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Abstract

Field, petrological and LA-ICP-MS U-Pb geochronological data of metavolcanic rocks were used to interpret the petrological processes and
to propose the tectonic setting for the Mundo Novo greenstone belt (MNGB) in the eastern Sao Francisco Craton. The metavolcanic rocks
studied are metakomatiite, eastern and western metabasalts, and metadacite with subordinate metarhyolite, which host ocean floor hydro-
thermal alteration zones and are covered by ocean floor lithological associations composed of chemical metasedimentary rocks. Fractional
crystallization and heterogeneous intraoceanic contaminations explain the mineralogical differences between the two metabasalts and the
high (La/Yb),, ratio values of metakomatiite and metadacite. The metakomatiite and the eastern and western metabasalts feature a vector
from the MORB-OIB array to the volcanic arc array in the Nb/Yb-Th/Yb diagram, similar to the Archean intraoceanic arc-basin systems.
The geochemical pattern of the eastern and western metabasalts in the Zr-Zr/Y diagram suggests volcanism in nearby island arc and back-
arc basin settings, respectively. The 2595 =21 Ma U-Pb zircon crystallization age of the metadacite allowed the determination of the timing
of volcanism in the MNGB. Therefore, an intraoceanic provenance in an arc-basin system is proposed for the MNGB in the Neoarchean,
which was later compressed between cratonic blocks during the Rhyacian-Orosirian event.
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INTRODUCTION
The Mundo Novo greenstone belt (MNGB), in the eastern

Greenstone belts are highly varied Archean geological enti-
ties that contain a vast diversity of rocks (Anhaeusser 2014).

boundary of the Gavido Block (Barbosa and Sabaté 2002, 2003,
2004) and eastern portion of the Sao Francisco Craton (Figs.
1A and 1B), lies within the Contendas-Jacobina Lineament,
NE Brazil (Sabaté et al. 1990), which in the area under study
is situated between the Gavido and Mairi blocks (Fig. 1C).
That greenstone sequence has been a subject of study since
the 1970s and hosts the Zn-Pb Fazenda Coqueiro deposit
(Mascarenhas et al. 1975, Couto et al. 1978, Loureiro 1991,
Mascarenhas and Silva 1994, Mascarenhas et al. 1998, Zincone
et al. 2016, Reis et al. 2017).
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Generally, their rocks experienced multiple stages of deforma-
tion, metamorphism, and metasomatic alteration due to their
great age and diversity of geotectonic settings, which were
intruded by mafic, ultramafic, and granitoid rocks (Anhaeusser
et al. 1969, Anhaeusser 2014). Moreover, the intraoceanic
or intracontinental provenance of volcanic rocks in Archean
greenstone belts has been a recurring discussion topic and
whole-rock chemical tools have been constantly applied for
such research purposes (Polat and Kerrich 2001, Polat et al.
2002, Pearce 2008, 2014).

The predominance of subaqueously deposited basalt and
komatiite has been interpreted in a wide variety of geological
settings proposed for greenstone belt terrains in intraoceanic
crust, ranging from primitive island arcs to plume-related sub-
marine plateaus, mid-ocean ridges (including ophiolites) and
back-arc basins (De Wit et al. 1987, Storey et al. 1988, Parman
etal. 2001, Chavagnac 2004, Furnes et al. 2013). Furthermore,
the intraoceanic Archean greenstone belts present a set of evi-
dence as follows: basalt and komatiite occurrence, absence of
zircon xenocrysts, mid-ocean ridge basalt (MORB), and island
arc tholeiitic (IAT) geochemical patterns, and Th enrichment
due to intraoceanic crustal input processes (Pearce 2008).

The intraoceanic crustal input, however, would have been
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produced by subduction components, high-grade metamor- Craton (Fig. 1B), for example, has been considered as derived
phism, intraoceanic contamination, crustal recycling, high from an ocean-floor setting based on a pillow lava structure
Th-Nb proxy and delamination (Pearce 2008, 2014). and an association with chemical sediments and volcanic rocks

The metabasalt of the Nova Lima Group in the Archean (Zucchetti et al. 2000b). Moreover, the geochemical pattern
Rio das Velhas greenstone belt of the southern Sao Francisco of this metabasalt suggests a submarine plateau setting and

Figure 1. (A) Location of the Sao Francisco Craton in NE Brazil. (B) Regional geologic context of the MNGB in the eastern portion of the Sao
Francisco Craton and other greenstone belts and volcano-sedimentary sequences: CM: Contendas-Mirante; RV: Rio das Velhas; UM: Umburanas.
(C) Regional tectonic setting where the MNGB is inserted (modified from Barbosa and Sabaté 2002, 2003, 2004) and the study area delimited.
Ages in the points highlighted on the map: 1- 3442 + 2 Ma, W. Long.: 40°32’19.11” S. Lat.: 11°16’32.68” (U-Pb zircon, TTG; Mougeot 1996);
2-3305 £ 9 Ma, W. Long.: 40°29'20.55”/S. Lat.: 11°54’31.06” (U-Pb zircon, metarhyolite from the Gavido Block obtained by Peucat et al. 2002)
and 3303 + 11 Ma (U-Pb zircon, metarhyolite from the Gavido Block obtained by Zincone et al. 2016); 3- 3292 £ 3 Ma, W. Long.: 40°38'04.57” S.
Lat.: 12°08°36.48” (U-Pb zircon, metagranite from the Gavido Block obtained by Zincone et al. 2016); 4- 3500-3220 Ma, W. Long.: 40°29'23.61”
S.Lat.: 11°10°49.32” (U-Pb zircon, quartzite from the Jacobina Group obtained by Teles et al. 2015); 5- 2595 £ 21 Ma, W. Long.: 40°29°26.72” S.
Lat.: 11°42°09.52” (U-Pb zircon, metadacite from the MNGB obtained in this work: FD-052 sample); 6- 2080 + 18 Ma, W. Long.: 40°24°40.64”
S. Lat.: 11°20’15.41” (U-Pb monazite, Cachoeira Grande granite obtained by Leite 2002); 7- 2068 £ 12 Ma, W. Long.: 40°21°22.34” S. Lat.:
11056'21.18” (U-Pb zircon, biotite schist from the Satide Complex obtained by Zincone et al. 2017).
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crustal contamination rocks; the felsic volcanic rocks would
indicate the presence of an island arc or back-arc type setting
(Zucchetti et al. 2000a). In the Neoarchean Contendas-Mirante
volcano-sedimentary sequence, south of the Contendas-
Jacobina Lineament (Fig. 1B), which contains geochemical
and age equivalences with the MNGB, intraoceanic basalt
occurrences have been interpreted as being related to the
banded iron formation (BIF; Rios 2017). The South Abitibi
(Kerrich and Xie 2002, Xie and Kerrich 1994), Barberton
(Jochum et al. 1991, Parman et al. 1997, Chavagnac 2004),
and Isua (Polat and Hoffmann 2003, Polat et al. 2002) are
other examples of intraoceanic interpretations for Archean
greenstone belts, which Pearce (2008) discusses in his exam-
ination of the ocean floor’s origin with intraoceanic crustal
input along their geological evolution based on a Th-Nb proxy.
Despite the contamination issues of analyzing Archean rocks,
the geochemical pattern of the modern Mariana Arc, which
indicates an arc-basin system in the oceanic crust, was prop-
erly used to compare to older intraoceanic settings in the Nb/
Yb-Th/Yb diagram (Pearce 2005, 2008).

The intracontinental provenance of volcanic rocks in Archean
greenstone belts, on the other hand, has been related to ocean-
ic-continent subduction processes or with the genesis on ensi-
alic settings (Pearce 2008). Greenstones of the Wawa belt in the
Superior Province, for example, were formed in an arc-related
association (Polat and Kerrich 2001); the Umburanas green-
stone belt in the eastern Sao Francisco Craton (Fig. 1B) was
formed over a continental crust (Leal et al. 2003 ). Bickle et al.
(1994) concluded that the continental provenance for Archean
greenstone belts could not easily identify complete ophiolitic
sequences, which would thus explain a possible oceanic ori-
gin; the presence of zircon xenocrysts, geochemical, and iso-
topic evidence for crustal contamination, intrusive relation-
ships with older basement rocks and their internal stratigraphy
would also indicate continental provenance.

Field, petrographic, whole-rock chemical, and mineral
chemistry data were combined with laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) U-Pb zircon
age from the MNGB. Thus, this study focused on metavolcanic
rocks of the lower sequence, which comprise the metakomati-
ite, and middle sequence of the MNGB, comprising the east-
ern metabasalt, the metadacite, and the western metabasalt
that occur mainly at the Fazenda Coqueiro deposit. The objec-
tive was also to propose the age and the tectonic setting of the
MNGB regarding the intraoceanic provenance of the volcanic
rocks rather than the intracontinental provenance taking into
account petrological processes. In addition, the comparison with
other Archean greenstone belts and the insertion of the MNGB
within the regional geologic context in the eastern portion of
the Sao Francisco Craton, which comprises the Gavido, Mairi,
Jequié, and Serrinha blocks and the subsequent tectonic events

were also contemplated.

GEOLOGICAL SETTING

The eastern portion of the Sdo Francisco Craton, where the
MNGBis situated, was formed through the amalgamation of three

Archean blocks during the Paleoproterozoic continent-continent
collision (Barbosa and Sabaté 2002, 2003, 2004 ): the Gaviio,
Serrinha, and Jequié blocks (Fig. 1C). The Paleoproterozoic
event compressed the MNGB and surrounding crust between
the cratonic blocks, and the uplift caused by this event possibly
resulted in the erosion and the formation of Paleoproterozoic
sedimentary basins, such as the uppermost sequence of the
MNGB and the Satide Complex (Zincone et al. 2017).

MNGB is in contact to the west with 3.4 Ga (Mougeot
1996) tonalite-trondhjemite-granodiorite (ITT'G) basement
rocks and subordinate metagranites in the Gaviao Block and to
the east and the south with paragneiss in the Satide Complex
with a maximum age between 2.20 and 2.06 Ga (Zincone
et al. 2017; Fig. 2). To the north and northwest, the MNGB
is in contact with quartzites in the Jacobina Group, which
were deposited between 3.55 and 3.22 Ga (Teles et al. 2015),
and with granitic intrusive aged 2080 + 18 Ma (Leite 2002).

Additionally, the geological setting includes granulites
(3.0 Ga) and multiple charnockite intrusions (2.7 and 2.6 Ga)
in the Jequié Block (Wilson 1987, Silva et al. 2002), the Itabuna-
Salvador-Curagd Belt (2574 + 6 and 2695 * 12 Ma obtained
by Oliveira et al. 2010, Silva et al. 1997; respectively), and the
Serrinha Block (3152 £ 5 Ma obtained by Oliveira et al. 2002a,
2002b; 2989 + 11, 3072 + 2, and 3162 *+ 26 Ma obtained by
Rios et al. 2009); although the Itabuna-Salvador-Curagé Belt
and Serrinha Block are far from the MNGB, they are import-
ant to understand the collisional Paleoproterozoic tectonic con-
text of the study area (Figs. 1C and 2). Table 1 shows regional
geochronological data from the MNGB and surrounding units.

The eastern margin of the Gaviao Block is in tectonic contact
with the lithologies of the MNGB (Figs. 1C and 2) and is com-
posed of TT'G gneiss and migmatites that host mafic rock enclaves,
metagranites, and metarhyolites (Zincone et al. 2016). This block
corresponds to the basement of the MNGB. Three groups of TTG
gneiss are described in the Gavido Block: two groups are trondh-
jemitic with U-Pb zircon ages (SHRIMP) of 3403 £ S and 3158 +
S Ma (Barbosa 1997, Leal 1998), and the other group, with gran-
odioritic compositions, includes the 3225 + 10 Ma Aracatu granit-
oid (Barbosa et al. 2012a). The Gavido Block age, near the MNGB,
is 3.4 Ga (Mougeot 1996), but metarhyolites aged 3303 = 11 Ma
(Peucat et al. 2002, Zincone et al. 2016) and metagranites, such as
Boa Sorte at 3291 +2.5 Ma, occur as well (Zincone et al. 2016).

The Mairi Block, composed of gneiss, migmatites, and
granitic and tonalitic orthogneiss, with some occurrences of
basic and ultrabasic bodies (Peucat et al. 2002) to the east and
southeast of the MNGB, is in tectonic contact with thrust zones
with a west vergence. The LA-ICP-MS (U-Pb, zircon) ages of
3.33 and 3.30 Ga (Sousa et al. 2018) for the orthogneiss in
the Mairi Block indicate that this complex is coeval with the
Gavido Block and, possibly, the two could have been joined
together at the time of their formation.

The Jacobina Group is in tectonic contact with the MNGB
along thrust zones, with all zones striking north-south and
verging to the west (Figs. 1C and 2) with the Gavido Block in
the footwall. The Jacobina Group comprises metaconglomer-
ates that host an important gold deposit, and quartzites, meta-

renites, phyllites, chlorite schists and quartz-sericite schists
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Figure 2. Geological map of the MNGB and adjoining units. Modified and updated from Loureiro (1991), Mascarenhas and Silva (1994),
and Souza et al. (2002).
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(Mascarenhas et al. 1998) deposited in a passive margin setting
(Reis et al. 2018). This group has a depositional age, based on
detrital zircons, between 3500 and 3220 Ma (Teles 2013, Teles
etal. 2015, Barbuena et al. 2016), with alarge portion of the zir-
con populations situated between 3.3 and 3.4 Ga (Magee et al.
2001, Teles et al. 2015). Jacobina Ridge represents an Archean
supracrustal sequence, with a maximum age of 3.28 Ga, whose
sources are likely rocks from both the plutonic-volcanic system
and the TT'G suite in the Gaviao Block (Zincone et al. 2016).

The MNGB, which Zincone et al. (2016) referred to as the
Mundo Novo supracrustal belt, is inserted into the Contendas-
Jacobina Lineament and is divided into three stratigraphic
sequences — a lower sequence (ultramafic rocks), a middle
sequence (maficand felsic igneous rocks and clastic and chemical
metasedimentary rocks), and an upper one (siliciclastic metasedi-
mentary rocks; Spreafico et al. 2018). Carbonate and argilic-chlo-
ritic hydrothermal alteration zones in the ocean floor setting have
been identified and described in the Fazenda Coqueiro deposit
related to Zn-Pb mineralization hosted in the western metaba-
salt of the middle sequence (Spreafico 2017). Two ductile and
compressional and progressive Paleoproterozoic deformational
phases in the MNGB, D, and D, are described in the area in a

previous study (Spreafico 2017). The D, deformational phase
is characterized by isoclinal and recumbent folds vergent to the
west that generated greenschist metamorphic facies rocks. The
D, deformational phase is characterized by a refolding that gener-
ated vertical and subvertical axial planes that eventually resulted
in the formation of a coaxial interference pattern (Ramsay and
Huber 1987) or compressive and transpressive shear zones,
which bound the MNGB lithologies and generated greenschist
rocks to amphibolite metamorphic facies. The most prominent
brittle structures are east-trending faults and fractures. The age
of the MNGB has been previously studied, and initial geochro-
nological studies have defined the Neoarchean age of the vol-
canism (Spreafico et al. 2018), such as the sedimentation at the
top of the sequence (Barbuena et al. 2016), which has a maxi-
mum age coeval with the Rhyacian-Orosirian tectonothermal
event (Leite 2002, Spreafico 2017). These rocks lie upon the
3.4-3.2 Ga basement rocks of the northern part of the Gavido
Block, composed of TI'G gneiss, metagranites, and metarhy-
olites (Mougeot 1996, Barbosa 1997, Leal 1998, Peucat et al.
2002, Barbosa et al. 2012a, Zincone et al. 2016).

The Satde Complex occurs to the east of the MNGB
(Figs. 1C and 2), where the two units are in tectonic contact

Table 1. Compilation of regional geochronological data of the MNGB and surrounding units.

Geological/tectonicunit  Lithotype Age Method Mineral dated Author
U-Pb
, L . " « o1 .
Satde Complex Biotite schist 2068 + 12 Ma (LA-MC-ICP-MS) Detrital zircon Zincone et al. (2017)
Cachoeira Grande granite ~ Leucogranite 2080 £ 18 Ma U-Pb (Electron Mo.naz.lte Leite (2002)
microprobe) (crystallization age)
U-Pb
1 + * . .
Upper sequence (MNGB) Quartzite 2133+ 14 Ma (LA-ICP-MS) Detrital zircon Barbuena et al. (2016)
Mundo Novo greenstone . U-Pb Zircon
+
belt Metadacite 2595121 Ma (LA-ICD-MS) (crystallization age) The present work
Tonalitic 01 6 Ma U-Pb (SHRIMP) Zircon Oliveira et al. (2010)
Itabuna-Salvador-Curagd granulite (crystallization age)
Belt i
Enderbite  2695+12Ma  U-Pb (SHRIMP) (crysta%lii?ircl) hage)  Sactal (1997)
Granulites ~ 2715+29 Ma U-Pb (SHRIMP) (crys ta%ﬁ;?; nage) Silva et al. (2002)
Jequié Block Whel N
Charnockite 2900 + 24 Ma Rb-Sr (Crystalﬁzz'ég; 2ge) Wilson (1987)
2989+ 11 Ma Zircon
Granitoid 3072+2Ma U-Pb (SHRIMP) (crystallization age) Rios et al. (2009)
Serrinha Block 3162+26 Ma
Gneiss, Zircon Oliveira et al. (2002a,
+ -
migmatite 3152£5Ma U-Pb (SHRIMF) (crystallization age) 2002b)
Magee et al. (2001);
. . U-Pb o Teles (2013);
Jacobina Group Quartzite 3500 - 3220 Ma (LA-MC-ICP-MS) Detrital zircon Teles et al. (2015);
Barbuena et al. (2016)
. . U-Pb Zircon
Mairi Block Orthogneiss ~ 3.33-3.30 Ga (LA-SE-ICP-MS) (crystallization age) Sousa et al. (2018)
U-Pb Zircon
. + .
Metagranite 3291 £2.5 Ma (LA-ICP-MS) (crystallization age) Zincone et al. (2016)
- . 3303+ 11 Ma U-Pb Zircon Zincone et al. (2016);
Gaviao Block Metarhyolite 3305£9Ma (LAICP-MSand SHRIMP) (crystallizationage)  Peucat et al. (2002)
TG 3442+2 Ma U-Pb (ID-TIMS) Zircon Mougeot (1996)

(crystallization age)

*Youngest age.
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along west-vergent thrust zones. This complex comprises alu-
minous paragneiss, biotite gneiss, and subordinate quartz-
ites that are widely distributed in a north-south trend with
significant occurrences in the Mundo Novo region and in
the eastern portion of the Jacobina Ridge (Couto et al. 1978,
Mascarenhas et al. 1998, Leite et al. 2007, Reis et al. 2017;
Fig. 1C). The maximal depositional age of 2.06 Ga (Zincone
et al. 2017) for the Sadde Complex once more indicates the
presence of a sedimentary basin near the MNGB; however,
the rocks in the Saude Complex were subjected to a higher
metamorphic degree than the sedimentary rocks at the top
of the MNGB along the tectonic contact (Spreafico 2017,
Zincone et al. 2017).

Finally, Rhyacian-Orosirian granites are present along the
Contendas-Jacobina Lineament (Leite 2002, Spreafico 2017;
Fig. 1C). In general, these granites are undeformed leucogran-
ites, comprising quartz, feldspar, biotite, and muscovite with
some occurrences of garnet and sillimanite (Barbosa et al.
2012b). The Cachoeira Grande granite, for example, is a per-
aluminous leucogranite situated to the northeast of the MNGB,
which has an average age of 2080 + 18 Ma (Leite 2002), and is
coeval with the Rhyacian-Orosirian granitic intrusions in the
MNGB (Spreafico 2017, Spreafico et al. 2018).

ANALYTICAL METHODS

The study of the metavolcanic rocks of the MNGB and con-
siderations regarding the tectonic setting involved petrographic,
mineral, and whole-rock chemistry and geochronologic analyses.

For petrography, we analyzed 127 thin sections of meta-
komatiite, eastern and western metabasalts and metadacite
to determine the mineralogical composition and microstruc-
tures of the rocks using the ZEISS Axio Scope.Al micro-
scope provided by Companhia Baiana de Pesquisa Mineral
(CBPM). The mineral abbreviations used on photomicro-
graphs mainly follow those of Kretz (1983) and Siivola and
Schmid (2007), and are completed with abbreviations of
Whitney and Evans (2010).

Six of the thin sections were used for mineral chemistry
analysis to detail the mineral differences between the two
metabasalt types complementing the petrographic studies.
Thus, a CAMECA SX50 electron microprobe was used with
four wavelength-dispersive spectroscopes (WDS) and one
Kevex energy-dispersive spectroscope (EDS) of the University
of Brasilia. The standards used are natural and synthetic with
defined compositions, such as albite (for the element Na,O),
andradite (for the elements CaO and FeO)), forsterite (for the
element MgO), microcline (for the elements Al,O, SiO,, and
K,0), MnTiO, (for the element TiO, ), and MnTiO, (for the
element MnO). The analyzed spots were selected in pol-
ished sections in plagioclase (6 spots in S samples), amphi-
bole (6 spots in S samples), pyroxene (4 spots in 2 samples),
ilmenite (2 spots in 2 samples), titanite (2 spots in 2 samples),
and biotite (1 spotin 1 sample) grains. The chemical contents
are expressed by SiO,, TiO,, AL,O,, FeO, MnO, MgO, CaO,
Na,O, and K, O and the structural formula is provided based
on cationic contents of Si, Ti, Al, Fe, Mn, Mg, Ca, Na, and

K of each spot analyzed. The data were processed using the
Gabbrosoft spreadsheets (http: / /www.gabbrosoft.org) and
the plagioclase results were plotted in the ternary diagram of
teldspar; the amphiboles were plotted in the calcic amphibole
diagrams (Leake et al. 1997) and the pyroxene in the classi-
fication diagram of pyroxenes (Morimoto 1988) using the
Minpet program.

The whole-rock chemical analysis of 49 samples was con-
ducted in the SGS-Geosol laboratory. The samples were dried
and crushed so 75% of the sample was smaller than 3 mm.
A 300 g sample was quartered and pulverized (until 95% was
smaller than 10S microns) to form a powder for subsequent
processes. The powders were melted at a high temperature
with lithium metaborate, and the major, minor, trace, and
rare earth elements (REE) were determined using ICP-MS
and inductively coupled plasma optical emission spectrome-
try (ICP-OES) analysis. The international standard samples
used are TILL-3 (description and values are in Lynch 1996)
and GRE-0S (reference material from Geostats PTY Ltd.).
The error for all analyzed elements in each sample was cal-
culated based on analytical accuracy according to the con-
tent of the analyte in the sample, the statistical detection
(Supplementary Data) and repeatability limits, and rep-
resented in terms of standard deviation (16) (Thompson
1988). The coeficient of variation of the analytical results
for each element by sample analyzed, calculated from the
standard deviation (10), was predominantly lower than
15%, which corresponds to well-represented results around
the arithmetic mean. Only the samples with a loss on igni-
tion (LOI) values of < 5% were considered. The geochemical
data were plotted and interpreted using the GCDXKit software
(Janousek et al. 2006). The data in the REE diagram and the
(La/Yb),, (Gd/Yb) and Eu/Eu* ratios were normalized by
chondrite values (Boynton 1984), and the data in the mul-
tielement diagram were normalized by N (normal)-MORB
values (Hofmann 1988).

The U-Pb geochronologic analyses of one metadacite
sample were conducted at the Center of Geochronology
Research at the Institute of Geosciences, University of Sao
Paulo. The zircon grains from the sample were separated using
binocular microscopy and placed in a 2.5 cm epoxy support.
Then, the zircons were polished with sandpaper, and pho-
tomicrographs were captured. The internal structures of the
zircon grains were characterized using cathodoluminescence
(CL) images obtained by a FEI Quanta 250 scanning elec-
tron microscope (SEM) and a XMAX CL detector (Oxford
Instruments), and the analysis was acquired using in situ
LA-ICP-MS. The analysis was performed with a Neptune
(Thermo) multicollector instrument and an ArF-193 nm
Photon laser system (frequency of 6 Hz) with a spot diam-
eter of 32 pym. The final results match the average obtained
after calculating two standard deviations. Isotopic ratios are
reported at level 16. Finally, the discordant values for the zir-
con data greater than 10% were eliminated. Corrections for
the laser-induced elemental fractionation of the **Pb/>%U
ratio and instrumental discrimination were based on the GJ-1
zircon standard (U-Pb mean age of 601 £ 3.5 Ma; Elhlou


http://www.gabbrosoft.org

Braz. J. Geol. (2020), 50(3): e20190041

etal.,, 2006), which yielded an age of 600.7 £ 0.69 Ma in the
analyzed period. The raw data were processed online and
reduced in an Excel spreadsheet adapted from SQUID 1.02
(Ludwig 2001). The data were plotted on a concordia dia-
gram using ISOPLOT /Ex°3.00 (Ludwig 2003).

GEOLOGICAL, PETROGRAPHIC,
AND MINERAL CHEMISTRY
CHARACTERIZATION

The MNGB metavolcanic rocks occur into two strati-
graphic sequences: in the lower sequence, which is composed
of metakomatiite; and in the middle sequence, which is com-
posed of eastern and western metabasalts and, subordinately,
tremolitite, calc-silicate rock (carbonate hydrothermal alter-
ation zone), aluminous schist (argilic-chloritic hydrothermal
alteration zone), BIF, ferruginous metachert, metadacite, and
metarhyolite (Fig. 2).

Lower sequence

The lower sequence is composed of metakomatiite located
at the base of the MINGB and comprises the ultramafic volcanic
component of the MNGB. The metakomatiite has field rela-
tionships with the mafic volcanic rock of the middle sequence;
however, these rocks are separated into different sequences due
to the mineral content and the microstructural particularities.
There are four restricted occurrences of metakomatiite in the
central portion of the MNGB, which are northeast of Mundo
Novo city and northeast of Piritiba city (Fig. 2).

Generally, the metakomatiite of the MNGB has a relict
spinifex microstructure composed of skeletal grains with planar
growths that intersect each other (Figs. 3A and 4A) and do not

intercept former structures for igneous relicts’ microstructure

in komatiites, as described by Arndt (1994). The fine-grained
spinifex microstructure is identified only in hand samples or
by using a hand lens or microscope.

The metakomatiite of the MNGB has a light green color, a
silky aspect, and is not magnetic (Fig. 3A). The rock is isotro-
pic and the olivine and pyroxene crystals are entirely replaced
by acicular and prismatic pseudomorphic grains of antho-
phyllite and tremolite (75-80% of the rock) with a grain size
of 0.5 mm (Tab. 2; Fig. 4A). The fine-grained groundmass is
composed of talc and clinochlore (20-25% of the rock) with-
out a preferred orientation. Traces of pyrite and pyrrhotite are
dispersed in the samples.

Middle sequence

The middle sequence is composed of metabasalt and, sub-
ordinately, tremolitite, calc-silicate rock, aluminous schist, BIF,
ferruginous metachert, metadacite and subordinate metarhyo-
lite; metabasalt and metadacite are the main topics of this study.

Metabasalt and metadacite are the terms used in this paper
to define the mafic and felsic volcanic components, respec-
tively, of the middle sequence of the MNGB. These terminol-
ogies were adopted based on the respective protolith due to its
usefulness in determining the original nature of the rock, even
though in many cases, a protolith name does not reflect the
principal minerals and structural features of the rocks under
observation (Schmid et al. 2007). Moreover, some occurrences
of metavolcanic mafic rocks in the MNGB preserve primary
structures such as pillow lava. Therefore, the term metabasalt
is mainly used in this manuscript rather than amphibolite,
which is also correctly used if the microstructure and mineral
content are considered as proposed by Fettes et al. (2007).

The metabasalts are distributed along a north-south

trend (Fig. 2) and are divided into two coeval groups based

Figure 3. (A) Relict fine-grained spinifex microstructure of the MNGB metakomatiite (sample FD-058A; W. Long.: 40°28’45.53” S. Lat.:
11°41°43.47”, Datum: SIRGAS 2000). (B) Highlighted pillow lava structure of the aphanitic and equigranular eastern metabasalt from south
of the MNGB (sample RR-018A; W. Long.: 40°30°07.88” S. Lat.: 12°13°43.29”). (C) Drill hole sample of the aphanitic and inequigranular
western metabasalt in the MNGB (sample RR-F6-001; W. Long.: 40°29°35.54” S. Lat.: 11°53’35.26”). (D) Drill hole sample of the fine-
grained porphyroclastic metadacite in the MNGB (sample FD-052; W. Long.: 40°29°26.72” S. Lat.: 11°42°09.52”).
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on petrography, supported by mineral chemistry analysis,
and whole-rock chemical data. The first group, defined as
the eastern metabasalt, occurs along the eastern portion of
the MNGB, has field relationships with the metakomatiite
of the lower sequence and corresponds to the main out-
crops of the sequence near Piritiba city and extending to
Ruy Barbosa city (Fig. 2). The second group, defined as the
western metabasalt, occurs along the western portion of the
MNGB, mainly within the Fazenda Coqueiro deposit (Mundo
Novo city), and in a restricted area with a north-south trend
near Piritiba city (Fig. 2).

Eastern metabasalt

The eastern metabasalt has a dark green to dark grey color
and preserves the pillow lava structures that occur in a large area
to the south of the MNGB (Fig. 3B). Itis composed of anorthite
(15-20%), bytownite (10-15%), magnesiohornblende and fer-
rohornblende (35-40%), small amounts of oligoclase (S-10%),
and low percentages (15-20% combined) of augite, edenite
and quartz, as well as ilmenite and titanite as accessory miner-
als, and traces of pyrrhotite, chalcopyrite, and igneous relicts of
hypersthene micrograins identified only in microprobe analyses
(5-10%; Tab. 2 and 3; Figs. SA, SB, SC and SD). The rock is

Table 2. Modal mineral composition of metavolcanic rocks of the lower (metakomatiite) and middle (eastern and
western metabasalts, metadacite and metarhyolite) sequences of the MNGB.

‘Western

Geologic unit Metakomatiite Eastern metabasalt metabasalt Metadacite Metarhyolite
Acicular and p'risma.tic Equigra.n}llar'and Inequiigr.anu'lar, Fine-grained Fine-grained
Characteristics pseudomorphlf grains aphanitic with . aphal.utlc Tmth porphyroclastic  porphyroclastic
and fine-grained granonematoblastic schistosity i .
groundmass microstructures planes microstructure  microstructure
Minerals, vol.%
Quartz - S-7 3-§ 27.5-31.8 20-25
Anorthite - 15-20 - - -
Bytownite - 10-15 - - -
Andesine - 25-27.5 - -
Oligoclase - 5-10 25-27.5 - -
Plagioclase - - - 27.5-31.8 15-20
K-Feldspar - - - 10-10.8 40-45
Biotite - - 5-7 10-10.8 10-15
Muscovite - - - 10-10.8 -
Sericite - - - 10-10.8 3-7
Fetomblonde - g - - - -
Feermiie g - - - -
Actinolite - - 8-10 - -
Edenite - 5-7 - - -
Augite - 5-6 - -
Hypersthene - 3-4 2-3 - -
Talc + Clinochlore 20-25 - - - -
Pyrite - - Tr - -
Pyrrhotite - Tr Tr - -
Chalcopyrite - Tr Tr - -
Galena - - Tr - -
Sphalerite - - Tr - -
Arsenopyrite - - Tr - -
Titanite - 2-3 2.5-§ - -
Ilmenite - 2-3 2.5-§ Tr Tr
Mn-Ilmenite - - Tr - -
Zircon - - - Tr Tr
Sum, vol.% 100 100 100 100 100

Tr: Trace concentration.
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isotropic, equigranular, and aphanitic, it has nematoblastic to
granonematoblastic microstructures, and the minerals show

polygonal contacts (Fig. 4B).

Western metabasalt

The western metabasalt has a green to grey color and hosts
the Zn and Pb sulfides of the Fazenda Coqueiro deposit, partic-
ularly in carbonate hydrothermal alteration zones, and is easily
observed from drill hole samples obtained by CBPM (Fig. 3C).
Based on petrography and mineral chemistry results, this rock
is very fine-grained and is mainly composed of oligoclase and
andesine (50-55%), actinolite, magnesiohornblende, and fer-
rotschermakite (25-30%) with alow percentage of quartz, bio-
tite and igneous relicts of hypersthene micrograins (10-15%),
as well as ilmenite and titanite as accessory minerals (5-10%;
Tab. 2 and 3; Figs. SA, 5B, SC and SD). Traces of manganifer-
ous ilmenite, pyrrhotite, pyrite, chalcopyrite, galena, sphalerite,
and arsenopyrite are also observed. The rock is anisotropic,
inequigranular and aphanitic, has a polygonal granonemato-
blastic microstructure and the grains of biotite and actinolite

are oriented defining schistosity planes (Fig. 4C).

Metadacite and subordinate metarhyolite

These rocks have restricted occurrences and correspond to
the top of the MNGB middle sequence based on field relation-
ships and on a felsic mineral content typical of the later stages
of volcanism. These units occur to the northeast of Piritiba
city and were identified in drill hole samples and in outcrops
(Fig. 2). These rocks are distributed along a northeast-southwest

trend and are in contact with eastern metabasalt and ferrugi-
nous metachert (Fig. 2).

The metadacite is gray colored, it has a porphyroclastic
microstructure, and is not magnetic. This rock contains submil-
limetric porphyroclasts of plagioclase with sericitized borders
and quartz (35-40% of the rock), dispersed in a fine-grained
groundmass composed of quartz, plagioclase, K-feldspar, bio-
tite, muscovite, and sericite (60-65% of the rock; Tab. 2; Figs.
3D and 4D), and traces of zircon and other opaque minerals.

The subordinate metarhyolite is gray in color and has a
fine-grained porphyroclastic microstructure. It is composed of
quartz (20-25%), K-feldspar (40-45%), plagioclase (15-20%),
biotite (10-15%), and sericite (3—7%; Tab. 2). This rock con-
tains phyllosilicate grains that are submillimetric and highly
oriented, tabular crystals of plagioclase (usually sericitized)

and grains of quartz, fine biotite and opaque minerals.

U-PB GEOCHRONOLOGY IN ZIRCON

For LA-ICP-MS U-Pb zircon age determination, the meta-
dacite (sample FD-052) of the middle sequence was selected
(see sample site in Figs. 1 and 2).

Zircons in the metadacite sample FD-052 are light to dark
brown, translucent, subhedral, and prismatic with subrounded
terminations. Grain lengths range from 77 to 550 ltm, and the
aspect ratios range from 2.0 to 3.0. Some crystals show concen-
tric oscillatory zoning and some unzoned ones. Generally, the
zircons present thin metamorphic rims and resorbed portions.

Twenty-four analyses (Tab. 4) were performed in the cores,

Mineral abbreviations: Act: actinolite; An: anorthite; Ath: anthophyllite; Aug: augite; Bt: biotite; Byt: Bytownite; Ccp: chalcopyrite; Hbl: hornblende;

Ilm: ilmenite; Ms: muscovite; Olg: oligoclase; Pl: plagioclase; Qtz: quartz; Ser: sericite; Tlc: talc.

Figure 4. Petrographic images of the MNGB: (A) Relict spinifex microstructure of metakomatiite composed of pseudomorphic anthophyllite
lath in a fine-grained groundmass of talc (sample FD-0S8A; W. Long.: 40°28°45.53” S. Lat.: 11°41°43.47°. Datum: SIRGAS 2000). (B)
Polygonal granonematoblastic microstructure of the eastern metabasalt (sample RR-018A; W. Long.: 40°30°07.88” S. Lat.: 12013’43.29”).
(C) Typical very fine-grained and polygonal granonematoblastic microstructure of the western metabasalt (sample RR-F6-001; W. Long.:
40°29’35.54” S. Lat.: 11°53’35.26”). (D) Porphyroclast of plagioclase with a sericitized border in a fine-grained groundmass of quartz, biotite,
and muscovite in the metadacite in the middle sequence of the MNGB (sample FD-052; W. Long.: 40°29'26.72” S. Lat.: 11°42°09.52”).
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Table 3. Electron microprobe data of the oxides of the elements analyzed reported in wt.% and the cationic structural formula of the minerals
in the eastern and western metabasalts.

Geologic unit Sample ID Mineral $i0, TiO, ALO, FeO MnO MgO CaO Na O KO Sum
Eastern metabasalt RR-072 Anorthite 46.60 0.08 3537 0.29 0.01 1841 1.17 0.03 101.96
Eastern metabasalt RR-072 Anorthite 46.15 3553 0.38 0.01 1834 1.09 0.02 101.52
Eastern metabasalt RR-018A Bytownite 4926 0.08 3293 016 011 0.02 1580 2.56 0.10 101.02
Eastern metabasalt RR-011C Oligoclase 62.40 22.79 0.09 3.50 920 0.08 98.06

Eastern metabasalt RR-072  Fe-Hornblende 44.13 030 1420 17.28 0.19 892 11.76 1.08 0.4 98.1
Eastern metabasalt RR-011C Mg-Hornblende 4825 0.12 727 1251 024 1427 11.07 153 0.14 95.40

Eastern metabasalt RR-018A Edenite 5146 0.18 062 1497 041 9.19 2271 016 001 99.71
Eastern metabasalt RR-072 Hypersthene  53.07 0.19 0.55 2594 0.60 1504 093 0.06 96.38
Eastern metabasalt RR-072 Hypersthene  52.59 0.04 1.00 2640 0.56 15.07 140 0.08 97.14
Eastern metabasalt RR-072 Hypersthene  52.77 0.18 040 26.53 0.74 1514 0.86 0.07 96.69
Eastern metabasalt RR-072 Titanite 16.79 4249 1.06 2539 0.66 070 14.00 0.03 101.12
Eastern metabasalt RR-072 Ilmenite 0.10 50.58 0.03 4584 079 007 002 0.03 0.01 97.47
Western metabasalt ~ RR-F6-001 Oligoclase 59.95 023 2320 0.04 5.09 871 0.04 9726
Western metabasalt  RR-F6-010 Andesine 56.79 0.03 26.89 0.14 9.04 645 0.05 99.39

Western metabasalt ~ RR-F1-001 Mg-Hornblende 46.43 0.67 844 18.06 042 10.09 11.7 090 038 97.09
Western metabasalt ~RR-F1-001 Fe-Tschermakite 40.86 0.88 11.69 27.16 0.33 3.85 11.67 092 1.13 98.49
Western metabasalt RR-F6-010 Fe-Tschermakite 41.31 0.89 11.28 2692 0.37 391 11.58 1.03 1.06 98.35

Western metabasalt ~RR-F6-001  Hypersthene  51.63 0.07 0.86 27.03 0.66 1562 0.73 0.13 96.73
Western metabasalt  RR-F1-001 Biotite 33.06 245 15.68 2896 033 486 004 0.16 9.46 95.00
Western metabasalt ~ RR-F1-001 Titanite 2995 36.06 229 199 0.09 024 26.69 002 041 97.74
Western metabasalt  RR-F6-001 Ilmenite 54.86 46.66 232 0.06 0.07 0.01 103.98

Structural formula of the minerals:

Geologic unit Sample ID Mineral Si Ti Al Fe Mn Mg Ca Na K Sum
Eastern metabasalt RR-072 Anorthite 2.106 0.003 1.884 0.011 0.001 0.891 0.103 0.002 S.001
Eastern metabasalt RR-072 Anorthite 2.095 1.901 0.014 0.001 0.892 0.096 0.001  5.000

Eastern metabasalt RR-018A Bytownite 2231 0.003 1.758 0.006 0.004 0.001 0.767 0.225 0.006 5.001
Eastern metabasalt RR-011C Oligoclase 2.810 1.210 0.003 0.169 0.803 0.005  5.000
Eastern metabasalt RR-072  Fe-Hornblende 6.526 0.033 2475 2.137 0.024 1.967 1.863 0310 0.045 17.380*
Eastern metabasalt RR-011C Mg-Hornblende 7.164 0.013 1272 1.553 0.030 3.159 1.761 0.440 0.027 17.420*

Eastern metabasalt RR-018A Edenite 7.619 0.020 0.108 1.854 0.051 2.028 3.603 0.046 0.002 17.331*
Eastern metabasalt RR-072 Hypersthene ~ 2.080 0.006 0.025 0.850 0.020 0.879 0.039 0.005 3.904
Eastern metabasalt RR-072 Hypersthene ~ 2.054 0.001 0.046 0.862 0.019 0.878 0.059 0.006 3.925
Eastern metabasalt RR-072 Hypersthene ~ 2.071 0.005 0.018 0.871 0.025 0.886 0.036 0.005 3.917
Eastern metabasalt RR-072 Titanite 0.612 1.164 0.046 0.774 0.020 0.038 0.546 0.002 3.202
Eastern metabasalt RR-072 Ilmenite 0.006 1976 0.002 1.992 0.034 0.006 0.002 0.004 4.022
Western metabasalt  RR-F6-001 Oligoclase 2.728 0.008 1.244 0.002 0.248 0.768 0.002  5.000
Western metabasalt ~ RR-F6-010 Andesine 2.561 0.001 1.429 0.005 0.437 0.564 0.003 5.000

Western metabasalt ~ RR-F1-001 Mg-Hornblende 6.982 0.076 1.496 2271 0.053 2.262 1.885 0.262 0.073 17.362*
Western metabasalt ~ RR-F1-001 Fe-Tschermakite 6.412 0.104 2.162 3.565 0.044 0.901 1962 0.280 0.226 17.656*
Western metabasalt ~ RR-F6-010 Fe-Tschermakite 6.479 0.10S 2.085 3.531 0.049 0914 1946 0313 0212 17.634*
Western metabasalt ~RR-F6-001  Hypersthene  2.035 0.002 0.040 0.891 0.022 0.918 0.031 0.010 3.949
Western metabasalt  RR-F1-001 Biotite 2.684 0.150 1.500 1.966 0.023 0.588 0.003 0.025 0.980 9.919*
Western metabasalt ~ RR-F1-001 Titanite 1.004 0.909 0.090 0.056 0.003 0.012 0.958 0.001 0.018 3.051
Western metabasalt  RR-F6-001 Ilmenite 2.002 1.893 0.095 0.004 0.004 3.998

*For amphibole and biotite were added 2.0 atomic units of H,O. The structural formula for the feldspar was provided based on 8 oxygens, for the amphibole
based on 23 oxygens, for the hypersthene based on 6 oxygens, for the biotite based on 11 oxygens, for the titanite based on S oxygens and for the ilmenite based
on 6 oxygens.
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and the results define the crystallization age. The data in the
concordia diagram yield an upper intercept age 0of 2595 +21
Ma, and the MSWD = 2.3 (Fig. 6); thus, this age is consid-
ered to represent crystallization age. These data present con-
cordances of between 55 and 91%, and the Th/U values range
from 0.31 to 1.03 (values of igneous zircons). The lower inter-
cept age of 616 £ 25 Ma indicates a loss of Pb, possibly from

low-intensity geological processes.

GEOCHEMICAL CHARACTERIZATION

The bivariate diagrams of TiO, and Al O, (the least mobile
major elements), FeO,and MgO (mobile major elements), Ni (con-
servative trace element), Y (immobile trace element), and La and
Ce (light REE) against Zr were drawn for the metakomatiite from
the lower sequence and the eastern and western metabasalts and
metadacite from the middle sequence of the MNGB; the diagrams
are shown in Figure 7, and show important correlations. Zr was
used as a crystal fractionation index due to its immobility during
alteration and metamorphism and its large range of concentration
inigneous suites, resulting from varying degrees of partial melting
and fractional crystallization (Furnes et al. 2013).

TiO, defines a positive pattern versus Zr, and the eastern
and western metabasalts form separate groups with the same

slope. The AL O, diagram features a positive asymptotic pat-
tern, in which the metakomatiite samples plot near the origin,
the metabasalt samples form a trend where the western meta-
,O,, and the metad-
acite is approximately aligned in the trend. Four distinct and

basalt exhibits relatively high values of Al

dispersed groups are formed in the FeO, plot, possibly due to
the mobility of Fe during the alteration. The negative asymp-
totic patterns in the MgO and Ni diagrams form highly defined
trends that can be explained by the fractional crystallization
of olivine and pyroxene in the metakomatiite and eastern
and western metabasalts. Y, La, and Ce, which are considered
immobile elements, show highly defined positive correlations
versus Zr. Therefore, they were used to demonstrate that meta-
komatiite, eastern and western metabasalts, and metadacite
from the MNGB can be related by fractional crystallization.

Lower sequence

The metakomatiite of the MNGB is ultramafic, with MgO
concentrations of 17-25 wt.% (Tab. S; Fig. 8A). The chon-
drite-normalized REE geochemical pattern (Boynton 1984)
indicates enrichment in light REE in the metakomatiite in the
MNGB, similar to the komatiite pattern from the Onverwacht
Suite of the Barberton greenstone belt, South Africa (Jahn et al.
1982; Tab. 6; Fig. 8D). The pattern of distribution of elements

Figure S. Classification diagrams of minerals in the eastern (blue symbols) and western (green symbols) metabasalts in the MNGB.
(A) Ternary diagram of feldspar: Ab: albite; Andes: andesine; An: anorthite; Byt: bytownite; Lab: labradorite; Olg: oligoclase; Or: orthoclase.
(B and C) Classification diagrams of the calcic amphiboles (Leake et al. 1997). (D) Classification diagram of pyroxenes (Morimoto 1988).
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resulted from low values of Nb (< 2.45 ppm) and Ti (< 1500
ppm), in addition to the enrichment in U and Th (Tab. 7) canbe
observed in Fig. 9A. High CaO/Al, O, ratios (Herzberg 1995)
in the metakomatiite of the MNGB, with three samples greater
than 1.10 (Tab. 8), allow this rock to be classified as Al-depleted.

The (La/Yb)_ ratios in the MNGB'’s metakomatiite show
high values, with an average of approximately 6.79, standard

deviation (G) of 4.21 and a minimum value of 3.00, and the
(Gd/Yb), ratios values show an average of 1.34 (6 =0.21) and
a minimum of 1.09 (Tab. 6 and 8). The Eu/Eu* ratios values
for the metakomatiite have an average of 0.95 (G = 0.06), sug-
gesting a subtle negative europium anomaly (Tab. 8). The Ce/
Ce* ratios show values around 3.72 and the REE indicates
an average of 29.32 ppm (G = 5.33, Tab. 6 and 8).

Table 4. U-Pb geochronological data, sample FD-052: metadacite from the middle sequence of the MNGB (2595 £21).

Spot (P;Jm) Th Th/U Pb_ Pb/ 16 *Pb/ 16 *Pb/ 16 "Pb/™Pb 16 %Conc. Error
name PPm  ppm 206ph 85U 88y age (Ma) o
1.1 6584 2758 0419 125 26011 0.1320 0.1667 0.0049 5.9986 0.1771 1.851 0.063 53 0.98
2.1 616.1 2774 0450 2.53 32253 0.1528 0.1887 0.0056 S5.2998 0.1561 2.014 0.061 SS 0.92
3.1 101.7 437 0430 0.42 10.4939 04770 0.4391 0.0133 22776 0.0692 2.590 0.050 90 0.78
4.1 728.8 408 0.560 190 1.5881 0.0810 0.1275 0.0038 7.8457 0.2310 1.433 0.077 53 0.96
S.1 452.6 2534 0.560 4.34 6.1109 0.2648 0.2899 0.0081 3.4494 0.0968 2.378 0.052 69 0.99
6.1 599 298 0.498 0.09 2.3350 0.1107 0.1497 0.0044 6.6794 0.1945 1.850 0.064 48 0.98
7.1 385.1 1647 0428 037 43756 0.1945 0.2258 0.0064 4.4288 0.1246 2.234 0.057 58 0.99
8.1 4159 1982 0477 0.08 22921 0.1151 0.1508 0.0045 6.6297 0.1965 1.803 0.067 50 0.97
9.1 3727 152.8 0410 0.05 42641 0.1927 0.2212 0.0064 4.5215 0.1312 2.225 0.056 57 0.97
10.1 283.1 113.6 0401 0.04 7.3544 0.3155 0.3365 0.0094 2.9720 0.0830 2.440 0.052 76 0.90
11.1 388 156.1 0.402 0.78 4.5986 0.2045 0.2332 0.0066 4.2885 0.1216 2.264 0.055 59 0.98
12.1 450.1 2053 0456 0.55 23444 0.1156 0.1531 0.0045 6.5328 0.1934 1.817 0.066 NY 0.98
13.1 406.3 160.6 0.395S 0.06 3.4443 0.1674 0.1995 0.0061 5.0133 0.1540 2.032 0.062 57 0.49
14.1 193.1 737 0.382 0.21 82819 0.3658 0.3638 0.0109 2.7491 0.0827 2.509 0.055 79 0.35
15.1 329.7 1286 0.390 0.18 6.6123 0.3050 0.3032 0.0094 3.2986 0.1025 2.436 0.085 70 0.99
16.1 3009 1132 0376 031 85090 0.3625 0.3804 0.0109 2.6287 0.0750 2.479 0.085 83 0.98
17.1 351.1 1824 0.520 0.13 S5.6869 0.2459 0.2766 0.0082 3.6159 0.1069 2.336 0.058 67 0.87
18.1 327.6 171.5 0.524 049 4.0965 0.1937 0.2147 0.0068 4.6585 0.1467 2.207 0.064 56 0.88
19.1 435.1 203.3 0467 0.37 29071 0.1374 0.1726 0.0054 5.7929 0.1824 1.988 0.063 S1 0.97
20.1 618.3 339.5 0.549 0.04 1.6806 0.0784 0.1288 0.0039 7.7629 0.2344 1.520 0.070 S1 0.97
21.1 242.3 75 0310 0.51 7.0616 0.3039 0.3297 0.0095 3.0326 0.0878 2.405 0.056 76 0.88
22.1 480.2 204.1 0425 0.54 2.5025 0.1152 0.1625 0.0049 6.1542 0.1866 1.827 0.066 53 0.87
23.1 5859 2912 0497 038 1.6196 0.0764 0.1275 0.0038 7.8418 0.2358 1.470 0.072 52 0.97
24.1 4528 467 1.031 0.28 4.5256 0.2037 0.2310 0.0069 4.3296 0.1303 2.253 0.058 59 0.99

UL upper intercept, LI: lower intercept.

Figure 6. U-Pb concordia diagram of the LA-ICP-MS data for the metadacite of the MNGB: crystallization age of 2595 £ 21 Ma. Circles in
the cathodoluminescence zircon images represent the spot size; the ages are reported in million years and the lengths are reported for each

grain separately.
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In the multielement diagram normalized to N-MORB
(Hofmann 1988), the Cs, Ba, Th and U elements show high
and anomalous concentrations in the metakomatiite as com-
pared to the other elements in the diagram, a flat pattern from
Lu to Nd and a negative anomaly of Nb as compared to the
neighboring elements in the diagram of the Fig. 9A.

The tectonic setting discrimination diagram of immobile
elements, the Nb/Yb-Th/Yb diagram, indicates that the meta-
komatiite plots form a trend with other mafic volcanic rocks
of the MNGB which extends from the N-MORB point to the
volcanic arc array (Fig. 9E).

Middle sequence

Eastern and western metabasalts

The division of MNGB metabasalt into the two eastern
and western groups, as previously discussed based on petrog-
raphy, was further confirmed by the REE patterns. These pat-
terns are reliable because of the immobility of such elements

during low-grade metamorphism, weathering and hydrother-
mal alteration, and therefore, a degree of confidence can be
placed in the obtained patterns (Rollinson 1993).

The two groups have subtle differences. The eastern meta-
basalt is high-iron tholeiitic, showing higher percentages of
Fe and Ti than the western metabasalt (Fig. 8A), which sug-
gests a small andesitic trend starting from the tholeiitic field
in some western metabasalt samples. In the AFM diagram
(Irvine and Baragar 1971), two distinct groups of samples are
also present, both in the tholeiitic series field, with just three
samples of the western metabasalt plotting in the calc-alkalic
series field (Fig. 8B).

In the chondrite-normalized REE diagram (Boynton 1984),
the western metabasalt is more fractionated and enriched in light
rare earth elements (LREE) than the eastern metabasalt, which
shows a flat REE pattern (Tab. 6; Figs. 8E and 8F). The frac-
tionation difference is also observed in the average (La/Yb),
ratio: the western metabasalt has a value 0f 4.47 and the east-
ern one has avalue of 1.91 (Tab. 8). The (Gd/Yb),, ratios show

Figure 7. Binary plots using Zr as a differentiation index for the metavolcanic rocks of the MNGB.
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Table 5. Whole-rock major and minor oxide chemical data (wt.%)*.

Unit and classification SampleID W. Long. S. Lat. $i0, TiO, ALO, Fe, Ot MnO MgO CaO Na O KO P,O, LOI Sum
Mundo Novo greenstone belt
Metakomatiite RR-011B  40°25°02.20” 11°48’39.22” 47.01 0.25 7.33 10.18 022 2446 299 0.8 0.03 0.005 549 98.05
Metakomatiite FD-37-017 40°30'22.03” 11°41°07.33” 54.39 023 7.12 6.8 0.65 17.57 10.1S 0.65 03 019 3.73 101.66
Metakomatiite FD-058A  40°28°45.53” 11°41’43.47” 57.22 0.07 219 6.2 0.1 2438 242 005 0.03 0.005 4.52 97.12
Metakomatiite FD-070  40°28'36.03” 11°41’39.19” 55.02 0.07 2.81 9.38 023 1891 74 0.11 0.03 0.005 4.03 98.00

Eastern metabasalt RR-006 40°25'40.85” 11°53°04.26” 49.78 0.83 14.05 11.97 021 81 1253 0.96 025 0.04 055 99.27
Eastern metabasalt RR-011C  40°25'02.20” 11°48°39.22” 49.08 1.19 1339 14.03 024 698 1067 0.8 032 0.05 08 9755
Eastern metabasalt RR-014B  40°3021.91” 11°41’40.20” 5049 1 1371 1342 022 633 1069 22 026 006 122 99.60
Eastern metabasalt RR-018A 40°30°07.88” 12°13’43.29” 4893 1.04 14.18 1411 023 7.16 1139 21 026 0.07 052 99.99
Eastern metabasalt RR-018B  40°30°07.94” 12°13'43.35” S1.33 1.07 13.74 14.04 024 7.26 1041 2.55 026 0.08 0.53 101.51
Eastern metabasalt RR-018C 40°30°08.01” 12°13°43.42” 5248 1.1 1419 1339 021 568 11.57 195 0.8 0.1 043 101.28
Eastern metabasalt RR-018D 40°30°08.08” 12°13'43.48” S1.83 1.06 14.16 134 021 547 1327 139 015 0.09 048 101.51
Eastern metabasalt RR-071  40°2839.28” 11°36'42.51” 54.77 146 1332 1576 026 6.36 10.05 0.65 023 0.03 085 103.74
Eastern metabasalt RR-072  40°29°25.44” 11°37'14.46” 54.68 1.52 1345 1519 022 672 973 041 013 005 0.67 102.77
Eastern metabasalt RR-078  40°28°06.14” 11°39'32.83” 52.46 1.1S 13.76 1335 021 649 1056 1.68 0.19 0.04 0.63 100.52
Eastern metabasalt RR-080 40°26°38.53” 11°40°09.08” S1.14 0.97 15.65 1338 02 647 1027 2.88 031 009 0.6 101.96
Eastern metabasalt ~ FD-37-001 40°30°22.03” 11°41’07.33” 50.14 0.97 14.33 12.6 022 647 1084 198 0.09 0.08 0.9 98.62
Eastern metabasalt ~ FD-37-002 40°3022.03” 11°41’07.33” 52.47 0.98 14.47 1295 021 6.63 1072 2.14 0.12 0.07 0.57 101.33
Eastern metabasalt ~ FD-37-004 40°30°22.03” 11°41’07.33” 51.5 1.11 14.03 1435 023 549 995 208 0.16 0.09 036 9935
Eastern metabasalt ~ FD-37-005 40°30°22.03” 11°41’07.33” 50.92 1.21 1321 15.04 023 497 992 213 015 0.1 068 98.56
Eastern metabasalt ~ FD-37-006 40°3022.03” 11°41’07.33” 50.81 0.71 15.59 11.17 0.18 7.74 11.18 222 015 0.06 0.89 100.70
Eastern metabasalt ~ FD-37-007 40°30°22.03” 11°41’07.33” 51.08 0.99 14.56 1392 021 6.58 996 2.57 025 0.09 092 101.13
Eastern metabasalt ~ FD-37-009 40°30°22.03” 11°41’07.33” 52.74 0.93 1495 13.57 021 7.53 10.68 238 0.18 0.08 0.61 103.86
Eastern metabasalt ~ FD-37-011 40°3022.03” 11°41°07.33” 52.94 1.02 13.62 13.86 021 6.88 1032 2.06 024 0.04 0.89 102.08
Eastern metabasalt ~ FD-37-012 40°30°22.03” 11°41’07.33” 53.63 1.23 14.07 1543 025 S5.07 1001 236 0.16 0.2 0.88 103.21
Eastern metabasalt ~ FD-37-013 40°30°22.03” 11°41°07.33” 52.66 0.99 14.75 13.09 022 623 10.62 216 0.18 0.09 0.82 101.81
Eastern metabasalt ~ FD-37-015 40°3022.03” 11°41°07.33” 4891 1.12 15.58 1427 024 6.58 11.58 233 021 01 0.93 101.85
Eastern metabasalt ~ FD-37-016 40°3022.03” 11°41°07.33” 48.7 128 1747 13.65 0.18 7.7 923 204 093 0.17 246 103.81
Eastern metabasalt ~ FD-37-019 40°30722.03” 11°41°07.33” 53.15 0.99 14.19 13.06 022 6.16 10.68 239 0.13 0.1 0.77 101.84
Eastern metabasalt FD-016 40°29'24.00” 11°42’01.07” 53.15 1.02 12.62 12.62 026 S5.85 86 21 034 006 094 97.56
Eastern metabasalt FD-028 40°26'43.09” 11°48'24.59” 52.18 1.27 1324 12.86 021 574 1244 1.58 024 0.07 0.78 100.61
Western metabasalt RR-022 40°36’07.38” 12°18'51.47” 49.47 095 1428 1239 023 5.88 10.75 23 0.61 007 0.76 97.69
Western metabasalt ~ RR-F1-001 40°29'40.00” 11°53'22.35” 55.52 0.99 14.69 1223 023 717 934 189 053 0.1 128 103.97
Western metabasalt RR-F4-006 40°29’31.17” 11°54'14.89” 49.75 126 15.1 1296 02 474 819 372 031 0.17 024 96.64
Western metabasalt ~ RR-F4-007 40°29'31.17” 11°54’14.89” 49.8 135 15.05 12.58 0.19 474 7.63 233 157 019 032 9575
Western metabasalt RR-F6-001 40°29’35.54” 11°53’35.26” 57.06 134 164 724 011 237 592 471 118 02 0.8 9733
Western metabasalt  RR-F6-002 40°29'35.54” 11°53’35.26” 48.04 1.56 17.37 1127 019 4.64 721 403 099 0.17 0.64 96.11
Western metabasalt RR-F6-003 40°29'35.54” 11°53’35.26” 46.4 145 15.54 128 024 595 821 293 098 0.17 0.8 9535
Western metabasalt RR-F6-004 40°29'35.54” 11°53’35.26” 48.72 1.3 14.51 11.68 02 515 94 204 083 0.9 104 95.06
Western metabasalt RR-F6-005 40°29’35.54” 11°53’35.26” 50.26 1.28 15.5 13.09 02 494 852 3.14 096 0.17 035 9841
Western metabasalt  RR-F6-006 40°29'35.54” 11°53’35.26” 50.5 134 1571 1296 02 444 848 3.53 0.83 0.9 026 98.44
Western metabasalt  RR-F6-007 40°29'35.54” 11°53’35.26” 52.73 14 1578 10.57 017 416 813 374 0.18 02 025 9731
Western metabasalt ~ RR-F6-008 40°29'35.54” 11°53’35.26” 4898 129 152 1244 02 518 836 33 091 0.16 035 9637
Western metabasalt  RR-F6-009 40°29°35.54” 11°53’35.26” 48.1 133 1523 13.02 022 63 815 259 022 0.16 0.14 9546
Western metabasalt RR-F6-010 40°29°35.54” 11°53’35.26” 50.64 1.4 15.08 1275 022 537 719 254 0.63 0.18 0.05 96.05
Western metabasalt ~RR-F6-016 40°29'35.54” 11°53’35.26” 5448 0.71 16.43 11.03 023 6.07 3.52 404 119 0.07 247 10024
Western metabasalt RR-F6-018 40°29°35.54” 11°53’35.26” 53.79 0.63 15.71 9.44 02 619 982 235 024 0.09 0.77 9923

Western metabasalt Rl;i;é 40°29'27.40” 11°53’33.16” 5724 0.73 142 1032 016 501 85 257 0.74 0.05 1.36 100.88
Metadacite FD-052 40°29°26.72” 11°42°09.52” 7098 0.34 14.22 S5.08 0.07 2.09 124 202 246 0.04 1.55 100.09
Metarhyolite FS?PEJ—OZ 40°29'33.55” 11°42°52.06” 732 041 1149 6.58 0.08 163 181 141 269 0.08 0.74 100.12

*The coordinates of the samples were obtained based on SIRGAS 2000 Datum.
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Figure 8. Geochemical diagrams for MNGB rocks. (A) Classification diagram of Jensen (1976): Fe® + Ti = FeO + Fe O, + TiO,; Al =
AL O; Mg = MgO. (B) AFM diagram, tholeiitic and calc-alkalic series (Irvine and Baragar 1971), A = Na,O + K,0; F = FeO + 0.8998Fe,0;
M = MgO. (C) SiO, vs. Na,0 + K,O classification diagram (Middlemost 1994). Chondrite-normalized REE diagram (Boynton 1984):
(D) Metakomatiite in the MNGB lower sequence compared to the metakomatiite in the Barberton greenstone belt (Jahn et al. 1982);
(E) eastern metabasalt in the MNGB middle sequence; (F) western metabasalt in the MNGB middle sequence; (G) metadacite and

metarhyolite in the MNGB middle sequence.

15



Braz. J. Geol. (2020), 50(3): e20190041

Table 6. Whole-rock REE chemical data (ppm).
Unit and classification SampleID La Ce Pr Nd Sm Fu Gd Tb Dy Ho Er Tm Yb Lu XREE

Mundo Novo greenstone belt

Metakomatiite RR-011B 9.5 132 118 38 06 02 068 012 074 016 049 007 0S5 007 311
Metakomatiite FD-37-017 72 126 162 6.7 14 043 156 021 149 03 094 013 09 0.13 3561
Metakomatiite FD-0S8A 7.1 65 13 S3 12 042 16 026 16 032 1 014 0.8 0.025 27.56
Metakomatiite FD-070 49 37 117 47 13 051 174 029 181 041 111 019 1.1 0.11 23.04

Eastern metabasalt RR-006 S 102 146 7 2.1 076 271 046 3.01 0.63 1.88 026 1.7 0.26 3743
Eastern metabasalt RR-011C 10.7 24.1 3.15 144 3.7 1.04 402 0.64 392 079 225 03 1.8 027 71.08
Eastern metabasalt RR-014B 64 119 195 93 29 1 3.8 0.69 483 103 3.09 045 29 044 50.68
Eastern metabasalt RR-018A 7 163 222 103 29 1 373 066 431 093 272 041 26 039 5547
Eastern metabasalt RR-018B 73 134 187 91 28 09 3.54 061 4.17 0.89 2.69 038 2.5 0.38 50.53
Eastern metabasalt RR-018C 9.3 209 266 121 32 1.04 39 068 442 096 288 041 2.7 041 6556
Eastern metabasalt RR-018D 8 18 231 107 2.8 098 3.58 0.63 416 091 2.67 038 2.5 039 58.01
Eastern metabasalt RR-071 11.6 19.1 29 131 34 106 463 069 452 087 254 033 21 032 67.16
Eastern metabasalt RR-072 11 246 293 139 3.8 128 467 077 46 094 26 037 22 037 74.03
Eastern metabasalt RR-078 10 12.8 219 103 3.1 117 441 075 528 1.09 339 0S5 33 0.51 58.79
Eastern metabasalt RR-080 10.1 141 196 89 27 099 395 071 4.69 099 3.09 043 28 046 S55.87
Eastern metabasalt FD-37-001 6.1 12.6 183 89 25 099 3.62 0.64 428 0.88 276 038 26 04 4848
Eastern metabasalt FD-37-002 § 113 17 84 25 096 344 063 421 09 263 037 25 039 4493
Eastern metabasalt FD-37-004 S.7 13.7 208 99 34 122 439 079 §28 115 322 0S5 33 049 5512
Eastern metabasalt FD-37-005 6.5 149 226 105 3.2 1.12 455 0.78 S5.16 1.13 34 049 3.1 049 57.58
Eastern metabasalt FD-37-006 49 84 12 62 19 07 273 049 3.09 068 196 03 19 028 3473
Eastern metabasalt FD-37-007 62 12 177 83 26 094 341 06 431 0.88 245 04 26 038 46.84
Eastern metabasalt FD-37-009 5.7 11.7 161 79 24 086 331 059 4.05 0.83 254 038 24 037 44.64
Eastern metabasalt FD-37-011 6.1 127 182 84 25 096 346 0.6 396 087 263 037 25 041 4728
Eastern metabasalt FD-37-012 6.3 141 202 10 33 116 449 077 542 111 333 049 33 048 56.27
Eastern metabasalt FD-37-013 46 112 17 89 27 097 4 071 435 096 286 047 27 043 46.55
Eastern metabasalt FD-37-01S 69 129 191 92 3 107 421 0.73 482 1.06 3.12 046 3 0.5 52.88
Eastern metabasalt FD-37-016 69 14.8 232 11.1 3.7 127 486 087 S5 122 364 0.52 34 0.54 60.64
Eastern metabasalt FD-37-019 7.1 141 195 93 28 1 362 0.67 445 096 281 042 2.8 046 52.44
Eastern metabasalt FD-016 74 12 194 9 26 094 378 0.65 442 092 293 039 26 04 4997
Eastern metabasalt FD-028 5.7 131 199 102 32 112 434 072 482 1 292 044 29 042 52.87
Western metabasalt RR-022 18.6 27.6 474 192 48 142 498 084 549 1.14 328 048 3.1 044 96.11
Western metabasalt RR-F1-001 21.1 39.1 518 20 47 141 523 0.84 507 098 272 038 26 041 109.72
Western metabasalt RR-F4-006 23 443 5.6 234 S5 154 6.15 1 656 133 4 0.57 3.8 0.56 127.31
Western metabasalt RR-F4-007 25 458 579 234 56 159 64 104 679 131 394 056 3.7 0.58 131.5
Western metabasalt ~ RR-F6-001 25.8 48.7 6.24 249 57 145 651 106 674 132 379 0.59 3.7 0.5 137.05
Western metabasalt ~ RR-F6-002 26.5 552 7.1 282 6.8 1.67 7.62 122 7.71 1.56 4.58 0.66 4.4 0.64 153.86
Western metabasalt ~ RR-F6-003 27.7 47.5 5.96 243 58 163 6.67 1.1 6.86 142 426 0.67 4 0.66 138.53
Western metabasalt ~ RR-F6-004 239 454 S5.88 236 59 14 656 108 6.87 141 399 06 3.8 0.54 130.93
Western metabasalt ~ RR-F6-005 234 459 591 242 58 1.72 6.58 1.06 6.59 138 426 0.58 39 0.6 131.88
Western metabasalt ~ RR-F6-006 21.7 451 5.82 23 57 206 648 1 6.67 137 4.12 0.56 3.8 0.58 127.96
Western metabasalt RR-F6-007 222 45.8 6.05 242 58 201 686 1.09 69 139 413 0.59 39 0.6 131.52
Western metabasalt RR-F6-008 239 48 6.04 248 6 193 665 105 6.62 132 399 0.6 3.8 0.58 13528
Western metabasalt RR-F6-009 213 44.8 5.84 239 59 182 6.59 1.02 679 136 4.15S 057 3.8 0.57 12841
‘Western metabasalt RR-F6-010 23 443 579 236 54 156 68 104 661 136 4 066 38 0.61 12853
Western metabasalt RR-F6-016 109 192 235 9.5 2 053 259 043 3.01 0.72 2.09 033 22 0.34 56.19
Western metabasalt RR-F6-018 162 31.8 392 157 34 098 3.88 061 3.66 0.77 234 034 21 035 86.05
Western metabasalt RR-F16-027 24.1 309 3.65 142 3.1 0.83 3.61 0.56 3.64 0.75 2.17 035 2.1 033 90.29
Metadacite FD-052 163 29.8 297 124 28 0.69 262 043 2.81 052 154 0.18 13 0.16 74.52
Metarhyolite RR-FST-002 35.5 644 627 239 44 094 4.09 0.6 366 0.73 225 027 22 0.26 14947
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Table 7. Whole-rock trace and minor element chemical data (ppm).

Unit and classification SampleID Cs Ba Th U Ta Nb Zr Hf Ti Y Sr Rb Ni v

Mundo Novo greenstone belt

Metakomatiite RR-011B 037 S 12 035 0.025 245 13 0.53 1500 4.47 12 12 945 2§
Metakomatiite FD-37-017 051 176 2.8 138 03 1.69 43 131 1380 883 49 103 644 42
Metakomatiite FD-0S8A 006 42 26 072 036 127 20 0.63 420 1047 S 1.6 587 25§
Metakomatiite FD-070 0.11 S0 0.8 039 0025 058 15 02 420 1202 S 1 493 2.5
Eastern metabasalt RR-006 076 104 05 0.16 0025 33 40 127 4980 18.07 9 81 115 207

Eastern metabasalt RR-011C  1.52 134 23 066 0.17 732 93 248 7140 21.67 100 81 110 232
Eastern metabasalt RR-014B 0.13 122 0.8 0.13 0.025 2.66 69 196 6000 2843 108 6.1 112 283
Eastern metabasalt RR-018A 03 110 1.8 0.31 0.025 53 77 215 6240 2624 109 4 112 295
Eastern metabasalt RR-018B 021 80 1 027 0.025 3.59 67 187 6420 2446 120 5.8 110 306
Eastern metabasalt RR-018C 017 132 1.8 042 0.025 969 75 199 6600 272 128 2.1 112 306
Eastern metabasalt RR-018D 0.16 119 2.7 042 034 756 72 207 6360 2588 162 1.8 109 292

Eastern metabasalt RR-071 077 73 23 031 0025 552 84 252 8760 2227 66 S2 92 306
Eastern metabasalt RR-072 036 30 1.1 029 0.025 477 88 2.71 9120 22.77 185 4 97 31§
Eastern metabasalt RR-078 025 242 08 029 0.025 3.08 69 223 6900 2829 94 7.6 125 315
Eastern metabasalt RR-080 027 102 09 039 0.025 291 83 2 5820 24.88 133 11.7 124 386

Eastern metabasalt FD-37-001 02 108 04 035 0.025 226 78 197 5820 22.32 109 2.6 90 366
Eastern metabasalt FD-37-002 017 46 0.1 022 0.025 193 69 199 5880 2286 110 2.8 108 371
Eastern metabasalt FD-37-004 0.09 40 04 023 0.025 246 85 228 6660 27.81 107 2.3 72 423
Eastern metabasalt FD-37-005 0.07 34 04 026 0.025 275 91 236 7260 29.87 127 16 62 425
Eastern metabasalt FD-37-006 041 53 0.0S5 0.18 0025 1 48 137 4260 164 107 49 152 298
Eastern metabasalt FD-37-007 042 232 03 024 0.025 199 79 191 5940 2331 122 6.6 142 362
Eastern metabasalt FD-37-009 024 185 02 024 0.025 1.84 73 1.87 5580 22.88 117 33 164 374
Eastern metabasalt FD-37-011 029 127 0.5 027 0.025 403 56 1.69 6120 223 111 47 148 299
Eastern metabasalt FD-37-012 0.12 40 04 0.27 0.025 3.5 96 241 7380 28.27 109 2 49 490
Eastern metabasalt FD-37-013 041 54 0.05 021 0.025 223 73 193 5940 2235 113 46 106 379
Eastern metabasalt FD-37-015 0.51 116 0.2 0.27 0.025 2.62 87 215 6720 26.05 120 S5 116 415
Eastern metabasalt FD-37-016 129 768 5 047 161 45 96 396 7680 28.83 107 329 110 451
Eastern metabasalt FD-37-019 0.09 35S 0.7 027 0.025 252 77 216 5940 2328 112 1.5 77 409
Eastern metabasalt FD-016 032 161 1.5 036 0.14 264 78 2.09 6120 249 111 82 104 323
Eastern metabasalt FD-028 092 56 0.7 021 0.17 292 75 191 7620 25.05 132 89 111 322
Western metabasalt RR-022 031 78 19 046 032 525 87 236 5700 2844 574 13.7 83 192
Western metabasalt ~ RR-F1-001 12 141 42 095 0.025 622 138 3.44 5940 254 127 163 148 257
Western metabasalt RR-F4-006 0.12 72 34 106 015 7.06 169 45 7560 32.18 187 4.5 88 331
Western metabasalt RR-F4-007 0.63 480 33 1.08 0.08 7.8 171 431 8100 353 180 462 89 338
Western metabasalt RR-F6-001 1.6 216 44 139 026 9.05 177 494 8040 32.77 131 43.7 106 358
Western metabasalt RR-F6-002 1.9 188 43 1.3 024 87 192 527 9360 40.14 108 29.5 91 312
Western metabasalt ~ RR-F6-003 1.11 244 3.6 1.16 0.025 8.05 183 4.73 8700 36.53 127 19.8 97 366
Western metabasalt RR-F6-004 131 184 33 1.09 0.025 7.05 161 4.52 7800 33.53 80 209 93 310
Western metabasalt RR-F6-005 2.57 278 33 1.09 0.025 7.1 171 445 7680 34.07 205 192 92 316
Western metabasalt ~ RR-F6-006 0.46 228 33 111 0.025 749 167 441 8040 36.03 214 165 91 322
Western metabasalt RR-F6-007 0.12 98 34 1.11 0.025 7.34 172 432 8400 35.58 148 2.7 86 322
Western metabasalt RR-F6-008 1.01 157 32 1.01 0.025 6.82 163 446 7740 3429 152 165 88 326
Western metabasalt RR-F6-009 019 55 32 1.03 0.025 748 162 44 7980 37.08 204 33 93 319
Western metabasalt RR-F6-010 0.55 184 3.1 1.08 0.025 7.51 170 4.36 8400 3444 171 122 89 328
Western metabasalt RR-F6-016 2 130 2.8 096 0.025 4.54 130 3.07 4260 17.1 S4 272 S1 241
Western metabasalt RR-F6-018 0.33 59 2.7 093 0.025 4.04 118 2.86 3780 20.71 220 43 82 221
Western metabasalt RR-F16-027 0.55 136 3.1 1.08 031 2.85 121 2.82 4380 20.78 112 21.5 80 313
Metadacite FD-052 329 553 7 524 1.01 9.57 83 272 2040 1494 109 923 99 76

Metarhyolite RR-FST-002 5.83 631 17.1 537 026 837 152 4.88 2460 1991 144 953 49 67
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an average of 1.38 (G = 0.13) for the western metabasalt and for the eastern metabasalt have an average of 6.12 (6 =0.81),
of 1.21 (6'=0.21) for the eastern one (Tab. 8). Eu/Eu* ratios different from the western metabasalt, with an average value
indicate subtle negative anomalies of europium more accen- of 9.15 (0 = 1.43; Tab. 8), in addition to the ZREE average
tuated to western metabasalt (average = 0.83 and G = 0.09; value for the eastern metabasalt of 53.68 (G = 9.26), which is
Tab. 8) than the Eu/Eu* ratio values of the eastern metaba- significantly lower than the ZREE average value of 120.06
salt (average = 0.93 and G = 0.04; Tab. 8). The Ce/Ce* ratios (0 =24.47) of the western metabasalt (Tab. 6).

Figure 9. Geochemical diagrams for MNGB rocks. Multielement diagram of trace elements normalized to N-MORB (Hofmann 1988):
(A) metakomatiite in the MNGB lower sequence; (B) eastern metabasalt in the MNGB middle sequence; (C) western metabasalt in the middle
sequence; (D) metadacite and metarhyolite in the MNGB middle sequence. Tectonic setting discrimination diagram: (E) metakomatiite and
eastern and western metabasalts in the MNGB lower and middle sequences plotted in the Nb/Yb-Th/Yb diagram (N-MORB: Normal - Middle
ocean ridge basalts, E-MORB: Enriched — Middle ocean ridge basalts, OIB: Ocean island basalts; Pearce 2008) compared with basalts from South
Abitibi (Kerrich and Xie 2002, Xie and Kerrich 1994), Barberton (Jochum et al. 1991, Parman et al. 1997, Chavagnac 2004) and Isua Archean
greenstone belts (Polat and Hoffmann 2003, Polat et al. 2002) and the Mariana Arc (Pearce et al. 2005); (F) eastern and western metabasalts in
the MNGB middle sequence plotted in the Zr-Zr/Y diagram (IAT: Island arc tholeiitic, MORB: Middle ocean ridge basalts, WPB: Within-plate
basalts); (G and H) metadacite in the MNGB middle sequence plotted in the Y + Nb-Rb and Y-Nb diagrams (Pearce et al. 1984).
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Table 8. Major, REE and trace element ratios.

Unit and classification Sample ID Zr/Y CaO/ALO, (La/Yb),  (Gd/Yb) Eu/Eu* Ce/Ce*
Mundo Novo greenstone belt
Metakomatiite RR-011B - 0.41 12.80 1.09 0.96 3.96
Metakomatiite FD-37-017 - 1.42 5.39 1.39 0.89 S.12
Metakomatiite FD-058A - 1.10 5.98 1.61 0.93 3.13
Metakomatiite FD-070 - 2.63 3.00 1.27 1.04 2.68
Average - 1.39 6.79 1.34 0.95 3.72
Standard deviation (G) - 0.92 421 0.21 0.06 1.07
Eastern metabasalt RR-006 2.21 - 1.98 1.29 0.97 5.54
Eastern metabasalt RR-011C 4.29 - 4.01 1.80 0.82 7.65
Eastern metabasalt RR-014B 243 - 1.49 1.06 0.92 5.67
Eastern metabasalt RR-018A 2.93 - 1.82 1.16 0.93 6.88
Eastern metabasalt RR-018B 2.74 - 1.97 1.14 0.87 5.54
Eastern metabasalt RR-018C 2.76 - 2.32 1.17 0.90 7.15
Eastern metabasalt RR-018D 2.78 - 2.16 1.16 0.95 6.81
Eastern metabasalt RR-071 3.77 - 3.72 1.78 0.82 6.19
Eastern metabasalt RR-072 3.86 - 3.37 1.71 0.93 7.40
Eastern metabasalt RR-078 2.44 - 2.04 1.08 0.97 4.75
Eastern metabasalt RR-080 3.34 - 2.43 1.14 0.93 4.75
Eastern metabasalt FD-37-001 3.49 - 1.58 1.12 1.01 5.96
Eastern metabasalt FD-37-002 3.02 - 1.35 1.11 1.00 6.22
Eastern metabasalt FD-37-004 3.06 - 1.16 1.07 0.97 6.89
Eastern metabasalt FD-37-005 3.05 - 1.41 1.18 0.90 6.84
Eastern metabasalt FD-37-006 293 - 1.74 1.16 0.94 4.63
Eastern metabasalt FD-37-007 3.39 - 1.61 1.06 0.97 5.64
Eastern metabasalt FD-37-009 3.19 - 1.60 1.11 0.93 5.72
Eastern metabasalt FD-37-011 2.51 - 1.65 1.12 1.00 5.98
Eastern metabasalt FD-37-012 3.40 - 1.29 1.10 0.92 6.50
Eastern metabasalt FD-37-013 327 - 1.18 1.20 0.90 6.57
Eastern metabasalt FD-37-015 3.34 - 1.55 1.13 0.92 5.65
Eastern metabasalt FD-37-016 3.33 - 1.37 1.15 0.92 6.61
Eastern metabasalt FD-37-019 3.31 - 1.71 1.04 0.96 592
Eastern metabasalt FD-016 3.13 - 1.92 1.17 0.92 5.18
Eastern metabasalt FD-028 2.99 - 1.33 1.21 0.92 6.59
Average 3.11 - 191 121 0.93 6.12
Standard deviation (G) 0.46 - 0.74 0.21 0.04 0.81
Western metabasalt RR-022 3.06 - 4.05 1.30 0.89 7.71
Western metabasalt RR-F1-001 5.43 - 5.47 1.62 0.87 8.89
Western metabasalt RR-F4-006 5.25 - 4.08 1.31 0.81 9.45
Western metabasalt RR-F4-007 4.84 - 4.56 1.40 0.81 9.45
Western metabasalt RR-F6-001 5.40 - 4.70 1.42 0.73 10.02
Western metabasalt RR-F6-002 4.78 - 4.06 1.40 0.71 11.27
Western metabasalt RR-F6-003 5.01 - 4.67 1.35 0.80 9.39
Western metabasalt RR-F6-004 4.80 - 4.24 1.39 0.69 9.68
Western metabasalt RR-F6-005 5.02 - 4.05 1.36 0.85 9.83
Western metabasalt RR-F6-006 4.64 - 3.85 1.38 1.04 9.98
Western metabasalt RR-F6-007 4.83 - 3.84 1.42 0.97 10.18
Western metabasalt RR-F6-008 4.75 - 4.24 141 0.93 10.06
Western metabasalt RR-F6-009 4.37 - 3.78 1.40 0.89 10.05
Western metabasalt RR-F6-010 4.94 - 4.08 1.44 0.79 9.64
Western metabasalt RR-F6-016 7.60 - 3.34 0.95 0.71 5.87
Western metabasalt RR-F6-018 5.70 - 5.20 1.49 0.82 7.85
Western metabasalt RR-F16-027 5.82 - 7.74 1.39 0.76 6.21
Average 5.07 - 447 1.38 0.83 9.15
Standard deviation (G) 0.89 - 0.99 0.13 0.09 143
Metadacite FD-052 - - 8.45 1.62 0.77 6.63
Metarhyolite RR-FST-002 - - 10.87 1.50 0.67 9.90
Average - - 9.66 1.56 0.72 8.86
Standard deviation (G) - - 1.71 0.09 0.07 2.31
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The geochemical data of the major and trace elements nor-
malized to the fertile mantle MORB (FMM) values as a tec-
tonic setting marker (Pearce and Parkinson 1993) are similar
for both metabasalt types of the MNGB. The patterns in which
normalized Nb (24.06) and Zr (11.48) > TiO, (6.47) and in
whichY (6.98) and Yb (7.04) > CaO (3.00),ALO, (3.91) and
V (4.20) into the two metabasalts are similar to the patterns
in ocean floor basalts in a back-arc basin system, as demon-
strated in the Barberton greenstone belt (Furnes et al. 2013).

In the multielement diagram of trace elements normal-
ized to N-MORB (Hofmann 1988; Figs. 9B and 9C), both
metabasalt groups show enrichments of Cs, Ba, Th, U and
LREE relative to Ta, Nb, Zr, Hf, Ti, Y and heavy rare earth
elements (HREE), a flat pattern from Lu to Zr, and a nega-
tive Ta anomaly. The difference between the two groups is
subtle but consistent, as for example, the negative Ti anom-
aly is more accentuated in the western metabasalt than in the
eastern one, the western metabasalt is more enriched in La,
Ce, and Nd than the eastern, and the Th, U, and Cs values of
the western metabasalt are greater than the values of the same
elements in the eastern metabasalt.

The Nb/Yb-Th/Yb discrimination diagram of immobile
elements in the eastern and western metabasalts of the MNGB
indicates a trend that extends from N-MORB in the MORB-
Ocean island basalts (OIB) array to the volcanic arc array, with a
principal axis of dispersion of the plots oblique to the MORB-
OIB array (Fig. 9E). This pattern is similar to oceanic subduc-
tion-related basalts of the Mariana Arc and Isua, Barberton and
South Abitibi Archean greenstone belts (Fig. 9E). The eastern
metabasalt has an IAT-type pattern, with some samples over-
lapping the MORB field, and the western metabasalt mainly
teatures a MORB pattern with a few occurrences plotting in
the within-plate basalt field (WPB; Fig. 9F). Thus, the Zr/Y
ratio values for the eastern metabasalt with an average of 3.11
(0=0.46) are lower than the values of the western metabasalt,
that show an average of 5.07 (G = 0.89; Tab. 8).

Metadacite and subordinate metarhyolite

The felsic metavolcanic rocks of the middle sequence of the
MNGB are classified as metadacite and subordinate metarhy-
olite in the SiO, vs. Na,O + K, O diagram (Middlemost 1994;
Fig. 8C). The chondrite-normalized REE diagram (Boynton
1984) for these felsic metavolcanic rocks subtly slopes from Lu
to Gd, as shown by (Gd/YDb) ratios average of 1.56 (G = 0.09;
Tab. 8), with a negative Eu anomaly (Fig. 8G), as indicated
by the average Eu/Eu* ratio of 0.72 (G =0.07; Tab. 8). There
is enrichment in LREE with strong fractionation from Sm to
La also shown by the average of the (La/Yb) ratio of 9.66
(0 = 1.71; Tab. 8). The average of the Ce/Ce* ratio is 8.86
(0 =2.31; Tab. 8) and the SREE value for the metadacite
sample is 74.52 and for the metarhyolite sample the YREE
value obtained was 149.47 (Tab. 6).

In the N-MORB-normalized multielement diagram
(Hofmann 1988; Tab. 7; Fig. 9D), the metadacite is enriched
in Nb and Ta; high Cs, Ba, Th and U values, a negative Ti
anomaly and moderate values of Hf (2.72-4.88 ppm) and
Zr (83-152 ppm) are shown. Moreover, the metadacite and
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subordinate metarhyolite plot in the volcanic arc field in the
tectonic diagrams of Pearce et al. (1984; Figs. 9G and 9H).

DISCUSSION

The fine-grained microstructure of the metakomatiite in the
MNGB is composed of skeletal grains with planar growths that
intersect each otherand do not intercept former structures, which
indicates arelict spinifex microstructure preserved in chilled mar-
gins of the komatiite flows. This spinifex microstructure in the
metakomatiite and the occurrence of pillow lava structure in the
eastern metabasalt suggest rapid and subaquatic crystallization
such as that widely observed and interpreted in other greenstone
belt terrains (Anhaeusser 2014). The lithological association of
the volcanic rocks of the MNGB with the metachert and BIF,
the absence of zircon xenocrysts, the manganiferous ilmenite
occurrence in the western metabasalt and the carbonate and
argilic-chloritic hydrothermal alteration zones developed on the
western metabasalt indicate ocean floor settings (Zucchetti et al.
2000a, 2000b, Grachev et al. 2011, Spreafico 2017).

The effect of the fractional crystallization and hetero-
geneous intraoceanic crustal contamination during the rise
of the magma in the eastern and western metabasalts of the
MNGB may explain the differences in the mineral paragenesis.
The eastern metabasalt, for example, is composed mainly of
anorthite, bytownite, magnesiohornblende, ferrohornblende,
augite, edenite, and quartz; the western metabasalt comprises
oligoclase, andesine, actinolite, ferrotschermakite, magnesio-
hornblende, biotite, and quartz.

Enrichments of Cs, Ba, Th, and LREE relative to Ta, Nb,
Zr, Hf, Ti, Y and HREE and the flat pattern from Lu to Nd in
the multielement diagram (Figs. 9A, 9B and 9C) show that
the metakomatiite and the two metabasalts of the MNGB
were generated from the metasomatized mantle above the
subducting altered oceanic crust; Furnes et al. (2013) inter-
preted a similar enrichment in the Onverwacht Suite in the
Barberton greenstone belt. However, the enrichment of LREE
relative to HREE in the chondrite-normalized REE diagram
(Boynton 1984; Figs. 8E and 8F) was more accentuated in
the metakomatiite, which shows average values of the (La/
Yb), and (Gd/Yb) ratios of 6.79 and 1.34, respectively,
and in the tholeiitic-calc-alkalic western metabasalt, which
shows higher average values of the (La/Yb) and (Gd/Yb)
| ratios of 4.47 and 1.38, respectively, relative to the high-
iron tholeiitic eastern metabasalt, which shows average val-
ues of 1.91 and 1.21, respectively. In this sense, the XREE
average value to the western metabasalt of 120.06 is also sig-
nificantly greater than the YREE average value to the east-
ern metabasalt of 53.68 and the XREE average value to the
metakomatiite of 29.32.

High Ce/Ce* ratio values to metadacite (6.63) and meta-
rhyolite (9.90) may be explained by the trace concentration
of zircon in these rocks. Thus, it opens the possibility of the
occurrence of zircon in the western metabasalt, which also has
high Ce/Ce* ratio average values of 9.18.

Eu/Eu* ratio values form a downward trend from the east-

ern metabasalt (average of 0.93) to metadacite (value of 0.77)
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with the western metabasalt (average of 0.83) showing inter-
mediate values. The greater concentration of plagioclase, with
empbhasis on calcic plagioclase, in the eastern metabasalt than
the western metabasalt and metadacite may explain the Eu/
Eu* ratio relation among them. In this case, we consider the
fractional crystallization of plagioclase with the early crys-
tallization of the calcic plagioclase in the eastern metabasalt,
the main crystallization of sodic plagioclase in the western
metabasalt and the low plagioclase content in the metadacite.

Both the eastern and western metabasalt samples of the
MNGSB plot in the IAT, MORB and WPB fields in the Zr-Zr/Y
diagram (Fig. 9F); the eastern metabasalt plots in the IAT and
MORB fields, due to low values of Zr and Zr/Y ratio, and the
western metabasalt, which has higher values of the same ele-
ment and ratio, plots in the MORB and WPB field. The duplic-
ity of fields by each metabasalt type in the Zr-Zr/Y diagram
appears initially uncertain; however, the proximity of settings
during volcanism and the transition from one setting to the
other due to tectonic events must be considered. Therefore,
itis possible that the eastern and western metabasalts are coge-
netic and consistent with nearby intraoceanic settings in the
MNGB, such as an island arc, which is more consistent with
the eastern metabasalt data, and a back-arc basin, which is more
coherent with the western metabasalt data, although with dif-
terent levels of intraoceanic crustal contamination during the
formation, as for example, by subduction components.

The plots of the metakomatiite and eastern and western
metabasalts of the MNGB in the Nb/Yb-Th/Yb diagram fea-
ture a steep vector oblique to the MORB-OIB array (Fig. 9E).
Those MNGB plots extend from near the N-MORB point,
in the MORB-OIB array, and enter the field of the volcanic
arc array, avoiding the OIB point. This plot distribution is
similar to the South Abitibi (Kerrich and Xie 2002, Xie and
Kerrich 1994), Barberton ( Jochum et al. 1991, Parman et al.
1997, Chavagnac 2004), and Isua (Polat and Hoffmann 2003,
Polat et al. 2002) Archean greenstone belts (Fig. 9E), which
are interpreted as an intraoceanic provenance as discussed
in Pearce (2008), and similar to the modern Mariana intra-
oceanic arc-basin system (Pearce ef al. 2005). Moreover, the
MNGB geochemical pattern observed in the Nb/Yb-Th/Yb
diagram shows that a subduction-related setting, in this case
an intraoceanic arc, contributes to the increase in Th content
in the rocks displacing the samples from the MORB-OIB array
to the volcanic arc array. Therefore, the eastern metabasalt
samples remaining in the MORB-OIB array register the ini-
tial ocean crust in the MNGB and, with increasing island arc
input, the plots displace from the MORB-OIB array. However,
the western metabasalt, which could initially be formed in a
back-arc basin, was affected by intraoceanic crustal contam-
ination, probably because of the subduction components of
the island arc during the rise of the magma, which totally dis-
placed the samples from the MORB-OIB array.

The metadacite samples of the MNGB plot in the volcanic
arc field in the diagrams of Pearce et al. (1984; Figs. 9G and
9H), thus excluding intracratonic possibilities. In addition,
the (La/Yb), ratio of 8.45 in the metadacite may be interpreted
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as an oceanic crust setting with a slight crustal input subduct-
ing the oceanic crust according to Condie and Kronér (2013).

Rios (2017) interpreted an intraoceanic setting with a
back-arc provenance for basalts in the Neoarchean Contendas-
Mirante volcano-sedimentary sequence, which is also inserted
in the Contendas-Jacobina Lineament (southern part); this
volcano-sedimentary sequence is similar and coeval relative
to the MNGB. In the Archean Rio das Velhas greenstone belt,
southern Sao Francisco Craton, ocean floor metabasalts and
the felsic volcanic rocks were interpreted as occurrences of
island arc or back-arc basin settings (Zucchetti et al. 2000a,
2000b), which we also interpreted in the MNGB.

Differently, an intracontinental provenance has been
described for the Umburanas greenstone belt, in the southern
part of the Gaviao Block in the eastern Sao Francisco Craton
(Leal et al. 2003), with deposition over a continental crust.
This provenance suggests a diversity of settings for the green-
stone belts in the Sdo Francisco Craton, more specifically in
the Gavido Block.

Therefore, the intraoceanic arc-basin system appears suit-
able for defining the tectonic setting of the MNGB, such as
other greenstone and volcano-sedimentary sequences in the
Sao Francisco Craton. In addition, the volcanic rocks would
have formed in back-arc basin and island arc settings at 2595
+ 21 Ma, considering the hypothesis that these rocks of the
lower and middle sequences sourced from the same magma.
Thus, the oceanic crust in which the MNGB was formed was
amalgamated between cratonic blocks (Gavido, Mairi, Jequié
and Serrinha blocks and Itabuna-Salvador-Curacé Belt) of the
northern and eastern Sao Francisco Craton in the Orosirian
period (Leite 2002; Figs. 10A and 10B), forming the north-
south trend Contendas-Jacobina Lineament within which the

greenstone lies.

CONCLUSIONS

The mineralogical and geochemical particularities between
the eastern and western metabasalts are products of the intra-
oceanic crustal contamination during the rise of the magma,
fractional crystallization and the formation in nearby but differ-
ent settings such as the back-arc basin and island arc tholeiitic.
Thus, we strongly consider the possibility that the volcanic
rocks of the MNGB have sourced from the same magma.

The volcanic rocks in the MNGB were formed in an
intraoceanic arc-basin system at 2595 £21 Ma. The eastern
and western metabasalts were formed in the near back-arc
basin and island arc settings, with an IAT pattern for the
eastern metabasalt and a MORB pattern for the western
metabasalt, suggesting the back-arc basin setting to the lat-
ter. The intraoceanic crustal input in the oceanic arc system
enriched the Cs, Ba, Th, and LREE content in the meta-
komatiite, eastern and western metabasalts, and the meta-
dacite of the MNGB, with most accentuated values in the
western metabasalt and metadacite suggesting that these
rocks were the most affected by intraoceanic contamina-

tion during the volcanic processes.
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Figure 10. Intraoceanic setting proposed for the MNGB formation based on new data presented in this study and compiled ages for the
Gaviao Block, MNGB and Rhyacian-Orosirian granites (Mougeot 1996, Leite 2002, Peucat et al. 2002, Zincone et al. 2016, Spreafico 2017,
Spreafico et al. 2018), Mairi Block (Sousa et al. 2018), Jacobina Group (Teles 2013, Teles et al. 2015, Barbuena ef al. 2016), Serrinha Block
(Oliveira et al. 2002a, 2002b, Rios et al. 2009), Itabuna-Salvador-Curaca Belt (Silva et al. 1997, Oliveira et al. 2010), and Satide Complex
(Barbuena et al. 2016, Zincone et al. 2017). (A) Island arc tholeiitic and back-arc basin between the Gaviao and Mairi blocks and formation
of the MNGB at 2595 Ma. (B) Rhyacian-Orosirian tectonic event that compressed the MNGB between the cratonic blocks of the eastern
Sao Francisco Craton.

The intraoceanic provenance of the MNGB is compara- could contribute to a more thorough understanding of the
ble to the Contendas-Mirante volcano-sedimentary sequence. geology and tectonic history of the MNGB.
Furthermore, both of which are placed in the Contendas-

Jacobina Lineament and have geological and tectonic simi-
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