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The Archean-Paleoproterozoic Terrane of Goiás, Central Brazil, is an allochthonous block within the
Neoproterozoic Tocatins Province and consists of an association of Archean TTG complexes and gold-
bearing Archean-Paleoproterozoic greenstone belts. The Faina and Serra Santa Rita greenstone belts,
located in the southern portion of the terrane, are investigated using geochemistry and isotope geology
to establish the time of magmatism and tectonic environment. Our data show that the ultramafic rocks
have some chemical characteristics similar to modern boninites, whereas the amphibolites are subdi-
vided into two groups: the type 1 basalts group are tholeiites with flat REE patterns and are similar to
back-arc basin basalts; the type 2 basalts group have high Nb contents and are comparable to Nb-
enriched basalts. Felsic to intermediate rocks present some of the main chemical diagnostic features of
adakites, in which the metandesites and metatonalites are comparable to high-SiO2 adakites, and the
metadiorites, characterized by very high MgO, Cr and Ni contents, are comparable to low-SiO2 adakites
or high-Mg andesites. Metavolcanic and metaplutonic rocks show two main periods of magmatic crystal-
lization ages with juvenile and slightly crustal contaminated rocks. The first occurred at 2.96–2.92 Ga
with positive ƐNd (t) values of +2.16 to +2.77, while the second formed at 2.8 Ga with slightly negative
ƐNd (t) value of �0.15. The volcanic and plutonic protoliths of the two greenstone belts were formed in
an intraoceanic forearc-arc-back-arc system. The initial stage corresponds to ultramafic lava eruption
in the forearc region of a proto-island arc, at 2.96 Ga. The evolution of the island arc and subduction pro-
gression led to oceanic slab-melting and generation of adakites. At 2.92 Ga, the adakitic melt was totally
consumed by peridotite mantle and the subsequent melting of these hybridized mantle wedge generated
high-Mg andesites that lodged in the crust as dioritic intrusions with high MgO, Cr and Ni contents. The
late-stage corresponds to a continental arc formation at 2.8 Ga, marked by tonalitic magmatism and
amalgamation with other island arcs and continental arcs of the TTG complexes of the Archean-
Paleoproterozoic Terrane of Goiás.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Archean greenstone belts are components of several cratons
and present a wide variety of igneous and sedimentary rocks that
carry the imprint of different tectonic environments, magmatic
episodes and stages of metamorphism, deformation, metasoma-
tism and mineralization (Anhaeusser, 2014; Pearce, 2014). The
geochemical studies on metavolcanic rocks of greenstone belts
have revealed two main types of associations: (1) a plume-
related association composed of komatiites and tholeiitic basalts
in oceanic and continental plateaus (e.g. Campbell et al., 1989;
Herzberg, 1992; Xie et al., 1993; Arndt, 1994; Dostal and
Mueller, 1997, 2004; Puchtel et al., 1998; Polat, 2009); and (2) a
subduction-related association composed of calc-alkaline basalts,
andesites, dacites and rhyolites, with minor occurrences of boni-
nites, picrites, adakites, high-Mg andesites and Nb-enriched
basalts. (e.g. Kerrich et al., 1998; Hollings and Kerrich, 2000;
Wyman et al., 2000; Polat and Kerrich, 2004; Hollings, 2002;
Percival et al., 2003; Polat and Hofmann, 2003; Shchinpasky
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et al., 2004; Polat and Kerrich, 2006; Ujike et al., 2007;
Manikyamba et al., 2009; Khanna et al., 2015).

The Archean-Paleoproterozoic Terrane of Goiás, located in Cen-
tral Brazil, is an allochthonous part of the Neoproterozoic Tocan-
tins Province, a large Brasiliano/Pan-African orogen of the South
American Platform formed during the Brasiliano orogeny. The ter-
rane amalgamated to the province during the late stages of the oro-
geny and consists of an association of six Archean TTG complexes
(tonalite-trondhjemite-granodiorite orthogneisses) and five
Archean to Paleoproterozoic (Rhyacian) greenstone belts (Jost
et al., 2013). The greenstone belts comprise lower units of metako-
matiites overlain by metabasalts and upper units of metasedimen-
tary rocks and host diverse types of gold deposits (Jost et al. 2014).
The available data regarding the region are currently not sufficient
for a detailed reconstruction of the magmatism and the different
periods of crustal accretion, and to outline the tectonic environ-
ment in which the different units were formed.

The main purpose of this study is to provide an interpretation of
the tectonic setting of the Faina and Serra de Santa Rita greenstone
belts, located in the southern portion of the Archean-
Paleoproterozoic Terrane of Goiás, based on new geochemical
and isotopic data of metavolcanic and metaplutonic rocks. We sug-
gest that these rocks constitute an association generated in sub-
duction zone settings, which include adakite-like rocks, high-Mg
andesites and Nb-enriched basalts occurrences. We intent to con-
tribute to the different juvenile crustal accretion characterization,
which preceded the formation of the Archean orogenic systems,
and to comprehend the mechanism of crustal growth involved in
the formation of the southern portion of the Archean-
Paleoproterozoic Terrane of Goiás.

2. Geological setting

The Tocantins Province (Almeida et al., 1981) represents a large
Brasiliano/Pan-African orogen of the South American Platform
formed by the collision of the Amazonian, São Francisco-Congo
and Paranapanema cratons (the latter is currently covered by
Cenozoic rocks of the Paraná Basin) that led to the amalgamation
of the supercontinent Western Gondwana in the Neoproterozoic.
The province consists of three fold belts: the Paraguai Belt, on
the southwestern portion, the Araguaia Belt, on the northern por-
tion, and the Brasilia Belt, that borders the western edge of the
São Francisco Craton (Pimentel et al., 2000).

The Brasilia Belt is divided into a NE-SW northern branch and a
NW-SE southern branch. The separation of these two branches is
established by the Pirineus Syntaxis that marks the change of the
structural directions and configures the juxtaposing of the north-
ern structures onto the southern counterparts by a large set of E-
W shear sones (Araújo Filho, 2000). Both branches are divided into
the External and Internal zones (Fig. 1). The External Zone includes
thick sequences of low-grade metasedimentary rocks and their
basements structured in fold-and-thrust belts verging towards
the São Francisco Craton. The Internal Zone comprises: (1) the
metamorphic core of the orogen, known as Anápolis-Itauçu Gran-
ulitic Complex (Piuzana et al., 2003) and Uruaçu Complex
(DellaGiustina et al., 2009), distal metasedimentary rocks of the
Araxá Group (Seer et al., 2001) and ophiolitic fragments (Strieder
and Nilson, 1992); (2) the Goiás Massif, composed of allochthonous
cratonic fragments that constitute the Archean-Paleoproterozoic
Terrane of Goiás (Jost et al., 2013), a Paleoproterozoic metasedi-
mentary cover and Meso- to Neoproterozoic mafic-ultramafic lay-
ered complexes associated with metavolcanosedimentary
sequences (Ferreira Filho et al., 1992, 1994; Moraes et al., 2000);
and (3) the Neoproterozoic Goiás Magmatic Arc, composed of
metavolcanosedimentary sequences and orthogneisses disposed
on a broad area of juvenile and continental crust generated during
plate convergence between 990 and 630 Ma (Pimentel et al., 1991,
1997; Pimentel and Fuck, 1992; Pimentel et al., 2000, 2004; Junges
et al., 2002, 2003; Laux et al., 2005) (Fig. 1).
2.1. The Archean-Paleoproterozoic Terrane of Goiás

The Archean-Paleoproterozoic Terrane of Goiás is located in the
midwestern portion of the Brasilia Belt (Fig. 2A), Central Brazil, and
is composedof anassociationof sixArcheanTTGcomplexes (orthog-
neisses) and five Archean to Paleoproterozoic greenstone belts
(Fig. 2B). The cratonization of the Archean substrate occurred at
around 2.7 Ga and the region was also subject to Paleoproterozoic
magmatic activity related to crustal extension during the Siderian
and closing of the orogen in the Rhyacian (Danni et al., 1986; Jost
et al., 1992, 1993, 2010, 2014; Queiroz, 2000; Corrêa da Costa,
2003). The amalgamation of the Archean-Paleoproterozoic Terrane
of Goiás to the Brasilia Belt during the Brasiliano orogeny in theNeo-
proterozoic resulted in broadly distributed granitic intrusions, par-
tial anatexis of Archean orthogneisses and hydrothermal alteration
(Fortes, 1996; Fortes et al., 2003; Pimentel et al., 2003; Jost et al.,
2005, 2008, 2014; Tassinari et al., 2006; Queiroz et al., 2008;
Rodrigues, 2011).
2.1.1. The TTG complexes
The TTG complexes comprise tonalitic to granodioritic and

minor granitic orthogneisses that differ in the structural frame-
work, lithology associations and magmatic crystallization ages. In
the northern portion of the terrane, are located the Anta, Caiamar,
Moquém and Hidrolina complexes, and in the southern portion,
the Caiçara and Uvá complexes (Fig. 2B). Two stages of magmatism
were recognized in the northern complexes. The first stage corre-
sponds to juvenile poly-deformed tonalitic, granodioritic and
granitic orthogneisses of the Hidrolina and Caiamar complexes
and part of the Anta Complex, with U-Pb zircon crystallization ages
between 2845 and 2785 Ma and initial ƐNd values of �1.0 to +2.41.
Inherited zircon crystals of 3.3–3.15 Ga and Sm-Nd model age of
3.0 Ga indicate that these magmas were contaminated by older
continental crust (Queiroz et al., 2008). The second stage, restricted
to the Moquém Complex and part of the Anta Complex, corre-
sponds to sheet-like granitic to granodioritic intrusions of crustal
derivation with U-Pb zircon crystallization ages between 2792
and 2707 Ma and initial ƐNd value of �2.2 (Queiroz et al., 2008).

The Caiçara Complex, located in the southern portion of the ter-
rane, is composed predominantly of tonalitic orthogneisses with U-
Pb zircon crystallization age of 3.14 Ga and minimum Sm-Nd
model age of 3.1 Ga (Beghelli Junior, 2012). The tonalitic orthog-
neisses are intruded by smaller granodiorites, granites and
charnockites with U-Pb crystallization ages of 2.8 Ga and Sm-Nd
model ages of 2.9 Ga (Beghelli Junior, 2012). The Uvá Complex is
located in the southernmost portion of the terrane and consists
of two groups of orthogneisses (Jost et al., 2005, 2013). The domi-
nant group is the oldest and includes poly-deformed tonalitic to
granodioritic orthogneisses and a diorite stock. The tonalitic
orthogneisses present U-Pb zircon crystallization ages between
3040 and 2930 Ma (Jost et al., 2013) and the diorite stock presents
U-Pb zircon crystallization age of 2934 ± 5 Ma (Pimentel et al.,
2003). The second group corresponds to sheet-like tonalite and
monzogranite intrusions with U-Pb zircon crystallization age of
2846 and 2764 Ma (Jost et al., 2005, 2013). Therefore, the Archean
substrate of the region is polyphase and the TTG complexes of the
southern portion of the Archean-Paleoproterozoic Terrane of Goiás
are older than the northern counterparts.



Fig. 1. Location of the Brasilia Belt and its main components. The Archean-Paleoproterozoic Terrane of Goiás is located in the midwestern portion of the belt (Modified after
Pimentel et al., 2004).
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2.1.2. The greenstone belts
The greenstone belts occur as five elongated and irregularly

shaped sequences situated between the TTG complexes. It the
northern portion, are located the Crixás, Guarinos and Pilar de
Goiás greenstone belts, and in the southern portion, the Faina
and Serra de Santa Rita greenstone belts (Fig. 2B). Their contacts
with the adjacent TTG rocks are tectonic and marked by
northwest-verging thrust faults (Jost et al., 2005, 2013). The
stratigraphy of the greenstone belts comprises lower metavolcanic
sequences of metakomatiites overlain by metabasalts and upper
metasedimentary sequences. The rocks underwent a greenschist
to amphibolite facies metamorphism and the stratigraphic recon-
struction is complex due to the fragmentary state, polycyclic defor-
mation, thinning, thickening and the rarity of marker horizons,
which hinders the correlation through the structural and igneous
discontinuities (Jost et al., 2014).

Primary volcanic features are locally preserved and include pil-
low lavas, spinifex and cumulate textures, polyhedral joints, flux
breccia and vesicles (Danni et al., 1981, 1986; Teixeira, 1981;
Teixeira et al., 1981; Kuyumjian and Teixeira, 1982; Profumo,
1993; Jost et al., 1995). Intercalation of banded iron formation,
gondite and metachert occur in different proportions among the
metavolcanic rocks. The crystallization ages of the volcanic pro-
toliths of the five greenstone belts range from Archean to Paleopro-
terozoic. The metakomatiites of the Crixás greenstone belt
presented Sm-Nd isochron age of 3.00 ± 0.07 Ga (Fortes et al.,
2003). On the other hand, U-Pb zircon data for the Guarinos and
Pilar de Goiás greenstone belts suggest that the metabasalts are
from the Rhyacian, with ages at around 2.1 Ga (Jost et al., 2012,
2014). New LA-ICP-MS U-Pb zircon data for the Faina and Serra
de Santa Rita greenstone belts are presented here and indicate a
Mesoarchean age for their metavolcanic sequences (2.96 Ga).

The metasedimentary sequences of the five greenstone belts are
markedly contrasting (Danni and Ribeiro, 1978; Jost and Oliveira,
1991; Resende and Jost, 1994, 1995a, 1995b; Jost et al., 1995,
2012; Resende et al., 1998). Several isotopic data have shown
provenance of the clastic load from the Archean to the Paleopro-
terozoic (Rhyacian) (Resende et al., 1999; Fortes et al., 2003;
Tassinari et al., 2006; Jost et al., 2008, 2012, 2014; Brant et al.,
2015). Isotopic data of metadolomites of the northern greenstone
belts and of the first sedimentary cycle of the southern greenstone
belts revealed highly positive d13C values, variable from +10 to
+14‰ (Fortes, 1996; Resende et al., 1998; Jost et al., 2008; Santos
et al., 2008). These values are comparable to the first d13C positive
anomaly in Earth’s dolomites that is worldwide distributed
between 2.2 and 2.06 Ga, known as Lomagundi-Jatuli positive
d13C excursion (Melezhik et al., 2007). These data suggest that
the deposition of the dolomites of these greenstone belts occurred
due to the Huronian glaciation (Snowball Earth) decay, between
the end of the Siderian and the beginning of the Rhyacian (Jost
et al., 2014). In the Faina greenstone belt, the d13C values in meta-
dolomites of the second sedimentary cycle fell between �0.66 and
+0.66‰, suggesting that the deposition occurred at the end of the
Lomagundi-Jatuli anomaly, but still during the Rhyacian, with



Fig. 2. The Archean-Paleoproterozoic Terrane of Goiás and the Faina and Serra de Santa Rita greenstone belts, located in the southern portion of the terrane. (A) Location of
the Archean-Paleoproterozoic Terrane of Goiás in the Brasilia Belt. (B) Distribution of the TTG complexes and greenstone belts that constitute the Archean-Paleoproterozoic
Terrane of Goiás; the Faina and Serra de Santa Rita greenstone belts are highlighted. (C) Geological map of the Faina and Serra de Santa Rita greenstone belts (Modified after
Baêta Júnior et al., 2000 and Toledo et al., 2014).
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likely extension into the early Orosirian (Resende et al., 1999; Jost
et al., 2014).

In summary, the available isotopic data indicate that the
metasedimentary rocks of the five greenstone belts of the
Archean-Paleoproterozoic Terrane of Goiás and the metavolcanic
rocks of the Guarinos and Pilar de Goiás greenstone belts have
Paleoproterozoic (Rhyacian) ages, whereas the metavolcanic rocks
of the Crixás, Faina and Serra de Santa Rita greenstone belts have
Mesoarchean ages.

2.1.3. The Faina and Serra de Santa Rita greenstone belts
The Faina and Serra de Santa Rita greenstone belts, located in

the southern portion of the Archean-Paleoproterozoic Terrane of
Goiás, are disposed in a NW-SE synform and are separated by the
Faina Fault (Fig. 2C). These greenstone belts are located between
the Caiçara and Uvá complexes and their contacts are tectonic
and marked by high-angle northeast-verging shear zones that
completely obliterate their original architecture (Resende et al.,
1998; Jost et al., 2005). Both greenstone belts comprise lower
metavolcanic sequences unconformably overlain by metasedimen-
tary rocks. The metavolcanic rocks predominate in the Serra de
Santa Rita greenstone belt and in the northern portion of the Faina
greenstone belt and are mainly ultramafic in composition (Fig. 2C).
The mafic metavolcanic rocks correspond to amphibolites
restricted to the Serra de Santa Rita greenstone belt and are asso-
ciated with lenses of metandesites and metavolcanoclastic rocks.
Dioritic to tonalitic poly-deformed intrusions also occur among
these rocks. The metavolcanic sequences were affected by at least
two greenschist to amphibolite facies metamorphic events. The
overlying metasedimentary sequences record only the greenschist
facies metamorphism. As described by Jost et al. (2005), the
metavolcanic rocks, mostly ultramafics, of both greenstone belts
extend towards south until the southern limit of the terrane as
klippen that cover about 60% of the Uvá Complex orthogneisses.

The metasedimentary sequences of the Faina and Serra de Santa
Rita greenstone belts differ from each other in several aspects and
were probably developed under different conditions and sedimen-
tary environments. Two metasedimentary sequences separated by
a thrust fault occur in the Faina greenstone belt (metasedimentary
sequences 1 and 2) (Fig. 2C). These two sequences represent two
transgressive cycles of increasing depth (Resende et al., 1998).
The base of both sequences is composed of metaconglomerates,
followed by metarenites, thick packages of metapelites and meta-
dolomites overlain by banded iron formation. The basal metacon-
glomerate of the first sedimentary cycle is in contact with the
lower metavolcanic unit by an erosive unconformity and occurs
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as metadiamictite lenses with clasts of metabasalt, metakomatiite
and milky quartz. This conglomerate protolith was fed with clasts
from a mafic-ultramafic source area, possibly the underlying
metavolcanic rocks (Resende et al., 1998). The basal metaconglom-
erate of the second cycle is associated with impure metarenites
and metapelites. The nature of the clasts indicates that this con-
glomerate protolith was formed by the erosion of rocks from the
first sedimentary cycle and cratonic source areas (Resende et al.,
1998; Carvalho et al., 2013).

The sedimentation in the Serra de Santa Rita greenstone belt
occurred in a deep marine environment progressing to a shallow
water. The metasedimentary sequence is composed of lower car-
bonaceous schists overlain by metachert, banded iron formation
and metadolomites. These rocks are overlain by metaturbidites
that are interpreted as an ‘‘extravasation” of the second sedimen-
tary cycle of the Faina greenstone belt through a continental break
towards the deeper marine environment of the Serra de Santa Rita
greenstone belt (Resende et al., 1998).

3. Sampling and analytical methods

3.1. Sampling

The studied samples were collected during two field seasons of
geological mapping of the Faina greenstone belt and part of the
Serra de Santa Rita greenstone belt on a 1:25,000 scale. The sam-
ples of ultramafic rocks were collected from outcrops along the
Faina and Serra de Santa Rita greenstone belts. The samples of
amphibolites, metandesites, metadiorites and metatonalites were
collected from outcrops in specific areas of the Serra de Santa Rita
greenstone belt. In addition to the rocks collected from outcrops,
this study includes data of four metandesite samples from drilling
cores located in the southern portion of the Serra de Santa Rita
greenstone belt. The most representative and preserved samples
Table 1
Coordinates of the studied samples of metavolcanic and metaplutonic rocks of the Faina a

Sample Rock type

TF14-0 Pillowed komatiite
TF14-I-003 Ultrumafic cumulate
TF14-I-004A Ultrumafic cumulate
TF14-I-075B Ultramafic schist
TF14-I-098A Ultramafic schist
TF14-I-099 Chloritite
TF14-II-125A Ultramafic schist
TF14-V-133 Ultramafic schist
TF14-VII-012B Chloritite
TF14-XI-016 Chloritite
TF14-XII-079B Mafic schist
TF14-XII-015A Mylonitized diorite
TF14-XII-015B Amphibolite (type 2 basalts)
TF14-XII-093 Ultramafic schist
TF14-XII-167 Ultramafic schist
TF14-XII-178 Amphibolite (type 2 basalts)
TF14-XII-183 Metatonalite
PFG-CA-004A Metadiorite
PFG-CA-004B Metadiorite
PFG-CA-004D Metadiorite
PFG-CA-004E Metadiorite
PFG-CA-004G Metadiorite
PFG-CA-016A Amphibolite (type 1 basalts)
PFG-CA-016B Mylonitized diorite
PFG-CA-017A Amphibolite (type 1 basalts)
PFG-CA-019A Amphibolite (type 1 basalts)
PFG-CA-019B Amphibolite (type 1 basalts)
PFG-CA-030 Metandesite
D22 Metandesite (Drill hole sample)
D23 Metandesite (Drill hole sample)
D24 Metandesite (Drill hole sample)
D26 Metandesite (Drill hole sample)
were selected for petrographic, geochemical and isotopic studies.
The coordinates of the samples are listed in Table 1.

3.2. Whole-rock geochemistry

The samples selected for whole rock geochemical analyses were
pulverized and analyzed at the ALS Geochemistry Laboratory in
Goiânia, Brazil, following standard laboratory procedures. Major
elements were determined by X-ray Fluorescence (XRF) and are
presented in weight oxides percentages. The rare earth elements
(REE), high field strength elements (HFSE) and large ion lithophile
elements (LILE) were determined by ICP-MS and the metals Ag, As,
Cd, Co, Cu, Li, Mo, Ni, Pb, Sc, Tl and Zn were determined by ICP-AES.
Major element analyses were recalculated to 100 wt.% anhydrous
basis for inter-comparisons. Chondrite and primitive mantle com-
positions, used for normalizations, and the N-MORB composition
are those of Sun and McDonough (1989). Europium (Eu/Eu⁄) and
cerium (Ce/Ce⁄) anomalies were calculated with respect to the
neighboring elements on chondrite-normalized REE diagrams, fol-
lowing method of Taylor and McLennan (1985). Mg-numbers
(Mg#) were calculated as the molecular ratios of Mg/(Mg
+ Fe2+) � 100. Major and trace elements data are listed in Table 2.

3.3. U-Pb geochronology

The initial preparation of five selected samples for U-Pb zircon
dating was conducted at the Geochronology Laboratory of the
Universidade de Brasilia (UnB) by traditional methods of crushing,
milling and sieving. The concentration of non-magnetic grains was
conducted using a Frantz isodynamic magnetic separator. The indi-
vidual zircon crystals were manually separated from the non-
magnetic concentrate under a binocular microscope. All zircon
grains were mounted in epoxy mounts and polished to expose
the core. Images of zircon were obtained using optical, cathodolu-
nd Serra de Santa Rita greenstone belts. Datum: WGS 84/UTM zone 22S.

Location E N

Serra de Santa Rita GB 595604 8242442
Faina GB 550838 8301340
Faina GB 550624 8301244
Faina GB 550113 8301266
Faina GB 543998 8304892
Faina GB 544033 8304924
Faina GB 574611 8255516
Faina GB 563256 8287986
Faina GB 563806 8279585
Serra de Santa Rita GB 568539 8260278
Serra de Santa Rita GB 569280 8260068
Serra de Santa Rita GB 574116 8252818
Serra de Santa Rita GB 574116 8252818
Serra de Santa Rita GB 568419 8253089
Serra de Santa Rita GB 577167 8252313
Serra de Santa Rita GB 574505 8252410
Serra de Santa Rita GB 572842 8253857
Serra de Santa Rita GB 572842 8253857
Serra de Santa Rita GB 573802 8252860
Serra de Santa Rita GB 573802 8252860
Serra de Santa Rita GB 573802 8252860
Serra de Santa Rita GB 573802 8252860
Serra de Santa Rita GB 574121 8252906
Serra de Santa Rita GB 574121 8252906
Serra de Santa Rita GB 573838 8253571
Serra de Santa Rita GB 573757 8253538
Serra de Santa Rita GB 573757 8253538
Serra de Santa Rita GB 596209 8240176
Serra de Santa Rita GB 596209 8240176
Serra de Santa Rita GB 596209 8240176
Serra de Santa Rita GB 596209 8240176
Serra de Santa Rita GB 596209 8240176



Table 2
Major element (wt.%) and trace-element (ppm) data for metavolcanic and metaplutonic rocks of the Faina and Serra de Santa Rita greenstone belts.

Samples Ultramafic rocks Chloritites

TF14-000 TF14-I-003 TF14-I-004A TF14-I-075B TF14-II-125A TF14-V-133 TF14-XII-093 TF14-XII-167 TF14-VII-12B

SiO2 51.5 45.5 45.1 46.9 46.7 54.9 48.7 31.2 32.3
TiO2 0.2 0.3 0.4 0.2 0.2 0.1 0.6 1.4 1.2
Al2O3 2.9 5.8 4.4 5.7 6.8 6.2 7.7 22.9 21.7
Fe2O3 10.1 15.1 15.9 14.4 10.2 8.5 13.5 15.5 13.5
MnO 0.1 0.2 0.2 0.2 0.1 0.1 0.2 0.1 0.1
MgO 32.5 27.9 30.9 27.9 31.9 29.8 20.3 28.8 31.1
CaO 1.8 5.1 2.9 5.0 4.1 0.01 8.4 0.5 0.5
Na2O LDL 0.1 0.1 0.04 0.1 0.01 0.3 0.03 LDL
K2O LDL 0.02 0.01 0.01 0.01 0.04 0.04 LDL LDL
P2O5 0.02 0.02 0.03 0.01 0.01 LDL 0.1 0.4 0.4
LOI 8.9 6.9 8.3 6.8 8.0 6.4 4.3 10.9 11.2
#Mg 86 79 79 79 86 87 75 79 82
Sc 13.4 24.0 21.7 25.3 20.0 18.9 28.0 19.3 11.0
V 62 124 116 105 89 85 141 213 174
Cr 2910 1680 1990 1700 2550 1320 2220 164 80
Co 127 113 121 113 82.0 91.0 93.0 76.0 51.0
Ni 2460 1105 1475 1275 1630 1590 905 352 110
Rb 0.2 0.3 0.2 0.1 0.6 1.7 2.4 0.3 0.4
Sr 9.1 4.4 2.9 3.4 19.3 2.2 28.5 32.3 13.0
Y 1.3 9.5 9.6 4.4 5.2 5.7 17.3 21.7 18.2
Zr LDL 8.2 8.4 1.9 9.0 2.9 34.0 175 424
Hf LDL 0.3 0.3 0.1 LDL 0.1 0.9 3.9 8.7
Nb 0.6 0.6 0.8 0.4 1.2 0.1 1.5 3.4 22.1
Cs 0.1 LDL LDL LDL 0.1 0.2 0.2 LDL 0.03
Ba LDL 10.0 LDL LDL 3.6 20.0 5.7 30.0 6.9
Ta 0.2 0.1 0.1 LDL LDL LDL 0.1 0.3 0.9

Samples Ultramafic rocks Chloritites

TF14-000 TF14-I-003 TF14-I-004A TF14-I-075B TF14-II-125A TF14-V-133 TF14-XII-093 TF14-XII-167 TF14-VII-012B

Pb 1.4 0.5 LDL 0.5 LDL 5.1 LDL 1.1 LDL
Th LDL LDL LDL LDL 0.1 LDL 0.4 4.7 6.4
U 0.1 0.1 LDL LDL LDL 0.3 0.1 0.7 1.2
La 0.8 1.1 3.0 0.6 0.7 3.9 10.8 53.4 69.5
Ce 1.6 2.2 2.2 1.4 1.4 2.4 5.1 105 137
Pr 0.2 0.4 0.9 0.2 0.2 0.7 2.6 13.0 14.7
Nd 1.0 2.2 4.0 1.1 0.9 2.8 10.7 52.0 55.0
Sm 0.3 0.7 1.1 0.4 0.2 0.6 2.3 8.8 9.0
Eu 0.1 0.2 0.3 0.1 0.1 0.2 0.9 3.5 1.8
Gd 0.3 1.0 1.4 0.5 0.5 0.7 3.3 6.7 6.0
Tb 0.1 0.2 0.3 0.1 0.1 0.1 0.5 0.8 0.8
Dy 0.3 1.6 1.9 0.9 0.7 0.8 3.1 4.2 3.8
Ho 0.1 0.4 0.4 0.2 0.2 0.2 0.6 0.8 0.7
Er 0.2 1.1 1.0 0.6 0.6 0.5 1.7 1.9 1.9
Tm 0.02 0.2 0.2 0.1 0.1 0.1 0.2 0.3 0.3
Yb 0.2 1.1 1.0 0.7 0.6 0.4 1.4 1.6 1.8
Lu 0.03 0.2 0.2 0.1 0.1 0.1 0.2 0.2 0.3
La/Ybcn 3.38 0.70 2.22 0.61 0.84 6.36 5.53 24.71 27.09
La/Smcn 1.91 1.01 1.76 1.05 1.88 4.27 3.02 3.91 4.97
Gd/Ybcn 1.41 0.75 1.17 0.59 0.73 1.37 1.94 3.58 2.69
(Eu/Eu)⁄ 0.55 0.86 0.80 0.84 0.94 0.93 0.96 1.40 0.73
(Ce/Ce)⁄ 0.98 0.77 0.34 0.96 0.97 0.35 0.24 0.98 1.05
Nb/Thpm – – – – 1.19 – 0.51 0.09 0.41
Ti/Smpm 1.58 0.78 0.61 0.99 1.18 0.45 0.49 0.28 0.24
Zr/Smpm 0.00 0.46 0.30 0.20 1.49 0.19 0.58 0.79 1.86
P

REE 9 13 18 8 8 20 38 214 250

Samples Chloritites Amphibolites (Type 1 basalts) Amphibolites (Type 2 basalts) Metandesites

TF14-XI-016 PFG-CA-017A PFG-CA-019A PFG-CA-019B TF14-XI-079B TF14-XII-178 TF14-XII-015B PFG-CA-016A PFG-CA-030

SiO2 31.5 54.3 53.7 53.6 52.6 55.0 52.5 54.3 67.6
TiO2 1.0 0.9 0.7 0.7 0.4 0.9 1.2 1.2 0.5
Al2O3 21.4 11.1 8.8 10.1 10.7 15.6 14.5 13.4 15.8
Fe2O3 17.1 11.7 11.2 11.8 11.6 8.9 9.2 11.3 5.1
MnO 0.2 0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.04
MgO 28.4 8.8 12.2 11.4 15.1 9.0 6.9 7.2 2.7
CaO 0.2 9.5 11.2 11.0 7.6 5.9 13.5 9.7 2.7
Na2O LDL 3.5 1.8 1.8 2.2 4.5 2.5 2.6 4.0
K2O LDL 0.1 0.1 0.1 0.1 0.1 0.1 0.3 1.5
P2O5 0.2 0.1 0.1 0.1 0.02 0.3 0.2 0.2 0.2
LOI 10.8 1.0 1.6 1.7 3.1 2.8 1.3 1.7 3.8
#Mg 77 60 68 66 72 67 60 56 51
Sc 23.0 37.0 41.0 41.0 35.0 18.9 34.0 32.0 8.0
V 164 302 272 280 186 134 235 245 75
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Table 2 (continued)

Samples Chloritites Amphibolites (Type 1 basalts) Amphibolites (Type 2 basalts) Metandesites

TF14-XI-016 PFG-CA-017A PFG-CA-019A PFG-CA-019B TF14-XI-079B TF14-XII-178 TF14-XII-015B PFG-CA-016A PFG-CA-030

Cr 940 570 870 600 1280 430 350 340 110
Co 71.0 52.0 57.0 58.0 63.0 37.3 23.0 49.0 13.0
Ni 410 191 275 256 384 237 128 110 51
Rb 0.3 1.3 1.0 0.8 0.8 2.1 1.3 7.6 38.5
Sr 11.1 342 177 143 114.5 474 422 331 186
Y 12.0 17.7 14.1 14.6 10.4 16.7 28.4 25.8 14.9
Zr 163 47 36 38 20 106 97 90 170
Hf 3.6 2.5 2.7 2.6 1.3 1.1 1.1 0.3 4.5
Nb 8.8 2.1 1.5 1.4 0.8 12.2 5.3 8.6 7.0
Cs 0.02 0.03 0.02 0.01 0.04 0.1 0.1 0.3 0.3
Ba 8.8 19.0 13.9 20.2 29.5 43.3 18.9 51.3 168
Ta 0.4 0.2 0.2 0.2 LDL 0.5 0.3 0.4 0.5

Samples Chloritites Amphibolites (Type 1 basalts) Amphibolites (Type 2 basalts) Metandesites

TF14-XI-016 PFG-CA-017A PFG-CA-019A PFG-CA-019B TF14-XI-079B TF14-XII-178 TF14-XII-015B PFG-CA-016A PFG-CA-030

Pb LDL 3.0 LDL 6.0 LDL LDL LDL 2.0 8.0
Th 3.8 0.2 0.2 0.2 0.1 1.2 0.9 0.8 3.2
U 0.8 0.1 0.1 0.1 LDL 0.3 0.4 0.2 0.8
La 20.0 2.6 2.2 2.5 1.3 15.1 9.5 7.7 25.2
Ce 40.1 6.4 4.6 4.9 3.4 31.5 15.4 18.6 47.5
Pr 4.3 1.0 0.9 0.8 0.5 3.8 2.5 2.6 5.9
Nd 16.2 4.9 3.7 4.1 2.5 15.4 10.9 11.6 21.9
Sm 3.0 1.7 1.3 1.4 0.9 3.6 2.9 3.1 4.0
Eu 0.7 0.7 0.7 0.6 0.4 1.2 1.0 1.2 1.3
Gd 2.5 2.6 2.3 2.4 1.4 3.7 4.4 4.3 3.5
Tb 0.4 0.5 0.4 0.4 0.2 0.5 0.8 0.7 0.6
Dy 2.3 3.2 2.6 2.7 1.6 3.0 4.7 4.8 3.1
Ho 0.4 0.7 0.5 0.5 0.4 0.6 1.0 1.0 0.6
Er 1.3 2.0 1.6 1.4 1.2 1.5 3.1 2.9 1.4
Tm 0.2 0.3 0.2 0.2 0.2 0.3 0.5 0.4 0.2
Yb 1.3 1.6 1.4 1.2 1.2 1.6 2.7 2.7 1.2
Lu 0.2 0.3 0.2 0.2 0.2 0.3 0.5 0.4 0.2
La/Ybcn 11.12 1.17 1.14 1.53 0.79 6.90 2.51 2.04 14.58
La/Smcn 4.28 1.01 1.09 1.14 0.94 2.73 2.11 1.62 4.12
Gd/Ybcn 1.60 1.35 1.37 1.67 1.00 1.95 1.34 1.31 2.34
(Eu/Eu)⁄ 0.72 1.04 1.24 0.92 0.98 1.04 0.89 1.04 1.07
(Ce/Ce)⁄ 1.06 0.99 0.82 0.84 1.01 1.03 0.78 1.02 0.96
Nb/Thpm 0.28 1.04 0.99 0.88 0.95 1.17 0.68 1.27 0.26
Ti/Smpm 0.61 1.06 1.12 1.04 0.94 0.49 0.84 0.79 0.27
Zr/Smpm 2.14 1.12 1.10 1.06 0.89 1.18 1.33 1.16 1.71
P

REE 84 27 22 23 15 73 52 55 104

Samples Metandesites Metadiorites

D22 D23 D24 D26 PFG-CA-004A PFG-CA-004B PFG-CA-004D PFG-CA-004E PFG-CA-004G

SiO2 63.2 57.5 61.3 56.0 58.2 55.6 56.2 54.4 55.4
TiO2 0.7 0.8 0.7 1.1 0.6 1.2 0.3 0.6 1.1
Al2O3 15.9 16.2 16.7 20.5 15.1 13.1 14.5 12.6 14.6
Fe2O3 5.3 7.3 6.3 7.7 7.6 8.0 9.8 9.4 7.1
MnO 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.1
MgO 4.2 5.8 4.9 4.6 8.8 11.9 11.2 12.5 9.9
CaO 5.6 6.4 5.8 5.6 5.3 6.3 4.7 6.2 5.5
Na2O 5.0 5.2 5.1 6.0 5.1 4.3 4.1 3.6 5.3
K2O 0.3 0.3 0.3 0.1 0.1 0.1 0.1 0.1 0.2
P2O5 0.2 0.2 0.2 0.2 0.2 0.5 0.1 0.3 0.6
LOI 2.4 2.5 2.1 2.8 2.4 2.6 3.1 2.9 2.4
#Mg 61 61 61 54 70 75 69 72 74
Sc – – – – 16.0 21.0 13.0 14.0 21.0
V 104 140 119 167 97 134 80 99 145
Cr 180 230 240 60 440 910 780 840 710
Co 21.4 30.1 22.9 23.4 37.0 43.0 44.0 45.0 40.0
Ni 99 128 110 78 231 247 347 473 200
Rb 8.2 7.7 6.8 1.6 1.7 3.9 1.6 2.0 4.0
Sr 584 606 616 494 485 309 264 200 481
Y 14.3 14.7 14.1 27.4 12.4 17.0 8.4 11.4 16.8
Zr 164 126 114 171 82 136 54 153 252
Hf 4.3 3.5 2.9 4.5 2.2 3.5 1.4 3.5 5.2
Nb 7.9 5.5 5.5 7.2 4.9 10.3 2.6 4.7 11.0
Cs 0.1 0.2 0.1 0.03 0.1 0.2 0.03 0.1 0.2
Ba 97.9 43.5 88.3 15.4 53.7 38.3 17.6 30.7 59.5
Ta 0.4 0.3 0.4 0.5 0.3 0.6 0.2 0.3 0.6
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Table 2 (continued)

Samples Metandesites Metadiorites

D22 D23 D24 D26 PFG-CA-004A PFG-CA-004B PFG-CA-004D PFG-CA-004E PFG-CA-004G

Pb 8.0 10.0 10.0 7.0 LDL 3.0 LDL LDL LDL
Th 3.6 2.3 2.4 2.4 1.5 1.8 0.4 0.9 1.7
U 0.7 0.6 0.6 0.7 0.5 0.5 0.1 0.3 0.6
La 22.4 15.7 17.3 16.5 14.8 29.4 10.8 17.9 31.4
Ce 46.8 33.3 35.5 37.8 30.5 66.7 22.5 38.0 67.2
Pr 5.1 3.8 4.0 4.3 3.8 8.6 2.8 4.9 8.4
Nd 19.1 16.3 15.9 18.2 13.6 34.3 11.4 19.3 33.2
Sm 3.8 3.5 3.3 4.2 2.9 6.5 2.2 3.3 6.3
Eu 1.3 1.3 1.1 1.5 1.0 1.9 1.0 1.1 2.0
Gd 3.5 3.4 3.7 5.1 2.7 5.5 2.2 3.1 5.4
Tb 0.4 0.5 0.4 0.8 0.4 0.7 0.3 0.4 0.7
Dy 2.6 2.9 2.5 4.9 2.3 3.7 1.7 2.3 3.7
Ho 0.5 0.5 0.6 0.9 0.4 0.6 0.3 0.4 0.7
Er 1.3 1.3 1.5 2.3 1.3 1.7 0.9 1.1 1.6
Tm 0.2 0.2 0.2 0.4 0.2 0.2 0.1 0.2 0.2
Yb 1.5 1.6 1.4 2.5 1.3 1.2 0.7 1.0 1.2
Lu 0.2 0.2 0.2 0.3 0.2 0.2 0.1 0.2 0.2
La/Ybcn 10.43 7.08 9.06 4.70 8.49 18.34 11.07 12.84 18.61
La/Smcn 3.79 2.87 3.34 2.55 3.34 2.93 3.24 3.47 3.24
Gd/Ybcn 1.86 1.75 2.24 1.66 1.81 3.93 2.58 2.59 3.69
(Eu/Eu)⁄ 1.09 1.12 0.96 1.02 1.07 0.98 1.37 1.05 1.05
(Ce/Ce)⁄ 1.08 1.06 1.05 1.11 1.00 1.03 1.00 0.99 1.01
Nb/Thpm 0.26 0.28 0.28 0.35 0.39 0.67 0.84 0.63 0.77
Ti/Smpm 0.36 0.45 0.41 0.53 0.41 0.35 0.24 0.38 0.35
Zr/Smpm 1.70 1.42 1.35 1.62 1.14 0.83 1.00 1.82 1.60
P

REE 96 75 79 86 69 144 58 87 144

Samples Metadiorites Metatonalite

TF14-XII-015A PFG-CA-016B TF14-XII-183

SiO2 56.7 54.8 66.0
TiO2 0.4 0.8 0.7
Al2O3 12.6 12.7 15.0
Fe2O3 6.8 8.8 4.8
MnO 0.1 0.2 0.1
MgO 14.6 12.5 1.7
CaO 5.7 7.4 7.3
Na2O 1.2 3.2 4.9
K2O 1.4 0.5 0.1
P2O5 0.1 0.3 0.1
LOI 3.9 2.5 0.6
#Mg 81 74 42
Sc 18.0 13.0 12.2
V 111 99 96
Cr 1060 1000 330
Co 43.0 48.0 16.4
Ni 456 378 120
Rb 30.6 14.6 1.0
Sr 44.1 167.0 925.0
Y 9.7 13.5 8.1
Zr 67 140 145
Hf 1.5 3.6 3.3
Nb 2.6 12.8 5.0
Cs 0.4 0.4 0.1
Ba 618 230 16.2
Ta LDL 0.8 0.3
Pb LDL LDL LDL
Th 1.4 2.6 1.7
U 0.5 0.6 0.6
La 11.9 26.2 13.5
Ce 17.5 53.7 27.6
Pr 2.5 6.2 3.2
Nd 9.1 23.1 13.7
Sm 1.9 4.1 3.0
Eu 0.5 1.2 1.1
Gd 1.8 3.5 2.1
Tb 0.3 0.5 0.3
Dy 1.8 2.7 1.5
Ho 0.3 0.5 0.3
Er 1.1 1.3 1.0
Tm 0.1 0.2 0.1
Yb 0.9 1.1 0.8
Lu 0.1 0.2 0.1
La/Ybcn 9.93 16.78 12.58
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Table 2 (continued)

Samples Metadiorites Metatonalite

TF14-XII-015A PFG-CA-016B TF14-XII-183

La/Smcn 4.13 4.18 2.91
Gd/Ybcn 1.75 2.56 2.22
(Eu/Eu)⁄ 0.81 0.98 1.30
(Ce/Ce)⁄ 0.79 1.03 1.02
Nb/Thpm 0.22 0.59 0.34
Ti/Smpm 0.43 0.39 0.45
Zr/Smpm 1.43 1.37 1.92
P

REE 49 113 67
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minescence and back-scatter electron microscopes. The zircon
crystals were dated by the LA-MC-ICP-MS method at the
Geochronology Laboratory of the Universidade de Brasilia (UnB)
and with the LA-SF-ICP-MS method at the Geochronology Labora-
tory of the Universidade Federal de Ouro Preto (UFOP). Sample
TF14-XI-016 (chloritite) was dated using a laser ablation system
(New Wave UP213) coupled to a MC-ICP-MS (Neptune) at the
UnB. Isotope data were acquired using static mode with spot size
of 30 lm. Samples TF14-I-099 (chloritite), TF14-XII-178 (amphibo-
lite), PFG-CA-04A (metadiorite) and TF14-XI-183 (metatonalite)
were dated by the SF-LA-ICP-MS method using a Thermo-
Finnigan Element 2 sector field ICP-MS coupled to a CETAC213
ultraviolet laser system at the UFOP. Laser spot size of 20 lm
was used and data were acquired in peak jumping mode during
20 s background measurement followed by 20 s sample ablation.

For both laboratories, raw data were corrected for background
signal, and laser-induced elemental fractional and instrumental
mass discrimination were corrected by the reference zircon (GJ-
1) (Jackson et al., 2004). The common Pb correction was based on
the Pb composition model (Stacey and Kramers 1975). To evaluate
the accuracy and precision of the laser-ablation results, 91500 zir-
con (1065.4 ± 0.6 Ma; Wiedenbeck et al. 1995) was analyzed at the
UnB laboratory, while at the UFOP laboratory, the Plešovice zircon
(337 ± 1 Ma; Sláma et al. 2008), M127 zircon (524.35 ± 0.92 Ma;
Klötzli et al. 2009) and 91500 zircon were analyzed. The external
error is calculated after propagation error of the GJ-1 mean and
the individual zircon sample (or spot). Bühn et al. (2009) and
Santos (2015) described the detailed analytical methods and data
treatment. The age calculation was carried out using Isoplot-Ex
(Ludwig, 2003). The LA-MC-ICP-MS and LA-SF-ICP-MS U-Pb iso-
topic analytical data are listed in Tables 3.1–3.5.
3.4. Sm-Nd isotopes

The five selected samples for whole-rock Sm-Nd isotopic analy-
ses were pulverized using an agate mill and analyzed at the
Geochronology Laboratory of the Universidade de Brasilia (UnB).
Whole-rock powders (�100 mg of sample powder) were spiked
with a combined 150Nd-149Sm tracer and dissolved using a solution
of 5:1 HF-HNO3 in Savillex� tvials on a hot plate. After cooling and
evaporation of the HF-HNO3 solution, samples were re-dissolved in
the Savillex� vials with 7 ml of 6 N HCl, evaporated, and then taken
up in 3 ml of 2.5 N HCl. The chemical extraction of Sm and Nd fol-
lows the conventional chromatographic procedure described by
Gioia and Pimentel (2000). Each sample was dried out to a solid
and then loaded with 0.25 N H3PO4 on appropriated filament (Ta
for Sm and Re for Nd). All samples were analyzed using a Thermo
Scientific TRITONTM Plus Thermal Ionization Mass Spectrometer
(TIMS) operating in the static multi-collector mode at the UnB.
100–120 ratios were collected with a 0.5 to 1-V 144Nd beam. Nd
ratios were normalized to 146Nd/144Nd = 0.7219. All analyses were
adjusted for variations in instrumental bias due to periodic adjust-
ment of collector positions as monitored by measurements of our
internal standards. Repeated measurements on the USGS BHVO-1
standard gave 143Nd/144Nd = 0.512996 ± 0.000006 (2SD; n = 7) dur-
ing the course of this study. Average blank values were <100 pg for
Sr and Sm, and <500 pg for Nd. Correction for blank was insignifi-
cant for Nd isotopic compositions and generally insignificant for
Sm/Nd ratios. Sm-Nd isotopic data are listed in Table 4.
4. Field aspects and petrography

4.1. Ultramafic rocks and chloritites

The metavolcanic rocks of ultramafic composition are the most
abundant in the Faina and Serra de Santa Rita greenstone belts.
These rocks are predominantly ultramafic schists and fine- to
medium-grained massive rocks. Primary igneous features are
locally preserved and comprise pillow lavas and cumulate-
textured zones. The pillow lavas occur in massive fine-grained
rocks in the southern portion of the Serra de Santa Rita greenstone
belt and attest the subaqueous volcanic character of these ultra-
mafic rocks (Fig. 3A). The ultramafic schists are composed of vari-
able quantities of chlorite, talc and tremolite, which mark the
tectonic foliation of these rocks. Magnetite, chromite and apatite
occur as accessory minerals. Syn- to post-tectonic euhedral tremo-
lite porphyroblasts and post-tectonic magnetite porphyroblasts are
common (Fig. 4A).

The rocks with preserved cumulate textures are massive and
characterized by pseudomorphs of cumulus olivine totally
replaced by serpentine. The olivine pseudomorphs are encom-
passed by tremolite, Mg-hornblende and talc that substituted the
original igneous intercumulus minerals, characterizing mesocu-
mulate and orthocumulate reliquiar textures (Fig. 4B). Similar
cumulate textures are recognized at the base of thick komatiite
lava flows of several worldwide greenstone belts (Arndt et al.,
2008). However, the texture variations observed in the classical
layered komatiite flow occurrences, such as spinifex-textured hori-
zons, were not recognized in ultramafic rocks of the Faina and
Serra de Santa Rita greenstone belts.

Some centimeter- to meter-thick irregular chloritite layers are
interleaved with ultramafic schists and cumulate-textured rocks.
The chloritites are composed mainly of Mg-chlorite (>95%) in a dia-
blastic texture or rarely oriented according to the tectonic foliation.
Apatite, magnetite and zircon are accessory minerals in these
rocks.
4.2. Amphibolites

The mafic metavolcanic rocks are restricted to the Serra de
Santa Rita greenstone belt and are represented by fine- to
medium-grained amphibolites (Fig. 3B). These rocks are composed
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mainly of Mg-hornblende and plagioclase (albite), with subordi-
nate epidote, actinolite, chlorite and biotite. Magnetite, titanite
and apatite are accessory minerals. Tectonic foliation is well
marked by the preferential orientation of amphiboles and chlorite.
The primary igneous texture is rarely preserved; it is characterized
by subhedral plagioclase phenocrysts composing reliquiar por-
phyritic texture and minor intergranular texture domains. The
mineral assemblage includes hornblende + plagioclase (albite) ±
epidote and indicates that the metamorphic peak reached amphi-
bolite facies. Nonetheless, retrometamorphic processes under
greenschist facies are evidenced by the presence of chlorite, actino-
lite and biotite, which substitute in several degrees the hornblende
crystals, predominantly at the edges (Fig. 4C and D). The plagio-
clase is partially replaced by epidote and has a sodic composition
(An1–3). The albitic composition of the plagioclase must be related
to retrometamorphic processes under greenschist facies, but can
also be result of late hydrothermal alteration processes.

4.3. Metandesites

Metandesite lenses occur among the amphibolites in the south-
ern portion of the Serra de Santa Rita greenstone belt. The metan-
desites are interlayered with metavolcaniclastic rocks, metapelites,
carbonaceous schists and metacherts with sulfide dissemination
(Fig. 3C and D). Normally, the metamorphism and deformation
obliterate the primary structures making it difficult to recognize
the protoliths of these rocks. In the less deformed regions, the
metandesites present preserved igneous texture and consist of
euhedral to subhedral plagioclase (albite) phenocrysts embedded
in a fine-grained groundmass of quartz, plagioclase (albite), mus-
covite and biotite (Fig. 4E). The plagioclase is partially replaced
by epidote and the biotite is partially or fully substituted by chlo-
rite. The strongly albitic composition of the plagioclase (An0.1-0.4)
may reflect the superimposed greenschist facies retrometamor-
phism and hydrothermal alteration. In the most deformed rocks,
the original porphyritic texture is obliterated; the plagioclase phe-
nocrysts are less preserved and highly saussuritized and the biotite
is fully replaced by chlorite. Carbonate-rich veinlets oriented
according to the foliation of the rocks are common.

4.4. Metadiorites and metatonalites

Dioritic intrusions also metamorphosed under amphibolite
facies occur among the amphibolites of the Serra de Santa Rita
greenstone belt. At the edges of these intrusions occur angular
enclaves of fine-grained amphibolites that are possibly xenoliths
of the greenstone belt’s metavolcanic rocks (Fig. 3E and F). Mafic
microgranular xenoliths are locally observed which may represent
mingling features. The metadiorites are medium- to coarse-grained
rocks composed of Mg-hornblende, plagioclase (albite) and quartz.
Titanite, magnetite and zircon are accessory minerals. Hornblende
may be partially substituted by actinolite and very often encom-
passed by films of chlorite related to the greenschist facies
retrometamorphism. Plagioclase is highly replaced by epidote
and has an albitic composition (An0.7–2.4) that is probably also a
result of the greenschist facies retrometamorphism and hydrother-
mal alteration. The least deformed rocks present original subhedral
granular texture and minor intergranular texture domains (Fig. 4F).
In the deformed rocks, the foliation is well marked by the preferen-
tial orientation of amphiboles and chlorite. In narrow shear zones,
milonites are formed and the hornblende and plagioclase are fully
substituted by actinolite and epidote, respectively. Subordinated to
the metadiorites occur highly deformed tonalitic intrusions com-
posed of quartz, plagioclase (albite) and Mg-hornblende. In these
rocks, the hornblende is replaced by actinolite and chlorite, and
the plagioclase is strongly saussuritized.
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5. Whole rock geochemistry

5.1. Major and trace elements

5.1.1. Ultramafic rocks and chloritites
The ultramafic rocks of the Faina and Serra de Santa Rita green-

stone belts are characterized by SiO2 = 45–55 wt.%, MgO = 20–
32 wt.%, Fe2O3 = 9–16 wt.%, Al2O3 = 3–8 wt.%, TiO2 = 0.1–0.6 wt.%,
P2O5 = 0.01–0.06 wt.%, Ni = 905–2560 ppm, Cr = 1320–2910 ppm
and Mg# = 75–87 (Table 2). The ultramafic rocks have low absolute
REE contents (

P
REE = 5–43 ppm) and on chondrite-normalized

diagram show flat to enriched LREE patterns (La/Smcn = 1.01–
4.27, La/Ybcn = 0.61–6.36) and flat to slightly fractionated HREE
patterns (Gd/Ybcn = 0.59–1.94). Slightly U-shaped REE patterns,
marked by MREE depletion relative to LREE and HREE (La/
Smcn = 1.05–1.88, Sm/Ybcn = 0.59–0.73), are observed in two sam-
ples (TF14-075B and TF14-II-125A). Negative Ce anomalies are pre-
sented in some samples (Ce/Ce⁄ = 0.24–0.77), while a pronounced
negative Eu anomaly (Eu/Eu⁄ = 0.55) is only observed in the sample
TF14-00 (Fig. 5A). On primitive mantle-normalized diagram, these
rocks show variable negative Nb, Ti and Zr anomalies (Fig. 5B).

The chloritites of the Faina and Serra de Santa Rita greenstone
belts are characterized by high MgO = 28–31 wt.% and Mg# = 77–
82 and differ from the other ultramafic rocks by the lower contents
of SiO2 (31–32 wt.%), Ni (110–410 ppm) and Cr (80–940 ppm), and
by higher contents of Al2O3 (21–23 wt.%), TiO2 (1.0–1.4 wt.%), P2O5

(0.1–0.4 wt.%) and REE (
P

REE = 93–303 ppm) (Table 2). On
Table 3.2
U-Pb zircon in situ data from sample TF14-XI-016 (chloritite of the Serra de Santa Rita gr

Isotope ratiosc

Spot number f 206
a Th/Ub 207Pb/235U 1 s (%) 206Pb/238U 1 s (%) Rhod 207Pb/206Pb

003-91500 0.0273 0.17 1.8452 1.49 0.1784 1.09 0.72 0.0750
004-Z01 0.0367 0.61 16.8171 2.26 0.5733 1.75 0.77 0.2128
005-Z02 0.0350 0.70 16.6864 2.03 0.5448 1.49 0.73 0.2221
006-Z03 0.0376 0.46 17.5235 2.47 0.5807 1.76 0.71 0.2189
007-Z04 0.0409 0.52 17.2431 2.37 0.5748 1.81 0.76 0.2176
008-Z05 0.0758 0.48 16.9752 3.55 0.5587 2.61 0.73 0.2203
009-Z06 0.0530 0.59 17.7578 3.52 0.5805 2.55 0.72 0.2219
010-Z07 0.0592 0.59 17.5012 4.85 0.5837 3.52 0.72 0.2175
013-Z08 0.0089 0.50 17.9455 1.44 0.6022 1.03 0.70 0.2161
014-Z09 0.0212 0.69 17.3373 2.21 0.5841 1.63 0.73 0.2153
015-Z10 0.0379 0.51 17.0452 2.12 0.5570 1.59 0.74 0.2220
016-Z11 0.0415 0.75 17.8992 1.51 0.5902 1.24 0.82 0.2200
017-Z12 0.0193 0.71 17.6561 1.72 0.5879 1.49 0.86 0.2178
018-Z13 0.0442 0.77 17.1755 1.14 0.5727 1.03 0.90 0.2175
019-Z14 0.0289 0.62 17.4285 3.00 0.5923 2.49 0.83 0.2134
020-Z15 0.0352 0.44 18.4853 4.36 0.6175 2.96 0.68 0.2171
023-Z16 0.0118 0.72 17.8210 1.03 0.5881 0.81 0.76 0.2198
024-Z17 0.1300 0.63 9.9515 0.91 0.3629 0.81 0.88 0.1989
025-Z18 0.0203 0.49 17.1078 1.57 0.5740 1.32 0.83 0.2162
026-Z19 0.0098 0.76 17.9487 1.06 0.6017 0.85 0.78 0.2163
027-Z20 0.0106 0.76 17.6680 0.98 0.5894 0.82 0.82 0.2174
028-Z21 0.0312 0.53 17.1737 1.56 0.5725 1.37 0.87 0.2176
029-Z22 0.0057 1.05 18.6783 0.89 0.6194 0.79 0.87 0.2187
030-Z23 0.0193 0.51 17.1492 1.23 0.5657 0.97 0.77 0.2199
033-Z24 0.0090 0.62 18.7131 1.13 0.6240 1.01 0.88 0.2175
034-Z25 0.0106 0.59 17.2298 1.26 0.5761 1.05 0.81 0.2169
035-Z26 0.0098 0.70 17.6066 0.98 0.5868 0.74 0.72 0.2176
036-Z27 0.0096 0.59 17.2983 1.16 0.5748 0.99 0.84 0.2183
037-Z28 0.0150 0.54 16.9338 1.25 0.5756 1.07 0.85 0.2134
038-Z29 0.0112 0.67 17.2196 1.26 0.5696 1.01 0.79 0.2193
039-91500 0.0304 0.17 1.8632 1.65 0.1805 1.21 0.72 0.0749

a Fraction of the non-radiogenic 206Pb in the analyzed zircon spot, where f 206 = [206Pb
b Th/U ratios and amount of Pb, Th and U (in ppm) are calculated relative to 91500 re
c Corrected for background and within-run Pb/U fractionation and normalized to re

(207Pb/206Pb)/(238U/206Pb * 1/137.88).
d Rho is the error correlation defined as the quotient of the propagated errors of the 2

e Corrected for mass-bias by normalising to GJ-1 reference zircon and common Pb us
f Degree of concordance = (206Pb/238U age * 100/207Pb/206U age).
chondrite-normalized diagram, the chloritites show LREE enrich-
ment (La/Smcn = 3.91–4.97, La/Ybcn = 11.12–27) and HREE deple-
tion (Gd/Ybcn = 1.60–3.58), with negative to positive Eu
anomalies (Eu/Eu⁄ = 0.72–1.40) (Fig. 5C). On primitive mantle-
normalized diagram, the chloritites present pronounced negative
Nb anomalies (Nb/Thpm = 0.09–0.41) and negative to positive Zr
(Zr/Smpm = 0.79–2.14) and Ti (Ti/Smpm = 0.24–0.60) anomalies
(Fig. 5D).
5.1.2. Amphibolites
The amphibolites of the Serra de Santa Rita greenstone belt are

characterized by SiO2 = 53–55 wt.%, Al2O3 = 9–16 wt.%, Fe2O3 = 9–
12 wt.%, MgO = 7–15 wt.%, CaO = 6–13 wt.%, TiO2 = 0.4–1.2 wt.%
and Mg# = 56–72 (Table 2). These rocks are classified as basalts
on Nb/Y vs. Zr/Ti diagram and only one sample (TF14-XII-178)
plots in the limit of the alkali basalts field due to the high Nb con-
tent (Fig. 6A). Based on the trace-elements behavior, the amphibo-
lites can be subdivided into two groups: type 1 basalts and type 2
basalts. The type 1 basalts are characterized by the highest con-
tents of MgO (9–15 wt.%), Mg# (60–72), Cr (570–1280 ppm) and
Ni (191–384 ppm), show a toleiitic magmatic affinity on Y vs. Zr
and Yb vs. La diagrams (Fig. 6B and C), and have the lowest abso-
lute REE contents (

P
REE = 15–28 ppm). On chondrite-normalized

diagram, the type 1 basalts have relatively flat REE patterns
marked by La/Smcn = 0.94–1.14, La/Ybcn = 0.75–1.53 and Gd/
Ybcn = 1.00–1.67. Slightly positive Eu anomaly (Eu/Eu⁄ = 1.24) is
observed in one of the samples (PFG-CA-19A) (Fig. 7A). On
eenstone belt) (LA-MC-ICP-MS).

Ages (Ma) Conc (%)f

e 1 s (%) 206Pb/238U 1 s abs 207Pb/235U 1 s abs 207Pb/206Pb 1 s abs

1.02 1058.0 10.6 1061.7 9.8 1069.5 20.4 98.9
1.43 2921.2 41.1 2924.5 21.7 2926.7 23.2 99.8
1.38 2803.6 34.0 2917.0 19.5 2996.2 22.2 93.6
1.74 2951.4 41.7 2963.9 23.7 2972.4 28.0 99.3
1.53 2927.5 42.5 2948.5 22.7 2962.8 24.6 98.8
2.41 2861.4 60.3 2933.4 34.0 2983.2 38.7 95.9
2.43 2950.6 60.3 2976.7 33.8 2994.4 39.1 98.5
3.34 2963.7 83.6 2962.7 46.6 2962.0 53.9 100.1
1.01 3038.7 24.9 2986.8 13.9 2952.0 16.3 102.9
1.48 2965.6 38.8 2953.7 21.2 2945.6 24.0 100.7
1.40 2854.2 36.7 2937.4 20.4 2994.9 22.5 95.3
0.86 2990.2 29.8 2984.3 14.5 2980.4 13.8 100.3
0.85 2980.9 35.6 2971.2 16.5 2964.6 13.7 100.6
0.47 2919.1 24.3 2944.7 10.9 2962.2 7.6 98.5
1.67 2998.8 59.7 2958.7 28.8 2931.6 27.0 102.3
3.21 3099.9 72.8 3015.3 42.0 2959.4 51.7 104.7
0.63 2981.8 19.3 2980.1 9.9 2979.0 10.2 100.1
0.41 1995.9 13.9 2430.3 8.4 2817.1 6.7 70.8
0.85 2924.1 31.0 2940.9 15.0 2952.4 13.7 99.0
0.63 3036.9 20.6 2987.0 10.2 2953.6 10.2 102.8
0.53 2987.0 19.7 2971.8 9.4 2961.6 8.5 100.9
0.76 2917.9 32.1 2944.6 15.0 2962.9 12.2 98.5
0.41 3107.5 19.4 3025.4 8.5 2971.2 6.6 104.6
0.75 2890.2 22.6 2943.2 11.8 2979.6 12.1 97.0
0.51 3125.9 24.9 3027.1 10.9 2962.2 8.2 105.5
0.71 2932.9 24.6 2947.7 12.1 2957.8 11.5 99.2
0.65 2976.5 17.7 2968.5 9.4 2963.0 10.4 100.5
0.60 2927.4 23.4 2951.5 11.2 2968.0 9.7 98.6
0.64 2930.8 25.3 2931.1 12.0 2931.3 10.4 100.0
0.75 2906.1 23.6 2947.1 12.1 2975.3 12.2 97.7
1.13 1069.8 11.9 1068.1 10.9 1064.8 22.7 100.5

/204Pb]c/[206Pb/204Pb]s (c = common; s = sample).
ference zircon.
ference zircon GJ-1 (ID-TIMS values/measured value); 207Pb/235U calculated using

06Pb/238U and the 207/235U ratio.
ing the model Pb composition of Stacey and Kramers (1975).



Table 3.3
U-Pb zircon in situ data from sample TF14-XII-178 (amphibolite of the Serra de Santa Rita greenstone belt) (LA-SF-ICP-MS).

Isotope ratios Ages (Ma) Conc (%)b

Spot number CPS Pb206⁄ CPS Pb207⁄ Th/U 207Pb⁄/206Pb⁄ ±1 s 207Pb⁄/235U ±1 s 206Pb⁄/238U ±1 s Rhoa 206Pb/238U ±1 s 207Pb/235U ±1 s 206Pb/207Pb ±1 s

SMPABC011 100414 22722 0.19 0.2186 0.003 17.7502 0.21 0.5877 0.005 0.79 2980.0 22.2 2976.3 11.3 2970.7 21.5 100.3
SMPABC063 280691 62191 0.59 0.2202 0.004 17.5545 0.30 0.5781 0.005 0.54 2941.2 21.6 2965.6 16.3 2982.2 29.8 98.6
SMPABC056 128857 29079 0.63 0.2185 0.003 17.2997 0.24 0.5739 0.005 0.60 2924.0 19.6 2951.6 13.3 2969.8 25.3 98.5
SMPABC025 252520 55521 0.77 0.2167 0.002 17.1432 0.14 0.5732 0.004 0.88 2920.9 16.9 2942.9 7.9 2956.2 17.4 98.8
SMPABC024 68188 14928 0.40 0.2182 0.003 17.2408 0.19 0.5722 0.005 0.75 2916.8 19.1 2948.3 10.4 2967.8 21.0 98.3
SMPABC019 222119 49006 0.19 0.2183 0.002 17.2213 0.15 0.5713 0.004 0.84 2913.1 16.7 2947.2 8.1 2968.3 17.9 98.1
SMPABC023 191080 41762 0.60 0.2162 0.002 17.0349 0.14 0.5710 0.004 0.87 2911.8 17.0 2936.8 8.0 2952.2 17.7 98.6
SMPABC012 61517 13484 0.40 0.2161 0.002 16.9910 0.15 0.5696 0.004 0.88 2906.1 17.8 2934.3 8.3 2951.9 17.9 98.4
SMPABC026 252243 55750 0.71 0.2171 0.002 17.0458 0.14 0.5688 0.004 0.85 2902.8 16.8 2937.4 8.1 2959.3 17.7 98.1
SMPABC058 69504 15411 0.39 0.2158 0.004 16.9136 0.32 0.5682 0.006 0.55 2900.3 24.4 2929.9 18.1 2949.5 32.6 98.3
SMPABC015 237041 51859 0.68 0.2152 0.002 16.8400 0.13 0.5670 0.004 0.91 2895.7 16.9 2925.8 7.6 2944.7 17.0 98.3
SMPABC018 159286 35318 0.47 0.2187 0.002 17.0896 0.14 0.5661 0.004 0.89 2891.9 17.2 2939.9 7.9 2971.4 17.4 97.3
SMPABC042 175196 38670 0.72 0.2157 0.003 16.8162 0.18 0.5650 0.004 0.70 2887.3 17.5 2924.4 10.3 2948.6 21.0 97.9
SMPABC044 82064 18329 0.58 0.2166 0.003 16.8406 0.19 0.5634 0.004 0.71 2880.8 18.5 2925.8 10.7 2955.4 21.4 97.5
SMPABC031 181307 39902 0.80 0.2141 0.002 16.5418 0.14 0.5597 0.004 0.89 2865.2 16.9 2908.7 7.9 2937.0 17.3 97.6
SMPABC010 173935 37666 0.65 0.2138 0.002 16.5156 0.13 0.5596 0.004 0.91 2864.8 16.8 2907.1 7.7 2934.7 17.1 97.6
SMPABC062 262678 57858 0.18 0.2168 0.004 16.7027 0.26 0.5583 0.005 0.58 2859.5 20.5 2917.9 14.7 2956.8 27.4 96.7
SMPABC030 78242 17190 0.38 0.2146 0.002 16.5358 0.15 0.5582 0.004 0.87 2859.1 17.6 2908.3 8.4 2940.9 18.0 97.2
SMPABC046 76305 17081 0.52 0.2151 0.003 16.5606 0.19 0.5576 0.005 0.75 2856.6 19.5 2909.7 10.8 2944.6 21.3 97.0
SMPABC057 154804 34832 0.65 0.2147 0.002 16.4696 0.15 0.5558 0.004 0.82 2849.2 17.1 2904.5 8.6 2941.3 18.2 96.9
SMPABC027 66050 14523 0.55 0.2162 0.003 16.5275 0.15 0.5539 0.004 0.84 2841.4 17.5 2907.8 8.7 2952.3 18.6 96.2
SMPABC059 144695 32727 0.22 0.2151 0.003 16.1295 0.16 0.5435 0.004 0.78 2798.1 18.1 2884.5 9.8 2944.1 19.6 95.0
SMPABC054 45979 10237 0.22 0.2126 0.003 15.9042 0.18 0.5418 0.005 0.77 2790.9 19.3 2871.1 10.6 2925.7 20.9 95.4
SMPABC014 142119 31151 0.70 0.2111 0.002 15.7693 0.14 0.5414 0.004 0.86 2789.5 17.1 2862.9 8.4 2913.8 17.8 95.7
SMPABC049 137913 29913 0.24 0.2137 0.004 15.9377 0.30 0.5411 0.006 0.57 2787.9 24.4 2873.1 18.1 2933.9 32.8 95.0
SMPABC028 73187 15875 0.47 0.2131 0.002 15.6860 0.14 0.5333 0.004 0.84 2755.3 16.9 2857.9 8.6 2929.3 18.5 94.1
SMPABC055 89843 19860 0.23 0.2140 0.004 15.6906 0.26 0.5322 0.005 0.61 2750.7 22.8 2858.1 15.8 2936.3 29.1 93.7
SMPABC032 63837 13725 0.29 0.2112 0.003 15.4591 0.16 0.5302 0.004 0.75 2742.4 17.7 2844.0 10.1 2914.9 20.7 94.1
SMPABC016 38555 8274 0.19 0.2129 0.004 15.5149 0.26 0.5280 0.006 0.72 2733.1 26.6 2847.4 15.9 2927.8 29.1 93.4
SMPABC061 80408 17473 0.54 0.2141 0.004 15.5763 0.23 0.5271 0.005 0.64 2729.1 20.9 2851.2 14.0 2936.6 26.3 92.9
SMPABC043 35981 7622 0.58 0.2121 0.004 14.9376 0.28 0.5104 0.006 0.62 2658.5 24.8 2811.3 17.6 2921.8 32.0 91.0
SMPABC045 70647 15367 0.54 0.2108 0.003 14.6528 0.17 0.5038 0.004 0.70 2630.0 17.4 2793.0 10.9 2911.4 21.8 90.3
SMPABC060 355551 77115 0.81 0.2083 0.003 14.0180 0.15 0.4876 0.004 0.74 2560.1 16.7 2750.9 10.1 2892.4 20.4 88.5

a Rho is the error correlation defined as the quotient of the propagated errors of the 206Pb/238U and the 207Pb/235U ratio.
b Degree of concordance = (206Pb/238U age * 100/207Pb/206Pb age).
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primitive mantle-normalized diagram, the type 1 basalts show rel-
atively flat patterns without any significant anomalies (Fig. 7B).

The type 2 basalts are characterized by lower MgO (7–9 wt.%),
Mg# (56–67), Cr (340–430 ppm) and Ni (110–237 ppm) and by
higher REE contents (

P
ETR = 60–82 ppm) compared to the type

1 basalts. Two samples (TF14-XII-015B and PFG-CA-16A) show a
transitional sub-alkaline magmatic affinity and one sample
(TF14-XII-178) show a calc-alkaline magmatic affinity according
to Y vs. Zr and Yb vs. La diagrams (Fig. 6B and C). On chondrite-
normalized diagram, the type 2 basalts have enriched LREE pat-
terns and flat to slightly depleted HREE patterns marked by La/
Smcn = 1.62–2.73, La/Ybcn = 1.93–2.3 e Gd/Ybcn = 1.31–1.95, with-
out Eu anomalies (Fig. 7C). On primitive mantle-normalized dia-
gram, the type 2 basalts show slightly negative to positive Nb
anomalies (Nb/Thpm = 0.68–1.27) and negative Ti anomalies (Ti/
Smpm = 0.49–0.84) (Fig. 7D). The type 2 basalts are also character-
ized by high Nb contents (5–12 ppm), whereas the type 1 basalts
present low values (1–2 ppm) (Table 2).
5.1.3. Metandesites
The metandesites of the Serra de Santa Rita greenstone belts are

characterized by SiO2 = 56–68 wt.%, Al2O3 = 16–20 wt.%, Fe2O3 = 5–
8 wt.%, Na2O = 4–6 wt.%, CaO = 3–6 wt.%, MgO = 3–6 wt.%,
TiO2 = 0.5–1.1 wt.%, K2O = 0.1–1.4 wt.%, Cr = 60–240 ppm and
Ni = 51–128 ppm (Table 2). These rocks are classified as andesites
and basaltic andesites on Nb/Y vs. Zr/Ti diagram (Fig. 6A) and have
a calc-alkaline magmatic affinity according to Y vs. Zr and Yb vs. La
diagrams (Fig. 6B and C). On chondrite-normalized diagram, the
metandesites have enriched LREE patterns and depleted HREE
patterns marked by La/Smcn = 2.55–4.12, La/Ybcn = 4.70–14.58
and Gd/Ybcn = 1.66–2.34 (Fig. 8A). On primitive mantle-
normalized diagram, the metandesites show pronounced negative
Nb and Ti anomalies (Nb/Thpm = 0.26–0.35; Ti/Smpm = 0.08–0.16),
and slightly positive Zr anomalies (Zr/Smpm = 1.35–1.71) (Fig. 8B).
5.1.4. Metadiorites and metatonalites
The metadiorites of the Serra de Santa Rita greenstone belt

are characterized by SiO2 = 54–58 wt.%, Al2O3 = 13–15 wt.%,
MgO = 9–15 wt.%, Fe2O3 = 7–10 wt.%, CaO = 5–7 wt.%, Na2O = 1–
5 wt.%, TiO2 = 0.4–1.2 wt.% and K2O = 0.1–1.4 wt.%. These rocks
present unusual high Mg# (70–81), Cr (440–1060 ppm) and Ni
(200–456 ppm) contents (Table 2). The only analyzed sample of
metatonalite (TF14-XII-183) show higher SiO2 (66 wt.%) and
lower Fe2O3 (5 wt.%), MgO (1.7 wt.%), Mg# (42), Cr (330 ppm)
and Ni (120 ppm) than the metadiorites (Table 2). On TAS clas-
sification diagram for plutonic rocks (Middlemost, 1994; not pre-
sented), the rocks plot predominantly in the field of quartz-
diorites with the exception of the metatonalite sample, that plots
consistently in the tonalite field. The metadiorites and meta-
tonalite plot predominantly in the andesite and basaltic andesite
field on Nb/Yb vs. Zr/Ti diagram (Fig. 6A), and show a calc-
alkaline magmatic affinity on Y vs. Zr and Yb vs. La diagrams
(Fig. 6B and C).

The metadiorites and metatonalites are characterized by
P

ETR = 50–162 ppm and on chondrite-normalized diagram they
present enriched LREE patterns and depleted HREE patterns
marked by La/Smcn = 2.91–4.18, La/Ybcn = 8.49–18.61 and Gd/
Ybcn = 1.75–3.93. Only the metatonalite sample shows positive Eu
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anomaly (Eu/Eu⁄ = 1.30) (Fig. 8C). On primitive mantle-normalized
diagram the metadiorites present pronounced negative Nb and Ti
anomalies (Nb/Thpm = 0.22–0.84; Ti/Smpm = 0.24–0.45), and
slightly negative Zr anomalies (Zr/Smpm = 0.83–0.92) (Fig. 8D).

6. Geochronology

6.1. U-Pb

LA-MC-ICP-MS and LA-SF-ICP-MS U-Pb zircon dating were con-
ducted in five samples: a chloritite of the Faina greenstone belt
(TF14-I-099), a chloritite of the Serra de Santa Rita greenstone belt
(TF14-XI-016), an amphibolite that belong to the type 2 basalts
group (TF14-XII-178), a metadiorite (PFG-CA-04A) and a meta-
tonalite (TF1-XII-183). With the exception of the sample TF14-XI-
016, the zircon crystals data of all dated samples provided discor-
dia diagrams and ages defined by upper intercepts, interpreted as
the magmatic crystallization ages of the protoliths.

The chloritite sample of the Faina greenstone belt yielded a dis-
cordia defining the upper intercept age of 2950 ± 37 Ma (Fig. 9A).
The chloritite sample of the Serra de Santa Rita greenstone belt
yielded the concordant age of 2960.3 ± 5.5 Ma (Fig. 9B). The amphi-
bolite sample yielded a discordia defining the upper intercept age of
2968.3 ± 7.0 Ma (Fig. 9C). The metadiorite sample yielded a discor-
dia defining the upper intercept age of 2922.8 ± 2.8 Ma (Fig. 9D).
Table 3.4
U-Pb zircon in situ data from sample PFG-CA-04A (metadiorite of the Serra de Santa Rita

Isotope ratios

Spot number CPS Pb206⁄ CPS Pb207⁄ Th/U 207Pb⁄/206Pb⁄ ±1 s 207Pb⁄/235U ±1 s 206P

SMPABC027a 56359 12769 0.34 0.2242 0.005 18.2854 0.35 0.5
SMPABC063a 119470 26325 0.57 0.2186 0.005 17.6110 0.37 0.5
SMPABC016 167243 39020 0.75 0.2085 0.003 16.9010 0.21 0.5
SMPABC023 234418 51869 0.35 0.2114 0.002 16.9661 0.16 0.5
SMPABC030 111939 24197 0.60 0.2122 0.002 17.0063 0.14 0.5
SMPABC019 323021 71801 0.72 0.2108 0.002 16.8867 0.16 0.5
SMPABC056 141358 31122 0.59 0.2113 0.002 16.9055 0.16 0.5
SMPABC043 179333 39313 0.52 0.2113 0.002 16.8806 0.15 0.5
SMPABC017 183086 39927 0.68 0.2113 0.002 16.8664 0.14 0.5
SMPABC026 75351 16825 0.36 0.2125 0.003 16.9655 0.17 0.5
SMPABC053 180479 39774 0.30 0.2116 0.002 16.8951 0.16 0.5
SMPABC032 55066 12069 0.42 0.2122 0.002 16.9206 0.16 0.5
SMPABC031 107057 23426 0.49 0.2118 0.002 16.8716 0.15 0.5
SMPABC040 77239 16515 0.52 0.2107 0.003 16.7685 0.16 0.5
SMPABC013 147178 31325 0.24 0.2112 0.002 16.7808 0.14 0.5
SMPABC050 131263 28656 0.63 0.2127 0.003 16.9151 0.18 0.5
SMPABC051 119760 26744 0.50 0.2125 0.003 16.8949 0.17 0.5
SMPABC060 95417 21064 0.23 0.2107 0.003 16.7432 0.17 0.5
SMPABC014 159013 34825 0.54 0.2133 0.002 16.8988 0.14 0.5
SMPABC055 112780 24767 0.25 0.2121 0.002 16.8190 0.16 0.5
SMPABC018 137756 29988 0.59 0.2121 0.002 16.7594 0.14 0.5
SMPABC042 184821 40698 0.66 0.2121 0.002 16.7558 0.15 0.5
SMPABC037 134293 29450 0.56 0.2118 0.002 16.7312 0.15 0.5
SMPABC054 96838 21047 0.30 0.2123 0.003 16.7474 0.17 0.5
SMPABC062 122549 27076 0.37 0.2116 0.003 16.6795 0.17 0.5
SMPABC044 62027 13442 0.34 0.2123 0.003 16.6563 0.16 0.5
SMPABC010 65629 14633 0.28 0.2139 0.003 16.6716 0.17 0.5
SMPABC052 57278 12364 0.32 0.2136 0.004 16.6045 0.25 0.5
SMPABC024 183989 40440 0.27 0.2133 0.002 16.5439 0.14 0.5
SMPABC061 234383 51927 0.71 0.2123 0.003 16.4671 0.16 0.5
SMPABC048 91054 20137 0.28 0.2129 0.002 16.4833 0.16 0.5
SMPABC039 258068 56986 0.61 0.2131 0.002 16.4617 0.14 0.5
SMPABC038 120773 26205 0.24 0.2129 0.002 16.3593 0.15 0.5
SMPABC028 46996 10145 0.27 0.2125 0.003 16.2974 0.16 0.5
SMPABC015 58499 12704 0.27 0.2135 0.002 15.6958 0.14 0.5
SMPABC036 89417 19300 0.30 0.2135 0.004 15.6561 0.24 0.5

SMPABC059 265489 57721 0.61 0.2121 0.002 15.4627 0.14 0.5
SMPABC011 108010 23299 0.31 0.2126 0.002 15.4727 0.14 0.5
SMPABC029 177148 38191 0.27 0.2114 0.002 15.3132 0.13 0.5
SMPABC025 169790 36479 0.33 0.2129 0.002 15.2695 0.14 0.5

a Rho is the error correlation defined as the quotient of the propagated errors of the 2

b Degree of concordance = (206Pb/238U age * 100/207Pb/206Pb age).
The metatonalite sample yielded a discordia defining the upper
intercept age of 2809.3 ± 9.2 Ma (Fig. 9E). These agesmark twomain
periods of igneous activity: 2.96–2.92 Ga and 2.8 Ga.

6.2. Sm-Nd

The whole-rock Sm-Nd isotopic analyses were carried out in
four samples: an amphibolite of the type 2 basalts group (TF14-
XII-178), two metadiorites (PFG-CA-04A and PFG-CA-04E), and a
metatonalite (TF14-XII-183). The amphibolite presented
TDM = 3.08 Ga and ƐNd = +2.26 for the magmatic crystallization age
of 2.96 Ga. The metadiorites PFG-CA-04A and PFG-CA-04E pre-
sented, respectively, TDM of 3.03 and 2.99 Ga, and ƐNd of +2.16
and +2.77 for the magmatic crystallization age of 2.92 Ga. The
metatonalite presented TDM = 3.13 Ga and ƐNd = �0.15 for the mag-
matic crystallization age of 2.8 Ga (Table 4).

7. Discussion

7.1. Element mobility and crustal contamination

The recognition of the primary chemical composition of igneous
rocks in Archean greenstone belts sometimes is difficult due to the
effects of metamorphism, hydrothermal alteration and deforma-
tion. The metavolcanic and metaplutonic rocks of the Faina and
greenstone belt) (LA-SF-ICP-MS).

Ages (Ma) Conc (%)b

b⁄/238U ±1 s Rhoa 206Pb/238U ±1 s 207Pb/235U ±1 s 206Pb/207Pb ±1 s

914 0.008 0.70 2994.9 32.3 3004.9 18.5 3011.4 32.3 99.5
849 0.007 0.54 2968.9 27.3 2968.7 20.3 2970.5 36.6 99.9
869 0.006 0.78 2976.9 22.9 2929.2 11.8 2894.2 22.1 102.9
817 0.005 0.83 2955.6 18.7 2932.9 9.1 2915.9 18.5 101.4
808 0.004 0.88 2951.9 17.7 2935.2 8.2 2922.1 17.7 101.0
806 0.005 0.81 2951.2 18.6 2928.4 9.3 2911.5 18.7 101.4
796 0.004 0.79 2947.0 18.3 2929.5 9.3 2915.3 19.0 101.1
788 0.004 0.85 2943.8 18.0 2928.1 8.6 2915.6 18.0 101.0
787 0.004 0.91 2943.5 18.1 2927.3 8.1 2915.5 17.2 101.0
786 0.005 0.81 2942.9 19.6 2932.9 9.9 2924.6 19.5 100.6
782 0.004 0.80 2941.6 18.1 2928.9 9.1 2918.1 18.7 100.8
779 0.005 0.86 2940.2 18.7 2930.3 8.8 2922.3 18.3 100.6
774 0.004 0.87 2937.9 18.0 2927.6 8.4 2919.2 17.7 100.6
767 0.005 0.82 2935.2 19.0 2921.7 9.4 2910.9 19.2 100.8
761 0.004 0.89 2932.7 18.0 2922.4 8.2 2914.6 17.7 100.6
761 0.005 0.78 2932.7 19.6 2930.0 10.2 2926.3 20.2 100.2
760 0.005 0.79 2932.2 18.7 2928.9 9.7 2924.6 19.3 100.3
756 0.005 0.77 2930.8 18.8 2920.2 10.0 2910.9 19.8 100.7
744 0.004 0.92 2925.8 17.6 2929.1 7.8 2930.8 17.0 99.8
743 0.005 0.82 2925.4 18.5 2924.6 9.2 2922.0 18.8 100.1
729 0.004 0.91 2919.6 18.0 2921.2 8.0 2921.3 17.3 99.9
726 0.004 0.84 2918.3 18.0 2921.0 8.8 2921.3 18.2 99.9
723 0.004 0.87 2917.3 17.9 2919.6 8.4 2919.6 17.8 99.9
712 0.005 0.80 2912.7 18.7 2920.5 9.5 2923.3 19.4 99.6
710 0.004 0.76 2911.7 18.3 2916.6 9.8 2917.7 19.7 99.8
684 0.005 0.83 2901.1 19.0 2915.3 9.4 2923.2 19.1 99.2
648 0.005 0.83 2886.6 19.6 2916.1 9.7 2935.2 19.2 98.3
631 0.006 0.66 2879.5 22.7 2912.3 14.1 2933.4 26.4 98.2
623 0.004 0.90 2875.9 17.4 2908.8 8.0 2930.6 17.2 98.1
618 0.004 0.78 2874.1 17.9 2904.3 9.4 2923.1 19.0 98.3
610 0.004 0.83 2870.6 18.1 2905.3 9.0 2927.5 18.6 98.1
596 0.004 0.87 2865.1 17.4 2904.0 8.3 2929.5 17.7 97.8
568 0.004 0.86 2853.4 17.9 2898.0 8.7 2927.5 18.2 97.5
560 0.005 0.85 2849.9 19.2 2894.4 9.4 2924.4 19.1 97.5
331 0.004 0.88 2754.5 18.0 2858.5 8.7 2932.1 18.2 93.9
315 0.005 0.65 2747.7 22.3 2856.0 14.6 2932.5 27.4 93.7

281 0.004 0.80 2733.6 16.7 2844.2 8.9 2921.4 18.7 93.6
279 0.004 0.90 2732.5 17.6 2844.8 8.4 2925.3 17.8 93.4
251 0.004 0.89 2720.8 16.9 2834.9 8.1 2915.9 17.5 93.3
198 0.004 0.86 2698.2 16.9 2832.2 8.5 2928.0 18.1 92.2

06Pb/238U and the 207Pb/235U ratio.



Table 3.5
U-Pb zircon in situ data from sample TF14-XII-183 (metatonalite of the Serra de Santa Rita greenstone belt) (LA-SF-ICP-MS).

Isotope ratios Ages (Ma) Conc (%)b

Spot number CPS Pb206⁄ CPS Pb207⁄ Th/U 207Pb⁄/206Pb⁄ ±1 s 207Pb⁄/235U ±1 s 206Pb⁄/238U ±1 s Rhoa 206Pb/238U ±1 s 207Pb/235U ±1 s 206Pb/207Pb ±1 s

SMPABC091 100676 20298 0.29 0.1900 0.002 10.6351 0.09 0.4073 0.003 0.91 2202.6 14.4 2491.8 7.9 2741.8 17.5 80.3
SMPABC090 122428 24939 0.30 0.1915 0.002 11.2708 0.09 0.4282 0.003 0.92 2297.7 14.8 2545.8 7.8 2755.1 17.3 83.4
SMPABC089 108908 22116 0.28 0.1912 0.002 12.3266 0.10 0.4689 0.004 0.92 2478.8 15.9 2629.6 7.9 2752.6 17.4 90.1
SMPABC087 116786 23344 0.34 0.1885 0.002 10.9607 0.09 0.4230 0.003 0.92 2274.0 14.7 2519.8 7.8 2728.9 17.3 83.3
SMPABC085 128882 23946 0.34 0.1750 0.002 6.9616 0.06 0.2892 0.002 0.92 1637.5 11.0 2106.5 7.4 2606.4 17.5 62.8
SMPABC083 106990 22101 0.29 0.1948 0.002 12.3217 0.10 0.4600 0.004 0.92 2439.5 15.6 2629.2 7.8 2782.8 17.2 87.7
SMPABC073 99876 19426 0.32 0.1834 0.002 8.7247 0.07 0.3455 0.003 0.93 1913.3 12.6 2309.7 7.5 2684.2 17.3 71.3
SMPABC072 102961 20612 0.26 0.1891 0.002 11.5509 0.09 0.4438 0.003 0.94 2367.5 15.2 2568.7 7.7 2734.2 17.1 86.6
SMPABC071 117121 24040 0.35 0.1937 0.002 13.3501 0.11 0.5006 0.004 0.94 2616.2 16.4 2704.7 7.7 2774.2 17.0 94.3
SMPABC070 119032 21828 0.41 0.1731 0.002 6.6858 0.05 0.2805 0.002 0.93 1593.9 10.7 2070.7 7.1 2588.1 17.3 61.6
SMPABC069 101828 20706 0.32 0.1919 0.002 11.5423 0.09 0.4369 0.003 0.94 2336.7 15.0 2568.0 7.6 2758.4 17.0 84.7
SMPABC067 126440 24116 0.26 0.1804 0.002 8.2655 0.07 0.3328 0.003 0.94 1851.9 12.2 2260.5 7.3 2656.1 17.1 69.7
SMPABC066 69594 13258 0.29 0.1798 0.002 8.8982 0.07 0.3593 0.003 0.93 1979.0 13.1 2327.6 7.6 2651.1 17.5 74.6
SMPABC064 113949 21796 0.36 0.1819 0.002 8.9111 0.07 0.3556 0.003 0.94 1961.4 12.8 2328.9 7.3 2670.4 17.1 73.5
SMPABC054 129686 24729 0.30 0.1801 0.002 8.5594 0.07 0.3448 0.003 0.96 1909.8 12.4 2292.3 7.1 2653.7 16.9 72.0
SMPABC052 112836 21987 0.32 0.1846 0.002 9.6959 0.08 0.3811 0.003 0.96 2081.3 13.4 2406.3 7.3 2694.3 16.9 77.2
SMPABC050 99432 20307 0.22 0.1934 0.002 12.2947 0.10 0.4611 0.004 0.96 2444.3 15.4 2627.2 7.5 2771.1 16.8 88.2
SMPABC048 63226 12110 0.27 0.1819 0.002 8.5723 0.07 0.3417 0.003 0.94 1894.8 12.6 2293.6 7.4 2670.4 17.3 71.0
SMPABC046 114264 21012 0.37 0.1748 0.002 7.2094 0.06 0.2990 0.002 0.96 1686.5 11.2 2137.7 7.0 2604.0 17.1 64.8
SMPABC037 76421 15493 0.28 0.1926 0.002 11.8672 0.09 0.4464 0.003 0.96 2379.3 15.2 2594.0 7.5 2764.5 16.9 86.1
SMPABC036 115181 22591 0.30 0.1863 0.002 9.5776 0.07 0.3725 0.003 0.96 2040.9 13.1 2395.0 7.1 2709.7 16.7 75.3
SMPABC035 133747 25888 0.34 0.1842 0.002 9.5264 0.07 0.3746 0.003 0.97 2051.0 13.1 2390.1 7.1 2691.2 16.7 76.2
SMPABC033 116514 21879 0.35 0.1782 0.002 7.7692 0.06 0.3157 0.002 0.97 1768.9 11.6 2204.6 7.0 2636.4 16.8 67.1
SMPABC032 101651 20364 0.29 0.1907 0.002 12.2015 0.09 0.4634 0.003 0.97 2454.4 15.4 2620.0 7.3 2748.3 16.7 89.3
SMPABC031 123307 22291 0.38 0.1722 0.002 6.8811 0.05 0.2895 0.002 0.97 1638.8 10.8 2096.2 6.9 2578.7 16.9 63.6
SMPABC030 127722 25582 0.26 0.1909 0.002 12.0961 0.09 0.4589 0.003 0.97 2434.6 15.2 2611.9 7.2 2749.8 16.6 88.5

SMPABC028 136278 25880 0.38 0.1804 0.002 7.9419 0.06 0.3188 0.002 0.97 1784.0 11.6 2224.5 6.9 2656.1 16.7 67.2
SMPABC019 115505 21829 0.35 0.1797 0.002 8.7231 0.07 0.3511 0.003 0.97 1940.0 12.5 2309.5 7.0 2650.5 16.8 73.2
SMPABC018 118076 22315 0.27 0.1798 0.002 8.0451 0.06 0.3237 0.002 0.97 1808.0 11.7 2236.1 6.9 2650.9 16.7 68.2
SMPABC017 100911 20846 0.25 0.1971 0.002 14.0354 0.11 0.5150 0.004 0.97 2678.1 16.5 2752.1 7.3 2802.7 16.5 95.6
SMPABC016 121428 23097 0.33 0.1815 0.002 8.8006 0.07 0.3508 0.003 0.97 1938.4 12.5 2317.6 7.0 2666.4 16.7 72.7
SMPABC015 117987 24206 0.28 0.1955 0.002 12.9292 0.10 0.4785 0.004 0.98 2520.7 15.6 2674.5 7.2 2788.6 16.5 90.4
SMPABC014 94046 19445 0.29 0.1969 0.002 13.7296 0.11 0.5043 0.004 0.97 2632.4 16.3 2731.2 7.4 2800.7 16.6 94.0
SMPABC013 87316 17283 0.44 0.1891 0.002 10.3309 0.08 0.3952 0.003 0.96 2147.0 13.8 2464.9 7.3 2734.0 16.8 78.5
SMPABC012 97015 19569 0.28 0.1931 0.002 12.9101 0.10 0.4835 0.004 0.97 2542.3 15.8 2673.1 7.3 2769.0 16.7 91.8
SMPABC011 81802 16856 0.27 0.1969 0.002 13.7502 0.11 0.5051 0.004 0.96 2635.7 16.4 2732.7 7.5 2800.3 16.8 94.1
SMPABC010 125017 23696 0.33 0.1792 0.002 7.9008 0.06 0.3189 0.002 0.95 1784.4 11.8 2219.8 7.1 2645.4 17.1 67.5

a Rho is the error correlation defined as the quotient of the propagated errors of the 206Pb/238U and the 207Pb/235U ratio.
b Degree of concordance = (206Pb/238U age * 100/207Pb/206Pb age).

Table 4
Sm-Nd isotopic data of metavolcanic and metaplutonic rocks of the Serra de Santa Rita greenstone belt.

Sample Nd (ppm) Sm (ppm) 147Sm/144Nd 143Nd/144Nd ± 2r ƐNd (0) t (Ma) ƐNd (t) TDM (Ga)

TF14-XII-178 (Amphibolite) 3.751 17.629 0.1286 0.511418 ± 4 �23.80 2968 +2.26 3.08
PFG-CA-004A (Metadiorite) 7.380 38.469 0.1160 0.511192 ± 4 �28.22 2920 +2.16 3.03
PFG-CA-004E (Metadiorite) 4.654 25.205 0.1116 0.511137 ± 3 �29.27 2920 +2.77 2.99
TF14-XII-183 (Metatonalite) 2.729 14.023 0.1176 0.511164 ± 10 �28.74 2809 �0.15 3.13
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Serra de Santa Rita greenstone belts were submitted to at least two
thermal-tectonic events under greenschist to amphibolite condi-
tions and to several phases of deformation. Nonetheless, several
studies have demonstrated that in Archean volcanic rocks exposed
to hydrothermal alteration and to greenschist to amphibolite facies
metamorphism, the elements Al, Ti, Fe, P, HFSE (Th, Nb, Ta, Zr and
Hf), REE and transition metals (Cr, Ni, Sc, V, Y e Co) are relatively
immobile, while the elements Na, K, Ca, LILE (Cs, Rb, Ba e Sr) and
Pb tend to be mobile (Hart et al., 1974; Condie et al., 1977;
Kerrich and Fryer, 1979; Dostal et al., 1980; Ludden et al., 1982;
Murphy and Hynes, 1986; Arndt, 1994; Polat et al., 2002; Polat
and Hofmann, 2003). Therefore, in this study the geochemical data
discussions are focused mainly on the elements that are relatively
immobile during post-magmatic processes.

The ultramafic rocks of the Faina and Serra de Santa Rita green-
stone belts are commonly associated with high loss on ignition
(LOI = 4–11 wt.%) and four of these samples present pronounced
negative Ce anomalies (Ce/Ce⁄ = 0.24–0.77). Samples with Ce/
Ce⁄ < 0.9 and Ce/Ce⁄ > 1.1 are considered ‘‘highly altered” and pre-
sent LREEmobility (Polat and Hofmann, 2003). Thus, the ultramafic
rocks with strong negative Ce anomalies must have undergone
some kind of trace-element mobility. Three amphibolite samples
(TF14-XII-015B, PFG-CA-19A e PFG-CA-19B) and one metadiorite
sample (TF14-XII-015A) also present Ce/Ce⁄ values lower than
0.9, although the chondrite- and primitive mantle-normalized pat-
terns of these rocks are coherent with the other samples without
Ce anomalies on the corresponding geochemical diagrams, there-
fore, we consider that their geochemical signatures might also be
used in the interpretation of their original chemical composition.

The evaluation regarding crustal contamination in the precursor
magma of the Faina and Serra de Santa Rita greenstone belts can be
assessed on the basis of the pillow lava structures in ultramafic



Fig. 3. Field characteristics of metavolcanic and metaplutonic rocks of the Faina and Serra de Santa Rita greenstone belts. (A) Pillow lavas in ultramafic rocks. (B) Foliated
amphibolite outcrop. (C) Foliated metandesite outcrop. (D) Intercalation of metachert and carbonaceous schist that are associated with metandesites and metavolcanoclastic
rocks. (E) Angular fine-grained amphibolite (metabasalt) xenolith in coarse-grained metadiorite. (F) Highly deformed irregular contact between metadiorite (upper) and
amphibotite (lower).
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rocks and the spatial association of metachert and carbonaceous
schist interlayered with amphibolites and metandesites. Such
characteristics are more consistent with an oceanic rather than a
continental setting for the volcanism. The positive initial ƐNd values
(+2.16 to +2.77) observed in the amphibolite and metadiorites with
magmatic crystallization ages between 2.96 and 2.92 Ga are also
not consistent with continental crust interaction in this period.
The metatonalite that presented magmatic crystallization age of
2.8 Ga and initial ƐNd of �0,15 indicates that interaction with con-
tinental crust might have occurred in this second period.

7.2. Origin of the ultramafic rocks and similarities with boninites

Spinifex textures are well described in metakomatiites of the
Crixás greenstone belt, in the northern portion of the Archean-
Paleoproterozoic Terrane of Goiás (Sabóia and Teixeira, 1980;
Teixeira, 1981; Teixeira et al., 1981; Kuyumjian and Teixeira,
1982), but textures of this kind are not yet recognized in the Faina
and Serra de Santa Rita greenstone belts. However, the presence of
pillowed structures in ultramafic rocks of the Serra de Santa Rita
greenstone belt is extremely important because it indicates the
subaqueous volcanic character of these sequences. Therefore, the
ultramafic protoliths of the Faina and Serra de Santa Rita green-
stone belts are correlated to komatiites.

The komatiites are traditionally divided into two groups: alu-
mina depleted komatiites (ADK) and alumina undepleted komati-
ites (AUK) (Nestbitt et al., 1979; Arndt, 1994). The ADK are
characterized by low Al2O3/TiO2 (�10), high CaO/Al2O3 (�1.5)
and Gd/Ybcn = 1.1–1.7. The AUK have nearly chondritic Al2O3/TiO2

ratios (�20), CaO/Al2O3 (�1) and flat chondrite-normalized HREE
patterns. The ultramafic rocks of the Faina and Serra de Santa Rita
greenstone belts are characterized by Al2O3/TiO2 (12.3–44.8), CaO/



Fig. 4. Photomicrographs of metavolcanic and metaplutonic rocks of the Faina and Serra de Santa Rita greenstone belts. (A) Tremolite porphyroblasts in ultramafic schist
composed of tremolite, chlorite and talc. (B) Pseudomorphs of olivine totally serpentinized and encompassed by Mg-hornblende and tremolite. (C-D) Amphibolite composed
of Mg-hornblende partially substituted by actinolite and chlorite, and plagioclase replaced by epidote. (E) Metandesite with preserved plagioclase phenocrysts embedded in a
fine-grained groundmass of quartz, plagioclase, muscovite and biotite. (F) Metadiorite composed of Mg-hornblende, plagioclase and quartz with original intergranular
texture. Crossed polarized light: A, B, D, E and F. Plane polarized light: D. Abbreviations: Ac (actinolite); Chl (chlorite); Ep (epidote); Hbl (hornblende); Mt (magnetite); Pl
(plagioclase); Qz (quartz); Tr (tremolite).
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Al2O3 (0.6–1.1) and Gd/Ybcn (0.7–1.9) ratios quite varied, which
hinders their classification into one of the two komatiite groups,
although they still present more similarity with AUK. This com-
plexity may be related to different sources for komatiitic lava in
the region, but the element mobility due to post-magmatic pro-
cesses cannot be ruled out.

The origin of komatiites in greenstone belts has been commonly
attributed to high-temperature mantle plumes generating a typical
tholeiite-komatiite association (e.g. Campbell et al., 1989;
Herzberg, 1992; Xie et al., 1993; Arndt, 1994; Condie, 1994;
Dostal and Mueller, 1997, 2004; Puchtel et al., 1998; Polat,
2009). Nonetheless, studies have also suggested an origin related
to subduction zones, in forearc environments, for some Archean
komatiites and komatiitic basalts in analogy with Phanerozoic
boninites (e.g. Barberton greenstone belt; Parman et al., 2001,
2004; Parman and Grove, 2004). The boninites are characterized
by high SiO2 (>53 wt.%) and Mg# (>60), and low TiO2 (<0.5 wt.%)
and are exclusive of subduction zones. The boninitic magmas are
generated by hydrous melting of a refractory mantle at shallow
depths (Crawford et al., 1989). The boninites are normally associ-
ated to forearc regions in the initial stages of subduction in intrao-
ceanic arcs (Pearce et al., 1992). According to experimental data,
komatiitic magma can also be produced by mantle hydrous melt-
ing at relatively low temperatures, between 1500 and 1600 �C.
These temperatures are significantly cooler than estimates of man-
tle temperatures assuming an anhydrous plume origin for komati-
ites (>1900 �C) (Parman et al., 2001).

The ultramafic rocks of the Faina and Serra de Santa Rita green-
stone belts have some chemical characteristics comparable to
boninites, such as low TiO2 (0.1–0.6 wt.%), negative Nb and Ti



Fig. 5. Chondrite- and primitive mantle-normalized diagrams for ultramafic rocks and chloritites of the Faina and Serra de Santa Rita greenstone belts. (A–B) Ultramafic
schists and cumulate-textured rocks. (C-D) Chloritites. Normalization values and N-MORB composition are those of Sun and McDonough (1989).

Fig. 6. Classification diagrams for metavolcanic and metaplutonic rocks of the Faina and Serra de Santa Rita greenstone belts. (A) Nb/Y vs. Zr/Ti classification diagram
(Winchester and Floyd, 1977). (B–C) Y vs. Zr and Yb vs. La discriminant diagrams of magmatic affinity (Ross and Bédard, 2009).
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Fig. 7. Chondrite- and primitive mantle-normalized diagrams for amphibolites of the Faina and Serra de Santa Rita greenstone belts. (A–B) Amphibolites of the type 1 basalts
group. (C–D) Amphibolites of the type 2 basalts group. Normalization values and N-MORB composition are those of Sun and McDonough (1989).

C.C.A. Borges et al. / Precambrian Research 292 (2017) 350–377 367
anomalies observed in some samples (Fig. 5B), and the slightly U-
shaped REE patterns, which are observed in two samples (TF14-I-
075B and TF14-II-125A) (Fig. 5A). Based on these chemical charac-
teristics and also on the context of the other metavolcanic and
metaplutonic rocks associated with the ultramafic rocks of the
Faina and Serra de Santa Rita greenstone belts, as will be discussed
Fig. 8. Chondrite- and primitive mantle-normalized diagrams for metandesites, metadio
Metandesites. (C–D) Metadiorites and metatonalites. Normalization values and N-MORB
that are related to subduction zones, we suggest that the komati-
ites of the Faina and Serra de Santa Rita greenstone belts were gen-
erated by hydrous melting of a depleted mantle in a forearc setting,
as analogous to boninites. The Mesoarchean high geothermal gra-
dient favored the production of komatiitic magma in these
environments.
rites and metatonalites of the Faina and Serra de Santa Rita greenstone belts. (A–B)
composition are those of Sun and McDonough (1989).



Fig. 9. LA-ICP-MS U-Pb zircon ages of metavolcanic and metaplutonic rocks of the Faina and Serra de Santa Rita greenstone belts. (A) TF14-I-099 (chloritite of the Faina
greenstone belt). (B) TF14-XI-016 (chloritite of the Serra de Santa Rita greenstone belt). (C) TF14-XII-178 (amphibolite of the type 2 basalts group). (D) PFG-CA04A
(metadiorite) and (E) TF14-XII-183 (metatonalite).
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7.3. Origin of the chloritites

The mineralogy and chemical composition of the chloritites
indicate that these rocks underwent intense hydrothermal alter-
ation that resulted in the extremely low SiO2 (31–32 wt.%) and
high Al2O3 (21–23 wt.%). Even with the high values of loss on igni-
tion (LOI = 11 wt.%), the chloritites do not show Ce anomalies (Ce/
Ce⁄ = 0.98–1.06) like some of the Faina and Serra de Santa Rita
ultramafic rocks. The chloritites present chemical characteristics
characterized by enriched LREE patterns and negative Nb and Ti
anomalies, typical features of subduction-related magmas (Perfit
et al., 1980; Saunders et al., 1991; Hawkesworth et al., 1993;
Pearce and Peate, 1995; Kelemen et al., 2003; Pearce, 2008). At
subduction zones, the mantle wedge is metasomatized by slab-
derived fluids produced by dehydration of the subducting oceanic
crust. These fluids do not transport Nb and Ta (Tatsumi et al., 1986;
Tatsumi and Nakamura, 1986), which are concentrated in the sub-
ducting slab and gives origin to the Nb and Ta depletion of arc
magmas generated by fluid-induced melting of the mantle wedge.
The magmas with subduction signature are also enriched in LILE
and LREE, while the residual slab is recycled into the mantle
(McCulloch and Gamble, 1991). Considering that the trace-
element composition of the chloritites can be used to interpret
the primary composition of their protoliths, it is likely that those
protoliths are subduction-related.

The chloritites are spatially associated to ultramafic schists and
cumulate-textured rocks, which may suggest that their protoliths
could also be komatiites that were quite submitted to hidrotermal
alteration. However, although the ultramafic rocks of the Faina and
Serra de Santa Rita greenstone belts are here interpreted as



Fig. 10. Nb/Yb vs. Th/Yb discriminant diagram (Pearce, 2008) for metavolcanic and metaplutonic rocks of the Faina and Serra de Santa Rita greenstone belts. Dotted fields
represent tholeiitic (TH), calc-alkaline (CA) and shoshonitic (SHO) rocks of convergent margins. Phanerozoic arc and back-arc fields are from Metcalf and Shervais (2008).

Fig. 11. Th/Nb vs. Ce/Nb discriminat diagram (modified after Saunders et al., 1988
and Khanna et al., 2015) for amphibolites of the type 1 basalts group of the Serra de
Santa Rita greenstone belt; these rocks plot in the Phanerozoic Mariana back-arc
basalts field (BABB; Pearce et al., 2005). Abbreviations: DMM (depleted MORB
mantle component); SDC (subduction zone component).
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komatiites erupted in a forearc setting, similar to modern boni-
nites, the chloritites differ from them by much higher TiO2 (1.0–
1.4 wt.%), P2O5 (0.1–0.4 wt.%) and LREE enrichment. On the other
hand, the chondrite- and primitive mantle-normalized patterns
of the chloritites (Fig. 5C and D) are also similar to the amphibo-
lites (type 2 basalts group) patterns (Fig. 7C and D); and these
rocks present geochemical characteristics consistent with subduc-
tion zones. Moreover, the two chloritite samples that were dated
presented U-Pb zircon ages of 2.96 Ga and 2.95 Ga, similar to the
obtained age for the amphibolite sample (2.96 Ga). Thus, it is more
likely that the chloritites are also metabasalts that were intensely
hydrothermalized and share the same protolith with the amphibo-
lites of the type 2 basalts group.

7.4. Type 1 basalts: back-arc basin basalts (BABB)

The amphibolites corresponding to the type 1 basalts of the
Serra de Santa Rita greenstone belt are characterized by tholeiitic
magmatic affinity and flat chondrite-normalized REE patterns
(Fig. 7A). These characteristics are similar to transitional MORB
type basalts (T-MORB), but are also related to Phanerozoic oceanic
plateau basalts (OPB) (e.g. Mahoney et al., 1995; Kerr et al., 1997)
and to Archean intra-oceanic tholeiitic flows (e.g. Polat and
Kerrich, 2000). Several of the Archean oceanic plateau tholeiitic
basalts are interlayered with komatiites in a typical plume-
related tholeiite-komatiite association (e.g. Campbell et al., 1989;
Herzberg, 1992; Xie et al., 1993; Arndt, 1994; Condie, 1994;
Dostal and Mueller, 1997, 2004; Puchtel et al., 1998; Polat,
2009). In general, the Phanerozoic OPB are chemically uniform,
with La/Smcn = 0.6–0.7, Ce/Ybcn = 0.8–0.9 and low Zr/Nb (10–16),
Zr/Ta (260–275) and La/Ta (15–17) ratios (Floyd, 1989). However,
the type 1 basalts of the Serra de Santa Rita greenstone belt are
characterized by higher La/Smcn = 0.9–1.1 and Ce/Ybcn = 0.8–1.2,
and different Zr/Nb = 22–27, Zr/Ta = 180–235 and La/Ta = 11–13
ratios than the average values of OPB.

On Nb/Yb vs. Th/Yb diagram, mantle plume-derived intraplate
basalts and MORB without relation to subduction zones plot in
the MORB-OIB field, while volcanic rocks related to subduction
zones and crustal contamination plot obliquely and subparallel to
the MORB-OIB field. This indicates addition of Th relatively to Yb
by subduction processes or crustal assimilation. On this diagram,
the Serra de Santa Rita greenstone belt plot above the MORB-OIB
field, in the region of the Phanerozoic back-arc basin basalts (BABB)
(Fig. 10). The Nb/Yb ratio of most of the type 1 basalts samples (Nb/
Yb = 1.1–1.3) are higher than average for the N-MORB (Nb/
Yb = 0.76; Sun and McDonough, 1989), which indicates that the
mantle source of these basalts is more enriched in Nb relatively
to the N-MORB, but similar to some back-arc basin basalts (e.g.
Pearce et al., 2005; Khanna et al., 2015).
The discriminant diagram Tb/Nb vs. Ce/Nb (Fig. 11) can be used
to test the magmatic source in oceanic basins. In this model, the
compositional heterogeneity of basaltic lava flow in oceanic basins
is due to the variable mixture of three basic components: (1) a
depleted mantle (MORB) with low Th/Nb ratio and high Ce/Nb
ratio; (2) a subduction zone component with high Th/Nb and Ce/
Nb ratios; and (3) a residual plate component. On this diagram,
the type 1 basalts of the Serra de Santa Rita greenstone belt plot
between the MORB and arc fields, and in the region where the
composition of the Phanerozoic Mariana back-arc basin basalts
concentrate (Pearce et al., 2005). Thus, the type 1 basalts of the
Serra de Santa Rita greenstone belt have chemical characteristics
that are similar to modern back-arc basin basalts (BABB) and are
here interpreted as tholeiite flows originated by shallow decom-
pression mantle melting related to the opening of a back-arc basin
in the Mesoarchean.
7.5. Type 2 basalts: Nb-enriched basalts (NEB)

The amphibolites corresponding to the type 2 basalts of the
Serra de Santa Rita greenstone belt are characterized by sub-
alkaline transitional to calc-alkaline magmatic affinity, enriched
chondrite-normalized LREE patterns, slightly negative to positive
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Nb anomalies, and negative Ti anomalies (Fig. 7C and D). The LREE
enrichment and negative Ti and Nb anomalies are typical features
of intraoceanic arc basalts (Perfit et al., 1980; Tatsumi et al., 1986;
Tatsumi and Nakamura, 1986; Saunders et al., 1991; Hawkesworth
et al., 1993; Pearce and Peate, 1995; Kelemen et al., 2003; Pearce,
2008).

The type 2 basalts are also characterized by high Nb contents
(5.3–12.2 ppm), higher than in typical intraoceanic arc basalts
(�3 ppm) and comparable to Nb-enriched basalts (NEB;
7 < Nb < 20 ppm; Regan and Gill, 1989; Defant et al., 1992). The
NEB were first documented in hot Cenozoic intraoceanic arcs, asso-
ciated with high-Mg andesites and adakites, characterized by the
subduction of young oceanic plate (<20 Ma). Sajona et al. (1996)
proposed that the NEB are genetically linked to adakites and were
generated by melting of a mantle wedge that had been previously
metasomatized by adakitic melt. The adakitic melt originated by
oceanic slab melting percolates through the mantle wedge and
hybridize with it. In this mantle/melt interaction, the original peri-
dotite mineralogy (olivine, orthopyroxene, clinopyroxene and spi-
nel) is destabilized and substituted by new mineral phases, such as
pargasitic amphibole, garnet, phlogopite, Na-clinopyroxene and
Fe-orthopyroxene (Carroll and Wyllie, 1989; Johnston and Wyllie,
1989; Adam et al., 1993; Sen and Dunn, 1994; Kepezhinskas
et al., 1995; Rapp et al., 1999; Prouteau et al., 2001). Subsequent
melting of this Nb-enriched metasomatized mantle generates the
NEB magma.

Nb-enriched basalts characterized by LREE enrichment and neg-
ative to positive Nb anomalies have been recognized in some
Phanerozoic island arc volcanic associations, showing that some
volcanic rocks with chemical characteristics similar to ocean island
basalts (OIB) can also originate in subduction zones. (Defant et al.,
1992; Kepezhinskas et al., 1996; Sajona et al., 1996; Aguillón-
Robles et al., 2001; Wang et al., 2007).
Fig. 12. Discriminant diagrams distinguishing Nb-enriched basalts (NEB) from classical v
Nb vs. Nb/U diagram (Kepezhinskas et al., 1996). (B) MgO vs. Nb/La diagram (Kepezhinska
type 2 basalts group plot in the NEB field on MgO vs. Nb/La and Nb vs. Nb/U diagrams, wh
basalts group plot outside the NEB field on all diagrams.
On Nb/Yb vs. Th/Yb discriminant diagram, two samples of type
2 basalts of the Serra de Santa Rita greenstone belt plot in the
MORB-OIB field, next to E-MORB, but almost in the boundary with
the subduction-related volcanic rocks field, and one sample plot in
the subduction zone field (Fig. 10). The Nb contents of these rocks
are ‘‘anomalous” and cause the higher Nb/Yb. On MgO vs. Nb/La
(Fig. 12A) and Nb vs. Nb/U (Fig. 12B) diagrams, the type 2 basalts
plot consistently in the NEB field. The exception is the TiO2 vs.
P2O5 diagram, where the samples share lower TiO2 and P2O5 con-
tents than NEB (Fig. 12C).

In the Serra de Santa Rita greenstone belt, the type 2 basalts are
spatially associated with the metandesites and metadiorites that
have clear geochemical affinity with magmatic arcs, as enhanced
by the Nb/Yb vs. Th/Yb discriminat diagram (Fig. 10). The metande-
sites and metadiorites also share some similarities with adakites
and high-Mg andesites (HMA), respectively, as will be discussed.
Thus, these rocks must represent an association between NEB,
HMA and adakites. This association has also been recognized in
several Archean greenstone belts (e.g. Hollings and Kerrich, 2000;
Wyman et al., 2000; Polat and Kerrich, 2001; Hollings, 2002;
Shchinpasky et al., 2004; Manikyamba and Khanna, 2007;
Manikyamba et al., 2007; Kerrich and Manikyamba, 2012), in
which petrogenesis has been interpreted as analogous to the mod-
ern equivalents, therefore being extremely important for the
understanding of the Archean geodynamics.

7.6. Correlations between the metandesites, metadiorites and
metatonalies with adakites and high-Mg andesites

As originally defined by Defant and Drummond (1990), adakites
are a suite of intermediate to felsic rocks with SiO2 � 56 wt.%, Al2-
O3 � 15 wt.%, high Na2O contents (Na2O = 3.5–7.5 wt.%), low K2O/
Na2O ratio (�0.42), MgO usually < 3 wt.% and high contents of Sr
olcanic arc basalts for the amphibolites of the Serra de Santa Rita greenstone belt. (A)
s et al., 1996). (C) TiO2 vs. P2O5 diagram (Defant et al., 1992). The amphibolites of the
ile on TiO2 vs. P2O5 diagram these rocks plot outside. The amphibolites of the type 1
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(�400 ppm). Adakites are also characterized by strongly fraction-
ated REE patterns (La/Ybcn > 10) and low contents of Y � 18 ppm
and Yb � 1.9 ppm. They were initially introduced as Na-rich vol-
canic and plutonic rocks formed in Cenozoic magmatic arcs associ-
ated with subduction of young (�25 Ma) and hot oceanic
lithosphere. Based on SiO2 and MgO contents, Martin et al.
(2005) divided the adakites into two broad groups: the high-
silica adakites (HSA; SiO2 > 60 wt.%, MgO � 4 wt.% and Mg# � 50)
and the low silica-adakites (LSA; also referred as high-Mg ande-
sites; SiO2 < 60 wt.%, MgO = 4–9 wt.% and Mg# � 60). The LSA are
also characterized by higher Sr contents (>1000 ppm) than HSA
(<1100 ppm).

The metandesites of the Serra de Santa Rita greenstone belt
have fractionated REE patterns (La/Ybcn = 7–15) and low contents
of Yb (1.2–1.6 ppm) and Y (14–15). The only exception is one
metandesite sample (D26) that exhibits values of La/Ybcn, Yb and
Y (5, 2.5 and 27 ppm, respectively) contrasting from the other sam-
ples. The metadiorites and the analyzed metatonalite sample have
higher REE fractionated patterns (La/Yb = 8–19) and lower con-
tents of Yb (0.7–1.2 ppm) and Y (8–17 ppm) than the metandesites.
On Sr/Y vs. Y (Fig. 13A) and (La/Yb)cn vs. Ybcn (Fig. 13B) discrimi-
nant diagrams, most of the metandesite, metadiorite and meta-
tonalite samples plot in the adakite field.

The above characteristics show that the metandesites, meta-
diorites and metatonalites of the Serra de Santa Rita greenstone
Fig. 13. Discriminant diagrams distinguishing adakites from classical calc-alkaline island
metandesites, metadiorites and metatonalites of the Serra de Santa Rita greenstone belt
(Martin, 1987, 1999). (C) SiO2 vs. MgO diagram (Martin et al., 2005). (D) SiO2 vs. Nb diag
Sr/Y and Ycn vs. La/Ybcn diagrams. The metandesites and metatonalite plot predominantly
plot in the LSA field on SiO2 vs. Nb diagram and extrapolates the LSA field on SiO2 vs. M
belt present some of the typical diagnostic features of adakites.
However, it is important to point out that adakites are character-
ized by high Sr contents and related high Sr/Y ratio (>50), which
is not observed in the metandesites and metadiorites, in which
Sr/Y ratios are lower and quite variable (12–44 for the metande-
sites and 5–38 ppm for the metadiorites) than those of adakites.
The metatonalite sample, otherwise, have very high Sr/Y ratio
(114), consistent with adakites. Adakitic magmas with high Sr con-
tents are produced by partial melting of Sr-rich eclogite in a
descending slab (as there is no plagioclase in the restite). Fractional
crystallization of these magmas at shallower depths could reduce
the Sr contents by plagioclase removal (Kamber et al., 2002;
Samaniego et al., 2002). Thus, the metandesites, metadiorites and
metatonalites of the Serra de Santa Rita greenstone belt are
adakite-like rocks that were possibly affected by different degrees
of fractional crystallization processes.

The metandesites are characterized by relative high contents of
MgO (2–6 wt.%) and Mg# (51–61), values near to those of LSA,
otherwise, their SiO2 contents (56–68 wt.%) show that some of
the samples are more consistent with HSA. The metatonalite sam-
ple have lower contents of MgO (2 wt.%) and Mg# (42), and higher
contents of SiO2 (66 wt.%), also consistent with HSA. On SiO2 vs.
MgO and SiO2 vs. Nb diagrams, most of the metandesite samples
and the metatonalite sample plot in the HSA field
(Fig. 13C and D), and some of the metandesite samples plot in
arc volcanic rocks (A-B) and high-SiO2 adakites from low-SiO2 adakites (C-D) for the
. (A) Y vs. Sr/Y diagram (Defant and Drummond, 1990). (B) Ycn vs. La/Ybcn diagram
ram (Martin et al., 2005). The rocks plot predominantly in the adakite fields on Y vs.
in the HSA fields on SiO2 vs. MgO and SiO2 vs. Nb diagrams, while the metadiorites
gO diagram due to their very high MgO contents.



Fig. 14. Geodynamic setting evolution stages proposed for the Faina and Serra de Santa Rita greenstone belts. The volcanic and plutonic rocks are inserted into an island arc
evolution at 2.96–2.92 Ga and continental arc at 2.8 Ga. The Uvá and Caiçara complexes are represented by their oldest TTG rocks (�3.1 Ga).
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the LSA field on SiO2 vs. MgO diagram (Fig. 13C). The metadiorites
are characterized by very high contents of MgO (9–15%) and Mg#
(70–81), and low contents of SiO2 (54–58 wt.%), being comparable
to LSA. All metadiorite samples plot in the LSA field on SiO2 vs. Nb
diagram (Fig. 13D), and extrapolate the LSA field on SiO2 vs. MgO
diagram due to their extremely high MgO contents (Fig. 13C).

Although modern adakites occur in subduction zones that show
unusually high heat-flow, which is the case of young oceanic slab
subduction, several other mechanisms have also been proposed
to account for the origin of specific adakite-like rocks in different
tectonic settings. Some of these mechanisms include: crustal
assimilation and fractional crystallization from basaltic magmas
(e.g. Castillo et al., 1999); partial melting of hydrated mafic rocks
in the base of thickened crust (e.g. Atherton and Petford, 1993;
Condie, 2005); and partial melting of delaminated lower crust
(Gao et al., 2004; Wang et al., 2006). However, apparently there
is no evidence of any older continental crust contamination in
the metandesites and metadiorites of the Faina and Serra de Santa
Rita greenstone belts. Moreover, the adakites which are generated
from crustal melting processes have relatively high K and Th con-
tents (K2O �3 wt/% and Th = 10–20 ppm), due to the greater
involvement with felsic crustal material (Condie, 2005), which is
clearly not the case of the metandesites, metadiorites and meta-
tonalites of the Serra de Santa Rita greenstone belt (K2O = 0.1–1.4
wt.%; Th = 0.4–3.2 ppm). Thus, these rocks were probably not
derived from melting processes of lower thickened crust; and it
is more likely that they were produced by partial melting of sub-
ducting oceanic slab.
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In this subduction-related context, the difference between HSA
and LSA is not simply a subtle difference in chemistry or an artefact
of classification. Rather, it reflects a fundamental difference in pet-
rogenesis, and specifically in different sources (Martin et al., 2005).
The HSA are generated by direct melting of subducted oceanic
crust transformed into garnet-bearing amphibolite or eclogite
(Defant and Drummond, 1990; Martin, 1999; Gutscher et al.,
2000; Martin et al., 2005). Those slab-melts are variably contami-
nated by peridotite assimilation as they ascend through the mantle
wedge (Martin et al., 2005). The LSA (or high-Mg andesites; HMA)
are generated in two distinct episodes; complete consumption of
slab-melt during melt-peridotite interaction, followed by melting
of this metasomatized mantle source (Rapp et al., 1999; Martin
et al., 2005). The unifying petrogenetic feature of the HSA and
LSA magmas is that both are directly or indirectly linked to slab-
melts (Martin et al., 2005).

The adakitic melt not only assimilates the peridotite during its
ascent, but also hybridize with the mantle wedge, being progres-
sively consumed. When the melt/rock (adakitic melt/peridotite)
is high, not all adakitic melt is consumed during the mantle meta-
somatism, and the melt can erupt as adakitic lavas. When the melt/
rock is low, all adakitic melt is consumed in the metasomatic reac-
tion with the mantle. Melting of this metasomatized mantle also
produces magma that preserves strong adakite-like signatures
(Rapp et al., 1999).

The metandesites and metatonalites of the Serra de Santa Rita
greenstone belt have more similarities with HSA and, attributing
a similar petrogenesis, these rocks may represent melting of sub-
ducting oceanic slab that variably interacted with the mantle dur-
ing its ascent, thus explaining the MgO, Cr and Ni enrichment in
the metandesites. The metadiorites are more similar to LSA or
high-Mg andesites, although these rocks have lower Sr (167–
616 ppm) than the common high Sr contents of LSA
(>1000 ppm). The high contents of MgO, Cr and Ni of the metadior-
ites indicate presumably that these magmas were in equilibrium
with the peridotite mantle (Tatsumi and Ishizaka, 1982;
Yogodzinski et al., 1994). The origin of these magmas is interpreted
as melting of mantle wedge that was previously metasomatized by
adakitic melt, similar to the petrogenesis assigned to LSA.

8. Geodynamic setting

Discussions of the presented data indicate that the protoliths of
the metavolcanic and metaplutonic rocks of the Faina and Serra de
Santa Rita greenstone belts are related to subduction zones. The
komatiites, basalts, andesites and diorites constitute a Mesoarch-
ean intraoceanic forearc-arc-back-arc assembly, formed between
2.96 and 2.92 Ga. These ages were obtained by U-Pb zircon dating
of the amphibolite (type 2 basalts group) and chloritite samples
(2.96 Ga), and the metadiorite sample (2.92 Ga). Positive and
homogeneous values of initial ƐNd (+2.16 to +2.77) suggest that
these rocks were derived from a juvenile arc. The system later
progressed to a continental arc setting with tonalitic magmatism
at around 2.8 Ga. This age was obtained by U-Pb zircon dating of
the metatonalite sample that presented slightly negative
initial ƐNd of �0.15, indicating a crustal contribution to this
magmatism.

Therefore, the evolution model of the Faina and Serra de Santa
Rita greenstone belts’ igneous protoliths proposed in this study is
summarized in four main stages:

1. The initial stage is represented by ultramafic volcanism in a
forearc setting under shallow hydrous high melting degrees of
the refractory mantle in the early stages of an island arc forma-
tion, at around 2.96 Ga (Fig. 14A);
2. The subduction progression led to subducting slab melting and
adakite production. The high-SiO2 adakitic melt hybridized with
the peridotite mantle during its ascent, variably increasing the
MgO, Cr and Ni contents; the high melt/rock ratio allowed the
magma to reach the surface as adakitic lavas that are now rep-
resented by the metandesites of the Serra de Santa Rita green-
stone belt. Melting of the residual mantle that was previously
metasomatized by adakitic melt led to Nb-enriched basalts for-
mation, that are now represented by the amphibolites of the
type 2 basalts group of the Serra de Santa Rita greenstone belt.
Decompression mantle melting in the back-arc region led to the
generation of tholeiitic basalt flows that are now represented by
the amphibolites of the type 1 basalts group of the Serra de
Santa Rita greenstone belt (Fig. 14B);

3. The low melt/rock ratio, at around 2.92 Ga, led to the consump-
tion of all adakitic melt by the peridotite mantle in the metaso-
matic reaction. Melting of this hybridized mantle, that
preserves the chemical imprint of the slab-melt, generated
high-Mg andesitic magma with very high contents of MgO, Cr
and Ni, comparable to low-SiO2 adakites or high-Mg andesites.
The magma did not reach the surface as new andesitic lava
flows, and lodged as dioritic plutons that intruded the volcanic
sequences (Fig. 14C);

4. The final stage, at around 2.8 Ga, is related to the generation of
tonalitic magma in a continental arc setting in the late
Mesoarchean and early Neoarchean. This stage corresponds to
the initial agglutination and cratonization of the Archean sub-
strate of the southern portion of the Archean-Paleoproterozoic
Terrane of Goiás and is also recorded in the Caiçara and Uvá
complexes by TTG magmatism with ages at around 2.8 Ga
(Jost et al., 2005, 2013; Beghelli Junior, 2012) (Fig. 14D).

9. Conclusions

The petrographic, geochemical and isotopic studies of the
metavolcanic and metaplutonic rocks of the Faina and Serra de
Santa Rita greenstone belts presented in this study allowed the fol-
lowing conclusions:

1. The basal metavolcanic sequences of the Faina and Serra de
Santa Rita greenstone belts are composed mainly of ultramafic
rocks. The mafic rocks correspond to amphibolites restricted to
the Serra de Santa Rita greenstone belt and are associated with
metandesite lenses and dioritic to tonalitic poly-deformed
intrusions. These rocks were metamorphosed under amphibo-
lite facies and are overlain by Paleoproterozoic metasedimen-
tary sequences metamorphosed under greenschist facies;

2. The geochemical signatures of the ultramafic rocks have some
similarities with boninites. The amphibolites can be divided
into two groups based on their trace-element behavior: type 1
basalts and type 2 basalts. The type 1 basalts are similar to
back-arc basin basalts, while the type 2 basalts are similar to
Nb-enriched basalts. The metandesites, metadiorites and meta-
tonalites are adakite-like rocks; the metandesites and meta-
tonalites have some similarities with high-SiO2 adakites,
while the metadiorites are characterized by very high MgO, Cr
and Ni contents, being similar to low-silica adakites or high-
Mg andesites. The association between adakites, high-Mg ande-
sites and Nb-enriched basalts occur in some hot Cenozoic sub-
duction zones and is also described in several Archean
greenstone belts;

3. The chloritites are spatially associated to the ultramafic schist
and cumulate-textured rocks but they have different geochem-
ical signatures from them. On the other hand, the trace-
elements features and U-Pb zircon ages of the chloritites are
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more consistent with the amphibolites of the type 2 basalts
group. Thus, these rocks are probably metabasalts that were
strongly hydrothermalized;

4. LA-ICP-MS U-Pb zircon dating were conducted in five samples: a
chloritite of the Faina greenstone belt, a chloritite of the Serra de
Santa Rita greenstone belt, an amphibolite of the type 2 basalts
group, a metadiorite and a metatonalite. With the exception of
the chloritite of the Serra de Santa Rita greenstone belt sample,
the zircon crystals data of all dated samples provided discordia
diagrams and ages defined by upper intercepts. The chloritite
sample from the Faina greenstone belt yielded the age of
2950 ± 37 Ma. The chloritite sample from the Serra de Santa Rita
greenstone belt yielded the concordant age of 2960.3 ± 6 Ma.
The amphibolite sample yielded the age of 2968.3 ± 7 Ma. The
metadiorite sample yielded the age of 2922.8 ± 3 Ma. The meta-
tonalite sample yielded the age of 2809.3 ± 9.2 Ma. These results
are interpreted as the best approximations of the protoliths’
crystallization ages andmark twomain periods of igneous activ-
ity: 2.96–2.92 Ga and 2.8 Ga;

5. Isotopic Sm-Nd analyses were carried out in four samples: an
amphibolite of the type 2 basalts group, two metadiorites and
a metatonalite. The amphibolite presented TDM of 3.08 Ga and
initial ƐNd of +2.26. The metadiorites presented TDM of 3.03
and 2.99 Ga, and initial ƐNd of +2.16 and +2.77. These data indi-
cate juvenile magmatic signatures and absence of older sialic
crust contamination for the rocks crystallized in the first period
(2.96–2.92 Ga). The metatonalite sample crystallized at 2.8 Ga
shows TDM of 3.13 Ga and initial ƐNd of -0.15, indicanting crustal
contribution in this second period;

6. The geodynamic model for the volcanic and plutonic protoliths
that constitute the Faina and Serra de Santa Rita greenstone
belts is inserted into an intraoceanic forearc-arc-back-arc set-
ting. The initial stage corresponds to eruption of ultramafic
lavas in the forearc region of a proto-island arc, at around
2.96 Ga. The evolution of the island arc and subduction progres-
sion led to oceanic slab-melting and generation of adakites
(metandesites of the Serra de Santa Rita greenstone belt). Melt-
ing of the enriched residual mantle that was metasomatized
with adakitic melt generated Nb-enriched basalts (amphibolites
of the type 2 basalts group of the Serra de Santa Rita greenstone
belt). Decompression mantle melting at the back-arc region
generated tholeiitic basaltic flows (amphibolites of the type 1
basalts group of the Serra de Santa Rita greenstone belt). At
around 2.92, the adakitic melt was totally consumed by peri-
dotite mantle and the subsequent melting of these hybridized
mantle wedge generated high-Mg andesites that lodged in the
crust as dioritic intrusions with very high contents of MgO, Cr
and Ni (metadiorites of the Serra de Santa Rita greenstone belt).
The late stage corresponds to a continental arc formation at
around 2.8 Ga, marked by tonalitic magmatism and amalgama-
tion with other island arcs and continental arcs that constitute
the TTG Uvá and Caiçara complexes to form the Archean sub-
strate of the southern portion of the Archean-Paleoproterozoic
Terrane of Goiás.
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