https://doi.org/10.11606/issn.2316-9095.v22-183067

[ ]
G e O].Ogl a Revista do Instituto de Geociéncias - USP

Série Cientifica ‘[ J’SP Geol. USP, Sér. cient., Sdo Paulo, v. 22, n. 1, p. 93-108, Margo 2022

Trace-element composition of pyrite and its implications for
hydrothermal process within the Mesoproterozoic metasedimentary

sequences of the Sao Francisco Craton, northeastern Brazil
Elementos traco em pirita e suas implicagoes para o processo hidrotermal em sequéncias
metassedimentares mesoproterozoicas do Craton Sdao Francisco, Nordeste do Brasil

Marilane Gonzaga de Melo' (2}, Eder Carlos Moreira' (2, Fabio Simplicio' {2, Glaucia Nascimento Queiroga? (o),
Leticia Garcia D’Agostim' (2, Marco Paulo de Castro?

"Universidade Federal do Espirito Santo - UFES, Departamento de Geologia, Alto Universitario, s/n., CEP 29500-000, Alegre,
ES, BR (marilane.melo@ufes.br; eder.c.moreira@ufes.br; fabiogeologo@hotmail.com; leticiadagostim@gmail.com)
2Universidade Federal de Ouro Preto - UFOP, Departamento de Geologia, Laboratério de Microscopia e Microandlises, Ouro
Preto, MG, BR (glauciaqueiroga@ufop.edu.br; marco.castro@ufop.edu.br)

Received on March 11, 2021; accepted on February 9, 2022.

Abstract

The distribution of trace elements in pyrite has been documented for the first time in quartz veins hosted in the Mesoprotero-
zoic metasedimentary sequence of the Tombador Formation, S3o Francisco Craton, northeast Brazil. In this study, Electron
Microprobe Analyses (EPMA) were used to determine the trace-element compositions of pyrite in these hydrothermal quartz
veins. Three pyrite types have been distinguished and interpreted from petrographical relationships and trace-element patterns.
Pre-existing pyrite (Py,), derived from the host-rock quartzite, is Ni-poor with concentrations varying from 600 — 6,100 ppm.
Elongated syn-tectonic pyrite (Py,) has similar trace-element composition to the Py , with Ni amounts ranging between 830 and
7,870 ppm. In contrast, possibly post-tectonic, euhedral to subhedral hydrothermal pyrite (Py,), contains higher contents of Ni
(7,970 — 26,120 ppm). Mafic and/or metasedimentary rocks from the Espinhago Supergroup were probably the source of Ni for
this fluid-flow event. Fluid generation is related to the devolatilization of the base of the thickened crust, with migration of fluids
by preexisting structures. Several shear zones and large-scale NNW-trending folds were developed during the inversion of the
Espinhago basin, as a result of the ca. 0.6 Ga Brasiliano orogenic event. Regional fluid movement through the crust at this time is
supported by several mineralized veins and hydrothermal deposits in the Sao Francisco Craton and adjacent Neoproterozoic belts.

Keywords: Pyrite; Trace elements; Hydrothermal event; Tombador Formation; Sdo Francisco Craton.

Resumo

A distribui¢@o de elementos trago em pirita ¢ documentada pela primeira vez em veios de quartzo hospedados em sequéncias
metassedimentares mesoproterozoicas da Formagao Tombador, Craton Sao Francisco, Nordeste do Brasil. Neste estudo, ana-
lises de microssonda eletronica (EPMA) foram utilizadas para determinar as composigdes de elementos trago em pirita nesses
veios de quartzo hidrotermal. Trés variedades de pirita foram distinguidas e interpretadas com base em relagdes petrograficas
e padrdes de elementos trago. A pirita preexistente (Py,), derivada do quartzito hospedeiro, € pobre em Ni, com concentragdes
variando de 600 a 6.100 ppm. A pirita alongada sintectonica (Py,) tem composigdo de elementos trago similar a de Py , com
concentragdes de Ni entre 830 e 7.870 ppm. Em contraste, a pirita euédrica a subédrica hidrotermal (Py,), possivelmente pos-
-tectOnica, contém teores mais elevados de Ni (7.970 — 26.120 ppm). Rochas méficas e/ou metassedimentares do Supergrupo
Espinhago foram provavelmente a fonte de Ni para esse evento de fluxo de fluido. A geragéo de fluidos esté relacionada a des-
volatilizagdo da base da crosta espessada, com migracao de fluidos por estruturas preexistentes. Varias zonas de cisalhamento
e dobras de tendéncia NNW em larga escala foram desenvolvidas durante a inversdo da bacia Espinhago, como resultado do
evento orogénico Brasiliano de 0,6 Ga. O movimento do fluido regional através da crosta nesse momento é suportado por
varios veios mineralizados e depdsitos hidrotermais no Craton Sdo Francisco e cinturdes neoproterozoicos adjacentes.

Palavras-chave: Pirita; Elementos trago; Evento hidrotermal; Formagdo Tombador; Craton Sdo Francisco.
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INTRODUCTION

Sulfide minerals form under a wide variety of conditions in
many geological settings. Pyrite is a common iron sulfide
in hydrothermal quartz veins and gold deposits (Lindgren,
1933; Agangi et al., 2015; Large and Maslennikov, 2020), as
well as in several igneous and metamorphic rocks (Lindgren,
1933; Dias et al., 2019). Pyrite also occurs as detrital grains
in sedimentary rocks (Lindgren, 1933; Taylor and Macquaker,
2000; Large et al., 2012; Johnson et al., 2014). Pyrite is
stable under various physicochemical fluid conditions and
can incorporate appreciable amounts of trace elements at a
diverse set of P-T conditions, from diagenesis to high-grade
metamorphism (Lindgren, 1933; Roberts, 1982; Agangi
etal., 2015). Metamorphic and deformational history can be
preserved within single pyrite grains due to their refractory
nature (Craig and Vokes, 1993). In addition, trace-element
compositions in pyrite can provide important information
about its origin. For example, complex zoning patterns within
a single pyrite grain can reveal useful information on the
solid-state recrystallization and/or dissolution-crystallization
processes during metamorphic and/or hydrothermal events
(Thomas et al., 2011; Agangi et al., 2015).

In this sense, sulfide-bearing quartz veins hosted in
metasedimentary sequences of the northern segment of the
Sao Francisco Craton in northeastern Brazil, have not been
investigated for pyrite-stored information. In this study, we
investigate the chemical zoning of sulfides within quartz
veins hosted in the Mesoproterozoic quartzite that comprises
the Tombador Formation in the Espinhago Supergroup.
Microstructural and compositional data indicate different
types of pyrite, which are indicative of sedimentary, meta-
morphic and hydrothermal processes. This study aims to con-
tribute to our understanding of the evolution of hydrother-
mal fluids and their relationship to the deformational struc-
tures generated during the Neoproterozoic Brasiliano event.

GEOLOGICAL SETTING

The Sao Francisco Craton is a major shield area forming
the South American Platform. It is composed of Archean to
Paleoproterozoic blocks that were amalgamated during the
Rhyacian orogeny, also known as the Transamazonian orogeny
(ca. 2.25 — 2.05 Ga) and is surrounded by Neoproterozoic
thrust-fold belts resulting from the Brasiliano orogeny (ca.
680 — 500 Ma) (Almeida et al., 1981; Alkmim et al., 1993
— Figure 1A). Cratonic basement rocks comprise Archean
to Paleoproterozoic high-grade migmatite and granulite
gneisses, as well as granite-greenstone terranes (Teixeira
etal., 2000). Paleo-Mesoproterozoic rift-related and associ-
ated volcano-plutonic sequences rest on the cratonic base-
ment (Pedreira da Silva, 1994; Guadagnin and Chemale

Jr., 2015; Guadagnin et al., 2015; Guimaraes et al., 2005;
Magalhaes et al., 2015, 2016; Cruz and Alkmim, 2017).
In the northern segment of the Sdo Francisco Craton, the
supracrustal successions of the Espinhaco Supergroup consist
mainly of sandstone, carbonate, volcanic rocks, and mafic
dikes, which underwent very low to low-grade metamor-
phism (Cruz and Alkmim, 2017). In Bahia, these sequences
of the Espinhaco Supergroup are divided into two major
physiographic domains, the Northern Espinhago and the
Chapada Diamantina, which are separated by the Paramirim
valley (Alkmim et al., 1993 — Figure 1B). The study area
is located at the Chapada Diamantina Domain, where the
supracrustal successions of the Espinhaco Supergroup
are split into three groups: Rio dos Remédios, Paraguacu
and Chapada Diamantina (Schobbenhaus and Kaul, 1971;
Pedreira da Silva, 1994; Schobbenhaus, 1996; Guimaraes
et al., 2005) (Figure 2).

The Rio dos Remédios Group comprises a metavolcano-
sedimentary sequence, which represents the syn-rift phase
of the tectonic evolution of the Espinhaco basin. It includes
the continental siliciclastic sequences of the Lagoa de Dentro
and Ouricuri do Ouro formations as well as volcanic rocks
of the Novo Horizonte Formation (Guimaraes et al., 2008).
Acid lavas mark the early stage of rifting dated around
1.75 Ga ago (zircon U-Pb age, Babinski et al., 1994, 1999;
Schobbenhaus et al., 1994).

The Paraguacu Group includes the alluvial and eolian
deposits of the Mangabeira Formation, which is suc-
ceeded by deltaic to shallow marine deposits of the Agurua
Formation (Guimaraes et al., 2005; Magalhaes et al., 2015).
This group is thought to record the post-rift or sag phase of
the Espinhaco basin. The upper contact of the Mangabeira
Formation with the overlying A¢urua Formation is sharp
(Ballico et al., 2017). Mafic sills and dikes cut the lower
unit of the Paraguacu Group and such mafic intrusions are
dated at 1514 = 22 Ma (zircon U-Pb age, Babinski et al.,
1999), and 1501 + 9 Ma (baddeleyite U-Pb age, Silveira
et al., 2013).

The Chapada Diamantina Group mainly encompasses
sandstones and conglomerates formed in continental settings
(fluvial, alluvial fan and eolian), as well as estuarine and
shallow-marine depositional environments (Guimaraes et al.,
2008, 2012; Magalhaes et al., 2014, 2016). The Tombador
Formation, at the base of the group, is composed of braided-
fluvial to shallow-marine sandstones and subordinate dia-
mond-bearing conglomerates (Magalhaes et al., 2014, 2016).
These sandstones are gradually succeeded by the Caboclo
Formation, which comprises shallow-marine pelites with
subordinate carbonate lenses (Cruz and Alkmim, 2017).
The lower contact of the Chapada Diamantina Group is
marked by a well-documented angular unconformity over
deltaic to shallow-marine deposits of the Agurua Formation
(Pedreira da Silva, 1994; Guimaraes et al., 2008; Magalhaes
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et al., 2015). Crystal-tuff rocks of the upper portion of the
Tombador Formation were dated at 1416 = 28 Ma (zircon
U-Pb age, Guadagnin et al., 2015). The youngest detrital
zircon population of the Tombador Formation constrains
its maximum sedimentation age at ca. 1450 — 1400 Ma
(Guadagnin and Chemale Jr., 2015; Guadagnin et al., 2015).
Whole-rock Pb-Pb isochrone dating of carbonate rocks in
the Caboclo Formation indicates a depositional age of 1140
+ 140 Ma (Babinski et al., 1993).

The Paramirim deformation corridor (Figure 1B), of
NNW — SSE orientation, involves the basement rocks and
the supracrustal sequences related to the filling of the intrac-
ontinental rift (Alkmim et al., 1993). The tectonic fabrics of

the study area define at least three deformation phases (D1,
D2 and D3 — Cruz et al., 2007). Evidence for D1 defor-
mation is provided by the nucleation of a thin-skinned sys-
tem of ESE-verging structures. The D2 deformation phase
is characterized by basement-overprinting reverse faults,
reverse to oblique-slip ductile shear zones and large-scale
NNW-trending folds (Cruz et al., 2007). NNW-oriented and
WSW-verging folds associated with crenulation cleavage
were developed in high-strain zones during the D3 phase
(Cruz et al., 2007).

Textural evidence of hydrothermalism is recorded in
some sedimentary sequences from the Chapada Diamantina
Group (Cruz et al., 2018). The generation of metamorphic

NE: Northern Espinhagco domain; CD: Chapada Diamantina domain; VPR: Valley of the Paramirim River.

Figure 1. (A) Schematic geological map of the Sdo Francisco Craton and adjacent Brasiliano belts (modified from Alkmim
et al., 1993). (B) Simplified geological map of the central-northern segment of the Sdo Francisco Craton, showing the main
geological units and tectonic structures of Neoproterozoic age (modified from Cruz, 2004 and Guimaraes et al., 2012).
Shear zones: 1: Paramirim; 2: Barra do Mendes — Jo&o Correia; 3: Santo Onofre; 4: Muquém; and 5: Carrapato.
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Figure 2. Simplified geological map of the study area (modified from Guimarées et al., 2005), where quartz veins were sampled.

and/or hydrothermal fluids was related to the devolatiliza-
tion of a thickened crust, with migration of fluids through
the preexisting structures (Guimaraes et al., 2005, 2012).
Gongalves et al. (2019) have suggested that the fluid gen-
eration could have been derived by dehydration of the
pelitic sequences in the Espinhago Supergroup during the
Brasiliano event. Regional fluid flow is presented as hydro-
thermal mineral deposits in the Sdo Francisco Craton and
adjacent orogenic belts (e.g., the Araguai orogen). It includes
the Eastern Brazilian Pegmatite Province, Au-Pd deposits,
amethyst and baryte hydrothermal deposits (Teixeira et al.,
2010; Pedrosa-Soares et al., 2011; Guimaraes et al., 2012;
Cabral et al., 2015; Cruz et al., 2018). Furthermore, a large
number of mineralized veins containing Au, barite-hematite
and rutilated quartz are commonly observed in shear zones
(Guimaraes et al., 2005; Teixeira et al., 2010). Previous
geochronological studies have constrained the U-Pb and
U-Th-*He ages (ca. 524 —496 Ma) of hydrothermal systems
and ore deposits in the Sdo Francisco Craton (e.g., Cabral
et al., 2013, 2015). The Paramirim shear zone (see loca-
tion in Figure 1) was dated at 486 £ 7 Ma using the Ar/Ar
method (Guimaraes et al., 2005). These ages overlap with
U-PD crystallization ages for hydrothermal minerals (e.g.,
monazite, xenotime and rutile: ca. 527 —487 Ma) in the Sao
Francisco Craton and Araguai belt (Vasconcelos et al., 2018;
Gongalves et al., 2016, 2018, 2019; Santos et al., 2020),
attesting to a regional-scale hydrothermal activity at the
final stages of the Brasiliano orogenic event.

MATERIALS AND METHODS

The samples for this study were collected from quarries in
the Paramirim region, where quartzite rocks of the Tombador

Formation outcrop. Detailed petrography was carried out
on quartz-vein samples to identify the mineral phases (sul-
fides). The mineral abbreviation follows the suggestions of
Warr (2021). Pyrite and chalcopyrite grains were analyzed
by EPMA (Electron Probe Micro-Analyzer), using a JEOL
JXA8230 superprobe, equipped with 5 wavelength-dispersive
spectrometers (WDS), at the Laboratory of Microanalysis
in the Geology Department, Universidade Federal de Ouro
Preto (Brazil). Operating conditions were 20 kV accelerating
voltage, 40 nA beam current and 5 um beam diameter. Five
different spectrometer crystals were used: TAP (in WDS 2);
PETH (in WDS 3); LIFH (in WDS 3); LIFL (in WDS 5) and
PETL (in WDS 5). The following standards were used for
calibration: gold (Au); quartz (Si); Se (Se); indium arsenide
(As); gahnite (Zn); silver telluride (Te); indium antimonide
(Sb); Co metal (Co); CdS (Cd); silver telluride (Ag); Fe
metal (Fe); Bi (Bi); pyrite (S); mercury sulfide (Hg); Cu
metal (Cu); Ni metal (Ni); SnO, (Sn); Pd metal (Pd); Mn
(Mn); Mo metal (Mo); and Pt metal (Pt). Counting time
for Au, As, Co and Ni was set to peak at 30 seconds and
15 seconds at the background, while for Si, Se, Zn, Te, Sb,
Cd, Ag, Fe, Bi, S, Hg, Cu, Sn, Pd, Mn, Mo and Pt was set
to peak at 10 seconds and 5 seconds at background. Major
spectral interferences were corrected during the standard and
sample measurements. Running conditions and parameters
used during EPMA analyses are summarized in Table 1.

RESULTS
Sampling and petrography

The studied area (Figure 2) is economically important for
ornamental rocks. There are several quarries in the Paramirim
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Table 1. Analytical details of EPMA analyses.

Element X-ray Standard (Spg:zz::\l:ater) Peak (s) Back (s) chvn‘:rg)k 9 Hl(gmhn?)kg (Ip;lp;rl:r’l)
Si Ko Quartz TAP (2) 15 5 2,739 1,479 170
Fe Ko, Fe LIFH (3) 15 5 1,204 1,288 290
Ni Ko Ni LIFL (5) 30 15 0,714 1,043 250
Cu Ko, Cu LIFL (5) 15 5 0,665 0,896 280
Zn Lo Gahnite TAP (2) 15 5 5,217 2,087 720
Co Ko Co LIFH (3) 30 15 1,164 1,304 310
Au Mo, Gold TAP (2) 30 15 2,050 2,100 1,410
Se Lo Se TAP (2) 15 5 5,262 1,955 300
As Lo Indium arsenide TAP (2) 30 15 5,566 1,484 860
Te Lo Silver telluride PETH (3) 15 5 1,218 1,347 280
Sb Lo Indium antimonide PETH (3) 15 5 0,957 1,709 220
Cd Lo Cds PETH (3) 15 5 1,565 1,435 235
Ag Lo Silver telluride PETH (3) 15 5 1,609 1,174 190
Bi Mo Bi PETH (3) 15 5 1,826 1,652 520
S Ko, Pyrite PETH (3) 15 5 0,739 0,958 345
Hg Mo Mercury sulfide PETH (3) 15 5 1,500 1,100 650
Sn Lo Sn0, PETL (5) 15 5 2,348 2,174 230
Pd Lo Pd PETL (5) 15 5 1,522 1,261 170
Mn Ko, Mn LIFL (5) 15 5 1,070 1,117 250
Mo Lo Mo PETL (5) 15 5 1,913 1,261 430
Pt Mo Pt PETL (5) 15 5 2,695 1,870 400

Bkg: background; LLD: lower limit of detection; SD: standard deviation.

region, some of which are very well exposed in the ridge.
In this work, we focused on quartz veins hosted by quartz-
ite rocks of the Tombador Formation (Figure 3). In terms
of sedimentological features, the succession consists of
quartzite beds ranging between 0.2 and 0.4 m in thickness,
with planar and parallel laminae partially interlayered with
films of phyllite. Wave ripples and hummocky and swaley
cross-beds occur locally. The planar laminae are locally
truncated by concave-up structures ranging between 0.2
and 0.4 m in thickness, filled with fine-grained quartzite.
The succession of planar laminae is overlapped by clean
quartzite with meter-thick sets of trough cross-beds and tan-
gential cross-beds (Figure 3A). The origin of such deposits
and sedimentary structures are interpreted as transitional
marine to eolian.

Although some sedimentary structures are preserved,
shear-zone-related structures (e.g., shear fractures, veins
filled by quartz, deformation bands, stylolite, and tension
gashes) are commonly observed in the quartzite outcrops
(Figures 3A to 3F). At a microscopic scale, a variety of fab-
rics were formed as a result of strain and recrystallization
during shear zone development. It mainly includes S-C fab-
ric and grain-size reduction.

Gray, fine- to medium-grained quartzite rocks are com-
posed of quartz (90 — 97 vol.%), muscovite (2 — 8 vol.%)

and feldspars (1 —5 vol.%). Zircon, rutile, tourmaline, pyrite
and chalcopyrite make up less than 1 vol. %. Quartz occurs
both as large porphyroclasts (up to 2 mm across) and as finer
grains (< 0.1 mm across) in the rock matrix, with lobate to
ameboid contacts (Figures 4A to 4D). Quartz porphyro-
clasts present undulose extinction and microstructures that
result from dynamic recrystallization by bulging and grain-
boundary migration (Figure 4C). Elongated grains are also
observed. Some quartz crystals exhibit a polygonal habit
with grain triple junction of approximately 120°, typical of
static grain growth (Figure 4D). Muscovite occurs as aligned
laths between 0.10 and 0.20 mm in length. In a protomy-
lonitic fabric, small muscovite flakes form disconnected
trails along the quartz grain boundaries (Figures 4E, 4F).
The modal proportion of muscovite increases toward the
mylonitic fabric (Figures 4E, 4F). Plagioclase occurs as fine-
grained crystals (up to 0.38 mm across). Some K-feldspar
grains (0.30 — 0.40 mm across) are fresh and unaltered,
whereas others are partially replaced by secondary miner-
als (e.g., white mica and/or clay minerals). Some K-feldspar
porphyroclasts show perthitic intergrowths. Rutile (0.10 —
0.30 mm across) shows well rounded grain shape. Pyrite
occurs as anhedral, rounded grains ranging between about
0.2 and 2.0 mm across, in the rock matrix and as elongated,
ribbon-like grains within micaceous layers that define the

Geol. USP, Sér. cient., S&o Paulo, v. 22, n. 1, p. 93-108, Marco 2022

-97-



Melo, M. G. et al.

Figure 3. Field photographs and polished slabs showing sedimentary features and quartz veins hosted in quartzite rocks.
(A) Quartzite with planar and parallel laminae and concave-up structure with tangential cross-beds (red arrow), and shear
structures such as discordant quartz veins (black arrow) and stylolites (dotted lines). (B) Bedding-parallel quartz vein
(black arrow). (C) Quartz veins and tension gashes filled by quartz are common. (D, E and F) Veins are dominated by
quartz, but locally they present sulfide phases, mostly pyrite.

foliation (Figures 5A, 5B). Chalcopyrite developed alongthe ~ ranges from pale yellow brown to dark brown and blue.
rim of some anhedral pyrite grains (Figure 5C). Tourmaline ~ Zircon occurs as small, rounded grains between 0.25 and
(0.06 — 0.20 mm across) is present as rounded, prismatic ~ 0.35 mm across.

grains and occasionally as short stumpy rectangular crys- Quartz veins are found within quartzite rocks, and their
tals (Figure 5D). Regarding color, the mineral tourmaline  dimensions vary in thickness and length, from centimeters to
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Figure 4. Transmitted-light and crossed-polars photomicrographs of mylonitized quartzite. (A and B) Typical fabric
protomylonitic quartzite with abundant quartz porphyroclasts. (C) Quartz with undulose extinction and recrystallization
microstructures. (D) Quartz porphyroclasts and small equidimensional grains with contacts at 120°. (E) Mylonite showing
a contrast between protomylonitic (lower part) and mylonitic fabric (upper part). (F) Mylonite where the modal proportion

of muscovite increases with decreasing quartz grain size.

several meters, respectively (Figure 3). These quartz veins
occur at a low angle to the bedding, as well as subperpendic-
ular to it (Figures 3A, 3B). Sigmoidal tension gashes filled
by quartz and sulfide form along shear zones (Figure 3C)
and both types of veins host sulfide phases (Figures 3D, 3E,
3F). Under the microscope, quartz veins consist of quartz,
pyrite, and minor chalcopyrite. Quartz grains are character-
ized by large anhedral grains (up to 3.75 mm across), form-
ing the main filling of the veins. These grains often exhibit

lobate contacts and undulose extinction (Figures 6A, 6B).
At least three types of pyrite are recognized on the basis
of distinct microstructures, referred to as Py, Py, and
Py,. The first variety of pyrite (Py,) occurs as fine-grained
rounded or nodular aggregates, which commonly lack
abundant inclusions. Some Py, grains are surrounded by
euhedral to subhedral domains (Py,) with random silicate
inclusions (Figure 6C). The second pyrite type (Py,) forms
ribbon-like laminae that define the foliation-forming pyrite

Geol. USP, Sér. cient., S&o Paulo, v. 22, n. 1, p. 93-108, Marco 2022
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Figure 5. (A to C) Reflected-light and transmitted-light photomicrographs, (D) crossed polars, of quartzite rocks. (A)
Anhedral pyrite. (B) Lath-shaped pyrite is aligned along the main foliation, which is defined by the planar arrangement of
muscovite. (C) Chalcopyrite along pyrite boundaries. (D) Tourmaline aggregates are oriented along the foliation-forming

muscovite.

(Figures 6D, 6E). Chalcopyrite appears to be an overprint
on Py, (Figures 5B and 6D, 6E). The third pyrite type (Py,)
is presented as sharp, well-defined crystal faces and discrete
euhedral to subhedral crystals (Figures 6C, 6F). This vari-
ety is the most abundant type observed in the quartz veins
of the study area.

Chemical composition of pyrite

EPMA analyses of pyrite and chalcopyrite are reported in
Tables 2 to 4. Ni and Cu concentrations for each pyrite type
are presented in Figure 7. In addition to the spot analyses,
a backscattered-electron composition (BEC) image and
quantitative WDS X-ray maps of representative pyrite grains
in a quartzite-hosted quartz vein can be found in Figure 8.

Although the trace-element compositions are extremely
diverse, Py , Py, and Py, are distinct from each other.
Among all the elements that were measured, Ni is the
most abundant, with concentrations ranging from 600 to
26,200 ppm. The Py, type presents low Ni contents (600 —
6,100 ppm), locally enriched in Cu (320 — 2,850 ppm)

(Figure 7). As it can be seen in Figure 6, Py, is overgrown
by inclusion-rich Py, domains. The chemical compositions
of these Py, domains are quite different, being characterized
by high contents of Ni in the range of 7,970 to 26,120 ppm
(Figure 7). Although ribbon-like Py, presents lower Ni
(830 - 7,870 ppm) and higher Cu (1450 — 3,440 ppm) con-
tents compared to the Py, grains, its chemical composition
is similar to that of Py, (Figure 7). Chalcopyrite contains
relatively high Zn amounts (1,010 — 2,210 ppm).

DISCUSSION

Fabric relationships and trace-element compositions of
pyrite can be used to shed light on its origin. In this study,
distinct fabric features and trace-element compositions of
three pyrite types suggest that they likely have different ori-
gins (Figures 6 to 8). We have interpreted the fine-grained
rounded pyrite (Py,) in quartz veins as grains likely derived
from the host rock. This interpretation is supported by the
presence of disseminated pyrite in quartzite, the fabrics
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Figure 6. (A and B) Representative transmitted-light photomicrographs, crossed polars, and (C to F) reflected-light
photomicrographs of quartz veins. (A) Contact (red dashed) between the quartz vein and the host quarizite. (B) Large
quartz grains (Qz) show evidence of intracrystalline deformation (undulose extinction). (C) Anhedral pyrite grains (Py,)
surrounded by the inclusion-rich domain (Py,). (D and E) Ribbon-like pyrite grains (Py,). Note that chalcopyrite occurs as
an overprint on foliation-forming pyrite. (F) Pyrite (Py,) aggregates mainly occur as subhedral grains in quartz vein. Note

the presence of inclusions in Py, (red dashed line).

of which are similar to those shown by the pyrite grains
observed in quartz veins (Figure 5A). Pyrite can be trans-
ported for long distances before deposition due to its rela-
tively high resistance to mechanical abrasion (hardness of
6.5) (Da Costa et al., 2017). However, the increase in atmo-
spheric oxygen levels in the Paleoproterozoic could result
in pyrite oxidation (Da Costa et al., 2017). The occurrence

of pyrite in Mesoproterozoic metasedimentary rocks of the
Tombador Formation can be related to physical transport
and deposition. In areas with rapid erosion and transport or
high aridity, pyrite grains could have been preserved from
oxidative weathering (Johnson et al., 2014). The ribbon-
like pyrite (Py,) defines a shear-zone-related foliation with
chemical composition similar to the Py, grains (Ni-poor
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Table 2. Mineral chemistry of pyrite in quartz veins. LLD: lower limit of detection.

Type Py, Py, Py, Py, Py, Py, Py, Py, Py, Py, Py,
Spot 2 4 7 9 15 20 21 22 23 26 31
ppm*

Si 360 1,410 <LLD <LLD 300 <LLD <LLD 170 <LLD <LLD <LLD
Fe 472,900 462.480 467.040 476.060 469.400 468.960 467.840 468.170 475.090 464.480 480.590
Ni 2.800  6.100 740 <LLD 2190 3.710 600 1.280 730 3.870 250
Cu <LLD <LLD <Ll <WD <L <LWD <LWD <LWD <LD 2850 <LLD
As <lWDb <L <WD <LWb <WD <L 1,18 <LLD <LD <LLD <LLD
S 520.470 526.950 528.570 519.500 525.260 523.880 519.980 527.910 527.810 526.190 525.180
Type Py, Py, Py, Py, Py, Py, Py, Py, Py, Py, Py,
Spot 32 33 38 39 41 42 43 44 45 46 11
ppm*

Si <LLD <LLD <LLD 190 <LLD <LLD <LWD <D <LD <LLD <LLD
Fe 465.870 460.620 470.630 463.160 470.830 471.200 473.010 470.020 481.380 478.770 467.970
Ni <LLD 1420 1.120 4150 1.120 1.640 2.790  3.170 720 1.110  3.040
Cu <LLD 1.840 <LLD <LLD 320 <LLD <LLD 350 <LLD <LLD 1.850
Zn 930 <LWD <LLD <WD <L <WD <L <WD <L <LWD <LLD
S 521.650 522.990 521.770 522.600 518.870 519.690 512.850 519.550 515.620 515.990 523.910

*The following elements were measured for but are below their lower limits of detection: Co, Au, Se, Te, Sb, Cd, Ag, Bi, Hg, Sn, Mo, Pt, Pd and Mn.

Table 3. Mineral chemistry of pyrite in quartz veins. LLD: lower limit of detection.

Type Py, Py, Py, Py, Py, Py, Py, Py, Py, Py,
Spot 27 28 35 37 1 3 5 6 8 10
ppm*

Si 380 <LLD <LLD <LLD <LLD <LLD <LLD <LLD <LLD <LLD
Fe 468.470 478.990 468.140 469.920 460.920 451.140 461.200 455.980 461.300 466.280
Ni 7.870 830 2.490 1.700 12.530 26160 15.810  19.070  9.520 19.830
Cu 2.380 <LLD 3.440 1.450 <LLD 320 <LLD <LLD <LLD <LLD
Se <LLD <LLD <LLD <LLD <LLD <LLD <LLD <LLD <LLD 340

S 518.520 514.690 519.990 526.120 520.640 522.260 526.500 521.100 518.280 510.530
Type Py, Py, Py, Py, Py, Py, Py, Py, Py, Py,
Spot 14 17 18 19 24 25 29 30 40 47
ppm*

Si 180 250 <LLD <LLD <LLD <LLD 210 <LLD <LLD <LLD
Fe 462150 465.630 469.020 467.800 469.480 462.520 470.740 461.430 466.610 464.780
Ni 15150 10.180 15780 11.000  7.970 16.540  9.240 17.980 12,550  14.470
n <LLD <LLD <LLD <LLD <LLD <LLD 1.260 <LLD <LLD <LLD
Te <LLD <LLD <LLD 310 <LLD <LLD <LLD <LLD <LLD <LLD
S 518.790 518.470 514.470 517.000 518.850 519.590 512.890 517.960 511.450 510.780

*The following elements were measured for but are below their lower limits of detection: Co, Au, Sb, Cd, Ag, Bi, Hg, Sn, Mo, Pt, Pd and Mn.

grains). Grain elongation likely occurred during progres-  Table 4. Mineral chemistry of chalcopyrite in quartz veins.
sive ductile deformation. The Ni-rich euhedral to subhedral Type Ccp Ccp Ccp Ccp Ccp
pyrite grains (Py,), as well as Ni-rich overgrowths on Py, Spot 13 34 36 48 49
are interpreted to be of hydrothermal origin (Figures 6 to ppm*
8), likely having been formed late or after the deformation Si 200 530 700 1.040 1.540
event that affected the early grains. Fe  306.460 310.740 310.130 313.080 300.740
Py, and Py, have a distinct trace-element composition Ni 420 310 <L <LWDb <LD
compared to Py, (Figure 7). In contrast, both Py and Py, Cu  338.730 342.400 335.080 333.450 325.880
show similar trace-element compositions. These data sug- Zn 1.010  <LLD  <WD <UD 2210
gest that the distinct domains of pyrite grains were formed at Se <LLD 350 <ub <L <UD
different stages and under different physicochemical condi- S 344.240 341.220 349.660 344.570 308.200
tions. Incorporation of trace elements into pyrite can occur Pt <LLD <LLD <LLD 480 <LLD

either via invisible solid solution within the pyrite structure *The following elements were measured for but are below their lower limits of

. . . detection: Co, Au, As, Te, Sb, Cd, Ag, Bi, Hg, Sn, Mo, Pd and Mn; LLD: lower
or as inclusions of nanoscale particles (Large et al., 2009; limit of detection.
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Figure 7. Diagram showing the concentration of Ni and
Cu in different types of pyrite in quartz veins. Note that the
Py, grains are the most enriched in Ni.

Thomas et al., 2011; Agangi et al., 2015). As it can be seen
in Figure 8, pyrite in quartz veins shows a prominent zoning
of Ni, indicated by Ni-poor pyrite growth zones truncated
by domains of pyrite with high Ni contents. The abundance
of Ni varies inversely with Fe and there is no clear trend
with S, suggesting that Ni occupies the Fe site rather than
the S site in the pyrite structure (Figures 9A, 9B). Cu con-
tents show no clear relation with Fe and S (Figures 9C,
9D). Based on chemical relationships, Ni is considered to
enter the pyrite structure and Cu could occur as Cu-sulfide
nanoinclusions. The presence of chalcopyrite spatially asso-
ciated with Py, as well as overprint on Py, (Figures 5C and
6D, 6E), can contribute to the high values of Cu observed
in some pyrite grains.

The high contents of Ni in hydrothermal pyrite can
indicate:
* Ni leaching from wall rocks and/or metasedimentary

package and its subsequent redistribution;
+ the influence of a mafic source.

Figure 8. Backscattered-electron composition (BEC) and electron probe micro-analyzer (EPMA) images of pyrite grains
(sample MB-02). Note different amounts of Ni between core (Py,) and rim (Py,) domains. As, Au and Co contents are

below the lower limit of detection (LLD).
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Figure 9. Scattergrams of some element concentrations in pyrite. (A) Ni vs. Fe, (B) Nivs. S, (C) Cu vs. Fe and (D) Cu vs. S.

The host quartzite likely did not release Ni amounts
to the hydrothermal fluid since alteration halos around
the quartz veins were not observed (Figure 3). The supra-
crustal sequence (clastic sedimentary) of the Sdo Francisco
Craton is predominantly composed of quartzite/sandstone,
with subordinate levels of metaconglomerate, metargillite,
metasiltite and metarhythmite. Cr and Ni are preferentially
incorporated in argillaceous rather than in sandy sediments.
Field relationships show thin alteration layers adjacent to the
quartz veins hosted in pelitic sequences from the Chapada
Diamantina Group (e.g., Cruz et al., 2018). Ni amounts
could be leached from these pelitic levels. Mafic dykes
(~1.5 Ga) are embedded in the Archean basement rocks, as
well as metasedimentary rocks of the Espinhago Supergroup
(Brito, 2008; Varjdo and Leal, 2019). As it can be observed
in Figure 2, mafic intrusions occur close to the studied quar-
ries. According to previous geochemical studies (Brito, 2008;
Teixeira, 2008; Varjdo and Leal, 2019), the mafic dikes and
sills in the study area show a relatively high Ni concentra-
tion (up to 253 ppm), and can be considered the Ni source
for the hydrothermal fluid. These dykes present evidence
of hydrothermal alteration, which has resulted in second-
ary mineral phases (Varjdo and Leal, 2019). These spatial
relationships combined with the trace-element composition

of pyrite, suggest that the quartz veins acted as channels for
hydrothermal fluid flow carrying Ni from the mafic rocks
and/or sedimentary sequences in the study area.
Deformational structures (e.g., shear zones and fault) are
important channels for the fluid movement through the crust
(Cox, 2002; Mancktelow, 2006; Ague, 2014). Fluid migra-
tion through shear zones and/or regional faults may affect
the shear strength of these structures, promoting chemical
reactions between the fluid and the rock, as well as inducing
changes in fluid pressure (Cox, 2002; Ague, 2014). The quartz-
ite sequence of the Tombador Formation records evidence of
deformation, low-grade metamorphism, and hydrothermal
activity (Figures 2 and 3). Several NNW — SSE trending shear
zones were developed during the inversion of the Espinhaco
basin (see some of them in Figure 1), and such structures could
have been important conducts of hydrothermal fluids (Alkmim
et al., 1993; Cruz and Alkmim, 2017). In addition, sedimen-
tary structures could have favored the flow of the hydrother-
mal fluid from shear zones along the supracrustal sequences
of the Espinhaco Supergroup (Teixeira etal., 2010; Cruz et al.,
2018). In the study area, numerous quartz veins cut quartz-
ite rocks and display strong structural control (Figures 3A to
3C). Bedding-parallel veins and discordant veins are probably
contemporaneous, related to the regional-scale fold-and-thrust
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tectonics. Field features show that bedding-parallel fluid flow
took place along pre-existing fractures and/or close to the
mica-rich layers (Figure 3A). Such structures are commonly
interpreted as sources of permeability anisotropy (e.g., Ague,
2014). The presence of tension gashes filled with quartz and
sulfide (Figure 3C) speaks in favor of an extensional fracture
associated with shear-zone development.

CONCLUSION

There are several structurally controlled sulfide-bearing quartz
veins hosted by metasedimentary rocks of the Tombador
Formation (Espinhaco Supergroup). Our data show that differ-
ent generations of pyrite (Py , Py, and Py,) have characteristic
trace-element patterns, which can be used as a tracer for sedi-
mentary, metamorphic and hydrothermal processes. The earliest
pyrite type (Py,) is poor in Ni and may have derived from the
host rock, whereas Ni-poor elongated pyrite (Py,) was formed
during ductile deformation. Subsequently, the Ni-rich pyrite of
hydrothermal origin (Py,) occurred late or after the deformation
event. The geological conditions for the development of quartz
veins were created during the Brasiliano orogenic event. The
generation of metamorphic-hydrothermal fluids was related to
the devolatilization reactions, promoted in response to crustal
thickening. In study area, the high-Ni contents observed in
Py, grains were likely derived from leaching of the metamafic
rocks and/or pelitic sequences during the hydrothermal event.
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