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A B S T R A C T

Field, petrographic and geochemical data combined with in situ zircon U-Pb LA-ICP-MS ages are documented for
the São Tiago Batholith (southernmost portion of the São Francisco Craton) to understand its origin and mag-
matic evolution. The geologic relations indicate that the batholith is composed of granitic to granodioritic or-
thogneisses (L2) with tonalitic xenoliths (L1) intruded by pegmatite (L3) and metagranite (L4). L1 consists of two
facies of tonalitic orthogneiss, one biotite-rich, and the other biotite-poor. The geochemical evidence, including
high K2O with mantle-like chemical signature, suggests that the Bt-rich tonalitic gneiss (2816 ± 30Ma) was
derived from contamination of mafic magmas by crustal-derived components. The Bt-poor tonalitic gneiss, of
TTG affinity, was generated by partial melting of LILE-enriched mafic rocks, possibly from oceanic plateus in a
subduction environment. L2 includes two distinct types of rocks: (i) granodioritic orthogneiss, chemically ran-
ging from medium-pressure TTGs to potassic granitoids originated via partial melting of previous TTG crust,
including L1 Bt-poor; and (ii) granitic gneiss (2664 ± 4Ma), geochemically similar to crustal-derived granites,
produced by melting of the L1 Bt-rich tonalitic gneiss or mixed TTG/metasedimentary sources. L3 pegmatite
(2657 ± 23Ma) results from melting of L2, whereas L4 metagranite (dikes and stocks) shows petrogenesis
similar to that of the L2 granitic gneiss. Related orthogneisses occur near the São Tiago Batholith: (i) a horn-
blende-bearing tonalitic gneiss, and (ii) a hybrid hornblende-bearing granitic gneiss (2614 ± 13Ma), whose
genesis is linked with interaction of sanukitoid and felsic potassic melts, representing the last Archean magmatic
pulse of the region. The Minas strata along the Jeceaba-Bom Sucesso lineament near our study region encircle
the São Tiago Archean crust, representing an irregular paleo-coastline or a micro-terrane amalgamation with the
São Francisco Proto-craton, with possible subsequent dome-and-keel deformational processes. Our petrological
and geochronological data reevaluate nebulous concepts in the literature about the SFC, revealing (i) a che-
mically and compositionally diverse crustal segment generated at the Late Archean in diverse geodynamic
scenarios, and (ii) a more complex lineament than previously thought in terms of the paleogeography of the
southern São Francisco Craton.

1. Introduction

The evolution of Archean cratons is mostly marked by the formation
of gray gneisses and greenstone belts. Economic interest in greenstone
belts, hosts of Au and Ni mineralization, provided the basic geological

knowledge of cratonic areas, which was followed by initial geochemical
and geochronological studies on gray gneisses (Anhaeusser et al., 1969;
Barker, 1979; Condie and Hunter, 1976; Heimlich and Banks, 1968).
However, even with extensive compilations of field and geochronolo-
gical data worldwide, many uncertainties remain concerning the
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geotectonic setting in which these gneisses formed, their petrogenesis
and ages. This is particularly true for the São Francisco Craton in South
America.

Moyen and Martin (2012) summarized the knowledge of gray
gneisses and proposed their subdivision into a plutonic component that
involves sodic and potassic granitoids and a non-granitoid portion. In
this regard, tonalite-trondhjemite-granodiorite suites (TTGs) are the
most important components of the sodic plutonic bodies, which widely
prevailed during the formation of the Archean continental crust. Tra-
ditionally, most authors have proposed that TTGs were generated by
differentiation of a basaltic parent, either by partial melting (Barker and
Arth, 1976; Ellam and Hawkesworth, 1988; Martin, 1986) or fractional
crystallization (Arth et al., 1978; Barker, 1979; Smith et al., 1983). Still,
Moyen and Martin (2012) emphasized that the second process contra-
dicts most of the observations, particularly due to the absence of any
mafic and intermediate phases in TTG suites and the requirement of an
excessively high degree of fractional crystallization.

A marked change in the lithological constitution of the Earth oc-
curred during the end of the Archean and the Archean-Paleoproterozoic
transition, represented by the waning or ending of TTG generation and
profusion of K-rich granitoid formation (Frost et al., 2006; Moyen and
Martin, 2012; Moyen et al., 2003; Sylvester, 1994). Laurent et al.
(2014) suggested that the chronology of Late Archean granitoid em-
placement varies from craton to craton but can generally be represented
by a two-stage evolution: a long period of TTG emplacement followed
by a relatively shorter period when biotite and two-mica granites, sa-
nukitoids, and hybrid granitoids largely prevailed. Biotite and two-mica
granites consist of crustal-derived granites that are widespread in every
Archean craton (Feng and Kerrich, 1992; Moyen et al., 2003; Windley,
1995). They are high-silica peraluminous rocks with low ferromagne-
sian oxides and potassic signature, whose genesis is commonly asso-
ciated with partial melting of older felsic crust, especially TTGs, and an
eventual metasedimentary melting contribution (Almeida et al., 2013;
Breaks and Moore, 1992; Moyen et al., 2003; Sylvester, 1994). The
sanukitoid series and the hybrid granitoids generally constitute minor
groups among the Late Archean granitoids in most cratons (Heilimo
et al., 2010; Laurent et al., 2014). The contradictory geochemistry of
the sanukitoids (enrichment in compatible Mg, Ni, and Cr and in in-
compatible LILE and LREE) is genetically linked with melting of a
metasomatized mantle (Heilimo et al., 2010). The sanukitoid magma-
tism marks a change during the Late Archean in the main melting
source of juvenile continental crust, from basalt to metasomatized
mantle peridotite (Martin et al., 2009) and evidences the onset of
“modern style” plate tectonics (Laurent et al., 2014). The term “hybrid
granitoid” (Laurent et al., 2014) refers to Archean granitoids identified
in many cratons (Almeida et al., 2013; Champion and Sheraton, 1997;
Jayananda et al., 2006; Whalen et al., 2004) that formed through in-
teraction between magmas or sources of any of the other three noted
groups.

The southern São Francisco Craton includes several Paleo- to
Neoarchean metamorphic complexes, but many areas lack detailed
geochemical and geochronological studies. Most of the regional in-
vestigations in these complexes focused on the tectonic evolution and
geochronology of the magmatic events that originally formed the TTGs
and K-rich granitoids in the Quadrilátero Ferrífero region (Albert et al.,
2016; Farina et al., 2015, 2016; Lana et al., 2013; Machado et al., 1992;
Romano et al., 2013; Teixeira et al., 2017). However, few studies drew
attention to the gneiss complexes southwest of the Quadrilátero Ferrí-
fero (Campos et al., 2003; Teixeira et al., 1998), which are bounded to
the south by the NE-trending Jeceaba-Bom Sucesso lineament. This
lineament has been considered as the suture zone between the afore-
mentioned Archean domains to the north and the Paleoproterozoic
rocks of the Mineiro belt to the south (Campos et al., 2003; Campos and
Carneiro, 2008).

Controversial geochronological data have been reported for the São
Tiago Batholith, focus of this paper, which is peculiarly located to the

south of the Jeceaba-Bom Sucesso lineament and approximately 80 km
away from the Quadrilátero Ferrífero region. For instance, Silva et al.
(2002) obtained a Paleoproterozoic SHRIMP U-Pb age in zircon of
2050 ± 12Ma for a hornblende-bearing granodiorite near the town of
São Tiago, whereas Toledo et al. (2010) reported Archean U-Pb
(SHRIMP) zircon ages of 2701 ± 38Ma for the paleosome and
2667 ± 43Ma for the neosome in a single outcrop of the São Tiago
Batholith.

This paper presents petrographic, geochemical and U-Pb LA-ICP-MS
data on metagranitoids and gneisses that crop out near the São Tiago
region, supported by detailed geological mapping at the 1:25,000 scale.
Our work revealed a chemically and compositionally varied crustal
segment formed at the Late Archean in diverse geodynamic settings. We
have reexamined controversial and currently accepted concepts in the
literature on the southern São Francisco Craton, providing more in-
formation about the present geotectonic framework of the craton, and a
new understanding on the Jeceaba-Bom Sucesso lineament, previously
thought to be linear and simple. Finally we present here insights on the
paleogeography of the southern portion of the craton during the
Archean-Paleoproterozoic transition.

2. Geotectonic framework of the southern São Francisco craton

The geotectonic framework of the southern São Francisco Craton
comprises mostly Archean domains representative of the São Francisco
Proto-craton, foreland of the south-bounding Mineiro belt, a
Paleoproterozoic accretionary terrain (Fig. 1; Teixeira et al., 2017;
Alkmim and Teixeira, 2017). The Neoproterozoic to Early Ordovician
marginal belts associated with the assembly of Gondwana outline the
final configuration of the craton to the west-southwest, southeast, and
east (Fig. 1; Campos Neto et al., 2011; Trouw et al., 2013).

2.1. São Francisco Proto-craton

The southern portion of the São Francisco Proto-craton is mainly
represented by dome-shaped metamorphic complexes, including gray
gneisses, and the Rio das Velhas greenstone belt, both Meso- to
Neoarchean in age (Machado et al., 1992; Noce et al., 2005; Teixeira
et al., 1998, 2017; Lana et al., 2013; Fig. 1). The Rio das Velhas
greenstone belt corresponds to the Rio das Velhas Supergroup, that
includes: (i) the Nova Lima Group, a marine succession of mafic-ul-
tramafic metavolcanics, banded iron formations, metasiliciclastics, and
felsic metavolcaniclastics whose crystallization ages are between 2792
and 2751Ma; and (ii) the Maquiné Group, an overlying near-shore,
non-marine succession of metasiliciclastic rocks deposited only after ca.
2730Ma (Baltazar and Silva, 1996; Baltazar and Zucchetti, 2007; Dorr,
1969; Noce et al., 2005; Moreira et al, 2016; Zucchetti et al., 1998). The
greenstone rocks were deformed and metamorphosed under greens-
chist- to lower amphibolite-facies conditions, from the Archean to the
Neoproterozoic (Baltazar and Zucchetti, 2000; 2007). The main units of
the metamorphic complexes are: (i) usually folded, migmatized, and
metamorphosed under amphibolite- to granulite-facies gneisses geo-
chemically akin to TTGs (Engler et al., 2002; Farina et al., 2015; Lana
et al., 2013; Machado and Carneiro, 1992; Noce et al., 1997; Teixeira
et al., 2017); (ii) crustal-derived high-K metagranitoids (Noce et al.,
1997; Carneiro et al., 1998; Farina et al., 2015; Romano et al., 2013);
(iii) metaleucogranites with pegmatites (Lana et al., 2013); (iv) minor
occurrences of high-K granitic gneisses and mafic-ultramafic layered
suites (Goulart et al., 2013; Farina et al., 2015). The complexes and the
greenstone are topped by the passive margin to syn-orogenic Minas
Supergroup, deposited between ca. 2600 and 2100Ma (Martínez
Dopico et al., 2017), cropping out in the Quadrilátero Ferrífero and
along the Jeceaba-Bom Sucesso lineament (Neri et al., 2013). Neopro-
terozoic to Early Ordovician greenschist- to amphibolite-facies meta-
morphic overprint, and west-verging thrust faults associated with the
Brasiliano event (650–480Ma) are identified in the southeastern
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Fig. 1. Geological map of the southernmost São Francisco craton, showing the Archean São Francisco proto-craton and the Paleoproterozoic Mineiro belt. The craton
is outlined in its southern border by the Neoproterozoic Brasília and Ribeira belts. QF refers to the Quadrilátero Ferrífero region. The Mantiqueira complex comprises
Paleoproterozoic units strongly affected by Neoproterozoic overprint. The Neoproterozoic successions and the Mantiqueira complex may include autochthonous units
and allochthonous (Paleoproterozoic and Archean) remnants. Regional geologic contacts were compiled and modified from the Geological map of the Minas Gerais
state (CPRM/Codemig, 2014) and published papers (Farina et al., 2015; Romano et al., 2013; Carneiro et al., 2007; Barbosa et al., 2015; Teixeira et al., 2015; Trouw
et al., 2013).

M.B. Simon et al. Precambrian Research 314 (2018) 353–376

355



margin of the São Francisco Proto-craton (Chemale et al., 1994; Alkmim
and Marshak, 1998).

2.2. Mineiro belt

The Mineiro belt is an elongated NE-trending composite orogen
developed between ca. 2470 and 2100Ma, and comprises orthog-
neisses, metagranitoids, metadiorites, metagabbros, and meta-
subvolcanic rocks, spatially associated with metavolcano-sedimentary
successions (see Alkmim and Teixeira, 2017 for a review; Fig. 1). The
rocks from the orogen are associated with a long-lived accretionary
regime that evolved to a continental arc to the south of the São Fran-
cisco Proto-craton (present coordinates; Ávila et al., 2010, 2014;
Teixeira et al., 2015). The units of the Mineiro belt recorded Paleo-
proterozoic medium amphibolite to greenschist facies metamorphism
(Ávila et al., 2010 and references within), contrasting with the complex
foliation and metamorphic trajectories that affected the Archean com-
plexes and greenstones.

2.3. Archean to Paleoproterozoic tectono-magmatic evolution (ca.
3300–2100Ma)

A set of Archean tectono-magmatic events were recognized in the
metamorphic complexes, and also as age peaks in the Rio das Velhas
and Minas metasedimentary successions (Hartmann et al., 2006; Koglin
et al., 2014; Mendes et al., 2014; Moreira et al., 2016; Martínez Dopico
et al., 2017). Four events were proposed by Farina et al. (2015); after
Lana et al. (2013) for the Quadrilátero Ferrífero, named Santa Bárbara
(ca. 3220–3200Ma), Rio das Velhas I (ca. 2920–2850Ma), Rio das
Velhas II (ca. 2800–2760Ma), and Mamona (ca. 2760–2680Ma).
Teixeira et al. (2017) suggested a wider sequence of (partially corre-
sponding) events in the southern São Francisco Proto-craton. It in-
cludes: (i) a Paleoarchean (> 3.300Ma) event, indicated by inherited
zircon grains and Sm-Nd TDM ages (Teixeira et al., 2017); (ii) Me-
soarchean 1 (3220–3200Ma), Mesoarchean 2 (3050–2920 and
2840Ma), and Neoarchean 1 (2800–2750Ma) events, dominated by a
juvenile sodic (TTG-akin) magmatism; and (iii) Neoarchean 2
(2720–2700, 2610–2550Ma), an event of crustal reworking and gen-
eration. The TTG and TTG-like rocks were generated by partial melting
of basaltic oceanic crust possibly in subduction settings (Campos and
Carneiro, 2008; Lana et al., 2013; Noce et al., 1997), with variable
amount of interaction with a melt derived by crustal reworking (Farina
et al., 2015). The Neoarchean 1 (2800–2750Ma) was the major event of
sodic granitoid magmatism in the Quadrilátero Ferrífero, including the
felsic volcanism of the Rio das Velhas greenstone belt, and culminated
in a collisional stage ca. 2750Ma (Farina et al., 2015; Martínez Dopico
et al., 2017; Teixeira et al., 2017).

The Neoarchean 2 event (2720–2700 and 2610–2550Ma) gathered
potassic magmatism, which has replaced the sodic magmatism, and
crustal thickening and reworking under granulite facies (Farina et al.,
2015; Romano et al., 2013; Teixeira et al., 2017). Regional-scale crustal
melting in the Quadrilátero Ferrífero generated potassic rocks during
the Mamona event ca. 2760–2680Ma, but a minor stage of high-K
magmatism occurred ca. 2610Ma (Farina et al., 2015; Romano et al.,
2013), nearly synchronous with the migmatization of the Passa Tempo
Metamorphic Complex (Fig. 1; ca. 2620Ma for the paleosome, and ca.
2600Ma for the neosome; Campos et al., 2003). Post-collisonal and/or
anorogenic granitoids whose ages are between ca. 2730 and 2650Ma
were also identified in the Campo Belo complex (Moreno et al., 2017).
The Archean continent finally cratonized ca. 2600Ma, and a passive
margin sedimentation represented by the Minas Supergroup installed
on its borders (Renger et al., 1994; Romano et al., 2013). Continental
successions (Caraça Group) graded to platform chemical sedimentation
(Itabira Group) between ca. 2600 and 2420Ma, that were succeeded by
the deltaic to shallow water sediments (Piracicaba Group; for a review,
see Martínez Dopico et al., 2017).

Paleoproterozoic subduction-related granitoids and metavolcano-
sedimentary successions associated with the Mineiro belt supervened
the marine successions of the Minas Supergroup. Felsic metaigneous
rocks of the Mineiro belt yield three age clusters arcs ascribed to arcs:
2356–2328Ma, 2227–2204Ma, and 2192–2121Ma (Ávila et al., 2010,
2014; Barbosa et al., 2015; Seixas et al., 2012, 2013; Teixeira et al.,
2015); the first and the last generated TTGs. Two metamorphic-de-
formational episodes registered in the Mineiro belt have reached
medium amphibolite facies (ca. 2250–2190Ma), and greenschist to
lower amphibolite facies (ca. 2131–2100Ma; Ávila et al., 2010). On the
top of the Minas Supergroup, a foreland succession represented by the
Sabará Group had sources from the Mineiro belt, which had collided
and uplifted along the São Francisco continental margin after ca.
2120Ma, converting the latter into an active system (Alkmim and
Teixeira, 2017; Machado et al., 1996; Martínez Dopico et al., 2017).
The corresponding Paleoproterozoic tectono-metamorphic episodes are
evidenced by amphibolite-facies metamorphism, partial melting, and
metamorphic titanite and monazite ages of ca. 2100–1950Ma in the
complexes of the Quadrilátero Ferrífero (Aguilar et al., 2017; Machado
et al., 1992, 1996; Noce et al., 1998). The extensional collapse of the
orogen originated the dome-and-keel framework observed in the
Quadrilátero Ferrífero: crustal metamorphic nuclei partially or entirely
outlined by supracrustals (Alkmim and Marshak, 1998).

3. Analytical techniques

3.1. Sampling and petrography

We have performed detailed geological mapping of the São Tiago
region at the 1:25,000 scale (Fig. 2). In scant outcrops, which have been
preserved from the intensive weathering, samples for laboratory studies
were selected. Ninety-seven thin sections of different lithotypes were
produced, from which textural relationships and mineralogy were ob-
tained by optical mineralogy including modal point-counting.

3.2. Geochemistry

Thirty-three samples of metaigneous rocks, including xenoliths that
crop out in the São Tiago area, were analyzed in the Laboratory of
Analytical Geochemistry of the University of Campinas (UNICAMP)
using a Philips PW 2404 X-ray fluorescence spectrometer for major
oxides and trace elements. Seventeen samples were analyzed for REE
and other trace elements using a quadrupole ICP-MS, seven samples at
Acme and ten samples at UNICAMP. Duplicate analyses showed com-
parable results between the laboratories.

All samples were reduced to<200-mesh grain size in an agate disc
mill after crushing. The analytical routine for major and trace elements
comprised X-ray spectrometry using fusion beads, following the pro-
cedures of Vendemiatto and Enzweiler (2001). Trace and REE elements
were analyzed by ICP-MS at Acme (Agilent 7500a with a shield torch)
and at UNICAMP (Thermo X series 2 quadrupole) after acid digestion.

3.3. Geochronology

Samples were crushed and powdered to approximately 300 µm.
Heavy mineral concentrates were obtained by panning and were sub-
sequently purified using bromoform and a Frantz Isodynamic Magnetic
Separator. Zircon grains were selected from the least magnetic fraction,
loaded into 1-inch diameter epoxy mounts, polished, and cleaned using
10% v/v HNO3 and deionized water.

Cathodoluminescence imaging on zircon grains and the analytical
work were performed at the Institute of Geosciences, UNICAMP.
Isotope data were acquired on an ICP-MS Element XR (Thermo
Scientific), coupled with an Excite.193 (Photon Machines) laser abla-
tion system equipped with a two-volume HelEx ablation cell. The ac-
quisition protocol followed Navarro et al. (2015) with details in Verma
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et al. (2016) – laser frequency at 10 Hz, spot size of 40 µm, and laser
fluence of 4.74 J cm−2. Data were reduced offline using the Iolite
software (version 2.5) following the method of Paton et al. (2010),
which involved subtraction of a gas blank followed by a downhole
fractionation correction based on the behavior of the 91,500 reference
zircon (Wiedenbeck et al., 1995). The obtained 91,500 ages are con-
sistent, within uncertainty, with the ID-TIMS value reported by
Wiedenbeck et al. (1995). The 207Pb/235U ratios were calculated based
on the 238U/235U ratio 137.88. The displayed uncertainties are only
internal 2 S.E. The Peixe zircon standard (ID-TIMS age of 564 ± 4Ma;

cf. Dickinson and Gehrels, 2003) was used to monitor the quality of the
reduction procedures. The 206Pb/238U and 207Pb/235U ages for Peixe
during four sessions of analyses were 566 ± 7 and 566 ± 9, respec-
tively. The analyses of three of the four samples were 204Pb-corrected;
all of them were accomplished using Vizual Age version 2014.10
(Petrus and Kamber, 2012) for Iolite, taking into consideration the
actual measurement of 204Pb. Samples with a great number of spots
with> 1% common Pb had the isotope ratios and ages all corrected for
common Pb. On the other hand, samples with a few spots with>1%
common Pb had these spots not considered for age calculation.

Fig. 2. Geological map of the São Tiago orthogneiss and adjacent rocks. Note the Jeceaba-Bonsucesso lineament (JBL), represented by a metavolcano-sedimentary
succession to the northwest of the São Tiago Batholith.
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4. Results

4.1. Geology of the São Tiago Batholith

The study area comprises a complex tectonic arrangement of
Archean and Paleoproterozoic rocks, where the São Tiago Batholith is
the main body (ca. 170 km2) surrounded by a metavolcano-sedimentary
succession to the east and south (Fig. 2). At the northwest edge, the São
Tiago Batholith is in tectonic contact with rock slivers of supracrustal
rocks from the Minas Supergroup that occur along the Jeceaba-Bom
Sucesso lineament (Campos and Carneiro, 2008; Neri et al., 2013 and
references therein). Two other granitoid bodies have been mapped near
the São Tiago Batholith to the northwest and west. The metavolcano-
sedimentary succession that encompasses the São Tiago Batholith is
crosscut by Paleoproterozoic intrusions related with the Mineiro belt,
such as the Ritápolis (2149 ± 10Ma; Barbosa et al., 2015) and Ta-
buões metagranitoids, and tonalitic-trondhjemitic gneisses and a bio-
tite-rich gneiss of unknown ages (see Fig. 2). Finally, two sets of NW-
and NE-trending mafic dikes crosscut the São Tiago Batholith, the Ri-
tápolis metagranitoid and the supracrustal succession.

4.1.1. Field and petrographic features of the studied units
Four different lithotypes of orthogneissic rocks occur within the São

Tiago Batholith, showing complex crosscutting relationships between
them (Fig. 3a):

(i) L1 was identified in the center and eastern border of the batholith.
It consists of gray to dark gray, fine- to medium-grained, foliated
tonalitic orthogneiss (Fig. 3a and b; Fig. 4). The texture is grano-
lepidoblastic. The dominant mineralogy includes quartz, andesine,
biotite1 and rare microcline (Fig. 5a). The average color index (M’),
between 10 and 40%, reflects the range of the biotite content,
which allowed us to distinguish a biotite rich group (Bt-rich) and a
biotite poor one (Bt-poor), of distinct geochemistry (see Section
4.2). Apatite, zircon, allanite, opaque minerals and rare rutile and
epidote1 are accessory minerals. The secondary mineralogy (i.e.,
metamorphic or hydrothermal) includes sericite, epidote2, biotite2,
chlorite, titanite, and calcite (Fig. 5b). Quartz occurs mainly as
recrystallized monomineralic aggregates, and plagioclase crystals
are locally recrystallized and kinked (Fig. 5c). Myrmekitic and
perthitic/antiperthitic intergrowths are common.

(ii) L2 is the predominant lithotype in the São Tiago Batholith,
showing sharp, concordant contact with L1, although the intrusive
relations are unclear. It is a whitish, fine- to medium-grained, fo-
liated to banded orthogneiss (Fig. 3a and b) of monzogranitic to
granodioritic composition (Fig. 4). The texture is mostly equi-
granular (locally porphyritic) and granolepidoblastic with
M’=10%. The essential mineralogy consists of andesine, micro-
cline, quartz, and biotite, and the accessory and secondary mi-
neralogies are similar to those observed in L1 (Fig. 5d). Various
microcline/andesine ratios reflected in the composition, and per-
mitted a subdivision into two groups of distinct geochemistry (see
also Section 4.2): a granodioritic and a granitic one. Diffuse zones
of felsic composition are randomly distributed in a few outcrops
(Fig. 3c).

(iii) L3 comprises coarse-grained, hololeucocratic pegmatites com-
posed of K-feldspar, plagioclase, quartz and rare muscovite. They
occur as centimetric to metric dikes and veins conformably de-
formed along the main foliation (Sn) of lithotypes 1 and 2 (Fig. 3a,
d and e).

(iv) L4 crops out as irregular, centimetric to meter-thick dikes and
stocks crosscutting the previous lithotypes (Fig. 3a and d). The
rock is a medium-grained, hololeucocratic, isotropic to weakly
foliated monzogranite (Fig. 4). It shows isogranular texture with
M’=2%. Microcline, oligoclase, and quartz are the dominant
minerals (Fig. 5e). Accessories are biotite1, opaque minerals,

apatite, allanite, zircon and rare epidote1. The secondary miner-
alogy includes sericite, epidote2, biotite2, chlorite, titanite and
calcite. Quartz occurs as recrystallized monomineralic aggregates
or as single crystals, and plagioclase locally shows reaction borders
with microcline, where perthitic intergrowth is developed.

Three structural surfaces are identified in the São Tiago Batholith
(Figs. 2 and 3e): (i) the gneissic banding or foliation (Sn); (ii) axial
planes of tight to isoclinal folds (Sn+1), usually subparallel to Sn; and
(iii) axial planes of open folds (Sn+2) that affect the Sn and Sn+1 fo-
liations. There is no unequivocal evidence to support Sn and Sn+1 as
related to different deformation events or part of a single progressive
one. Sn contains disrupted or boudined layers and shows mostly N-S
strike, although it is quite variable due to later deformational phases.
The scarce Dn+1 axial planes show mostly N-S strike and fold axes
plunging at low angles to the north. Dn+2 axial planes show E-W strike
with fold axes plunging at low angles to the east or west.

Deformed xenoliths of hornblende-bearing tonalitic gneiss (Fig. 3f)
and scarce pyroxene-bearing diorite and amphibolite occur in the L2,
L3, and L4 lithotypes, which suggests that the São Tiago Batholith in-
truded older crust (discussed in later sections). The tonalitic xenoliths
are dark gray, fine- to medium-grained, and foliated, with average M’ of
40%, and are composed of biotite1, andesine, quartz, hornblende and
rare microcline (Fig. 5f). Apatite, zircon and opaque minerals are ac-
cessory minerals, while sericite, epidote2, biotite2, chlorite, and titanite
are the secondary minerals.

A hornblende-bearing (Hbl-bearing) granitic gneiss is mapped at the
northwest edge of the São Tiago Batholith. Because the geologic re-
lationships with the main body are not clear, we selected a sample for
U-Pb dating. The gneiss comprises light gray, medium-grained, foliated
to banded orthogneisses of monzogranitic composition (Fig. 4). The
texture is mostly equigranular and granolepidoblastic, and M’=8%.
The dominant mineralogy includes microcline, oligoclase, and quartz;
mafic phases are biotite1 and minor hornblende. Apatite, zircon,
opaque minerals, epidote1, and clinozoisite are the accessory minerals,
and sericite, epidote2, chlorite, and biotite2 are the secondary ones.

In the NW, the São Tiago Batholith is in tectonic contact, possibly by
a thrust fault, with BIF slivers that likely belong to the Minas
Supergroup and a hornblende-bearing (Hbl-bearing) tonalitic gneiss
(Fig. 2). The geologic relations suggest this gneiss does not belong to the
São Tiago Batholith. The lithotype includes gray, medium-grained fo-
liated orthogneisses of tonalitic composition. It is composed of quartz,
andesine and rare microcline; hornblende and biotite1 (in equal pro-
portions) are the mafic phases. The accessory minerals comprise epi-
dote1, apatite, rutile, opaque and zircon; the secondary minerals are
sericite, muscovite, epidote2 and biotite2. The texture is granolepido-
blastic (Fig. 5f), and M’=20%.

4.2. Whole-rock geochemistry

Whole-rock geochemical analyses were performed on samples of the
São Tiago Batholith as follows: L1 (n= 9), L2 (n=14) and L4 (n=6)
lithotypes. In addition, the Hbl-bearing granitic gneiss (n= 1), Hbl-
bearing tonalitic gneiss (n= 1), and the tonalitic xenoliths (n=2)
were also studied. The results for major, trace and REE elements are
shown in Table 1.

Besides distinct color indices, different values of SiO2, Na2O, and
K2O observed in the L1 Bt-rich tonalitic gneiss and the L1 Bt-poor to-
nalitic gneiss (Table 1) were associated with modal biotite content
(M’=10–40%). Similarly, distinct Al2O3, Na2O and K2O contents in
Lithotype 2 reflect various microcline/andesine ratios, and also sup-
ported its division into L2 granodioritic gneiss and L2 granitic gneiss.

Using the normative feldspar classification diagram (Fig. 6a), the L1
Bt-rich tonalitic gneiss plots mostly in the granodiorite field, associated
with its higher biotite content, while the L1 Bt-poor tonalitic gneiss is
classified as a trondhjemite, as a result of its low proportion of that
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mineral. The L2 granodioritic gneiss plots in both the granite and the
trondhjemite fields (linked with variable microcline/plagioclase ratio).
The L2 granitic gneiss, the L4 metagranite, and the Hbl-bearing granitic
gneiss plot only in the granite field due to their higher microcline
contents. The Hbl-bearing tonalitic gneiss and one sample of the tona-
litic xenolith are classified as tonalite, whereas the other xenolith (ST-
65-2B) is classified as granodiorite.

The major element contents of the analyzed rocks are highly vari-
able (Table 1). The L1 Bt-rich tonalitic, the Hbl-bearing tonalitic gneiss,
and the xenoliths present the lowest values of silica; the L1 Bt-poor
tonalitic, the Hbl-bearing granitic, and the L2 granodioritic gneiss are
more acid; and the L2 granitic gneiss and L4 metagranite exhibit the
highest values of SiO2. The L1, L2, and L4 lithotypes display a fairly
wide distribution of Al2O3 contents, reflecting in a disperse pattern in
the A/CNK vs A/NK diagram, although most samples are slightly per-
aluminous (Figs. 6b and 7a). The Hbl-bearing tonalitic gneiss, the xe-
noliths, and two samples of the L1 Bt-rich tonalitic gneiss are

metaluminous and iron- and magnesium-richer than the other litho-
types (Fig. 7b). FeOt+MgO and CaO values are moderate to high for
L1, and low for L2 and L4; most of the L1 and L2 lithotypes show a
negative correlation between silica and those oxides (Fig. 7b and c).
The L1 Bt-poor tonalitic gneiss and most of the L2 granodioritic gneisses
display high Na2O values and plot in the medium-K field in the K2O vs.
SiO2 diagram (Fig. 7d and e). The L1 Bt-rich tonalitic gneiss, the L2
granitic gneiss, and the L4 metagranite have low to moderate Na2O and
moderate to high K2O, plotting in the fields of the high-K calc-alkaline
to shoshonitic series due to the higher biotite content in the first and
higher microcline in the other two types (Fig. 7d and e). Only the L1 Bt-
rich tonalitic gneiss shows a negative correlation between K2O and SiO2

(Fig. 7e). The L1 Bt-poor gneiss, the Hbl-bearing tonalitic gneiss, and
one of the xenoliths present low values of K2O/Na2O; the L1 tonalitic
gneiss, the L2 granodioritic gneiss and the other xenolith display
moderate values of such ratios; the remnant samples exhibit high values
(Fig. 7f).

Fig. 3. Field aspects of the São Tiago Batholith and
related units. (a) Crosscutting relations between the
described lithotypes: L4 is intrusive in L3, which is
sub-concordant with both the L1 and L2 foliation. (b)
Hand sample aspects of the L1 (grayish fine-grained
foliated) and the L2 (whitish medium-grained
banded) orthogneisses. (c) Medium-grained, slightly
foliated L4 metagranite that crosscuts L3, which in
turn is folded concordantly with the main L2 folia-
tion. (d) Migmatitic aspect of L2, represented by
diffuse zones of leucocratic composition (arrows). (e)
Deformational structures of the São Tiago orthog-
neiss: gneissic banding or foliation (Sn), tight to iso-
clinal folds with axial plane (Sn+1) subparallel to Sn,
and open folds (Sn+2) that affect Sn and Sn+1. (f)
Folded and boudined xenolith of a tonalitic gneiss in
the L2 granitic gneiss.
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Most lithotypes present overall low to moderate Ba, moderate to
high Rb, and intermediate Sr contents, producing negative Ba anoma-
lies and variable Rb and Sr anomalies, and fractioned REE patterns with
negative Eu anomalies (Table 1; Figs. 8 and 9). Exceptions are the Hbl-
bearing tonalitic gneiss and a single L1 Bt-poor tonalitic gneiss sample
(ST-327A), which lack Eu anomaly, and are Sr- and Ba-rich but Rb-
poor, reflecting in positive Ba anomalies (Fig. 8a and b). The L1 Bt-rich
tonalitic gneiss and the L4 metagranite show flatter REE patterns, al-
though the former presents overall high REE, and the latter, low REE.
Considering the HFSE contents, all lithotypes also display negative Nb
and Ti anomalies, which are more marked for the L2 granitic gneiss and
the L4 metagranite, and low to moderate values of Th, but higher for
these two cited types and for the Hbl-bearing tonalitic gneiss
(Fig. 8b–d). Similar spider diagram patterns are found in both the L2
granodioritic and the Hbl-bearing tonalitic gneisses, but these litho-
types show higher negative anomalies for Ta in the former and for Nb in
the latter (Fig. 8b). Trace element amounts of the Hbl-bearing granitic
gneiss are comparable to theirs of L2 granitic gneiss, but the former
presents slightly higher Y, Zr and Nb values, and slightly lower Th
values (Table 1). Remarkable trace element differences between the L1
Bt-rich tonalitic and the L1 Bt-poor tonalitic gneisses are higher Rb, Y,
and HREE, lower Sr, absence of negative P anomaly, and presence of
positive U anomaly in the former (Figs. 8a and 9a).

4.3. Geochronology

In situ zircon LA-ICP-MS dating was performed on metaigneous
rocks L1 Bt-rich tonalitic gneiss, L2 granitic gneiss, and L3 pegmatite, as
well as on the Hbl-bearing granitic gneiss that occurs between the São
Tiago Batholith and the Jeceaba-Bom Sucesso lineament. The U-Pb
analyses are presented in Table S1 of the Supplementary Data. The CL
images for selected zircon grains from the analyzed samples and the
Concordia diagrams are presented in Figs. 10 and 11, respectively.

In general, zircon crystals are typically prismatic (up to 5:1 in

length:width ratios) and between 60 and 500 μm in length. Most of the
crystals are metamictic with mineral inclusions and show dark over-
growths and partly resorbed nuclei. The acquired isotopic data show
large scatter due to variable and complex Pb loss, likely associated with
the polycyclic history of the investigated samples. It may have been
linked with Neoarchean and Paleoproterozoic magmatism/meta-
morphism, and younger overprints identified in U-Pb plot regressions to
imprecise Neoproterozoic/Cambrian ages.

Sample ST-365 is an L1 Bt-rich tonalitic gneiss sample collected at
the core of the São Tiago Batholith (Fig. 2; 548005/7683486 UTM). The
zircon grains from this sample are light pink to pale brown, rounded or
prismatic (3:1) with a maximum length of 250 µm. Inclusions of Fe-Ti
oxides are common. Zircon grains show low luminescence and oscilla-
tory zoning interpreted as indicating igneous origin (Fig. 10a). Due to
scattered data, we selected seven aligned ellipses with the youngest
ages and>70% concordant, defining an upper intercept age at
2816 ± 30Ma with MSDW of 3.2 (Fig. 11a). It is considered the
crystallization age of the rock. Several zircon grains yield Neoarchean
207Pb/206Pb ages, whereas a few older, mostly discordant 207Pb/206Pb
ages, sometimes as igneous cores (e.g., ST-365–4; Fig. 10a) are inter-
preted as inherited.

Sample ST-52 is an L2 K-rich granitic gneiss collected at the eastern
exposure of the São Tiago body (Fig. 2; 554335/7682954 UTM). The
zircon grains are milky white and purple to pale brown and prismatic
(up to 4:1) or stubby, 400 µm in length at most. In CL images, most of
the crystals show concentric or irregular oscillatory zoning (Fig. 10b),
interpreted as indicating igneous origin. Fifteen analyses< 5% dis-
cordant produce an upper intercept age of 2671 ± 7Ma
(MSWD=2.9), equivalent within errors to the weighted mean age of
2664 ± 4Ma (MSWD=1.3) for a subset of ten analyses, excluding
five outliers. Finally, we identify no inherited zircon in CL images, so
the former age is interpreted as the crystallization age of this granitic
gneiss.

Sample LA-05 is an L3 pegmatite that crosscuts L2 K-rich granitic

Fig. 4. QAP diagram of Streckeisen (1976) showing the composition of São Tiago gneisses and metagranites, and other studied gneisses. Mineral abundance obtained
by point-counting.
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gneiss at the northeastern exposure area of the São Tiago body (Fig. 2;
554430/7688167 UTM). The zircon grains are white or light pink to
pinkish-brown, prismatic (up to 2:1) and stubby, and up to 350 µm in
length. In the CL images, most of the crystals show concentric oscilla-
tory zoning, interpreted as indicating igneous origin (Fig. 10c). A se-
lection of six concordant and subconcordant grains with oscillatory or
sector zoning – up to 10% discordant – define an upper intercept age of
2657 ± 23Ma (MSWD=5.0). It is considered the crystallization age
of the rock (Fig. 11c). A significant older zircon population is also ap-
parent in the U-Pb plot, although related to scattered discordant data
(see Supplementary Table S1).

Sample MST-169-A was collected to the northwest of the São Tiago
body (Fig. 2; 543311/7688622 UTM). The rock is classified as horn-
blende-bearing monzogranitic gneiss, locally migmatized. The zircon
crystals are white to light gray and pale to dark brown, prismatic (up to
4:1) or stubby, and up to 650 μm in length. Many grains are meta-
mictic/turbid with inclusions of apatite and Fe-oxides. The CL images
(Fig. 10d) show patchy oscillatory or sector zoning in most of the
analyzed crystals; a subset of crystals is homogeneously dark with no
internal zoning. Partly resorbed cores are also present. The data show
significant scatter in the U-Pb diagram. We selected the five least dis-
cordant (up to 20%) grains with the same internal zoning character-
istics, likely igneous in origin to yield an upper intercept age of
2614 ± 13Ma (MSWD=1.1; Fig. 11d), recognized as the crystal-
lization age of the rock.

5. Discussion

This section integrates the field, mineralogical, geochemical and
geochronological data of this work with information from the literature
to discuss nomenclature, petrogenesis and regional geotectonic im-
plications. Table 2 presents a summary of the geochemical character-
istics of metagranitoids from the São Tiago region along with compiled
data from similar rocks of the Quadrilátero Ferrífero for the petroge-
netic inferences.

5.1. Classification of the lithotypes

Laurent et al. (2014) suggested a useful classification diagram that
discriminates the four types that they proposed to constitute most Late
Archean granitoids: TTGs, biotite and two-mica granites, sanukitoids,
and hybrid granitoids (Fig. 12a). The classification indicated by our
rock plots in this diagram is not definitive, but instead illustrates the
most possible major group type to which our rocks belong, refined
using other geochemical parameters and diagrams.

In that diagram, the L1 Bt-poor tonalitic gneiss plots in the TTG field
(Fig. 12a) and as trondhjemite in the O’Connors’ diagram (Fig. 6). In-
deed, this gneiss is chemically akin with trondhjemites, but slight var-
iations regarding its biotite contents (> 10%) preclude a precise no-
menclature for this rock. The contents of Sr and Sr/Y are lower and the
ferromagnesian oxides are higher than TTG s.s. (cf. Moyen, 2011;
Moyen and Martin, 2012). The chemical characteristics of most L1 Bt-
poor tonalitic gneisses correspond to low- and medium-pressure

Fig. 5. Petrographic features of gneisses and meta-
granites from the São Tiago region. All images are
with crossed-polarizes. (a) Essential mineralogy of
L2. (b) Alteration minerals common in both L1 and
L2; note petrographical differences between biotite1
and biotite2. (c) Kinked lamellae of plagioclase, evi-
dencing solid-state deformation. (d) Essential miner-
alogy of L1; note myrmekitic and perthitic inter-
growths and recrystallized quartz. (e) L4 mineralogy;
note the large crystal of microcline and the diversity
of mafic minerals (biotite and opaque minerals). (f)
Cluster of biotite and hornblende of the Hbl-bearing
tonalitic gneiss. Mineral abbreviations are after
Whitney and Evans (2010). Additional abbreviations:
myrmek=myrmekite; perth=perthite.
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Archean TTG that composes part of the Archean gray gneisses of Moyen
(2011); Fig. 12(b).

The L1 tonalitic gneiss is geochemically similar to low-silica, high-Ti
sanukitoids of Martin et al. (2009); Fig. 12(c), but unlike the broader
definition of sanukitoids (Heilimo et al., 2010), the unit presents low
Ba, Sr and Sr/Y, flat REE patterns and strong negative [Eu/Eu]*. The
new data plot in the field of “hybrid” granitoids (Fig. 12a).

The L2 Na-rich granodioritic gneiss varies from TTGs to hybrid
granitoids (Fig. 12a) as a result of the variable potassium content (i.e.,
modal biotite and K-feldspar). That range of composition also permits
that some samples are labeled as medium-pressure TTGs, while others
are potassic, according to the Moyen’s classification (2011; Fig. 12b).
The hornblende-bearing monzogranitic gneiss is also chemically clas-
sified as a “hybrid granitoid” (Fig. 12a), while the hornblende-bearing
tonalitic gneiss is a sanukitoid, satisfying all the criteria established by
Heilimo et al. (2010), and plots specifically into the low-Ti group of
Martin et al. (2009); Fig. 12(c). However, due to a shortage of analyzed
samples from the latter group, we cannot ensure that the entire body
belongs to the sanukitoid series.

On the other hand, the L2 K-rich granitic gneiss and the L4 meta-
granite plot within the “biotite and two-mica” granite field (Fig. 12a).
The geochemical composition of these rocks correlates well with the
“potassic” component of Archean gray gneisses described in “late po-
tassic batholiths” worldwide (Feng and Kerrich, 1992; Moyen et al.,
2003; Windley, 1995; cf. Fig. 12b and c), including the southern São
Francisco Craton (Carneiro et al., 1998; Noce et al., 1997; Romano
et al., 2013).

5.2. Regional correlations

5.2.1. Geochemical comparisons
The geochemical compositions of the Archean rocks described in

this work were compared with those reported in the Quadrilátero
Ferrífero region by Farina et al. (2015). The authors suggested that
these Archean terranes mainly constitute two geochemically distinct
rock groups: (i) banded gneisses+ plagioclase-rich granitoids (pre-
dominant between ca. 3200 and 2760Ma) and (ii) K-feldspar-rich
granites with lesser amounts of K-feldspar-bearing gneisses (prevailing
from ca. 2760–2610Ma). These groups plot in the fields of “medium-K”
and “high-K” rocks in the SiO2 vs. K2O diagram, respectively (Fig. 7e).
Part of the banded gneisses and plagioclase-rich granitoids of Farina
et al. (2015) present slight geochemical variations from the typical TTG
compositions of Moyen and Martin (2012), which precludes classifying
these rocks as true TTGs.

The L1 Bt-poor tonalitic gneiss and the L2 granodioritic gneiss are
similar to the “medium-K” banded gneisses and Plg-rich granitoids of
Farina et al. (2015), while the L1 Bt-rich tonalitic gneiss, the Hbl-
bearing tonalitic gneiss, and the xenoliths show lower SiO2 and, to some
extent, lower Na2O, and enrichment in FeOt+MgO, CaO, Rb and Rb/Sr
(Figs. 7a–f and 13). The L2 granitic gneiss and the L4 metagranite plot
in the field of the “high-K” granitic rocks of Farina et al. (2015;
Figs. 7a–f and 13a and b). The Hbl-bearing granitic gneiss plots outside
the fields of Farina et al. (2015), mostly concerning the K2O, Na2O, Rb,
Rb/Sr and Sr/Y values (Figs. 7a–f and 13a and b). In the multi-element
patterns, the L2 granodioritic gneiss and the Hbl-bearing tonalitic
gneiss are similar to the medium-K banded gneiss (Figs. 8 and 9b). The
L2 granitic gneiss and the L4 metagranite show overall the same pattern
as the high-K gneisses and granites of Farina et al. (2015; Figs. 8 and 9c
and d), except for the low LREE of L4.

Campos and Carneiro (2008) and Engler et al. (2002) also identified
Archean rock types such as TTG, biotite and two-mica granites and
sanukitoids in the Passa Tempo and Campo Belo complexes, although
not all the rocks from the latter group can be undoubtedly classified as
such. This conclusion is possibly due to the fact that a high proportion
of the geochemically analyzed samples are hybrids, even if this termi-
nology was not applied at the time. The L1 Bt-poor tonalitic gneiss
geochemically fits the enderbitic rocks described in the Perdões region,
Campo Belo Complex (Engler et al., 2002), and differs from the Aur-
eliano Mourão trondhjemite of the Passa Tempo Complex (Campos and
Carneiro, 2008) mainly in terms of Ba and Sr proportions, which are
higher for this body. The L2 granitic gneiss is similar to part of the
biotite and two-mica granites described by Campos and Carneiro
(2008) in the Passa Tempo Complex, while the Hbl-bearing granitic
gneiss is akin to the São Pedro da Carapuça granite of the same com-
plex. The chemical composition of the Hbl-bearing tonalitic gneiss,
especially regarding its Ba and Sr contents coupled with the high fer-
romagnesian oxides, has no Archean analogs in the entire southern São
Francisco Craton.

5.2.2. Correlations with tectono-magmatic events of the southern São
Francisco craton

Due to the scarcity of outcrops and older age compared with all the
other lithotypes, we consider that the L1 Bt-rich tonalitic gneiss
(2816 ± 30Ma) constitutes xenoliths hosted by the São Tiago
Batholith, which are representative of a Mesoarchean crust. In the
context of the southern São Francisco Craton, the age of the L1 Bt-rich
tonalitic gneiss roughly matches that of the Rio das Velhas II/
Neoarchean 1 event (ca. 2800–2750Ma), during which TTG plutons
were emplaced in the Quadrilátero Ferrífero region, mainly in the
Bonfim and Belo Horizonte complexes (Lana et al., 2013; Teixeira et al.,
2017).

Fig. 6. (a) Normative feldspar classification diagram for granitoids (An-Ab-Or;
O'Connor, 1965) with the fields of Barker (1979). (b) A/CNK vs A/NK diagram
of Shand (1943). The gray fields refer to medium-K (banded gneiss and plagi-
oclase-rich granitoids) and high-K (K-feldspar-rich granite and K-felspar-
bearing gneisses) rocks from the Quadrilátero Ferrífero region, to the NE of the
study area. Data from Farina et al. (2015).
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The time interval for the progressive replacement of TTG by potassic I-
type granitic magmatism registered in the Quadrilátero Ferrífero extends
from ca. 2780 to 2750Ma (Romano et al., 2013), a transition that is
documented worldwide in the age range of 3000–2500Ma (Laurent et al.,
2014). At the time of the Mamona event defined by Farina et al. (2015;
2760–2680Ma) in the Quadrilátero Ferrífero, high-K plutons composed of
granites, granodiorites and leucogranites were emplaced. In this sense,
the crystallization ages of the L2 granitic gneiss (2664 ± 4Ma) and the
cogenetic L3 pegmatite (2657 ± 23Ma) are interpreted here as con-
temporaneous with the main potassic magmatism of that region. The
potassic magmatism lasted until ca. 2610Ma (Romano et al., 2013), as
recorded in a few plutons in the Quadrilátero Ferrífero, but some authors
extend it to ca. 2550Ma (Teixeira et al., 2017). In fact, Teixeira et al.

(2017) incorporated the Neoarchean potassic magmatism in a major
event of crustal reworking of the southern São Francisco Craton within
the 2720–2550Ma interval, which involved granulite-facies meta-
morphism and migmatization and emplacement of layered mafic-ultra-
mafic intrusions. Although most of the migmatization superimposed both
Sn and Sn+1, local partial melting enclosed by foliation planes and along
the axial planes of Sn+1 may suggest that those features are con-
temporaneous, related to a single deformational-metamorphic event that
may had been responsible for Sn and Sn+1 in the L2 and L3 lithotypes and
for the migmatization of L2. However, it is still unclear if such event is
correlated with Late Archean migmatization episodes that occurred in the
southern São Francisco Craton at ca. 2660 and ca. 2600Ma (Campos
et al., 2003; Toledo et al., 2010).

Fig. 7. Harker diagrams showing selected major oxides of the main lithotypes of the São Tiago orthogneiss and adjacent bodies. (a) Al2O3 vs. SiO2; (b) FeOt+MgO
vs. SiO2; (c) CaO vs. SiO2; (d) Na2O vs. SiO2; (e) K2O vs. SiO2 with the fields of Peccerillo and Taylor (1976); (f) K2O/Na2O vs. SiO2. The gray fields refer to medium-K
(banded gneiss and plagioclase-rich granitoids) and high-K (K-feldspar-rich granite and K-felspar-bearing gneisses) rocks from the Quadrilátero Ferrífero region, to
the NE of the study area. Data from Farina et al. (2015).
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Fig. 8. Mantle-normalized multi-element diagram for rocks of the São Tiago Batholith and associated units. Gray fields for the banded and K-feldspar-bearing
gneisses and K-feldspar-rich granite are from the Quadrilátero Ferrífero region, to the NE of the study area. Data from Farina et al. (2015). Primitive mantle after
McDonough and Sun (1995).

Fig. 9. Chondrite-normalized rare earth elements diagram for the studied rocks (chondrite values after Boynton, 1984). Gray fields for the banded and K-feldspar-
bearing gneisses and K-feldspar-rich granite are from the Quadrilátero Ferrífero region, to the NE of the study area. Data from Farina et al. (2015).
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The crystallization age of 2614 ± 13Ma obtained for the Hbl-
bearing granitic gneiss may be correlated to the youngest pulse of po-
tassic magmatism registered in the southern São Francisco Craton ca.
2610Ma (Romano et al., 2013). The gneissic foliation observed in this
body, and previous descriptions of small bodies of foliated granodior-
ites crystallized at the same age (ca. 2612Ma Romano et al., 2013)
require a younger deformation episode. It may be associated with the
late Neoarchean major event of crustal reworking, or with Paleopro-
terozoic docking of the Mineiro belt against the São Francisco Proto-
craton.

Our observations in the São Tiago region show that the Meso- to
Neoarchean crust includes eight different metaigneous and gneissic
rocks. The fact that all the obtained crystallization ages are Archean is
at odds with the previous assumption of Silva et al. (2002) that the São
Tiago Batholith is a Paleoproterozoic unit of the Mineiro belt. Toledo
et al. (2010) attributed the obtained age of 2050 ± 12Ma of Silva et al.
(2002) to magmas generated by exhumation of the São Tiago Batholith
in a dome-and-keel formation process. An alternative explanation could
be that Silva’s sample belongs to one of the Paleoproterozoic meta-
granitoids that surround the São Tiago Batholith. Furthermore, the
presence of Neoproterozoic lower intercept ages and the absence of
Paleoproterozoic ones may suggest that a possible Neoproterozoic
overprint might have been stronger than a Paleoproterozoic one.

5.3. Petrogenetic interpretation

In the Quadrilátero Ferrífero region, Farina et al. (2015) proposed
that the production of medium-K rocks results from mixing between
magmas generated by partial melting of metamafic sources and older
TTG rocks, whereas high-K granitoids are associated with partial
melting of Archean metasedimentary rocks. In this sense, the compo-
sitional diversity among the eight lithotypes mapped in the São Tiago
region reflects a wide spectrum of petrogenetic processes, Archean in
age.

5.3.1. Origin of the L1 subtypes
The L1 Bt-rich tonalitic gneiss (2816 ± 30Ma) is more mafic,

shows higher K2O, CaO, FeOt+MgO and transitional metals (not

shown), lower Na2O, and relatively flatter REE patterns with stronger
negative Eu anomalies than the L1 Bt-poor tonalitic gneiss.
Discontinuous trends of K2O vs. SiO2 and Na2O vs. SiO2 (Fig. 7d and e)
and contrasting Sr contents (Table 1) preclude fractional crystallization
between the L1 subtypes.

The comparatively higher-silica L1 Bt-poor subtype carries geo-
chemical characteristics of TTG magmas generated in medium- to low-
pressure environments close to the upper limit of the plagioclase sta-
bility field (Fig. 12b). Indeed, high Na2O, moderately high [La/Yb]N
with slightly negative [Eu/Eu]* anomalies, and low K2O/Na2O and Y
(Fig. 7d, f; Fig. 9; Table 1) contents suggest the melting of metabasalts
leaving a clinopyroxene-, amphibole-, and plagioclase-rich residue with
moderate to few garnet. Such generation process partially corresponds
to both medium- and low-pressures TTG petrogeneses (Moyen, 2011).
Additionally, the source basalts should be somewhat enriched, as
pointed by Martin et al. (2014), since MORB-like basalts hardly gen-
erated TTG melts with K2O > wt.1% on most partial melting experi-
ments (cf. Fig. 14). The source should present higher LILE including
0.5 < K2O < wt.1.2%, a feature exhibited by the average-Archean
basalt (Martin et al., 2014). Retaining of titanite, ilmenite or rutile in
the source is also suggested by the negative Ti, Nb, and Ta anomalies
(Fig. 8).

The high ferromagnesian elements and transitional metals, as well
as high calcium suggest a mafic melting source for the L1 Bt-rich to-
nalitic gneiss (Fig. 14). However, either that source had been previously
K2O-enriched, or the mafic original melt had suffered contamination of
a crustal component, due to high potassium contents of the gneiss. In
the literature, the rare experimental and modeled melts which present
the composition of the L1 Bt-rich tonalitic gneiss have high-K andesitic
sources (Alonso-Perez et al., 2009; Beard and Lofgren, 1991), but the
melts remain too poor in K2O, which favors the contamination hy-
pothesis. On the other hand, its internal variability could not be related
with increasing degrees of contamination of a K2O- and SiO2-enriched
end-member, since the potassium has negative linear correlation with
silica. Decreasing K2O and increasing Na2O, HFSE and Y towards the
more felsic pole may point to differentiation of the L1 Bt-rich tonalitic
gneiss, possibly related with biotite fractionation.

Fig. 10. Cathodoluminescence images of selected zircon grains used for age dating. The circles indicate the laser spots position where the 207Pb/206Pb ages were
obtained. The scale is the same for all samples. See Fig. 1 for sample location.
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5.3.2. Origin of the L2 subtypes
The L2 granitic gneiss is high-K and medium-Na, whereas the L2

granodioritic gneiss is medium-K and high-Na (Fig. 7d and e). Con-
sidering trace element data, the L2 granitic gneiss has stronger [Eu/
Eu]* anomalies (Fig. 9), higher Rb and Rb/Sr, and lower Sr/Y vs. SiO2

(Fig. 13) in comparison with the L2 granodioritic gneiss. Based on these
characteristics, the L2 subtypes are not considered cogenetic, and their
genesis is treated separately hereafter.

The slightly enrichment in Na2O and the reduction in K2O of the L2
granodioritic gneiss relative to the L1 Bt-poor tonalitic gneiss may
suggest that the latter may be a viable melting source to generate the
former. The similarity also suggests high degrees of partial melting of
TTG or TTG-like rocks, which would promote the incipient enrichment
of K2O, the more pronounced negative Nb and Ta anomalies, and the
negative Eu anomalies associated with retaining of ilmenite-rutile,
amphibole, and plagioclase in the source. Alternatively, in terms of
major oxides data, the L2 granodioritic gneiss is quite similar to the
melts derived from experimental partial melting of quartz amphibolite
in the highest pressure conditions (15 kbar; Patiño-Douce and Beard,
1995). It worth noting that the two possible sources (the L1 Bt-poor
tonalitic gneiss and a quartz amphibolite) present intermediary to felsic
composition with K2O between 0.7 and 1.6 wt%.

The L2 granitic gneiss (2664 ± 4Ma) is compositionally similar to
Late Archean “biotite and two-mica granites”. Laurent et al. (2014)

proposed that these compositions could be derived from partial melting
of two distinct crustal sources: TTGs or metasedimentary rocks. Most
melting experiments on medium-K felsic rocks such as L1 Bt-poor to-
nalitic gneiss produced melts which are mostly depleted in K2O and
enriched in Na2O, even in the best match provided by Watkins et al
(2007) using a hornblende-bearing tonalitic gneiss source (cf. Fig. 14).
The enrichment in LILE and LREE, and depletion in Sr, Ti, Nb, and Ta of
this gneiss suggest that L1 Bt-rich tonalitic gneiss may be a viable
source for melting. Additionally, the composition of the melts generated
by the experiment of Patiño-Douce (2005), whose source is overall si-
milar with the L1 Bt-rich tonalitic gneiss, are geochemically akin to the
L2 granitic gneiss. The only difference is the higher Al2O3 of the melts,
which may reflect the enrichment on the same oxide in the source. The
match is more accurate under higher pressure conditions (27–32 kbar).
Other experiments show that dehydration melting of metagraywackes
(cf. Montel and Vielzeuf, 1997), such those from the coeval Rio das
Velhas greenstone belt, could contribute additional K2O to the com-
positions of the produced melt. The petrographic and geochemical
differences among samples of the L2 K-rich granitic gneiss (e.g., vari-
able microcline/plagioclase and K2O/Na2O proportions) would then be
associated with a variable melting proportion of metasedimentary
rocks. Then, the L2 granitic gneiss should have been generated by the
melting of the L1 Bt-rich gneiss and/or by the melting of a metasedi-
mentary/TTG mixed source.

Fig. 11. U–Pb concordia diagrams of LA-ICP-MS analyses on zircon crystals of the São Tiago Batholith and associated units. See Fig. 1 for sample location.

M.B. Simon et al. Precambrian Research 314 (2018) 353–376

368



Table 2
Summary of petrological and geochronological characteristics of the studied gneisses and metagranites from the São Tiago region, including comparison with
selected rocks of the Quadrilátero Ferrífero (Farina et al., 2015). (a) Geochronological data of the São Tiago region are from this work and of Quadrilátero Ferrífero
from Farina et al. (2015); (b) When one or two values of determined parameter are considerably distant of the remnant values, the median is indicated inside the
bracket after the full range of values [e.g., 1–42 (2)]; (c) Normative classification based on the CIPW norm plotted in the Ab-Na-Or diagram of O'Connor (1965) with
the fields of Barker (1979): grd=granodiorite; tdj=trondhjemite; gr=granite; to= tonalite.

Rocks of São Tiago region (this work)

São Tiago orthogneiss xenoliths into São Tiago orthogneiss

L2 L3 L4 L1 tonalitic xenoliths

granodioritic gneiss granitic gneiss pegmatite metagranite Bt-rich tonalitic gneiss Bt-poor tonalitic gneiss

U-Pb
crystallization
age (Ma) (a)

2664 ± 4 2657 ± 23 2816 ± 30

Geochemical data (b)
SiO2 69.1–73.0 71.1–77.3 No obtained data 70.5–75.4 59.0–67.3 66.2–70.1 59.5–61.5
Al2O3 14.1–15.5 12.2–14.7 12.3–15.7 14.1–15.5 15.0–16.5 15.1–16.1
FeOt+MgO 1.2–4.8 0.8–3.3 0.8–2.0 6.8–11.6 3.6–5.9 8.8–11.2
CaO 1.7–2.4 0.9–1.6 1.0–1.5 2.1–4.4 2.6–3.2 4.8–4.9
Na2O 3.9–5.9 2.9–4.0 2.7–4.6 2.9–4.1 4.7–5.4 3.0–4.1
K2O 1.8–3.3 4.6–5.8 3.5–6.4 2.4–3.3 1.3–1.8 1.9–2.8
K2O/Na2O 0.32–0.78 1.24–1.68 0.76–2.40 0.72–1.35 0.24–0.37 0.46–0.94
Norm. class. (c) tdj/gr gr gr grd tdj to/grd
V 7–55 6–32 10–19 62–85 30–48 75–88
Ni 2–40 (9) 2–5 1–42 (2) 11–45 4–15 44–48
Ba 179–822 464–841 605–1094 234–383 232–1024 180–673
Rb 45–213 165–196 139–218 174–243 43–142 113–184
Sr 84–451 95–196 70–466 123–253 214–778 228–301
Y 8–37 11–43 10–32 26–75 14–27 24–28
Sr/Y 2.30–49.89 2.63–13.61 2.11–19.50 2.15–9.81 10.59–29.35 8.11–12.54
Sr/Ba 0.11–2.03 0.14–0.27 0.09–0.65 0.61–1.02 0.76–1.29 0.45–1.27
REE systematics Low to high fraction Med/high fraction Low/med fraction Low fraction Med fraction

[La/Yb]N= 10–95 [La/Yb]N= 15–59 [La/Yb]N=4–26 [La/Yb]N=4–13 [La/Yb]N= 13–26
[Eu/
Eu]*= 0.34–0.93

[Eu/
Eu]*=0.22–0.37

[Eu/
Eu]*= 0.47–0.80

[Eu/
Eu]*= 0.40–0.73

([Eu/
Eu]*= 0.48–0.92

Rocks of São Tiago region (this work) Rocks from Quadrilátero Ferrífero (Farina et al., 2015)

other bodies banded gneiss Plg-rich granitoids Kfs-bearing gneiss Kfs-rich granite

Hbl-bearing tonalitic
gneiss

Hbl-bearing granitic
gneiss

U-Pb
crystallization
age (Ma) (a)

2614 ± 13 ca. 3200–2760 ca. 2790–2680 2854 ± 18,
2764 ± 10

ca. 2760–2680; ca.
2610

Geochemical data (b)
SiO2 62.4 69.1 64.7–74.4 68.0–73.9 70.8–75.8 72.3–75.3
Al2O3 15.5 14.1 13.9–16.7 14.1–15.4 12.7–15.0 12.6–13.9
FeOt+MgO 8.0 4.7 1.6–6.9 1.6–5.6 1.9–3.9 1.1–5.0
CaO 5.0 2.1 1.5–4.3 1.4–3.9 0.7–2.5 0.9–1.6
Na2O 4.4 3.5 4.3–5.5 3.4–5.0 (4.6) 3.4–4.7 2.7–3.8
K2O 1.8 4.3 1.6–3.5 2.3–3.0 2.9–4.9 4.7–5.7
K2O/Na2O 0.41 1.23 0.32–0.81 0.53–0.74 0.63–1.44 1.22–1.91
Norm. class. (c) to gr gr/tdj/grd gr/tdj/grd tdj/gr gr
V 87 43 22–86 18–75 22–39 12–25
Ni 42 8 6–27 6–16 5–10 5–13
Ba 1422 848 420–1258 288–1015 335–1101 263–1547
Rb 78 210 61–158 69–145 116–343 156–317
Sr 728 153 240–602 138–440 59–251 45–70
Y 20 73 4–42 6–45 7–93 8–125
Sr/Y 36.22 2.10 5.69–134.64 3.44–68.00 0.49–37.36 0.53–9.02
Sr/Ba 0.51 0.18 0.20–0.99 0.26–0.60 0.14–0.52 0.04–0.18
REE systematics High fraction. Low to high fraction Low to high fraction Low/med fraction Low/med fraction

[La/Yb]N=39 [La/Yb]N= 4–49
(17)

[La/Yb]N= 9–51 [La/Yb]N= 5–21
(12)

[La/Yb]N= 3–21
(7)

[Eu/Eu]*= 0.90 [Eu/
Eu]*= 0.67–1.31

[Eu/
Eu]*= 0.33–1.26

[Eu/
Eu]*=0.13–0.80

[Eu/
Eu]*=0.19–0.50
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5.3.3. Origin of the L4 lithotype
The L4 metagranites comprise heterogeneous samples but are geo-

chemically similar to the L2 K-rich granitic gneiss. The strong variation
of K2O and Y and the lack of clear correlation trends among L4 samples,
however, suggest multiple origins. Slightly peraluminous, potassic and
calc-alkaline biotite-bearing Archean granites are described as a result
of partial melting of older felsic crust, mainly TTGs (Almeida et al.,
2013; Frost et al., 2006; Moyen et al., 2003; Sylvester, 1994; Whalen
et al., 2004). Again, a metasedimentary source may have an important
role on the genesis; the great variations in K2O and Na2O in the L4
group may reflect a mixed TTG-sedimentary source, and higher the
sedimentary component, higher the K2O/Na2O ratio. Thus, strong ne-
gative P and Ti anomalies (Fig. 8) and low [La/Yb]N and Sr/Y
(Figs. 9 and 13c) imply a garnet-free and plagioclase-apatite-titanite-
ilmenite-rich melting residue.

5.3.4. Origin of Hbl-bearing tonalitic and Hbl-bearing granitic gneisses
Since only single samples of both Hbl-bearing tonalitic and granitic

gneisses were geochemically analyzed, their investigation was per-
formed only for purposes of comparison, and only general petrogenetic
processes are suggested here.

The metaluminous Hbl-bearing tonalitic gneiss shows high CaO
(5%), FeOt+MgO (8%), Mg# (53) and transitional metal (V and Cr)
values and low K2O/Na2O (0.41), which suggest the involvement of
melts derived from mantle peridotite. However, the high contents of
LILE, especially Ba and Sr (Ba > 1000, Sr > 500) and light REE, as
well as moderate Th and U, imply melting of previously metasomatized
mantle. In fact, the geochemistry of the Hbl-bearing tonalitic gneiss is
similar to typical sanukitoid s.l. of Heilimo et al. (2010).

The Hbl-bearing granitic gneiss (2614 ± 13Ma) exhibits most of
the characteristics of the “biotite and two-mica” granites of Laurent

et al. (2014) but with considerably higher hornblende contents and
relatively high CaO (>2%), FeOt+MgO (>4%), V (> 40 ppm), and
Zr (> 300 ppm). These values are typical of “high-Ti sanukitoids”
(Martin et al., 2009; Fig. 13c). Therefore, the features of the horn-
blende-bearing monzogranitic gneiss are concordant with “hybrid”
granitoids (Laurent et al., 2014) and could have resulted from the in-
teraction between felsic sanukitoids and crustal melts.

5.4. Geotectonic implications

The literature regarding the tectonic scenario of the southern São
Francisco Craton in the Neoarchean indicates the existence of an active
continental margin, including events of subduction, collision, and
crustal reworking, until the Minas passive margin stage developed
(Campos and Carneiro, 2008; Farina et al., 2016; Goulart et al., 2013;
Moreira et al., 2016; Teixeira et al., 2017). Martínez Dopico et al.
(2017) summarized the geodynamic evolution of the Quadrilátero
Ferrífero during 2800–2600Ma as follows:

(i) ca. 2800Ma – Paleoarchean and Mesoarchean crust are reworked,
and arc type magmas (mainly TTGs and TTG-like with minor mafic
melts) are produced in a subduction environment. At this time, the
Rio das Velhas Basin, including Rio das Velhas II magmatism of the
Nova Lima group, is developed.

(ii) ca. 2750Ma – Collision and uplift of older crust, reactivation of
previous suture zones, and changes in mechanisms and sources of
magma production occur, (i.e., Mamona potassic magmatism;
2760–2680Ma; Farina et al., 2015); Maquiné basin develops
(Moreira et al., 2016).

(iii) ca. 2700Ma – Orogenic collapse and post-collisional magmatism
occur, the Mamona event reaches its peak, and the Caraça Group

Fig. 12. (a) Geochemical discrimination diagram for late Archean granitoids proposed by Laurent et al. (2014). Variables are: 2*A/CNK (= molar Al2O3/
[CaO+Na2O+K2O] ratio); Na2O/K2O ratio; 2*FMSB (= [2*(FeOt+MgO)wt% * (Sr+ Ba)wt%]). (b) Ce/Sr vs. Y discrimination diagram of Moyen (2011) for the
three types of TTG and potassic rocks that compose the Archean gray gneisses (HP – high-pressure; MP – medium-pressure, LP – low-pressure). (c) Diagram modified
after Martin et al. (2009), for the high-Ti and low-Ti sanukitoids; additional fields for TTG and potassic rocks data are from Moyen (2011).
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starts to be deposited in a continental near-shore environment.
(iv) ca. 2600Ma – The Minas passive margin stage begins, as well as

the final potassic magmatism.

Campos and Carneiro (2008) considered two main Neoarchean

events of granitoid genesis in the Campo Belo and Passa Tempo com-
plexes: one related to TTG magmatism in an environment of subducting
basaltic oceanic crust and the other to partial melting of the preexisting
continental crust, generating the potassic granites of the region. Such
reworking included a dextral, transpressive, ductile-brittle regime, with
the surface of flow and tectonic transport from NE to SW (Campos et al.,
2003; Campos and Carneiro, 2008), coherent with the major event of
crustal reworking of the southern São Francisco Craton (Teixeira et al.,
2017).

The evolution of the Archean São Tiago Batholith is complex and
involves diverse rock types. The early crust formed in the São Tiago
region is represented by the L1 lithotype of Mesoarchean age
(2816 ± 30Ma). We advocate that partial melting of a basaltic oceanic
crust transformed into garnet-bearing amphibolite at medium to low
pressures could produce the L1 Bt-poor tonalitic gneiss protolith
(Fig. 15a). In the literature about TTG petrogenesis, many authors have
claimed an origin related with melting of the base of much thickened
oceanic plateaus, whose composition and pressure–temperature con-
ditions would be coherent with melting of Ar-basalts (Martin et al.,
2014) on sufficiently high pressure conditions (e.g., Smithies, 2000;
Condie, 2005). However, low felsic magmas productivity on modern
analogues, and the requirement of incredible high thickness to achieve
the necessary pressure conditions, together with other isotopic evi-
dences, led Martin et al. (2014) to suggest that TTG may have been
generated by melting of subducting oceanic plateaus. The composition
of the L1 Bt-poor tonalitic gneiss, however, points to an environment
whose pressure is lower than most medium- and high-pressure TTG
(i.e., TTG s.s.; Moyen, 2011; Moyen and Martin, 2012). We suggest that
the L1 Bt-poor group may have been generated either by (i) partial
melting of the base of an obducting, overthickened oceanic plateau
(> 40 km), whose thickness is coherent with the one proposed for Ar-
chean oceanic plateaus (Kent et al., 1996; Nair and Chacko, 2008), or
by (ii) partial melting of a subducting slab with great thickness but
similar to today oceanic plateaus (20–30 km), in shallower conditions
than the model of Martin et al. (2014; Fig. 15a). The second possibility
is only partially analogous to the proposals of Lana et al. (2013) for TTG
generation in the Quadrilátero Ferrífero, and of Campos and Carneiro
(2008) for the TTG-like rocks of the Passa Tempo and Campo Belo
complexes, since those two proposals did not mentioned the thickness
of the subducting slab or pressure conditions. Both of our models differ
from the genesis proposed for the enderbites from the Campo Belo
Complex (Engler et al., 2002), related with melting of MORB in an
undefined environment. Alternatively, Farina et al (2015) suggested a
mixing origin between subduction and crustal reworking for the
medium-K magmas of the Quadrilátero Ferrífero, especially those
without clear TTG-signature (e.g., more potassic with negative Eu
anomalies). Although the age of the L1 Bt-poor tonalitic gneiss was not
obtained, we believe that it should be contemporary or most possibly
younger than the L1-Bt-rich tonalitic gneiss, but definitively older than
L2. The high proportion of compatible elements of the L1 Bt-rich gneiss
points to original mafic magmas that have undergone crustal con-
tamination, either by felsic rocks/magmas or sedimentary rocks. Many
environments could be possible, including the subduction environment
where L1 Bt-poor formed, and then we did not decided for a specific
one.

After the end of the subduction of the oceanic crust and continental
amalgamation (Fig. 15b) by ca. 2660Ma, crustal thickening/collision
promoted the generation of the L2, and L4 magmas. This process in-
volved high-degree melting of the former TTG crust which is akin to the
L1 Bt poor tonalitic gneiss (i.e., the L2 granodiorites), and melting of L1
Bt-rich gneiss and TTG/metasedimentary mixed sources related with
the Rio das Velhas successions (i.e., the L2 granite, and the L4 granite).
The deformational-metamorphic event which was responsible for the
gneissic banding Sn transposed by Sn+1 in the L2 and L3 lithotypes of
the São Tiago Batholith and for the migmatization of L2 may had oc-
curred at ca. 2660Ma. If so, such event is correlated with Neoarchean

Fig. 13. Harker diagrams showing selected trace elements of the main litho-
types of the São Tiago orthogneisses and metagranites, and the other studied
gneisses. (a) Rb vs. SiO2; (b) Rb/Sr vs. SiO2; (c) Sr/Y SiO2. The gray fields refer
to medium-K (banded gneiss and plagioclase-rich granitoids) and high-K (K-
feldspar-rich granite and K-felspar-bearing gneisses) rocks from the
Quadrilátero Ferrífero region. Data from Farina et al. (2015).

M.B. Simon et al. Precambrian Research 314 (2018) 353–376

371



migmatization episodes of the major crustal reworking event described
by Teixeira et al. (2017) within the 2720–2550Ma interval. The ex-
istence in the Passa Tempo Complex of mafic-ultramafic layered in-
trusions into the lower crust during this time interval corroborates the
hypothesis of a thickened continental crust now exposed as a deeply
eroded root zone (Teixeira et al., 2017). After this event of crustal
production and reworking, the continental crust stabilized at least at
2650Ma.

The last Archean magmatic pulse in the southern São Francisco
Craton recorded in this work corresponds to the emplacement of the
protolith of the hybrid hornblende-bearing monzogranitic gneiss
(2614 ± 13Ma), whose magmas were probably linked to the interac-
tion between sanukitoid and crustal-derived melts in the continental
crust. Those rocks may have been emplaced in an environment where
the mantle-derived sanukitoid melts could interact with the felsic crust.
Whether the sanukitoid magmas are related with the Hbl-bearing to-
nalitic gneiss or not primarily require the dating of this lithotype.

5.4.1. Late Archean to Paleoproterozoic evolution
The metavolcanic-sedimentary successions of the Minas Supergroup

encircle the São Tiago Batholith to the south of the Jeceaba-Bom
Sucesso lineament (Figs. 1 and 2). They are encompassed by Archean
and/or Paleoproterozoic supracrustal successions intruded by Late Pa-
leoproterozoic plutons of the Mineiro belt. There are three possible
scenarios for this spatial configuration:

(i) The São Tiago Batholith and associated Neoarchean rocks may
represent a peninsular portion of the Archean São Francisco Proto-
craton, which was partially isolated from the rest of the craton by a
shallow, narrow marine environment during the
Archean–Paleoproterozoic transition at the time of deposition of
the Minas Supergroup (Fig. 16a). An extensional regime was oc-
curring, and the paleo-coastline for deposition of the Minas Su-
pergroup would be represented by the Archean areas to the west of
the Jeceaba-Bom Sucesso lineament). During the Early Paleopro-
terozoic, however, a compressive regime took over, with the first
Paleoproterozoic arc-derived crust associated with the Minas ac-
cretionary orogeny (Fig. 16b; Teixeira et al., 2015). At this time,

the paleo-coastline was marked by outcrops of the Minas Super-
group successions along the Jeceaba-Bom Sucesso lineament (JBL)
to the south and east of the São Tiago Batholith, with a Paleo-
proterozoic sea bounding them (Fig. 16b).

(ii) The São Tiago region could represent in independent micro-terrane
which amalgamated to the São Francisco Proto-craton only after
the deposition of the Minas Supergroup, i.e., during the early
stages of the Mineiro belt. In that case, the deformation associated
with the continental collision should be the main gneissic foliation
(Sn) into the São Tiago Batholith and essentially Paleoproterozoic.
There is no conclusive evidence that corroborated that hypothesis.

(iii) The São Tiago Batholith could locally reproduce the regional-scale,
dome-and-keel structures developed in the Quadrilátero Ferrífero
area. The framework comprises crustal metamorphic nuclei par-
tially or entirely outlined by Archean (i.e., Rio das Velhas green-
stone) and Archean-Paleoproterozoic supracrustals (i.e., Minas
Supergroup). This process is explained by the load shedding caused
by orogenic collapse and the density differences between the
hotter and lighter continental crust and colder and denser supra-
crustals (Marshak et al., 1992, 1997). Adjacent to the dome bor-
ders, high-temperature-low-pressure aureole-like bands (Jordt-
Evangelista et al., 1992) result from the doming process in the
Quadrilátero Ferrífero during the Paleoproterozoic (Sm-Nd de-
terminations in garnet; Brueckner et al., 2000). We do not report
metamorphic aureole-like minerals in supracrustal rocks sur-
rounding the São Tiago Batholith. Moreover, contact meta-
morphism associated with the Paleoproterozoic Tabuões granitoid
registered in the Minas succession along the Jeceaba-Bom Sucesso
lineament (Neri et al., 2013; Quéméneur, 1987) brings additional
difficulties for recognition of dome emplacement in the study area.

Although the “peninsula” and “micro-terrane” hypotheses are ex-
clusive, the doming structure is not conflicting with those two former
possibilities. They could rather have been consecutive, since either (i)
the paleo oceanic floor in the case of the São Tiago crust isolated by a
narrow sea or (ii) the suture area that resulted from amalgamation
include rocks with greater density are more susceptible to sink during
the load shedding.

Fig. 14. Ternary diagram with molecular
proportions of the elements after Laurent
et al. (2014) for discrimination between
potential source rocks for the meta-
granitoids and gneisses of the São Tiago
area. The 3Ca pole detects mafic sources;
Al/(Fe+Mg+Mn+Ti) stands for felsic,
crustal ones; and 5 K/Na tracks sedimentary
sources. Fields were drawn using experi-
mental melts of selected authors (consult
Supplementary data 2 for the complete list
of references).
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6. Summary and conclusions

Fieldwork, petrography, geochemistry and geochronology for the
São Tiago Batholith and coeval rocks defined an Archean domain close
to the southern boundary of the Jeceaba-Bom Sucesso lineament, en-
compassed by Paleoproterozoic rocks of the Mineiro belt. The geo-
chemical and geochronological investigations supported the following
petrogenetic inferences and related tectonic settings for the studied li-
thotypes through time:

1) The L1 Bt-rich tonalitic gneiss (2816 ± 30Ma) represents the
oldest crustal component identified so far in the São Tiago region.
Geochemical evidence suggests that the protolith of this lithotype
originated by contamination of mafic magmas by crustal compo-
nents in an unknown geotectonic scenario. The L1 Bt-poor tonalitic
gneiss, with probably similar age, exhibit TTG affinity, and was
generated at low- to medium-pressures by partial melting of LILE-

enriched mafic lithologies of oceanic plateaus, either obducting
overthickened or subducting normal ones in relatively shallow en-
vironments.. The age and geodynamic scenario of L1 correlate to the
Rio das Velhas II/Neoarchean 1 event (ca. 2800–2750Ma; Lana
et al., 2013; Teixeira et al., 2017).

2) Neoarchean lithotypes of the São Tiago Batholith, which pre-
dominate in the main body, are the L2 granodioritic gneiss, the L2
granitic gneiss (2664 ± 4Ma), the L3 pegmatite (2657 ± 23Ma),
and the L4 metagranite, which are mostly potassic rocks likely
generated in a collisional environment. Our model suggests a
Neoarchean agglutination leading to crustal thickening while the
L2, L3, and L4 magmas were generated. In this regard, the protolith
of the L2 granodioritic gneiss could be associated with partial
melting of the former TTG crust. TTG/metasedimentary mixed
source or the L1 Bt-rich tonalitic gneiss could had produced via
partial melting the protoliths of the L2 granitic gneiss, and the L4
metagranite.

Fig. 15. Schematic cartoon for the Archean
geotectonic evolution of the L1-Bt-poor to-
nalitic gneiss, the L2 granitic and grano-
dioritic gneisses, and the L4 metagranite. (a)
At 2816Ma or later, the L1 Bt-poor tonalitic
magmas may have been generated at low- to
medium-pressures by partial melting of
LILE-enriched mafic crust, either the base of
an obducting overthickened oceanic pla-
teaus, or a subducting normal oceanic pla-
teau. (b) At the Neoarchean (ca. 2660Ma),
the predominant lithotypes of the São Tiago
Batholith, L2 and L4, were generated. Our
model suggests a Neoarchean agglutination
leading to crustal thickening while the L2
and L4 magmas were generated. The L2
granodioritic magmas could be associated
with partial melting of the former TTG crust,
while TTG/metasedimentary mixed source
or the L1 Bt-rich tonalitic gneiss could have
produced via partial melting the protoliths
of the L2 granitic gneiss, and the L4 meta-
granite.
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3) A further deformational-metamorphic event was responsible for the
gneissic banding Sn transposed in Sn+1 in the L2 and L3 lithotypes. If
such event is correlated with migmatization events described by
Toledo et al. (2010; 2667 ± 43Ma for the neosome), it would be
temporary associated with the crystallization of L2, L3 and L4, and
be part of the major event of crustal reworking of the southern São
Francisco Craton within the 2720–2550Ma interval (Teixeira et al.,
2017). Alternatively, such deformation feature could result from
amalgamation of a micro-terrane represented by the São Tiago crust
against the São Francisco Proto-craton during Early Paleoproter-
ozoic, and then related to the Mineiro belt.

4) Two new geological units that crop out in the São Tiago region were
also identified in this work, the Hbl-bearing tonalitic and granitic
gneisses. The Hbl-bearing tonalitic gneiss, of sanukitoid affinity, and
the hybrid Hbl-bearing granitic gneiss (2614 ± 13Ma), whose
magmas may be linked to interaction between sanukitoid and
crustal-derived melts. The crystallization age of the latter allowed us
to bracket the last interval of K-rich magmatism at the southernmost
São Francisco Craton from 2614 to 2612Ma.

The Minas strata along the Jeceaba-Bom Sucesso lineament near the
São Tiago region are segmented, encircling the São Tiago Archean
crust. Whether this framework represents an original irregular ancient
coastline or a micro-terrane amalgamation, and if includes irregular
features resulting from dome-and-keel deformational processes are a
matter for future research. In any case, our field and geochronological
data demonstrate that this lineament is not as simple as previously
thought by most authors in terms of the paleogeography of the Mineiro
belt and the Archean core of the São Francisco Craton (cf. Campos et al.,
2003; Campos and Carneiro, 2008; Neri et al., 2013).
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