MVM MVM MVM MVM MVM MVM
Bll BI 1 BI 1 BI 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt l

Óx ido ("lo )

FeOT 29.3 28 .38 26.33 25 .98 27.32 26 .72 25 .88 25 .22 29 .99 30.5
S i02 31 .38 32 .22 33 .64 34.22 33 .77 33.57 33.49 33.83 31.24 31.13
Ti0 2 1.01 0.96 1.01 1.06 0.97 1.00 0.86 0.88 0.99 0.93
AI203 15 .17 15 .01 15.23 15.83 15.00 14.97 15.56 15.93 14.96 15.11
FeO 23 .20 22 .87 21.76 22 .09 22.87 22.19 21.61 21.22 23.67 23.95
Fe20 3 6.78 6.12 5.08 4.33 4.94 5.03 4.75 4.44 7.02 7.28
MnO 0.02 0.03 0.02 0.02 0.02 0.07 0.02 0.03 0.04
MgO 9.61 9.45 9.96 9.39 8.62 9.49 9.45 9.87 9.10 9.21
CaO 0.02 0.07 0.04 0.01 0.02 0.04 0.02 0.03
Na20 0 .01 0.02 0.05 0.03 0.03 0.01 0.07 0.09 0.03 0.04
K20 5.91 7.01 8.19 8.95 8.78 8.48 8.62 8.84 5.81 5.47
ZnO 0.07 0.03 0.03 0.04 0.06 0.01
F 0 .01
CI 1.05 1.34 1.68 1.60 1.61 1.48 1.67 1.63 1.15 1.11
Li20 0.10 0.27 0.14 0.08 0.06 0.16
H20 3.31 3.27 3.28 3.37 3.28 3.31 3.27 3.33 3.26 3.27
Subtotal 97.55 98.40 100 .01 101.23 100 .04 99 .67 99.48 100.29 97.35 97.59
O =F,CI 0.24 0.30 0.38 0.36 0.36 0.33 0.38 0.37 0.26 0.25
TOT AL 97.31 98 .10 99 .63 100 .87 99 .68 99.34 99.10 99.92 97.09 97.34

Fórm ula (a pfu)
Si 5.260 5.348 5.435 5.436 5.491 5.457 5.438 5.417 5.276 5.249
AI iv 2.740 2.652 2.565 2.564 2.509 2.543 2.562 2.583 2.724 2.751

AI vi 0.257 0.284 0.335 0.400 0.366 0.325 0.41 7 0.424 0.254 0.251

Ti 0.127 0.119 0.123 0.127 0.119 0.122 0.105 0.106 0.126 0.118

Fe2 3.252 3.175 2.940 2.934 3.110 3.017 2.935 2.842 3.344 3.378

Fe3 0.285 0.25 5 0.206 0.172 0.202 0.205 0.193 0.178 0.297 0.308

Mn 0.003 0.004 0.000 0.002 0.002 0.003 0.010 0.003 0.005 0.006

Mg 2.401 2.338 2.399 2.224 2.089 2.300 2.288 2.356 2.291 2.315

Zn 0.009 0.003 0.003 0.005 0.000 0.000 0.000 0.000 0.008 0.002

Li* 0.000 0.000 0.067 0.172 0.092 0.054 0.039 0.101 0.000 0.000

Ca 0.003 0.013 0.000 0.007 0.002 0.004 0.000 0.007 0.003 0.005

Na 0.00 4 0.007 0.016 0.010 0.009 0.004 0.022 0.029 0.010 0.014

K 1.264 1.484 1.688 1.814 1.821 1.758 1.785 1.806 1.252 1.176

OH* 3 .69 9 3.623 3.540 3.569 3.556 3.592 3.540 3.558 3.671 3.683

F 0 .003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

CI 0 .298 0.377 0.460 0.431 0.444 0.408 0.460 0.442 0.329 0.317

TO TAL 19 .606 19.683 19.775 19.866 19.812 19.793 19.794 19.852 19.591 19.573
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Ap ênd ice O . A nál ises de quím ica mineral por micro ssonda eletrônica em biot ita.

JAT-28 J AT-28 JAT-28 JAT-28 JAT-28 JAT-28 JAT-28 JAT-28
(160,40) (160,40) (160,40) (160,40) (1 60,40) (160,4 0) (160,4 0) (160,40)

MIN-I MIN-I MI N-I MI N-I MI N-I MI N-J M/N-I MIN-/
Bt 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt 1

Óxido
(%)
FeOT 24 .99 26.47 25.78 28.17 28.46 25.63 26.12 26.67
S i02 34.49 33 .64 34.47 32.93 31.60 34.06 35 .12 33 .94
Ti02 1.30 1.17 1.24 1.07 1.10 1.21 1.10 1.22
AI203 13.79 13.82 14.04 14.43 13.76 13.72 14.72 13.83
FeO 20.78 21 .60 21 .43 22.48 22.54 21.09 21.77 21.93
Fe203 4.68 5.41 4.84 6.32 6.58 5.04 4.84 5.27
MnO 0.04 0.01 0.01 0.04 0.01 0.03 0.01
MgO 10.20 9.89 9.52 9.61 9.08 9.82 9.14 9.45
CaO 0.01 0.04 0.08 0.02 0.06
Na20 0.08 0.14 0.10 0.12 0.13 0.13 0.14 0.09
K20 9.23 8.60 9.04 6.95 7.17 9.02 8.78 8.68
Zn O 0.04 0.02 0.03 0.02
F 0.01 0.01 0.01
CI 1.69 1.79 1.96 1.47 1.38 1.88 2.00 1.76
Li20 0.35 0.10 0.34 0.22 0.53 0.19
H20 3.29 3.20 3.21 3.25 3.16 3.19 3.27 3.21
Subtotal 99.92 99 .46 100.19 98 .70 96.61 99.42 101.51 99.59
O=F ,CI 0.38 0.41 0.44 0.33 0.31 0.42 0.45 0.40
TOTAL 99 .54 99 .05 99 .75 98 .37 96.30 99.00 10 1.06 99.19

Fórmula (apfu)
S i 5.56 4 5.5 14 5.572 5.443 5.396 5.562 5.580 5.548
AI iv 2.436 2.486 2.428 2.557 2.604 2.438 2.420 2.452
AI vi 0.187 0.184 0.247 0.255 0. 165 0.202 0.336 0.213
Ti 0.158 0.144 0.151 0.133 0.141 0.149 0.13 1 0.150
Fe2 2.803 2.961 2.896 3.108 3.218 2.881 2.893 2.998
Fe3 0.190 0.223 0.196 0.262 0.282 0.207 0.193 0.216
Mn 0.005 0.002 0.001 0.006 0.000 0.001 0.004 0.001
Mg 2.453 2.417 2.294 2.368 2.311 2.390 2.165 2.303
Zn 0.000 0.004 0.000 0.003 0.004 0.000 0.002 0.000
Li* 0.225 0.068 0.222 0.000 0.000 0.147 0.337 0.124
Ca 0.00 1 0.007 0.000 0.000 0.014 0.004 0.011 0.000
Na 0.026 0.043 0.030 0.038 0.042 0.041 0.043 0.028
K 1.899 1.798 1.864 1.465 1.562 1.879 1.779 1.810
OH* 3 .538 3.498 3.459 3.588 3.601 3.480 3.461 3.505
F 0.000 0.005 0.004 0.000 0.000 0.000 0.000 0.008
CI 0.462 0.497 0.537 0.412 0.399 0.520 0.539 0.488
TOTAL 19.947 19.850 19.900 19.638 19.739 19.899 19.894 19.843
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Apêndice P. Análises de química mineral por microssonda eletrônica em biotita.

JAT-28 JAT-28 JAT-28 JAT-28 JAT-28 JAT-28 JAT-28
(160,40) (160,40) (160,40) (160,40) (1 60,40) (160,40) (160,40)

MIN-I MIN-I MIN-I MIN-I MIN-I MIN-I MIN-I
Bt 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt 1 Bt 1

Óxido
(%)
FeOT 27.5 28.11 27.93 25.49 28.07 28.93 29.11
Si02 32 .94 32.40 32.22 33.74 32.24 31.44 32.01
Ti02 1.11 1.24 1.20 1.29 1.22 1.79 1.06
AI203 14.00 13.88 13.82 13.63 14.18 13.91 13.69
FeO 22.13 22.46 22.25 20.81 22.47 22.83 23.22
Fe203 5.97 6.28 6.31 5.20 6.22 6.77 6.55
MnO 0.03 0.03 0.02 0.02 0.01 0.03
MgO 9.1 1 10.31 10.26 9.67 9.67 10.47 9.14
CaO 0.06 0.06 0.05 0.06
Na20 0.12 0.07 0.10 0.1 4 0.05 0.07 0.07
K20 7.68 7.31 7.36 8.67 7.11 6.11 7.36
ZnO 0.04 0.03 0.04 0.02 0.02
F 0.01
CI 1.54 1.38 1.44 1.87 1.44 1.14 1.53
Li20 0.00 0.13
H20 3.20 3.26 3.23 3.16 3.22 3.29 3.16
Subtotal 97.92 97.38 98.22 98.43 97.91 97.84 97.89
O::F,CI 0.35 0.31 0.32 0.42 0.32 0.26 0.35
TOTAL 97 .57 97 .07 97.90 98.0 1 97.59 97.58 97.54

S i 5.500 5.38 1 5.379 5.567 5.390 5.264 5.409
AI iv 2.500 2.619 2.621 2.433 2.610 2.736 2.591
AI vi 0.255 0.098 0.098 0.218 0.184 0.010 0.136
Ti 0.139 0.155 0.151 0.160 0.153 0.225 0.135
Fe2 3.090 3.119 3.107 2.871 3.141 3.198 3.282
Fe3 0.250 0.262 0.264 0.215 0.261 0.285 0.277
Mn 0.004 0.000 0.005 0.002 0.002 0.001 0.004
Mg 2.267 2.552 2.553 2.378 2.410 2.613 2.303
Zn 0.004 0.003 0.000 0.005 0.003 0.000 0.002
Li* 0.000 0.000 0.000 0.087 0.000 0.000 0.000
Ca 0.011 0.000 0.000 0.011 0.008 0.000 0.010
Na 0.038 0.022 0.033 0.046 0.017 0.023 0.023
K 1.636 1.548 1.567 1.825 1.516 1.305 1.586
OH* 3.564 3.612 3.593 3.477 3.592 3.676 3.557
F 0.000 0.000 0.000 0.000 0.000 0.000 0.005
CI 0.436 0.388 0.407 0.523 0.408 0.324 0.438
TOTAL 19.695 19.760 19.779 19.819 19.696 19.659 19.759
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Apêndice Q. Análises d e química mineral por m icrossonda e le trô n ica em biotita.

J AT-28 JAT -28 JAT-28 JAT-28 JAT-28 JAT-28 J AT-28 JAT-28 JAT-28 JAT-28 JAT-28 JAT-28 JAT-28 JAT-28
(54 ,22) (54 ,22 ) (54, 22) (54,22) (54,22) (54 ,22) (54,22) (54, 22) (54,22) (54 ,22) (54 ,22) (54,22) (54,22) (54 ,22)

ZC ZC ZC ZC ZC ZC ZC ZC ZC ZC ZC ZC ZC ZC
Bt 2 Bt2 Bt 2 Bt2 Bt 2 Bt 2 Bt2 Bt2 Bt2 Bt2 Bt2 Bt2 Bt2 Bt2

ílo (%)

ó2 34.11 35 .66 35.59 35 .27 35 .40 34 .82 35.31 34.09 35 .29 32 .66 34 .35 38 .19 35.46 35.41
2:! 1.4 1 1.50 1.62 1.39 1.58 1.44 1.49 1.41 1.49 1.50 1.32 1.36 1.51 1.24
:D3 13 .92 14 .62 14.40 14.12 14.32 14.16 14.18 13.72 14.58 13.21 13.74 13.53 14.41 14.82
)"'T 22.58 22 .89 22 .12 22 .98 22 .8 23 .22 22.96 23.03 23.1 23.62 23 .58 21.22 22.91 23 .72
) 1 18 .67 19 .08 18.64 19.16 19.14 19.22 19.14 18.96 19.48 19.21 19.73 17.42 19 .29 19. 76
(J)3 4.3 4 4.24 3 .86 4.25 4.07 4.4 4 4.25 4.52 4.03 4.90 4.28 4.22 4.02 4.40
» 0 .05 0 .02 0 .03 0.07 0.02 0.07 0.02 0.03 0.02 0.05 0.08 0.06 0.06
» 10 .92 10 .62 10 .84 10.89 10 .55 10.59 10.91 11.27 10.48 10.70 10.33 10.21 10.67 10.52
)0 0 .04 0 .05 0.04 0 .08 0.03 0.13 0 .03 0.04 0.15 0.06 0.03 0.10
~CO 0 .14 0 .14 0 .19 0 .10 0 .19 0.07 0.17 0.15 0.14 0.06 0.04 0.14 0.17 0.09
) 1 9.16 8.62 9.33 9.08 9 .22 8.62 9.12 9.19 9.22 8.76 9.52 8.50 9.31 8.60
)1 0 .01 0.01 0.02 0.04 0.04

0 .01 0.01 0.01 0.01 0.01 0.01
1.28 1.14 1.18 1.20 1.37 1.18 1.26 1.35 1.31 1.26 1.28 1.22 1.30 1.23

))' 0 .24 0 .68 0 .66 0 .57 0.61 0.44 0 .58 0 .23 0.58 0.00 0.31 1.41 0.63 0.61
)1' 3 .35 3 .52 3.51 3 .47 3.4 4 3.43 3.47 3.34 3.46 3.24 3.37 3.57 3.47 3.49
il,total 97.64 99.91 99 .91 99.66 99 .94 98 .63 99 .92 98 .31 100.12 95 .62 98.49 99.83 100.32 100.35
::,CI 0 .29 0 .26 0 .27 0.27 0.31 0.27 0 .28 0.31 0.30 0.29 0.29 0.27 0.30 0.28
~II 97.35 99.65 99 .64 99 .39 99 .63 98 .36 99 .64 98 .00 99 .82 95.33 98 .21 99.55 100.03 100.07

rmula (a pfu)
5 .558 5 .608 5.60 0 5.597 5.599 5.590 5.589 5.537 5.575 5.504 5.579 5.909 5.586 5.576

2.442 2 .392 2.400 2.403 2.401 2.41 0 2.4 11 2.463 2.425 2.496 2.421 2.091 2.414 2.424

0 .231 0 .318 0 .270 0.238 0.269 0.270 0.234 0.164 0.290 0.128 0.210 0.377 0.262 0.326

0.173 0 .177 0 .192 0.166 0.188 0.174 0.177 0.172 0.177 0.190 0.161 0.158 0.179 0.147

0 .000 0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

2 .545 2 .509 2.453 2.542 2.532 2.581 2.534 2.576 2.574 2.708 2.680 2.255 2.542 2.602

0 .177 0.167 0 .152 0.169 0.161 0.179 0.169 0.184 0.160 0.207 0.175 0.164 0.159 0.174

0 .007 0.003 0 .003 0.010 0.003 0.010 0.002 0.004 0.003 0.007 0.010 0.000 0.007 0.008

2 .652 2 .49 0 2.543 2.576 2.488 2.53 4 2.574 2.729 2.468 2.688 2.501 2.355 2.506 2.469

0 .000 0 .001 0 .001 0.000 0.000 0.000 0.000 0.003 0.005 0.004 0.000 0.000 0.000 0.000

0 .000 0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 .000

0 .000 0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 .000

0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0 .000 0 .00 0 0.000 0.000 0.000 0.000 0 .000 0.000 0.000 0.000 0.000 0.000 0 .000 0.000

0 .156 0.432 0.41 9 0.364 0.387 0.285 0.370 0.151 0.366 0.000 0.200 0.877 0.396 0.387

0 .007 0 .008 0.007 0.014 0.005 0.023 0.006 0.000 0.000 0.007 0.027 0.010 0.00 4 0.017

0 .044 0 .044 0.05 8 0.031 0.057 0.021 0.051 0.048 0.043 0.018 0.014 0.041 0.050 0 .029

1.904 1.729 1.872 1.838 1.860 1.765 1.841 1.904 1.858 1.883 1.972 1.678 1.871 1.727

0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 .000 0.000

0 .000 0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0 .000 0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 .000 0.000

0 .000 0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 .000 0 .000

;' 3 .646 3 .692 3 .685 3.677 3.633 3.673 3.662 3.621 3.649 3.637 3.648 3.680 3.650 3 .667

0 .000 0 .004 0 .000 0.000 0.000 0 .006 0.000 0.007 0.000 0.003 0.000 0.000 0.003 0.005

0 .354 0 .304 0 .315 0.323 0.367 0.321 0.338 0.372 0.351 0.360 0.352 0.320 0 .347 0 .328
ITiAL 19.896 19 .878 19.972 19.949 19.949 19.842 19.958 19.937 19.944 19.841 19.950 19.914 19.976 19.887
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A pêndice R. Análises de quím ica mineral por microssonda eletrônica em biotita .

JAT-21 J AT-21 J AT-21 J AT-21 JAT-21 JAT -21 JAT-21 JAT-2 1 JAT -21 JAT-21 JAT -21 JAT-21 JA T-21 J AT-21
(40,00) (40 ,00) (40,00) (40 ,00) (40,00) (40,00) (40,00) (40,00) (40,0 0) (40,00) (40,00) (40,00) (40,00) (40,00)

Veios- Ve ios- Veios- Ve ios - Ve ios - Ve ios- Veios- Veios- Veios- Veios - Veios - Veios - Vei os- Veios-
Mi n-III Min -III Min-1I1 Min-II I Min -1I1 Min-1I1 Min-1I1 Min-1I1 Min-III Min -1I1 Min-1I1 Min-1I1 Min-II' Min-III

St3 St3 S t 3 St 3 St3 St 3 St3 St3 St3 St3 St 3 St3 St 3 S t3
:id:lo (%)

OH 27.81 27.1 27 .32 28 .8 27 .55 27 .96 27 .28 27 .7 27.38 27.55 28.73 27 .59 28 .03 28 .07
J~2 33.92 33 .56 33 .61 33 .38 34 .02 33 .59 33.40 31.90 33 .62 34.05 33.44 34.30 33.60 33 .18
J<2 1.00 1.09 1.06 0.89 1.12 0.89 0.99 0.92 1.13 1.13 0.92 1.04 1.14 0.96
20 3 15 .29 15.26 15 .10 15 .09 15.26 15.20 14.95 14.49 15.30 15.05 14.95 14.41 15 .16 14.86
r» 23 .52 22.69 22 .82 24 .07 23 .26 23.44 22 .73 22 .62 23.08 23 .14 24 .01 22 .99 23 .61 23.47
~2t03 4.77 4.91 5.00 5.26 4.76 5.03 5.05 5.64 4.77 4.90 5.24 5.12 4.92 5.11
10 0 .06 0 .06 0 .04 0.02 0.07 0.02 0.03 0.03 0.06 0.02 0.02 0.02 0 .01
~O 7.74 8.07 7.71 7.41 7.84 7.28 8.02 8.09 7.89 7.95 7.43 8.23 7.61 7.71
3CD 0 .03 0 .06 0.06 0 .02 0 .00 0.04 0.04 0.06 0.04 0.00 0.00 0.02
a2m 0 .20 0 .24 0.26 0.25 0.17 0.19 0.22 0.26 0.20 0.20 0.20 0.18 0.17 0.17
2CD 9.40 8.97 9 .00 9 .17 9.10 9.06 9.06 8.72 9.14 9.04 9.12 9.14 9.08 9.20
10) 0 .02 0 .02 0 .02 0.02 0.00 0.01 0.03 0.02 0.03 0.01

0 .01 0.01 0.01 0.01 0.01
2.43 2 .20 2.58 2.83 2.47 3.02 2.44 2.50 2.38 2.34 2.82 2.44 2.53 2.49

2m' 0 .18 0 .08 0.09 0.03 0.21 0.09 0.03 0.00 0.10 0.22 0.05 0.29 0.09 0.00
1m' 3 .09 3 .11 3.00 2.93 3.08 2.88 3.02 2.90 3.08 3.11 2.93 3.08 3.03 3.00
ibtíotaí 101 .66 100.32 100 .35 101 .37 101 .37 100 .70 99 .97 98 .12 100 .73 101.28 101.21 101.27 100.98 100.18
,Fi ,CI 0 .55 0 .50 0.58 0 .64 0.56 0.69 0.55 0.57 0.54 0.53 0.64 0.55 0.57 0.56
1akl 101.12 99.82 99 .77 100.73 100.81 100 .01 99.42 97 .56 100.20 100 .76 100.57 100.72 100.41 99 .62

inmula (apfu)

5.485 5.476 5.507 5.475 5.499 5.519 5.496 5.407 5.475 5.508 5.490 5.561 5.483 5.481
iv' 2.515 2 .524 2.493 2.525 2.501 2.4 81 2.504 2.593 2.525 2.492 2.510 2.439 2.517 2.519
vii 0.400 0.411 0.424 0.39 2 0.407 0.4 63 0.396 0.302 0.411 0.378 0.382 0.314 0.398 0.374

0.122 0 .134 0.131 0.110 0.136 0.110 0.123 0.117 0.13 8 0.137 0.114 0.127 0.140 0.120
0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

e2 3 .181 3. 096 3.127 3.302 3.145 3.220 3.128 3.20 7 3.144 3.130 3.297 3.117 3.221 3.243
S3 0 .19 4 0 .201 0 .206 0.216 0 .193 0.207 0.209 0.240 0.195 0.199 0.216 0.208 0.201 0.212
k1 0 .009 0 .008 0 .005 0 .003 0.009 0.003 0.000 0.004 0.005 0.009 0.003 0.003 0.003 0.001

1.86 6 1.963 1.883 1.812 1.889 1.783 1.96 7 2.044 1.915 1.917 1.818 1.989 1.851 1.898

0.003 0 .002 0.003 0.002 0.000 0.001 0.000 0.000 0.001 0.004 0.003 0.004 0.001 0.000

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.000 0 .000 0.000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0 .119 0 .052 0.062 0.019 0.138 0.058 0.022 0.000 0.063 0.143 0.030 0.190 0.060 0.000

0 .006 0 .01 1 0.D10 0.003 0.000 0.000 0.007 0.008 0.000 0.010 0.006 0.000 0.000 0.003
0 .064 0 .075 0.081 0.078 0.053 0.060 0.070 0.085 0.062 0.062 0.065 0.057 0.054 0.056

1.939 1.867 1.881 1.918 1.876 1.899 1.902 1.885 1.898 1.865 1.910 1.890 1.890 1.938
0 .000 0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 .000 0.000

0 .000 0 .000 0 .000 0.00 0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 .000

;' 3 .334 3 .386 3.283 3.208 3.323 3.153 3.3 19 3.275 3.343 3.358 3.212 3.329 3.300 3.303
0 .000 0 .005 0. 000 0.005 0.000 0.006 0.000 0.007 0.000 0.000 0.003 0.000 0.000 0.000
0.666 0 .608 0 .717 0.787 0.677 0.841 0.68 1 0.718 0.657 0.642 0.785 0.671 0.700 0.69 7

TiAL 19 .900 19 .819 19. 81 3 19.856 19.847 19.804 19.824 19.893 19.833 19.855 19.844 19.900 19.82 1 19.845
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A pêndice S. Análises de química mineral por microssonda eletrôn ica e m biotita.

J AT-21 J AT-21 JAT-15 JAT-15 JAT-15 JAT-15 JAT-15 JAT-15 JAT-15 JAT-15 JAT-15 JAT·15
(40 ,00) (40, 00) (44,35) (44 ,35) (44,35) (44,35) (44,35) (44,35) (44 ,35) (44,35) (44,35) (44,3 5)

Ve ios- Veios - Veios - Veios - Veios - Veios - Veios - Veios- Veios- Veios- Veios - Veios-
Min-III Min-1I 1 Min· 11I Min-III Min-III Min-II I Min-III Min-1I1 Mi n-III Min-1I1 Min-III Min-III
St3 St 3 Bt 3 Bt 3 Bt3 Bt3 Bt 3 Bt3 Bt3 Bt3 Bt 3 Bt3

i{jjO (%)

OlT 28 .27 27 .2 27.47 27.7 27 .13 26.75 27.5 27.61 27.4 26 .73 27 .04 27 .25
:>02 33.45 33.32 34 .84 34 .26 34 .92 34 .58 34.43 34 .32 34 .12 34. 65 34.49 34 .72
:>2 0 .93 0.99 0.92 1.01 1.05 1.02 0.88 0.98 0.89 1.02 0.98 1.09
103 15.08 15.06 14.38 14.79 14.37 14.36 14.23 14.19 14.58 14.39 14.29 14.33
o: 23.67 22 .73 22 .84 23.21 22 .62 22.17 22.75 22.89 22.74 22.32 22 .54 22 .84
!2C03 5 .11 4.97 5 .14 4.99 5 .01 5.09 5.28 5.25 5.18 4.91 5.00 4.91
O 0 .03 0.03 0.09 0.06 0.09 0.09 0.07 0.11 0.08 0.11 0.08 0.08

90 7.58 8 .03 8.63 8 .07 8.48 8.70 8.52 8.63 8.46 8.76 8.33 8.31
aaJ 0 .04 0.02 0.13 0.01 0.00 0.07 0.05 0.07 0.04 0.01 0.03
a210 0 .22 0.20 0.17 0.19 0.21 0.23 0.22 0.17 0.15 0.16 0.21 0.18
2a:J 9 .19 9.07 9.10 9.20 9.16 9.04 9.16 9.06 8.93 9.21 9.37 9.37
)0) 0 .02 0.00 0.01 0.01 0.06 0.00 0.01 0.04 0.04 0.04

0.01 0.01
I 2.82 2.49 2.35 2.32 2.51 2.38 2.15 2.23 2.26 2.23 2.55 2.51
2CD* 0.05 0.0 1 0.45 0.28 0.47 0.37 0.33 0.30 0.24 0.39 0.35 0.41
20)* 2.9 4 3.01 3.15 3.12 3.11 3.11 3.16 3.14 3.12 3.16 3.05 3.09
.bt>lota l 101. 11 99.96 102.18 10 1.52 102 .00 101 .22 101 .28 101.34 100.79 101.36 101.32 101.88
FF ,CI 0.6 4 0.56 0.53 0.52 0.57 0.54 0.4 8 0.50 0.51 0.51 0.58 0.57
[331 100.48 99 .40 101 .65 100.99 101.43 100 .69 100.80 100 .83 100.28 100.85 100.74 101.31

m:n ula (apfu)

5.483 5 .48 4 5.576 5.534 5.594 5.577 5.573 5.556 5.545 5.573 5.584 5.583
iw 2.5 17 2.516 2.424 2.4 66 2.4 06 2.423 2.427 2.444 2.455 2.427 2.416 2.417

v:li 0 .396 0.405 0 .288 0.351 0.307 0.307 0.287 0.264 0.338 0.300 0.311 0.298
0 .114 0.123 0.11 1 0.123 0.126 0.124 0.107 0.120 0.108 0.123 0.120 0.132

0.000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

'2! 3 .245 3.128 3.05 8 3. 136 3.030 2.990 3.080 3.099 3.091 3.002 3.053 3.071

I 0 .2 10 0 .205 0.206 0.202 0.20 1 0.206 0.214 0.213 0.211 0.198 0.203 0.198

0 .005 0.005 0.01 2 0.008 0.012 0.013 0.009 0.015 0.010 0.015 0.010 0.01 1

1.852 1.97 0 2.059 1.94 3 2.025 2.092 2.056 2.083 2.050 2.100 2.010 1.992

0.000 0 .002 0.000 0.000 0.001 0.001 0.007 0.00 1 0.001 0.005 0.005 0.005

0. 000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.032 0 .007 0.288 0.182 0.303 0.242 0.214 0.194 0.157 0.254 0.226 0.267

l.
0.007 0.004 0.023 0.002 0.001 0.012 0.009 0.012 0.007 0.002 0.006 0.000

0 .069 0 .064 0.051 0.060 0.064 0.072 0.068 0.053 0.048 0.050 0.066 0.056

1.921 1.9 04 1.858 1.896 1.872 1.860 1.891 1.871 1.851 1.889 1.935 1.922

0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
.,

3 .21 6 3.305 3.363 3.365 3.318 3.349 3.410 3.388 3.377 3.388 3.295 3.3 16"
0 .000 0. 000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.005 0.000
0.78 4 0.695 0.637 0.635 0.682 0.651 0.590 0.612 0.623 0.608 0.700 0.684

liTAL 19 .852 19.81 8 19.953 19.903 19.942 19.917 19.943 19.923 19.872 19.938 19.944 19.95 1
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Apêndic e T. Análises d e qu ím ic a m ineral por m icrossonda eletr ônica em biotita.

JAT-15 JAT-15 JAT -15 JAT- 15 J AT-15 JAT-15 JAT-15 J AT-15 JAT-15 JAT-15 JAT-15 JAT-15
(44 ,35) (44,35) (44,35) (44 ,35) (44 ,35) (44,35) (44,35) (87,63) (87,63) (87,63) (87,63) (87,63)

Ve ios - Veios - Ve ios- Veios - Veios- Veios- Veios -
Min-1I1 Min-III Min-1I 1 Min-III Min-III Min-1I1 Min-III Veios Veios Veios Veios Veios
Bt3 Bt3 Bt3 Bt3 St3 St3 St 3 St3 Bt3 St3 St3 St3

Óxido (%)

FeOT 26.63 26.97 26 .74 26.7 26 .97 27.1 28 .17 27.19 27.18 27 .36 26 .42 25 .85
Si02 34.80 34.97 34 .67 34 .79 34 .30 34.06 34.07 34.36 34.52 34.79 34 .80 34.41
Ti02 0.98 1.00 0.95 1.05 1.08 0.93 0.99 0.28 0.27 0.30 0.4 4 0.42
AI203 14 .34 14.44 14 .33 14.43 14.34 14.41 13.92 14.48 14.40 14.65 14.04 14.25
FeO 22.40 22 .56 22 .22 22.47 22.62 22 .53 23.30 22.33 22.31 22.51 21.62 21.03
Fe203 4.70 4.90 5.02 4.70 4.84 5.08 5.41 5.40 5.41 5.39 5.34 5.36
MnO 0 .09 0.10 0.06 0.12 0.09 0.09 0.12 0.04 0.03 0.03 0.06
MgO 8.69 8.77 8.37 8.43 8.50 8.49 8.00 8.85 8.58 8.79 9.02 9.16
CaO 0.05 0.08 0.01 0.07 0.04 0.01 0.03 0.01
Na20 0 .06 0.19 0.23 0.12 0.13 0.18 0.24 0.18 0.18 0.21 0.21 0.25
K20 9.40 9.33 9.27 9.37 9.36 9.19 9.24 9.25 9.19 9.18 9.24 9.04
ZnO 0 .01 0.02 0 .02 0.07 0.03 0.05 0.01
F 0 .0 1 0.01
C\ 2 .30 2.28 2.55 2.31 2.35 2.25 2.98 3.04 3.04 2.90 2.96 2.70
Li20* 0 .44 0.48 0.40 0.43 0.29 0.22 0.23 0.31 0.36 0.43 0.44 0.32
H20* 3 .14 3.18 3.06 3.14 3.10 3.11 2.91 2.92 2.91 2.99 2.94 2.98
Subtota l 101 .37 102.27 101 .24 101 .36 101. 08 100.62 101.40 101.44 101.25 102.26 101.08 99.99
O=F ,CI 0 .52 0.51 0.57 0.52 0.53 0.51 0.67 0.69 0.69 0.66 0.67 0.61
Total 100.84 101.76 100.66 100.84 100.55 100 .11 100.73 100.75 100.57 101.60 100.42 99.38

Fórmula (apfu)

Si 5 .592 5.574 5.602 5.592 5.556 5.549 5.578 5.584 5.617 5.590 5.645 5.624
AI iv 2 .408 2.426 2.398 2.408 2.4 44 2.451 2.422 2.416 2.383 2.410 2.355 2.376
AIvi 0 .308 0.287 0.332 0.327 0.295 0.315 0.264 0.357 0.378 0.365 0.329 0.369
Ti 0.119 0.120 0.115 0.127 0.132 0.114 0.122 0.034 0.033 0.037 0.054 0.051
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe2 3.011 3.007 3.003 3.021 3.064 3.069 3.191 3.035 3.036 3.025 2.932 2.875
Fe3 0.189 0.196 0.204 0.190 0.197 0.208 0.222 0.220 0.221 0.217 0.217 0.220
Mn 0.013 0.013 0.009 0.016 0.013 0.013 0.016 0.000 0.006 0.004 0.005 0.008

Mg 2.082 2.084 2.016 2.020 2.053 2.062 1.953 2.144 2.081 2.105 2.181 2.232

Zn 0.002 0.002 0.003 0.000 0.009 0.000 0.000 0.000 0.004 0.006 0.000 0.001

Sn 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Ga 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Ni 0 .000 0.000 0.00 0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
ICU 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
iu- 0 .282 0 .311 0.259 0.280 0.190 0.146 0.149 0.202 0.232 0.280 0.284 0.213
ICa 0 .000 0 .008 0.013 0.000 0.001 0.012 0.000 0.008 0.002 0.004 0.002 0.000
INa 0 .018 0.059 0.073 0.036 0.040 0.057 0.077 0.056 0.056 0.066 0.065 0.079

IK 1.927 1.897 1.911 1.921 1.934 1.910 1.930 1.917 1.907 1.882 1.912 1.884
:Sr 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
!Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
FRb 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CCs 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
(OH* 3.368 3.384 3.302 3.371 3.355 3.379 3.173 3.163 3.162 3.204 3.186 3.252
FF 0 .006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000
CCI 0 .626 0 .616 0.698 0.629 0.645 0.621 0.827 0.837 0.838 0.790 0.814 0.748
lfOTAL 19.950 19 .985 19.937 19.937 19.927 19.906 19.923 19.973 19.956 19.991 19.981 19.931

187



Apêndic e U. Anális es d e q uím ic a mineral por m icrossonda eletrôn ica e m biotita.

JAT-15 JAT-15 J AT-15 J AT-15 JAT-15 JAT-15 JAT-15 JAT-15 J AT-15 JAT-15 J AT-15 JAT- 15
(87,63) (87,63) (87 ,63) (87,63) (87,63) (87,63) (87,63) (87,63) (87, 63) (87,63) (87,63) (87,63)
Ve ios Veios Veios Veios Veios Veios Veios Veios Veios Veios Veios Veios
St3 St3 St3 St3 St3 St3 St 3 St3 St3 St3 St3 St3

Óxido (%)

FeOT 27.05 26 .86 27 .41 27.2 27.21 26.65 26.75 27.21 26.88 26 .98 27 .08 28 .36
Si02 34 .31 35 .25 33 .22 34.59 34.44 34 .66 34.07 34.29 34.17 34.21 34.76 32.60
Ti02 0 .09 0.36 0 .43 0.30 0.31 0.94 1.23 0.40 1.01 1.21 0.32 0.48
AI203 14 .37 14.32 15.08 14.38 14 .32 14.31 14.68 14.34 14.34 14.27 14.42 15.06
FeO 22.00 21.95 22.19 22 .34 22 .32 22.15 22.48 22.21 22.38 22 .53 22.16 22 .50
Fe203 5.6 1 5.46 5.80 5.40 5.43 5.00 4.75 5.55 5.00 4.95 5.4 7 6.52
MnO 0 .05 0.01 0.05 0.04 0.01 0.02 0.05 0.03 0.05 0.04 0.04 0.04
MgO 8.77 9 .03 9.21 8.83 8.74 8.4 1 8.15 8.74 8.25 8.37 8.60 9.54
CaO 0 .04 0.01 0.01 0.02 0.03 0.03 0.01 0.02 0.10
Na20 0.22 0.24 0.12 0.12 0.19 0.15 0.19 0.18 0.15 0.17 0.20 0.07
K20 9 .11 9.06 7.90 9.09 9.26 9.12 9.26 8.88 9.14 9.18 8.99 6.73
ZnO 0 .02 0.04 0.01 0.01 0.02 0.01
F 0.00 0.01
CI 3.19 2.70 2.18 2.79 3.11 2.63 2.63 2.86 2.80 2.71 2.86 1.99
Li20 * 0 .29 0.56 0.00 0.38 0.33 0.40 0.23 0.29 0.25 0.27 0.42 0.00
H20* 2.85 3.06 3.08 2.99 2.89 3.03 3.02 2.94 2.96 3.00 2.97 3.11
Subtotal 100.93 102.01 99 .26 101.31 101 .36 100.86 100.75 100.75 100 .51 100.91 101.25 98.73
O=F,CI 0 .72 0.61 0.49 0.63 0.70 0.59 0.59 0.64 0.63 0.61 0.64 0.45
Tota l 100.2 1 101 .40 98 .77 100.68 100.66 100.27 100.16 100.10 99 .88 100.30 100.61 98.28

Fó rmula (a pfu)

Si 5 .614 5.645 5.478 5.608 5.605 5.615 5.541 5.600 5.583 5.565 5.633 5.411
AI iv 2 .386 2.355 2.522 2.39 2 2.395 2.385 2.459 2.400 2.417 2.435 2.367 2.589
AI vi 0 .385 0.34 7 0.409 0.356 0.352 0.348 0.354 0.361 0.345 0.301 0.387 0.358
Ti 0 .011 0.043 0.053 0.03 7 0.038 0.115 0.150 0.049 0.124 0.148 0.040 0.060
Cr 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe2 3.011 2.939 3.060 3.030 3.039 3.002 3.057 3.034 3.059 3.064 3.003 3.123

Fe3 0 .230 0.219 0.240 0.219 0.222 0.203 0.194 0.227 0.205 0.202 0.222 0.271

Mn 0 .007 0.002 0.007 0.005 0.00 1 0.002 0.007 0.004 0.006 0.006 0.006 0.006

Mg 2.139 2.155 2.264 2.134 2.121 2.031 1.976 2.128 2.009 2.030 2.078 2.361

Zn 0 .002 0.000 0.000 0.005 0.00 1 0.001 0.002 0.000 0.001 0.000 0.000 0.000

Sn 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Ga 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Ni 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cu 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Li* 0 .194 0.364 0.000 0.245 0.218 0.258 0.148 0.190 0.167 0.174 0.276 0.000

Ca 0.007 0.001 0.002 0.003 0.000 0.006 0.000 0.006 0.000 0.001 0.004 0.017

Na 0 .069 0 .074 0.037 0.038 0.059 0.048 0.061 0.056 0.048 0.054 0.064 0.024

K 1.901 1.850 1.662 1.880 1.922 1.885 1.921 1.850 1.905 1.905 1.858 1.425

Sr 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Ba 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Rb 0.000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cs 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

OH* 3 .1 15 3 .267 3.391 3.233 3.141 3.278 3.275 3.208 3.222 3.253 3.214 3.440

F 0 .000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.003 0.000 0.000 0.000

CI 0 .885 0 .733 0.609 0.767 0.858 0.722 0.725 0.792 0.776 0.747 0.786 0.560
TOTAL 19 .957 19 .996 19.733 19.953 19.972 19.897 19.870 19.905 19.869 19.885 19.939 19.644
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Apêndice V. A nálises de qu ím ic a m ineral por mi crossonda e le trôn ica em b io t ita .

JAT-15 J AT-15 JAT-15 J AT-15 JAT-15 J AT·15 JAT-15 JAT·15 J AT-15 JAT·15 JAT-15 J AT-15 JAT- 15
(87 ,63 ) (87,63) (87,63) (87, 63) (87 ,63) (87,63) (87,63) (87,63) (87,63) (87,63) (87,63) (87, 63) (87,63)
Ve ios Veios Veios Veios Veios Veios Veios Veios Veios Veios Veios Veios Veios
St3 St 3 St3 St3 St3 Bt 3 Bt 3 Bt3 Bt3 St3 Bt3 Bt3 St3

Óxido (%)

FeOT 27.56 26.84 26 .72 26 .5 26 .98 26.27 27.55 27.06 26 .5 26 .8 27.77 27 .11 26 .94
8 i02 33.68 34.64 34.39 34 .65 34 .40 33.79 34.27 34.41 34.78 34 .70 34 .27 34 .37 34.4 1
Ti0 2 0.46 0.49 0.36 0 .36 1.05 0.51 0.40 0.70 0.95 0.60 0.36 1.14 1.00
AI203 14.88 14.50 14 .34 14.47 14.27 14.34 14.47 14.36 14.31 14.55 14.33 14.40 14.41
FeO 22 .2 1 22 .14 21.85 21.78 22 .41 21.40 22 .62 22 .31 21.23 22 .18 22 .73 22 .68 22.41
Fe203 5 .94 5.22 5.41 5.25 5.08 5.4 2 5.48 5.28 5.85 5.14 5.60 4.92 5.03
MnO 0.06 0.02 0.05 0.02 0.02 0.04 0.04 0.02 0.05 0.04 0.03 0.06
MgO 9 .19 8.68 8.55 8.82 8.76 9.00 8.44 8.69 8.86 8.61 8.47 8.11 8.24
CaO 0 .06 0.03 0.02 0.07 0.01 0.02 0.01 9.13 0.04 0.01
Na20 0 .16 0 .20 0.20 0.15 0.17 0.17 0.19 0.17 0.23 0.20 0.20 0.17 0.20
K20 7.85 9.20 9.04 9.10 9.11 8.80 9.05 9.02 9.13 9.21 9.05 9.22 9.13
ZnO 0.01 0.05 0.06 0.02 0.03 0.03 0.00 0.01 0.01 0.04
F 0.01 0.01
CI 2 .25 2.61 3.01 2.68 2.60 2.61 2.96 2.75 2.65 2.71 2.98 2.79 2.88
U20· 0 .1 1 0.39 0.32 0.39 0.32 0.15 0.28 0.32 0.43 0.41 0.28 0.31 0.32
H20 · 3 .09 3.04 2.90 3.02 3.05 2.97 2.92 2.99 3.31 3.03 2.92 2.99 2.95
8 ubtota l 99 .90 101 .26 100.46 100 .81 101. 24 99 .18 101.15 101.08 110.88 101.38 101.28 101.16 101.10
O=F,CI 0 .51 0.59 0 .68 0.60 0.59 0.59 0.67 0.62 0.60 0.61 0.67 0.63 0.65
Total 99 .39 100.67 99 .78 100 .21 100.66 98 .59 100.48 100.46 110.28 100.77 100.60 100.53 100.44

Fó rmula (apfu)

S i 5.51 6 5.60 2 5.629 5.620 5.566 5.583 5.590 5.587 5.235 5.602 5.594 5.578 5.588
AI iv 2.484 2.398 2.371 2.380 2.434 2.417 2.410 2.413 2.539 2.398 2.406 2.422 2.412
AI vi 0. 388 0.36 6 0.396 0.386 0.288 0.376 0.372 0.335 0.000 0.370 0.351 0.333 0.347
TI 0.057 0.060 0.04 4 0.044 0.128 0.063 0.049 0.085 0.107 0.073 0.044 0.139 0.122
Cr 0 .000 0.000 0.000 0.00 0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe2 3.042 2.994 2.991 2.954 3.033 2.957 3.086 3.030 2.673 2.994 3.103 3.079 3.044
Fe3 0 .244 0.212 0.222 0.213 0.206 0.225 0.224 0.215 0.221 0.208 0.229 0.200 0.205
Mn 0 .000 0.008 0.003 0.00 7 0.003 0.002 0.005 0.006 0.002 0.007 0.005 0.004 0.008
Mg 2.244 2.092 2.086 2.133 2.113 2.217 2.052 2.103 1.988 2.072 2.06 1 1.962 1.995
Zn 0 .001 0.006 0.007 0.003 0.000 0.003 0.000 0.003 0.000 0.000 0.001 0.001 0.004
Sn 0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ga 0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ni 0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cu 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
U' 0 .075 0.253 0.209 0.256 0.209 0.097 0.186 0.211 0.260 0.264 0.186 0.204 0.21 1

Ca 0 .010 0 .005 0.003 0.013 0.001 0.000 0.003 0.00 1 1.473 0.000 0.007 0.002 0.000

Na 0 .052 0.063 0.062 0.049 0.053 0.054 0.060 0.055 0.067 0.064 0.063 0.054 0.063
K 1.640 1.898 1.887 1.883 1.880 1.855 1.883 1.868 1.753 1.896 1.884 1.909 1.89 1

Sr 0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ba 0 .000 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Rb 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cs 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
OH· 3 .375 3.285 3.162 3.263 3.28 7 3.269 3.182 3.243 3.324 3.258 3.175 3.232 3.201
F 0.000 0 .000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006

' CI 0.625 0.715 0.835 0.737 0.713 0.731 0.818 0.757 0.676 0.742 0.825 0.768 0.793
' TOTAL 19. 753 19 .957 19 .911 19.940 19.913 19.848 19.922 19.913 20.318 19.949 19.935 19.888 19.891
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Apêndice X. Análises de química mineral por microssonda eletrônica em c1orita.

JAT-28 JAT-28 JAT-28 JAT-03 JAT-03 JAT-03 JAT -03 JAT -03 JAT-03
(166 ,40) (166,40) (166,40) (130,05) (130,05) (130,05) (130 ,05) (130 ,05) (130,05)

Diabásio Diabásio Diabásio Diabásio Diabásio Diabásio Diabás io Diabásio Diabás io

Chll Chi 1 Chi 1 Chl2 Chl2 Chl2 Chl2 Chl2 Chl 2
Óxido (%)
S i0 2 25 .17 25 .56 25 .65 26 .280 25.830 25.990 25.340 25 .460 25 .810
Ti02 0.00 0.04 0.01 0.104 0.073 0.048 0.087 0.180 0.006
AI203 17 .06 17.52 17.10 20.360 19.980 20.620 21 .190 21 .350 20 .810
FeO 36 .15 32.93 33 .47 22.130 22.910 23.120 24.210 24.490 22 .410
MnO 0.04 0.03 0.03 0.048 0.027 0.045 0.048 0.045 0.024
ZnO 0.04 0.02 0.04 0.061 0.083 0.059 0.003 0.067 0.063
CuO 0.00 0.00 0.00 0.000 0.000 0.000 0.000 0.000 0.000
MgO 9.22 11.30 11.05 18.120 17.860 17.420 16.310 16.420 18.450
CaO 0.04 0.05 0.20 0.018 0.041 0.019 0.000 0.013 0.000
BaO 0.00 0.00 0 .00 0.000 0.000 0.000 0.000 0.000 0.000
Na 20 0.03 0.0 1 0.08 0.010 0.033 0.025 0.014 0.001 0.009
K20 0.10 0.17 0.14 0.037 0.020 0.007 0.044 0.022 0.000
F 0.00 0.00 0.00 0.003 0.000 0.000 0.000 0.000 0.000
CI 0.09 0.08 0.09 0.130 0.118 0.118 0.162 0.208 0.13 1
O =F 0 .00 0.00 0.00 0.00 1 0.000 0.000 0.000 0.000 0.000
O =C I 0.02 0.02 0.02 0.029 0.027 0.027 0.037 0.047 0.030
TOTAL 87 .93 87 .70 87.84 87 .270 86 .949 87.445 87.371 88.209 87.684

Fó rmula (a pfu)
S i 2.81 80 2.8192 2.8395 2.7382 2.7103 2.7154 2.6679 2.6575 2.6704
Ti 0 .0000 0.0036 0.0006 0.0081 0.0058 0.0038 0.0069 0.0141 0.0005
AI 2.251 1 2.2775 2.2311 2.5002 2.4709 2.5390 2.6293 2.6264 2.5375
Fe(3 +) 0 .0813 0.0375 0.0055 0.0000 0.0783 0.0125 0.0124 0.0242 0.1190
Fe(2+) 3.3034 3.0000 3.0931 1.9283 1.9321 2.0076 2.1193 2.1136 1.8201
Mn 0.0036 0.0026 0.0032 0.0042 0.0024 0.0040 0.0042 0.0040 0.0021
Zn 0.003 7 0.0018 0.0034 0.0047 0.0064 0.0045 0.0002 0.0052 0.0048
Mg 1.5389 1.8580 1.8236 2.8145 2.7938 2.7 132 2.5599 2.5550 2.8457
Ca 0.0048 0.0061 0.0234 0.0021 0.0046 0.0021 0.0000 0.00 15 0.0000
Na 0.00 69 0.0029 0.0169 0.00 19 0.0 066 0.0051 0.0029 0.0002 0.0018
K 0.0 150 0.0244 0.0196 0.0050 0.0027 0.0009 0.0058 0.0029 0.0000
F 0.0000 0.0000 0.0000 0.0011 0.0000 0.0000 0.0000 0.0000 0.0000
CI 0.0 165 0.0142 0.0166 0.0229 0.0210 0.0209 0.0289 0.0368 0.0230
OH 7.9835 7.9858 7.9834 7.9761 7.9790 7.9791 7.9711 7.9632 7.9770
[S i 2.81 80 2.8192 2.8395 2.7382 2.7103 2.7154 2.6679 2.6575 2.6704
AI(IV) 1.1 820 1.1808 1.1605 1.2618 1.2897 1.2846 1.3321 1.3425 1.3296
L-Tetrahedral 4.0000 4.0000 4.0000 4.0000 4.0000 4.0000 4.0000 4.0000 4.0000
AI(VI) 1.0691 1.0966 1.0706 1.238 3 1.1812 1.2544 1.2972 1.2839 1.2079
Ti 0.0000 0.0036 0.0006 0.0081 0.0058 0.0038 0.0069 0.0141 0.0005
Fe3+ 0.0813 0.0375 0.0055 0.0000 0.0783 0.0125 0.0124 0.0242 0.1 190
Fe 2+ 3.3034 3.0000 3.0931 1.9283 1.9321 2.0076 2.1193 2.1136 1.8201
Mn 0.0036 0.0026 0.0032 0.00 42 0.0024 0.0040 0.0042 0.0040 0.0021
Zn 0.0037 0.0018 0.003 4 0.0047 0.006 4 0.0045 0.0002 0.0052 0.0048
Cu 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Mg 1.5389 1.8580 1.8236 2.81 45 2.7938 2.7132 2.5599 2.5550 2.8457
L-Octahed ra l 6.0000 6.0000 6.0000 5.9981 6.0000 6.0000 6.0000 6.0000 6.0000
Va cant 0 .0000 0.0000 0.0000 0.00 19 0.0000 0.0000 0.0000 0.0000 0.0000
Ca 0.0048 0.006 1 0.0234 0.0021 0.0046 0.0021 0.0000 0.0015 0.0000
Na 0.0069 0.0029 0.0 169 0.00 19 0.0066 0.0051 0.0029 0.0002 0.00 18
K 0.0150 0.0244 0.0 196 0.0050 0.0027 0.0009 0.0058 0.0029 0.0000
Rb 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Total 0 .0267 0.0334 0.0599 0.0089 0.0139 0.0081 0.0088 0.0046 0.0018
OH 7.9835 7.9858 7.9834 7.9761 7.9790 7.9791 7.9711 7.9632 7.9770
F 0.0000 0.0000 0.0000 0.0011 0.0000 0.0000 0.0000 0.0000 0.0000
CI 0.0165 0.0142 0.0166 0.0229 0.0210 0.0209 0.0289 0.0368 0.0230
TOTAL 8.0000 8 .0000 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000
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Apênd ic e Y. Análises de q u ím ic a mi nera l por microsso nda eletrônica e m clori ta.

JAT-03 JAT-03 J AT-03 J AT-03 J AT-03 JAT-03 JAT-03
(130,05) (130 ,05) (130,05) (1 30,05) (130,05) (130,05) (1 30,05)

Diabásio Diabás io Diabá s io Diabásio Diabás io Diabásio Diabásio

Chi 2 Chl2 Chi 2 Chl2 Chl2 Chl2 Chl2
Óx ido (%)
S i02 25 .810 24.910 25 .27 25.95 25 .67 25 .88 25 .62
Ti02 0.006 0.03 1 0.02 0.06 0.10 0.09 0.08
AI203 20 .810 21 .010 21.05 21.01 21.02 20 .54 21.01
FeO 22 .410 23.520 23 .32 23.07 23.18 23.07 23 .06
MnO 0.024 0.053 0.04 0.03 0.02 0.05 0.04
lnO 0.063 0.061 0.07 0.10 0.04 0.04 0.09
MgO 18.450 17.290 17.33 17.47 17.42 17.77 17.71
CaO 0.000 0.036 0.04 0.01 0.01 0.02 0.02
Na20 0.009 0.030 0.02 0.02 0.03 0.02 0.01
K20 0.000 0.000 0.03 0.01 0.00 0.05 0.03
F 0.000 0.004 0.01 0.00 0.00 0.00 0.00
CI 0.131 0.158 0.19 0.10 0.14 0.18 0.14
O =F 0.000 0.002 0.01 0.00 0.00 0.00 0.00
O =CI 0.030 0.036 0.04 0.02 0.03 0.04 0.03
Tolal)(%) 87 .684 87 .066 87 .33 87.80 87.59 87.66 87.76
[H20(c) 11.5585 11.3794 11.40 11.51 11.47 11.47 11.51
Fe203(c) 1.5280 1.8873 1.18 0.17 0.53 0.74 1.03
FeO(c))(%) 21 .0351 21.82 18 22 .26 22.92 22.70 22.40 22.13

Fórmula (a pfu)
Si 2.6704 2.6158 2.6456 2.6978 2.6762 2.6957 2.6626
Ti 0.0005 0.0025 0.0015 0.0045 0.0078 0.0069 0.0059
AI 2.53 75 2.6002 2.5974 2.5743 2.5828 2.5215 2.5734

Fe(3+) 0.1190 0.149 1 0.0928 0.0134 0.0414 0.0579 0.0805
Fe( 2+) 1.8201 1.9163 1.9490 1.9923 1.9796 1.9516 1.9237

Mn 0.0021 0.0047 0.0038 0.0026 0.00 19 0.0040 0.0035

ln 0.0048 0.0047 0.005 1 0.0075 0.0029 0.0030 0.0067

Mg 2.8457 2.7066 2.7048 2.7076 2.7074 2.7593 2.7438

Ca 0.0000 0.0040 0.0042 0.0007 0.0013 0.0020 0.0020

Na 0.0018 0.0061 0.0038 0.0047 0.0051 0.0046 0.0013

K 0.0000 0.0000 0.0034 0.0015 0.0000 0.0068 0.0040

F 0.0000 0.0013 0.0045 0.0000 0.0000 0.0000 0.0000

CI 0.0230 0.0280 0.0329 0.0176 0.024 7 0.0316 0.0240

OH)(apfu) 7.9770 7.9707 7.9626 7.982 4 7.9753 7.9684 7.9760

S i 2.6704 2.6158 2.6456 2.6978 2.6762 2.6957 2.6626

B 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

AI(IV) 1.3296 1.3842 1.3544 1.3022 1.3238 1.3043 1.3374

Tolal] Tetrahedral 4.0000 4.0000 4.0000 4.0000 4.0000 4.0000 4.0000

[AI(VI) 1.2079 1.2160 1.2430 1.2721 1.259 0 1.2172 1.2360

Ti 0.0005 0.0025 0.00 15 0.0045 0.0078 0.0069 0.0059

Fe3+ 0.1190 0.1491 0.0928 0.0134 0.0414 0.0579 0.0805

Fe2+ 1.8201 1.9163 1.9490 1.9923 1.9796 1.9516 1.9237

Mn 0.0021 0.0047 0.0038 0.0026 0.0019 0.0040 0.0035

ln 0.0048 0.0047 0.0051 0.0075 0.0029 0.0030 0.0067

Cu 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Mg 2.8457 2.7066 2.7048 2.7076 2.7074 2.7593 2.7438

E-Oclahedral 6.0000 6.0000 6.0000 6.0000 6.0000 6.0000 6.0000

Vacanl 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Ca 0.0000 0.00 40 0.0042 0.0007 0.0013 0.0020 0.0020

Na 0.0018 0.0061 0.0038 0.0047 0.005 1 0.0046 0.0013

K 0.0000 0.0000 0.0034 0.0015 0.0000 0.0068 0.0040

Tol a l 0.0018 0.0101 0.0113 0.0069 0.0064 0.0134 0.0072

[OH 7.9770 7.9707 7.9626 7.9824 7.9753 7.9684 7.9760

F 0.0000 0.00 13 0.0045 0.0000 0.0000 0.0000 0.0000

CI 0.0230 0.0280 0.0329 0.0176 0.0247 0.0316 0.0240

Tolal 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000
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Apêndice W. Aná lises de química mineral por microssonda eletrônica em magnetite.

J AT-28 J AT-28 J AT-28 JAT -28 J AT-28 JAT-28 JAT-28 JAT-2 8 JAT-28 JAT-28 J AT-28 JAT-28 JAT-28
(91 ,60) (9 1,60) (91, 60) (91, 60) (91,60) (91,60) (9 1,60) (91,60) (91,60) (91 ,60) (91 ,60) (91 ,60) (91,60)

MVM MVM MVM MVM MVM MVM MVM MVM MVM MVM MVM MVM MVM

MT2 MT2 MT2 MT2 MT2 MT2 MT2 MT2 MT2 MT2 MT2 MT2 MT 2
~i: ido ("lo)

0 .07660 0 .09 380 0.10740 0 .08350 0.06700 0.13630 0.13340 0.07910 0.12680 0.10 830 0.06820 0.43860 0.13150
02 0 .0000 0.0000 0.2530 0.0204 0.2325 0.3104 0.0000 0.1507 0.0000 0.0000 0.0000 0.3435 0.1998
210 3 0 .0764 0 .0450 0 .0647 0.0442 0 .0369 0.0145 0.0482 0.0656 0.0963 0.0403 0.1457 0.1794 0.0646

~03 0 .0079 0 .03 56 0.0000 0.0106 0.0000 0.0000 0.0000 0.0408 0.0000 0.0066 0.0026 0.0199 0.0040

~~203 103.8000 103.4800 103.1300 103 .28 102.87 103.04 102.74 103 .03 102.77 103.69 103 .58 101.59 102.94

~CO 93 .3992 93 .1 113 92 .7964 92 .9313 92 .5624 92.7154 92.4455 92 .7064 92.4724 93 .3003 93 .2013 91 .4 107 92 .6254

2t03 0 .20 40 0.0382 0.2361 0 .0106 0.2433 0.1937 0.1821 0.1962 0.1863 0.1874 0.1951 0.181 7 0.1736

tI'.O 0 .0000 0.1236 0 .0000 0.0000 0.0000 0.0186 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0 198

11\10 0 .0075 0.0000 0 .0000 0 .0037 0.01 68 0.0379 0.0001 0.0080 0.0000 0.0000 0.0245 0.0000 0.0 198

:2~O 0.0000 0 .0248 0.00 64 0 .0000 0 ,0184 0.0326 0.045 5 0.0077 0.0145 0.0000 0.0000 0.0713 0.0325
;aa 0 .0000 0.009 1 0.0226 0.0139 0 .0000 0.0042 0.0000 0.0028 0.0000 0.0010 0.0000 0.0000 0.0000

liCO 0 ,0086 0.0000 0,01 43 0.0029 0.0000 0.0150 0.0000 0.0000 0.0324 0.0000 0.0154 0.008 4 0.0000

lQ;lO 0 .0224 0.0003 0.0 407 0.0093 0.03 43 0.0013 0.0318 0.0000 0.0010 0.0007 0.0000 0.1728 0.0433
nl,Q 0.0000 0 .0382 0 .0000 0.0000 0.0000 0.0164 0.0360 0.0257 0.0000 0.0000 0.0000 0.0170 0.0433

OlTAl 93 .7260 93.4261 93 .4342 93 .04 69 93 .1446 93 .3600 92 .7892 93 .203 9 92 .8029 93 .5363 93.5846 92.4047 93.2261

órrrnula (apfu) (4 O)
0 .003 0 .004 0.004 0.003 0.003 0.006 0.005 0.003 0.005 0.004 0.003 0.018 0.005

0 .000 0 .000 0.008 0.001 0.007 0.010 0.000 0.005 0.000 0.000 0.000 0.011 0.006

0 .004 0.002 0.003 0.002 0 .002 0.001 0.00 2 0.003 0.005 0.002 0.007 0.009 0.003

0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000

e::3+ 1.99 1 1.988 1.987 1.990 1.992 1.983 1.983 1.990 1.984 1.987 1.992 1.946 1.984

e~2+ 0 .405 0.408 0.395 0.410 0.391 0.399 0.407 0.396 0.406 0.411 0.400 0.415 0.399

0 .007 0.001 0.008 0.000 0.008 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006

;UJ 0.000 0.005 0.000 0.000 0.000 0.00 1 0.000 0.000 0.000 0.000 0.000 0.000 0.001

,\1\1 0 .000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.001

li 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.00 1 0.000 0.001 0.000 0.000

0.000 0.001 0.000 0.000 0.001 0.00 2 0.00 2 0.000 0.001 0.000 0.000 0.004 0.002

:aI 0 .787 0.790 0.78 7 0.793 0.790 0.788 0.793 0.790 0.793 0.788 0.788 0.787 0.789

,Igl 0 .001 0.000 0.002 0.001 0.002 0.000 0.002 0.000 0.000 0.000 0.000 0.011 0.003

!ll 0 .000 0.001 0.000 0.000 0.000 0.000 0.00 1 0.001 0.000 0.000 0.000 0.001 0.00 1

[ottal 3 .198 3.202 3.196 3.200 3.196 3.19 7 3.203 3.197 3.201 3.199 3.198 3.207 3.199

~m d -members
0.000 0.002 0.001 0.002 0.000 0.002 0.000 0.000 0.000 0.000 0.01 1 0.003piinel 0 .001

:wcynite -0 .59 1 -0 .587 -0.6 14 -0 .586 -0.620 -0.612 -0.584 -0 .609 -0.586 -0.582 -0.596 -0 .579 -0 .605

anaxíte 0 .000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.00 1

nite 0 .000 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.00 1 0.00 1

resvoríte 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000

algnelite 0 .995 0 .994 0.993 0.995 0.996 0.99 2 0.992 0.995 0.992 0.993 0.996 0.973 0.992

romile 0 .000 0. 001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000

.lIõspinel 0 .000 0.000 0.008 0.001 0.007 0,010 0.000 0.005 0.000 0.000 0.000 0.011 0.006
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Apêndice Z. Anál ise s de química m ineral por microssonda eletrô n ica em magneti ta.

JAT-26 JAT-26 JAT-26 J AT-26 JAT·26 JAT-26 JAT-26 JAT-26 JAT-26
(9 1,60) (9 1,60) (9 1,60) (91 ,60) (91,60) (91 ,60) (91,60) (91,60) (91,60)

Ve ios- Veios - Veios - Veios- Veios- Veios - Veios- Veios- Veios-
Precoces Preco ces Precoces Precoces Precoces Precoces Precoces Precoces Precoces

MT3 MT3 MT3 MT3 MT 3 MT 3 MT 3 MT3 MT 3
Óxido (%)

S i 0 .042 0.0613 0.076 0.07 1 0.3049 0.0646 0.0901 123 12 0.0571
Ti02 4.95 0 .2726 2.03 0.212 0.2653 O 0.1506 1.5 O
AI203 0.0342 0.0505 0.0696 0.0446 0.1429 0.0674 0.067 0.0666 0.07
Cr203 0.0055 0.02 11 0.0522 O 0.0079 0.0116 0.0145 0.26 O
Fe203 97 .96 102.66 101 .65 103.29 103 .03 103 .04 102.66 99 .75 103.36
FeO 66 .144 92 .373 91 .46 4 92 .9403 92.706 3 92.7153 92.3734 69 .755 93 .0033
V203 0 .2166 0.2062 0.21 17 0.2196 0.2653 0.2736 0.2646 0.26 0.2727
CuO O 0.02 46 O O 0.0359 O O O O
MnO 0.1256 0.0174 0.0303 O O 0.0066 O O 0.0153
K20 O 0.0234 0.0113 0.0064 0.0202 0.019 O 0.0166 0.0109
Ca O O 0.0016 0.0317 0.0723 0.0143 0.0001 0.6627 0.0136
NiO O 0.0059 0.0216 0.0141 0.0126 0.0073 0.0053 0.0055
MgO 0 .0426 0.0075 0.0031 O 0.0205 O 0.0064 0.0036 0.0027
2nO 0 .0269 O 0.0225 O O 0.0352 O O O

Total 93 .5462 93 .0026 93 .697 93 .4764 93 .5707 93 .1762 92.9063 92.750 93.3942

4(0 )
Fórmula (apfu)

S i 0 .002 0.003 0.003 0.003 0.012 0.003 0.004 1.992 0.002

Ti 0.147 0.006 0.061 0.007 0.006 0.000 0.005 0.000 0.000

AI 0.002 0.002 0.003 0.002 0.007 0.004 0.003 0.000 0.003

Cr 0.000 0.001 0.002 0.000 0.000 0.000 0.000 0.000 0.000

Fe3+ 1.995 1.992 1.991 1.99 1 1.963 1.990 1.969 1515.016 1.993

Fe2+ 0.195 0.367 0.320 0.396 0.413 0.399 0.394 1517.330 0.399

V 0.007 0.007 0.007 0.007 0.009 0.009 0.009 0.000 0.009

Cu 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000

Mn 0.004 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.001

Ni 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000

K 0.000 0.001 0.001 0.000 0.001 0.001 0.000 0.000 0.001

Ca 0.763 0.791 0.775 0.766 0.763 0.791 0.792 0.003 0.790

Mg 0.003 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000

2n 0.001 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000

Total 3 .119 3.195 3.165 3.195 3.200 3.199 3.197 4.306 3.196

End -members

Spinel 0 .003 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000

Hercynite -1.097 -0.626 -0.799 -0.613 -0.565 -0.596 -0.610 2274.636 -0.597

Galaxite 0 .004 0.001 0.00 1 0.000 0.000 0.000 0.000 0.000 0.001

Gahn ite 0 .001 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000

Trevo rite 0 .000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000

Magne tite 0 .996 0.996 0.995 0.996 0.961 0.995 0.994 -757.509 0.996

Chromile 0 .000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Ulv õsplnel 0.147 0.006 0.061 0.007 0.006 0.000 0.005 0.000 0.000
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Apêndice AA. Análises de química mineral por microssonda eletrônica cm magnetita.

JAT-32 (383 ,00) JAT-32 (383,00) JAT-32 (383,00) JAT-32 (383,00)

Magnetitito Magnetitito Magnetitito Magnetitito

MT4 MT 4 MT 4 MT4
Óxido (%)
Si 16390 0.2727 O 0.0773
Ti02 0.336 0.0082 0.1715 0.4572
AI203 0.1073 0.0097 0.1054 0.0268
Cr203 0.0186 O 0.0475 0.0119
Fe203 100.41 99.7 104.2 104.36
FeO 90.3489 89.710 93.759 93.903 1
V203 0.3389 0.329 0.3447 0.3422
CuO O 0.0297 0.0607 O
MnO 0.0546 O 0.0346 O
K20 O O 0.0034 0.0055
Ca 0.0 466 O O O
NiO 0.0148 0.0404 0.0093 0.0101
MgO 0.5569 0.1702 0.0325 0.002
Zn O 0.0258 O 0.0049
Total 91.8484 90.297 94.568 94.7637

Fórmula (apfu)
4(0)

Si 1.994 0.011 0.000 0.003
Ti 0.000 0.000 0.005 0.014
AI 0.000 0.000 0.005 0.001
Cr 0.000 0.000 0.002 0.000
Fe3 + -2028.386 1.966 2.000 1.991
Fe2+ 2030.726 0.402 0.382 0.389
V 0.000 0.011 0.011 0.011
Cu 0.000 0.001 0.002 0.000
Mn 0.000 0.000 0.001 0.000
Ni 0.000 0.001 0.000 0.000
K 0.000 0.000 0.000 0.000
Ca 0.002 0.807 0.781 0.778
Mg 0.000 0.011 0.002 0.000
Zn 0.000 0.000 0.000 0.000
Tota l 4.336 3.2 11 3.192 3.188

End-members
Spinel 0.000 0.011 0.002 0.000
Hercynite 3044 .919 -0.581 -0.629 -0.634
Galaxite 0.000 0.000 0.001 0.000
Gahnite 0.000 0.000 0.000 0.000
Trevorite 0.000 0.001 0.000 0.000
Magnetite -1014.193 0.983 1.000 0.995
Chromite 0.000 0.000 0.001 0.000
Ulv õspinel 0.000 0.000 0.005 0.014
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Apêndice A S . Análises de q u ím ic a m ineral por m icrosso nda e letrô ni ca em magnet ita .

JAT-28 J AT-28 JAT-28 J AT-28 JAT-28 J AT-28 JAT-28 JAT-28 JAT-28 JAT-28 JAT-28
(9 1,60) (91 ,60) (9 1,60) (91 ,60) (91,60) (91,60) (91,60) (91, 60) (91,60) (91,60) (160 ,40)

ZC/Min-1I ZC/Min-1I ZC/Min-1I ZC/Min-1I ZC/Min-1I ZC/Min-1I ZC/Min-1I ZC/Min-1I ZC/Min-1I ZC/Min·1I ZC/Min-1I

MT 5 MT5 MT5 MT 5 MT5 MT 5 MT 5 MT 5 MT5 MT5 MT5

Óxido (%)

S i 0 .15070 0.10670 0.09600 0.17790 0 .186 10 0.17820 0.12110 0.10130 0.12660 0.11620 0.07320
Ti02 0 .0000 0 .1957 0.1182 0.0000 0.1835 0.0000 0.1428 0.0163 0.1796 0.0489 0.2727
AI203 0.0675 0.0289 0.0427 0.0241 0.0507 0.0709 0.0408 0.0435 0.0324 0.0576 0.0970
Cr203 0 .0000 0.0013 0.0369 0.0224 0.0000 0.0000 0.0105 0.0369 0.0581 0.00 13 0.0514

Fe203 103.30 103.71 103 .28 102.35 102.37 102 .94 102.72 102.78 102.59 103.03 102.38

Fe O 92 .9493 93 .3183 92 .9313 92 .0945 92 .1125 92 .625 4 92 .4275 92 .4814 92.3105 92 .7064 92 .1215

V203 0 .2130 0.2187 0.2116 0.1601 0 .1693 0.1878 0.1576 0.1624 0.1760 0.1688 0.340 5

Cu O 0 .0000 0.0247 0.0000 0 .0581 0.0000 0.0000 0.0247 0.0185 0.0297 0.0408 0.0480

MnO 0 .00 94 0.0023 0.0000 0.0000 0.0155 0.0017 0.0017 0.0196 0.0017 0.0133 0.0000

K20 0.0394 0.0428 0.0000 0.0101 0.0291 0.0612 0.0373 0.0728 0.0476 0.0693 0.0032

Ca 0.0147 0.0000 0.0000 0.0143 0.0207 0.0599 0.0176 0.0605 0.0602 0.0272 0.0108

NiO 0 .0066 0 .0238 0.0086 0.0000 0.0276 0.0097 0.0097 0.0097 0.0313 0.0141 0.0174

MgO 0.0000 0 .00 00 0.0000 0.0087 0.0201 0.0379 0.0379 0.0233 0.0293 0.0427 0.0 129

ZnO 0.0051 0 .0000 0.0221 0.0163 0.0166 0.0455 0.0307 0.006 1 0.0455 0.0265 0.0000

Tota l 93 .3050 93 .8565 93 .371 4 92 .4086 92 .6456 93 .1000 92 .9388 92.9510 93.0019 93 .2169 92.9754

Formula (a pfu) 4(0)

S i 0 .006 0.004 0.004 0.00 7 0.008 0.007 0.005 0.004 0.005 0.005 0.003

Ti 0.000 0.006 0.004 0.000 0.006 0.000 0.00 4 0.001 0.006 0.002 0.008

AI 0 .003 0.001 0.002 0.001 0.002 0.003 0.002 0.002 0.002 0.003 0.005

Cr 0 .000 0.000 0.001 0.001 0.000 0.000 0.000 0.00 1 0.002 0.000 0.002

Fe3+ 1.981 1.987 1.988 1.978 1.977 1.978 1.985 1.987 1.984 1.986 1.991

Fe2+ 0.412 0.402 0.401 0.4 13 0.406 0.412 0.400 0.402 0.397 0.403 0.380

V 0.007 0.007 0.007 0.005 0.006 0.006 0.005 0.005 0.006 0.006 0.011

Cu 0 .000 0.001 0.000 0.002 0.000 0.000 0.001 0.001 0.001 0.002 0.002

Mn 0 .000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000

Ni 0 .000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.00 1

K 0 .002 0.002 0.000 0.001 0.002 0.003 0.002 0.004 0.002 0.004 0.000

Ca 0.789 0.785 0.789 0.795 0.792 0.790 0.792 0.793 0.791 0.790 0.790

Mg 0 .000 0.000 0.000 0.001 0.001 0.002 0.002 0.001 0.002 0.003 0.001

Zn 0 .000 0 .000 0.001 0.000 0.001 0.001 0.001 0.000 0.001 0.001 0.000

Total 3 .202 3.197 3.197 3.204 3.20 1 3.205 3.201 3.203 3.200 3.203 3.194

End-members

Spinel 0 .000 0.000 0.000 0.001 0.001 0.002 0.002 0.001 0.002 0.003 0.001

Hercynite -0 .579 -0.604 -0.601 -0.577 -0 .594 -0.577 -0.601 -0.593 -0.607 -0.593 -0.633

Galaxite 0 .000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000

Gahnite 0 .000 0.000 0.001 0.000 0.001 0.001 0.001 0.000 0.00 1 0.001 0.000

Trevorite 0 .000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.00 1 0.000 0.001

Ma gn e tite 0 .991 0.993 0.994 0.989 0.988 0.989 0.993 0.994 0.992 0.993 0.995

Chromite 0 .000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.00 1

Ulvospinel 0 .000 0.006 0.004 0.000 0.006 0.000 0.004 0.00 1 0.006 0.002 0.008
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Apêndice AC. Análises de química m ineral por microssonda el etrô n ica em magnetita.

JAT-28 JAT-28 JAT -28 JAT -28 JAT-28 JAT-28 JAT-28 J AT-28 JAT-28 JAT-28 JAT-28
(160,40) (160,40) (160,40) (160 ,40) (160,40) (160,40) (160,40) (160 ,40) (160,40) (160 ,40) (160,40)

ZC/Min -1I ZC/Min-1I ZC/Min-1I ZC/Min-1I ZC/Min-1I ZC/Min-1I ZC/Min·1I ZC/Min-1I ZC/Min-1I ZC/Min-1I ZC/Min-1I

MT 5 MT 5 MT5 MT5 MT 5 MT 5 MT 5 MT5 MT5 MT5 MT 5

ÓXIDO
(%)

Si 0 .07320 0.08270 0.12440 0.06820 0.10070 0.079 10 0.096 70 0.06020 0.76050 0.09750 0.10320

Ti0 2 0 .2727 0 .0000 0.0000 0.3 141 0.2285 0.0937 0.0000 0.3709 0.1308 0.0775 0.0204

AI203 0 .0970 0 .101 8 0.0848 0.0741 0.0852 0.0776 0.0504 0.0966 0.1618 0.1064 0.0682

Cr203 0.05 14 0.0922 0.0447 0.0581 0.0449 0.0764 0.0685 0.1202 0.0344 0.0422 0.1332

Fe203 102.38 103 .00 102.94 102 .32 103.29 103.11 102.43 102.74 101.72 103 .25 102.54

Fe O 92 .12 15 92.6794 92 .6254 92 .0675 92 .9403 92 .7784 92.1665 92.4455 91.5277 92.9044 92.2655

V203 0.3 405 0.3508 0.3392 0.351 3 0.3522 0.3476 0.3826 0.3279 0.3413 0.3736 0.4707

CuO 0 .0480 0.0000 0.0666 0.003 7 0.08 53 0.0642 0.1024 0.0000 0.1051 0.0815 0.0964

MnO 0.0000 0.0016 0.0084 0.0057 0.0000 0.00 49 0.0032 0.0136 0.0000 0.0000 0.0112

K20 0 .0032 0.0067 0.0000 0.0000 0.0148 0.0000 0.0013 0.0052 0.0221 0.0184 0.0052

Ca 0 .0108 0.0000 0.0096 0.0184 0.01 40 0.0126 0.0000 0.0003 0.0156 0.0141 0.0028

NiO 0 .0174 0.0297 0.0233 0.0000 0.0075 0.0194 0.0101 0.0167 0.0066 0.0000 0.0090

MgO 0.0129 0.0000 0.0000 0.0251 0.0044 0.0000 0.0126 0.0000 0.2764 0.0109 0.0155

ZnO 0 .0000 0.0029 0.0000 0.0080 0.0000 0.0000 0.0135 0.0000 0.0291 0.0000 0.0000

Total 92.975 4 93.2651 93.2020 92 .9260 93 .7771 93.4748 92 .8111 93 .3969 92.6509 93.6290 93.0981

Formula (apfu) 4(0)

Si 0 .003 0.00 3 0.005 0.003 0.004 0.003 0.004 0.002 0.03 1 0.004 0.004

Ti 0 .008 0.00 0 0.000 0.010 0.007 0.003 0.000 0.011 0.004 0.002 0.001

AI 0 .005 0.005 0.004 0.004 0.004 0.004 0.002 0.005 0.008 0.005 0.003

Cr 0 .002 0.00 3 0.001 0.002 0.001 0.002 0.002 0.004 0.00 1 0.001 0.004

Fe3+ 1.991 1.990 1.98 5 1.992 1.988 1.990 1.988 1.993 1.906 1.988 1.987

Fe2+ 0 .380 0.394 0.400 0.379 0.390 0.391 0.393 0.377 0.453 0.393 0.388

V 0 .01 1 0 .012 0.011 0.012 0.01 1 0.011 0.013 0.011 0.011 0.012 0.015

Cu 0 .002 0.000 0.003 0.000 0.003 0.002 0.004 0.000 0.004 0.003 0.004

Mn 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Ni 0 .001 0.001 0.001 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000

K 0 .000 0.000 0.000 0.000 0.00 1 0.000 0.000 0.000 0.001 0.001 0.000

Ca 0 .790 0.790 0.790 0.791 0.785 0.788 0.793 0.787 0.780 0.786 0.790

Mg 0 .001 0.000 0.000 0.002 0.000 0.000 0.001 0.000 0.017 0.001 0.00 1

Zn 0 .000 0.00 0 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000

Tota l 3 .194 3.198 3.200 3.193 3.195 3.196 3.200 3.191 3.218 3.197 3.199

End-
membe rs

Spinel 0 .001 0.000 0.000 0.002 0.000 0.000 0.001 0.000 0.0 17 0.001 0.00 1

Hercynite -0. 633 -0 .602 -0.593 -0.637 -0.619 -0.611 -0.603 -0.644 -0 .508 -0.606 -0 .609

Galax ite 0 .000 0.000 0.000 0.00 0 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Gahnite 0 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.00 1 0.000 0.000

Trevorite 0 .001 0.001 0.00 1 0.000 0.000 0.001 0.000 0.00 1 0.000 0.000 0.000

Magnet ite 0 .995 0 .995 0.992 0.996 0.994 0.995 0.994 0.996 0.953 0.994 0.994

Chromite 0 .001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.002

Ulvõspinel 0 .008 0 .000 0.000 0.010 0.007 0.003 0.000 0.011 0.004 0.002 0.001
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Apêndice AD. A nálises d e quím ica mineral po r m icrosso nda c le trô n ica em m agne ti ta .

JAT-28 JAT -28 JAT-28 J AT-28 JAT-28 JAT-28 JAT-28 JAT-28 JAT·28 JAT·28
(160 ,40) (160 ,40) (160 ,40) (160,40) (1 60 ,40) (160,40) (160 ,40) (160,40) (160,40) (160 ,40)

ZC/Min-1I ZC/Min-II ZC/Min-II ZC/Min-II ZC/Min-II ZC/Min-II ZC/Min-II ZC/Min-II ZC/Min-II ZC/Min-II

MT5 MT5 MT5 MT5 MT5 MT5 MT5 MT5 MT5 MT5

ÓXIDO (%)

S i 0 .13120 0.06110 0.07120 0.05890 0.09320 0.11130 0.08010 0.10100 0.08980 0.05870
Ti02 0 .1549 0.1386 0.2283 0.1018 0.0449 0.0000 0.0000 48.6700 48.6400 48.8600
AI203 0 .0911 0.0763 0.0756 0.0754 0.0662 0.0656 0.0771 0.0191 0.0079 0.0302
Cr203 0 .0409 0.1174 0.12 40 0.Q105 0.1504 0.1528 0.0158 0.0594 0.0000 0.0099
Fe203 102.34 102.60 102 .08 102 .99 102.4 5 102.59 102.20 53.30 52.83 53.35
FeO 92 .0855 92 .3195 91 .8516 92 .6704 92 .1845 92 .3105 91.9596 47.9593 47.5364 48.0043
V203 0.3367 0.3334 0.3440 0.3711 0.3667 0.3621 0.3963 0.2978 0.3040 0.2851
CuO 0.0592 0.0482 0.0000 0.0913 0.0000 0.0050 0.1051 0.0560 0.0871 0.0125
MnO 0 .0000 0.0000 0.0000 0.0131 0.0000 0.0187 0.0000 0.1637 0.1847 0.1749
K20 0.0163 0.0125 0.0050 0.0228 0.0138 0.0000 0.0187 0.0345 0.0871 0.0157
Ca 0.0012 0.0110 0.0170 0.0000 0.0120 0.0135 0.0101 0.0059 0.0176 0.0000
NiO 0.0106 0.0165 0.0051 0.0000 0.011 7 0.0277 0.0112 0.0224 0.0088 0.0000

MgO 0 .0329 0 .0101 0.0076 0.0000 0.0096 0.0000 0.0328 0.0238 0.0382 0.0161

ZnO 0 .0000 0.0000 0.0000 0.0000 0.0000 0.0229 0.0000 0.0000 0.0000 0.0171

Total 92.8293 93 .0835 92.6582 93 .3564 92 .8598 92.9788 92.6267 97.3119 96.9118 97.4258

Fó rmu la (a pfu) 4(0)

S i 0 .005 0.003 0.003 0.002 0.004 0.005 0.003 0.003 0.003 0.002

Ti 0 .005 0.00 4 0.007 0.003 0.001 0.000 0.000 1.097 1.099 1.100

AI 0.004 0.00 4 0.004 0.004 0.003 0.003 0.004 0.001 0.000 0.001

Cr 0.001 0.004 0.00 4 0.000 0.005 0.005 0.00 1 0.001 0.000 0.000

Fe3+ 1.98 4 1.992 1.99 1 1.993 1.988 1.986 1.990 1.991 1.992 1.995

Fe2+ 0.39 1 0.38 4 0.38 1 0.388 0.391 0.395 0.389 -1.089 -1.095 -1.093

V 0.0 11 0.01 1 0.01 1 0.012 0.012 0.012 0.013 0.007 0.007 0.007

Cu 0 .002 0.002 0.000 0.004 0.000 0.000 0.004 0.002 0.002 0.000

Mn 0.000 0.000 0.000 0.000 0.000 0.00 1 0.000 0.004 0.005 0.004

Ni 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000

K 0.001 0.001 0.000 0.001 0.001 0.000 0.001 0.001 0.003 0.001

Ca 0.791 0.791 0.793 0.789 0.792 0.791 0.794 0.578 0.579 0.577

Mg 0.002 0.001 0.000 0.000 0.001 0.000 0.002 0.001 0.002 0.001

Zn 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000

Total 3 .199 3.196 3.195 3.197 3.198 3.199 3.201 2.597 2.598 2.595

End-
members
Spinel 0 .002 0.001 0.000 0.000 0.001 0.000 0.002 0.001 0.002 0.001

He rcyn ite -0 .611 -0 .623 -0.631 -0 .614 -0.609 -0.601 -0.607 -4.278 -4.289 -4.290

Galaxite 0 .000 0.000 0.000 0.000 0.000 0.001 0.000 0.004 0.005 0.004

Gahnite 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000

Trevorite 0 .000 0.00 1 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000

Ma gnetite 0 .992 0.996 0.996 0.996 0.99 4 0.993 0.995 0.995 0.996 0.997

Chromite 0.001 0.002 0.002 0.000 0.002 0.002 0.000 0.001 0.000 0.000

Ulvospine l 0 .005 0.00 4 0.007 0.003 0.00 1 0.000 0.000 1.097 1.099 1.100
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Apêndice 2
Análises químicas de rocha total
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SAMP LE Loca lity Pel rology Si02 ,\1203 r e 20 3 "'gO Ca O ;>;a20 K20

JAT -321357,lO JA T -Min (I) Minéno 0.00 0.32 63.91 1.14 7. 16 O.OS 0.00
JAT· 32135S,90 JAT-Min (I) Minério 0.00 0.26 63.91 0.99 6.65 0.00 0.00
JAT-321362,l:l0 JAT-Min (1) Minéno 0.00 0.30 71.49 0.60 3.34 0.07 0.00
JA T- 151194,20 JA T-M in (II) Drecha 20.31 4.60 32.90 2.5 1 5.42 0.02 2 12
JAT·28116O,40A JAT-M in (II) Fola cao 19.02 2 23 50.45 1.33 8.99 0.00 0.69
JA T-2SI16O,40D JAT-Min (! I) Drecha 20.18 2.56 46.80 1.66 9.25 0.0 1 1.18
:!,.AT -;'.I8 I,65 J.AR -M.in (IV) Minerio 27.84 3.7 1 25.30 1.39 6.59 0.02 1.06
JAT- 1511 8~,?4 JAR -M_in (IV) Minerio 24.49 4. 9 26.41 2.46 11.47 0.00 1.91
JAT-28~1 !9,OO JA~-Min (IV) Miner io 4 1.22 8.51 21.00 1.99 I.OS 0.44 4.77
JAT -151185,22 JAR-M in (IV) Miner io 19.37 1.96 34.19 0.92 0.40 0.03 0.95

SAM PLE Loca lity Petrology T I0 2 ('205 MnO C r20 3 LOI c/ror s/ror-
JAT-321357,lO JA T- Min (I) Minério 0.22 4.45 0.04 0.04 0.00 0.00 0.00
JA1'-321358,90 JAT -M in (I) Minério 0. 17 4.32 0.03 0.03 0.00 0.00 0.00
JA T -32/362,80 JA T-Min (I) Minério I 0.00 0.21 0.01 0.01 0.00 0.00 0.00
JAT -1511 94,20 JAT -Min (II) Drecha I 0.48 3.S5 0.02 0.01 11.30 0.00 16.70
JAT -2811 60,40A J~~-MJn @ Folhcao 1.06 6.32 0.01 0.03 5. 10 0.00 S.94
JA T.:28! 16Q,40B JAT-~ in (II>' Drecha 0.89 6.39 0.02 001 5.20 0.00 10.41-
JAT -3/8 1,65 J A~Min (IV) Minerio 0.32 4.69 0.02 0.0 1 10.50 0.00 14.07
JAT - 1511S§,74 JA R-Min IV) Miner io 0.88 7.97 0.03 0.01 8.40 0.00 12.86
JAT -281119,OO J~~-M in (IV) Minerio 0.23 0.07 I 0.02 0.00 8.00 0.03 11.04
J AT- 1511 85~2 JA R-Min (IV) Minerio 0.17 0.25 0.00 0.00 13.60 0.00 23.51

SA MPLE Locality Pctrology 8 a Hb S r Cs Ga T I T a
.

JA T.32135? ,IQ. ~~T-M in Q) Minério 0.00 0.00 40.00 0.00 0.00 0.00 0.60
J(\ !-321358,~Q JAT·Min (I) Minér io 0.00 0.00 40.00 0.00 0.00 0.00 0.40
JA 'r-321362,l:l0 JA T-M in (I) Minér io 0.00 0.00 20.00 0.00 0.00 0.00 0.60
JAT· 15/194,20 JAT-Min (II) Drecha 380.00 97.00 I 30.40 1.20 9.80 0.20 0.70
JAT-28/1 6O,~OA . JAT-Min <!!l Foliacao 81.00 21.10 35.30 0.40 11.70 0.50 0.70-
JAT-28/1 60,40~ __ :0T -Min ( lI t Drecha 139.00 29.80 31.90 0.60 9.40 0.50 0.50
~A.I-~8 I ,~ _ JA~:Min (IV) Minerio 230.00 36.90 35,10 0.50 8 40 0.10 0.50
.:!,A.T- 151!,86,74 _ JAR-M in (!Yl. r Minerio I 311.00 54.00 55.30 0.90 10.20 0. 10 0.90
lA1'-28/119 ,00 JA R-Min (I V I Minerio 77S.00 lOS.70 149.30 0.40 7. 10 0.20 1.00-
JA T-151185,22 ~A R-M in (IV) I Minerio 205.00 25.80 5.70 0.30 3. 10 0.10 0.80

SAMPLE Localày Petrotogy ;>;1.> lIf Zr Y T h ~i

JA T -321357,1O JA T-M in (I) Minério 3.60 0.00 0.00 133.00 0.00 0.00 1790.00
.!,AT -3?{31 8,90 JAT-Min Q) Minério 3.50 0.00 0.00 143.50 0.00 0.00 1270.00
JA,!,-~7{l62,l:l0 J AT-~n (I) Minério I 6.40 0.00 0.00 120.50 0.00 0.00 3930.00
JAT -15/194,20 _ JA"!::Min(II) i Brecha -1 5.70 1.00 40.50 163.80 14.80 6.20 281.40
~ --
J~T-2811 60,40A ~T-M in ('.'l. Folncao 2.90 0.30 13.30 223.60 16.20 '.80 727.40

I - --
J~T-~811 60,40D JA! :Min (II ) Brecha 2.80 0.80 31.00 241.90 16. 10 8. 10 1715.50
JAT-3/8I ,~ J..0R-.~'1i.!! (IV) I Minerio 7.50 0.80 31.20 274.90 17.20 48.50 218.00
J~T- 1~1 86 ,74 JA R-,Min (IV), Minerio 4.40 1.00 35.00 :UO.50 23.30 8.70 360.60

.!~T-fSIl 1~Q.0 JAR-Min (! V) Minerio 2 00 0.80 28.60 39.10 1.10 0.20 43.40
JAT- 151185,22 JAR -Min (IV) Miner io 1.60 0.50 17.10 39.80 1.50 0.70 273.SO

SAMPLE Localíty Petrology Co Se v Pb Zn Di Cd

JA!:3~?7,!.0 JAT-~1~ (!) Minéno 1170.00 0.00 740.00 20.00 40.00 0.00 0.00
J~1'-321358,90 _ ___J~T__ Min (!) Minério 2320.00 0.00 590.00 20.00 30.00 0.00 0.00
JA T -3YJ62,80 ~\,!,-M~ Q) Minér io 670.00 0.00 630.00 0.00 20.00 0.00 0.00
J~T- 1511 94~0 .!.AT-Min (II) Brecha 361.10 2000 214.00 13.70 90.00 0.20 1.10
J~T.:28116O!40A JAT-~_in (II) Folacao 220.90 18.00 715.00 21.00 176.00 0.30 210
JA T -28116O,40B JAT-M in (II) Drecha 403.00 19.00 548.00 11.00 204.00 0.20 250
JAT -3/81,65 LA R-Min (I V) Miner io 273.90 14.00 113.00 19.00 48200 0.40 3.50
JA T·1 511 86,74 ~t\R- Min (IV) Minerio 4 18.10 24.00 194.00 16.00 111.00 0.60 1.40
J!,!::2§1I 19,00 JAR-M in QV ) I Minerio 66.80 15.00 85.00 12.00 52.00 0.40 4.20

. J A_T- 1 511 85~2 , JAR-I\-.!f!!..(1V) I J\linerio 152 30 14.00 50.00 7.20 269.00 0.30 4.00.
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SAMPLE Localay Pelrology Sn W ~ I o fie AI: Au III:
JAT-321357,1O JAT-M..in (I) Mmério 0.00 60.00 0.00 0.00 0.00 7.00 0.00
JAT-32/358,90 JAT-M in (I) Minério 0.00 50.00 0.00 0.00 0.00 14.00 0.00
JAT-321362,80 JAT-Min (I) Minério 0.00 0.00 0.00 0.00 0.00 12.00 0.00
JAT- 15/194,20 J.!'T-M~ (~1) Brecha 19.00 204.40 270 0.00 0.05 1263.90 3.80
JAT-281I60,40A JAT-Min (II) Fola cao 4.00 256.40 230 0.00 0.00 463.20 3.50
JAT-28/160,40B JAT-~1in (II) Brecha 4.00 114.10 1.70 4.00 0.02 282.20 3.80
JAT-3/8 I,65 JAR-Min (IV) Mincrio 22.00 223.30 11 240 0.00 0.04 116.50 5.20
JAT-15/186,74 JAR -Min (IV) Minerio 14.00 171.80 1.60 1.00 0.07 13 10.80 270
JAT-28/ 119,OO JAR-Min (IV) Minerio 8.00 33250 0.00 3.00 0.00 546.40 10.40
JAT-15/185,22 JAR-Min (IV) Minerio 24.00 322.30 1.30 1.00 0.00 146.80 5.20

SAMPLE Localúy Pelrology Sm Eu Gil Th Dy 110 Er
JAT-32/357,10 JAT-Min (I) Minério 0.00 0.00 0.00 0.00 0.00 0.00 0.00
JAT-3 2/358,90 JA~-Min (I) Minério 0.00 0.00 0.00 0.00 0.00 0.00 0.00
JAT-32/362,80 JAT-Min (I) Mméno 0.00 0.00 0.00 0.00 0.00 0.00 0.00
JAT-15/194,20 ~AT-~ in ( II) Brecha 67.14 10.01 55.63 7.06 35.38 6 11 14.97
JAT-28/160,40A JAT-Mú, (II) Folacao 97.31 11.1 8 79.91 9.69 48.48 7.94 19.66
JAT-28/160,40B JAT-Min (II) Brecha 96.60 10.34 8 1.36 10.22 52.51 8.88 23.03
JAT-3/8 1,65 JAR -Min (IV) Minerio 180.20 31.68 142.94 17.18 74.77 10.94 23.50
! AT-.!.?/186,74 J ~R-M in (IV). Minerio 146.59 25.73 11 8.71 15.11 71.86 11.40 29.06
JAT -28/119,OO JA~-M in (!..V) Minerio 1.83 0.62 3.11 0.75 5.55 1.51 3.76-- --
JAT- I ~/185~2 JA~~ (I V) Minerio 9.76 210 8.55 1.17 6.91 140 4.18

SAMPLE Locality Pctroogy Tm YIJ Lu õ"i+Co ,- n+\\ '+ lJe Sn+\\' Ag+7.l1;'Pb

JAT-321357,1O JAT-Min (I) Minério 0.00 0.00 0.00 2960.00 60.00 60.00 60.00
JAT-321358,9O JAT-Min (I) Minério 0.00 0.00 0.00 3590.00 ' 50.00 50.00 50.00
JAT-321361-~ JA'!.-M~ (I) Minério 0.00 0.00 0.00 4600.00 0.00 0.00 20.00
JAT-15/194.20 !AT-~~ (II) Brecha 1.81 10.31 1.26 648.50 223.40 223.40 103.75
JAT-~16O,40A JAT± l.i!!-( II) Folacao 235 12 89 1.61 948.30 260.40 260.40 197.00
JAT-281160,40º JAT-MÚl ( II) Brecha 2 93 16.08 1.97 2118.50 122 10 11 8.10 215.D2
JAT-3/~ 1 ,65 JA R-~in (IV) Minerio 2 76 14.79 1.69 491.90 245.30 245.30 501.04
JAT-15/186,74 !A.B-Min ( I~t Minerio 3.76 20.64 2 60 778.70 186.80 185.80 127.07
JAT-~~ 12,00 JA_R-M~ (IV) Minerio 0.60 3.92 0.55 110.20 343.50 340.50 64.00
JAT- 15{185,22 JAR-MinJ IV) Mincrio 0.62 3.59 0.49 426.10 347.30 346.30 276.20

SAMPI.E l...«1tiy rc tlo~ Sn"W. Oc. Oi I s--w-x» Y.L ~· Cc L.. " Ce L..;"i Cc:" Pr:'t

JAT·321357.10 JAT·Min (I) Mntr io moo 6lro 175600 1623.00 W'Xi..15 U?l..'3 :00:.\
JA r·J2I358m JAT·Min (l) ~fnétl) 50.00 5350 151..'-<0 13< 00 1J.1D? U'M !) ~A

lAT.J2!3:Q2.~ JAT·~fin (!) ~nc f iJ -~~ 6.·10 1077.'0 'lS7.00 935.71 ~ J Z6 ....,\
JAT-15/19-l1O JAT-Min(lI) Bf('c iu zzirn 229.10 177' roO 1610.50 16.>'9.03 13-155' 1022...'\$
JAT-2SlI6Q..cA ' AT-Min (II ) Foli.lc:lo 2t.O.70 263.10 2-100•.50 2m .1'J 2207A2 no.9? ' .\('\"
JAT-2Sll r.o.'On JAT-Min @ llr ec ba 121..JO 120.00 2''lS.1'J 2251000 l.'ffi 1910. i9 1.01_'1
M 1'.3(81.65 _~~·Min (I.YJ ~~ril 2"S~ ~N) ~5O H(l..~. (,IJ ~~26 .\<6-1 11 ri67.7Q

JAT-15/186,7' MR·Min (IV) MlIlCr ll 11f7..c 11'J.20 w,.:Jo J5J5 .W 36:e>J5 :!?S.' .l' 211J.02
JAT·:/! 119.00 J,'!.Min (IV) Mincru 3-I3.1'J 3-12.50 (fI}'J JO.20 31.61 25.2\ 1S.93
J A_T.15/1'!5.2i '~~Min (I.V) ~f.i!!r~ >l7.r.o >l7.1'J 2-I6.ro 207.00 lll .61 171.16 129.67

SAMI'W I..{ICJ lil)" IICUO"'''I;}' i'd~ PIIL"\ Sm."\ Eux Gd.... Tb.... D):'\

JAT-321357.1O JAT-Min (I) Minérn NA ....A NA NA ~/\ NA :\~\

JAT.J2I3~.90 JA!-~Iin (I) ~ I~rio NA NA NA N/\ :--.'A :\ 1\ S,\
lA T·321362,.'n MT-Mm(I) ~oo ~~ ....A :\'1\ :'\1\ S ,\ :\A :\,\
JAT. I5II9-l .2ii J."T.~!i!' (II) Brcctu 73210 N~ ~"l.1 lJ6.19 21.1 .';9 1~-; .'15 "1(1)...ss
JAT-2"VJ(~..1OA 0.I·Min (1I FoliJC30 I~.J! :0;,\ ' 9? aJ L<2.11 3OS-<J JJ.lAJ • L'O.56
JAf.2&'l r.o..cil JAT-Min (II) Urcdu 1061.17 NA ''I5_'\S •.c.68 .'IU J ~15 .61 16.\.07
JAT- 1.65 JAR-Min (IV) Mir\:ri) 19-19.83 S ,\ 9!J.I ·13Ut! 551.S9 ~A5 ' !J2.:!

JA'I' 151186.7' JAR-Min (IV) Mineru ~.J3 ....A 751.7' ,t'O.07 .1. _\.I 3IS.7S Z!3.17
JAT-:!.'V119JXl JAR-Min (I,!,) Mn: ri.'-. 15.67 NA 9.JS .. 12.01 lS...~ 17.~.1

JAT-!,51IS.'.22 I JAR.~~ (IYL Mn:riJ 'IS~ 2.L ~ ~ .lJ.QI 2• . 21..:()

SAMI' I.E 1.oc. Ii1)' Pcuol'S) lI oN ErN Tm:\' \b:-i lu~ [u.'tu·

JAT-321357.1O MT-Min (I) Minério NA NA NA NA NA NA
JAT-~21358.90 !~:!"-Min (I) ~I~~ N,\ NA NA NA NA Nf\

JAT·321362,1iO JA1'-Min (I) Min(rio N,\ NA NA NA NA NA
JA1'·1 5119~.20 MT·Min (II) Bn:ch3 as.I 71.29 55.86 .1933 39.13 0.5
J.!'T-2Rf160.'OA JAT.~!!, (II) F~'cao 1I0.JS 93.62 725.' 61.67 50 0.:>1
JAT-2&'I(,o.' OIl JAT-Min (II) Hrecha 1 2J.c,~ 109.67 'Xl.·IJ 76.91 61.1S 0.:;(.

!AT-3I81.65 MR-Min (IV) MiD.:riJ 152.37 111.9 S5. 19 i\ln 52.oS..'" 0.6
JA1'-151186.7' MR-Min (IV) Mn: ri.J 15s.n BSoJS 116.05 9lt76 SO.75 0.6
JAT·2&'1i9.00 JAR-Min (IV) Mn:r i.J 21.Ql 17.9 ISo52 1&76 17.08 o.";')
JAT· !.5/ IR5.22 JAR-Min (IV) Mn: ri.J 19.5 19.9 19.1' 17.IS 15.22 0.7

200



SA MI' I.E I.nc:' il )' IICUOhg) ' I..:-Ól\õ:-ó La~lSm :"i Cr:-Ól\õ:-Ó C.N m:\ EuNl\õ :-Õ Sum_REE
M 1'-32/357.10 M T-Min (l )

~t in(rio NA NA NA N,\ N,\ 16ZJ
l AT -32/358 .W MT-Min (l)

~t inéno NA NA NA N,\ NA 13m
M T-321362,RJ M T-MIIl(I) Minêrio NA NA N,\ NA NA 957
M T-15/19-1 .20 M T-Min (lI ) Brcch.l ~, 2-I ~ ,91 27.2R 3.91 2 76 2JS.l.91
lAT-;? 1(,(),40A M T-M!, (II) Fulan o 35.79 ~A2 30.01 3.7 1 2J7 32bl A7
M T-2!VJ(,(),4011 M T'MIIl (II) Hrccha 29.b9 H>l 2-l.~ 3.M 1.83 3372.2-1
MT-31HI I6 MR-MIIl(IV ) MlOCfkl 7·1.93 5.7·1 5 1.6 ~,1 8 (1IJ) 6m.92
lAT- 15/ 186.7~ !-AR-~I in (1-") M}ncrio 36.75 ~ . 83 30.21 3.97 3.~ 5177.n
lAT-28I 119.oo M R-MIIl(IV ) MiB.:rio 1m 3.37 1.35 2m OA5 e.t II
MT-15/1 R.~22 MII-MIIl (IV ) Mn:ri.l 12 9 H3 9.96 3.-12 1.(0{» 3 I!i.b9
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