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Greenstone belts contain several clues about the evolutionary history of primitive Earth. Here, we
describe the volcano-sedimentary rock association exposed along the eastern margin of the Gavião
Block, named the Northern Mundo Novo Greenstone Belt (N-MNGB), and present data collected with dif-
ferent techniques, including U–Pb–Hf–O isotopes of zircon and multiple sulfur isotopes (32S, 33S, 34S, and
36S) of pyrite from this supracrustal sequence. A pillowed metabasalt situated in the upper section of the
N-MNGB is 3337 ± 25 Ma old and has zircon with eHf(t) = �2.47 to �1.40, Hf model ages between 3.75 Ga
and 3.82 Ga, and d18O = +3.6‰ to +7.3‰. These isotopic data, together with compiled whole-rock trace
element data, suggest that the mafic metavolcanic rocks formed in a subduction-related setting, likely
a back-arc basin juxtaposed to a continental arc. In this context, the magma interacted with older
Eoarchean crustal components from the Gavião Block. Detrital zircons from the overlying quartzites of
the Jacobina Group are sourced from Paleoarchean rocks, in accordance with previous studies, yielding
a maximum depositional age of 3353 ± 22 Ma. These detrital zircons have eHf(t) = �5.40 to �0.84, Hf
model ages between 3.66 Ga and 4.30 Ga, and d18O = +4.8‰ to +6.4‰. The pyrite multiple sulfur isotope
investigation of the 3.3 Ga supracrustal rocks from the N-MNGB enabled a further understanding of
Paleoarchean sulfur cycling. The samples have diverse isotopic compositions that indicate sulfur sourced
from distinct reservoirs. Significantly, they preserve the signal of the anoxic Archean atmosphere,
expressed by MIF-S signatures (D33S between �1.3‰ to +1.4‰) and a D36S/D33S slope of �0.81 that is
indistinguishable from the so-called Archean array. A BIF sample has a magmatic origin of sulfur, as indi-
cated by the limited d34S range (0 to +2‰), D33S ~ 0‰, and D36S ~ 0‰. A carbonaceous schist shows pos-
itive d34S (2.1‰–3.5‰) and elevated D33S (1.2‰–1.4‰) values, with corresponding negative D36S
between �1.2‰ to �0.2‰, which resemble the isotopic composition of Archean black shales and suggest
a source from the photolytic reduction of elemental sulfur. The pillowed metabasalt displays heteroge-
neous d34S,D33S, andD36S signatures that reflect assimilation of both magmatic sulfur and photolytic sul-
fate during hydrothermal seafloor alteration. Lastly, pyrite in a massive sulfide lens is isotopically similar
to barite of several Paleoarchean deposits worldwide, which might indicate mass dependent sulfur pro-
cessing from a global and well-mixed sulfate reservoir at this time.

� 2021 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Although there is no simple definition for a greenstone belt, this
term is generally accepted to describe terranes of varying shapes
and dimensions, that consist of spatially and temporally related
supracrustal successions with mafic–ultramafic and metasedimen-
tary rocks often intruded by granitoid bodies, and ranging in age
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from Archean to Proterozoic (Condie, 1981; de Wit, 2004;
Anhaeusser, 2014). However, the term refers more appropriately
to the variety of green minerals (serpentine, chlorite, epidote, acti-
nolite and hornblende) that reflect the main paragenesis of mafic
rocks, which are commonly metamorphosed at low- to medium
grade, or even into granulite facies (Furnes et al., 2015).

Due to the antiquity and great diversity of rocks that compose
greenstone belts, they have been a target of relevant scientific
interest in the last several decades because these terranes contain
several clues about the evolutionary history of primitive Earth
(Anhaeusser et al., 1969; Condie, 1981; Lowe, 1982; Eriksson
et al., 1994; Shackleton, 1995; Kusky and Polat, 1999;
Anhaeusser, 2014; Furnes et al., 2015). Thus, several geochemical
tools, such as lithogeochemistry and stable and radiogenic isotopes
have been used to understand tectonic processes that operated on
the early Earth (e.g., Jenner et al., 2009; Van Kranendonk, 2010;
Smithies et al., 2018), to determine the composition of the primi-
tive lithosphere (e.g., Tessalina et al., 2010; O’Neil et al., 2011;
Kröner et al., 2013), atmosphere and hydrosphere (e.g., Roerdink
et al., 2012; Montinaro et al., 2015; Muller et al., 2016, 2017), as
well as to decipher the environments that facilitated the emer-
gence of life on the planet (e.g., Van Kranendonk et al., 2008;
Hofmann, 2011; Homann et al., 2015; 2018;; Nutman et al.,
2016; Dodd et al., 2017).

The Gavião Block or Paleoplate, located in the central-east por-
tion of the São Francisco Craton, contains some of the oldest rocks
in South America (Oliveira et al., 2020), as well as several ancient
supracrustal sequences, such as the Mundo Novo Greenstone Belt
(MNGB; Mascarenhas and Silva, 1994; Mascarenhas et al., 1998).
This supracrustal belt has been a recent focus of research because
it hosts volcanogenic massive sulfide (VMS) deposits (Teles, 2017;
Spreafico et al., 2019), and its supposedly Paleoarchean age (zircon
U–Pb age of 3305 Ma; Peucat et al., 2002) makes it relevant for the
study of early Earth (Barbuena, 2017). However, Zincone et al.
(2016) argued that the 3.3 Ga felsic metavolcanic rocks situated
in the Southern MNGB, previously dated by Peucat et al. (2002),
are remnants of an intraplate volcanic-plutonic system in the
Gavião Block. Thus, they defined these rocks as the basement of
the MNGB, rather than composing the supracrustal sequence. More
recently, Spreafico et al. (2019) dated a metadacite sample from
this supracrustal sequence at 2595 Ma and described the Southern
MNGB (Fig. 1A) as an association formed in an island arc and back-
arc basin. However, metabasalts and associated metasedimentary
rocks (BIF, metapelites, and carbonaceous schists), situated to the
north of the type section of the MNGB, are also described on the
eastern border of the Jacobina Range (Fig. 1B). These rocks have
been assigned as the coeval supracrustal sequence of the ‘‘classi-
cal” MNGB in the literature (e.g., Mascarenhas and Silva, 1994;
Mascarenhas et al., 1998).

We present a description of the volcano-sedimentary rocks of
the Northern MNGB (N-MNGB) by reporting in situ U–Pb–Hf–O
zircon data of a metabasalt, as well as unconformable quartzites
of the Jacobina Group, to constrain the age and tectonic setting
of the sequence. Furthermore, we carried out in situ pyrite multiple
sulfur isotopes (33S, 33S, 34S, and 36S) and trace elements analyses of
metavolcanic and metasedimentary rocks to unravel signals of
ancient atmosphere and hydrosphere. From our zircon data and
compiled whole-rock geochemical data of metabasalts, we argue
that the investigated supracrustal sequence was deposited in a
back-arc basin juxtaposed to a continental arc setting during the
Paleoarchean (3.34 Ga). This implies a distinction from the South-
ern MNGB, which is interpreted to have formed in an island arc/
back-arc setting by Spreafico et al. (2019). Moreover, our multiple
sulfur isotope data reinforce the anoxic Archean atmosphere and
point to similarities with Paleoarchean barite deposits, suggesting
a homogeneous global seawater sulfate reservoir in this period.
2

2. Geological background

The basement of the São Francisco Craton, in the state of Bahia,
northeastern Brazil, consists of four main crustal segments
(Fig. 1A) that were involved in a series of accretions, culminating
in a continental collision between 2.2 Ga and 1.8 Ga (Ledru et al.,
1994; Barbosa and Sabaté, 2004; Oliveira et al., 2010; Cruz et al.,
2016; dos Santos et al., 2019). The crustal segments involved in
this process are the Archean Gavião, Serrinha and Jequié blocks,
and also includes the Itabuna-Salvador-Curaçá Orogen (ISCO) as a
fourth segment/block (Fig. 1A); these blocks underwent wide-
spread reworking during the Paleoproterozoic (Barbosa and
Sabaté, 2004). The Late Paleoproterozoic to Tonian volcano-
sedimentary rocks of the Espinhaço Supergroup (Guadagnin and
Chemale, 2015; Chemale and Guadagnin, 2019) and Neoprotero-
zoic sedimentary rocks of the Irecê Basin (Misi and Veizer, 1998;
Misi et al., 2007) cover a significant part of the Gavião Block or
Paleoplate (Fig. 1A).

The Gavião Block contains the oldest known rocks in South
America (Oliveira et al., 2020). It mainly consists of Archean
orthogneisses, including TTG suites with ages between 3.6 Ga
and 3.1 Ga (Nutman and Cordani, 1993; Martin et al., 1997;
Santos-Pinto et al., 2012; Barbosa et al., 2013; Zincone et al.,
2016; Oliveira et al., 2020) and supracrustal belts, such as the
Contendas-Mirantes (Zincone and Oliveira, 2017), Umburanas
(Leal et al., 2003) and Mundo Novo (Mascarenhas and Silva,
1994; Peucat et al., 2002; Zincone et al., 2016; Barbuena, 2017;
Spreafico et al., 2019).

The Mundo Novo Greenstone Belt (MNGB) is divided into south-
ern and northern segments (Fig. 1A). Initially defined by
Mascarenhas and Silva (1994), and later by Mascarenhas et al.
(1998), it occurs along the eastern border of the Jacobina Range,
extending approximately 300 km from the Mundo Novo region
to the Juazeiro region. According to its first definition, the MNGB
comprises supracrustal rocks divided into four groups: (i) mafic
metavolcanics – chloritized and tremolitized metabasalts, in some
cases with pillow-lavas; (ii) intermediate to felsic metavolcanics
(andesites, dacites and rhyolites); (iii) metasedimentary chemical
and clastic rocks (BIFs, manganiferous BIFs and metapelites, cherts,
carbonaceous schists, and metapelites); and (iv) N–S trending
metamafic-ultramafic bodies (sills and dikes) exposed along the
Serra do Córrego and Rio do Ouro formations of the Jacobina Group.
The latter is currently interpreted as an intrusive unit into the Jaco-
bina Group, with no temporal relationship to mafic volcanism in
MNGB (Santos, 2011; dos Santos et al., 2019), as presumed by
the classic definition of Mascarenhas and Silva (1994) and
Mascarenhas et al. (1998).

Although the volcano-sedimentary rocks of the southern and
northern MNGB show some similarities, they were first defined
based on a single age determination of those rocks situated in
the southern portion. Peucat et al. (2002) obtained a SHRIMP U–
Pb zircon age for the southern MNGB of 3305 ± 9 Ma for a metada-
cite sample near the Coqueiro Farm prospect, southwest of the
Mundo Novo locality. Following this, Zincone et al. (2016) obtained
a similar U–Pb zircon age of 3303 ±7 Ma for a metarhyolite sample,
which they interpreted as a remnant of an ancient intraplate
volcanic-plutonic system in the Gavião Block. Thus, the felsic
metavolcanics of the classic definition of the MNGB are currently
regarded as the basement of the supracrustal sequence.

On this basis, Spreafico et al. (2019) have proposed a distinct
stratigraphy for the Southern MNGB, which consists of: a lower
sequence composed of ultramafic rocks; a middle sequence com-
posed of mafic and felsic igneous rocks, and clastic and chemical
metasedimentary rocks; and an upper sequence, composed of sili-
ciclastic metasedimentary rocks. According to Spreafico et al.



Fig. 1. (A) Geotectonic sketch of the main crustal segments that make up the basement of the São Francisco Craton in the state of Bahia; (B) map of the main geological units
around the northern portion of the Mundo Novo Greenstone Belt (modified from Reis et al., 2017; dos Santos et al., 2019).
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(2019), the age of Southern MNGB is constrained between 2595 ±
21 Ma and 2092 ±17 Ma, based on the age of a metadacite in the
middle sequence and the U–Pb age of the youngest detrital zircon
of a muscovite schist in the upper sequence (Barbuena, 2017),
respectively. The tectonic setting of the Southern MNGB, as pointed
out through the geochemistry of metavolcanic rocks, is associated
with an extensional back-arc basin setting for the metabasalts,
which have a sea-floor tholeiite signature, whereas the calc-
alkaline affinity and REE patterns of intermediate and felsic rocks
are similar to volcanic rocks formed in active continental margins
(Mascarenhas et al., 1998; Borges et al., 2004; Spreafico et al.,
2019).

Despite several contributions to the geology of the southern
portion of the MNGB, little attention has been given to the occur-
rences of metavolcano-sedimentary rocks in its northern part, here
defined as Northern MNGB (N-MNGB). The few studies carried out
in this portion, considering geochemical and petrographic aspects,
suggest that the northern and southern portions of MNGB are not
equivalents (Barbuena, 2017; Teles, 2017), although the absence of
geochronological data makes this interpretation difficult.

The N-MNGB is well exposed and restricted to the eastern bor-
der of Jacobina Range, in the vicinities of Jacobina and Pindobaçu
3

towns (Figs. 1B and 2A). In this sector, the greenstone belt units
are tectonically imbricated with the rocks of the Jacobina Group.
Outcrops are mostly limited to the Cruz das Almas Formation, in
the west, and the Pindobaçu Fault System (PFS), to the east (Reis
et al., 2017; dos Santos et al., 2019). The Paleoproterozoic Saúde
Complex was overthrust on the N-MNGB as a tectonic slice associ-
ated with Rhyacian west-verging compression (Fig. 1B; dos Santos
et al., 2019). The Cruz das Almas Formation is the upper strati-
graphic unit of the Jacobina Basin (Fig. 1B; Reis et al., 2017; dos
Santos et al., 2019; Teles et al., 2020), which comprises an associ-
ation of shales, sandstone, and conglomerate lenses deposited in a
coastal environment and metamorphosed under lower greenschist
facies. In the section of the Fumaça waterfall, the quartzites of the
Cruz das Almas Formation overlie the N-MNGB metabasalts in an
erosive unconformity. The N-MNGB is described by Jost in an
unpublished internal report of the Jacobina Mineração e Comércio
Ltd., based on drill hole and outcrop rock descriptions, as a 500 m-
thick succession of volcano-sedimentary rocks with some massive
sulfides probably formed in a volcanic-exhalative environment.
The succession has, from the base to top, fine grained metabasalts
with some carbonaceous phyllite and BIF layers, metachert, car-
bonaceous schist and metasiltstone, chloridized metabasalts and



Fig. 2. (A) Detailed geologic map of the N-MNGB, near Pindobaçu town, with samples locations indicated; and (B) stratigraphic succession of lithologies in the Pidobaçu
region, as indicated by the internal report of Yamana Gold Inc. The relative stratigraphic position of samples is indicated with their respective multiple sulfur isotopes
compositions (d34S, D33S, and D36S).
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pillowed basalts (Fig. 2B). In a drill hole, an interval with 30 m-
thick acid rock layers (metarhyolites and Cu-bearing rhyolite brec-
cia) were also recognized.
3. Materials and methods

3.1. Samples

Our samples were collected from outcrops along the eastern
edge of the Jacobina Range, near the town of Pindobaçu (Fig. 2A).
The samples include a pillowed metabasalt (sample PD-04), BIF
(sample PD-11), carbonaceous schist (sample FCJ-4), a massive
pyrite lens (samples PD-06 and PD-07), and quartzites (samples
PD-03 and PD-09). Petrographic description of samples was carried
out on polished thin sections under an optical microscope, which
also allowed the description and characterization of pyrite grains.
4

Further detailed observations were aided by use of a Scanning Elec-
tron Microscope (SEM).

The pillowed metabasalt sample (PD-04) was collected at the
Fumaça waterfall (Fig. 3E), north of the Pindobaçu town (Fig. 2A).
Along the Fumaça river drainage, other exposures of pillow lavas
also crop out (Fig. 3A). The sample PD-04 is a greenish, very fine-
grained rock, dominantly composed of chlorite and subordinate
quartz and sericite. It contains some amygdales commonly filled
by quartz, microcrystalline silica, carbonate, epidote, and sericite.
These features and the near-absence of plagioclase are indicative
of syn-volcanic (seafloor) hydrothermal alteration. Pyrite grains
are scarce in sample PD-04, thus it was necessary to concentrate
the heavy minerals (see the following section). The pyrite grains
recovered are typically small (<100 lm), texturally massive and
exhibit subhedral and anhedral habits (Supplementary Data,
Fig. S1).



Fig. 3. Some field aspects of samples from the N-MNGB. (A) Metabasalt outcrop at the Fumaça waterfall with indication of pillow features (white arrows); (B) massive pyrite
lens that occurs associated with metabasalts, corresponding to samples PD-06 and PD-07; (C) Algoma-type BIF (sample PD-11); (D) hand specimen of carbonaceous schist
(sample FCJ-4) with pyrite grains dispersed in the matrix; and (E) contact (erosive surface) between the pillowed metabasalt (sample PD-04) and the quartzites of the Cruz
das Almas Formation (samples PD-03 and PD-09), Jacobina Group.
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The contact between the N-MNGB and the Jacobina Group
lithologies is commonly tectonic (dos Santos et al., 2019). How-
ever, at the sample PD-04 vicinity, quartzite beds of the Cruz das
Almas Fm. overlie the metabasalts horizontally (Fig. 3E). The con-
tact is marked by an erosive surface characterizing a nonconfor-
mity between these units (Reis et al., 2017; dos Santos et al.,
2019; Teles et al., 2020). In this context, we collected two samples
of coarse grained quartzites (PD-03 and PD-09; Fig. 2A), immedi-
ately above the contact with the metabasalts to analyze the U–Pb
age spectra of detrital zircons as well as their Lu–Hf and d18O
signatures.

Sample PD-11 is a banded iron formation (BIF), collected north-
west of the Pindobaçu town (Fig. 2A), where lenses of BIF occur in
5

association with metasiltstones (Fig. 3C). The sample shows
millimetre-scale alternations between magnetite (partially altered
to hematite) and microcrystalline silica layers. Similar to sample
PD-04, pyrite grains from the BIF (PD-11) are rare and were not
observed during petrographic description under the microscope.
Only a few pyrite grains were recovered after heavy minerals con-
centration; these grains are small, massive, and with subhedral
habits (Supplementary Data, Fig. S1).

The carbonaceous-schist (sample FCJ-4; Fig. 3D) is dominantly
composed of quartz and graphite in a fine-grained matrix with
sandy lenses. In this sample, pyrite occurs typically as anhedral
and massive grains of variable sizes disseminated in the matrix,
along the original bedding of the sedimentary protolith, which



G.S. Teles, F. Chemale Jr., J.N. Ávila et al. Geoscience Frontiers xxx (xxxx) xxx
suggests a sedimentary origin for these grains. However, the occur-
rence of coarse-grained, massive, and euhedral pyrite hosted by
small quartz veins (Supplementary Data, Fig. S2) in the
carbonaceous-schist is evidence of possible remobilization and
recrystallization of primary sedimentary pyrite.

Samples PD-06 and PD-07 were collected from a massive pyrite
lens associated with chloritized metabasalts (Figs. 2 and 3B). These
samples represent the inner and outer portion of the sulfide lens,
respectively. An essential feature in this lens is that it is concordant
with the metabasalt and it shows no indication of deformation. In
addition, the replacement of the original mineralogy of the host
basalt by anhedral pyrite, quartz and chalcedony is indicative of
syn-volcanic hydrothermal alteration. The small size and anhedral
shapes of pyrite (Supplementary Data, Figs. S3 and S4) suggest that
it did not undergo extensive recrystallization, e.g., during meta-
morphism, as it then tends to form larger and euhedral crystals.

3.2. Zircon U–Pb, Lu–Hf and oxygen isotope analyses

For zircon separation, the metabasalt (PD-04) and quartzite
(PD-03 and PD-09) samples were crushed and milled using a jaw
crusher and ring mill apparatus. Heavy and light minerals were
separated using heavy liquids and a Frantz� magnetic separator.
Zircon grains were handpicked under a binocular microscope and
mounted in a 2.5 cm round epoxy disk, ground and polished until
crystal cores were exposed. Zircons were photomicrographed in
transmitted and reflected light and imaged using a scanning elec-
tron microscope for backscattered electron (BSE) and cathodolumi-
nescence (CL) images.

Zircon U–Pb ages were obtained using the Sensitive High-
Resolution Ion Microprobe - Reverse Geometry (SHRIMP-RG) at
the Research School of Earth Sciences (RSES), The Australian
National University (ANU). The U–Pb ages were obtained in a sin-
gle analytical session, following the procedures described by
Williams (1998) and Ireland et al. (2008). Briefly, a 2–4 nAmass fil-
tered O2

� primary ion beam was focused to a spot ca. 25 lm diam-
eter, positive secondary ions were extracted at 10 kV. The magnet
was stepped through peaks of 90Zr216O, 204Pb, 206Pb, 207Pb, 208Pb,
238U, 232Th16O, and 238U16O. FC1 zircon standard (Paces and
Miller Jr., 1993; 1099 ± 0.5 Ma) was used for 206Pb/238U calibration,
whereas the OGC zircon (Stern et al., 2009; 3465.4 ± 0.6 Ma) was
used for 207Pb/206Pb calibration and to monitor instrument-
induced mass fractionation. The 207Pb/206Pb dates obtained on
OGC zircons during the session matched the published age within
uncertainty (3466.6 ± 5.8 Ma, 2r, MSWD = 1.01, n = 11) and no
fractionation correction was warranted. The common Pb correction
was based on the measured 204Pb/206Pb (Compston et al., 1984).
Data reduction and plotting were processed with SQUID 2
(Ludwig, 2009) and IsoplotR (Vermeesch, 2018), respectively.

After U–Pb dating, the mount was repolished and subsequently
re-coated before the oxygen isotope analyses, carried out using
SHRIMP-II at RSES (ANU), following the analytical procedures
described by Ickert et al. (2008). In summary, SHRIMP-II for stable
isotope analysis uses a Cs+ primary beam and an electron gun for
charge compensation during measurement of insulating samples.
Oxygen isotope (18O/16O) measurements are carried out in multi-
ple collector mode using two adjustable Faraday cups. The oxygen
isotopic composition of zircons was determined in the same
domain or location used for U–Pb analyses. The measurements
were made in a single analytical section, using Mud Tank
(d18O = 5.03‰ ± 0.2‰; Valley, 2003; Ávila et al., 2020) and FC1
(d18O = 5.61‰ ± 0.14‰; J.W. Valley unpublished data; Ávila
et al., 2020) reference materials (RMs) to monitor and correct
instrumental mass fractionation (IMF). The measured 18O/16O
ratios and calculated d18O have been normalized relative to Mud
Tank, which had a measurement repeatability of 0.47‰ (2SD) over
6

the whole session. On the other hand, the secondary RM FC1 gave
d18O = 5.78‰ ± 1.16‰ (2SD), showing an excess scatter on d18O
values that was also reported for SHRIMP-SI measurements
(Ávila et al., 2020). All d18O values are reported relative to Vienna
Standard Mean Oceanic Water (V-SMOW), following the equation:

d18OV�SMOW ¼ 1000� O18=O16ð ÞIMF corrected

O18=O16ð ÞV�SMOW
� 1

� �
‰ð Þ

The Lu–Hf isotopic signatures of zircons were measured after
the U–Pb and oxygen analyses, using a Photon-Machines (ArF exci-
mer laser 193 nm) laser ablation system coupled to a Neptune MC-
ICP-MS at the Isotope Laboratory of Universidade Federal de Ouro
Preto. The analytical procedures were similar to those described by
Santos et al. (2017). Interference of 176Lu on 176Hf was corrected by
measuring the intensity of 175Lu, whereas the interference of 176Yb
on 176Hf was corrected by simultaneous measurement of 173Yb and
171Yb. The zircon standards used during Lu–Hf analyses were
91500 and Mud Tank (Woodhead and Hergt, 2005), and Temora
zircon (Black et al., 2003), whose 176Hf/177Hf accepted values were
reproduced within uncertainty. The data were corrected in an
Excel spreadsheet offline using 179Hf/177Hf = 0.7325 (Patchett and
Tatsumoto, 1981), 176Lu/175Lu = 0.2658 (J.W. Goethe University
in-house value), and 176Yb/173Yb = 0.796218 (Chu et al., 2002)
(see Gerdes and Zeh, 2006).

3.3. SHRIMP-SI multiple sulfur isotope analyses

In situ 4-sulfur isotope measurements were performed at RSES
(ANU), using the Sensitive High-Resolution Ion Microprobe –
Stable Isotopes (SHRIMP-SI). Before analysis, grains of Ruttan and
Balmat pyrites (Crowe and Vaughan, 1996; Whitehouse, 2013)
were cast together with the selected samples pieces in 25 mm
epoxy mounts.

The analytical procedures were based on those described by
Ireland et al. (2014), Philippot et al. (2018), and Teles et al.
(2020). In summary, a 15 keV Cs+ primary beam is focused to sput-
ter an area of ~ 25 lm in diameter on the target. Negative sec-
ondary ions were accelerated to real ground from the �10 kV
sample potential and focused by the quadrupole triplet lenses
before passing through the source slit and entering the secondary
mass analyzer. The low mass, auxiliary, axial, and high mass heads
detectors equipped with Faraday cups were used for simultaneous
detection of 32S�, 33S�, 34S�, and 36S� respectively. The collector slit
widths were set at 400 lm for 32S�, 150 lm for 33S�, 200 lm for
34S�, and 300 lm for 36S�, which resolve potential interferences
of sulfur hydrides on mass 33 and 34.

Data acquisition was performed in two sessions. Each analysis
comprises of either 2 sets of 10 measurements (20 s each) or 4 sets
of 10 measurements (20 s each). To correct IMF and calculate iso-
topic ratios, each session was commenced with at least three mea-
surements on the pyrite reference materials, two spots on Ruttan
and one on Balmat, which were then repeated after every 10 anal-
yses on unknown samples. Ruttan pyrite was used as the primary
reference material because it has been demonstrated that Balmat
pyrite is not homogeneous (Whitehouse, 2013). The isotopic com-
positions are reported as per mil (‰) deviations from the Vienna
Canyon Diablo Troilite (V-CDT; Ding et al., 2001), using the conven-
tional d notation:

d3xS ¼ S3x=S32ð Þsample � S3x=S32ð Þstandard
S3x=S32ð Þstandard

� �
� 1000

where x represents the 33S, 34S, and 36S isotopes. The mass-
independent fractionation of sulfur isotopes (MIF-S), represented
by the deviation from the terrestrial mass-dependent fractionation
line, is expressed as D33S and D36S (Farquhar et al., 2000):
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D33S ¼ d33S� 1000� 1þ d34S
1000

 !0:515

� 1

2
4

3
5

D36S ¼ d36S� 1000� 1þ d34S
1000

 !1:90

� 1

2
4

3
5

The internal precision (r95%) of d34S, D33S, and D36S measure-
ments was usually better than 0.04‰, 0.1‰, and 0.4‰, respec-
tively. The average repeatability of measurements, as estimated
from replicate measurements of the reference materials were gen-
erally better than 0.4‰, 0.1‰, and 0.3‰ (2SD) for d34S, D33S, and
D36S, respectively.

3.4. LA-ICP-MS pyrite trace elements analyses

Laser-Ablation Inductively-Coupled-Plasma Mass-Spectrometry
(LA-ICP-MS) was used to measure trace elements concentrations in
pyrite grains. The analysis was undertaken at RSES (ANU), using a
Lambda Physik laser-ablation system that operates at a wave-
length of 193 nm, which was set with output energy of 45 mJ,
and a repetition rate of 5 Hz. The ablated samples were carried
by a H-He-Ar mixture to an Agilent Technologies 7700 series quad-
rupole ICP-MS. The pyrite grains were analyzed with a spot size of
28 mm, and the dwell time was kept to ~ 1 s for most of the ele-
ments. Acquisition times were set to maximize counting statistics
of elements at lower concentrations in some cases. Data reduction
followed the standard procedures of Longerich et al. (1996), using
the Iolite software (Paton et al., 2011). Sulfide standards MASS-1
(Wilson et al., 2002) and STDGL-1 (Norman et al., 2003) were used
together with NIST-610 to calibrate trace elements contents of
unknown samples. The standards were analyzed at the beginning
and end of each session, and regularly between 10 spots on
unknowns. Stoichiometric proportion of Fe in pyrite was used as
an internal standard for data reduction.

4. Results

4.1. Zircon geochronology and oxygen isotopes geochemistry

The U–Pb, Lu–Hf and O isotope data of zircon analyzed in this
study are provided in the Supplementary Data (Table S1). The
pillowed-metabasalt (sample PD-04) has subhedral to irregularly
shaped zircons, sometimes with sub-rounded edges, and varying
in size from 100 to 200 lm. Most of the crystals have typical oscil-
latory zoning with low to medium CL luminescence (Supplemen-
tary Data, Fig. S5), and Th/U values between 0.29 and 0.48 which
are typical for zircons of igneous origin (Hoskin and Schaltegger,
2003). Five grains produced an upper intercept age of 3338 ±
34 Ma (2r, MSWD = 6.9; Fig. 4A), and an identical, but a more pre-
cise concordia age was calculated with the three most concordant
analyses, resulting in the age of 3337 ± 25 Ma (2r, MSWD = 0.99;
Fig. 4A), which is interpreted as the igneous age of the metabasalt.
One concordant zircon grain with the oldest 207Pb/206Pb age of
3459 Ma (Fig. 4A), distinct shape and CL pattern, and higher Th/U
(0.86) is likely inherited from the >3.4 Ga pre-existing crust from
the Gavião Block (e.g., Mougeot, 1996). In turn, the quartzite sam-
ples (PD-03 and PD-09), located immediately above the occurrence
of metabasalts at the N-MNGB, yielded detrital zircon grains with
U–Pb ages like those previously published for the Jacobina Group
(e.g., Teles et al., 2015; Magee Jr. et al., 2016). Likewise, these grains
have Paleoarchean ages, varying between ~3.30 Ga and 3.45 Ga
(Fig. 4B and C). Considering the youngest detrital zircon grains
(n = 4), the maximum depositional age for the quartzites overlying
the metabasalts is 3353 ± 22 Ma (2r).
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The six zircons analyzed for Lu–Hf isotopes in the pillowed
metabasalt show relatively uniform Hf isotopic compositions, with
176Hf/177Hf ratios from 0.280540 to 0.280657 and slightly negative
eHf(t), varying from �2.47 to �1.40 (Fig. 5A; Supplementary Data,
Table S1). The Hf model ages for these zircons range from
3.75 Ga to 3.82 Ga. The 176Hf/177Hf ratios for the analyzed spots
on detrital zircons grains from the quartzite samples are between
0.280520 and 0.280691, with corresponding sub-chondritic to
more negative eHf(t) (�5.40 to �0.84). The Hf model ages vary
between 3.66 Ga and 4.30 Ga. The pillowed metabasalt zircons
and detrital zircons of quartzites have d18O values varying
from +3.6‰ to +7.3‰ (n = 6) and +4.8‰ to +6.4‰ (n = 13), respec-
tively (Fig. 5B; Supplementary Data, Table S1).

4.2. Pyrite multiple sulfur isotopes

The multiple S isotopic composition of pyrite grains from sam-
ples from the N-MNGB vary according to the host rock (Figs. 2B and
6). However, the small fractionation and near homogeneity on d34S
values are common for all samples (Fig. 6A). Furthermore, another
conspicuous feature of our data appears from the regression of
D36S and D33S, which yields a D36S/D33S slope of �0.81 ± 0.11
(2r; Fig. 6B) that is indistinguishable from the so-called Archean
array (e.g., Thomassot et al., 2015).

The pyrite grains of the pillowed metabasalt (sample PD-04)
yield d34S, D33S, and D36S values between �1.41‰ to +2.94‰,
�1.18‰ to +0.13‰, and �0.23‰ to +1.31‰, respectively (Fig. 6A
and 6B). These grains show the most variable isotopic composi-
tions (d34S, D33S, and D36S) among the investigated samples, as
reflected by the higher standard deviations on the averages
(Table 1). The BIF sample (PD-11), on the other hand, is character-
ized by near 0‰ values on D33S and D36S (Fig. 6A, 6B and Table 1),
which indicates the absence of MIF-S signatures. In contrast, the
d34S values are slightly positive and more variable, ranging
between +0.81‰ and +2.43‰ (Table 1).

The carbonaceous schist (sample FCJ-4) yielded homogeneous
isotopic compositions, regardless of pyrite textural type (dissemi-
nated in the matrix or euhedral in quartz vein). The d34S values
are slightly more positive than the other analyzed samples, with
mean d34S = 2.89‰ ± 1.05‰ (2SD, n = 10; Table 1). This sample
clearly shows a MIF-S signature, with positive D33S and negative
D36S (Fig. 6A and 6B).

The samples PD-06 and PD-07 represent the inner and outer
portions of a massive sulfide lens hosted in metabasalt (Fig. 3B),
respectively. The multiple S isotopic compositions are similar
between them (see Table 1), with small positive d34S values and
MIF-S signatures (D33S < 0‰ and D36S > 0‰; Fig. 6A and 6B). How-
ever, the sample PD-07 has slightly lighter d34S (mean = +1.64‰),
more negative D33S (mean = �1.22‰), and more positiveD36S val-
ues (mean = +1.16‰) compared to sample PD-06 (see Table 1).

4.3. Pyrite trace elements geochemistry

For most of the trace elements, the pyrite investigated by LA-
ICP-MS returned values below the detection limit in samples PD-
04, PD-06, PD-07, and FCJ-4. Thus, only the following elements
have concentrations worthy of mention: Co, Ni, Cu, Zn, As, Se,
and Pb (Table 2; Fig. 7). The carbonaceous schist yielded the high-
est contents of both base (Co, Ni, Zn, and Pb) and precious metals
(Ag and Au). In contrast, pyrite in the massive sulfide lens shows
the highest concentration of As and considerable concentrations
of Co, Ni, and Se. Pyrite in the pillowed metabasalt sample has
the lowest trace element concentration, except for As (Table 2;
Fig. 7). Notably, all analyzed pyrite grains have low Co/Ni (typi-
cally < 1; see Supplementary Data, Table S1), suggesting formation
in low-temperature conditions (e.g., Guy et al., 2010).



Fig. 4. U–Pb concordia age diagrams of the SHRIMP-RG data for samples PD-04 (A), PD-03 (B), and PD-09 (C). Each diagram is accompanied by representative
cathodoluminescence images of zircons, with their respective U–Pb, O and Lu–Hf analytical spots. The spot sizes are in scale.
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Fig. 5. (A) eHf(t) of the pillowed metabasalt (PD-04) and quartzite (PD-03 and PD-09) samples, with comparison to zircon Hf isotope data from the Jacobina Group (Teles et al.,
2015), MNGB rhyolite (Zincone et al., 2016) and Eoarchean gneisses of the Mairi Complex (Oliveira et al., 2020). Dashed lines represent evolution of 176Lu/177Hf = 0.015 upper
continental crust (Goodge and Vervoort, 2006). DM = depleted mantle, and CHUR = Chondritic Uniform Reservoir. (B) Zircon d18O data of the pillowed metabasalt and
quartzite samples. The mantle zircon and Archean and Hadean ‘‘supracrustal zircon” fields are from Valley et al. (2005) and Hiess et al. (2009), respectively.

Fig. 6. Pyrite multiple sulfur isotope plots of samples from the N-MNGB. (A) D33S-d34S plot, where: the blue line indicates the Archean reference array (ARA, Ono et al., 2003);
‘‘V” indicates volcanic (juvenile) sulfur with magmatic or mantle-derived origin; and the yellow and blue-shaded areas correspond to the isotopic compositions of pyrite from
the continental and marine settings of Jacobina Group (Teles et al., 2020), respectively. (B) D36S-D33S plot, where: the Archean (ARA, blue) and the predicted biogeochemical
(BGF, Ono et al., 2006) arrays are indicated; the red dashed line indicates the regression of data and the pink shaded area is the respective 95% confidence envelope. In both
D33S-d34S and D36S-D33S plots, the area bounded by the dashed line indicates the range of the isotopic composition of Paleoarchean barite (see the explanation of item (C) for
the source of data). All error bars are 2r. (C) Summary of published D33S data for sulfides from Archean VMS deposits, for Paleoarchean barites, and data of this study. The
respective symbols are illustrated in the legend. VMS data are compiled from Bekker et al. (2009), Golding et al. (2011), Jamieson et al. (2013), Chen et al. (2015), Sharman
et al. (2015), and Montinaro et al. (2015). Barite data are from Farquhar et al. (2000), Bao et al. (2007), Ueno et al. (2008), Shen et al. (2009), Golding et al. (2011), Roerdink
et al. (2012), Montinaro et al. (2015), Muller et al. (2016, 2017).
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Table 1
Summary of the SHRIMP-SI multiple sulfur isotope results of pyrite in samples from the N-MNGB.

Sample d34S (‰) D33S (‰) D36S (‰)

Min Max Avg 2SD Min Max Avg 2SD Min Max Avg 2SD

PD-06 (n = 6) +1.62 +2.45 +1.99 0.67 �1.00 �0.96 �0.98 0.03 +0.57 +1.52 +1.07 0.76
PD-07 (n = 10) +1.17 +2.49 +1.64 0.80 �1.27 �1.15 �1.22 0.08 +0.79 +2.11 +1.16 0.75
PD-04 (n = 8) �1.41 +2.94 +1.0 2.55 �1.18 +0.13 �0.34 1.08 �0.23 +1.31 +0.39 1.16
FCJ-4 (n = 10) +2.13 +3.51 +2.89 1.05 +1.26 +1.41 +1.36 0.09 �1.24 �0.23 �0.83 0.68
PD-11 (n = 3) +0.81 +2.43 +1.45 1.73 +0.02 +0.25 +0.12 0.23 �0.16 +0.26 +0.06 0.43

Table 2
Summary of the representative LA-ICP-MS trace element concentrations (in ppm) of pyrite from the N-MNGB samples.

Sample PD-06 (n = 11)

Co Ni Cu Zn As Se Ag Sb Au Pb Bi
Min bdl 11.4 bdl bdl 134 bdl bdl bdl bdl bdl bdl
Max 15.3 91.4 4.7 0.5 408 5 0.2 1.4 3.2 2.7 0.2
Avg 6.5 41 1.9 0.3 267.2 2.4 0.1 0.7 0.8 1.0 0.1
2SD 10.5 59.6 4.2 0.4 185.1 2.6 0.2 1.1 3.1 2.4 0.2
Sample PD-07 (n = 8)

Co Ni Cu Zn As Se Ag Sb Au Pb Bi
Min bdl 13.5 bdl bdl 115 0.8 bdl bdl bdl bdl bdl
Max 12.7 87.2 1.4 1.0 502 4.6 0.06 4.4 2.8 11.6 0.07
Avg 4.3 41.2 0.8 0.5 273.6 2.2 – 2.3 0.6 2.1 0.06
2SD 10.0 48.6 0.8 0.8 283.6 2.2 – 5.7 2.5 9.3 0.05
Sample FCJ-4 (n = 11)

Co Ni Cu Zn As Se Ag Sb Au Pb Bi
Min bdl 1.9 1.7 0.9 3.6 8.8 bdl bdl 0.03 0.1 bdl
Max 20,600 723 19.9 7.1 46.2 20.1 0.3 7.5 0.8 89.8 11.1
Avg 6919 208 8.5 2.1 13 14.7 0.1 1.7 0.3 22.4 2.9
2SD 20,886 595 10.9 4.1 28.3 7.6 0.2 5.2 0.7 62.3 8.5
Sample PD-04 (n = 4)

Co Ni Cu Zn As Se Ag Sb Au Pb Bi
Min bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Max 230 69 – – 264 48 0.7 5.3 0.4 11 0.6
Avg 96.3 45 – – 101 27.4 0.3 – 0.2 7.0 0.4
2SD 234.7 67.7 – – 282.7 40.1 1.0 – 0.6 11.1 0.4

bdl: below detection limit.
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5. Discussion

5.1. Age of the Northern MNGB and interpretation of Hf and O isotopes
data

The Northern MNGB consists of a sequence of metabasalts, pil-
lowed metabasalts, chloritites, banded iron formation, and car-
bonaceous schists deformed and metamorphosed under low
greenschist facies. The pillowed metabasalt (PD-04), situated on
the upper section of the N-MNGB (Fig. 2B), is dated at 3337 ±
25 Ma (2r, MSWD = 0.99; Fig. 4A). Our geochronological data
establishes a Paleoarchean evolution for this supracrustal
sequence, which implies its distinction with the Neoarchean
(2595 Ma) Southern MNGB (Spreafico et al., 2019). Based on the
Hf isotope signature with slightly negative eHf(t), varying
from �2.47 to �1.40, and Hf model ages from 3.75 Ga to 3.82 Ga,
the zircon grains of the metabasalt show a distinct crustal
signature.

The quartzite beds of the Jacobina Group overlie 3337 ± 25 Ma
the pillowed metabasalts. Usually, the contact between the
N-MNGB and Jacobina Group units is tectonic. At the Fumaça
waterfall, where we collected the samples, an erosive surface of
overlying quartzites deposited in a coastal environment define a
nonconformity between the quartzites and the metavolcanics
(dos Santos et al., 2019). Detrital zircon data provided a maximum
depositional age of 3353± 22 Ma (2r), eHf(t) values from �5.40
to �0.84, and Hf model ages varying between 3.66 Ga and
10
4.30 Ga. Based on the published data and present results, the Jaco-
bina Group units were deposited between 3.2 Ga and pre-GOE
(>2.3 Ga), as already discussed by Teles et al. (2015, 2020). The
Hf isotope data of detrital zircons of studied quartzites reinforce
the regional information published for the metasedimentary rocks
of the Jacobina Group units (e.g., Teles et al., 2015), as suggested by
similar eHf(t) values and Hf model ages (Fig. 5A).

The analyzed detrital zircons were derived from an ancient,
recycled crust in the Gavião Block, as indicated by data plotting
mostly in the 3.8 Ga to 3.6 Ga 176Lu/177Hf evolution path
(Fig. 5A). The magmatic zircon grains of the 3337 Ma pillowed
metabasalt display the same trend of eHf(t) values (Fig. 5A). On
the other hand, the 3303 Ma metarhyolite of the intraplate
volcanic-plutonic system in the Gavião Block (Zincone et al.,
2016) contain two zircon populations, one with a similar 176Lu/177-
Hf trend to the Jacobina Basin and pillowed metabasalt of the N-
MNGB, and another with a similar evolution to the Eoarchean zir-
cons of 3598 Ma to 3642 Ma gneisses described by Oliveira et al.
(2020) (Fig. 5A). Such variation in zircon eHf(t) values, recorded in
supracrustal metavolcanics of the Gavião Block, is also reported
in the Barberton greenstone belt and it is interpreted as the
involvement of a significantly older and heterogeneous crustal
source (Kröner et al., 2013). A similar conclusion was presented
by Tessalina et al. (2010) when reporting involvement of older
crust in the genesis of 3.49 Ga basalts of the Pilbara Craton.

Zircon oxygen isotope analysis by ion microprobe has been
extensively used to trace the characteristics of magma sources,



Fig. 7. Box-whiskers diagrams of selected pyrite trace elements concentrations (in ppm) in samples from the N-MNGB.
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the degree of crustal melting, and the mantle-crust interaction
trough time (e.g., Valley et al., 2005), because zircon commonly
retains its original oxygen isotopic composition even when sub-
jected to hydrothermal, metamorphic, and magmatic reworking.
Even so, several factors can alter the original isotopic composition
of zircon, including metamictization, radiation damage, cracks, and
inclusions (Valley et al., 2005; Wang et al., 2014; Pidgeon et al.,
2017). To preclude these shortcomings for in situ determination
of primary d18O in zircon, some procedures have been proposed
(see Valley et al., 2005; Wang et al., 2014; Pidgeon et al., 2017;
Ma et al., 2020), such as a detailed observation of CL and SEM
images, evaluation of U–Pb age concordance, and Th–U contents
to avoid zircon domains with radiation damage.

The d18O composition in zircons from the pillowed metabasalt
and quartzites is used here, along with Hf isotope signatures, to
further constrain their origin. The pillowed metabasalt zircons
have d18O values varying from +3.6‰ to +7.3‰ (n = 5; Fig. 5B). In
this sample, two zircons plot within the field of mantle-derived zir-
11
cons (5.3‰ ± 0.6‰; Valley et al., 2005), whereas two older zircons
(including the inherited one with 207Pb/206Pb age of 3459 Ma) plot
above the ‘‘mantle threshold”. The oxygen isotope analyses in
these four zircons were far from fractures, in domains with inter-
mediate CL-intensity (Supplementary Data, Fig. S5), whose U–Pb
ages are concordant. Thus, the oxygen isotopic composition of
these grains can be considered unaltered, which means that zir-
cons with higher d18O values reflect crustal melting or the interac-
tion of magma sources with rocks altered by surficial waters. In
turn, considering the d18O value of the zircon that plots below
the ‘‘mantle threshold” (d18O = +3.6‰; Fig. 5B), it could be inferred
that it records the assimilation of hydrothermally altered oceanic
crust with low d18O (e.g., Valley, 2003). However, such a low
d18O value must be evaluated with caution because its determina-
tion occurred in a zircon with dark CL (Supplementary Data,
Fig. S5) and a highly discordant U–Pb age. According to Wang
et al. (2014) and Pidgeon et al. (2017), the dark CL can be associ-
ated with zircon metamictisation, which in turn commonly
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correlates with discordance of U–Pb ages, because the radiation
damage can result in radiogenic Pb loss. Such metamict zircon is
also prone to open-system exchange that allows penetration of
secondary fluids and incorporation of trace elements. Thus, the zir-
con with d18O = +3.6‰ rather than having a primary oxygen signa-
ture, could be a result of interaction with a secondary fluid,
possibly of hydrothermal origin.

The detrital zircons of quartzite samples (PD-03 and PD-09)
yielded d18O values between +4.8‰ and +6.4‰ (n = 13; Fig. 5B).
On average, these grains have oxygen isotopic composition indis-
tinguishable from mantle-derived zircons, with d18O = 5.8‰ ±
1.0‰ (2r). However, six detrital zircons have d18O values slightly
higher than the typical mantle-derived zircons (Fig. 5B), which
points to magma sourced from crustal melting. Except for the zir-
con with the lowest d18O value (+4.8‰), all detrital zircons are con-
cordant or slightly discordant in U–Pb ages and have no evidence
of possible metamictisation in CL images (Supplementary Data,
Figs. S6 and S7), indicating that their oxygen isotopic compositions
remained unaltered. In turn, the zircon with d18O = +4.8‰ has an
igneous core with intermediate CL-intensity that is rimmed by a
dark CL domain (Supplementary Data, Fig. S7). Both SHRIMP U–
Pb and oxygen analyses were positioned in the dark CL domain,
resulting in a very discordant U–Pb age (47%) and d18O slightly
lower than mantle-like zircons, respectively. For this grain, we con-
sider that the original d18O composition was slightly modified after
zircon crystallization.

5.2. Constraints on the origin of pyrite in the 3.3 Ga Northern MNGB

The Archean sulfur cycle was largely different from today, and
the record of mass-independent fractionation of sulfur isotopes
(MIF-S, noted as D33S and D36S – 0‰, with both positive and neg-
ative signatures) in Archean rocks is the best clue for the nature of
the Archean atmosphere (Farquhar et al., 2000). Experimental data
and atmospheric models (e.g., Farquhar et al., 2001; Pavlov and
Kasting, 2002) suggest that MIF-S was generated by photochemical
reactions of volcanic sulfur species (e.g., SO2) driven by UV radia-
tion in an anoxic atmosphere.

The classical interpretation of the Archean sulfur cycle consid-
ers that these photochemical reactions produced two main sulfur
species that carried the anomalous signatures from the atmo-
sphere to the surface: a reduced (elemental sulfur - S8) with posi-
tive D33S and negative D36S, and an oxidized species (sulfate -
SO4

2-) with negative D33S and positive D36S signals (Farquhar and
Wing, 2003). These S species have distinct geochemical behaviors
in the surficial reservoirs; the photolytic SO4

2- is soluble in the
water column, whereas the S8 is insoluble and accumulates in sed-
iment pore-waters. Hence, the negative D33S signatures recorded
in Paleoarchean barite deposits are thought to reflect the S-
isotopic composition of Archean seawater (e.g., Bao et al., 2007;
Ueno et al., 2008; Shen et al., 2009; Roerdink et al., 2012). On the
other hand, the positive D33S values of sedimentary sulfides reflect
the incorporation of elemental sulfur during diagenesis of Archean
sediments (e.g., Bekker et al., 2009; Marin-Carbonne et al., 2014).
However, recent studies have challenged these assumptions. For
instance, Paris et al. (2014, 2020) identified positive D33S anoma-
lies in carbonate-associated sulfate (CAS) in a Neoarchean plat-
form, whereas Lowe et al. (2019) proposed a distinct model for
the formation of the 3.2 Ga barite deposits in Barite Valley area
of the Barberton Greenstone Belt, which oppose the premise that
barite is only derived from dissolved seawater sulfate.

Nevertheless, MIF-S cannot be generated by purely magmatic or
hydrothermal processes, which retain D33S and D36S = 0‰,
although it is well documented that magmatism and hydrothermal
activity can recycle MIF-S signatures through the lithosphere (e.g.,
Agangi et al., 2016; LaFlamme et al., 2018a, 2018b). Due to the con-
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servative nature of MIF-S, these anomalies cannot be altered by the
conventional mass-dependent fractionation processes that affect
the d34S. Thus, it can be used as a valuable indicator for distinct sul-
fur sources in Archean supracrustal sequences. In this context, the
D33S and D36S signatures of the analyzed samples from N-MNGB
indicate sulfur sourced from distinct pools. Besides, these samples
are well correlated in D36S-D33S diagram (Fig. 6B), yielding a D36S/
D33S slope of �0.81 ± 0.11 (2r). This relationship is indistinguish-
able from the so-called Archean array, which is a fingerprint of the
anoxic Archean atmosphere (Farquhar et al., 2000; Thomassot
et al., 2015).

The pyrites analyzed in BIF sample (PD-11) have d34S values
between 0 and +2‰, which reflect the restricted ranges of d34S
(typically between �2‰ to +2‰) for Archean sulfides (Huston
and Logan, 2004; Farquhar et al., 2010), commonly associated with
a magmatic or mantle-derived (juvenile) origin of sulfur (Fig. 6A).
This interpretation is also supported by the small fractionation
on D33S (�0.2‰ � D33S � +0.2‰) and D36S (�0.4‰ � D36S �
+0.4‰), which characterize the absence of MIF-S signatures
(Farquhar and Wing, 2003; Fig. 6B).

The isotopic composition of pyrite in carbonaceous schist sam-
ple (FCJ-4) is consistent with published multiple sulfur isotopic
compositions of Archean black shales (e.g., Farquhar et al., 2000;
Ono et al., 2003; Bekker et al., 2009; Marin-Carbonne et al.,
2014). Indeed, the carbonaceous schist shows positive d34S values
between +2.1‰ and +3.5‰, positive D33S values between +1.3‰
and +1.4‰, and negative D36S between �0.2‰ and �1.2‰
(Fig. 6). Pyrite in this sample has acquired its MIF-S signature
through the incorporation of photolytic elemental sulfur (S8). Thus,
to account for the recorded low fractionation in d34S, the most
likely scenario is the reduction of atmospheric S8 accumulated in
sediment pore-waters during diagenesis, because this process is
not associated with high magnitude mass-dependent fractionation
(MDF; see Montinaro et al., 2015). This interpretation is also sup-
ported by pyrite trace-element data, as evidenced by Co/Ni < 1,
0.01 < Cu/Ni < 10, 0.01 < Zn/Ni < 10, and 0.1 < As/Ni < 10, which
are typical for sedimentary pyrites (Gregory et al., 2015). In addi-
tion to pyrite of sedimentary origin, the carbonaceous schist sam-
ple shows evidence of pyrite remobilization during metamorphism
i.e., pyrite in quartz vein. This epigenetic pyrite has the same iso-
topic composition as its sedimentary precursor, indicating in-situ
pyrite remobilization-recrystallization, without addition of sulfur
from an isotopically distinct source.

Pyrite in the pillowed metabasalt sample (PD-04), rather than
the expected isotopic compositions of magmatic sulfur (d34S,
D33S, and D36S ~ 0‰), displays fractionated and variable signatures
in d34S (�1.4‰ to +2.9‰), D33S (�1.2‰ to +0.1‰), and D36S
(�0.2‰ to +1.3‰) (Table 1; Fig. 6). The negative D33S, accompa-
nied by positive D36S values recorded in three analyses, indicates
the incorporation of mass-independently fractionated sulfur with
the signature of photolytic sulfate (SO4

2-). In addition, some of the
data plot within or close to the Paleoarchean barite field, in both
d34S-D33S andD33S-D36S plots (Fig. 6). Therefore, a plausible mech-
anism to explain the isotopic composition of these pyrites in the
pillowed metabasalt is through hydrothermal alteration by ambi-
ent seawater circulation. However, a seawater sulfate source does
not explain the pyrite grains with more variable d34S values and
D33S ~ 0‰. These grains are likely to reflect assimilation of S from
magmatic fluids without MIF-S (D33S = 0‰). Our interpretation is
in accordance with the well-known modern oceanic crust alter-
ation processes by convective seawater circulation (e.g.,
Hannington et al., 2005; Ono et al., 2007), in which the sulfides
formed would incorporate the sulfur isotopic composition of both
seawater and the magmatic source. The multiple sulfur isotopic
compositions recorded in ancient komatiites and tholeiites of the
Barberton greenstone belt (Montinaro et al., 2015) and pillow
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basalts in the Yilgarn Craton (Chen et al., 2015) also reflect this
process.

The massive sulfide lens samples (PD-06 and PD-07) display a
limited range of positive d34S values between +1.1‰ and +2.5‰,
negative D33S between �1.3‰ and �1.0‰, and positive D36S
from + 0.6‰ to +2.1‰ (Fig. 6). These isotopic compositions are sim-
ilar to the field of Paleoarchean barite deposits in both d34S-D33S
and D33S-D36S plots (Fig. 6A and 6B), which suggests the incorpo-
ration of photolytic SO4

2- by pyrite during hydrothermal seawater
circulation on seafloor. Such an interpretation is the same as
required to explain pyrite with negative MIF-S (D33S < 0‰) in
the pillowed metabasalt sample, and is also in accordance with
the MIF-S sulfate signature in several volcanogenic massive sulfide
deposits, especially during the Neoarchean (e.g., Bekker et al.,
2009; Jamieson et al., 2013; Chen et al., 2015; Sharman et al.,
2015; Fig. 6C).
5.3. Implications for a global Paleoarchean seawater sulfate reservoir

A good estimate of the sulfur isotopic composition of Pale-
oarchean seawater comes from the 3.5 Ga to 3.2 Ga barite deposits
that occur in Western Australia (Pilbara Craton, Warrawoona and
Sulfur Springs Groups), South Africa (Kaapvaal Craton, Onverwacht
and Fig Tree Groups), and India (Dharwar Craton, Sargur Group)
(see Fig. 6C for references; but also, Lowe et al., 2019, for a different
view). Moreover, hydrothermal volcanogenic massive sulfide
deposits may have been a significant sink for sulfate with negative
D33S signatures from the Archean atmosphere (Jamieson et al.,
2013; Zhelezinskaia et al., 2014). In this context, the D33S and
D36S compositions of a massive sulfide lens and the pillowedmeta-
basalt suggest that seawater sulfate was a significant sulfur source
for pyrite in these samples from the N-MNGB.

According to our data, the isotopic signature of the pyrites from
the massive sulfide lens and the pillowed metabasalt plot close to
compositional ranges of Paleoarchean barites in both D33S- d34S
(Fig. 6A) and D36S-D33S (Fig. 6B). Thus, our data can be used as a
reasonable estimate for the S-isotopic composition of seawater sul-
fate at 3337 Ma, considering the average D33S (�1.2‰) and D36S
(+1.2‰) for the outer portion of the massive sulfide lens (sample
PD-07). On the other hand, the estimation of the original d34S com-
position of seawater may be more difficult, because as opposed to
D33S and D36S, the d34S may experience large variations due to
MDF processes during, for example, sulfide-sulfate redox reactions.
Nevertheless, it is tempting to postulate that the average d34S
(+1.6‰) recorded in the massive sulfide lens may be approxi-
mately 4‰ to 6‰ lighter than seawater at 3337 Ma. This interpre-
tation can be supported by MDF processes (sulfate reduction)
under limited sulfate supply (e.g., Roerdink et al., 2012), due to
the similarity between d34S range of Paleoarchean barite and d34S
values of massive sulfide and pillowed metabasalt (Fig. 6A). How-
ever, whether the sulfate reduction was microbial or purely abiotic
(by the circulation of seawater and hydrothermal alteration on sea-
floor) remains elusive.

The limited fractionation of d34S, the negative D33S and positive
D36S signatures described above may indicate that the supracrustal
sequence of N-MNGB was deposited in a restricted basin (e.g.,
back-arc), with limited SO4

2- supply from a larger global oceanic
sulfate reservoir (e.g., Huston and Logan, 2004; Roerdink et al.,
2012). Further evidence for this scenario may be obtained from
investigation of barite deposits (Itapura Mine) assigned to the
Mundo Novo Greenstone Belt (Mascarenhas et al., 1998), whose
occurrences have been associated with a hydrothermal-
exhalative context (e.g., Mascarenhas et al., 1998; Neumann
et al., 2002), similar to Paleoarchean barite deposits elsewhere.
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5.4. Tectonic setting of the Northern MNGB metabasalts

Greenstone belts are successions of supracrustal rocks that are
temporally and spatially related that can form in various tectonic
environments, and whose fingerprints are recorded in the chemical
composition of associated metavolcanic rocks. In this context, the
chemical composition of N-MNGB metabasalts is a relevant factor
in evaluating the tectonic setting of the supracrustal sequence,
added to the zircon and multiple sulfur isotope data discussed pre-
viously. Thus, we compiled the whole-rock geochemistry data of
nine samples of metabasalts (including two pillow lavas) published
by Barbuena (2017) and an additional pillow lava of sample PD-04
(Supplementary Data, Table S1).

We used less-mobile trace elements during metamorphism and
alteration to assess the tectonic setting of the analyzed metaba-
salts, as suggested by Pearce (2014). It is important to note that
Barbuena (2017) evaluated the mobility of trace elements consid-
ered here and concluded that their concentrations were not mod-
ified by metamorphism, hydrothermal alteration or weathering.
Fig. 8 presents the metabasalt data plotted in the diagrams pro-
posed by Pearce (2014). In the multi-element diagram normalized
to MORB (Fig. 8A), there is a significant enrichment of Th and La, a
relative depletion in Ta, Nb, and Ti, and a flat REE pattern similar to
MORB. The chondrite-normalized REE plot (Fig. 8B), in turn, resem-
bles those of calc-alkaline suites, which are characterized by the
enrichment of LREE with a negative Eu anomaly in a concave pat-
tern. Elevated Th/Nb is assigned to lavas erupted in suprasubduc-
tion zones (Pearce, 2014) and is a common feature of
subduction-related Archean mafic suites (Fig. 8E; Hawkesworth
et al., 2019). The N-MNGBmetabasalts display a subduction finger-
print with high Th/Nb ratios (Fig. 8E) associated with a continental
arc signature (Fig. 8C). Moreover, the subduction feature of the
metabasalts is also shown by V/Ti ratios, indicating the transition
to an island arc tholeiite (IAT) signature in a back-arc basin
(Fig. 8D).

The lithogeochemical, Hf, and O isotope zircon data suggest that
the Paleoarchean mafic rocks of the N-MNGB formed in a
subduction-related environment with some interaction with an
older Eoarchean crustal component, possibly the 3.64–3.58 Ga
Mairi Gneiss Complex of the Gavião Block (Oliveira et al., 2020).
These metabasalts might form in a back-arc basin juxtaposed to
a continental arc at 3.34 Ga. Later, in the Paleoproterozoic, slices
of different lithotectonic associations (Eoarchean to Rhyacian)
were stacked at the margin of the Gavião Paleoplate (dos Santos
et al., 2019).
6. Conclusion

The Northern Mundo Novo Greenstone Belt (MNGB) comprises
a typical volcano-sedimentary rocks association on the eastern
border of Jacobina Range. It is a Paleoarchean supracrustal
sequence, as indicated by the 3337 ± 25 Ma U–Pb zircon age of a
pillowed metabasalt sample, which implies its distinction with
the younger Southern MNGB (2595 Ma) described by Spreafico
et al. (2019). Metabasalts of the N-MNGB formed in a
subduction-related setting, likely a back-arc basin juxtaposed to
a continental arc, as indicated by whole-rock geochemical data.
The Hf and d18O signatures of zircons from the pillowedmetabasalt
reinforce this interpretation, as they indicate assimilation of more
evolved crustal components, possibly the Eoarchean crust of the
Gavião Block. The overlying quartzites of the Jacobina Group,
deposited with an erosive unconformity on pillowed metabasalts,
have a significant contribution of Paleoarchean detrital zircons
with similar signatures of eHf(t) and d18O as the underlying
metabasalts.



Fig. 8. Geochemical diagrams used for tectonic setting discrimination of basalts, as recommended by Pearce (2014). (A) Incompatible, immobile trace elements patterns,
normalized to N-MORB (Sun and McDonough, 1989), for the N-MNGB metabasalts. (B) Chondrite-normalized REE diagram of the N-MNGB metabasalts. Normalizing values
are from (Boynton, 1984). (C) Th/Yb-Nb/Yb plot, indicating a continental arc (subduction) signature for the metabasalts. (D) V-Ti plot, showing that metabasalts plot in the
field of slab distal back-arc basin (BABB). (E) Plot of mean Th/Nb ratios of Archean suites predominantly composed by mafic rocks (Hawkesworth et al., 2019), in which the N-
MNGBmetabasalts plot in the field of suites related to subduction processes. The N-MNGBmetabasalts data are compiled from Barbuena (2017) and Teles (unpublished data).
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The sulfur isotope signatures in the 3.34 Ga volcano-
sedimentary rocks from the N-MNGB are diverse and indicate the
incorporation of distinct sulfur sources. They preserve the signal
of the anoxic Archean atmosphere, expressed by MIF-S and a
D36S/D33S slope of �0.81 that lies close to the Archean array. The
pyrites analyzed in the BIF sample have a sulfur signature of mag-
matic (juvenile) origin, whereas the pyrite from the carbonaceous
schist sample resembles the isotopic composition of Archean black
shales, which reflect incorporation of atmospheric elemental sulfur
(S8). On the other hand, the pillowed metabasalt sulfides data
reflect both assimilation of photolytic seawater sulfate and mag-
matic (juvenile) sources. The multiple sulfur isotopic composition
of a massive pyrite lens is consistent with a MIF-S seawater sulfate
source that resemble the isotopic composition of Paleoarchean bar-
ite deposits, suggesting the existence of a homogeneous global sea-
water sulfate reservoir in this period.
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